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Executive Summary
The overall S-CODE project approach is to develop a suite of individual innovations
which have the potential to be brought together in a variety of different ways in order to
realize improvements to a future track switch system. These innovations were initially
developed in the three parallel work streams of WPs 3, 4 and 5 (all reported on earlier).
This report summarises work on WP6 of the S-CODE project, where a selection of the more
promising methods developed earlier it the project have been further developed into
concept demonstrators/case study demonstrators which can both feed into WP7 and later
be used to demonstrate the main outcomes of the project to partners, to the IN2Track2
team and at promotional/dissemination events. WP6 activity has resulted in a wide range
of demonstrations and overall some twenty demonstrators are developed. They are
discussed herein.
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1

Introduction to WP6

The aim of the WP6 work package is to validate the prototype subsystems and
components developed in WP3, WP4 and WP5. Technologies of next generation control
were addressed in the WP3 work package: monitoring and sensing systems. In the WP4
work package, technologies from the field of next generation design were addressed:
material and components. Technologies from the field of next generation kinematic
systems were addressed in the WP5 work package: actuators and mechatronics. The
Integration Strategy System, which dealt with the technologies corresponding to the
individual fields of interest in further detail, was a sub-task in each of these three work
packages.
This task was the preparation of the individual technologies for future integration
within the WP6 work package. Within the tasks of the Integration System, the
serviceability of the individual technologies developed was examined in existing and
completely newly developed turnouts, as well as how integrable the technologies are with
each other. The conclusions of the tasks of the Integration System were of a different
nature: most of the technologies were serviceable independently for various types of
turnout (e.g. Neoballast and innovative materials from the WP4 work package) and only
some technologies were bound to a specific concept of a specific technology (e.g. maglev
actuator). In the framework of addressing this task, some ways of suitably integrating
some technologies with each other have been outlined. In this task, further information
about the BIM (building information modelling) method and its use for turnouts as such
was being found, since experience with this method is now mostly for structures as a
whole. Therefore, the way in which the BIM method could be implemented in terms of
turnout development was examined; in this case, it constitutes the peak (instead of the
structure in the original sense of the BIM, wherein the turnout is a part entering a whole,
the peak of which is the entire structure). The selection of demonstrators has thus also
been the result of the Integration System task, which will be validated in the WP6 work
package. The selection of demonstrators is stated in Chapter 2. Similarly, one
demonstrator containing several technologies from all work packages WP3 to WP5
integrated into one final demonstrator has also been created, thus illustrating an example
of future technology combinations. Since many technologies have been found to be
completely independent of other technologies, both in terms of the work package wherein
they are addressed as well as among work packages WP3 to WP5, most of the
demonstrators have been selected as a demonstration of an isolated technology. It is
expected that these technologies can be developed rather separately in the initial phases,
and only the subsequent step shall address the connection to other technologies and other
turnout concepts. This is due to the fact that the resulting development grade should only
be up to Technology Readiness Level (TRL) 4, which is a very low development phase,
while most technologies are in the phase of verifying the fundamental principles of the
proposal. Many of the selected demonstrators also correspond to innovation development
maps (identified withinD3.1, D4.2, and D5.1), which have been created for each package
separately.
The WP6 work package is divided into three sub-tasks. Task T6.1 follows up on the
previously addressed WP3 work package, and its aim is the validation of next generation
control, monitoring and sensor system concepts. Task T6.2 follows up analogously on the
WP4 work package and Task T6.3 on the WP5 work package. In the framework of these
two packages, the validation of next generation design, material and component concepts,
or the validation of next generation kinematic systems, is addressed. The contents of the
individual work packages essentially consist of detailed solutions to demonstrator
preparation, manufacturing and validation exercises of selected demonstrators falling
within the relevant tasks. In this document, the contents of which consist of, in particular,
description of the demonstrators and their validation exercises, the demonstrators are
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sorted into chapters according to Tasks T6.1 to T6.3, while the opening passage
summarises the activities and foci of the individual tasks.
Over the course of addressing the WP6 work package, reaching the M6.1 milestone
had been planned for the last phase, the aim of which is entitled ‘Demonstrators for
validation completed’. The milestone has been reached in time, and a brief report on the
achieved milestone has been prepared for the coordinator.
In general, the project was transferred from the stage of theoretical development
of individual technologies to the demonstration/validation stage within work package WP6.
To carry out the validation and to integrate individual demonstrators subsequently, it is
necessary to select and create corresponding demonstrators. The following items are
considered as demonstrators within the S-CODE project:




A physically produced sample of the corresponding technology with which the basic
expected functionality with the element of innovation will be verified. Testing will
be carried out on this sample, normally in a laboratory, and thus validation will take
place.
A model in the software of the corresponding technology with which the basic
expected functionality with the element of innovation will be verified. Simulation
within specialised software will be carried out on this virtual model, and the
validation will be reached on the basis of the result.
The following is understood as validation:



Laboratory test to verify the expected features of the particular technology or
software simulation.

To validate the demonstrators of selected technologies, it is possible to use the
following laboratories which especially the academic partners of the project have available
within the project:




Birmingham Centre for Railway Research and Education Climatically Controlled S&C
Test Lab;
University of Pardubice, Educational and Research Centre in Transport;
Brno University of Technology, AdMaS (Advanced Materials, Structures and
Technologies) Centre.

The level of development to be reached is TRL4 which is generally validation in a
laboratory. However, for specific purposes of the technology verification, it is better to use
measurement directly on the railway track, which, in this case, serves in the same way as
a laboratory, instead of a laboratory test stand to verify the specific features of some
technologies. They are, for instance, tests of the elements of switch diagnostics (e.g., DAQ
S-BOX and DAQ Light) where the best verification is to test the function when real railway
vehicles are passing, as a similar signal would be difficult to create artificially in a
laboratory.
In this document, the list of individual demonstrators is presented, including a basic
description and their state of preparedness for future laboratory testing or, possibly,
software simulations, as well as a description of the validation principle. To prepare the
demonstrators for validation means to reach milestone M6.1, which is defined as
‘Demonstrations for validation completed’.
The WP6 work package together with the WP7 work package constitute the third
and last phase of the S-CODE project. In terms of the planned structure of the project,
the following phases preceded the third phase. In Phase 1, best (good) practice
assessment, requirements elicitation, horizon scanning, architecture development and
high-level design were undertaken. This produced high-level concepts that were developed
into full designs in Phase 2. In the current Phase 3, the most promising design concepts
from Phase 2 have been taken forward for validation. The validation process will enable
evaluation and assessment to be undertaken and final solutions to be integrated. Phase 3
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(demonstration and evaluation) of the project addresses Objectives 7 to 9 and
concentrates on evaluation and validation of the three main subsystems mentioned above.




Objective 7: To validate the new concepts developed in the project in a laboratory
(TRL4) to allow assessment of the innovations’ performance;
Objective 8: To provide hard evidence (calculations and simulations, experimental
results, and economic, risk, reliability and LCC analysis) that supports the
performance improvements made against Objectives 1 to 6;
Objective 9: To integrate the identified, developed and validated concepts to
produce a solution(s) that can be taken forward to realise the TD3.2 Next
Generation S&C demonstrator.

According to the summary of activities carried out, it can be said that Objectives 7
to 9 have been fulfilled. The concepts, which allowed for validation, had been tested in a
laboratory. These are many technologies from all three work packages (Neoballast,
Contact layer, and Self-healing concrete). However, some demonstrators, or technologies,
do not allow for laboratory tests in their low development phase. These are, e.g., concepts
of new turnouts such as Vehicle-Based Switch or Single Slender Switch. As the TRL grade
in these concepts (TRL1) is lower than TRL4, demonstration was carried out using 3D
printing of models on a reduced scale.
In many demonstrators, simulations and analyses have also been carried out.
These are, e.g., the Back-to-back Switch concept or Condition monitoring. Simulations
and results of simulations have been carried out and the outputs presented.
Similarly, an integration demonstration has been carried out within the Section of
Switch Part demonstrator, while the integration shows the possible interconnections of
technologies. Since, as mentioned above, most of the technologies are now independent
of other technologies, it can be assumed that it will be possible to find many combinations
in the future which could be created from the technologies developed. In the framework
of this integrated demonstrator, demonstration of the possible use of the BIM method has
also been brought forward.
The S-CODE project will develop the new S&C concepts to TRL4. The output of the
project will therefore be a validated design that can be taken forward to develop the
Shift2Rail Next Generation S&C technology demonstrator. The design documentation will
be augmented with BIM files, that will help to support approvals and standardisation
processes during the later stages of the Shift2Rail programme.
Realisation of the Next Generation S&C demonstrator will support the
competitiveness of the EU railway industry by providing global technology leadership and
innovation in the field. The solution will improve the railway customer experience, while
also increasing the attractiveness and competitiveness of rail transportation, hence
encouraging modal split.
Comprehensive technical overviews containing basic information have also been
created for all demonstrators, and have been added to the project’s website.
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2

Demonstrators overview

This chapter introduces the demonstrators developed in WP6. A list of the
demonstrators addressed is presented in Table 1. In total, 26 demonstrators are proposed
within the S-CODE project that were being addressed in the previous phases, i.e. WP3
(monitoring and sensing systems), WP4 (materials and components) and WP5 (kinematic
systems). Integrated demonstrators, in which technologies from across the three fields
are integrated, are at the end of the list. Some of the originally designed demonstrators
have not been developed further or they have been merged with other demonstrators;
that is in cases when several demonstrators had been combined through one specific
technology (e.g. No. 6 handheld scanner and No. 7 scanner using drones, are merged with
demonstrator No. 5).
Table 1 List of Demonstrators
No

Demonstrator

Original WP

Responsible

1

DAQ S-BOX – Small autonomous measuring system

WP3

J. Smutny

2

DAQ Light – Small autonomous measuring system

WP3

P. Navratil

4

Sensor placement (3D printed model)

WP3

J. Shih

5

Handheld switch profile measurement and hazard
identification
device
(with
optical
alignment
compensation)

WP3

J. Ye

8

Condition monitoring (software demonstrator)

WP3

S. Dutta

9

Fault-tolerant control demonstrator

WP3

R. Ambur

10

Contact layer

WP4

E. Schmidova

11

Neoballast

WP4

M. Morata

WP4

S. Kaewunruen

WP4

S. Kaewunruen

12
13

Self-healing and high-damping concrete sleepers and
bearers
Performance-based design guidelines for fibre-reinforced
foamed urethane (FFU) composite sleepers and bearers

14

3D printing of composite sleepers and bearers

WP4

S. Kaewunruen

15

Vehicle-Based Switch

WP5

M. Komarek

16

Back-to-back bistable switch (video demonstrator)

WP5

J. Shih

17

Back-to-back bistable switch (physical demonstrator)

WP5

R. Ambur

19

Single slender switch

WP5

T. Marek

21

Maglev actuator

WP5

O. Olaby

23

MR Lock, locking based on magneto-rheological fluid

WP5

S. Dutta

24

Hardware-in-the-loop simulation (using high-redundancy
actuator)

WP5

M. Hamadache

25

Section of switch part

WP3+4+5

L. Raif

26

BIM

WP3+4+5

G. Nicholson
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3

Task T6.1 – Validation of next generation control, monitoring and
sensor system concepts

Task 6.1 brings together and integrates a number of the technologies developed in
WP3 (Next generation control monitoring and sensing systems) identified as being of
significant potential benefit to future monitoring and control of S&C systems in the
evaluation activities undertaken in WP2 (Overall system architecture and initial high-level
design). The combined technologies have been developed as integrated solutions to TRLs
appropriate to their position within the WP3 innovation roadmap. This means that some
have been developed as far as physical solutions, others as proof of concept or scaled
hardware, some as simulations or models, and some have been considered in concept
only. The integrated solutions produced have then been evaluated for technical validity to
support the full technology and concept evaluation exercise being undertaken in WP7
(Evaluation, impact and future development).
In addition to the level of development, the innovation roadmap considers the
technology solutions within three themes: Actuation, monitoring and control; Substructure
and dynamic impact monitoring; and Autonomous inspection and repair. The WP3
innovation roadmap encompasses nine potential integration/demonstration activities,
although for practical reasons some of these have been combined as single activities, and
a further one has been incorporated into a fully integrated demonstrator spanning all three
technical work packages.
The first two demonstrators illustrate the development of monitoring and
processing solutions to support the evaluation of substructure and dynamic impacts during
vehicle passages. ‘DAQ S-BOX’ is a small autonomous measuring system incorporating the
Train Identification System (TIS) and the Dynamic Effects Evaluation Systems for Switches
(DESS) and Crossings (DESC) described in D3.1. The system uses a combination of
statistical analysis and machine learning to allow evaluation of the substructure and the
forces associated with the impacts sustained during the passage of a vehicle. The solution
operates independently of the variety of rolling stock and as such allows more independent
analysis of the S&C to be undertaken.
The second demonstrator in this theme is known as ‘DAQ Light’ and involves the
development of low-cost monitoring solutions that could be deployed separately or as part
of a standard fitment to S&C panels as they are produced. The successful implementation
of such a device would facilitate much greater levels of monitoring, and embedded
monitoring, and would change the way S&C evaluation is approached in general.
The next demonstrator also supports the embedded sensing concept. ‘Sensor
placement’ draws from computational models to identify critical points within the
infrastructure that are either key points of failure or indicative thereof. The simulations,
alongside 3D-printed representations of key areas with embedded sensors, will be used to
demonstrate the approach and to show how future monitoring of S&C can be more
intelligent if incorporated during production.
Also within the inspection theme, several concepts from WP3 have been combined
to produce a ‘Handheld switch profile measurement and hazard identification device with
optical alignment compensation’. Originally envisioned to be several demonstrators, it has
been possible to incorporate the vision-processing elements into a miniaturised form of
the handheld scanner. Combining this with algorithms for wear analysis and derailment
hazard identification has led to a single demonstration unit. The system has been designed
to support autonomous system (drone) mounting, but this has been considered at concept
level only and as such is not included as an entity here. The handheld scanner would
reduce human error, or even human involvement, in some inspection practices, and would
provide additional rapidly deployable inspection functionality to S&Cs.
An additional demonstrator relating to acoustic monitoring of S&Cs has been
prototyped in the laboratory, but postponements of field tests by the local infrastructure
manager mean that it is not possible to report the activities in much greater depth than
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already described in D3.1. This activity may still be included in demonstration workshops
if the field tests progress.
The next demonstrators come from the Actuation, monitoring and control theme.
The first of these is the development of ‘model-based condition monitoring’. This approach
supports those already being used in conventional systems, as well as those being
demonstrated in DAQ S-BOX. Model-based approaches rely on high-quality sensor data
and calculable system performance but can potentially provide increased monitoring and
prognostic capability. With future S&C systems, with greater consistency and better
sensing, it may be possible to incorporate these approaches.
The final demonstrator within Task 6.1 is a ‘fault-tolerant control system’. This
seeks to demonstrate the robustness of future sensing and control architectures which will
be important as sensing becomes more prevalent and the systems more dependent on a
wider range of sensing. The demonstrator will use models of the sensing and control
systems to demonstrate how they would adapt to component failures of the sensing and
control system itself.
In the following sections, each of the demonstrators will be introduced and their
implementation briefly summarised. These sections will not review the theory presented
in the deliverables from the technical work packages (in this case in D3.1) but will focus
on the integration processes and overall system functionality. Consideration will also be
given to how each demonstrator will be validated and presented. In general, these
processes have been undertaken in the laboratories of the project partners, or in a wider
context and captured for presentation. Some of the demonstrators are purely virtual and
these will generally be presented in video form (e.g. where simulations cannot be run in
real time) or as a piece of software. Where the demonstrators are physical and
transportable, they will be presented at multiple demonstrator workshops. Where they are
not transportable, they will be presented at the workshop geographically associated with
their development.
3.1

DAQ S-BOX – Small autonomous measuring system

The BUT team will present two variants of the measuring system for the collection
of basic dynamic characteristics of switches. The first proposed device, i.e., DAQ S-BOX
shown in Fig. 1, was selected for presentation because it fits into the overall project
concept; it is a part of a wider concept of intelligent measurement of selected physical
quantities on railway switches and their processing through intelligent switching
diagnostics.
The presentation will include the overall functionality of the equipment in the frog
crossing area as shown in Fig. 2. The DAQ S-BOX demonstrator will introduce a small scale
acquisition system for collecting data in the modern railway switches. Further, the DAQ SBOX demonstrator will allow local pre-processing and processing of the data, which
represent the system’ technical conditions such as the dynamic load under moving train.
It focuses on long-term measurement as well as the storage and transmission of analogue
and digital signals of various types
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Fig. 1 Installed S-BOX

Fig. 2 View of placed acceleration sensors
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The second approach/device is using wireless measurement points as shown in Fig.
3; and represents an alternative to the (first) wired device. The second measurement
system was designed to better match the idea of distributed measurement on the rail
superstructure. It is a set of several small measuring units (measuring points) with
memory for temporary data storage to measure accelerated oscillation, temperature,
deformation or electrical voltage in general. Measured data is sent wirelessly to a superior
remote system at a predefined time for later analysis.

Fig. 3 Wireless measurement points
There were no problems in producing either measuring devices. Concepts,
electronics, measurement and evaluation software were designed by BUT staff. Production
was commissioned by a private company. The equipment was verified in the laboratory
and in the field (locality Usti nad Orlici). In the future, the proposed equipment will be
used mainly in BUT scientific and research activities and in the preparation of students’
final theses. Currently, no company is interested in the developed equipment. This applies
to both DT and the railway track manager of the Czech Republic. As DT develops its own
equipment, the BUT team does not expect further cooperation in this area. In our opinion,
the work on the project was poorly coordinated. Individual groups did not cooperate with
each other. The equipment developed including the software will be tested for the duration
of the project. After completing the project, the device will be gradually supplemented
with other hardware and software components. These works will be realised within
students’ final theses.
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3.2

DAQ Light – Small autonomous measuring system

3.2.1

Hardware design

The DAQ Light logger is the prototype of a cheap logger. It is a modular system
determined for long-term measurement in the track. The basic set is equipped with
connectors to connect up to three sensors (channels). The logger is modular and offers an
expansion of the number of channels and addition of other functions; however, it is
necessary to consider the longer processing time which causes a reduction of the
maximum sample frequency. The maximum sample frequency for the basic connection
with three channels is 8 kHz. Fig. 4 shows a block diagram of the logger.

Fig. 4 Block diagram of the logger
The logger control system is a Raspberry Pi Zero circuit as shown in Fig. 5, which
is responsible for reading the measured data, its storage on the SD card and the user
interface (Wi-Fi). As the Raspberry Pi system runs on the Linux operational system where,
unfortunately, accurate timing cannot be ensured, it is necessary to process the data in a
slave unit established on an ATXmega256A3BU microcontroller, which is responsible for
accurate reading (sampling) of the connected measuring channels through an SPI bus. In
this unit, the data is stored in the cache even with the clock stamp, and this data is further
sent to the Raspberry Pi Zero via a parallel bus.
The types of sensors connected must comply with the parameters for IEPE sensors,
that is, sensors based on constant current. The output voltage for the sensors is fixed to
24 V and the current is adjustable in the range of 2 to 20 mA.
The sample circuits are equipped with ADS127L01 A/D converters with 24-bit
resolution and an SPI communication interface.
The power supply of the whole DAQ Light demonstrator is ensured through a 5 V
USB-B connector. The supply of the prototype is ensured with a portable power supply
(power bank) at the moment. This supply is able to keep the device working for at least 2
days. The consumption of the DAQ Light demonstrator itself is between 1 and 1.5 W.
The measured data is read from the control unit through a Wi-Fi connection
installed on the DAQ Light device with the help of ensured SSH protocols or, possibly, SCP.
The DAQ Light logger device itself does not evaluate the data, it only collects it. Evaluation
system (overall system) does the processing and is discussed next.
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Fig. 5 Prototype of the logger

3.2.2

Evaluation system for DAQ Light

The system is designed to process and evaluate data from vibration acceleration
sensors. The system calculates dynamic effects and compares effects mainly from the
same type of locomotive. Locomotives are better for comparison because the axle load of
passenger carriages changes according to the number of passengers on board.
Locomotives are also usually better maintained. The signals from the vibration acceleration
sensors are processed in several steps:
1. Wheel identification algorithm – system finds wheel positions in the measured
signal as shown in Fig. 6.
2. Double integration of the acceleration to the movements – parts of the signal
(where the wheels occur) are integrated, and for every wheel several different
window lengths are used as shown in Fig. 7. This means that for every wheel,
several double integrations are calculated, and the system chooses only the correct
integrations. An example of the detailed displays of the first two wheels from
previous graphs is shown in Fig. 8.
3. For another part of the calculation, only the locomotives are used as shown in Fig.
9, so the system selects a window with the locomotive part of the signal. The
system is able to detect the locomotive part of the signal.
4. Time evaluation is performed as shown in Fig. 10. Several parameters in the time
domain are calculated, such as minimal and maximal value of acceleration, area
under moving RMS, area under moving maximum/minimum, crest factor max/min
and time positions of the maximum/minimum.
5. Frequency evaluation is performed as shown in Fig. 11. Several parameters in the
frequency domain are calculated, such as the sum of the frequencies within the
intervals (0–200 Hz and 200–600 Hz), sum of the frequencies which are bigger
than maximal frequency/2, and the position and value of the maximal frequency.
6. A resolution table is created as shown in Fig. 12. The system creates resolution
tables which are used for results comparison.
7. Results comparison – graphs. An example can be seen in Fig. 13.
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Fig. 6 Wheel identification – small red circles

Fig. 7 Signal prepared for double integration (black parts, upper panel), double
integrated signal (lower panel)

Fig. 8 Detailed displays of the first two wheels from previous graphs
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Fig. 9 Locomotive – time window for further calculation, locomotive part of the signal in
Fig. 6

Fig. 10 Time evaluation, violet dot – minimal value, green dot – maximal value, red
curve – moving RMS, violet curve – moving minimum, green curve – moving maximum,
blue curve – locomotive signal from Fig. 6

Fig. 11 Frequency evaluation – position and value of the maximal frequency (blue dot),
frequency within the interval 0–200 Hz (green lines), frequency bigger than maximal
frequency/2 (red lines)
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Fig. 12 Example of results (sum of the frequencies within the interval 0–200 Hz):
comparison for three measurement campaigns (green squares – first campaign, blue
squares – second campaign, red squares – third campaign); black bold vertical lines
separate different locomotive/train types

From the above-mentioned analysis, it is clear that the evaluation system is based
on relatively simple calculations in the time and frequency domains. Nevertheless, the
system can detect small changes of the calculated parameters (based on the data
measured until now) and according to these changes it is very likely that the system can
detect faults in early stage. For future development, the system needs more data, and
then artificial intelligence methods such as support vector machines or neural networks
will be also used for detailed evaluation.
3.3

Sensor placement (3D printed model)

3.3.1

Introduction

In response to high maintenance costs for S&Cs, condition monitoring systems are
becoming a popular technology that potentially can provide information of S&C faults at
an early stage. Replacement can then be avoided, and repair can be planned at the
appropriate time. However, where to put the sensors and what type of sensors need to be
installed to provide the highest potential to detect the common S&C faults are a challenge.
The aim of the present demonstrator is to demonstrate the potential embedded sensor
placements for detecting common S&C faults. Crucial location of the S&C was indicated in
D5.1 based on a vehicle/track interaction simulation, and a trial measurement was carried
out in the Czech Republic which showed good capability for capturing dynamic
characteristics when a train is running through an S&C. Another trial measurement was
carried out in the UK using different sensor types, and final sensor placements for this
demonstrator were presented using a 3D printer.
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3.3.2

Demonstrator description

Multibody simulation (MBS) and finite element (FE) models were developed to
identify the crucial sensor placement which has the highest potential for detecting S&C
faults (D5.1).
Trial measurement was carried out in Hrušovany and Vranovice in the Czech
Republic to investigate the required data acquisition and to justify the proposed sensor
locations from the numerical simulation (D3.1).
A smaller-scale 3D-printed prototype with potential embedded sensors installed
was presented, as shown in Fig. 13.
An instrumented impact hammer was used to provide impact to the crossing nose.
Monitoring software and hardware were developed for measuring the results from all
sensors.
Two strain gauge bridges using cross-element 0/90 degree strain gauges were used
for measuring pure shear strain at the crossing. Two strain gauge bridges using singleelement strain gauges were used for measuring bending strain on the bottom of the
crossing. One accelerometer with a measuring range of ±600 g and frequency range up
to 10 kHz was installed in the middle of the crossing nose.
Three accelerometers with a measuring range of ±30 g and a frequency range up
to 1 kHz were installed on three sleepers for measuring the displacement.

Fig. 13 3D-printed prototype and sensor placement

3.3.3

Validation and testing preparation

Based on the acceleration at the present design location, a faulty crossing can be
effectively identified; this can be found in the D3.1 deliverable.
Based on the present strain gauge bridge design, the most crucial contact forces
at the crossing nose can be estimated. The design was first used and a trial measurement
carried out in the UK; it has shown capability for capturing the wheel/rail contact force, as
shown in Fig. 14. Based on this estimated contact force, the normalised vertical load based
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on Hertz contact theory, as shown in Fig. 15(a), can be estimated and this could be a
potential index for correlating the surface fatigue on the crossing based on the shakedown
map, as shown in Fig. 15(b).

Fig. 14 Contact forces estimated from the strain gauge bridge

(a)

(b)

Fig. 15 Potential condition monitoring approach: (a) normalised vertical load against
train speed; (b) shakedown map [1]

Based on bending strain results, the bending stress can be evaluated and
eventually can be used to predict cracks underneath the crossing nose.
Based on the accelerometer results on the sleeper after double integration with a
1 Hz high-pass filter, sleeper displacement can be calculated and eventually can be used
to predict sleeper voiding.
In the end, the present sensor placements will be able to effectively provide
information for detecting crossing faults such as cracks at the bottom, high impact at
wheel/rail interface, and voiding.
Potential sensor placement and data acquisition have been demonstrated based on
numerical simulation performed on D5.1 and two trial measurements carried out in the
Czech Republic (D3.1) and in the UK. A smaller-scale 3D prototype with the chosen sensors
will be presented and is under preparation.
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3.4

Handheld switch profile measurement and hazard identification
device (with optical alignment compensation)

3.4.1

Introduction

The handheld optical scanner demonstrator presents a number of concepts
introduced within WP3 (Next generation control, monitoring and sensing systems) under
the ‘Autonomous inspection and repair’ theme. The first step in the roadmap for that theme
and this technology line was a Handheld Scanner device. This was developed in order to
provide a rapidly deployable tool to be available to trackworkers and which they could use
to rapidly check the condition of the rails and to automatically evaluate them for wear and
against a number of standards such as those for derailment through S&C. The device uses
inertial measurements to support registration and alignment of non-contact laser
displacement profile measurements. Algorithms were then applied to automatically
calculate damage and wear, and to detect potential derailment hazards through
consideration of the model developed from the aligned data.
The Optical Scanner corresponds to the second step in the Autonomous inspection
and repair theme of the roadmap and extends the Handheld Scanner device in order to
eliminate a source of user error and to move towards a solution that could be deployed
through an autonomous inspection platform. The Handheld Scanner requires the user to
operate the device in a particular orientation in relation to the rail, and with a particular
level of consistency of movement. The Optical Scanner augments the Handheld Scanner
with cameras and vision processing algorithms, allowing it to evaluate the orientation of
the device with respect to the rail, and to therefore improve the quality of the model
developed and to which the algorithms are then applied. The Optical Scanner provides
real-time feedback to the user, allowing them to adapt their deployment to ensure that
appropriate data is collected.
The Optical Scanner also miniaturises the electronics and incorporates processing
hardware. This activity, along with the contextual understanding provided by the optical
systems, supports a potential third step in the Autonomous inspection and repair theme
of the roadmap in which the technology would ultimately be fitted to an autonomous
inspection platform such as a drone. This step will not be taken forward as a demonstrator
but has been considered within WP3.
3.4.2

Demonstrator description

Profile-based rail inspection methods play a vital role in the safe operation of the
railway network; from them, physical surface defects and geometrical deformation can be
easily evaluated. At present, these activities are generally undertaken by human
inspectors using mechanical contact measuring equipment. Such equipment can easily
lead to inaccurate readings or the inclusion of user error and cannot efficiently be
automated within the modern railway [2]. This demonstrator incorporates two prototype
laser-based rail inspection systems which both reduce the potential for user error and
support automation of the inspection processes.
The first prototype is a railway-specific handheld scanner which can be used to
generate a 2D rail profile within just a few seconds. The system relies on the integration
of several subsystems including a commercial 2D laser profile sensor, a six-axis inertial
measurement unit (IMU) sensor and a touch-button sensor with LED indicator to assist
with manual operation of the device. All these devices are integrated and encased into a
3D-printed housing to ease the handheld operation. For synchronisation of the multiple
sensors, a PIC32 microcontroller and a customised PCB are contained inside an aluminium
casing. The synchronised laser and IMU data are transmitted to a PC via Ethernet and
RS232 interfaces in parallel for further processing. Fig. 16 illustrates the high-level design
of the handheld scanner and the prototype of the scanner.
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(a)

(b)

Fig. 16 Handheld scanner: (a) system design and (b) prototype along with the control
unit
The second prototype is an improved version of the handheld scanner, which
miniaturises the device and adds wireless functionality. In addition, machine vision
technologies are used to assist with localisation of the laser sensor, thus reducing manual
error during measurement and supporting future deployment via autonomous systems. A
reduced-wavelength laser sensor utilising blue light is used, as this offers more precision
due to a smaller spot size and robustness against reflective surfaces and/or ambient light
distortion. It also helps to reduce the overall size and weight of the device [3]. A free
viewpoint camera module is integrated into the system to enable it to measure and to
guide the user in order to maintain its orientation relative to the measurement object. An
embedded PC platform (Raspberry Pi) is used to manage the data locally. The embedded
PC would also allow future integration with an actuation platform as part of deployment
via an autonomous inspection system. Other than the laser scanner, all of the system
components are contained within a bespoke 3D-printed enclosure which matches the
envelope of the laser scanner and thus defines the size of the unit. The overall view of the
optical scanner for mobile platforms is shown in Fig. 17.

(a)

(b)

Fig. 17 Optical scanner for mobile platforms: (a) system design (b) prototype unit
package showing internals
The Optical Scanner demonstrator is based on the second prototype and combines
the inertial compensation and analysis algorithms from the first stage of the roadmap with
the miniaturised implementation and vision-processing systems from the second. The
demonstrator is in the form of a device which guides the user in performing a scan,
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develops a model of the target, and then applies wear and derailment hazard assessments
on the digitised switch section.
Future development of the Optical Scanner, as described by stage 3 of the
Autonomous inspection and repair theme within the WP3 roadmap, would be to incorporate
it into an autonomous inspection platform. This would reduce or remove the requirement
for a human operator. This stage of the roadmap is indicated as TRL2–3 and as such has
only been considered in theory and preliminary technical evaluation and is not being
demonstrated. The main challenges include the stabilisation and positioning of the system
(drone/vehicle, gimbal and stabiliser), the impacts of natural light distortion and air
disturbance on accuracy, and the power consumption management of the system due to
the on-board battery constraints [4].

3.4.3

Validation and testing preparation

The prototype handheld scanner has been tested in laboratory conditions using real
sections of rail with both new and worn profiles, and with a previously used switch. The
device has been shown to be capable of producing rail profiles for both plain rail and switch
sections (Fig. 18). The system can be used to measure the profile data within 0.2 mm
registration accuracy. The custom graphical user interface (GUI) associated with the device
allows visualisation of the measured profiles and tests such as a Virtual TGP8 test to be
carried out.

Fig. 18 Handheld Scanner and automatic TGP8 tests

Inclusion of the optical system and supporting vision processing algorithms was
first tested against a statically mounted camera (Fig. 19). This allowed the underlying
components of the vision-processing chain to be verified without the increased complexity
of integrating the angular components. The system proved capable of identifying the
angular relationship between the laser and detected points on the target. Further
verification was then undertaken with the camera mounted directly on the scanner device,
as shown in Fig. 20.
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Fig. 19 Camera module for the optical scanner test

(a)

(b)

Fig. 20 Optical scanner test: (a) master frame capture (b) sub-frame for profile
registration
In addition to the alignment testing, the combined demonstrator unit has been
tested to ensure that the localised embedded PC is capable of managing the data
throughput associated with the system, which was previously all transmitted to a
hardwired off-board computer. The local power requirements have also been assessed in
order to ensure that the system can be operated fully independently.
3.5

Condition monitoring (software demonstrator)

3.5.1

Introduction

The maintenance of track switches, which are exposed to a severe environment
with moving parts, is critical as any failure in the switch system may lead to accidents in
the network. Moreover, with the increase of capacity in the network, availability of switches
is very important, which limits the scheduled maintenance process. Corrective and
preventive maintenance are the two most common strategies used in switches, and a good
amount of regular maintenance schedules are designed for these. However, these
schedules are found to be costly and time-consuming with the advancement of high-speed
trains and increased train density [5]. A possible alternative is a predictive maintenance
process which could detect degradation in performance and prevent potential failure.
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Predictive maintenance can be used to improve the maintenance of a switch system by
inspecting and measuring some design parameters at regular inspection. A model-based
condition monitoring scheme is suggested by Wright et al. [6] to detect any abnormalities
in a newly designed switch system. The model-based condition monitoring approach is
proven to be advantageous for monitoring the health of the system in the aerospace and
energy industries [7][8].
In this demonstrator, a condition monitoring technique has been developed which
estimates the switch parameters. A Simplified Refined Instrumental Variable (SRIV)-based
continuous time parameter estimation method is used to monitor the condition of a railway
track switch actuator. The technique can detect gradual degradation of the track switch
system. In the present research, an SRIV-based continuous time parameter estimation
method is used to monitor the condition of a railway track switch actuator.
This demonstrator is connected to task T3.3 from work package WP3.
3.5.2

Demonstrator description

The demonstrator is developed as software developed using three software
packages: the FE package Abaqus, the MBS package Simpack® and the simulation package
MATLAB/Simulink. The aim of this software demonstrator is to detect any change or
degradation in the switch system compared to normal condition.
An MBS model of a working high-performance switch system (HPSS) is used in this
demonstrator. The MBS model of the switch panel (Fig. 21) is already validated against
the data available from a working system. Co-simulation between Simulink and Simpack
can be obtained using the SIMAT environment. In this demonstrator, the HPSS is
considered as a case study because it is the new switch system installed in the UK network.
The HPSS has two types of sensor data available: linear displacement of the actuator at
the toe position of the switch, and current sensor data from the electrical motor. The inputs
to the Simulink model are the sensor data, i.e., the linear displacement data which is the
output of the Simpack model. The input to the Simpack model is the actuator force which
is the output of the Simulink model. The data exchange between Simpack and Simulink
models during the co-simulation is synchronised with fixed time steps in the SIMAT cosimulation environment without modifying the input and output signals. The condition
monitoring technique developed in this demonstrator also uses these two types of sensor
data to estimate the parameters of the system.
In the continuous time parameter estimation model, the full switch system is
considered as a linear system. The transfer function of the system is represented by three
coefficients as
𝐺(𝑠) =

𝑏
𝑠 +𝑠𝑎 +𝑎

The SRIV-based continuous time parameter estimation method is developed to
estimate the three parameters a0, a1 and b0. Changes in the estimates of the parameters
a0, a1 and b0 represent changes in the variables’ equivalent stiffness, equivalent friction
and motor torque constant, respectively. If all three parameters change, it can be
concluded that the inertia of the total system has changed.
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Fig. 21 Software demonstrator: co-simulation model of the HPSS
The objective of this demonstrator is to detect any changes or degradation in the
switch system which reflects on the estimates of the coefficients. To check the performance
of the demonstrator, a square pulse voltage input is fed to the motor, and the sensor data
(current and displacement) are recorded as shown in Fig. 22. This condition is considered
as the healthy state of the system.

Fig. 22 Input signal and sensor data for healthy condition
3.5.3

Validation and testing preparation

The demonstrator was tested in two ways to check its performance. The first test
was to check the estimates of the parameters when the variables degrade or change. The
second test was to present another measure of the change in performance, which can be
easier to comprehend for users (operators of the switch system).
Test 1: The two fault scenarios are considered by changing the stiffness and total
inertia of the system, respectively. Fig. 23(a) shows the results from six tests of the case
where the variable equivalent spring stiffness (𝐾 ) changes over the tests. It can be seen
from the estimates of the parameters that only the parameter a0 has changed from the
healthy condition. A similar test is carried out considering the change in the total inertia
of the system, which can be caused by overload of the switch. The estimates of the
parameters are shown in Fig. 23(b) and it can be seen that all three coefficients have
changed from their healthy condition values. It is concluded from this plot that the total
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inertia of the system has changed because total inertia of the system (JT) is the variable
responsible for the change in the estimates of all three parameters.

Fig. 23 Estimation of coefficients (as a percentage of the nominal values) for two
scenarios: (a) changes in stiffness of the system and (b) changes in the inertia elements
of the switch system
Test 2: In this test, the excessive friction or resistance fault is tested by changing
only the viscous friction coefficient of the total system. This coefficient represents the
friction coefficient between the sleeper and the rails, and the different fault levels
considered are given in Table 2.
Table 2 Friction coefficients between sleepers and rails

𝐵

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

(healthy)

(fault 1)

(fault 2)

(fault 3)

(fault 4)

(fault 5)

0

0.001

0.0025

0.005

0.01

0.02

The residuals between the real system output and the reference model output for
each output signal under the different faulty cases (i.e., from fault 1 to fault 5) are
calculated as shown in Fig. 24. This can be used for the detection of these different fault
cases, but residuals are difficult to read and interpret, especially for non-experts in the
condition monitoring systems field, i.e., the operators and technicians in the rail network,
who will not recognise the presence or not of a fault in the system, except when
considering the linear position of the switch rails. Thus, another way to make these
residuals more readable to both experts and operators/technicians is proposed in the
following. Accumulative residual vectors were computed and analysed to see how they will
differ from simply and directly observing the variation in residuals. The new form of the
residuals is simply the accumulation of the error between the real system output(s) and
the reference model output(s). From the results shown in Fig. 25, it is clear that evaluation
of these accumulative residuals is more readable than for those shown in Fig. Fig. 25 when
considering simply the variation in residuals. Further, it is very clear that the proposed
residual-based fault detection method can detect the presence or not of the different levels
of excessive friction or resistance fault, which can often appear in a railway S&C system.
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Thus, the proposed accumulative residuals are more suitable to be integrated in the real
rail network system.
In the future, the technique used in this study will be used with sensor data
collected from a working track switch system. The condition monitoring technique
developed demonstrates ability to detect the degradation of any element of the switch
system, which will lead to reduced scheduled maintenance costs in the rail network.

Fig. 24 Residuals under the different health conditions: fault 1 in black, fault 2 in
magenta, fault 3 in green, fault 4 in red, and fault 5 in blue

Fig. 25 Accumulative residuals under the different health conditions: fault 1 in black,
fault 2 in magenta, fault 3 in green, fault 4 in red, and fault 5 in blue
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3.6

Fault-tolerant control demonstrator

3.6.1

Introduction

Sensors in the railway network are often exposed to severe ambient conditions and
can fail. Any fault in the sensor data can negatively affect system performance, and in
turn reduce the overall reliability of the system. Thus, it is important to develop a control
algorithm which is tolerant to any sensor fault [9][10]. This demonstrator relates to T3.3
of WP3.
3.6.2

Demonstrator description

The algorithm developed within MATLAB software will be demonstrated with the
help of a GUI which is shown in Fig. 26. The user will be able to generate a signal for the
actuator position, as a command. The corresponding interface is at the top-left corner of
the window. It could be a simple step signal which is defined by start and stop time along
with its amplitude. It could also be a square or triangular wave signal for which the
amplitude and time period should be defined.
Different sensor faults can be activated within it, as shown as step 2 in the bottomleft corner. Their faulty time interval can be specified.
Upon executing the algorithm, the GUI shows the response of the system in terms
of the achieved actuator position. Various fault signals will also be plotted along with it as
well as their corresponding compensated signals. The final plot shows the fault flag, which
takes a value of 1 when a fault is present in the corresponding sensor, and zero otherwise.

Fig. 26 GUI of fault-tolerant control software demonstrator
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Fig. 27 GUI of fault-tolerant control demonstrator showing an example
3.6.3

Validation

The demonstrator has been validated with different combinations of actuation
signals and fault signals. An example is shown in Fig. 27 where the actuator position is
generated as a square wave. This command signal is plotted in the first graph as a blue
line. Two sensor faults are activated as shown in step 2, which are position and velocity
sensors. They are designed to be faulty within time intervals of 2–3 and 4–5 s respectively.
Upon executing the simulation with the ‘Run’ button, the values are passed on to
the fault-tolerant control algorithm. The controller generates a signal to actuate the switch
toe along the desired trajectory, which in our case is a square wave. It can be observed
from Fig. 27 that the desired trajectory is achieved despite the activated faults.
The last plot shows the fault flags corresponding to the activated faults. In the
signals plot also, the corresponding time window shows the absence of black dashed lines,
which are the real sensory signals, which are then compensated by the red dashed plot
generated by the algorithm.
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4

Task T6.2 – Validation of next generation design, material and
component concepts

Task T6.2 is defined as the Validation of next generation design, material and
component concepts. In that work package, concepts were integrated and validated in a
laboratory environment (TRL4). For Task T6.2, the majority of the demonstration has been
undertaken at the UPA Railway Vehicle Competence Centre. Some demonstrators were
also tested at the laboratory centres of the University of Birmingham and Brno University
of Technology (AdMaS). Some features of demonstrators will also be tested in a laboratory
in the next phase of the project, and the results will form the inputs for evaluation under
the WP7 work package. Task T6.2 followed up on the activities carried out in the previous
phase of the project (Technologies) in the WP4 work package (Next generation design:
material and components).
Technologies from WP4 are based on subsystem 2 (Design) which generally
consists of steel rails, switches (sometimes referred to as points or tongues), crossings
(sometimes called frogs), steel plates, rubber pads, insulators, fasteners, screw spikes,
beam bearers (either timber, polymer, steel or concrete), ballast and the underlying
formation. The load-carrying components are, on all but a few railway lines, mandatory
structures where the crossing part results in a significant discontinuity in the running
surface of the rail. The wheel/rail interaction through such an imperfect wheel–rail contact
transfer can cause detrimental impact loads on a railway turnout and its components. The
transient vibration can also affect the surrounding environment, while the large impact
emits significant noise to railway neighbours. Degradation of load-carrying components
can lead to unreliability (resulting in costs and losses in capacity) and safety-critical
incidents (including accidents).
Following the innovation development map, which was established while addressing
the WP4 work package, the technologies described below have been selected for the
subsequent serviceability demonstration within the WP4 work package. These technologies
mainly relate to the materials that are usable in the framework of various turnout
components.
The demonstrator entitled Contact layer is based on the original idea of replacing
the most stressed areas of the running surfaces of rails with a material that will have
sufficient abrasion resistance, and what’s more, rolling contact fatigue (RCF) resistance,
which is very important for railway operation. Material that meets these properties has
been found, and the most problematic part of this technology, that is the sufficiently
durable connection of this contact layer material to the support material made of ordinary
steel, has also been addressed. This layer can, in case of expected functionality
verification, improve the design solution of solid frogs, movable point frog frames, switch
tongues and stock rails, and also potentially other very stressed elements in turnout
structures in terms of running vehicle contact. High wear resistance can also significantly
improve the wheel/rail interface, since a more long-term and stable maintenance of the
shape of the theoretical design is expected.
Furthermore, the Neoballast demonstrator has been selected, which can be applied
beyond turnouts and turnout structures, in common rails. Neoballast will improve the
contact ratios between turnout sleepers and railway ballast gravel. Neoballast will help to
maintain the rail geometry stability in turnouts, thereby allowing maintenance
interventions to be delayed.
The Self-healing, high-damping concrete bearer demonstrator is being prepared at
the University of Birmingham. A common problem with concrete sleepers is their
susceptibility to cracking. This problem can be solved by self-healing concrete, which is
capable of reducing cracks up to a certain size. Similarly, the issue of damping is greatly
discussed, and the high-damping concrete design will lead to improved dynamic ratios in
turnouts, which will result in an increase in the stability of geometric parameters in
turnouts, especially in areas wherein the greatest dynamic stress occurs.
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The FFU composite bearer demonstrator is not a completely new matter in the
railway sector, as further development within this field took place in the framework of the
S-CODE project. In particular, dynamic responses at different loading, including acoustic
emission, were detected, which leads to a deepening of the information about this new
emerging technology of sleepers that can be used as a substitute for the wooden sleepers
used to date. In the framework of integration, it has also been examined, by computational
modelling, whether sleepers made from this material can have holes inside them for the
insertion of diagnostic devices from the WP3 work package.
Due to the rapid onset of additive manufacturing technologies, a lot of work has
also been dedicated to the possibility of 3D printing of railway sleepers which could be
used especially in turnouts, where there are different sleepers along the length of a
turnout, and the freedom to design the sleeper shape could contribute to a better design
solution for turnouts. In the 3D-printed bearer demonstrator, proof of the 3D-printed
composite bearer concept has been carried out following the success in applications of FFU
composite to S&Cs. This novel additive manufacturing technology will not only improve
productivity in construction, but also reduce costs and carbon emissions.
Technologies based on the WP4 work package are also the subject of the combined
demonstrator (FFU Sleepers and the Innovative Fastening System). Information on this
demonstrator is listed in the relevant chapter.
Validation has shown that the validated technologies are serviceable for future
development in these fields of interest. It should be noted that numerous further tests will
be necessary for further verification of technologies. Often, only the key feature has been
verified, in some cases the manufacturability of a given technology, while it will be
necessary to continue validation and testing in the future, and to verify other features.
The Contact layer demonstrator can be listed as an example, wherein validation has
confirmed that it is technologically possible to join two materials, and it has also been
found through microscopy that the affected thermal zone can be made to the desired limits
to guarantee the basic theoretical functionality. Furthermore, it will be necessary to carry
out tests confirming the theory of the creation and spread of RCF, as well as the sufficient
holding ability of the contact layer during operation. Numerous other tests have already
been determined in most demonstrators and some will still be prepared and carried out
during the evaluation phase.
Demonstrators also represent the fulfilment of many benefits which have been
determined in the project’s design. The benefits that have been defined are, for example:
S&Cs that last as long as other components; new materials capable of self-healing; a new
S&C design capable of reducing failures; maintenance costs; a new S&C reducing noise;
optimisation of track support conditions; and generic solutions for low-cost maintenance
and renewal. It can be noted that the demonstrators listed suggest that it will be possible
to achieve many of the benefits. Examples include a solid frog equipped with the Contact
layer technology that will have a significantly longer service life than those previously
used. The properties of the wheel transition from the wing rail up to the crossing point will
be improved, and there will be no additional dynamic stress thanks to the more stable
shape of the frog, thereby prolonging the tampering interval and other related
maintenance interventions. Similarly, it will also be possible to delay, or completely
eliminate, the issue of cladding and grinding of the running surfaces. The self-healing
concrete from the WP4 technologies is undoubtedly a typical example of self-healing.
Cracks incurred during operation will be treated automatically without human intervention,
thereby decreasing maintenance costs. Noise and vibration reduction and support
optimisation will be ensured by the Neoballast technology and High-damping concrete as
well as the fastening system technology. Improving the support conditions will also lead
to a delay in maintenance interventions, especially in terms of tamping. All the
technologies selected for the demonstration of the WP4 work package fulfil one or more
of the defined benefits.
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4.1

Contact layer

4.1.1

Introduction

The Contact layer demonstrator presents the concept of using heterogeneous
material for critical S&C parts (Fig. 28). The combined surface layer material is considered
a way to fulfil the contradicting material requirements for the dynamically loaded parts,
i.e. high wear and RCF resistance together with high stability against crack propagation
under dynamic load. Cast moderate or high alloyed steels are used nowadays for the
critical, complex shaped parts of S&Cs. Based on their operational response, it can be
generally stated that the current limitations of cast steels are mainly related to metallurgy
processes and cannot be successfully overcome.
A new high-strength steel, designed for the specific rolling contact response, was
considered within the WP4 activity to form the surface layer. In addition to the original
material parameters, the main idea is to use the natural phase transformations induced
when connecting to the base steel. Since the steel under consideration is sensitive to a
temperature/pressure combination, complex phase layers can be formed parallel to the
running surface.
Two main points are essential for prospective application: the surface layer/base
steel interphase and associated processes induced in the surface layer. Both were
motivation for the way chosen to present the conceptual design. The geometry and base
material of the demonstrator used were chosen to present:




the overall idea of surface layer creation;
the material processes induced in the applied high-strength steel at different
heating/pressuring ratios;
the local material parameters obtained.

Manufacturing of the representative surface layer, using the new high-strength
steel vs a standard rail steel, enabled evaluation of the interphase and a tendency to create
internal heterogeneities.

Fig. 28 Cross section of a fixed crossing
4.1.2

Demonstrator description

Three linked sets of experimental work were performed during demonstrator
preparation:
As the first set of work, flash-butt welding technology was chosen for demonstrator
preparation. The main reason for adopting this technology was its capacity to completely
remove the molten volume along the melting zone at precisely defined pressure/heating
parameters. A ‘pure’ interphase could be created along with a wide range of induced
structural changes in the desired orientation.
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The preliminary experimental study was used to optimise the technological
parameters, i.e. a set of material analyses was performed to define the final welding
parameters for demonstrator manufacturing. Representative demonstrator geometry was
chosen based on the particular limitations of the welding equipment used; the selected
section of the S&C cross section was considered for the final production of the
demonstrators.
Simultaneously, a hot pressure method for forming dissimilar sub-layers was tested
experimentally. Creation of dual-steel sheets, 2–3 mm thick, served to verify the main
capacity of the surfacing material considered in the first stage of experimental research.
Basic material analyses were performed to evaluate the fusion zone and to detect possible
degradation effects within the high-strength steel layer. In particular, the possible
tendency to carbide reprecipitation has been checked.
The following attempt was coating of the entire surface, using the same approach,
i.e. a hot pressing process (Fig. 29). A standard rail profile was used to present the entire
contact surface layer using the same combination of materials. A hot pressure technique
was used to create a sharp interphase; its practical use is as follows:




the most critical effects of bonding can be analysed by this approach, i.e. all
findings related to structural and mechanical conditions along the fusion zone
represent the actual effects of the material combination used;
the method used for surface preparation could be considered for prospective
manufacturing by a multi-layer approach;
the achieved surface layer width allowed localised thermomechanical processing
of the applied high-strength steel, thus opening the possibility to control the
final parameters according to future requirements.

The coating material used is a type of multiphase steel. The tendency to phase
transformation under dynamic load can be used to increase energy consumption and
thereby promote crack propagation stability. Partial microscopic layers formed within the
surface layer parallel to the running surface are decisive in this role. A number of
experimental analyses need to be carried out to accept this idea and discover the real
limitations of prospective application.
The prepared layered profile serves as a representative sample for basic material
analyses. It allows future comparative analysis, design technology and optimisation
parameters.

Fig. 29 Representative sample of the contact layer’s current stage
Page 29

Laser technology has been tested as a prospective technology for the necessary
local heating of the S&C running surface or gauge corner region (Fig. 30). Initial analyses
of the current principles show as usable a CO2 laser device combined with a PI controller.
The optical system focuses the thermal radiation onto the detector.
A laser beam with a high surface power density (approximately 2102 to
2104W/cm2) was modified to find out the parameters suitable for natural surface
emissivity and profile roughness. The surface emissivity was estimated for typical lowalloy construction steel, with an efficiency of 0.7; the focal length for the experimental
process head was 200 mm. The beam impact temperature was 1300 °C with an average
error of 0.56 °C. For uniform surface treatment by Kugler mirror laser beam, the focus
was located 3 mm from the surface. This parameter is decisive for possible surface creation
using different material layers. The surface layer material did not reach melting point in
the laser surface-heating process, according to the requirements. Defined parameters of
the laser process, such as laser beam moving speed, output power and surface
temperature, were controlled. The speed of the moving heat source used was constant at
560 mm/min. Laser frequency was set at 50 kHz. The heating gradient and induced
structural effects could be evaluated by metallographic analyses. Three different paths
were tested to check the limits for different running surfaces, including the overlapped
laser beam effect.

Fig. 30 Applying laser technology on a rail head
Validation and testing preparation

4.1.3

The representative samples prepared show a combination of actual profiles and
materials that can be used to evaluate the concept. Validation of individual material
parameters will show future feasibility. With this motivation, the next points considered
for further work are:




phase and structural analyses of selected sub-layers of the heterogeneous
zone;
measurement of local mechanical parameters and control of the interphase
zone;
indication of thermal field after laser beam impact.

The main precondition for prospective application is to reach the target internal
gradient of structural parameters within the surface layer. At the present design stage,
preliminary analyses have to be performed separately using different representative
samples and testing methodologies. For example a testing of RCF resistance is shown in
Fig. 31.
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Due to the very specific operating load conditions, it is necessary to provide a
suitable methodology for rolling contact tests, i.e. to define representative surface layer
geometry. To enable future validation of individual technological parameters, the following
will be proposed:



dimensions and geometry of reference samples for dynamic contact tests;
achievable coating thickness range.

All the above-mentioned proposals will be based on the methodology of the
dynamic contact testing system in the laboratory centre of the University of Pardubice’s
Faculty of Transport Engineering. The aim is to allow future testing under defined load
conditions, including longitudinal slip and traction coefficient.

Fig. 31 Testing of RCF resistance
4.2

Neoballast

Neoballast is a project co-financed by the European Commission under Grant
Agreement No. 720491. Neoballast has been considered as a demonstrator for the S-CODE
project because, given its lower stiffness, it is a very convenient track support innovation
for S&Cs, which are high stiffness zones of the railway track.
This document presents the demonstrator to be constructed between Sils and
Maçanet near Barcelona (Spain). As can be seen in Fig. 32, the track is straight and there
is a relatively flat and accessible piece of land next to the track for sensor installation. The
envisaged length of the demonstrator is 200m: 100 m of Neoballast + 100 m of reference
section with conventional ballast, both being sections on the same track.

Fig. 32 Aerial view of the demonstrator site
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The goal of the demonstrator is to:
1. assess the performance of Neoballast with respect to traditional ballast
2. under actual conditions and
3. for a long period of time.
The first requirement is addressed by installing sensors in both Neoballast and
conventionally ballasted sections next to each other on the same track, as well as by
performing periodical surveillance. As a result, both sections are measured under the same
conditions (soil, vehicle speed, etc.) such that the performance of Neoballast with respect
to traditional ballast can be compared.
The second requirement is addressed by monitoring an actual railway line under
normal operation. Several train types, including freight trains, use this line.
Finally, the last requirement is addressed by using an unmanned monitoring station
that automatically detects a train passage and can therefore measure all train passages
over a long period of time. With respect to a single measurement campaign, this approach
has the advantage that the behaviour of the Neoballast over time can be assessed.
The performance of Neoballast is expressed in following terms:





Noise emission
Vibration emission
Track degradation
Track deflection

In order to assess the noise emission and the influence of Neoballast, noise
measurement will be performed using an outdoor microphone coupled to the monitoring
system. Unlike a long-term noise monitor (sound level meter) which typically stores the
overall noise level every second, the actual noise signal is recorded at a high sample
frequency (e.g. 40kHz). Based on this acoustic signal, the relevant parameters can be
calculated for comparison (noise spectrum, overall equivalent level during passage, overall
maximum level, etc.).
Vibration emissions are measured primarily next to the track, using seismic
accelerometers. Like the noise measurements, the full vibration signal is measured at a
high sampling rate (e.g. 1–2kHz for vibration signals) allowing a detailed analysis in postprocessing.
Track degradation is measured both directly and indirectly. Direct measurement is
based on land surveying techniques and is not addressed in this report since it is not
related to the monitoring. Indirect measurement is performed using total pressure cells
located under the ballast layer. Prior lab tests have shown that the use of Neoballast results
in a better load distribution through the ballast. Thereby, the peak loads registered below
the ballast layer are believed to be lower for Neoballast than for conventional ballast. The
lower loads in their turn result in lower ballast strain and a lower track degradation rate.
Finally, instantaneous track deflection is determined using acceleration
measurements on the track (on the feet of the rails); the acceleration signals will be
integrated twice to obtain the instantaneous displacement. The acceleration signals are
used not only to determine instantaneous displacement but are also necessary to detect
the train passage. Furthermore, they can also be used to compare vibration levels on the
track for the Neoballast and conventional ballast sections.
The proposal for the test site layout is shown in Fig. 33.

Page 32

Fig. 33 Schematic layout of the demonstrator monitoring equipment
Construction of the demonstrator (Neoballast and traditional ballast) was carried
out between June 17th and 21st 2019. The main work (ballast cleaning, new material
laying, ballast profiling and tamping) was performed during the night track possession
period (between 12am and 5am). At that time, traffic was restricted to the track on the
way to Barcelona so all the night traffic (freight trains only) passed through that track
while the field test sections were being constructed on the opposite track. Installation of
the accelerometers and microphones out of the track, as well as installation of the cabinet,
adjustment and calibration of the sensors and other minor works, were done during the
daytime.
The instrumentation and tamping of the Neoballast section as well as the section
already open to traffic with a commercial train running through it are shown in Fig. 34,
Fig. 35, and Fig. 36, respectively.

Fig. 34 Neoballast section instrumentation
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Fig. 35 Neoballast tamping

,
Fig. 36 Train running on the Neoballast demonstrator already open to traffic

Page 34

4.3

Self-healing and high-damping concrete sleepers and bearers

4.3.1

Introduction

Concrete is the most common material used in rail infrastructures. The durability
of concrete bearers is often undermined by the impact loads induced at S&Cs. This results
in a lot of unplanned and costly maintenance over the entire service life, causing excessive
financial penalty as well as disruption to operations. In the S-CODE project, a novel
innovation in crumb rubber concrete has been developed to co-create key dual benefits:
(1) improved material damping and (2) enhanced self-healing capability. Since concrete
is relatively brittle, its poor performance under occasional impact load conditions is well
known. Thus, it is necessary to improve the damping capacity of concrete to sufficiently
attenuate impact loads induced by train–track interaction and isolate track vibrations,
reducing the load transferred to the ballast and foundation. Importantly, it is essential to
develop a self-healing capability that can automatically heal small cracks in concrete
bearers in a timely fashion in order to increase component durability considerably by
accelerating crack filling, thus reducing maintenance cost by eliminating any chance of
reinforcements being exposed to aggressive environments (i.e. moisture, alkaline, etc.)
over their entire service life,[11]. For S-CODE, the use of modal testing, ultrasonic pulse
velocity tests and microscope crack measurements reveals that the novel crumb rubber
concrete demonstrates self-healing capability at which the self-healing rate of the sample
with 2% fibre is the highest, and increases from 3.6% to 3.8% at around 30 days after
cracking [12]. Within S-CODE, the expected outcome will be prototype design and proof
of concept. Extension through other Shift2Rail projects will be sought.

(a)

(b)

Fig. 37 Self-healing capability of innovative crumb rubber concrete: (a) before and (b)
after

4.3.2

Demonstrator description

As shown in Fig 37, it can be clearly observed that the crack is narrower after
healing in Fig 37(b) than the crack in Fig 37 (a). This phenomenon represents that the
crack is healed. According to the healing phenomenon, the novel crumb rubber concrete
mentioned in this project could be used to produce sleepers or bearers in order to
automatically heal small cracks to reduce maintenance costs.
The specimens were made in the Civil Engineering Laboratory at the University of
Birmingham. The process of making the specimens is as follows.
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4.3.2.1

Materials


Crumb rubber:

Sizes of crumb rubber were 180 and 400 microns (Fig. 38). They were mixed at a
ratio of 1 : 1; 5% of sand was replaced with crumb rubber as mentioned by [13].

(a)

(b)

Fig. 38 Crumb rubber: (a) 180 microns (b) 400 microns



Fibre:

The properties of the fibre shown in Fig. 39 called Durus EasyFinish are shown in Table 3
(overleaf).

Fig. 39 Durus EasyFinish fibre
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Table 3 Properties of Durus EasyFinish fibre

4.3.2.2

Fibre length

40 mm

Fibre type

Macro monofilament

Shape

Embossed elongated design

Absorption

None

Specific gravity

0.92 kg/dm³

Electrical conductivity

None

Softening point (melt point)

165 °C

Colour

Grey

Tensile strength

470 MPa

E-modules

6000 MPa

Chloride content

None

SO₃ content

None

Crack generation

To make natural cracks, a four-point bending machine was used as shown in Fig.
40. Cracks were made in 24 prisms (W 100 mm × H 100 mm × L 500 mm) 28 days after
casting. Afterward, rubber pads were put on the bottom of the specimens. Then, loads
pressed by a four-point bending machine were gradually increased at a rate of 100 N/s.
In the final stage, loads were kept for 10 seconds until cracks were visualised.

Fig. 40 Crack generation
4.3.2.3

Problems during the manufacturing process

The first problem is that it was tough to induce cracks on non-reinforced specimens.
Several methods were used to generate cracks, such as wrapping the specimens in plastic
films. However, the methods did not work. Finally, the researchers put rubber pads on the
bottom of the specimens, and then held the loading pad with the stress, which is 1 kN
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smaller than the yield point stress, for 10 seconds. With this method, cracks were
successfully generated.
The second problem is that there is no reported standard self-healing evaluation
system that includes self-healing inspections and calculations. Inspection methods, such
as scanning electron microscopy (SEM), for the self-healing phenomenon were chosen by
the researchers. Moreover, most of the researchers did not calculate self-healing ratios,
to some extent because of there being no method for calculating self-healing ratios.
4.3.3

Validation and testing preparation

4.3.3.1

Self-healing evaluation

In order to calculate self-healing ratios, an ultrasonic pulse velocity (UPV) machine
was employed to measure the velocities of ultrasound throughout the specimens (Fig. 41).
Equations to calculate the velocities are listed below.

Fig. 41 UPV tests
𝐷 = (𝑉 − 𝑉 )/𝑉
𝐷 = (𝑉 − 𝑉 )/𝑉
𝐼 =𝐷 −𝐷
where:
𝑉
𝑉
𝑉
𝑉
𝐷
𝐷
𝐼
4.3.3.2

refers to the speed of control samples at t days
refers to the speed of the reference sample at t days
refers to the speed of the reference sample at n days
refers to the speed of control samples at n days
refers to decreased speed ratios by different cracks at t days
refers to decreased speed ratios by different cracks at n days
refers to increased rates of self-healing between days t and n (𝑛 > 𝑡)
Future tests

As mentioned in section 4.3.2.3, there is no standard evaluation system for selfhealing. In order to develop a standard system, various evaluation methods, such as
evaluation of crack width and evaluation of continuity, etc., will be evaluated. Then, these
methods will be classified from different aspects, such as reliability, quality of results,
carbon footprint, field application, etc. Moreover, it is significant to classify the test
methods depending on whether the healing is autogenous or autonomous.
Moreover, the researchers are going to conduct an experiment to investigate the
effects on self-healing efficiency of adding superplasticiser to concrete sleepers made by
water-swelling rubber.
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4.4

Performance-based design guidelines for fibre-reinforced foamed
urethane (FFU) composite sleepers and bearers

4.4.1

Introduction

In S-CODE, the design optimisation of FFU composites has been established. This
is because the FFU composite has recently gained momentum in application for the support
infrastructure of S&Cs, due to its superior performance under service load conditions and
relatively much lower lifecycle cost and carbon footprint [14]. Despite the recent popularity
of FFU composites, there is no design guideline or maintenance standard [15]. It is thus
imperative to optimise design of the safety-critical components in S&Cs, not only to
enhance safety but also to improve reliability and minimise construction costs and carbon
emissions from the utilisation of FFU composites. In S-CODE, two non-destructive testing
approaches are considered, in order to provide comprehensive insights into the structural
behaviour, service performance and failure mode of the FFU composites, and into the
relationship between cumulative damage and the responses obtained from both
approaches, including modal analysis and acoustic emission (AE). Novel condition
assessment techniques using both approaches have been established for detecting the
structural condition of FFU composite bearers, and damage to them, in real time. The
novel insights obtained from this study have also led to design optimisation for cost- and
carbon-efficient construction of S&Cs. Within S-CODE, the expected outcome will be the
design guideline and proof of concept. Extension through other Shift2Rail projects will be
sought.
4.4.2

Demonstrator description

Nine full-scale beams (160 mm depth × 250 mm width × 3200 mm length) using
FFU composites (designed for railway track components) have been supplied by an
industry partner (Sekisui). The FFU sleeper is manufactured using a pultrusion-extrusion
technique. Continuous longitudinal glass-fibre strands are soaked in polyurethane, and a
composite of the materials is obtained by curing at a raised temperature. The production
process is kept running by a drawing tool that draws the synthetic wood profile out of the
curing tool. For S-CODE, the full-scale FFU bearers are available for demonstration at the
University of Birmingham. Small FFU material samples (30 × 50 × 50 mm) will be used
for demonstration. The design guideline for FFU composite bearers will be developed using
numerical simulations validated by the experimental results.
4.4.3

Validation and testing preparation

In this study, two non-destructive testing approaches are considered, in order to
provide comprehensive insights into the structural behaviour of the FFU composites and
the relationship between damage and the responses obtained from both approaches. The
two approaches are modal analysis and AE. The first is a crucial tool for comprehending
the vibration characteristics of mechanical structures, and the second technique has been
generally utilised for detecting damage to structures and collecting information on it in
real time.
The experimental investigations were conducted in accordance with EN 13230. In
this study, modal tests were first conducted under dynamic loading for both damaged and
undamaged conditions. The damage and failure were created using three-point bending
tests in accordance with EN 13230, as represented in Fig. 42.
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(a)

(b)
Fig. 42 Experimental setup of a full-scale FFU composite beam under flexural load: (a)
test arrangement; (b) schematic setup
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4.4.3.1

Modal analysis

As shown in Fig. 43(a) (under ultimate load test), all five mode frequency lines
under the failed condition are lower than those in the healthy condition, which was
decreased significantly. However, the material is still in a good shape and can fully recover
when unloaded (highly resilient). After measurement and unloading, the bending degree
of the material is only 2 mm. In turn, under repeated load test (Fig. 43(b)), the frequencies
of the five modes tend to reduce with percentage variations of different mode shapes. The
maximum frequency difference is found in the first mode which is approximately 27%,
compared with the frequency under healthy condition. Surprisingly, the frequencies of the
fourth mode are unchanged under the different loading; however, those of the other
modes reduce dramatically as shown in Fig. 43(b).

(a)

(b)
Fig. 43 Frequencies and damping ratios under (a) ultimate load test and (b) repeated
load test
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4.4.3.2

AE signals

Fig. 44(a) demonstrates the incremental loading pattern from the crack progression
test under the ultimate load test. In comparison to the failure curve, the energy hits are
very low. Anyway, it is clear that the initial cracking is observed in Fig. 44(a) at 32 kN.
Cracking changes the flexibility of the beam, which is why for 1 mm deflection the load is
2 kN greater; moreover, the maximum deflection is 164 mm at the ultimate load of the
specimen, at 132 kN. Fig. 44(b) shows the incremental loading pattern from the crack
progression test under repeated load test. It confirms that when the first crack occurs at
32 kN, the specimen still continues to crack, but these cracks are not obvious. The highest
energy signal of 7500 J and the maximum deflection of 208 mm take place at the ultimate
load of the specimen, 170 kN. Beyond this point, vast cracks have appeared, and abundant
fibre has cracked. After the first crack, the slopes of the curves show the transition into
the plastic zone, where general AE activity is maintained. In Fig. 44(c) and (d), crack
propagation has been marked and recorded, and failure mode has been identified,
respectively.

(a)

(b)

(c)

(d)

Fig. 44 Load deflection against AE energy under (a) ultimate load test and (b) repeated
load test; crack behaviour and failure mode of full-scale FFU composite beams under (c)
ultimate load test real picture and (d) repeated load test real picture, respectively
The experimental investigations into modal analysis and AE methods have led to
completely new insights and findings for structural health monitoring of the composite
component. It is clear that the findings from the modal testing are acceptable for
determining the dynamic behaviour of composite bearers under failure conditions. In
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addition, the AE sensing results have been successfully proven to enable effective
detection of initial damage events. The new insights will help railway engineers to
effectively detect and monitor any damage in FFU composite beams. In addition, the failure
modes will enable design optimisation and improved design guidelines for FFU bearers in
railway S&C.
4.5

3D printing of composite sleepers and bearers

4.5.1

Introduction

As part of S-CODE, a proof of concept for 3D printing of composite bearers has
been carried out following the success in applications of FFU composite to S&Cs. This novel
additive manufacturing technology will not only improve productivity in construction but
also reduce the cost and carbon emissions. These actionable benefits stem from the
significant improvement in design optimisation for composite bearers and the
advancement in material technologies. To enable the proof of concept, numerical
simulations and small-scale experimental tests have been carried out in S-CODE. The FE
model has been adopted to create the novel functionally graded composite material by
implementing various layers of 3D-printed full-scale composite bearers. The structural
responses of 3D-printed composite bearers were then benchmarked with the performance
of FFU composite bearers subjected to three-point bending tests in accordance with
European Standard EN 13230-2. The experimental results, which were obtained earlier,
were used to validate the models. Parametric studies on the thickness of various layers
and material properties were carried out to optimise the design of 3D-printed composite
bearers. It is a world first to reveal that 3D-printing technology can improve significantly
the serviceability performance by adding functionally graded capability to composite
bearers.
Within S-CODE, the expected outcome will be the design guideline and proof of
concept. Extension through other Shift2Rail projects will be sought.
4.5.2

Demonstrator description

In order to enable the concept of using 3D-printed composite bearers, numerical
simulations are needed as this has been proven to be an effective tool for engineering
problems. Structural responses can be obtained easily. In the preliminary design, the
layers of the 3D-printed composite bearer consist of top, middle and bottom (equivalent
to stiff under-sleeper pad (USP)) layers as shown in Fig. 45.
For 3D printing technology, the properties of FFU were firstly introduced to the top
layer while the middle and bottom layers need to be designed to neglect the effect of shear
force in a longitudinal direction. Parametric studies have been carried out using FE
analysis, which is a method for solving engineering problems. Variation of the thickness
of each layer and its material properties have been studied. The material properties of
each layer and its thickness are presented in Table 4. It should be noted that, up to now,
only the properties of the top layer have been focused on: the thickness and properties of
the middle and bottom layers were fixed to 2000 and 200 MPa for elastic modulus and 600
and 500 kg/m3 density, respectively. Parametric studies on the material properties of the
middle and bottom layers will be considered in the future. A 120 kN static load was applied
to the mid-span of the beam as it was previously found that, under this magnitude, the
material was still in the elastic range. Thus, linear static analysis was firstly considered in
order to reduce computational time and memory consumption. The pin supports were
applied at the bottom nodes of both ends as boundary conditions. The results obtained
were then compared to the experimental results.
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Fig. 45 3D-printed, functionally graded composite bearers
Table 4 Material properties of 3D-printed composite bearer
Layer

Thickness (mm)

Elastic modulus (MPa)

Density (kg/m3)

Poisson’s ratio

Top

150–200

8000–14000

800–1200

0.3

Middle

20

2000–4000

600–800

0.3

Bottom

10

200–500

< 500

0.3

Fig. 46 presents the structural response of 3D-printed composite bearers under
static load. It is noted that the maximum stress area is located in the tension zone at the
bottom part of the beam and it tends to expand progressively in a longitudinal direction.
It is interesting that this material can sustain significantly high deflection under
progressive static load.

Fig. 46 Deflection and stress distribution of 3D-printed composite sleepers and bearers
subjected to static load
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4.5.3

Validation and testing preparation

The FE model has been validated with the experimental results obtained, in
accordance with European Standard EN 13230-2. The experiment was conducted
previously at the University of Birmingham. The experimental investigation was carried
out to study the damage and failure modes of composite bearers under static three-point
bending. Strain gauges, linear variable differential transformers (LDVT) and AE probes
were connected to the bearer to evaluate the structural responses. Based on the results,
a thickness of 150 mm and an elastic modulus of 8000 MPa are found to be the proper
depth and property for the top layer. The result is presented in terms of load deflection.
Fig. 47 presents comparison of load deflection curves obtained by FE analysis and fullscale experiment. It is clear that the optimum design for 3D-printed composite bearers is
fairly close to the experimental results, as seen in Fig. 47. However, more parameters for
the middle and bottom layers will be taken into consideration in the future. It is also noted
that the damage and failure mode of 3D-printed composite bearers, in which the fibreglass
snaps in a longitudinal direction, is fairly matched with the full-scale experimental results.

Fig. 47 Model validation with experimental results
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5

Task T6.3 – Validation of next generation kinematic system

Demonstrators for the new kinematic systems are summarised below. There are
seven of these in total, covered in Section 5.1 to 5.7.
5.1

Vehicle-Based Switch

5.1.1

Introduction and description of basic idea

A greatly discussed question over the course of the S-CODE project was the
possibility of vehicle turning controlled directly by vehicles when passing through switches.
Practically, the question of whether a vehicle at a switch could turn the switch in the
desired direction by itself was dealt with, using a completely fixed switch without movable
parts. This resulted in several proposals, some of which belonged more to the sphere of
sci-fi or were physically unsolvable, although some were more usable.
The first proposal when dealing with the Vehicle-Based Switch concept in greater
depth was that the wheel of the vehicle would turn on the rail without a wheel flange and
wheel set, similarly to a road transport vehicle that does so by a precisely controlled wheel
rotation. Due to the kinematics of the chassis movement in an arc, the very low friction
coefficient between the steel wheel and the steel rail, which is the primary assumption of
the efficiency of railway transport (very low rolling resistance compared to road transport),
it is not entirely possible to turn the entire vehicle by simply turning the wheel so that it
would be safe in all weather conditions. Without the railway vehicle’s wheel flange, it is
not possible to gain a sufficiently large Y force on the running wheel set in order to
overcome the friction resistances to the chassis rotation when passing through an arc.
The idea of a wheel without wheel flanges and an uninterrupted rail track persisted,
and so the following concept has been imagined, in which the wheel profile and the rail
profile would be rotated. It must be noted that even such principles in field tracks and
industrial tracks have been used in a significantly simplified version in the distant past. In
this concept, the rail thus has wheel flanges, and the wheel has the shape of the existing
rail head.
The concept utilises the wheel–rail interaction rotated paradigm, which can be seen
in Fig. 48, and a guide wheel system on each axle, the guide wheels of which are led by a
leading wedge located at the junction of the solid turnout.

Fig. 48 Paradigm shift concept
According to the current position of the guide wheels on the axle, the vehicle will
be led in a specific direction at the junction using the leading wedge. Thanks to the wheel
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system and the leading wedge in the switch section of the turnout, the vehicle will thus be
correctly transferred across an otherwise unled point on the turnout. It is even possible to
design the shape of the leading wedge so that the turnout can become a cutter one, i.e.
when driving against the turnout points, the guiding mechanism of the roller system can
be forcibly transferred into the required position in cases of misalignment, so that the
vehicle can safely pass through the turnout.
5.1.2

3D modelling of concept

There were several suggestions for demonstrating the function principle. FDM
(fused deposition modelling) technology suggested itself as ideal. It is a 3D printing
technology, wherein the process itself is based on applying a thin layer of molten
thermoplastic in the form of blanks reeled into coils according to the 3D model created.
Thanks to this, it is possible to produce essentially any product that the 3D printer allows
for. Thus, it was necessary first to create the required 3D set according to the VehicleBased Switch with paradigm shift concept described above. To this end, Creo Parametric
software was used. The overall set consisted of a solid turnout with a leading wedge, and
a subway cabin with two bogies. It must be noted that modelling of the set was done on
a smaller scale (approximately 1 : 32) and that all elements were significantly simplified in
order to show only the function principle and to be easily printable using a 3D printer. The
final Vehicle-Based Switch set ready for printing, which was created in the Creo Parametric
program, is shown in Fig. 49.

Fig. 49 Assembly of Vehicle-Based Switch system 3D model created in PTC Creo
Parametric
5.1.3

3D print of concept

As mentioned above, 3D printing FDM technology was used to demonstrate the
concept’s function principle, more specifically using an Ultimaker S5 device which allows
for two-colour printing. The .stl files exported from the Creo Parametric 3D software served
as inputs for the printer. Subsequently, printing of the individual parts was carried out;
they were modelled in such a way as to make printing as simple as possible from the very
beginning. Fig. 50 depicts the subway cabin assembly, which is ready for removal from
the pad after 2.5 days of printing.
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Fig. 50 Printed VBS system vehicle
Upon completion of printing, water-soluble or break-out boosters had to be
removed from the printouts. Subsequently, the individual parts were painted and
assembled into sets with a bolted joint or they were glued. The Ultimaker S5 3D printer
was widely used during the project; several versions were printed and assembled to
demonstrate the function, and can be seen in Fig. 51.

Fig. 51 Final printed models of different versions of the VBS system
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5.1.4

Render

In view of the fact that the Vehicle-Based Switch concept has been modelled
entirely in 3D software, it is possible to export the set into various files, and subsequently
to use them in different programs supporting certain functions. The Keyshot software
served as such perfectly, wherein it was possible to render various images for presentation
purposes to a wider audience. Outputs from the program are shown in Fig. 52.

Fig. 52 Outputs of 3D model rendering

5.1.5

Validation and testing

The Vehicle-Based Switch concept itself was always tested upon the complete
assembly of the entire set of printouts and upon setting the necessary clearances in bolted
joints. The system is thus functional in the scale model. There are, however, a number of
problems that will need to be further addressed. Finding wheel profiles and transverse rail
profiles to achieve centring when driving, similar to the conventional railway system, is
among the main problems. Furthermore, it will require a lot of bogie work in the future,
and the associated management and security system or safety.
In the event of solving all the problems, it is possible to consider this concept for
isolated railway lines in the near future, in particular for newly built ones. An excellent
application is the use of this system for terminal trains at airports, or lines leading from
airports into the nearest transport hubs, or as newly built subway lines. To illustrate, a
vehicle model with bogies and a Vehicle-Based Switch with paradigm shift system turnout
inserted into a subway tunnel is depicted in Fig. 53.

Page 49

Fig. 53 Visualisation of possible usage of VBS system
All devices for switching and securing are thus located on the vehicle and it can be
maintained and repaired under more acceptable and safer conditions than on a track that
is under operation, more specifically at service depots, where there is sufficient time and
space to perform all necessary work on the vehicle’s systems. With regards to the vehicle
passing through the switch, postponements to necessary maintenance work can be
expected, since the running surface does not contain any interruptions; given the
increased dynamic stress, this would cause excessive wear of the running surfaces and
disruption of the switch’s geometrical parameters at specific points.
5.2

Back-to-back bistable switch (video demonstrator)

5.2.1

Introduction

With the help of this video demonstrator, feasibility of the Back-to-back (B2B)
bistable S&C concept will be verified in a software environment. This demonstrator relates
to T5.1 within WP5 of the project.
5.2.1.1

Demonstrator description
A full-scale model of the novel B2B bistable S&C has been modelled in SIMPACK.

The demonstrator presents the novel concept as 3D models in a CAD environment.
Upon highlighting the sections where changes have been made, it proceeds to show
animation of the required trajectory. Further, its interaction with a validated train is shown.
A validated model train will be run on the turnout as shown in Fig. 54. The modelled
train is equipped with a freight vehicle bogie. The contact forces between the wheel and
rail will be shown in this video. The animation also compares the novel concept and its
wheel–rail forces against the conventional concept.
This video also shows the actuation mechanism of the B2B S&C within it. A
screenshot is shown in Fig. 55, where the left divergent route is selected by the concept.
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5.2.2

Validation and testing preparation

The demonstrator already includes validation of the concept within it. The results
are shown as wheel–rail forces of the novel concept against the conventional concept. The
animation also demonstrates the feasibility of the kinematic mechanism in achieving the
desired trajectory for this novel concept.

Fig. 54 Screenshot from video demonstrator showing train running over a B2B S&C

Fig. 55 Screenshot showing the left divergent route selected in a B2B bistable S&C
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5.3

Back-to-back bistable switch (physical demonstrator)

5.3.1

Introduction

In order to overcome the conventional S&C’s disadvantages of linear actuation and
the higher magnitude of load transfers between the switch and stock rail, this novel S&C
concept has been proposed. With the help of a scaled physical demonstrator, its feasibility
will be verified. This demonstrator relates to T5.1 from WP5 which deals with novel
switching concepts and their kinematics.
5.3.2

Demonstrator description

A scaled model (1 : 22.5) of the novel B2B bistable S&C will be built to demonstrate
its feasibility. Its full layout is shown in Fig. 57 as a CAD assembly. In a complete turnout,
toy train tracks will be built. At the locations of switch toe and crossing nose, switch joint
cuts will be made as shown in Fig. 56.
The open ends of the movable rails of the switch will be actuated by a point machine
which will be built below the tracks, along with a linkage mechanism. Similarly, at the
crossing section, switch joint-type cuts will be made, and a similar actuator and
mechanism will be built. The CAD assembly of the actuator and mechanism is shown in
Fig. 58 for the S&C sections.

Fig. 56 Switch joint

Fig. 57 CAD model showing assembly of B2B bistable S&C
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Fig. 58 Actuator assembly for switch section (left) and crossing section (right)

Fig. 59 Trajectories to be achieved at the switch (a) and crossing (b) sections
5.3.3

Validation and testing preparation

After the actuator has been built and integrated with the track assembly, the
trajectories which the S&C section will follow are shown in Fig. 59.
This demonstrator will address the challenges which will be faced in designing a
novel actuation mechanism for S&Cs. The simulation results show acceptable force and
displacement requirements. However, the space needed to mount the kinematic
mechanism will be evident from this demonstrator.
This will pave a new way for further analysis of space requirements in future.
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5.4

Single slender switch

5.4.1

Introducing the concept

In the framework of the previous work package WP5, the Single Slender Switch
turnout design concept was developed. The basic design has been developed, and analyses
of the movable switch rail have also been carried out in ANSYS software. In the original
design (see Fig. 60), the Single Slender Switch concept is characterised by the use of only
one moving part (the switch tongue) with a double-sided function and a special solution
in the area of the frog, which has been inspired by the contact of the switch tongue and
stock rail of conventional turnouts. A great advantage of this concept was the use of this
single movable part in the entire turnout, an uninterrupted running surface along the entire
length of the turnout. Nonetheless, great disadvantages of this concept have been
identified, in particular in terms of switch tongue geometry which cannot be correctly
addressed for double-sided use, and in terms of the great length of switch tongue
displacement, which corresponds to the track gauge. Similarly, locking will also require a
detailed design along the entire length of a turnout.

Fig. 60 Full Single Slender Switch design

Fig. 61 Optimised Single Slender Switch design
For comparison and difference demonstration purposes, including the possible
combination of individual parts of turnouts, a model of a conventional turnout on the same
scale and with the same geometry has also been created for this concept. This turnout is
equipped with the standard solution of a switch section and a movable point frog in the
frog part of the turnout. Its layout is shown in figure 62 above.
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5.4.2

3D model

First, 3D models of all three component models were created in PTC Creo software.
Since the beginning, the switches have been simplified; they are not real switches reduced
to a corresponding scale. The basic geometry was simplified to get an acceptable length
of the switch as well as the individual construction elements. The profiles of the rails, the
fastening and switching systems and the locking systems were modelled in a simplified
way regarding future 3D printing.
The models were printed on an Ultimaker 3D printer using FDM technology which
involves 3D layered printing of plastic filaments according to model imported from a 3D
software program. All three switch concepts were printed successfully on the 3D printer.
For demonstration and dissemination activities purposes, all three models have
been rendered in Keyshot software. Structural turnout elements have been coloured with
actual colours, including the application of concrete texture on the sleepers, etc. Movable
parts in turnouts, which have been newly designed, are coloured in order to achieve
highlights in blue. A view of all three turnout concepts upon view rendering is shown in
Fig. 62, Fig. 63 and Fig. 64.

Fig. 62 Conventional turnout with movable crossing
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Fig. 63 Full version of Single Slender Switch

Fig. 64 Optimised version of Single Slender Switch
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5.4.3

Validation and testing

These 3D models, which have been modelled and subsequently printed using a 3D
printer, demonstrate the basic possibility of turnout assembly and the functionality of the
turnout principle. For printing, a ratio of 1 : 22.5 has been selected, which corresponds to
the ratio of a model railway, so that the models could be tested by passage of an
industrially manufactured model railway vehicle. Similarly, these models are very inspiring
for the future idea of the design of displacement and closing systems.
5.4.4

Expected impact

The basic principle of functionality of passage of vehicles through turnouts has been
verified by the Single Slender Switch demonstrators submitted. It has been confirmed that
the Single Slender Switch concept in the original design is not suitable in terms of the
geometrical design or production technology. Nonetheless, the optimised form of the
concept appears to be interesting for future development, with a focus only on the movable
point frog. Solutions to other problems of this concept can be expected in the future, such
as the design of a kinematic system for displacement, and design of the switching box and
the closing system, in particular. Advantageously, the use of technology concepts already
proposed from work packages WP3, WP4 and WP5 can be expected. As an illustrative
example of integration, it may be mentioned that the use of the contact layer technology
would be good for the frog solution, and the high-redundancy actuator for displacing the
movable part; furthermore, locking technologies and technologies of monitoring and
turnout diagnostics could also be used. In order to hide the devices in sleepers, 3D printing
of FFU sleepers allowing for great shape variability could also be used advantageously.
5.5

Maglev actuator

5.5.1

Introduction

Within the S-CODE project, a full prototype of a novel railway track switching was
developed using maglev technology. This demonstrator is connected to Task T5.2 from
WP5 where different switch actuators and locking configurations are expected to be
analysed and evaluated to optimise performance against the requirements identified in
Task T1.3.
The common advantage of using this technology is the lack of contact and thus no
wear and friction. This increases efficiency, reduces maintenance costs and increases the
useful life of the system. The new idea is to use maglev actuators to switch the track that
would contain no mechanical link between the actuator and the switch rail. The rail could
be switched simply by magnetic principles, by attracting the rail towards the appropriately
placed electromagnet. Refs [16][17][18][19][20] have been useful in guiding this
innovation and for the outline design of this concept demonstrator.
5.5.2

Demonstrator description

Fig. 65 shows a conceptual railway track switch using maglev actuators. We
propose using four permanent magnets and four electromagnet actuators that have been
installed vertically and horizontally. The vertical actuators will attract the switch rail, and
then the interplay between the four electromagnets will transport and place the rails in
their appropriate final position. The railways used are stainless steel at 1 : 22 scale with
plastic sleepers. One of the sleepers has been replaced by an aluminium one which
supports the four permanent magnets to allow the rails to be attracted, keeping a suitable
air gap by the magnetic force produced from the actuators.

Page 57

Fig. 65 Conceptual railway track switch using maglev actuators

a) Levitating the switch rail by two vertical
electromagnets

b) Sliding the switch rail to the left by
a horizontal electromagnet actuator

c) Sliding the switch rail to the right by
a horizontal electromagnet actuator

d) Dropping of the switch rail inti the new
position after completing the right sliding
movement

Fig. 66 Overview of the expected movement of a novel rail switch using maglev
actuators
Each permanent magnet (PM) used to build the track switch has a pull force of
20 N. However, each electromagnet actuator has a maximum holding force of 1.6 kN when
a 340 mA current is applied. The holding force can be reduced by changing the air gap.
For a gap of 2 mm, the electromagnet pull force will fall to 1.4% of the maximal force
value. The challenge is to increase the air gap between the effective electromagnet surface
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and the switch rail. This is an essential point that will allow suspension of the attracted rail
by the vertical electromagnet actuators without touching the actuator. For that reason, we
installed four PMs on one of the active bearers. Moreover, the vertical and horizontal levels
for each electromagnet have been made adjustable to meet the requirement of using the
maglev actuator concept in rail switching. In this demonstrator, the table where the rail is
seated has been manufactured to be adjustable as well. The lifted switch rail should then
be ready to be slide right or left by the horizontal electromagnet actuators. Fig. 66 shows
four different positions of the switch rail that are expected to be achieved by controlling
the maglev actuators.
5.5.3

Validation and testing preparation

The control of four electromagnets actuators shown in Fig. 65 will be necessary to
obtain the necessary trajectory of the switch rail system. Two-feedback control is expected
to be achieved. First, the air gap (see Fig. 68) between each electromagnet and its
opposite PM installed on the active bearer should be controlled. Second, controlling the
current of the maglev actuator (see Fig. 68) should enable smooth attraction of the
movable rail upward and then allow it to slide and drop off it in the new switch position.

Fig. 67 Current feedback control of electromagnet

Fig. 68 Position feedback control using a gap sensor
The two controllers are under development to include self-adjusting behaviour in
the maglev actuator. This is to achieve the rail track switching mechanism and also to
demonstrate the proof of a novel concept of railway track switching. The testing process
will start by checking the pull action of the switch upward as the power of vertical actuators
will be switched on. The switch rail should fall down when the power is switched off. The
second stage of the test will involve a check of the sliding movement of the switch during
its suspended position underneath the electromagnet actuator. It should decrease the
input current of the two vertical actuators while increasing the input current of the left or
right electromagnet actuator. Current control is essential to avoid the switch rail falling
down during power switching between the vertical and horizontal actuators. It is expected
that full movement of the switch will be achieved during the testing process, as shown in
Fig. 66.
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5.6

MR Lock, locking based on magneto-rheological fluid

5.6.1

Introduction

The traditionally used mechanical locks include mechanical/hydraulic linkages and
are difficult to adjust if needed. The motivation for this demonstrator is to develop a new
locking mechanism, using new smart materials, which is easy to include in the switch
system and has provision for self-adjustment.
In this demonstrator, a new smart lock is developed based on magneto-rheological
(MR) fluid. MR fluid is a controllable fluid which has the ability to change its viscosity when
the applied magnetic field changes. The fluid becomes semi-solid and exhibits visco-plastic
behaviour in the presence of a magnetic field. The transition to rheological equilibrium can
be achieved in a few milliseconds. MR fluid devices are used in automobile, structural and
aerospace industries because of this advantageous property [21][22][23]. Based on this
property of MR fluid, the MR Lock demonstrator has been developed.
The demonstrator is connected with the task T5.2 of WP5.
5.6.2

Demonstrator description

The demonstrator consists of an HPSS switch model, two MR dampers and a
controller. The MBS model of HPSS, which is a switch system used in the UK rail network,
is used in this demonstrator. The MBS model of HPSS (shown in Fig. 69) is validated with
the data from a working HPSS. Two MR dampers are connected to the switch rails and
their adjacent stock rails at the toe position. The piston rod of the damper is connected to
the switch rail by a holder. The cylinder is fixed to the stock rail. When the switch rail is in
the closed position the piston is retracted, and during the open position it is extended.

Fig. 69 MR Lock demonstrator: (a) top view of the full HPSS; (b) front view of the MR
Lock (without sleepers)
A new MR damper was designed (shown in Fig. 70) to achieve the force required
to lock the switch rails in position because the commercially available MR fluid dampers
cannot provide the force required. The outside diameter of the damper is 72 mm and the
length of the damper when extended is 280 mm. The switch rail travel for the selected
layout (CVS switch panel) is 110 mm. Thus, a stroke length of 120 mm is designed for the
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MR damper to allow a self-adjustment capability of ±10 mm. The damper force can be
altered by changing the physical parameters of the damper. The design of the damper can
be varied depending on the requirement of the switch layout and the space constraints.

Fig. 70 Designed MR damper

Fig. 71 Self-adjusting controller integrated with MR damper controller
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The MR locks are controlled using On-Off control which is often used in automobile
industries as a simplistic solution [24]. In the Off-state, during actuation, no current is fed
to the dampers and they work as passive viscous dampers. After the switching movement,
voltage is applied to the MR damper to generate a magnetic field, and the MR dampers
provide a strong locking force which prevents any movement of the switch rails. This state
is called the On-state of the lock.
The self-adjusting control logic integrated with the control algorithm for the MR
Lock was developed as shown in Fig. 71. The self-adjusting control logic always checks
the gap between the switch rail and the stock rail. If the gap changes within an allowable
range of ±10 mm, the logic updates the controller with the new desired gap command. If
the gap is sensed as outside the allowable range, a fault command is fed back to the
signalling block.
The new MR damper design consists of a piston with three magnetic chokes to
provide the strong magnetic field required to achieve a high viscous force when operated
in the On-state. If the locking force requirement is high for a different switch layout, the
design can be modified to include two-stage or three-stage pistons. Thus, the design of
the lock can be adjustable to integrate with different types of switch system with a wide
range of switch layout.
5.6.3

Validation and testing preparation

The demonstrator was tested first for the developed controller which controls the
motion of the actuator to close the gap between the switch rail and the stock rail to zero.
The controller also applies a high-voltage input to the MR dampers to lock the switch rails
in the locking position. Fig. 72 shows the force from the damper and the displacement of
the switch rail. The high damper force corresponds to the force when the magnetic field is
applied to the MR Lock. The control current to the MR damper is switched on depending
on the gap between the switch rail and the stock rail.

Fig. 72 Performance of the demonstrator: (a) gap between the switch rail and stock rail
at toe position; (b) locking force; (c) current input to the MR Lock
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The self-adjusting control logic is able to control the movement of the switch rails
and close the gap to zero. The self-adjusting algorithm also updates the new desired gap,
which can be accommodated as the stroke length of the damper is within the maximum
allowable limit. In further work, an advanced controller will be developed to control the
MR Lock to optimise the power requirement of the damper.

5.7

Hardware-in-the-loop
actuator)

5.7.1

Introduction

simulation

(using

high-redundancy

S&C system failures can cause catastrophic accidents and delays in the rail
network. Subsystem redundancy is one of a number of approaches that can be used to
increase S&C system safety and reliability.
In this demonstrator within the S-CODE project, the proposed Hardware-in-theloop simulation using a high-redundancy actuator (HRA) is designed to provide fault
tolerance using several (small) actuators, which are assembled in parallel and series
configuration to form a single (big) actuator. Thus, if one of these several actuators fails,
the remaining actuators can take over and ensure the functionality of the total system
(i.e., the S&C system). Further, it was shown in [25][26][27][28] that the parallel
configuration not only increases the force generated but also improves the loose fault
tolerance, and the series configuration increases the travel as well as improving the lookup fault tolerance.
The Hardware-in-the-loop simulation using HRA is based on one of the proposed
novel actuator concepts in Chapter 4 of D5.1 (i.e., 4.1 High-redundancy actuator (HRA)).
As the HRA cannot be demonstrated as a standalone demonstrator, but only in the
presence of control software, the Hardware-in-the-loop simulation using HRA
demonstrator is considered in this part. A description of the demonstrator is presented
below.
5.7.2

Demonstrator description

The main concept of the HRA is that instead of using one (big and powerful enough)
actuator, several actuators—which are assembled in parallel and series configuration to
form a single actuator—are considered. Each actuator provides a small contribution to the
overall force and displacement of the HRA.
In the current Hardware-in-the-loop simulation using HRA demonstrator shown in
Fig. 73, four linear actuators are assembled to reach a maximum stroke of 200 mm in
total, whereas each linear actuator has a maximum stroke of 100 mm. The total push/pull
loads of the HRA are 1 kN. From the load side, an MR fluid damper with a maximum stroke
of 74 mm is considered to simulate the real load (e.g. the rail). A linear potentiometer is
attached to each linear actuator to measure displacement of each element, and the total
displacement of the whole system will be calculated by adding both. In addition, another
potentiometer is attached to the load side (i.e. to the damper) to provide feedback
measurement of the displacement on the load side.
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Fig. 73 Overview of the Hardware-in-the-loop simulation using HRA
The MR fluid damper has been chosen as a load because it allows testing of both
extension and contraction movements, as can be seen in Fig. 74.

Fig. 74 View of assembly showing HRA acting against a load
A technical information list of all the hardware considered for building this
Hardware-in-the-loop simulation using HRA demonstrator is given in Table 5.
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Table 5 Hardware considered for building Hardware-in-the-loop simulation using HRA
demonstrator

Name

Model number

Characteristics

Linear
actuator

Type CAHB-10B3A-100209AAAA0A-000

Stroke: 100 mm
Load: 500 N
Input voltage: 24 V DC
Speed (full load to no load): 13
to 16 mm/s

Damper on
the load side

LORD P/N RD8041-1

Stroke: 74 mm
Input voltage: 12 V DC
Input current: continuous for
30 sec --> 1 A;
intermittent --> 2 A

Potentiometer
on the
actuator side

UNILIN-WT22
Series

Stroke: 150 mm
Max resistance: 5 kΩ
Type: linear
Electrical life: 5,000,000
strokes

Potentiometer
on the load
side

GEFRAN Model PZ34-A-075

Stroke: 75 mm
Max resistance: 5 kΩ
Type: linear
Electrical life: 25,000,000
strokes

Controller kit

LORD Part# RD3002-1

PWM frequency: 30 kHz
Input voltage: 12 V DC
Max output current: 2 A

Miniature
slide

21230-2700

Max slide: 3000 mm

Mini rollermounted
slides

21035-040155

Max slide: 120 mm

5.7.3

Descriptive image

Validation and testing preparation

The Hardware-in-the-loop simulation using HRA demonstrator considered will be
tested initially under normal operating conditions, in a closed loop with a (PI or PID)
controller(s) developed using MATLAB/Simulink and/or LabVIEW as needed. Further,
different scenarios such as faulty actuators as a group or individually will be considered.
In each scenario, the total displacement of the HRA will be compared against the
displacement of the load (damper) side. Consideration of the MR damper on the load side
allows us to change the load, and so to test the redundancy of the HRA demonstrator. This
will be checked for both extension and contraction movements.
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Performance of the HRA will be evaluated to demonstrate its redundancy compared
to a normal single actuator. To aim is to enhance total S&C system safety and reliability,
and thus to reduce the number of scheduled maintenance events of the switch system and
ultimately to minimise catastrophic accident(s) and delay(s) in the rail network.

6

Combined demonstrators

From the perspective of system integration, one complex demonstrator has been
created, which shows the integration possibilities of the individual technologies of the WP3,
WP4 and WP5 work packages. Use of the BIM method has been considered in terms of
combining the technologies of the individual work packages and technology integration.
The design documentation will be complemented with the BIM files that will help to support
approvals and standardisation processes during the later stages of the Shift2Rail
programme. A demonstrator presenting how this method can be used for turnouts has
also been developed for using BIM in the framework of the S-CODE project.
6.1

Section of switch part

As emphasis is also placed on future integration of the individual technologies into
jointly usable units, a complex demonstrator containing multiple sub-technologies has
been developed. Besides the functionality and sub-technology validation examples, the
possible integration mode is also shown on this demonstrator.
The turnout switch section has been selected for the demonstrator, as shown in
Fig. 75, as a typical part of turnouts in general, wherein movable parts are located and
drive direction is being altered. It proceeded from the standard conventional turnout to
simplify and minimise unexpected problems, which are not part of the solution. The use
of these technologies can also be considered in the framework of other turnout concepts;
in particular, application for the Single Slender Switch design is conceivable, wherein the
switch tongue would be functional on both sides.

Fig. 75 Global view of integrated demonstrator
More specifically, it is the switch part with the tongue and usual-shaped stock rail
segment, two sleeper segments, two fastening systems and a locking system, and with
diagnostic sensors installed. In particular, these are the following technologies previously
developed in the framework of the S-CODE project:
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FFU sleepers – for that demonstrator, those manufactured industrially by
the Sekisui company have been used;
Fastening system with a replaceable cartridge with the implementation of
force sensors and the DAQ S-BOX diagnostic system;
Magnetic locking.

The main technologies – sub-demonstrators – containing this global demonstrator
are described in further detail in the following text. The DAQ S-BOX technology that
primarily serves for the diagnostics of turnouts and turnout structures is kept and
described as a separate demonstrator 3.1.
6.1.1

Description of integrated technologies

6.1.1.1

Fastening system with replaceable cartridge

Two fastening systems have been made for the demonstration and subsequent
validation, which will be installed onto the two segments of FFU sleepers. One fastening
system will be a completely new fastening system with a replaceable cartridge (see Fig.
77) and the second will be manufactured as a regular slide chair with the same shape but
without the space for a replaceable cartridge.
The slide chair that is commonly manufactured for standard turnouts constitutes
the basis of the fastening system with a replaceable cartridge. The slide chair consists of
a 20 mm-thick base plate, two welded forged ribs forming a bolt clamping assembly, four
holes for sleeper bolts, and a welded standard shape sliding surface. Furthermore, this
fastening system includes a welded steel pipe with a diameter of 260 mm, into which it
will be possible to place the cartridge with other various functions.
For demonstration purposes, the cartridge selected has a force measuring function
acting on the sleeper bearing surface and improving the rigidity of the fastening system
by means of plate springs. The plate spring assembly has been designed to transfer the
appropriate force, at a known maximum force, into the cartridge and, at the same time,
to have the rigidity corresponding to the pad used under the rail foot, which is used under
the rail. It is a common pad under a rail foot with a modified shape so that there can be
contact between the rail foot and the contact element of the cartridge. Furthermore, it is
possible to install other elements into the cartridge, such as an energy harvesting system,
possibly a piezo stack, by which the rigidity of the fastening system could be moderately
controlled. For the purposes of this demonstrator, for reasons of simplicity, this element
is replaced by a steel roller which matches the shape that a piezo stack or energy harvester
would need to have in the future.

Fig. 76 Fastening system with replaceable cartridge: grey – baseplate (slide chair), dark
grey – rail pad; orange – disc springs; yellow – future elements (energy harvester, piezo
stack); green – force sensor
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6.1.1.2

FFU sleeper/bearer

Advanced sleepers have been selected for the assembly of this demonstrator. The
FFU sleeper technology is also addressed in the framework of the S-CODE project;
nonetheless, industrially manufactured sleepers made of an FFU material by the Sekisui
company have been selected for the assembly of this demonstrator. The demonstrator
describing the activities in the field of FFU composite sleepers and bearers is kept as a
separate demonstrator, No. 13 (4.4).
For the needs of the demonstrator, two sleeper segments with a cross section of
260 × 160 mm and length of approximately 650 mm have been supplied by Network Rail.
Subsequently, holes for installation were drilled into the sleepers (screwing on
fastening system sole plates including the creation of an appropriate hole for a sole plate
with a replaceable cartridge). Next, a hole was milled into the sleeper, into which the DAQ
S-BOX diagnostic unit can be placed, as well as a DAQ Light, if necessary. USPs could also
be applied to the sleepers, but this is not envisaged in this case.
6.1.1.3

Magnetic locking

We designed a passive railroad switch locking system, namely a setup that lacks
active electrical components. The lock generates the relevant operational force by utilising
blocks of PMs, has dimensions of 154 × 135 × 22.1 mm, an active surface area of 154 cm2,
and is located on the intersleeper support under the switch blade. The actual configuration
is shown in Fig. 77 below. The mechanism contains 84 PMs (40 of which are movable)
sized 12 × 10 × 4 mm and made of N38 material. Structurally, the magnetic lock
comprises a steel base plate accommodating PMs arranged into a matrix with eight rows
and eleven columns. A row includes PMs having identical magnetic orientation, and the
magnets in a neighbouring row are invariably oriented in the opposite manner. The even
columns are designed to slide to disengage the lock. The magnetic poles of the lock are
embodied in steel lamellae above the PMs; these lamellae are separated by nonmagnetic
sheets.

Fig. 77 Arrangement of the magnetic lock
To design the lock, we employed ANSYS Maxwell, considering various types and
dimensions of the magnets; eventually, we selected the option providing the greatest
vertical attraction force. Numerical analysis was performed by using the above-presented
neodymium PMs with magnetic field strength, Hc = 876 kA/m and flux density, Br = 1.23
T. The magnetic parts of the lock were manufactured from standard 11.373 magnetic
steel, whose relevant properties are characterised by the B-H curve. In the designed
mechanism, we evaluated the attraction force exerted by the lock on the switch blade. In
the actual computation, the assumed distance between the switch blade and the active
surface area of the lock was 0 to 1 mm; the achieved locking force at 0.1, 0.5 and 1 mm
from the lock corresponded to F = 1.970, 720 and 330 N, respectively. The relationship
between the force and the switch blade distance is represented in Fig. 78.
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Fig. 78 Vertical force of the lock related to the switch blade position
6.1.2

Future testing and validation

It is expected that during the validation phase, a number of laboratory tests will be
carried out on this demonstrator. These tests will most likely be realised at the AdMaS
centre, which is a testing centre of the Faculty of Civil Engineering of BUT in Brno. Tests
of the fastening system are being prepared under standards EN 13481-7 and EN 13146.
In particular, the fastening system rigidity test is expected, and possibly also other tests
which are prescribed by the European standard, e.g. resistance to slip, etc. Another
expected test is the magnetic lock tear test. It will monitor at what force the locked switch
rail is torn off. Furthermore, matters pertaining to turnout diagnostics may be tested. This
includes, in particular, dynamic loading, which will simulate train travel, and the response
will be detected on diagnostic devices – i.e. force sensors installed in the replaceable
cartridge of the fastening system, and the response in the DAQ Light or DAQ S-BOX
diagnostic device.
The result of the validation, or testing, will be to determine whether the
technologies developed meet the expected characteristics, and whether use in this manner
will be applicable in the future. The information obtained from technology validation will
subsequently enter into evaluation of the technologies that are the subject of the WP7
work package.
6.1.3

Expected impact

Testing the fastening system with a replaceable cartridge will confirm the
functionality and serviceability of this mode of integration for all the sub-technologies used
in the framework of the fastening system. From an economic viewpoint, the use of this
engineering design cannot be envisaged in the framework of all fastening systems in the
area of whole turnouts in the near future, but the use of this fastening system is expected
only in the critical selected areas of turnouts, where there is an interest to monitor certain
quantities. These quantities can also be monitored for the purposes of, e.g., selfdiagnostics and self-treatment. The fastening system with a cartridge has great potential
for further development, with implementation of technologies such as energy harvesting,
the design of a device for controlled change in rigidity and height, etc. Likewise, a possible
direction of further development lies in the modification of the fastening system so that it
meets today’s modern design standards.
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At this moment, the magnetic locking system can be equally understood as an
auxiliary technology in terms of locking, which must now be complemented by a standard
locking system in terms of sufficient safety. However, if the functionality and serviceability
of this concept are sufficiently verified, it can be assumed that progress in this field will
also be possible upon further elaboration of this technology, and that in the future this
system may be an adequate replacement for the systems commonly used today.
6.1.4

Conclusion

In the course of the last phase of the WP6 work package, all the elements of this
demonstrator have been made: components of the fastening system and cartridges, shape
modification of the supplied FFU sleepers, and manufacturing of the magnetic locking
system, as well as manufacturing of the stock rail and switch rail segments. In the next
phase, the assembly and validation of this demonstrator as a whole will take place, as well
as the certification of partial technologies. The results will be presented in the framework
of the evaluation process within the WP7 work package. This demonstrator has also served
to demonstrate the implementation of the BIM method on turnouts as building
constructions.
6.2

BIM

6.2.1

Introduction

This section concerns the demonstrator created to showcase the use of BIM in SCODE, S-BIM.
BIM has been used throughout S-CODE to model and share the project’s
information, e.g. project timings, deliverables, responsibilities and technical data are
shared using a common data environment. The core information for S-CODE is that stored
in BIM models of the new S&C designs, which can be thought of as enhanced CAD models,
describing physical and functional characteristics. The BIM model used in the demonstrator
is an integration of composite bearers and novel rail fastenings (from WP4) and magnetic
locking components (from WP5) integrated together and also showing the rails (see Fig.
79).

Fig. 79 Complete switch assembly used as base model in the S-BIM demonstrator
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The BIM process is used specifically to integrate the next generation of S&C designs
in S-CODE. Different solutions are brought together to form composite components. The
models are added to design documentation and can be transferred forward into follow-up
projects and design work in the later stages of Shift2Rail and should help speed up
standardisation and approvals.
It is therefore important to include a demonstrator in BIM which serves the purpose
of briefly introducing the concept of BIM and its use in the project. Using BIM in engineering
research projects is currently an uncommon phenomenon. The way in which BIM is
adapted from its core use in the construction industry, particularly for buildings, to the
project is shown. BIM is used throughout the lifecycle of projects, so the stages appropriate
to S-CODE are shown.
The demonstrator uses a composite model of several project components because
bringing together work in a structured way from different work packages and researchers
is one of the fundamentally important reasons for using BIM. The demonstrator is relevant
to the system integration tasks of WP3 to WP5, where elements of each work package are
brought together where relevant. Over the whole project, BIM is used in coordinating the
tasks via the common data environment.
The additional layers of detail beyond the CAD model are also shown, along with
an indication of where BIM should be used in later connected projects that go further into
the lifecycle of innovative switch design, e.g. further design and larger-scale
demonstration, commissioning and eventually ready for use in practice.
6.2.2

Demonstrator description

The BIM model is a 3D CAD model enriched with further dimensions, or layers, of
information. They relate to timings and sequencing of the design (4D), e.g. partial
components, separate components, bringing components together, clash detection,
modification and integrated component design. The fifth dimension relates to materials
and costs, helping with monthly cost reporting and projected component costs, and helps
to track spending against projected costs over the life of the project. Examples of these
elements are contained in the integrated demonstrator.
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Fig. 80 (a) Interactive clickable information box in the demonstrator and (b) the full set
of introductory information (right) and showing links to other pages of the demonstrator
The demonstrator is an interactive Powerpoint slide set designed to be engaging
for the user and allowing them to find out more information about areas of interest. An
example of some of the pages in the demonstrator is shown in Fig. 80. Fig. 80(a) shows
the first page and the interactive button where a user can click images to reveal
information contained in text boxes. Fig. 80(b) shows the complete set of text boxes on
the introductory page and highlights the links to the other pages of the demonstrator. An
example of the pages on the CAD model is shown to the left, showing links to further
layers of information. The top image shows the bill of materials for the selected element,
while the bottom shows a link to relevant papers linked to the selected part of the model.
The elements highlighted in the model are:
3D – Model properties




geometry (parametric)
material properties
aesthetics (colour, texture)

4D –Timeline with scheduling information:







partial components
separate components
bringing components together
clash detection
modification
final design
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5D – Cost and materials: The model holds the relevant data, and the cost of a
component/group (or multiples of) can quickly be queried and visualised.



quantity of components
spending over the life of the project

Characteristics highlighted by the information in the BIM demonstrator are:
feasibility of design; elimination of waste; elimination of rework; rapid exchange of
information; confidence building in design; demonstration of design to stakeholders;
assistance in the choice of alternative options; high level in early stages still adds value;
the possibility of construction sequencing, lead time for orders, construction and
installation time.
6.2.3

Validation and testing preparation

Since this demonstrator is not a technological element, rather a piece of software
used to highlight the use of BIM, there is no validation and testing as such required, beyond
basic user tests of its functionality.

7

System integration

The project has taken a range of technologies from the earlier stages of the project
through to demonstrators. While it is important to consider the merits of each individual
technology, it is also important to consider how the technologies can be put together in
the context of a complete S&C system. Table 6 (overleaf) sets out whether the
technologies are complementary (C) and could be utilised together in an S&C system or
whether they are alternative (A) options to consider. The table also sets out where one
technology may be dependent (D) on the success of another.
The majority of the technologies demonstrated are complementary and could be
put together in combination to optimise S&C systems. The project has demonstrated
alternative options for bearer material and alternative opportunities for novel actuation.
To show how several technologies can be integrated, the project has produced a
physical demonstrator for part of a switch section, incorporating several technologies (see
section 6.1). The assessment of integrated technologies is explored further in WP7
(deliverable D7.1).
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Table 6 Compatibility of the technical demonstrators

Optical scanner

Model-based condition monitoring (software demonstrator)

Fault-tolerant control system (software demonstrator)

Contact layer

Neoballast

Self-healing and High-damping Concrete Sleepers and Bearers

Performance-based Design Guideline for FFU Composite
Sleepers and Bearers

3D printing of Composite Sleepers and Bearers

Maglev actuator

MR-Lock, Locking based on Magneto-rheological fluid

Hardware-in-the-loop simulation (using high redundancy
actuator)

Kinematic systems

Sensor placement (3D-printed model)

Monitoring and sensor systems

DAQ S-BOX – Small autonomous measuring
system

Materials and components

DAQ Light

DAQ S-BOX – Small autonomous measuring system

Monitoring and sensor systems

D

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

A

C

C

C

C

D

C

C

C

C

C

C

C

A

DAQ Light
A
Sensor placement (3D-printed model)
C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

A

C

C

C

C

C

C

C

C

A

A

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

A

Optical scanner
Model-based condition monitoring (software
demonstrator)
Fault-tolerant control system (software
demonstrator)

Materials and components

Contact layer

Neoballast
Self-healing and High-damping Concrete
Sleepers and Bearers
Performance-based Design Guideline for FFU
Composite Sleepers and Bearers

Kinematic systems

3D printing of Composite Sleepers and
Bearers

Key
C
D
A

Maglev actuator
MR-Lock, Locking based on Magnetorheological fluid
Hardware-in-the-loop simulation (using high
redundancy actuator)

C

C

Complementary Technology
Dependent Technology
Alternative Technology

Page 74

8

Innovation in logistics in context with the S-CODE project

Within the different work packages of the S-CODE project, technical state-of-theart solutions for the installation of S&C items have been described.
As different alternatives for partly radical solutions with differing demands on the
installation are under investigation, there is no dedicated new approach which has been
followed up to install the new items, and the development of new methods and machines
lies beyond the scope of the ongoing project.
Nevertheless, the selected alternatives lead to the necessity of thinking about
improved methods and performance, as efficient implementation is key for the success of
any of the alternatives proposed and investigated.
So, the question is: in which direction should new developments be followed up by
us?
As a result of the investigations done within the S-CODE project, installation has to
be distinguished between:



Equipment for efficient and correct installation as well as
Methods to ensure and check efficient and correct installation and
performance

These two points lead to the following planned future developments:
8.1

One-piece-delivery of prefabricated units

As a lot of failures and damage are caused by on-site installation, it is important to
develop and adapt vehicles for transport and de-loading of preassembled units as part of
existing ‘big’ solutions. (Please keep in mind the big number of turnouts used in urban
traffic or regional networks). These smaller units do not get the respective attention, and
the efforts and costs for maintenance are high. The traditional way is to do ballast works
with excavators, digging away the ballast – and delivering the turnouts in pieces to site
where they will be put together.
So, based on the observations in S-CODE, in the next steps for improving the
logistics AND the quality of installed turnouts, flexible units, possibly for rail and road
traffic, will be soon adapted.
In a unit like the Tubevac shown in Fig. 82, a strong ballast vacuum with technology
from Disab in Sweden and distributed by Railcare AB (also from Sweden), could be adapted
for rail and road purposes to protect and facilitate works in limited time windows or with
difficult access.

Fig. 81 Tubevac 14000 for London Underground
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Entire and even bigger turnouts could be transported by road by special heavyduty trailers – analogous to the Swiss train wagons for turnout delivery. Such the Matisa
WTF transport wagon shown in Fig. 83.

Fig. 82 Matisa WTF transport wagon

Fig. 83 Tilt-tray truck adapted for the transport of track panels (source: Transport for
London)
The use of tilt-tray trucks for the delivery of turnout sections may again require
some oversized road transport as shown in Fig. 84; however, abnormal loads are much
more common as well as much easier to arrange on roads than they are on a railway
network.
The last metres to site for entire prefabricated and controlled pieces could be dealt
with by way of two-way pick & carry cranes (see Fig. 84, Fig. 85, and Fig. 86) which are
able to carry and drive loads up to 25 tons and could be adapted in a straightforward way
to serve as two-way units.
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Fig. 84 Franna FC252 25 ton crane shown on intended rails

Fig. 85 Sennebogen 643M road–rail crane with up to 10 ton lifting capacity at 10 m
radius

Fig. 86 Knuckle boom-type road–rail crane with 9.5 ton capacity at 10 m radius
The cranes shown above are of the so called pick & carry type and allow not only
for the lifting of heavy loads but can also move the raised-up load. This reduces the need
for big – and therefore expensive – cranes that are fixed to allocated positions at worksites.
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This way of installing turnouts would make particular sense for light rail networks,
where the permanent way is next to roadways or even part of the road itself.
These are the upcoming measures to be explored in detail in the near future.
8.2

Data-based on-site diagnostics and in situ guidance

It is obvious that the amount of regularly gained data will lead to different work
and maintenance approaches. But for the daily work of a construction company or a
network maintainer, several facts shall be considered in this context:
8.2.1

Digitalisation

Digital data will ensure more transparency and better ability to plan and make the
right decisions. ‘Neutral’ measured data will also allow long-term service partnerships –
and together with BIM a continuous elaboration and provision of data will give the
information during the entire lifecycle of the object – and this may also lead to a treatment
of damage by an app.
8.2.2

Monitoring

It seems quite certain that standardisation will go on (leading also to a reduction
in competence). We can assume that sensor-based or data-driven monitoring will be
implemented widely (predictive analytics), and sooner or later activities will be supported
by drones or similar that go automatically to the dedicated point.
8.2.3

Techniques and workforce

There is another tendency with a major impact: it has to be ensured that the future
lack of a specialised workforce will be compensated for as much as possible (or even
overcompensated). Even though the degree of mechanisation is progressing forward,
certain parts will still be treated by humans, acting as sensor, decisionmaker and
cooperative actor.
Based on the preceding thoughts and encouraged by the results of the S-CODE
project, we are concentrating on further development of virtual/augmented reality.

Fig. 87 Example of a possible screenshot
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The advantages are obvious. People in charge will be localised at a range of
centimetres, in combination with a tablet or smartphone as shown in Fig. 87. Failures and
defects as well as protocols will be complete; the worker gets information on the status of
each respective item (having an interface with the database and measurements) on the
screen, and is thus guided through the worksteps which have to be carried out. Upon
demand, a dedicated specialist (located somewhere else) could also follow and support
these measures while his or her ‘hands’ will be on site by means of a worker.
Further on, voice detection will replace typing, giving the workforce on site free
hands to do manual worksteps. Finally, videos will be transferred into 3D models and put
into the database, updating the actual situation.

9

Summary and Conclusion

The realised demonstrators of the technologies developed during solution of the SCODE project have been described in this report. The technologies were defined in the first
phase of the project (high-level design) and subsequently developed in detail at the
theoretical level over the course of addressing the technologies phase, i.e. in the WP3,
WP4 and WP5 work packages. The WP6 work package is in the last phase of the project,
the aim of which is validation, system integration and evaluation of the technologies
developed. Upon completion of the WP6 work package, the previously selected
demonstrators will then be finished in terms of physical execution or in the form of a virtual
model. The physical demonstrators have been subsequently validated in terms of the
verification of basic principles and expected characteristics resulting from theoretical
development in the previous phase of the project. 3D models created in a virtual
environment have been subjected to analyses and simulations, which also virtually verify
the basic functionality of a given technology.
As many of the technologies developed in the fields of sensors and monitoring,
materials and components, and the kinematic system can be, to a large extent, mutually
combined and various turnout systems can be created, larger quantities of smaller
demonstrators of most of the prospective technologies have been made. Outputs of the
S-CODE project are at a maximum development stage of TRL4 (verification in a
laboratory), and these sub-demonstrators represent the Technology Demonstrator TD3.2
– Next Generation S&C, while the possibilities of system integration are shown by the
‘Section of Switch Part’ complex demonstrator.
Validation according to the specific requirements of the technology has been carried
out for most demonstrators, and further tests are planned for some demonstrators.
Laboratory testing in physically produced samples has been done in the laboratory centres
at the Universities of Birmingham and Pardubice, and also in the laboratories of the AdMaS
Centre at Brno University of Technology. Evaluation of all the technologies demonstrated
will be part of the WP7 work package (Evaluation).
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