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Abstract. The article deals with wheel-rail contact analysis at railway turnout using a finite
element modelling approach. The focus is understanding the wheel-rail contact problems and
finding the means of reducing these problems at railway turnouts. The main aim of the work
reported in this article is to analyse fatigue life and simulate the wheel-rail contact problems for
a repeated wheel loading cycle by considering the effect of normal and tangential contact force
impact under different vehicle loading conditions. The study investigates the impact of tangential
contact force generated due to different-angled shapes of the turnout and aims to reveal how it
affects the life of contacting surfaces. The obtained results show that the maximum von-Mises
equivalent alternating stress, maximal fatigue sensitivity, and maximum hysteresis loop stresses
were observed under tangential contact force. These maximum stresses and hysteresis loops are
responsible for rolling contact fatigue damage, and excessive deformation of the wheel-rail
contact surface. At a constant rotational velocity, the tangential contact force has a significant
impact on the fatigue life cycle and wheel-rail material subjected to fatigue damage at lower
cycles compared to the normal contact force. The finite element modelling analysis result
indicated that the contact damages and structural integrity of the wheel-rail contact surface are
highly dependent on contact force type and can be affected by the track geometry parameters.

Keywords: Finite element modelling, wheel-rail contact, contact force, stress and strain life-
based fatigue, railway turnout.

1. Introduction
Railway turnouts (switches & crossings) are integral parts of a railway network which offer the
capability to control the traffic flows through connection of various tracks. However, due to the
maintenance and replacement of switch tracks and crossings, this control capability is very expensive.
The crossing rails profiles can vary along the crossing panels to make it possible for the vehicle to
change between tracks. The wheel passage on different rail profiles interacts variously, which is
expressed using contact forces, boundary conditions of the wheel/rail contact. The combination of
crossing rails to support wheel loads together increase the frequency of multiple contact in railway
crossings when wheels move from a frog rail to a wing track in a crossing panel, normal contact
conditions are disturbed.
Dynamic interactions between wheel and rails at the crossing turnouts, which include a high impact
load caused by the dip angle in the vertical trajectory of the wheel, lead to material deterioration of the
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passageways in both the face-up and trailing directions [1, 2]. The design of crossings includes an
inherent geometric discontinuity that causes unexpected vibration and high impact forces on the wheel-
rail. Subsequently, crossings are critical components that are likely to exacerbate both wheel and rail
degradation [3].

The conventional turnout structure with a fixed crossing has a modified rail profile to accommodate
the change in the geometry of the wheel-rail contact. This makes turnout a vulnerable part of the railway
structure and an important factor limiting the life of wheel/rails. Being one of the weakest points in the
railway system, turnout absorbs a high percentage of the budget for the maintenance and repair [4].

To improve and optimize, the dynamic interaction between wheel-rail in the turnout transition zone,
effectively and ensure that the turnout offers a safe, long-lasting service throughout its life cycle, several
studies were conducted over last four decades. For instance, Sysyn et al. [5] conducted experimental
investigation of deterioration mechanisms, rail contact fatigue damage based on inertial and geometric
measurements of one crossing during its full lifecycle. The machine learning technique t-distributed
stochastic neighbour embedding was also applied in this case to find a small cluster of highly influential
loadings that indicate the location of the future damage zone. Chen et al. [6] investigated the impact of
wheel profile evolution on wheel-rail dynamic interaction and surface-induced rolling contact fatigue in
turnouts by developing a model of the vehicle-turnout coupling and analysed the wheel-rail dynamic
interaction in turnouts.

In the study reported in [7], three methodologies are used to evaluate the performance of railway
crossing rails after prolonged service. The methods are 3D profile and hardness measurements, finite
element simulation of wheel/rail interaction, and numerical prediction of rail degradation. The authors
discovered that the crossing underwent a run-in process in the direction of the primary traffic flow,
which manifested as a widening of the running band, an enlargement of the contact patch size, a decrease
in contact stress, and eventually a decrease in plastic deformation and wear. However, the minor traffic
heading contributed to increased plastic deformation and wear on the wheel/rail assembly which is very
contradictory concept.

Numerical prediction of accumulated plastic deformation and wear in railway crossings has been
developed [8]. During each wheel transition between the wing rail and the crossing nose, high
magnitudes of contact pressure and slip are generated in the wheel—rail contacts, causing damage. Wei
et al. [3] elaborated a method for evaluating the performance of railway crossing rails after long-term
service. The authors conclude that the widening of the running band, which occurs when the contact
patch is subjected to large stresses is positively correlated with the contact stress size and plastic
deformation in the traffic direction. The residual stress in the rail material, axle load statistics, train
speed, and moving direction were not investigated in detail as contributing factors to wheel/rail
interaction problems.

Xu and Liu [9] study, the vehicle-track interaction at the railway crossing using a matrix coupled
model. To enhance both the efficiency and the accuracy of the simulation, the authors designed a two-
point contact model of the transition of the wheel load in the crossing panel. They also examine the
impact of track irregularities on vehicle-track interaction and find that irregularities in the track primarily
impact wheel-rail interaction, whereas rail geometry variance takes the lead in influencing wheel-
crossing interaction. However, in this work, the impact of interacting force due to track irregularities
and geometry discontinuity is not investigated.

A detailed investigation into the causes of a recent railway turnout failure and their possible links to
ongoing and future research on the Great Britain network has been conducted from 2011 to 2017 [10].
The author provided information on the causes for failure and research needs for the next generation of
switches and crossings.

The literature review shows that most of the studies are focused on the analysis of the strain dynamics
of railway crossing, railway crossing steel grade analysis, numerical prediction and multi-body
dynamics simulations of wheel-rails contact. The impact of wheel loading during the transition of
turnout, the impact of geometry discontinuity on the contact pressure distribution and the force generated
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due to transition geometry, which has a great impact on the dynamics and life of wheel-rail contact have
not been investigated in detail.

In this paper, the impact of contact force generated i.e., normal and tangential contact force due to
railway turnouts crossing geometry, on the fatigue life, contact pressure/stress, cyclic stress, and fatigue
sensitivity of wheel/rails, is investigated using the finite element method (FEM) approach.

2. Materials and methods

The impact of contact force on the properties of wheel-rail interaction is modelled using FEM software.
A 3D geometric model of wheel-rail contact at turnouts of the railway is proposed. The model
framework is based on the specifications of Addis Ababa light railway transit (AALRT) [11]. The
proposed design of the 3D model is imported to ANSY'S workbench for contact condition analysis and
simulation.

Wheel-rail contact modelling at rails turnouts based on the wheelset, track, rail specification of the
vehicle dimension as it moves along curved track is investigated. For the contact analysis, S1002 wheel
and international union of railways (UIC) 60 rail profiles that are frequently used are examined by finite
element analysis (FEA). The model of the wheel has a nominal rolling radius of 330 mm [12]. The
crossing nose is mounted at the centre of track and located at an angle of 53.5 degrees downward from
the horizontal direction to divert the direction of motion of track. The finite element modelling of wheel-
rail contact analysis is performed using the static structural analysis toolbox of the ANSYS workbench.
A finite element model for wheel-rail rolling contact is developed on the most critical section of railway
track i.e., on railway turnouts to calculate elastic-plastic FEA results such as fatigue life (sensitivity life,
damage), alternating contact stress and hysteresis response in the wheel-rail contact regions under
normal and tangential contact force.

ANSYS inbuilt wheel-rail material properties of steel alloys are used for wheel-rail contact analysis
to determine the resistance to fatigue loading and to what degree wheel-rails provide intended operation.
The wheel-rail mechanical properties of steel alloys and geometrical properties are tabulated, as shown
in Table 1, based on the Ethiopian railway specification [ 13]. On this basis, the plastic, bilinear kinematic
hardening material properties from the engineering data sources of the ANSYS workbench are selected
to represent the repeated loading condition and interpolate the properties between stress-number of
cycles, S-N curve of the selected wheel-rail material.

Table 1. Wheel-rail materials property and geometrical parameter of Addis Ababa light rail transit.

Material property Corresponding  Geometric Parameter Specification
value
Density 7820 kg/m? Rail inclination at bottom 1/40
Poison’s ration 0.3 Lateral displacement 7.5 mm
Tensile/compressive strength 540 MPa Max. super elevation 120 mm
Ultimate tensile strength 880 MPa Min. horizontal radius of curve 50 m
Yield strength 500 MPa Max. vertical radius of curve 1000 m
Young modulus 210 GPa Track gauge 1435 mm
Shear modulus 80 GPa Rail type 50 kg
Tangent modulus 400 MPa Wheel diameter(new) 660 mm
Wheelbase 1900 mm

Throughout this article, the following assumptions are made on which the fundamental analysis of the
FE depends.
= The contact between the surface is not perfectly smooth and the coefficient of friction of 0.2 is
assumed.
= The normal and tangential problems are threated independently, though it is not practical to
consider tangential force without normal force. Therefore, normal contact forces are assumed
to be constant.
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=  The minimum horizontal radius of the curvature of rail tracks is 50 m and reduction scale factor
of 1/20 is assumed for geometric modelling and better windows workspace visualization.

= Constant rotational speed of train wheel of 70km/hr or 562rpm is assumed for tangential force
analysis.

2.1. Finite element analysis set up

In this setup, four boundary conditions (contact region formulations, meshing, fixed support and loading
conditions) are examined and applied in the design module at the necessary locations accordingly. A
contact region settled between wheel and rail, is defined by creating connections using the contact tool
in design module. The contact tool connection with frictional contact surface is defined and friction
coefficient of 0.2 is assumed. As illustrated in Figure 1(a), four contact regions are examined for the
wheel (target body, blue colour surface) and rail (contacting body, red colour surface) interaction along
the straight and curved track on the front and rear wheelset of the vehicle. The geometry is meshed using
triangular type elements, (see Figure 1(b)) with the maximum resolution of 7 and the mesh refinement
at wheel-rail interface section with a maximum refinement of 3 and element size of Smm. The
refinement resolution and element size of 5 mm are assumed to be enough for FE analysis
interpretations.

b) e
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[B Force 2:1,
[B Force 3: 82511 N
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Figure 1. (a) Wheel-rail contact region formulation, (b) meshed geometry at railway turnout and (c)
loading boundary conditions.

The fixed support boundary condition is applied because of loading boundary conditions. In a
practical case, the railway is fixed to sleepers using various fittings like keys and spikes to maintain its
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static equilibrium. To represent this property in ANSYS Workbench, the rail model surfaces are fixed
to the ground.

The loading boundary condition includes normal and tangential contact forces. The normal contact
force on wheel is assumed to be constant when the wheel rolls either on the straight or curved track. The
normal contact forces are a point contact Hertzian problem caused by the vehicle's weight and are
applied perpendicular to the rail top surface. The normal contact forces are calculated based on this
concept. Tangential contact force is formed and transmitted due to torque applied, surface friction in
contact, and when the wheel deviates from pure rolling during traction, braking, or curving in the contact
patches. During this time, the velocity difference between the wheel and rail elements causes the relative
slip of contact. The tangential contact forces are not constant when the wheel rolls over curved track,
they are highly affected by geometry of wheel and curved track. As it is indicated in Figure 1 (c), when
the vehicle enters turnout x-section, tangential contact force keeps the wheel on the track using it wheel
flange design geometry and these forces are opposite in the x-section. Tangential contact forces are
calculated based on Kalker’s linear theory of contact [ 14]. The normal contact force of 91.54 kN, 104.00
kN, 107.09 kN, and the tangential contact force of 70.53 kN, 80.13 kN, 82.51 kN were used in this
investigation for AALRT under empty, optimal, and overrated vehicle loading situations, respectively.
The rotation effect of each train wheel is examined with constant spin moment and rotational velocity
of 73.15 kNm and 562.40 rpm respectively.

2.2. Setting up for a solution

Setting up a solution is the last stage in solving the wheel-rail contact analysis using FEM. At this step,
the type of contact analysis such as stress life-base and strain life-base with their mean correction factor
are set based on type analysis targeted.

Stress-life fatigue analysis is based on S-N (stress-number of cycle) curves and thus addresses High
Cycle Fatigue (HCF), which is defined as greater than 10° cycles life as indicated in equation (1) [15].
To consider various stress correction factors, such as the mean stress correction factor, and to relate
them to experimental data, the Gerber theory is an excellent choice for ductile materials, and thus,
selected for this analysis. The Gerber theory assumes that both negative and positive mean stresses are
the same [16], it is employed in the ANSYS fatigue module. Gerber empirical formula is indicated in
equation (2) and graphical interpretation of mean stress correction factor is plotted in Figure 2(a).

3 =0/ 2Ny’ (1)

Where Ac/2 is stress amplitude, 2Nr is reversals to failure (1 rev = V2 cycle), o5’ is fatigue strength
coefficient, b is fatigue strength exponent (Basquin’s exponent). Parameters o' and b are fatigue
properties of the material.

Om

]2 =1 )

Where o, is alternating stress, S, is endurance limit strength, S,, is ultimate strength and a,,, is the
mean stress.

Strain-life-based fatigue is based on the strain-life relationship equation and addresses LCF (Low
Cycle Fatigue), but also works with a higher cycle count. Low cycle fatigue is a term that is frequently
used [17, 18]. Strain-life parameters are values for a particular material that best fit the equation to the
measured data. Manson-Coffin determined a link between the strain-life defined by material properties
and its fundamental relationship [19]. The strain-life relationship shown in equations (3a and 3b) is used
to map the strain curve. In this study, the Morrow model is used to analyse more elastic and less plastic
behaviour of the wheel-rail material.

Morrow's mean stress correction model predicts low plastic strain values, where elastic strain
dominates [20]. The correction also reflects the trend that mean stresses have little effect on shorter
lives, where plastic strains are large, as shown in equation (3b) [21].

%_{_[
s, 'L,
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S = L (2Np e (N (3a)
S = 2% (ONpP+ef 2Ny (3b)

Ae . . . . . .
Where 78 is the total strain amplitude, o, is the mean stress, 2Ny is the number of reversals to failure,

of is fatigue strength coefficient & is fatigue ductility coefficient, b is fatigue strength exponent
(Basquin’s exponent), ¢ is fatigue ductility exponent, and E is Young’s modulus. The strain range in the
equation (3a) and (3b) is defined by the difference between the maximum and minimum strains, where
the maximum strain range and the minimum strain range occur at maximum loading application and
during zero loading respectively.

In contrast to stress life based mean correction factor (Gerber equation), the compressive and tensile
mean stress correction factor is not the same as it is shown in Figure 2(b).

\

A
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Midrange stress 0, 0 Sy Su Reversal to failure, 2N (log - scale)

Figure 2. (a) Gerber mean stress correction factor diagram for stress life-based and (b) Morrow mean
stress correction factor diagram for strain life-based method

Stress-strain response of metals is frequently altered by repeated cyclic loading. When a wheel-rail
material is subjected to repeated loading cycles, accumulated plastic strain forms a cyclic closed loop
curve known as hysteresis loop and the loop shows the shakedown limit at the critical location. The area
within the closed loop represents the strain energy per unit volume dissipated during a cycle in the
elastic-plastic regime. Mathematical expressions describing the shape of the hysteresis loop were
investigated by Ramberg-Osgood equation [22] (4a) and Massing's equation (4b) [23] and these
mathematical expressions are applied in the study.

) -
l'
e 2

As . . . Ao . . . . . .
Where 78 is total strain amplitude, 76 is total stress amplitude K' is cyclic strength coeficient, n’ is
strain hardening coefficient.

3. Result and discussion

3.1. Fatigue damage and bi-axiality indication result

Figure 3 (a) shows the maximum fatigue damage life cycle contour plot result, which is around 7x10°,
and this damage happened in the wheel component. This demonstrates that the wheel element was
subjected to high impact force and torque, allowing the fatigue damage cycle to be exploited. In
accordance with wheel design assumptions, wheel elements fail earlier or give shorter service lifetime
than rail track elements, demonstrating that wheel structural integrity maintenance is purposefully
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designed in a softer manner than rail track for maintenance and lower initial budget expenditure. The
rail track element was exposed to a minimum of 1000 fatigue damage life cycles, indicating that the rail
element has a longer service life.

Unlike fatigue material property, real-world stress states are usually multiaxial. To simplify the real-
world stress model, bi-axiality indication is used. The bi-axiality indication is defined as minimum
principal stress divided by the maximum principal stress. A bi-axiality of 0 corresponds to uniaxial
stress, bi-axiality of —1 corresponds to pure shear, and a bi-axiality of 1 corresponds to pure biaxial state
or plane stress. The majority components of this model are under pure uniaxial stress, with parts
exhibiting both pure shear and nearly pure bi-axiality, as shown in Figure 3(b). Considering the average
stress bi-axiality, the most damaged point occurs at a point of mostly uniaxial stress and thus uniaxial
stress causes fatigue damage.

A: Static Structural for overrated capacity, with moment and creep force
Damage

Type: Darnage
B/25/2021 715 PM

7.118%5 Max
3.4315e5
1.654e5
T97i3
38430
18324
8829
4304
2074.6
1000 Min

A: Static Structural with creep-force and spin moment, for optimum rated capacity
Figure
Type: Biaxiality Indication
§/25/2021 6:A8 PM

0.99918 Max
077705
055492
033279
0711066 ol
01147
-033%6
055574
077787
-1 Min

Figure 3. (a) Fatigue damage and (b) bi-axiality indication contour plot of wheel-rail contact

3.2. Fatigue sensitivity result

The fatigue sensitivity result illustrates how the fatigue characteristics change in response to varying
loading at the model's critical location. For instance, if the finite element (FE) load increase by 50% or
150% of the current load, fatigue sensitivity will also change. This case requires the use of a linear
fatigue sensitivity chart displayer. A value of 100% corresponds to the model's life at the actual loading
case. Sensitivity may be determined in relation to life, damage, or a factor of safety. This study examines
the changes of fatigue sensitivity of wheel-rail contact under three different vehicle capacity scenarios:
(1) empty, (2) rated, and (3) overrated under normal and tangential contact force.

3.2.1. Empty vehicle rated capacity. The maximum and minimum fatigue sensitivity life for an empty
vehicle under a normal contact force are 78900 and 1990 cycles respectively, whereas the maximum
and minimum fatigue sensitivity life values under tangential contact force are 11800 and 504 cycles
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respectively, Figure 4(a). Fatigue sensitivity life for normal contact force is greater than fatigue
sensitivity of tangential contact force. This is because, fatigue sensitivity is dependent on the external
loading. In addition, the graph plots in the figure indicate that the fatigue sensitivity is inversely
proportional to the loading history.

3.2.2. Optimum vehicle rated capacity. The maximum and minimum fatigue sensitivity life under a
normal contact force is 49200 and 1425 cycles and the corresponding sensitivity life values under
tangential contact force are 11420 and 490 cycles respectively as shown in Figure 4(b). Therefore,
fatigue sensitivity for normal contact force is greater than fatigue sensitivity of tangential contact force
like in the empty vehicle case. The fatigue sensitivity life for optimum rated vehicle capacity is,
however, found to be lower than that of empty vehicle capacity. This occurred due to FE load increment,
as finite element load increases, fatigue resistance life decreases.

3.2.3. Overrated vehicle capacity. The maximum and minimum fatigue sensitivity life under normal
contact force is 43100 and 1320 cycles and the corresponding fatigue sensitivity values under tangential
contact force are 11300 and 485 cycles respectively as shown in Figure 4(c). For the overrated vehicle
capacity, fatigue sensitivity for normal contact force is greater than fatigue sensitivity of tangential
contact forces. For all vehicle loading cases (see Figure 4(d)), due to normal and tangential contact force
increment of the FE load at rail turnouts, the life of contact surface decreases and a time to reach at
fatigue resistant point or number of loading cycle is shorter.

10° 10° ¢
Normal force Normal force
Tangential force Tangential force
g g p
] 2
5 ]
> >
5 )
= B
o o
5 T
,—': Es}
E 5
10° Z gt
(a) (b)
102 1 1 L L L L L L Il 102 L L L L L L L L J
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Loading history Loading history
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Normal force for optimum vehicle capacity
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=]
S
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(©
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107 10°
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Figure 4. Fatigue sensitivity versus loading history for (a) Empty rated vehicle case, (b) Optimum
rated vehicle case, (c) Overrated vehicle case (d) log-log scale for empty, optimum and overrated case
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Figure 5 presents the comparison of the impact of contact forces on the fatigue sensitivity life. Clearly
the normal contact force is less destructive for wheel-rail and causes fatigue damage after a higher
number of loading cycles (Figure 5(a)). The tangential contact force brings about fatigue damages much

earlier (Figure 5(b)).
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Figure 5. (a) Normal and (b) tangential contact force sensitivity

3.3. von-Mises equivalent alternating stress result.

The contour plot of equivalent alternating stress indicates the response of materials under repeated
loading cycle for stress life-based analysis. As the loading and number of loading cycles increase, the
stress formed within wheel-rail materials increases elastically up to yield strength and changes into
plastic deformation if yield strength point is exceeded. This condition of equivalent alternating stress
result is analysed under three different cases (empty, optimum and overrated vehicle capacity).

3.3.1. Empty vehicle capacity. The maximum equivalent alternating stress induced in the wheel-rail
material is 294 MPa for a normal contact force and 500 MPa for tangential contact force as shown in
the contour plot in Figure 6(a) and (b). Maximum equivalent alternating stress values under normal case
is much smaller than the yield strength of wheel-rail material, i.e., 500 MPa, hence the wheel-rail
material is safe in this case.

A: Static Structural, Empty vehicle case, without moment and creep force
Equivalent Alternating Stress
Type: Equivalent Altemating Stress
Unit: Pa
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A: Static Structural with creep-force and spin moment for empty case
Figure
Tipe: Equivalent Alternating $tress
Unit: Pa
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Figure 6. Von-Mises equivalent alternating stress result for empty vehicle case (a) Normal contact
force case and (b) Tangential contact force case.

3.3.2. Optimum rated vehicle capacity. The maximum equivalent alternating stress formed in the
wheel-rail material is 335 MPa for a normal contact force and 504 MPa for tangential contact force as
shown in the contour plot in Figure 7(a) and (b). The maximum equivalent alternating stress values for
normal contact force is less than the yield strength and but the maximum equivalent alternating stress
values for tangential contact force exceeds the yield strength of wheel-rail materials. If these stresses
repeat for several cycles, wheel-rail materials may fail under tangential contact force.

A: static Structural, optimum case without moment and creep force
Equivalent Alternating Stress
Type: Equivalent Alternating Stress
Unit: Pa

812572021 7:00 PM

3.3495¢8 Max
2.9773e8
2.6052e8
223368
1.8608:8
1.4867e8
1.1185e8
74433e7
3.7216e7
0 Min

A: Static Structural with creep-force and spin moment, for optimum rated capacity
Figure
Type: Equivalent Alternating Stress
Unit: Pa
8/25/2011 6:46 PM

5.0407e8 Max
448068
3.8206:8
3.3605:8
2,3004e8
2.2403:8
1.6802e8
11202e8
5.6008e7
0 Min

(b)

Figure 7. Von-Mises equivalent alternating stress result for optimum rated vehicle case (a) Normal
contact force case and (b) Tangential contact force case.
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3.3.3. Overrated vehicle capacity. For this case, the maximum equivalent alternating stress in the
wheel-rail material is 345 MPa for a normal contact force and 505 MPa for tangential contact force as
shown in the contour plot in Figure 8(a) and (b). The maximum and minimum equivalent alternating
stresses are induced in wheel and rail material respectively. The contour plot shows that the wheel fails
before the rail material which conforms with the intended design criteria of railway components. If the
maximum equivalent alternating stress due to overrated vehicle capacity is repeated for several cycles,
stress-induced would be greater than the yield strength of wheel-rail material, 500 MPa and wheel-rail
material fails due to this alternating stress. Hence, the alternating stress under overrated vehicle capacity
is dangerous.

A: statict Structural, overrated capacity without moment and creep force
Equivalent Alternating Stress

Type: Equivalent Alternating Stress

Unit: Pa

82572021 7:22 P

3.45e8 Max
3.06678
2.6834e8
2.3:8

1.9167¢8
1.5334e8
1,138

768687
3.833de7
@ Min

A: Static Structural for overrated capacity, with moment and creep force
Equivalent Altemating Stress

Type: Equivalent Altemnating Stress
Unit: Pa
B/25/2021 712 P

5.0518e8 Max
440058
3.5202e8
3.3678:8
2806568
2.1452e8
1.6839:8
1122608
5.6131e7
0 Min

Figure 8. Von-Mises equivalent alternating stress result for overrated rated vehicle case (a) Normal
contact force case and (b) Tangential contact force case.

The von-Mises equivalent alternating stress examinations give the following results, contact stress that
is induced due to normal contact force for empty, optimum and overrated vehicle capacities amounts to
294 MPa, 335MPa and 345 MPa, respectively. All induced equivalent alternating stress are much lower
than the yield strength, which indicates that the wheel-rail material is subjected to fatigue damage at
higher number of cycles, greater than 4x10%*ycles compared to tangential contact force. The stress
values induced due to tangential contact force for empty, optimum and overrated vehicle capacities are
500 MPa, 504 MPa, and 505 MPa respectively and these stresses are nearly the same as the yield strength
of wheel-rail materials, which indicates that the wheel-rail material is subjected to fatigue damage at the
lower number of cycles, which is less than 1x10* cycles compared to normal contact force. This indicates
that if the wheel-rail materials are repeatedly subjected to tangential contact force, they will fail at lower
cycles and that tangential force has a significant effect on the life of the wheel component.
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3.4. Hysteresis loop/cyclic stress result

Hysteresis loop graphs are used to describe elastic-plastic behaviour of wheel-rail material with its
yielding criteria. Repeated loading will form closed hysteresis loops as a result of nonlinear local stress-
strain response. The Hysteresis graph plots show the strain life-based local elastic-plastic response at
the critical location. The area enclosed in the hysteresis loop is the strain energy per unit volume released
as heat in each loading cycle.

Hysteresis analysis is a good tool that helps to understand the true local response that may not be
easy to conclude. For instance, the contour plot shown in Figure 9, indicates that although the elastic
result is tensile, the local response does venture into the compressive region due to residual stresses
created by the plastic response. Analysis of hysteresis loop graphs obtained using the ANSYS
workbench for wheel-rail contact under three different vehicle capacities (empty, optimum and
overrated) are presented and discussed as in the following subsection.

3.4.1. Empty vehicle: As shown in Figure 9(a), the maximum cyclic stress and strain amplitude values
for empty vehicle capacity under normal contact force are +423 MPa and +1.56E ~2 respectively. The
maximum cyclic stress, 423 MPa is lower than the yield strength of wheel-rail material, S00MPa.
Therefore, plastic deformation cannot start under normal contact force. As shown in Figure 9(b), the
maximum cyclic stress and strain amplitude for empty vehicle capacity under tangential contact force is
+511MPa and +3.72F ~2 respectively.

423.28

510.86

250.

=
Ll

Stress (MPa)
o

)
Stress (MPa)

I

-250.
-250,

(@) (b)
42328 -510.86
-1.5603e-2 -l.e-2 -5.e-3 0. 5.e-3 1.e-2 1.5603e-2 -3.7227e-2 -3.e-2 -2.e-2 -le-2 0. 1.e-2 2.e-2 3.e-2 3.722Te-2

Strain (mm/mm) Strain (mm/mm)

Figure 9. Hysteresis loop result for empty vehicle case (a) Normal contact force case and (b)
Tangential contact force case

3.4.2. Optimum vehicle: As shown in Figurel0 (a), the maximum cyclic stress and strain amplitude
values under normal contact force are +444 MPa and +1.93E ~2 respectively. The maximum cyclic
stress, £444 MPa is lower than the yield strength of wheel-rail material, 500MPa. Therefore, plastic
deformation cannot start under normal contact force for optimum rated vehicle capacity. As shown in
Figure 10 (b), the maximum tensile/compressive cyclic stress and strain amplitude result for an optimum
vehicle rated capacity under tangential contact force are +512 MPa and 3.78E ~2 respectively. The
cyclic stress is greater than yield strength of wheel-rail material which indicates that plastic deformation
is initiated in wheel-rail material.
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Figure 10. Hysteresis loop result for optimum rated vehicle case (a) Normal contact force case and (b)
Tangential contact force case

3.4.3. Overrated vehicle: As shown in Figure 11(a), the maximum cyclic stress and strain amplitude
values under normal contact force are +448 MPa and +2.02E ~2 respectively. This indicates that the
maximum tensile/compressive cyclic stress is lower than the yield strength of wheel-rail material, 500
MPa. Therefore, plastic deformation could not initiate under normal contact force for overrated vehicle
capacity. As it is shown in Figure 11(b), the maximum cyclic stress and amplitude result for overrated
vehicle capacity under tangential contact force are +£513 MPa and +3.79E ~2 respectively. The cyclic
stress is greater than yield strength of wheel-rail material which indicates that plastic deformation is
initiated in wheel-rail material.
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Figure 11. Hysteresis loop result for overrated vehicle case (a) Normal contact force case and (b)
Tangential contact force case

The hysteresis loop results examinations give the following results, cyclic stress induced due to normal
contact force for empty, optimum and overrated vehicle capacities amounts to +423 MPa, +444 MPa
and +448 MPa, and corresponding strain are +£1.56F ~2, +1.93E =2 and +2.02E ~2 respectively. All
induced cyclic stress is much lower than the yield strength, which indicates that the wheel-rail material
is subjected to excessive deformation at higher number of cycles, compared to tangential contact force.
The cyclic stress values induced due to tangential contact force for empty, optimum and overrated
vehicle capacities are +£500 MPa, +512 MPa and +513 MPa, and corresponding strain are +3.72E ~2,
+3.78E ~2 and +3.79E ~2 respectively and these stresses are greater than the yield strength of wheel-
rail materials, which indicates that the wheel-rail material is subjected to fatigue damage and excessive
deformation at the lower number of cycles, compared to normal contact force.

13



COTech & OGTech 2021 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1201 (2021) 012047 doi:10.1088/1757-899X/1201/1/012047

4. Conclusion

A part of the work done on fatigue life analysis of wheel-rail contact at railway turnouts using finite
element modelling approach is presented in this article. Tools available in the static structural analysis
toolbox of the ANSYS workbench supported the examination of the fatigue life, fatigue sensitivity,
alternating stress, and cyclic stress of wheel-rail contact based on the operational parameters of an
Ethiopian railway company (Addis Ababa Light Rail Transit). The effects of turnout geometry, normal
and tangential contact force has on a fatigue sensitivity life, alternating contact stress, and hysteresis
loop stresses are investigated and presented. For different vehicle loading conditions (empty, optimum,
and overrated), the maximum fatigue sensitivity life obtained under normal force is 78900, 49200, and
43100 cycles, whereas it is 11800, 11420, and 11300 cycles under tangential force, respectively. This
leads to the conclusion that normal contact force can withstand additional loading cycles up to seven
times greater than tangential contact force, implying that tangential contact force reduces the life of
contacting surfaces. In contrast to fatigue sensitivity, the maximum von-Mises equivalent alternating
and hysteresis loop stresses caused by tangential contact force are substantially higher than normal
contact force. These stresses cause rolling contact fatigue and excessive deformation, which shortens
the contacting surface's life cycle. In comparison to the normal contact force, the tangential contact force
has a considerable influence on the fatigue sensitivity life cycle, and wheel-rail material is exposed to
fatigue degradation at lower cycles. According to the finite element modelling of the study done, contact
force types and track geometry have a significant impact on contact damages and structural integrity.
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