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Abstract

Railway switches and crossings (S&C, turnouts) connect different track sec-
tions and create a robust railway network by allowing trains to change tracks.
While this provides valuable flexibility to the railway network, the flexibility
comes at a cost. The maintenance, production and environmental costs for one
turnout are significantly higher than the corresponding costs per kilometer of
plain track due to the complex wheel-rail interaction and severe loading it has
to endure during its lifetime. In one of the critical parts of the turnout, the
crossing panel, high dynamic wheel-rail contact forces occur each time a train
passes, even in the through route. In this thesis, the dynamics of the passage
through the crossing panel is simulated and the structural loading is evalu-
ated. The aim is to improve the long-term performance of the crossing panel
by reducing the magnitude of the dynamic wheel-rail contact forces, while
simultaneously reducing the material use to decrease environmental footprint
and life cycle cost.

To this end, an extensive simulation model of a crossing panel is developed
that enables extraction of the structural loading of each component. Based on
measured data from a comprehensively instrumented demonstrator turnout,
it is calibrated and validated using a calibration method that is developed in
the thesis. The calibration is accomplished by tuning the parameters that are
related to the support conditions of the crossing, such as sleeper support stiff-
ness and sleeper—ballast voiding. After the calibration, very good correlation
between simulation and measurements is achieved. In preparation for an opti-
misation of the crossing panel, which utilises the calibrated model and allows
for significant design changes, structural requirements are proposed. These
include dynamic load scenarios established from field measurements and load
limits for the components within the crossing panel. In future work, the inten-
tion is to use the calibrated model together with the structural requirements
in a structural design optimisation of the crossing panel.

Keywords: Switch & crossing, S&C, turnout, multi-body simulations, MBS,
model calibration, dynamic load scenarios, dynamic vehicle-track interaction,
wheel-rail contact forces, structural optimisation, structural requirements.
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CHAPTER 1

Introduction

1.1 Background and motivation

The railway turnout (Switch & Crossing, S&C) is often categorised as a "hun-
gry asset' inducing high maintenance costs [I]. The density of S&Cs in most
railway networks is estimated to be about one per km of track, which equates
to over 300 000 units within the networks of the EU27 countries [2]. The
cost of maintenance of an S&C unit is believed to be equivalent to that of
about 0.3 km of plain line track. In 2015, the average yearly investment and
maintenance cost for 10 812 S&Cs installed in the Swedish network was esti-
mated to be in the order of 590 million SEK [3]. In addition to the high costs
of installation and maintenance, an S&C contains significantly more concrete
and steel than plain line track per km, leading to higher CO2 emissions.

The existing rail discontinuities in a turnout lead to high dynamic wheel-rail
contact forces, in particular in the crossing panel [4]. This is one of the main
causes of the increased maintenance cost and the need for a reinforced struc-
ture. Failures associated with S&Cs account for 25-30% of all infrastructure
failures on the European railways [5]. Based on data from the Swedish network
collected between 2014 and 2020, failures in the crossing panel were relatively
few in number but led to one of the highest average traffic delays per failure
of almost 350 minutes [6]. This may be compared to the switch panel, where
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the average delay per failure was around 150 minutes although failures were
more common. The number of trains affected by the crossing failures was also
one of the highest recorded in the study. Given these factors, there are strong
economic and environmental incentives for optimisation of the crossing panel.

1.2 Aim of research

The work in this thesis is an effort towards a structural optimisation of the
railway crossing panel design to improve long-term performance and reduce
environmental impact and life cycle cost. To facilitate such an optimisation,
the aim of the thesis has been to develop, firstly, a validated simulation model
that accurately can capture the structural loading in the relevant components
within the crossing panel. Secondly, based on a combination of simulations,
field measurements and existing regulations, dynamic load case scenarios and
structural requirements to be used as constraints in the optimisation have
been formulated. The performed work is split into three papers.

e Dynamic vehicle-track interaction and loading in a railway crossing
panel — Calibration of a structural track model to comprehensive field
measurements (Paper A).

e Dynamic vehicle-track interaction and structural loading in a crossing
panel — Calibration and assessment of a model with a 3D representation
of the crossing rail (Paper B).

o Assessment of structural requirements for crossing panel design using
dynamic load case scenarios (Paper C).

The following parts are planned in the future of the project:
¢ Optimisation of the elastic pads, sleepers and crossing rail within the

crossing panel for improved long-term performance and reduced envi-
ronmental impact and life cycle cost.



CHAPTER 2

The crossing panel

The turnout is an essential component in railway networks as it allows trains
to switch between tracks. In the crossing panel (the part of the turnout
that is illustrated in Figure , the wheel flanges must pass through the
rail. To allow for this, the rail is split into a crossing nose and two wing
rails (together often referred to as the crossing rail or frog, see Figure
divided by a gap creating two possible routes for the train, a through route
and a diverging route. The switch rails can be manoeuvred to select which
route the passing vehicle should take. While this provides valuable flexibility
to the railway network, the flexibility comes at a cost as the gap and the
variation in cross-section of the rail profiles in the S&C result in higher rail
(and wheel) degradation rates than in plain line track. Traffic in the facing
direction (move) goes from the wing rail to the crossing nose, while traffic in
the trailing move goes in the opposite direction.

S&Cs can be installed on slab track or ballasted track. This research is
focused on ballasted track. The sleepers are fastened to the rails either by
a direct or an indirect (including a baseplate) fixation, and an elastic pad is
placed between the rail and the sleeper. In most modern S&Cs, an elastic
under sleeper pad (USP) is mounted under the sleeper to reduce the contact
pressure between the sleeper and ballast. Sleepers used in turnouts have a
slightly different shape compared to sleepers in plain line track and also vary
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in length along the turnout. In this thesis, the focus is on the fixed crossing
type, where the crossing nose is fixed in place, in contrast to the swing-nose
crossing type where the crossing nose can be moved depending on route similar
to the switch rails.

Facing move Trailing move

Crossing panel

— ——

I
I
I
I
I
: |
I
Switch rails Check Rails Wing Rails | @y Through route
|
\‘Jrossing nose

1
1
1
1
1
I
1
|
1
|
I
! Diverging route

Figure 2.1: Illustration of a crossing panel within a turnout.

2.1 Wheel—-rail contact in the crossing panel

When a wheel passes through the crossing in the facing move, the wheel-rail
contact point will move towards the outside of the wheel profile as the wing
rail deviates laterally (states A and B in Figure . For a typical conical
wheel profile, as the wheel travels in the longitudinal direction along the wing
rail, the rolling radius will decrease and the wheel will move downwards. To
counteract this downward movement, the wing rail is sometimes elevated in
modern designs. The rolling radius difference induces a yawing motion of the
wheelset towards the crossing, but due to the check rail, the lateral motion
of the wheelset is restrained and wheel flange interference contact with the
crossing nose is prevented. When the wheel transitions from the wing rail to
the crossing nose, a very short duration of two-point contact commonly occurs
(state C). As the contacts have different rolling radii, a relative motion occurs
in the contacts that causes severe wear during the transition. In addition to
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Figure 2.2: A crossing rail (two wing rails and a crossing nose) within a crossing
panel.

this, the conicity of the wheel in combination with the variation in rail geom-
etry along the crossing results in a wheel-rail excitation that is characterised
by a dip in the vertical wheel trajectory. This leads to wheel-rail impact
loading (state D) that increases in magnitude with speed and crossing angle
[4], which accelerates the deterioration of both the crossing panel and wheel.
As the deterioration increases, the contact geometry changes, and with worn
contact conditions impact loads can increase drastically [7]. In field measure-
ments, impact loads over 400 kN have been recorded even at lower axle loads
and speeds [g].

2.2 Damage modes in the crossing panel

There are several reviews of damage mechanisms in turnouts [2, [O0HI1]. In
[9, 10], the focus is on rail damage, while in [2] [[T] damage is presented for
each component. Common damage modes on the crossing rail running surface
are wear, rolling contact fatigue (RCF) related effects such as head checks,
spalling/shelling, cracks and squats, and plastic deformation. All of these
damage modes are related to high wheel-rail contact forces. To rectify surface
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ol
B

Figure 2.3: Different states of wheel-rail contact (A-D) during the crossing panel
transition. The wheel profile in blue, the wing rail in green and the
crossing nose in cyan.

damages such as those mentioned above, rail maintenance such as welding,
grinding/deburring, repair/build-up welding or in severe cases, replacement is
required.

Damage to sleepers is more rare as there is no contact damage from the
wheel and is mostly related to cracks due to high bending moments. In [I1],
where statistical data for each type of failure within the turnout is reported,
it is clear that the sleeper is very underrepresented. However, a change in
sleeper support conditions caused by differential settlement of the ballast that
may create voids between the sleeper and ballast is more common. This is
often corrected by tamping, although it is more difficult to tamp in a turnout.
Field measurements have indicated the presence of ballast voids or hanging
sleepers within S&Cs, as in Paper A [12H16]. Additionally, the ballast stones
may be crushed under loading, compromising the quality of the ballast bed,
which may require replacement of the ballast stones.

Based on the data initially categorised in [I1], and further refined in [I7] to
failures occurring specifically in the crossing panel, the most common damage
modes in the crossing panel have been identified to be voids between sleeper
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Figure 2.4: Examples of damage modes on the crossing rail: (a) plastic deforma-
tion, (b) wear, (c) RCF (spalling). Pictures are courtesy of voestalpine
Railway Systems GmbH.

Sleeper Sleeper

EEER

Figure 2.5: Illustration of a ballast void.

and ballast (60.9% of reported failures in the crossing panel), cracked/broken
casting (19.3%) and wear (14.9%). The remaining 5.1% are other failures
related to rails, ballast or fixations. In the Failure Modes and Effects Analysis
(FMEA) carried out in [I7], each failure mode is given a Risk Priority Number
(RPN). This number is based on the probability of the failure occurring, the
sensitivity of the failure (how sensitive the train network is to the particular
failure) and the difficulty of detecting the failure. The RPN determines the
overall risk of the failure mode. The result of the analysis concluded that the
highest risk is a cracked /broken casting (RPN 60), followed by ballast voiding
(30) and rail wear (24). In [I8], the results from a similar study also showed
that cracking and wear of the crossing rail are the most critical damage modes.
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Note that the study in [I8] did not consider sleeper voiding as a failure mode
and therefore it was not listed.

2.3 Optimisation of the crossing panel

To reduce the deterioration and improve long-term performance, the optimi-
sation of S&Cs has been a topic of interest in recent years, with some of the
research involving the crossing panel in particular [I7), [T9H28]. Generally, one
component (crossing rail, sleeper or elastic pads) at a time has been consid-
ered and the main focus has been on reducing the vertical wheel-rail contact
forces. In [19], the running surface geometry of the crossing rail was optimised
to minimise the maximum Hertzian wheel-rail contact pressure for a repre-
sentative set of wheel profiles and to ensure that all transitions occur within
the specified transition zone. A similar study was performed in [20]. In [24],
also by modifying the running surface, the performance of the crossing was
improved by reducing the normal wheel-rail contact pressure and wear index.
Two different materials for the crossing rail are compared regarding plastic
deformation and wear in [27].

The most common approach focuses on optimising the elastic pad stiffnesses
to improve load distribution and decrease deterioration related to some of the
most common failure modes. Examples considered in the literature include
wear, RCF, differential settlement and fatigue of the track components studied
in [I7], wheel-rail contact forces and rail seat loads in [22], and loads on the
ballast in |23} 28]. In the European Research Programme Shift2Rail, an S&C
demonstrator was developed and built [25] 26]. This demonstrator has, for
example, a variation in rail pad and USP stiffnesses along the turnout together
with widened sleeper bases near the sleeper ends. General conclusions from
these listed studies are that varying USP and rail pad stiffness in the turnout
is beneficial, softer pads reduce ballast settlement, wheel-rail forces, wear,
rail pad forces and sleeper acceleration, but increase bending stresses in the
rail foot. The research is summarised in Table highlighting which design
variables were covered in each reference.

Among the studies mentioned, only the Shift2Rail reports included the
sleepers as a design variable. Most studies have assumed that as the mag-
nitude of the wheel-rail contact force remains the same or is reduced, then
so is the structural loading. However, in the continuation of this thesis, a

10



2.8 Optimisation of the crossing panel

Author Elastic pads | Sleepers | Crossing rail
Grossoni [17] X

Palsson [19] X
Nicklisch [21] X X

Lau [22] X

Wan/Markine [23] [24] X X
Shift2Rail [25], [26] X X X
Skrypnyk [27] X

Li [28§] X

Table 2.1: Published articles concerning optimisation of the crossing panel, dis-
playing which design variables were studied by each author.

structural optimisation allowing for significant changes in the design of each
component is planned, making requirements on a limit of the allowed increase
in structural loading necessary. Another very important aspect that often
has been ignored in previous optimisation works is the sleeper support condi-
tions. These support conditions are not only very difficult to quantify but also
change over time due to differential settlement in the ballast and subgrade.
These aspects increase the complexity of the optimisation problem, but by
considering the change in structural loading the possibility to further improve
the performance of the crossing panel by also optimising the size, topology or
shape of each component is introduced.

11






CHAPTER 3

Method

3.1 Simulation model in short

The simulation model is a representation of the 60E1-500-1:12 (60E1 rails, ra-
dius of 500m and a crossing angle of 1:12) Shift2Rail demonstrator turnout. It
is an extension of the models created and further refined in previous projects
within CHARMEC [29H431], and it is created in the multibody simulation soft-
ware Simpack. The model consists of 37 sleeper bays, linear bushings for the
rail fastenings and bi-linear bushings for the ballast and subgrade to allow
for potentially voided sleepers. The rails are implemented as substructures
created from FE-models using Craig-Bampton reduction [32]. The stock rails
are made up of beam elements, while the crossing rail is represented by beam
elements (Paper A) or 3D solid elements (Paper B). The vehicle model
includes one bogie based on the Manchester benchmark vehicle [33]. The 3D
version of the model is shown in Figure Laser-scanned rail and wheel
geometries from the field are used. The initial conditions of the vehicle and
track models are determined by evaluating the static equilibrium for the vehi-
cle-track system before the start of each time-domain simulation. The model
is described in more detail in Paper A and Paper B.

13
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Figure 3.1: The simulation model in Simpack. From Paper B.

3.2 Calibration of the simulation model

From the output of the simulation model, the structural loading of the cross-
ing panel (crossing rail, sleeper and ballast) is extracted in a post-processing
step. Based on the comprehensive measurement data from the S&C demon-
strator installed in the European research programme Shift2Rail, the model
is calibrated and validated in Paper A and Paper B. The measurements
include, sleeper—ballast contact pressures, strains for sleeper and crossing rail,
and accelerations for sleepers and crossing rail. All sensors included in the
calibration and their groups can be seen in Figure [3.2]

An example of results from the nominal (before calibration) models is pre-
sented in Figure[3:3] When comparing the outputs of the beam and 3D models,
the most notable difference is the significant increase in longitudinal bending
stress in some positions on the ribs of the bottom of the crossing rail (that
are not considered in the beam model) due to stress concentration factors, see
Figure In both models, the ballast is parameterised using six parameters
to potentially introduce voids under the sleeper below the crossing nose and
two parameters to control support stiffness, one uniform ballast (subgrade in-
cluded) stiffness scaling parameter for the entire track model and one for the
rail fastening stiffness.

14



3.2 Calibration of the simulation model
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Figure 3.2: Sensor groups, locations and labels in the instrumented crossing panel.
From Paper A.

=—Measured —---Beam model = = 3D model

Sensor a Sensor a

"1 12/t3

Sensor a, Sensor a,

Time [s] Time [s]

Figure 3.3: Group C results for beam and 3D models with nominal parameter
settings, and comparison with measured data. From Paper B.
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Figure 3.4: Time history of longitudinal rail bending stress evaluated for positions
along the crossing panel (relative to the distance from the theoreti-
cal crossing point). The selected lateral coordinate on the crossing is
aligned with the most loaded rib on the bottom surface of the crossing.
a) 3D model b) beam model. From Paper B.

To evaluate the quality of calibration, an objective function based on the
root mean square (RMS) value of the difference between the measured and
simulated signals has been introduced. The different sensor groups had the
potential to have different weighting factors in the objective function.

The calibration process contained several steps. To set appropriate weight-
ing factors and parameter intervals, it was initiated with a sensitivity study
of the simulation model from parameter sets generated using Latin hypercube
sampling (LHS) [34]. A response surface was created from LHS-generated
simulation runs within the new parameter intervals using a polyharmonic
spline. The response surface was then evaluated using Monte Carlo valida-
tion, and the results showed a maximum deviation between simulation and
measurement below 5.5% and a mean deviation below 0.9%. A gradient-based
optimisation algorithm was then applied to the response surface to find the
optimal parameter set. The process is summarised as a flowchart in Figure

16



3.8 Structural requirements

Set initial
parameter intervals
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! T v

Calibrated parameter set Calibrate response surface

Figure 3.5: Calibration flowchart. From Paper B.

The results of the calibration show increased rail fastening and ballast stiff-
nesses, while still within the values given in literature. The calibrated void
distribution indicates that the voids are primarily located underneath the
crossing rail.

3.3 Structural requirements

In Paper C, structural requirements for an S&C are proposed. For the S&Cs
used in the Swedish railway network, standardised traffic load scenarios (com-
binations of train speeds and axle loads) that the turnout is required to with-
stand have been specified in [35]. After simulations of all these scenarios
using the model described above, the most severe has been concluded to be
the scenario with a train speed of 60 km/h and an axle load of 30 tonnes.
As a change in design can lead to an increase in the structural loading, the

17
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load limits for the most relevant components need to be determined. Limits
for crossing rail, sleepers and ballast have been determined and are presented
in Table [3.1] However, in the upcoming optimisation, in addition to the hard
load limit on the ballast, a penalty function based on the relative increase
of settlement compared to a reference case will be implemented. Further,
it should be noted that the specified sleeper limit corresponds to the crack
initiation limit and not a fatigue limit as the one given for the crossing rail.

Component ‘ Stress limit [MPa] ‘ Limit category

Crossing rail | 173.3 Fatigue limit
Sleeper 10.6 Crack initiation limit
Ballast 0.3 Load bearing limit

Table 3.1: Component load limits for use in the optimisation. From Paper C.

In [7], six crossing panels were studied in-situ. Based on the measured data
from each crossing panel, a simulation model was calibrated to determine the
sleeper support conditions. The calibration indicated between one and three
hanging sleepers with voids in the interval 0.55 — 2 mm for three of the crossing
panels. In particular, one crossing panel in very poor condition was calibrated
to have four hanging sleepers with a 5 mm void. Based on these observations,
representative sleeper—support conditions can be determined and used in the
optimisation.

18



CHAPTER 4

Future work

An optimisation to reduce the environmental impact and life cycle cost of the
crossing panel is planned in future work. Design variables such as elastic pad
stiffnesses and the dimensions of crossing rails and sleepers will be considered.

Based on the developed and calibrated model, it is argued that the potential
impact of innovative designs for sleepers and crossing rail can be evaluated. It
is possible to study how these designs can improve the long-term performance
of the crossing panel.

4.1 Example of optimisation problem

The design variables of the optimisation problem are collected in a vector
denoted as the vector u. It includes:

e cp - Crossing rail height
e ¢y - Crossing rail width
e sy - Sleeper height
e sy - Sleeper width

e h; - Rail fastening stiffness

19
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e hs - Under sleeper pad stiffness

A potential optimisation problem has the goal of reducing the environmen-
tal impact from the lifespan of a crossing panel. One way to do this is by
minimising the total CO2 emissions per crossing panel while maintaining the
structural integrity. The optimisation problem can then be formulated as:

min = msCO02 eq s + McCO2 eq,c + p(u)

u
s.t. o. < Ycrossing (4 1)

Os < Gsleeper

0b < Gballast

where my and m are the total mass for the sleepers and the crossing rail, re-
spectively, while COz ¢q,c and COg cq,s are the equivalent carbon dioxide emis-
sions (COaqeq) per kg crossing rail and sleeper, respectively. The constraints
Jerossing> Jsleepers Gballast are the specified load limits for the components, see
Table The equivalent COs per kg component is determined based on
the public environmental product declarations provided by the producer. The
p(u) is a penalty function proportional to a ballast settlement model. It is
defined as

(4.2)

Y((z2-)P —1) if o > 0
p(u) = red el
0 otherwise

where o3 is the maximum pressure on the ballast bed, o,s is the maximum
pressure on the ballast bed for a reference case, and  is a weighting factor.
The exponent § determines the expected exponential increase in settlement
with increasing ballast pressure. This parameter is difficult to determine and
varies depending on the conditions in the field. Here f is set to 2.8 based on
the calibration performed in [36].

20



CHAPTER b

Summary of appended papers

This chapter provides a summary of the appended papers.

Paper A

Bjorn A. Palsson, Henrik Vilhelmson, Uwe Ossberger, Michael Sehner,
Marko D.G. Milosevi¢, Harald Loy and Jens C.O. Nielsen, Dynamic ve-
hicle-track interaction and loading in a railway crossing panel — Calibra-
tion of a structural track model to comprehensive field measurements,
Vehicle System Dynamics, 1-27, 2024. 10.1080/00423114.2024.2305289.

This paper presents a finite element model of a railway crossing panel for use
in multibody simulations (MBS). The model is calibrated and validated to
measurement data from a comprehensively instrumented S&C demonstrator
installed in the Austrian railway network as a part of the European research
programme Shift2Rail. The validation concerns the capability of the model to
capture the structural response of the crossing panel under traffic loading after
calibration of physical track parameters to realistic values. The structural
response is measured in the form of rail and sleeper displacements and strains
and sleeper—ballast contact forces. It is shown that the developed model

21



Chapter 5 Summary of appended papers

can represent the measured track responses well but that it was necessary
to account for a varying sleeper—ballast gap distribution along the crossing
transition sleeper to obtain good agreement, especially for the sleeper—ballast
pressure.

Paper B

Henrik Vilhelmson, Bjorn A. Palsson, Jens C.O. Nielsen, Uwe Ossberger,
Michael Sehner and Harald Loy, Dynamic vehicle-track interaction and
structural loading in a crossing panel — Calibration and assessment of
a model with a 3D representation of the crossing rail, Vehicle System
Dynamics 1-23, 2024. 10.1080/00423114.2024.2319275.

The MBS model from Paper A is extended to include a crossing rail repre-
sented by 3D solid elements. The applied procedure for the calibration and
critical assessment of the crossing model is described in detail. In a compar-
ative study, it is shown that the 3D model and the more conventional beam
model (from Paper A) of the crossing rail lead to similar calibration results
and good agreement with the measured data. The 3D model allows for the
extraction of stress concentrations in the crossing rail but has an increased
computational time of about 30% compared to the beam model.

Paper C

Henrik Vilhelmson, Bjorn A. Palsson and Jens C.O. Nielsen, Assess-
ment of structural requirements for crossing panel design using dynamic
load case scenarios, Proceedings of the Sixth International Conference
on Railway Technology (Railways 2024), 1-5 September 2024, Prague,
Czech Republic, 16 pp.

Structural requirements for railway crossing panel design are proposed. These
include dynamic load scenarios established from field measurements, and struc-
tural load limits for the crossing rail, sleepers and maximum allowed vertical
contact stress on the ballast surface. The applied load scenarios are estab-
lished by combining measured data from scanned hollow worn wheel profiles,
scanned crossing rail geometries, and sleeper—ballast voids extracted by cali-
brating a track model to measured sleeper accelerations. Using the two track
models developed in Paper A and Paper B, the structural load limits are

22



challenged using the dynamic load scenarios. The study shows that the high-
est dynamic wheel-rail contact loading is achieved for a geometry where a
nominal crossing rail geometry (virgin rail profile) is combined with a hollow
worn wheel profile. The study provides an understanding of what field condi-
tions the crossing panel could be subjected to before the loading exceeds the
load limits of the components.
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