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A B S T R A C T   

Although insulated rail joints (IRJs) are important railway track components and, because of their low bending 
rigidity, a dynamic wheel impact results as wheels pass over them. Proper attention is needed to address this 
problem. Focussing on this point, a 3D finite element analysis (FEA) is carried out on IRJs to evaluate on damage 
analysis of sub-surface railhead material for endpost materials: fiberglass (fb), nylon 66 (ny), and polytetra
fluoroethylene (ptfe). A cyclic vertical wheel load up to a total of 2000 cycles in non-Hertzian pressure form is 
applied at the wheel/rail contact patch on an IRJ. The residual longitudinal stress damage parameter is 
considered to rank the endpost material based on sub-surface railhead damage. It exhibits a new pattern 
described as ‘vertical flat type’ for a depth up to 8 mm initially and, as the cyclic loading increases, the vertical 
flat pattern damage changes to an ‘inclined flat type’ pattern.   

1. Introduction 

Insulated rail joints (IRJs) are important railway track components 
for railway operations and train control. The IRJs are necessary for 
designing modern railway signalling systems that require railway track 
circuits to be created in track made up of continuously welded rail and 
where the design does not include axle counters. They are usually used 
for locating trains through electrical signal blocks and for detecting 
broken rails. The endposts are used in IRJs to electrically insulate one 
length of rail from another to create electrical signal blocks. 

Focussing on insulation materials used in railway IRJs, the perfor
mance of the endpost materials between two rail ends is the primary 
purpose of this article. For other insulation applications in rail joints, 
analysis should also be carried out into items such as insulating material 
placed between the rail web and joint bars, and the bushing material 
applied around the bolts. In addition, there are other issues requiring 
examination including determining which insulation materials are good 
for providing reliable railway electrical signalling, for resisting peeling 
damage, and for reducing railhead steel chipping out problems. And also 
which insulation materials are good for minimising sub-surface damage 
so as to resist sub-surface railhead crack initiation. 

Usually, composite materials, polymers, thermosetting plastics, 
thermoplastics, etc. are used as endpost materials. The popular polymers 

and composite materials are polytetrafluoroethylene (ptfe), fibreglass 
(fb), nylon (ny), melamine formaldehyde, polystyrene, polycarbonate, 
aramid (kevlar 49), polyvinyl chloride, urea formaldehyde, poly
propylene, carbon fibre-epoxy, etc. In IRJs, fb is the most commonly 
used endpost material in Australia. Other popular alternative endpost 
materials are ny and ptfe. Because of rail end gaps at IRJs, the bending 
rigidity is less, and a stress singularity occurs with associated damage to 
the endpost itself and the adjacent railhead material (Fig. 1). Therefore, 
it is required to pay attention to providing a proper geometric design of 
IRJs, focussing on the endpost materials and other geometric parameters 
to reduce stress states. 

For increasing the service life of a rail, it is important to know 
detailed information on plastic deformation and damage to the rail top 
surface and sub-surface material. For the 60 kg head hardened rail used 
for heavy-haul coal lines in the Rockhampton area in Queensland 
Australia, the yield strength is 780 MPa [1]. The peak values of the 
contact pressure load imposed by the wheels are well above the yield 
strength of the rail material. As a result, severe plastic deformation and 
damage occur at the rail top surface and its underlying sub-surface. As 
the cyclic loading increases, the damage problems accumulate [2,3]. 
The residual stresses resulting when there is no load on the rail joints can 
be a measure of the top surface and sub-surface damage of the rail 
material. 
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It is essential to select some important damage parameters to assess 
the damaging nature of railhead in the vicinity of IRJs. A few of the 
damage parameters are residual von-Mises stress, residual vertical 
stress, residual longitudinal stress, and so on. Because of the bending and 
reverse bending of IRJs due to wheel loadings, rail material in the vi
cinity of IRJs experiences severe longitudinal stress and strain, so, re
sidual longitudinal stress is considered as a damage parameter in this 
paper. The damage parameters such as residual vertical stress and strain 
components [4,5] are employed to determine the damage trends of 
subsurface railhead material due to cyclic loadings. Effects of cyclic 
loadings on sub-surface damage of railhead material are worth quanti
fying. Mandal et al. [4] noticed a sub-surface railhead damage pattern 
caused by the three endpost materials for different cyclic wheel load
ings. It was found that, under initial loading cycles, sub-surface damage 
was of a vertical flat type. As the loading cycles increased, the damage 
pattern changed to a horizontal bell-shaped type for several damage 
parameters. This is due to residual vertical strain and von-Mises stress. It 
is worth investigating the effects of other damage parameters such as 
residual vertical stress [5], longitudinal stress, and strain. In the 
following section, a thorough review of related papers is carried out to 
establish the development in this area. 

The mechanical behaviour of IRJs is also important. Soft endpost 
materials are used in IRJs and some research studies have been carried 
out focussing on the impact factor evolved due to short wavelength 
defects, height mismatch, etc., at IRJs [6–9]. The researchers quantified 
P1 and P2 impact forces generated while a wheel was passing over IRJs. 
Other research studies relating to IRJs have focused on railhead degra
dation [10–12], mechanical behaviour [13–19], endpost thickness [20], 
contact modelling [21], condition monitoring [22–23], bolt looseness 
[24–27], and vibration and noise [28]. Focussing on the lipping of 
railhead top surface material, Beaty et al. [11] articulated that endposts 
with higher compressive strength and harder rail steel can improve the 
IRJ performance. However, the thickness of the endpost produced no 
effects on lipping damage. 

Discussing problems with bolted rail joints, but not railhead sub- 

surface damage, Zhu et al. [24] pointed out that longer joint bar de
signs performed similarly to the standard joint bar designs. However, a 
thicker joint bar reduced vertical IRJ displacements and upper fillet 
stresses compared to standard designs. A larger bolt loading could work 
similarly to the vertical IRJs displacement and upper fillet stresses [25], 
but stresses on bolt holes increased. Gallou et al. [14] studied the use of 
reinforcement by strap rails or I-beams attached to the sleepers between 
and parallel to the running rails containing the IRJs and showed that this 
stiffened the track structure and significantly reduced the vertical 
displacement and formation of dip angles at IRJs. 

Through the literature search, it is revealed that there are many 
studies focused on various issues of IRJs. They are relating to contact 
modelling, assessing the generation of noise and vibration, shape opti
misation of the rail ends, and reinforcement of track beside the IRJs to 
reduce vertical displacement. There are very few studies focused on sub- 
surface damage due to the effects of endpost materials. Most recently, it 
was established that a particular pattern of sub-surface damage occurred 
for certain kinds of damage parameters. The damage pattern may 
depend on damage parameters. Therefore, it is necessary to carry out a 
detailed study of sub-surface damage of railhead material with IRJs 
using some popular endpost materials (fb, ny and ptfe), benchmarking 
the mechanical behaviour of ny and ptfe against the most commonly 
used fb. As the effects of endpost materials on mechanical behaviour and 
railhead and sub-surface material damage due to cyclic wheel loading 
are not yet available fully, a detailed rail sub-surface damage pattern 
due to various damage parameters is deemed important for product 
design and development purposes. In this paper, residual longitudinal 
stress and strain damage parameters are considered to quantify a new 
damage pattern of the sub-surface railhead material in the vicinity of 
IRJs due to cyclic wheel loadings focussing on two research questions. 
The simulation results obtained by finite element analysis are compared 
with laboratory testing results. 

The research questions of this study are.  

1. Rather than resisting the problems of flow of railhead steel across the 
rail end gap, how do endpost materials of IRJs control sub-surface 
railhead damage?  

2. Can residual longitudinal stress and strain damage parameters 
exhibit a different damage shape rather than a ‘horizontal bell’ curve 
type for sub-surface railhead material in the vicinity of IRJs? 

2. FEA modelling 

This study is completed in two stages: Stage 1 for finite element 
analysis (FEA) and Stage 2 for laboratory verification. A 3D FEA 
(ABAQUS) is conducted to model IRJs considering a global model and a 
sub-model for local damage analysis. Section 2.1 presents a global FEA 
modelling of a 5 mm endpost thickness IRJ, and a sub-model of part of 
the railhead in the vicinity of the IRJ. As the applied wheel loadings 
produce a contact stress level over the yield point of the head-hardened 
rail material, a non-linear isotropic/kinematic hardening material 
behaviour was considered for the contact zone of the wheel/rail inter
face. Sections 3 and 4 demonstrate the material modelling and the 
simulated results and Section 5 provides verification of FEA simulation 
results using longitudinal strains measured experimentally at the rail top 
surface, 150 mm away from the endpost. Section 6 presents the relevant 
conclusions. 

2.1. Rail joint global and sub-model 

A 12 m long piece of rail with an IRJ in the middle is considered in 
this study. Igwemezie and Nguyen [29] considered a similar rail piece 
for their study. This length is deemed sufficient when considering 
boundary conditions of a finite section of rail [16,29]. Two beam 
models, each 4.8 m long, are connected to the ends of the 2.4 m long 
solid rail joint model by equation constraints in ABAQUS. This ensures 

Fig. 1. A failure mode of an insulated rail joint: material degradation and 
chipping out. 

Fig. 2. FEA global model of IRJ centrally suspended between sleepers.  
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zero displacements and rotation of beams and rail relative to one 
another and that all six DOFs are transferred from the solid rail model to 
the beam models. It also ensures that the excitation is provided by the 
wheels passing over the IRJ, while all six DOFs are nullified at the end of 
the beam model, ensuring a valid FEA simulation [3]. The Australian 
Standard 1085.12 [30] is considered to model the 60 kg/m rail profile 
and position the rail with a 1/20 rail-cant. Other parameters are: 5 mm 
endpost thickness, 6 bolt joint plates, IRJ is centrally suspended between 
two adjacent sleepers (Fig. 2) with 0.7 m centre to centre sleeper 
spacing. The rail foot of the IRJ is considered to be fixed, simulating rigid 
support from the sleepers [31,32]. The endpost is connected to the rail 
ends by a tie constraint available in ABAQUS [32]. Fig. 3 (i) shows the 
174 kN dynamic wheel loading in pressure form imposed on the IRJ 
considering a non-Hertzian contact theory. A contact patch size of 26 
mm (the major axis, 2a) x20mm (the minor axis 2 b) on the crown 

surface of one rail end was considered. The non-linearity of the ellip
soidal pressure distribution was simulated using a stepwise pressure 
variation with the highest peak pressure of 2500 MPa, followed by 
610MPA and 73 MPa, the two lower pressure peaks employed gradually 
away from the top of the ellipsoidal pressure distribution on the 
wheel/rail contact patch to reflect the non-Hertzian pressure 

Fig. 3. Zoomed in view of IRJ: (i) a portion of global model showing location of 
sub-model and loading on IRJ, (ii) sub-model. 

Table 1 
Rail steel and endpost material properties [18].  

Name Young’s Modulus (MPa) Poisson’s Ratio 

Head hardened rail steel 207000 0.3 
Fibreglass (fb) 45000 0.19 
Nylon 66 (ny) 1590 0.39 
PTFE (ptfe) 400 0.46  

Table 2 
Elastic-plastic properties of rail top surface material (the high mesh density part 
shown in Fig. 2) [18,34,36].  

σy (MPa) K∞ (MPa) b’ c (MPa) γ 

780 152 3.97 393000 8.3  
Fig. 4. Contour plots of PE33 for ptfe endpost under: (a) loaded; and (b) 
unloaded conditions. 

Table 3 
Residual longitudinal strain PE33: for ptfe (Fig. 4), fb (Fig. 5), ny (not shown).   

Loading Unloading 

PE33 of ptfe 0.00827 0.00363 
PE33 of fb 0.00716 0.00370 
PE33 of ny 0.01086 0.004007  
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distribution. A bolt load Pb of 200 kN was calculated based on Equation 
(1) considering a bolt torque T of 1050 Nm, the bolt diameter D of 24 
mm, and a bolt torque moment coefficient (kb = 0.19–0.25) [33]. The 
bolt load is applied axially on the cross-section of each of the bolts. 
ABAQUS’s part and section modules are used to construct the IRJ model 
and apply homogeneous section and elastic-plastic material properties 

respectively. The top critical area of the head of the rail (the dark part 
seen in Fig. 2) is defined with high mesh density (i.e., fine mesh) to 
account for elastic-plastic material deformation. The high mesh density 
part is constructed separately in ABAQUS and connected to the other 
parts of the IRJ model by tie constraints. For the critical zone in the 
vicinity of the rail end, a bias seeding option in Abaqus was considered 
for maintaining node density for making fine mesh. Therefore, the size of 
the elements varies from 0.5 mm to 1.5 mm in the critical zone. For 
non-critical locations, the elements are larger, being from 3 mm to 5 
mm. Those other parts of the IRJ model are elastic. Table 1 presents the 
Young’s Modulus and Poisson’s Ratio of the rail steel and endpost ma
terials. Table 2 illustrates the elastic-plastic material properties of the 
top surface of the head-hardened rail. In Table 2, σy is the yield strength, 

Fig. 5. Contour plots of PE33 for fb endpost under: (a) loaded; and (b) 
unloaded conditions. 

Fig. 6. Residual longitudinal strains at various railhead sub-surface depths 
after 50 cycles of wheel loadings for three endpost materials. 

Fig. 7. Residual longitudinal strains at various railhead sub-surface depths 
after 1000 cycles of wheel loadings for three endpost materials. 
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K∞ is the maximum change in the size of the yield surface, b’ is the rate 
at which the size of the yield surface changes as plastic straining de
velops, c is the kinematic hardening modulus, and γ is the rate at which 
the kinematic hardening modulus decreases with the increase of plastic 
deformation. The material constants are collected from the open liter
ature such as Abaqus documentation on material modelling, Bower 
[34], Ringsberg [35], etc. The parametric analysis of those material 
constants is carried out focussing on equivalent plastic strain (PEEQ) to 
see when the ratchetting material behaviour is reduced and a set of 
material constants was thereby selected (Table 2). This parametric 
analysis is out of the scope of this study. The material modelling is 
presented in Section 3. 

Pb =
T

KbD
(1) 

The directions indicated in Fig. 2 are in the global co-ordinate system 
positive directions, with ‘1’, ‘2’ and ‘3’ as the lateral track direction, the 
vertical direction the longitudinal direction, respectively. 

The simulation analysis is carried out statically in two steps. In step 
1, all boundary conditions and bolt loads are applied. In step 2, a total of 
2000 cycles of a dynamic cyclic wheel load of 174 kN in pressure form is 
applied in 4 s with a 0.001 s time increment. The wheel/rail contact 
force obtained from the contact-impact analysis was idealised and 
applied normal to the railhead surface in such a way that the maximum 
peak pressure of 2500 MPa occurred at the edge of one of the railhead 
ends at the endpost air gap symmetric to the rail cross section. This peak 
pressure load ensures ratchetting material behaviour as the load factor 
P0/k = 5.5 where P0 = 2500 MPa and the yield stress in shear k = 450 
MPa. Hence the load factor is more than the ratchetting limit of 4.68 
[34]. A similar peak pressure of 2000 MPa was employed [35] 
elsewhere. 

It should be noted that, at the time of contact-impact, the contact 
pressure was therefore distributed across the endpost and onto both 
railheads at the IRJ rail discontinuity as shown in Fig. 3(i). The dynamic 
wheel load on the rail is greater than the static wheel load of 150 kN. 
Fig. 3(ii) presents a sub-model. Mandal et al. [8] indicated that the 

Fig. 8. Residual longitudinal strains at various railhead sub-surface depths 
after 2000 cycles of wheel loadings for three endpost materials. 

Fig. 9. Residual longitudinal strains at various railhead sub-surface depths 
after 50, 1000 and 2000 cycles of wheel loadings for fb endpost material. 

Fig. 10. Residual longitudinal strains at various railhead sub-surface depths 
after 50, 1000 and 2000 cycles of wheel loadings for ptfe endpost material. 

Fig. 11. Residual longitudinal strains at various railhead sub-surface depths 
after 50, 1000 and 2000 cycles of wheel loadings for ny endpost material. 
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degree of increase of dynamic wheel loads over static wheel loads de
pends on track design parameters, speed and irregularities of the rail and 
proposed a dynamic impact factor which is the ratio of these two forces. 
In this study, a dynamic impact factor of 1.16 is considered. This impact 
factor [8] evolves because the study is based upon the Rockhampton to 
Blackwater coal route railway with 26.6 axle load and 80 km/h speed. 

In this simulation, an eight-node fully integrated tri-linear brick 

element (C3D8) was considered in the solid modelling zone in the mesh 
module. It is free from volumetric locking. Therefore, it does not create 
any problem during plastic deformation. In the job module, the simu
lation was completed statically to obtain the displacement degrees of 
freedom at the nodes of the global model which were then used to run a 
sub-model of rail separately. The simulation results from the sub-model 
are presented in Section 4. 

As this study focuses on detailed damage analysis of railhead sub- 
surface material, a local FEA modelling strategy called sub-modelling 
is a more appropriate and accurate simulation type for this purpose. A 
critical section close to the top surface of the railhead at the free rail ends 

Fig. 12. Contour plot of S33 for loaded conditions due to ptfe endpost material 
at the end of 2000 loading cycles. 

Fig. 13. Contour plot of S33 for unloaded conditions due to ptfe endpost ma
terial at the end of 2000 loading cycles. 

Fig. 14. Contour plot of S33 for loaded conditions due to ny endpost material 
at the end of 2000 loading cycles. 

Fig. 15. Contour plot of S33 for unloaded conditions due to ny endpost ma
terial at the end of 2000 loading cycles. 
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of the IRJ (Fig. 3 (ii)) is considered for sub-modelling analysis, keeping 
the same magnitude of x, y, and z coordinates along with the dimensions 
of the sub-model. Four sub-model meshes were employed and, with a 
mesh convergence study, an optimum mesh (sub-model 3 or mesh 3) 
(Fig. 3(ii)) with 46166 nodes and 41600 elements was selected for the 
analysis. The nodes and element numbers of other meshes respectively 
are 13,338 and 11,492 for mesh 1, 29,376 and 26,180 for mesh 2, and 
90,240 and 83,444 for mesh 4. The displacement DOFs from the global 
model were applied to the sub-model boundary and the full analysis was 
rerun as it had been in the global model to produce simulation results 
output files. The computation efficiency in the sub-modelling analysis 
increased significantly. The average time taken to run the global model 
is about 24 h. However, the time taken to run the sub-model is less than 
an hour. The sub-model analysis is much more efficient. 

3. Material modelling 

In the following section, the flow rule, evolution laws and yield 
surface in plastic material behaviour are discussed briefly. The material 
models relate to the constitutive equations of stress and strain responses. 

A yield surface: relates to either the von Mises or Hill yield surface. It 
is independent of the pressure stress generally for all metals. The von 
Mises yield surface defines isotropic yielding. 

A flow rule: ensures that inelastic deformation occurs as there is no 
pure elastic material behaviour. 

Evolution laws: These laws define the hardening and control how 
yield and flow definitions change as inelastic deformation occurs. 

The contact stress level at the contact zone is higher than that of the 
yield point of the rail material. Therefore, a nonlinear isotropic/kine
matic hardening material model, called combined material in Abaqus, is 
used to mimic the material behaviour (Table 2) for cyclic loadings. It is 
based on incremental plasticity theory in which the mechanical strain 
rate is decomposed into two parts: an elastic part and a plastic part. For 
the railhead top surface (fine mesh area, Fig. 2), an elasto-plastic ma
terial modelling concept is therefore employed in this paper. This theory 
is related to a yield surface, evolution laws and a flow rule. The 

Fig. 16. Contour plot of S33 for unloaded conditions due to fb endpost material 
at the end of 2000 loading cycles. 

Fig. 17. Residual longitudinal stress (S33) at various railhead sub-surface 
depths after 50 cycles of wheel loadings for three endpost materials. 

Fig. 18. Residual longitudinal stress (S33) at various railhead sub-surface 
depths after 1000 cycles of wheel loadings for three endpost materials. 

Fig. 19. Residual longitudinal stress (S33) at various railhead sub-surface 
depths after 2000 cycles of wheel loadings for three endpost materials. 
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nonlinear isotropic/kinematic hardening material model is good for 
Bauschinger effects, ratchetting and relaxation, and plastic shakedown. 
The isotropic and kinematic laws are coupled. As such, the yield surface 
is free to change its shape and size and free to move in stress space. The 
isotropic law is also responsible for decay in the ratchetting rate. The 
yield stress is generally defined by a von Mises yield surface, a kinematic 
hardening rule and associated plastic flow rules. For other than the fine 
mesh areas, elastic material properties are used. 

A von Mises yield surface function is defined as: 

φ(σ,X,K) =

̅̅̅
3
2

√

|τdev| − K − σy

with τdev = σdev − Xdev, |τdev| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅τdev : τdev

√
(2)  

where |τdev| is the equivalent von Mises stress, σdev is the deviatoric stress 
tensor (defined as σdev = σ-pI, where σ is the stress tensor, p is the 
equivalent pressure stress and I is the identity tensor), σy is the yield 
stress, K is the drag stress, Xdev is the deviatoric part of the back stress 
tensor and the operator ‘:’ defines the contraction x:y = xijyij. 

The non-linear hardening model includes both isotropic and kine
matic hardening. The isotropic hardening law can be stated as: 

K̇ = λb
(

1 −
K

K∞

)

(3) 

This law indicates a decay in the ratchetting rate where λ is the 
plastic multiplier, K∞ is the saturated drag stress due to isotropic 
hardening and b governs the initial rate of isotropic hardening. Both b 
and K∞ are material parameters. 

A non-linear kinematic hardening model relies on the steady accu
mulation of plastic strain. The law can be stated as: 

Ẋ = λ

(

c
̅̅̅
2
3

√

ndev − γX

)

(4)  

where ndev =
τdev
|τdev |

and c and γ are material parameters. 

4. Results and discussions 

The simulation data from the FEA sub-modelling analysis are 
employed to rank the performance of the three endpost materials 
considering the level of railhead sub-surface damage. Two damage 

Fig. 20. Residual longitudinal stress (S33) at various railhead sub-surface 
depths after 50, 1000 and 2000 cycles of wheel loadings for ny end
post materials. 

Fig. 21. Laboratory testing: (a) loading on insulated rail joint, (b) location of 
strain gauge at the top surface of the rail (150 mm away from endpost) used for 
verification. 

Fig. 22. Longitudinal strains on rail top material at 150 mm away from 
the endpost. 
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parameters are considered to quantify this damage, namely residual 
longitudinal plastic strain (PE33) and residual longitudinal stress (S33) 
for 50, 1000 and 2000 vertical wheel load cycles. In this section, 
simulation results based on residual longitudinal strains are initially 
presented followed by residual longitudinal stress results. Although the 
FEA model is reported in previous studies [5], these new results can be 
meaningful for railway engineering practitioners for the evaluation of 
the geometric design of IRJs and hardness distributions of railhead 
material. 

4.1. Strain results 

For pure elastic metal behaviour, the strain is fully recoverable. 
When performing an elastic-plastic analysis, it is assumed that the 
plastic strain dominates the deformation and the elastic strain is small. 
Therefore, for assessing the permanent deformation of materials forming 
a plastic zone, plastic strain signatures are a good way to illustrate this. A 
zero value of plastic strain ensures material behaviour is fully elastic. 
Because of cyclic loading, the plastic strain is changing over each cycle, 
and values of the plastic strain when there is no load (i.e., the residual 
component) are used to quantify the plastic zone. 

Fig. 4 shows contour plots of PE33 for loaded and unloaded condi
tions at the end of 2000 loading cycles due to 5 mm ptfe endpost ma
terial. It shows that the top railhead surface in the vicinity of IRJ is 
severely strained. The maximum value of the strain at the rail end is 
about 0.00827 for loaded conditions (Fig. 4(a)). At no load conditions, 
the residual component of it is about 0.00363 (Fig. 4(b)). For other 
endpost materials, the corresponding values at the end of 2000 cycles of 
wheel loading are placed in Table 3 including those of ptfe. At the top of 
the railhead close to the rail end, the residual plastic strain PE33 for ptfe 
and fb (Fig. 5) is similar and less than that of ny material (Table 3). The 
best to worst performance ranking can be in the order of ptfe, fb and ny. 
For sub-surface depths, it can be different. 

Fig. 6, on the other hand, shows the variation of residual PE33 in the 
sub-surface of the railhead material for 50 loading cycles when using all 
three endpost materials (fb, ny and ptfe). It is seen that, at the very 
shallowest sub-surface depth (<1 mm), the values of PE33 are changing 
linearly in a similar fashion for all endpost materials. This damage 
pattern can be referred to as an ‘inclined flat type’ (Pattern I). For a sub- 
surface depth of 1~7 mm, the damage pattern is a ‘vertical flat type’ 
(Pattern II), illustrating that the influence of the ptfe endpost on mini
mising sub-surface damage of railhead material is better compared to 
that of ny and fb. The best to worst ranking of these three endpost 
materials for reducing sub-surface damage after 50 loading cycles is ptfe, 
ny and then fb. For the higher depth of 8–12 mm, the damage pattern is 
again an ‘inclined flat type’ (Pattern III) with a new best to worst ranking 
of fb, ptfe and ny relating to reducing damage. This suggests that, for 
different depths, the sub-surface material damage pattern is different. At 
greater sub-surface depths, the residual plastic strain values are zero, 
ensuring material behaviour is fully elastic. Some of the sub-surface 
damage patterns are similar to those observed in recent literature [5] 
for residual PE22. However, rankings of the effect of the three endpost 
materials are different. 

For higher loading cycles of 1000 cycles or 2000 cycles, damage 
patterns of Pattern I and Pattern III remain the same. However, there is a 
significant change in Pattern II type damage. It changes from the ‘ver
tical flat type’ to an ‘inclined flat type’ (modified Pattern II), indicating 
that ptfe endpost material performs better compared to the perfor
mances of the other two (Figs. 7 and 8). The damage parameter of PE33 
illustrates a different Pattern II damage type than that stated in Ref. [5]. 
It also provides a slightly different ranking of the endpost materials 
compared to that for lower cyclic loadings. 

The above observation of how the damage pattern of a ‘vertical flat 
type’ changed to an ‘inclined flat type’ can be presented clearly by 
displaying sub-surface damage for each particular endpost material for 
three scenarios of 50, 1000, and 2000 loading cycles (Figs. 9–11). From 

these plots, it is evident that, at 50 loadings cycles, the Pattern II damage 
pattern is present. As the loading cycles increase, the Pattern II damage 
pattern changes to the modified Pattern II type damage. At the same 
time, it shows that more plastic deformation occurs initially (from 50 to 
1000 cycles) and then it reduces from 1000 to 2000 cycles. It is evident 
that decay in the ratchetting rate is happening with an increase in 
loading cycles. 

This research considered only the vertical impacts with no longitu
dinal creep force. The traction effects at the contact patch can change 
the mechanical behaviour of railhead material and it can influence the 
vertical flat-type damage patterns. The subsequent future research di
rection will consider both vertical and longitudinal forces at the contact 
interface to investigate the effects of creep forces on the sub-surface 
damage patterns. 

4.2. Stress analysis 

In this section, another damage parameter called residual longitu
dinal stress (S33), is presented focussing on railhead sub-surface damage 
in terms of plastic deformation which is forming a plastic zone. A similar 
type of presentation is carried out to that of PE33. Fig. 12 shows a 
contour plot of S33 for fully loaded conditions at the end of 2000 loading 
cycles for ptfe endpost material. It shows that the top railhead surface is 
severely stressed and magnitudes reach up to 1574 MPa, well above the 
yield point of the head hardened rail material of 780 MPa [1] used for 
IRJs. At no load conditions, the residual component of S33 is about 
579.3 MPa (Fig. 13). For the other endpost material of ny, the contour 
plot presents the longitudinal stress level as 1666.0 MPa for loaded 
conditions (Fig. 14) and 636.5 MPa for unloaded conditions (Fig. 15). 
For fb endpost material, the corresponding values are 1806.0 MPa for 
loaded conditions (not shown) and 591.1 MPa for unloaded conditions 
(Fig. 16). Therefore, regarding the rail top material damage in the vi
cinity of IRJs, the endpost material best to worst ranking is ptfe, fb, and 
ny. This is similar to that obtained from residual PE33 consideration. 

Figs. 17–19 show S33 distributions at railhead sub-surface depths for 
three loading scenarios of 50, 1000, and 2000 cycles with Fig. 17 for 50 
cycles for all three materials, Fig. 18 for 1000 cycles and Fig. 19 for 2000 
cycles. Similar observations of patterns are evident from these figures. In 
Fig. 17, all three damage patterns (Pattern I, Pattern II, Pattern III) are 
present. At higher loading cycles (Fig. 18 and 19), Pattern I and Pattern 
III are the same, and a similar change in Pattern II as was observed 
previously for strains again occurs with Pattern II changing to a modified 
Pattern II. A clear difference in the performance of endpost materials is 
shown with ptfe as the best performing endpost material followed by ny, 
then fb. At high loading cycles, the performance of fb and ny with regard 
to sub-surface damage is similar. This study shows that this is not a 
general case. For the same ny endpost material, the sub-surface distri
butions of residual S33 for different loading conditions are shown in 
Fig. 20. This also shows that, at lower loading cycles (50 cycles), the sub- 
surface damage pattern is Pattern II type. As the loading cycles are 
increasing, the Pattern II type changes to a modified Pattern II type, as 
observed before. A decay of ratchetting rate results with the increase in 
loading cycles. 

5. Validation of simulation results 

It is also necessary to validate any simulation results with the results 
from laboratory tests incorporating the same input and support condi
tions, including loading (cyclic wheel loading of 174 kN in pressure 
form) and other boundary conditions. Fig. 21(a) shows the testing 
arrangement incorporating a loading patch representing a wheel of 
radius 425 mm for a fibreglass endpost. Fig. 21(b) shows the longitu
dinal strain gauge located on top of the rail 150 mm away from the 
endpost rail gap and this is used to obtain the longitudinal strain sig
natures for validation. The simulation results are compared with the 
laboratory test results over 20 cycles (Fig. 22). A reasonable correlation 
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is achieved. This suggests that the results presented previously can be 
trusted. The variation of these two results is due to some non-uniform 
load application conditions. In testing, a force of 174 kN was verti
cally applied cyclically on the IRJ. In the simulation, a stepwise pressure 
form equivalent to a 174 kN force was employed. This can be a possible 
cause for variations in the two results. 

6. Conclusions 

A detailed stress analysis was carried out on a 6 bolt IRJ of standard 
Australian design considering the performance of different endpost 
materials by applying wheel loadings up to 2000 cycles that yield con
tact stress over the yield strength of the rail steel. A wheel load of 174 kN 
with a peak pressure load of 2500 MPa was considered without any 
longitudinal creep force at the contact zone. Ratchetting material 
behaviour of railhead material can be expected under these conditions. 
The following conclusions can be made based on the observations of this 
study.  

1. at sub-surface depth 1~7 mm, a ‘vertical flat type’ damage pattern 
(Pattern II type) is observed for all damage parameters due to 50 
loading cycles.  

2. as the loading cycles increase, the ‘vertical flat damage’ pattern II 
changes and a modified Pattern II type damage is observed.  

3. the occurrence of Pattern I type damage (<1 mm depth) and Pattern 
III type damage (8–12 mm depth) are not loading cycle dependent.  

4. as the number of loading cycles increase, a decay in ratchetting rate 
is observed. 

5. among the three endpost materials considered, ptfe is the best ma
terial relating to less sub-surface railhead material damage. 
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