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a b s t r a c t

Rolling contact fatigue (RCF) defects in the running band of the rail may develop, as a function of born
tonnage, either superficially and spall off, or penetrate into the subsurface. In practice, the first type is
found to occur notably (but not exclusively) on heat-treated pearlitic rails. Both possibilities involve an
essentially different operational risk with respect to transverse rail fracture and require therefore dif-
ferent inspection and maintenance regimes. This study presents a validated hypothesis that explains both
similarities and differences of spalling defects and classical squat defects that develop also in depth. It is
shown that their microstructural/-mechanical initiation mechanism is different and not necessarily
governed by the local tangential stress history in the case of spalling. A model is set up and validated for
subsurface crack propagation directivity, distinguishing a spalling and a transverse fracture domain for
development of running band defects for both straight track and high and low legs of curves. This model
allows for understanding and recognition of the nature of running band defects and for adjustment of
control actions.

& 2017 Elsevier B.V. All rights reserved.
1. Introduction

Rolling Contact Fatigue (RCF) is a crucial damage mechanism
that governs the service life and life cycle costs of the rail in those
cases where profile wear is not dominant. RCF can have different
forms of appearance, depending on the transverse position at the
rail surface and the corresponding local history of the tangential
contact stresses exerted by the rolling stock. Notably, head-
checks occur on the rail gauge corner and squats in the running
band of the rail. Both head-checking defects and leading cracks of
squats (see refs. [1,2]) may give rise, in case of uncontrolled
growth, to potentially catastrophic rail fracture. Recently how-
ever, on the Dutch network an increasing amount of running
band defects have been observed that are visually similar to
squats, but show a different behaviour: they systematically spall
off instead of growing deep into the railhead (Fig. 1). These kind
of early defects are found to concentrate on head-hardened rails
that have undergone heat treatment during production and
perform, during their service life, in the RCF regime. In several
cases, an initiation in relation to abusive rail grinding could be
established, such as has been discussed in earlier work [4];
however in other cases different factors seemed to govern the
initiation process. Similar defects have also been reported in the
scientific literature, notably by Grassie and designated by him as
‘studs’ [5,6]. An example of a longitudinal cross-section through a
‘stud’ defect with a thermal origination route in the absence of
plasticity is shown in Fig. 2.

Although both defects, squats and early spalling defects, are
rather similar in appearance and to some extent even in nature –

as will be discussed in this paper, both defect types implicate an
essentially different operational safety risk. It is therefore of
paramount importance to be able to recognise rail defects and the
way they develop at an early stage, also in view of adequate
maintenance choices, especially as both defect types and differ-
ences in their behaviour are known and to some extent also
documented in recent literature, but not yet fully understood.

The main contribution of the present work is that it proposes a
novel model that explains both differences and similarities in
nature between defects that propagate into the subsurface and
those that spall off. At the same time the model is capable of
predicting the subsurface crack path of surface-breaking RCF
cracks in the running band of the rail, distinguishing two spatial
propagation domains: a spalling domain and a transverse fracture
domain. The proposed model is developed on the basis of earlier
work with respect to RCF and squat formation in different track
conditions, addressing both microstructural features and three-
dimensional crack morphology [7], and on observations on rail
defects on the Dutch network.

The structure of this paper is as follows. Section 2 discusses, as
a background, properties of spalling defects on the basis of a case
study; classical squat defects are not included here as they have
been documented in earlier work [1,2,7] and other scientific
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Fig. 1. Spalling defects on grade R370crHT (type MHH) according to classification [3].

Fig. 2. Longitudinal cross-section over a ‘stud’ defect on grade R350HT according to
classification [3].
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literature. Section 3 presents some theory and discussion on sur-
face crack initiation. Section 4 continues with subsurface crack
propagation, presenting a model that differentiates between
spalling and transverse defect domains. Section 5 discusses, in the
framework of model validation, results of microstructural analysis.
Section 6 ends with general remarks and conclusions of the work.
2. Case study: spalling defects and their properties in practice

Fig. 3 shows an example of a fully developed individual spalling
defect, which, like the defect in Fig. 1a, makes part of a longer,
repetitive series of identical defects on heat-treated premium rail
in the upper leg of a 2240 m radius curve.

The initiation of such an early defect, in relation to white
etching layers along grinding grooves in combination with
roughness and harmful residual subsurface stresses induced by a
case of abusive maintenance grinding, has been discussed in ear-
lier work [4] and to some extent in the literature on roller bearings
[8–10]. Here, the morphology and growth of the defect itself are of
interest.

At first view, the geometry of the surface-breaking cracks is
striking: the defect shows the ‘wedge’ shape which is character-
istic for squat defects. The crack fronts (Fig. 3a and b) in the sub-
surface clearly ‘expand’ from this wedge-shaped surface crack to
the other side of the rail. This process would, in the case of squats,
give rise to local surface settlement and the development of two
‘wings’ or ‘lobes’ in the running band (see for example Fig. 1 in Ref.
[7]). However, in this case the wedge opens toward the field face of
the rail, whereas in the case of squats this opening is system-
atically toward the gauge face [1,7]. Fig. 4 shows another example
of a similar spalling defect where this same difference is visible in
the crack pattern.

A second observation from Fig. 3 concerns the exact position of
the initiation of the defect. Fig. 5 shows in more detail multiple
positions of crack initiation: they coincide, both in position and in
alignment, with particular grinding grooves. As is particularly clear
from Fig. 3c, which shows the surface of the spalled part after
polishing with an etching agent (3 percent Nital), after this in-
itiation surface-breaking cracks start to circumscribe the deepest
area on the rail surface resulting after grinding; a demarcated zone
where both individual grinding marks and corrosion are visible
due to a lack of contact history under passing wheels. Since this
area is the deepest, this means that more material has been re-
moved as compared to the surrounding area, which may suggest
the presence of a different (and more harmful) residual stress
profile. Fig. 3b shows the internal crack face of the spalled part,
where corrosion has started from the position of initiation (the
‘oldest’ part of the fracture surface), disappearing with increasing
distance. A clear distinction is visible between leading and trailing
‘wing’ of the defect for each individual mechanism, where the
term ‘mechanism’ denotes an individual defect that has fully de-
veloped and grown together with its neighbour, forming a defect
chain.

It is however interesting to compare the surface-breaking crack
path with that which one would expect in the case of regular RCF.
Using the model in Ref. [7], one would expect longitudinal shear
stresses τzx opposite to the running direction and transverse shear
stresses τzy toward the gauge face. The leading crack would then
initiate perpendicular to the resulting main tensile direction –

which is however not the case. This will be discussed (and clar-
ified) further in the following sections. Different causes may, in-
dividually or in combination, explain the surface-breaking crack
geometry itself, given local initiation at an individual grinding
groove:

i. the eventual presence of a differential residual stress profile in
the subsurface;

ii. the effect of the geometrical surface irregularity on the response
of the material in the top layer of the rail. This comprises a
double effect:
a) inside the moving contact patch, compression occurs in the

subsurface, whereas outside this zone tensile stresses occur.
The resulting stress alternation at a fixed position yields fa-
tigue, especially if crack initiations are already present.

b) the occurrence of transient, both normal and tangential
contact stress redistribution within the moving contact zone.
Such redistribution may lead to cyclic, large tangential stress
amplifications along the edges of the deepest surface area
with reduced contact stresses, and indeed surface-breaking
cracks develop along these edges.

The simulation of effects a) and b) would require extensive and
non-conventional modelling work in order to cover both the
transient ‘interface’ effect (distribution of contact stresses, cree-
page and slip) and its effect on the subsurface stress and strain
response. Such modelling work is outside the scope of this study
and remains for future work.



Fig. 3. Spalling defect on grade R370crHT (MHH): top view of the rail with periodic crack pattern; internal crack face and external top view of spalling part (comprising in
total 2 ‘mechanisms’).
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3. Theory: crack initiation and the surface-breaking crack
pattern

In an earlier study into squat initiation [1] (Figs. 13 and 14 in
this reference), the growth and orientation of both surface-
breaking and subsurface cracks resulting from RCF were
addressed. It was established that, for uniform material properties,
the orientation of the leading surface-breaking crack with respect
to the rail length axis (denoted as the x direction) is determined by
the local ratio of the components of the plastic ratcheting tan-
gential stress/strain history, and that crack initiation is most likely
to occur at that position at which this local history first reaches a



Fig. 4. Fully developed periodic spalling defect (see Ref. [4], Fig. 8b) with serial
failure mechanism and schematization.

Fig. 5. Surface crack initiation positions of the defects in Figs. 1a and 3.
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critical level. This is reached only at the free surface when the
friction coefficient over the loading history has been on average
larger than approximately 0.3 [11,12]. This knowledge was used as
a basis in a further study [7] on squat defects in curves, which
proposed for the coordinates of crack initiation ( )x y,i i critical

in the

running band (where y denotes the transverse direction in the
contact plane) an expression for the accumulated composed
plastic strain field ( )R x y t, , . The latter should have a local max-
imum in the time domain at these coordinates. Local crack in-
itiation may therefore alternatively be described by:

( )
γ γ

∂
∂

=

( ) = ( ) + ( ) ( )
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R x y x y x y
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Fig. 6. Example of decarburisation (pro-eutectoid or free ferrite, visible as a white
Herein, γp denotes the plastic shear strain; γzx the strain compo-
nent corresponding to the longitudinal tangential stress τzx, and
γzy the component corresponding to the transverse tangential
stress τzy.

With respect to the subsurface crack propagation of the leading
crack of a squat (resulting from RCF and in contrast to the trailing
crack), it was established that its growth was determined by the
material anisotropy in the top layer of the rail as a result of the
accumulated plastic strain field at the moment of crack initiation.
In the previous studies [1,2,7] subsurface crack paths were pre-
dicted on this basis, with the help of tangential stress expectations
for rolling stock, and validated in practice for different track
situations.

Eq. (1) presupposes three general conditions with respect to
the contact. They concern material aspects, geometry aspects and
loading regime aspects. The first condition is homogeneity and
three-dimensional isotropy of the material in the top layer of the
rail at the onset of the loading process, as well as uniform surface
properties (what could also be described as two-dimensional
isotropy of an infinitely thin surface layer) throughout the loading
process. The second one is ‘smooth’ contact, i.e., both contacting
surfaces do not experience geometrical deviations that affect the
global contact stress distribution over the full contact area (which
does not include e.g. micro-roughness required for adhesion); one
may also say that the nominal and the real contact area coincide.
The third condition is stationarity/monotony of the loading re-
gime; i.e., the parameters that govern the individual loading case
do not change significantly throughout the loading history. Al-
though in many cases these three conditions are met, or at least
met sufficiently so that deviations do not affect the damage be-
haviour, they are not generally given in wheel-rail contact. Specific
examples are:

a) the presence of a top layer on the rail with different chemical
and/or constitutive properties as compared to the subsurface
material. Typical examples are surface layers with pro-eu-
tectoid (hypoeutectic or free) ferrite (Fig. 6), resulting from
decarburisation during the manufacturing or heat treatment
process of pearlitic rails, or with hypereutectic grain boundary
cementite in the case of higher carbon content. Decarburised
layers typically exhibit reduced tensile strength and fatigue
resistance and are detrimental to wear and fatigue life (see
refs. [13–15]);

b) surface effects of grinding in the form of deposits of hard and
brittle friction-induced martensite (FIM), subsurface aniso-
tropy [4,16] and macro-roughness containing wavelengths of
the same order of magnitude as the dimensions of the contact
patch;
phase along the grain boundaries) in the surface layer of rail grade R350HT.



Fig. 7. Non-uniform WEL at the rail surface (R260Mn on straight track) (a,b,c);
associated to surface cracking (b,c (close-up)) (photos b-c: courtesy Gijs Brefeld).
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c) the presence of a WEL on the rail surface and associated re-
sidual stresses, due to effects such as increased microslip in a
continuous high traction/adhesion operating regime;

d) the presence of cracks and eventually local settlements in the
rail surface, which may give rise to stress redistribution within
the contact area and a difference between the nominal and the
real contact patch. A typical example is the brittle trailing
crack of a squat defect, caused by the presence of the leading
RCF crack [7,17];

e) variation in operating conditions, such as a varying or even
substantially modified friction coefficient and a change in ve-
hicle types and parameters (such as axle load, traffic direction,
wheel profile, driven versus non-driven axles).

In all the cases a) though e), the given factors may dominate
with respect to ‘normal’ RCF and govern crack initiation as well as
the surface-breaking crack behaviour, which is then no longer in
accordance with the model proposed in Ref. [7]. An example for
case c) is given in Fig. 7, which shows two cases of clearly
Fig. 8. Non-uniform WEL in the running band of the rail (R260Mn on straight track)
associated to macro-roughness of the surface and consecutive train operation.
observable non-uniform WEL on a rail, one of which is associated
to surface cracking. The WEL has formed under a loading history
with bi-directional train operation at high traction/adhesion levels
with significant microslip/creepage. It is also noted that the
mentioned factors that cause a deviation from the general situa-
tion may interact. This occurs in the case of generation of a non-
uniform WEL as a result of locally increased micro-slip in the
presence of significant contact roughness. Such a case is ex-
emplified in Fig. 8.

In the previous, it has been established that there are cases in
which the surface-breaking crack geometry is different from the
one that could be expected for ‘regular’ RCF. The question remains
what is the effect on the further subsurface crack growth. This is
the topic of the next section. In general, it can be said that the
present study enlarges the scope of the model in ref. [7] for those
situations in which the layout of the surface-breaking crack and
the disposition of the subsurface (its 3D texture) by the tangential
stress history do not ‘match’.
4. Crack propagation model: ‘transverse defect’ versus ‘spal-
ling’ domains

On the basis of what has been discussed in the previous sec-
tion, a model can be made that predicts the nature of a rail defect
(spalling or developing into a transverse defect) independent of
the specific cause of the surface-breaking crack, given the local
tangential loading history (or its prevailing part) and the or-
ientation of the surface-breaking crack. Fig. 9 illustrates the 3D
anisotropy of the subsurface that occurs under tangential stresses
corresponding to one-directional train operation on a straight
track (assuming a friction coefficient larger than 0.3, or first yield
at the surface) according to the model in ref. [7] for prediction of
squat crack morphology. Fig. 9 shows, distinguishing in a similar
manner as in this work straight track and high/low legs of curves,
spalling and transverse defect (TD) domains of internal crack
propagation. Independent of the track situation there are three
quarter-planes (or quarter-spaces) in which subsurface crack pro-
pagation leads to a spalling defect and one quarter-plane yielding
transverse failure. Application of this scheme to a situation with a
given surface-breaking crack geometry then allows to conclude in
which domain the defect will develop.

The above can be illustrated for the defect shown in Fig. 3 and
discussed in Section 2. The result is depicted in Fig. 11, showing the
orientation of a surface-breaking crack under regular RCF for this
case, the direction (quarter-space) of subsurface crack propagation
V

z

x, τzx

y, τzy

Fig. 9. Coordinate system and subsurface anisotropy due to tangential stress di-
rectivity and a plastic ratcheting response (straight track situation, operation in one
direction).



y, gauge face

x,V RCF surface-breaking crack orientation:            RCF subsurface propagation:

crack initiation

actual subsurface 
crack propagation

Fig. 11. Spalling defect on R370crHT (MHH) in the upper leg of a 2240 m radius curve (see Fig. 2).

Fig. 10. Transverse defect (TD) versus spalling domains (quarter-spaces) for surface-breaking cracks in the running band of the rail in different track situations, assuming
one-directional train operation.
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Fig. 12. Spalling defect in Ref. [6] and interpretation according to the model in
Fig. 10.

Fig. 13. Examined cross-sections (1–3) along the surface of the defect zone.
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leading to a TD defect in accordance with the scheme of Fig. 10,
and on the other hand the actual surface-breaking crack initiation
line and both internal actual propagation directions. Because the
surface-breaking crack orientations do not match, both subsurface
crack planes are situated in the spalling domain. The defect is
therefore not a conventional case of RCF/squat formation and will
not (or is not able to) lead to a transverse rail defect. This is, as has
been mentioned in the introduction, an important conclusion in
view of the essential difference in operational safety risk, and
therefore the required monitoring and maintenance actions.

The model can, in the same way, also be applied to results re-
ported in the literature. Fig. 1 in ref. [6] shows a spalling defect
(‘stud’). From the figure the location of surface-breaking crack
initiation remains unclear (though most likely at the left in the
centre of the running band) and it is questionable whether it is
unique (multiple grinding marks are visible). However, the sub-
surface propagation directions (quadrants) are very clear from the
fatigue marks and reproduced in Fig. 12, which also shows the RCF
subsurface propagation quadrant according to the scheme (upper
Fig. 14. Grinding grooves with local deformation and FIM
part) in Fig. 10. It is clear that the defect has developed entirely in
the spalling domain, is therefore not a classical squat defect and
represents a negligible risk with respect to rail fracture.

Both cases that have been discussed show that the scheme in
Fig. 10 can be a useful tool not only for analysis and understanding,
but also to assess the risk of existing running band defects with
respect to rail fracture and therefore safe train operation and the
need of maintenance.

In the framework of this study it is interesting to return to the
trailing crack of squat defects. It has been addressed both in earlier
work [1,2,7] and in the literature (for example ref. [17]), and the
question has been posed why the leading crack of a squat is always
critical with respect to the – eventual – trailing one. The theory de-
veloped in this study provides an explanation: the leading crack de-
velops in the TD domain and the trailing crack in the spalling domain.
5. Microstructural analysis

In order to further clarify the application of the model of Fig. 10
to the spalling defect considered in the case study in Section 2 of
this paper, additionally a microstructural analysis has been per-
formed of an individual defect from the series. Fig. 13 shows the
concerned part of the defect and the examined cross-sections,
comprising a transverse one and two longitudinal ones.

The transverse cross-section (1) shows a clear presence of in-
dividual grinding grooves, with local deformation and FIM de-
posits, outside the running band at the field side (Fig. 14). The
surface roughness disappears to a large extent in the running
band, where WEL flakes are embedded in the surface, with locally
a tendency to delaminate (Fig. 15).

Concerning deformation directivity at the surface within the
running band the following can be observed. At the field side
deformation is only very locally present and negligible in magni-
tude; it is directed toward the field face of the rail and typically a
remainder of grinding effects. At the gauge side, surface de-
formation becomes stronger, but with only a slight directivity to-
ward the gauge face. Also this directivity may typically result from
grinding. Only when approaching the gauge corner the deforma-
tion gets a clear and consistent directivity toward the gauge face
and is related to the wheel-rail contact history. When considering
the subsurface crack in the transverse cross-section, any consistent
deformation of both crack faces is absent, which indicates that
these faces have not transferred major shear stresses (Fig. 16a);
however, a strongly increasing deformation, without directivity, of
the surface material occurs when approaching the crack mouth at
the surface; the thin portion of surface material at this position has
deposits at the field side; transverse cross-section (1).



Fig. 15. White etching material embedded in the surface, within the running band (gauge side right); transverse cross-section (1).

Fig. 16. Sub-surface cracking in the transverse cross-section (1): no crack face deformation (a) and flattening of the gauge-side tip of the material portion spalling off (b)
(gauge side right).
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clearly been flattened by cyclic normal stresses (Fig. 16b).
The longitudinal cross-section (3) along the surface, in the

centre of running band and within the spalling zone, shows re-
mainders of grinding grooves (filled with corrosion) along with
local deformation, as well as multiple crack initiations at the sur-
face, examples of which are shown in Fig. 17. The surface de-
formation from the wheel-rail contact history is directed against
the running direction, as can be expected in the high rail of a
curve. The subsurface crack in the longitudinal cross-section
shows a consistent and strong deformation of both crack faces,
Fig. 17. Longitudinal cross-section (3): remainders of grindi
indicating a transfer of longitudinal shear stresses (‘rubbing’) in
line with the tangential stress history by passing (and notably
driven) wheels (Fig. 18) (see also ref. [7], Fig. 7).

Longitudinal Section (2), taken in the gauge corner and outside
the spalling zone shows a similar image. There are remainders of
grinding grooves, and the subsurface deformation from the wheel-
rail contact history is strong, with also at this transverse position a
clear directivity against the running direction (Fig. 19).

The microstructural analysis thus confirms the presence and
the directivity of the sub-surface plastic strain field induced by the
ng grooves (a) and multiple surface crack initiation (b).



1

Fig. 18. ‘Rubbing’ of subsurface crack faces in the longitudinal cross-section (3) indicate significant transfer of longitudinal shear stresses.
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wheel-rail contact history, as assumed in the application of the
model of Fig. 10 to the defect under consideration. Moreover, the
analysis showed the relative dominance of longitudinal tangential
stresses to the transverse component for this specific situation.
This offers an explanation as to why the crack initiation starts
under a relatively small angle with the longitudinal rail axis in
Figs. 5 and 11.
2
3

4

6. Final remarks and conclusions

The work presented in this study shows the importance of
eventual anisotropy and inhomogeneity of the top layer of the rail
for the understanding and modelling of crack growth in the rail
surface. In many cases (such as headchecking), cracks in the rail
surface are a result of regular RCF, in the sense of a steadily on-
going process of cyclic plastic ratchetting under contact loading.
This is typically a high-cycle fatigue process. However, as has been
argued in this paper, the apparition of not all surface cracks can be
attributed to such a process. The factors that govern their initiation
and propagation instead also lead to different crack behaviour.
Therefore, models need to take into account these factors in order
to explain or predict these particular cracks. In this sense, the re-
cently proposed modelling by Six, Trummer et al. [18,19], who
distinguish between ‘tribological’ (or surface -) and ‘global’ (or
subsurface) plasticity represents a step forward with respect to
crack prediction models that start from the initial assumptions of
material isotropy and homogeneity.

The main findings of this work can be summarized as follows:
Fig. 19. Subsurface deformation directivity against the running direction; long-
itudinal cross-section (2).
) the process of regular RCF, in the sense of ongoing cyclic plastic
strain accumulation under contact loading, along with crack
initiation usually has as a point of departure:
i. homogeneity and isotropy of the material in the top layer of
the rail, at least at a bulk level;

ii. coincidence of the nominal and the real wheel-rail contact
patch, which excludes (apart from micro-roughness) even-
tual transient contact stress redistribution within this area;

iii. stationarity or monotony of the loading regime, which ex-
cludes major transitions in parameters describing this op-
erational regime (such as the friction coefficient) over re-
levant time durations;

) these three conditions are not generally met in practice;
) in case of deviation of one of more of these conditions, spalling
defects may develop with properties that are distinct from
those of ‘regular’ RCF cracks;

) a model has been proposed that is able to explain/predict
whether a surface-breaking crack develops in the spalling or the
transverse defect domain for different track conditions (straight
track and curves, upper and lower legs). This model has sig-
nificant practical relevance, since both domains represent es-
sentially different operational safety risks and require therefore
different monitoring and maintenance actions.
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