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ARTICLE

Combined effect of rolling contact fatigue and corrosion on structural 
performance of rails
Mojtaba Mahmoodian, A. Seyfallahi Asl and Chun Qing Li

School of Engineering, RMIT University, Melbourne, Australia

ABSTRACT
An accurate structural assessment of rails under combined effect of fatigue and corrosion 
prevents a phenomenal disaster, also saves millions of dollars and people’s lives. Recent studies 
which are proposed to simulate a precise model fail to take into account the different under-
lying mechanism for rail corrosion. The current study presents a numerical procedure to 
investigate crack initiation under combined effect of fatigue and corrosion. A three- 
dimensional (3D) finite element model (FEM) which accounts for rolling contact stresses due 
to wheel-rail contact loads is developed. Then, stress distribution is used in a MATLAB code to 
estimate the fatigue crack initiation life. The advantage of the proposed model is considering 
the combined effect of rolling contact fatigue and corrosion on structural integrity of rails. This 
model is applied to a case study of rail assessment in Melbourne, Australia. The cracks 
orientations and locations which were based on the FEM results were in good agreement 
with the field observations.
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1. Introduction

The current railway network in Australia is approxi-
mately 33,000 route-kilometres, with an additional 
452 route-kilometres, under construction (Ghaderi, 
Cahoon, and Nguyen 2016). 25–35% of the annual 
budget of the Australian railway industry is spent on 
the rail maintenance (Parvez and Foster 2017). For 
instance, $40 million has recently been spent for rail 
maintenance requirements on the Murray Basin pro-
ject which is 1132 km long (Andrews 2016). This 
shows that billions of dollars are spent for mainte-
nance of railway network worldwide. However, even 
with regular maintenance, still, there is a potential 
hazard of the fracture of rails. The rail failure is one 
of the most critical transportation issues around the 
world. As an example, a freight train derailed in the 
route Storsund-Koler in Sweden May 2013 in which 
the rail fracture of the outer line of the curve caused 
the derailment. Fatigue cracks resulted in original, and 
subsequent fractures (Magel et al. 2016). Rails failure 
occurs due to different factors. Accurate prediction of 
crack initiation and propagation in rails can reduce 
the maintenance costs and prevents catastrophic fail-
ures (Sharma et al. 2015).

Rolling contact fatigue (RCF) is the predominant 
failure mode of rails. Over the time, frequent passing 
of wheels on a rail leads to time-dependent, multiaxial, 
and non-proportional loading situation. This type of 
loading results in initiation of cracks at a track surface 
or subsurface. Furthermore, rails encounter failure 
which arises from high speed, high cycle stress and 

high impact from wheels rotation (Mai et al. 2016; 
Wang et al. 2015).

Environmental condition is another aspect which 
accelerates the progress of failure. Structural elements 
have the potential for either loss of cross-section or 
integrity through pitting corrosion. It can be more 
critical in situations when protective measures are 
not effective. Regarding rails, there is another issue. 
Train passing cleans the top surface of the rail which 
leads to increase in the rate of corrosion. So far several 
research have been carried out to analyse the effect of 
different combination of characteristics which can 
affect the crack propagation progress. Wong et al. 
(1995) investigated the influence of stress intensity 
range and degree of overlap on the rail and wheel. 
They found out these two parameters are crucial to 
calculate rolling contact fatigue. Kabo (2002) revealed 
that overloads on rails are harmful and cause 
a permanent extension of the affected zone. It was 
reported that impact of thermal (residual) stresses 
over the time to failure is detriment and also affects 
the fatigue life (Skyttebol, Josefson, and Ringsberg 
2005). Moghaddam et al. (2015) examined the effects 
of the depth, size, and stiffness of the rail section on 
the life of bearing steel. Also, it has been concluded 
that anisotropy and inhomogeneity of the top layer of 
the rail are significant factors for stimulating crack 
growth on the rail surface (Steenbergen 2017).

The 2D plane strain model has been used in pre-
vious studies for less computational analysis. However, 
the 2D plane strain model is not comprehensive 
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enough to fully consider all conditions such as the 
geometric and boundary conditions on the real con-
tact behaviour of wheel and rail. Thus, it is strongly 
recommended to use 3D FE method for RCF model-
ling to have accurate estimate of crack growth rate 
which is attributed to fatigue life (Cho et al. 2012). 
Available literature does not consider the combination 
of rolling contact fatigue and corrosion.

As it has been mentioned before, prediction of the 
fatigue life is very important to minimise the risk of 
railways failure and to reduce the maintenance cost. In 
order to have an efficient maintenance, an accurate 
strategy is required which should be based on an accu-
rate investigation of failure. Subsequently, a precise 
investigation and study demand a comprehensive 
simulation. For reasonably accurate engineering analy-
tical process, more predictive and sophisticated models 
are highly in demand. Also, the corrosion phenomenon 
practically affects the structural performance of the 
structures. Thus, the combined effect of RCF and cor-
rosion need to be considered for an accurate prediction 
of fatigue life. Furthermore, these models must take 
into account environmental conditions which can affect 
the normal process of passive film creation on the 
corroded surface. Wheels passing over rails remove 
the corroded material which will result in interrupting 
filming process. This gap in the current knowledge 
demands a research on using 3D FE method for RCF 
and corrosion simulation.

Corrosion affects sections’ thickness and causes loss of 
materials. In addition, there is a potential for loss of 
integrity under corrosion (Melchers 2005). It has been 
reported in empirical research, under low cycle fatigue, 
corrosion causes remarkable reduction of fatigue life and 
energy density (Hong and Lee 2004). Another study on 
corrosion pit has pointed out that propagating pitting 
with partial loss of outer martensitic layer are disposed to 
conduct the stress concentration points. This situation 
leads to a decrease of strength, elongation to fracture, 
energy density, and fatigue life (Apostolopoulos, 
Michalopoulos, and Koutsoukos 2008).

Fatigue failure of trains wheels has been investigated 
by Ren et al. (2015), and wheels and rails profile has 
been modelled using FEM. In their study the corrosion 
effect has been considered only as corrosion pits. The 
corrosion and it’s progress has also been studied for 
high-strength spring steel for high-speed railways (Niu 
et al. 2018). However, same as the most of the recent 
FEM investigations on combined effect of fatigue and 
corrosion the effect of wheel loading on the corrosion 
mechanism has not been considered. Trains passing 
removes corroded layers and this will affect the rate of 
corrosion. This gap has not been covered in the litera-
ture and needs further investigation.

Experimental corrosion investigations express 
results for a unique situation. It is not logical to extend 
a unique case study to all other situation which are 

mostly in different conditions. Most available corro-
sion investigations are experimental which struggle to 
attribute relations between observable results of corro-
sion and environmental effects under atmospheric 
situation whereas it is not always feasible to examine 
the structures due to it is either mostly expensive or 
inaccessible to have a field inspection (Melchers and 
Beck 2017; Suto et al. 2017; Wen et al. 2016).

Investigations of the consequences of corrosion on 
rail performance in long term are necessary to predict 
the remaining safe life or estimate the level of perfor-
mance. It is also important to suggest methods to 
extend either infrastructures’ safety or remaining life. 
The novelty of this paper is to consider the combined 
effect of corrosion and fatigue which is a more realistic 
simulation of rails performance under loading and cor-
rosive environmental condition. In this study, the com-
bined effect of RCF and corrosion on the remaining life 
of rails is investigated by using a 3D FEM method.

2. Rolling contact fatigue

The relationship between the applied stress magnitude 
and the material fatigue strength quantifies the classic 
fatigue life which occurs under a uniaxial and cyclic 
loading. A Wohler curve or S-N curve is attributed to 
standard fatigue design which illustrates the stress 
versus fatigue life, see Figure 1. In Figure 1, the area 
under the curve shows that a structure is safe under 
this stress and the allowable stress should be less than 
the point’s stress for a specific loading cycle. The area 
on top of the curves is where the failure occurs. Also, 
the hatched area represents infinite life. The curve 
expresses the service life. The vertical axial describes 
the stress amplitude in each point of the curve and the 
horizontal gives the pertinent fatigue life at each point.

It needs to be noted that analysis of rolling contact 
fatigue, is different from standard fatigue analysis. RCF 
cracks initiate in the contact surface between the rail 
and the wheel due to the stress concentration. It is 
always a critical condition under the contact patch, in 
which the rail yield stress exceeds, in micro scale, 
because of the wheel and rail’s surface roughness. 
This phenomenon is irreversible and causes wear and 
fatigue at rail which does not reverse to initial condi-
tion after unloading. Wear can be a costly form of 
deterioration. However, fatigue failures are more criti-
cal and may lead to missing some part of the wheel. 
The wheel and rail’s geometry, the position of the 
wheel, curving characteristics, vehicle suspension fea-
tures make the analysis of the stresses under the contact 
area more sophisticated. In the contact zone, the shear 
stresses and the tendency to initiate cracks are 
increased by both traction forces and radial curving 
forces. It has been observed that the cracks propagate 
towards the direction of the wheel motion (Smith 
2002). Initially, it slopes at a shallow angle. Then, the 
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angle inclines sharply when the crack is approximately 
10 mm deep and propagates through the rail until 
failure. Although during the growth of the shallow 
angle the fragments of the material may break-off the 
head of the rail, the turned-down crack will finally may 
result in a broken rail (Smith 2002). Moreover, as it 
mentioned before, rolling contact fatigue is a multiaxial 
state of stress. This multiaxial compressive stress from 
the wheel on the rail leads to friction between the two 
opposite crack faces which makes the process of deter-
mining the rate of crack propagation more complicated 
under rolling contact (Ekberg 2000).

3. Corrosion pit

Panchenko et al. (2014) developed a model for estima-
tion of the corrosion loss in steel elements as follows: 

logKτ ¼ log Aþ nlogt (1) 

where Kτ is the corrosion loss after time t, A and 
n represent constant coefficients of corrosion loss.

The proportionality constant (A) and the empirical 
coefficient (n) can be derived from a linear regression 
analysis. Furthermore, it is not important to study the 
other parameters of atmosphere corrosivity. In these 
situations, Equation (1) is used with n coefficients for 
two-time frames: n1 for an initial year and n2 for 
a subsequent period (Panchenko et al. 2014).

Different variables for different types of corrosive 
atmospheres have been shown in Table 1 (Panchenko 
et al. 2014).

For an accurate analysis, the three stages of corrosion 
progress namely the incubation, transition, and steady- 
state need to be considered (Ul-Hamid et al. 2017). The 
thin oxide film layer covers the metal surface within the 
incubation period. During this period the corrosion rate 
is at the peak, and corrosion products cover the entire 
steel surface. After completing the corroded layer on the 
metal surface, the rate of corrosion dramatically 
decreases. The secondary intermediate and final 

layers are formed in the transition period. Finally, when 
a corroded layer covers the entire surface of the metal 
with a certain thickness, the rate of atmospheric corro-
sion will specify the steady-state rate of deterioration. 
This rate will be almost constant and very low due to 
the existing layer preventing more degradation. After the 
third period, corrosion loss increases with a linear pat-
tern which can be expressed as (Equation (2)) 
(Panchenko et al. 2014): 

Kτ ¼ K0 þ αt (2) 

Where K0 is the loss of mass for t ¼ 0 (Figure 2); α is 
the corrosion loss per year.

While the loss of corrosion after steady state should 
be linear, in rolling contact situation because of the 
frequent passing of a train, the film of products wipes 
out, and the surface of the rail will be clear, the equa-
tion for estimating the surface loss is based on the 
initial condition (Equation (3)). 

Kτ ¼ K0t (3) 

As the conditions in the initial year are the same as 
subsequent years in rolling contact situation, the cor-
rosion rate is constant in the next years.

4. The case study

In this study, the structural integrity of a railway route 
in Melbourne Australia is investigated. The rail 
located in East Melbourne was built in 1891. In order 
to model rolling contact fatigue phenomenon, the 
rolling wheel has been modelled on the rail. This is 
to accurately study local distributions of strains and 

Figure 1. Wohler or S-N curve (Ekberg 2000).

Table 1. Test locations with ISO CORRAG program (Panchenko 
et al. 2014).

Location country k0 gm� 2ð Þ α (gm� 2y� 1)

Iguazu (rural) Argentina 8 6
Paris (urban) France 730 82
Okinawa (marine) Japan 1600 350
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stresses at contact region. The rail’s length for the FEM 
modelling was considered 1 metre which is sufficient 
to calculate the stress distribution precisely (Hasan 
2016). The track is assumed to be horizontal and 
straight. The nonlinear kinematic hardening model 
can be specified for cyclic loading. The FEM model 
was composed of solid rails without defects and resi-
dual stresses.

For modelling rolling contact fatigue using ABAQUS, 
first the wheel and the rail geometry should be defined. 
Then the material properties have been assigned to the 
rail and the wheel. After assembling the rail and the 
wheel, the analysis steps will be defined as:

(1) The boundary conditions will be applied to 
model without any preloading.

(2) The boundary condition for the wheel in Y-axis 
will be changed, and the wheel will be allowed 
to move in Y-axis direction.

(3) The wheel will be allowed to roll along the rail 
and loading will be applied.

Interaction between the wheel and the rail surface has 
been defined in all three steps. Surface to surface 
feature has been applied for this aim when the wheel 
is the master surface and the rail surface is the slave 
surface. The reference node for boundary conditions 
and the load is located at the centre of the wheel, and it 
is also connected by utilising coupling constraint with 
inside surface of the wheel in order to constrain the 
motion of the wheel surface to the motion of the wheel 
centre. Meshing parameters for this model are deter-
mined as approximate global size 0.008 and maximum 
deviation factor 0.01.

The boundary conditions and rolling contact fati-
gue that applied in FEM model are illustrated in 
Figure 3. The corrosion also has been considered as 
a uniform surface loss (Truong-Hong et al. 2016). In 
this study 10 years have been considered for corrosion 
because it can better show the influence of corrosion 
on failure. However, this methodology is not restricted 
to 10 years and it is possible to do the simulation for 
different years.

The simulation case was taken from Melbourne’s 
railways. All conditions, including corrosive atmo-
sphere and material properties are attributed to the 
Melbourne railway, and its metropolitan borders. The 
standard track gauge (TG) of 1000 mm is used which 
is common in Australian metro lines. The 19.6 ton 
axle in case of exceptional overload condition for rails 
was chosen (Hasan 2016). The rail profile is 60 kg/m 
head-hardened rail and the calculated mass for this 
profile is 60.6 kg/m. The tensile strength is 1130 MPa 
and 0.2% proof stress is 780 MPa. Chemical composi-
tion for the profile is carbon 0.65%-0.82%, silicon 
0.15%-0.58%, manganese 0.95%-1.07%, phosphorous 
0.025% max and sulphur 0.025%. Only half of the 
track system has been modelled which is appropriate 
because of the symmetry of the rail (El-sayed et al. 
2017). Also, it is appropriate to model the rail basis as 
a single elastic foundation running the length of the 
rail (Doyle 1980).

Stress distribution has been calculated by using 
ABAQUS as a FEM software in order to estimate the 
fatigue failure in Matlab using the Fatemi and Socie 
(Fatemi and Socie 1988) fatigue prediction for both 
non-corroded rail and corroded rail profile after ten 
years.

Figure 2. Linear portion of the steady state of the corrosion process and its extrapolation t = 0 (Panchenko et al. 2014).

Figure 3. Boundary conditions and stress distribution on the FEM after the wheel passage.
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Fatigue cracks initiation and propagation occur on 
a critical plane which physically interprets the fatigue 
damage process (Fatemi and Kurath 1988). The maxi-
mum shear plane leads to crack initiation. The maximum 
shear strain and the strain normal to the plane of max-
imum shear strain are the most critical parameters which 
determine the fatigue life (Brown and Miller 1973).

A theory for multiaxial fatigue based on the mechan-
isms of fatigue crack growth is presented by Fatemi-Socie 
model. Fatemi and Socie (El-sayed et al. 2017) presented 
a model which is based on Brwon and Miller model. 
They investigated the fatigue life under maximum stress 
and the same maximum shear and strain amplitudes. 
They revealed the damage model as Equation (4). 

Δγ
2

1þ k
σn;max

σy

� �

¼
τ0f
G

2Nf
� �bγ

þ γ
0

f 2Nf
� �cγ (4) 

where k is a constant which in Fatemi and Socie research 
it has been taken 0.6. The value of k=σy reflect the 
sensitivity of a material to normal stress. If multiple stress 
state is not available or as a first estimation k ¼ 0:3.

In this study, by using urban atmosphere condition 
the surface loss is assumed 0.1 mm per year for 
Melbourne metropolitan. Also the methodology algo-
rithm can be shown as Figure 4.

5. Results and discussion

The distribution of Von Mises stress on the upper part 
of railhead during wheel passage is shown in Figure 5. 

The maximum Von Mises stress reached 268 MPa at 
the railhead surface and shifted 20 mm from the 
centerline (see Figure 5). The maximum Von Mises 
stress occurs (268 MPa) whereas at the corroded rail 
the maximum Von Mises stress occurs in 5 mm from 
the centerline (343 MPa) (Figure 6). Metro (Metro 
2015) reported that they found defect in both running 
surface region and gauge corner region (Figure 7). 
However, they have not revealed what the reason for 
this phenomenon is.

The simulations show that after wheel passage the 
critical point is in the corner gauge region. After remov-
ing surface material due to corrosion, the critical point is 
shifted closer to the centerline. Interestingly, in the field 
observation (Figure 7), the majority of defects have been 
observed close to the centerline which is in agreement 
with the simulation.

Furthermore, as illustrated in Figure 8(a,c), in 
a non-corroded rail both maximum shear stress 
and normal stress, respectively, happen in theta 
roughly 100 degree which is in 20 mm from center-
line after 1.84 ×106 load cycles. However, in the 
corroded rail (Figure 8(b,d)), both maximum shear 
stress and normal stress occur in near 90 degree, 
which is approximately close to the centerline. The 
outcomes from MATLAB code show that the criti-
cal point at the initial step remains critical to 
the end.

Prediction of rail life is known as life predic-
tion which is the number of the cycles that initi-
ates crack growth until the failure. In this case 

FEM model

Estimation of remaining 

fatigue life

In-service rail

Geometry of rail
Corrosion rate from ISO 

CORRAG program

Cross section loss for 

rails after t years= t

Mechanical proper-

ties of rail

Figure 4. Block diagram of fatigue life calculation for rail.

324 M. MAHMOODIAN ET AL.



failure is under combined effect of fatigue and 
corrosion. Life prediction is one of the simulation 
outcome of this study. The normal stress distribu-
tion can indicate the influence of corrosion on the 
rail life.

Figure 9 illustrates the different variation of stresses 
components for the most critical point after wheel pas-
sages on the non-corroded rail. In this Figure, normal 
stresses are in x, y and z directions and shear stresses are 
on xy, xz and yz planes at the moments when the wheel 
passes the critical point on the rail head. Figure 10 pre-
sents the different variation of stresses components for 
the most critical point when corrosion is considered. σYY 
which is normal stress in Y direction plays major influ-
ence on crack initiation. This is in agreement with the 
outcomes from ABAQUS simulation in terms of stress 

distribution and the reason why in Figure 11(a) theta 100 
degree is the most critical degree which causes initial 
crack where Figure 10 presents the fatigue life for differ-
ent plains’ angle in Mohr circle. However, in Figure 11(b) 
in theta 45 degree life prediction for first crack is 
2.5 ×107which is 16 times bigger than 90 degree which 
is 1.55 ×106. This result shows that if the running surface 
region is supported with quality material or by improving 
maintenance, the fatigue life will increase significantly.

El-sayed et al. (2017) reported σYY as the crucial 
stress which leads to initial crack propagation. This is 
in agreement with the finding of the current study.

By using maximum stress and maximum shear and 
strain amplitude, the fatigue life to initial crack based on 
Equation (4) was estimated 1.84 ×106 cycles without 
considering corrosion and 1.55 ×106 cycles considering 

Figure 5. (a) The maximum stress location on the non-corroded rail profile (b) The distribution of Von Mises stress (non-corroded) rail.

Figure 6. (a) The maximum stress location on the corroded rail profile (b) The distribution of Von Mises stress (corroded) rail.

Figure 7. Rail defects in different regions (Metro 2015).
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Figure 8. Maximum shear stress and normal stress respectively vs. theta (angle in Mohr ‘s circle) for critical nodes in both non- 
corroded rail (a, c) and corroded rail (b, d).
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Figure 9. Variation of stress components for point that suffering from maximum von Mises stress for non-corroded profile.
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corrosion. This shows that corrosion shortens fatigue life 
more than 15%. This result indicates that maintenance 
strategies must be organised based on the effect of corro-
sion on the rails. Otherwise regular repair or maintenance 
without considering the effect of corrosion puts the rail 
structure under risk of crack initiation and eventually 
failure. The fatigue life under corrosion is considerably 
lower than non-corroded model and because fatigue life 
shows the number of cycles which cause initial crack, it is 
very practical to apply this result in reschedule mainte-
nance timetabling. For the case study in this research, the 
maintenance should be more frequent after 10 years 
otherwise the likelihood of rail failure increases.

6. Conclusion

The combined effect of RCF and corrosion on the safe 
life of rails has been investigated by using FEM mod-
elling in this research. In this study normal stress 
distribution resulted from a FE model has been used 
by a MATLAB code to estimate the first crack initia-
tion. The outcomes indicate that corrosion, in the 
form of surface depth loss at a rate of 0.1 mm per 
annum accelerates the fatigue effect. This further indi-
cates the effect of shifting crack initiation location 
close to the centerline and changing ten degrees of 
theta term as the worst angle which the rail experi-
ences maximum normal stress in this angle. The most 
critical normal stress in both corroded and non- 
corroded rail which leads to failure is in Y direction. 
The finding shows that for the case study the main-
tenance progress should be accelerated after 10 years 
otherwise there is a potential risk for failure even by 
doing regular maintenance. The lack of consideration 
of corrosion in previous studies on safe life prediction 
of rail was highlighted in the current research.

Nomenclature−

bγ ¼ fatigue strength exponent

(Continued)

bγ ¼ fatigue strength exponent

cγ ¼ fatigue ductility exponent

Nf ¼ cycles to failure
Δγ
2 = shear strain amplitude

γ
0

f = fatigue shear strain coefficient

σy = yield strength
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