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ARTICLE INFO ABSTRACT
Keywords: Observations in a railway track frequently show the start of a squat-form crack right next to the
Squat wheel-rail running band on the rail head surface. This article investigates the potential of a head
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check-like surface defect near the running band to initiate a squat formation. Cross sectioning of
the rail samples having squats in the initial stage of development suggested the crack initiation in
a transverse plane (perpendicular to the rail traffic direction), implying that broadening to a
typical squat shape in the longitudinal direction (rail traffic direction) occurs afterwards. The
influence of possible factors that might trigger the squat formation particularly on the transverse
plane across the rail is elaborated in the numerical study. The tendency of one defect to grow
rather than another is analysed by configurational force theory in order to determine both the
crack driving force value and the crack growth direction. The effect of the contact patch varia-
tions and changed frictional properties at the crack faces on the squat-like crack development are
studied in detail. The numerical results show that analysed cracks are able to grow under
particular wheel loading in the directions that are in accordance with observed squat growth.
These results suggest lateral forces as one of the main suspected determinants favouring the squat
initiation.

1. State-of-the-art

Squat-type rail cracks are characterised by a localised depression of the rail-wheel running band and specific lobby-shape [36,46].
A squat-type crack typically starts on a rail head surface and grows to a depth of a few millimetres [28]. Upon broadening in the rail
traffic direction, referred to as the longitudinal direction in the continuation, the subsurface crack grows parallel to the rail head
surface. In its mature stage of development, the crack can either turn up and end by a spallation of some rail pieces or turn down in the
rail profile, leading to a catastrophic failure. Although the railway rails are designed to endure consecutive heavy loading on a long-
term basis, squat-type cracks often call for premature replacements of rail segments to ensure reliability and safety of the rail traffic.

Squat-form cracks tend to appear both in harder and softer rail steel grades, in curved and straight tracks, in high-speed and
conventional routes, on the railway lines with passenger, freight or mixed traffic. For instance, the contributions of [10], [18] and [35]
report on the experiences of Japanese, Australian and British railway networks, respectively. This tenacious occurrence of squats has
given rise to worldwide research efforts to understand the initiation mechanism behind.

The review works [23,44,45] witness the substantial work and progress made in the research on squats and their origination
theories. While some studies in the literature place more emphasis on a particular track feature, e.g. foundation [19] or welds [33],
others focus on the dynamic rail-wheel interaction, e.g. [26], among others. The most recent literature [35] implies that rail grinding
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plays an essential role in controlling the development of squats. This hypothesis is in accordance with the work of Rasmussen et al. [38]
who argued that the side effects of the grinding process substantially favour the initiation of rolling contact fatigue (RCF) cracks in a
rail steel. In particular, it was shown that the cracks tend to initiate in the areas of spatial material property gradients, i.e. at the
martensite/pearlite interface.

It becomes apparent that there are many different aspects of the theory proposing plausible explanations for squat initiation,
however, none of them has been worked out to such an extent that the squats would be reproducible under controlled laboratory
conditions, i.e. on a test rig. This underscores the need for additional model-based assessments to benchmark numerous potential
causal factors (and their combinations) and single out only the essential ones.

In this work, an attempt is made to identify the main parameters governing the squat initiation from a mechanical point of view. A
sample having squat-type cracks in the initial stage of development is extracted from a rail in service. Particular emphasis is put on the
crack broadening transversally and longitudinally across and along the rail profile. Looking closely at the squat cracks in the rail
sample, it could be assumed that the crack started to grow first in the direction perpendicular to the rail traffic direction, that is, in a
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Fig. 1. Rail sample with the surface squat in the initial stage: (a) top view, (b) transversal cross section.
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transverse plane. Therefore, the squat initiation stage on a transverse plane section across the rail requires a special attention.

A computational model of a rail cross section is built up and a pre-crack just like the observed real pre-crack geometry is introduced
in the model. Using the configurational force theory [13,30,31], the crack driving forces and their directions are determined at the pre-
crack tip. The numerical model allows to assess the potential crack growth across different loading events, altered pre-crack positions
and changed frictional properties at the crack faces. For particular case studies, calculated crack growth directions are found to be in
accordance with squat-type crack propagation directions recorded by metallographic microscopy. These cases suggest the lateral
forces as one of the main suspected determinants favouring the squat-type crack initiation from a mechanical point of view.

2. Squat-type crack initiation: Visual inspection

For the investigation of the critical conditions that cause the squat initiation, a representative example of a squat form crack in the
initial stage of development has been analysed. Fig. 1a shows a rail sample having a mild squat on the rail surface. The arrows on the
Fig. 1a point to the V-shaped crack visible on the rail head surface. The rail sample has been taken from a curved track of a radius 1480
m. The rail track was a part of a mixed railway traffic system experiencing a load of approximately 60 000 tons per day.

The rail sample has been cut in transversal direction to the rail traffic (Fig. 1b) at the position where a squat type crack is visible.
From the metallographic examination in Fig. 1b it is evident that after reaching the depth of 5 mm the crack tends to grow in the
direction almost parallel to the running surface. This is the main characteristic of squat type cracks which grow parallel to the surface
and either turn up, spalling smaller pieces of the rail, or turn down in the rail leading to derailment.

Furthermore, when closely looking at the metallographic investigation in Fig. 1b, one can conclude that a squat-like crack can
initiate from head checks with the initial crack angle between 20° and 30°. Squat crack initiates near the running band on the rail head,
as frequently reported in the literature, [43,28,25], among others. First in more advanced stages of development squats show typical
visual characteristics like a localised depression of the rail surface having the shape of a lobe or a lung. Thus, for the squat initiation
stage, the crack growth mechanisms on a transverse plane seem to play an important role. Therefore, herein we restrict ourselves to the
crack analysis in the transversal direction only, as illustrated in Fig. 2.

Vertical ()
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PLANE OF THE SQUAT
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X

Fig. 2. Terminology used for the directions in a rail. Plane of the squat type crack initiation (XY plane) is considered in the numerical studies.
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3. Computational models
3.1. Finite element model

The pearlitic rail steel sample is considered as a homogeneous solid and modelled using elasticity theory. The computational model
consists of two parts, namely a rail and a wheel profile cross section, see Fig. 3. In this way, it is possible to model a more realistic
wheel-rail contact interaction. Since merely the rail head region is of interest for squat initiation mechanism, the rail web and foot are
disregarded in the model.

The contact pair consists of a new 60E1 (UIC60) rail profile and a new S1002 wheel geometry. The model is built up in the ANSYS
Mechanical simulation software. 4-node plane strain elements (PLANE182 element type of the ANSYS element library [2] with unit
thickness are used to discretize the complete model. The mesh of the finite element model is designed such that the elements in the rail-
wheel contact region feature the same element size. Thus, the respective region is discretized by a uniform mesh of 0.4 mm element
size. Approaching the upper wheel’s and lower rail’s boundary, the element size is slightly coarsened to 1 mm to save the number of
elements in the model.

ANSYS contact elements are used to model the contact between two deformable surfaces i.e. rail and wheel boundaries. The rail and
wheel contact surfaces are overlaid by CONTA172 and TARGE169 contact elements, respectively, thereby defining a contact pair in the
model. After meshing the model parts independently, the rail-wheel contact pair is joined by making use of ANSYS internal algorithm
for establishing the initial contact between the contact boundaries. The Lagrange multiplier contact formulation is used for modelling
the rail-wheel contact. A dry contact is assumed between the rail and wheel surface and therefore the friction coefficient of 0.5 is
adopted.

Nodal degrees of freedom (DOFs) at the rail’s lower boundary are constrained in X and Y directions, as it is shown in Fig. 4.
Furthermore, the nodal DOFs along the wheel’s upper boundary are coupled and their motion is controlled by a reference node, see
Fig. 4. The reference node is used to apply concentrated vertical and transversal nodal forces representing the wheel loading. The
vertical wheel dead load is varied in the range of 5 to 15 kN in order to investigate the effect of maximum contact pressure on the
potential crack growth. Furthermore, to examine the influence of the transversal forces occurring in a rail-wheel contact either because
of eccentric vertical loading of wheels or hunting of passenger vehicles, the transversal load is varied between 0 and 3 kN.

Looking closely at the transversal cross section of the analysed rail sample (Fig. 1b), one can observe that the crack first appeared at
the rail surface and grew in-plane. Therefore, the crack is assumed to have initiated at the rail surface and a surface defect having a
length of 1 mm has been introduced in the rail head model accordingly. Such a crack can be seen as a head check or even as a residual
crack after grinding stemming from a former head check. The finite elements along the defect geometry are detached to represent a
pre-crack originating at the rail surface, see Fig. 3. The size of the finite elements along the predefined crack is 0.1 mm, which cor-
responds to 1/10 of the crack length. For modelling the contact interaction between the crack faces, the Lagrange multiplier contact

y L
X
Fig. 3. Two-dimensional finite element model of the wheel-rail contact interaction. The finite elements along the marked (dashed) line are
separated to model a surface defect.
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Fig. 4. Boundary conditions of the finite element model: the nodes at the wheel’s top boundary are coupled to the marked reference node. The
vertical and horizontal forces are imposed in the reference node. The nodes of the rail’s lower boundary are fixed in X and Y direction.

formulation is used to avoid crack face interpenetration and the friction coefficient of 0.5 is initially assumed.

3.2. Calculation of the crack driving force

The configurational force concept [30] is used to calculate the crack driving forces in an elastically deformed rail material at the
instant of a wheel passing a rail. The analysed rail has a surface defect i.e. a pre-crack in the immediate vicinity of the contact patch.
Although the crack driving forces in an elastically deformed material could also be determined by contour path J-integralRice [39], the
configurational force concept provides an additional essential information about the preferred crack propagation direction. Knowing
the crack growth angle allows to contrast the simulation predictions with observed squat-type crack growth and thereby assess the
possibility of a crack growth following the specific squat-type crack pattern.

Configurational or material forces are thermodynamic driving forces acting on the defects found in the material [16-17]. These
defects can be e.g. dislocations or cracks. The configurational forces as vectoral quantities point in the preferred direction of a defect
movement, that is, in the direction in which the total energy of the system is minimal. Based on the Eshelby’s energy momentum tensor
[16-17], the configurational force concept allows to derive the J-integral for incremental elastic—plastic material description Simha
et al. [41], Simha et al. [42].

Generally speaking, in a 2D finite element model, the nodal configurational forces are evaluated as

fzfj/(wzv-mdﬁ, )
e=1 s

where X denotes the Eshelby stress tensor and VN is the matrix containing the gradients of the shape functions corresponding to a
specific node. To calculate the total configurational force at one node, e.g. at the crack tip node, it is necessary to collect the
configurational forces from n finite elements surrounding the respective node in the integration domain f.

The Eshelby stress tensor in the finite strain elasticity yields to.

;= wéy — FyPy @
In the Eq. (2), w denotes the strain energy density, Fj; is the deformation gradient computed from the element shape functions, P; is
the first Piola-Kirchoff stress tensor and &; stands for Kronecker delta.

By introducing the nodal unit vector e in the crack growth direction, the energy dissipated per unit crack extension can be
determined as.

F=coe(—f) 3)

Following the works of [29,30], the crack growth direction in a homogeneous and isotropic material can be determined using a
thermodynamics-based maximum energy dissipation criterion. The dissipation y at the crack tip that moves with a velocity v is thus.
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Fig. 5. The local coordinate system at the crack tip: x represents the tangential component with respect to the crack surface, y corresponds to the
normal component of the local coordinate system. Fx and Fy are the components of the crack driving force for mode I and II, respectively.

y=(—f)ev— max @

After decomposing F into two perpendicular directions in a local coordinate system at the crack tip (see Fig. 5), the crack growth
direction ¢ can be calculated:

F)’
= arct - 5
@ = arctan ( Fx) 5)

where F, and F, are the crack driving force components oriented in the direction of x and y axis of the local coordinate system,
respectively. In the following sections the crack propagation direction is therefore determined using Eq. (5). For an in-depth discussion
of fracture mechanics approach to determining the direction of crack extension review works can be consulted (Kolednik 2012, Ozenc
2013). The magnitude of the crack driving force is calculated as.

Fy = VF’+F’. 6)

4. Results and discussion

The actual rail profile geometry, which is frequently altered by maintenance activities, plays a decisive role in a rail-wheel contact
interaction. The smaller contact area, the higher pressure develops within the contact patch. To investigate how this affects the crack
growth, finite element analyses are performed for a range of contact patches that might occur in service. In particular, the contact
patches having the maximum pressure in the range of 1000-2000 MPa are considered, as shown in Fig. 6. Different maxima are
achieved by varying the normal load. This in turn leads to the change in broadness of the contact patch, as shown in Fig. 6. Specifically,

Maximum 1080 MPa 1465 MPa 1830 MPa
pressure

N

L

Stress component y HE0000CCENNNNEENENENN

[MPa] 50 -425 -900 -1375 -1850

Fig. 6. Visualisation of the calculated stress distribution in y direction for three different levels of normal load (5, 10 and 15 kN). The enlarged
views show broadening of the contact patch with increasing maximum pressure.
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Fig. 7. Numerically computed crack driving forces at the crack tip with respect to the maximum pressure in the contact patch. The origin of each
arrow indicates the calculated force magnitude. The arrows show the direction of the calculated crack growth direction. The crack initial position L
relative to the centre of the contact patch is varied between 0 and 7 mm.
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Fig. 8. Visualisation of the numerically computed stress distribution in y direction for the contact patch with maximum pressure of 1080 MPa and
three different initial crack positions L. Enlarged views show the distance L measured from the centre of the contact patch.

the resulting contact patch size ranges from 5 to 10 mm. Below, all the numerical results for analysed contact patches will be presented
in terms of calculated crack driving forces and their directions. The crack driving forces are evaluated for the first integration contour.

For numerical investigation of the impact of the contact patch on the squat-like crack development, altering the crack initial
position is selected instead of any lateral displacing of the wheel and maintaining the crack position constant. This is because altering
the wheel position in the model is very likely to alter the contact point between rail and wheel, leading to possibly more complex
contact patch forms (e.g. 2-point-contact). This would make any analysis of a single mechanical aspect independently of other in-
terrelations impossible.

Fig. 7 shows numerically predicted crack driving forces depending on the maximum pressure for altered crack initial positions
denoted by L. For instance, in the case of L = 0 the start of the crack at the surface is placed in the centre of the contact patch (see
Fig. 8). On the other hand, L = 5 is assigned to the initial crack position shifted by 5 mm from the contact patch’s centre (see Fig. 8). In
Fig. 7, the origin of a single arrow corresponds to determined crack driving force magnitude while the arrow points to the calculated
crack propagation direction.

Provided that a threshold crack driving force value of 150 J/m? is sufficient for the crack initiation in a rail steel, likewise in [32], a
threshold stress intensity factor of 5.9 MPa \/m can be calculated from the relation of the crack driving force to the stress intensity
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factor [13]. Published experimental works also frequently report that the crack propagation threshold value ranges as low as 4 to 8
MPa /m (70 to 280 J/m?) in steel grades having a pearlitic microstructure, e.g. [15] or more recently IN2TRACK Project Report -
Research into enhanced tracks, switches and structures [24]. Ideally, a fatigue crack growth kinetics for mixed mode would be
available as only the combination of opening and shear modes can explain the crack paths observed in rails. However, it is still a great
challenge to get an insight into pure mode II with current experimental mechanics. Nevertheless, these experimental limitations have
gained great scientific interest and are thus the subject of ongoing research ([9], [40], among others).

Furthermore, it has long been recognized that there is a correlation of the equivalent crack growth threshold stress intensity factor
to the elastic modulus for different materials [47], [48]. Wasén and Heier [47] suggested that the crack growth threshold stress in-
tensity factor is directly proportional to the elastic modulus for a wide range of metallic materials. Specifically for steel the relation
gives a threshold stress intensity factor of about 3-4 MPa /m.

For the reasons discussed above, the computed crack driving forces reaching the threshold value of 150 J/m2 are considered
sufficient for crack growth. From the results shown in Fig. 7 it becomes apparent that particularly for the cracks placed inside the
contact patch (L =0, L = 1 and L = 3 mm) the crack driving forces attained high values (>200 J/m?) sufficient for the crack growth.
However, the corresponding crack growth directions indicate turning up which would lead to spalling some pieces of the rail rather
than a squat-like crack growth. On the contrary, the cracks positioned right next to or even away from the contact patch (L =5,L=7)
boundary prefer to propagate downward inside the rail head. This is a feature of the squat-type cracks turning down and causing the
fracture of the rail. Yet the computed crack driving forces for the respective crack locations out of the contact patch zone (L =5,L=7)
is evidently too low to cause the crack growth. In probing the problem further, other possible parameters that may favour the squat
growth will thus be examined. In the continuation we restrict ourselves to the analysis of the cracks positioned right next to or away
from the contact patch, since the study cases considered herein with contact patch on the crack appear to be relevant for rail defects
other than squats.

Besides, it is worth noting that for case study with initial crack location L. = 5 mm the crack driving force increases with increasing
the maximum pressure (see Fig. 7). Recall that the respective crack is located next to the contact patch. The crack driving forces for the
case study with L = 7 mm, in contrast, remain stable across various contact patches i.e. they are independent of the maximum pressure.
Note that for a single crack location L the predicted crack growth direction appears to be uniform across different levels of the
maximum pressure.

Though other RCF cracks can turn down in the rail as well, in the context of this work, downward crack propagation can be
regarded as a benchmark for potential risk of a squat crack initiation. In this way, various potential causal factors, which are many, can
at least be narrowed down.

The results of the finite element simulations which, in addition, consider transversal forces in a rail-wheel contact are shown in
Fig. 9. In real track situations, higher transversal forces may appear due to e.g. yaw angles of the wheel caused by curves, hunting of
vehicles etc. The transversal force in the negative direction of the x-axis (see Fig. 4) is varied between 0 and 3 kN, which corresponds to
20% of normal load in the extreme case. Fig. 9a shows numerically calculated crack driving forces at the crack tip for the initial
position L = 5 mm. Recall that for this study case the crack is placed right next to the contact patch. Provided that the maximum
pressure is between 1000 and 1300 MPa, a higher portion of transversal force can foster the crack propagation downward inside the
rail. Furthermore, from the analysis of the crack placed away from the contact patch (L = 7 mm) in Fig. 9b one can observe a com-
parable trend: the lower the maximum pressure, the higher crack driving force becomes with increasing the transversal force
component. This is attributed to the crack opening fostered by greater transversal force component and reduced normal pressure. The
competition between tensile, shear and compressive stress determines whether the crack opens or not. In contrast to the results for the
crack location L = 5 mm, the increase of the crack driving forces due to transversal forces is observed also for contact patches with
higher maximum pressure (>1300 MPa). This is because the crack is further away from the contact patch zone and thereby less
affected by compressive stresses.

As the rails are exposed to not only dry but also wet conditions, the effect of different frictional properties at the crack faces is
further analysed by finite element simulations. Fig. 10 shows the comparison of the calculated crack driving forces for the friction
coefficient p of 0, 0.25 and 0.50. As it can be seen in Fig. 10a, reduced friction can almost double the crack driving forces of the crack
placed next to the contact patch (L = 5 mm) but only for higher maximum pressure (1500 — 1900 MPa). By contrast, given that the
crack is far away from the contact patch zone (see Fig. 10b, L = 7 mm), altering the frictional properties at the crack faces has no effect
on either the magnitude or the orientation of the crack driving force.

It should be noted in addition that the effect of moisture can also manifest in other ways like, for instance, exerting a pressure on the
crack faces in the presence of a fluid filling the crack. This may affect the cracks just below (e.g. L = 0,1,3 mm), however not those away
from the contact load (L = 5,7 mm). Besides, these effects have already been considered elsewhere: both numerical [3-5,7,12,20,37]
and experimental [1,8,21,22,27,34] research have already shown that water or other fluid contamination promotes the growth of RCF
cracks. In particular, the fluid pressure on the crack faces prevents the crack closure, leaving in addition the crack faces free from the
friction forces. This in turn favours both mode I and mode II loading.

5. Summary and conclusion
The goal of this computational study was to benchmark the impact of the rail-wheel contact patch and its variations on the squat-

like crack development. The propagation of a surface crack is assessed for the maximum pressure interval of 1000-2000 MPa.
Gradually moving the crack away from the centre of the contact patch, it was found that only if the crack is on the boarder or outside
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Fig. 9. Numerical study of the effect of transversal forces in a rail-wheel contact on the development of the crack driving force at the crack tip for

the initial crack position L of (a) 5 mm and (b) 7 mm. The transversal force FX is varied between 0 and 3 kN.
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Fig. 10. Numerical study of the effect of the frictional properties at the crack faces on the development of the crack driving force at the crack tip for
the initial crack position L of (a) 5 mm and (b) 7 mm. The friction coefficient p is varied in the range of 0.0 — 0.50.

the contact patch zone, it can grow downward inside the rail profile. This provides a rational to squat-type cracks initiated from a head
check-like surface defect near the running band at the gauge corner of the rail, which is often the preferred morphology of a squat
[6,11,14,23].

The position of the crack alone, however, does not appear to be sufficient to initiate the crack growth. For the particular study cases
analysed here, the numerical results showed that for the cracks nearby the contact patch, the presence of a transverse force can double
the crack driving forces. Furthermore, it is found that the action of transversal forces is more dangerous for wheel-rail contact patches
with lower maximum pressure. In other words, the interplay between compressive, shear and tensile stress determines the crack
development. In addition, finite element analyses showed that wet conditions can also promote the crack growth insofar as the surface
crack is outside but close enough to the contact patch zone.

These results suggest that lighter trains, such as passenger trains, might be even more dangerous for squat initiation than heavy
freight trains. This is in accordance with statistical analysis [35], which reported that on the selected routes affected by squats,
passenger trains made more than 88% of the rail traffic. Moreover, higher crack driving forces calculated for cracks having low friction
coefficient at the crack faces explain the fact why squats are usually found on railways exposed to external influences while only rarely
in tunnels. Having quantified different mechanical influences on the squat-like crack growth, the present study can foster the
reproducibility of squats under controlled laboratory conditions, i.e. on a test rig.
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