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ABSTRACT

This thesis contributes to the knowledge of how train-switch interaction models can be developed and
calibrated against reference assets or models in order to support the predictive maintenance of
switches. The modelling approach that has been suggested within this thesis could be further
developed for implementation as part of a live Digital Twin. The key research that will be
demonstrated through this thesis includes: (i) the selection, development and evaluation of numerical
simulation approaches to address a range of different research questions; (ii) calibration of the track
dynamics for the developed FE model against the reference model, (iii) rolling contact simulations for
the wheel and the switch, as well as the validation of the model against the reference model, and (iv)

an approach to determine sensor placement in order to implement effective fault detection.

At first, the existing examples of S&C modelling to simulate train-turnout interactions, wheel-rail
contact and damage prediction were reviewed. A number of the results from this evaluation have been
implemented in order to determine which modelling approaches will be suitable to determine the
appropriate locations in switches that are susceptible to surface rail damage, the placement of sensors

for fault detection and the testing of the potential for condition monitoring.

Based on the results from the evaluation of the numerical simulation approaches, a combined MBS-FE
numerical approach has been implemented for modelling the switch. A 3D solid FE model for a
railway switch assembly has been calibrated for representing the dynamic properties for a reference
track model that is based on the properties shared in the S&C benchmark project, where 20 research
institutions achieved consensus for the results from the dynamic vehicle-turnout interaction
simulations whilst implementing different software packages. Furthermore, numerical simulations
have been carried out after introducing the rail and substructure defects such as wear, Rolling Contact

Fatigue (RCF) and voiding.

The results from the numerical simulations have been used to assess the best locations on the switch

rail for the placement of strain sensors for monitoring the health of the switch. The characteristics



(range, data acquisition rate, etc.) have also been discussed. Strain sensitivity analysis has been carried
out for determining the direction of the strain measurement that is sensitive to the defects that have

been introduced.

The correlation analysis between the rail strain and wheel/rail impact forces has been carried out and it
has been discovered that a good correlation between the strains and the impact forces is conditional on
the sensor placement location. The measurement of the vertical strains on the rail web is more
sensitive to the lateral position of the wheel than the measurement of longitudinal strains on the rail
foot. The measurement of the strains in the sleeper spacing has shown potential for the detection of the
specific defects that have been introduced into the model. The surface defects have been introduced on
sleeper-supported rail as well as the section of the rail in the sleeper spacing. The ability of the sensor

to detect the faults whilst being installed at the proposed locations has also been numerically verified.

To conclude, an approach has been demonstrated for taking decisions on structural health monitoring
of switches through this research. The requirements for sensor specification and the best sensor
locations for detecting faults can be assessed digitally, which reduces the need for field
experimentation. The knowledge from this research can be taken further for developing Digital Twins
of track infrastructure. Real-time data from the measurement can be integrated with the numerical data
developed in the present research to obtain a better insight of the switch dynamic behaviour as well as

damage prediction.
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CHAPTER 1. INTRODUCTION

This chapter will introduce the basic concepts and motivations behind the research topic as well as the
hypotheses that have driven the research approach. In Section 1.1, a high-level explanation of
Switches and Crossings (S&C) will be carried out whilst focusing on the layout design and the main
components of S&C that are relevant to this thesis. In Section 1.2, the main conclusions from the
literature reviewed in the area of S&C failure analysis will be discussed which has aided in narrowing
down the focus of this research to the crucial failure mechanisms of the S&C permanent way (PWay)
that would affect their safe and cost-effective operation. The existing and potential approaches to
inspecting and monitoring the S&C PWay will be explained in Section 1.3 whilst building a case
around the potential benefits of continuously monitoring the structural health of the S&C PWay. In
Section 1.5, the contributions of this research by implementing a numerical simulation approach for
carrying out structural health monitoring studies and the hypotheses that have driven the research
approach will be explained. Section 1.6 will summarise the key topics that will be discussed in this

chapter and how they will influence the research that will be discussed in the following chapter.

1.1 Switches and Crossings

The operation of conventional railways relies on the interaction between two main railway
subsystems, the train and the track, also known as the permanent way. Permanent Way infrastructure
limits the Degrees of Freedom (DOF) of travel for trains. Switches and Crossings play an important
role in permanent way infrastructure by facilitating the changing of direction and the connection of

different routes for trains.

A turnout essentially facilitates the diversion of a railway vehicle from one track to another and it
comprises a pair of switch rails and a crossing that are connected by closure rails [1]. A common
turnout and its components can be observed in Figure 1. It consists of a switch, crossing and a closure

panel for connecting the first two.
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Figure 1: Components of a turnout, reproduced from [2].

Regardless of their complexity, every S&C layout is developed from the combinations of the switch,

common crossing or obtuse crossing [3].

As shown in Figure 1, a set of switches comprises four rails, two fixed stock rails and the associated

moveable switch rails.

Common crossings provide a point for the intersection of the two routes and include a crossing nose of
‘V’ shape as shown in Figure 1. As opposed to diamonds that have obtuse crossings, the crossing in a
turnout generally has an acute angle. Since the population of acute crossings is higher than obtuse

crossings, they are mainly referred to as ‘common’ crossings.

Obtuse crossings have been shown in Figure 2 and play a part in layouts such as diamonds for
ensuring the “intersection of two corresponding gauge lines of intersecting tracks” whilst including

two crossing noses [1].

Common or obtuse crossings can be fixed or moveable. Movable common and obtuse crossings are
known as swing nose and switch diamonds respectively. An assembly of S&C in either turnouts or

diamonds is known as a layout.



Regardless of their complexity, switch and crossing layouts are constructed to meet two main
objectives. The first objective is to allow tracks to cross one another and the second is to ensure the

ability of one track to diverge from or merge with another [1].

The first objective can be performed by a diamond and the second one can be performed by a turnout.
It can be seen in Figure 2 that a turnout consists of both a switch and a crossing whereas a diamond

could only consist of the crossing part for enabling the intersection between two lines.

Tumnout_ /
Rl s

L Diamond crossing

Switch Crossing

e

Turnout

Figure 2: Turnout and Diamond, reproduced from [2].

Turnouts can be categorised on the basis of the predominating traffic direction as well as right or left
handedness. Depending on the predominating traffic direction, the flow of traffic over turnout would
be in the facing or the trailing route. As shown in Figure 3, if the tracks of a turnout diverge in the
prevailing direction of the traffic, then the turnout is known as a facing turnout. If the flow of traffic is

such that the two lines merge, then the turnout direction is known as the trailing route.
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Figure 3: Facing and trailing routes in a turnout, reproduced from [2].

If the vehicle continues to move in the direction in which it entered the turnout, i.e. it passes straight
through then the track over which it passes is known as the through track and the vehicles passes in the
through route. On the contrary, if the direction of travel must change, then it would pass the turnout in

the diverging route.

Based on the divergence of turnouts, they can be classified as right hand and left hand turnouts. As the
name implies, the turnout diverges in the right and left directions respectively in right and left hand

turnouts. Based on this definition, the turnout shown in Figure 3 is a left hand turnout.

There are various configurations in which S&Cs can be built and the reader is referred to the literature
for understanding the various layouts that can be implemented [3]. For simplicity and relevance to this

thesis, the content that will be discussed would be related to a common turnout.

The designation of turnouts, which is based on the geometry of the rail, includes the switch radius and
the crossing angle. For example, a 60E1-R760-1:15 turnout would include rails with 60E1 profile, a

switch radius of 760 m and a crossing angle of 1:15.



The geometry of the turnout would influence the speed of the train that would pass over it. A switch
radius of 760 m and a crossing angle of 1:15 or 3.732 degrees would allude to the long length of the
turnout as well as its long length of diversion. This implies that trains can pass through the turnout at

relatively high speeds. In fact, the line speed of the 60E1-R760-1:15 turnout is 160 km/hr [4].

The appearance of a common turnout, which was schematically presented and discussed through
Figure 1 has been shown in Figure 4. The stock and the switch rails were defined earlier by referring
to the schematic in Figure 1. The role of a crossing in a turnout was discussed and explained through
the schematic in Figure 2 and the crucial impact-bearing component in the crossing panel, i.e. the

crossing nose can be observed in Figure 4.

- e

Figure 4: Appearance of a railway turnout, reproduced from [5].

Since the research that has been discussed through this thesis mostly concerns the switch panel, a
quick overview of the important components of the permanent way in the switch panel that will be

frequently discussed in this thesis has been provided.

As shown in Figure 4, the rail profile of the stock rail is the same as the section of the singular rail
section preceding the S&C that it is connected to. The stock rail is machined to accommodate the
switch which rests against it for the transition of the wheel-rail contact patch between the two rails. In
the facing route, the wheel-rail contact patch for one side always stays on the stock rail and moves

from the stock to the switch rail for the other side. The switch rail is machined to a point at one end



and the portion of the rail that is tapered is known as the switch tongue, which is designed to fit
closely against the stock rail. The end of the switch tongue is also known as the toe or the tip of the
switch. The switch tongue is the movable portion of the switch and is connected to a driving
mechanism for moving it away from the stock rail so that the wheel can pass over the stock rail and in

between the two rails.

From the switch toe up to the point where the switch is moveable, the switch is supported by slide
baseplates. As shown in Figure 5C, the baseplate supports both the switch and the stock rails and
allows the switch to slide horizontally with minimum friction. Just as the beginning of the switch is

known as the switch toe/tip, the portion that is the end of the switch is known as the switch heel.

The rail sections can be broadly classified as plain line/full depth and shallow depth. As shown in

Figure 5, the three profiles for machining the rail are undercut, straight cut and chamfered [1].

As shown in Figure 5A, undercut switch railhead machining would result in the formation of a very
thin portion of the switch as the stock rail is not machined. This thin portion can be chipped and worn

off easily and therefore this design has been obsolete in the UK since the 1970s [1].

On the contrary, a straight-cut switch would leave a larger portion of the thickness of the switch intact
than an undercut switch and thus exceeds its gauge. For straight-cut, full-depth switches such as the
one shown in Figure 5B, the rail foot of both the stock and the switch rails are vertically machined.
This is beneficial when the switch is closed but would result in reduced structural support on the rail

foot when the switch is open [1].

In chamfered switches, the railhead for both the switch and the stock rails are machined as shown in
Figure 5C. The side of the head on the stock rail is machined to 1:4 or 14°[1]. This design improves
the continuity of the transition of the wheel between the stock and the switch rails. For shallow-depth
switches, the rail web is thick, and the foot is long which results in improved load-bearing capacity for

the switch.
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Figure 5: Different approaches for machining the switch; (A) Undercut and full depth switch; (B)

Straight cut and full depth switch; (C) Chamfered and shallow depth switch, reproduced from [6].

1.2 Failures in S&C and associated defects

Although S&C made up just 5% of the total track miles in Britain between 2009 and 2011, they
contributed to 23% of the renewal and 24% of the maintenance budgets for Network Rail [7]. This
makes S&C one of the most expensive assets to maintain among the different subsystems of railway

infrastructure.

The different defects that would result in the failure of S&C will be discussed in this section. Fault
records that were provided to the University of Birmingham by Network Rail were analysed as part of
a research project for determining the dominant causes of failure in S&C [8]. Fault records were
obtained from three Network Rail databases. The first database is the Network Rail Fault Management

System (FMS) records that include faults affecting service and delay minutes between April 2013 and



June 2018. The second database is the Network Rail Defect Management System (RDMS) which
included rail defects occurring in the vicinity of plain line and S&C rail between April 2016 and June
2018. The third database, Ellipse, provides a snapshot of all the S&C on Network Rail infrastructure
along with significant amounts of metadata. Crossing cracks and breaks were analysed from Ellipse

data.

In addition, other data on the failure of S&C that has been published in the literature will be
considered. Data from Network Rail that was gathered between 2009 and 2012 were analysed by
Cornish [9]. The data was obtained from 3 main databases, namely GEOGIS (Geography and
infrastructure system), TRUST (Train running system TOPS (total operation processing system)) and
FMS. The failures in S&C that were captured by Network Rail’s RDMS records database between

2011 and 2017 were statistically analysed by Grossoni et al. [10].

1.2.1 FMS records from Network Rail

The delay costs, i.e. the cost to Network Rail due to train delays have been analysed using data from
the FMS database. Costs attributed to delays are assigned once the delay has stopped affecting the
resumption of services [9]. Some factors that influence the cost of delay include the train operator, the
number of trains that were cancelled because of the disruption and the amount of time the delay lasted.
If the delay is due to the failure of infrastructure then the train operator would fine the infrastructure
owner. The fine ranges from “£7 for a minute delay on a suburban service” up to “£25,000 for the
cancellation of a train on a high-speed service” [9]. This data excludes the maintenance and repair

costs.

According to Network Rail’s delay attribution data from 2013-2014, S&C contributed 11% of the total

delay minutes in 2013-14. This figure can be dissected for the different S&C subsystems.

A top-down analysis of the FMS data between April 2013 and June 2018 for the various S&C
subsystems has been discussed. Among the various S&C subsystems, 72% of the delay costs could be

attributed to the failure of Points Operating Equipment. A significant 27%, amounting to almost £20



million in fines per annum is spent on delay minutes that occur due to the failure of S&C permanent
way (PWay) components. 1% of the delay costs are the results of the failure of points heating. This
observation shows a good agreement with the analysis by Cornish that a higher percentage of failures

occurred for the Points Operating Equipment than the S&C Permanent Way between 2009 and 2012

[9].

The contribution of the different S&C PWay assets to the delay costs can be observed in Figure 6.
S&C PWay track components accounted for 66% of all the delay costs resulting from S&C PWay
assets. 21% of the delay costs attributed to S&C PWay assets were the result of the substructure. 5%
of the delay cost due to S&C PWay failure could be attributed to staff error and the other

miscellaneous costs would result in the remaining expenditure.

Distribution of delay cost due to S&C PWay defects
Staff error: 5%

Others: 8%

Substructure: 21%

S&C track components: 66%

Figure 6: Distribution of delay cost due to S&C PWay defects (not including the Points Operating

Equipment (POE))

As shown in Figure 7, the crossing rail failures contribute to half of the total delay costs among the
main S&C PWay components. 46% of the costs could be attributed to the switch and stock rail
assembly. The other rails accounted for less than 2% of the delay costs. Despite being a safety-critical
component whose failure has resulted in accidents such as the one near Grayrigg in England [11],

stretcher bar failures accounted for just 1% of the total delay cost due to S&C track components.



Distribution of delay cost due to S&C component defects
Stretcher bar: 1%

Closure Rail: 1% heck & Wing Rails: 2%

Stock Rail: 9%

Crossing: 50%

Switch Rail: 37%

Figure 7: Distribution of delay cost due to S&C track component defects (S&C categories broken

down)

Among the three S&C panels, the crossing panel contributes a little more than the switch panel to the
delay costs. Among the different factors for the delay cost of the crossing, the cracking of cast
crossings contributed to 68% of the total delay costs due to crossing failure. Along with the cracking
of crossings that occurs due to fatigue, surface wear/damage of crossings is another major contributor
that made up 8% of the total delay costs. Essentially, the different types of failure modes that can be

observed in Figure 8 manifest themselves in the form of the degradation of the crossing rail.

Delay costs due to crossing failure
Others: 5%  Rail head damage: 2%
Defect 7 day repair: 3%

Broken rail gap- 75 mm or less: 4%

Defect >7day repair: 4%

Defect 36HR repair: 6%

Wear/damage: 8%

Cracked cast crossing: 68%

Figure 8: Points (S&C) — crossing - component level 2 categories
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The breakdown of the switch rail failures that would result in high delay costs has been provided in
Figure 9 and the same has been provided for the stock rail in Figure 10. The obstruction of the rails

resulted in 30% of the delay costs for the switch rails.

The defects on the rail contributed to the rest of the delay costs in switch rails. Almost 22% of the total
delay cost due to switches was due to Wear/Surface-initiated damage of switches. For the switch and

the stock rails together, over £6 million of delay costs are a result of wear and rail damage.

Additionally, other rail defects and obstructions contribute to the total delay cost in switches.

Delay costs due to the failure of switch rails

Others: 12%

Obstructed-debris: 2%

Obstructed: 30% Obstructed-ballast: 3%

Defect >7 day repair: 5%

Rail Creep: 6%

Defect 36HR repair: 7%

Wear/damage: 22% Defect 7 day repair: 13%

Figure 9: Points (S&C) — switch rail- component level 2 categories

As shown in Figure 7, the stock rail does experience degradation but not to the same extent as the
switch rail. The variable and discontinuous cross-sectional geometry of the switch rail means that it is
more susceptible to damage. The causes of stock rail failure resulting in the delay costs have been
shown in Figure 10. The overall delay costs resulting from the stock rail are lower than those for the

switch rail.
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Delay costs due to the failure of stock rail
Others: 8%

Broken rail gap- 75 mm or less: 7%

Block the line rail defect: 7%

Defect 7 day repair: 42%

Broken rail H gap- 75 mm or less: 8%

Defect >7day repair: 8%

Defect 36HR repair: 9%

Wear/damage: 11%

Figure 10: Points (S&C) — stock rail- component level 2 categories

Apart from the rails, other PWay-related damage costs can be attributed to the failure of the fastening
system and the substructure. The results for the delay costs resulting from these components have been
presented together in Figure 11. Baseplates, chairs and roller defects account for 46% of the total
fastening and substructure-related defects. Ballast-related failure takes the second spot with 23% of the
delay costs. The failure of connectors such as blocks, pins, bolts and studs results in 12% of the delay
costs in this segment. Track geometry failures, including gauge, top and alignment failures contribute
to 14% of the delay costs resulting from this segment. It is also worth noting that voiding contributes
to 71% of the total costs resulting from the failure of the ballast. Insufficient ballast, poor ballast
profile and contamination of the ballast are some of the other causes of failure of the ballast layer that

result in delay costs.
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Delay costs due to substructure defects
Sole plate: 1%

Rail fastenings: 1% Bearers: 3%

Geometry- Gauge: 4%

Geometry- Top and alignment: 10%

Baseplates/Chairs/Schqihag rollers: 46%
Blocks/Pins/Bolts/Studs: 12%

Ballast: 23%

Figure 11: Distribution of delay cost due to defects in the substructure and fastening components

1.2.2  Analysis of the RDMS data
In the RDMS database, the failure information has been mapped against the location such as the
operating route, location, type of permanent way e.g. switch, crossing, plain line etc., rail profile,

assembly and track category, code, and the grade of material.

In the RDMS database, the defects are laid out against groups that are listed as 3-digit codes. Failures
occurring at switches have a group code of 500 and the group code for crossing failures is 700. Rail
ends are labelled as code 100, code 300 for mid-rail damage, 400 for weld-related failures and 600 is

used to represent machined rails.

Network Rail’s FMS database includes the delay cost for different S&C components. On the other
hand, the RDMS data provided by Network Rail helps determine the dominant modes of failure of
S&C rail. 75% of the faults that have been reported in the RDMS database include 504 (Switch blade
damage); 727 (squat on crossing); 502 (Switch blade and stock rail both sideworn); 701 (Misshaped
nose or wear/damage in wheel transfer area > 3 mm deep); 709 (lipping on crossing); 209 (lipping);
721 (shelling/flaking of wheel contact surface); 609 (lipping on reduced section rail). These defects
occur over all S&C rails and the split obtained from the RDMS data has been shown in Figure 12.
Faults in crossing and switch panel rails account for 39 and 40% of the rail-related defects

respectively.
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RDMS S&C defect categories

Weld: 1% Railend: 1%
Section Rail: 4%

Running Rail: 15%

Switch/Stock Rail: 40%

Crossing: 39%

Figure 12: RDMS S&C defect categories

According to the analysis of the RDMS data by Grossoni [10], one-fifth of all reported failures
occurred on the switch blade over a seven-year period. It is one of the least durable sections of S&C
due to its tapered geometry. Although material grades with higher strength such as “HP335” have been

experimented with for switches, their deployment has not been successful [10].

53% of the faults occur in the crossing panel as opposed to 44% in the switch panel [10]. 5 main types
of failure categories account for all the faults in the switch panel. In contrast, 80% of the failures in the
crossings result from just 6 main failure types. Overall, the majority of the causes resulting in the
failure of S&C can be traced to the formation of surface defects. For the different types of S&C
assemblies, most of the failures occur on the common S&C assembly whilst failure in obtuse
crossings/diamonds accounts for just 5% of the total failures, which is also influenced by their

numerical inferiority.

In the switch panel, the damage of the switch blade damage (504) accounts for 62% of all faults. The
wear of the switch and stock rail together account for the next largest contributor (22%) [10]. The
damage of the switch blade could occur for various reasons, with lipping being the dominant reason
for switch blade damage (47%). Cracks and breaks result in 7% and 5% of the damage in the switch

blade respectively. Excessive damage of the stock rail is another fault category in the RDMS database,
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which can be expected when the predominant direction of travel is the through route and the
superelevation of the track is substantial [10]. Lipping is one of the most important factors that would

lead to the damage of the switch blade and occurs mostly on fast lines [10].

One third of all the faults in the crossing panel manifest themselves in the form of a squat on casting.
Essentially crossing materials are hard, which improves their wear resistance but makes them more
susceptible to crack formation and rolling contact fatigue (RCF). In reduced section rails such as
switch rails, wing rails and check rails, plastic deformation and RCF are the dominant failure mode

and account for 90% of observed failures.

It has also been stated that the loss of support stiffness and the presence of voiding in the switch panel
would significantly increase the chance of switch blade failure [10]. Similarly, the rail defects that
would result from voiding in the crossing panel include squats, plastic deformation and transverse

cracking [10].

To summarise, one-fifth of all rail faults occur on the switch blade, which makes it an important
subsystem to monitor. The majority of the switch blade damage takes the form of lipping, which
predominantly occurs due to the passage of the vehicles in the through-route on high-speed lines.
Similarly, wear is the second most prevalent failure mechanism in the rails of the switch panel and is
more dominant in switches than crossings since the strength of the rail material is less in the switches

than in crossings [10].

1.2.3 Rectification and total cost for the dominant failure mechanisms in switches

A significant portion of the budget is spent on the cost for maintenance and renewals occurring due to
wear, fracture and plastic deformation of S&C rails. Cornish [9] calculated the total failure cost which
is the sum of the total delay cost and the estimated cost for rectifying the defects. It was determined
that wear, fracture and plastic deformation of rails are the failure mechanisms that would contribute

the most to the total failure cost of switches and can be rectified by implementing various methods.
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For rectifying failures resulting from plastic deformation such as lipping and switch rail damage,
grinding is carried out, thus extending the time to replace the rail. Therefore, the failure cost due to

plastic deformation in the rails of the switch panels was estimated to be the lowest [9].

The rectification for the fracture failure varies depending on the root cause of the fault that would
result in the failure. Fracture of the rail can be rectified through either welding or the complete
replacement of the S&C unit, depending on the severity of the failure. Cracks appearing at the top of
the railhead due to rolling contact fatigue can be treated by removal through grinding. The portion of

the rail that is broken off is either welded or the complete S&C unit is replaced.

Several alternate rectification approaches are implemented for treating worn rail. The rectification
approach depends on the individual fault that is experienced by the rail. A damaged rail can either be
welded or replaced. 89% of fractures take place within a weld and the rectification would only require
the weld to be replaced and not the complete S&C unit. Under these circumstances, the total failure

cost does not increase as much as it would if the components had to be replaced.

It was also estimated that 50% of the wear in rails can be repaired by welding but the other 50% would
require the replacement of a unit. The total failure cost resulting from these individual defects was
obtained and it has been determined that wear of the rails would contribute the most to the total failure
cost. High-speed switches are more likely to experience wear damage than ones that are subject to
lower line speeds [9], as the creep forces that would remove surface rail material would be higher.
Among the different S&C failure mechanisms, the failure of the switch blade accounted for 53% of
the total failures [9], which also quantifies the benefit of monitoring switches in order to improve

safety and reduce costs.

1.2.4 Dominant failure mechanisms and the resulting rail defects

The various forms of defects observed in rails can be classified into two distinct categories [9,12].
Category 1 encompasses localised imperfections originating from mechanisms near the wheel-rail

contact zone. Category 2 encompasses failure mechanisms that take place away from the contact point,
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induced by broader system conditions like track quality, manufacturing flaws, and abnormal loading
[9]. The primary Category 1 failure mechanisms that lead to a range of defects on S&C rails comprise

of wear, rolling contact fatigue (RCF), and plastic deformation [12].

In the interaction between the surfaces of the wheel and rail, bonding takes place at specific points or
junctions due to surface irregularities. When these junctions break as the surfaces move in relation to
each other, the tip detaches from the softer surface and sticks to the harder surface, causing the
subsequent layer of the surface tip to become loose, leading to the generation of wear debris [13]. In
switch panel rails, wear primarily occurs when there is high creepage or differential velocity [10],
coupled with elevated tangential forces, particularly on the diverging route, affecting both the switch

and stock rails.

Repetitive loading and passage of vehicles over S&C rails, particularly at locations with
discontinuities and significant wheel impact, result in RCF. This usually manifests as either material
removal from the rail surface or the formation of subsurface cracks. RCF damage in S&Cs progresses
through three stages: crack initiation, crack propagation, and eventual fracture or collapse of the
structure. Surface RCF cracks, identified by material removal from the rail surface, are initiated due to
ratcheting caused by the accumulation of plastic deformation on the rail head [14]. This is influenced
by high contact stresses and forces affected by steering and traction [14]. Subsurface-initiated RCF
occurs beneath the running rail surface, particularly pronounced at the rail gauge corner. It is more
likely to happen under operational conditions with high normal wheel—rail contact forces and smaller

contact patches, compounded by the presence of material defects [14].

Plastic deformation or permanent alteration of S&C rail material occurs when the rails are subjected to
significant loads, causing stresses that surpass their elastic limit. This leads to residual stresses altering
the internal microstructure of the material. The extent of deformation is influenced by both the applied
load and the material condition, resulting in varying rates of deformation observed in the elastic
shakedown, plastic shakedown, and ratcheting regimes [10]. After the initial cycle of permanent

deformation in the internal structure, the material enters the elastic shakedown phase where very low
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residual stresses allow it to carry the same load elastically without incurring permanent plastic
deformation. Upon surpassing the elastic shakedown limit, the material transitions into cyclic
plasticity or the plastic shakedown phase. Here, the material undergoes microstructural deformation
with each loading cycle. Once the plastic shakedown limit is exceeded, each loading cycle induces
significant permanent deformation and plastic strains, ultimately leading to the collapse of the

structure [10].

Defects in S&C rails, where the primary mechanism of failure is RCF, include spalling, shelling, rail
fissures, head checks, and squats. Spalling is identifiable by hollow areas and subsequent fracturing on
the railhead, originating from repeated extrusion due to intense wheel—rail contact stresses, resulting in
the onset and spread of minuscule cracks [15]. Shelling is discernible as material detaching from the
rail surface, commencing with a minor crack on the rail surface, compromising structural integrity
upon subsequent multiplication and merging [15]. Head checks manifest as parallel cracks on the rail
gauge corner, initiated by RCF on the surface rail [16]. Squats result from the longitudinal
displacement of railhead cracks, followed by propagation into the subsurface rail and subsequent

lateral spread [17].

The occurrence of rail imperfections such as lipping, wheel burns, and rail corrugations is influenced
by either individual or combined effects of plastic deformation and rail wear. Lipping, noticeable by
the resettlement of material in the lower rail gauge corner, arises from plastic ratcheting [18]. Wheel
burns, characterised by the erosion of railhead material, stem from plastic deformation due to wheel
slip and high thermal stresses [19]. Corrugation, distinguished by irregularities and bands on the
railhead, begins when a 'wavelength fixing mechanism' is activated during the dynamic interaction
between the vehicle and the track. This is triggered by the nominal rail profile encountering roughness
at different wavelengths [20,21]. Subsequent rail wear and plastic deformation alter the rail profile and
activate the wavelength fixing mechanism, intensifying the corrugation [21]. Progressive transverse
cracking, a subtype of lateral internal cracks within the railhead subsurface, is a result of a

combination of material defects and significant gauge corner shelling [19].
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An important fault falling under Category 2 and occurring away from the wheel-rail interface is rail

fracture, with its main failure mechanisms being RCF and plastic deformation. Rail foot fracture,

identified as a major issue in crossings from 2009 to 2012 as per the FMS database of Network Rail, is

caused by wheel-rail contact forces concentrating bending stresses on weak areas of the rail foot. The

presence of rail irregularities at the crossing amplifies dynamic loading on the rail, resulting in rail

foot fractures when repeated high loading surpasses the material's ultimate tensile strength [14,19]. An

increase in operational loading over time, resulting in fatigue and inappropriate mechanical handling

of rails have also been listed as potential reasons [14]. Table 1 relates the defects in S&C to the main

failure mechanisms and has been reproduced from the published article based on this research [12].

Table 1: Relationship between S&C rail defects and the failure mechanism, adapted from [12].

Fault in S&C Damage Mechanism

Spalling RCF [22].

Lipping Plastic deformation [18,23].

Shelling Subsurface RCF, plastic deformation due to
cyclic loading [24].

Cracks in Rail RCF [24].

Head checks Surface-initiated RCF [16].

Squats Surface-initiated RCF [17].

Progressive transverse cracking

Shelling in gauge corner [19].

Wheel burns Plastic deformation due to wheel slip and rail
head wear [19].
Corrugations Wear because of longitudinal wheel slip [25],

cyclic plastic deformation [25], wear and plastic

deformation [19-21].

Rail fracture

RCEF, plastic deformation [9,14]
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1.3 Inspection, monitoring and maintenance procedures

In section 1.2, the costs attributing to the maintenance and failure of S&C were discussed. Although
digital technologies have the potential to tremendously reduce these high costs, it is also important to

state the potential benefit they could bring in terms of safety.

The Grayrigg derailment that resulted in a fatality due to switch failure occurred due to the fact that
the fastenings for the switch rails were not inspected [11]. Several rail accidents have occurred
because of the inappropriate shape and position of the switch rails [11,26-28]. In another instance, the
crack growth in a crossing resulted in failure due to the cracking of the rail [29]. A derailment in the
northwest of London was the result of a track twist in S&C [30]. Inadequate inspection of point
machines would result in their malfunctioning, essentially risking derailment due to inappropriate

switch positioning.

The existing approaches to the detection of defects in switches have been discussed in Section 1.3.1.
Some examples of instrumented rail inspection have been discussed in 1.3.2. Finally, the examples in
the literature where physical sensors were implemented for the condition monitoring of S&C rails

have been discussed in Section 1.3.3.

1.3.1 An overview of the existing requirements for inspection of S&C rail in the UK
The standards for inspection and existing maintenance practices were evaluated in [31], where the

research project aimed at digitalising manual switch inspection procedures in Great Britain.
According to [31], the S&C inspection requirements in the following areas can be digitalised.

1. “Visual inspection tasks.”

2. “Inspection of shape, size and position of switch rails, stock rails, crossing, wing rails and
check rails.”

3. “Geometry measurements (gauge, cant, twist, alignment and levelling).”

4. “Measurement of cracks in rails and crossing.”

5. “Tightness checks.”
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6. “Point machine inspections.”
7. Other inspection tasks such as the inspection of vegetation along a walking patch and

inspecting rail isolation.

This overlaps with the requirements in various standards where it has been specified that the condition

of the following S&C components would need to be assessed:

1. “Condition of switch/stock rails for wear, damage, lipping, RCF, false flange damage and
residual switch opening.”

2. “Condition of switch rail fittings: stretcher bars, lock stretcher bars, driving rod and their
fastenings for bent, damage, dents, missing and cracks.”

3. “Condition of crossing, wing rails, check rails and flangeways for wear, batter, lipping and
cracks.”

4. “Condition of rail fastenings, soleplates, baseplates, blocks, welds, ballast, rail joints.”

Maintenance standards define the periods between track inspection; the visual inspection of rails must

be carried out to scrutinise the presence of cracks and other defects.

Corrugations can be identified from increased wheel noise or “roaring” and the loss of rail head profile
is detected by visual observation and rail profile measurement. The poor ride quality of vehicles on the
track which is otherwise within maintenance tolerances can also highlight the presence of track
defects. Visual inspection can also highlight flaws such as squats, wheel burns, gauge corner cracking

and micro-cracks on the rail head which can be removed with rail rectification machines.

The wear of the rail that would occur because of the contact between the wheel flange and the rail

gauge corner, i.e. the side wear is usually inspected with a side wear gauge.

The NR4 Stepped Sidewear Gauge was created specifically for gauging sidewear on stock rails as
specified in the NR/L2/TRK/0053 inspection standard [32]. As shown in Figure 13, the gauging
process entails ensuring the gauge makes contact with the rail at three specific points: the field side for

alignment, and the gauge corner and top for actual measurement. If inadvertently used in the wrong
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orientation (i.e., employing the gauge side for alignment), the measurements obtained would be
inaccurate. The gauge comprises two distinct components: one tailored for measuring rail heads of 72
mm, identifiable by the presence of two small holes, and another for rail heads of 70 mm, recognisable
by the absence of these holes. Therefore, Figure 13A showcases the measurement of a rail head with a

width of 70 mm [31,32].

In summary, the gauge determines sidewear by comparing the loss in height of the gauge corner to the
top of the rail. This disparity is gauged using a stepped tool with intervals of 0.78 mm. The stepped
gauge is labelled with numbers ranging from 0 (representing a thickness of 10 mm, indicating the
highest sidewear) to 18 (representing a thickness of 24.04 mm, signifying a new rail). As specified by
Network Rail [32], sidewear measurements should be taken at a minimum of 4 locations per quarter
mile along a curve, selected based on visual examination where sidewear is most prominent. It is
mentioned that the maximum permitted lateral head loss in plain rail and rails with full head section is

9 mm [32].

(B)

Slider with
numbered
‘steps’

Sidewear
causes
gauge to sit
lower on rail

Figure 13: NR4 sidewear gauge measurements (A) New Rail; (B) Sideworn rail, reproduced from

[26].
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1.3.2  An overview of some of the common approaches to instrumented rail inspection

In railways around the world, the rails are subject to regular and frequent visual inspection for
detecting the development of gross defects depending on the track category. Various types of NDT
testing such as ultrasonic testing are also employed. One approach is ultrasonic detection regularly by
either pedestrian operators or rail-borne ultrasonic testing units. The flaw detection equipment
produces a short electric pulse which is applied to the piezoelectric transducer. “The piezo-electric
transducer can convert an electrical pulse to an acoustic pulse” and vice-versa. A defect “such as a bolt
hole or a crack in the rail” would return the pulse “at a shorter time and hence at a shorter range from
the rail foot”. For S&C, these manual inspection units are generally employed by pedestrian operators

since they can reach access such areas more efficiently [1].

Ultrasonic test units can be installed on railway vehicles and implemented for testing the development
of subsurface faults on plain line continuously welded track by capturing data accurately whilst
travelling at speeds up to 70 km/hr [1]. The vehicle has several “small wheels with ultrasonic
transducers fitted to their axles which are enclosed by polypropylene tyres.” “The tyres are filled with
a water-glycerol mixture and a water couplant is used between the tyre and the rail. The ultrasound
travels from the transducer, through the internal fluid, the tyre-water couplant and into the rail to the
rail foot and then returns back to the transducer. Non-contacting eddy current probes are also used for

detecting surface defects [1].”

Other forms of rail inspection procedures include visual inspection, magnetic particle inspection, dye
penetrant testing and eddy current testing. Visual inspection has been described as an initial step that
can be used to indicate damage. This is generally followed up by a non-destructive testing procedure
for indicating the severity of a visible defect. For example, ultrasonic testing is required to indicate the
severity of subsurface defects such as squats. Another limitation of visual inspection is the
misinterpretation of visual indicators, e.g. the interpretation of “fusion lines at the weld boundary as a

defect [1].”
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The defects that are detected are fed into a database and corrective actions are proposed based on the
severity of the defect [1]. These range from retesting to speed restrictions, implementation of
“emergency clamped fishplates or removing/replacing the section of the defective rail within a

specified period [1].”

1.3.3 Evaluating the potential for detecting defects in S&C rails by implementing physical
sensors for continuous condition monitoring

Inspection and condition monitoring are two approaches for detecting the presence of faults in the

infrastructure. A periodic inspection would involve inspecting the asset manually or by carrying out an

instrumented inspection at set time intervals. On the contrary, condition monitoring would involve a

continuous check of the state of health of the asset and flagging up potential threats as and when they

occur [33]. An ideal condition monitoring system should be able to detect, diagnose (determine the

root cause) and predict faults in the infrastructure through the analysis of the measured data.

It has been argued that the limited accuracy, precision and reliability of existing condition monitoring
systems can be insufficient for making them replace more traditional inspection processes. This is
especially true when an asset is safety critical and its failure could lead to loss of life and injuries.
However, they have the potential to gather data for understanding the behaviour of the asset and
reduce costs. The benefits can be direct or indirect. One of the direct benefits would be knowing the
real-time state of health of the asset at crucial locations. An indirect benefit would be the collection of

long-term data for informing improvements in design, manufacturing and assembly.

It was described in Section 1.2 that the switch and crossing panels would contribute immensely and
almost equally to the delay cost as well as the total number of failures. Therefore, it is proposed that
the weakest sections of the rail should be continuously monitored for the development of rail defects.
In a project that was carried out at the University of Birmingham [31], a feasibility study was carried
out for digitalising S&C inspection procedures. The different recommendations included detecting the

obstruction of the switch rail by implementing lasers and cameras. Similarly, it was recommended that
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the contamination of baseplates can be detected by measuring the current or the force of POE. The
locking mechanism of switches can also be assessed by monitoring the force and the current of the
POE. Implementing physical sensors such as strain gauges and accelerometers were recommended for

monitoring the development of wear/damage in switches and the cracking of crossings.

Field experiment studies by implementing sensor measurements for monitoring the health of S&C
have already been carried out as evidenced by the amount of literature on this topic. However, most of
the publications have focused on the crossing rather than the switch. Moreover, most studies have
focused on field experimentation for the validation of numerical models rather than for developing

condition monitoring systems.

Many examples of experimental condition monitoring studies that have been carried out in literature
have focused on collecting data about the structural health of S&C by implementing inductive sensors,
accelerometers, geophones and strain measurement sensors including strain gauges and fibre-optic

sensors. Most of these studies have focused on the crossing nose and some have focused on switches.

The installation of Fibre Bragg Grating (FBG) strain sensors was carried out on the fishplates, switch
blades and stretcher bars of a tram track system [34]. The sensors were installed in the axial direction
at the side of the rail head and at 45 degrees at the rail web. The sensors were bonded to the rail with

adhesive and coated with a sealant for protection. The changes in the track condition were reflected in

the measurement data in the time series that were carried out for the switch blade.

Strain gauges were installed on the stock rail of the switch panel on the neutral axis at the location
between the sleeper spacing [7]. The vertical shear strain on the rail was recorded whilst reducing the
influence of structural bending on the measurement. Four sites for the same switch layout were chosen
for experimentation and among them, three were straight switches. The sites experienced different
vehicle speeds and tonnage. At all four sites, the sensor was installed at a distance of 1.2 m from the
switch toe/tip. In one of the sites, the sensor was installed at a distance of 4.5 m from the switch tip for

analysing the transition of the wheel-rail contact patch from one wheel to another. It was observed that
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the strains are higher for the closed switch than for the opened switch. Most importantly the influence
of the contact position on the strain measurement was analysed after implementing quasi-static FEA
simulations, where it was found that a variation in the contact position of 5 mm can increase the value
for the strain in rails by approximately 50 pe. Although the potential for strain measurements was
analysed in this research, a detailed discussion about the monitoring of switches has not been carried

out [7].

Strain gauges were installed at the bottom of the fixed crossing for measuring the bending strains in
the longitudinal direction [35]. It could be inferred from the data that was gathered from the passage of
multiple vehicles that they passed over the crossing at similar speeds. Along with the history of the
strain measurements, the quantitative measurement of the change in the profile of the crossing nose
was measured at predefined intervals by implementing laser profilometry and the influence of crossing
deterioration on the change in the strain measurements could be observed. The authors proposed a
model-based condition monitoring approach that is based on geometry, strain measurements and Finite

Element Models to contribute to the planning of repair and visual inspection intervals [35].

Similarly, laboratory experimentation was carried out to check the potential for monitoring excessive
wear for a metallic slab that was manufactured for simulating a crossing nose profile [36]. The strain
profile of the crossing of the S&C was implemented for determining the size of the wear that was
introduced into the test specimen. A 3D FE model was developed for defining the loading as well as
the testing conditions so that it could be compared with the experimental tests. Sensors were installed
in the longitudinal direction of the sides of the crossing nose. Two cuts were introduced on the side of
the crossing nose for analysing the effect of the fault on the strain values. It was shown that the results
of the experimental and numerical studies were in good agreement. Sensors were placed at two
locations, one near the head of the rail and another near the foot of the rail. It was confirmed from the
simulations that the positioning of the sensor near the rail head would provide more detail for the

variation of the strain profile due to wear [36].
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Field experimentation was carried for understanding the effect of the passage of a vehicle over the
crossing nose [37]. As a part of the experimentation procedure, a triaxial accelerometer was installed
0.3 m away from the theoretical crossing nose point. For the measurement of speed, a pair of inductive
sensors were installed in the closure panel. The range of the acceleration sensor that was implemented
was 500 m/s? and the sampling frequency was 10 kHz. Along with the results from an FE model, the
results for the measured acceleration were implemented for validating the MBS model. The transition
region, wheel impact acceleration and the impact location were compared between the simulations and
the experiments for validating the wheel-crossing dynamic analysis. However, the potential for

monitoring the various faults in crossings has not been analysed.

In a similar experimental analysis [38], a tri-axial accelerometer, inductive sensor and Digital Image
Correlation (DIC)-based video gauge system was implemented to provide a qualitative indication of
impact locations for determining the development of fatigue in crossings. The impact locations were
obtained by implementing the speed obtained from the inductive sensors in order to determine the
position of the wheel along the crossing. The percentage occurrence for the values of the acceleration
under worn and repaired conditions was analysed. Moreover, the locations where the impact would
occur were compared against observations for fatigue development. It was demonstrated from this
study that together acceleration measurements and inductive sensors would be able to support the

qualitative detection of impact locations and the development of fatigue in crossings.

On the other hand, instrumentation with accelerometers, strain gauges and geophones was carried out
on the rails and the sleeper at the University of Birmingham [39] and the potential for monitoring the
health of both switches and crossings from the data gathered by the different sensors was analysed. In
the switch panel, 2 Integrated Electronics Piezoelectric (IEPE) accelerometers were placed on either

side of the rail web of one stock rail. 10 vertically mounted geophones were installed over 5 sleepers,
i.e. two geophones per sleeper. The geophones were placed on the field side of the half-set of left and

right switches.
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Similarly, in the crossing, 10 vertically sensing geophones were placed on 5 sleepers. 8 IEPE
accelerometers were installed on the crossing nose, where 4 were set vertically on the rail web
between the sleeper spacing and the other 4 were set horizontally (either under the rails in the sleeper

spacing or over the sleeper).

Three strain gauge bridges were installed in the spacing between two bearers and attached to the
crossing nose. Two strain gauge bridges were installed on both sides of the crossing nose assembly for
measuring the shear strain [39]. One strain gauge bridge was installed under the crossing for
measuring the bending strain. In [39], it suggested the appropriate frequency bandwidth for capturing
impact forces and bending at the crossing nose. It was suggested to have at least 300 Hz for capturing
bending strains, and at least 2 kHz for capturing the impact forces, P1 and P2 that usually occur at a
discontinuous wheel-rail interface. The first impact force (P1), which generally results in rail surface
defect, is usually larger and can be captured at a higher frequency than the second (P2). The P2 forces
occur at a lower frequency than the P1 force and influence the degradation of the ballast. A limit of

322 kN for the value of the P2 force has been prescribed by the Rail Safety Standards board [40].

In terms of usable data, the study showed that the data obtained from the different sensors can be
implemented for the detection of different faults. The implementation of geophones showed potential
for measuring peak-to-peak displacements for detecting defects such as voiding. However, they were
unable to capture the influence of the wheel-rail interaction and are inadequate for determining the
state of health of rails. It was discussed that the measurement of the bending/longitudinal strains at the
rail foot had shown the potential for monitoring the condition of the track support. The data that was
obtained from the accelerometers installed on the rails showed a poor correlation with the estimated
impact forces. Although a 1 kHz filter was implemented in the study for removing unwanted noise in
the sensor measurements, it also removed the crucial dynamic information that is needed for providing
meaningful insights. On the other hand, a good correlation between the strain measurements and the
impact forces was obtained for the crossing. An RCF monitoring index that can provide data for faulty

trains, train speeds and train types was implemented to demonstrate the potential for fault detection.
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The aforementioned examples of data acquisition from physical sensors show potential for monitoring

the rail for the development of various kinds of defects.

1.4 Research questions

As introduced earlier in the chapter, railway switches are crucial to the safe and cost-effective
functioning of the track infrastructure. As shown from the analysis of the FMS data from Network
Rail in Section 1.2, the defects in the rails of the switch panel and the substructure have traditionally
resulted in significant delays and maintenance costs. The RDMS data from Network Rail has shown
that the defects on the rails of the switch panel are 40% of all the S&C rail defects. Moreover, the
switch blade has accounted for one-fifth of all the defects that would occur in the S&C rails. In
addition, the failure of switch components has resulted in fatal accidents in the past. As discussed in
Section 1.3, switches have traditionally been visually inspected and can also be subject to intermittent
instrumented inspection. There is a case for continuously monitoring the structural health of the switch

rail because of its high maintenance cost and safety-critical nature.

A review of the studies involving field experimentation with physical sensors has highlighted the
possibility of monitoring the rail strains for detecting the defects in railway switches. Many studies of
field experimentation have also been implemented for validating numerical simulation models. The
numerical simulations of the interaction between trains and S&C have predominantly been
implemented for predicting S&C track damage. Since field experimentation is subject to time and cost
constraints, it is proposed that Digital Twin simulation models can be implemented for taking
important preliminary decisions for the structural health monitoring of switches. The approach to
developing such a model and implementing the model for testing sensor placement for detecting the
crucial rail and substructure defects that would occur in switches has been explored through this thesis.

In particular, the following questions have been answered:
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e  What numerical simulation approach can be implemented for predicting the locations in
switches that are prone to the occurrence of the dominant surface and substructure defects and
those for installing the strain sensors on the rail for detecting them?

e How can the track dynamics of the switch model be calibrated against a reference model or
asset?

e How can the model of a switch be developed whilst balancing the tradeoff between accuracy
and computational efficiency?

e  How can the track defects in switches be modelled?

e How can the results from numerical simulations be implemented for determining the
placement of sensors in switches?

e How will the sleeper support influence sensor placement and what is the potential for
predicting the wheel-rail contact force from the strain measurements for implementation in

damage prediction models?

1.5 Original contributions from the research

The following are the original contributions from the research that are based on the aforementioned

research questions:

1. Demonstrating the implementation of numerical simulation for studies related to the structural
health monitoring of a railway switch. Traditionally, the two fields of MBS/FEA numerical
simulations and instrumented experimentation have been implemented separately for studying
switches, the former for studying mechanical degradation and the latter for detecting
mechanical degradation. A concept for a Digital Twin is defined and explored within the
thesis, with the aim of developing a 3D FEA model capable of considering both aspects that
can be calibrated to the track properties of a reference model for studying the structural health
monitoring of switches.

2. An evaluation of previous S&C numerical simulation approaches in literature will show that

outputs from MBS train-track dynamic interactions have been implemented in independent
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FEA simulations without essentially ensuring compatibility for the vehicle and track dynamics
between the two models. An attempt will be shown in reducing the differences between these
models, which will be essential when developing Digital Twins of switches. An approach to
modelling a switch track in FEA, whose track dynamics are compatible with a reference
model that it is based on, will be shown in Chapter 3. This will be shown by comparing the
results for the vertical and lateral rail receptance between the reference model and the FEA
model that has been developed [41]. The compatibility between the two models will also be
ascertained based on the results from the wheel-rail interaction and discussed in Chapter 4.
Incorporating appropriate vehicle and track dynamics in the FE simulations would improve
result accuracy for subsurface rail mechanical behaviour, as it will be shown in Chapter 4.
Specific geometry of defects that approximately seek to replicate the key failure mechanisms
of wear, RCF and voiding will be modelled into the track for determining the placement of
sensors in Chapter 5.

The results from the FEA simulations will be implemented for determining the possibility of
measuring the strains of the switch rail for fault detection. The results for the rail strains will
be implemented for determining the locations and orientations in which the strain could be
measured for detecting the defects and will be shown in Chapter 6. The contribution of aspects
such as sensor placement at the longitudinal position (sleeper-supported or not), vertical
position (proximity to the rail head) and the type of rail strain measurement (vertical/shear or
longitudinal/bending) to the detection of the different defects (wear, squat and voiding) will be
discussed in Chapter 6. Moreover, there will be a discussion on corroboration of the
simulation results with existing examples of field experimentation [39].

Whether the amplitude of the wheel-rail contact force, which is implemented in various
mechanical damage prediction models can be determined from the rail strain will also be
explored. The results for the vertical and the longitudinal strains at the proposed sensor
placement locations will be implemented for studying their correlation with the vertical wheel-

rail contact force for testing whether the contact force can be derived from the strains and thus
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be implemented in damage prediction models. The difference between the results for the
strains that will be obtained from the simulations carried out in the presence and absence of
the defects will be implemented for studying the potential for fault detection. The results from
the model will be assessed against the range and resolution of a reference sensor. Since the
track and the vehicle dynamics of the model have essentially been calibrated against a
reference model, this research will also demonstrate how physics-based Digital Twin models
of switches could be implemented for virtually evaluating structural health monitoring

systems.

1.6 Conclusions from the chapter

The benefits of implementing the condition monitoring of the rails of switches for improving the
safety and reducing the maintenance costs for the railway were explained in this chapter. The
discussion around the S&C layout as well as the failure statistics for them can help the reader
understand the challenges surrounding their design and maintenance. Some of the approaches to
traditionally inspecting the switch were highlighted and it has been proposed that such procedures can
be replaced by continuously monitoring the condition of the crucial rail sections along the length of

the switch by gathering and analysing data from physical sensors.

A review of previous field experimentation studies has shown the potential for measuring the rail
strains for detecting the defects in the rails of the switch panel. It has been proposed that prior to
carrying out field experimentation, numerical simulation can be implemented for answering the crucial

questions on the locations for monitoring and installing the sensors on the switch rail.

Therefore, in the next chapter, an evaluation of the numerical simulation approaches for determining a
suitable modelling approach for answering the research questions that have been posed in this chapter
will be carried out. In the subsequent chapters, an approach for modelling the switch whilst calibrating
the track dynamics against a reference track model will be shown. The model will be subject to wheel-

rail interaction simulations in the absence and presence of track defects for determining the locations
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for measuring the rail strains for condition monitoring. Moreover, the modelling results will be
implemented for discussing the potential for successfully detecting the defects by either examining the

strain results directly or through the derivation of the impact force.
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CHAPTER 2. REVIEWING THE NUMERICAL SIMULATION

APPROACHES AND SETTING OUT THE MODELLING

METHODOLOGY FOR TRAIN-SWITCH INTERACTIONS.

This chapter will present the literature around the existing approaches to modelling switches and set
out the modelling objectives that will be achieved through this thesis. The definition of a Digital Twin
will be provided and how that fits within the context of the research objectives will be set out. The
literature around the numerical simulation approaches, wheel-rail contact models and damage
prediction models that have been applied to S&Cs will be discussed. Finally, the requirements for the

modelling work and its assessment will be defined.

As described in Chapter 1, this thesis will demonstrate an approach for implementing numerical
simulations for taking key decisions on the structural health monitoring of switches. Implementing
numerical simulations for representing a reference system would be a step towards achieving Digital
Twins. As defined by Ansys [42], a simulation based digital twin is a “Connected, virtual replica of an
in-service physical asset, in the form of an integrated multi-domain system simulation that mirrors the
life and experience of the asset.” For achieving a simulation-based Digital Twin according to this
definition, the first essential step will be to demonstrate the process of building a model that represents

the system that the twin seeks to replicate.
Therefore, the two key aims of the modelling work will be:

e Demonstrating the process of building a wheel-switch interaction model in 3D whose track
properties will be modelled for representing a reference system, as a step towards showing
how simulation based digital twins can be developed.

e Implementing the model in preliminary investigations for assessing the possibility of

measuring rail strains for monitoring the health of the switch structure.
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To this end, a review of the approaches to S&C modelling will be presented in Section 2.1 and the
modelling methodology and the assessment criteria will be set out in Section 2.2. Section 2.3 will set a
constraint on the definition of digital twins for this thesis whilst setting out the reference switch model

for replication and Section 2.4 will present the conclusions from the chapter.

2.1. A review of numerical simulation approaches, wheel-rail contact models and

damage prediction models for Wear, RCF and Plastic deformation.

This section will present a discussion on the numerical simulation approaches, wheel-rail contact
models and damage prediction models for the main failure mechanisms of wear, RCF and plastic
deformation in switches that were defined in Chapter 1.2.4. The content provided here was previously
published as a journal article [12] and is paraphrased to give important background to the work that

will be presented in the subsequent chapters.

2.1.1 Numerical simulation approaches for modelling the interaction between trains and
S&C.

In this section, the different numerical simulation approaches for modelling the dynamic interaction

between railway vehicles and S&Cs will be described whilst providing context to their benefits,

constraints, and the S&C research attention they have garnered in the literature.

2.1.1.1 Multi-Body System (MBS) Simulation

The interaction between the vehicle and track dynamics can be simulated in MBS, where both the
vehicle and track are represented as rigid components. The interaction between trains and S&Cs can
be modelled within MBS using rigid elements, such as mass-spring-damper systems, with each
wheelset having an associated moving rigid track system, commonly referred to as a co-running track

[22].

Track flexibility is incorporated by adjusting the characteristics of the spring-dashpot component in
both vertical and lateral directions, as depicted in Figure 14. In the example of the single-layer track

system that has been depicted in Figure 14, the dynamic attributes of the railpad and substructure were
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merged, and the entire track system was coupled to the vehicle model [43]. A notable limitation of the
single-layer MBS track model is its inability to adequately represent high-frequency track dynamics,

which makes it more suitable for purposes such as the analysis of vehicle ride dynamics [44].

5 W %

/ 1 Fixed ground //

Figure 14. Co-running track model with track flexibility (adapted from [43]).

To enhance track flexibility and account for high-frequency dynamics, various track layer
configurations can be employed. In multi-layer track systems, multiple rigid masses are utilised to
represent the degrees of freedom (DOF) associated with the rails, sleepers, and potentially the ballast.
For instance, as illustrated in Figure 15, a three-layer track system incorporates multiple masses and
DOFs [45]. While the inclusion of multiple DOFs may extend computational processing time, it

affords greater flexibility and facilitates the consideration of higher frequencies, thereby enhancing the

§

accuracy of model results.
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Figure 15. Co-running track with multiple DOFs (adapted from [45]).

MBS simulations are most suitable for scenarios requiring the examination of vehicle dynamics and
rapid simulations, particularly when conducting parametric studies involving adjustments in wheel and

track geometry, variations in speed, and changes in friction coefficients. However, MBS simulations
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cannot be implemented for studying aspects such as the mechanical behaviour in the rail subsurface.

The benefits, drawbacks, and research focus related to MBS modelling of S&Cs, as documented in the

reviewed literature, are condensed and presented in Table 2.

Table 2. Summary of the MBS numerical approach

Advantages

Limitations

Research interest

Single layer co-running track

High efficiency [52].

Detailed consideration of

vehicle dynamics [52].

Acceptable results for low

frequency applications [44,52].

Representative surface damage
predictions based on the

contact model [22].

Only captures low

frequency content [44].

Less representative
substructure mechanical

behaviour [18].

Poor consideration of
S&C rail cross-section

variation [22].

Multi-layer co-running track

Independent consideration of
S&C component dynamics

[45,68] .

Captures higher frequency
content than single layer track

[45].

Accurate results limited to
frequencies up to 200 Hz

[73].

Reduced efficiency [45].

Switch wear prediction [22,46-51].

Crossing wear prediction [45,48,49].

Switch surface RCF prediction

[22,47,49,52,53].

Crossing surface RCF prediction

[49].

Vehicle/turnout dynamics

[37,54-59].

New switch concept [60].

Vehicle performance [61] .

Wheel damage [62,63] .

S&C geometry optimisation [64—67].

Field calibration [68].

Contact model validation [54].

Flexible track model validation

[44,55,69].
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Advantages Limitations Research interest

FE model validation [70-72].

2.1.1.2 Finite Element (FE) simulation approach

In FE analyses employing beam and solid element models, the analysis takes into account high-
frequency dynamics and various non-linearities arising during the interaction between the vehicle and
track. This is achieved by incorporating the 3D geometry of S&C rails, which considers details such as
rail profile machining and milling thickness [65], and importing this representation as solid elements
into the FE analysis. Additionally, for scenarios requiring precise information about the wheel/rail
contact patch, the FE model includes a representation with solid elements for either an unsprung wheel
or a complete wheelset. The modelling of the substructure can vary, with some approaches using solid

elements while others option for simplified rigid elements.

The primary methodologies in S&C numerical simulation via FEA involve three main approaches: one
is the half-track model focusing on a single wheel and track side (Figure 16), another is the full-track
model with a complete wheelset and track (Figure 17), and the third involves applying concentrated
loads on the rails within a detailed solid element turnout model encompassing full geometry. Section
2.1.4.1 of the thesis will discuss how these modelling approaches impact the consideration of vehicle

dynamics.

The necessity for efficient FE models in cyclic analyses has prompted various simplification
techniques. Some models simplify rail geometry to enhance efficiency in cyclic simulations [74,75],
while others employ a plane strain assumption for certain rail cross-sections [52,76]. Alternatively,
some models achieve accuracy by using a highly detailed FE model for a single run and then applying
the resulting data to empirical models for cyclic predictions [24]. Examples in literature have also
shown that a coarsely meshed global FE model of a larger area can provide initial dynamic response

results to serve as boundary conditions for a subsequently developed finely meshed local sub-model,
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which can be used for damage prediction on a smaller scale [77-79]. Section 2.1.4.3 underscores the

significance of considering non-linear plastic material behaviour made possible through FE models.

Table 3 offers a summary of the advantages, limitations, and research interests pertaining to various

types of FE turnout models.

Table 3. Summary of FE numerical approach for S&Cs

Advantages

Limitations

Research interest

Solid element FE half-track model.

Reduced number of elements, higher

efficiency.

Non-linear elastic-plastic material
behaviour for better prediction of

contact stress/damage [71].

Implementation of cyclic degradation

[75].

Consideration of a solid sleeper [80].

Poor efficiency

Simplified vehicle

dynamics [71].

Constant yaw angle
used for the wheel in
the diverging route

[71].

Underestimation of
slip, lateral and
longitudinal tangential

contact forces [81].

Assumptions in
substructure
simplification/
property assignment

[71].

Crossing wear [71,72,80,82].

Crossing RCF [72,74,75]

Crossing plastic

deformation|[71,75,80—84].

Wheel/crossing impact behaviour

[83-88]

Incorporation of RCF damage in

Rail [89].
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Advantages

Limitations

Research interest

Solid element FE model for full track, including the opposite stock rail.

Non-linear elastic-plastic material
behaviour for better contact

stress/damage prediction [24].

Implementation of cyclic degradation

[90].

Representative wheelset

displacement [24].

Sleeper and substructure material
behaviour and vehicle dynamics

[24,90,91].

Sleeper and substructure stress

distribution outputs [24,90,91].

Poor efficiency[24].

Simplified vehicle

dynamics [70].

Poor efficiency [24].

Direct application of axle load in absence of wheel geometry

Complete turnout substructure

modelled [96].

Stress distributions in all turnout

components [96].

Input loads for a complete train [96].

Poor efficiency [96].

Wheel/rail contact

ignored [96].

Point loading rather
than through a contact

patch [96].

Crossing wear [92-94].

Crossing surface RCF [92].

Crossing fatigue life [24,78].

Switch component plastic
deformation in special case run-

through [95].

Crossing plastic deformation [92—

94].

Bearer and ballast mechanical

behaviour [96].

Wheel/crossing contact behaviour

[91].

Wheel/switch contact behaviour

[70].

Dynamic behaviour of all S&C

components [97].
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2.1.1.3 Combined MBS and FE modelling approaches

A comprehensive approach to addressing vehicle dynamics, material behaviour, rail subsurface, and
substructure mechanics is achievable through a combined MBS and FE simulation strategy [43,52].
The MBS and FE simulation approaches can be utilised together through either substitution or co-
simulation. In the substitution approach, the results that are obtained from the first numerical tool are
manually output to the second tool after a vehicle has traversed the entire track. For example, there can
be two separate models that are implemented in two separate tools but there is no automatic feedback
or exchange of information between these two models in the substitution approach. Therefore, this
particular approach will be referred to as a two-step or multi-step simulation approach, depending on

the number of independent models.

In contrast, co-simulation can be executed in parallel, sequentially, or iteratively [98]. Parallel co-
simulation entails running both numerical tools concurrently, sharing data to update their respective
solutions at predefined coupling times, offering efficiency but with the risk of potential instability. In
sequential co-simulation, the analysis in the first numerical tool guides the second, and information is
exchanged at specific coupling points while the same vehicle's passage over the track occurs. Similar
to the sequential approach, co-simulation through iterative coupling also involves the first tool leading
the second, but it involves more intricate exchanges at defined coupling points, repeating them until

termination criteria are satisfied [98].

In the study of S&Cs, several combined simulation approaches based on substitution have been
applied. One approach that was reviewed involved using MBS model outputs, which include relevant
wheel-S&C contact loads, positions, and radii of curvature, to generate a simplified 3D solid element
FE model. This FE model was substituted for an empirical wheel-rail contact model for obtaining

precise contact patch results, especially under elastic-plastic material conditions [52].

Another approach that was reviewed combined the use of an MBS model, a wheel/rail contact meta-
model that considers elastic-plastic hardening material behaviour, and a 2D plane strain FE model for

predicting plastic deformation. In this method, the MBS model provided the outputs for contact
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positions and forces, which were used in the wheel-rail contact meta-model to calculate contact patch
sizes and pressures. These results then served as inputs for the 2D plane strain FE model, which
predicted the subsurface rail stress distribution related to plastic deformation [45]. It will be essential
to ensure compatibility between MBS and FE models, particularly concerning contact point locations,

bedding properties, and result stability when combining these methods.

MBS models can be enhanced for improved computational efficiency and the consideration of higher
frequencies by coupling them with reduced-order models. This integration involves translating FE
components into a set of representative Eigen-frequencies and mode shapes, accurately representing
their behaviour under dynamic conditions [99]. Modal reduction methods simplify the flexible body
problem by expressing it as a combination of its mode shapes. These methods utilise outputs related to
node locations, connectivity, nodal mass, inertia, mode shapes, and generalized mass and stiffness

matrices for the mode shapes to describe the flexible body [99].

To create flexible track models capable of capturing higher-frequency characteristics, FE models can
be imported into MBS packages using modal reduction methods. While flexible track models
employing beam elements are less efficient than MBS models, they can account for high-frequency
impacts and longitudinal variations in S&C track properties, including track geometry. However,
when detailed outputs of subsurface stress and strain distributions are required, modal reduction of
solid element FE models becomes a more desirable approach. In contrast to combined simulation
approaches involving multiple solver packages, this simulation method integrates an FE model
through modal reduction within a single solver. This means that the substructure properties of the
flexible track are directly incorporated into the simulation, eliminating the need for calibration

between multiple models.

After preprocessing the wheel-rail contact locations using 2D cross-sections, the dynamic interaction
between the rigid vehicle and the flexible components of the track can be conducted. It will be crucial
to ensure good alignment between the rail profiles used in the preprocessor and the FE flexible track

geometry if this approach is implemented [100]. However, post-processing of results from the flexible
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track model is constrained by computational efficiency and requires selecting specific nodes of

interest. Furthermore, this method applies concentrated forces to contact points, rather than

distributing loading or pressure through a 3D contact patch. Additionally, analyses conducted using

flexible track models are restricted to linear systems.

Section 2.1.4.2 will discuss the significance of calibrating substructure properties among models when

employing co-simulation techniques. Furthermore, Table 4 provides a comprehensive overview,

including advantages, limitations, and examples from existing literature, regarding the modelling

process through combined approaches.

Table 4. Summary of combined independent modelling approach for S&Cs

Advantage Disadvantage

Research interest

Combined multi-step and co-simulation approaches

MBS/Solid Element FE
Representative wheelset Less efficient than pure
displacements and vehicle MBS models [52].

dynamics [43,52].
4 [ ] Effects of substructure

Efficient analysis with ignored during FE
simplified geometry [45,52]. wheel/rail contact

o : [43,52].
Track non-linearity considered

[43].

Cyclic material degradation

considered [45,52].

Switch wear [47,52].

Switch RCF [43,47].

Switch plastic deformation [52,101].

Crossing wear [45].

Crossing RCF [43].

Crossing deformation [45] .

Substructure dynamics/S&C settlement

[102-107].
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Advantage

Disadvantage

Research interest

Cyclic rail profile updated

[52].

MBS/Beam Element FE

High efficiency[40,102].

Substructure dynamics

considered [102].

Very high efficiency of 2D

models [104].

Subsurface outputs
cannot be analysed

[102].

Many calibrated inputs
needed for 2D FEA

[104].

Vehicle/turnout dynamics

[40,43,56,108-110].

Wheel-rail contact model comparison

[111].

Crossing model validation [112].

Wheel behaviour [113].

Combined MBS-FE simulation with modal reduction

More efficient than FE [69].

Reducing number of modes/

DOF improve efficiency [44].

Captures higher frequency

content [69].

Substructure dynamics

considered [69].

Poorer efficiency than

MBS [69].

Linear track model

[114].

S&C Wear [115,116].

S&C surface RCF [115].

Vehicle/Crossing dynamics [117] .

Vehicle/ turnout dynamics

[44,55,69,99,117,118].

Substructure dynamics [119].

Impact loads on crossing [114,119,120].
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2.1.2  Wheel/Rail contact modelling

The approach to addressing wheel/rail contact problems is different for MBS and FEA. In MBS
modelling, contact locations are typically updated based on wheel/rail movements to enhance
efficiency. Subsequently, contact forces are determined by considering material stiffness and
deformation. The calculation of contact pressure and contact patch in MBS can be handled analytically
or numerically, depending on the applied contact models. In some instances, empirical equations may

be employed to improve the numerical efficiency for solving contact-related issues.

On the other hand, FE modelling takes a different approach. In FE models, the wheel-rail contact
conditions are not predefined. Instead, the calculation of contact geometry, forces, and pressures
occurs at each time step through the application of a normal and tangential contact algorithm. Sections
2.1.2.1 and 2.1.2.2 in this thesis will provide some context to the normal and tangential wheel/rail

contact models used in S&C modelling as found in the literature.

2.1.2.1 Normal contact modelling

In the context of modelling normal wheel/rail contact in S&Cs, various contact approaches, both
Hertzian and non-Hertzian, have been applied. Notably, the Hertzian contact model, as described by
Hertz [121], is the most commonly used contact model in MBS simulations. This model assumes an
elliptical point contact between the wheel and rail and is highly accurate under specific criteria, as
outlined in Table 5. However, it is important to note that these criteria are often not always met in the
rail change/transitional regions of S&Cs. Moreover, only elastic material behaviour is taken into
account. Recently, an elastic-plastic hardening material behaviour was integrated into a Hertzian-
based metamodel to enhance the consideration of cyclic material behaviour within the contact model
[45,76]. Nonetheless, it was stated that further research would be required to validate the results from

this implementation.

An enhancement to the traditional Hertzian method is the Multi-Hertzian approach, which refines the

contact patch shape by dividing it into multiple ellipses and incorporates a penetration function based
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on the wheel/rail shape geometry [117]. However, it is important to note that this model still retains

certain Hertzian assumptions [117].

Another improvement over the Hertzian method is the Semi-Hertzian approach, which enhances
accuracy by considering virtual penetration between the wheel and rail. Initially developed by
Piotrowski and Kik [122], this approach had limitations due to assumptions made in calculating the
depth of penetration. These limitations were addressed by Ayasse and Chollet [123] through the
introduction of curvature correction measures and the discretisation of the contact patch into strips.
Further refinement was achieved by the Semi-Hertzian approach known as ANALYN, which
improved accuracy by considering an approximate surface deformation parameter (ASD) [124]. To
summarise, the Semi-Hertzian method enhances contact patch estimation by accounting for wheel/rail

penetration but remains restricted to the assumption of purely elastic contact.

The CONTACT algorithm developed by Kalker [125] is a widely used and versatile approach for
modelling wheel/S&C contact, not constrained by specific contact geometries, making it a benchmark
in this field. Kalker's CONTACT model was further refined to provide more precise results for

conformal contact through the WEAR algorithm [54].

In Finite Element (FE) analyses, the normal contact problem is addressed in real-time using the 'Hard
Contact' algorithm. This algorithm is applied when there is no clearance between two surfaces and
removed when the contact pressure reaches zero, indicating surface separation [98]. To simulate hard
contact, three constraint enforcement methods are available: the direct method, penalty method, and
augmented Lagrange method [98]. FE modelling also accommodates various types of material
behaviours, enhancing the accuracy of normal contact simulations and yielding more realistic contact
patches and pressures [111]. For a comprehensive overview of the advantages, limitations, and

applications of normal contact models in S&Cs, refer to Table 5.
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Table 5. Normal contact modelling approaches

Advantage

Limitation/ Assumptions

Reference examples

Hertz [121]

High efficiency and accuracy
when assumptions are met

[18].

Introduction of a meta-model
with Elastic-plastic hardening
and non-linear cyclic material

behaviour [45,76].

Assumes small strains,
elastic half spaces, no
irregularities, non-
conformal contact, no
friction/tangential contact

[18].

Poor for conformal,
asymmetric multi-point

contact [18].

Switch: Wear [22,47,52]; RCF
[22,47,52]; Plastic deformation

[52,101]

Crossing: Wear [45]; Plastic

deformation [45]

Complete turnout: Wear

[48,49,116]; RCF [49]

Multi-Hertzian [117]

Better contact patch geometry

[18].

Good efficiency [18].

Hertzian assumptions

remain valid [18].

Elastic material behaviour

[18].

Complete turnout: Vehicle/turnout

dynamics [117,118]

Semi- Hertzian approaches [122][123][124]
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Advantage

Limitation/ Assumptions

Reference examples

Improved accuracy of contact
geometry through contact
patch discretisation and

penetration [47].

Poorer efficiency than
Hertzian/multi-Hertzian

[126].

Penetration value based on

assumptions [47].

Elastic material [126].

Accuracy limited to
symmetric contact patch.

[18].

Switch: Wear [46,47,50]; RCF

[47,53]

Kalker- CONTACT [125]

Considers a variety of contact

patch shapes [18,125].

Benchmark for other contact

models[47].

Poor efficiency [18,47]

Pure elasticity [18,125]

Modified Kalker- WEAR [54]

Accurate conformal contact

modelling [54]

Developed for S&C [54]

Ignores influence of

traction [54]

Switch: Wear [47]; RCF [47];

Vehicle/turnout dynamics/ New

contact model [54]

Complete turnout: Wear [115];

RCF [115]
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Advantage

Limitation/ Assumptions

Reference examples

FE normal contact (Direct/penalty/Augmented lagrange) [98]

Real time solution whilst
considering

deformation/dynamics [127].

Gives subsurface stress

distributions [18].

Poor efficiency [18].

Effect of vehicle dynamics
on contact is generally

ignored/simplified in FE.

Switch: Wear [47,52]; RCF [52];

Plastic deformation [47,52,95]

Crossing: Wear [71,72,80,82,92—
94]; RCF [24,72,74,78,92]; Plastic

deformation [71,75,80—-84,92-94]

Potential to consider non-
linear material behaviour

[24,52].

2.1.2.2 Tangential contact models
To achieve representative results for surface damage prediction, accurate load propagation to the rail
subsurface, and to address stick/slip regions, sliding velocity, and creep parameters, an appropriate

tangential contact algorithm is crucial.

Among the different approaches, Kalker's CONTACT algorithm [125] which is based on Haines and
Ollerton's strip theory [128], is considered the benchmark for wheel/rail contact. However, it has
limitations for S&C contact, including convergence issues and efficiency concerns [54]. The
FASTSIM algorithm, a simplified version of Kalker's theory, is widely used for S&Cs, offering
efficient creep estimations under usual conditions but with shortcomings for certain contact patch

geometries and parabolic traction bounds [129].

Semi-Hertzian approaches, such as STRIPES [123] and FaStrip [129], refined FASTSIM for
tangential contact, improving spin creepage handling and flexibility coefficients. WEAR, an extension

of Kalker's CONTACT algorithm, was developed for more accurate results in flange contact regions.
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However, it faces challenges in terms of efficiency and has limitations in conformal contact situations

[54].

Shen-Hedrick and Elkins' theory [130], a modification of a previous theory by Vermeulen and Johnson
[131] incorporating Kalker's creepage coefficients, achieved efficiency improvements compared to
FASTSIM and CONTACT but gave poor results in flange contact regions and was valid only under

specific assumptions [125].

In FEA, sliding initiation is determined by the critical shear stress defined by the Coulomb friction
model. Transition between sticking and sliding conditions is determined by the coefficient of friction.
While FEA enables real-time transient analysis and consideration of elastic-plastic behaviour, it may
suffer from imperfect dynamic relaxations and high vibrations, impacting tangential contact results
[127]. For a comprehensive overview of the advantages, limitations, and applications of tangential

contact models in S&Cs, refer to Table 5.

Table 6. Tangential contact modelling approaches

Advantages Limitations Reference examples

Shen-Hedrick-Elkins theory [125]

Excellent efficiency [125]. Assumes small spin and Crossing: Substructure dynamics

. . unrestricted creepage [125]. | [105]
Consideration of creepage [125].

Poor for rail flange/gauge

corner contact [125].
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Advantages

Limitations

Reference examples

FASTSIM [125]

Good efficiency [128].

Highly used for S&Cs [128].

Elliptical contact patch

[128].

Stresses/creepages assumed

at ellipse centre [128].

Parabolic traction bound
gives inaccurate shear

stress estimation [129].

Switch: Wear [22,47,52]; RCF
[22,47,52]; Plastic deformation

[52,101]

Crossing: Wear [45]; Plastic

deformation [45]

Complete turnout: Wear

[48,49,116]; RCF [49]

Modified FASTSIM- STRIPES [132]

Improved consideration of spin

creepage [47,54,123].

Parabolic traction bound,

similar to FASTSIM [123].

Switch wear [46,47,50]

Switch RCF [47]

Modified FASTSIM- FaStrip [129]

Variety of contact ellipses

considered [129].

Improved consideration of high

values of creepage. [129].

Improved shear stress estimation

with Elliptic traction bound [129].

Further validation required

[129].

Switch wear [47]

Switch RCF [47,53]
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Advantages Limitations Reference examples

Good efficiency [129].

Kalker’s CONTACT model [125]

Unrestricted contact patch shape Poor efficiency [18,47]. Switch: Wear [47]; RCF [47];

[18,128]. . Vehicle/turnout dynamics/ New
Elastic half-space

Considers elastic deformation

[128].

assumption still a limitation

[18].

Modified CONTACT- WEAR [54]

Accurate for conformal contact

[54].

Considers spin creepage change

within the contact patch [54].

Accurate consideration of yawing

in contact point detection [54].

Very poor efficiency [54].

contact model [54]

Complete turnout: Wear [115];

RCF [115]

Coulomb's friction law (FEA) [98]

Also used in CONTACT,
representative for rail applications

[125].

Non-linear elastic-plastic material

behaviour can be considered.

Poor efficiency.

Imperfect dynamic
relaxation and vibrations in
FEA (for quasi-static

simulations) [127].

Switch: Plastic deformation [95]

Crossing: Wear [71,72,80,82,92—
94]; RCF [24,72,74,78,92];
Plastic deformation [71,75,80—

84,92-94]
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2.1.3 Damage prediction models

Various approaches for predicting the failure mechanisms of wear, RCF, and plastic deformation have
been outlined. Additionally, a summary of their capabilities, limitations, and the necessary input
parameters derived from dynamic interaction and contact analyses for each damage prediction method

has been provided.

2.1.3.1 Wear prediction models

Among the popular models used to study wear prediction, the Ty model implements the concept of the
energy expended within the contact patch to quantify rail wear and RCF intensity [133]. It is
implemented in the whole life rail model, which is based on experimental correlation between rail
crack occurrence and RCF damage simulation [134]. A study comprising experimental tests on rail
grade R260 established the thresholds for Ty for that particular material: values below 15 J/m
indicated no rail damage, 15-65 J/m initiate RCF, 65-175 J/m signified increasing wear with reduced
RCF risk, and values exceeding 175 J/m indicated severe wear without RCF, as excessive wear
eliminates surface cracks [133]. It was noted that the Ty threshold varied for different rail steels, with
R350 HT rail steel having showed excessive wear only for Ty values exceeding 400 J/m [135]. Further
validation of this model for S&C rails was recommended [18]. The wear number Ty can be obtained
by the summation of the product of creep forces and creepages in longitudinal, transverse, and spin

directions [136]. A more detailed insight to this model will be provided in Section 3.1.2.

Among the reviewed literature, the most popular S&C rail wear prediction model was the Archard’s
wear law, which is used to calculate the worn off material volume, by dividing the product of
frictional work and the empirical wear constant with hardness of the two materials in contact [71,137].
The empirical wear constant, also called the non-dimensional wear coefficient, is a value based on the
material hardness and contact pressure; with examples in literature available for different S&C
materials. The presence of relative sliding distance/velocity between the surfaces would make the
depth/volume of wear measured using this relationship non-zero, rendering this model suitable for

predicting wear due to slip in the contact patch. It has been suggested that this approach is suited to
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predict wear using the local method, where the contact patch is discretised into elements and if the
global method, where wear is computed over the complete contact patch is to be used, then the model

is limited since the effect of spin cannot be considered [138] .

Specific frictional power and work are the relationship between variables such as contact pressure,
sliding velocity, and friction coefficient, which have been obtained from dynamic wheel/rail
interaction in S&C FE models [71] . Although these results have been shown to be proportional to
those obtained from Archard’s wear model, more specific validation studies through comparison
against micro-models and field experiments have been suggested [71] . A summary of modelling
aspects of the most commonly used wear models for S&Cs along with references to examples in

literature has been provided in Table 7.

Table 7. Summary of different wear models used with S&C numerical simulation

Capability Input parameters Limitation Examples
Ty wear number [136]
Qualitative risk of wear on Creep forces and Further Switch [51]
the rail surface [136]. creepages in longitudinal, | validation is )
Crossing [72]
o ) transverse and spin required for
Categorisation of locations
directions [22] S&C [18] Complete turnout
ions . .
on railhead surface on the e
[48,49,115,116]
basis of the risk of wear/RCF
occurrence [ 134].
Archard’s wear law [137]
Magnitude of wear depth or | Contact force/pressure, Feasible only for | Switch
volume [71]. sliding distance/velocity, | small spin when

[22,46,47,50,52]

computing wear
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Capability Input parameters Limitation Examples

duration of contact and globally across Crossing

material hardness [22,92]. | the contact patch
[45,80,92,93]

[138].
Specific frictional work and power [71]
Proportional to wear depth Contact pressures, sliding | Further Crossing
[71]. velocity and friction validation
[71,82,94]
coefficient [71]. required [71].

Input to Archard’s Wear law

to obtain wear depth [71].

Studies in literature have shown that S&C wear has been incorporated into studies to analyse its
influence on subsurface stress/strain behaviours during vehicle-track interactions [43]. Moreover,
damage prediction models have the potential to forecast wear progression in field-measured rail
profiles. Recently, statistical methods have emerged for predicting remaining useful life using
simulation outputs that quantify the extent of damage. In one instance, for plain line rail, a meta-model
leveraging response surface methodology (RSM) was employed to estimate the cycles required to
reach critical wear depth based on outputs from a single run of the Archard’s wear model [139]. This

prediction was in good agreement with results obtained from cyclic numerical simulations.

2.1.3.2 RCF prediction models

Approaches to predict surface and subsurface RCF faults will be discussed in this section. One widely
used method for predicting the initiation of surface RCF damage is the fatigue index (FI), which relies
on dynamic vehicle/track interaction outputs that have been shown in Table 8 [14]. Any positive value
of the index indicates the potential formation of surface-initiated RCF cracks. This model operates on

the principle that surface cracks result from the accumulation of plastic damage or ratcheting and
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incorporates the yield stress in shear for a work-hardened material [22]. To forecast the cyclic
accumulation of fatigue damage under fluctuating loads, the Palmgren-Miner rule for linear damage
can be applied to determine the proportion of utilised fatigue life within the localised region. It is
important to note that the representativeness of the model is limited to specific contact conditions due

to assumptions of full slip and Hertzian contact conditions.

The Ty model, discussed earlier in Section 2.1.3.1, serves a dual purpose since it not only
distinguishes between surface wear and RCF-susceptible areas on rails but also helps determine the

extent of RCF damage on S&C rails [133].

For crossing rail materials, a method has been explored to predict the initiation of surface RCF cracks
during the initial loading cycles until elastic shakedown [81]. This approach relies on FE model
outputs for the variables listed in Table 8 to calculate a damage indicator number, with micro-crack
initiation occurring when this number reaches unity. However, this model is primarily suitable for

predicting damage during the first few loading cycles and for tensile failure prediction [81].

Conversely, the fatigue life of a crossing material during the ratcheting phase, characterised by the
accumulation of plastic deformation with each loading cycle, can be determined by calculating the

equivalent ratchetting plastic strain per cycle using FE model outputs [78].

An empirical model introduced by Jiang and Sehitoglu [140] supports the prediction of railhead
surface/subsurface cracks by utilising a fatigue damage parameter calculated from post-processing
structural analysis outputs. This model identifies the critical crack initiation location along the turnout
based on the highest Von Mises stress value. The plane of fatigue crack propagation is determined
through tensor rotation of stresses/strains at this critical location. By establishing a relationship
between material fatigue properties and model outputs, it estimates the remaining cycles to fatigue
crack initiation. It is important to note that the fatigue crack initiation location differs between nominal
and worn rail profiles, suggesting that estimations from the model should be implemented for cyclic

studies rather than treated as a one-time accurate prediction. However, this surface/subsurface RCF
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prediction approach is limited by the computational efficiency of the solver used to obtain the model

inputs [140].

Another approach was implemented to calculate the propagation of existing subsurface RCF cracks

[74]. This method determines the crack growth amplitude and direction by calculating the crack

growth angle and strain energy at the crack tip using a 2D FE crossing model with the crack's

geometry. However, this model is primarily suited for studying the propagation of existing cracks and

does not predict crack initiation. It is worth mentioning that RCF damage, such as squats, can also be

integrated into rail geometry to investigate their impact on dynamic response outputs [§9]. A summary

of the most commonly used RCF prediction models for S&Cs, along with references to examples in

the literature, is provided in Table 8.

Table 8. Summary of different RCF models used with S&C numerical simulation

with risk of surface

initiated RCF [14].

Prediction of fatigue
life with Palmgren-

miner rule [141].

forces

Contact patch geometry

Yield shear stress of work-

hardened rail material

Assumes Hertzian

contact patch [22].

Does not estimate RCF

damage type [22].

Capability Input parameters Limitation Examples
Shakedown theory index [14]
Contact locations Normal and lateral contact Full slip assumed [22]. | Switch

[22,47,52,53]

Crossing

[92]

Complete
turnout

[49,115]
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Capability Input parameters Limitation Examples
Ty number [136]
Wear/RCF locations | Creep forces and creepages in Further validation for Crossing
using whole life rail | longitudinal, transverse and spin | S&Cs suggested [18] [72]
model [134]. directions .

Does not estimate RCF | Complete

damage type [142].

turnout [115]

Jiang and Sehitoglu (J-S model) [140]

Fatigue crack Maximum normal stress Inputs to the model Crossing

initiation location, ) require high [24]
Normal strain range

plane and cycles to computational times

. Shear stress and strain range

failure [140]. [140].
Material fatigue properties

Surface crack FE model [74]

Crack growth angle, | Total elastic-plastic strain Propagation of existing | Crossing

crack driving forces | energy crack without studying | [74]

and strain energy at

the crack tip [74].

Crack geometry (initial crack

angle)

Maximum contact pressure,

contact patch size and slip.

crack initiation [74].
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Capability Input parameters Limitation Examples

Surface damage indicator model [81]

Surface RCF Material constant Only valid for initial Crossing
damage ) loading until elastic [81]
Mean hydrostatic stress

development shakedown [81].

_ Equivalent Von Mises stress
through merging of o .
Invalid if no tensile

voids until elastic Incremental plastic strain vector o
principal stress

shakedown (initial . .
wn ( Accumulated equivalent plastic | components present

cycles) [81]. strain (81]

Equivalent ratchetting plastic strain [78]

Fatigue crack Axial and shear ratchetting Only valid for low Crossing
initiation by strains at every cycle whist cycle fatigue [78]. [78]
ratchetting [78]. implementing a non-linear

Lack of validation with

elastic-plastic material model i
experimental data [78].

[78].

2.1.3.3 Plastic deformation prediction models

In literature, models predicting plastic deformation of S&C rails have focused on two main
approaches: assessing the material response beyond the elastic limit under high impact loading over a
single cycle and studying the cyclic accumulation of subsurface plastic damage. Section 2.1.3.2

discussed plastic damage leading to RCF cracks.

For plastic deformation due to high impact loads exceeding the yield limit, the Von Mises yield
criterion is used [93]. This criterion considers the effect of both normal and shear traction on the rail.

Locations experiencing plastic deformation are indicated by Von-Mises stress values higher than the
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yield strength in all three dimensions. While some literature examples simplify the Von Mises
criterion by excluding shear components, most consider both normal and shear components. An
equivalent plastic strain, a scalar variable based on the Von-Mises yield criterion, is employed to

represent locations undergoing plastic deformation [98].

In regions with high stress concentrations, the prediction of subsurface damage in crossing regions due
to high cycle fatigue has been achieved by applying the Dang Van criterion [75,143]. This criterion,
originally used for studying the initiation and propagation of surface RCF cracks, has also been
employed to identify areas with potential plastic deformation beneath the crossing rails [75]. However,
for accurate damage initiation estimation, the calculation of the Dang-Van damage number
necessitates stabilised microscopic variable outputs obtained after elastic shakedown. Additionally,
precise damage initiation prediction requires the use of a calibrated elastic-plastic material model since

initiation relies on the equivalent stress exceeding the shear-torsion fatigue limit [75].

Load tests have been conducted on rail steel of various grades to capture material characteristics for
use in cyclic material models. The accumulation of plastic strains in the subsurface rail, obtained from
wheel/rail interaction models, has been extensively studied to predict plastic deformation while
considering non-linear elastic-plastic hardening material behaviour. Ohno and Wang [ 144] developed
a model to capture the accumulation of cyclic plasticity, incorporating a plastic multiplier parameter
derived from loading conditions, deviatoric stress, and kinematic hardening. Many FE models in the
literature incorporated material non-linearity using the cyclic Chaboche model, which combines
isotropic and kinematic hardening [145]. The impact of non-linear elastic-plastic material behaviour
and cyclic hardening on the accuracy of damage results has been discussed in Section 2.1.4.3. A
summary of modelling aspects for the most commonly used approaches to predict plastic deformation

for S&Cs, along with references to examples in the literature, is provided in Table 9.

Table 9. Summary of different models for plastic deformation used with S&C numerical simulation
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Capability Input parameters Limitation Reference
examples

Von-Mises yield criterion [98]

S&C locations Normal stresses and Limited by choice of material Switch [95]

with stresses shear traction in all model and the efficiency of the

beyond the yield | dimensions solver.

o Crossing
limit. .
Representative

material properties.

[80,84,92-94]

Equivalent plastic

strain [98]

Rail locations
with plastic

deformation.

Plastic material

properties.

Limited by material model choice.

Poor efficiency of FE models limits

it to single cycle.

Crossing

[71,81-83]

Dang Van criterion [75,143]

Subsurface rail
plastic
deformation due
to high cycle

fatigue.

Shear stress amplitude
and hydrostatic stress
at every time step

[75].

Shear-torsion and
tension-compression

fatigue limits. [75].

Negative stress ratios propose a

different failure limit [75].

Conservative for certain

contact/slip conditions. [75].

Fatigue limit overestimated by

Hydrostatic stress components [75].

FE requires simplifications for

improving efficiency.

Crossing [75]
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Capability Input parameters Limitation Reference
examples
Plastic strain cyclic accumulation [144]
Plastic Updated material FE requires simplification for Switch
deformation model after each cyclic prediction. [45,52]. [52,101,146]
accumulation in | cycle. ) . )
Representative material model Crossing

S&C rails. ) ) .

Material hardening difficult. [45,81]

test data.

2.1.4 Discussion of factors that would impact the choice of a modelling approach
In the preceding sections, various numerical simulation approaches for dynamic vehicle/track
interaction, wheel/rail contact models, and rail damage prediction models for S&Cs were introduced.

This section delves into the factors influencing the choice of an appropriate modelling approach.

2.1.4.1 Consideration of vehicle dynamics

In MBS models, the entire train, including the car body and bogies, is often included to account for
vehicle dynamics. This comprehensive approach provides a more accurate representation of the
wheelset trajectory for the entire train, yielding representative contact locations and forces which are
crucial parameters for damage prediction. Conversely, FE models frequently omit vehicle dynamics
but can incorporate detailed material degradation models that consider elastic-plastic behaviour and
fatigue failure. These FE models can offer a detailed stress distribution for improved damage

prediction.

Literature reveals the development of FE models that focus on wheel/S&C rail contact, often featuring
a single wheel/rail, as depicted in Figure 16. While this approach enhances computational efficiency, it

does so at the cost of accurately representing the lateral dynamic behaviour of the vehicle and turnout,
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particularly in diverging routes. Utilising a single wheel can lead to inaccurate assumptions, such as
negligible slip and low lateral and longitudinal tangential forces [81]. It has been observed that
considering a complete wheelset, rather than a single wheel, helps maintain wheel stability [71].

However, it may require additional constraints for accurate simulation.

Figure 16. Solid element half-track switch model with a single wheel

Dynamic interactions between a complete wheelset and switch/crossing panels have been
implemented in simulations, as illustrated in Figure 17. By considering a complete wheelset, it
becomes possible to obtain a more representative motion and implement less displacement constraints
than if a single wheel were modelled [91]. These models offer more detailed insights into lateral
dynamic effects compared to those focusing on a single wheel. However, it is important to note that

such models may overlook lateral dynamics resulting from bogie and car body connections.

Figure 17. Solid element full track switch model with one wheelset

In simulations involving wheelset contact with switch panels, the influence of the sprung mass on this

contact is relatively low in terms of frequency response but not entirely negligible [70]. Therefore,
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many examples in the literature have considered vehicle dynamics up to the primary suspension and
have simplified the secondary suspension along with the carriage and bogies as a lumped mass [70].
This simplification is particularly suitable for analysing the smoother load transition at the switch.
However, for the discontinuous transition from the wing rail to the crossing, higher-frequency impacts
cannot be avoided. Therefore, the consideration of lower-frequency vehicle dynamics becomes less

critical, and the secondary suspension's effect on wheel-rail contact is minimal [127].

Additionally, numerical simulations can be conducted by directly applying contact loads onto S&C
rails without the need for detailed wheelset geometry. These models primarily focus on analysing
substructure behaviour and do not necessitate intricate wheel-rail contact modelling, helping achieve
acceptable computational efficiency for FE models while considering a complete track model for

longer turnout lengths [96,97].

2.1.4.2 Consideration of track dynamics

Considering the impact of substructure or track stiffness is a critical aspect since it directly affects the
magnitude of impact forces exerted on the rail. The material characteristics of the railpad and ballast
play a role in determining rail deflection, while the spacing between sleepers influences load

distribution on the rail and the transmission of stress from the superstructure to the substructure [128].

In instances where a combined modelling approach involving MBS and FEA is employed [43], it is
important to recognise that substituting impact load values and wheelset displacement data from a
supported MBS track model into an FE model lacking bedding characteristics could potentially impact
the accuracy of the results. In real-world scenarios, lower bedding stiffness allows for more significant
vertical rail deflection, resulting in a more uniform distribution of axle loads over the sleepers, unlike a
rigid track with higher stiffness [128]. Therefore, in combined MBS/FE models, it is crucial to

calibrate the properties of the superstructure and bedding between the MBS and FE models.

For addressing higher-frequency track dynamics, multi-layer MBS track models with multiple degrees

of freedom (DOF) are more precise compared to single-layer co-running track models [68]. These
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multi-layer models enable the separation of bedding components and the adjustment of properties for
individual rail and trackbed components. In the realm of FE modelling, the substructure can be
simplified using rigid elements or represented using detailed solid elements. The process of calibrating
FE track properties against MBS models and field measurements involves adjusting material

properties to achieve similar rail receptance results [147].

2.1.4.3 Consideration of representative material properties

The choice of material properties has a notable impact on various aspects of rail analysis. It has been
demonstrated that material property selection affects the size of the contact patch and the distribution
of stress [111], as well as the distributions of wear and Rolling Contact Fatigue (RCF) surface damage
[47]. Furthermore, it plays a role in determining the distribution of subsurface damage and Von Mises

stress in regions with plastic deformation [80].

In studies exploring MBS interaction between vehicles and plain line rail, the Semi-Hertzian method
[126] and the multi-hertzian method [132] have implemented the consideration of perfectly plastic
material behaviour, albeit without material hardening. Interestingly, these studies yielded comparable
results to elastic-plastic steady-state FEA, with the perfectly plastic material exhibiting larger contact
patch sizes and reduced contact stress levels compared to materials with purely elastic behaviour

[132].

For ductile materials, it is important to note that when material behaviour transitions into the elastic-
plastic regime, the increase in strain for a given stress increment is greater compared to the linear-
elastic region. Consequently, assuming linear-elastic material behaviour in regions with plastic
deformation would lead to overestimated stress values, potentially impacting the accuracy of damage

prediction [80].

Across the spectrum of reviewed literature, the majority of FE wheel/rail contact models used for
damage prediction incorporate elastic-plastic material behaviour with hardening in S&C rails.

However, in many cases, linear elastic material behaviour has been attributed to the wheel, primarily
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due to a lack of hardening data for wheel materials [75] or the assumption that the simulations involve
new wheels undergoing cyclic passages [81]. Models that directly apply loads to complete S&C
turnouts without detailed consideration of wheel geometry have also assumed linear elastic material
properties for S&C rails [96,97]. These models often focus on substructure analysis [96] or vehicle

dynamics [97].

2.1.4.4 Computational efficiency for numerical simulation of S&Cs

The efficiency of numerical simulation approaches is contingent on model complexity. Typically,
MBS models are the fastest, followed by modal reduction flexible track models, combined MBS-FE
models, and solid element FE models in terms of computational speed. When considering empirical
wheel-rail contact models, the hierarchy from fastest to slowest consists of the Hertzian method, multi-
hertzian methods, Semi-Hertzian methods, and Kalker's CONTACT boundary element model.
Interestingly, the slower models tend to yield more representative results. It is also worth noting that
elastic-plastic contact models are generally slower than their purely elastic counterparts, even when

using the same contact method [126,132].

For models focusing on vehicle performance and wheel damage, it is possible to simplify track
dynamics by representing the wheel-rail contact patch as linear springs and assigning each wheelset
one vertical and lateral Degree of Freedom (DOF) [62,63]. To distinguish between stock and switch
rails, one can modify the contact stiffness, halving it for the latter in the transition region, thereby

simplifying modelling [62].

In order to obtain efficient damage predictions, empirical damage prediction models can be employed
in a post-processing step. In-depth cyclic damage studies using the FEA approach may encounter
limitations related to computational efficiency. Techniques such as selective meshing, geometry
simplification, plane stress/strain assumptions, or sub-modelling can be used to improve

computational efficiency in such cases.
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2.1.4.5 Different frequency ranges for fault simulation

Material failure often arises from high lateral and normal contact forces during specific rail transitions,
such as stock-switch and wing rail-crossing nose transitions. In these situations, it is crucial to capture
dynamics at high frequencies for accurate damage prediction. FEA models are well-suited for this
purpose, as they can provide the necessary high-frequency data. However, commonly used MBS
models, particularly those with a single track layer, are generally limited to lower frequencies [52]. To
address this limitation, MBS models with multiple track layers and higher DOF are employed to

capture higher-frequency content effectively, as discussed in Section 2.1.4.2.

Variation in rail properties along the longitudinal direction and the need for field calibration are
essential factors for ensuring that model results align with real-world conditions. Calibration of MBS
track models to match field measurements is achievable and has been demonstrated in previous work
[45]. For instance, rail receptance values in the model were calibrated up to 200 Hz to replicate field
substructure properties, resulting in good agreement between the model and field data [45]. Field
measurements of track stiffness in the frequency range up to 20 Hz have been conducted using
specialized vehicles like the rolling stiffness measurement vehicle (RSMV) [68,148]. These
measurements have led to the development of relationships for converting field data into substructure

dynamic properties for both single and two-layered Switches and Crossings (S&C) track models [68].

To capture higher-frequency content effectively, various modelling approaches, including beam/solid
element Finite Element (FE) models and models based on FE modal reduction, can be employed

alongside multi-layered MBS track models to enhance the fidelity of results.

2.1.4.6 Methods of model validation

Many models discussed in the literature were subject to validation against field measurements,
involving comparisons of dynamic outputs with well-established models. Validation methods
commonly included qualitative comparisons of dynamic outputs, such as normal and lateral contact
forces and Von Mises stress, against corresponding data from validated models in existing literature.

Some validations went further, directly comparing simulation results with field measurements, which
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included comparisons of contact forces, rail accelerations, transition regions, degradation (wear/plastic
deformation) depth, and sleeper displacements [68,86,91,106,148]. Additionally, calibration-based
validation was conducted by fine-tuning material properties through load tests and adjusting
substructure dynamics using rail receptance values [56,68,147]. In MBS approaches, this often
involved selecting appropriate stiffness and damping coefficients for track models with varying

numbers of bedding layers.

For example, worn switch rail profiles, side wear, and worn areas measured in the field were
compared with corresponding outputs from MBS simulations and Archard's wear model over the
passage of 100 10 million gross tonnes (MGT) of rail traffic [46]. Results showed that the estimations
from simulation results closely aligned with field measurements of side wear and worn areas.
However, near the switch tip, simulations considerably underestimated wear due to contact occurring
between the wheel and switch tip only after significant wear of the stock rail. In actual operations,
dynamic relative displacement between the stock and switch rails increases the risk of wheel flange

contact [46].

In another instance, a comparison was made between the predictions of wear and plastic deformation
from FE simulations and degradation measured in the field after the passage of 15.10 MGT [93]. The
regions displaying severe wear and plastic deformation in the field were consistent with the
predictions obtained using Archard's wear model and the Von-Mises yield criterion in the simulation
results. Furthermore, a RCF fault, known as spalling, was observed in the diverging direction based on
field measurements [93]. Stresses obtained from the FE simulations in the vicinity of the fault
occurrence were significantly higher in the diverging route than in the through route, demonstrating
the potential of numerical simulations to predict specific RCF faults [93]. These findings indicate that

damage prediction models have effectively predicted degradation locations for various S&C layouts.
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2.2.  Modelling methodology and assessment criteria

The evaluation of modelling methods that was published [12] and paraphrased in Section 2.1 has been
implemented for determining a modelling framework for achieving the aims of this thesis. The
approach to simulating the train-track switch interaction has been developed to meet two objectives.
The first objective is to determine the most crucial locations for the development of surface defects
and the second is to determine the locations for the installation of sensors for detecting the occurrence
of defects. The overall simulation approach that will be implemented for achieving the two objectives

has been graphically demonstrated in Figure 18.

To achieve the first objective with a high degree of efficiency and accuracy, the results that are
obtained from MBS simulations of dynamic train-track switch interactions will be implemented to
obtain the wear number, Ty. It will be shown in Chapter 3.1 that the MBS simulation outputs are
obtained from a benchmark-based model that was already developed prior to this thesis, which will be
a reference for developing the FEA model [41]. The results for the wear number, Ty, will help
determine the crucial points along the length of the switch that will deteriorate as a result of surface-

initiated rail damage.

Once the locations susceptible to wear and RCF are determined from the Ty results, a model that will
represent a shorter track with those crucial locations will be developed for FEA. The properties
contributing to the dynamic behaviour of the track in the MBS model will be converted to the
equivalent material properties for the FE model to ensure compatibility. This will be discussed in
Chapter 3.2. The modelling details including the setup and the wheel-rail contact modelling in the

MBS and FEA simulations will be set out in Chapters 3 and 4.

The accuracy of the material properties will be verified from the results for the rail receptance. The
comparison of the rail receptance in the vertical and lateral directions at the frequency range of interest

will not only help validate the calculated material properties but also determine the compatibility of
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the track dynamics between the MBS and FE models. The concept of the rail receptance and the

studies will be discussed in Chapter 3.3.

Finally, simulations of rolling contact between a wheel and the rails of the switch panel in the through
route will be carried out whilst implementing the longitudinal, rotational and lateral vehicle wheelset

movements that will be input to the FE model from the MBS model. This will be discussed in Chapter
4. In this way, a representative behaviour for the vehicle movement as well as the track dynamics will

be implemented in the FE model.

MBS model- Dynamic train-track switch
interaction simulation, risk of rail surface
damage

FE model- Structural modelling for
locations with high surface damage risk

Material property calibration, analysis of
the compatibility between the MBS and FE
track dynamics

FE- Rolling contact simulations + validation
against the reference

Figure 18: Simulation approach for the interaction between railway vehicles and track switches

Since the number of simulations for concluding the requirement for the accuracy of results are not
enough, the modelling assessment will be based on whether the FEA model is able to roughly replicate
or stay within the difference that was observed between the different reference models that are based
on the MBS S&C benchmark [4]. This will also help with defining the compatibility between the
simulation steps shown in Figure 18. Along with the MBS S&C Benchmark, the other reference

models will be described in Chapter 3. The modelling assessment criteria for the FEA has been

70



proposed in Table 10 and links have been provided to the chapters and sections within this thesis
where the terms in the table will be defined and the comparison of the results against the reference will

be discussed. The reference models will be explained in Chapter 3.1.1.

The source of the threshold for the assessment parameters in Table 10 are as follows. The threshold
for the rail receptance has been set based on the difference in the published results between the beam
element FE model (reference model 2 [41]) and the two-layer, three-layer MBS models (reference
models 2 and 3 [41]). The threshold for the wheel-rail interaction outputs, including the vertical
contact force, vertical wheel displacement, contact point location and contact patch size have been set
based on the difference in the published results between the three-layer MBS model (reference model
4) and the two-layer MBS model (reference model 3 [41]), the MBS benchmark model for S&C
(reference model 1 [4]). A constraint has been imposed on the FE simulation run time to enable

running multiple simulations for achieving the research objectives.

Table 10: Modelling assessment criteria

Parameter Chapter and section Assessment criteria for the 3D FEA

where defined/discussed | model

Vertical Rail receptance Chapter 3: Sections 3.3, | < 15% different from the reference
34 Model 2 (a beam element FE model
explained in Chapter 3.1.1) for the
amplitude of the resonant frequency,
the receptance amplitude at 10 Hz,

receptance amplitude at the resonant

frequency
Lateral Rail receptance Chapter 3: Sections 3.3, | < 15% different from Model 2 (3.1.1)
34 just for the amplitude at 10 Hz.
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Parameter

Chapter and section

where defined/discussed

Assessment criteria for the 3D FEA

model

Vertical wheel-rail contact

force

Chapter 4: Section 4.3.1.

< 10% different from the reference
model at a distance 0f 9.13, 9.44 m
from the switch toe. (Model 4, a three
layer MBS track model, explained in
Chapter 3.1.1)

< 10% difference for the average value
between 9 and 10.6 m from Model 4

3.1.1).

Vertical wheel displacement

Chapter 4, Section 4.3.1.

< 0.25 mm difference for the vertical
displacement from 9 to 10.6 m with

Model 4 (3.1.1).

Contact point location

Chapter 4: Section 4.3.1.

Difference of <2 mm for the lateral
contact position with Model 4 between

9 and 9.8 m (3.1.1).

Contact patch size

Chapter 4: Section 4.3.1.

< 10% difference for the area of the
contact patch from Model 4 (3.1.1) at

9.4 m.

FE simulation run time

Chapter 4: Section 4.3.1.

<1 day on a computer cluster with 20

cores (40 GB of RAM).

In Chapter 5, it will be shown that the two-step, MBS-FE simulation methodology will be

implemented for numerical simulations in the presence of track defects and the strain measurement

studies for detecting those specific defects will be discussed in Chapter 6.
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With regard to sensor placement, the scope of this work will be limited to determining the possibility
of measuring the rail strains for detecting the defects that will be introduced for representing the
failure mechanisms of wear, RCF and voiding. Since the defects rail defects can take numerous shapes
and forms, the scope of work will be constrained to demonstrating a modelling approach for the
defects that have specific properties and/or geometry. The locations for introducing the defects will be

based on the Ty results and supporting engineering judgement.

An assessment of the possibility of measuring the strains at common location/(s) for detecting the
switch wear, RCF and voiding will be carried out. For this, the defects will be introduced separately in
separate models but they will be close to one another, i.e. around the same longitudinal distance from
the switch toe. Since the computational efficiency of FEA will be a restriction, a finite number of
runs/parametric studies will be carried out. The minimum number of samples needed for obtaining the
Pearson correlation coefficient is 25 [149,150]. Therefore, the number of parametric runs from which

results will be assessed will exceed 25.

Therefore, the aim of this work will be to show how numerical simulation, in particular 3D FEA of a
switch can be implemented for studying the possibility of measuring strains for monitoring the switch
condition. Since this is an original, first-time investigation, the improvement of numerical simulation
efficiency, sensor placement approach and the implementation of defects that have been measured in

the field can be a matter of future work beyond this thesis.

2.3. Digital Twin and selection of the reference model in the context of this thesis.

As explained in the beginning of Chapter 2, an important phrase in the definition of a Digital twin is
‘virtual replica’. Ideally, a Digital twin model of a railway switch should be able to replicate the
properties of a reference asset. However, due to the lack of access to data from field experimentation,
the 3D FEA model of the switch will be based on the turnout layout that was published in the
Multibody simulation benchmark for dynamic vehicle—track interaction in switches and crossings in

2021 [151]. A beam element FE model and multi-layer MBS model that are based on the S&C
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benchmark will be taken as the reference models for the modelling work and explained in detail in

Chapter 3.1.1. The track modelling layout will be the 60E1-760-1:15 turnout in the through route.

It is noteworthy that a model for the 60E1-760-1:15 turnout was validated during a study in 2015

against field measurements that were carried out in 2009 by the same author that has led the

Multibody simulation benchmark study [68]. The field tests were performed at two demonstrator

turnouts at Eslov, Sweden for the 60E1-760-1:15 turnout layout. The tests were carried out for three

sets of railpads, soft, medium/standard and stiff. The reference models used for the comparison of

results this thesis will implement the same value for the static track stiffness that were implemented in

the 2009 tests for the medium/standard railpad.

Track stiffness as well as contact force measurements were executed during the 2009 tests. The

vertical track stiffness was measured with a rolling stiffness measurement vehicle (RSMV) by

Trafikverket. During the tests, the wheel-rail contact forces were measured using an Interfleet

instrumented wheel set equipped with strain gauge bridges on each side of the wheel disc, calibrated

for vertical and lateral static wheel-rail contact forces. Data loggers on board the train recorded these

forces, along with GPS signals, train speed, and reference location pulses for analysis. The facing

move involved mounting the instrumented wheel set as the front wheel set on a freight car with Y25

bogies and a 20-tonne axle load, with measurement signals sampled at 1200 Hz and low-pass filtered

at 250 Hz. The MBS models that were validated, i.e. Models I to IV in Table 11, included the

measured rail and instrumented wheel profiles. The track models was also fine-tuned and the data was

sampled at the same rate as the measurements.

Table 11: Track characteristics of the models that were validated and the field measurements.

measurement

Key from | Measurement/Model Space-variant track stiffness and damping | Track
Figure 19 | type irregularities
IWT Instrumented wheelset Yes Yes
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Key from | Measurement/Model Space-variant track stiffness and damping | Track
Figure 19 | type irregularities
I Single layer track model | No, but fine-tuned to the average value of | No

the dynamic stiffness measurement.
II Single layer track model | Same as I Yes
I Single layer track model | Yes Yes
v Multi-layer track model | No, but fine-tuned to a different test site. | Yes

The vertical wheel-rail contact forces along the length of the turnout have been plotted in Figure 19 for
simulations and measurements in the through route with soft railpads. The low frequency oscillations
can be seen in the results for models I, III and IV since they have implemented the track irregularity,
unlike model 4. In the publication, it has been discussed that the dynamic excitation in Figure 19 is
larger for the measured signal (IWT) than the modelling outputs since the lateral track irregularity data
was not modelled into the switch panel. Therefore, it was suggested in the publication that the track

irregularity excitation is slightly smaller in the model compared to the measurements [68].
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Figure 19: Measured and simulated vertical contact forces in the through route with soft railpads,

reproduced from [68].
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It is worth noting that the train and track properties that will be replicated during the modelling work
in this thesis are from reference models that exist as benchmarks only for modelling/academic
purposes. In Chapter 3.1.1, it will be shown that they contain assumptions which are not valid in field
conditions (e.g. no track irregularities). Ultimately, they have been taken up as the comparison/fine-
tuning reference in this thesis since the results are readily available and replicable. Also, as discussed
and shown through Figure 19 and Palsson et al. [68], approaches to MBS that are similar to the
benchmark modelling have been subject to validation against field measurements, albeit with more

field-relevant modelling properties.

As the title of this thesis suggests, it will present a move “towards (building) simulation-based digital
twins”. There are other aspects of Digital Twins that have not been addressed within this thesis, i.e.
connected, in-service and mirroring the life and experience of the asset. These will be possible once

the primary step of developing the model has been achieved through this thesis.

2.4. Conclusions

As defined in the title of this thesis, the research contributions will only be a step towards the creation
of a Digital Twin and the thesis will explore a methodology of developing a FEA model that is based
on a reference track model. The evaluation of the numerical simulation approaches, wheel-rail contact
and damage prediction modelling have set out the modelling methodology for achieving the objectives
that were set out in Chapter 1. The modelling methodology will implement a two-step, MBS-FEA
simulation approach for train-switch dynamic interactions. The modelling will be carried out for the
60E1-760-1:15 switch layout and the reference models are based on a modelling benchmark study.
Field experimentation for this S&C layout has been discussed in literature but they had not
implemented the same parameters that were implemented in the benchmark model, and thus the
modelling contributions within this thesis. The scope of the sensor placement studies within the thesis
will be restricted to understanding the possibility of measuring rail strains to detect wear, RCF and
voiding. The assessment criteria that have been set out in Table 10 will be implemented for assessing

the performance of the FEA model, whose development will be shown in Chapter 3.
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CHAPTER 3.DEVELOPING SOLID MODELS AND

SIMULATING THE APPROPRIATE TRACK DYNAMICS

FOR THE RAILWAY SWITCH IN TWO-STEP MBS-FE

SIMULATIONS

A background to the failure modes of railway switches and the case for the potential improvement of
maintenance practices through the implementation of continuous condition monitoring for the rails of
switches was first highlighted in Chapter 1. It was then recognised in Chapter 2 that numerical
simulations can be powerful tools for anticipating the locations that will potentially experience the
most rail damage or the critical failure points, as well as for determining the placement and selection
of sensors for the condition monitoring of rails. The different approaches for simulating the vehicle-
track dynamic interaction, wheel-rail contact and the prediction of damage locations were reviewed in

Chapter 2.

Building off previous work identified by the literature reviewed in Chapter 2, an approach will be
discussed for making decisions with regard to the predictive maintenance of railway switches in this
chapter. Firstly, the results from holistic simulations for train-switch dynamic interactions will be
implemented in a damage prediction model to determine the locations that are highly susceptible to
rail damage. Following this, the approach to developing an FEA model that can capture the wheel-rail
contact interaction as well as the stresses and the strains that will be experienced by the rails for the

specified section of the track with a high risk of damage will be discussed.

Two approaches will be implemented for meeting the two aforementioned objectives. The first will be
a holistic and computationally efficient approach to capture the train-track switch interactions for
determining the sections of the track where the highest risk of rail damage can be anticipated. This
approach and the results for predicting the sections that will undergo the highest damage will be

highlighted in Section 3.1. The second modelling approach will be implemented to capture the detailed
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mechanical behaviour for a specific section of the track where a high risk of damage will be
anticipated. A description of the procedure for modelling the 3D solid track components will be
provided in Section 3.2. As the results from the holistic model will be used to determine the locations
for more detailed modelling, the detailed model will need to capture the track dynamics that are the
same as the MBS model. Therefore, the approach to modelling the track with the appropriate boundary
conditions in the detailed model to capture the same behaviour as the holistic model will be discussed

in Section 3.3.

In Section 3.4, the approach to determining the track properties for the FE model will be explained and
the results for the rail receptance from the FE model will be compared against the reference for ensuring
that the model can be implemented further in rolling contact analysis. Section 3.5 would conclude this
chapter on modelling the switch track and will be followed by Chapter 4 where the track switch model

will be implemented for wheel-rail rolling contact analyses.
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3.1 Determining the sections of the switch track to monitor for the development of

surface-initiated rail damage.

The risk of damage to the surface of the switch panel rails due to their interaction with the train wheels
will be determined from the results obtained from the dynamic vehicle-track interaction simulations
[41]. Firstly, the models that will be used for the validation of the numerical simulations described in
this thesis will be elucidated [41,151,152]. Secondly, the empirically developed damage prediction
model, Ty will be described along with its advantages and limitations. Finally, the length of the track

section will be chosen to model in detail in FE.

3.1.1 Different track models for vehicle-track interaction dynamics using MBS.

The holistic models for simulating the train-turnout dynamic interaction were developed at the
Birmingham Centre for Railway Research and Education (BCRRE) for the S&C MBS benchmark
project [4,41,151,152]. The results obtained from these models will inform the development of the FE

models in this study and will be implemented to support model verification.

Four different track models will play a role in informing the development of the detailed FE model

and its validation.

1. Model 1- The S&C Multibody benchmark project model [4].
2. Model 2 - The simplified beam element 3D FE model [152].
3. Model 3 - The MBS model with varying track properties and 2 track layers [41].

4. Model 4 - The MBS model with varying track properties and 3 track layers [41].

Model 1 is the simplest model out of the four and includes two different track parameters for the
switch and crossing regions of the turnout. The second model is a 3D beam element FE model but can
consider more complexity through the variation of the track properties along the length of the S&C
track [152]. Track models 3 and 4 consist of two and three-layered track models respectively whose

track dynamic properties varied along the length of the turnout. These varying track dynamic
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properties were derived from Model 2. Model 4 was developed with an additional track layer over

track model 3 for capturing the high-frequency dynamic content more effectively.

Out of the four track models, models 1, 3 and 4 were implemented for carrying out the vehicle-track
dynamic interaction analysis in the reference example [152]. The results from model 2 were primarily
used for the derivation of varying properties for the track dynamics for models 3 and 4. The results for
the rail receptance from model 2 have also been implemented for verifying the track dynamics of the

detailed 3D solid element FE model that has been presented in this thesis.

The track models were implemented for a turnout layout of 60E1-760-1:15. Model 1 is a simplified
model and can effectively capture the track dynamics at lower frequencies. Model 2 is the most
complex and also the one that most closely replicates a real turnout and can capture the track dynamics
at higher frequencies. With position-dependent track properties, model 3 was a more accurate
representation of model 1 and is based on the inputs from model 2; this allows it to capture accurate
results up to 200 Hz [152]. Model 4 included an additional track layer in addition to model 3 for

capturing the track dynamics up to 1 kHz.

The simulations for the dynamic vehicle-turnout interaction were carried out for models 1, 3 and 4,
where the Manchester Benchmark passenger vehicle model represented the MBS vehicle model with a

single carriage and two bogies [153].

The material properties for the 3D solid element FE model that will be shown to be developed during
this PhD work will be derived from those implemented in the beam element FE model. The results for
the rail receptance from the 3D solid FE model will be compared against the beam element model, i.e.

Model 2.

However, the comparison of the results from the wheel-rail contact simulations for the 3D solid
element FE model will be carried out against the results that were obtained from model 4. The first
reason is that model 2 is a beam element FE model that was not implemented for train-track

interaction analysis. The second reason is that both the 3D solid element FE model and the MBS
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model 4 are able to capture high-frequency content but models 1 and 3 are unable to. The published
literature also shows a good agreement for the results of the rail receptance between Track models 2, 3

and 4.

To restate, Models 2 to 4 are based on the S&C benchmark model (Model 1). The FEA model whose
development is a contribution of this PhD thesis is calibrated against and based on Model 2, which is a

beam element model and the results for the wheel-rail interaction have been compared against Model

4, the three layer MBS track model.

Model 2 is a two-layer beam element track model that can capture the flexibility of the track at higher
frequencies [41,152]. The rails and the sleepers in the model were modelled with Timoshenko beam
elements. The railpads and ballast in the model were modelled with discrete Kelvin bushing elements
with stiffness and viscous damping. Two-noded linear beam elements were implemented for
modelling the rails. The rail nodes were free to displace in the vertical and lateral directions and the
sleeper nodes were only free to displace in the vertical plane through each sleeper. The rail nodes in
the beam element model were not allowed to displace longitudinally or to rotate along the longitudinal

axis.

The track properties for the switch panel of Model 2, the beam element model, has been shown in
Table 12 and a top view schematic is shown in Figure 20. The complete turnout has been plotted in
Figure 20, as reproduced from Shih et al. [41]. However, since the scope of this thesis concerns the

switch panel, only the relevant results from the switch panel will be discussed.

Table 12: Track properties- Beam element FE model (Model 2)

Parameter Stock Switch Units

Rail mass density 7850 7850 kg/m?

Rail Young’s modulus 207x10° 207x10° N/m?
Rail shear constant 0.4 0.4
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Parameter Stock Switch Units
Rail area 0.0076668 0.0056262 to m?
0.009353
Rail second moment inertia in the 3.03x1073 5.23x107°% to m*
vertical direction 3.03x107°
Rail second moment inertia in the 5.13x107°° 5.13x10°° to m*
transversal direction 7.45%107¢
Sleeper
Sleeper mass density 2400 2400 kg/m?
Sleeper Young’s modulus 37.5%10° 37.5x10° N/m?
Sleeper area 0.054824 0.054824 m’
Sleeper second moment inertia in 224x10°° 224x10°° m*
the vertical direction
Sleeper length 2.5 2.5 m
Stiffness and damping
Vertical rail pad stiffness 120x10° N/m?
Vertical rail pad damping 25x10? Ns/m?
Lateral rail pad stiffness 25x10° N/m?
Lateral rail pad damping 10x10° Ns/m?
Sleeper spacing 0.6 m
Ballast
Ballast vertical stiffness per unit 20x10° N/m?
length
Ballast vertical damping per unit 200x10° Ns/m?

length
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Parameter Stock Switch Units

Ballast lateral stiffness per unit 10x10° N/m?
length

Ballast lateral damping per unit 100x10° Ns/m?
length

The static track stiffness at each sleeper location in the vertical and lateral directions have been plotted

in Figure 20 B,C respectively. These were calculated from the rail receptance at 1 Hz from the beam

element Model 3 at each sleeper [41]. It can be seen in Figure 20B that the vertical stiffness of the

stock rail remained roughly the same throughout the length of the switch panel. The vertical stiffness

of the switch rail is lower than the stock rail but increases gradually along the length of the switch

panel. In case of the lateral stiffness, Figure 20C shows that the lateral stiffness for the switch and the

stock rails is roughly equal and both increase along the length of the switch panel.
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Figure 20: (a) Schematic of the turnout; (b) static track stiffness of the turnout in vertical; (c) lateral

directions; reproduced from [41].
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This variation in the track stiffness from Model 2 has been modelled in Model 4. Model 4 is a co-
running track model and the MBS simulations were carried out in Simpack software. Due to the
limitations of the co-running set-up, the mass properties were constant across the length of the switch
panel in MBS, whereas the stiffness and damping values were continuously variable. Space-dependent
mass variation and different mass distributions in two directions could not be modelled since Simpack
restricts mass to be constant in both vertical and lateral directions during a simulation [41]. However,
the stiffness and damping properties of the different force elements were continuously varied as a

function of the rail position in the running direction [41].

The detailed derivation of the equations for implementing the variable track stiffness and damping in
Model 4 is available in the original contribution by Shih et al. [41] and is not an original contribution
of this thesis. However, the principles will be discussed and the track model properties have been
included in Table 13 since the outputs from Model 4 were fed into and implemented for verifying the
wheel-rail interaction results of the solid FE model which will be presented as a contribution of this

thesis.

The position-dependent stiffness and damping properties in Model 4 have been captured by
implementing a parameter called the effective length, which is the wavelength of the system when a
unit point load is applied [41]. The effective length for each rail of the turnout was calculated as a ratio
of the static track stiffness and the stiffness of an equivalent continuous support layer. The calculation
of the static track stiffness has included the parameters that are dependent on the position of the rail,
such as the bending stiffness of the rail. The calculation of the stiffness of an equivalent continuous
support layer included parameters such as the railpad and ballast vertical stiffness and the sleeper
spacing that was implemented in the beam element FE model (Model 2). Thus, the position-dependent
stiffness and damping properties were calculated for Model 4 based on the parameters assigned for

Model 2 in Table 12 by Shih et al. [41].

Unlike the stock rail, the switch rail could not be considered as an infinite beam, as its cross-section

changes continuously along the length of the turnout. Therefore, the vertical support stiffness of the
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switch rail was estimated based on the parameters derived for the stock rail and multiplied with a
factor ‘Az’. This factor is the ratio of vertical support stiffness between the switch rail and stock rail in

the beam element FE model (Model 2).

Similarly, for the calculation of lateral stiffness of the switch rail, a factor Ay was implemented, which
is the ratio of lateral support stiffness between the switch and the stock rail based on the parameters

from the beam element FE model (Model 2).

The calculation of the effective length would also vary depending on the rail support position, i.e.
whether it is supported in middle (e.g. switch rail in the closure panel) and edge of the sleeper (e.g.
stock rails on plain track) or when the support stiffness of the rail varies continuously (e.g. switch rail

with varying cross-section) [41].
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Figure 21: Track schematic for the three-layer MBS model, reproduced from Shih et al. [41].

The schematic of the three-layer MBS track model has been shown in Figure 21 and includes the
parameters for the complete turnout. The stock and switch rails, as well as the opposite stock rail
shown in Figure 21 form a part of the switch panel, which is of interest to this thesis. In Figure 21, the

first or the bottom-most layer represents the equivalent properties of the sleeper and ballast. The
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second or the middle layer represents the rail and the railpads. The third layer does not represent any
physical components, but rather is a virtual spring-mass-damper system to better approximate the
higher frequency responses. Table 13 highlights the track properties, where the symbols following
conventional naming convention with k representing stiffness, ¢ denoting damping, m denoting mass
and J the moment of inertia. As shown in Figure 21, the lateral and vertical directions have been
represented with y and z respectively. The terms Ay and Az were explained before Figure 21 as factors
that help obtain the varying track properties for the switch rail. Further details on the formulae for

varying these properties along the length of the turnout is provided in Shih et al. [41].

Table 13: Track properties- Three layer MBS model (Model 4), adapted from Shih et al. [41].

Vertical properties Lateral properties

Kor» (N/m) 369 10° kovy (N/m) 280x10° Figure 21
Co1,2 (Ns/m) 315x10° o1y (Ns/m) 315x10°
Koz, (N/m) 369x1076 Az kozy (N/m) 280%10° Ay
Co2,2 (Ns/m) 315x10° o2y (Ns/m) 315x10°
ko3, (N/m) 369x10° Kosy (N/m) 280x10° Ay
o3z (Ns/m) 315x10° Co3,y (Ns/m) 315x10°
Koa (N/m) 369x10° Kos, (N/m) 280x10° Ay
o4z (Ns/m) 315x10° Coay (Ns/m) 315x10°
ke,z (N/m) 369x10° krtl,, (N/m) 56x10° Ay
Crirz (Ns/m) 77%x10° Crit,y (Ns/m) 22x10° Ay
ke, (N/m) 369%10° Az Kezy (N/m) 56x10° Ay
Cr.2 (Ns/m) 77x10° Az Cr,y (Ns/m) 22x10° Ay
keis, (N/m) 369x10° Keisy (N/m) 215%10°
croz (Ns/m) 77x10° cray (Ns/m) 45%10°
Keis, (N/m) 369x10° Keesy (N/m) 56x10° Ay
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Vertical properties Lateral properties
Criaz (Ns/m) 77%10° Criay (Ns/m) 22x10% Ay
Kig1 .- (N/m) 77x10° Az kigy (N/m) 56x10° Ay
Cigl.z (Ns/m) 77x10* Az Ciey (Ns/m) 56x10*
Kig2.» (N/m) 77x10°
Cie2.2 (Ns/m) 77x10*
Masses

my (kg) 2.5

m; (kg) 500

my (kg) 111

my (kg) 111

ms; (kg) 111

my (kg) 111

Ji (kgm?) 265

A 3D schematic for the switch and the stock rails of the 60E1-760-1:15 switch layout has been
presented in Figure 22. It shows the geometries of the switch and the stock rail as well as their cross-
sections at specific longitudinal positions and has been included here to support the discussion of the
MBS results in the subsequent sections. This schematic only shows the right hand switch and stock

rails of the panel rather than the complete switch panel since they will be the focus in this thesis.

It will be shown in Section 3.2 that this 3D model has been implemented in FEA and it is based on the
rail profiles that were implemented in the S&C benchmark project. As highlighted in Figure 22, the
switch toe begins at a distance of 0.805 m from the start of the turnout radius in the nominal
configuration [22,65,66]. Figure 20B also shows the result for the vertical stiffness of the switch first
plotted around this longitudinal position and after the after the first plot for the stock rail. Therefore,

wherever the results along the length of the switch panel are discussed in this thesis, they will be
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highlighted in terms of the distance from the switch tip/toe rather than the position of the wheel at the
beginning of the MBS simulation. Along with indicating the position of the front wheel at the

beginning of the simulation, Figure 22 also highlights the switch and stock rail cross-sections every 2
m from the beginning of the switch toe until a distance of 15 m from the switch toe. Further details on

the rail cross-sections and any differences in the rail profiles between the MBS and the FEA models

will be discussed in Section 3.2, where the development of the FEA model will be explained.

Figure 22: 3D schematic of the rails of the 60E1-760-1:15 switch layout with the key longitudinal

positions.

The simulations of the dynamic train-track interactions were carried out between the three-layer MBS
track model (Model 4) and the Manchester Benchmark passenger vehicle model with two bogies. The
complete details of the simulations have been provided in the following references [41,154]. The
analysis parameters are based on the Multibody simulation benchmark for dynamic vehicle—track
interaction in switches and crossings [4,151], which specifies the use of the Manchester Benchmark
passenger vehicle model [151]. The schematic for the components of this vehicle model is shown in
Figure 23. The important parameters relevant to this thesis have been mentioned herein and the

detailed further details of the vehicle model can be found in following references [151,153].

88



The Manchester Benchmark passenger vehicle is based on the ERRI B176 benchmark vehicle, without

yaw dampers, and with the following major simplifications:

e Simple primary suspension
e Symmetric vehicle

e Non-inclined dampers with simple damping rates

The bogie schematic across the length and the width of the vehicle has been provided in Figure 23. It
shows the longitudinal and lateral connections between the wheelset and the bogie and highlights the

primary and secondary suspension components.

(A) (B)

A
nai—

h8 p7 h6 ha
h9
14

x4 (to vehicle centre
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x1 ' x3 (to vehicle centre)
wle-

Figure 23: Schematic of the bogie for the Manchester Benchmark passenger vehicle, reproduced from

[153].

Each vehicle has one body (carriage), two bogies and four wheelsets. The key mass properties

affecting the dynamic train-track interaction have been listed along with their values in Table 14.

Table 14: Masses and inertia for the Manchester Benchmark passenger vehicle

Component Mass (kg) Roll Inertia Pitch Inertia Yaw Inertia
(kgm?) (kgm?) (kgm?)
Wheelsets 1813 1120 112 1120
Bogies 2615 1722 1476 3067
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Component Mass (kg) Roll Inertia Pitch Inertia Yaw Inertia
(kgm?) (kgm?) (kgm?)
Body 32,000 56800 1,970,000 1,970,000

The longitudinal dimensions of the vehicles and distances from the key components have been listed

in Table 15 since they are relevant to the 3D solid FE model, which will be shown to be a key

contribution of this research thesis.

Table 15: Vehicle dimensions and distances, adapted from [153].

Description Suspension component Value (mm)
Wheelset end semi-spacing (x1) Primary springs 1280
Bogie frame end semi-spacing (x2) Primary springs 830
Longitudinal semi-spacing bogie end (x3) Secondary springs 9500
Longitudinal semi-spacing body end (x4) Secondary longitudinal traction rod | 8300
Vertical element Height of wheelset end (h1) | Primary springs, Primary vertical 460
damper
Height of bogie frame end (h2) Primary springs, Primary vertical 880
damper
Height above the rail level of the top (h3) Secondary springs 1130
Height above the rail level of the bottom (h4) | Secondary springs 525
Height above the rail level (h5) Secondary longitudinal traction rod | 600
Height above the rail level (h6) Secondary lateral bumpstop 650
Height above the rail level (h7) Secondary lateral dampers 700
Height above the rail level of the top (h8) Secondary vertical dampers 925
Height above the rail level of the bottom (h9) | Secondary vertical dampers 400
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The key suspension properties affecting the dynamic train-track interaction have been listed along

with their values in Table 16. Further details of the vehicle can be found in the listed references

[151,153].

Table 16: Vehicle suspension properties, adapted from [153].

Parameter Value
Primary suspension (4 per bogie)
Longitudinal stiffness 31391 kN/m
Nominal damping in parallel 15 kNs/m
Damping series stiffness 60000 kN/m
Lateral stiffness 3884 kN/m
Nominal damping in parallel 2 kNs/m
Damping series stiffness 7500 kN/m
Vertical stiffness 1220 kN/m
Secondary springs (2 per bogie)
Longitudinal shear stiffness 160 kN/m
Lateral shear stiffness 160 kKN/m
Vertical stiffness 430 kN/m
Bending stiffness 10.5 kNm/rad
Secondary roll bar (1 per bogie)
Stiffness 940 kNm/rad
Secondary longitudinal traction rod (1 per bogie)
Stiffness 5000 kN/m
Nominal damping in parallel 25 kNs/m
Damping series stiffness 10000 kN/m
Secondary lateral bumpstop (1 per bogie)
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Parameter Value
Primary vertical dampers (4 per bogie)
Damping 4 kNs/m

Series stiffness 1000 kN/m
Secondary lateral dampers (2 per bogie)

Damping rate 32 kNs/m

Series stiffness 6000 kN/m
Secondary vertical dampers (2 per bogie)

Damping rate 20 kNs/m

Series stiffness 6000 kN/m

The nominal dynamic train-track simulations were carried out with the three layer track model (Model
4 [41]) according to the procedure described in the Multibody simulation benchmark for dynamic
vehicle—track interaction in switches and crossings [4,151]. Only the simulations that were carried out
in the through route of the 60E1-760:1:15 will be summarised, with a specific emphasis of the switch
panel since the simulations in the diverging route do not form a part of the contributions from this

thesis.

The wheel profile that was implemented in all the simulations was the S1002 profile. As prescribed
[4,151], the simulations were carried out in the facing through route at a constant speed of 160
kilometres per hour (km/hr). In the model setup, the simulation begins 25 m before the start of S&C
[4,151]. The through route simulation cases were set up on an infinite tangent track and the rail
profiles for the switch and the stock rail vary along the length of the switch [151]. Track cant was
taken as zero along the complete length and no track irregularities were applied. In each simulation,
the vehicle was run for 25 m on a perfectly tangent track before reaching the front of the S&C. During
this run before reaching 25 m, quasi-static condition is found and the vehicle is perfectly centred on

the track in this quasi-static condition to avoid the effect of initial disturbances on the results
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downstream. It was also assumed that the S&Cs have constant radii and there were no transition zones.
For the diverging route, a short transition route is modelled but is outside the scope of the work

discussed in this thesis [4].

The normal contact was modelled as discrete elastic contact employing a semi-hertzian approach by
Ayasse and Chollet [123] and the tangential contact was modelled with Fastsim [155]. The wheel-rail
coupling contact search algorithm in Simpack accounts for the change in wheel profile geometry and
the longitudinal shift of contact patch location(s) due to wheelset yaw. Since the development of
Model 4 is an input rather than a key contribution of this thesis, only the key results will be discussed.
The detailed simulation procedure and method statements for the S&C benchmark can be found in the

literature [151] and the simulation approach as well as the results from Model 4 [41,154].

First, the results for the contact point positions and the transition of the contact patch from the stock to
the switch rail will be discussed. Figure 24 shows the two-dimensional rear view of a three-
dimensional model for the switch and stock rails of a 60E1-760-1:15 through route switch panel. The
central vertical plane for the right rails in the through (straight or non-diverging) turnout has been
labelled and the lateral distances from this plane have been highlighted for the effective visualisation

of Figure 25.
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Figure 24: Lateral distances along the switch and stock rails.

The simulation results for the contact point positions from Model 4 have been plotted in Figure 25. It
can be observed that there is just a single set of contact points between the wheel and the stock rail
(CP1) and two sets of contact points between the wheel and the switch rail (CP1 and CP2). For the
switch rail, CP1 predominantly falls closer to the running surface and CP2 closer to the gauge corner.
The results presented in Figure 25 can be further understood through the schematics provided in
Figure 22 and Figure 24. The first point of contact with the switch rail occurs at a distance of 6.92 m
from the switch toe (as defined in Figure 22) and the last point of contact with the stock rail occurs at a
distance of 7.24 m from the switch toe. Thus, the wheel-rail contact patch would transition from the
stock to the switch rail between 6.92 and 7.24 m. The contact points beyond a lateral position of -25
mm would result in gauge corner contact with the switch rail, particularly CP2. The resulting multi-
point contact from the transition, particularly around the gauge corner of the switch rail will result in a
high amplitude of wheel-rail dynamic forces. The results for the wheel-rail contact point positions

from Model 4 have shown a good agreement with the results from the publication of the S&C
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benchmark simulations [4]. To restate, model 4 is a validated model based on the MBS S&C

benchmark project whose results have been published [41,154].
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Figure 25: Simulation results from Model 4: lateral and longitudinal positions for the contact points.

The published results for the vertical contact force between the lead right-hand wheel and the switch

rail has been plotted in Figure 26. The results from the beam element FE co-simulation (Model 2),

Equivalent MBS 2 layer (Model 3) and Equivalent MBS 3 layer (Model 4) have been compared [41].

Q Force [kN]

100

(&)
o

Wheel-switch rail interaction

Co-simulation
= = =Equivalent MBS 3layer
——————— Equivalent MBS 2layer

4 6 8 10 12 14 16 18
Longitudinal distance [m]

Figure 26: Vertical wheel-rail contact forces for the switch rail in the through route, adapted from [41].
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As shown in Figure 26, a good agreement can be observed between the three models for the wheel-
switch contact force along the length of the model. Unlike Figure 26, Figure 27 demonstrates the
results for the wheel-rail contact force from Model 4 whilst accounting for the distance between the
start of the turnout and the switch tip (0.805 m), previously explained and highlighted in Figure 22.
The results plotted in Figure 26 and Figure 27 are the total amplitude of the vertical wheel-switch
contact force, which is obtained from both the contact points. It can be seen from Figure 22 that the
multi-point, gauge corner contact at a distance of 8 to 9 metres from the switch toe has resulted in a
high amplitude of the wheel-rail dynamic force in Figure 27. The maximum total amplitude for the

vertical contact force of 67.15 kN has been obtained at a distance of 8.75 m from the switch toe.
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Figure 27: Total vertical wheel-rail contact force- Model 4.

This concludes the key discussions that are relevant to this thesis around the setup and simulations of
the MBS model, which will be conducive for developing and verifying the results of the 3D solid FE
model- the key original work presented through this thesis. A significant amount of detail about the
MBS model has been provided in the following references, where the procedure for and various results

from modelling the complete turnout have been discussed [4,41,151,154].
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As discussed in Chapter 2.2, one of the modelling objectives is to model a short length of the 3D
switch panel in FE for enabling computational efficiency and parametric studies. Thus, a location that
has a high chance of occurrence of both wear and RCF would need be modelled. To this end, the Wear

number (Ty) will be implemented.

3.1.2  Description of the damage prediction model, the Wear number - (Ty).

One approach to determining the locations for monitoring the development of rail damage is through
understanding the initiation of faults at the wheel-rail interface. The Wear number, Ty, which was used
to empirically relate the occurrence of surface wear and RCF damage in different rail steels, has been
employed to determine the critical locations that will need to be monitored for the development of
surface faults. The calculation of Ty would involve the calculations for the longitudinal, lateral and
spin creepages and creep forces. These parameters can be effectively determined from MBS models

whilst considering the detailed dynamics of the railway vehicle.

The Wear number can be determined by summing up the products of the creep forces and creepages in

the longitudinal, lateral and spin directions as demonstrated in Equation 1.

Ty = (Tx X vx) + (T, X vy) + (M, X @) Equation 1
In Equation 1, T, and T), represent the creep forces in the longitudinal and lateral directions
respectively. y, and y,, represent the creepages in the longitudinal and lateral directions respectively.

M, represents the spin moment and ¢ the spin creepage.

The Ty value that is obtained from Equation 1 can help determine the occurrence of rail wear and
surface-initiated RCF by linking the amplitude of the wear number to the bilinear RCF damage
function, and was demonstrated by Burstow [134]. This relationship is dependent on the grade of the
rail material and the model is known as the Whole Life Rail Model (WLRM). As shown in Figure 28,
a comparison of the Ty values for the rails of grade R260 against field observations determined that
values for the Ty number that is less than 15 J/m would result in no damage. The values between 15 to

65 J/m would indicate rail sections that are prone to RCF. Values between 65 and 175 J/m would
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indicate a reduction in RCF and an increase in wear and values greater than 175 J/m would indicate
the track sections where excessive wear can be anticipated, resulting in the removal of any RCF cracks

on the rail surface [135].
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Figure 28: Bilinear RCF damage function [134].

In contrast, the model for R350HT rail steel states that excessive wear would occur only when Ty >
400 J/m [135]. Since the rails with material properties for rail grade R260 are being modelled, the

relationship in Figure 28 has been used to determine the locations susceptible to high surface damage.

The initial WLRM damage model was established using empirical methodologies. It involved a
comparison between anticipated Ty levels and actual RCF site observations, utilising version 4.32 of
the Vampire software for vehicle dynamics [156]. In that particular version of Vampire, lateral creep

forces (T, y, ) accounted for the impact of spin creepage, while the pure spin moment (M¢) was

neglected [156].

The most recent version of Vampire Pro has improved handling of spin, now encompassing the pure
spin moment term. Therefore, further research was conducted on the implementation of this term and
its impact on predicted Ty by Molyneux-berry and Bevan [156]. The research focused on quantifying

how the spin component would contribute to Ty and its effect on predicting RCF damage.
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Additionally, the research aimed to ascertain if adjustments to the original WLRM damage function

were necessary to account for changes in the calculation of Ty.

The findings of the investigations were as follows:

e Incorporating the spin component generally leads to an increase in Ty with a rise in the contact
angle [156].

e The impact of the spin component on Ty and consequent damage is contingent upon site
conditions such as curve radius, cant deficiency, and contact circumstances [156].

e Variations in these conditions, such as track irregularities and wheel/rail profiles, and other
assumptions related to RCF modelling, diminish the influence of the spin component on
damage predictions [156].

o Site simulations, previously utilised for validating the damage function, exhibited minimal
disparity in predicted damage when considering the spin component. These results remained
within the acceptable range of accuracy for unknown parameters common in this type of

modelling, such as friction conditions [156].

It was also suggested that in future RCF calculations, Ty should encompass the spin component.
Furthermore, it was indicated that there is minimal advantage in readjusting the initial damage

function to accommodate this modification [156].

The tangential contact model that was implemented for Model 4 in SIMPACK, i.e. FastSim does not
compute the tangential torque (M) [100] and therefore the Ty calculations that will be discussed

through this thesis are based on Equation 1, but without the spin moment/creepage term, i.e. (M, X
®).

However, certain limitations in using the Ty number for the prediction of Wear and RCF damage have
been recognised. The most significant limitation is the restriction that can be attributed to the site

conditions where the model was developed and validated. This has been observed in the form of a

poor agreement demonstrated between the predicted and observed levels of rail RCF on routes such as
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the TransPennine Express (TPE) in the UK that have low tonnage [156]. Over-prediction of RCF
damage on flange contact, especially at lower coefficients of friction has also been reported [156]. For
curved rail sections, an over-prediction of the wear number at the entry transition of curves relative to
the main body of the curve has been reported. Moreover, the results do not agree well when the model
is applied to the lower rail in tight curves where the effects and the forces that lead to damage to rails
need to be studied more. These limitations can be observed because the site conditions in the
aforementioned instances differed from the ones that were existent whilst developing the empirical

model.

It is also worth noting that the development of the model was carried out whilst assuming a coefficient
of friction of 0.45. However, the impact of the change in the coefficient of friction was later
investigated where it was found that the “predictions for classic high rail RCF” on “typical moderate

radius RCF sites” do not vary much for 0.25 <p < 0.45 [134].

The WLRM predicts Wear and RCF jointly from the amplitude of the Ty number that is obtained from
the values of the creep forces and creepages. Moreover, the wear damage parameter in the WLRM
represents the removal of the surface RCF defects. It does not play a role in determining the loss of

material or change in rail shape.

Since the direction of the creep force is regarded whilst obtaining the amplitude for the Ty number,
the value for the Wear is underestimated. This is because wear occurs at higher amplitudes of the Ty
number as shown in Figure 28. If the values of the creep forces are taken as absolute, i.e. if the
negative values are taken as positive, the amplitude of the creep forces and thus the Ty number will be
higher. As a result, the locations that will experience Wear will no longer be underestimated. Since
Wear and RCF are interrelated in the WLRM, avoiding the underestimation of Wear will also help
avoid the overestimation of RCF. Moreover, the conventional models that are widely implemented for
predicting just the wear of the rails and wheels neglect the direction of the creep forces and implement

their absolute values.
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However, research has indicated that it is important to consider the direction of the action of the creep
force whilst estimating the risk of RCF damage. Follow-up research that was carried out for the Rail
Safety Standards Board (RSSB) determined that the damage that is purely associated with wear must
be calculated by using the raw value for the Ty number, i.e. the values where the absolute value for the
creep forces are considered. On the other hand, damage resulting from RCF should be predicted from

the values for the Ty number that are scaled by the direction of the creep forces.

The WLRM and the Ty number have been implemented in this research for determining the sections
of the track that are highly susceptible to surface rail damage. Therefore, it is not a quantitative
estimation of material removal but a mere recognition of the sections of the track that need to be
monitored which is the objective of this exercise. The material properties that will be implemented in
the FEA model would represent the R260 grade of rail steel. Therefore, under usual elliptical contact
patch conditions the results can be deemed representative even though a switch will be modelled.
Firstly, the objective of the damage prediction will be to select the rail positions that demonstrate an
adequately high value for the Ty number to introduce both wear and RCF, i.e. where the removal of
cracks due to excessive wear will be prevented. It will be shown that these conditions are achieved
under the usual single elliptical patch conditions at the location of the defect introduction (Table 35)
and thus the implementation of the Ty number will be justified. It will also be shown that a reasonably
long length of the track that will be modelled in FEA and thus encompass the crucial locations after

the transition region.

The results for the Ty number for the switch and the stock rails on the passage of a Manchester
Benchmark passenger vehicle at a speed of 160 km/hr with a friction coefficient of 0.3 in the through
route of a 60E1-760-1:15 railway turnout switch will be discussed in Section 3.1.3. It was shown in
Figure 25 that a maximum of two contact points were obtained between the wheel and switch rail and
a single contact point was obtained for the contact between the wheel and the stock rail from the
results of the dynamic train-track switch interaction from Model 4. The Ty number for these contact

points will be discussed in Section 3.1.3.
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3.1.3 Discussion of the results obtained for the Wear number (Ty) on the stock rail for
simulations in the through route.

Figure 29 shows the results for the Ty number for the contact between the right-hand stock rail and the
leading, trailing wheels of the first bogie from the beginning of the switch toe up to the transition of
the wheel-rail contact to the switch rail. The Ty number of 15 J/m is marked in Figure 29, highlighting
the limit after which there is a risk of surface-initiated RCF damage. The overall value of the Ty
number is under 15 J/m for the contact between the leading wheel and the stock rail, demonstrating
that the risk of rail surface damage due to the passage of this wheel is negligible according to the

WLRM for R260 rails.

A higher amplitude of the Ty number than the leading wheel is obtained for the contact between the
trailing wheel and the stock rail. When the contact of the leading wheel with the rail transitions from
the stock to the switch rail, the switch rail is pushed downwards since the vertical track flexibility of
the switch rail is independent of the stock rail in the MBS model. Since the leading wheel pushes the
switch downwards, the trailing wheel exerts a larger proportion of the total load on the stock rail in the
transition region. Therefore, the contact force between the switch rail with the leading wheel is more
than that with the trailing wheel. Similarly, the contact force for the stock rail with the trailing wheel

is higher than that with the leading wheel.
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Figure 29: Wear number (Ty) on contact between the right-hand stock rail and the leading, trailing

wheels of the first bogie.
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3.1.4 Discussion of the results obtained for the Wear number (Ty) on the switch rail for
simulations in the through route.
Figure 30 demonstrates the wear number resulting from the contact between the wheel and the switch
rail. The overall Ty number is the summation of the results obtained from the two contact points,
Contact point 1 and Contact point 2. Contact point 1 is the contact between the wheel tread and the
railhead surface. Contact point 2 is predominantly the point of contact between the wheel flange and
the gauge corner of the rail. The damage arising from the contact between the wheel flange and the
gauge corner was higher than that resulting from the contact between the wheel tread and the railhead.
The Ty values of 15, 65 and 175 J/m have been highlighted in all the plots subsequently to

demonstrate the regions that are susceptible to just RCF, both wear and RCF and excessive wear.

The results obtained for the Wear number from the contact of the switch with the leading wheels
(wheelset 1) of both the leading (bogie 1) and trailing (bogie 2) bogies (Figure 30 (A and C)) result in
the highest amplitude for the Ty number. The trailing wheels (wheelset 2) of the leading and trailing
bogies (Figure 30 (B and D)) show a lower value. Relatively higher amplitudes for the Ty number are
observed between 8 and 10 metres from the switch toe, which is the section of the track where the
wheel-rail contact patch shifts from the stock to the switch rail. The damage resulting from the contact

of the switch rail surface with the leading wheelset is higher than the trailing wheelset.
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Figure 30: Wear number (Ty) on contact between the switch rail and the wheel for A. Wheelset 1 of

Bogie 1; B. Wheelset 2 of Bogie 1; C. Wheelset 1 of Bogie 2; D. Wheelset 2 of Bogie 2

To restate the discussion in Section 3.1.2, the tangential contact model that was implemented for
Model 4 in SIMPACK, i.e. FastSim does not calculate the spin moment or the creep torque [100].
Therefore, only the lateral and the longitudinal components have been considered in the calculation of
the Ty number, similar to what was carried out during the initial development of the WLRM [156].
The creep forces and creepages that contribute to the value for the Ty number are important to discuss

and have thus been plotted in Figure 31 to Figure 33.

The longitudinal creep force is the tangential force in the longitudinal direction of the rail contact
reference marker at the contact reference point, i.e. it is positive in the direction of travel. The lateral
creep force is the tangential force in the lateral direction of the rail contact reference marker at the
contact reference point, i.e. it is positive when the motion of the wheel is towards the outer side of the

curve.

The longitudinal creepage is the longitudinal contact relative velocity divided by the absolute value of
the creep reference velocity and has the same sign has the longitudinal creep force. The lateral
creepage is the lateral contact relative velocity divided by the absolute value of the creep reference

velocity and has the same sign as the lateral creep force.

104



The results have been plotted separately for the two points of contact between the wheel and the
switch. The two sets of contact points on the switch can be seen in Figure 25. Figure 31 shows the
longitudinal and lateral creep forces for the first set of contact points (Contact point 1 or CP1). The
maximum negative amplitude for the longitudinal creep force of 17.36 kN is found at a distance of
approximately 9 m from the switch toe. At this point, the wheel-rail contact point is on the gauge
corner of the rail. After hitting this point, as shown in Figure 25, the wheel-rail contact point starts
moving towards the away from the gauge corner or towards the outer side of the track curve, thus

reducing the amplitude of the creep force.

At a distance between 8 and 8.86 m from the switch toe, Figure 31 shows that the lateral creep forces
are higher than the longitudinal creep forces. It can be seen in Figure 25 that the wheel-rail contact
point moves towards the gauge corner or the inner side of the curve, thus resulting in a high negative

amplitude for the lateral creep force at this section.
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Figure 31: Lateral and longitudinal creep forces for Contact Point 1, Wheelset 1 of Bogie 1.

The creepages that would result in the creep forces shown in Figure 31 have been plotted in Figure 32.
Since the wheel-rail contact for CP1 is mostly between the wheel tread and normally running surface

of the rail (Figure 25), the amount of the creepage is lower for CP1 (Figure 32) than it will be shown
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for CP2 (Figure 33B) where this is gauge corner contact. The maximum amplitude for the

longitudinal creepage is —0.005 for CP1 whereas it is —0.025 for CP2.

3 %1072 Lateral and longitudinal creepages (Contact Point 1)
T T T T T T T T
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2 Lateral creepage vy

f

Creepage

N/

5 I | | I I | I | I
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15

Distance from the switch toe (m)

Figure 32: Lateral and longitudinal creepages for Contact point 2, Wheelset 1 of Bogie 1.

Figure 25 shows contact between the wheel flange and the gauge corner of the rail just around a
longitudinal distance of 8 m from the switch toe for CP2. This is reflected in Figure 33B, where a high
amount of wheel-rail longitudinal creepage can be observed at a distance of 8 m from the switch toe.
The amplitude of the maximum creepage that has been plotted is much higher for CP1 than CP2
between a distance of 8 and 9 m from the switch toe. This, coupled with a high amplitude for the creep
forces for CP2 (Figure 33A) has resulted in a much higher overall amplitude for the Ty number for
CP2 than CP1 at a distance of 8 to 9 m from the switch toe. This can be observed in Figure 30A and
Figure 34, where the rail section between 8 to 9 m from the switch toe shows high chance of wear and

RCF occurrence based on the value for the Ty number.
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Figure 33: Creep parameters for Contact point 2, Wheelset 1 of Bogie 1; (A). Lateral and longitudinal

creep forces; (B). Lateral and longitudinal creepages.

Therefore, the high tangential forces and creepages that are shown to occur at the switch at CP2
between 8 and 9 m would result in a high risk of wear at that section. Where the risk of wear
occurrence is high, the risk of RCF occurrence would be lower in comparison since RCF cracks would
be worn off by wheel-rail friction. In contrast, locations with a high value for the creep forces and
creepages and thus the Ty number at CP1 show the possibility of the occurrence of both Wear and
RCF in Figure 30A. The results focusing on CP1 will thus be implemented for selecting the location

for developing a 3D solid element FEA model in Section 3.1.5.

3.1.5 Discussion of the results obtained for the Wear number (Ty) on the stock and switch
rails for simulations in the through route
Figure 34 demonstrates the wear number resulting from the interaction between the leading wheelset
of the leading bogie with the switch and the stock rails. It can be seen from Figure 34 that the
transition of the wheel-rail contact patch from the stock to the switch rail begins just before 8 m,
where lower values for the wear number are obtained. The results for the switch and the stock rails
have been plotted together to demonstrate the much higher risk of damage on the switch rail than on
the stock rail. On considering Figure 30A and Figure 34 together, it can be noticed the longitudinal
position between 9 and 9.5 m from the switch toe demonstrates the possibility of the occurrence of

both RCF and wear. The contact point at this location is CP1, demonstrating that the results will be
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obtained for an elliptical contact patch between the wheel tread and normally running surface of the
R260 switch rail (subsequently proven in Table 35). As the contact conditions and the switch rail
grade have inspired reasonable confidence in the results for the wear number, the focus of 3D FEA
modelling will be between the longitudinal positions between 9 and 9.5 m from the switch toe.
Depending on the requirements for the track dynamics, a longer length of the track will be modelled

and the results between 9 and 10.5 m from the switch toe will be the focus of the discussion of results.
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Figure 34: Ty number for the contact between the leading wheel of the leading bogie and the stock and

switch rails for Track model 4.

3.2 Developing a 3D, solid Finite Element Model of a railway track switch

The development of the 3D model for the railway track switch will be introduced in this section. This
model is a half-track model modelled in three dimensions for representing the layout shown in Figure
35. The geometry has been modelled in 3D so that it can be implemented in FE analysis for assessing
the mechanical behaviour of the rails and taking decisions for the structural health monitoring of the

switch.
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Figure 35: Schematic for the MBS track model [12].

As shown in Figure 36 A and B, the track model with the topology shown in Figure 35 has been
modelled with the 3D solid components. A few crucial components have been added to the 3D model

for making it more detailed and representative of the field.

A
| Wheel |\_. |
Stock rail
| Switch rail
| Railpad

Baseplate pad

Thin layer
representing
ballast

Figure 36: Assembly of the track model along with the wheel; (A) Front View; (B) Isometric view.
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As shown in Figure 36A, the stock rail has been connected to the sleeper through a railpad, baseplate
and baseplate pad. The baseplate has been included for appropriately supporting the model for the
shallow depth switch rail. Therefore, appropriate material properties have had to be derived for
representing the stiffness of the railpad layer in the MBS model through the equivalent stiffness of the
railpad, baseplate and baseplate pad in the FE model. The derivation of the equivalent material

properties for the components modelled with solid elements will be described later.

The stock and switch rails have been modelled in the through route for the S&C layout of 60E1-760-
1:15 [65]. The stock rail has been modelled with the 60E1 rail cross-section profile and the switch rail

follows the 60E1A1 profile [157].

The same procedure that was adopted for modelling the switch and the stock rail profiles for the S&C
benchmark project has been implemented for developing the 3D solid models for the stock and the

switch rails [65].

For modelling the switch rail, a solid model for the whole cross-section of a 60E1A1 switch rail
profile that follows the longitudinal trajectory for the specified turnout length and radius was modelled
(Figure 37A). The next step was the material removal through a milling tool profile corresponding to
the chamfer on the side of the stock rail, as shown in Figure 37B. Finally, the material was removed
from the solid rail as prescribed by the vertical and lateral motions of the milling tool profile as shown

in Figure 37C [65].
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Figure 37: (A) Nominal 60E1A1 switch rail profile; (B) Swept material removal on the field side; (C)

Swept material removal on the track-side whilst implementing the milling tool profile

The MBS rail profiles have been reproduced from the original reference in Figure 38 [65]. These
profiles have been mirrored for the S&C benchmark project and thus this thesis. A comparison of
these profiles against the mirrored 3D schematic that was shown in Figure 22 shows a good agreement
between the MBS rail profiles and the 3D solid model for FEA. The rail cross-sectional view has been
highlighted every 2 m from the beginning of the switch toe in the 3D solid model of the switch in
Figure 22 and it shows a good agreement for the gradual build of the switch rail with Figure 38. It can
be observed in Figure 22 that the full cross-section of the switch is not reached until after a distance of

10 m from the switch toe, which is similar to what is shown for the MBS rail profiles in Figure 38.

2
Y(mm) -100 g X (m)

Figure 38: MBS rail profiles- switch assembly after milling, reproduced from [65].
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The compatibility between switch rail geometry implemented in the MBS and FE analysis was
ensured by comparing the cross-sectional rail profiles from the two models. An example of one such

comparison is shown in Figure 39 and Figure 40.

The cross-section of the rail at a longitudinal distance of 9.13 m from the switch toe has been plotted
in Figure 39. The rail profile at the same longitudinal position from the MBS model has been plotted

in Figure 40A.

0.14

-0:16

Figure 39: Rail cross-section from the solid model at a longitudinal distance of 9.13 m from the switch

toe.

As shown in Figure 38 and Figure 40A, the rail profiles have been modelled for MBS only up to a
depth of 35 mm from the railhead since they are mainly implemented for studying the wheel-rail
contact characteristics. Figure 40B shows the same profile as Figure 39 but up to a depth of 35 mm
from the railhead for demonstrating the good agreement between the MBS and FE rail profiles. Both

the vertical and lateral profile co-ordinates show a good agreement when observed.
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Figure 40: Rail profiles at a longitudinal distance of 9.13 m from the switch toe; A. MBS rail profile;

B. Profile from FE model (up to a depth of 35 mm).

The geometry of the switch rail that has been implemented for the FE simulations has been shown in

Figure 41A and B.
A B
Y Y
L A

Figure 41: Switch rail solid geometry used for analysis; (A) Perspective front view; (B) 3D plan view

Similarly, the stock rail was modelled in 3D for its complete cross-section for the specified turnout
radius. The material was then removed on the track side of the stock rail to ensure appropriate contact

with the switch rail along its length according to the procedure followed in the reference [65].
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Figure 42: Solid geometry of the stock rail; (A) Perspective front view; (B) 3D plan view

An approximate and simplified geometry for the solid baseplate that has been shown in Figure 43 has
been modelled according to the manufacturer's specifications [158]. The 3D model illustrates two
different parts that have been joined together to form a cuboidal structure. Material has been removed
from the centre to accommodate the stock rail and its movement relative to the railpad and the
baseplate. This layer with approximate geometry has been modelled for balancing the height
difference between the full depth stock rail and shallow depth switch rail and adding an extra level of

representative detail. It was not modelled in the reference Models 2 and 4.

Figure 43: Geometry of the baseplate that holds the stock and the switch rails

Pads are generally used in railway track systems to dampen heavy vibrations and increase the
reliability of track components. According to Network Rail’s Track design handbook
(NR/L3/TRK/2049) [159], the 60E1-760-1:15 layout of the railway switch includes a railpad between

the stock rail and the baseplate. The material for the railpad is Ethylene-Vinyl Acetate (EVA). A

114



second pad, known as the baseplate pad connects the baseplate to the sleeper and is manufactured out
of rubber. The pads were modelled as a cuboid structure and have been highlighted in the assembly

shown in Figure 36A.

Since the model is a half-track model, the sleepers have been modelled with a cuboid shape for a
length of 1.25 m which is 50% of the value of the total length of the sleeper as shown in Figure 36. A
full-length sleeper model was also implemented but only for studying the effect of the sleeper length

on the track dynamics.

The spring and dashpot elements have been implemented for modelling the vertical and lateral
dynamics of the ballast layer. The summary of geometry and material for the components can be seen
in Table 19 and the equivalent material properties for ensuring the compatibility of the track dynamics
will be discussed in Section 3.4. After fine tuning, the material properties for the different components
of the track model that will be implemented in wheel-rail interaction studies will be shown in Table

30.

A 3D solid geometry for the wheel shown in Figure 36 has been modelled with the S1002 profile for
the wheel tread and flange [151,160], whilst the rest of the geometry has been modelled based on a

simplified cross-section for a railway wheel from another reference [161].

Eight node linear brick solid elements with reduced integration (C3D8R) have been implemented for
modelling the wheel, rails, baseplates, railpads, baseplate pads, sleepers and the ballast layers in
ABAQUS [98]. For the wheel-rail interaction, the inner flange and the tread of the wheel surface have
been meshed using a maximum element size of 2 mm. The other non-contact parts of the wheel have
been meshed coarsely for improving the efficiency of the simulations. The maximum aspect ratio in

the regions for results extraction is less than 10.

The railpad was meshed with a larger element size than the stock rail. Likewise, the baseplate mesh
was coarser than the railpad, the baseplate pad coarser than the baseplate, the sleeper coarser than the

baseplate pad and the ballast layer under each sleeper was modelled using a single element. The mesh
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sensitivity studies that were carried out for ensuring the convergence of results have been explained in

Chapter 4.

The interaction between the connecting surfaces of the aforementioned components in the track model
was modelled with tie constraints. The implementation of a tie constraint involves a master-slave
relationship between the surfaces in contact. On implementation, the DOF of the slave surface is
controlled by the master surface [98]. Generally, the surface with the coarser mesh is set as the master
region and that with a finer mesh is set as the slave region to avoid the error of element penetration
during the interaction between surfaces [98]. A tie constraint was applied between the bottom surface
of the stock rail and the top surface of the railpad. Tie constraints were also implemented for the
surface interactions between the railpad and the baseplate; the baseplate and the baseplate pad; the

baseplate pad and the sleeper and the sleeper and the ballast.

The effect of modelling a longer length of the rail was achieved by introducing the symmetry
constraint on the front and rear faces of the stock rail. The symmetry constraints disabled the
translational DOF in the longitudinal direction as well as the rotational DOF along the lateral and

vertical axes for the surface nodes.

The springs and dashpots that were implemented for simulating the vertical and lateral stiffness and
damping were allowed to translate only in the vertical and lateral directions respectively. As shown in
Figure 44, the bottom face of the sleeper was allowed to translate in the vertical direction for the

simulation cases where the simplified bedding was implemented.

116



Figure 44: Boundary condition for the bottom surface of the sleeper when implementing simplified

bedding

The assumption for implementing the tie constraint, especially between the bottom of the switch rail
and the baseplate is based on a combination engineering judgement, literature review and modelling
assessment criteria. Generally, a single point contact with the track clips is implemented in the field
for preventing the upward motion of the track. The presence of the track clip on either side of the
switch also constrains the lateral motion of the stock and the switch rails to some extent, which are in
contact with each other (Figure 36A) in the simulation region of interest. The continuous contact
between the rail foot and the baseplate would constrain the downward motion of the rail in the field. In
addition to aiming to fulfil the requirements of the quantifiable modelling criteria, i.e. achieving a
reasonable agreement for the rail receptance between the reference model 2 and the 3D FEA, the tie
constraint has been implemented to constrain the upward and lateral motion of the rail. The fulfilment

of the modelling criteria will be discussed in Section 3.4.

The effect of modelling a discrete support and continuous layer on the vertical mobility of the rail was
investigated by Thompson [162]. The discrete support condition that has been plotted in Figure 45 was
modelled as a point contact constraint over the sleeper. The continuous support condition represents
the scenario of sustaining the substructure track properties across the track length. Figure 45 shows
that the results for the vertical mobility are relatively similar for the continuous support and excitation

over a sleeper at lower frequencies. It is around 1 kHz, where the pinned-pinned resonance occurs
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when the wavelength of the bending waves of the rail is twice the sleeper spacing that the track

dynamics become dependent on the method of constraint.

— : : : —_—
L — excitation at mid-span

— — — excitation above a sleeper

[ — - — - excitation at quarter span

continuous support

107 ¢ i 3

Mobility magnitude, m/sN

Frequency, Hz

Figure 45: Vertical point mobility of track with discrete and continuous support, adapted from

Thompson [162].

The assumptions made during the modelling will undoubtedly make the simulations different from the
field occurrence. This cannot be quantified at this stage as the quantifiable comparisons can only be
made against the reference model due to the lack of availability of data from field experimentations.
The model will be developed to meet objectives and the modelling assessment criteria laid out in

sections 2.2 and 2.3 of Chapter 2.

3.3 Introducing rail receptance and determining the length of sleeper, longitudinal
length of the track for the 3D FE model.

The switch has been modelled to focus on the locations that were predicted to have a high
susceptibility to surface-initiated damage in Section 3.2. In this section, the total sleeper and track
length as well as the accuracy of the boundary conditions in the model will be determined by ensuring
the compatibility of the track dynamics that will be captured by the FE with the reference model
(Model 2). To achieve this, the receptance from the FE track model in the vertical and lateral

directions will be obtained and compared against the published results from Model 2 [41].
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The receptance is the ratio of the track deflection and the force exerted on the track, thus giving
deflection in metres per Newton of the load. The results for the vertical and lateral rail receptance for

the reference models 2, 3 and 4 that have been plotted in Figure 46 have been published in the

literature [41].
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Figure 46: Comparison of the rail receptance between Models 2, 3 and 4; A. Vertical receptance; B.

Lateral receptance, adapted from [41].

To recapitulate the discussion in Section 3.1.1, the reference MBS (Model 4) is based on the beam
element FE model (Model 2). For the model whose development will be shown in this thesis, i.e. the
3D solid FE model, the track dynamics will be calibrated and the receptance compared against Model

2 and the wheel-rail interaction results will be compared against Model 4.

Outputs for the rail receptance will be obtained after applying a unit excitation load at the centre of
gravity of the stock rail cross-section. The analysis of the rail receptance will only be carried out for

the stock rail for the reasons highlighted below.

1. Unlike the switch rail, the cross-sectional area of the stock rail does not vary. Therefore, easy
and reliable comparisons for the rail receptance can be carried out for the stock rail across all
models. Only the results for the rail receptance for the stock rail have been published and

available for Models 2, 3 and 4 that were described in Chapter 3.2 [41].
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2. The rail support is the same for both the stock and the switch rails. Therefore, the values
derived for the dynamic material properties of the railpads, baseplate pads and the ballast will
still have validity for the switch rail even if the simulations were just carried out for the stock

rail.

Numerical simulations have been carried out to ascertain the validity of the FE track model for further
implementation in the time domain analysis of wheel-rail contact. It was established in Section 2.2 that
the results obtained for the vehicle movement from the MBS model would be used as the boundary
conditions for the wheel assembly that has been modelled in FE. The approach defined in Section 2.2
can be implemented more effectively if the FE track model can achieve similar vertical and lateral
track dynamic behaviour as the reference track model that was constructed for the MBS studies. The
vertical and lateral rail receptance for the MBS and FE models have been compared in the frequency
range of 10-1000 Hz, which is the potential frequency range for capturing P1 and P2 forces

[39,163,164].

The influence of frequency on the measurement of vertical contact forces at the crossing rail was
investigated [12,39,44,148,163,164] where it was observed that the ability to capture the effect of
track dynamics at higher frequencies was an important factor in the measurement of the vertical
contact forces at the crossing. For instance, it can be observed in Figure 47A that a large difference
can be obtained between the vertical contact forces captured at 10 and 100 Hz and a smaller yet

considerable difference was obtained for the same results at 100 and 1000 Hz [44].
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Figure 47: A. Measured maximum vertical contact forces in the crossing panel; B. Measured

Maximum lateral wheel-rail contact forces in the switch panel.

The same investigation was carried out for capturing the lateral contact forces for the switch rail and a
negligible effect of higher frequencies on the measurement of the lateral contact forces were observed
[44]. As shown in Figure 47B, a maximum difference of 5 kN can be observed for the results of the
lateral contact force captured at 10 and 1000 Hz at the switch whereas a difference of almost 80 kN
can be observed in Figure 47B for the vertical contact force at the crossing for the same frequency
range [44]. Considering the higher frequency content is more necessary for the crossing region
because of the discontinuity during the wheel transfer from the wing rail to the crossing nose.
Contrarily, a smoother transition occurs at the switch region and hence the wheel/rail impact forces are
usually within lower frequency range. The lateral dynamics is important to model with adequate
accuracy since research methodology has incorporated the Wear number (Ty) for determining the
locations susceptible to damage, where the lateral components for the creep forces and creepages,
along with the longitudinal components have played an important role in determining the modelling

locations.

Based on the aforementioned evidence, it has been determined that a good agreement for the lateral
rail receptance between the MBS and FE models at lower frequencies will be sufficient. However, a

good agreement for vertical rail receptance is desired even at higher frequencies. This is especially
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important where the simulations will be carried out for the passage of the vehicle over the switch in
the straight or through route, where the vertical forces are still dominant. The turnout radius is more
for high-speed switches which means that the vertical contact forces, especially in the through route
will be more dominant. The dominance of vertical over lateral contact forces would lower the rate of
removal of the RCF cracks due to less wear and capturing the RCF cracks from the vertical contact

forces will demand capturing the high-frequency content.

3.3.1 Determining the length of the sleeper

The results for the rail receptance obtained from a half-sleeper, half-track model and a full-sleeper,
half-track model will be compared for determining whether the appropriate track dynamics can be
captured with a half-sleeper length. The comparisons for the rail receptance that will be shown in this
section have not been carried out for the final, sensitivity-tested material properties and are just

preliminary comparisons for picking a length of sleeper and switch length for modelling.

The derivation of the track properties for fine-tuning the pads and ballast against Model 2 will be
shown in Section 3.4 and the final material properties for implementation in time domain simulations
will be shown in Table 30. Apart from the value of the damping coefficient for the pads, the
comparisons of the rail receptance in Sections 3.3.1 and 3.3.2 have implemented the same values for
the track properties that will be presented in Table 30. The final value of the stiffness proportional
damping after fine tuning the rail pads with the reference is 0.001 (Table 30), whereas simulations for
the analysis of track, sleeper length in Sections 3.3.1 and 3.3.2 were carried out after implementing a
value of 0.002. This has been elaborated to highlight that the receptance results are for relative

comparisons for the track and sleeper lengths rather than model validation.

As shown in Figure 48A, the length of the sleeper for the half-sleeper, half-track model if half the
length of an original sleeper along with one set of rails in the switch panel. The motivation behind
checking the suitability of implementing this approach was reducing the total number of modelling
elements As shown in Figure 48B, the full-sleeper, half-track model includes the full length of the

sleeper of 2.5 m but only one set of rails in the switch panel.
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Figure 48: (A) The Half-sleeper, Half-track model; (B) The Full-Sleeper, Half-track model

For a given cross-section of the stock rail, the rail receptance has been obtained after applying a unit
excitation load at the centre of gravity for the stock rail section above the centre of the sleeper along the

longitudinal axis of the rail.

The results for the vertical and lateral rail receptance that have been obtained from the models with the
short and the long sleepers have been plotted in Figure 49 A, B. One track resonance would occur
because of the bouncing of the railpads between 200 and 600 Hz [128]. In the plot for the vertical rail
receptance in Figure 49A, this can be observed at 250 and 280 Hz for the 3D FEA and reference
models (Model 2) respectively. A difference of 5.5% has been obtained for the value of the resonant
frequency between the reference model and the half, full sleeper models. With regard to the relative
comparison between the models with the half and the full sleeper lengths, a good overlap between the

plots for both the vertical and lateral rail receptance can be noticed in Figure 49 A, B.

However, the results for the lateral receptance from the FEA do not show a good overlap with the
results from the reference (Model 2) in Figure 49B. These are predominantly due to the track length
and property differences. It will be shown in Figure 52 that an increase in the track length can improve
damping reduce the signal noise that can be observed at higher frequencies. Similarly, Figure 55 will
show that increasing the value for the damping coefficient has the potential for achieving the same but

also reduce the amplitude of the receptance at the resonant frequency.
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It will also be shown in Section 3.4 that there is an inherent difference between the reference and the
3D FE models, since components such as the shallow depth switch, baseplate, railpad and the

baseplate pad were modelled for 3D FEA with solid elements, unlike the reference model.

For the model with the short sleeper, the movement of the bottom surface of the sleeper was restricted
to one DOF, i.e. translation in the vertical direction. The sleeper was allowed to translate only in the

vertical direction whilst it was connected to the ground with spring-dashpot elements (ballast layer).

For the model with the long sleeper, the bottom of the sleeper was allowed to displace in both the
vertical and lateral directions. Since the sleeper was modelled with its complete length of 2.5 m, high
lateral track stiffness for the sleeper was avoided by allowing the lateral DOF for the bottom whilst

implementing lateral spring-dashpot connections.

Therefore, the models with the short as well as the longer sleeper demonstrate a good relative
agreement with each other, thereby implying that the boundary conditions that have implemented in
both models are appropriate. It can thus be concluded that a model with a half-length sleeper can be

implemented in time domain analysis of the FE analysis and will thus reduce the total number of

elements in the model.
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Figure 49: Comparison of the rail receptance against the reference MBS model for determining the

length of the sleeper model; (A) Vertical Rail Receptance; (B) Lateral Rail receptance
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3.3.2 Investigating the effect of the length of a track model on the results for the rail
receptance.

The results for the Wear number in Section 3.2 helped conclude that the locations for the wheel-rail

rolling contact analysis would lie between 7.8 and 10.6 m from the beginning of the switch toe. The

locations with the highest risk for the development of surface-initiated RCF damage on the switch rail

lie near the longitudinal position of 9.3 m away from the switch toe.

The results for the rail receptance over the sleepers that are closest to the distance of 7.8, 9.5 and 10.6
m from the switch toe will be discussed to comment on the relationship between track length and
dynamics. The length of the track has been increased by adding additional sleepers before the location
where the rolling contact analysis would begin and after the location where the wheel-rail rolling

contact analysis will end.

As shown in Table 17, four different track lengths have been tested. The model for the track section
between distances of 7.8 to 10.5 m from the switch toe, shown in Figure 50, only includes the regions
where the rolling contact analysis will be carried out. Simulation cases L1, L2 and L3 have been run

for this model.

Figure 50: Region of interest- 7.8 to 10.5 m from the toe

The track section at a distance of 7.2 to 11 m from the beginning of the switch toe has been modelled

as the extension of the previous model by two sleepers, one before the beginning of the previous track
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section (i.e. 7.8 m) and another after the end of the track section (i.e. 10.5 m). Simulation cases L4, L5

and L6 have been run for this model.

The model for the track section between 6.6 to 11.7 m, has included modelling two extra sleepers
before the location where the rolling contact will begin (i.e. 7.8 m) and two extra sleepers after the
location where the rolling contact will end (i.e. 10.5 m). Simulation cases L7, L8 and L9 have been
run for this model. The final model for the track section at a distance of 6.6 to 12.3 m from the switch
toe, shown in Figure 51, has included modelling an extra sleeper length at the end of the track section
for the model for cases L7, L8 and L9. Simulation cases L10, L11 and L12 have been run for this

model.

Figure 51: Region of interest with four additional sleepers- 6.6 to 12.274 m from the toe

The vertical and lateral rail receptance have been obtained after applying a unit excitation load to the
Centre of Gravity (CG) of the sleeper-supported stock rail cross-sections where the rolling contact will
begin and end; as well as the CG for the cross-section of the sleeper-supported rail where the highest
degradation is anticipated. The cases for the simulations have been demonstrated in Table 17. This
includes the details for the track section or the overall track length as well as the longitudinal positions

for the rail cross-sections where a unit excitation load will be applied to obtain the rail receptance.
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Table 17: Case studies to determine the appropriate length for modelling

Case number Track section (m) Longitudinal position for calculating the receptance

(m)
L1 7.8t0 10.5m 7.9
L2 7.8t0 10.5m 9.1
L3 7.8t010.5m 10.3
L4 7.2to11. m 7.9
L5 7.2to 11 m 9.1
L6 7.2to 11 m 10.3
L7 6.6to 11.7m 7.9
L8 6.6to 11.7m 9.1
L9 6.6to11.7m 10.3
L10 6.6t0 12.3 m 7.9
L11 6.6t012.3 m 9.1
L12 6.6t0 12.3 m 10.3

The results for the vertical and the lateral rail receptance have been compared for the models with the
different track lengths in Figure 52. Figure 52 A, B demonstrate the results for the vertical and lateral
receptance for the models that were modelled for different track lengths at 7.9 m from the switch toe,
where the rolling contact simulation would begin. It can be observed that the agreement with the
reference is the best for the model that has been modelled at 6.6 to 12.274 m from the switch toe,
which is also the longest length of the track out of all the models. The results for the vertical rail
receptance for the track modelled for this length show a good agreement against the reference MBS
model. The model with the shortest length of track, i.e. L1, cannot capture a close agreement with the
reference model as shown in Figure 52 A, B. The difference in the value for the vertical resonance

frequency, lateral track stiffness at 10 Hz between the reference and the shortest (L.1), longest (L10)
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tracks in Table 18 and overall comparisons for the overlap between the plots in Figure 52 A, B has

shown that the model with the longer length has better compatibility with the reference.

Although less than shorter models, poor damping is observed for the results of the lateral receptance in
the mid-frequency range, i.e. between 100 and 500 Hz even in the longer models. This is because the
longitudinal position of the rail section that has been analysed is 7.9 m and close to the beginning of
the track model. However, as justified in Section 3.3 and set out in the modelling criteria, the

comparison for the lateral receptance at 10 Hz is more important.

In Figure 52 C, D, the results for the vertical and the lateral rail receptance at a distance of 9.1 m from
the switch toe have been demonstrated. The agreement with the reference results is important to
consider at this location since it is near the vicinity of this location where the highest risk of fault
occurrence exists. The agreement in the results for the vertical rail receptance improves for the model
as the length increases, with the best agreement obtained for the modelled between 6.6 to 12.3 m.
Similarly, a good agreement with the reference for the lateral receptance results is obtained for the
model with the longer length of the track. A better agreement for the lateral receptance between 100
and 500 Hz can be observed for the model with the longer track length in Figure 52 (D) than in Figure
52 (B). This is because the track position of 9.1 m is close to the centre of the model. The quantitative

comparisons for the important parameters with the reference will be shown in Table 18.
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Figure 52: Comparison of the vertical and lateral rail receptance against the reference for different
track lengths; (A) Vertical receptance at 7.9 m; (B) Lateral receptance at 7.9 m; (C) Vertical
receptance at 9.1 m; (D) Lateral receptance at 9.1 m; (E) Vertical receptance at 10.3 m;(F) Lateral

receptance at 10.3 m.

Figure 52 E, F demonstrate the results for the vertical and lateral receptance for the rail section at the
distance of 10.3 m from the switch toe. This location is still near the vicinity of the location with the
highest risk of fault occurrence and thus a good agreement for the vertical and the lateral rail
receptance against the reference is essential. It can be observed in Figure 52 E that the results from the
model with the shortest length (simulation L3) do not show a good agreement with the reference for

the vertical receptance. The models with the longer track lengths show a good agreement with the
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reference for the results of the vertical receptance. Similarly, the agreement for the results of the lateral

rail receptance against the reference improves for the track model as its length increases.

It can be noticed that the simulation case L12 where the track has been modelled between 6.6 to 12.3
m from the switch toe demonstrates a good agreement with the reference as well as better damping

behaviour for the lateral receptance up to 500 Hz than the shorter modelling lengths. Table 18 shows
that the amplitude for the lateral receptance at 10 Hz would increase by 88% along the track ends for
the shortest model when compared to the reference model. In contrast, the same value for the longest

model would only increase by up to 10%.

Since results obtained from the simulations modelled for the longest length show a good agreement
with the reference at the crucial locations for the development of faults, this modelling length will be
implemented for rolling contact simulations in the time domain. Although the results can be improved
by increasing the track length, modelling the track between 6.6 and 12.3 m offers a good trade-off
between efficiency and accuracy by capturing the important track dynamic behaviour at the important
locations. Section 3.4 will discuss the fine tuning of the material properties for the track model and the
final results for the comparison of the rail receptance. This section has only demonstrated the selection

of a track length through relative comparisons of the receptance data.

Table 18: Quantitative differences for the receptance results between the models with the shortest and

longest lengths.
Parameter Resonant frequency (from Amplitude of lateral
the vertical receptance plot) receptance at 10 Hz.
Amplitude for the Reference model 278 Hz 3.18 X 1078 m/N
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Difference between Reference and 3D —-3.3% 88%
FEA (L1/shortest)

Difference between Reference and 3D —5.1% 10%
FEA (L10/longest)

Difference between Reference and 3D —3.3% 13.21%
FEA (L2/shortest)

Difference between Reference and 3D —5.1% —10%
FEA (L11/longest)

Difference between Reference and 3D —3.3% 88%
FEA (L3/shortest)

Difference between Reference and 3D —5.1% 10%
FEA (L12/longest)

3.4 Derivation of the track properties and comparing the rail receptance against the

reference

The details for the geometry, material type and the reference or standard for the different track
components included in the model assembly have been included in Table 19. Homogenous materials

will be considered for each component and the origin of their property values has been described.

The mass density for EVA material has been considered for modelling the railpad as specified by
Network Rail for this particular turnout layout [159]. However, the equivalent Young’s modulus for
the EVA material was obtained from the value for the stiffness for a railpad with EVA material that
was implemented in a turnout in [159]. The mass density of rubber material has been considered for
the baseplate pad, as specified by Network Rail for this particular turnout layout [159]. The equivalent

Young’s modulus for the baseplate pad has been obtained from the reference where the baseplate pad
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was implemented in a turnout [119]. According to Schwihag [158], a manufacturer of switch
baseplates [159], the baseplate material is ductile cast iron. Therefore, Young’s modulus and the mass

density for ductile cast iron have been implemented for the baseplate.

Table 19: Geometry and material details for the modelled components

Component Dimensions/Configuration Material Reference/Standard
L (mm) | B(mm) | H (mm)
Stock Rail 60E1 R260 rail steel [41,65,157,165]
Switch Rail 60E1A1 R260 rail steel [41,65,157,165]
Sleeper 1250 274.12 200 Concrete [41]
Baseplate Schwihag Ductile cast iron [158,159]
Railpad 460 150 5 EVA [4,41,119,159]
Baseplate pad 460 274.12 10 Rubber [119,159]
Wheel S1002 profile Steel [4,160]

3.4.1 The stiffness for the pads and the baseplate

In the MBS model, the layer connecting the stock rails to the sleeper has been described as the railpad
layer (Figure 35). However, in the FE model, the layer connecting the stock rail to the individual
sleepers consists of the railpad, baseplate and baseplate pad (Figure 36A). The layer connecting the

switch rail to the sleeper comprises the baseplate and the baseplate pad (Figure 36A).

The equivalent vertical stiffness in series for the railpad, baseplate and baseplate pad layers has been
obtained to describe the overall vertical stiffness of the layer that connects the stock rail to the sleepers
in the FE model. For ensuring compatibility between the track models, this value has been compared
against the vertical stiffness for the railpad layer of the reference MBS model [41]. Ensuring this

compatibility is essential because the research method involves substituting the results for the wheel
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movement into FE. The motion of the wheel during the dynamic vehicle-track interaction simulations

is influenced by the dynamic properties of the track.

The deflection/displacement 'x’ of a spring can be calculated from Hooke’s law as shown in Equation

2; where the applied force 'f” and stiffness 'k’ for a spring are known.

f=k xx Equation 2
The stiffness of the material is represented through the property of Young’s modulus in the FE model.
It can be calculated from the relationship that can be implemented to obtain the uniaxial deflection for

a beam with a cuboid cross-section shown in Equation 3.

P XL Equation 3

0= 1XE

Where 9 is the deflection/displacement, P is the applied force, L is the thickness of the component, A
is the surface area of the component at the face where the load is applied and E is Young’s modulus of

the material.

The displacement (x) in Equation 2 and deflection (0) in Equation 3 are the same quantities and so

are the applied loads (P) and (f).

Therefore, after applying a unit load, the known vertical stiffness of a component can be used to obtain
the deflection x and 0 using Equation 2. Subsequently, Equation 3 can be used to calculate the
unknown equivalent Young’s modulus of the material, using the known values of the applied load,

deflection and the geometry of the component.

The equivalent stiffness in series k, for the components of the track layer have been calculated using
Equation 4 and the description and values of the variables in the equation have been described in

Table 20.

1 1 1 1 Equation 4
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Table 20: Variables in Equation 4 and their meaning

baseplate pad in the FE model

Notation Term Stiffness | Reference/Comments
(KN/mm)
ke Equivalent stiffness of the track | Unknown | Calculated/unknown
layer in series variable variable
krp Vertical stiffness of the railpad | 120 Obtained from [4,41,119].
in the FE model
kg Vertical ~ stiffness of the | 4.913x10'"" | Obtained from Equation 2
baseplate in the FE model and Equation 3 using E =
170x10° for ductile cast
iron material.
kgp Vertical stiffness of the | 6000 Obtained from [119].

From Equation 4, a result value of 117.647 kN /mm was obtained for the vertical stiffness of the

layer connecting the stock rail to the sleeper in the FE model (k,). This value is close to the value of

the vertical railpad stiffness of 120 kN /mm of the reference MBS model [151]. This demonstrates

that it is correct to implement Equation 2 and Equation 3 for obtaining the equivalent Young’s

modulus for the appropriate simulation of the vertical track stiffness for the railpad and the baseplate

pad components.
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Table 21: Stiffness and Equivalent Young's modulus for the railpad, baseplate and baseplate pad

layers.
Component k(N/m) x,0 (m) | F,P(N) L (m) A (m?) E (Pa)

1.20x10% 160x10°

Railpad (known) 8.33x107 1 5.50x1073 0.041 (calculated)
4.97x10! 1.7x10'"
Baseplate (calculated) | 2.01x107!2 1 1.50x1072 0.044 (known)
6.00x10° 4757x10°

Baseplate pad (known) 1.67x1071° 1 0.01 0.126 (calculated)

The values for the equivalent Young’s modulus for the railpad and Young’s modulus for the baseplate
are representative of the actual material. However, the value for the stiffness of the baseplate pad that
has been obtained from another reference model [119] and its equivalent Young’s modulus is quite
high, which is ideally manufactured with rubber for this turnout layout and is less stiff. Despite this,
the baseplate pad contributes to the accurate modelling of the track dynamics as the value for its
vertical stiffness results in the compatibility between the layers implemented for connecting the stock
rail to the railpads in the MBS and FE models. However, the results for the mechanical stresses and
strains that are obtained from the baseplate pad should not be used for making quantitative conclusions

since its modulus is not the same as that of its natural material.

3.4.2 Modelling the effect of damping of the pads
Among the components comprising the layer connecting the stock rail and the sleeper, it is important
to consider the material damping of the pads since they are critical components for reducing the

impact of high vibrations.

The material damping can be introduced into the time-domain FE simulations by calculating the

Rayleigh damping coefficients for the material.
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The Rayleigh damping coefficients can either be mass proportional, stiffness proportional or a
combination of both. Equation 5 shows the relationship describing the damping ratio in terms of the

resonant frequency and the Rayleigh damping coefficients.

[ = x +ﬁ><wi Equation 5
E 2 X w; 2

Where { denotes the damping ratio, « denotes the mass proportional damping, 8 denotes the stiffness

proportional damping and w denotes the resonant frequency.

The Rayleigh damping coefficient can be included in the FE model by either using the mass
proportional damping coefficient or the stiffness proportional damping coefficient. If the mass
proportional damping (<) is assumed to be 0 in Equation 5, the value of stiffness proportional
damping (f) can be obtained. Similarly, it the stiffness proportional damping () in Equation 5 is
assumed to be 0, then the value for the mass proportional damping () can be obtained. The resonant
frequency resulting from the rail bouncing on the railpads that is implemented in Equation 5 can be
obtained from the results of the receptance from the Model 2 and is expected to lie between 200 and

600 Hz [128]. The damping ratio ({) is assumed to be half the value of the loss factor ().

The mass and stiffness proportional Rayleigh damping coefficients have been obtained for the same
value of the loss factor (0.3) and the same resonant frequency. The influence of these coefficients on
the results for the rail receptance can be observed in Figure 53 and the key quantitative comparisons
are included in Table 22. A good agreement can be observed between the reference model and the
model that incorporates the stiffness proportional damping. For the simulations that have been run
with the mass proportional damping coefficient, the results at the higher frequencies experience more
oscillations due to the absence of the stiffness proportional damping coefficient, which is more
dominant at these frequencies. Therefore stiffness proportional Rayleigh damping would need to be

implemented for the pads in the model for capturing the appropriate dynamics of the railpad.
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Figure 53: Comparison of the approaches to including pad damping in FE; (A) Comparison of Vertical

receptance against the reference; (B) Comparison of the lateral receptance against the reference

Table 22 shows that whilst the agreement with the reference for the amplitude of lateral receptance at

10 Hz is slightly better when the mass proportional damping is implemented, the results from this

approach show a reduction of the resonant frequency by 30%. Moreover, as shown in Figure 53, the

overall overlap for the vertical rail receptance between the reference and 3D FEA is better when

stiffness proportional damping is implemented.

Table 22: Quantitative comparisons for the rail receptance- mass and stiffness proportional damping.

Parameter

Resonant frequency (from

the vertical receptance plot)

Amplitude of lateral

receptance at 10 Hz.

Amplitude in case of the Reference 278 Hz 3.18 x 1078 m/N
model
Difference between Reference and 3D | 1.4% -10%

FEA (Stiffness proportional damping)
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Parameter Resonant frequency (from Amplitude of lateral

the vertical receptance plot) | receptance at 10 Hz.

Difference between Reference and 3D | -30% 3.15%

FEA (Mass proportional damping)

There are two approaches for incorporating the stiffness-proportional Rayleigh damping for the pads
in the FE model. The first approach was explained earlier, where the value of the stiffness proportional
damping coefficient (Only B) can be obtained whilst assuming that the value of o Equation 5 is 0. The
frequency at which resonance could be observed between 200 and 600 Hz in the plot for the vertical

rail receptance of the reference MBS model, i.e. 277.86 Hz, was implemented as (w;) in Equation 5.

In the second approach, both the mass and stiffness proportional Rayleigh damping coefficients are
calculated. It is commonly assumed that the sum of the o and 3 terms are nearly constant over a range
of frequencies. Therefore, given & and a frequency range ®; and ®», two simultaneous equations can
be solved for obtaining both o and 8. The mass proportional damping is obtained from Equation 6 and

the stiffness proportional damping is obtained from Equation 7.

w1 X W ;
=2 XX 1 2 Equation 6
(w1 + w3)
g = 2X¢Q Equation 7
(w1 + w3)

For obtaining a and p from the second approach, two different sets of the frequency range were
analysed. For the first frequency range, the first value for the resonant frequency was obtained from
the results for the receptance from the MBS model and the second value for the resonant frequency
was taken as 10% higher than the first value. Thus, the value of w; was taken as 277.86 Hz and w-

was assumed to be roughly 10% more than w4, so a value of 300 Hz was used.
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For the second frequency range, the range at which the resonance can be found due to the rail
bouncing over the railpad as suggested by Iwnicki was implemented [128]. Thus, a value of 200 Hz
was implemented for w4 and a value of 600 Hz was implemented for w,.

The results for the vertical and lateral receptance that were obtained whilst implementing the different
approaches for calculating the damping coefficient for the pads have been demonstrated in Figure 54
A.B. The results obtained from both approaches demonstrate a good agreement with the reference.
Sensitivity analysis was carried out by implementing the different values for the loss factor and the
loss factor for which the best agreement was obtained is shown in Figure 54 A,B. The quantitative
differences between the reference and the different approaches to implementing the stiffness

proportional damping has been shown in Table 23.
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Figure 54: Comparison of the different approaches for including the stiffness-proportional Rayleigh
damping coefficient; (A) Comparison of the Vertical receptance against the reference; (B) Comparison

of the lateral receptance against the reference

Table 23 allows for the relative comparison of the different approaches for including the stiffness
proportional damping in the simulations. A closer result for the resonant frequency as well as the
amplitude of the lateral receptance at 10 Hz has been achieved for the approaches that were fine-tuned

against the reference model than where a wider frequency range was implemented. However, in terms
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of the absolute amplitude, the difference between the results that have been obtained after

implementing the three approaches is less than 2%.

Since the objective of this study is to devise an approach for capturing the same track dynamics in FE

as the MBS model, the first approach to calculating stiffness-proportional Rayleigh damping

coefficient by using Equation 5 would be adequate. Using this approach, the value for the resonant

frequency (w;) can be directly extracted from the receptance results for the MBS model, thus

increasing the chances of achieving better compatibility with the MBS model.

Table 23: Quantitative comparisons for the rail receptance- different approaches to obtaining the

stiffness-proportional damping.

Parameter

Resonant frequency (from

the vertical receptance plot)

Amplitude of lateral

receptance at 10 Hz.

FEA (Both a and j - Reference

frequencies)

Amplitude in case of the Reference 278 Hz 3.18 x 1078 m/N
model

Difference between Reference and 3D | 1.4% —10%

FEA (Only B)

Difference between Reference and 3D | 1.4% —10%

FEA (Both a and B)

Difference between Reference and 3D | —3.21% —11.5%

Thus, the value for the resonant frequency can be obtained analysing the results of the receptance for

the reference model for calculating the stiffness-proportional Rayleigh damping coefficient. However,

the appropriate damping ratio would need to be implemented in Equation 5 for fine-tuning the 3D
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FEA with the reference. To this end, sensitivity studies after implementing different values of the loss
factor have been carried out. Figure 55 A,B shows the influence of implementing the values between
0.2 and 0.5 for the loss factor on the vertical and lateral rail receptance. The key quantitative results

have been presented in Table 24.
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Figure 55: Sensitivity studies for the loss factor to obtain the appropriate stiffness-proportional
Rayleigh damping coefficients; (A) Comparison of the Vertical receptance against the reference; (B)

Comparison of the lateral receptance against the reference.

A good agreement for the results of the vertical and the lateral rail receptance against the reference at
10 Hz demonstrates the accuracy of the approach for calculating the value of the Equivalent Young’s
modulus of the pads which contributes to the overall track stiffness. The plots in Figure 55 and the
results for the amplitude of lateral receptance in Table 24 affirms the consistency of the results at 10
Hz. For fine-tuning the model, the first step is to establish that the resonant frequency for the rails
bouncing on the railpads is <5% when compared to the reference. The results that are obtained on
implementing the loss factor of 0.2 and 0.3 have shown the best agreement for the value of the
resonant frequency with the reference in Table 24. Secondly, it is important to ensure that the
amplitude of the vertical receptance that is obtained at this resonant frequency is <10% when
compared to the reference. As shown in Table 24, this has been achieved on implementing a loss

factor of 0.3. Finally, Table 24 shows that the results for the amplitude of the lateral receptance at 10
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Hz is also <15% when a loss factor of 0.3 is implemented. Therefore, the value for the stiffness-

proportional Rayleigh damping coefficient that will be obtained value of a loss factor of 0.3, i.e. a

damping ratio of 0.15 will be implemented for the pads during wheel-rail interaction studies.

Table 24: Results from the sensitivity studies for the loss factor for implementing stiffness-

proportional damping.

Parameter

Resonant
frequency (from

the vertical

Amplitude of vertical
receptance at

resonant frequency.

Amplitude of lateral

receptance at 10 Hz.

Reference and 3D FEA (Loss

factor of 0.5)

receptance plot)
Amplitude in case of the 278 Hz 8.28 x 1072 m/N 3.18 x 1078 m/N
Reference model
Difference between 1.49% 33.4% —10%
Reference and 3D FEA (Loss
factor of 0.2)
Difference between 1.49% 9% —10%
Reference and 3D FEA (Loss
factor of 0.3)
Difference between —-3.1% —5.2% —10%
Reference and 3D FEA (Loss
factor of 0.4)
Difference between —5.1% —13.8% —10%
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Based on the results from the sensitivity studies shown in Figure 55 and Table 24, the value for the
stiffness proportional damping coefficient that will be implemented in the time-domain simulations
has been calculated from Equation 5 after implementing a value of 0.3 for the loss factor. The value of
the calculation parameters and the result for the stiffness proportional damping have been shown in

Table 25.

Table 25: Final damping values for the railpad and baseplate pad

Property Value
Structural damping Loss factor (1) 0.3
Damping ratio (Q) 0.15
w; (Hz) 278
(- Stiffness proportional damping 0.001
(Calculated)

3.4.3 The track properties for the ballast layer

Unlike the pads, representing the equivalent ballast layer with solid elements is be computationally
expensive and will not add to the modelling accuracy as the representation would still be for an
equivalent layer rather than actual ballast dimensions. Therefore, this layer has been modelled with
spring-dashpot elements for replicating the properties of Model 2. The FEA software allows the
solution of steady-state or implicit dynamic problems by using the spring and dashpot elements that
directly connect the ground to the nodes on the sleeper, which is the method that has been

implemented for modelling the ballast layer.

Implementing spring elements for representing the vertical stiffness of the ballast layer

The vertical stiffness of the ballast layer has been described in terms of the unit length of the track
(Sb,z) in the reference MBS model [41]. This can be described in the FE model by deriving the vertical

stiffness assigned per node per sleeper (K). The value for the vertical stiffness for a unit length of the
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track (sv.) is first multiplied with the length of the sleeper (L) to obtain the vertical bedding stiffness
under each sleeper. The value for the vertical stiffness connecting each node of the sleeper to the
ground is then obtained by dividing this value by the total number of nodes (1,,,4es) Supporting the
sleeper as shown in Equation 8. The results from these calculations have been shown in Table 26.

K = Sbz X Lt Equation 8

Nnodes

Table 26: Calculations for capturing the vertical stiffness of the ballast layer in FE

Component sbz (N/m?) | L¢ (m) Maodes K (N/m)

Vertical ballast stiffness | 20x10° 1.25 56 446430

Implementing dashpot elements for representing the Vertical Damping of the ballast layer

The damping properties of the track bedding is captured in the FE model by connecting the nodes at
the bottom surface of the sleeper to the ground by using dashpot elements. The viscous damping
coefficient per sleeper is obtained by first multiplying the dashpot coefficient (d) used in the MBS
model by the sleeper length(L,). Finally, the dashpot coefficient for connecting each node at the
bottom of the sleeper (C) to the ground is obtained by dividing this value by the total number of nodes
(Mpodes) at the bottom of the sleeper as shown in Equation 9. The values for the variables in Equation
9 and results from the calculation have been shown in Table 27.

= dpz X L¢ Equation 9

Nnodes
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Table 27: Calculations for capturing the vertical damping properties of the ballast layer in FE

Component dy,z (Ns/m?) L, (m) Maodes C (Ns/m)
Vertical dashpot | 200x10° 1.25 56 4464.3
coefficient

Implementing spring elements for representing the lateral stiffness of the ballast layer

The approach that has been used for calculating the vertical stiffness of the ballast layer has also been
used for calculating its lateral stiffness. The value for the lateral ballast stiffness used in the MBS
model was multiplied by the length of the sleeper (L;) and divided by the total number of nodes on
both the left and right side faces of the sleeper (1,,p4e5)- As shown in Equation 10, the final stiffness
value was multiplied by 2 for considering both ends of the sleeper, which is a valid assumption subject
to there being the same number of nodes at each end face. The values for the variables in Equation 10
and results from the calculation have been shown in Table 28.

_ 2Xspy XL Equation 10

Nnodes

Table 28: Calculations for capturing the lateral stiffness of the ballast layer in FE

Component Sb,y (N/m?) L; (m) Nyodes K (N/m)
Lateral ballast | 10x10° 1.25 24 1041.7x10°
stiffness

Implementing dashpot elements for representing the lateral damping of the ballast layer

The approach that was used for calculating the vertical damping of the ballast layer has also been used

for calculating its lateral damping. However, the figure for the total number of nodes included the
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nodes on the left as well as right faces of the sleeper. In addition, the damping value was multiplied by
2 for considering the contribution of damping at both ends of the sleeper, which is a valid assumption
subject to there being the same number of nodes at each end face. The relationship for calculating the
lateral ballast damping for each sleeper node in FE from the value for the viscous damping used in the
reference model has been shown in Equation 11. The values for the variables in Equation 11 and
results from the calculation have been shown in Table 29.

co 2Xdpy XL Equation 11

Nnodes

Table 29: Calculations for capturing the lateral stiffness of the ballast layer in FE

Component db,y (Ns/m?) L; (m) Naodes C (Ns/m)
Lateral dashpot | 100x10° 1.25 24 1041.7
coefficient

For the simulation results shown in Figure 55 A,B, the ballast in the FE simulations was modelled
with viscous spring-dashpot elements. The achievement of the modelling assessment criteria after fine
tuning the track properies in Figure 55 A,B therefore demonstrates that the properties that have been
calculated for the ballast are representative. The final track properties that can be implemented in the
model for the time domain wheel-rail contact analysis in FE whilst ensuring compatibility with the
MBS model have been shown in Table 30. For clarity, the mass density for all the materials was
obtained from the different references that have been highlighted in Table 19. The Young’s modulus
for the material was implemented for the rails, sleeper and baseplate whereas the equivalent Young’s
modulus was calculated from the reference stiffness values for the pads and the solid ballast layer. The

Rayleigh damping coefficients for the pads and the ballast were obtained from the sensitivity analysis
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for the loss factor. The stiffness and the viscous damping for the simplified ballast layer from the

reference MBS model were distributed among the appropriate nodes in FE.

Table 30: Final track properties for implementation in FE

Component Mass Young’s | Rayleigh Damping | Spring Dashpot

density modulus | a B stiffness coefficien

(kg/m?) (Pa) (N/m) t

(Ns/m)

Switch Rail 7850 207x10° | N/A N/A N/A N/A
Stock Rail 7850 207x10° | N/A N/A N/A N/A
Sleeper 2400 37.5x10° | N/A N/A N/A N/A
Baseplate 7200 170x10° | N/A N/A N/A N/A
Railpad 940 16x10° N/A 0.001 N/A N/A
Baseplate pad | 950 4.76x10% | N/A 0.001 N/A N/A
Vertical ballast | N/A N/A N/A N/A 446430 4464.3
layer
Lateral ballast | N/A N/A N/A N/A 1041.7x10° | 1041.7
layer

3.5 Conclusions from the chapter

The process for implementing a two-step MBS-FEA approach for modelling the switch was explained
through this chapter. The MBS model was implemented for determining the locations along the length
of the switch for modelling with FEA. Essentially, after considering the holistic vehicle and track
dynamics, it is able to determine the location where the wheel-rail contact patch would transition from
the stock to the switch rail in the facing route. A damage prediction model based on the wear number

was implemented for determining the crucial sections along the length of the switch where there is a
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high risk of surface rail damage initiation. Moreover, the MBS results for the motion of the wheel and

the forces that would act on it can be implemented in the FEA.

The approach for modelling the 3D, solid FE model of the switch track was described. After
introducing the crucial components for modelling the track, the boundary conditions that were applied
to the track model were described. It was shown that modelling the half sleeper length would be
sufficient for capturing the track dynamics that would be captured if the full sleeper length were to be
modelled. This was ascertained after comparing the modelling results for the vertical and lateral rail
receptance with the reference beam element model whose track properties have been closely

represented through the 3D, solid FE model.

The longitudinal length for modelling the switch for capturing the appropriate vertical and lateral rail
receptance at the locations that will be subject to wheel-rail contact interaction was also determined.
The derivation of the values for the material and element properties for closely replicating the track
dynamics of the reference model were also explained. The results for the vertical and the lateral rail
receptance from the reference and the constructed models have shown a good agreement. In Chapter 4,

the implementation of this calibrated track model for wheel-rail interaction studies will be described.
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CHAPTER 4.FINITE ELEMENT ANALYSIS FOR THE

ROLLING CONTACT INTERACTION BETWEEN THE

TRAIN AND THE SWITCH.

The track model that was explained in Chapter 3 will be subject to wheel-rail contact FEA for
determining the subsurface rail stresses and strains. The simulation approach for the wheel-rail contact
analysis will be described in Section 4.1. The appropriate mesh density for modelling the wheel-rail

contact will be determined by discussing the results from the mesh sensitivity analysis in Section 4.2.

Firstly, the results for the vertical wheel-rail contact forces, vertical wheel displacement and contact
patch locations that will be obtained from the MBS and the FEA will be compared in Section 4.3.1. In
Section 4.3.2, the results from the FEA of the detailed model will be compared against the results that
will be obtained from a model where the substructure will not be modelled in detail, i.e. the rails will
be directly fixed to the ground. Finally, the influence of modelling the track dynamics on the results

for the rail strains will be assessed in Section 4.3.3.

Section 4.4 will summarise the outputs from Chapter 4 and will introduce how the wheel-rail
interaction model will be implemented for supporting decisions on structural health monitoring in the

subsequent chapters.

4.1 Description of the FE model for the wheel-rail interactions

The FE model for the switch track assembly was previously described in Chapter 3.1. Figure 56 shows
the final detailed FE model including the wheel, stock and switch rails, railpad, baseplate, baseplate
pad and the sleeper. Overall, eight-node linear brick solid elements with reduced integration (C3D8R)
have been implemented for all the components shown in Figure 56 and spring-dashpot elements have
been implemented for the ballast layer. The meshing of the switch rail will be discussed in more detail

in Section 4.2.
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The wheel has been modelled with a radius of 460 mm and with S1002 profile. The rolling contact
interaction between a train wheel and the S&C rails has been developed to investigate the strain/stress

distribution of the surface and the subsurface rail.

b x

Figure 56: 3D FE model for the analysis of wheel-rail rolling contact

4.1.1 Steps in the simulation
The simulation for the rolling contact interaction between the wheel and the rails of the switch panel
has been carried out in ABAQUS in two steps. The first step is a dynamic implicit step that involves
stabilising the contact between the wheel and the rail by applying the load on the centre of the wheel
for a unit second. The stable positioning of the wheel on the rail has been ascertained by ensuring that
no oscillations are present for the results of the vertical wheel displacement, contact pressure and
subsurface stresses for the final time increments at the end of this step. Additional forces obtained
from the MBS simulation are applied at the centre of the wheel according to the longitudinal position
of the wheel. The total time duration for the step that comprised loading the wheel over the rail is s,

with an analysis carried out with a step time increment of 0.01 s.

The second step involves carrying out implicit dynamic analysis for simulating the rolling contact

between the wheel and the rails for a vehicle speed of 160 km/hr. The time duration of the analysis
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carried out in the second step is the same as the duration of the passage of the wheel over the same
section of the track in the MBS model. The results have been output at 2 kHz in the second step, which
is the same frequency as the results output from the MBS model. It will be shown in Section 4.3 that
the contact patch locations for the MBS and the FE models are in close proximity at each time step for

ensuring a reliable comparison of the results between the two models.

4.1.2 Wheel-rail Contact model

The normal and tangential contact interaction between the wheel and the rail has been carried out in
the FE simulations by implementing the hard contact and Coulomb friction penalty contact,
respectively. The wheel-rail normal contact interaction, ‘hard contact’, is enforced in the absence of
the clearance between two surfaces and removed when a contact pressure of zero magnitude is

reached, leading to the separation of surfaces [12,98].

The tangential contact model is based on the coulomb friction model and assumes that the surfaces in
contact can carry a maximum amount of shear stress in a phenomenon known as sticking, beyond
which they undergo relative sliding. The critical shear stress for initiating sliding is defined by the
Coulomb friction model, after which sliding considers the magnitude of the contact pressure. The
calculation of the ratio of stick and slip, also known as the coefficient of friction, is carried out to
determine the transition between the two conditions [12,98]. The tangential contact model for the
simulations described in this chapter has implemented a friction coefficient of 0.3. Along with the
wheel-rail contact interaction, the contact between the switch and the stock rail has been modelled by

the same normal and tangential contact models.

For controlling the motion and the displacement of the complete wheel, a reference point has been
implemented at the centre of the wheel shown in Figure 56. This reference point has been set to
control the motion of the wheel as well as the loads that would act on it by implementing a rigid body

constraint between the reference point and the complete geometry of the wheel.
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4.1.3 Loading and the boundary conditions for the wheel
The force representing the loading of the vehicle has been exerted on the reference point at the centre
of the wheel. Numerical simulations have been carried out after implementing two different loading
conditions for the wheel for ascertaining the importance of modelling the vehicle dynamics. The first
loading condition involves applying a steady static load that is equivalent to the distributed mass of the
vehicle components that would act on the leading right wheel of the leading bogie. The value for this
load has been obtained from the MBS results and set constant throughout the step. The second loading
condition involves implementing the dynamic loads acting on the wheel that have been obtained from
the results of the MBS simulations. Furthermore, along with the external forces, gravity loading has

been implemented in the simulations.

As the Manchester Benchmark passenger vehicle was modelled for a single carriage that consisted of
two bogies and four wheelsets i.e. eight wheels, the static load for the passenger vehicle that would act
on the centre of the wheel was calculated from Equation 12. The static wheel load has been modelled
by assigning the appropriate value for the mass density to the solid FE wheel geometry. Therefore, this
value for the wheel load was subtracted from the total load for determining the vertical load to be

assigned to the centre of the wheel as shown in Equation 12.

Equation 12

Lwc,static =

[Mcarriage + Mbogie + (Mwheelset

o " S Mwheel)] x 9.81

The meaning of the variables in Equation 12 along with their values has been explained in Table 31.

Table 31: Mass and static loading properties for the vehicle

Notation Full-form Unit Value

Ly static Static load on the centre of the wheel in the FE | N 51800
model

Mpoay Mass of the vehicle body/ carriage kg 32000
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Notation Full-form Unit Value
Mpogie Mass of the bogie kg 2615
Myyheelset Mass of the wheelset kg 1813
Myyheel Mass of the wheel kg 906.5

The second loading condition involves implementing the results from the MBS for the vertical and
lateral dynamic loads that would act on the right wheel of the leading bogie. Essentially, the
suspension forces that would act on the wheel have been obtained from the results of the MBS
simulations and then implemented in FEA. Moreover, the MBS results for the lateral and longitudinal
displacement have been implemented as inputs for the FEA. It was shown in Figure 23 that the
primary suspension comprises vertical, longitudinal and lateral springs connecting the wheel to the rest

of the vehicle as well as a dashpot in the vertical direction.

The vertical spring and the dashpot forces that would act on the wheel at each time step have been
extracted from the MBS simulations and then implemented for FEA. For reference, the vertical force
acting on the centre of the wheel when the leading wheel is in contact with the switch rail has been
plotted in Figure 57. The plot for the contact points in Figure 25 showed that the contact between the
wheel and the switch rail starts just before a distance of 7 m from the switch toe. As shown in Figure
57, there is little variation in the force acting on the wheel along the length of the switch (< 4%). This
value for the vertical suspension force acting on the centre of the wheel has been implemented in the

FEA model.
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Figure 57: Vertical wheel suspension force

Moreover, it can be seen in Figure 58 that the variation in the force acting on the wheel along the

length of the switch is very less when compared to the variation in the wheel-rail contact force.
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Figure 58: Vertical suspension forces on the wheel and wheel-switch contact force.
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In terms of the placement and motion of the wheel for FEA, the position of the wheel at the beginning
of the analysis has been determined from the position of the leading right wheel of the leading bogie of
the MBS vehicle model. In the first step of the analysis where the wheel is loaded on the rail, the
reference point controlling the motion of the wheel has been allowed to displace only in the vertical
direction. In the second step, the wheel is free to move vertically and the amplitude of the longitudinal
and lateral displacement of the wheel as it would traverse along the length of the switch have been
obtained from the output results for the vehicle dynamics from the MBS model. The rotatory
displacement of the wheel has been linearly interpolated against the longitudinal displacement for the
given linear velocity and radius of the wheel. The only rotational DOF that is free for the wheel is

along its lateral axis.

The vertical wheel displacement as well as the contact force in the MBS and the FEA models will be
compared in Section 4.3.1 to demonstrate the compatibility between the two models and the suitability

of the modelling approach.
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4.2 Meshing approach and mesh sensitivity analysis

Mesh sensitivity analysis will be carried out for determining the appropriate mesh strategy for
capturing the appropriate mechanical behaviour of the rails. The approach to carrying out the mesh

sensitivity analysis would comprise three steps.

In the first step, the mesh strategy that has been implemented in similar examples of modelling work
will be reviewed to determine the optimum mesh density at the wheel-rail contact patch. The element

size will be based on the trade-off between accuracy and computational efficiency.

In the second step, the geometry of the complete switch rail will be meshed uniformly by
implementing a single element size. This will help analyse the effect of mesh density on capturing the
stresses for a complete cross-section of the rail. Subsequently, the mesh density on the rail head of the
switch will be retained whilst making the element size for the web and foot coarser to check the ability

of the model to capture the appropriate mechanical behaviour with fewer elements.

The third and final step would involve analysing the results from the rolling contact analysis between
the wheel and the switch rail in the time domain at a longitudinal position where a high risk of damage
was determined in Chapter 3.2. The results for the vertical strains at the rail head and web will be

discussed in the time domain for investigating the differences in the amplitude.

4.2.1 Determining the ideal element size at the contacting surfaces
A review of the implementation of solid element models for the FEA of S&C has shown that the
overwhelming majority of wheel-rail contact surfaces have been meshed with an element size between
1 and 3 mm at the rail surface. Table 32 shows that around 48% of the literature that were reviewed in
Chapter 2 and contained information about the mesh strategy implemented a mesh size over 1 mm but
below 3 mm for the rail surface. 43% implemented a surface element size of 1 mm and less than 10%
of the reviewed literature implemented a surface element size of less than 1 mm. The trade-off
between computational efficiency and accuracy were stated as the main reasons for selecting the

appropriate element size.
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Table 32: Rail surface element sizes implemented in the FEA of S&Cs.

Surface element size Proportion of reviewed Examples of research interest
literature (%) and references.
1.3 to 3 mm 48 Rail wear: [71], [91].
Rail RCF and plastic

deformation: [24,74,78,81].
Wheel-crossing impact

behaviour: [83,85-87].

1 mm 43 Rail wear: [45,52,72,82,92,93].
Rail RCF and plastic

deformation: [43,70,75,81].

<1 mm 8 Wheel-crossing impact: [85].
Crossing wear: [94].

Rail corrugation: [25].

For instance, Figure 59 shows the results from a mesh sensitivity study for wheel-rail interaction was
undertaken by El-sayed et al. [77]. In the study, the results from a global FEA model of wheel-rail
interaction comprising the wheel, rail and the substructure were fed into a local FEA sub-model that
was restricted to a certain portion of the wheel-rail interaction. A mesh sensitivity analysis was
undertaken by varying the overall element size and plotting the value for the peak wheel-rail contact
pressure, number of elements and the resulting simulation time. As shown in Figure 59, it was found
that convergence was obtained at 1530 MPa and for a mesh size of 0.8 mm in this particular study.
When compared to an element size of 2 mm, the value of the contact pressure increased by <15% but

the processing time increased by 172% when the element size was reduced to 0.8 mm.
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Figure 59: Relationship between the peak contact pressure, number of elements and computational

time, reproduced from [77].

Therefore, considering together the predominant surface element size for S&C in FEA in literature of
1.3 to 3 mm (Table 32), mesh sensitivity analysis (Figure 59), the FEA efficiency requirements (Table
10) and the fact that the results from the rail locations that are away from the railhead will be analysed
for sensor placement studies, a surface element size of 2 mm will be adopted in the 3D FEA

modelling.

4.2.2 Assessment of the stress distributions at a specific cross-section of the rail for
different mesh sizes

Subsequently, the complete section of the switch rail has been meshed uniformly with C3D8R
elements for evaluating the effect of mesh density on cross-sectional stress distributions. Wheel-rail
contact analysis has been carried out for the loading of the leading wheel of the Manchester
Benchmark passenger vehicle over the rail. A vertical downward force of approximately 50 kN is
applied to the centre of the wheel with S1002 profile and the results are allowed to settle and
converge. For different mesh sizes, the results for the Von-Mises stress (SMises) for the cross-section

of the rail where a high risk of damage initiation is anticipated has been plotted in Figure 60. The scale
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of the colour plot has been kept constant for discussing the results for the Von-Mises stress that have
been obtained from the different mesh densities and the key for the plots is provided in Figure 60F. A
filter of 20 MPa to the scale of the colour plot has been applied to focus on the areas near the rail web
and the foot. It will be shown in Table 33 that the value for the Von-Mises stress is close to 20 MPa on
the rail web and much less on the rail foot. For all the mesh sizes, the maximum value for the Von-
Mises stress has occurred on the rail head but the values are significantly different due to the different
element sizes at the wheel-rail contact interface. Figure 60A, where a mesh size of 2 mm is used as an
reference case that can capture the most intricate changes in the stresses within the rail cross-section.
When compared to the results shown in Figure 60A, Figure 60B, C & D demonstrate similar cross-
sectional stress distributions. However, the results at the lower gauge corner of the rail head are not
captured appropriately for the cross-section with the coarser 10 mm mesh size as shown in Figure 60E.
Therefore, for capturing the appropriate wheel-rail contact conditions, the adoption of a fine mesh size
near the contact interface will be investigated whilst implementing a coarser mesh size in the other
regions. For ensuring the compatibility of the different mesh sizes along the length of the switch rail,
an intermediate layer that will be meshed with tetrahedral elements for the effective transitioning
between the fine and the coarse mesh will be shown in Figure 61. Moreover, the quantitative results

from the plot in Figure 61 will be discussed for determining the mesh strategy.
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Figure 60: Mesh sensitivity analysis for capturing accurate cross-sectional distributions for the
different mesh strategies; A to E. von Mises stress distributions; F. Key for the plots with von Mises

stress values in Pascals.

In Figure 61, the top of the rail has been meshed with fine hexahedral elements with a maximum
element size of 2 mm at the surface. The bottom portion of the rail has been meshed with an element
size of 6 and 8 mm as shown in Figure 61A and B respectively. The different element size at the
bottom, i.e. along the non-contacting regions, has been implemented along the vertical, longitudinal
and lateral directions. The intermediate layer that would connect the two regions has been meshed
with quadratic tetrahedral elements (C3D10) for ensuring a smooth transfer of stresses between the
regions meshed. A good qualitative agreement has been obtained for the results plotted in Figure 60A,

where a 2 mm element size was adopted throughout the rail and both plots in Figure 61. For the
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meshing strategy followed in Figure 61B, a good agreement with the finer mesh size of 2 mm (Figure
60A) for the overall cross-sectional stress distribution can be observed, along with less number of
elements (when compared to Figure 61A) whilst maintaining a non-abrupt change in the mesh size
along the vertical direction. The quantitative results at the rail head, web and the foot will be

discussed in Table 33.
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Figure 61: Mixed tetrahedral and hexahedral meshing for capturing the appropriate cross-sectional
stress distributions; A, B. von Mises stress distributions for the different mesh strategies; F. Key for

the plots with von Mises stress values in Pascals.

Table 33 shows the results for the amplitude of the maximum Von Mises stresses that have been
obtained from the rail head, web and foot for the mesh strategies that were adopted in Figure 60A,

Figure 61A and Figure 61B, with the 2 x 2 mm mesh strategy in Figure 60A acting as the reference for
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accuracy. It has been shown that the overall difference with the reference for the maximum Von-Mises
stress across all locations for the mesh strategies shown in Figure 61 is less than 3.5%. The least
difference between the reference and the adopted strategies can be found on the railhead, with a
difference of less than 1.65% despite the occurrence of the highest amplitude of the stresses on the rail
head. This is because the maximum element size at the contacting surface is 2 mm in all the mesh
strategies that have been compared. Although the amplitude of the von Mises stress on the rail web is
much lower than the rail head, there is a slight increase in the percentage difference for its amplitude
between the different mesh strategies. However, the overall value for the difference in the stress on the
rail web is less than 0.7 MPa between the three strategies. Similarly, the difference between the
amplitude of the von Mises stress at the rail foot between the different mesh strategies is less than 0.21
MPa. This shows that either of the meshing strategies that have been shown in Figure 61 A and B can
be adopted for the FEA studies to obtain a good agreement with Figure 60A. However, the total
number of elements in the switch rail would increase by up to 8% if the bottom portion were to be
meshed with 6 instead of 8 mm. For simulations over longer lengths of tracks this difference can be
considerable. Therefore, the mesh strategy demonstrated in Figure 61B will be adopted for subsequent

analysis.

Table 33: Quantitative comparison of the results for the Von-Mises stress from the different meshing

strategies.

Parameter Mesh Strategy
2 x2 mm: 2 x 6 mm: Figure 61A [% | 2 x 8 mm: Figure 61B [%
Figure 60A | difference from 2x2 mm)| | difference from 2x2 mm]

Von Mises stress on 390 385 [1.37%)] 384 [1.62%)]

the Rail head (MPa)

Von Mises stress on 22.6 23 [1.56%] 23.3[3.13%)]

the Rail web (MPa)
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Parameter Mesh Strategy

2 x2 mm: 2 x 6 mm: Figure 61A [% | 2 x 8 mm: Figure 61B [%

Figure 60A | difference from 2x2 mm)] | difference from 2x2 mm]

Von Mises stress on | 5.97 6.12 [2.45%] 6.18 [3.37%]

the Rail foot (MPa)

Another interesting observation is that a more converged result for the maximum Von Mises stress can
be observed in Figure 61 than in Figure 60. This is because the minimum element size at the wheel
and the rail faces that are in contact with each other is 2 mm in all the figures that have been plotted in
Figure 61, whereas the minimum element size on the contacting faces would differ in Figure 60. To
reiterate, a maximum element size on the contacting surfaces is chosen based on the results shown in
Table 32 and Figure 59 where it was concluded that the assumption of a maximum element size of 2
mm will balance the trade-off between the accuracy of the results with the efficiency with which it is
obtained. As discussed, the mesh strategy shown in Figure 61B will be adopted since it will help
obtain the representative values for the stresses on the rail head, web and foot and cross-sectional

distributions for the stresses whilst reducing the total number of elements in the model.

4.2.3 Effect of the mesh size on the strain time series on the rail head
The ability to capture the time series results for the vertical stains at the rail head and web positions by
implementing the chosen mesh strategy has been ascertained. The mesh strategy that was discussed
and selected in Section 4.2.2, i.e. 2x2 mm mesh size at the contacting and 8x8 mm mesh size in the
non-contacting regions of the rail (Figure 61B) has been implemented for the time domain
simulations. The complete approach to this wheel-switch rolling contact modelling in the time-domain
can be found in Section 4.3. This section will only discuss the results for the vertical rail strains for
ascertaining the suitability of the mesh strategy to differentiate between the impact of the wheel-rail
contact on the rail head and the web. The different positions along the depth and width of the rail

where the results for the vertical rail strains will be plotted in Figure 63 has been shown in Figure 62.
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As shown in Figure 62, five positions along the edge of the rail head and web have been selecting for
plotting the results of the vertical rail strains. Positions 1 to 3 are on the rail head and positions 4 and 5
are on the rail web. Apart from position 1, the results have been plotted for positions where a sensor
could realistically be installed for measuring the vertical rail strains, with positions closer to the rail

head being less realistic due to a higher likelihood of sensor damage.

Position 1 \ Y
i

Position 2 —

Position3 —

Position 4

Position 5

Figure 62: Different positions on the rail head and web for plotting the vertical strains.

The time domain results for the vertical rail strains from the FEA wheel-rail contact analysis for the
elements at the different positions in Figure 62 have been plotted in Figure 63. The results have been
plotted between 1.045 and 1.05 s from the beginning of the simulation, when the wheel will pass over
the longitudinal position of 9.83 m from the switch toe that is being studied. The amplitude of the
strain reaches its peak for all positions at around 1.0475 s, when the wheel-rail contact takes place

exactly at position 1.

Figure 63 shows that the amplitude of the compressive vertical strain starts increasing much earlier on
the rail web (positions 4 and 5) than the rail head due to the effect of rail bending. This is especially
true for position 4, where the amplitude of vertical rail strains are more compressive (negative sign)

than at position 5 due to its location in the transition between the rail head and the web. In contrast to
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the rail web, after the passage of the wheel over the rail head, the rail element at Position 1 would
experience momentary tension which is reflected in the positive amplitude of the vertical strain at
1.048 s. The maximum amplitude for the vertical rail strain at positions 1, 2, 3, 4 and 5 are 5000, 365,

250, 145 and 90 pe respectively.

Plot for the vertical strain in the time domain
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Figure 63: Plot for the vertical strains at different locations along the rail head in the web in the time

domain.

The results that have been discussed demonstrate that the mesh strategy is able to capture the
difference in the trend as well as the peak amplitude for the rail strains at the different positions. Thus,
the discussion of the qualitative as well as quantitative results for the different mesh strategies have
demonstrated that the meshing strategy that has been adopted for the switch in Figure 61B can help

capture a good overall amplitude for the stresses, strains and can thus to fulfil the objectives that have

been set out in this thesis.
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4.3 Simulations for the wheel-switch contact interactions and

comparing the outputs against the reference

The development of the detailed 3D solid FE track model and the compatibility of its track dynamic
properties with the MBS model was discussed in Chapter 3. The results had shown a good agreement
for the rail receptance and thus ensured that the track properties and boundary conditions that will be
implemented in the detailed FE track model are compatible for implementing the inputs for the vehicle

dynamics from the MBS model (Model 4) into the FE model.

The results from the time domain numerical simulations for the interaction between the leading wheel
of the Manchester Benchmark passenger vehicle model [153] and the half set of switches for the
60E1-760-1:15 right-hand turnout will be discussed in this section. The methodology described in
Section 4.1.1 has been followed for the FEA whilst substituting the outputs that have been obtained
from the MBS (Model 4) for the passage of a passenger vehicle at 160 km/hr with a wheel-rail friction

coefficient of 0.3.

In Section 4.3.1, the results that will be obtained after implementing varying levels of detail for the
vehicle and the track dynamics in the FE model for the simulation of wheel-switch rolling contact
interaction will be compared against the results from the MBS (Model 4). The comparison of the
results from the FE rolling contact simulations and the reference MBS track model will be shown to
validate the ability of the 3D solid FE model to capture the appropriate wheel-rail rolling contact

behaviour in the region of interest.

The results for the vertical wheel force, absolute vertical motion of the wheel and the contact patch
locations from the FEA will be compared against the results from the three-layered reference MBS

track model (Model 4) [41].

The region of interest for the discussion of results will be the longitudinal position between 9 and 10.6

m from the switch toe, where the defects will be introduced in Chapter 5, as informed from the results
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for the Ty number in Chapter 3. To restate, the longitudinal positions were chosen based on the Ty

results that highlight the locations where both the wear and RCF defects can co-occur.

The first simulation output that will be compared between the MBS and the FEA would be the vertical
wheel-rail contact force. This output for the vertical contact force from the MBS simulations is the
summation of the normal and the tangential components of the contact force that is exerted by the
wheel of the railway vehicle on the rail through the contact points. The equivalent result that can be
output from FE is the total contact force in the vertical direction (CFT2), which is the sum of the
normal and tangential components of the contact force in the vertical direction for all nodes that are

involved in surface-to-surface contact [98].

The second simulation output that will be compared between the FEA and the MBS is the vertical
displacement of the wheel. The absolute vertical motion of the wheel that will be obtained from both
the MBS and the FEA models is the vertical displacement of the centre of the wheel from its position
at the beginning of the simulation. The vertical wheel displacement from will be compared between

the longitudinal positions of 9 and 10.6 m from the switch toe.

The third output variable is the location of the contact patch relative to the rail profile reference
marker. The rail profile reference marker is essentially the plane of symmetry for the rail head profiles
for the switch and the stock rails. The results for the contact point locations will be obtained from the
FEA results after implementing a post-processing script to extract the coordinates for the elements on
the rail head that will experience the highest amplitude for the Von-Mises stress as a result of the

wheel-rail contact at each time step.

A good agreement for the results for the rail receptance with the reference model, confirmation of
mesh convergence and comparison of the results output from the FE wheel-rail interaction will

together ensure the suitability of implementing the modelling approach for further sensor studies.

In Section 4.3.1, the aforementioned dynamic wheel-rail interaction outputs from the FEA will be

compared against the outputs MBS model 4. In Section 4.3.2, the importance of modelling the

167



appropriate track dynamics will be discussed by comparing the wheel-rail interaction results that were
obtained from the models with different levels of track detail. The importance of implementing the
substructure dynamics for achieving representative results for the subsurface rail strains will be

discussed in Section 4.3.3.

4.3.1 Comparison of the wheel-rail interaction outputs between the MBS reference and
the FE simulations

The results for the vertical contact force, vertical motion of the wheel and the contact patch locations

that have been obtained from the MBS and the FE simulations have been compared.

For all the FEA simulations that have been discussed in this section, the longitudinal and lateral
motion of the wheel has been implemented from the MBS results. In most examples that were
reviewed from the literature evaluating the different S&C numerical simulation approaches, this aspect
has been neglected and holds especially for simulations in the through route [12]. The lateral
displacement of the wheel along the length of the turnout would influence the locations for the wheel-

rail contact patch and hence the overall stresses in the rail.

The lateral motion of the wheel that was obtained from the MBS simulation has been shown in Figure
64. Figure 36 shows the assembly of the wheel and the switch for FEA. A positive increase in the
amplitude of the lateral wheel displacement would indicate the movement of the wheel to the right,
thereby increasing he change of the contact between the wheel flange and the gauge corner. A
reduction or a negative change in the amplitude would indicate its motion to the left and the motion of
the wheel flange away from the gauge corner of the rail. Under normal circumstances, the positive
increase would result in an upward vertical displacement for the wheel and a negative trend would
result in a downward vertical displacement. However, the vertical motion of the wheel is also
dependent on the build-up of the cross-section of the switch rail along its length which can be seen in

the 3D schematic in Figure 22. Therefore, the leftward motion of the wheel would not necessarily
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correspond to the downward vertical motion of the wheel under a scenario where the switch rail

profile is still building up along the length of the turnout.
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Figure 64: Amplitude for the lateral wheel displacement from the MBS simulation

The results for the vertical wheel-rail contact force along the length of the rail have been compared
between the MBS and the FEA models in Figure 65. It was discussed in Section 4.1.1 that the results
for the suspension forces that were output from the MBS (Figure 57, Figure 58) were input to the FEA
to act at the centre of the wheel. Unlike the MBS model, the FEA model does not implement the
detailed suspension elements but applies the amplitude of the load to the centre of the wheel directly
as a point force. Therefore, although the rise and fall of the result for the contact forces from the FEA
is directly proportional to the MBS, Figure 65 shows that a good overlap between the plots is obtained

only at specific longitudinal positions.
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Comparison of the vertical contact force
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Figure 65: Comparison of the vertical contact force against the reference MBS model for dynamic and

static loading in FE.

According to the modelling criteria that was set out in Table 10, the difference between the MBS and
FEA for the results of the amplitude of the vertical contact force would need to be <10% at the
longitudinal positions of 9.13 and 9.3 m, where the surface rail defects will be introduced. Moreover,
the average value for the contact force along the length of the analysed region should be less than
10%. The results highlighted in Table 34 show that these criteria have been met and the quantitative
difference in the amplitude is <5.5% and <3 kN for all criteria. However, it is also worth noting that
the maximum difference in the vertical contact force occurs at a longitudinal position of 9.64 m, where
the difference between the contact forces between the MBS and the FEA models is close to 5.58 kN

but still less than 10%.

Table 34: Comparison of the vertical wheel-rail contact force

Parameter Contact force (kN): MBS | Contact force (kN): FEA | Difference (%)
Vertical contact force | 54.83 52 5.33
at9.13 m

170



Parameter Contact force (kN): MBS | Contact force (kN): FEA | Difference (%)

Vertical contact force 51.93 49.62 4.55
at 9.44 m
Average value for the | 56.7 54 4.87

vertical force

The results for the vertical wheel displacement obtained from the MBS and the FEA have been
compared in Figure 66. As shown in Figure 66, a good qualitative agreement for the rise and fall of the
wheel has been achieved between the results for the FEA and the MBS. It can be observed in Figure
64 that there is a sharp negative amplitude or leftward movement of the wheel after a longitudinal
position of 9.25 m from the switch toe. The leftward movement means that the wheel flange would
move away from the gauge corner of the rail rather than towards it, resulting in a downward motion
for the centre of the wheel. The position of the wheel on the switch rail can be visualised in Figure 36
for better understanding the leftward motion. According to the modelling assessment criteria that was
set out in Table 10, the maximum difference between the MBS and FEA results for the vertical

displacement of the wheel from 9 and 10.6 m should be less than 0.25 mm.

The results plotted in Figure 66 show that the maximum difference between the MBS and FEA results
is obtained at 10.6 m with a value of 0.15 mm. More significantly, the behaviour for the vertical wheel
displacement between 9 and 9.5 m is consistent between the MBS and the FEA model. It is along this

longitudinal distance that the rail defects will be introduced and the ability to capture a similar vertical
wheel motion as the MBS demonstrates the suitability of the FEA modelling approach that has been

adopted.
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C3omparison of the vertical wheel displacement
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Figure 66: Comparison of the vertical displacement of the wheel; a. Comparison of the amplitude of
the wheel raise from the point where the FE simulation would begin; b. Influence of the static and

dynamic wheel loading on the overall amplitude of the vertical wheel displacement.

Finally, the locations for the wheel-rail contact points have been compared between the FE and the
reference MBS models. The results for the locations of the contact points for the MBS and the FE
models when viewed from the top of the rail head have been plotted in Figure 67. Since the extraction
of the contact pressure and patch areas from the FEA could not be automated because of software
limitations, the elements on the railhead where the maximum value for the Von Mises stress would
occur at each time step have been extracted and plotted in Figure 67. The contact point locations have
been plotted and compared at the longitudinal positions that are of interest for the introduction of
surface defects. Since the results for the locations of the elements have been plotted for the FEA
results instead of the contact points, the contact point trajectory in the FEA appears to be straight.
Between 9 and 9.4 m, the elements along the lateral rail position of 28 mm contain the highest
amplitude of the rail strains. However, the elements with the maximum strain move to the right to a
lateral position of 27 mm after 9.4 m. The same contact positions and lateral movement for the contact

points as the FEA can be observed for the results from the MBS. In agreement with modelling
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assessment criteria in Table 10, Figure 67 shows that the difference in the lateral position for the

contact points between the MBS and FEA results is <2 mm.

Comparison of contact patch locations
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Figure 67: Comparison of the contact point locations between MBS (CP1- Switch rail) and FEA

Figure 68 overlays the FEA contact points at the locations of interest over the different contact points
from the MBS model for the stock and the switch rails. The schematic of the lateral position along the
switch rail that was plotted in Figure 24 shows that the contact point position of 28 mm would lie on
the top surface of the gauge corner of the rail. It can be observed in Figure 68 that the contact point
locations that have been plotted from the FEA simulations fit suitably in the context of the expected

wheel-rail contact positions.
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Comparison of contact patch locations
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Figure 68: Overlap between the MBS and the FEA contact points at the key locations.

The dimension of the contact patch at the longitudinal distance of 9.3 m from the switch toe has been
compared between the Reference MBS and the FEA models in Table 35. At this longitudinal position,
it was shown in Figure 65 that a good agreement for the vertical contact force was achieved from the
wheel-rail contact simulations. Table 35 shows that the area for the elliptical contact patch that has
been obtained from the FEA and Reference MBS model is 41.3 and 41.5 mm? respectively. The
difference between the values is 0.5%, which meets the modelling assessment criterion of achieving a

difference of <10% for this parameter.

Although the contact patch areas are similar, the comparison for the length and width of the contact
patch shows that the contact patch in the MBS model is less broad and slightly longer than the FEA
model. It can also be seen in Table 35 that the FEA model is able to achieve a good representation for

the contact patch when an element size of 2 mm is implemented at the wheel-rail contact surface.

The wheel-rail contact force at 9.3 m is lower for the FEA than the reference MBS model, which
justifies the smaller area of the contact patch for the FEA model at this position. Overall, a good
agreement for the size of the contact patch has been achieved, demonstrating that the impact load is

effectively transferred from the wheel to the rail in the FEA.
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Table 35: Comparison of the contact patch dimension between the MBS and the FEA models at 9.3 m.

Model Length of contact | Width of contact Contact patch Representation
patch- 2a (mm) patch- 2b (mm) area (mm?)
3D FEA 12 4.4 41.3
Model 4 13.5 3.9 41.5 —a
3.5 m ! 3.9 mm

The simulation whose results have been discussed in this section was carried out with a sampling

frequency of 2 kHz. The ABAQUS log file showed that the difference between the start and end times

from the simulation is 17 hours, which is 30% lower than the value of 1 day that was set out in the

modelling assessment criteria. The simulation has been carried out on a computer cluster with 20 cores

and 40 GB of RAM. In contrast, a turnout FE model that was developed for analysing the impact of

switch run through at the University of Birmingham took 160 hours to run with the same

computational power [95]. It is worth noting that the run-through model excluded the modelling of the

substructure track dynamics but included the geometry and elastic-plastic material properties for the

rails and switch components that included but were not limited to the both sides of switch/stock rails,

175




stretcher bars, lock and drive rods and two wheelsets that were connected to each other to form a
simplified bogie. Although the research interests of the two models are different, the two-step MBS-
FE simulation approach that has been presented through this thesis is more suitable for multiple and
repetitive simulations which will be needed from a Digital Twin. The accuracy and compatibility
requirements with the MBS model have also been met. The fulfilment of the modelling criteria by the
FEA approach for the contact patch locations, contact forces and vertical wheelset displacement has
therefore validated the ability of the FE simulations for capturing similar wheel-rail contact behaviour

as the reference MBS model at the longitudinal position of interest.

4.3.2 Influence of modelling the substructure dynamics on the results for the vertical
contact forces

The results for the contact forces and vertical wheel displacement have been compared between the
simulation where the substructure track dynamics were implemented and the one where the bottom of
the switch and the stock rails was directly fixed to the ground, i.e. all the DOF were constrained. In
both cases, rolling contact simulations were carried out in the time domain whilst implementing the
static load for the vehicle at the centre of the wheel and modelling the lateral motion of the wheelset.
The comparison of the vertical wheel-rail contact forces has been shown in Figure 69, where more
prominent and higher amplitude peaks can be observed for the model where the rail is fixed. The
average value for the vertical wheel-rail contact forces is approximately 55 kN for both the modelling
approaches. The results have shown that the consideration of the substructure dynamics would not
significantly impact the overall amplitude of the contact forces. Section 4.3.3 will analyse the impact
of the difference in substructure conditions on the results for the rail strains and show that it is

considerable.
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Figure 69: Comparison of vertical wheel-rail contact forces for the models with and without the

support stiffness.

4.3.3 Influence of the substructure dynamics on subsurface rail strains
The results for the rail strains in the global spatial directions, i.e. vertical (E22), longitudinal (E33) and

lateral (E11) will be discussed since these are crucial for discussions on structural health monitoring.

The influence of modelling the substructure dynamics on the results for the strains of the rail in the
longitudinal, lateral and vertical directions has been demonstrated in Figure 70, Figure 71 and Figure
72. As opposed to the model with the fixed rail, the model with the detailed substructure included the
geometry of the railpads, baseplates, baseplate pads, sleepers and the ballast layer. The compatibility
of the track properties between the reference model and the FE model with the detailed substructure
was ascertained by comparing the results for the vertical and lateral rail receptance between the two in
Chapter 3. In contrast, the simulations with the fixed rail were carried out whilst constraining the

motion of the track at the rail foot.

In Figure 70A,B, the strains in the longitudinal direction have been plotted for the cross-section of the
rail for the impact of the wheel on the rail in the sleeper spacing. A significant difference in the overall

stress distributions can be observed. As quantified in Table 36, the model with the fixed rail in Figure
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70A does not experience a high amount of tension or positive strain values near the rail foot, unlike

the more flexible rail with the substructure shown in Figure 70B.

Table 36: Comparison of the longitudinal strains on the rail web and foot during wheel-rail contact in

the sleeper spacing.

Rail section

Average value for the longitudinal

strain E33 (pe)

Nature of the strain

Rail web (with substructure) =50 Compressive
Rail web (without substructure) =25 Compressive
Rail foot (with substructure) 70 Tensile
Rail head (without substructure) =25 Compressive

Table 39 also shows that a higher negative amplitude for the compressive strains near the rail web is

captured for the model with the detailed substructure. The same can be observed close to the rail head

in Figure 70. This is a result of better flexibility of the rail when the substructure is modelled. When

the results are illustrated in 3D in Figure 70C,D, it can be observed that the overall locations and

amplitude for the tensile and compressive strains are different. This shows the importance simulating

the track dynamics to include key details and with the appropriate track properties.
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Figure 70: Influence of modelling the substructure dynamics on the longitudinal strains for the switch
rail. Cross-sectional strains: (A) Model with fixed rail; (B) Model with detailed substructure.
Visualised for a longer length of the rail in 3D: (C) Model with fixed rail; (D) Model with detailed

substructure.

The influence of modelling substructure dynamics on the vertical strains has been demonstrated in
Figure 71. It has been illustrated in Figure 71B,D that the vertical strains for the model where the
detailed substructure has been implemented are compressive on the whole, with an average value of —
70 pe. As shown in Figure 71D, the presence of the sleepers would also affect the distributions for the
vertical strain, with compressive strains up to —200 pe. This is in stark contrast with the results from

the fixed rail that have been illustrated in Figure 71A,C, where compressive stresses are predominantly
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observed on the track side (left) of the rail head and the web. It has also been demonstrated in Figure
71 C,D that the locations that experience the positive/tensile vertical strains are more prominent for the
model with the fixed rail than the one with the softer substructure support. This is because the track
flexibility would result in the downward deflection for a longer length of the rail, resulting in more
elements that undergo compressive strains for the model with the ballasted substructure support. On
the contrary, as demonstrated in Figure 71C, the locations that undergo compressive vertical strains in
the model with the fixed support are limited to the locations that are close to the wheel-rail contact
region. This demonstrates that the amplitude and direction of the strains are highly dependent on the
type of substructure support. This makes it important to model the track dynamics appropriately for

the determining the sensor placement for specific turnout layouts.

A B
E22 in the rail E22 (ug) E22 in the rail E22 (pe)
0.18 100
0
0.16
0
0.16 100
0.14 -100
0.14 -200
-200
0.12
>0.12 -300 > -300
-400 0.1 -400
0.1
-500 -500
0.08 ! 0.08
. -600 -600
0.06
008 e o1 015 0.05 0.1 0.15
x X
C D
E22 in the rail E22 (pe) E22 in the rail E22 (pe)
1o 100
0
-100
0.14 . 0.14 . -100
-200
0.12 . 0.12 -200
> -300 =
0.1 0.1 - -300
0.08 -400 0.08 e
0.06 1. 0.06.
10 \\.‘\ o -500 10 ~ -500
h ~ e — 0.2 - S 7_7/,-"""'/ 0.2
05 015 -600 95 " 015 600
T 0 T 01
z 9 0.05 Z 9 0.05 x

180



Figure 71: Influence of modelling the substructure dynamics; Vertical strains for the cross-section of
wheel-rail contact: (A) Model with fixed rail; (B) Model with detailed substructure; Vertical strains

for the switch rai in 3DI: (C) Model with fixed rail; (D) Model with detailed substructure.

The influence of modelling the substructure on the lateral strains has been plotted in Figure 72. Figure
72 A,B show the lateral strains captured at a specific time step for the cross-section of the switch rail
where the wheel and the rail are in contact in the sleeper spacing. A negative amplitude for the lateral
strains upto —60 pe denotes compressive behaviour at the lower gauge corner of the rail head for the
simulations carried out whilst implementing the fixed as well as detailed substructure. The amplitude
of the lateral strains are more compressive for the model with the fixed rail constraint. The
implementation of the substructure would also result in a difference in strain amplitudes for a longer
length of the track, as shown in Figure 72C,D. The amplitude for the lateral strains in the web-foot
connection on the track side is higher for the ballasted track model than for the model with the fixed
rail, with an average of —25 e as opposed to —20 pe as shown in Figure 72C,D. The difference in the
overall strain distributions is also a result of the difference in track flexibility. The longitudinal
position of the wheel over the rail in the model with the detailed substructure in Figure 72D is in the

spacing between two sleepers. The different support conditions have therefore resulted in different

contours for the lateral strain.
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Figure 72: Effect of considering the detailed substructure; Lateral strains for the cross-section of
wheel-rail contact: (A) Model with fixed rail; (B) Model with detailed substructure; Lateral strains for

the 3D switch rail: (C) Model with fixed rail; (D) Model with detailed substructure.

To conclude, it is important to note that despite the similarity in the results for the contact force,
vertical wheel displacement and the contact patch locations for the different types of track model, the
results for the strains are heavily influenced by the track setup. This demonstrates that in addition to
the measurement of the wheel-rail contact force by installing sensors on the rolling stock, the sensors
that are able to capture the track dynamic behaviour will need to be implemented for condition

monitoring.

182



4.4 Conclusions

This chapter implemented the 3D FEA model of the switch with fine-tuned substructure dynamics in
wheel-rail rolling contact simulations. With the objective of balancing the trade-off between accuracy
and computational efficiency an optimum maximum element edge length of 2 mm was chosen for
meshing the surfaces that will experience wheel-rail interaction. The locations away from the contact
regions were meshed with a maximum element size of 10 mm along the length and 8 mm in the
vertical direction of the switch. The meshing strategy was backed up by providing evidence from

references and analysis of subsurface strain distributions and amplitude.

A two-step implicit dynamic analysis approach involving the application of a preload and subsequent
rolling contact between the wheel and rail was implemented in ABAQUS. The results for the vertical
wheel-rail contact force, wheel displacement and contact patch locations were compared against the
reference MBS model for assessing the performance of the model according to the modelling criteria
that were set out in Chapter 2. It has been successfully demonstrated that the results obtained after
implementing the two-step modelling approach meet the comparison criteria against the reference

simulations.

The outputs from the simulations that were carried out with the detailed two-step approach have been
compared against the results that were obtained after implementing the modelling assumptions that
were discussed in Chapter 2. These assumptions include the simplification of the substructure
dynamics by fixing the bottom of the rail to the ground i.e. constraining all DOF at the bottom of the
rail, ignoring/simplifying the lateral movement of the wheel as it passes over the rail and
implementing a single static load on the wheel [12]. The effect of these simplifications on the results

for the wheel-rail contact force and subsurface rail strains was evaluated.

The investigation highlighted that the distributions, as well as the amplitude of the strains in the
lateral, longitudinal and vertical directions were different for the models with the fixed rail and

substructure support. The sleeper spacing, as well as the track stiffness, will affect the results for the
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strains. Although a reasonably close agreement was obtained for the vertical contact forces between
the simulation that was carried out with fixed rail and the one with substructure support, a notable
difference for subsurface strain behaviour was observed between the two models. The analysis of the
results have led to the inference that the sole measurement of contact forces by implementing onboard
measurement sensors on trains could potentially lack the level of detail that is needed for predicting

change in the support conditions.

The values for the strains that are obtained from the switch rail can be used as the results that are
directly proportional to the expected results that will be obtained from the strain sensors. Therefore,
the result for the strains can help with the determination of the locations for placing the sensors for the

condition monitoring of switches.

In Chapters 5 and 6, the introduction of specific defect geometries for surface-initiated RCF, rail wear
and voiding will be explored. The locations that will be able to capture the change in the strain results
(Ag) as well as the direction for measuring the strain values (lateral/longitudinal/vertical) will be
investigated. Furthermore, the placement of the sensor for capturing all three faults under different
conditions will be evaluated by carrying out parametric studies for different axle loads and friction
conditions for the set line speed. The proposed simulation approach presents the ability to implement
the important details for the track substructure for making a reasonably informed decision for the
placement of sensors for the condition monitoring of railway switches. The results shown in the
chapter conclude that the approach that has been shown for fine-tuning the 3D FEA model against the

reference can be investigating for field calibration in future research.
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CHAPTER 5.WHEEL-RAIL ROLLING CONTACT ANALYSIS

AFTER THE INTRODUCTION OF TRACK DEFECTS

In this chapter, the effect of introducing surface-initiated rail damage and track voiding on the
dynamic behaviour of the track will be explored. The track defects were introduced into the FE model
that had shown a good agreement with the reference MBS model in Chapter 4. The description of the
defects as well as the approach to introducing them into the track model will be explained in Section

5.1.

The effect of the introduction of the defects on the results for strains in the vertical and the
longitudinal direction will be discussed in Section 5.2. The influence on the results for the strains in
the lateral direction will not be discussed because it was shown in Chapter 4 that the amplitude of the

strains is much lower in that direction as opposed to the vertical and longitudinal directions.

The simulations were also carried out with different masses for the vehicle for representing the tare
and the laden loading conditions. Therefore, the influence of the vehicle loads on the vertical contact
force and the strains in the vertical and the longitudinal direction for the simulations that were carried

out with and without the defects will be discussed in Section 5.3.

The results from the parametric studies constituting different track defects, vehicle loads and friction
coefficients form a part of the dataset that will be analysed for determining the placement of sensors
for detecting the faults of rail wear, RCF and voiding in Chapter 6. The conclusions from this chapter

have been discussed in Section 5.4.

5.1 Introduction of the defects in the track model

Three types of defects have been introduced into the track model. Out of these, two are surface
damage defects on the switch rail and the third is voiding under a rail sleeper. The surface damage
defects of wear and RCF were introduced at the locations where a high risk of both wear and RCF was

predicted by implementing a damage prediction model. The model that was implemented for the
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prediction was the Whole life rail model (WLRM) that the Ty number, as shown in Chapter 3.2. This
location is just after the transition of the wheel-rail contact from the stock to the switch rail in the
facing route. Voiding has been simulated by changing the stiffness for the ballast under the sleepers
where that would experience the highest amplitude for the vertical wheel-rail contact force. This is at
the longitudinal position where the transition of the wheel-rail contact patch from the stock to the
switch rail would take place in the facing route. The flange contact would result in a high amplitude
for the lateral and vertical forces over the sleeper and thus result in a variation in the track stiffness
along the length of the track over time, which will result in voiding. The voiding, which essentially
manifests in the form of a gap between the sleeper and the ballast has been simulated in the form of
the loss of stiffness support under the sleepers, i.e. a reduction in the vertical stiffness of the ballast
layer. Thus, the wear, RCF and voiding have been introduced close to each other and the measurement
of strains to detect these faults occurring in the transition region will be investigated. The surface-
initiated faults have been introduced on the unsupported rail section that would lie between the
sleepers. In Chapter 6, sensitivity studies will also be carried out for determining the influence of

defect introduction on the section of the rail supported by the sleeper.

The geometry of the crack that can be attributed to the RCF failure mechanism has been introduced on
the switch rail and is based on a squat defect that was modelled to study the mechanical characteristics
of a rolling contact squat-type crack by Bogdanski et al. [166]. Squats are one of the many forms that
surface initiated RCF can take. They result from the longitudinal displacement of railhead cracks,
followed by propagation into the subsurface rail and subsequent lateral spread [17,167]. The defect has
been introduced at the approximate longitudinal position of 9.43 m from the switch toe and laterally
towards the gauge corner of the rail for ensuring that the wheel-rail contact occurs over the fault. The
drawing for the geometry of the squat [166], the defect that was modelled in FE and the evidence of

the occurrence of squats on the switch rail have been shown in Figure 73 A, B and C respectively.
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Figure 73: Introduction of the RCF fault into the model; (A) Reference drawing [166]; (B) The fault

introduced to the FE model; (C) occurrence of squats on a switch.

Due to the lack of access to field measurements for this particular layout, the implementation of worn
rail profiles in similar research was investigated. The worn rail profiles along the switch and the stock
rails for CN60-350-1:12 turnout measured with MiniProf instrument by Xu et al. [43] and the wear
depth was plotted, which has been reproduced in Figure 75. Figure 75 shows that the vertical wear of
the switch rail exceeded 5 mm at certain sections along the switch length. Since the curve radius of
this reference turnout is 350 m [43] and the curve radius in the 3D FEA switch model is more than
twice at 760 m, a wear depth that does not exceed 2.15 mm will be incorporated into the 3D FEA

model.
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Figure 74: Measured wear along the length of the CN60-350-1:12 turnout, reproduced from [43].
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As shown in Figure 75A, rail wear has been incorporated along the length of switch rail between a
distance of 9.05 to 9.8 m from the switch toe. The maximum depth of wear that has been incorporated
into the rail is 2.12 mm and the average wear depth is 1.47 mm. Figure 75B shows the change to the
vertical trajectory of the switch rail milling tool profile for reducing the material on the rail surface.
The milling tool profile can be seen in Figure 37C. The depth of wear was varied between 9.05 and 9.8
m to be directly proportional to the Ty number that was obtained from Model 4. This means that
longitudinal positions with a larger value for the Ty number were modelled with a higher wear depth

than those with lower values.

This approach cannot be considered reflective of how wear would occur in the field since it has been
introduced abruptly for a finite length of the switch and is based on the aforementioned assumptions.
However, convergence and meshing issues have been avoided in the simulations due to the finite
depth and length of worn rail that has been modelled. The model has therefore been implemented
academic interest of changing rail profiles along a finite length of the track and should not be

considered as an accurate representation of how wear should occur along the turnout.

A B

Depth of wear introduced on the rail section

—&— Without Rail Wear
15+ —6&— With Rail Wear

Vertical trajectory of the milling tool (mm)

9.1 9.2 9.3 9.4 9.5 9.6 9.7 9.8
Distance from the switch toe (m)

Figure 75: Modelling the rail wear: (A) Modified rail profile with the rail wear (only a finite length has

been shown); (B) Depth of wear that was introduced on the rail section
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An approach that would result in a sudden change in the track stiffness has been implemented for
representing the voiding defect. This has been carried out by reducing the ballast stiffness under three
sleepers. The vertical ballast stiffness of 25 MN/m that was implemented in the reference MBS model
has been reduced to 10 MN/m and introduced under the sleepers that lay at a distance between 8.4 and
9.87 m from the switch toe in the FE model. The locations along the switch track where the wear, RCF
and voiding have been introduced are shown in Figure 76. As demonstrated in Figure 76, analysis will

be carried out to detect the three faults of wear, RCF and voiding at specific locations.

Locations where Wear and RCF have been introduced

Figure 76: Locations for introducing wear, RCF and voiding in the model

5.2 Effect of modelling track defects on the rail strains

The two-step MBS-FE simulation approach that was adopted in Chapter 4 has also been adopted for
carrying out the numerical simulation of train-switch interaction in the presence of the defects. At first,
the simulations were carried out in MBS, following which the MBS results for the wheelset lateral

displacement and loads acting on the wheel have been implemented in the FE simulations.

The simulations were carried out for the passage of a Manchester Benchmark passenger vehicle in the
through route of a 60E1-760-1:15 switch at a speed of 160 km/hr with a wheel-rail friction coefficient
of 0.3. The results for the vertical wheel-rail contact force that were obtained from the simulations
carried out in the presence of the rail defects for two different wheel loads, representing the tare and
the laden conditions will be discussed in Section 5.3 and a significant effect of the defects on the

amplitude of the strain will be shown.
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There will also be a significant influence of the track defects on the results for the subsurface rail
strains, which will be discussed in this section. The change in the vertical strains as a result of
introducing the track defects of wear, squat and voiding has been plotted in Figure 77. The plotted
values for the change in the strain are the difference in the amplitude of the strain values from the

simulations that were carried out with and without the track defect.

The presence of the track defect is expected to result in an increase in the amplitude of the impact
force and the subsurface rail strains. In Figure 77A, the difference in the strain amplitude has been
plotted for the time step where the wheel is in contact with the RCF defect. From the scale of the
results, a change in the strain values of up to 200 pe can be observed. The change in the strain

amplitude is closer to the railhead since the strain amplitudes are also higher in those locations.

Similarly, the change in strains because of introducing the wear and the voiding track defects have
been plotted in Figure 77 B,C respectively. The change in strain values of up to 800 and 160 pe can be
observed for the models with wear and voiding respectively. The results for the strains are dependent
on the contact patch location. For example, if the contact between the wheel and the rail is closer to
the gauge corner of the rail, compressive (negative) strain values on the track side of the rail will be
captured. If the contact point is further to the right, then the measurement of the strains at the same
location will be more positive or tensile. Among the three track defects, the highest difference in the
amplitude of the vertical strain is obtained due to wear (up to 800 pe) since there is a significant

variation in the vertical wheel-rail contact force along the length of the rail (Figure 81).

The relationship between the strains and the contact force will be investigated in Chapter 6. The
results for the change in strains due to introducing defects will also be implemented for determining

the distance from the defect location for measuring the rail strains for detecting the three track defects.
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Figure 77: Change in the vertical strains due to fault introduction; (a) RCF damage; (b) Wear damage;

(c) Voiding

The results for the change in the longitudinal strains due to the presence of the track defects have been
plotted in Figure 78. Although the amplitude of the change in the longitudinal strains is not as high as
the vertical strains that are shown in Figure 77, this amplitude is well beyond the resolution of the
sensor and should be able to detect the presence of the defect. The highest difference in the
longitudinal strains can be observed for the model with the Wear (Figure 78B) defect followed by
those with the voiding (Figure 78C) and the RCF defects (Figure 78A). For the RCF results, a
maximum difference of 70 pe has been obtained and the longitudinal distances between 9.25 and 9.75

m from the switch toe show some potential for measuring the strains for fault detection. For wear, a
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maximum change of 180 pe has been obtained and the same longitudinal positions as the RCF (9.25 to

9.75 m from the toe) show the potential for measuring strains to capture the defect. The results for

change in the longitudinal strains due to the presence of voiding show the impact of change in the

track stiffness on its longitudinal flexibility and a maximum change of 120 pe has been captured. A

systematic approach will be implemented for the screening and ranking of locations for the

measurement of rail strains in Chapter 6.
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5.3 Effect of modelling the different vehicle loads on the results for the wheel-rail
interaction and subsurface rail strains

The axle load that is exerted by the Manchester Benchmark passenger vehicle has been increased by

20% to reflect the laden condition. In the examples that have been referred to in the literature, the axle
load for a laden passenger vehicle has been presented as 17 to 40% heavier than its tare load [61]. For
implementing an increase of 20% for the axle loads for the Manchester Benchmark passenger vehicle

comprising one carriage, two bogies and four axles, only the mass of the carriage has been increased

from 32000 to 40896 kg.

The influence of the axle load on the vertical wheel-rail contact forces, wheel displacement and
subsurface rail strains will be described subsequently. The results will be compared against the ones that

were obtained whilst implementing the lower amplitude of the axle load.

For the model without any track defects, the comparison of the vertical contact force in Figure 79A
shows a higher amplitude of up to 10 kN when the vehicle load is increased. In Figure 79B,C, the
influence of increasing the axle loads on the rail strains have been plotted. A difference of up to 400
ue can be observed for the vertical strains (Figure 79C) than that of 100 ug for the longitudinal strains

(Figure 79B).
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Figure 79: Influence of the increase in the vehicle load on the results for (A) Vertical wheel-rail

contact force; (B) Longitudinal strains; (C) Vertical strains.

In Figure 80, a disturbance in the amplitude of the contact force can be observed at the location where
the RCF defect was introduced, i.e. after a longitudinal distance of 9.45 m from the switch toe when
both the nominal and heavier vehicle loads are modelled. The value for the contact force for both the
nominal and heavier loads momentarily increase by 25% at the location of the wheel-rail squat impact.
An average increase of 10 kN over nominal loading can be observed for the amplitude of contact force
when laden conditions are implemented in the simulations. The change in the wheel load has also
resulted in an increase of the vertical and longitudinal rail strains by up to 200 and 55 pe respectively.
It was shown in Figure 77 and Figure 78 that the change in nominal strain values was greater in the

vertical than the longitudinal direction for the introduction of the squat.
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Figure 80: Influence of the increase in the vehicle load on the results for (A) Vertical wheel-rail

contact force; (B) Longitudinal strains; (C) Vertical strains.

For the contact between the wheel and the switch rail in the presence of wear, Figure 81A shows the
amplitude of the contact force to be zero up to a longitudinal position of 9.25 m. This is because the
wheel loses contact with the worn rail at this position and is supported by the stock rail instead. This
can be observed from the plot for the contact points on the stock and the switch rails in Figure 81D,
where the lateral position of the surface element with the highest amplitude of the Von Mises stress at
the relevant time steps have been plotted for the stock and switch rails. It can also be observed that

when the wheel and he switch rail regain contact at a longitudinal position of 9.27 m, it is close to a
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lateral position of 0 mm which is close to the centre of the switch rail. When the wheel and the switch
rail regain contact, there is a sudden increase in the amplitude of the contact force in Figure 81 A
which exceeds 100 kN and is much higher than what is observed in the simulations that were carried
out with no defect (Figure 79A). The contact point gradually moves away from the centre of the
switch rail and towards the gauge corner. At the longitudinal position between 9.6 and 9.7 m, two
contact points can be observed on the switch rail as well as the fluctuations in the contact force can be

observed.

The change in strains for an increase in the wheel load when the wheel is in contact with the rail at a
distance of 9.45 m from the switch toe has been plotted in Figure 81B,C. Since the difference in the
vertical contact force and wheel displacement between the two models is negligible, the amplitude of
the change in the longitudinal and vertical strains is also minimal. The change in the vertical and
lateral strain is less than 10 pe and corresponds well with the plot showing minimal difference for the
contact force between the nominal and heavier loads in Figure 79A. To restate the discussion in
section 5.1, the results from this section are should not be considered as an accurate representation of

how wear should occur along the turnout.
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Figure 81: Influence of the increase in the vehicle load on the results for (A) Vertical wheel-rail
contact force on the switch rail; (B) Change in longitudinal strains; (C) Change in vertical strains; (D)

Contact point positions- nominal load

The result for the vertical wheel-rail contact force that has been obtained from the model with voiding
(Figure 82A) shows that the amplitude of the wheel-rail contact force is higher at around 9.4 m, where
track voiding was introduced than in the model with no defect (Figure 79A). Similar to the simulations
with no defect and RCF, the passage of a vehicle with increased vehicle loads in the presence of
voided sleepers will increase the amplitude of the vertical contact force by up to 10 kN as shown in
Figure 82A. The plot for the change in the longitudinal and vertical strains have been plotted in Figure
82B and Figure 82C respectively. The change in the vertical strain due to increased vehicle loading is
up to 100 ue, whereas for the longitudinal strain it is up to 130 pe. It is noteworthy that the amplitude
for the change in the result for the longitudinal strain is higher than that for the vertical strains,
whereas the converse is true for the simulations in the presence of wear and squat. This is potentially
because increased vertical loading in the presence of voiding (reduced track stiffness) would result in

increased longitudinal flexibility/bending of the rail.
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Figure 82: Influence of the increase in the vehicle load on the results for (A) Vertical wheel-rail

contact force; (B) Vertical wheel displacement; (C) Change in the subsurface rail strains for the model

with the voiding defect.

5.4 Conclusions from Chapter 5

In this Chapter, the mechanical behaviour of the track when it is subject to wheel-rail interaction
simulations in the presence of defects was discussed. Three types of track defects were introduced,
including wear, RCF and voiding. The locations on the switch rail where the Wear and RCF defects
were introduced were estimated from the results for the Wear number that were discussed in Chapter

3.2. The RCF defect that was modelled is essentially a squat defect whose geometry is based on an
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existing model that was presented in literature. Wear was modelled by linearly interpolating the
permissible wear depth between zero and the maximum amplitude of the wear number. The maximum
amplitude of the wear number was assumed to correspond to the maximum permissible wear depth
that was obtained from literature review. Track voiding was introduced by reducing the vertical

stiffness under three sleepers.

It is also worth remembering that the simulations have been carried out for specific instances of defect
geometry and track voiding. The variation in the geometry, track properties will significantly vary the
outputs from the simulations. However, it is also worth restating that the objective of the parametric

case studies is to demonstrate the implementation of the modelling framework for preliminary studies

on assessing the suitability of measuring strains for the condition monitoring of switches.

The outputs for the motion of the wheel and the forces that would act on it were obtained from the
MBS simulations and then implemented in FEA. A change in the amplitude of the contact force at the
location where the defects were introduced could be observed for all the models. On increasing the
vehicle load from the tare load, an increase in the amplitude of the vertical contact force as well as
higher values for the strains have been captured from the simulations with the defects. The results
showed that disturbances are observed in the contact force where the defect was introduced and the
amplitude of the rail strains also increased, demonstrating the potential of being implemented for

condition monitoring.

In Chapter 6, the results for the vertical and longitudinal strains will be implemented for determining
the locations for measuring the rail strains for detecting the defects that were introduced in this

chapter.
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CHAPTER 6.DETERMINING THE SENSOR PLACEMENT

AND TESTING THE ABILITY OF FAULT DETECTION

The results from the simulations that were previously described in Chapters 4 and 5 will be
implemented for determining the location for measuring rail strains for detecting the defects that were
introduced into the model. The results for the strains that are induced in the switch rail on wheel-rail
contact will be subject to correlation analysis with the impact force for determining whether there is a
good relation between the two outputs to investigate the potential for condition monitoring by
installing strain measurement sensors. The overall approach to determining sensor placement will be
described in Section 6.1. The results that will be obtained without and in the presence of the defects

will be compared for assessing the potential position for sensor placement in Sections 6.2 to 6.5.

The correlation between the wheel-rail impact force and the strain measurements at the proposed
locations will be explored in Section 6.6 and the potential for fault detection will be discussed. Finally,

the results presented in this chapter will be summarised in Section 6.7.

6.1 Approach to determining sensor placement

In Chapter 5, the parametric numerical simulations for the wheel-rail contact that were carried out with
different track conditions and vehicle model setups were described. The track conditions were changed
by introducing wear, RCF and voiding defects into the model. The vehicle model was modified to

reflect a change in the carriage mass as well as the wheel-rail coefficient of friction.

As shown in Table 37, a total of 30 simulations have been carried out with different track and vehicle
model setups. The simulations for the models with no defect, track voiding, wear and RCF have been

carried out with three values for the coefficients of friction and two values for the axle loads.

The two main situations for which the placement of sensors have been determined include the
detection of the defect in between the sleeper spacing and on the sleeper supported rail. As shown in

Table 37, since the wear is introduced over a long length of the track, the execution of a simulation
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would consider the presence of the wear defect on the switch rail in the sleeper-supported as well as
sleeper spacing sections. However, two separate models have been implemented for modelling the
RCF on and in between the sleepers. Therefore, 6 simulations from a single model will be enough for
obtaining the results for all the case studies involving wear. Further, a total of 12 simulations from two
different models have to be carried out for obtaining the inputs for all the case studies involving RCF.
Since the voiding is only introduced under the sleeper, 6 simulations have been carried out. The total

number of simulations are 30 but the total number of scenarios are 36 as shown in Table 37.

Table 37: List of the parametric studies that have been implemented for determining sensor placement

Vehicle load Tare loads Laden loads
Friction coefficient 02103 |04 |02 |03 |04
No defect X X X X X X
Wear (between sleepers) X | X X X X X

Wear (on sleeper)

RCF (between sleepers) X | X X X X X
RCEF (on sleeper) X | X X X X X
Voiding (under 3 sleepers) X | X X X X X

For obtaining the value of the Pearson correlation coefficient, it is suggested that the number of
samples should exceed 25 [149,150]. Therefore, a sample size of 36 simulations would meet the

criteria for performing the statistical analysis for sensor placement.

A reference sensor from the studies of condition monitoring of S&C on the West Coast mainline in the
UK will be implemented as the benchmark for the assessment of strain results [39]. This sensor has a
measurement range of +/ — 5%, frequency response of 8 kHz and the field experimentations had
implemented a sampling rate of 16 kHz [39]. The results from field and laboratory experiments have

shown that the sensor is able to reliably measure values over 5 pe [39]. The frequency response of the
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sensor is four times higher than the sampling rate that has been implemented in the FEA. It was shown
in Chapter 4.2.3 that the time series results of the vertical strains that are sampled at 2 kHz in the FEA
are able to differentiate between the amplitude of the rail strains at the different vertical positions
along the rail cross-section. Due to its higher frequency response, it is expected and assumed that the
results from the sensor will be able to achieve the same, but will need to be further investigation and

validation in the future.

A screening and ranking approach has been adopted for determining the best locations for placing the
sensors. Screening essentially refers to filtering out the locations, i.e. the elements that are unable to

meet a constraint. A constraint is essentially a non-negotiable restriction on a property.

The screening step would set a constraint on the minimum amplitude of the change in the strain that
would need to be captured for fault detection. Thereby, the locations on the rail where the change in
strain on the introduction of the defects is at least equal to the resolution of the sensor (5ue) will be
retained as the candidate locations [39]. The change in strain can be obtained by subtracting the
amplitude of the strain for the model with no defect from the model with the defect. The condition for
the screening step for obtaining the locations that can detect the RCF, Wear and Voiding defects has
be represented in Equation 13, Equation 14 and Equation 15 respectively and the abbreviated

components of the equation have been explained in Table 38.

Agyjn = €2jk — €1jk = Sue Equation 13
Agzji = e3jk — €1j = Spe Equation 14
Aeyji = €4k — €1j = SpE Equation 15

This difference will be obtained from the simulations that have been carried out under similar
conditions, i.e. for the same vehicle type (axle load) and friction coefficient. The candidate locations

for installing the sensor will therefore be determined for the results from every single scenario.
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The type of defect, vehicle and the wheel-rail friction coefficient that have been implemented in the
simulations have been presented in Table 38. As highlighted in Chapter 5, voiding was introduced
under three sleepers that lie just before the sleeper spacing where wear and RCF were introduced.
However, additional results were later generated from the simulations where wear and RCF were
introduced on the section of the railhead which is supported by the sleeper. Those results have been
implemented for testing the ability of the strains to derive the impact force to detect the defect at the

proposed sensor locations.

Table 38: Different variables in the simulations

Notation Value Meaning
Fault type (i) 1 No fault/nominal rail profile
2 RCF (on or between sleepers)
3 Wear (on or between sleepers)
4 Voiding
Vehicle type (j) 1 Passenger vehicle with tare load
2 Laden passenger vehicle
Wheel-rail friction coefficient (k) | 1 0.2
2 0.3
3 0.4

The results will be organised in a way that the impact of the independent variables that have been

listed in Table 38 can be assessed.

Firstly, the placement of sensors for detecting one type of defect for the different values of the
coefficient of friction for the same axle load will be determined. Thereby, the locations for installing
sensor that will be able to detect particular defects on the passage of the lighter and the heavier

vehicles will be obtained.
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Secondly, an intersection of the locations that can detect the defect on the passage of the rolling stock
with lighter as well as heavier axle loads will be obtained. Thereby, all the candidate locations will be
able to detect the individual defect for the passage of all types of simulated rolling stock under all the

simulated wheel-rail contact conditions.

Subsequently, the locations that are able to detect the presence of surface defects, i.e. wear and RCF
on the passage of all kinds of simulated rolling stock and wheel-rail contact conditions will be
obtained. Finally, the sensor locations that are able to detect the surface defects as well as voiding

under the sleeper will be obtained.

Once the locations have been screened, they will be ranked with the objective of maximising the
change in strains. The locations that will obtain a high amplitude for a change in strain will also be
more likely to detect a defect than a location where the sensor placement will demonstrate a low
amplitude for the change in strains. Therefore, for each of the candidate locations, the mean value for
the change in strains will be calculated. The value for the change in strain will be determined by
obtaining the difference between the strain that is captured at the candidate location with and without
the defect. For the results from all the scenarios, it will be obtained when the wheel is in contact with
the rail at the same longitudinal position, which would simplify the study pertaining to the detection of
multiple defects at the same location. The mean value for the change in the strains is the average that
has been calculated from the individual values for the change in strains that will be obtained from each

scenario.

Under this approach to determining sensor placement, the best location for placing the sensor for
detecting different surface defects will be based on obtaining the location that has the highest mean
amplitude for the change in strains. However, if this location is expected to be near the railhead, then it
will be impractical to install the sensors as they will be susceptible to damage. Since a detailed
optimisation exercise is beyond the scope of the current work, the high-ranking locations that are

closer to the rail web or the foot will be prioritised for sensor placement.
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The best locations for placing the sensors for detecting each defect will be first determined from
Equation 16 by calculating the mean change in strains from all the simulations/scenarios that are

associated with that defect for the elements that successfully passed the screening steps.

Best elements = maximum (Agy i), (Agsx), (Agq ) Equation 16

Subsequently, the best locations for placing the sensors for detecting all the defects will be determined
from the overall mean of the change in strains on the passage of railway vehicles over the faults under
different circumstances as highlighted in Equation 17. Future work could include a more sophisticated
analysis of the trade-off between the fatigue, plastic deformation and the change in strains that will be

considered for ranking the candidate sensor placement locations.

Best elements = maximum( A&y i, Aes )y, Mgy i) Equation 17

Following the ranking procedure, the results for the strains that are obtained from the best candidate
locations will be analysed for correlation with the wheel-rail impact force. This will help determine
whether the results for the impact force can be accurately determined from the sensors that are
installed at the proposed location for implementation in damage detection models. As the range of the
reference strain sensor range is +/— 5%, the assessment of the location for installing the sensor will be
based on achieving a minimum difference of +/—10% between the results for the value of the rail

strains from the simulations with no defect and simulations with wear/RCF/voiding.

The screening and the ranking steps for determining the sensor placement for detecting the presence of
the surface rail defects over an unsupported section of the rail in the sleeper spacing will be discussed
in sections 6.2 and 6.3. The determination of sensor placement for detecting the surface defects
occurring on a sleeper-supported rail section will be discussed in section 6.4. On recognising the
longitudinal positions for installing the sensors, the results for the strains for the rail cross-section at

the proposed longitudinal position will be discussed in section 6.5. Finally, the potential ability of the
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sensor measurement at the proposed placement locations to detect the defect will be discussed in

section 6.6.

6.2 Results from the Screening step when the wheel-rail contact results are

captured where the surface rail defects are introduced in the sleeper spacing

The location of the defect would significantly influence the results for the amplitude of the strain and
thus the sensor placement. The influence of the coefficient of friction on the sensor placement is less
significant than the change in the axle load. Therefore, the results for the change in strain on
introducing the defects have been discussed for the simulations that were carried out whilst
implementing a friction coefficient of 0.3. The results that are obtained on implementing both the tare
and laden axle loads have been discussed. It is important to note that the results have been obtained in
this case at the time step when the wheel is in contact with the defective track at the centre of the
sleeper spacing at 9.45 m from the switch toe. The surface wear and RCF defects are present at the
location where the wheel is in contact with the rail. Voiding in the form of reduced ballast stiffness has
been introduced under 3 sleepers preceding this location. Since the determination of sensor placement
for detecting the presence of the defects on sleeper-supported rail is equally important, it will be

discussed separately in section 6.4.

Presently for the results extracted from the sleeper spacing, the results that have been obtained from
the simulations for the RCF model with a wheel-rail friction coefficient of 0.3 have been plotted in
Figure 83. The number of candidate locations that meet the screening requirements are the lowest for

the measurement of the change in the lateral strains (Aei1), as shown in Figure 83 A,B.

For both the tare and the laden loads, the measurement of vertical strain at the rail web will have a
high probability of capturing the defect. It can be observed in Figure 83 C,D that more locations can
capture at least the required amount of the change in the vertical strain on the passage of the heavier
load and values of up to 700 pe and 200 pe have been achieved on the rail head and web respectively.

The locations that are able to detect the change in vertical strain (Ag,) are spread over a longer length
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of the track when the results on implementing the laden load are compared against the results that are

obtained from the tare load. The same can be observed for the change in the longitudinal strain (Ag33),

where a change in the strain value of up to 70 pe and 140 pe are observed for the tare and laden

conditions respectively.
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Figure 83: Locations that meet the screening constraints for detecting the presence of the modelled

RCEF defect; (A) Lateral strains and tare load; (B) Lateral strains and heavier load; (C) Vertical strains
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and tare load; (D) Vertical strains and laden load; (E) Longitudinal strains and tare load; (F)

Longitudinal strains and laden load.

Similarly, the change in the strain for the model where the wear was introduced has been presented in
Figure 84. The change in the lateral strain has been plotted in Figure 84 A, B and it can be observed
that more locations have been able to pass the screening step for the model with the wear than in the
RCF model. However, the number of elements/locations that can meet the screening constraints are
roughly the same for the results obtained from the passage of the wheel loaded with either the tare or
the heavier loads for the wear model. As shown in Figure 84 EF, a large number of locations are able
to capture a change in the longitudinal strains for detecting the wear defect when compared to the
results from the model with the RCF defect. A change of up to 120 pe can be observed for the strain in
the lateral direction when compared to the simulations that were carried out with no defect. In the

vertical and longitudinal directions, this change is up to 800 pe and 150 pe respectively.
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Figure 84: Locations that meet the screening constraints for detecting the presence of the modelled

wear defect; (A) Lateral strains and tare load; (B) Lateral strains and heavier load; (C) Vertical strains

and tare load; (D) Vertical strains and laden load; (E) Longitudinal strains and tare load; (F)

Longitudinal strains and laden load.

The results from the screening step for the model with the voiding defect have been plotted in Figure

85. Although the presence of voiding is under the sleeper, the results in this case have been obtained

on the passage of the wheel at the location between the sleepers. The objective of this exercise is to

examine whether the passage of the wheel over the same longitudinal rail position will be able to

detect all the introduced defects. It can be observed in Figure 85 A,B that the measurement of the

lateral strains shows a rather low potential for the detection of voiding. The maximum value for the
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change in strain does not exceed 35 pe for the tare condition and this value is also achieved closer to

the railhead. In Figure 85 C,D, it can be observed that the detection of the vertical strains will still

present considerable potential for detecting the presence of voiding, with the value for the change in

strain reaching up to 150 pe for the tare condition. The highest number of candidate locations is

obtained for the measurement of the strains in the longitudinal direction as shown in Figure 85 E,F,

which is over a length of 1 m and achieving a change in strain of up to 120 pe for the tare condition.
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Figure 85: Locations that meet the screening constraints for detecting the presence of the modelled
voiding defect; (A) Lateral strains and tare load; (B) Lateral strains and heavier load; (C) Vertical
strains and tare load; (D) Vertical strains and laden load; (E) Longitudinal strains and tare load; (F)

Longitudinal strains and laden load.

6.3 Ranking the locations for determining the placement of sensors for the
detection of the defect when the wheel-rail contact results are captured in the
sleeper spacing

The locations that passed screening in section 6.2 and show a high potential for detecting the defects
that have been introduced into the model have been ranked. In Figure 86, the locations that are ideal
for sensor installation for detecting the RCF defect that would occur on the rail along the centre of the
sleeper spacing have been ranked. The locations that will be able to capture the difference in strains
for detecting the RCF defect have been filled with the colours that are represented on the colour bar.
The colour bar indicates the mean change in the strain at the proposed sensor placement location. As
described earlier, the mean change in strain is the average of the change in strains that have been
obtained from each case scenario. The locations that show the highest amplitude for the change in
strains also have the highest potential for fault detection. However, other practical considerations such
as the required distance from the railhead would need to be considered for the practical

implementation of the sensor measurements.

Figure 86 A shows the locations where the sensor can be installed for detecting the lateral strains for
detecting the RCF defect that was introduced between the sleepers. The number of proposed locations
as well as the amplitude for the change in strain is rather less, not exceeding 45 pie on the railhead,
which would reduce the probability of fault detection and make the measurement of the lateral strains

less desirable.

Figure 86 B ranks the locations where the sensor can be installed for measuring the vertical strains to

detect the RCF defect. The proposed locations are concentrated on the track side of the rail. The
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locations that are away from the wheel-rail contact interface but are still able to effectively capture the
change in strains are on the web of the rail, with certain positions on the rail web capturing a change of
more than 40 pe. A location that can capture an effective change in the strain due to RCF introduction

will be suited for installing the strain sensor.

Figure 86 C shows the locations where the sensor can be installed for detecting the longitudinal strains
for detecting the RCF defect. The intersection of the results from all the simulations has presented a
list of robust candidate locations with a high potential for detecting the introduced defect. The
suggestions for sensor placement involve locations that are spread around the vicinity of the location
where the defect was introduced. It can also be observed that the longitudinal strains can either be
detected at the rail head or foot, with values for the change in strain of up to 100 pe on the railhead. As
the locations near the rail foot are away from the wheel-rail contact interface, they would be ideal for
installing the strain sensor in the longitudinal orientation. However, the average value for the change

in strain is lower at 20 pe.
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Figure 86: Intersection of the locations from all simulations for detecting the RCF defect; (A) Lateral

strains; (B) Vertical strains; (C) Longitudinal strains.

Similarly, the proposed sensor placement locations for detecting the presence of wear between the

sleepers have been plotted in Figure 87.

As shown in Figure 87A, the potential for the detection of wear by measuring the lateral strains is low.
In Figure 87B, the locations where the sensor can be placed for detecting the vertical strains have been
plotted. Again, with a strain change of up to 70 pe, the locations on the rail web on the track side

present good potential for the detection of wear and they are also reasonably away from the wheel-rail

contact interface.
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The locations that will potentially be able to capture the longitudinal strains for fault detection have
been plotted in Figure 87C. It can be observed that the number of elements/locations where the
longitudinal strains can be measured for detecting the wear defect is more than the RCF defect. In
addition, it is advisable to place the sensor away from the rail head for detecting the defect, which

would make the rail foot an ideal choice. The value for the change in strain is up to 100 pe at this

position.
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Figure 87: Intersection of the locations from all simulations for detecting the wear defect; (A)

Longitudinal strains; (B) Vertical strains; (C) Lateral strains.

The proposed locations for placing the sensor for detecting the voiding defect when the wheel passes

over the wear/RCF defect positioned between the sleepers has been plotted in Figure 88. The voiding
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defect has been introduced under the sleeper and the position of the wheel for the visualisation of

results in Figure 88 is in between the sleeper spacing.

It can be observed from Figure 88A that the choice for sensor placement for detecting the lateral

strains is quite low.

In contrast, Figure 88B shows that the number of locations for detecting the fault through the
measurement of vertical strains is a bit higher, with a strain change of up to 50 pe being achieved on
the rail web. Figure 88C shows a large candidate pool for placing the sensors for detecting the
longitudinal strains. However, the amplitude for the mean change in strains is much higher for the

vertical strains on the web than the longitudinal strains on the foot, which does not exceed 25 pe.

Screening Step 3- Voiding (all scenarios) %11 49
50
200 .
€ 40
£
< 150
= 30
w0
4
3 100
8 20
Q
> 50
10 -
20
0
Lateral position (mm)
Longitudinal position (m)
Screening Step 3- Voiding (all scenarios) 2%z ) Screening Step 3- Voiding (all scenarios) Aty (ue)
[ 150
350
i 200 -
£ 300 =
E 3
c {100
_5 250 E 150 -
2 =
g 200 g
= — 100
[}
] 150 i}
5 T
2 @ 50
100 > 50,
10 -
— 2001 50 ‘
o ™ . 0 ' T 100 0
9 50 9 50

Lateral position (mm)

Lateral position (mm
Longitudinal position (m) P (mm)

Longitudinal position (m)

Figure 88: Intersection of the locations from all simulations for detecting the voiding defect; (A)

Longitudinal strains; (B) Vertical strains; (C) Lateral strains.
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Figure 89 shows the locations where the sensors can be installed for the detection of the surface
defects that were introduced on the section of the rail in the sleeper spacing for all scenarios. As
shown in Figure 89A, there are very few locations where the sensors can be installed in the lateral

orientation, making the measurement of the lateral strains an impractical solution.

In the vertical orientation, the locations where the sensors can be installed has been shown in Figure
89B. The vertical sensors can be installed on the rail web on the track side for detecting the presence
of the surface defects, achieving an average strain change value of 50 pe. Figure 89C shows the
locations where the sensors can be installed in the longitudinal orientation. They can either be installed
on the rail head or the rail foot, with the rail foot being more practical for implementation as it will
ensure the physical integrity of the sensor. At this position, an average strain change value of up to 30

pe has been achieved.
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Figure 89: Intersection of the locations from all simulations for detecting the surface defects; (A)

Longitudinal strains; (B) Vertical strains; (C) Lateral strains.
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Figure 90 shows the locations where the sensor can be installed for detecting the surface defects that
were introduced on the rail in the sleeper spacing as well as voiding. Figure 90A confirms that the
installation of a single sensor for detecting the lateral strains is not a feasible option for the detection
of all the defects. Figure 90B shows the locations where the sensors can be installed for measuring the
vertical strains to detect all the defects. A lower number of candidate locations are obtained for the
results for all defects than those for surface defects. Figure 90C shows the locations where the
longitudinal sensor can be installed for detecting all the defects. The sensors can either be installed at
the rail head or the foot in the longitudinal orientation. The average vertical strain change on the web

is 30 ue and the similar value has been achieved for the average longitudinal strain change on the foot.
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Figure 90: Intersection of the locations from all simulations for detecting all the simulated defects; (A)

Longitudinal strains; (B) Vertical strains; (C) Lateral strains.
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6.4 Determining sensor placement for monitoring the development of the defect at

the sleeper-supported rail section

The approach that was explained in Section 6.1 was also implemented for determining the sensor

placement for detecting the presence of the defect on the sleeper. Only the results for the vertical and

the longitudinal strains have been shown because the installation of sensors for measuring the lateral

strains shows a very low potential for condition monitoring. Figure 91A,B show the locations for

measuring the vertical and the longitudinal strains respectively for detecting the presence of the wear

on the sleeper. A good number of potential candidate locations have been obtained. The average

vertical strain change on the web is 130 ue and the same for the longitudinal strain on the foot is 50
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Figure 91: Intersection of the locations from all simulations for detecting the Wear defect on the

sleeper; (A) Vertical strains; (B) Longitudinal strains

Figure 92 shows the potential locations where the sensors can be installed for detecting the RCF defect

on the sleeper. The number of candidate locations are slightly less than the ones for detecting the Wear

defect that were shown in Figure 91. The average vertical strain change on the web is 100 pe and the

same for the longitudinal strain on the foot is 50 pe.

218



A B

Screening Step 3- RCF (all scenarios) Aﬁﬂ_':”z) Screening Step 3- RCF (all scenarios) Dy, (we)
oo 140
i 200 120
£ £
= £ 100
5 400 £ 150
3 Z ®
a 300 =S
® 7 100 )
2 o
= =
) 200 (]
> > 50 L 40
10 P
200. 100 — 2008 20
- S 150
o 100 0 S~ 100 0
9 50 9 50
o - Lateral position (mm) Lateral position (mm)
Longitudinal position (m) Longitudinal position (m)

Figure 92: Intersection of the locations from all simulations for detecting the RCF defect on the

sleeper; (A) Vertical strains; (B) Longitudinal strains

Interestingly, the number of candidate locations that have been obtained for detecting the voiding
defect is lesser than that for detecting the wear and RCF defects as shown in Figure 93. The potential
reason for this will be explained in more detail in Section 6.7, where the results for the strain

distribution from the cross-section of the rail will be discussed.
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Figure 93: Intersection of the locations from all simulations for detecting the voiding defect on the
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Figure 94 shows the intersection of the locations for detecting the Wear and RCF surface defects. This
indicates that the installation of the sensor at one of the proposed locations will be able to detect either
of the defects. The average vertical strain change on the rail web is 70 pe and the same for the

longitudinal strain on the foot is 50 pe.
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Figure 94: Intersection of the locations from all simulations for detecting the surface defects on the

sleeper; (A) Vertical strains; (B) Longitudinal strains

Figure 95 shows the potential locations for detecting the presence of all the defects that would occur
on sleeper-supported rail. These results are the intersection of the locations shown in Figure 91, Figure
92 and Figure 93. As the potential for detecting the voiding defect is low as shown in Figure 93, the
candidate locations installing the sensor for detecting all three defects is also less in Figure 95. The
results that have been obtained from the rail cross-section will be discussed in greater detail in Section

6.7.
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Figure 95: Intersection of the locations from all simulations for detecting all defects on the sleeper; (A)

Vertical strains; (B) Longitudinal strains

6.5 Results from the cross-section of the rail that shows the highest potential for

fault detection

The results for the sensor placement at the rail cross-section where the wheel and the rail are in contact
in the simulations that were carried out with wear on the sleeper has been shown in Figure 96. The
locations where the sensors can be placed for detecting the vertical strains has been shown in Figure
96A. A large number of candidate locations can be observed but the locations on the rail web on the
track side that have been encircled in red show a high potential for detecting the defects due to a
higher amplitude for the mean change in the strains, which is over 150 pe. Similarly, Figure 96B
shows the potential locations for installing the sensors for measuring the longitudinal strains to detect
the wear defect that will occur on the sleeper. The locations at the rail foot show potential for detecting
the defect since they are away from the away from the switch toe and yet are yet able to capture the
minimum required difference in the strain values. It can be seen that values of up to 80 ue have been

achieved. The colours indicated in the colour bar in the plots indicate the ranking of the locations.
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It is noteworthy that the results that shown in Figure 96 A were obtained whilst ignoring the first
screening step. The results from the wear simulations were obtained in the absence of contact between
the wheel and the switch rail because of the discontinuity in the rail profile. This loss of contact
resulted in a value of less than 5 pe for the strains that were captured at most locations. As there was a
risk of misrepresenting the locations for sensor placement, Step 1 of the screening step has been

ignored in this case.
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Figure 96: Results for the cross-sectional strains from the wear simulations- wheel-rail contact on the

sleeper; (A) Vertical strains; (B) Longitudinal strains.

Figure 97 shows the ranked locations for installing the sensors for detecting the presence of the wear
that would occur in between the sleeper spacing. Figure 97A shows the locations under the gauge
corner of the rail on the field side (encircled) are ranked higher than the rest of the locations on the rail
web and have output a strain change of up to 100 pe. In this instance, the location of the contact patch

had moved closer to the field side, because of the presence of the wear.

However, Figure 97B shows a similar strain distribution to Figure 96B, where the bottom portion of
the rail foot is able to capture a change of up to 80 pe for the longitudinal strain. Moreover, the rail
foot will experience strains that are tensile in nature and the sensor measurements will be less sensitive

to the location of the contact patch than when measuring them on the rail web.
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Figure 97: Results for the cross-sectional strains from the Wear simulations- wheel-rail contact in

between the sleeper spacing; (A) Vertical strains; (B) Longitudinal strains.

The ranked locations for detecting the RCF defect on and in between the sleepers has been shown in

Figure 98 and Figure 99 respectively. The stiffer support for the rail section that is supported by the

sleeper would result in a higher overall amplitude and change in strains is higher than for the section in

the sleeper spacing, going up to 100 pe and 40 pe for the vertical and longitudinal strains respectively.

Therefore, the results from the section of the rail supported by the sleeper in Figure 98 show a larger

number of candidate locations than the results that will be shown for the free section in Figure 99.

223



A B

200 Screening Step 3- RCF (all scenarios) ‘35227(“" 200 Screening Step 3- RCF (all scenarios) Aty (He)
140
dveq 600
180 ® 180
e®e oo a0 120
E 160 A E 160
°
E :. ° £ 100
c o ® 400 =
S 140 ® S 140 a0
= o =
a * .o 300 8
120 : Se 120 60
] e o°
= * a0 200 £
2 100 °® o 2 100 40
o . hd :'
e® 4100
80 P e ° 80 20
esde ®
60 0 60 0
40 60 80 100 120 140 180 180 40 60 80 100
Lateral position (mm) Lateral position (mm)

Figure 98: Results for the cross-sectional strains from the RCF simulations- wheel-rail contact in

between the sleeper spacing; (A) Vertical strains; (B) Longitudinal strains.

The encircled locations on the rail web and the foot have shown potential for RCF detection in Figure
99. Values of up to 70 ue and 30 ue have been achieved for the average vertical and longitudinal strain

change respectively.
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Figure 99: Results for the cross-sectional strains from the RCF simulations- wheel-rail contact on the

sleeper. (A) Vertical strains; (B) Longitudinal strains.

The ranked locations for detecting the presence of the voiding defect on or in between the sleepers

have been indicated in Figure 100 and Figure 101 respectively. Figure 100A,B show that the potential
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for detecting the presence of the voiding defect on the sleeper is very low. For the vertical strains, this
may be because a tie constraint has been implemented for connecting the rail to the baseplate and so
forth. This would effectively clamp the rail to the sleeper and thus the deformation would be relatively
smaller than the deformation that will be captured at the section that is not supported by the sleeper.
Since the rail foot is clamped to the sleeper through the baseplate because of the tie constraint, the
amplitude for the change in the deformation at lower portions of the rail such as the rail foot would be

smaller than that on the rail web (Figure 100 B).
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Figure 100: Results for the cross-sectional strains from the Voiding simulations- wheel-rail contact on

the sleeper; (A) Vertical strains; (B) Longitudinal strains.

On the other hand, a sufficient change in the amplitude of the vertical and the longitudinal strains as a
result of voiding can be captured for the rail section that is free. Figure 101 A,B show that the
placement of the sensors at the encircled locations on the rail web and the foot show potential for

detecting the defect, achieving an average change in strain of up to 50 pe at the encircled locations.
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Figure 101: Results for the cross-sectional strains from the Voiding simulations- wheel-rail contact in

between the sleeper spacing; (A) Vertical strains; (B) Longitudinal strains.

The locations for placing the sensors for detecting the surface defects, i.e. the wear and the RCF

defects that would occur on the sleeper have been plotted in Figure 102A,B. The colourbar in Figure

102 shows the value for the mean amplitude of the change in strains. Figure 102A shows that for the

presence of the surface defects a higher value for the mean change in the vertical strains has been

captured at the encircled location (up to 120 pe) than the mean change in the longitudinal strains that

is shown in the encircled location in Figure 102B (up to 60 pe).
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Figure 102: Results for the cross-sectional strains from all simulations with the surface defects-

wheel-rail contact on the sleeper; (A) Vertical strains; (B) Longitudinal strains.
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The locations where the sensors can be installed for detecting the surface defects that would occur in
between the sleeper spacing have been shown in Figure 103A,B. Although, the number of candidate
locations are less than those shown in Figure 102, the encircled locations in Figure 103 show a high

probability for detecting the defect. An average value for the change in strain of 50 pe has been

captured at these locations.
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Figure 103: Results for the cross-sectional strains from all simulations with the surface defects- wheel-

rail contact in between the sleeper spacing; (A) Vertical strains; (B) Longitudinal strains.

Figure 104 and Figure 105 show the locations that will be able to detect all the defects that have been
modelled into the track. Figure 104 shows the locations that will be able to detect all the defects that
are present on the sleeper. Unfortunately, as the locations that have been highlighted in the figure are
an intersection of the results from the wear, RCF and the voiding defects, the poor potential for
detecting the voiding defect in Figure 100 is reflected in the plots shown in Figure 104. Although there
is a large pool of candidate locations for detecting the surface defects (Figure 102), the pool drastically
reduces for picking the same location for detecting voiding along with the surface defects (Figure

104).
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Figure 104: Results for the cross-sectional strains from the simulations with all defects- wheel-rail

contact on the sleeper; (A) Vertical strains; (B) Longitudinal strains.

On the contrary, the encircled locations in Figure 105 show a good potential for detecting the wear,
RCEF defects in between the sleeper spacing as well as the voiding when the wheel would pass over the
location in between the sleeper spacing. For the results of the average vertical and longitudinal strain

change, an average value of 40 pe and 30 pe has been achieved respectively at the encircled locations.
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Figure 105: Results for the cross-sectional strains from the simulations with all defects- wheel-rail

contact in between the sleeper spacing; (A) Vertical strains; (B) Longitudinal strains.
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6.6 Testing the ability of the sensors installed at the proposed locations to detect

the defects.

The ability of the sensors to detect the defects will be tested by determining the correlation between
the impact force and the strain values. Essentially, the modelling results have been implemented for

simulating the outputs that will be obtained from the sensor measurements.

The virtual sensor measurements or the modelling outputs have been analysed for the following

scenarios:

1. Occurrence of the rail defect between sleeper spacing and sensor installed on the rail in sleeper
spacing: This scenario has been presented in Figure 106, where the position of the sensors and
the wheel during the time step at which the sensor results are to be analysed are shown. The
vertical and the longitudinal strains can be measured by installing the sensor at the rail web
and foot respectively at an approximate longitudinal distance of 9.45 m from the switch toe. It
is noteworthy that the switch and the stock rail have been shown together in Figure 106, and
the longitudinal sensor on the switch rail is actually installed at the bottom face of the rail foot,

which corresponds to the location encircled in Figure 105B.

| Surface defect |

|

Longitudinal strain sensor

Figure 106: Occurrence of the rail defect between sleeper spacing and sensor installed on the rail in

Vertical strain sensor

sleeper spacing.

2. Occurrence of the defect over sleeper-supported rail and sensor installed on sleeper supported

rail: This scenario has been presented in Figure 107, where the position of the sensors and the
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location of the passage of the wheel over the surface defect during the time step at which the
sensor results will be analysed are shown. The strains are measured at an approximate

longitudinal distance of 9.15 m from the switch toe.

| Surface defect |
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Longitudinal strain sensor

Vertical strain sensor

Voiding

deo z

Figure 107: Occurrence of the rail defect between sleeper spacing and sensor installed on the rail in

sleeper spacing.

3. Occurrence of the rail defect between the sleeper spacing and sensor installed on sleeper
supported rail: This scenario has been presented in Figure 108, where the position of the
sensors and the location of the passage of the wheel over the surface defect during the time
step at which the sensor results will be analysed have been shown. The strains are measured at

an approximate longitudinal distance of 9.15 m from the switch toe.

Surface defect

Longitudinal strain sensor
Vertical strain sensor

kez

Figure 108: Occurrence of the rail defect between the sleeper spacing and sensor installed on sleeper

supported rail.

4. Occurrence of the rail defect over sleeper supported rail and sensor installed on the rail in

sleeper spacing: This scenario has been presented in Figure 109, where the position of the
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sensors and passage of the wheel over the surface defect during the time step at which the
sensor results were analysed have been shown. The strains are measured at an approximate

longitudinal distance of 9.45 m from the switch toe.

Surface defect ‘
|

!

Longitudinal strain sensor

Vertical strain sensor .
 Vertical trin sensor | Voiding

Figure 109: Occurrence of the rail defect over sleeper supported rail and sensor installed on the rail in

sleeper spacing.

The sensor placement determination approach as well as the potential approach for fault detection
were explained in Section 6.1. The potential sensor placement locations and the sensor orientations

were determined in Section 6.5.

The impact load can be predicted from the sensor measurements if a high correlation exists between
the measured strains and the wheel-rail contact force. It was described in Chapters 4 and 5 that the
placement of sensors for measuring the vertical and longitudinal rail strains show a higher probability
of fault detection than the measurement of the lateral rail strains. Hence, the Pearson’s correlation
coefficient between the vertical/lateral rail strains and the vertical wheel-rail contact force was first

obtained from each of the simulations.

The outputs from the 30 numerical simulations were implemented for determining the possibility of a
linear relationship between the strains and the vertical contact force for the four aforementioned
scenarios from the result for the correlation coefficient. Finally, the possibility for obtaining this linear

relationship was tested by deriving the contact force from the rail strains by performing linear
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regression analysis and plotting the regression line and the data points that were extracted from the

simulation on the same graph.

The ability to capture an accurate change in the vertical contact force from the sensor measurement is
essential for performing the quantitative damage prediction studies that can be implemented for
determining the health and condition of the switch by implementing traditional damage prediction
models. However, even without obtaining a direct linear relationship between the strains and the
wheel-rail impact force, it may be possible to detect and classify the defects if the results for the
strains that are captured after introducing the different defects are distinctive. In essence, a linear
relationship between the strains and the impact force would simplify the quantification of the presence

of defects but is not a prerequisite for fault detection, as it will be shown in the next section.

6.6.1 Occurrence of the rail defect between sleeper spacing and sensor installed on the
rail in sleeper spacing.
For this scenario that has been shown in Figure 106, the correlation between the vertical contact

force/impact force and the vertical rail strains have been plotted in Figure 110 A,B.

The results for the wheel-rail impact force that were obtained from the FE simulations that were
carried out with no defect, RCF between sleepers, wear and voiding have been plotted in Figure 110
A,B. The results from the simulations that were carried out with tare and laden loads have been plotted

in Figure 110 A and B respectively.

When concentrating on the ordinate, it can be observed that a higher amplitude of negative
compressive strains than the model with no defect are obtained in the presence of the RCF and
voiding. Due to a considerable difference in the contact patch location, the results from the wear
simulations show a reduction in the compressive strain amplitude when compared to the model with
no defect. This also means that the wheel-rail contact patch has laterally moved away from the sensor
location. An R value or a correlation coefficient of 0.61 is obtained between the vertical rail strains

and the impact force. The influence of the wear simulations on the regression line can be clearly
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observed. With the exception of the wear simulations, the results for the contact force can be predicted

with a reasonably good accuracy from the vertical rail strains.

In the legend shown in Figure 110, the R value as well as the relationship between the values plotted

on the X and Y axes can be seen.
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Figure 110: Correlation between the impact force and the vertical rail strains when both the sensor

and the defect are in the sleeper spacing; (A) Tare load; (B) Laden/Heavier load.

The percentage difference between the strains that have been captured with and without the track
defects have been highlighted in Table 39. The amplitude of the vertical strains is higher for the model
with the RCF and the voiding defect than the model with no defect. A minimum difference of 20 % is
captured when capturing the results with the wheel with the tare load, which demonstrates a good
potential for condition monitoring. The amplitude of the strains for the worn rail is around 50% less,
which also shows the potential for detecting the wear defect. From the values in Table 39, the potential
for detecting the presence of RCF and Wear defects by placing the sensor in the vertical orientation at
the proposed location is rather high. There is also some potential for detecting voiding, but the results

show a higher probability of detecting RCF and Wear.
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Table 39: Average change in the vertical strains when the sensor and the surface defect are in the

sleeper spacing.

Average change in the vertical | Average change in the vertical
Defect type
strains (%)- Tare load strains (%)- Laden load
RCF 31.73 65.58
Wear -47.48 -53.76
Voiding 20.01 12.52

The histogram for the values for the vertical strains that were captured at the potential location for

vertical sensor placement have been plotted in Figure 111. It can be observed that the absolute

amplitude of the strains that have been captured would lie between 80 and 240 pe. The strain values

that are captured from the majority of the simulations lie between are between 120 and 200 pe. The

simulations where an amplitude that is greater than 200 pe is captured has the presence of the RCF

defect. The results that are obtained from the simulations with the wear defect lie between 80 and 100

pe. The results that are captured without any surface defects lie between 120 and 160 pe. Although the

values for the vertical strains are highly dependent on the location of the contact patch, the defects can

be classified based on the strain measurement range.
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Figure 111: Histogram for the vertical strain values for determining the measurement range of the

sensor when both the sensor and the defect are in the sleeper spacing.

For the same scenario, the correlation between the longitudinal strains that are measured at potential
sensor placement location on the rail foot and the vertical impact force has been plotted in Figure 112.
An R value of 0.97, which demonstrates a good correlation between the longitudinal strains and the
vertical impact force has been obtained. Unlike Figure 110 where it is shown that the results for the
vertical strains will not help obtain the accurate results for the vertical impact force for wear, the
results for the longitudinal strains that have been shown in Figure 112 show an accurate estimate for
the impact force for worn rail can be achieved. This demonstrates that the value for the longitudinal
strains is therefore less sensitive to the lateral position of the contact patch. It can also be observed in
Figure 112 that the longitudinal strain results are able to differentiate between the various defects and
axle loads. The measurement of longitudinal strains at the proposed sensor placement location on the

rail foot shows the potential for detecting the presence of surface defects in the sleeper spacing.
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Figure 112: Correlation between the impact force and the longitudinal rail strains when both the sensor

and the defect are in the sleeper spacing; (A) Tare load; (B) Laden/Heavier load.

The percentage difference between the strains that have been captured with and without the track
defect have been highlighted in Table 40. The change in strains on introducing wear is much higher
than RCF and voiding. The values for the percentage difference that have been included in Table 40

are positive, indicating that an overall average increase in the strain amplitude of at least 10 %.

Table 40: Average change in the longitudinal strains when the sensor and the surface defect are in the

sleeper spacing.

Average change in the longitudinal | Average change in the longitudinal
Defect type
strains (%)- Tare load strains (%)- Laden load
RCF 11.38 15.47
Wear 72.59 57.67
Voiding 23.29 10.87

The histogram that has been plotted in Figure 113 shows that the sensor will need to capture an

absolute amplitude of the longitudinal strains between 80 and 170 pe. Classifying the defects based on
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the amplitude of the strains is possible; however the influence of the axle load is also an important
factor as the amplitude of the strain that is captured in the presence of the defect and lower axle load is
similar to that which is captured in the absence of the defect and heavier axle load. Nevertheless, it
should be easy to filter out the influence of the axle load for determining the condition of the track. A
continuous measurement of the high amplitude of the strains by sensors that are located elsewhere on
the infrastructure will be able to indicate the presence of heavier axle loads and thus be able to filter
out its influence. It can be observed that the measurement range for capturing the longitudinal strains

is lower than that for the vertical strains.
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Figure 113: Histogram for the longitudinal strain values for determining the measurement range of the

sensor when both the sensor and the defect are in the sleeper spacing.

6.6.2 Occurrence of the rail defect over supported sleeper and sensor installed on sleeper

supported rail.
The installation of the sensor on the section of the rail that would lie on the sleeper as shown in Figure
107 has been investigated. The results for the correlation analysis between the vertical rail strains and

the vertical impact force have been plotted in Figure 114. A correlation coefficient of -0.992 shows a
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strong linear relationship between the vertical strains and the vertical impact force at this position. It
can be observed in Figure 114 that the proposed location will be able to capture a higher amplitude of
the vertical strains when the RCF is present on the sleeper-supported rail than in the absence of the
defect. Similarly, Figure 114 shows that the loss of wheel-rail contact resulting from the presence of
the wear defect would result in a value for the vertical strain that is close to zero. As there is a good
correlation between the outputs of the strains and the impact force, the detection of the presence of the

surface defects of wear and RCF on the sleeper by installing the sensor at this location and orientation

could be achieved.
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Figure 114: Correlation between the impact force and the vertical rail strains when both the sensor

and the defect are on the sleeper-supported rail section; (A) Tare load; (B) Laden/Heavier load.

The percentage difference between the strains that have been captured with and without the track
defect has been highlighted in Table 41. The change in strains on introducing wear is much higher
than RCF and voiding. The results from the wear simulation have shown a reduction in the strain
amplitude. The results from the RCF and voiding simulations with the tare load have shown an
increase in the strain amplitude as expected. However, the results that have been obtained from the
laden load have shown a decrease in the strain amplitude when compared with the results that were
obtained from the simulation with no defect whilst implementing the laden load. As verified, this is

because of the difference in the lateral contact position between the two models. Also, the correlation
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between the strains and the impact force is better for the results that were obtained from the

simulations with the tare load than the laden load.

Table 41: Average change in the vertical strains when the sensor and the surface defect are on the

sleeper-supported rail section.

Average change in the vertical Average change in the vertical strains
Defect type
strains (%)- Tare load (%)- Laden load
RCF 56.88 -8.18
Wear -154.38 -189.46
Voiding 10.44 -15.42

The histogram that has been plotted in Figure 115 shows that the absolute amplitude of the vertical
strains that are captured when both the sensor is located and wheel passes over the sleeper-supported
rail section lie between 0 and 250 pe. The loss of contact in the presence of the wear has resulted in
the bin on the histogram that is closer to 0. The histogram bin after 200 pe consists of the results from
the simulations that had the presence of wear over the sleeper. The results with no defects and voiding
lie in the bin with the highest frequency lie between 150 and 200 pe. This demonstrates that the

classification of the defect based on the amplitude of the strain is clearly possible.
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Figure 115: Histogram for the vertical strain values for determining the measurement range of the

sensor when both the sensor and the defect are on the sleeper-supported rail section

At the same section of the sleeper-supported rail, the presence of a linear relationship between the
vertical impact force and the longitudinal strains has been investigated in Figure 116. It can be
observed that despite an increase in the contact force in the presence of the RCF on the sleeper, the
amplitude of the longitudinal strains is either equal to or less than the results that are obtained from the
simulations that were carried out without the RCF. However, a very low amplitude of longitudinal
strains are obtained from this location for the results from the simulations with the wear defect. With
the high value for the correlation coefficient of almost 0.87, although the installation of the sensor
shows potential for detecting the loss of contact, it does not seem to capture the increased amplitude of
the impact force that would result from the presence of the RCF on the sleeper and hence could
possibly detect a defect on the loss of contact but not when there is an increase in the contact force.
Similarly, Figure 116 shows that despite a good correlation between the strain and the impact force for
the voiding simulations, the presence of voiding would not result in a much higher amplitude for the

contact force.
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Figure 116: Correlation between the impact force and the longitudinal rail strains when both the sensor

and the defect are on the sleeper-supported rail section; (A) Tare load; (B) Laden/Heavier load.

The tie constraint between the foot of the switch rail and the baseplate has influenced the amplitude of
the strains. Due to the loss of the contact between the wheel and the switch rail in the presence of
wear, the largest percentage for the change in the strains has been captured for this case as shown in
Table 42. The results for the RCF show a reduction in the strain amplitude despite an increase in the
contact force, indicating poor correlation. The results for the voiding show an increase in the strain

amplitude as well as the contact force.

Table 42: Average change in the vertical strains when the sensor and the surface defect are on the

sleeper-supported rail section.

Average change in the longitudinal Average change in the longitudinal
Defect type
strains (%)- Tare load strains (%)- Laden load
RCF -8.95 -19.27
Wear -46.40 -58.38
Voiding 8.30 2.40
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The histogram shown in Figure 117 shows the low measurement range (0 to 80 pe) for the
longitudinal strains on the rail foot on sleeper supported rail. Figure 116 and Figure 117 show that
apart from the presence of wear, no other defect can be detected by measuring the longitudinal strains

at the rail foot on the rail that is supported by the sleeper.

Sensor and wheel passage over the sleeper

Frequency

0 10 20 30 40 50 60 70
Longitudinal rail strains (pe)

Figure 117: Histogram for the longitudinal strain values for determining the measurement range of the

sensor when both the sensor and the defect are on the sleeper-supported rail section

6.6.3 Occurrence of the rail defect between the sleeper spacing and sensor installed on

sleeper supported rail.
The ability of detecting the presence of the defect by installing the sensor at a distance away from the
fault location has been investigated. As shown in Figure 108, the ability to detect the track defects
when the wheel is positioned in between the sleeper spacing and the vertical and the longitudinal
sensors are installed on the sleeper has been investigated. It can be observed in Figure 118 that when
the vertical sensor is installed on the sleeper at the proposed location, a poor correlation is obtained
with the impact force that is captured when the wheel passes over the location between the sleeper
spacing. Moreover, Figure 118 shows that the amplitude of the strains that are captured is very less

and there can be no differentiation between the different defects.
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Figure 118: Correlation between the impact force and the vertical rail strains when the sensor is placed

on the sleeper and the wheel passes over the defect between the sleepers; (A) Tare load; (B)

Laden/Heavier load.

Similarly, a poor correlation is obtained between the longitudinal strains and the impact force when

the sensor is installed on the sleeper-supported rail. Moreover, the amplitude of the strains that are

captured is rather low and would lie between 2 and 14 pe, which demonstrates a rather low probability

of detecting any defect by installing the sensor at this location.
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Figure 119: Correlation between the impact force and the longitudinal rail strains when the sensor is

placed on the sleeper and the wheel passes over the defect between the sleepers; (A) Tare load; (B)

Laden/Heavier load.
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6.6.4 Occurrence of the rail defect over sleeper supported rail and sensor installed on the
rail in sleeper spacing.

As shown in Figure 109, potential for detecting the occurrence of the track defects over the sleeper-
supported rail when the sensor is installed in the sleeper spacing has been investigated. The correlation
between the vertical rail strains and the vertical impact force, which has been plotted in Figure 120,
shows that a high correlation between the strains and the impact force is obtained. However, barring
some of the result points that are obtained from the simulations that were carried out in the presence of
the RCF over the sleeper, the amplitude of the vertical strains are below the limit of 5 pe that was set
for the sensor resolution. However, a sensor that is able to capture strain values with a very low

resolution and error could potentially detect the presence of the surface defects on the sleeper.

200 Sensor betwaen slespers, surface defect on sleeper 200 Sensor between sleepers, surface defect on sleeper
180 R=-09048]y= 144200204 R=-0.0048 |y = -1.4420e+04*x
©  No defect- tare 180 e}
O Wear-tare 2 No defect- laden
160 Voiding- tare O Wear-laden
RCF on sleeper- tare 160 Voiding- laden

140 Regression line *  RCF on sleeper- laden
z 140 Regression line
= —
=120 z
3 2 120
E 100 @
2 S 100
£ 80 <
£ ©
- fol

60 g 80y

Lo E . *
40 60 [+ c
20 40
0 . | | ]
-6 5 4 3 2 1 0 20
Vertical rail strains (pe) o | | | | . |
-6 5 -4 -3 -2 1 0

Vertical rail strains (pe)

Figure 120: Correlation between the impact force and the vertical rail strains when the sensor is placed
between the sleepers and the wheel passes over the defect on the sleeper; (A) Tare load; (B)

Laden/Heavier load.

As shown in Figure 120, since the amplitude of the vertical strains that are captured by the sensor is
very less, the location does not meet the screening requirement. However, the plots do show the
clustering ability and repeatability of results from the simulations that were carried out with the same

defect. The histogram for the results has not been plotted since it is fairly clear from Figure 120 that
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capturing the strains up to 10 pe with a sensor that has a resolution that will be able to distinguish

between the results will help differentiate between and thus detect the different defects.

Table 43 highlights the percentage difference between the results for the strains that were captured
from the simulations that were carried out with and without the defect. The results for the vertical
strains from the RCF and voiding simulations are higher than that from the simulations that were
carried out with no track defects. Due to the loss of the wheel-rail contact, the results for the vertical
strains that were captured from the wear simulations are much lower. The result for the vertical strain
that is captured in the presence of the RCF defect is 43-50 % higher than the model with no defect.
Those from the voiding simulations are 16% higher and the results from the wear simulations are 283-
287% lower than the results from the model with no defect. If the resolution of the sensor is adequate
and sensitive to changes at such low amplitudes, then the RCF and wear defects can be detected
effectively. There is also potential for detecting voiding but this is lower than the potential for the

detection of the wear and the RCF defects.

Table 43: Average change in the vertical strains when the sensor is placed between the sleepers and

the wheel passes over the defect on the sleeper.

Average change in the vertical Average change in the vertical strains
Defect type
strains (%)- Tare load (%)- Laden load
RCF 43 50
Wear -287 -283
Voiding 16 16

The linear relationship between the longitudinal rail foot strains and the vertical impact force when the
sensor is installed on the foot of the rail that is supported by the sleeper and the wheel passes over the

section of the rail lying in between the sleeper spacing has been shown in Figure 121. Although a

245



reasonably linear relationship with a correlation coefficient of 0.7 is obtained between the longitudinal
strains and the vertical impact force, the higher contact forces that are present because of the presence
of the RCF defect on the sleeper are not reflected in the results for the amplitude of the longitudinal
strains. Figure 121 shows that there is a higher probability of capturing the wear and the voiding

defects at this location than the presence of the RCF defect on the sleeper.
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Figure 121: Correlation between the impact force and the longitudinal rail strains when the sensor is
placed between the sleepers and the wheel passes over the defect on the sleeper; (A) Tare load; (B)

Laden/Heavier load.

As shown in Table 44, the average amplitude for the longitudinal strains that are captured in the
presence of wear and voiding are lower than that captured from the simulations that were carried out
with no defects. There is an increase in the amplitude of the longitudinal strains because of the
presence of voiding. A difference of 175-220% was captured from the simulations that were carried
out in the presence of the wear defect. For RCF and voiding, the difference ranged between 19 and
42%, which is good enough for fault detection. The repeatability and clustering of results will be
potentially able to detect the defect. However, it can be seen in Figure 121 that the amplitude of the
strains that will be captured from the sensor will be lower than when placed somewhere closer to the
defect location. With a sensor that is able to capture the results with a very less value for the

resolution, this behaviour may be captured and thus there will be potential for fault detection.
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Table 44: Average change in the longitudinal strains when the sensor is placed between the sleepers

and the wheel passes over the defect on the sleeper.

Average change in the longitudinal Average change in the longitudinal
Defect type
strains (%)- Tare load strains (%)- Laden load
RCF -22 -42
Wear -176 -216
Voiding 32 19

The histogram for the longitudinal strain values when the sensor is installed on the rail foot in between

the sleeper spacing has been plotted in Figure 122. It can be observed from Figure 121 and Figure 122

that the presence of the wear defect on the sleeper as well as the voiding defect can be classified based

on the amplitude of the longitudinal strains. Moreover, the amplitude of the strain is higher than the

minimum constraint on the sensor resolution of 5 pe. Therefore, those defects could be detected with a

low probability by installing the sensor at this location.

Sensor and wheel passage over the sleeper
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Figure 122: Histogram for the vertical strain values for determining the measurement range of the

sensor when the sensor is placed between the sleepers and the wheel passes over the defect on the

sleeper

247



It was discussed in section 6.1 that the he assessment of the location for measuring the strains will be
based on achieving a minimum difference of +/—10% between the results for the value of the rail
strains from the simulations with no defect and simulations with wear/RCF/voiding. This was decided
because of the range of the reference strain sensor of +/— 5%. The results that have been presented in
sections 6.6.1 and 6.6.4 have shown that the measurement of both the vertical and longitudinal strains
in the sleeper spacing has met this condition for the detection of defects that were introduced on the
sleeper as well as in the sleeper spacing. The achievement of the criteria exceeding +/— 10% has been
shown in Table 39, Table 40 for the detection of defects in the sleeper spacing and in Table 43, Table
44 for the detection of defects on the sleeper-supported section. However, the sensor resolution
requirement (> 5 pe) has not been met for the measurement of the vertical strains in the sleeper
spacing for detecting the presence of defects on the sleeper supported rail section in Figure 120 of
section 6.6.4. In summary, these results hint at the possibility of fault detection by installing the sensor
in the sleeper spacing. However, the recommendations will need to be validated against field
experimentation in future work. The overarching objective of the research of implementing numerical

simulations for structural health monitoring has been achieved through this chapter.
6.7 Summary and Conclusions from Chapter 6

The locations and orientation for installing the sensors for detecting the defects of wear, RCF and
voiding that were introduced on the rail was discussed in this chapter. An approach to determining the
sensor placement by screening and ranking the locations on the basis of the amplitude of the strains
was presented. The correlation between the strain measurements and the wheel-rail impact force was
investigated to check whether the impact force can be estimated from the strain for implementation in
traditional damage prediction models. The constraints on sensor resolution and sensor range were
implemented based on the properties of a reference strain sensor that was implemented in field
experimentation for a railway crossing [39].

The best locations for installing the sensors on the sleeper and in between the sleeper spacing were

investigated for detecting the modelled surface defects of wear and RCF, as well as voiding. The
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locations where the change in the strain amplitude due to the presence of the defect were at least equal
to the sensor resolution were retained during the screening step. Following the implementation of the
screening process for each simulation where the defect was introduced, the intersection of the
screening locations for different axle loads and defect types were obtained and the locations were
ranked based on the mean change in the strain amplitude. Finally, based on the results from all the
simulations, the best locations for detecting each individual defect, only the surface defects and all the
defects together were determined.

The comparison of sensor placement for measuring the vertical, longitudinal and lateral strains showed
that there are significantly more locations for installing the sensors for detecting the vertical and the
longitudinal strains than the lateral strains. The highest overall strain amplitude as well as the
amplitude for the change in the strains is obtained in the vertical direction followed by the longitudinal
and lateral directions. The best sections of the rail for installing the sensors in the vertical and
longitudinal orientations are the rail web and the foot respectively, despite the overall strain amplitude
as well as the change in the strains being the highest on the rail head. Based on engineering judgement,
it makes sense that the installation of the sensor away from the location of the wheel-rail interaction
will improve sensor longevity.

It was shown that the surface defects on the sleeper can be best detected by measuring the vertical
strains on the rail that is supported by the sleeper when the wheel passes over the defect on the sleeper.
The foot of the switch rail is in contact with the baseplate at this section and thus can be seen to
capture the change in the strains not as reliably. The surface defects on the sleeper show some
probability of detection by vertical and longitudinal sensor installation on the free rail section in
between the sleeper spacing when the wheel passes over the defect on the sleeper. The surface defects
in between the sleeper spacing can be detected by installing the sensors for measuring the vertical and
longitudinal strains in between the sleeper spacing with a lower probability by the vertical strains that
are measured on the rail section that is supported by the sleeper. The probability of detecting voiding
is higher by measuring the strains from the sensors that are installed on the section of the rail in

between the sleeper spacing than on the sleeper.
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The results for both the vertical and longitudinal strains at a distance of 9.45 m from the switch toe has
shown the potential for sensor installation by demonstrating a good correlation with the contact force,
achievement of the requirements around sensor range and in almost all cases the measurement of
strain amplitude that is above the resolution of the reference sensor. The strain results from the
numerical simulations have demonstrated the potential ability of detecting the specific defects that
were introduced, regardless of whether the defect is on the sleeper supported rail section or in the
sleeper spacing.

An aspect that will comprise important future work is the comparison of the strain results against the
field measurements. The achievement of the modelling requirements through the comparison of the
rail receptance and vertical wheel-rail interaction results against the reference were demonstrated in
Chapters 3 and 4 respectively. Although the results of the strains have not yet been directly compared
against a reference, the results in this chapter have been obtained whilst implementing the same
simulation framework that was implemented for meeting the modelling assessment criteria in Chapters
3 and 4.

In summary, the numerical approach confirms the expected behaviour and also helps throw some light
on the amplitude of the strains that would need to be captured by the strain sensors, thus helping
determine the range of the strain sensor. In the future, detailed studies on testing the fault detection
algorithms can be carried out by implementing the outputs that are obtained from these simulations.
The model also helps carry out preliminary feasibility studies and thus reduces the time and cost of

carrying out field experimentation for reaching similar conclusions.
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK

The contributions to the knowledge from the research that has been presented in this thesis will be
summarised in this chapter. Moreover, the further work that would implement the outputs from this
thesis will be suggested. The research that could not be carried out as it was beyond the scope of the
research questions that were to be answered as well as the time and cost constraints will be suggested

as further work.

7.1 Contributions from the thesis

Developing a numerical simulation framework that can be applied to studies on condition

monitoring of switches. The research has demonstrated the implementation of a numerical simulation

approach for predicting the longitudinal positions along the switch that are susceptible to surface

degradation as well as modelling the track for determining sensor placement.

In line with the recommendations from a literature evaluation, a holistic simulation of train-track
dynamics in MBS was implemented for determining the crucial locations along the length of the
switch that will experience rail damage by implementing the wear (Ty) number. This helped obtain a
qualitative estimate of the locations that would need to be monitored for the development of surface
damage. It must be emphasised that more detailed, quantitative predictions would have adopted the
implementation of approaches such as models based on the Archard’s wear law or the FI index, which
have been explained in Chapter 2. The purpose of the degradation prediction model in this study was
to provide quantitative estimates of the locations where damage will be expected on the passage of
specific vehicle and for a specific grade of the rail steel and with good efficiency, which has been

achieved by implementing the wear number.

Generally, the results from the model is as good as the level of detail of the vehicle and the track
dynamics that is implemented in the damage prediction model. The simulations from which the
results were analysed has been published and is a part of the S&C MBS benchmark project, which has

been considered as the reference/standard.
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The evaluation in Chapter 2 also emphasised the importance of considering the appropriate level of
detail for the vehicle and the track dynamics and was reflected in the two-step MBS-FE simulation

approach that was adopted for determining the sensor placement.

For the 60E1-760-1:15 switch layout, it was determined that the locations at an overall longitudinal
distance of 9.5 to 10.5 m or 8.7 to 9.7 from the switch toe will be susceptible to high RCF and
moderate Wear damage. Therefore, this location was chosen for detailed FE modelling for introducing

the surface defects and determining sensor placement.

To this end, a representative FE model that would consider the vehicle and track dynamics was

developed and was validated against the reference model that was adopted in the S&C

benchmark project.

As the development of a Digital Twin model of a track model would necessitate the calibration of the
track dynamics with a reference model, an approach to achieving this was demonstrated. This is a

unique contribution that has not been demonstrated for the switch panel before.

To this end, a track model with the switch and stock rails, rail pads, baseplates, baseplate pads and the
sleeper were modelled with solid elements. The vertical and lateral stiffness and damping representing
the bedding were also incorporated into the model. The connections between the switch and the
sleeper through the pads and the baseplate were important to model, as this interaction influences the
amplitude and the direction of the strains, as discussed in Chapter 4. The appropriate mechanical
properties of the materials, as dictated by the appropriate railway standards were included in the

model.

For ensuring that the track dynamic behaviour was compatible between the MBS and the FEA models,
the results for the rail receptance in the vertical and the lateral directions that were obtained from the
FEA model was compared to another beam element FEA model that was based on the S&C
benchmark project. Unlike the beam element FEA model, the 3D Solid element FEA model that has

been developed can help analyse the element stresses and strains at various locations in the rail for
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determining the sensor placement. It was shown in Chapter 3 that the modelling assessment criteria
were achieved against the reference, thereby validating the track dynamics that has been implemented

in the model.

The importance of modelling the track dynamics was also demonstrated in Chapter 4, when the results
from the detailed FE model were compared with a model where the rail was directly fixed to the
ground, i.e. had a very stiff support. The results showed that there is a significant difference in the
strains as opposed to the contact forces that are captured between the two models. This has highlighted
the importance of taking into account the impact of substructure dynamics along with the contact
forces during condition monitoring. The results from the force-strain correlation analysis in Chapter 6
have shown that the measurement of the strains on the rail will potentially be able to deduce the
contact force whilst considering the condition of the track support. If these outputs from trackside
sensors are implemented along with the measurement of contact forces from on-board sensors on

trains then a robust condition monitoring system can potentially be accomplished.

Mesh sensitivity analysis for modelling the wheel-rail interaction was carried out to determine the
required element size for modelling the wheel-rail interaction with accuracy and efficiency. A

converged result for the mesh size was obtained and has been implemented in the simulations.

The results for the vertical contact forces, vertical wheel displacement and the contact patch locations
were compared between the MBS and the FEA models in Chapter 4. The results captured a good
agreement between the MBS and the FEA models and have achieved the modelling assessment
criteria. It was also commented that the adopted approach would vastly improve the accuracy and

efficiency of the 3D FEA model when compared to another FEA model that was developed in-house.

The results for the Wear number and the comparison of the rail receptance helped determine

the specific locations as well as the length of the track that would need to be modelled, thereby

reducing the degrees of freedom and saving a significant amount of computational effort.
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The implementation of the wheel movement and the forces acting on the wheel helped ensure

that a representative amount of force was exerted through a reasonable contact patch that was

placed reasonably. Past research has highlighted the difference that the lateral positioning of the

contact patch would make on the result and therefore the indirect consideration of the holistic vehicle

dynamics by implementing this approach would inspire more confidence in the results.

In a study that is one of its kind, the surface rail defects were introduced into the FE model of a switch
and the interaction between the wheel and the rail was carried out. The influence of the change in the
sleeper support was also modelled. The correlation between the vertical contact force and the rail
strains were discussed in Chapter 6, highlighting the potential for monitoring the condition of the rail

by measuring the rail strains.

An approach to determining sensor placement by implementing a model which is essentially a

digital twin of a reference model has been demonstrated. The results for the mechanical strains

that have been obtained from the model were implemented for determining sensor placement.

This unique contribution involved screening the locations based on the resolution of a chosen

strain sensor, followed by ranking the locations based on the amplitude of the strains.

The results from over 35 simulations that were carried out whilst implementing different inputs for the
axle loads, coefficient of friction and rail defects were implemented for determining the sensor
placement. The locations for installing the sensors for detecting the wear, RCF, voiding defects as well
as the intersection of the locations for detecting the surface defects and all the defects were
determined. The sensor placement for the occurrence of the defect at different locations, i.e. on the

sleeper or in between the sleeper spacing were investigated.

It has been estimated that the measurement of the vertical and the longitudinal strains at the rail

web and the foot respectively show a high potential for detecting the track defects whilst

ensuring the longevity of the sensor. The amplitude of the strains that have been captured at the
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recommended sensor placement locations have also been used for evaluating the strain

measurement range for sensor selection.

Essentially, the main contribution of the research was to demonstrate an approach for developing a 3D
FEA model of a switch that is calibrated against a reference model. A two-step MBS-FE simulation
approach was adopted for incorporating a representative behaviour for the vehicle and the track
dynamics. It was demonstrated through achieving the modelling assessment criteria that the results for
the track dynamics as well as vertical wheel-rail interaction were compatible between the two models.
The results for the mechanical behaviour of the track were then implemented for determining sensor

placement and aiding sensor selection for monitoring the condition of switches.

7.2 Further work

The 3D FE model of the switch that was developed and calibrated against the reference model was
applied to very specific parametric case studies due to efficiency and budget constraints, i.e. specific
defect geometries, material properties, train speed and turnout layout. It is therefore acknowledged that
the results that have been discussed in this thesis will be valid under very specific scenarios and more
sensitivity studies will need to be carried out in the future. Essentially, a modelling framework that can
be adopted for predicting defects and performing studies related to condition monitoring has been

demonstrated through the original research that has been presented in this thesis.

Based on this framework, the actual application of this modelling approach to live, operating railways
is the suggested next step. Moreover, a parallel field experimentation study that will help combine
physics-based numerical simulations and sensor based, data driven condition monitoring is

encouraged.

The following opportunities for further work have been recognised:

1. Comparing the results for the strains against field measurements.
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The model that has been developed is actually based on a site in Sweden. There is also literature for
the derivation of the track properties by implementing instrumentation on this site. The same track
properties have been used in the reference models against which the results for the rail receptance and
the wheel-rail interaction from this research have been compared. At present, the mesh convergence
analysis has been adopted as an approach for inspiring confidence in the results for the strains that
have been obtained from the model. However, further work would also need to include the comparison
of the results for the strains that are obtained from the model and at the proposed sensor location in the

field to help validate the results from the simulations.

2. Calibrating the model against an instrumented site and comparing the wheel-rail interaction

results against the results that are obtained from field experiments.

A Digital Twin that is actually based on an instrumented site can be explored. The measurement for
the track properties by implementing the approaches that have previously been demonstrated in the
literature, such as rolling stiffness measurement vehicles can be adopted. A modelling catalogue for
the different types of rolling stock that would pass over the site can be developed and the railway
operation data for a particular site could be adopted for implementing a Digital Twin. Independent
measurements for the wheel-rail contact force that are obtained from the sensors that are on board the
vehicle can be compared against the measurements that are obtained from the sensors that are installed
on the track. The numerical simulation models can be implemented for performing more detailed

analysis based on the known operating conditions in the field.

3. Systems level Digital Twins, based on reduced order modelling approaches.

The efficiency of the model is a major factor that will influence its uptake as a Digital Twin. With the
current figures for efficiency, a 3D FE simulation would take up to 24 hours for analysing the passage
of a single wheelset. Reduced order modelling approaches, as highlighted in Chapter 2 will help
achieve efficient systems level simulations with a sufficient accuracy. The fine tuning of track

parameters with the field and the comparison of sensor measurement outputs with the results that are
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obtained from the model will help validate the results from the model continuously. The reduced order
simulations can then help estimate for the mechanical behaviour of the various track components and

thereby provide insights on the possibility of maintenance intervention.

4. Testing fault detection algorithms and the potential for condition monitoring by implementing

mechanics-based damage prediction models.

In Chapter 2, the various models that can be implemented for detecting the main types of surface
failure mechanisms were explained. The possibility of obtaining the inputs that are needed for
substitution in the damage prediction models can be investigated from the Digital twin. An example of
this has been demonstrated in Chapter 6, where the possibility of accurately predicting the impact
force from the strain sensor outputs was assessed for the different proposed locations for installing the
sensors. Similarly, the data for signal processing for developing and testing condition monitoring
algorithms can be generated from the model. Therefore, Digital Twins for the different switch layouts
on railway networks can be modelled for testing the fault detection algorithms that will be able to

detect, diagnose and predict switch damage [12].
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