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Abstract
The ratcheting performance of heavy haul rails in curved tracks under different in-service loading conditions was
numerically evaluated by using a recently developed approach. The wheel–high rail cyclic rolling contact was simulated by translating the non-Hertzian contact pressure distribution and the estimated longitudinal tangential traction
repeatedly on the running surface of the high rail. The maximum ratcheting strain rate of the rail target section was
obtained in each loading cycle. Based on the known ductility limit of the rail steel and the obtained maximum stabilized ratcheting strain rate, the crack initiation life of the rail was predicted in each case. The results indicate that
the crack initiation life for all the three rail steel grades investigated decreases with the increase of the tangential
traction coefficient, the friction coefficient, the ratio of lateral/vertical load and the axle load. Under the same inservice loading conditions, the ratcheting performance of the rails in curved tracks is worse than the one in tangent
tracks. For instance, the crack initiation life of the low alloy heat-treated steel installed in the high rails is reduced by
approximately 80% with the axle load of 35 t, the lateral/vertical load ratio of 0.3, the friction coefficient of 0.4 and
the tangential traction coefficient of 0.5. The hypereutectoid steel rail with a lower carbon content always shows the
best ratcheting performance and is likely to be the most reliable choice for the high rails in curved tracks. Moreover,
the crack is predicted to initiate around 1 mm beneath from the top initial contact point. As the traction conditions
become more severe, the location of crack initiation will shift from the subsurface to the running surface. The results
can provide valuable information to assist rail operators in the selection of rail steel grades and the development of
rail maintenance strategies.
Keywords: curved tracks, two-point cyclic rolling contact, ratcheting performance, crack initiation life, finite
element analysis

1. Introduction
As a train passes a curved track, the vehicle is subjected to the centrifugal force and may shift transversely
towards the high rail. Under such situation, and depending on the wheel and rail profiles in use, two-point
contact between wheel and high rail may occur as the
wheel flange can touch the rail gauge [1, 2]. The area
of wheel tread/flange–rail gauge contact can be smaller
than that under wheel tread–rail crown contact in tangent tracks, so the high rail surface can be subjected
to cyclic rolling and sliding condition with higher contact stress. It has been found that if the rail stress level
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resulted from the wheel–rail cyclic rolling contact is
above the plastic shakedown limit, new plastic deformation will generate and accumulate in each loading cycle,
which is known as plastic ratcheting. The increment of
plastic deformation in one cycle may be small, but it can
accumulate to large values after many cycles [3]. Initiation of rail degradation, such as rolling contact fatigue
(RCF) or wear, will primarily occur where the ratcheting strain reaches the limiting ductility of the rail material [4, 5]. Wear at curved tracks has been found in
many cases [6, 7] and it is proportional to contact pressure, number of loading cycles [8, 9], friction level and
creepage level [10]. Throughout the past few decades,
the introduction of higher axle loads and annual haulage
rates has placed more emphasis on the performance of
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of rails in curved track. Throughout this period, there
has also been a shift in the dominant damage mode from
wear to RCF, as was illustrated by Wessels et al. [11]
in relation to the Rio Tinto heavy haul operation. This
transition was, in part, due to the more widespread application of higher strength rail steels, but also other
changes in wheel–rail management practices including
the introduction of modified wheel and rail profiles that
improved the curving performance of rolling stock. Lubrication of the wheel–rail interface (to control wear)
has historically found to be not cost-effective in these
heavy haul operations, due to the limited effectiveness
of such an approach and the remoteness of much of the
rail network [12]. More recently, however, there has
been renewed interest in the application of top-of-rail
friction management (TOR-FM) strategies to limit the
extent of rail surface degradation due to RCF in some
track locations.
Since the initial application of higher strength rail
steels for heavy haul operations, rail manufacturers have
continued to develop rail steels of higher strength levels
through a combination of alloy design and thermomechanical processing, all of which offer the potential for
improved performance. However, the relationship between the basic material characteristics such as tensile
properties (yield strength, tensile strength and ductility)
that are covered in rail standards and specifications. In
addition, RCF behaviour is complex, depending on the
wheel–rail contact conditions in service. For this reason, it is essential to evaluate the ratcheting behaviour
of such steels in order to predict their service performance with greater certainty.
In the literature, some studies have been performed to
simulate the wheel–rail cyclic rolling contact in curved
tracks [7, 13, 14]. Li et al. [13] generated a threedimensional (3D) finite element (FE) high rail model
to analyse the deterioration of the rail welds. Although
significant plastic deformation due to ratcheting was observed at the subsurface of the heat affected zone, the
contact pressure distribution and the corresponding tangential traction were obtained from the Hertz contact
theory and the FASTSIM algorithm [15], respectively.
Both analytical methods are limited to elastic materials, which can cause discrepancies compared with the
actual situations. Jin et al. [7] developed a wheel–rail
FE model to predict the wear of wheel flange and rail
gauge corner for Japanese railways. The results compared with the field measurements indicate that the wear
prediction model is feasible to be applied in the actual
railway system. However, the axle load applied was not
sufficient for the situation in Australia heavy haul railways and no information about the material deformation

was presented. Another study conducted by Vo et al.
[14] predicted the damage in curved tracks with various
status of wheel and rail profiles. The results highlight
that the high rail gauge is prone to the damage caused
by ratcheting when suffering higher contact pressure.
A comprehensive approach for numerically evaluating the ratcheting performance of the steel rails under
in-service cyclic loading has been developed by Pun et
al. [16]. Different wheel–rail cyclic rolling contact conditions, i.e. free rolling, partial slip and full slip conditions, different friction coefficients and different axle
loads were investigated under single-point contact in
tangent rails [16]. The wheel–rail cyclic rolling contact
was simulated by repeatedly translating a non-Hertzian
contact pressure distribution obtained from a separate
quasi-static FE analysis, and a longitudinal tangential
traction predicted from Carter’s theory [17]. A constitutive cyclic plasticity model was developed and applied
to simulate the ratcheting behaviour of the three rail
steel grades [18]. The results indicated that the increase
of the tangential traction coefficient, the friction coefficient and the axle load can reduce the crack initiation
life. The hypereutectoid rail steel grade with a lower
carbon content showed the best ratcheting performance
among the three rail steel grades investigated. Consequently, these outcomes can provide useful information
to assist in the application of premium rail grades and
the development of improving rail maintenance strategies.
In the current study, the same procedure developed by
Pun et al. [16] was further applied to numerically evaluate the ratcheting performance of the three rail steel
grades for the high rails in curved tracks under cyclic
rolling contact. Different axle loads, different ratios
of lateral/vertical loads, different values of tangential
traction coefficient and different values of friction coefficient were considered. The results obtained can be
useful to predict the crack initiation life of the curved
tracks and such information can further improve rail
maintenance strategies for mitigating rail degradation.
It should be noted that such results and their interpretation in the current paper are for heavy haul operations.
They may not always generalise to other situations such
as metros or mixed traffic, for which the balance of wear
and RCF that results from the ratcheting of steels may
be different.
The structure of this article is as follows: the comprehensive approach consisting of the material properties, the FE models and the methodology to evaluate
the ratcheting performance of the rail steels under different in-service loading conditions, is demonstrated in
Section 2, followed by the numerical results described
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and discussed in Section 3. Conclusions are provided in
Section 4.

2. Methodology
The comprehensive approach developed by Pun et al.
[16] was updated for cyclic rolling contact of high rails
in curved tracks. The research methodology is illustrated in the flowchart as shown in Fig. 1.

(a)

(b)
Figure 2: Illustration of the FE wheel–high rail model for quasi-static
analysis: (a) the whole model; (b) fine mesh region near the initial
contact points (red dots).

Figure 1: Flow chart of the research methodology to evaluate the
ratcheting performance of the rails in curved tracks.

2.2. Finite element model

2.1. Material properties

To simulate the cyclic rolling contact problems, the
distributions of contact pressure and longitudinal tangential traction were applied on the rail surface.
Johnson [20] indicated that only a minor loss of accuracy occurs if the normal contact pressure distribution
is determined with the assumption that the contact pressure distribution is independent of the friction and shear
forces for two bodies with similar elastic properties. According to this, the non-Hertzian contact pressure was
first obtained from a separate frictionless quasi-static finite element analysis.
A 3D wheel–high rail half model was generated in
Abaqus 6.14-1 as shown in Fig. 2a. As the length of
the rail in the FE model (390 mm) is very short comparing to the radius of the curvature applied in railway

The wheel and rail materials applied in the current
study are identical to those used in Pun et al. [16].
The wheel grade corresponds to AAR Class C with the
yield strength of 855 MPa [19]. The properties are described by an elastic-plastic constitutive model combined with the isotropic hardening rule. Three types
of fully pearlitic rail steel grades considered include a
low-alloy heat-treated (LAHT) rail steel with 0.8% carbon content and two hypereutectoid rail steels (HE1 and
HE2) with 1% and 0.85% carbon content, respectively.
The nominal hardness levels of these grades ranging
from 380 HV to 420 HV and the development of the
constitutive cyclic plasticity model can be found in Pun
et al. [18].
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sponded to an M-107/M-208 wheel with standard wide
flange contour (AAR Type D-38) as specified in [19].
Both rail and wheel profiles considered in this study
were in new condition, which are the same profiles applied in [16]. In this way, the ratcheting performance of
the rails in curved tracks from this study can be compared with that of the same rails in tangent tracks. It
is also worth mentioning that the presented method can
be directly applied to deal with a worn wheel–rail situation. The geometrical parameters of the rail profile
include rail height of 186 mm, rail width of 74 mm,
crown radius of 254 mm and gauge radius of 32 mm.
Rail cant of 1:40 was applied. The geometrical parameters of the wheel profile include flange radius of 16 mm,
wheel width of 145 mm and diameter of 965 mm. The
fine mesh region with element size of 0.8 mm was designed to capture the high stress and its gradient near
the initial contact points shown in Fig. 2b while coarse
mesh was applied to the rest part of the model for the
reduction of computational cost. According to this, the
entire FE model consists of 175413 C3D8 elements and
185877 nodes. The value of contact pressure of each element on the rail surface was represented by the average
of the corresponding nodal pressure values.
Based on the obtained numerical results of nonHertzian contact pressure, the Haines and Ollerton’s
strip theory [22] was applied to identify the slip and
stick zones along the rolling direction in the contact
area, and the longitudinal surface tangential traction was
estimated by applying Carter’s theory [17]. Johnson
[20] stated that the estimated results obtained from these
theories have almost no difference with the results obtained from Kalker’s theory [23].
Based on the contact theory [20], the sizes of the slip
and stick zones are reflected by the tangential traction
coefficient ξ, which is defined by,

(a)

(b)

(c)

ξ=

(d)

|Ft |
fL

(1)

where Ft is the tangential traction force. f is the friction coefficient and L is the axle load. Eq. (1) indicates
that the upper limit of the tangential traction force Ft is
the value of f L. When ξ = 0, the wheel–rail contact
area is fully stick, which represents a free rolling condition. When ξ = 1, the condition becomes fully slip.
In general, partial slip (0 < ξ < 1) occurs in the wheelrail cyclic rolling contact situation. For example, the
tangential traction force transmitted is half of the maximum driving capacity if ξ = 0.5. According to this,
Fig. 3a illustrates the contact pressure distribution obtained from the FE analysis for LAHT steel in high rails
when the applied axle load L is 35 t and the ratio of lat-

Figure 3: Contact pressure distribution (a) and longitudinal tangential
traction distribution under different values of tangential traction coefficient: ξ = 0.25 (b); ξ = 0.5 (c); ξ = 0.75 (d), for the LAHT steel in
high rails with axle load of L = 35 t, ratio of lateral/vertical load η =
0.3 and friction coefficient of f =0.4.

systems, a straight rail segment can be used to simulate
a curved one. Both vertical force, which represents the
axle load, and lateral force were simultaneously applied
at the wheel centre to obtain the contact pressure distribution.
The rail profile considered was an as-rolled 68 kg/m
flat-bottom rail [21], while the wheel profile corre4

eral/vertical load η is 0.3. The determined longitudinal
tangential traction distributions with the tangential traction coefficient of ξ = 0.25, 0.5 and 0.75 and friction
coefficient f of 0.4 are shown in Figs. 3b-d.

Fig. 5 illustrates the process of cyclic loading simulation on the rail surface. The obtained contact pressure
distribution and the estimated surface tangential traction
distribution were translated repeatedly from left to right
on the rail top surface of the fine mesh zone. All the
nodes located at the bottom of the rail were fixed in all
directions throughout the whole simulation.

The FE model for cyclic loading is shown in Fig. 4a.
The fine mesh zone where the cyclic loading was translated, is almost identical to that used in the quasi-static
wheel–rail model except the double length of the rail.
The whole model consists of 51014 C3D8 elements and
56035 nodes. As shown in Figs. 4b-c, a target section
which covers all the corresponding fine elements below
the top rail surface was created in the middle of the fine
mesh region to output the plastic strain components.

Figure 5: Illustration of the process of cyclic loading simulation.

2.3. Evaluation of ratcheting performance
The approach to evaluate the ratcheting performance
of rails under different loading conditions is presented
in Pun et al. [16]. The cyclic loading simulation can
provide both normal and shear components of plastic
strain, and then the effective plastic strain εepf f can be
applied to obtain the ratcheting strain εr which is the
maximum value of effective plastic strain (εepf f )max of
the rail steel in each loading cycle. It can be determined
from the following equation:
r

 2

p
εr = (εe f f )max = 
ε p : ε p
(2)
3
max

(a)

(b)

where ε p is the plastic strain tensor. Then the ratcheting
strain rate dεr /dN in each loading cycle can be obtained
which is applied to predict the crack initiation life Ni of
the rail. As mentioned in Section 1, rail degradation can
be in the form of wear or RCF due to ratcheting. In
another word, ratcheting behaviour can manifest itself
in material damage in the form of wear or RCF, which
are concurrent damage mechanisms [24]. In the case of
high strength rail steels used in heavy haul operation and
examined in this study, RCF is the dominant damage
mode under wheel–rail cyclic rolling contact. According to this, it is assumed that crack would initiate when
the ratcheting strain εr reaches the material’s ductility
D. The time, i.e. number of loading cycles, to accumulate the plastic deformation to the material’s ductility D

(c)
Figure 4: Illustration of the FE model for cyclic loading: (a) the full
rail model; (b) the fine mesh region where the cyclic loading was
translated and (c) the target section in detail from the cross-sectional
view.
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and different values of friction coefficient have been
considered. The number of cycles considered in each
case depended on the number of cycles required for
the location with the maximum ratcheting strain rate to
reach the cyclically steady state which is judged by Eq.
(3). For all the cases considered as shown in Figs. 6,
9, 12 and 15, the stabilized maximum ratcheting strain
rate is non-zero. This means that the net plastic deformation will accumulate continuously in each following
loading cycle even if its value may be very small. As
mentioned in Section 1, crack initiation will occur when
the ratcheting strain reaches the limiting ductility of the
rail materials.

is therefore treated as the crack initiation life Ni , which
is then used as a measure of the ratcheting performance
of the steel rails in this study. The crack initiation life
Ni can be predicted from the stabilized maximum ratcheting strain rate (dεr /dN)max,sta of the target section under different cyclic rolling contact conditions. The following criterion is applied to judge the cyclically steady
state:
(dεr /dN)max,N − (dεr /dN)max,N−1
< 0.5%
(dεr /dN)max,N−1

(3)

where (dεr /dN)max,N is the maximum ratcheting strain
rate in the current loading cycle and (dεr /dN)max,N−1 is
the maximum ratcheting strain rate in the previous loading cycle. If Eq. (3) is satisfied in five continuous cycles, the position with the maximum ratcheting strain
rate reaches a cyclically steady state. Knowing the ductility limit D of each rail steel as given in Table 1 [16],
the crack initiation life Ni under different loading conditions can be predicted by,
Ni =

D
(dεr /dN)max,sta

3.1. Influence of tangential traction coefficient
Fig. 6 demonstrates the maximum ratcheting strain
rate (dεr /dN)max versus the number of loading cycles N
under different values of tangential traction coefficient ξ
for each rail steel. It is shown that the maximum ratcheting strain rate decreases with the increasing number of
loading cycle but increases with the tangential traction
coefficient.
The stabilized maximum ratcheting strain rate is
around 10−6 when the tangential traction coefficient is
less than or equal to 0.5. When the tangential traction
coefficient increases to 0.75, HE2 steel has the lowest
stabilized maximum ratcheting strain rate of 1.14 × 10−5
while it is 7.2 × 10−5 and 9.71 × 10−5 for LAHT and
HE1 steels, respectively. In addition, the number of
loading cycles required for the position with the maximum ratcheting strain rate to become cyclically steady
increases with the tangential traction coefficient. According to the information above, it is predicted that the
rail material will need more loading cycles to become
cyclically steady and its corresponding stabilized maximum ratcheting strain rate will further increase under
the full slip condition (ξ = 1).
Fig. 7 shows the influence of the tangential traction coefficient ξ on the stabilized maximum ratcheting
strain rate (dεr /dN)max,sta for each rail steel. The results
illustrate that the stabilized maximum ratcheting strain
rate almost keeps constant when the tangential traction
coefficient is less than or equal to 0.25. A minor increase on the stabilized maximum ratcheting strain rate
is observed when the tangential traction coefficient increases to 0.5. As the tangential traction coefficient
is greater than 0.5, the stabilized maximum ratcheting
strain rate for both LAHT and HE1 steels increases significantly while a slight increase is observed on HE2
steel which give the lowest value.
Based on the obtained stabilized maximum ratcheting strain rate, the known ductility limit listed in Table

(4)

Table 1: Ductility limit of three rail steel grades [16].

LAHT

HE1

HE2

Ductility Limit D (%) 44.43

15.91

50.25

It should be noted that the ductility limits of the rail
steels were obtained under monotonic tensile tests and
might not be sufficiently for actual wheel–rail contact,
which is dominated by compression and shear stresses.
This indicates that the actual ductility may be higher and
therefore a longer crack initiation life can be expected
by using Eq. (4). A more relevant method to determine
the strain level at which cracks initiate would be to perform twin disc tests under conditions that are aimed at
developing RCF damage, as used in other studies (e. g.
by Beynon and Garnham [25]).
3. Numerical results and discussion
With the existing approach and the developed FE
model for cyclic rolling contact simulations, several
case studies have been conducted on the ratcheting performance of the three steel rails for high rails within
curves under various loading conditions in service.
Different axle loads, different ratios of lateral/vertical
loads, different values of tangential traction coefficient
6

the tangential traction coefficient increases to 0.75, the
crack initiation life of HE2 steel is reduced to 4 × 104
cycles, which is the longest among all the three steels.
The results also indicate that under mild tangential traction conditions, i,e. ξ ≤ 0.25, LAHT steel shows the
best ratcheting performance while HE2 steel shows the
best one under severe tangential traction conditions, i,e.
ξ ≥ 0.5. Additionally, HE1 steel always has the shortest crack initiation life although its reduction is not as
dramatic as the other two steels.

1 [16] and Eq. (4), the crack initiation life under different values of the tangential traction coefficient for all
the three steels can be predicted. Fig. 8 demonstrates

(a)

Figure 7: Stabilized maximum ratcheting strain rate (dεr /dN)max,sta
versus the tangential traction coefficient ξ for all the three steel rails
with axle load of L = 35 t, ratio of lateral/vertical load η = 0.3 and
friction coefficient of f =0.4.

(b)

Figure 8: Predicted crack initiation life Ni versus the tangential traction coefficient ξ for all the three steel rails with axle load of L = 35 t,
ratio of lateral/vertical load η = 0.3 and friction coefficient of f = 0.4.

(c)
Figure 6: Maximum ratcheting strain rate (dεr /dN)max versus number
of loading cycle N under different values of tangential traction coefficient ξ for (a) LAHT; (b) HE1; (c) HE2, with axle load of L = 35 t,
ratio of lateral/vertical load η = 0.3 and friction coefficient of f =0.4.

3.2. Influence of friction coefficient

the relationship between the crack initiation life Ni and
the tangential traction coefficient ξ. It is found that the
crack initiation life decreases as the tangential traction
coefficient increases. The crack initiation life of LAHT
steel is up to 1.5 million cycles under the free rolling
condition, while it is 0.39 million cycles and 1.1 million cycles for HE1 and HE2 steels, respectively. When

Fig. 9 illustrates the maximum ratcheting strain rate
(dεr /dN)max versus the number of loading cycles N under different values of the friction coefficient f for each
rail steel. The results demonstrate that the maximum
ratcheting strain rate decreases with the increasing number of loading cycles but increases with the friction coefficient. The stabilized maximum ratcheting strain rate
for all the three steels is approximately 10−6 when the
7

lized maximum ratcheting strain rate (dεr /dN)max,sta for
all the three steels is presented in Fig. 10. It is apparent
that there is no significant change in the stabilized maximum ratcheting strain rate when the friction coefficient
increases from 0.3 to 0.4. As the friction coefficient further increases to 0.5, the stabilized maximum ratcheting
strain rate increases slightly for HE2 steel whereas it increases rapidly for both LAHT and HE1 steels.
Fig. 11 summarizes the influence of the friction coefficient f on the crack initiation life Ni for each rail
steel. The results clearly indicate that an increase of the
friction coefficient can cause a decrease of the crack initiation life. This finding is in good agreement with the
results obtained from top of rail friction modification in
curved tracks [26].

friction coefficient is less than or equal to 0.4. When the
friction coefficient increases to 0.5, the stabilized maximum ratcheting strain rate for HE2 steel only increases
to 7.64 × 10−6 while the one for both LAHT and HE1
steels almost increases to the range of 10−5 . It is also
shown that higher friction coefficient results in the position with the maximum ratcheting strain rate requiring
more loading cycles to reach cyclically steady state.

(a)

Figure 10: Stabilized maximum ratcheting strain rate (dεr /dN)max,sta
versus the friction coefficient f for all the three steel rails with axle
load of L = 35 t, ratio of lateral/vertical load η = 0.3 and tangential
traction coefficient of ξ = 0.5.

(b)

Figure 11: Predicted crack initiation life Ni versus the friction coefficient f for all the three rail steel rails with axle load of L = 35 t, ratio
of lateral /axle load η = 0.3 and tangential traction coefficient of ξ =
0.5.

(c)
Figure 9: Maximum ratcheting strain rate (dεr /dN)max versus number
of loading cycle N under different values of friction coefficient f for
(a) LAHT; (b) HE1; (c) HE2, with axle load of L = 35 t, ratio of
lateral/vertical load η = 0.3 and tangential traction coefficient of ξ =
0.5.

It is also found that HE1 steel always has the shortest crack initiation life while HE2 steel has the longest
one. When the friction coefficient is 0.5, the crack initiation life of HE2 steel is 6.57 × 104 cycles while it is
less than 104 cycles for both LAHT and HE1 steels. It is

The influence of the friction coefficient f on the stabi8

worth noting that when the friction coefficient increases
from 0.3 to 0.5, the crack initiation life is reduced by
98% and 91% for LAHT and HE2 steels, respectively.
However, the crack initiation life of HE1 steel shows a
relatively slight decrease when the friction coefficient is
greater than 0.4. This information indicates that the performance of LAHT and HE2 steels is more sensitive to
the friction coefficient than HE1 steel and the application of effective lubrication is required.

3.3. Influence of lateral/vertical load ratio
In Australian heavy haul railways for iron ore
haulage, the radius of the sharpest curves in the mainline can be less than 400 m, while the operating speed
on tangent tracks can be up to 85 km/h. When a train
passes a sharp-curved track, the high rails can be subjected to large lateral load from the wheelset and hence
it is necessary to evaluate the ratcheting performance of
the steel rails under different lateral loading conditions.
In the present study, the ratios of lateral/vertical load
η: 0.1, 0.3, and 0.5 were analysed. These parameters
can consider most of the loading situations in Australian
heavy haul systems [27].
Fig. 12 shows the maximum ratcheting strain rate
(dεr /dN)max versus the number of loading cycles N under different values of the ratio of lateral/vertical load
η for all the three steels. Similar to the influence
of friction-related parameters: ξ and f , the maximum
ratcheting strain rate decreases as the number of loading
cycle increases. For LAHT steel, the stabilized maximum ratcheting strain rate increases from 6.42 × 10−7
to 3.81 × 10−6 when the ratio of lateral/vertical load increases from 0.1 to 0.5. In contrast, the influence of the
ratio of lateral/vertical load on the stabilized maximum
ratcheting strain rate for both hypereutectoid steels is
insignificant. All the results of the stabilized maximum
ratcheting strain rate lie between 6.5×10−7 and 9×10−7 .
Fig. 13 further illustrates the relationship between the
ratio of lateral/vertical load η and the stabilized maximum ratcheting strain rate (dεr /dN)max,sta for each rail
steel. It is found that the stabilized maximum ratcheting strain rate is almost identical for all the three steels
when the ratio of lateral/vertical load is 0.1. However,
the stabilized maximum ratcheting strain rate for LAHT
steel increases rapidly with the increase of the ratio of
lateral/vertical load. In comparison, the one for both
hypereutectoid steels is almost constant, although there
is a minor increase for HE2 steel when the ratio of lateral/vertical load increases from 0.1 to 0.3.
The influence of the ratio of lateral/vertical load η
on the crack initiation life Ni for all the three steels is
demonstrated in Fig. 14. It is clearly shown that when
the ratio of lateral/vertical load is 0.1, HE1 steel has the
shortest crack initiation life which is around 0.2 million
cycles. As the ratio of lateral/vertical load increases to
0.5, the crack initiation life of HE1 steel keeps almost
constant, while the one of LAHT steel decreases rapidly
from 0.7 million cycles to 0.1 million cycles and becomes the shortest among all the three steels. These
results reveal that if assessed only based on ratcheting
performance, both LAHT and HE1 steels are likely to

(a)

(b)

(c)
Figure 12: Maximum ratcheting strain rate (dεr /dN)max versus number of loading cycle N under different values of the ratio of lateral/vertical load η for (a) LAHT; (b) HE1; (c) HE2, with axle load
of L = 35 t, friction coefficient of f = 0.4 and tangential traction coefficient of ξ = 0.5.
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when the axle load is less than or equal to 35 t. When the
axle load further increases to 40 t, the stabilized maximum ratcheting strain rate increases to 2.82 × 10−6 . In
comparison, the influence of the axle load on the stabilized maximum ratcheting strain rate for HE2 steel is
minor. All the results of the stabilized maximum ratcheting strain rate are approximately 10−6 .
Fig. 16 summarizes the influence of the axle load
L on the stabilized maximum ratcheting strain rate
(dεr /dN)max,sta for each rail steel. The results indicate
Figure 13: Stabilized maximum ratcheting strain rate (dεr /dN)max,sta
versus the ratio of lateral/vertical load η for all the three steel rails
with axle load of L = 35 t, friction coefficient of f = 0.4 and tangential
traction coefficient of ξ = 0.5.

(a)

Figure 14: Predicted crack initiation life Ni versus the friction coefficient f for all the three steel rails with axle load of L = 35 t, friction
coefficient of f = 0.4 and tangential traction coefficient of ξ = 0.5.

require additional attention when installed in the high
rails with sharp curve or high allowable speed of the
rolling stock. Moreover, HE2 steel always shows the
best ratcheting performance even though a significant
reduction of the crack initiation life is observed as the
ratio of lateral/vertical load increases from 0.1 to 0.3.

(b)

3.4. Influence of axle load
The axle load applied in Australian heavy haul railways for iron ore haulage is typically in the range of
30–40 t. Therefore, it is also essential to evaluate the
ratcheting performance of the steel rails under different
axle loading conditions. Fig. 15 shows the maximum
ratcheting strain rate (dεr /dN)max versus the number of
loading cycles N under different values of axle load L
for all the three steels. The results demonstrate that the
maximum ratcheting strain rate decreases with the increasing number of loading cycle. The stabilized maximum ratcheting strain rate for LAHT steel increases
from 8 × 10−7 to 7.76 × 10−6 as the axle load increases
from 30 t to 40 t. With regard to HE1 steel, the stabilized maximum ratcheting strain rate is almost constant

(c)
Figure 15: Maximum ratcheting strain rate (dεr /dN)max versus number of loading cycle N under different values of axle load L for (a)
LAHT; (b) HE1; (c) HE2, with ratio of lateral/vertical load η = 0.3,
friction coefficient of f = 0.4 and tangential traction coefficient of ξ =
0.5.
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sensitive to the axle load as the crack initiation life is
reduced by almost 90% with the axle load increasing
from 30 t to 40 t. These results reveal that both LAHT
and HE1 steels installed in high rails may need additional attention.

that when the axle load is 30 t, the stabilized maximum
ratcheting strain rate for all the three steels is almost
identical. As the axle load increases to 40 t, the stabilized maximum ratcheting strain rate for LAHT steel
increases dramatically and becomes the highest value
among all the three steels whereas HE2 steel gives the
lowest one which almost keeps constant. For HE1 steel,
an increase in the stabilized maximum ratcheting strain
rate is observed when the axle load is larger than 35 t.
The relationship between the crack initiation life Ni
and the axle load L for all the three steels is demonstrated in Fig. 17. It is clearly shown that the crack initiation life decreases with the increase of the axle load
although there is almost no change for HE1 steel when
the axle load increases from 30 t to 35 t.

3.5. Discussion
As shown in Figs. 8, 11, 14 and 17, HE1 steel always shows shorter crack initiation life when compared
with HE2 steel, even though HE1 steel has a lower stabilized maximum ratcheting strain rate in some cases,
i.e. η ≥ 0.3. The reason is that as shown in Table 1 [16],
HE1 steels have lower ductility limit which decreases
with the increase of carbon content for hypereutectoid
steels [28]. Moreover, the presence of pro-eutectoid cementite has well-recognized negative effect on controlling rail degradation. In some situations, cracks were
initiated at pearlite colony boundaries and tended to
propagate along the pro-eutectoid cementite [29]. It is
also found that HE2 steel always has the best ratcheting performance among all the three steels, particularly under more severe rolling contact conditions, i.e.
ξ ≥ 0.5, f ≥ 0.4, η ≥ 0.3 and L ≥ 35 t. With regard to LAHT steels, the crack initiation life is same as
or even longer than HE2 steel under mild loading conditions, i.e. ξ ≤ 0.25. However, as the loading conditions become severe, the stabilized maximum ratcheting
strain rate increases and the corresponding crack initiation life decreases more significantly than both hypereutectoid steels. The reason is that the LAHT steel has
the smallest interlamellar spacing of the three rail steels,
which means that the LAHT steel is most sensitive to
cyclic softening and is likely to suffer higher deformation [30, 31]. Szablewski et al. [32] conducted the RCF
tests for LAHT and HE2 steels on a curved track with
a radius of 350 m. The results show that LAHT steel
has more surface damage than that of HE2 steel after a
traffic of 81.1 million gross tonnes. Such information
indicates that HE2 steel has the most reliable resistance
to ratcheting and are potentially the best choice to be
applied applied in high rails, particularly installed in the
sharper curved tracks, for Australian heavy haul operations.
As presented in Section 2.3, the crack initiation life
of the steel rails can be predicted from the stabilized
maximum ratcheting strain rate. Therefore, the possible location of crack initiation should correspond to
the location of the stabilized maximum ratcheting strain
rate. Based on the numerical results obtained from the
current study, the stabilized maximum ratcheting strain
rate or the crack initiation in curved tracks is always located around 1 mm beneath from the top initial contact

Figure 16: Stabilized maximum ratcheting strain rate (dεr /dN)max,sta
versus the axle load L for all the three rail steel rails with ratio of lateral/vertical load η = 0.3, friction coefficient of f = 0.4 and tangential
traction coefficient of ξ = 0.5.

Figure 17: Predicted crack initiation life Ni versus the axle load L
for all the three steel rails with ratio of lateral/vertical load η = 0.3,
friction coefficient of f = 0.4 and tangential traction coefficient of ξ =
0.5.

In addition, HE2 steel always provides the longest
crack initiation life even though it is reduced gradually
with the increase of the axle load. In contrast, HE1 steel
always has the shortest crack initiation life among all the
three steels. It is noteworthy that LAHT steel is more
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ample is that the influence of the axle load, which is
in the range of 30–40 t, on both hyper-eutectoid steels
in tangent tracks is not significant while the ratcheting
performance of HE1 steel in high rails becomes worse
when the axle load is over 35 t. These examples indicate that the rail steels in high rails need a more frequent maintenance than those in tangent tracks because
the smaller contact area on high rails results in a larger
critical area on the running surface suffering higher normal contact pressure and tangential traction as shown
in Fig. 3. According to such information, it is predicted that the ratcheting performance of high rails will
become worse if the lateral and spin creep forces are
considered. Additionally, due to the feature of cyclic
softening investigated in [35] and higher stress suffered,
the location with the maximum ratcheting strain rate in
high rails needs more loading cycles than that in tangent
tracks to become cyclically steady, i.e. 80 cycles in high
rails while only 10 cycles in tangent tracks for HE2 steel
under f = 0.5.
Pun et al. [16] also mentioned that among all the three
steels in tangent tracks, LAHT steel has the best resistance to ratcheting and the longest crack initiation life
under mild loading conditions: ξ ≤ 0.5, f ≤ 0.4 and
L ≤ 35 t. However, in high rails, HE2 steel provides
almost the same or even better ratcheting performance
than LAHT steel except for ξ ≤ 0.25 as demonstrated
in Figs. 8, 11 and 17. As the loading conditions become more severe, both LAHT and HE1 steels provide
relatively worse ratcheting performance of high rails in
curved tracks while LAHT steel shows the worst one
in tangent tracks. These outcomes highlight that HE2
steel is the best option to be applied in both tangent and
curved tracks in Australian heavy haul railways due to
its highest ductility limit and relatively better resistance
to ratcheting.
So far, the approach developed by Pun et al. [16]
has been applied to evaluate the ratcheting performance
of the steels for tangent rails and high rails in curved
tracks under new rail and wheel profiles. Practically,
the profiles should be modified and implemented in rail
systems with the aim of avoiding hazardous contact situations, i.e. the rail profile for heavy haul operations
is ground to improve more resistance to gauge corner
damage by spreading the contact load on the high rails
in curved tracks [36]. The near-conformal or conformal
contact formed between the rail gauge and the wheel
flange is able to ensure a larger contact area and hence
reduces the normal stress [37]. This approach can also
be applied to evaluate the ratcheting performance of the
steel rails under such situations. The results can then
assist rail operators in developing cost-effective mainte-

point. When the traction conditions become more severe, i.e. ξ ≥ 0.5, f ≥ 0.4 in the current study, the
location of crack initiation shifts from the sub-surface
to the running surface as shown in Fig. 18. Generally,
RCF defects observed at high rails in heavy haul operations, such as gauge corner checking, shelling and
flaking, are originated from the rail surface or 2-8 mm
underneath the gauge corner of the rail head [6]. The
difference may be attributed to the consideration of only
one combination of wheel and rail profiles in this study.
Ekberg et al. [33] highlighted that the contact geometry can affect the contact stresses between wheel and
rail, and may result in RCF initiated at various depths.
Additional considerations, such as steel cleanliness and
defect size, can also affect the location of RCF initiation
[34]. In spite of these factors, the numerical approach
can still roughly predict the possible location of crack
initiation.

Figure 18: Crack initiation location at the rail head gauge corner will
shift from the subsurface (blue) to the running surface (pink) as the
surface traction becomes more severe.

The ratcheting performance of all the three steels in
tangent tracks evaluated by Pun et al. [16] concludes
that the stabilized maximum ratcheting strain rate increases with the normalized tangent traction, the friction coefficient and the axle load. Meanwhile, the corresponding crack initiation life shows a decreasing trend.
The same conclusion is also obtained from the analysis for high rails within curves. However, the ratcheting performance in all considered cases is worse than
the one for tangent tracks. As an example, the stabilized maximum ratcheting strain rate for LAHT steel in
tangent tracks is in the range of 10−7 and the crack initiation life is over 3 million cycles under ξ = 0.5, f =
0.4 and L = 35 t, while it increases to 1.82 × 10−6 and
the corresponding crack initiation life is reduced to less
than 0.5 million cycles for high rails in curved tracks
with the introduction of η = 0.3. Another typical ex12

nance strategies and optimizing the rail performance for
particular circumstances.
However, several limitations of the present work
should be identified. It is worth mentioning that the
change of the contact pressure and tangential traction
over the loading cycles is considered small and neglected in this study. Practically, the contact patch will
become larger and so result in a reduced contact stresses
over multiple loading cycles due to plastic deformation.
From this point of view, the ratcheting strain rate from
this study might be overestimated. Additionally, some
factors were not considered during the cyclic rolling
simulation, including the change of both wheel and rail
profiles, lateral and spin creep forces, and the impact of
leading vs. trailing axles. These factors could also affect
the ratcheting performance of steel rails. More numerical studies are needed to overcome these limitations in
the future.

outcomes can further supply useful information about
the application of rail steel grades and the development
of rail maintenance strategies, such as rail grinding and
friction modification, to the track owners and operators.
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