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Abstract: This research investigates the development process of initiating rolling contact fatigue
(RCF) cracks in the rail using a 3D modelling approach. The analysis is based on the application of
stress analysis and fracture mechanics. The finite element method is used to describe the crack tip
stress environment and to determine the stress intensity factors (SIF) around the crack tip. Dynamic
behaviours of the wheel-rail contact are taken into account by including the vehicle-track components
in the modelling. A mixed-mode fatigue crack growth is considered. The dominant modes of the crack
propagation in a RCF crack at its early stage of development have been calculated. The results of the
numerical predictions are compared with those of a benchmark model in the literature. Using these
results, the validity of the new modelling approach for calculating SIF is examined.
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1 Introduction (SIF) and investigations of fatigue crack growth

Rolling contact fatigue occurs in rail material due
to the repetitive passage of wheels on rails under
impact loading conditions. When the fatigue
crack is initiated in rail, prediction of the crack
propagation is important for estimating the crack
growth and the rail lifetime. This can prevent the
possible fracture of rail by applying in-time
maintenance strategies. Corrugations, head
checks and squats are examples of RCF defects
happening in rail material. A squat appears on rail
with a kind of surface depression with general
appearance of a two-lung shape damage at their
mature status. Rail squats are dangerous defects
that can develop into the rail fracture, if they are
not treated well and on time. Fig. 1 shows an
example of a rail squat from a site in the
Netherlands, in which the crack is relatively at its
middle phase of development. Squats can also be
found with younger cracks than the one shown in
this figure; however younger cracks are difficult
to distinguish with the naked eyes.

Until now, a considerable amount of research was
carried out on the rail fracture analysis and RCF
prediction. Calculation of stress intensity factors

have been importance phenomena in rail fatigue
design for many years. It predicts the stress state
near the crack tip caused by loading and residual
stresses. It is a useful criterion for providing
information on damage development speed and
directions of the crack propagation.

Considering the two-dimensional (2D) modelling
approaches, see e.g. (Kim and Kim 2002,
Ringsberg and Bergkvist 2003), the behaviour of
rail RCF cracks were investigated through finite
element (FE) stress analysis and fracture
mechanics. In these studies, the evolution of
stress histories was studied and SIFs are
calculated to investigate the fatigue crack
propagation process in rail.

Since RCF cracks in rails have a complex 3D
crack network, 2D models cannot provide a full
understanding on their propagation process.
Furthermore, the complex mechanism of the
wheel-rail contact and loading conditions cannot
be realistically simulated using the 2D models.
Therefore, the three-dimensional (3D) models of
rail fatigue behaviour were developed to study
the development of RCF cracks in 3D; see e.g.
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(Bogdanski, Olzak et al. 1998, Bogdanski and
Lewicki 2008). These models treated the RCF
cracks with numerical simulations using finite
element method and fracture mechanics. Among
these researches, the FE model of (Bogdanski,
Olzak et al. 1998) was specifically applied on the
squat-type cracks, to predict the crack
development mechanism with addressing the
shapes, directions of extension and the forms of
spalling and branching.

Squat crack

Rolling direction

Fig. 1. An example of squat with a crack at its
middle stage of development

Although the 3D models can more realistically
simulate the loading conditions of the wheel-rail
contact problem, they introduced many
simplifications. In the aforementioned references,
the contact load between wheel and rail has been
simplified with elliptical pressure distribution,
obtained from the theoretical Hertz solution.
Such models also neglected the dynamic
interaction of the wheel-track system or at most
applied dynamic amplification factors over the
static loads. Hence, there still remains a lack of
the modelling technique appropriate for dealing
with the dynamic contact problem.

This paper seeks to treat this problem by
introducing a 3D modelling approach, taking the
major components of the wheel-track system into
account. The numerical model of the current
research deals with transient FE simulations,
considering the system dynamic and the contact
mechanics. The explicit scheme of the FE
analysis allows for investigating the transient
rolling contact under high frequency vibrations in
the system, a problem which has not received
enough attention in the past.

2 Initiating RCF crack

According to (Ringsberg, Loo-Morrey et al.
2000, Ringsberg and Josefson 2001, Pal, Daniel
et al. 2013, Simon, Saulot et al. 2013), a squat is
generally initiated at the rail surface (or very

close to surface) and it grows parallel (or with a
shallow angle) to the surface at its early stage of
development. Various phases for the shape
development in a squat crack are introduced in
(Bogdanski 2005, Bogdanski and Lewicki 2008)
based on the observations on a majority of squat
defects. Using these works, a semi-elliptical
crack, shown in Fig. 2, can be considered as the
early stage of RCF crack development in the
railhead. This crack is considered as the initiating
RCF crack in the present study to target its further
development. The geometry of this crack is a half
ellipse with oblique angles relative to the XY, XZ
and YZ planes. The crack opening is assumed to
intersect the rail surface with a straight line
skewed with respect to the X direction. The crack
plane is supposed to be flat, which means all the
nodes on this plane belongs to the prescribed
semi-ellipse.

v

A

Fig. 2. The initiating RCF crack assumed in
the research to target its further development;
X, Y and Z are the conventional coordinate
system used in the analysis

2.1 Shape, orientation, and dimensions

The geometry of the initiating RCF crack in this
research is shown in Fig. 3, where the
semi-elliptical crack is illustrated in various 2D
planes. The figure shows the orientation and
dimensions of the crack in the Cartesian
coordinate system. In the figure, ¢ and d are the
semi-major axes of the crack; X, Y, Z are the axes
of the global coordinate system and 6, ¢, y are the
angles of crack plane in the XZ, XY and YZ
planes, respectively. The rail gauge-corner side
and the direction of the wheel travel are also
shown. Details of the geometrical parameters and
crack specifications are given in Table 1.
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Fig. 3. The shape, orientation, and dimension

of squat crack in railhead.

Initiating RCF crack

Fig. 4. The FE model of the wheel-track
system with implanted RCF crack, (a) overall
view, (b) the magnified view of the solution
zone, (c¢) magnification on the RCF crack

Table 1. The assumed geometry of the
initiating RCF crack, the wheel and rail
dimensions and the size of the contact patch

Parameters Values

Wheel diameter (mm) 920
Radius of 54E1 rail profile in lateral plane (mm) 300

Semi-major axis of the crack, ¢ (mm) 4.30
Semi-minor axis of the crack d (mm) 3.00
Semi-major axis of contact patch, calculated 758
by results of FEM, b (mm) ’
Semi-minor axis of contact patch, calculated 556
by results of FEM, a (mm) ’
Crack mouth thickness (mm) 0.10
Crack initial angle”, 6 20
Crack initial angle”, ¢ 45
Crack initial angle”, y 20

A finite element method for calculating initiation angles is
presented in (Naeimi, Li et al. 2015)

3 Numerical modelling process

A wide range of finite element models have been
introduced for the wheel-rail contact problem
over the past years. In most of the works, two
solid rolling bodies were put together to generate
the rolling contact behaviour. The wheel-rail
contact problem with considering vehicle—track
interaction was treated in (Zhao and Li 2011,
Zhao, Lietal. 2013, Zhao, Li et al. 2014) using an
explicit FE method. In this research, the same FE
methodology is further developed to be
applicable for the rail with RCF crack. A
semi-elliptical RCF crack is implanted in the
railhead. This model is shown in Fig. 4(a) with
magnifications over the RCF crack region in Fig.
4(b, ¢). The model considers high frequency
dynamic behaviours of the wheel-track system
excited by the wheel rolling over the rail and
associated wave propagations. To reach a
sufficient accuracy in FE simulations, the contact
zone of the wheel and rail is densely meshed with
fine elements. A finer mesh scheme is used in the
solution zone with the finest elements of 0.25 mm
in the crack area. The mechanical and loading
parameters of the wheel-track system are listed in
Table 2. Note that the effect of liquid entrapment
inside the crack is not seen in this study.

3.1 Implanting the initiating RCF crack

A 3D crack is implanted into the FE mesh with
the geometry prescribed in Fig. 3. The front view
of the crack plane in the FE model is shown in
Fig. 5(a) with definitions of the crack mouth
boundary and the crack tip curve. A numbering
convention is proposed in this figure to address
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the histories of stress intensity factors in the
nodes of the crack tip. Based on this definition,
nodes 1 and 41 are the boundaries of the crack tip
at the rail surface and node 21 is the crack tip
midpoint. Note that node 1 is located at the
gauge corner side of the rail.

3.2 Calculation of SIFs

For isotropic materials, singular stresses and
displacements near the crack tip can be described
by SIFs (Zhu and Smith 1995). Various methods
are available for calculating SIFs and crack tip
singular stresses using FEM (Blackburn 1973,
Anderson 2005). The displacement method
based on FEM is used in the present research to
calculate the SIFs of the crack tip. As shown in
Fig. 5(b), a local coordinate system is defined for
each singular node at the crack tip. Displacement
histories of the nodes adjacent to the crack tip
were used for SIF calculations. In this figure x, y
and z are the axes of the local coordinate system,
aligned toward the crack front with the origin at
the crack tip. Using this method, a crack will
experience three basic types of loading, i.e.
opening mode, shearing mode and tearing mode.

Y
)
1V
A\,
15 . .
Crack midpoint
b
®) 1
Node 1 Crack tip
\ 4
: \ 3 . ,/ N 5
Crack ¥ + 7@ - \
i e -
- @ e o X
e ~—= Nomination:
/ r x:tangent to the crack front
/ y:prependicular to the crack front
Node 2 xy:crack plane
y z:normal vector of xy

Fig. 5. (a) Definition of the discretised nodes
and crack boundaries in the crack front, (b)
local coordinate system of the nodes at the
crack tip

The SIFs at the crack tip (Nodes 1 to 41) were
calculated using nodal displacements of their
adjacent nodes in the FE model. According to
(Farjoo, Pal et al. 2012), SIFs are related to
relative displacements of the associated nodes
next to the crack tip in local axes:

E 2r
K = | — — 1
| 8(1—[)2) r (yl yz) ( )

E
K =— —
n 8(1—1)2)

E /2
KIII zm Tﬂ-(zl_ZZ) (3)

where, K, Kj Kjrare the SIFs in opening,
shearing and tearing modes; r is the distance of
nodes from the crack front; x, y and z are the
local displacements of the nodes in the crack
front. Xy us the crack plane with its normal vector
z. In order to estimate the equivalent SIF of the
rail nodes in the mixed-mode fatigue crack
growth, the formula suggested in (Richard,
Sander et al. 2008) was used. The equivalent SIF
(K.q) in this formula combines the effects of all
fracture modes in the fatigue analysis:

K, 1
Kug =+ 5K +4(L15K, 7+ 4K, ()

Zx-x) @

Table 2: Mechanical/loading parameters of
the wheel-track system

Parameters Values
Static wheel load, Py (kN) 120
Wheel weight (kg) 900
Sleeper mass Ms (kg) 280
Stiffness of ballast, Ky, (kN/m) 45000
Damping of ballast, Cy (N.s/m) 32000
Stiffness of rail pad, K, (kN/m) 1300000
Damping of rail pad, C, (N.s/m) 45000
Stiffness of primary suspension, K. (kN/m) 880
Damping of primary suspension, C. (N.s/m) 4000
Young’s modulus of wheel-rail, E; (GP) 210
Poisson’s ratio of wheel-rail material, v, 0.3
Density of wheel-rail material, p, (kg/m3) 7800
Young’s modulus of concrete, E; (GP) 384
Poisson’s ratio of concrete material, v, 0.2
Density of sleeper material, p. (kg/m3) 2520
Rolling speed (km/h) 140
Friction coefficient between wheel and rail 0.6
Friction coefficient between the crack faces 0.05
Traction coefficient 0.25
Maximum calculated contact pressure(MPa) 1316
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4 Results of SIF calculations

This section presents the results of SIF
calculations of the nodes at the crack tip. One
loading cycle of a wheel running over the cracked
rail was simulated. A travelling time between -4b
and 4b (b is the semi-major axis of the contact
patch) was considered for calculating the SIFs.
The SIFs obtained from the FE simulation are
plotted in Fig. 6-8. The parameter x in these
graphs is the distance of wheel centre from the
crack mouth. Hence, a negative x represents the
situation when the wheel is approaching to the
crack mouth and a positive x is for the wheel
when it has passed the crack. The value x=0
corresponds to the wheel position exactly on top
of the crack mouth. For better illustration, SIFs of
the negative wheel positions were plotted
separately from the positive ones. The abscissas
of these graphs represent the nodes of the crack
tip curve shown in Fig. 5. The dimensionless SIF
in Fig. 6-8 equals the original SIF divided by the
maximum pressure, multiplied by the square root
of the contact path semi-axis b.
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Fig. 6. The histories of K; along the crack tip

at three wheel locations (a) before reaching

the crack mouth, (b) after passing the crack

5 Comparisons with a benchmark
In order to see the effectiveness of the proposed
model, the SIFs obtained in the present study
were compared with the Bogdanski’s results

(Bogdanski and Lewicki 2008). This benchmark
model uses a rail block with a flat surface laid on
fixed boundary conditions. Detail of this model is
described in (Bogdanski and Lewicki 2008). The
geometry of the crack and the loading conditions
in the benchmark model were relatively different
from the present work. The size of the crack
(semi-elliptic exes) in the present study was
relatively 40% smaller than that of the benchmark
model to be more representative to the early life
of the RCF crack.
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Point along the crack front

Fig. 7. The histories of Ky, along the crack tip

at three wheel locations (a) before reaching

the crack mouth, (b) after passing the crack

The traction coefficient of the Bogdanski’s model
was -0.1 and the maximum contact pressure was
po = 740MPa. The same values are used in this
section for the sake of comparison. The values of
friction, crack size, contact patch size and
material properties were also taken identical to
(Bogdanski and Lewicki 2008) and the SIFs were
calculated again. The SIF distributions in the two
models are plotted together in Fig. 9.

These results were obtained for two wheel
positions, i.e. -0.8b and -0.2b; it is because only
these results were available in the prescribed
benchmark model. Note that the SIFs of the
benchmark model were taken without the
influence of water entrapment in crack
propagation process.
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Fig. 8. The histories of Kjj; along the crack tip
at three wheel locations (a) before reaching
the crack mouth, (b) after passing the crack
Comparing these results, a number of
observations were made:
1) The SIFs for all the fatigue propagation modes
(mode I, II, III) were in good agreement with
those of the Bogdanski’s model. This was the
case both wheel positions (-0.8b, -0.2b). Apart
from negligible difference in peak quantities,
good agreement was seen in SIF distributions
(trends in different nodes) in the two models.
2) According to Fig. 9, both models led to higher
opening and shearing SIFs in the crack midpoint
(node 21) than the other nodes in the crack tip.
This means K; and Kj; in the crack midpoint were
more dominant than the other nodes. The SIFs of
the crack edges (node 1, 41) were almost zero in
the two models and in every wheel location.
3) From the data in figure 9(c), it is apparent that
the crack midpoint relatively had zero Ky in both
models.
In total, the SIF results were in good agreement
with the benchmark model in terms of their
general trend at different locations of the crack

tip.
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Fig. 9. Comparing the results of the FE
simulations with the benchmark model, (a)
distributions of Kj, (b) distributions of K, (c)
distributions of Ky

5 Conclusions

This research calculated the stress intensity
factors of an initiating RCF crack tip using a 3D
model of the wheel-track system. The SIFs in the
present research were compared with a
benchmark model in the literature. According to
the results, distributions of SIFs (for all the crack
propagation modes I, II, III) were in good
agreement with the benchmark model. In both
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models, the opening and shearing modes of the
crack midpoint were more significant than the
other nodes in the crack tip. The crack midpoint
relatively had zero Ky in both models. Taking
these findings together, the two models showed a
reasonable agreement on SIF trends in different
nodes of the crack tip. However, the proposed
model of the wheel-track system in the present
research has the capability of considering
dynamic impacts due to e.g. the presence of
defects or irregularities in the modelling process.
This will be a subject of further research on this
topic.
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