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Experimental investigation and constitutive modelling of
the mechanical and ratcheting properties in rail steels
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The ratcheting phenomenon remains a persistent concern in modern railways due to its close association with head checks, a typical
type of rolling contact fatigue. This study presents experimental research focussing on elucidating the mechanical, hardening, and
material ratcheting properties of one bainitic (B320) and two pearlitic (R220 and R260MN) rail steels. The experiment consisted of
monotonic tension, uniaxial cyclic strain range, and uniaxial cyclic stress range tests. Two load cases representing the equivalent
stresses experienced by rails under real-life wheel-rail contacts were used in the cyclic stress range tests to assess the rail ratcheting
behaviour in railway operating conditions. The test results highlighted that the two pearlitic steels showed similar mechanical strength
and ratcheting behaviour; and by contrast, the bainitic steel exhibited superior mechanical strengths and yielded significantly weaker
ratcheting responses for both load cases. The study then characterised the three rail steels by calibrating for them the hardening
parameters of two classical constitutive models: Chaboche and Ohno-Wang II (OWII) based on the monotonic and cyclic strain range
tests. The hardening parameters of the constitutive models were then optimied based on the cyclic stress range tests to represent the
material ratcheting behaviours of rail steels for each load case. Notably, the OWII model demonstrated higher precision in reproducing
ratcheting strains and rates than the Chaboche model, which faced limitations in simulating relatively low ratcheting rates. This study
enhanced the understanding of the mechanical and ratcheting properties of the investigated rail steels and provided insights into the

applicability of constitutive models for predicting and mitigating rail ratcheting effects.

Keywords: material ratcheting; bainitic and pearltic rail steels; cyclic testing; constitutive modelling; wheel-rail contact.

1. Introduction

Head check (HC), a typical type of rolling contact fatigue (RCF),
poses a persistent challenge in modern railway systems. HC orig-
inates from frictional contact at the wheel-rail interface (Bower
and Johnson 1989, 1991). Repeated loading and unloading of
wheels create cyclic contact stresses on the rails, and cause rail
ratcheting, that is progressive accumulation of plastic strain in
the rails RCF (Bower and Johnson 1989; Paul 2019). When the
accumulated plastic strain exceeds the ductility limit of the rail
steel, cracks initiate in the severely deformed layer in the rail sur-
face or subsurface (Donzella 2005; Fletcher et al., 2009). Therefore,
understanding the ratcheting behaviour of rail steels is desirable
for investigating HC damage in rails.

The rail ratcheting can be classified into material and struc-
tural ratcheting (Hibel 1996; Paul 2019). Material ratcheting, an
intrinsic elastoplastic behaviour of steels, can be observed in a
cyclic tension-compression test that proportionally and homo-
geneously loads samples under asymmetrical stress conditions
(Bari and Hassan 2000; Paul 2019), whereas structural ratcheting
is related to the plastic strain accumulated in the non-uniformly
distributed and altering stress conditions during cyclic loading.
At the wheel-rail interface, the structural ratcheting is marked
by the changing contact stresses as a result of evolving contact
geometry in relation to the material ratcheting (Ren et al., 2024),
with the material ratcheting induced by the asymmetric loading

and unloading from the repeated wheel passages (Pun 2015;
Wu 2023; Ren et al., 2024). Although both ratcheting forms are
significant in rail steels, this study focussed primarily on the
material ratcheting, which is essential to define rail properties
in the RCF-related ratcheting studies RCF (Bower and Johnson
1989; Tyfour et al., 1996; Ringsberg 2000; Pun 2015; Pletz 2019;
Su 2019; Wu 2023; Ren et al., 2024; Wu 2024). Moreover, material
ratcheting in rail steels, induced by the loading and unloading
of contact stresses, causes the accumulation of plastic defor-
mation in the rail surface. Consequently, the accumulation of
plastic deformation alters contact profiles and causes structural
ratcheting (Ren et al., 2024), which thus creates an interplay
between the two ratcheting processes. Therefore, understanding
the material ratcheting of rail steels is crucial as the first step
towards a better understanding of the complete ratcheting effects
in rails.

To reproduce material ratcheting in rail steels, constitutive
models that can capture the hardening processes of rail materials
and characterise their elastoplastic behaviours are needed
(Chaboche 1986 1991; Ohno and Wang 1993; Jiang and Sehitoglu
1996; Kang and Gao 2002; Frederick and Armstrong 2007,
Abdel-Karim 2009). Most of the proposed constitutive models
aimed to identify a single set of hardening parameters, to
describe ratcheting behaviours across predefined general loading
patterns in tension-compression tests. This approach, however,
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resulted in complex constitutive models, raising a concern about
computational efficiency when applied to numerical cyclic
contact simulations, particularly when using the finite element
(FE) method to simulate a large number of wheel-rail contacts
(Ren et al., 2024). Furthermore, general loading patterns in the
uniaxial tension-compression tests might not align well with
the specific loading and unloading patterns of the wheel-rail
contact stresses in railway operating conditions. This mismatch
may reduce the effectiveness of these models in approximating
the ratcheting effects in the rails. To study the ratcheting effects
in rails more efficiently and effectively under cyclic wheel-
rail contacts over a high number of cycles (Ren et al., 2024),
it is beneficial to calibrate well-established and less complex
constitutive models such as the Chaboche and OWII models to
reproduce the material ratcheting of rail steels. In addition, it is
also essential to optimise their hardening parameters for specific
load cases that closely resemble real-life wheel-rail contacts in
railway operating conditions.

To calibrate the constitutive models for rail steels, their
mechanical and hardening properties need to be identified
through experimental investigations. Pearlitic rail steels have
been widely used in modern railway systems, leading to numerous
tests to investigate their mechanical properties and resistance
to RCF (Tyfour et al., 1996; Eadie 2008; Stock and Pippan
2011; Athukorala et al., 2016; Hu 2021). To improve the RCF
resistance of the rails, bainitic rail steels have recently been
introduced. Although it has not yet been widely applied in
the field, its mechanical properties and microstructure have
been evaluated in various tests and compared to pearlitic
steels (Hasan et al., 2018; Hajizad 2019; Lesage 2022). However,
existing research focused qualitatively on RCF damage and
resistance through rollerrig tests (Tyfour et al, 1996; Stock
and Pippan 2011), field observations (Stock and Pippan 2011,
Zhou 2014), and microscopic analyses (Hu 2021; Lesage 2022),
but few experimental investigations addressed the rail material
ratcheting behaviours via cyclic tension-compression tests and
the subsequent analysis of their hardening characteristics,
especially for bainitic rail steels. This underscores the need
for more in-depth experimental investigation and constitutive
modelling to understand the elasto-plastic properties of rail
steels on a macro scale and to provide quantitative insights
into their ratcheting behaviours relevant to their RCF resistance.
Additionally, comparing bainitic steels with the traditionally-
used pearlitic steels may show the benefits of bainitic steels
in terms of RCF resistance for future large-scale railway
applications.

This study focused on testing, characterising, and comparing
the mechanical and material ratcheting properties of two pearlitic
rail steels used in the Dutch metro (R220) and railway (R260MN),
along with a new bainitic rail steel (B320). The experimental
investigation was conducted in three stages: monotonic tension,
uniaxial cyclic strain range, and uniaxial cyclic stress range
tests. The results of the former two tests formed the basis
for calibrating the Chaboche and OWII constitutive models
to account for the non-linear kinematic hardening (NLKH)
and isotropic hardening properties of the steels. The initially
calibrated constitutive models were further optimised for the
material ratcheting behaviours of the rail steels by considering
stresses induced by real-life wheel-rail contact in railway
operating conditions, in the cyclic stress range test. Finally,
this study compared the results of the ratcheting simulations
using the optimised constitutive models across the different rail
steels.

2. Experimental investigation

This section explained the design, load cases, and outcome of
the experiment investigation. Three tests were performed sequen-
tially at three stages: monotonic tension tests, uniaxial cyclic
strain range tests, and uniaxial cyclic stress range tests, to exam-
ine the mechanical, hardening, and ratcheting properties of the
rail steels of interest, respectively. The test results were also
compared and discussed.

2.1. Test design and load case

The chemical compositions of the rail steels tested in this study
are detailed in Table 1. Test samples of these rails were carefully
fabricated from the real-life rail head, as illustrated in Fig. 1a.
The test specimens were cut 1 mm below the original rail surface
to align closely with the material properties of rail top surface,
where wheel-rail contact predominantly occurs. The dimensions
of the test samples are detailed in Fig. 1b. The uniaxial ten-
sion-compression tests were conducted on a specialised in-house
fatigue test machine with a 100 kN gripping capacity, capable of
delivering up to 60 kN of both tension and compression forces. An
MTS axial dynamic extensometer was used to measure the axial
strain up to 20%. Furthermore, all tests were conducted under
the room temperature (15° — 25°C) with no further environmental
control applied. The test specimens were loaded with a maximum
strain rate of 0.1 %s~* to limit the time-dependent strain rate
effects (Pun 2014).

The experiment investigation was conducted at three stages,
with the tests and processes outlined in Fig. 2. At Stage 1, the
samples were loaded monotonically in tension until fracture to
obtain mechanical properties, including Young’s modulus E, the
0.2%-offset yield strength (OYS) Ry, the ultimate strength Rm, and
toughness (area under the stress—strain curve, see Fig. 3). The tests
were performed at least three times per rail steel to account for
variations in these parameters. Elastic limits were also obtained
at the upper boundary of the elastic range within the stress-strain
curve. Elastic limits are generally lower than OYS and applied
as yield stresses oy in constitutive models (Chaboche 1986; Ohno
and Wang 1993) to accurately capture the elastic response of the
material (as demonstrated in 3)).

At Stage 2, cyclic tests with a symmetric loading pattern were
performed within a +1% strain range at a strain rate of 0.1
%s~!. Each sample was tested for 100 cycles with the isotropic
hardening saturated and kinematic hardening stabilised in plastic
shakedown (Pun 2014; Paul 2019)(theoretical background and
explanation in Sections 3 and 4.1). Based on the results of the
stabilised cycle and the monotonic tension test, the initial NLKH
and isotropic hardening parameters of constitutive models can
be calibrated for the rail steels (Bari and Hassan 2000) (presented
in Sections 3 and 4). In addition, to determine the load cases
for the cyclic stress range test at Stage 3, that is the stress
ranges that may induce rail ratcheting behaviours in real-life
railway operating conditions, wheel-rail contact simulations were
performed using an FE model (Ren et al., 2024) with the initial
calibrated hardening parameters, as indicated in Fig. 2. Two load
cases were determined to represent partial- and full-slip contact
conditions, respectively, for all three rails, as to be elaborated in
Section 4.3.

Cyclic stress range tests were performed at Stage 3 in which
the samples were loaded and unloaded over 300 cycles. The
two load cases LC1 and LC2 are presented in Table 2. The
load cases comprise peak and residual stresses indicating
the stress levels when the samples are loaded and unloaded.
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Table 1. Chemical composition of the three rail steels. Information of R220 and R260MN is from batch specification, and B320 from

(Lesage 2022).

Steel grade C [%] Si [%] Mn [%] P [%] S [%] Al [%] Cr [%] Cu [%] Mo [%] Ni [%]
R220 0.58 0.26 1.03 0.013 0.024 0.001 0.03 0.01 0.003 0.003
R260MN 0.65 0.31 1.39 0.010 0.012 0.001 0.03 0.020
B320 0.13-0.27 1.00-1.50 1.35-1.75 <0.025 < 0.025 < 0.004 0.30-0.70 <0.15 0.10-0.30 < 0.100

b)

Imm

33,5

61 33,5

=

Figure 1 Design of the test sample: (a

a) the location of sample cutting from the original rail profile, and (b) dimension of the samples

Stage 1 Stage 2 Stage 3
Experimental Monotonic Cyclic 1%-strain range Cyclic stress range
investigation tension tests tension-compression tests loading-unloading tests

______________________________ o —— i — — — — ] ——— —— — — — —————— -
k. k.
» Calibration Optimisation
Basic mechanical properties: ‘ - _
Constitutive « Young's modulus Optimised hardening
modelling « yield stress, Initial hardening parameters basefl on
- 0YS, parameters ratcheting behaviour
« ultimate strength per load case
« toughness
FE Contact
Load case simulations
determination for l [ Test I
refxl-]ufe wheel = Equivalent stress ranges from two | Intermediate process I
rail contact . 51
wheel-rail contact conditions: [ Out ]
« partial-slip il

« full-slip

Figure 2 Overview of the experimental investigation at three stages, the consititutive modelling and the outcomes

LC2 has larger stress ranges (peak minus residual stress)
than LC1 and higher level of means stresses as shown in
Table 2. The loading-unloading patterns result in mean stresses
of the asymmetrical stress ranges that can induce material
ratcheting behaviour of the rail steels (Bari and Hassan 2000;
Paul 2019). The analysis at this stage facilitated the optimisation
of the hardening parameters obtained from Stage 2, based on
wheel-rail contact simulations, to closely capture the material
ratcheting behaviour of the rail steels, which were elaborated in
Section 5.

2.2. Monotonic tension test

The results of the monotonic tension test conducted on the three
rail steels are shown in Fig. 3 with the elastic limits (gy), OYS'’s (Ry),
ultimate strengths (Ry,) and fracture point indicated. The results
show that among the rail steels tested, B320 has the highest OYS
and ultimate strength of 870 MPa and 1,288 MPa, respectively. This
aligns with the results reported in (Lesage 2022) that B320 has a
much higher mechanical strength than R260 (similar to R260MN

(Esveld 2001)). B320 also shows higher toughness than the two
tested pearlitic steels. The mechanical properties obtained from
the tests are summarised in Table 3, shown as mean values of the
parameters with upper and lower bounds indicated in + mean
value.

2.3. Cyclic strain range test

The strain range test results at the 100th stabilised load cycle of
the three rail steels are presented in Fig. 4. Figure 4a shows that
the total strains fell within the + 1% strain range required for
the tests. Figure 4b indicates that B320 can achieve a high stress
level of approximately + 918 MPa within a relatively low plastic
strain range of about + 0.55%. This remarkable performance can
be attributed to its superior mechanical strength, for example
the high yield strength. In contrast, the R220 and R260MN steels
behaved similarly with higher plastic strains at lower stress levels
compared to B320. R260MN, with a stress level of 607 MPa and
a plastic strain of 0.69%, marginally outperformed R220, with a
stress level of 575 MPa at 0.71% plastic strain.
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Monotonic test result of R220, R260MN and B320

1200 A
1000 A
800
<
.
Z
wv
% 600
B — test_data_R220
“ toughness_R220
test_data_R260MN
400 toughness_R260MN
— test_data_B320
toughness_B320
A elastic_limit
200 + %  yield_strength
V  ultimate_strength
X fracture
elastic_range
0 ——~ yield_strength_intercept
0 2 4 6 8 10 12 14
strain [%]
Figure 3 Monotonic behaviour of the tested rail steels (shown with the median values from the tests)
Table 2. Summary of load cases for cyclic stress ranges tests of Stage 3.
Load case Steel grade [MPa] R220 R260MN B320
peak stress—loaded 570.0 617.0 880.0
LC1 residual stress—unloaded 70.0 30.0 83.0
mean stress 320.0 3235 481.5
peak stress—loaded 770.0 820.0 1,015.0
LC2 residual stress—unloaded 25.0 20.0 125.0
mean stress 397.5 420.0 570.0
Table 3. Summary of the mechanical properties of the tested rail steels (average value provided).
Steel grade Young’s modulus Elastic limit 0.2% OYS Ultimate strength Toughness
[GPa] [MPa) [MPa] [MPa] [Mym~—3]
R220 200 290 + 25 512+ 22 946 + 15 118 £ 15
R260MN 198 348 £ 20 568 £ 25 1,022 £10 125+ 12
B320 196 538+ 35 870+ 20 1,288 £ 12 180 + 30

2.4. Cyclic stress range test

Figure 5 presents the cyclic stress range test results for LCI.
Among the three rail steels tested, R220 reached the highest ratch-
eting strain in the first cycle as shown in Fig. 5a, with both R220
and R260MN registering a total strain exceeding 1%. In contrast,
B320 achieved a considerably lower strain of around 0.5% in the
first cycle, despite being subjected to a higher stress level. Sub-
sequent cycles reveal further ratcheting strain accumulation in
R220 and R260MN, as shown in Fig. 5b, while B320 demonstrated
limited accumulation. Overall, the ratcheting effects in LC1 were
relatively modest for all three steels, with their ratcheting rates,
that is change in ratcheting strain per cycle, rapidly reducing to
very low levels, as illustrated in Fig. S5c. A small average ratcheting
rate remains between 1.5 x 107*% and 2 x 107*% from 200 cycles

on for R220 and R260MN, while that is nearly negligible about
4.24 x 107°% for B320. This trend is also visible in Fig. 5b as the
curves of ratcheting strain for R220 and R260MN still show a small
upward trend after 100 cycles, whereas it is almost flat for B320
from 20th cycle on. The results indicated the behaviour of the
B320 steel resembled the elastic shakedown with no plastic strain
accumulated after a few cycles (Bower and Johnson 1989; Tyfour
et al., 1996; Paul 2019).

For the results of LC2 with larger stress ranges applied, more
pronounced ratcheting effects can be observed. R220 and R260MN
exhibited significant material ratcheting effects, as evidenced
by a considerable accumulation of plastic strains, with their
firstcycle plastic strain exceeding 2%, as illustrated in Fig. 6a. In
contrast, B320 showed markedly less ratcheting effect, as shown
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1%-strain controlled cyclic test result of R220, R260MN and B320 at the stabilised cycle

a) total strain

b) plastic strain

—— test_data_R220
test_data_R260MN
— test_data_B320
== 1% strain boundary

1000 - 1000
750 1 750
500 - 500
— 250 — 2501
< ©
=% [-%
= =
» 0 1 » 0+
w w
L 2
@ 250 - @ 250
-500 - -500 4
750 - 750 -
-1000 - -1000 |
-10 05 00 05 10
strain [%]

-1.0 -0.5 0.0 0.5 10

strain [%)]

Figure 4 1% cyclic test results of the R220, R260MN and B320 rail steels: (a) stress-total strain plot at the stabilised 100th cycle, and (b) stress-plastic

strain plot at the stabilised 100th cycle

Ratcheting from cyclic stress range test of LC1

(@) ratcheting cycles till 300 cycles

(b) racheting strain

(c) racheting rate

1000 A _ 1
a—;- — R220
] B 10064 - R260MN
& ) M)
800 4 10 / = 005 closed-up view — B320
— § =9 00002 42 A === average rate
£ 6004 = 084 E 0.04 SToRIReRATR | [ 1% strain
= / £ £ 00014 . i
2 / 2 06 £ 003+ AESSAA pe
S 4004 / o ] ! Ravidvivivd
£ Z £ 0000 1, —
] £ 041 £ 0024 200 250 300
200 = E
02 % 001 4 &
01 Q0 4 £ 000 \~
T T T T T T T (=9 T T T T
00 as 10 15 0 100 200 300 0 100 200 300
strain (%] cycles [-] cycles [-]

Figure 5 Cyclic stress range test results of the R220, R260MN and B320 rail steels for LC1: (a) stress-strain results till 300 cycles, (b) ratcheting strain

plotted against load cycles, and (c) ratcheting rate plotted against load cycles

in Fig. 62 and b, with initial and final plastic strains below 1%.
When comparing ratcheting rates, R220 and R260MN stabilised
at about 0. 0075% and 0. 01%, respectively, from the 200th cycle
onwards, while B320 stayed at approximately 6.45 x 107°% after 50
cycles. The low ratcheting rate of B320 suggests that its behaviour
is still close to elastic shakedown rather than fully activated ratch-
eting in LC2, especially considering that it endured a significantly
higher stress range than the other two rail steels, as indicated in
Table 2.

This experimental investigation confirmed that the bainitic
B320 steel has markedly superior mechanical strength compared
to the two pearlitic steels R220 and R260MN, particularly evident
in its significantly lower plastic strain at higher stress levels
for both load cases. The high yield strength of B320 bainitic
rail steel is largely attributed to its distinctive microstructure,
characterized by bainitic ferrite with very fine grain size and a
high dislocation density (Bhadeshia 2001a), which significantly
restrict dislocation movement and thereby enhance yield strength
(Bhadeshia 2001b; Aglan 2004; Zhu et al., 2022). Additionally, the
alloy composition, particularly the high silicon content, plays a
crucial role by suppressing carbide precipitation, resulting in a

predominantly carbide-free microstructure (Lesage 2022) (indi-
cated in Table 1) that maintains both high strength and tough-
ness (Hasan et al., 2018). Furthermore, retained austenite within
the bainitic steel significantly contributes to strength enhance-
ment through its transformation into martensite under applied
stress, known as the transformation-induced plasticity effect.
This martensitic transformation from the retained austenite in
the bainitic steel provides additional work hardening and further
boosts yield strength (Gola et al., 2017; Chen 2019), and thus
reduces the accumulation of plastic strain (ratcheting) (Hasan
et al,, 2018). All these explain the subdued ratcheting behaviour
observed in B320 during stress range tests.

Besides the high yield strength of B320, the subdued ratcheting
behaviour could also be linked to the low initial plastic strain in
the first load cycle. A comparison of Figs 5a and 6a reveal that
the initial strain should surpass a certain threshold for significant
ratcheting to occur in the following cycles. For instance, an initial
strain of 1.5% can be used as a starting point to preload the
specimens before the cyclic stress range test and evaluate the
initial strain effects. This can be further evaluated in a pre-
strain analysis via FE simulations. The initial strain effect may be
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Ratcheting from cyclic stress range test of LC2

(b) racheting strain

(c) racheting rate

(a) ratcheting cycles till 300 cycles

4 g 014 |— w220
1000 4 =
E‘ 012 4 R260MN
8% & a16 closed-up view — B320
—_ 1 X 2 1 0010 4 e === averagerate
< — -
c. = = 4 .. 1% strain
S o 2 g aos SR YA
v 7 o
g o S 006
£ 400 A =z £
¢ = £ 004
a. I
200 4 .xw:
< 0.02 4
0 £ 000 1
Y Y Y Y T Y Y [=% T T Y Y
0 2 4 6 0 100 300 0 100 200 300

strain [%)]

cycles [-]

cycles [-]

Figure 6 Cyclic stress range test results of the R220, R260MN and B320 rail steels for LC2: (a) stress-strain results till 300 cycles, (b) ratcheting strain

plotted against load cycles, and (c) ratcheting rate plotted against load cycles

attributed to isotropic softening in rail steels (Kang and Gao 2002;
Pun 2014) that effectively reduces yield stress (as in constitutive
modelling, explained in Sections 3 and 4) with increasing effective
plastic strain. The role of isotropic softening in the activation of
material ratcheting merits further investigation.

Based on the test results, constitutive models can be calibrated
and optimised for the three rail steels as explained in Section 2.1.
These constitutive models replicate the elasto-plastic properties
of the rail steels, which are crucial for simulating ratcheting
effects in cyclic wheel-rail contacts. The stress-strain relation-
ships obtained from both the monotonic and cyclic strain range
tests will be utilised to calibrate the initial hardening parame-
ters, as detailed in Section 3. Subsequently, results from cyclic
stress range tests will be employed for the final optimisation
of the parameters that regulate the ratcheting rate within the
models.

3. Constitutive modelling

This section provided a theoretical overview of the two constitu-
tive models featured in this study, that is the Chaboche model and
the OWII model, focusing on the kinematic hardening processes
described by the models. The similarities and differences between
the models were highlighted. Furthermore, the isotropic harden-
ing/softening process represented by the VOCE method was also
discussed and incorporated in the constitutive models.

3.1. NLKH

NLKH properties of the rail steels have been characterised using
the Chaboche (Chaboche 1986; Frederick and Armstrong 2007)
and OWII constitutive models (Ohno and Wang 1993 1995). These
models adhere to three fundamental rules: the yield criterion, the
normality flow rule, and the hardening rule (Abdel-Karim 2009).
Both the Chaboche and OWII models employ the von-Mises yield
criterion, as defined by Equation (1):

3
)‘:E(s—a):(s—a)—cry2 (1)

where the s is the deviatoric stress tensor, a is the backstress
tensor and oy is the scalar yield stress. The yield function f > 0
0 signifies that yield in material occurs, leading to the generation
of plastic strain. The plastic strain,ep, is considered as part of the

total strain, €, which can be decomposed as shown below:
€e=¢€+¢ (2)

The elastic strain,e. in Equation (2), can be directly calculated
according to Hooke’s Law with the stiffness tensor, C multiplied
by the stress tensor, ¢ (Roostaei and Jahed 2022) as shown in
Equation (2).

€. = Co (3)

The plastic strain should be determined according to the normal-
ity flow rule (Chaboche 1986; Abdel-Karim 2009) which requires
that the change in plastic strains follows the gradient of the yield
surface with respect to the change in stress as per Equation (4).

f 31,
dep = dA£ = §E<da ‘mn (4)
of
_ do
" T u °)
do ° do

where d(-) indicates the (incremental) change of the items: dey is
thus the incremental plastic stress tensor, do is the incremental
stress tensor, and da is the change in the plastic multiplier. The %
is the gradient of the yield surface. The normality flow rule can
be further expanded to include the non-linear plastic modulus h,
specified by the hardening rule. The n is the unit normal tensor
of the gradient of the yield function according to Equation (5).
The Macaulay bracket, (-), returns zero when the value inside is
negative. Therefore, (do : n) stipulates that plastic strain occurs
only when the change in stress aligns with the gradient of the
yield function.

The hardening rule can be formulated by introducing back-
stress (Abdel-Karim 2009). In the Chaboche model, the total back-
stress is the sum of several components specified by Equation (6).
€p is the plastic strain tensor, and p is the scalar of effective plastic
strain determined by Equation (7). C; and y; are the plastic modu-
lus and the plastic strain constant for the individual component of
the backstress a;. The first term of Equation (6) has the same form
as Prager’s linear kinematic hardening (Prager 1949). The second
term features the dynamic recovery in the backstress that results
in the Bauschinger effect (Chaboche 1986; Ohno and Wang 1995;
Frederick and Armstrong 2007; Abdel-Karim 2009). Furthermore,
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by applying the consistency condition f = df = 0 (Chaboche
1986; Abdel-Karim 2009), the non-linear plastic modulus,h, cru-
cial for solving the plastic strain, can be derived as shown in
Equation (8).

2
da; = gcidfp - yidpa; (6>

dp =,/ %dep dep 7)
h=Z|:Ci —\Emn:ai} (8)

The backstresses of OWII model is shown in Equation (9). The
OWII model shares the same linear kinematic term with the
Chaboche model. The second term in Equation (9) of OWII model
makes the dynamic recovery effect less active compared to the
Chaboche model (Ohno and Wang 1995). The control constant
m; is introduced in each backstress component to regulate the
ratcheting rate. a; is the effective backstress calculated by Equa-
tion (10). Ci/y can be interpreted as the stabilised value of each
backstress component that remains constant when the plastic
strain reaches 1/y; (Ohno and Wang 1993). The ratcheting rate is
therefore controlled by multiplying a coefficient a;/(Ci/y) (< 1)
by the dynamic recovery term with the m; smaller to intensify or
larger to abate its effect as shown in Equation (9). The nonlinear
plastic modulus, h can then be derived as shown in Equation (11).

2 a \™ a;
da; = =Cidep — (—l) <de : —l>a- 9
I R A N7 Pl ®)
_ /3
a; = 5(1,' L aj (10)

3 (@ \"/ . &\
"= Z[Ci “onlcy) (ecmal o

The OWII model can be further simplified (Ohno and Wang 1995;
Abdel-Karim 2009) as shown in Equation (12), which becomes the
Chaboche model when m = 0 with a single m specified here for
the simplified OWII model (Bari and Hassan 2000). The non-linear
plastic modulus is thus simplified to Equation (13). The simplified
OWII is used in this study to facilitate a direct comparison with
the Chaboche model. Compared to the original OWII model, the
simplified model uses a higher m value to control the ratcheting
effects (Ohno and Wang 1995).

2 @
e = 3edep (ci/m

h= Z [Ci - \E% (%)m n: ai] (13)

3.2. Isotropic hardening/softening

VOCE method (Voce 1955; Chaboche 1986) are also used in the
aforementioned two constitutive models to approximate the
isotropic hardening/softening properties of the rail steel, which
evaluates the nonlinear expansion or contraction of the yield
surface in response to the accumulation in the effective plastic
strain as shown in Equation (14). dR is the change in the yield
stress that is induced by the change in the effective plastic strain
dp. R symbolises the cumulative change in the yield stress, with
its upper limit defined by Q as the maximum change in yield
stress when isotropic hardening or softening reaches saturation.

)m dpa; (12)

The rate for isotropic hardening/softening saturation, is also
influenced by the rate factor b (Karvan and Varvani-Farahani
2018; Nath et al., 2019) as shown in Equation (14).

dR = b(Q — Rydp (14)

With the isotropic hardening/softening incorporated, the yield
function is updated, as shown in Equation 15, with oy as the initial
yield stress:

3
fZE(S—a)i(S—a)—(UyO'FR)Q (15)

4. Initial characterisation of rail steels

By calibrating the two constitutive models, the characterisations
of the three rail steels are first discussed in this section. The
initial NLKH and isotropic hardening/softening parameters for
the two constitutive models were calibrated based on the test
results from Stage 1 and Stage 2. The calibrated models were
then used in conjunction with the normality flow rule (Equation
(4) to numerically simulate the stress—strain relations in Stage 1
and 2, allowing for a comparison between the simulated and test
results. In addition, the initial hardening parameters were applied
in contact simulations to determine the load cases for tests at
Stage 3, which is also elaborated in this section.

4.1. Material characterisation using Chaboche
model

The classic Chaboche model (Chaboche 1986; Bari and Hassan
2000) with three sets of back stresses was used to characterise the
rail steels. The parameters of Chaboche NLKH and isotropic hard-
ening/softening were calibrated together in a multi-parametric
non-linear least squares process as elaborated in (Curtis et al.,
1974; Nocedal and Wright 1999), which used both the experimen-
tal data from the 100th stabilised cycle of the 1%-strain range test
at Stage 2 (see in Fig. 4), and the monotonic tension tests at Stage
1 (see in Fig. 3). Since the tested strain range were limited by +1%,
the ultimate strength of the steels might not be captured if only
the stabilised 100th cycle of Stage 2 was used, comparing Figs 3
and 4a. This was addressed by incorporating the monotonic test
results of Stage 1 into the calibration process with the parameters
for isotropic hardening/softening simultaneously identified. The
calibration also used Young's moduli and the mean values of the
yield stresses, shown in Table 3.

Figure 7 illustrates how the hardening parameters describe
the isotropic softening and kinematic hardening processes in a
monotonic test and were calibrated for the constitutive models.
As plastic strain increases, isotropic softening reaches saturation
and kinematic hardening becomes stabilised. The yield stress,
oy,, In the isotropic softening process can saturate to oy, + Q
at relatively low plastic strain. The saturated yield stress, oy in
isotropic softening is lower than the oy,, as indicated by the
dashed line in Fig. 7, representing a scenario where no change in
o0y,(Q = 0) with increasing plastic strain. For kinematic hardening,
each backstress component attains its stabilised value of C;/y;(i =
1,2,3) at the plastic strain threshold of 1/y;, which should cover a
sufficient range of the hardening process. During the calibration
of the hardening parameters, the sum of the backstress compo-
nents, > a;, (i = 1,2,3) (kinematic hardening process) plus the
yield stress, oy (isotropic softening process) at each plastic strain
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Figure 7 Illustration of isotropic softening and kinematic hardening processes in a montononic loaded stress-strain curve

Table 4. Initially calibrated hardening parameters for the
Chaboche model.

Parameters R220 R260MN B320 Unit
Cq 511,000 461,000 522,000

Co 15,000 20,000 70,000 [MPa]
Cs 10,500 11,300 15,500

y1 1,938 1,964 2,213

2 100 87 240 []

V3 27 28 36

Q —145 -167 —220 [MPa]
b 350 277 215 [-]

level approximates the total axial stress, ¢ and was compared
with that in the test results during the calibration process.

The calibrated hardening parameters are presented in Table 4.
Negative values of the parameter Q that determines the saturated
yield stress in Equation (14), indicate that the three steel rails
exhibit an isotropic softening process as expected (Schleinzer and
Fischer 2000; Kang and Gao 2002; Pun 2014), namely the yield
stress oy decreases with increasing equivalent plastic strain, p,
until the limit oy + Q or saturation is reached, as illustrated in
Fig. 7.

Relatively large values of C; (> 10,000 MPa) were selected
during the calibration process as this was found beneficial
for the subsequent optimisation of the hardening parameter,
y3 (to be discussed in Section 5). Nevertheless, the C; values
are limited by the values of y; that should not be lower than
y2, since 1/y;, by definition, is the plastic strain limit for the
backstress component to stabilise at Ci/y;, as illustrated in
Fig. 7 and discussed in Section 3. To use y3; as control constant
of ratcheting, the 1/y3; should not be too close to the tested
plastic strain range, for example 1% (per load cycle) either
as the third backstress component should not stabilise (Bari
and Hassan 2000; Ramezansefat and Shahbeyk 2015), which
also limits the value of y; and thereby Cs. Furthermore, the
calibration of Cs considered the monotonic tension results in
this study. It was found that a higher Cs (basically a plastic
modulus) gave a 'stiffened’ response in the backstress, causing
the stress calculated in the higher strain range to overshoot, as
evidenced in the results of B320 (see later in Fig. 8b). Consequently,

it is crucial to maintain an appropriate balance between high
values of C;3 and y; for optimisation of ratcheting behaviour
while accurately replicating the results of the monotonic
tension.

The calibrated parameters were further used to simulate the
strain range tests using the numerical solution of plastic strains
according to Equation (5) with Equation (8) for Chaboche or
Equation (12) for OWIL. The outcomes of the simulations were
then evaluated against the test results from the stabilised cycle
depicted in Fig. 8. A minor discrepancy was observed between the
simulated and test results, particularly in the highly non-linear
part of the stress-strain curve immediately following the elastic
part, where no plastic strain variation occurs with increased
stress as shown in Fig. 8a. This discrepancy corresponds with
the findings reported in (Bari and Hassan 2000; Nath et al., 2019).
Additionally, the comparisons between the monotonic tension
simulations and tests in Fig. 8b indicated that the calibrated
models achieved stress levels close to the ultimate strength.
Discrepancies in B320 can be seen between the simulated and
monotonic test results, attributed to the high value of Cs; as
previously discussed.

4.2. Material characterisation using OWII model

The calibration of the OWII model is normally more straight-
forward, since hardening parameters can be directly determined
from monotonic test data when the isotropic hardening/soften-
ing is not significant (Ohno and Wang 1993; Bari and Hassan
2000). This is usually not the case for rail steels that experience
significant isotropic softening, as discussed above. Conveniently,
backstresses can be obtained by subtracting the yield stresses at
each plastic strain level from the monotonic test data (indicated
in Fig. 7), since isotropic softening has already been characterised
together with the Chaboche model. The remaining (ratcheting)
control constant, m (Equation (12)), can be determined depending
on the load cases in the later optimisation process (to be discussed
in Section 5).

Table 5 provides a summary of the OWII hardening parameters
calibrated for the three rail steels. Different from the Chaboche
model, the exponential shape of the stress-strain relation (see
Fig. 7) replicated by the OWII model (effectively a Chaboche model
when m = 0, discussed in Section 3), can become multi-linear
(Abdel-Karim and Ohno 2000; Bari and Hassan 2000), that is
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Simulation results with calibrated Chaboche model
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Figure 8 Simulation results compared with test results of the R220, R260MN and B320 rail steels based on Chaboche model: (a) the stabilised cycle of
1% strain range cyclic test, and (b) the monotonic tension test till ultimate strength

Table 5. Initially calibrated hardening parameters for OWII
model.

Parameters R220 R260MN B320 Unit
C1 725,000 365,000 800,000

Cy 76,000 52,000 251,000

Cs 26,800 15,100 53,500

Cy 86,00 7,000 18,200 [MPa]
Cs 4,200 5,800 8,000

Ce 3,800 4,800 3,400

Cy 2,300 2,900 2,600

y1 5,133 2,850 8,429

123 1,175 632 1,492

y3 394 231 408

va 100 111 130 [MPa]
s 47 51 74

Y6 25 29 29

1% 13 13 13

Q —145 -167 -220 [MPa]
b 350 277 215 []

composing several linear sections, with a larger value of m (e.g.
> 1),as shownin Fig. 9a. Therefore, more sets of hardening param-
eters (C; and y;) are required to closely replicate the nonlinear part
of the stress—strain curve. In this study, seven sets were used to
balance the computational efficiency for future FE simulations of
wheel-rail contacts using constitutive models in rail material, and
accuracy of reproducing the constitutive/stress—strain relation, as
shown in Fig. 9. Figure 9a shows a reasonable match between the
numerical simulation results of OWII model and the strain range
test results for the three rail steels. By comparing the simulation
results with m = 1 and m = 5, we can see that the m value can
alter the shape of the stress-strain curve in Fig. 9a, and change
the monotonic responses in Fig. 9b as a higher m value can ’stiffen’
the material, resulting in a reduced strain value at higher stress
levels for the steels.

4.3. Load case determination for stress range
tests

Two load cases (Table 2) for the cyclic stress range tests at Stage
3 were determined based on two contact conditions. The stress
ranges in these load cases were determined from wheel-rail con-
tact simulations using an FE wheel-rail contact model (Ren et al.,
2024), where the initially calibrated Chaboche model (Table 4) was

applied in the rail material. The FE model duplicated the test
setup of the V-track (Naeimi 2017; Zhang et al., 2021), a scaled
test rig used to reproduce real-life wheel-rail contact conditions
and the consequent phenomena (Yang 2022; He 2024; Ren et al.,
2025). A normal load of 3,500N and a traction coefficient (u) of
0.3 were applied in the FE model as LC1, to produce a partial-
slip rolling contact condition on the V-Track for ratcheting and
RCF generation (Ren et al., 2025), considering that the friction
coefficient of the V-Track rail is 0.45 under a dry and clean
condition. For comparison, the second load case, LC2, produced
a full-slip contact condition with a traction coefficient equal
to the friction coefficient, which achieves higher shear stresses
and consequently a higher equivalent stress level during the
contact.

Figure 10 illustrates the simulated contact shear stresses and
traction bounds for both load cases on the rails. In Fig. 10a, the
adhesion and slip regions can be identified in the partial-slip
contact solutions: the shear stresses are below and equal to the
traction bounds in the adhesion and slip regions, respectively.
Verifcaiton of the FE solution against CONTACT, widely-accepted
software for rolling contact solutions (Kalker 1991), has been
reported in (Ren et al., 2024). In both Fig. 10a and b, the peak
pressures are not in the centre but shifts to the leading part,
corresponding well to the plastic contact pressure distribution in
(Wei 2015).

Figures 11 and 12 demonstrate how the loading pattern for
the stress range tests were determined for the LC1 and LC2
in Table 2, respectively. The cyclic contact simulation was run
to obtain the equivalent stress levels before and during rolling
contact. Only two load cycles were simulated to avoid the pos-
sible influence of ratcheting that was not yet considered in the
calibration of constitutive models at Stage 2. The peak equivalent
stresses were obtained from the highest stress levels loaded by the
contact in the first cycle. Subsequently, the residual equivalent
stresses were obtained before the contact in the second cycle,
representing the stress levels unloaded from contact after the
first cycle. The loaded and unloaded stress levels (in Table 2)
can then be determined as the levels of the peak and residual
equivalent stresses, respectively, as indicated by the red dash-
dotted lines in Figs 11 and 12. The loading patterns for cyclic
stress range tests were subsequently constructed as the cyclic
triangular ramp loads (solid red lines in Figs 11 and 12), which
basically match the equivalent stresses induced by wheel-rail
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Figure 9 Simulation results compared with test results of the R220, R260MN, and B320 rail steels based on OWII model: (a) the stablised cycle of 1%
strain range cyclic test, and (b) the monotonic tension test till ultimate strength
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Figure 10 Comparison of the contact shear stresses and traction bounds
from LC2

contact loading conditions. This replication of wheel-rail contact-
induced stresses facilitated testing of the rails close to railway
operating conditions and comparison of the three rail steels for
their ratcheting behaviours, considering the significant difference
in their mechanical strengths.

5. Constitutive model optimisation
for ratcheting

This section presents the optimisation process of the calibrated
constitutive models for better representations of the rail material
ratcheting properties. The material ratcheting behaviour of the
rail steels prior to optimisation was first compared with the
test results of Stage 3. Subsequently, the relevant parameters
for both constitutive models were adjusted to align the calcu-
lated ratcheting strains and rates with those of the test results.
Accordingly, material ratcheting behaviour simulated with the
optimised constitutive models was presented and compared with
the relevant/corresponding test results at Stage 3.

5.1. Material ratcheting simulated with initial
hardening parameters

Figure 13 compares the ratcheting strains obtained with cyclic
stress range tests (shown also in Fig. 5a andb) to the results

for R220, R260MN and B320: (a) the results from LC1, and (b) the results

simulated using two constitutive models, that is Chaboche and
OWII, with the initial hardening parameters calibrated in Sec-
tions 4.1 and 4.2. Here, the simulations refer to the numerical
simulations that solve the plastic strains following Equation 5
with Equation 8 for Chaboche, or Equation 13 for OWII, under the
same stress ranges tested at Stage 3.

An outlier of the ratcheting strain results can be observed in
Fig. 13c that the B320 rail, for LC1, exhibited an elastic shakedown
effect (Paul 2019) during which the ratcheting rate diminished
after about eight load cycles. This has been noticed in Fig. 5c:
the ratcheting rate was reduced to a very low level after only a
few testing load cycles. In Fig. 13c, the ratcheting strain calcu-
lated with the Chaboche model matched closely with the test
result, while the result of OWII model had a lower plastic strain
level but still reached the shakedown after the eighth load cycle.
This misalignment can be attributed to the ratcheting control
constant, for example a larger m (> 1) that makes the mate-
rial ’stiffer’ and produces smaller strain values, as discussed
in Section 4.2. Nonetheless, the difference in plastic strain was
comparably small at about 0.15%.

5.2. Optimisation of the constitutive models

In the optimisation process, the relevant parameters were iter-
ated in the numerical simulations (discussed in Section 4.1) of
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Figure 13 Ratcheting simulation results using the inital parameters of Chaboche and OWII (m = 1) compared with the test data for LC1 and LC2: (a)
R220 under LC1, (b) R260MN under LC1, (c) B320 under LC1, (d) R220 under LC2, (¢) R260MN under LC2, and (f) B320 under LC2

the cyclic stress range tests to match the simulated and tested
ratcheting rates as suggested in (Bari and Hassan 2000). The initial
hardening parameter, y;, should be reduced for the Chaboche
model (Bari and Hassan 2000), whereas the control constant,
m, was increased for OWII model (Ohno and Wang 1995; Bari
and Hassan 2000), to reduce the simulated ratcheting rates. In

this study, y3 or m was optimised separately for each load case,
instead of looking for a single value to work for both load cases,
as this has been found difficult according to (Bari and Hassan
2000; Ramezansefat and Shahbeyk 2015) and also in this study.
Therefore, different values of y; and m were presented for LC1
and LC2.
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Figure 14 Ratcheting simulation results using the adjusted parameters of Chaboche and OWII compared with the test data for LC1: (a)-(c) the
comparison of racheting strains for R220, R260MN, and B320, and (d)-(f) the comparison of racheting rates for R220, R260MN, and B320

Table 6. Adjusted hardening parameter of Chaboche and control
constant of OWII models for LC1.

Table 7. Adjusted hardening parameter of Chaboche and control
constant of OWII models for LC2.

Parameters R220 R260MN B320 Parameters R220 R260MN B320
y3 0.0001 0.0001 36.00 ¥3 1.06 1.05 0.0001
m 27.00 31.00 0.00 m 10.30 9.00 85.00

The optimised parameters y; and m for LC1 are shown in
Table 6. The rail steels exhibited relatively low ratcheting rates
in LC1 as discussed in Section 2.4, which resulted in extremely
low y; values for the Chaboche models and relatively high m
values for the OWII model, except for B320. Since the B320 was
in elastic shakedown, the Chaboche parameters were unchanged.
Comparisons between the tested and simulated ratcheting strains
using optimised hardening parameters are presented in Fig. 14.
The parameter m for the OWII model was reduced to O (effectively
becoming a Chaboche model) to better match the level of plastic
strain of the test, as shown in Fig. 14c.

Figures 14a and b show the simulated ratcheting strains
compared with the test results for R220 and R260MN. For both
rail steels, the ratcheting strains simulated with the optimised
Chaboche model overshot to a level above 3% after 200 cycles,
while the test results achieved strains slightly above 1%. With
very small values y; (= 0.0001), the simulated ratcheting rates
could approach a level similar to the test results approaching 150
cycles, as shown in Fig. 14d and e. In contrast, the optimised OWII
model performed better than the Chaboche model as indicated
in Fig. 14a,b,d,and e with a close match in the ratcheting
rates achieved between the simulated and test results. For the
ratcheting strains, despite the initial difference in the strain
level of R220 (Fig. 14a), the patterns of the simulated strain
accumulation were well aligned with the test results.

In contrast to R220 and R260MN, B320 steel exhibited elastic
shakedown in LC1, as shown in Fig. 14c andf, owing to its
high mechanical strength. The simulation results using both
constitutive material models demonstrated the shakedown
behaviour. Figure 14c shows that the Chaboche model with
the initial calibrated hardening parameters could reproduce
the matching ratcheting strains from the test without y; being
adjusted. The optimised OWII model can also produce the

ratcheting strain pattern obtained with tests for B320 but with
a small gap (about 0.05%) at the first cycle. In line with test
results, the ratcheting rates calculated with the optimised models
stabilised and reached zero after the first cycles, as shown in
Fig. 14f.

The optimised parameters for LC2 are provided in Table 7
and the corresponding simulation results of material ratcheting
behaviour are presented in Fig. 6. For the R220 and R260MN steels,
the optimised parameters y; for the Chaboche model under LC2
are larger than those under LC1, while the optimised param-
eters m for the OWII model are smaller under LC2. As shown
in Fig. 15a, b, d, and e, the ratcheting strains and rates simulated
with the optimised models match reasonably well with the test
results. The optimised OWII model performed excellently with
the simulated ratcheting strains and rates both matching closely
with the test results. The optimised Chaboche model also demon-
strated the improved accuracy in predicting the rail ratcheting
behaviour for LC2, although the ratcheting strains and rates were
not precisely aligned with test results before 50 cycles.

The performance improvement of the Chaboche model in
predicting ratcheting behaviour of R220 and R260MN can be
attributed to two factors. First, the material ratcheting effects
observed for R220 and R260MN steels were significantly more
pronounced in LC2 than in LC1, reducing the need to lower
the y3 values substantially to align with the ratcheting rates
observed in the tests. Second, during the calibration of the
initial NLKH parameters, high values were purposely selected
for Cs, and consequently also for ys, giving more flexibility in its
adjustment. Comprehensively comparing the simulation results
under LC1 and LC2, it can be concluded that the Chaboche model
struggled to accurately reproduce rail ratcheting behaviour with
low ratcheting rates due to its relatively simple form in the
nonlinear part of the kinematic hardening (see in Equation (6)); in
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Ratcheting simulation with adjusted hardening parameters - LC2

(a) R220 - ratcheting strain

(b) R260MN - ratcheting strain (c) B320 - ratcheting strain
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Figure 15 Ratcheting simulation results using the adjusted parameters of Chaboche and OWII compared with the test data for LC2: (a)-(c) the
comparison of racheting strains for R220, R260MN and B320, and (d)-(f) the comparison of racheting rates for R220, R260MN and B320

contrast, the OWII model exhibited better adaptiveness to varying
ratcheting rates, facilitated by direct adjustments of the control
constant, m, (Equation (12) in the model.

For the B320 steel of LC2, the stabilised ratcheting rate observed
during the test was still nearly negligible (< 107%%), and the
stabilised ratcheting rate remained very low, which was close to
a shakedown. Fig. 15c and findicate that the optimised Chaboche
model faced limitations in predicting the ratcheting behaviour of
B320 under LC2 with low ratcheting rates, especially in the first
few load cycles, as discussed above. The simulation approximated
the test ratcheting rate after about 150 cycles, as shown in Figs 15
and 14f. Meanwhile, the optimised OWII model also had difficulty
replicating the ratcheting behaviour of B320, leading to a notably
high level of m = 85. A possible reason is that the yield stress of
the tested sample could be at the upper bound of its variation
range, while the mean value was used in the calibration (see
Table 3). In such a case with the higher yield stress, the test
can result in a shakedown state (e.g. for B320 under LC2), and
the ratcheting behaviour cannot be correctly captured by the
constitutive models calibrated based on the mean yield stress.
These observations underscore that more extensive tests of the
B320 rail material are needed to better represent its ratcheting
behaviour using the Chaboche and OWII constitutive models (to
be discussed in further research).

6. Conclusion and further research

This study experimentally investigated the mechanical, hard-
ening, and material ratcheting properties of three different rail
steels: R220, R260MN, and B320. The testing process was struc-
tured into three stages: the monotonic tension tests, cyclic strain
range tests, and cyclic stress range tests. The load cases of the
cyclic stress range tests were determined based on FE wheel-rail
contact simulations to reflect the variation in equivalent stresses
on the rail top surface in practice. Test results revealed that the
bainitic steel B320 possesses superior mechanical strengths com-
pared to the pearlitic steels R220 and R260MN, exhibiting higher
yield stress and ultimate strength. Additionally, B320 showed
much less significant ratcheting behaviour in the two applied load
cases representing partial-slip and full-slip wheel-rail contact,
respectively, in contrast to the pearlitic steels, demonstrating

superior resistance to ratcheting and RCF, and thereby potentially
extending rail service life. The R220 and R260MN rails demon-
strated similar mechanical strengths, with R260MN being slightly
stronger, and similar ratcheting behaviours in both load cases.
The test outcomes were then utilised to calibrate and optimise
the hardening parameters of the Chaboche and OWII constitu-
tive models. The comparisons between the test and simulation
results using the optimised constitutive models indicated that
the Chaboche model is reasonably accurate in modelling the
shakedown behaviours for the bainitic B320 and the ratcheting
behaviours at high ratcheting rates for the pearlitic R220 and
R260MN rail steels, but less adaptive for simulating the ratcheting
behaviours at low ratcheting rates for the three rail steels; the
OWII model, in contrast, exhibited better performance in terms of
rail shakedown and ratcheting behaviour modelling for all three
rail types and for both load cases.

All the three tested rail steels have experienced material ratch-
eting during the cyclic stress range tests, especially in the LC2 that
produced the equivalent stress condition of a full-slip wheel-rail
contact. However, the material ratcheting of the B320 steel was
much less pronounced, as it was in elastic shakedown in LC1, and
still close to a shakedown state in LC2. The subdued ratcheting
behaviours could be attributed to the relatively low initial plastic
strain of the B320 in the first cycle (because of the high yield stress
of B320), which remained below 1%, possibly limiting the isotropic
softening of the rail steel and the subsequent material ratcheting
behaviour. Therefore, for a better understanding and representa-
tion of the ratcheting characteristics of the B320 bainitic rail steel,
it would be beneficial to conduct the following complementary
tests:

e First yield the B320 steel to a pre-strain of for example 1.5%
(to be determined based on FE contact simulation) to possibly
saturate the isotropic softening, and then use the yielded
material in the uniaxial cyclic stress range test under the
same stress ranges determined in this study.

¢ Include torsion loading in a bi-axial cyclic stress range test of
B320, using shear stresses to induce a higher effective plastic
strain under compressive and shear stress ranges that are
equivalent to the stress ranges used in this study.

e Use higher stress ranges to induce higher plastic strains
and compare B320 with premium rail steel grades such as
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MHH (head-hardened pearlitic) or B360 (bainitic), which have
comparable or higher mechanical strengths.

Moreover, this study focused mainly on the uniaxial ratcheting
behaviour of rail steels. However, the bi-axial stress conditions
can produce different ratcheting behaviours in steels. Without
addressing the bi-axial stress conditions may thus limit the accu-
racy of the constitutive models in replicating these behaviours
(Ohno and Wang 1993; Abdel-Karim and Ohno 2000). Therefore,
itis recommended to extend the experimental investigation to bi-
axial tests to further enhance the understanding of the ratcheting
behaviours of the rail steels in practice and also to assess the pre-
cision of the Chaboche and OWII models to predict the ratcheting
behaviours of the three rail steels under bi-axial conditions.
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