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Abstract

A combined MBS-FE simulation approach to simulating the interaction between
trains and switches has been implemented. The vehicle and substructure dynamics
have been replicated between the two models. For the important components that
would affect the vibration of the track structure, i.e. the railpads and the ballast, the
agreement for the vertical and lateral receptance between the MBS and the FE models
has been ensured. The equivalent Young’s modulus has been calculated for the railpad
layer and its Rayleigh damping coefficient has been obtained through sensitivity
analysis. The stiffness and damping for the ballast layer has been split between the
sleeper nodes. The results for the vertical and lateral rail receptance for the MBS and
the FE models show a good agreement. Moreover, the vertical wheel-rail contact force
and wheel-displacement have been compared for FE simulations implementing the
detailed dynamics and static load. The results for the model that implemented detailed
dynamics demonstrates a much better agreement with the reference, demonstrating
the improvement resulting from this work.
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1 Introduction

Switch and Crossing (S&C) account for less than 4% of the total UK track mileage
but contribute to over 20% of the maintenance and renewal budgets for infrastructure
managers around the world [1]. In addition, they are critical to the safe operation of
the railway network and fatal accidents have resulted from malfunctioning S&C in
the past [2]. Since S&C are crucial components that are essential for the reliable
functionality of the permanent way, the continuous condition monitoring of S&C rails
is being explored.

It has been argued that smarter decisions for the structural health monitoring can
be implemented with numerical simulations [3]. Such decisions include the prediction
of locations where faults would develop on specific turnout layouts as well sensor
placement and algorithm development [3]. Therefore, a 3D Finite Element model of
a track switch of a 60E1-160-1:40 turnout layout has been developed. The results from
the subsurface rails of this model will be implemented for determining the placement
of sensors and the generation of data for developing of fault detection algorithms.

The different approaches for the simulation of dynamic train-track interaction,
wheel-rail contact and the prediction of damage were reviewed by the authors [4]. It
was determined from the evaluation that existing approaches neglect either the
modelling of the detailed vehicle dynamics or modelling the track substructure in
wheel-S&C interaction simulations. The effect of the dynamics of the vehicle is
neglected in FE and many of the approaches have implemented either a fixed static
load or simplified primary suspension in the simulations [5]—[8]. Therefore combined
MBS-FE numerical simulations have been implemented in certain studies [9], [10],
where the results for the contact forces from the MBS model are implemented in FE
simulations. However, in these simulations, the appropriate modelling of the track
substructure to ensure its compatibility with the vehicle model is ignored.

In the approach that has been implemented by the present authors, a combined
MBS-FE simulation has been adopted. The results from MBS train-turnout
interactions are implemented for determining the crucial locations that are susceptible
to surface-initiated damage and the FE model helps obtain the subsurface mechanical
behaviour for determining sensor placement and obtaining the subsurface result
outputs for determining sensor placement and developing fault detection algorithms.
To this end, an approach to achieving compatibility between the MBS and FE models
for the modelling of vehicle impact and substructure dynamics has been demonstrated.

2 Methods

The topology for the MBS and FE track models that have been implemented in the
numerical simulations has been demonstrated in Figure 1 A, B. The MBS model is a
two layer full-track model comprising the connections between the rail and the sleeper
track through the railpads and the sleeper and the ground through the ballast. The FE
model is more complicated since it includes the crucial modelling components, albeit
with simplified geometries that include the rails, railpad, baseplate, baseplate pad,
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sleeper and the simplified ballast layer. All components except the ballast have been
modelled with eight node, linear brick, and reduced integration solid elements
(C3D8R). The ballast has been represented by connecting the bottom and the sides of
the sleeper in the vertical and lateral directions respectively with spring and dashpot
elements.
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Figure 1: Topology for the simulation models; (A) MBS track model; (B) FE track
model

The value for the deflection that was obtained from the Hooke’s law in Equation
(1) was implemented along with the details for the material geometry for obtaining
the value for the equivalent Young’s modulus of the pads in Equation (2). In Equations
1 and 2, f is the applied force, k is the pad vertical stiffness, & is the
displacement/defection, L and A are geometrical dimensions of the cuboidal pads and
E is the Equivalent Young’s modulus of the material.

f=k.d
(1
_ L
AXE
(2)

The damping of the pads was represented through the stiffness-proportional
Rayleigh damping coefficients that can be implemented for time domain analysis in
FE, which was calculated from Equation (3). In Equation (3), {, «,  and wi denote
the damping ratio, mass proportional damping, stiffness proportional damping and the
resonant frequency respectively. B was obtained when the value of « was taken as
zero, mi that occurs due to the rail bouncing over the railpad was obtained from the
reference receptance results [11], and the appropriate loss factor (n) was implemented
for calculating the damping ratio (; = 1/2). The correct value of 1 was obtained from

sensitivity analysis for the rail receptance.
Z . x B.w;
= Pwi

G)

The vertical and lateral spring stiffness and dashpot coefficient for the ballast layer
were calculated by dividing the stiffness/damping properties for the reference MBS



model with the appropriate number of nodes on the sleeper surface. The results for the
rail receptance, contact forces and vertical wheel displacement has been compared
between the MBS and FE models for verifying the compatibility between the MBS
and FE models for the vehicle and track dynamics.

3 Results

The results for the stock rail receptance over the sleeper that were obtained from the
FE model has been compared in Figure 2 A,B with the corresponding results that were
obtained from the reference [11]. The best agreement with the reference MBS model
was obtained when a loss factor of 0.5 was implemented. The good agreement for the
MBS-FE rail receptance at a low frequency of 10 Hz demonstrates the accurate
consideration of the track stiffness through the appropriate derivation equivalent
Young’s modulus of the pads. The good agreement for the results with the reference
between 50 and 300 Hz demonstrates the appropriate modelling of the ballast stiffness
and damping, since a resonance is obtained due to the track vibrating on the ballast
bed in this frequency range. The agreement for the results with the reference at the
resonance just before 300 Hz demonstrates that appropriate material properties have
been derived for the equivalent modulus and the damping coefficient for the pads.

A better agreement is obtained for the results of the vertical receptance (Figure
2A) than lateral receptance (Figure 2B) due to the difference in the topology in the
lateral direction as shown in Figure 1 and other details such as bending and
elasticity that are considered in FE and ignored in MBS. Nevertheless, it can be
inferred from the results that the FE model can capture the track dynamics similar to
the MBS model.
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Figure 2: Sensitivity studies for the loss factor to determine the stiffness-proportional
Rayleigh damping coefficients; (A) Comparison of the Vertical receptance against the
reference; (B) Comparison of the lateral receptance against the reference.

Rolling contact simulations between a Manchester Benchmarks passenger vehicle
and the turnout were carried out in MBS. The results for lateral and longitudinal
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displacement for the leading wheelset and the forces on the wheel were implemented
in the FE model for running rolling contact simulations under the same conditions.
Simulations were also carried in FE after implementing a rigid substructure and static
loading. The results for the vertical wheel-rail contact force and wheel displacement
that were obtained from the MBS model, FE model with detailed vehicle/track
dynamics and FE model with the fixed substructure and static loading have been
demonstrated in Figure 3. A better agreement with the reference has been obtained for
the model that considers the bedding and vehicle complexity than the one that does
not. The results signify the importance of accurately modelling the track and FE
dynamics whilst implementing a combined MBS-FE approach.
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Figure 3: (A) Comparison of the vertical contact forces; (B) Comparison of the
vertical wheel displacement between the MBS and FE simulations

4 Conclusions and Contributions

The paper has demonstrated an approach for replicating the vehicle and track dynamic
behaviour between MBS and FE models for the appropriate simulation of train-track
switch interactions. An approach to calculating the Young’s modulus and Rayleigh
damping coefficients for the pads has been demonstrated so that the dynamic
behaviour of the track can be replicated between the MBS and the FE models. It has
been demonstrated that a much better representation for the vertical (Q) forces that
are exerted on the switch rail are obtained when the results for the vehicle dynamic
behaviour are input from the MBS model. Moreover, the replication of the track
dynamic behaviour between the two models is essential since the FE model has been
developed to focus on the region where fault development was predicted from the
MBS model. In the future, the calibrated FE model can be implemented in studies for
subsurface damage prediction, sensor location determination and algorithm
development for fault detection.
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