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Abstract

A Failure Assessment Diagram (FAD), developed for rolling contact, was spe-

cifically formulated for railway wheel steels. The FAD allows combining a

multiaxial fatigue criterion with the linear elastic fracture mechanics concept;

in particular, it was used to assess the fatigue failure in wet contact, related to

the pressurization of the fluid entrapped in surface cracks. The approach was

applied to the results of previous bi-disc tests carried out on three railway

wheel steels, subjected first to a dry rolling-sliding contact step, then to a wet

contact step. The crack size distribution after the dry contact step was evalu-

ated by a statistical approach; subsequently, the stress intensity factor during

the wet contact step was estimated by finite elements. The results of the FAD

agreed with the damage observed on the cross section of the specimens at the

end of the tests. Furthermore, the FAD was used to determine the maximum

allowable crack to prevent rolling contact fatigue, this way showing its poten-

tial as a damage tolerant approach.
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1 | INTRODUCTION

The assessment of damage in the tread of railway wheels
is a very complex issue, as many different damage mecha-
nisms can occur, even in competition with each other.
They depend on design factors, such as material proper-
ties, nominal load, and geometry, as well as on varying
working factors, such as train dynamics, load history,
and environmental contaminants.

The most common damage phenomenon is wear,
intended as a progressive material removal from the
wheel tread, approximately uniform along the circumfer-
ential direction. Wear is more severe in rolling-sliding
condition, which usually occurs in curve or braking.
Many models have been used for wear assessment in
such conditions, mainly aimed at predicting the tread
geometry evolution along with the wear progress
(see, for instance, previous studies1–3). A well-established
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approach for a general assessment of wear in railway
wheel is based on the wear maps,4 which allow determin-
ing the grade of wear (classified as “mild,” “severe,” and
“catastrophic”) depending on the contact load and wheel-
rail sliding speed. Some works highlighted the effect of
environmental factors (such as sand5 or snow and
humidity6,7), as well as of operational factors (such as
shoe braking3,8,9) on the wear rate.

Another family of damage mechanism is related to
cyclic plasticity, occurring when the elastic shakedown
limit is exceeded. Depending on the normal load and
the coefficient of friction, cyclic plasticity can occur as a
closed-loop plasticization at each load cycle (plastic
shakedown) or open-loop plasticization (ratcheting),
which leads to unidirectional accumulation of residual
plastic strain at each load cycle. In railway wheels, the
latter is much more frequent and occurs in conditions
of high normal load and sliding, such as, again, in curve
or braking. The occurrence of cyclic plasticity can be
predicted by means of the well-known shakedown
maps; in the case of ratcheting, the accumulation of
plastic strain can lead to the formation of surface cracks.
Many models were proposed to predict the plastic strain
accumulation, mainly based on the critical strain
approach10: Starting from the calculation of the plastic
strain increment at each load cycle, they assume that a
crack will be generated once the accumulative plastic
strain will reach a critical value, which is a property of
the material. Examples of application of such models,
taking into account the wheel-rail contact and/or the
wheel-brake block contact, can be found in previous
studies.11–13

Ratcheting alone, usually, is not able to lead to a cata-
strophic failure. It was shown that, in constant condition
of high normal load and sliding, the concomitant effect
of ratcheting and wear can lead to a steady-state regime,
in which the crack growth is balanced by the removal of
the surface layer by wear.14,15 However, surface cracks
generated by ratcheting can become a very serious danger
when a driving force enhances their propagation to cause
severe shelling. This event can occur even in elastic
shakedown regime, which is a condition considered safe
by criteria based on the shakedown maps only. The
driving force is often related to an external fluid (rain or
snow, for instance) that is entrapped inside the cracks
and subsequently pressurized when the load passes over
the crack mouth. Both the experience15,16 and laboratory
experiments17,18 showed the detrimental effect of such
environmental factor on the fatigue life. The damage in
condition of elastic shakedown (e.g., with no cyclic plas-
tic strain) is usually approached in terms of multiaxial
fatigue19,20 or crack propagation.21,22 The former
approach considers fatigue strength an intrinsic material

property, neglecting the effect of pre-existing cracks or
defects; the latter presumes the pre-existence of a crack,
which can propagate or not under the applied load.
Indeed, it was shown that in wheel steels pre-existing
cracks can affect the fatigue strength only if they exceed
a critical size.23 This suggests that the choice between
multiaxial fatigue criteria and crack propagation ones
should depend on the sensitivity of the material to the
defects.

A unifying approach, which allows considering the
combination of the material intrinsic fatigue strength and
the effect of pre-existing cracks, is based on the Failure
Assessment Diagrams (FAD). The FAD method was first
formulated by Dowling and Townley24 as a static crite-
rion. Subsequently, it was included in several standards,
especially for pipes and pressure vessels, and updated
several times. Recently, Yu et al.25 extended this method
to the railway field to assess the structural integrity of
rails. In their approach, however, they considered a very
simplified model, which neglected the origin of the sur-
face cracks, the key role of the fluid, and considered an
unrealistic crack geometry.

Recently, Donzella and Petrogalli26 extended the FAD
concept to the structural integrity assessment of compo-
nents subjected to cyclic contact loading. The basic idea
was that under such loading a component can fail either
by subcritical propagation of inherent defects, when it is
maximally sensitive to their presence, or by high cycle
fatigue (HCF), when the effect of the defects is negligible.
Between these two failure mechanisms, a transition
region can be defined by means of a curve delimiting the
fatigue-safe condition from the unsafe one. The latter can
be further delimited by curves expressing the transition
to cyclic plasticity or critical crack propagation. Subse-
quently, Donzella et al.27 extended this method to the
assessment of surface hardened components and showed
an example of application to roller bearings. In these
papers, the material defects were identified as the inher-
ent nonmetallic inclusions: Therefore, they were sup-
posed to be pre-existing, located in the subsurface region,
and propagating in Mode II parallel to the contact
surface.

In this paper, the FAD concept is specifically formu-
lated for the evaluation of the structural integrity of rail-
way wheels in condition of elastic shakedown. Such
condition is usual in straight running, or even in curve
when the wheel-rail coefficient of friction is lowered by
the presence of water or snow on the contact surface. The
fatigue failure mechanism is very different with respect
to the case of roller bearings. The nucleation of subsur-
face cracks, although possible, is a very rare event in rail-
way wheels; therefore, it was neglected in the model. It
is proposed that surface cracks have been previously
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generated by ratcheting, in events such as braking or
curving in dry contact; such cracks are assumed to propa-
gate in mixed mode when subsequent wet contact occurs,
driven by the entrapped fluid pressurization mechanism.
The FAD can allow evaluating their effect on the fatigue
strength of the steel, provided that a specific model is
elaborated for assessing the initial crack geometry and
the mixed-mode propagation with entrapped fluid. In
order to test the effectiveness of the approach, it was used
to assess the results of small-scale experiments aimed at
simulating the damage occurring in real wheels. A statis-
tical methodology was proposed for determining the typi-
cal crack geometry generated by ratcheting in dry
contact; furthermore, a calculation procedure was pro-
posed for assessing mixed mode crack propagation with
entrapped fluid pressurization.

2 | THE FAD APPROACH FOR
ROLLING CONTACT LOADING

2.1 | Theoretic model formulation

The FAD approach for the study of the rolling contact
fatigue (RCF) is explained in detail in Donzella and
Petrogalli.26 It is based on the well-known diagram of
Kitagawa and Takahashi,28 which shows that the fatigue
strength is scarcely affected by the presence of defects if
their size a is small (“short crack” field), whereas it can
be well described by a linear elastic fracture mechanics
(LEFM) approach if their size is large (“long crack” field).
This effect is related to influence of the microstructure on
crack propagation when the crack size is comparable to
the grain size. The crack size corresponding to the transi-
tion from the short to the long crack field depends, there-
fore, on the material properties.

The LEFM formulation for the propagation threshold
is represented by the following expression:

ΔKth ¼Δσcr
ffiffiffiffiffiffi
πa

p
, ð1Þ

where ΔKth is the threshold stress intensity factor (SIF)
range and Δσcr the corresponding applied stress range:
Δσcr represents the fatigue limit for a component with a
crack of size a. For long cracks, ΔKth is a material prop-
erty only; therefore, the fatigue limit Δσcr decreases with
trend (a)�0.5.

For short cracks, as Δσcr scarcely depends on the
crack size, the formulation of Equation (1) can be kept if
ΔKth is supposed to vary with a in such a way that Δσcr is
almost constant.

To describe analytically this dependence, El Haddad
et al.29 proposed the following relationship:

ΔKth ¼ΔKthl:c:

ffiffiffiffiffiffiffiffiffiffiffiffi
a

aþa0

r
, ð2Þ

where ΔKthl.c. is the propagation threshold for long cracks
(being, therefore, a material property only), whereas a0 is
an “intrinsic” crack length, which can be obtained by
imposing the LEFM formulation of Equation (1) in its
classical formulation for long cracks (e.g. with ΔKth=

ΔKthl.c.) to a defect-free component in the threshold
condition:

a0 ¼ 1
π

ΔKthl:c:

Δσ0

� �2

, ð3Þ

where Δσ0 is the fatigue limit for a defect-free component
(“plain” fatigue limit). Equation (2) expresses the transi-
tion from the short crack field to the long crack one: In
fact, for a!∞, ΔKth!ΔKthl.c., whereas, combining
Equations (1)–(3), for a! 0, Δσcr!Δσ0.

Let us now consider a component subjected to rolling
contact loading, containing a surface crack with size a
(see Figure 1): The SIF range during a contact cycle can
be generally written as a function of the applied Hertzian
pressure p in the form:

ΔK ¼ yp
ffiffiffiffiffiffi
πa

p
, ð4Þ

where y is a correction factor taking into account the
contact stresses distribution (both normal and tangen-
tial), the possible effect of a lubricant, the crack geome-
try, and the coefficient of friction fc between the crack
faces.

Considering the correction factor, the intrinsic crack
length a0 in Equation (2) can be replaced by a critical
crack length aD,

30,31 which for rolling contact loading,
from Equations (4) and (3), can be expressed in the
form:

FIGURE 1 Schematic of a cracked body with a traveling Hertz

pressure distribution
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aD ¼ 1
π

ΔKthl:c:

y �p0

� �2

, ð5Þ

where p0 is the Hertz pressure correspondent to the RCF
limit for a defect-free component.

The threshold condition ΔK=ΔKth, with ΔK written
in the form of Equation (4), gives the pressure pcr corre-
spondent to the RCF limit for a component with a crack
of length a:

pcr ¼
ΔKth

y
ffiffiffiffiffiffi
πa

p ð6Þ

By defining

Pp ¼ pcr
p0

ð7Þ

Kp ¼ ΔKth

ΔKthl:c:
ð8Þ

and combining Equations (8), (7), (6), and (5) with
Equation (2) (with a0 replaced by aD) the following
expression is finally obtained:

Kp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�Pp

2
q

ð9Þ

Equation (9) has the form of a FAD, which defines the
RCF failure limit taking into account the different role
that defects can have, and is represented by the diagram
shown in Figure 2. This approach constitutes an

alternative way of representing the nonlinearity due to
the short cracks effect, as well as the correspondent
dependence of crack growth threshold on crack size
described by the Kitagawa–Takahashi diagram, applied
to the RCF.

The point given by Kp= 1 and Pp= 0 is the fatigue
limit calculated according to the LEFM approach, there-
fore assuming the maximum influence of the defects. The
point given by Kp= 0 and Pp= 1 is the fatigue limit calcu-
lated according to the plain fatigue approach, therefore
assuming no influence of the defects. The other points
lying on the limit curve express the variation of the defect
influence, depending on the material properties and
defect size. The critical crack size aD ideally separates the
diagram in two zones: the upper one (for a> aD), where
the fatigue limit strongly depends on the crack presence,
and the lower one (for a< aD) where the fatigue limit
weakly depends on the crack presence.

The application of the FAD is formally limited by the
applicability field of the LEFM approach, although it was
corrected to account for the nonlinearity related to the
short crack effect: For this reason, the FAD does not
apply in the presence of a macroscopic plasticization. If
the elastic shakedown limit is exceeded, this basic
requirement is violated; therefore, the condition Pp≤ psh/
p0 has to be fulfilled, where psh is the elastic shakedown
limit pressure for a given coefficient of friction. For rail-
way wheels, when the shakedown limit is exceeded, the
damage can be assessed according to the shakedown
maps and the models of cyclic plasticity discussed above.

Another limitation of the FAD application is given by
the switch from subcritical to critical crack propagation:
if the maximum applied SIF during a load cycle (given by
ΔK/(1�R), R being the load ratio) exceeds the material
fracture toughness KIC, the component is expected to fail
by monotonic fracture and the fatigue concept does not
apply: this leads to the condition Kp≤KIC(1�R)/ΔKthl.c..
In railway wheels, exceeding the material fracture tough-
ness implies a structural failure of the whole wheel,
which is outside the field of the studied RCF phenomena
occurring at the tread.

Therefore, by plotting in the diagram the point
representative of the case under examination (called
“reference point” in the following) in terms of

pp ¼
p
p0

ð10Þ

kp ¼ ΔK
ΔKthl:c:

, ð11Þ

where p and ΔK are, respectively, the applied contact
pressure and SIF range, it is possible to determine if it

FIGURE 2 Failure Assessment Diagram (FAD): safe and

damage areas. RCF, rolling contact fatigue

2090 DONZELLA ET AL.



falls in the safe zone or, if not, which type of failure the
component will experience.

2.2 | Model implementation for railway
wheels

The following comments are useful to carry out this
assessment on a railway wheel. The limit pressure p0 is
the Hertz pressure corresponding to the occurrence of
RCF for a defect-free wheel in the near-surface zone,
where RCF damage typically occurs. It can be determined
by searching for a relationship of p0 with the uniaxial
material plain fatigue limit Δσ0, through a stress-based
failure criterion.

The orthogonal shear stress criterion32 is often used
for RCF, as the orthogonal shear stress is the only alter-
nated stress component. It gives the same results as the
more general Dang Van and Maitournam criterion33

(which considers the cyclic variation of the whole stress
tensor) when the hydrostatic stress influence is negligi-
ble, as it was shown to happen in RCF.34,35

The p0 value depends also on the coefficient of fric-
tion f on the contact surface, because it changes the stress
distribution inside the component. For f≠ 0, the orthog-
onal shear stress has two relative maxima: one on the
contact surface and the other one in the subsurface
region, approximately at a depth z≈ 0.5b. Therefore,

• if the maximum on the contact surface is considered,
the p0 value can be estimated as35

p0 ¼
Δτ0
f

ffi 0:29
f

Δσ0 ð12Þ

where the ratio 0.29 between the material shear fatigue
limit Δτ0 and the uniaxial fatigue limit Δσ0 is taken from
the fitting of several experimental results for steels
obtained by Atzori et al.36:

• if the maximum in the subsurface region is considered,
the limit fatigue condition can be defined by the von
Mises equivalent stress variation, whose relationship
with the friction can be obtained by fitting the numeri-
cal results obtained by Ren and Glodez,37 giving

p0 ¼ 47:7 � f 3�24:6 � f 2þ f þ1:7
� � �Δσ0: ð13Þ

In both cases, the uniaxial material fatigue limit Δσ0 can
be approximated by the formula36:

Δσ0 ¼ 2 �0:475 �σuts, ð14Þ

where σuts is the material ultimate stress.
The elastic shakedown limit pressure depends on f as

well, through the following relationships proposed by
Johnson38:

• if the stress relative maximum on the contact surface is
considered,

psh ¼ 0:58 �σy=f ð15Þ

• if the stress relative maximum in the subsurface region
is considered,

psh ¼ 2:32 �σy ð16Þ

where σy is the material yield stress.
Figure 3 shows the fatigue and elastic shakedown

limits in terms of normalized Hertz pressure with varying
coefficient of friction, from Equations (13)–(16). Usually,
for every f, the lower curve is considered as the limit.
Therefore, for the fatigue limit, Equation (13) holds for
f≤ 0.23 and Equation (12) for f>0.23. For the elastic
shakedown limit, Equation (16) holds for f≤ 0.25 and
Equation (15) for f>0.25. In the FAD approach, how-
ever, as the effect of a pre-existing crack is considered,
the limits have to be properly chosen based on the crack
depth.

In a RCF phenomenon, different propagation modes
are usually involved, especially Mode I and Mode
II. Among the various models for defining an equivalent
SIF range, the following26 is particularly simple and
appropriate for this study:

FIGURE 3 Fatigue and elastic shakedown limits in cylindrical

contact with varying coefficient of friction
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ΔKeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:43 �ΔKI0ð Þ2þ ΔKIIð Þ2,

q
ð17Þ

where ΔKI0 and ΔKII are the applied SIFs, respectively, in
Mode I (only the positive part, correspondent to crack
opening) and in Mode II (whole range).

3 | APPLICATION TO
EXPERIMENTAL TESTS

In order to show the predictive capacity of the method,
the FAD was used to analyze the results of experimental
rolling and sliding contact tests recently carried out by
Mazzù et al.17 on discs extracted from railway wheels.

3.1 | Summary of the experimental
procedure and results

The tests were carried out by means of a bi-disc machine
on three different railway wheel steels used in Europe or
in North America for shoe braked wheels: The steels
were ER7 EN13262 (designated as HyperLOS® in Mazzù
et al.17) and AAR Class B and AAR Class B+ (designated
as SandLOS® in Mazzù et al.17). The chemical composi-
tion, the microstructural data, and the mechanical prop-
erties of the steels used in the FAD analysis were taken
from previous papers of Faccoli et al.39,40 and are
reported in Table 1. Note that the apparent fracture
toughness KQ is given as an approximation of the Mode I
fracture toughness KIC, because the size of the wheels
from which the specimens were extracted did not allow
to comply with the standard requirements for excluding

the influence of the specimen geometry. However, in the
following studied cases, this parameter has no influence
on the FAD evaluation.

The test procedure was designed to reproduce experi-
mentally the wheel tread damage caused by block brak-
ing and subsequent dry and wet contact with the rail.
The wheel discs had 80-mm diameter and 20-mm thick-
ness; the rail and brake block discs had 60-mm diameter
and 15-mm thickness. They were mounted onto two par-
allel independent shafts, whose one could displace
orthogonally to the rotation axis. The specimens were
pushed in contact by means of a hydraulic cylinder, act-
ing on the displaceable shaft. A schematic of the experi-
mental device is given in Figure 4.

Initially, the wheel discs were subjected to 2000 cycles
in sliding contact against discs in cast iron used for brake
blocks, such as to reach the typical temperature of the
wheel tread surface during a stop braking. Subsequently,
the wheel discs were subjected to 10,000 cycles in rolling
and sliding dry contact against rail discs, with the wheel
disc as follower. At the end of these steps, some of the

TABLE 1 Chemical composition, microstructural data and mechanical properties of the tested wheel steels, from Faccoli et al.39,40

ER7 Class B Class B+

Chemical composition (wt%) C 0.51 0.65 0.63

Mn 0.78 0.63 0.84

Si 0.38 0.26 0.88

S 0.002 0.001 0.001

P 0.015 0.012 0.009

Microstructure Pearlite + Ferrite +
Bainite (traces)

Pearlite + Ferrite Pearlite + Ferrite +
Bainite (traces)

Grain size number G 8.5 7.5 8.5

Yield strength σy (MPa) 568 659 687

Ultimate tensile strength σuts (MPa) 885 1035 1148

Apparent fracture toughness KQ (MPa m0.5) 102 58 49

Fatigue crack growth threshold ΔKthl. c. (MPa m0.5) 8.1 7.1 7.5

FIGURE 4 Schematic of the specimens on the bi-disc machine
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wheel discs were cut along the mid plane orthogonally to
the contact surface. The cross section was prepared with
standard metallographic techniques: It was ground
with SiC papers, polished with 1-μm diamond paste and
chemically etched by 2% Nital for making the microstruc-
ture visible. The microstructural observations were car-
ried out with a light optical microscope to investigate the
damage occurred under the contact surface and report
the number, length, and inclination of the detected
cracks. The grain size number was estimated using the
comparison method, according to ASTM E 112 Standard.
The remaining intact wheel discs were subsequently sub-
jected to rolling and sliding contact with rail specimens
under a jet of water, again with the wheel disc as fol-
lower. The duration of the wet step varied from 5000 to
30,000 cycles, in order to investigate the evolution of the
wheel disc damage. Again, at the end of the wet step,
the wheel discs were cut and subjected to the same metal-
lographic analyses, documenting the damage mecha-
nisms. Moreover, the friction coefficient was measured
during the tests. The test parameters relevant for the
FAD evaluation, referred to the steps of dry and wet con-
tact between wheel and rail specimens, are summarized

in Table 2 (where the sliding ratio is the ratio of the tan-
gential speed to the mean rolling speed). The data refer-
ring to the initial contact between the wheel specimens
and the brake-block ones are not reported, as they are
not relevant for the FAD evaluation; however, further
details on the experiments are given in Mazzù et al.17

For all the tested steels, the subsurface microstructure
after the dry contact step, as shown in Figure 5, was char-
acterized by intense unidirectional plastic flow
(ratcheting), induced by the high tangential stresses at
the contact surface. Many cracks aligned with the plastic
flow bands were observed, counted, and classified based
on their size and inclination: While the full results are
given in Mazzù et al.,17 the relevant ones for the FAD
assessment were selected and elaborated according to the
procedure illustrated in the following.

The specimens that after the dry contact step were
subjected to the wet contact step failed by severe RCF. As
shown in Figure 6 for the ER7 steel, the surface cracks,
nucleated in the previous dry step, propagated progres-
sively with the cycle number, favored by the pressuriza-
tion of the water entrapped inside the cracks, until they
branched and re-emerged causing the detachment of
large fatigue debris (shelling). Similar results were
obtained with the other tested steels.

3.2 | Evaluation by the FAD approach

The FAD approach was applied to the experimental tests
to interpret the results in terms of damage. In the dry step
of the tests, the FAD was not applicable because the

TABLE 2 Working conditions in the different steps of the tests

Dry step Wet step

Sliding ratio 1%

Hertz contact pressure p (MPa) 1100

Contact half width b (mm) 0.333

Mean coefficient of friction f 0.4 0.2

FIGURE 5 Micrographs of the disc cross-

section at the end of the dry step of the tests:

(A) ER7, (B) Class B, and (C) Class B+
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working conditions exceeded the elastic shakedown limit.
In fact, considering the applied coefficient of friction
f= 0.4, from Equation (15) the elastic shakedown limit
pressures psh for the three materials were

• ER7: psh= 824 MPa,
• Class B: psh= 956 MPa, and
• Class B+: psh= 996 MPa

all lower than the applied pressure.
In this case, the well-known shakedown map for

cylindrical contact38 can be used to predict the damage:
Consistent with the obtained results, the predicted dam-
age was ratcheting.

In the wet step subsequent to the dry step, the
coefficient of friction was f= 0.2; in this condition, from
Equation (15), the elastic shakedown limit pressures have
the following values:

• ER7: psh= 1647 MPa,
• Class B: psh= 1911 MPa, and
• Class B+: psh= 1992 MPa

all exceeding the applied pressure: Therefore, at least
for the pp range, the FAD was found to be applicable.
Note that Equation (15) was used instead of Equation (16)
for determining psh, despite the latter giving a lower value
for f= 0.2: indeed, as shown below, the cracks considered
for the FAD application have a very shallow depth, there-
fore the more appropriate limit is the one obtained con-
sidering the surface stress maximum.

In order to evaluate the applied kp, a geometry for the
pre-existing crack had to be defined. The cracks

nucleated during the previous dry step were considered
as pre-existing at the beginning of the wet step: Obvi-
ously, their geometry was not known, but an estimation
was done based on the analysis carried out on the speci-
mens cut after the dry step. In Mazzù et al.,17 a large
number of cracks generated by ratcheting in the dry step
was measured for each steel; however, most of them were
very small and shallow, while the most dangerous for
fatigue are the longest ones.

Therefore, a selection of the cracks to be considered
for the FAD evaluation was made: Only cracks whose
depth z exceeded 20 μm were accounted for. For each
steel, the standard distribution of the crack depth pz(z)
was calculated; furthermore, the probability pn associated
with the number of cracks was calculated as follows:

pn ¼
ni
N
, ð18Þ

where ni is the number of cracks detected in each steel
and N is the total number of cracks found in all steels.
For each material, the combined probability density
pzn(z) was calculated as follows:

pzn zð Þ¼ pz zð Þ �pn ð19Þ

as well as the corresponding cumulated probability:

Pzn zð Þ¼
ðz
0
pzn zð Þ �dz: ð20Þ

For each material, Pzn(z) gives the probability of finding a
crack deeper than z. In order to choose a crack depth

FIGURE 6 Micrographs of the cross

sections of the ER7 discs at the end of the wet

step of the tests after: (A) 5000 wet cycles,

(B) 10,000 wet cycles, and (C) 30,000 wet cycles
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statistically representative of the deepest cracks
that can be found in each steel, the depth z for which
Pzn(z)= 5% was chosen as the typical crack depth of each
material. Figure 7 shows the probability density pzn(z)
and cumulated probability Pzn(z) of the three steels, as
well as the corresponding typical crack depth, which is
27 μm for the ER7, 36 μm for the Class B, and 30 μm for
the Class B+.

As far as the crack inclination ϑ is concerned, for
each steel the average inclination of the detected experi-
mental cracks was considered: it resulted in ϑ= 6.7� for
the ER7, ϑ= 9.1� for the Class B, and ϑ= 9.4� for the
Class B+. Figure 8 shows the x and z dimensions of the
detected cracks, as well as the typical crack of each steel.

For each critical crack, a finite element (FE) model as
the one shown in Figure 9 was built with ABAQUS for
calculating the applied SIF during a load pass.

The two contacting discs were approximated by 2-D
plane strain bodies, the lower one having a flat contact
surface with an inclined crack and the upper one with a
cylindrical contact surface. Unilateral contact with pen-
alty method was set between the bodies and the crack
faces. The radius of the upper body was

Req ¼ R1 �R2

R1þR2
¼ 17:14mm, ð21Þ

that is the equivalent radius according to the Hertz
model, where R1= 40 mm and R2= 30 mm are the radii
of the specimens. As the lower body is concerned, the
vertical displacements of the lower side and the horizon-
tal displacements of the lateral sides were bounded. As
the upper body is concerned, its center was connected
with the upper side by rigid beams, and the boundary
conditions were imposed on the center. First, a unit con-
tact load of 575.7 N/mm was imposed on the upper body,
so as to obtain the same Hertz pressure and contact width
as in Table 2; in this phase, only vertical displacements
were allowed. Then, while keeping the applied load, a
displacement s= 2 mm and a rotation α= s/Req � 1.01
were imposed on the center of the upper body, this way
imposing the same sliding ratio as in the experimental
tests. A friction coefficient f= 0.2 was imposed between
the two contacting bodies; the same value was assigned
to the coefficient of friction between the crack faces:
fc= 0.2. The crack tip was modeled with the quarter node
technique; the element size was very small near the crack

FIGURE 7 Probability associated with the

number and depth of cracks in the tested steels:

(A) probability density pzn(z) and (B) cumulated

probability Pzn(z) [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 8 x and z dimensions of the

experimental and typical cracks and average

crack inclinations in the three tested steels

[Colour figure can be viewed at

wileyonlinelibrary.com]
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tip (about 5 � 10�4 mm), progressively increasing to
about 2 mm near the boundaries of the lower body. The
applied SIFs in Mode I KI and in Mode II KII during
the load pass were obtained from the displacements of
the quarter nodes on the crack faces of the collapsed
elements, according to the Williams equations:

KI ¼ v2� v1ð Þ
E �

ffiffiffiffiffi
2π
r

r

8 1�ν2ð Þ

KII ¼ u2�u1ð Þ
E �

ffiffiffiffiffi
2π
r

r

8 1�ν2ð Þ

8>>>>>>><
>>>>>>>:

, ð22Þ

where, as shown in Figure 9, v1 and v2 are the crack
opening displacements (COD) of the quarter nodes of the
elements at the crack tip, u1 and u2 are the crack
shearing displacements (CSD) of the same nodes,
r= 1.25� 10�4 mm is the distance of the quarter nodes
from the crack tip, and E= 206,000 MPa and ν= 0.3 are
the steel elastic modulus and coefficient of Poisson.

A fluid cavity interaction was imposed inside the
crack, meaning that the volume of the crack cavity was
kept constant during the whole simulation, as it
was filled by an incompressible fluid. This is not exactly
what happens when the load passes over the crack,
because this model includes neither the fluid inlet
when the crack mouth is opened nor the fluid squeez-
ing when it is compressed near the tip region; however,
it is able to reproduce the entrapped fluid pressuriza-
tion when the crack mouth is closed, as shown in
Figure 10.

Figure 11 shows the variation of KI and KII during a
load pass in the case of the ER7 steel. KI has a positive

peak when the fluid is pressurized in the crack, then it
has a slight negative peak. KI should have only positive
values if the crack was initially completely closed.

FIGURE 9 Finite element (FE) model for the stress intensity factor (SIF) calculation

FIGURE 10 Finite element (FE) simulation of the entrapped

fluid pressurization (the deformation is amplified six times)

FIGURE 11 Variation of the stress intensity factors (SIFs) KI

and KII during a load pass in the case of the ER7 typical crack
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However, the fluid cavity interaction requires a small ini-
tial crack opening, which explains small negative KI

values when the load completely closes the crack faces
near the tip. This effect is slightly increased by the pen-
alty method used for solving the contact, which allows a
small interpenetration between the crack faces. The KII

variation is shifted toward the positive values, owing both
to the presence of the friction on the contact surface and
to the crack inclination. The SIF ranges were combined
according to Equation (17) to obtain the mixed mode
equivalent ΔKeq.

Then, the kp and pp parameters could be calculated
according to the previous equations (with ΔK=ΔKeq),
and the FAD was plotted for the three steels according
to the material properties given in Table 1. Note that p0
is calculated according to Equation (12) because the
crack depth is much closer to the surface than to the
depth where the maximum subsurface stress is located.
The results are given in Table 3 and shown in
Figure 12.

All the points representing the working conditions of
the three tested steels exceed the fatigue limit and are
placed in the region of high influence of the pre-existing
cracks: This agrees with the damage observed at the end
of the wet step of the tests. It is worth focusing on the
case of the Class B+ specimen: Indeed, for this specimen,
the pp parameter is well lower than 1, whereas kp is just
equal to 1. This means that if a multiaxial fatigue crite-
rion was used only, the specimen would be predicted in a
safe condition; if a LEFM criterion was used only, the
prediction would be uncertain, being the working point
just on the border between the safe and unsafe condition.
Using the FAD approach, instead, fatigue damage is
clearly predicted, in full agreement with the experimental
evidence.

3.3 | Damage tolerant assessment

The FAD was used also to assess the problem according
to a damage tolerant approach, for example, to determine
the maximum tolerable defect size with respect to fatigue
failure. For each steel, further finite element method
(FEM) analyses were carried out decreasing the crack
depth (with the same inclination as in the previous
models), until the points representing the working condi-
tion in the FAD fell in the fatigue-safe region. By varying
the crack size, the points of Figure 12 moved parallel to
the ordinate, as only the kp parameter was affected.

A failure index I can be introduced, defined as
follows:

I¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2pþp2p

q
: ð23Þ

Note that I>1 when the working point is outside the
fatigue-safe region; by decreasing the crack depth, I
decreases as well until it intersects the fatigue limit curve
for I= 1: the crack depth corresponding to this condition
is the maximum allowable one.

Figure 13 shows the failure index I for the three steels
with varying crack depth z. The condition I= 1 gives the
following tolerable crack depths: z≈ 15 μm for the ER7
steel, z≈ 19 μm for the Class B+ steel, and z≈ 21 μm for
the Class B steel. The lower allowable depth of the ER7

TABLE 3 Results of the FAD assessment for the three tested

steels

ER7 Class B Class B+

Δσ0 (MPa) 841 983 1091

p0 (MPa) 1219 1426 1581

ΔKI (MPa m0.5) 4.56 5.01 3.31

ΔKII (MPa m0.5) 7.52 6.69 6.35

ΔKeq (MPa m0.5) 9.29 8.99 7.48

pp 0.90 0.77 0.70

kp 1.15 1.27 1.00

psh/p0 1.35 1.34 1.26

KQ 1�Rð Þ
ΔKthl:c:

27.7 18.0 14.4

Abbreviation: FAD, Failure Assessment Diagram.

FIGURE 12 Failure Assessment Diagram (FAD) evaluation of

the three tested steels in the wet contact step of the experimental

tests. RCF, rolling contact fatigue [Colour figure can be viewed at

wileyonlinelibrary.com]
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steel is related to the pp parameter: As it is closer to 1 with
respect to the other steels, meaning that this steel works
closer to the plain fatigue limit, a shallower crack is suffi-
cient to start fatigue. Note that this happens despite the
ER7 steel having a higher crack propagation threshold
ΔKthl. c. with respect to the other steels. Once again, this
result shows that the combination of the LEFM and mul-
tiaxial fatigue criteria given by the FAD can lead to differ-
ent conclusions with respect to following the single
approaches.

These results are valid for the crack inclinations
determined by the statistical analysis on the tested speci-
mens. As the crack inclination affects the applied SIF,
they cannot be extended as results of general validity.
However, the SIF increases as far as the crack inclination
decreases: As very low inclinations were detected for all
the steels, these results can be taken as a lower bound for
crack propagation.

4 | CONCLUSIONS

A FAD approach was proposed for the contact fatigue
assessment of railway wheels. This approach allows
combining multiaxial fatigue criteria with the LEFM
approach, accounting for the influence of the size of pre-
existing surface cracks. The specific dominant damage of
railway wheels was assumed to be ratcheting in dry
rolling-sliding contact, leading to the formation of surface
cracks, followed by shelling in wet contact, driven by the
pressurization of the previously formed cracks.

The FAD was used to assess the results of previous
experimental tests on discs made with three railway
wheel steels, subjected first to dry and subsequently to
wet contact. The typical surface crack of each steel was
statistically determined after the dry session. The FAD
assessment allowed predicting RCF for all the steels, in
agreement with the experimental results. In addition, the

FAD allowed determining the maximum acceptable
crack depth for each steel.

This example of FAD application showed its potential
as a damage tolerant approach for railway wheels.
Indeed, it allows investigating more in depth a field of
application not covered by the most widely used tools,
such as the well-known shakedown maps; furthermore,
by combining the LEFM approach with the multiaxial
fatigue criteria, it allows consideration of the different
influence that differently sized cracks can have on the
fatigue limit, this way leading to a more complete assess-
ment of damage in railway wheels.
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NOMENCLATURE
a crack length
a0 intrinsic crack length
aD critical crack length
b Hertz contact half width
E Young's modulus
f coefficient of friction on the rolling surface
fc coefficient of friction between the crack faces
I fatigue failure index
KI Mode I stress intensity factor
KII Mode I stress intensity factor
KIC fracture toughness
kp crack propagation parameter
Kp crack propagation parameter at fatigue limit
KQ size-dependent fracture toughness
ni number of cracks detected in a single tested

material
N total number of cracks detected in all the tested

materials

FIGURE 13 Determination of the maximum tolerable crack

depth in the three tested steels [Colour figure can be viewed at

wileyonlinelibrary.com]
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p maximum applied Hertz pressure
p0 limit Hertz pressure of rolling contact fatigue in

a defect-free material
pcr critical Hertz pressure
pn probability density related to the number of

cracks
pp plain fatigue parameter
Pp plain fatigue parameter at fatigue limit
psh limit Hertz pressure of elastic shakedown
pz probability density related to the crack depth
pzn probability density related to the crack depth

and number
Pzn cumulated probability related to the crack

depth and number
r distance from the crack tip
R load ratio (ratio of the minimum to maximum

load in a cycle)
R1 wheel disc radius
R2 rail disc radius
Req equivalent radius
s rolling distance
u1, u2 crack shearing displacements
v1, v2 crack opening displacements
x crack extension along the rolling direction
y shape factor
z crack depth
α rotation angle
ΔK stress intensity factor range
ΔKI0 Mode I stress intensity factor range (positive

part)
ΔKII Mode II stress intensity factor range
ΔKeq equivalent stress intensity factor range
ΔKth threshold stress intensity factor range
ΔKthl.c. long crack threshold stress intensity factor

range
Δσ0 reversed tensile fatigue limit for a defect-free

material (double amplitude)
Δσcr critical stress range
Δτ0 shear fatigue limit for a defect-free material

(double amplitude)
ϑ crack inclination
ν coefficient of Poisson
σuts ultimate tensile strength
σy yield stress
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