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1. EXECUTIVE SUMMARY

The primary aim of this deliverable is to advance short-term asset management strategies for rail
tracks and their surroundings through the rigorous testing of new technologies at pilot sites in
Spain and the Netherlands. This includes a detailed evaluation of a set of applications specifically
tailored to meet the operational needs of infrastructure managers (IM) and maintenance service
providers represented by ADIF and Strukton, respectively. These applications are assessed against
Technology Readiness Levels (TRL) to ensure they meet the required standards for practical
deployment. Several of these applications have already been successfully piloted, resulting in
immediate, tangible benefits for the involved end-users. Additionally, other technologies have
been installed, and preliminary testing has commenced, laying the groundwork for further
research and development.

The work in WP 10 is based on two distinct use cases. Use Case 1 focuses on a high Technology
Readiness Level (TRL) the integration of several new monitoring technologies in operational
environment aimed at providing rapid solutions to specific asset management challenges, thereby
facilitating quick problem-solving. Based on that, Use Case 2 is centred around the fusion of data
from these multiple sources to improve fault detection and diagnosis in general by a holistic
monitoring approach. This comprehensive holistic approach is designed to provide deeper insights
into infrastructure conditions and behaviours. The applications developed under this two-folded
approach are guided by the high-level architecture of the prototype platform and will be
demonstrated in mixed-traffic and high-speed pilot sites in Spain and the Netherlands.

Out of the 13 applications defined, several have already achieved TRL 6, demonstrating their
capability and reliability in operational settings. Predominantly, these applications are related to
Use Case 1, proving effective in delivering practical solutions and quick wins. In contrast, the
remaining lower-TRL applications, mostly associated with Use Case 2, are being integrated into the
innovation funnel for further evaluation and refinement. This strategic approach supports the
advancement of high-TRL technologies while ensuring continuous assessment and potential
development of lower-TRL innovations, maintaining a dynamic pipeline of advancements.

Furthermore, some applications that currently exhibit high TRL results include additional ideas or
approaches at lower TRL levels. With further research and development, these lower-TRL
components can also achieve higher TRLs, resulting in applications with broader and more mature
functionality. This comprehensive process ensures both immediate practical benefits and
sustained innovation, fostering a robust development cycle.

The innovation funnel strategy plays a crucial role in managing and advancing these technologies.
By continuously evaluating both mature and emerging technologies, this strategy ensures that
resources are allocated to the most promising developments while keeping a pipeline of lower-
TRL innovations for future exploration. This methodical approach supports sustained progress in
rail infrastructure management and enhances the effectiveness of asset management strategies.

To ensure ongoing success and effectiveness, it is recommended to persist in employing the
innovation funnel strategy for the assessment and advancement of technologies at various stages.
This strategy will enable a focus on the most promising developments while maintaining a robust
pipeline of innovations. By doing so, the project will be well-positioned to achieve continued
progress and effective management of rail infrastructure assets, addressing both immediate needs
and future challenges.
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2. ABBREVIATIONS AND ACRONYMS

Abbreviation / Acronym Description
ABA Axle Box Accelerometers
Al Artificial Intelligence
API Application Programming Interfaces
ATO Autonomous Train Operation
BIM Building Information Modelling
CAD Computer Aided Design
CCS Control Command and Signalling subsystem
CDM Conceptual Data Model
CNN Convolutional Neuronal Network
CsSM Common Safety Method
DC Direct Current
DMI Directional Movement Indicator
DSP digital signal processing
DT Digital Twin
DTM Digital Track Management
DXF Drawing Interchange Format
DWG AutoCAD Drawing Database (file extension)
ENE Energy (subsystem)
ERJU Europe's Rail Joint Undertaking
ERTMS European Railway Trafic Management System
EU European Union
FA Flagship Area
FEM Finite Element Modelling
FME Feature Manipulation Engine
FMU Functional Mock-up Unit
FP Flagship Project
GAN generative adversarial neural network
GIS Geographic Information System
GNSS Global Navitation Satellite Systems
GPR Ground Penetrating Radar
GPS Global Positioning System
HMI Human Machine Interface
HS High Speed
IAMS Intelligent Asset Management Strategies
IM Infrastructure Manager
IMU Inertial Measurement Unit
INF Infrastructure
InteDemo Integrated Demonstrator
JU Joint Undertaking
KER Key Exploitable Results
KML Keyhole Markup Language
KPI Key Performance Indicator
LCC Life Cycle Cost
LTI Linear Time Invariant
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Abbreviation / Acronym Description
MAP Modelica Association Project
MAWP Multi-Annual Work Programme
MBM Multi Body Modelling
MBS Multi Body Simulation
MCA Model Consortium Agreement
MEMS Micro-electromechanical system
ML Machine Learning
MSMP Multi-Source Multi-Purpose
OPEX Operational Expense
PCB Printed Circuit Board
R&I Research and Innovation
RAMS Reliability, Availability, Maintainability, Safety
RCF Rolling Contact Fatigue
RF Radio Frequency
RST Rolling Stock
RU Railway Undertaking
S2R Shift2Rail
S&C Switches and Crossings
SP System Pillar
TMS Trafic Management System
TRL Technology Readyness Level
T Transversal Topic
UAV Unmanned Autonomous Vehicle / Unmanned Aerial Vehicle
UXo UneXplode Ordnances
WP Work Package
XML Extensible Markup Language
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3. BACKGROUND & OBJECTIVE / AIM & INTRODUCTION

3.1. Background & Context

Deliverable D10.2, titled "Report on the Initial Developments and Preparatory Works for the
Integrated Demo," is part of Flagship Project 3 FP3—IAMA4RAIL. It represents the outcome of Work
Package 10, "Multi-Source/Multi-purpose IAMS Application: Scope Refinement & Quick Wins,"
and serves as groundwork for Work Package 11. WP10 and WP11 complement each other, with
WP11 focusing on main development tasks, including demonstrating applications initiated in
WP10, particularly for the multi-source/multi-purpose asset management platform. The objective
of D10.2 is to provide a detailed update on the progress and groundwork for the integrated
demonstration within WP10 and WP11, emphasizing preparatory steps and immediate substantial
progress ("quick wins").

This deliverable should be considered in the context of D10.1. In the previous deliverable, the
intent was to ensure conciseness and accessibility, providing a self-contained overview that aligns
with the broader MSMP IAMS objectives within the research program and highlighting
connections to other research programs and work packages within FP3—IAM4RAIL. For a more
detailed background and comprehensive context, please refer to D10.1. This will offer a thorough
understanding of the underlying principles and detailed connections to the broader research
initiatives. In this deliverable, we will strive to balance brevity and completeness, including
essential summaries without unnecessary repetition, to enhance the clarity and utility of our
documentation.

3.2. Objective / Aim

The aim of Work Packages 10 and 11 is to enhance technical monitoring solutions for short-term
asset management and off-site work preparation using a multi-source/multi-purpose (MSMP)
asset management platform. Key objectives include providing continuous, traceable diagnostic
and prognostic information using data from embedded wayside and onboard sensors. The scope
covers data acquisition for assets within 360 degrees (illustrated in Figure 3-1 )and approximately
5 meters around each asset, with special attention to Switches and Crossings (S&Cs) as vital
components.

Figure 3-1: Scope rail infrastructure monitoring, range of 360 degrees
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3.3. Reading Guide and reference to previous deliverable (D10.1)

The real-world integrated demonstration of the MSMP platform following the generic system
architecture and use cases described in D10.1 will consist of specific applications realized at
specific pilot sites in the Netherlands and Spain as already indicated in D10.1 and summarized in
the following subsections. Within this deliverable the accomplished preparatory work and
obtained quick wins are described for the pilot sites in section 7, the applied tools and methods in
section 8 and the holistic condition monitoring and diagnostics in chapter 9. In total 13 specific
applications are further elaborated and implementation at the different pilot sites is ongoing (see
subsections below and Table 3-2: relationship Applications and Use Cases Table 3-2). The
applications are described in detail in sections 7 to 18. Conclusions and outlook to the work
planned for WP 11 are given in section 19.

The table below outlines the chapters in this deliverable, with corresponding references to the
relevant chapters and paragraphs from the previous deliverable, "10.1 High-Level System
Architecture.

Table 3-1: references to D10.1

Current Deliverable (10.2) Previous Deliverable (D10.1)
# Chapter Title # Chapter Title
4 Pilot Sites 8 Pilot Sites
5 Utilized tools, solutions and systems ;; Utilized Tools, Solutions & Systems

6 Holistic Monitoring and Decision Support 7.3 Holistic Analytics and Decision Support

7 Reality Model 97 ili;gsodelling underground infrastructure: pipes &
8 Holistic Switch Monitoring and Diagnostic Model 9.1 HM(;I:Z:C Switch Monitoring and Switch Diagnostic
9 Multi-Sensor Track Monitoring 9.4 Track Monitoring Using ABA

10 Detection of loose Fasteners with ABA 9.4 Track Monitoring Using ABA

11 Sound Recordings from ABA for Diagnostics 9.4 Track Monitoring Using ABA

Digital Twin: Dynamic vehicle response ANAIYSIS excitation

12 FAIL surface Unevenness 9.4 Track Monitoring Using ABA
13 Track Geometry Measurement from Passenger Vehicle 9.8 I;ahcilglseometry measurement from passenger
14 Occlusion Monitoring due to Vegetation 9.3 Occlusion Monitoring Due To Vegetation
15 Monitoring Turnouts Acceleration Signals 9.5 Turnouts Monitoring: Acceleration Signals
16 Rail Crack Detection using Microwaves 9.2 erdck ar}d surface damage detection in railways
using microwaves
17 Inspection Turnouts: Analysing 3-Dimensional 96 Inspection of Turnouts: Analysing 3-Dimensional
Reconstruction ’ Reconstruction
9.9 Drive/Detector Rod Monitoring

9.10 Switch Assembly Monitoring
9.11 Track Quality Monitoring
9.12 Frog / Switch Rail Monitoring

18 Switch Monitoring
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This table provides a clear and detailed mapping of the content between the two deliverables,
ensuring that all relevant references are easily accessible.

3.4. Link between Use Cases and Applications

As stated in deliverable D10.1 (section 5.2), two basic use cases to guide the implementation of
our specific MSMP asset management platform prototype are defined:

. Use Case 1: Linking (new) monitoring technologies to asset management issues
. Use Case 2: Fusion of monitoring data for an enhanced fault detection and diagnosis

The use cases can be seen as consisting of two distinct steps:

. In the first step, we focus on the direct utilization of technology and its data, linking it
to specific rail infrastructure issues. This phase aims to quickly address and tackle
targeted problems, potentially leading to immediate benefits and quick wins.

J In the second step, we adopt a more scientific and comprehensive approach. We
explore the integration of data from different technologies to achieve more accurate
and insightful results. This stage involves a deeper analysis of the data to uncover
additional information about the infrastructure's behaviour, condition and potential
issues. While this step requires more effort and resources, it promises to provide a
more thorough understanding of the railway system and its performance.

In essence, the first step is geared at a higher TRL towards immediate gains, while the second step
seeks to unlock a more profound and informed perspective, laying the groundwork for long-term
improvements and advancements in rail infrastructure management.

In summary, we will follow a layered approach by developing a set of specific applications (sections
7 to 18) relevant for end-users. These applications will leverage the high-level architecture of the
prototype platform (see D10.1) in the two different use cases, contributing to the high-level
demonstrator (#4) with several mixed-traffic and highspeed pilot demonstration sites in Spain and
the Netherlands (see section 7). The relations of the applications to the two use cases and the
specific pilot sites are given in Table 3-2.

The applications address specific real-life asset management issues recognized by end-users
(maintenance engineers, asset owners, etc.). Examples include monitoring vegetation due to
occlusion, the detection of rail as well as track geometry defects and a set of relevant failures at
switches and crossings. The applications are based on a new technology (use case 1), are
combining data from multiple technologies (use case 2) or both.

Working with these two use cases, applying diverse and sometimes novel technologies, leads to
simultaneous development of various ideas (applications). Each application progresses through
different stages of the Technology Readiness Level (TRL) framework, with some failing temporarily
while others succeed. This process is managed through an innovation funnel, a mechanism that
helps businesses navigate new ideas by streamlining innovation and reducing risk. The funnel
prioritizes, screens, selects, refines, and tests proposed solutions, ensuring only the most viable
ideas proceed.

Of the 13 applications defined, several have already reached TRL 6, particularly those related to
Use Case 1, proving their capability and reliability in operational settings. These high-TRL
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mostly tied to Use Case 2, are being evaluated and refined within the innovation funnel. This
approach promotes the advancement of high-TRL technologies and continuous assessment of
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lower-TRL innovations, maintaining a dynamic pipeline of developments.

Additionally, some high-TRL applications incorporate lower-TRL ideas that, with further research
and development, can also reach higher TRLs. This results in applications with enhanced
functionality and broader scope. The innovation funnel ensures that developments at various
stages are continuously assessed and advanced based on their potential for success.

By integrating an innovation funnel, we maintain a steady flow of promising developments and
focus resources on the most viable projects. This approach not only achieves high TRLs but also
keeps the pipeline filled with lower-level innovations for future exploration. This continuous feed
of potential advancements supports sustained progress in rail infrastructure management,

delivering quick wins and demonstrating the effectiveness of this comprehensive approach.

Table 3-2: relationship Applications and Use Cases

# Application Section Use Case Explanation Pilot sites
01 | Reality Model 7 1&2 Uses different technologies, however not really Netherlands
data fusion technology
02 | Holistic Switch Monitoring 8 1&2 Utilizing information from established monitoring Netherlands
and Diagnostic Model (e. g. wayside switch monitoring) and inspection
(e.g. track geometry measurements)
technologies with new embedded technologies,
machine learning and traceable diagnostic
models.
04 | Multi-Sensor Track 9 1&2 Fusion of axle-box accelerations with image data Netherlands
Monitoring and information from ground penetrating radar.
05 | Holistic Switch Monitoring 9.4 1&2 Development of a reliable signal filtering and Netherlands
and Diagnostic Model processing algorithm for the detection of
fastener defects, using tagged image data to
select track segments with the desired defects
where the ABA signal is to be analysed.
06 | Sound Recordings from 11 2 Sound is an extra parameter to be used only in Netherlands
ABA for Diagnostics conjunction with other signals such as ABA
07 | Digital Twin: Dynamic 12 1&2 Development of an accurate digital twin of Netherlands
vehicle response ANAIYSIS LEONARDO to enhance the vehicle-borne Multi-
excitation rAlL surface Sensor Track Monitoring by introducing system
unevenness knowledge based on enhanced models.
08 | Track Geometry 13 1 ABA signals are used Spain
Measurement from
Passenger Vehicle
09 | Occlusion Monitoring due 14 2 Development of a vision-based monitoring Netherlands
to Vegetation system to detect interferences between trees
and critical railway infrastructure elements that
could feed a smart maintenance system.
10 Monitoring Turnouts 15 2 Development of a non-intrusive monitoring Spain
Acceleration Signals system to estimate crossing degradation using
databases generated by computational models.
11 | Rail Crack Detection using 16 2 Radiofrequency technology to detect the -
Microwaves presence of cracks.
12 | Inspection Turnouts: 17 1&2 Establish the health status of turnouts by Spain
Analysing 3-Dimensional analysing their three-dimensional reconstruction
Reconstruction
13 | Switch Monitoring 18 1&2 Uses various technologies and functionalities Spain
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4. PILOT SITES

4.1. Spain: High Speed & Conventional Line Pilot Sites

Switches and crossings are sensitive components of the railway infrastructure since the exchange
of forces between the wheel and the rails at these points is greater than that generated on the
rails in the rest of the track. It is the weakest point of the railway superstructure since there are
important discontinuities in them for the support of the wheel profile (gap, needle-counter needle,
etc.) that cause strong unwanted wheel load impacts.

For this reason, they require more expensive and specialized conservation, which makes them
elements on which maintenance attention must be concentrated.

Currently in the Spanish network managed by ADIF there are more than 15,000 switches and
crossings, so their correct maintenance is essential given their high number and importance in
safety. A failure in crossings can have major effects on the safety and operation of the railway
network.

In this way and given the great scalability that correct maintenance requires and its importance
for safety, for ADIF, it is considered necessary to monitor the devices, in order to anticipate a
possible incident, with predictive maintenance techniques.

Predictive maintenance will allow us to identify possible failures in infrastructure elements before
they occur. This will result in an optimization of maintenance times and costs, since the planning
of activities will be carried out in advance.

Currently, more than 50% of the total investments in railway infrastructure of the ADIF network
are allocated to maintenance. Real-time monitoring of assets will also allow the useful life of assets
to be extended, by being able to anticipate their deterioration, with fewer long-term renewal
needs.

In Spain, two distinct pilot sites have been designated: one for conventional rail lines and another
for high-speed rail lines. This differentiation stems from the fact that these two types of rail lines
have unique requirements and, consequently, necessitate different inspection regimes.

4.1.1. Conventional Line Pilot Site

The switches and crossings on conventional lines are composed of fixed-point crossings made of
manganese steel, the manufacture of which is regulated by standards E.T.03.361.141.9 and
EN15689. These crossings are one of the weakest parts of the device, since it is where discontinuity
of the rolling occurs.

In order to control the behavior of the entire device, inspections are carried out, both geometric
and checking the state of the materials, regulated by the Technical Instruction for Inspection and
Surveillance of track devices ADIF IT-301-001-ViA-28, that determines the maintenance tolerances
and the general criteria for preventive maintenance of infrastructure and roads ADIF-PE-301-001-
005-SC-524-A-06 that establish the inspection frequencies.

In addition, ultrasonic auscultations are carried out on the conventional lines’ crossings, on
Network A once every two years and on the rest of the network once every three years. In these
auscultations, a deep inspection and an ultrasonic auscultation on the crossings are carried out,
however, the high manganese cast steel commonly used in the frogs has a granular structure that
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makes measurements in any auscultation attenuated, so in the manganese steel frogs ultrasound
is not really useful.

Based on ADIF’s experience, defects in crossings account for more than 80% of all defects detected
in the track superstructure, with 92% of these in the area of the fixed-point crossing.

In order to reduce the number of inspections and try to carry out predictive maintenance instead
of current corrective maintenance, ADIF aims to develop innovative technological solutions that
are capable of detecting structural damage in track devices at an early stage, also checking its
evolution, in such a way that tools are generated to be able to apply predictive maintenance
strategies.

4.1.1.1. Definition

The chosen turnout for the mixed traffic line demonstrator is a DSH-P1-60-500-0,071-TC which is
a very common turnout in the mixed traffic line. The turnout shown in was installed in 2016 and
provided by Voestalpine JEZ. See also D10.1

4.1.1.2. Instrumentation

The equipped mixed traffic demonstrator turnout is monitored by a total of four multi-sensors.
Two of them are used for track quality monitoring and are mounted on a sleeper at the beginning
of the switch and the other on the sleeper below the crossing point. These are usually the mostly
loaded parts of a turnout due to the dynamic forces and abrupt stiffness changes in the system.
Figure 4-1 shows a schematic illustration of the system architecture. The demonstrator turnout is
operated by a central cabinet, containing the power supply and data acquisition and connectivity
system. The sensors are connected via M12 8 pole cables, providing power and data transmission
to the multi-sensor system.

3 Mutti sensor 1D [T Cable

El  Multi sensor AE

Cabinet

-

Figure 4-1: Schematic illustration of the monitoring system architecture for the mixed traffic turnout demonstrator
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Figure 4-2 shows the two multi-sensors in the crossing panel. The sensor located at the sleeper is
used for measuring sleeper displacements and tilt, thereby monitoring the track quality. A second
multi-sensors mounted on the wing rail for monitoring the health state of the cast manganese
crossing block by detecting wear or cracks. There are also other sensors visible on this picture
which are related to an additional short-term installation introduced in the following section.

Figure 4-2: Installed multi-sensors in crossing panel for track quality and wing rail / crossing nose monitoring.

Figure 4-3 shows the two multi-sensors installed in the switch panel, which are used for track
quality and switch rail / stock rail monitoring. The sensors are both mounted by adhesive coupling
to the monitored component thereby allowing a connection without the need to drill the

components.

Figure 4-3: Multi-sensors installed in switch panel for track quality and switch rail / stock rail wear monitoring.
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4.1.1.3. Short time validation measurements mixed traffic demonstrator

During a short time of several days an additional measurement system is built up to demonstrate
the performance of the long-term monitoring with conventional (acceleration, displacement,
strain gauge) technology. This installation is removed after the testing phase completely. Figure
4-4 shows a schematic illustration of the sensor locations of the short-term validation

measurement system.
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Figure 4-4: Sensor locations at first drive level on point rail and hollow sleeper

The system contains strain gauge, acceleration and displacement measurements. Table 4-2 shows
the number of sensors as well as the main specifications.

Table 4-1: Overview of the sensors used for short term measurements

Sensor Figure Description Quantity| Case material |Weight [g]|Size [mm]
R ]

Strain gauge :C:E Linear strain gauge 3mm grid length 4 Plastic foil 19 10x10x1

Acceleration " 400g acceleration sensor PIM 3 Plastics and metall|  80g 40x40x25

Displacement ' Inductive displacement sensor 0-10mm 6 Plastics 20g 20x40x20

Strain gauge sensors with 4 wire technology are used in areas of interest for high stresses. Those
thin insulated foils with a measurement grid in it are glued to a polished surface as in the Figure
4-5 below. The cables are fixed with cable ties and stored in the same cable protection tube. At
the crossing nose position the sensors are installed on the crossing nose foot side in the sleeper
spacing centre. Additionally, displacement measurements are conducted at the same position of

the strain gauge to get correlation for the FEA models.
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Figure 4-5: Application of strain gauge sensors

The acceleration sensors are glued with 2 component high strength glue to the area of interest.
Those measurements are performed to estimation acceleration amplitudes during train passages
and correlate those to other sensor signals. The sensors are completely electrically insulated and
between the glued surface and the sensor an additional plastic layer is installed to ensure the
electric insulation at all times. Figure 4-6 shows a senor mounted on the wing rail foot.

Figure 4-6: Acceleration sensor

The displacement sensors, shown in Figure 4-7 are mounted with a bolt in the gravel and work
contact free to the metallic surface completely electrically insulated. The purpose of those sensors
is to serve for validation purposes of the track quality multi-sensor as well as provide additional
measurement locations to gain a detailed overview on the track loading in the crossing area.
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Figure 4-7: Displacement sensor

4.1.1.4. Results short-term validation measurements mixed-traffic demonstrator

Figure 4-8 shows the maximum stress peaks measured at location e4 for all 180 trains measured
during the short-term validation period. The maximum tensile and compression stress due to
bending of the crossing nose are displayed for each train.
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Figure 4-8: Strain gauge signals of short-term validation measurement system

In Figure 4-9 the acceleration peaks per train are displayed in the same way. It is visible that most
of the trains is in a peak range of 150g, but several trains show high acceleration in the range of
the sensor limit above 400g. Those trains will be evaluated in detail to see where this high
acceleration peaks come from.
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Figure 4-9: Features of acceleration measurements of short-term validation measurement system

4.1.1.5. Comparison of mixed traffic short-term validation measurements and permanent

monitoring system

Figure 4-10 shows a comparison of the vertical sleeper displacement for a single train passage
recorded in the crossing area of the mixed traffic demonstrator turnout. The left plot shows the
data recorded by the multi-sensor system for track quality monitoring compared to the short-term
validation measurement system on the right side. Generally, it can be observed that the obtained
signals from both systems are comparable and in overall good agreement. Both measurements
show the same signal characteristics and the same trend. Within a next step all passages recorded
during the time span when the short-term validation measurements where performed will be
conducted to provide a detailed view on distributions and maximum errors.
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Figure 4-10: Comparison of vertical sleeper displacements in crossing area recorded for one passage with the permanent
monitoring system (left) and the short-term validation measurement system (right)

4.1.2. High Speed Pilot Site

The inspections carried out to control the condition of the high-speed track devices are analogous
to those on conventional lines, exclusively increasing the inspection frequencies. These
inspections are regulated by the Technical Instruction for Inspection and Surveillance of track
devices ADIF IT-301-001-ViA-28 and the General Criteria for preventive maintenance of
infrastructure and track ADIF-PE-301-001-005-SC-524 -A-06.

Furthermore, since they do not have fixed-point frogs, they avoid discontinuities in the rolling, and
the data from the geometry monitoring trains are valid, so through their analysis it is possible to
continuously control the geometry of the track devices.

Finally, ultrasonic auscultations are also carried out, but with greater frequency (annually) than
those carried out on the conventional lines’ crossings.

The most common incidents in these assets are caused by problems in the mechanical safety
installations and the lack of testing of the motors, since the rolling continuity in the moving-point
frogs prevents impacts on them.

The monitoring of these devices will make it possible to know the functionality of the assets, the
stresses to which the motors are subjected and to better understand their behavior, as well as to
anticipate possible incidents by trying to achieve predictive maintenance.

4.1.2.1. Definition

The selected turnout, which is shown in Figure 4-11 is an AV3 provided by Voestalpine JEZ. (3rd
evolution in high-speed turnouts).
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Figure 4-11: High speed line turnout demonstrator

See for further details and specification D10.1, section 8.2. In the following paragraphs an update
of the work and equipment installed.

4.1.2.2. Installed Equipment

The Spanish high-speed demonstrator in the ADIF network had been installed in March 2024. The
demonstrator was divided in two separate systems, due to its spatial distance between switch-
and crossing panel (over 100m). Therefore, voestalpine Railway Systems installed two control
cabinets containing the power supply, data acquisition and connectivity systems for the installed
sensors. In total the demonstrator comprises 32 sensors, covering every single setting level (in
total 14 setting levels). In the switch panel the installed system includes 4 multi-sensors (2 for
switch rail monitoring and 2 for track quality monitoring) as well as 10 analogue acoustic sensors
for point machine and detector rod monitoring, see Figure 4-12. Moreover 6 inductive sensors
have been installed for switch position monitoring in different cross sections of the switch panel.
The most critical locations in a switch are generally its beginning, where the sensors monitor the
position of both switch rails, thereby ensuring that the gap between switch rail and stock rail is
within a defined tolerance band. The second critical location is the nearest flangeway, which is
located shortly after the last setting level in the switch panel. There, a total of 6 displacement
sensors is used to monitor both, the closed and the open switch rail position as well as the nearest
flangeway, thereby guaranteeing a safe switch operation and detect deviations which need to be
corrected before leading to traffic disruptions.
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Switch area

Figure 4-12: Schematic system architecture of monitoring system installed at switch panel of the high-speed demonstrator located
in Santa Cruz de la Zarza.

In the crossing panel a total of 4 multi sensors (2 for wing rail / swing nose monitoring and 2 for
track quality monitoring) is used as well as 8 analogue acoustic sensors for point machine and
detector rod monitoring. As the maintenance teams reported an increased occurrence of breaking
detector rods, the installed monitoring system uses even two sensors per setting level to
guarantee a detection of any irregularities or faulty vibration levels in the crossing level in order
to avoid or immediately recognise breaking rods. Beyond that, a clear focus is laid on the wing rail
and swing nose monitoring, as those two components are the most highly loaded ones in the
crossing panel and are of outmost importance for a safe operation of the asset. Figure 4-13 shows
a schematic illustration of the system architecture in the crossing panel.
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Figure 4-13: Schematic system architecture of monitoring system installed at crossing panel of the high-speed demonstrator
turnout located in Santa Cruz de la Zarza.

Figure 4-14 shows the multi-sensor for track quality monitoring in the switch panel, as well as the
two inductive sensors for switch position monitoring of the closed switch rail. The inductive
sensors are mounted by a mounting frame installed on the switch base plates whereas the multi-
sensor is glued to the sleeper. Both sensors are connected by M12 8-pole cables which provide
power to the sensor a serve for data transmission.

Figure 4-14: Inductive sensors for switch position monitoring of the closed switch rail at the beginning of the switch and multi
sensor for track quality monitoring.
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Figure 4-15 shows the same location from another perspective. This allows a view on the installed
multi-sensor for stock rail and switch rail monitoring. The sensor is mounted by adhesive to the
rail itself, thereby enabling an evaluation of the structure borne noise signals for rail wear / crack

monitoring.

Figure 4-15: Multi-sensors mounted both stock rails (beginning of the switch) and inductive sensors for switch position monitoring

and multi sensor for track quality monitoring.

Figure 4-16 shows the four inductive sensors in at the end of the switch panel which are used for
monitoring the closed switch rail as well as the nearest flangeway. Both values are crucial for a
safe switch operation. Therefore, a continuous monitoring in real time increases both, safety and
availability of the turnout.

Figure 4-16: Inductive sensors for monitoring the nearest flangeway and the closed switch rail at the end of the switch panel.

Figure 4-17 shows two multi-sensors installed in the crossing panel, one for track quality and the
other for wing rail / swing nose monitoring. The sensor locations are chosen to enable a focus on
the through route, as this turnout is mainly used (99%) in the through route.
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Figure 4-17: Multi-sensors installed in crossing panel for track quality and wing rail / swing nose monitoring.

Figure 4-18 shows an analogue acoustic sensor mounted on the point machine casing. This sensor
is used for both, point machine as well as detector rod monitoring, as it is able to detect any
unreasonable vibration levels and thereby indicating faulty operations or component states.

Figure 4-19 shows an analogue acoustic sensor mounted on the hollow sleeper for detector rod
monitoring. This position was chosen as it is the closest position which was allowed by the
maintenance teams for sensor application, as a direct application on the movable detector rod
was too critical for a safe operation. However, the sensor is able to detect any changes in vibration
levels and thereby able to detect any faults in this area.

FP3-IAM4RAIL - GA 101101966 32190



e

=urope's

o FP3

>

Figure 4-18: Analogue acoustic sensor installed on point Figure 4-19: Analogue acoustic sensor installed on hollow
machine casing for point machine monitoring sleeper for detector rod monitoring.

4.1.2.3. Short-time validation measurements for high-speed demonstrator

During a short period of several days, an additional measurement system is built up to
demonstrate the performance of the long-term measurement with conventional (acceleration,
displacement, strain gauge) technology. Furthermore, the system provides additional sensor
locations which are not covered by the permanent monitoring system for correlation purposes
and validation of the FEA simulation models. This installation is removed after the testing phase
completely. Figure 4-20 shows a schematic illustration of the sensor locations and types for the
high-speed demonstrator short term validation measurements.
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Figure 4-20: Sensor locations at first drive level on point rail and hollow sleeper

Table 4-1 shows the specifications and number of sensors installed in the short-term validation
measurement system. The system contains strain gauge, acceleration and displacement
measurements.

Table 4-2: Overview of the sensors used for short term measurements

Sensor Figure Description Quantity| Case material |Weight [g]|Size [mm]

S e e ]
Strain gauge :C:ﬁ Linear strain gauge 3mm grid length 9 Plastic foil 19 10x10x1
Acceleration ) 400g acceleration sensor 6 Plastics and metall|  80g 40x40x25
Displacement ' Inductive displacement sensor 0-10mm 6 Plastics 20g 20x40x20

The strain gauge sensors with 3 wire technology are used in areas of interest for high stresses.
Those thin insulated foils with a linear measurement grid of 3mm are glued to a polished surface
asin Figure 4-21 below. The cables are fixed with cable ties and stored in the same cable protection
tube. Aim of these measurements is to gain insights in the component loading during operation
and provide strain signals for correlation with the permanent monitoring data such as structure
borne noise and simulation results.
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Figure 4-21: Application of strain gauge sensors

The acceleration sensors, shown in Figure 4-22 are glued with 2 component high strength glue to
the area of interest. The measurement is conducted in order to estimate the acceleration
amplitudes during train passage and compare those to the accelerations captured by the
permanent monitoring system for verification purposes.

Figure 4-22: Acceleration sensor

The displacement sensors shown in Figure 4-23 are mounted with a ground spike in the gravel and
work contact free to the metallic surface completely electrically insulated. The aim of this sensor
is to serve for validation of the displacement multi-sensor used for track quality monitoring as well
as providing additional positions which are not covered by the permanent monitoring system.
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Figure 4-23: Displacement sensor

4.1.2.4. Results short term validation measurements high-speed demonstrator

Figure 4-24 shows the maximum stress peaks measured at location e2 for one day with ~39 trains
measured during the short-term validation period. The maximum tensile and compression stress
due to bending of the wing rail casted frame are displayed for each train. The signal peaks are very
homogeneous for all trains.
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Figure 4-24: Strain gauge signals of short-term validation measurement system

In Figure 4-25 the acceleration peaks per train are displayed in the same way. It is visible that most
of the trains is in a peak range next to the maximum peak acceleration. The scatter is very low and
covers with the low scatter in stress signal.
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Figure 4-25: Features of acceleration measurements of short-term validation measurement system

4.2. The Netherlands

4.2.1. Description

The pilot sites are detailed in Section 8.1 of D10.1, with a particular focus on the turnouts. Exact
details are available in that section. For wayside monitoring, a flexible approach has been adopted,
opting for non-fixed locations due to specific data analysis requests. These requests often targeted
particular issues, necessitating varied locations to address them. The key requirement was the
ability to collect repeated data at the same location to ensure reproducibility and validation of
results. The following paragraphs provide updates on this matter.

Turnout
For more details, refer to deliverable D10.1. The selected turnout at the pilot site in the
Netherlands is a 1:15 NSE2 turnout, manufactured by WBN (Voestalpine) and installed in 2005.
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Figure 4-26: image of the location: view from the Leonardo

Wayside data

Besides the turnout, for the onboard systems various routes have been defined where on a fairly
regular basis new data can be obtained. See also D10.1. and a summary in section 5.2.3 in this
document.

4.2.2. Installed Equipment

See D10.1. Details of the monitoring equipment for the turnout is fully described. See in this
document also additional information.

For the onboard is described as well as the Leonardo platform, see also D10.1 and a summary in
section 5.1.2 in this document.

4.2.3. Current status mixed traffic demonstrator Netherlands

Ongoing alignment between PRORAIL, vaTSNL and STRUKTON. The demonstrator in the Dutch
mixed traffic line operated by PRORAIL has not been implemented yet, however alignments
between the Dutch infrastructure operator PRORAIL, voestalpine Track Solutions Netherlands and
STRUKTON are ongoing.

4.2.4. Current status of wayside monitoring data

A comprehensive package containing data from the ABA (Accelerometer-Based Acquisition)
system and Trackscan has been shared for the specified test case. This package also includes data
related to the 'Train driver' and GPR (Ground Penetrating Radar). The ABA and raw GPS data are
provided in their original format, avoiding conversion to HDF5 (h5) to preserve the timing
information. Two processing solutions are available, with one based on Python, while other
alternatives exist.

The raw data includes live coordinates, but it is recommended to process only the time and
acceleration signals. The Applanix exports should be used to achieve more accurate location
matching, considering that there is an offset between the center of the IMU (Inertial Measurement
Unit) and the instrumented axle, approximately 12 meters. The offset has been verified, and
further confirmation has been completed. For a more detailed explanation, see the image below
(Figure 4-27). The quality of the stickers on the Leonardo is excellent, so additional measurements
can be easily conducted if needed.
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C6.3 26,417 -0.363 2,799 Camera 6
C6.L 26,394 0325 -2.826| Camera 6
GPRHRT 3,529 -0.025 -2.8999 | Hart grondrada
GPS BK.BT0! 0.0348 0.3436 -0.1292|GPS bovenkant bout
GPS BK.BT02 0.0321 0.9581 0.0991]GPS bovenkant bout. LIDAR GPS
LADYB HRT 0.5695 0.0662 0.558|Hart_Ladybird
LIDAR.GPS 0,023 0,961 0.0434|LiDAR GPS
PUCKS.01 BR 1.1717 0,111 -0.0477 [ Puck bovenrand
PUCKS5.02 BR 1.1771 0.1013 -0.0671 [ Puck bovenrand
PUCKS5.03 BR 1.1838 0,0542 -0.0873 [Puck bovenrand
PUCKS.04 OR 1.147 0,0486 -0.0976| Puck onderrand
PUCKS5.05 OR 1.1428 00936 -0.0853[Puck onderrand
PUCKS5.06 OR 1.1272 0.1073 -0.0373[Puck onderrand
TRCKS 01 1.0359 0.7096 -1.1346| Trackscan inbusbout bevestiging
TRCKS 02 1.0462 06116 -1.1347 | Trackscan inbusbout bevestiging
TRCKS 03 05643 0.5623 -1.1922| Trackscan inbusbout bevestiging
TRCKS 04 1.0678 06259 -1.1291 | Trackscan inbusbout bevestiging
TRCKS 05 1.0584 0.5278 -1.129| Trackscan inbusbout bevestiging
TRCKS 06 0.5766 0.5749 -1.1884| Trackscan inbusbout bevestiging
TRCKS GPSL.TOP 0.5508 0.8969 -0.9749| Trackscan inbusbout bevestiging
TRCKS GPSR.TOP 0.9662 0.9997 -0.9886| Trackscan inbusbout bevestiging
TRCKS IMU 1.0235 0.061 -1.1187| Trckscan IMU

Figure 4-27: form presenting results of the verification

The Trackscan information is organized into four measurement runs, with each run labelled by
date, run number, and driving direction. Each run's folder contains images and CSV files with
various detections performed by the train. Synchronization of these files is facilitated by the
section IDs, corresponding to the last six digits of the image filenames. The images have been
filtered to include only the specified area, though some section numbers in the CSV files may not
have matching images and can be disregarded as they fall outside the specified area.

Various file formats are included for review, with notable extensions as follows:

1.

si: Files containing section information, useful for quickly mapping locations and selecting
areas of interest.

geom: Files containing geometry information, as previously shared.

f: Files detailing detected fasteners, including bounding boxes and other specific
measurements.

tw and jb: Files indicating the locations of thermite welds and joint bars (insulating rail
joints), which can be valuable for correlating with ABA data.
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Review of these file formats has been taken place between the various partners. The led to
clarification and/or additional requests.
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5. UTILIZED TOOLS, SOLUTIONS AND SYSTEMS

In D10.1 the tools are described. Here some updates and/or clarifications.

5.1. Multi Sensor & Multi-Vehicle train borne system

5.1.1. Introduction to the Use of the Leonardo Platform

In this section, we describe the Leonardo monitoring train, and the sensor technologies deployed
on board: not as a claim of technological novelty in themselves, but to provide clarity on the tools
and infrastructure used within this research. The Leonardo platform serves as a versatile and agile
testing environment, enabling the integration, experimentation, and refinement of existing and
emerging technologies under real operational conditions. Its key value lies in the ability to combine
multiple sensing modalities (such as Axle Box Accelerometers (ABA), Ground Penetrating Radar
(GPR), LiDAR, video, and, more recently, audio) within a single, modifiable platform. This setup
facilitates repeated testing, side-by-side comparison of tools, and data collection across various
conditions, supporting both applied research and high Technology Readiness Level (TRL)
development. The platform is not the innovation itself, but a means to rigorously evaluate and
evolve the technologies and methodologies central to this work package.

5.1.2. The LEONARDO platform in a nutshell
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Figure 5-1: Overview of the sensors mounted on the LEONARDO platform

The LEONARDO platform [1] uses a retrofitted tamping machine which has been transformed into
an advanced rail measurement train for gathering comprehensive and accurate data on both the
rail condition and the environment (cf. Figure 5-1). Its “Trackscan” laser measurement system is
employed to measure the railway tracks while a LIDAR (= Light Imaging, Detection and Ranging)
sensor is utilized to map the surrounding environment alongside the tracks. Both the railway tracks
and the surroundings are captured through an optical camera system which gathers detailed visual
information. The LEONARDO also incorporates 3-dimensional ground penetrating radar (GPR) to
measure ballast and ground layers, providing valuable data regarding the stability and consistency
of the rail infrastructure. Additionally, axle-mounted acceleration and displacement sensors are
integrated to record vibration patterns and measure the elongation of primary suspensions, aiding
in the assessment of overall rail performance and safety including estimating relevant track
geometry parameters.

The LEONARDO platform is comprehensively detailed in Section 7.1 of D10.1, titled "Multi-Sensor
& Multi-Vehicle Train-Borne Onboard Monitoring." Furthermore, the subsequent paragraphs will
emphasize specific aspects that have raised some requests for clarification.
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Level of Innovation Proposed by using the Leonardo platform

The Leonardo monitoring train was developed prior to this research program. However, the
innovation lies in the principles behind the LEONARDO platform. This platform facilitates the rapid
testing of new technologies and provides easy access to operational data, enabling collaboration
with industry and research partners. The primary focus is on acquiring data from infrastructure
assets from an on-track perspective within a +5-meter radius, aiming to gather valuable
information, including the possibility of detecting underground issues.

The true innovation of the LEONARDO platform is demonstrated through practical applications
that move beyond one-off tests, driven by the involvement and needs of end-users. This practical
approach ensures that the applications are demand-driven and address real-life issues in rail
infrastructure. Additionally, this approach promotes high Technology Readiness Levels (TRLs), as
it requires addressing practical deployment issues in operational environments. The diverse data
sources also present intriguing challenges for in-depth research, making this setup appealing to
researchers. Crucial to its success is the unobstructed access to operational infrastructure. This
comprehensive focus on practical, real-world applications and high TRLs makes the LEONARDO
platform a valuable component of this work package.

For further details, see also the TRA paper “Agile Multi-Sensor Platform LEONARDO: Evaluation of
New Monitoring Technologies in an Operational Environment” [2].

Use of ABA and GPR

Regarding Axle Box Accelerometers (ABA) and Ground Penetrating Radar (GPR), while these
technologies are indeed in use, their consistent and effective application in real-life practice
remains an area with significant room for innovation. The embedding of ABA in everyday practice
and its potential for consistently detecting various issues is still evolving. The true innovation lies
in the combination of multiple data sources to enhance detection capabilities and achieve high
TRLs. This integrated approach ensures a more comprehensive understanding and resolution of
rail infrastructure issues.

The addition of GPR to the data collection toolkit is particularly noteworthy. The latest
advancements in GPR technology allow for faster driving speeds, enabling the Leonardo to operate
seamlessly between operational train services. While GPR is not yet common practice, its utility in
investigating recurring track geometry issues is increasingly evident.

Additional Detail on Potential Explosives

The mention of potential explosives was included as a single example and is not the primary driver
of this work. The main focus is on conducting more frequent scans of the underground to identify
ballast pockets, badger sets, and other potential issues that could lead to recurring track alignment
problems. Given the primary focus, it is acknowledged that the example of explosives may not be
the most relevant and could potentially be omitted in future communications.

The application mentioned section 7 in this deliverable is a better example where the use of the
ground penetrating radar will be used. The reality model includes 3D-modelling of underground
infrastructure.

5.2. Multi-Sensor wayside monitoring of switches

The following section describes to utilised tools, solutions and systems for wayside infrastructure
monitoring, introduced in chapter 7 in D10.1. The infrastructure monitoring system is composed
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of custom-developed hardware, including sensors and data acquisition system, analytical tools to
transform the measured data into information thereby enabling prescriptive maintenance
approaches and software tools for visualisation and asset management purposes.

5.2.1. Using novel multi-sensor systems for infrastructure
wayside monitoring

In recent years, voestalpine Railway Systems developed a novel multi-sensor platform which can
be used to monitor various damage patterns in turnouts as well as in open track. The technology
is based on multi-directional vibration and motion measurements and provides additionally a
temperature sensor module. Beyond that, the system provides onboard data processing, filtering
as well as edge computing capabilities. There are multiple versions of this sensor system which
can be chosen depending on the component to be monitored or the operational parameters of
the monitored asset.

Within this project, two versions of this senso platform are used for monitoring purposes. The
sensors were as mentioned above developed in the past years, referring mainly to the hardware
aspect. However, the firmware and on-board implemented algorithms are still adapted during the
current project, especially as these need to be adapted to the requirements of high-speed
applications. In addition, the knowledge obtained from simulations, advanced data analytics and
reference measurements will be incorporated into the sensor firmware. Part of it was conducted
within WP10 and will be also further conducted in WP11. Figure 5-2 shows an image of the utilised
multi sensor platform.

The first sensor type which is used for track quality monitoring and is mounted on highly loaded
sleepers in a turnout (e.g. at the turnout beginning and in the crossing region). This sensor
monitors the displacement and rotation of the sleeper and thereby provides information on
stiffness changes and developing voids below the sleeper. The sensor was already tested in
previous projects such as Shift2Rail, at the demonstrator turnout in Vienna Liesing (OBB track) as
well in other projects with OBB such as Rail4Future (FFG Project number: 882504). However,
within the current project several updates on firmware level have been implemented and a strong
focus was on further developing model based and data driven analytical approaches for the
estimation of required operational parameters and the overall health state of the monitored asset.

The second version of the multi-sensor system which is used within this project includes a
structure borne noise module and serves for monitoring of rails, such as wing rails, stock rails and
switch rails or frogs. This sensor has a very high frequent band width (up to 48kHz) and is therefore
able to detect even minor changes in the material and detect excessive rail wear or even crack
development. This sensor version was also developed form a hardware perspective before the
start of the current project. The main innovation conducted during the current project refers to
advanced analytical models in order to address different damage pattens of turnouts in both, high
speed and mixed traffic area.
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Figure 5-2: Multi-sensor platform for track quality and rail wear monitoring used in various locations of the two demonstrator
turnouts

The introduced sensor system is utilised within WP10/11 to provide information on the asset
health state in real time and serve as an input source for various condition monitoring models,
thereby enabling the smart asset management demonstrator.

The sensor includes, depending on its version, multiple sensor modules, for example a three-ax
accelerometer, a three-ax gyroscope, a temperature sensor and a structure borne noise module
or a displacement sensor module with adjustable sampling rate, measurement range and filter
settings. Figure 5-3 shows a schematic illustration of the sensor, its included sensor modules as
well as its internal channel orientations.

Sensor Positions & Orientation

e
l | A c

A = AE-Sensor
B = Acc. & Gyro. Sensor
C = Temperature Sansar

Figure 5-3: Schematic illustration utilised multi-sensor with included sensor modules and internal channel orientations

This multi-sensor can be applied on the component to be monitored either by screwing a mounting
frame to the component or by using an adhesive connection. The adhesive coupling is furthermore
also required for the structure borne noise measurements.

Moreover, voestalpine Railway Systems uses also further sensor types within this project for
infrastructure monitoring purposes. An analogue version of the structure borne noise sensor is
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used in the high-speed demonstrator which provides an even higher bandwidth (1 MHz) and is
used for monitoring of point machines and detector rod breaks, see Figure 5-4.

Figure 5-4: Analogue structure borne noise sensor

Another sensor which is used in the high-speed demonstrator is an inductive proximity sensor
which monitors the gap between switch rail and stock rail, as this is a safety critical parameter and
therefore crucial for a safe operation of the turnout, see Figure 5-5. This sensor provides the
distance of the two rails in 0.1 mm precision which allows the operator to recognize any positional
changes of the rail tip or the nearest flangeway of a switch and react to such changes before they
lead to traffic disturbances, thereby increasing the overall availability of the track.

“

Figure 5-5: Inductive displacement sensor for switch rail position monitoring

5.2.2. Integrated asset management and monitoring platform

voestalpine Railway System provides within this project its integrative asset management &
maintenance management (former DTM software) and infrastructure monitoring (former
ROADMASTER software) platform called zentrak. Both software solutions have been developed by
voestalpine Railway Systems over the past years and are already in use at multiple railway
operators over the world. However, the focus within WP10/11 is to integrate these both solutions
in one holistic and interacting platform, combining all relevant data sources coming from the
operation of the asset, its maintenance teams, providing the general asset structure and history
as well as online and real time monitoring data, thereby providing an overall view on the asset
health state and pending maintenance tasks. Figure 5-6 shows the schematic structure of the
zentrak ecosystem which can incorporate information coming from voestalpine Railway Systems
hardware, as well as any third-party hardware, process the incoming data and pass it to the user
or any other interface, for example an ERP software used by the operator. zentrak thereby serves
as a central platform combining data for multiple incoming streams and guarantees efficient and
performance-oriented asset management for an overall improvement of the asset life cycle costs.
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Figure 5-6: Schematic illustration of the zentrak asset management & maintenance and infrastructure monitoring platform.

The zentrak infrastructure monitoring module, shown below in Figure 5-7, provides multiple
monitoring features and visualisation as well as advanced data analytics capabilities for the asset
manager and service teams. By providing information on the location of the turnout, various KPls
which describe the health state even up to a component level, or as an overall asset health state,
the user can choose the granularity of information he needs and dive even into signals of single
train passages. Furthermore, the system estimates and records operational parameters of the
asset, such as the number of passing trains, train types, average / maximum speeds, passing
directions and number of switching processes, thereby guaranteeing not only a comprehensive
picture of the operation itself, but furthermore allowing a detailed clustering and filtering of the
data, thereby increasing the overall effectiveness of the system.

()
[N e e | Yy
l & ©® e -

Figure 5-7: Landing page of the zentrak infrastructure monitoring module. The map shows the location of the two demonstrators
located in the ADIF mixed traffic and high-speed network.

Figure 5-8 shows the high- speed demonstrator in the zentrak asset management & maintenance
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management module. This tool contains all relevant information from contact management
including information on the asset (or component) manufacturer, the operator as well as the
service and maintenance operator. zentrak asset management & maintenance management
provides furthermore a detailed overview of the component structure of the asset, manufacturing
and installation dates, the maintenance history as well as possibilities for planning of pending
maintenance tasks. The most crucial feature is the ability of data exchange between zentrak infra
structure monitoring and asset management by means of predefined interfaces.

This communication is crucial for both applications as for example a component exchange or
recognised defect needs to be reported and considered in both systems as it triggers different
actions or changes in the analytics procedure and affects future maintenance actions. Therefore,
an integration of both modules is of crucial importance and will lead to a powerful tool for railway
operators and their maintenance teams, as it will increase their effectiveness significantly.

o+
Y
F3
N

60E1-17000/7300-1:50

Figure 5-8: zentrak asset management & maintenance management software (mobile version)

Both software modules (infrastructure monitoring and asset & maintenance management) have
been developed before the project as unique and independent solutions. The focus of the current
development and the main innovation is to provide a more integrated solution which combines
these software tools into one platform to provide the infrastructure and maintenance operator
with relevant real time monitoring data, which can be used for maintenance planning but also
during inspection and maintenance tasks. Furthermore, the data provided withing the asset and
maintenance management tool will be linked to the monitoring software, providing necessary
input for its algorithms and models. As an example, if the maintenance staff adjusts anything in
the turnout — this change of the asset state will affect the monitoring data and hence could lead
to a false alarm in the monitoring tool. On the other hand, if this information is available to the
monitoring software with the information which parameter was changed (and how much) — the
monitoring system will be capable to provide significantly better predictions and action
recommendations while the false positives will be reduced. Another major advancement will be
to incorporate developed models and algorithms into the software so that it will provide the
infrastructure operator with better recommendations and suggestions which type of failure he
can expect and until when he needs to fix it before it leads to breaks downs and availability issues
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of the turnout.

5.2.3. The POSS® System in a nutshell

POSS® [3] is a condition monitoring system for assets in the railway and power industry. It consists
of local dataloggers and sensors that collect measurements and send the data to a central server
where it is visualized in a User Interface. The main focus of POSS® is the monitoring of point
machines which includes measuring the consumed current during a throw, as well as the state of
some related relays and the ambient temperature. When anomalies are found in these
measurements (e.g., through the exceedance of predefined thresholds), the system triggers a
warning or alarm, indicating to a team of maintenance experts that the behaviour of the switch
deviates from the expected patterns. The maintenance experts then go on to further analyse the
data to see if any maintenance or repair activities are required.

For more detailed information on POSS, refer to Section 7.2.4.2 in deliverable D10.1, as well as
several previously published papers [3] [4] [5] [6]. The ongoing work on POSS will build upon these
earlier developments and findings, leveraging the established research and results to inform
current and future efforts.
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6. HOLISTIC MONITORING AND DECISION SUPPORT

Holistic monitoring and decision support directly refers to the multi-sensor use case within FP3—
IAMA4RAIL WP10/11 as described in D10.1 (Section 5.2.1). The railway infrastructure is a complex
combination of various components such as rails, ballast, switches and crossings (S&C), point
machines (PMs), catenary, interlocking etc., all having their own fault types and therefore often
being maintained separately in practice. However, components often do not operate
independently, and also their health condition and degradation may depend on each other.
Holistic railway infrastructure monitoring thus aims at explicitly taking such dependencies into
account for the purpose of enhanced diagnostics and health prediction including considering the
connections to train operations. As for advancing digitalization and Al (= Artificial Intelligence)
research, this requires systematic and synchronized data covering all relevant components
including manual and automatic inspection data and maintenance reports as well as structured
data from embedded sensors together with information about environmental conditions.

The project partners of FP3—IAM4RAIL WP10/11 have therefore been starting to collect such a
comprehensive data set for a 22 kilometres long main line with mixed traffic on four parallel tracks
and about 40 switches between Amsterdam and Utrecht in the Netherlands as well as data from
a second pilot site in Spain. Data are now being shared bilaterally among the partners upon their
specific needs and handled and synchronized using their respective data management tools to fit
to their individual research and development tasks as described later in the application section
(see section 8) of this deliverable D10.2 (see also [7]).

An essential aspect of the holistic approach as described above is that parallel measurements for
the same infrastructure asset or the same track element using various wayside and/or onboard
sensors are likely to contain redundant information about the respective health conditions. While
data fusion can help then to increase the reliability of the estimated health states, the data at the
same time allow for analysing which sensors or combinations of sensors (together with their
positioning) are the most informative ones or, on the contrary, could be dropped from the overall
sensor layout without too much loss of information. Even more, transferring knowledge as
obtained from a few highly equipped and comprehensively monitored infrastructure assets could
reduce the sensor needs for the large rest of similar assets in the rail network. As a result, sensors
can be selected and positioned in a more optimal way considering both statistical power of the
data and cost efficiency, thus (hopefully) providing better decision support at still reasonable
costs. Figure 6-1 depicts the principles of the possible options in a graphical way.
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Figure 6-1: Strategic options for an optimal trade-off between costs and quality of infrastructure asset monitoring based on a
holistic analysis

6.1. Integrated Data set for holistic monitoring and diagnostics

Intending to foster the development of enhanced tools for integrated health monitoring and fault
diagnostics via (simulation-oriented) physical models and/or modern data-driven approaches,
various kinds of train-borne data have been and are being collected via the so-called LEONARDO
platform (cf. Section 5.1.2). All this is accompanied by continuously recorded current curve (incl.
control circuit) and sometimes also power supply measurements for the point machines together
with environmental data such as temperature (cf. Section 5.2.3). For a dedicated switch, also
sleeper displacements (per axle) and blade positions via inductive sensing are going to be
measured. In addition to that, by using different modelling techniques and simulation frameworks,
synthetic data sets will be generated by means of virtual sensors to complement the data obtained
by means of real sensors in field test campaigns. Synchronized maintenance and manual
inspection reports will help to validate and interpret the automatically generated measurements
as well as the results that are going to be derived from them algorithmically.

Within WP 10 relevant preparatory steps to obtain and create such an integrated data set for
further research and demonstration in WP 11 supporting and combining several of the described
applications were successfully completed.

6.2. The work towards digital twin

As described in D10.1 a vital interface to the research on digital twins in FP1_Motional exists and
is realized by several applications related to train-borne and wayside modelling and simulation of
the vehicle-track interaction (see sections 8 and 12) as well as the comprehensive modelling of
complex assets such as switches (see section 17).
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/. REALITY MODEL

7.1. Introduction

7.1.1. Background of this application

According to the current schedule, the last railway section in the Netherlands to be equipped with
ERTMS will not be completed until 2050. To accelerate this process, ProRail has established an
innovation partnership. The goal of the ASAP ERTMS innovation partnership is to bring this
completion date forward to 2040, with an ambition to accelerate it even further to 2035.

The innovation partnership provides a space for market parties to collaborate with ProRail in
developing innovative and effective solutions that are not yet available on the market. This
partnership has outlined specific challenges, one of which is: "Smarter design: develop solutions
to accelerate the creation of integrated railway designs."

To address this challenge, it is essential to understand the current situation. This involves
leveraging developments from FP3-IAM4RAIL WP10 to use the technology of the Leonardo.
Additionally, to optimize the results, the developments of the Leonardo will be refined and
enhanced. The synergy between these two initiatives includes:

e Responding to a concrete question from FP3-IAM4RAIL
e Extensive testing of the technology
e Ensuring the technology will be used in practice

The drive to create this Reality Model stems from the national innovation partnership with ProRail
to accelerate the rollout of ERTMS. FP3—IAM4RAIL provides support by making the data available
and optimizing and validating the data capturing techniques used. This synergy between FP3—
IAM4RAIL WP10 and the innovation partnership ASAP-ERTMS ensures that the developments
meet the needs and achieve a high Technology Readiness Level (TRL). The ASAP-ERTMS
partnership offers a testbed and an opportunity for deployment of the technology developed.

7.1.2. Scope / Objective /Aim

To achieve a successful execution of the designed and planned work, it is necessary to have a prior
understanding of the actual situation. On one hand, the actual situation is documented in the
drawings of the existing infrastructure. However, it is also necessary to verify if these drawings
reflect the current situation. Additionally, it is important to know the condition of the
infrastructure. Therefore, a digital model of the actual situation in the field is necessary. This is
crucial for creating a practically feasible axle counter and balise design for a railway section.

The goal is to display as much current information about a rail track as possible using a 3D model.
This 3D model provides a highly accurate representation of the actual rail track, creating what's
called a "Reality Model."

The more up-to-date the information in the Reality Model, the greater its added value. By using
the information for the design, balises can be projected at locations where they can actually be
placed in practice. This gives the possibility if what is designed fits the actual situation outside. The
design can be adjusted accordingly avoiding last minute decisions outside, avoiding failure costs
in the execution phase. The design is immediately practically executable.
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To have truly current information available, the LEONARDO platform, as described in D10.1 is
being used.

7.1.3. Broader context

EEl | Projectie IMX (OVS) | o | Pre-toetsing (ACP)

Figure 7-1: overall context of the reality model

7.1.4. Description of the technology

Although the Leonardo has various technologies on board as explained, the Reality Model
currently uses only the following:
e LiDAR: Using a LiDAR system, a 360-degree point cloud of the environment is created.
e Trackscan: Using the Trackscan, a detailed point cloud of the track is created, roughly
between the ballast shoulders.
e Ground Penetrating Radar

In addition to the current information collected with the Leonardo, the Reality Model utilizes
available rail data from the ProRail databases as much as possible. For example, KS-bladen and GIL
are used for the underground infrastructure. This underground infrastructure is also cross-checked
with the results of ground-penetrating radar to ensure the drawings are accurate and no other
objects are present.

7.1.4.1. Challenges

The ERTMS configurator, which uses numerous data points to create a 3D model of the existing
situation. This "Reality Model" allows for viewing the design within the current environment
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before any work begins. This is highly beneficial as encountering issues during the execution phase
leads to costly mistakes.

Significant progress has been made in object recognition over the past two years. Detecting
objects within a 3D point cloud requires innovative technology. The computer can now recognize
the contours of a railway object from a 3D environmental scan, although this wasn't always
flawless. Initially, there were challenges, such as mistaking a pole for a tree or a signal for a traffic
sign. However, with continuous training and advancements in Al, the accuracy has improved
considerably. The results are now professional and reliable.

7.1.4.2. Validation of data and reaching required accuracy

The processing of collected data into a Reality Model has been validated based on location
accuracy and object detection certainty. This was done for datasets gathered by the LiDAR scanner
(environmental point cloud) and the Trackscan (detailed railway point cloud). A proprietary
software model was developed for processing the point cloud data from the LiDAR scanner.
Different model versions were compared during this validation, focusing mainly on the Kampen-
Zuid test area. An initial check on the impact of scaling up to the Hanzelijn on data quality was also
conducted.

Validation of location accuracy and object detection certainty was performed using fixed reference
points, allowing for comparison of different datasets. Objects registered in Railmaps were used for
this purpose. A Strukton surveyor manually measured several relevant objects near Kampen-Zuid
station with a Leica GS18 GNSS system:

e 47 overhead portal masts

e A variable signals

e A4 ESjoints, including 40 collar bolts

e 6 balises

The locations of these objects were compared with their known geographical positions in
Railmaps, showing they were within 5 to 10 centimetres of the expected locations. This indicates
that Railmaps data is suitable for an initial validation of the Reality Model and can be used for
validating the Reality Model of the Hanzelijn.

7.1.5. Functionality in detail

In general, the process to develop the Reality Model follows these six steps:
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Figure 7-2: the six steps towards the Reality Model

The first step in the process is data collection. This is done using the Leonardo measurement train
and sources available from ProRail. Additionally, public datasets such as the Actueel
Hoogtebestand Nederland (AHN) are used to supplement ground level data for areas not visible
to the measurement train.

The second step involves processing the collected data into usable information.

In the third step, the processed data is stored in a database, creating a comprehensive view of the
environment.

The fourth step is the publication of the data in various formats, such as a Geodatabase, to serve
as input for Arcadis design tools.

In the fifth step, the completed design is loaded and visualized in the Reality Model.
The final step is to analyze the design and check it for practical feasibility.

7.2. Progress

7.2.1. Tests

The Reality Model is currently undergoing testing. This test will take place and is expected to be
used in a pilot project later this year. This pilot involves the installation of balises, utilizing actual
designs and data.

In addition, during the preparation phase, we used the Strukton Reality Model to check whether
axle counters and balises could be installed in practice in accordance with the design (IMX). This
makes the added value of the Strukton Reality Model tangible. The test is considered to be at TRL
7, which corresponds to a system prototype demonstration in an operational environment.

7.2.2. Next steps

In the coming years, several tenders are planned that will support the advancement of the Reality
Model from TRL 8 to TRL 9. This progression marks the shift from demonstration to full-scale
deployment, enabling implementation in real-world operational contexts. Strukton has already
secured one of the initial projects, meaning that practical application of the Reality Model will
begin late 2026.
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8. HOLISTIC SWITCH MONITORING AND DIAGNOSTIC MODEL

8.1. Introduction and methodology

As already mentioned in section 6, data from various sensors and their combination are the
foundation for the holistic monitoring of railway assets such as switches and crossings. Often,
there are relations (or relations can be expected) where parts of the infrastructure directly and
physically interact with each other but are still monitored separately in practice. Ballast condition
and general track geometry, for instance, usually lack of an integration with the health monitoring
of the point machines (including mechanical switch elements such as slide chairs and rods etc.) in
context of maintenance and fault diagnostics.

Starting from current curve measurements as a single-sensor approach (use case 1), holistic
diagnostics Figure 8-2 combine these data with other measurements such as power supply voltage
or track geometry data (cf. Section 8.3.2 and 8.3.3). By that, the multi-sensor use case in FP3—
IAM4RAIL WP10/11 (use case 2) is addressed in a natural way, too.

8.2. Work progress

Figure 8-1 shows the current state of progress for this application with a short review of relevant work
done in the past (SoA) and a rough preliminary outlook to Wave 2 and 3 of the current series of ERJU
FA3 projects.

State of Dev. (at the
beginning of lam4Rail)

Current curve (CC) Optimized anomaly Interpretable Holistic switch \ Traceable
analysis based on detection based on geometric features for '\ diagnostics AR and trustable
(seasonal) reference AN Machine Learning enhanced diagnostics (Multi-sensor and diagnostics
curves per switch "\ (Black-box approach) % eCurrent curve segmentation N multi-component N (Causality)

\ approach) N\ eFrom statistical
g %\ @ssocistionsto
/) causal relations

*Manual inspection sintegrated temperature % wAutomatic extraction of
«Automatic alerting based on % normalization Y, complexfeatures “ (Big) Data processing
statistical deviation from ) ) eAnomaly score ) ) leg, humps] rYy and synchronization )
reference curves *, Warning pipeline” W 4 einteraction between // =Investigation of
I, . S ower supplyand cC // further halistic
[Qualitative) failure mode and effect modelling . Expert-based diagnostic modelling « Associations between relations
‘. using Bayesian networks track geometry and CC i

eFaulttree analysis

*FMECA / sMathematical reasoning(e.g, ,explainingaway”)
. #Scenario-based validation (plausibility) / Proof of Concept

Figure 8-1: Timeline of previous, current and future work related to this application (”Holistic switch monitoring and diagnostic
model
As can be seen, current curve (CC) analysis is a well-established approach for switch health
monitoring. In the past, practitioners started with manual CC inspection based on the comparison
with reference curves per season, for instance. Automatic alerting, when curves deviate from the
expected patterns (typically based on simple thresholding), was implemented then (see 5.2.3).
Later, (black-box) machine learning was introduced to detect abnormal curves while automatically
compensating the temperature variations in the CC [8]. For better diagnostics, then some first,
more specific and complex features (e.g., humps in the switch movement phase) have been
introduced that are related to more specific faults [4]. Here, also (automatic) CC segmentation
became more and more important. At the same time, system-oriented qualitative modelling
approaches (such as FMECA) evolved in terms of more complex expert-based (quantitative)
diagnostic models (i.e., Bayesian networks, see Figure 8-2) with a first proof of concept and a
simple scenario-based validation at the time when FP3—IAMJ4RAIL started [9]. Here, the switch
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drive with its mechanical and electric parts is linked to other components and external influencing
factors for the purpose of mathematical reasoning (including so-called ,,Explaining away“). By that
it is taken into account that, at least theoretically, anomalies in the CC could be caused not only
by switch drive defects, but also by other components (e.g., power supply, track geometry, ...) or
other external factors. This, of course, (if true) would directly affect the effectiveness and
optimization of maintenance planning and actions.

Power supply

Railway meta information
Current curve features External error causes
Overall features / / ‘>///
Sk Switch drive ' Environmental factors
ingle event I {
features — /
Point machine
components

Phase-specific
features

Previous maintenance

[~ Mechanical movable
| __track components |

Functionality/ effects/ Historic switch behaviour

_aggeqgrated faults |
[— |

«—

Track heaith

Figure 8-2: Schematic overview proposed diagnostic model (taken from D12.2, 1252)

With the purpose of studying (some of) these inter-component (i.e., holistic) relations in more
detail, WP10 therefore started with collecting, processing, and synchronizing (multi-sensor) long-
term data on power supply voltage and track geometry data together with the respective POSS
(i.e., CC and relay) measurements required for that. First results of an initial data exploration are
described in Section 8.3. In parallel, the necessary computerization of the extraction of human-
interpretable and very specific features from the CC measurements (besides the already existing
basic features) was continued.

8.3. Achieved results

8.3.1. Feature engineering for switch diagnostics

General statistical features (e.g., mean, variance) as easily derived from data are often just a first
step towards a diagnostic understanding of complex data and systems. Not without reason, switch
maintenance engineers usually also take the geometrical characteristics of the current curves as
one of the currently most important measurements for the condition monitoring of point
machines into account. However, the automatic computation of such features becomes much
more difficult compared to standard statistics because they usually are much more specific to the
given type of data and asset.

Initial work on such geometrical current curve features for so-called NSE switches (as widely used
in the Dutch FP3—-IAM4RAIL pilot site) addressed humps in the movement phase of the current
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curves and possible flat spots as part of such humps related to a slipping clutch (cf. Section 8.2). In
combination with some basic statistical features per phase (i.e., inrush, unlocking, movement,
locking), these automatically computed features already help to identify anomalies and possible
defects in the point machines [4, 5]. As part of FP3—IAM4RAIL WP10/11 with relation to its single-
sensor use case (Use case 1), the set of relevant features that can be computed automatically from
the data (instead of visual inspection of the current curves) is now being expanded to also include
humps during the (un-)locking phase Figure 8-3as well as, for instance, dips and oscillations in the
current curves all being essential evidences for holistic diagnostics (cf. [6]).

Figure 8-3, for instance, shows the evolution of a critical hump in the unlocking phase of a given
switch with hump features (e.g., size and prominence) computed automatically by the algorithm.
Note that such interpretable and transparent features are very helpful not only for diagnostics
itself, but also for the systematic data-based analysis of the multi-component relationships
between switch engine and other switch or rail components (cf. Sections 8.3.2 and 8.3.3) in
general.
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Figure 8-3: Evolution of a current curve hump in the locking section with increasing hump severity over time measured by its
prominence (= maximal vertical distance between current curve and hump baseline) (cf [5]).

8.3.2. Effects of power supply variations on condition monitoring
of point machines

As mentioned before, recent fault diagnostics for point machines often rely on motor current
curve measurements, which are then interpreted by maintenance practitioners for triggering
suitable maintenance actions. To improve the reliability of results, algorithmic approaches
sometimes control for influencing factors such as temperature [5]. [8]

As a part of the Dutch pilot site installations, now also the voltage measurements of several
switches that all draw from the same power source were collected for a deeper analysis. A first
exploration of the data shows that power supply fluctuations caused by simultaneous switch
movements can indeed influence the shape and level of motor current curves (see Figure 8-4) and
thus should be considered during the manually and/or algorithmically conducted diagnostic
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interpretation of the current curves. In fact, without taking the power supply effect into account
here, it would not be possible to decide whether small humps or dips in the current curves, for
instance, are simply normal or if they are indicating the early stage of an evolving failure as would
be relevant to know for predictive maintenance instead.
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Figure 8-4: Overlapping movements of several switches that draw from the same power supply. Drops in the available voltage
(upper plot) caused by the inrush peak of one switch are resulting in dips in the motor current curves (lower plot) of the other
switches

In the next steps, data collection will be continued with a deeper exploration of the respective
dataset. The goal is to see how power supply fluctuations might impede currently used condition
monitoring approaches (e.g. by causing false alarms) and how this new measurement data could
be used to improve them.

8.3.3. Effects of track geometry on point machines

Besides other factors, track geometry can be expected to be related to several issues in context of
point machine health monitoring and diagnostics. To uncover these relations, data from the Dutch
pilot site (cf. section 4.2) are synchronized and compared to each other. In particular, the following
data have been synchronized so far for a deeper analysis:

e Track geometry measurements of switch segments (see Figure 8-5: small plots with one
plot for each geometry parameter).

e Monthly train statistics (axles, tons, number of trains per switch).

e Wayside measurement data from point machines collected by POSS, e.g. relay data and
point machine motor current curves (see Figure 8-5: larger plots showing current curves
separated by switch movement direction) with features derived according to Section 8.3.1.
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Figure 8-5: Track geometry measurements of a switch segment and point machine motor current curves in the week before

This data is now available from 2023 onwards for the switches of the Dutch pilot site and can be
scaled easily. Additional to the track geometry measurements of the switch segments, more
detailed measurement data collected by the LEONARDO train could be considered, and results
from the processing of said data could be integrated as well. The next steps are further work on
data management, data exploration and feature engineering for this newly combined, holistic
dataset.

As part of an initial data exploration at the transition between WP10 and WP11, Figure 8-6 indeed
shows a promising example where a strong correlation between changes of some track geometry
features (i.e., cant, twist) and changes in the CC for one of the movement directions of the given
switch over time can be conjectured.

FP3-IAM4RAIL - GA 101101966 60 | 190



=urope's

2.5

Track geometry features 2023-03-03
I02 30609
20230728
10331101
2024.03-23
20340628
IO24-08-0%9

o

=35

=50 4 'IF“‘\ o
J’ﬁ.

LEnt_mim
¥
ﬁ‘é}
—

L N B N OB ]

bwid_mmim_LJe
&
X

30 1

E 13A_515, derection O & 30%A 515, direction 1
a
a5
E
3
F
w 2.0
"
E
g Ls
E
3
‘:I 1.0 4
E
o
;'E'.' 0.5
£
. » A -] S B 3] o i
o 2 =] st
A *f"g el {’N ol a* 1’P '\"‘h ’Pp
+ o+ + + o = L L 4

temestamp UTC

Figure 8-6: Possible example for correlations between CC measurements and track geometry

8.4. Status handed over from WP10 to WP11

Practically, there is a very smooth transition between WP10 and WP11 concerning the presented
application (“Holistic switch monitoring and diagnostic model”). Nevertheless, one major
achievement of WP10 is that all data collected for this application so far, are now available in
synchronized form via a common database with automatic processes for updating the data if
required. Needless to say, this is an indispensable prerequisite for all the upcoming (big) data
analysis. That is, the analyses of the relation of power supply and track geometry on the CC are
going to be continued to better understand and quantify the respective effects (cf. Sections 8.3.2
and 8.3.3). This also includes and requires to further automatize and optimize the extraction of
specific, interpretable CC features (beyond standard statistical features) in terms of Section 8.3.1
and to investigate them for the existing large-scale data.

8.5. Preliminary results that can be used

Based on the preliminary results in WP10 (see Section 8.3), already a small number of scientific
publications related to the presented application (“Holistic switch monitoring and diagnostic
model”) have been submitted. Further journal and/or conference contributions are in preparation.
Moreover, new CC features as described in Section 8.3.1 could help to increase the TRL of previous
demonstrators for switch diagnostics in the progress of WP11. Later in wave 2/3, it is planned to
widen the data analysis to further inter-component effects related to CC diagnostics (as laid out in
the diagnostic model from Figure 8-2) and to formally address the important question of causality
more explicitly, which is mostly ignored by standard Al methods today. Of course, this research is
likely to benefit from the current results and the growing experience with the data from the holistic
perspective in the progress of FP3—-IAMA4RAIL.
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9. MULTI-SENSOR TRACK MONITORING

Multi-sensor condition monitoring provides a robust and comprehensive approach to maintaining
track health, improving operational efficiency, and reducing costs.

The Leonardo vehicle, as a multi-sensor platform is able to acquire data from various onboard
sensors at the same time. This provides the unique opportunity to fuse sensor information for a
holistic overview of the track condition.

9.1. Introduction and methodology

The aim of this application is to provide a better understanding on the condition of the track by
fusing information from various synchronized onboard-sensor data.

The integration of data from multiple sensors helps in diagnosing the root cause of issues more
effectively. Multi-sensor data can reveal correlations and patterns that are not apparent with
single-sensor data, leading to better decision-making. A good example is an anomaly on the rail
head detected by an image classifier. This could be a rail surface defect such as corrugation or just
dirt on the track that visually appears quite similar. Integrating information on the wheel-rail
interaction measured with ABA sensors will help to classify the detected anomaly.

Specifically, the objective is to enhance the accuracy and reliability of onboard track monitoring
by using multiple sensors and suitable processing and analysis algorithms.

The “Leonardo” measurement vehicle conducts precise measurements using various sensor
technologies. An overview of this technologies can be found in section 7.1 of deliverable D10.1.

9.1.1. State of the art

Modern track recording and automated inspection machines from different manufacturers deliver
track status and condition monitoring from different data sources and in recent years numerous
research and development activities have been carried for automated condition monitoring for
individual sensors systems such as those used by the Leonardo platform (GPR, lidar, camera, ABA,
etc.). However, there is a lack of approaches that fuses different complementary information from
the wide range of parameters that the combination of several sensors can provide for a holistic
overview of the condition of the track in a programmatic way.

In the previous Shift2Rail project INS2SMART-2, a data-driven approach for detecting rail surface
defects and estimating their severity using camera data and axle-box acceleration was developed
[9]. However, the different data sets were analysed individually.

To combine camera and ABA data from the Leonardo platform, the rail line needs to be extracted
from the images. A promising state of the art tool for that is semantic segmentation [10].

Data-driven anomaly detection for railway tracks is best performed using supervised machine
learning methods. However, these algorithms rely on a large amount labelled data, which is rarely
available. In this case, unsupervised learning methods can be used to detect anomalies. A state-
of-the-art approach for unsupervised anomaly detection and diagnoses is the combination of
autoencoders and clustering algorithms [11].

9.1.2. Challenges

Implementing multi-sensor condition monitoring, while beneficial, poses several challenges that
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must be addressed for effective operation. Data integration and management are complex,
requiring synchronization and accurate correlation of diverse data formats. Designing such
systems demands a deep understanding of the equipment and sensor placement, adding to the
complexity. The sheer volume of data can lead to overload, necessitating advanced data
management tools. Specialized technical expertise is required for implementation and
interpretation. Ensuring interoperability between different sensors and existing systems can be
difficult, necessitating standardization. Sensor data are inherently noisy, environmental factors
can impact sensor performance and data quality, requiring careful consideration of data
processing algorithms. Sophisticated data analysis algorithms and expertise are needed to
accurately interpret the data and to balance sensitivity to minimize false positives and negatives.
Data-driven approaches rely on huge amount of labelled data, which are in most cases not
available. In contrast, physics-based algorithms do not need labelled data, but a deep
understanding of the physical processes and systems involved, yet this information is often lacking.

9.1.3. Our approach

An ensemble learning approach was conceptualised that combine classifiers using different sensor
data from the Leonardo. The novelty is to combine information fusion (combining multiple
classifiers for different sensor data) with sensor fusion (combining sensor data for multimodal
classification) to create a super-learner that can detect and classify defects more accurately than
conventional methods according to the ensemble learning theory. In addition, the scarcity of
labelled data can be addressed with this approach. The following figure shows the ensemble
classifier approach based on ABA and camera data.

Multi-modal unlabelled
data (ABA and Camera data)

v

Signal Processing

A 4

2D camera

Standard 1D-
acceleration data
State of Dev. (at the
beginning of lam4Rail)

images top view
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1D signal 2D image 2D image Time
classifier classifier classifier synchronisation

v A 4
Multi-modal

2D image
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Ensemble learning
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v
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Figure 9-1: Concept for Rail defect classification using ensemble learning
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9.2. Work progress

The current state of development with regards to the ensemble learning approach is indicated in
Figure 9-1 (boxes with dark yellow frames).

A comprehensive data set was created and shared by the project partners involved. The data set
consists of multi-sensor measurements from the Leonardo platform, which were acquired on two
consecutive measurement runs in 2024.

An ABA data pre-processing pipeline was developed based on the Leonardo data. It can be used
for vehicle-dynamics-based anomaly detection and provides a 2D representation of the ABA data
that can be used as input for 2D image classifiers.

To detect surface defects on the rail head and to combine the video data and ABA data from the
Leonard platform, it is necessary to extract the rail line from the video data. In this context a
semantic segmentation approach was tested. Transfer learning was employed to use the semantic
segmentation model initial trained on driver’s perspective data (source domain) with rail top view
data (target domain).

For a holistic monitoring approach of infrastructure objects such as switches, which combines
onboard and wayside data, it is first necessary to detect this object in the onboard data. Therefore,
an object classification algorithm for switches was tested on the Leonardo data.

9.3. Achieved results

The following sections describe the results that have been achieved within WP10, which provide
the basis for the ongoing work in WP11.

9.3.1. Comprehensive Data Collection:

A comprehensive data set was created and shared by the project partners involved. The data set
consists of multi-sensor measurements from the Leonardo platform, which were acquired on two
consecutive measurement runs in 2024.

9.3.2. ABA data processing and analysis:

The data pre-processing pipeline for ABA data was tested on the Leonardo data. The processing
sequence aims at removing unwanted signal components and noise and to extract features based
on the spectral characteristics of the rail surface. It is based on spectral analysis, time-frequency
representations and unsupervised feature extraction. The sequence is detailed in Figure 9-3.
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Figure 9-2: ABA processing sequence to reconstruct spectral features of the rail

The following two figures show time-frequency representations of the ABA data before and after
noise removal. The harmonics related to the vehicle response are clearly removed with only little
leakage of signal energy.
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Figure 9-3: Time-frequency representation of raw ABA data
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Figure 9-4: Time-frequency representation of ABA data after noise removal

9.3.3. Computer vision:

The results of the semantic segmentation approach in different domains (driver’s perspective and
top view) are depicted in the following figure. It can be seen that the rail lines can be accurately
separated from the background.
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Figure 9-5: Semantic segmentation to extract rail lines in Leonardo camera data (ego perspective)

The results of the object classification algorithm for switches tested on the Leonardo data are
exemplified in the figure below. Using only a small amount of manually labelled data, the algorithm
could detect and classify switches with high accuracy.
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Figure 9-6: Switch detection and classification using camera data from the Leonardo platform

9.4. Status handed over from WP10 to WP11

The work progress from WP 10 to WP 11 and the direct relation of the specific sub-task can be
seen in Figure 9-1 indicated by the links between the yellow-framed boxes (developments in WP
10) and orange-framed boxes (developments aimed for in WP 11). The following sections highlight
the key aspects.

9.4.1. Data Integration and Management:

Within WP 11 the Leonardo will acquire rich multi-sensor data sets on the Dutch pilot site on a
regular basis. This means that large amounts of data need to be managed. Therefore, the handling
and integrating of big data from multiple sensors is a key task in WP11 to ensure that data from
various sensors are synchronized and accurately correlated. The data processing and
synchronisation sequences developed in WP 10 are integral parts for the integration of onboard
data into a holistic data analysis.

9.4.2. Enhanced Accuracy and Reliability:

By using multiple sensors, the system can cross-validate data, leading to more accurate and
reliable condition assessments. Redundancy in data collection reduces the chances of errors
caused by sensor malfunctions or inaccuracies.

In WP 11 the ensemble learners conceptualised in WP 10 will be implemented. That will lead to
better performance than a single classifier (state of the art). In addition, the scarcity of labelled
data can be addressed with this approach.
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9.5. Preliminary results that can be used

Besides providing the basis for the ongoing work in WP11, some results can readily be used. The
relevant applications are described in the following sections.

9.5.1. ABA processing and analysis

The developed ABA processing sequence can be used to find anomalies on the track with respect
to the vehicle dynamics. These points of interest can be further analysed by means of other
Leonardo sensor data (e.g. Camera, GPR) and inspection data and can be labelled based on this
analysis. Labelled data is essential for defect classification. However, it is a time-consuming task
and labelling guided by ABA analysis reduces this effort dramatically.

9.5.2. Switch detection and classification

The camera-based switch detection and classification can be used to extract relevant sensor data
for switch monitoring that can be used and integrated in the holistic switch monitoring approach.
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10. DETECTION OF LOOSE FASTENERS WITH ABA

This section describes the monitoring of the track and its components using Axle Box
Accelerations. In particular, CEIT is interested in the detection and diagnosis of anomalies in rail
fasteners, such as fasteners looseness detection, and their implication in track geometry and the
apparition of other defects (e.g. squats, rail corrugation).

This is one of the ABA developments undertaken within WP10, though it has a distinct objective.
At a later stage, the various developments will be coordinated, including those from other ABA
projects within cluster D.

10.1. Introduction and methodology

The aim of monitoring, condition-based, and predictive maintenance techniques is to optimise the
life cycle of the entire railway infrastructure, i.e., to improve reliability by having continuous
information on assets, resulting in a reduction of both maintenance costs and operational
disruptions. However, the inspection of certain track elements, such rail fastenings, is currently
carried out manually, by walking along the track, and the assessment of their condition is based
on a visual evaluation. This makes the process non-efficient and potentially unreliable, as it is
subjected to the operator’s subjectivity [12].

For that reason, as described in D10.1 (7.1.3), the continuous acquisition of track condition data
using ABA (Axle Box Accelerations) and its subsequent analysis is a key factor in maintenance
decision making by asset and maintenance managers. As mentioned there, the accuracy of the
predictions can be significantly improved by fusing information derived from different sensors (for
example, a combination of ABA based rail surface and fastener defect classification and video
image classification) and machine learning models.

Based on the State-of-the-Art, where more than 90 references were studied [13], it is possible to
develop signal processing techniques for the detection of specific track problems based on the
analysis of accelerations (ABA).

Track-side systems are commonly used to monitor critical areas of the infrastructure, such as
switches and crossings [13], whilst on-board [14] systems can be used to monitor any section of
the track. This second line will be the focus of the research, mainly based on the acquisition of
acceleration data by using accelerometers installed in the axle boxes of rail vehicles in service [15]
[16].

Finally, according to the type of track defects or problems to be detected and the main types of
sensors used, different signal filtering techniques and algorithms may be implemented to analyse
the recorded signals. In this work, we will use ABA data to assess the condition of rail fasteners
[17], investigating the related impact on the condition of track geometry (e.g. misalignments) and
the apparition of other defects in the track (e.g. corrugation).

While studies on detecting torque looseness in fasteners have been conducted, there remains a
gap in the research. This gap justifies the need for further development in this area. Various studies
have utilized modal analysis of the track as a starting point in research, along with vibration-based
looseness detection studies. A modal test was recently conducted. The key factor is not only
detecting missing fasteners but also identifying partial looseness before it impacts the track
geometry or rail head integrity.
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Although ABA is primarily sensitive to geometric errors in the track or rail surface, making it seem
less efficient from a physical standpoint, it has also been shown to react to varying torque
conditions in rail fasteners. A lower-than-required torque reduces the stiffness between rails and
sleepers, which in turn alters the modal shape. This change affects the deformation of the rails
under a moving load and consequently impacts the acceleration signals in the axle boxes.

While eddy current sensors, such as the lindometer, may seem like a simpler method for detecting
anomalies in rail fasteners, the lindometer primarily detects the absence of a clip rather than
issues within the fastener itself. The advantage of ABA-based systems lies not only in their lower
cost but also in their ability to be installed on passenger trains, providing daily data collection,
providing more frequent access to the railway track, as opposed to other systems installed in
inspection vehicles, such as the aforementioned lindometer or vision systems.

The case study is focused on the detection of loosen fasteners, so that new methodologies and
algorithms will be developed for obtaining relevant information and features from the data
captured by the sensors.

The methodology that will be used to implement this application can be summarized as follows
(Figure 10-1):

e Develop asimulation framework able to generate synthetic data by means of virtual

sensors, representing realistic ABA. To do that it is necessary:

O Get the most accurate input data related to the vehicle where the
accelerometers are installed, as well as the kind of track where the real
datasets are going to be generated. With the support of DLR, a multi-body
model of the Leonardo inspection vehicle will be created (see detailed
information on digital twins in Chapter 13 of this document).

O Develop a mathematical model that represents the defects and anomalies
to be detected and diagnosed, in order to integrate those effects in the
simulation framework [18]. Previously, the response of the track to
excitation with different patterns of failed rail fasteners must be studied
[19].

0 Generate scenarios that represent realistic operation in different conditions
(speed, track irregularities, etc.), including faulty conditions owed to the
anomalies to be detected and diagnosed and obtain datasets (i.e. synthetic
data) for the generated scenarios. SIMPACK, the multibody simulation
software, and ABAQUS, the finite elements model software, will both be
used.
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Figure 10-1: Methodology for detection of missing fasteners with ABA

Stiffness

Damping

e Develop signal processing techniques and algorithms that are suited to axle box

accelerometers that will allow obtaining a set of features that will potentially
contribute to the detection and diagnosis of failures and anomalies.

e Explore Machine Learning or Deep Learning algorithms for the detection and
diagnosis of anomalies in the track, potentially exploring the condition of rail
fasteners and its impact in the track geometry (e.g. misalignment) and the rail (e.g.
apparition of corrugation), for example by utilizing image analyses methods on
spectrograms of ABA data.

e Validation of results. First using the synthetic dataset to assess the detection and
diagnosis of well identified failures and anomalies. Then, the technology will be
demonstrated using real data provided by Leonardo platform, up to TRL5/6.

e Fusion of different approaches (e.g. ABA and vision, ABA and GPR and track
geometry) for the classification and detection of defects.

10.2. Work progress

Initial steps in the time and frequency domains are shown with the analysis of the ABA and
Trackscan data provided by Strukton Rail in June 2024.

The condition of the track and its components is being monitored using accelerometers placed on
the axle box of the Leonardo inspection vehicle’, owned and operated by Strukton Rail, who has
installed two PCB 604B31 type triaxial accelerometers.

The first steps were dedicated to the application of filtering algorithms to acceleration signals for
track geometry control (e.g. longitudinal level). Signal filtering techniques are applied to ABA
signals in areas where faulty fasteners have been detected by the vision systems of the LEONARDO
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Figure 10-2: Example of loosen and missing fasteners detected by the Leonardo vehicle

All the information related to the track is collected. CEIT has asked for information of the
inspection vehicle to advance with DLR in the creation of the MBS model of LEONARDO.
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Figure 10-3: Leonardo inspection vehicle characteristics

To study the rail response under an impact excitation, a modal test of the track with a
dynamometric hammer will be carried out in Q4 2024, with the support of ADIF accessing a
relevant environment in Spain.

The field test will follow the methodology described in previous papers related to the study and
detection of failed fasteners [12], [20] and damaged railways [19], based on the idea that a damage
in the fastener will change system's stiffness, inertia, or energy dissipation properties, and
therefore, the measured dynamic response of the system. The experiment will be conducted by
applying different torque conditions in one of the fasteners.

A script to easily identify the track segment to be studied has been developed, considering that
the track information of the dataset comes from different sources:

e Trackscan geometry data.

e Trackscan geographical location data.

e Dewesoft raw acceleration data.

e Tagged images with track defects.

10.3. Achieved results

Different approaches to represent the defects and anomalies are studied, waiting for access to the
track to perform an experimental modal test.

Meanwhile, inspections and monitoring data are being studied:
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e Inspection data of the track, including track geometry, visual inspection reports,
detection of defects, etc. (see Figure 10-4).
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Figure 10-4: Inspection data of the track

e ABA data captured with Leonardo platform in different measurement campaigns
along the project (see Figure 10-5).

“Leonardo ABA_2023_87_17_8BA141.h5"; info = hSinfofhdfSFile);

L/ Datasets 1] Dstatypes [ Links [ Attributes

dats_Groups data_Groups{1) Datatets dta_Groupw 1) Datasets(1) Datatype

dats_Geoups(1) Datasets(1).Datatype

Fatld Vahot

Accaleration

data_Groups(1).Datasets(1).Dataspace

Field = Value

Figure 10-5: Leonardo ABA data

By applying the developed script, we can easily match the Trackscan data (track geometry
information and defective fasteners location) with the ABA data (see Figure 10-6).
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Figure 10-6: Example of track geometry information and location

To develop anomaly detection/diagnosis algorithms, synthetic data representing the conditions of
the NED scenario will be used. Synthetic datasets will be generated and used as inputs.

10.4. Status handed over from WP10 to WP11

After analysing the results of the SoA, where more than 90 references were studied, initial steps
in the time and frequency domains are shown with the analysis of the ABA and Trackscan data
provided by STRUKTON RAIL in June 2024.

Preliminary works are dedicated to creating an optimal simulation framework to increase the
required data for the development of algorithms. Working only with the MBS models is not enough
to achieve our goals, because track dynamics plays an important role. Thus, the combination of
the FEM and MBS is presented.

As mentioned in the methodology, the response of the track to excitation with different patterns
of failed rail fasteners must be studied. To do so, an experimental modal test is going to be carried
out on an Adif facility in Spain, following the protocol described in the Work Progress section.
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Figure 10-7: Experimental modal test proposed layout
This experiment will allow us to extract some features when applying different torque conditions.

10.5. Preliminary results that can be used

It has been found that a correct choice of accelerometers to be installed in the axle box of the
vehicle is crucial. If the acceleration acquisition range is not wide enough, signal clipping is
recorded, which makes correct signal processing difficult, but future improvements in the
acquisition of ABA signals will allow a correct detection of track defects.
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11. SOUND RECORDINGS FROM ABA FOR DIAGNOSTICS

11.1. Scope / Objective /Aim

Introduction:

The video footage and measurement data from the measurement train, De Leonardo, are
increasingly being made available for practical use. New developments in the Geoconda Rail View
software are making the video footage and measurement data more suitable for digital
inspections and analyses.

In March 2024, training began for approximately 35 rail specialists on the effective use of
Geoconda Rail View v2.04. These training sessions not only received very positive feedback but
also generated 20 new ideas for further development. Of these ideas, 18 have already been
implemented in the latest Geoconda Rail View v2.1, which was launched on July 17, 2024. In
August 2024, training will commence for 100 maintenance technicians on conducting inspections
using Geoconda Rail View.

One of the ideas that has yet to be realized is the addition of sound to the images.

Problem:

End-users with field experience often rely on sound during outdoor track inspections to detect
potential irregularities. By incorporating sound alongside other data, this approach could replicate
that experience, prompting a closer examination of the available data. It could be particularly
valuable during the research phase, allowing end-users with field expertise to collaborate with
data scientists in exploring the potential of the data, and may also prove useful for future
applications.

In the Netherlands, many maintenance activities and inspections can only be conducted at night
during short track closures, limiting daytime inspections to viewing the track from the inspection
path. This restricts technicians' ability to perform thorough inspections, though they can often
detect issues by the sound of a passing train. However, they are not permitted to access the track
during the day to investigate further.

In Geoconda Rail View, technicians can visually detect issues but lack the necessary sound to fully
assess the situation. Although all cameras on the Leonardo are equipped with microphones, the
captured sound is not always suitable due to wind noise and ambient sounds. Experienced
technicians believe that by combining sound with visual observation, they can more accurately
identify specific track irregularities, allowing them to make informed decisions about the
necessary repair actions.

11.1.1.State of the art
Is this the type of language used by technicians, and has it ever been researched?

The article [11] discusses traditional inspections based on images and sound. In Pakistan, railway
engineers manually inspect the tracks by analysing acoustic sounds and images. This method is
cumbersome, labour-intensive, and prone to errors. The study suggests improving the
performance of traditional acoustics-based systems with deep learning models to reduce the
number of errors (train accidents). Thus, sound in images could contribute to the quality of digital
inspections if supported by deep learning models.
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The article [12] describes a study where sound is used to identify track components and their
defects. This article examines the feasibility of Acoustic Track Monitoring (ATM), which involves
extracting realistic information about the track condition from the interface noise of the rail from
in-use high-speed trains. ATM could enable continuous track analysis, detecting abrupt or
prolonged changes in the track, thus meeting the expected need for fast and automated track
maintenance. Based on recordings in the suburban railway of Athens, a database of noise in the
area of rail joints between tracks and wheels was created. The aim was to assign acoustic
signatures to as many track components and defects as allowed by the dataset's content and
quality.

The research was conducted on 33 km of local track in Athens using prepared microphones. The
results indicate that sound alone is insufficient for accurate inspections. Support from images and
data recognition models is necessary.

11.1.2.Challenges / Techniques to be applied

First approach is to use the ABA signal emulating sound. The main challenge is converting ABA
vibrations into sound. If the sound from the video cameras is not directly suitable, can the ABA
vibrations be converted into a usable sound, or can a combination of sound and vibration data be
made? Initial tests converting data from ABA vibration sensors into sound show that each sensor
produces a usable sound. This sound is free from wind noise and ambient sounds. However, the
vibrations of the motor and the drive transmitted through the chassis to the sensors on the axle
can be heard.

The ABA sensors measure vibrations (500-5,000Hz) on the two axle boxes of a bogie axle in the X,
Y, and Z directions. Together, these vibrations contain frequencies that fall within the hearing
range (20-20,000Hz). However, the sound has a different timbre than the sound heard when
standing next to the track. One possible reason is the frequency range of the vibration sensors
used. There is a lack of approximately 480Hz in the low-frequency range and 15,000Hz in the high-
frequency range.

The second approach involves using shielded microphones, which more accurately reflects real-
world conditions. The ABA signal for sound is more closely related to the forces between the wheel
and rail and thus does not provide the full spectrum of sound that microphones can capture. This
option is being considered. In an article published in the journal of Elsevier [13], microphones in
the passenger compartment of a high-speed train were used as an alternative to ABA vibration
sensors. This research showed that similar anomalies could be recognized from the sound signal
as from the ABA signal.

11.2. Developments / next steps

The request for the reliable sound of rail wheel contact in Geoconda Rail View has been present
for some time. During the development of Geoconda Rail View, tests were conducted with the
microphone sound of different cameras, but the results were not satisfactory.

Following the installation of ABA sensors on the Leonardo last July, a test was conducted to see if
the vibration signal could be converted to a standard MP3 sound file. The Python library Pydub
was used for the conversion, offering a simple interface for editing audio files.

The initial question was whether the result sounded adequate for use. The first results did not
sufficiently match the actual sound that maintenance technicians hear outside. Due to the lack of
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good objective sound references for comparison, the actual differences between the converted
ABA sounds and the real sound remain unknown.

Additionally, it is not yet clear how to handle the three separate sounds arising from the x, y, z
vibration signals. It is uncertain whether these should be simply merged, used partly, or used in
proportion. The next step involves conducting a thorough analysis of the actual sound, which
should provide more insight for specifying the next development step.

{b Strukton

ABA-sounds passing a track switch

<= Click to play

#Leonardo 3

Figure 11-1: shows an example of ABA sound signals playable with an mp3 player

11.3. Further developments

For further developments, the following steps are a guidance to create a sound suitable for use in
Geoconda Rail View:

Step 1:

Identify the sounds that technicians hear along the railway. An audio library with labelled
sounds and images will be set up for this purpose. Both a video camera and a sound camera
will be used. This is expected to provide insight into the characteristics of the sounds that
technicians need for inspections.

Step 2:

Convert the ABA data into sound, attempting to isolate the influence of the measurement
train using a 'Leonardo measurement train' filter that will be developed.

Step 3:

Use the sound from videos that have been used in Geoconda Rail View since 2022 to train
an audio model. Over 400 hours of suitable videos are available for this purpose.
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Step 4:

Blend and verify the filtered sounds from the ABA sensors and video cameras using the
audio library. Based on the results, the filters will be adjusted to achieve the best possible
outcome.

Step 5:

Conduct a user study to determine whether the sound in Geoconda Rail View leads to
better acceptance of digital inspections.
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12.  DIGITAL TWIN: DYNAMIC VEHICLE RESPONSE ANALYSIS EXCITATION
RAIL SURFACE UNEVENNESS

Digital twins, as a digital representation of a physical asset or process, have become popular tools
for a variety of asset management and monitoring applications. Specifically, a digital twin is a
digital, indistinguishable copy of a real asset that allows to provide information on the past and
current condition of its counterpart. It simplifies the analysis and the condition monitoring, leading
to effective forecasting of the status of the physical asset and its predictive maintenance. A more
detailed description can be found in Section 6.2.1 of the deliverable D10.1.

12.1. Introduction and methodology

As a part of the critical infrastructures, rail transportation systems require comprehensive and
frequent monitoring. For this reason, digital twins are particularly interesting for the railway sector
and offer the potential to improve the reliability and safety of rail transport. Specifically, the
vehicle-track-interaction monitoring is important for maintaining ride quality, reducing wheel-rail
impacts, rolling noise and improving safety and reliability. The usage of digital twin, therefore,
could lead to strong improvements in the context of track monitoring, reducing inspection and
maintenance costs, by means of a continuous monitoring and comparison of acquired data against
the ideal response of the system.

The digital twin used here is based on a digital model that links the dynamic vehicle responses with
the rail profile. The digital twin approach makes it possible to check the quality of the model in
real time. To do this, the model is regularly validated using the measured sensor data. If the digital
twin no longer adequately reflects reality due to any changes in the system, e.g. after the revision
of the wheelset or changes to the sensor system, the underlying model can be updated with the
help of conventional inspection data.

The model should be able to be used for modelling in both directions (forward and inverse). This
means that, on the one hand, it should be possible to determine the expected vehicle reactions or
ABA data from a longitudinal rail profile (forward modelling) and, on the other hand and of much
greater interest for rail condition monitoring, to determine the longitudinal rail profile from the
measured ABA data (inverse modelling). The rail’s condition can thus be permanently determined
during operations and transmitted to a central asset management system. The condition
information obtained from the measurement data can in turn be used to continuously update
more comprehensive digital twins for asset management, e.g. a digital twin of the track
infrastructure. The integration of a digital twin to analyse dynamic vehicle reactions in an asset
management system is shown in the figure below.

Concept: Application #2 & #3:
Multi-Sensor &

/ ve holistic Monitoring
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Figure 12-1: A digital twin of the dynamic vehicle responses embedded in a modern asset monitoring and management concept
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12.1.1.State of the art

Digital models and twins for dynamic vehicle responses can be divided into deterministic (“physics-
oriented”) and “data-driven” approaches, as well as hybrid approaches that combine both.

As digital twins are digital, indistinguishable copies of a real assets, it is difficult to describe them
with one unique definition, due to the broad topic they cover. Indeed, they can represent the real
counterparts in different ways, from states or ongoing processes (e.g. digital twins for Industry
4.0) to dynamics.

A physics-oriented digital twin of Leonardo has to describe the multi-body interactions, the wheel-
track contact and spring-damper effects.

Particularly, tools such as Simpack, Dymola and OpenModelica allow to describe the vehicle by
means of multibody simulation via differential equations that govern its dynamics. Once the
modelling is completed, Software-in-the-loop (SIL) simulations can be assessed to predict system
outputs and fulfil monitoring tasks.

The current state of the art regarding physics-oriented digital twin is its manipulation via the
Functional Mock-up Interface, the leading standard to exchange dynamic simulation models.
Particularly, once a system has been correctly modelled with one of the previously mentioned
tools, it has to be exported and compiled as Functional Moke-up Unit (FMU), a binary file that
allows to interact with more complex simulations in Software-in-the-loop (SIL) implementations,
by exchanging input and generating outputs, accordingly. Additionally, the simulation of
distributed systems and the agents involved can be done by following the System Structure and
Parametrization (SSP) standard.

With this technology, interoperability between different companies and software is guaranteed,
leading to faster development and collaborations for digital twins.

The model parameters of a data-driven digital twin are learnt using real-world examples of input
and output data. Prior knowledge of the physical models and their parameters is therefore not
necessary. These models are also referred to as surrogate models. They especially offer decisive
speed advantages in inverse modelling that make near-real-time applications possible. Data-
driven methods range from simple linear models to artificial neural networks (ANN) with a large
number of intermediate layers known as deep learning models.

There are also hybrid approaches, which combine data-driven models with physical models.

On the one hand, the advantage of these models lies in the fact that simple physical models, which
only require a limited number of model parameters, can be used and the resulting reduced
accuracy is compensated for by the data-driven model component. On the other hand, data-driven
models are supported by the integration of physical information. This is particularly relevant if an
insufficient amount of training data leads to an increased generalisation error in the data-driven
models. Furthermore, the data-driven models are made plausible by physical constraints and thus
gain in interpretability and reliability.

12.1.2. Challenges

The main challenge when developing a physics-oriented digital twin is the level of accuracy that is
wanted or can be achieved. For high-complexity systems, describing every component and its
interactions can easily lead the system design to explode. For this reason, simplifications and
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approximations have to be introduced, by reducing the system complexity by means of lumped
components, linearized equations and equivalent but simpler effects.

Once the design choices are completed, the second noticeable challenge is the parameters tuning.

Purely physics-based modelling is only suitable to a limited extent for the approach presented
here, as the model parameters that describe the mechanical mass-spring system are not known.
In addition, the wide frequency range of the ABA signals is associated with a high computational
effort for the simulation.

A disadvantage of data-driven especially of deep neural networks is their so-called black box
character. This means that the reasoning of the model and its parameters cannot be easily
interpreted. There is a general conflict between the objectives of the interpretability and accuracy
of a model.

12.2. Achieved results

A primarily data-driven surrogate model that incorporates physical knowledge for dynamic vehicle
responses has been developed. The vertical vehicle dynamics can be described using a Linear Time
Invariant (LTI) system. However, the wheel-rail interaction is known to be non-linear. In contact
mechanics, wheel-rail contact is often described as a Hertzian contact problem [10]. It is therefore
important to use a model that represents this non-linearity. Furthermore, inversion is only causal
and stable for LTI systems with minimum phase, which cannot be guaranteed for dynamic wheel-
rail interactions.

These requirements have motivated the use of ANN. These are powerful tools for modelling non-
linear time-invariant systems. They therefore form the basis of the model used in this study. The
layers of the ANN use non-linear activation functions to account for the non-linearity. The model
consists of two sub-models , each consisting of an ANN. The first ANN represents a surrogate
model for the inverse problem, namely the prediction of the longitudinal rail profile from the ABA
data. The second ANN is a surrogate model for the forward problem, which reconstructs the ABA
data from the rail profile. Both models are trained together but can be used separately during
inference. A physical constraint is imposed on the model in order to obtain physically meaningful
results. The simplest physical model that does not depend on the parameters of mechanical
systems involves the assumption that the movement (displacement) of the axis corresponds to
the rail profile or, in mathematical terms, that the accelerations measured at the axle bearings
(ABA data) are equal to the second derivative of the rail profile with respect to time. This is simple
model is independent from any vehicle parameters and can hence be readily applied to any railway
vehicle.
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Figure 12-2: Coupling data-driven models with a physical model for modelling and analysing dynamic vehicle responses. The first
ANN extracts the longitudinal rail profile from the measured ABA data. This in turn is converted back into ABA signals by the
second ANN and the physical model [22]

Initial training and testing of the model were performed using data from the Braunschweig
harbour railway. ABA data was recorded with sensors on a shunting locomotive for this purpose.
The longitudinal profile of the rails was measured with a hand-pushed device and used as
reference data for training and testing the models. Figure 12-3 shows the results of training the
models. The top figure clearly shows that the longitudinal profile obtained from the ABA data (the
blue line) is a very accurate representation of the reference profile (the orange line) measured
with the hand-held measuring device. The line diagram in the middle compares the output of the
second ANN, i.e. the reconstructed ABA signal, with the measured (input) ABA data. Sufficiently
accurate results were also achieved here. The output of the physical model is shown by the line
diagrams at the bottom.
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Figure 12-3: Training results. Top: a comparison of the longitudinal profile of the rail predicted by the ANN (the blue line) and the
reference profile (the orange line). Centre: a comparison of the ABA signal predicted by the ANN (the blue line) and measured (the
orange line). Centre: a comparison of the ABA signal predicted by the ANN (the blue line) and measured (the orange line). Bottom:

a comparison of the ABA signal predicted by the physical model (the blue line) and measured (the orange line)

12.3. Status handed over from WP10 to WP11

To further improve the hybrid model presented above, the goal within WP 11 is, to replace the
very simple physical model by an accurate digital twin of the Leonardo.

In the case of approximated modelling, in which there is no exact correspondence between a real
component and its digital or mathematical counterpart, or in the case of some information such
as inertia, masses, spring-damper coefficient are not available, it is necessary to find the missing
or unknown values via optimization processes. Particularly, for this task high quality input and
output data is necessary to correctly obtain the right parameters.

This process is known as data-dependent, meaning that the quality of used data directly affects
the quality of the estimated parameters. Figure 12-4 illustrates the optimization logic: real input
data is fed into the model, along with an initial guess of the parameters. The obtained estimation
of the output is compared with the real output data and evaluated based on a loss function.
Eventually, a minimization step is performed, and the new parameters are estimated and fed
backward for the next optimization step.
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Figure 12-4: Optimization workflow for model parameters tuning

12.4. Preliminary results that can be used

It has been shown that so-called hybrid models, which combine data-driven and physical
approaches, can be used to obtain relevant condition information from the sensor data. The
longitudinal rail profile could be reconstructed with sufficient accuracy for asset management
from dynamic vehicle responses (acceleration measured at the axle box). The presented digital
twin approach allows the quality of the model to be monitored during operations. The model can
be readily applied to other railway vehicles and tested on the Dutch pilot site and retrained based
on the Leonardo data.
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13. TRACK GEOMETRY MEASUREMENT FROM PASSENGER VEHICLE

13.1. Introduction and methodology

This work provides a detailed continuation of the efforts described in D10.1, specifically in section
9.8 (Track Geometry Measurement from Passenger Vehicle), incorporating input from CETEST, an
affiliated entity of CAF.

While section 9.8 in D10.1 depicted the strategy for implementing a track geometry measurement
system in a passenger vehicle, this section in D10.2 outlines a first approach for validating a
simplified and vehicle-integrated measurement system in terms of measured results performance
and European standard compliance.

13.1.1.Scope / Objective /Aim

The aim of this approach is to characterize a track geometry measurement system able to be
integrated into a passenger vehicle, that is, the intention is to quantify the ability of a compact
system to obtain track geometry parameters.

The scope of the characterization involves main geometry parameters, or their estimation based
on a simple and compact instrumentation that in the future could be fitted in a very non-invasive
manner onto a passenger vehicle.

In order to characterize those parameters, EN13838-2 has been followed.

This characterization has been performed using Leonardo platform (see section 5.1.2) and results
from a specific test campaign in Spain.

Tests in Spain were conducted in a regional vehicle from CAF manufacturer FEVE series 2700.

Figure 13-1. CAF FEVE series 2700 vehicle.

The outputs and results in this section will allow to transform the compact measurement set-up
into an onboard integrated system aligned with EN13848-2 specifications with a higher level of
maturity, which will be developed in WP11.

13.1.2.Description of the technology

Considering the objectives of this task, the first step intended is to evaluate and validate the
measurement performance of a compact track geometry measurement system integrated in a
passenger vehicle. The goal, therefore, will be to evaluate the performance of different sensing
solutions.
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At the current state of the development, commercially available devices have been installed in the
CAF FEVE 2700 vehicle. Therefore, the technology of the sensors used are well known
accelerometers and displacement measurement devices.

Figure 13-2. Installation of sensor in axle box for track geometry assessment.

Future development in WP11 will consist of the adaptation or creation of these sensors and the
suitable hardware (for onboard calculation of parameters) for a non-invasive installation onto any
passenger vehicle. The sensors used in the evolution of this HW will be based on the systems used
during the test campaign (ABA) and needed design and conditioning will take place in order to
develop a robust measurement system for the railway environment.

The experimental campaign for the obtention of characterization data has been performed as
described in section 5.1.2 (see also D10.1 section 9.8.2. Refer to D10.1 section 9.8.2 for further
information).

13.2. Work progress

13.2.1.State of the art

Although plenty of literature exists about track geometry measurement based on similar
approaches, publicly available information does not include information about the quality of the
obtained results in a representative manner.

While the utility of the calculated data has been demonstrated for infrastructure managers or
vehicle operators, there is no available information concerning the quality (accuracy or
reproducibility) of the calculated track geometry parameters. Quality of the measurement and
results is assessed by comparing or evaluating the results with specifications in the available
standards or related literature. EN13848-2 provides specifications for track geometry
measurements and addresses the quality requirements of these data and results.

That is, sources limit their conclusions to specific short-length routes, specific defect
identifications, qualitative identifications, or other limited applications. Additionally, track
geometry parameters themselves are limited to Vertical Level mostly and Lateral Alignment.
13.2.2.Challenges
Current developments intend to expand the state of the art by:
1. Extending measured track geometry parameters of systems to be mounted onto passenger

trains, including: Vertical Level, Lateral Alignment, Twist, Cross Level.
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These parameters are key track geometry evaluation parameters addressed by EN13848-
2 and are used to monitor and assess the overall status of the track in terms of geometry.
The challenge is to measure and assess such parameters with a compact sensoring solution
which will eventually lead to a native onboard system for passenger vehicles.

2. Quantifying the quality of obtained results according to standard procedure, as described
by EN13848-2.
The goal is to assess the overall performance of the measurement system against
requirements in EN13848-2 and set the potential of compact sensoring solutions meeting
European standards.

13.2.3.Developments

The experimental test campaign has been conducted over a 26km long route. Note that this site
does not correspond to neither the Netherlands site nor the Spanish site as per chapter 4.

These tests were held in the regional line C-2 Cercanias Cantabria (Santander — Cabezén de la Sal),
in the north of Spain, between the train stations Santander and Torrelavega — Centro. Tests took
place between May 29™ 2023 and June 6t 2023.

Cercanias Cantabria

. EEEE :
T Santander G0= 0%

= valdec ll

Lo Valdecills La Marga 5

L II'
=
&

Figure 13-3. Regional Cantabria Line used for vehicle integrated compact track geometry system characterization.

The passenger vehicle was in normal operation condition. Tests were performed without
passengers, in ready to run load condition. The sensors have been placed in different positions in
the vehicle (axle, bogie, vehicle frame) to evaluate the impact of the different measurements in
the results sought. However, final results shown in this chapter are aimed at evaluating the overall
performance of the sensing positioned in the axle box, which is also referred to as ABA in this
document (section 5.1.2). Although a single bogie is enough for the analysis, three bogies were
instrumented for research and comparison purposes.

Therefore, the instrumentation was analogue to that described for Leonardo’s bogies in 5.1.2.

Test runs were performed in both running directions, that is, with one end of the vehicle in leading
position, and also with that same end in trailing position. It must be noted that these two riding
directions could not be performed onto the very same track due to circulation limitations. Normal
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circulation directions had to be followed and thus, leading test runs were performed over track |
and trailing runs over track Il of the same line.

Figure 13-4. Scheme of vehicle orientation, leading track, trailing track.

Test runs were repeated at different speeds: commercial speed and around 40 km/h, always
avoiding stopping at stations if possible.

Afterwards, track geometry parameters were calculated. Reference track geometry values have
been provided by Infrastructure Manager.

In the following section, the main results obtained from this task are detailed.

13.3. Achieved results

EN13848-2 establishes a procedure for assessing both repeatability and reproducibility of each
parameter. For both characteristics, two criteria are defined:

1. Distribution of the absolute value of differences, by establishing a limit value for the 95t
centile.
2. Frequency response criteria, by determining a valid tolerance band and a coherence limit.

However, current quantification is restricted by now to criterion on the absolute differences
distribution.

In addition, and deviating from EN13848-2 due to the fact that IM Cross Level data is provided this
way, Cross Level has been calculated for a D1 range wavelength (between 3 and 25 m). Thus, the
limits for the 95% centile do not directly apply, although they are included in the results and
comparison for informative purposes.

Figure 13-5 to Figure 13-7 show graphical representation of calculated and reference parameters
overlapped in KP at different horizontal zoom levels. For all three figures, horizontal axis
represents Kilometric Point (KP) [km] and vertical axis are:

15t graph (top): Twist in [mm/m] on a 3m long base.
2" graph: Vertical level [mm]in D1 wavelength range.
3" graph: Lateral aligment [mm)] in D1 wavelength range.

4th graph (bottom): Crosslevel [mm] in D1 wavelength range.
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Table 13-1: 95t centile repeatability and reproducibility assessment of calculated parameters.

repeatability reproducibility
Criterion P95 Criterion P95
Calgtggted ENI%iSrﬁ?tg-z Cal;:)t;lgted EN13848-2 Limit
Twist 0.17 0.23 0.30 0.33
Vertical Level D1 0.49 0.50 0.80 1.76
Lateral Alignment D1 1.25 0.70 0.66 0.80
Cross Level D1 0.27 1.50t 0.47 1.50*

1 This limit applies to full wavelength range, not to D1 range only. It is shown for informative purposes.
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Finally, reproducibility analysis has also been used as a method to estimate the uncertainty of
measurement, by comparing reference IM values with calculated ones. Note that this obtained
values of measurement uncertainty are only an estimation. For example, the uncertainty of the
reference values directly affects the resulting estimation after the comparison. Nevertheless, the
obtained estimation is considered a significant quantification of measurement uncertainty of the
system. Uncertainty estimations are summarized in Table 13-2, and distributions are showed
graphically in Figure 13-8.

Table 13-2: Expanded uncertainty estimation based on test results.

Expanded Uncertainty
Twist 0.3 mm/m
Vertical Level D1 1.6 mm
Lateral Alignment D1 0.7 mm
Cross Level D1 0.5 mm
105 CrossLevel 5 Level D1
4 : . . . . . . 35 2107 vel D1 .
mu = 0.00047306 mu = 0013202
3.5 | N: 1032108 1 N: 1031228
sid = 0.24385 31| std = 0.80767
U= 0.4877 U= 16153
3| k=2 1,el|k=2
xk-Umin = -0.48723 25 xk-Umin =-1.6021
2.5+ | xk-Umax = 0.48818 1 xk-Umax = 1.6285
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Figure 13-8. Reference-estimation difference distributions.

13.4. Status handed over from WP10 to WP11
The ability of a simple, compact, non-invasive track geometry measurement system has been
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guantified based on EN13848-2 standard. Although the fulfilment of EN13848-2 criteria is not
established as a requirement for compact measurement devices (because it is intended to provide
more frequent information, although not as precise as a track geometry measurement vehicle),
the system has proven its ability to provide useful information.

The quality of the information is now quantified by the absolute difference criteria and shall be
extended by a frequency content analysis too in further developments.

The following conclusions can be drawn by the obtained results:

- A compact sensing system based on acceleration measurements in axle box can provide
assessment of track geometry aligned with EN13848-2 requirements.

- A compact sensing system could potentially reduce the need for complex monitoring
systems as dedicated auscultation vehicles for the evaluated parameters.

- Integrating the solution in a passenger vehicle would additionally provide more frequent
information and be used to programme full track inspection and maintenance activities.

The results will allow to evolve the sensor solution into a more robust device to be integrated in
passenger vehicles. During WP11 activities, research on developing this hardware and software
forits installation as an unattended system on a passenger vehicle will be considered. The HW will
be intended to ease its installation and maintainability on the vehicle whereas the SW will allow
to perform the necessary calculations for online diagnosis of track geometry evolution.

13.5. Preliminary results that can be used

As for today, the outputs of this task allow that these measurements could be used as on-demand
track geometry assessment services. The test execution would be fast, and the quality of the
results would meet harmonized requirements for the parameters assessed in this chapter.
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14.  OCCLUSION MONITORING DUE TO VEGETATION

This work has been carried out by CEIT, using public data sources (eg. GERALD and Mapillary image
datasets, see section 15.4) for algorithm training and validation. Moreover, the system is being
tested on the data provided by Strukton.

14.1. Introduction and methodology

The unchecked growth of trees and vegetation along roadsides and railways presents a significant
challenge to transportation safety and efficiency. One of the most critical issues associated with
such overgrowth is the occlusion of traffic signs. Traffic signs serve as vital communication tools
for drivers, operators, and pedestrians, delivering essential information such as speed limits,
directional guidance, warnings, and regulatory instructions. Ensuring their visibility is paramount
for the safety and smooth operation of transportation networks. Traffic signs are designed to be
easily visible and legible from appropriate distances, allowing road users sufficient time to react
appropriately. Vegetation encroachment is a problem particularly pronounced in areas where
rapid vegetation growth is common, or where maintenance activities are insufficient or irregular.
This can lead to several safety hazards and impact also on operational efficiency and costs:

e Obscured Information: Key information such as speed limits, upcoming stops, pedestrian
crossings, and warnings may be hidden from view.

e Reduced Reaction Time: Drivers and operators may not have adequate time to respond to
critical signage, increasing the risk of accidents, collisions, and traffic violations.

e Damage Costs: Overgrown trees can physically damage traffic signs, necessitating repairs
or replacements.

e Operational and service disruptions: Vegetation can obstruct tracks and interfere with
signalling systems; those can hinder the navigation causing delays and disruptions in
service.

State of the art —application and sensors

The main application fields where occlusion due to vegetation is handled for maintenance
purposes are agriculture, forestry, environmental conservation and infrastructure inspection,
urban planning and maintenance.

The experimental setup from the literature consists of sensors placed in front of obstacles,
including a thermal camera; RGB camera; 360° camera; light detection and ranging (LiDAR); and
radar. These sensors were used either individually or together on ground and aerial vehicles. The
thermal camera was able to successfully detect hidden objects like barrels, human mannequins,
and humans, similar to how LiDAR perform. On the other hand, the RGB camera and stereo camera
were less effective at finding hidden objects and did better with protruding ones. Radar could
detect hidden objects easily but had low resolution. Finally, hyperspectral sensors could identify
and classify objects but required a lot of storage space [25]. To obtain clearer and more robust
data of hidden objects in vegetation further experiments should be performed.

Challenges

Occlusion handling in object detection poses several challenges due to various factors [26]:
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Variability in Occlusion Types: Occlusions can occur in different forms, such as intra-class
occlusion (hidden by objects of the same class) and inter-class occlusion (occluded by
objects of different classes).

Complexity of Object Categories and Instances: The large variety of object categories and
instances makes it impractical to collect and label datasets with all possible occlusions for
each instance in every category.

Insufficient Annotated Data: The lack of annotated occluded data hinders the training of
models to effectively handle occlusions.

Incorrect or Insufficient Annotations: Amodal segmentation, used to determine if an
object is occluded, may be ineffective if the annotations are incorrect or insufficient.
Limited Real-World Data: Relying solely on synthetic datasets or automatically generated
examples may not capture the complexity of real-world occlusions.

Variability in Object Sizes and Scales: In indoor scenes, the relatively smaller size of objects
compared to outdoor scenes can lead to insufficient information in the visible region when
objects are occluded, making it harder to recognize and regenerate occluded objects.
Robustness of Deep Learning Classifiers: Deep neural network-based classifiers are less
robust in the presence of partial occlusion, impacting the performance of detectors.

Techniques

These factors collectively contribute to the complexity of occlusion handling in object detection
and requires specialized techniques to handle the complex and dynamic nature of foliage. Some
approaches to address occlusion could be:

Multi-Sensor Fusion: Integrating data from different sensors, such as LiDAR, radar, and
RGB cameras, can provide a more comprehensive view of the environment, helping to
detect objects behind or within vegetation.

Multi-View Fusion: Integrating information from multiple viewpoints or sensors to
reconstruct occluded regions and improve object detection accuracy.

Semantic Segmentation: Utilizing semantic segmentation algorithms can help differentiate
between vegetation and objects of interest, enabling the system to focus on detecting
objects that are partially or fully occluded by vegetation.

Amodal Segmentation: Amodal segmentation aims to predict the complete shape of an
object, including occluded parts, by inferring the object's full extent even when parts are
hidden.

Dynamic Object Tracking: Implementing dynamic object tracking algorithms that predict
the movement of occluded objects as they navigate through vegetated areas can improve
detection accuracy.

Generative Adversarial Networks (GANs): GANs can be used to generate realistic data to
fill in occluded regions, aiding in the reconstruction of occluded objects and enhancing
detection accuracy.

Feature Enhancement: Enhancing features in regions affected by occlusion to improve the
discriminative power of the model and facilitate accurate object detection.
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e (Contextual Information: Leveraging contextual information, such as the spatial
relationship between vegetation and objects, can help infer the presence of occluded
objects and improve detection performance.

Proposed Methodology

Some of the techniques mentioned above aim to reconstruct the occluded object while others just
identify the occlusion. Focusing on the scope of the project, the aim of this use case is to evaluate
the visibility of the railway infrastructure elements regarding occlusion due to vegetation to
support pruning maintenance decisions.

However, techniques such as multi-view fusion or dynamic object tracking are not applicable to
this use case due to it particularities. This approach will be based in a fixed camera position
installed on the train head that will count only on that perspective. Additionally, is the camera
position the dynamic one but the objects in the infrastructure are static.

Therefore, this use case will be based on environment monitoring at a normal driving speed while
collecting geospatial data. Deep learning frameworks demonstrated that they are sufficient to
recognise elements such as traffic signs or vegetation. Therefore, the methodology proposed in
D10.1 (section 9.3) is presented below and has been refined to add new steps necessary for a more
accurate occlusion study and to serve as a support tool for infrastructure maintenance personnel.
It is decomposed in the following steps (see Figure 14-1).

ENVIRONMENT MONITORING

1. Railway Signal Recognition

2. Semantic Segmentation for Vegetation

DIGITALISATION

OCCLUSION ANALYSIS

Figure 14-1: Proposed methodology for vegetation occlusion detection

1. Object Detection Algorithm for Railway Signal Recognition: Develop or integrate a deep
learning-based object detection algorithm specifically trained to identify railway signals. By
using publicly available datasets, the algorithm can be evaluated to ensure its accuracy in
various conditions, such as different lighting or weather scenarios. However, it will not be
trained to detect partially or totally occluded signals.
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2. Semantic Segmentation Algorithm for Vegetation Identification: Develop a semantic
segmentation algorithm capable of identifying and classifying different types of vegetation.
By applying this algorithm to historical videos, each frame can be annotated to indicate the
presence of vegetation and track its growth over time. This helps in determining if an
increase in vegetation is responsible for occluding railway signals.

3. Simulated/Real Track Selection: Curate a selection of both simulated and real-world track
videos. Simulated tracks allow controlled experimentation with various occlusion
scenarios, while real-world tracks provide actual data for analysis. This dual approach
ensures that the algorithms are robust against both idealized and practical conditions.
Historic real-world videos are particularly valuable for identifying real growth patterns
affecting signal visibility.

4. Digital Assets Inventory: Create and maintain a digital inventory of all critical assets,
related to railway signals and vegetation by analysing historical georeferenced videos. This
inventory should be meticulously catalogued to support efficient querying and retrieval.

5. Synthetic Occlusions Generation: Create synthetic occlusions to simulate the growth of
vegetation. This can be done by digitally superimposing new elements, such as branches
or leaves, onto the video frames or simulated environment.

6. Analysis of Occlusions by Temporal Context: Perform a temporal analysis of occlusions by
comparing the visibility of railway signals at various points in time. Overlay historical
detection results to pinpoint when an obstruction begins to affect signal visibility.

7. Maintenance tasks prediction: Machine learning techniques can be used to predict future
occlusions based on historical growth trends (if data available). This can help in planning
maintenance to clear vegetation before it becomes a problem and ensure consistent signal
visibility.

By integrating these elements, one can develop a comprehensive framework for analysing how
vegetation growth impacts the visibility of railway signals over time. This framework would

facilitate proactive measures to maintain clear lines of sight and ensure the safety and reliability
of railway operations.

14.2. Work progress

Data availability study

To train the two algorithms for environment monitoring (Object Detection for Railway Signals and
Semantic Segmentation for Vegetation identification) annotated image datasets are needed (see
Figure 14-2).
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Figure 14-2:. Sample images of the two datasets used in this use case: a) GERALD dataset and b) Cityscapes dataset.

The datasets that were identified in D10.1 have been explored in D10.2. For the assets detection
it was decided to go for railway signs and lights. For this task OSDaR23, FRSign and RailSem19
datasets were discarded due to the following reasons:

e (OsDaR23: does not contain railway sign specific classes. Just “signal” class available, and all
videos were recorded in Germany.

e RailSem19: does not contain railway sign specific classes. Just “traffic light” and “traffic
sign” general classes where available and for different countries over the world.
Additionally, the labels are coarse (not manual) for vegetation class there are better labels
in road domain datasets.

e FRSign: just traffic lights were labelled, and their geometry differ from the ones seen in
Netherlands.

Thus, it was decided to use GERALD dataset [27] (German Railway Light Signal Dataset) to train
Railway Signal Recognition. The GERALD dataset comprises 5000 individual images and
annotations for 33,554 occurring objects. Annotations primarily focus on light signals but also
include other objects (mostly static signs) to provide a more comprehensive understanding of the
environment. Images were collected from the H/V and Ks signalling systems, which are two of the
three signalling systems used in Germany. The HI signalling system, used only on some tracks in
the former East Germany, was not included due to limited available videos. Nevertheless, other
signal types were labelled to obtain a more complete dataset regarding German mainline railway
signals and to enable detection of mast signs, hectometre signs etc. The following figure shows all
classes and their corresponding number of labelled instances (see Figure 14-3).

However, after a first analysis of the dataset, we have seen that apart from the class imbalance

this dataset has other drawback, many samples are of very small signals since they are taken from
YouTube videos and are distant objects (see Figure 14-4).
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Figure 14-4. Image size analysis of GERALD dataset.

For Semantic Segmentation of Vegetation identification, a deep learning model was trained with
RailSem19, but it was observed that vegetation labels were better in datasets such as CityScapes.
Thus, RailSem19 was discarded and the popular large-scale dataset CityScapes [28] has been used.
It contains a diverse set of stereo video sequences recorded in street scenes from 50 different
cities (Germany), with high quality pixel-level annotations of 5 000 frames in addition to a larger
set of 20 000 weakly annotated frames. The dataset is thus an order of magnitude larger than
similar previous attempts. The Cityscapes Dataset is intended for assessing the performance of
vision algorithms for major tasks of semantic urban scene understanding: pixel-level, instance-
level, and panoptic semantic labelling. It should be noted that these images are for road scene
segmentation, however in this use case we will try if these images are valid for vegetation
segmentation in railway scenes.
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Regarding Geospatial data, a defined track is needed to create a digital inventory that will be used
as reference to detect incidences (occlusions) on successive journeys. It could also be valid to save
historical growth trends.

For this use case two alternatives are proposed (see Figure 14-5):

® Realtrack data: from Leonardo’s data collection campaign. This would require adapting the
Railway signal recognition model to the specific signalling system of Netherlands.

® Simulated track data: simulators such as OpenRails or TrainSimWorld can be used to obtain
video sequences where the country, environment conditions, driving speed, camera zoom,
etc. parameters are configurable.

B

a) b)

Figure 14-5. Sample images of track alternatives: a) Strukton's original video and b) Screenshot of TrainSimWorld random track

As for the moment CEIT has used the two datasets mentioned in before for model training and
testing. Additionally, some extra tests were done with a video provided by Strukton.

Railway Signal Recognition model — GERALD Test

The object detection model was trained based on a YOLOv8 architecture and demonstrated
acceptable accuracy for the most common railway signs. However, this model has troubles for
small/distant objects, thus, the original architecture was modified to add a P2 head, this implies
utilizing a finer-scale feature map in the network's Feature Pyramid Network (FPN) thus providing
more detailed information necessary for accurately localizing and classifying small objects. Despite
the limited number of instances, the results improved and reached a mean Average Precision
(mAP50) of 0.77 across all categories and exceeded 0.9 for the top 10 classes (see Figure 14-6,
Table 14-1.)
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Figure 14-6: Evaluation metrics for Railway Signal Recognition model trained with GERALD dataset

Table 14-1: Top -10 GERALD dataset classes description

Class Signal description System description
name

Zs_Off

Trains may only pass a light signal marked with this mast signal in Special signals

Zs1,2s7,2s 8

Hectom

eter_Sig

n

SELEIEM Identification sign
dentifie

r_Sign

NEGETR
Back

Two red lights, do not proceed H-System Block entry signalling
\)

Identification of the location of a distant signal. For example, in Ne (other signals) secondary signals which
construction, as an indication of a distant signal that is not on the cannot be assigned to a special category.
right-hand side or above the track.

Signal_
Off

Ks_1 Green light, proceed at line speed Ks-System Same function as the H-system,
but more modern

Others
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Class Signal description System description
name

Green, proceed with caution

Platfor

m_Trac

k_Sign

Platfor Caution signs on platform
m_War

n_Sign

Sign_Ba
ck
E Yellow light, caution wait for next signal Ks-System Same function as the H-system,

but more modern
(\WEENIM With this mast signal are marked the signals Ks and HI with white, Special signals
QIMIE red and white mast signal, which also have a far signal function.
iangle

H-System Block entry signalling

Platform

Yellow and green, proceed with caution. Speed limited 40 km/h H-System Block entry signalling

B s

Sign

Green and yellow, wait for caution with 40 km/h speed limit. V-System Indicate that you should wait for
the next active signalling to occur

Semantic Segmentation of Vegetation identification — CityScapes Test results

The model was trained based on a HRNet+OCRNet architecture and demonstrated a good accuracy
for scene semantic segmentation. The test set showcased a mean Intersection over Union (loU) of
93.15 and a classification accuracy of 97.01% for vegetation class (see Table 14-2). The model is
robust and maintains consistent performance for railway scenarios. However, the temporal
coherence needs to be improved to avoid flickering from one frame to the next.
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Table 14-2: Preliminary results of the Semantic Segmentation model for Cityscapes test

Class loU Acc
sidewalk 87.65 93.56

wall 59.23 68.37
pole 71.4 82.16
traffic sign 82.99 89.83

terrain 66.35 75.85

person 84.0 92.88

motorcycle 70.21 79.09

Leonardo’s track — Visual analysis results

A video recorded on Leonardo’s vehicle was downloaded from Geoconda (camera Machinist
Voor). This is a track from Amersfoort to Amsterdam done the 19/12/2023. We run the inference
of the models presented above for this video and get the results (see Figure 14-7).
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Figure 14-7: Sample of model's inference on a frame from Leonardo's journey

14.3. Achieved results

Railway signal recognition: Despite the limited number of instances, after the modification of
YOLOvS architecture, the results improved and reached a mean Average Precision (mAP50) of 0.77
across all categories and exceeded 0.9 for the top 10 classes.

Vegetation segmentation: The test set showcased a mean Intersection over Union (loU) of 93.15
and a classification accuracy of 97.01% for vegetation class. The model is robust and maintains
consistent performance for railway scenarios.

General conclusions: vegetation segmentation model can be used for railway domain. However,
railway signal recognition model’s functionality is limited since it is missing samples of the Dutch
signals. It would be convenient to build our own dataset with these signals.

14.4. State the status handed over from W10 to WP11
Those are the tasks planned for WP11:

® Generate a new dataset of Dutch signals and train a proprietary recognition model.
® ook for examples of vegetation occlusions in Leonardo's data or other videos.

e |f there are no examples of real occlusions, study methods to generate synthetic occlusions
(simulators, diffusion models, GAN, etc.).

e Study different techniques for occlusion detection (historical image registration, amodal
segmentation, etc.).

FP3-IAM4RAIL - GA 101101966 105|190



E=

=urope’s

15, MONITORING TURNOUTS ACCELERATION SIGNALS

This section describes the preparatory work carried out by CEIT at the pilot site in Spain, provided
by ADIF, for the monitoring system being developed to establish the health status of turnouts using
acceleration signals.

15.1. Introduction and methodology

Turnouts are a critical asset of the railway system, enabling train vehicles to take different
directions. A turnout is split into two main parts (switch and crossing) and has up to four possible
running modes (through or diverging direction and facing or trailing move). The dynamic forces
due to wheel-rail contact are heavily affected by the degradation of the crossing nose and/or wing
rail mainly by wear degradation. Figure 15-1 shows a general layout of a turnout.

—— Facing Move Trailing Move €——

front of turnout rear of furnoul

— stock rails CTOSSING NOSE

closure rails — - wing rails

swilc "5 ; . :
witch toe swiich rails flange way through rails -

: e pa £
— s T i — o =4+ — - through |
¥ | e ! 7 '!'_I

— swilch heels

switching machines diverging

i )
check rails—

Iq switch panel t-Eq closure panel + crossing panel |-|

Figure 15-1: General layout of a turnout

The technology to develop aims to detect the health status of the crossing by means of some
accelerometers. The objective is to optimize the number of sensors and their characteristics at
different locations of a crossing, using computational models based on physical models capable of
replicating the dynamic response. At the end, signals acquired by a first prototype should identify
the degradation index of the crossing.

According to the literature, in [15] the authors provide a very detailed description of the different
ways to monitor a railway crossing and explore measurements using accelerometers. Liu et al [16]
install an accelerometer at the nose of the crossing and, using measurements at different levels of
degradation, attempt to predict the track’s condition.

Fan et al [17] have used recently co-simulations to vehicle track interaction with a multibody
system (MBS) and a finite element method (FEM) model. Milosevic et al [18] use a similar
methodology, designing a method for continuous monitoring of railway switches and crossings
using accelerations. The technology developed in the project will allow to perform the analysis to
optimise the positioning of the sensors and work in high and medium frequencies. Another basis
for this work is documented by Reetz et al. [19], where the findings suggest that filtering data to
narrow frequency bands around specific natural track frequencies could improve the detection of
impact events. However, distinguishing between individual impact event origins requires
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broadband signals. Therefore, a multi-sensor setup with time-synchronised acceleration sensors
distributed over the switch is recommended.

The methodology to define the location of accelerometers and which are the required KPlIs is
based on simulations, signal processing and field tests. The flowchart of Figure 15-2 shows the
methodology (explained in the next section) where several technologies that are going to be
developed can be identified:

e Multibody models considering profile sections of a crossing to obtain wheel-rail
contact parameters.

e FEM model is based on crossing geometry to calculate acceleration signals at high
frequencies.

® Signal processing algorithms for identifying the KPls from acceleration signals, both
synthetic and real.

® A prototype as a demonstrator of the capabilities of computational models to
design the monitoring system that is being developed to establish the health status
of turnouts using acceleration signals.

FEM Symthetic KPls from Degradation
FEM modael 3 3 F wayside = : ; = (it s :
- -
A
. %N points
e, MBS
h

MBS models are suitable for obtaining wheel-rail contact parameters with low computational cost
in comparison to FEM models. To perform an MBS analysis of a turnout, it is crucial to accurately
input the sections of the variable rails. For this, it will be necessary to know the rail section in the
plane perpendicular to the direction of travel and its longitudinal position.

Figure 15-2: Methodology flowch

15.2. Work progress
This section outlines the progress and work made through the development of the project. A
preliminary instrumentation of the crossing panel using dynamic sensors was developed to know
and evaluate the dynamic response of the crossing panel under a train passage. In parallel,
progress has also been made in developing both multibody and finite element (FEM) models of
the turnout system, providing complementary approaches for simulating its dynamic
performance.

To validate the MBS and FEM models that are being developed, preliminary on-track tests have
been carried out in the pilot site of Spain in Rifa on March 2024. The conventional crossing
managed by ADIF was instrumented according to Figure 15-3 and Table 1 using up to 16 channels
(14 accelerations and 2 displacements). These tests aim to know the dynamic responses of a
crossing panel under various rolling stock types and to assess the suitability of the sensors used.
Additionally, initial steps in signal processing in the time and frequency domains are given.
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Vertical LVDT

Single vertical accelerometer (S0g)

Single vertical accelerometer (S00g)

Double accelerometer (S00g)

Single lateral accelerometer (S00g)

ooophbs

Figure 15-3: Instrumentation of the crossing

Table 15-1: Sensor location and characteristics

Triple accelerometer (500g)

Location ID [#] Sensor type Direction Range Channel used Sensor
1 Accelerometer Vertical +500g 1 PCB352C03
2 Accelerometer Vertical +500g 2 PCB352C03
3 Accelerometer Vertical +500g 3 PCB352C03
4 Double accelerometer Vertical + Lateral +500g 4,5 PCB352C03
5 Accelerometer Lateral +500g 6 PCB352C03
6 Accelerometer Vertical +50g 7 PCB333A31
7 Triple accelerometer Longitudinal + Lateral + Vertical +500g 8,9,10 PCB352C03
8 LVDT Vertical +2.5mm 11 RDP DCTH100AG
9 LVDT Vertical +2.5mm 12 RDP DCTH100AG
10 Double accelerometer Lateral + Vertical +500g 13,14 PCB352C03
11 Accelerometer Vertical +500g 15 PCB352C03
12 Accelerometer Vertical +50g 16 PCB333A31

Figure 15-4 shows how the installation of displacement sensors (a) and accelerometers (b) was done.

After the instrumentation, the next two days several acquisitions were performed. Within these

(b)

Figure 15-4 : Installation of displacement sensors (a) and accelerometers (b).
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days up to 5 different types of vehicles were running through the crossing:

Medium distance.
Long distance.
Freight vehicle.
Single locomotive.
Regional unit.

Real degraded geometry of a specific turnout at different degradation levels is obtained using 3D
scanners. In Figure 15-5 the 3D point cloud obtained with a 3D scanner of the crossing panel at
the pilot site conventional turnout is shown. The actual state of the crossing is obtained using this
technology to work with degraded geometries in MBS and FEM models.

Figure 15-5: A scanned crossing panel

In Simpack, the MBS software used, to obtain the complete geometry of the rails, rail sections are
introduced at regular intervals, and interpolation between the sections is performed using Bezier
curves. Figure 15-6 shows the Bezier curves generated by Simpack using as input different sections
of a crossing. A top view and the profile of the crossing frog are shown.
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Figure 15-6: Bézier curves and profiles of a crossing rail generated by Simpack

In the benchmark of S&C in 2021 [20], two different types of tracks are analysed: 54E1 and 60E1.
Figure 15-7 shows 60E1 crossing rail sections given by the authors of the benchmark. The output
of the simulations is dynamic behaviour of the rolling stock and contact parameters. Additionally,
the results are analysed for both the switch panel and the crossing panel in direct circulation cases
and diverging circulation cases. As a first step with MBS models the results using SIMPACK have
been replicated. Therefore, from sections available for a certain crossing it is possible to obtain
reliable results.

-2 .1 |J'I1]
Distance from intersaction point [m)

Figure 15-7: 60E1 crossing rail sections from the Benchmark
From the scanned railway crossing point cloud, degraded state rail sections can be obtained to
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obtain contact parameters as an output from multibody simulations. Figure 15-8 shows the
obtention of a degraded rail section from a scanned point cloud. These sections are used to
perform preliminary multibody simulations, using the Benchmark vehicle.

Figure 15-8: Section of a crossing nose in a point cloud

Outputs from MBS model can be used as inputs in FEM models. It is necessary to have an
equivalent geometry of the track. This involves modelling the sleepers, rails, and the connections
between the elements. The elastic behaviour of these connections is then modelled using special
joint elements. A preliminary finite element model of a straight track section (Figure 15-9) has
been developed as a first step toward simulating the dynamic behaviour of the railway crossing.

Figure 15-9: Preliminary straight line Finite Element model

To incorporate contact inputs into the finite element model, it is necessary to develop user-
defined subroutines in the FORTRAN programming language to reproduce the contact patch. The
patches are computed using the FASTSIM algorithm, which is based on Kalker’s rolling contact
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theory and widely used to estimate tangential contact forces between wheel and rail. It allows for
an efficient approximation of the creepage-dependent frictional behaviour within the contact
patch, without the high computational cost of full nonlinear models. Key parameters describing
the contact conditions are extracted from the multibody simulations of the benchmark scenario.
These parameters are then used to reconstruct the contact patch at each time step, enabling a
more detailed and realistic representation of the contact mechanics throughout the simulation.
By discretizing the contact area into smaller elements, FASTSIM computes local slip and traction
distributions, enabling the estimation of forces and moments generated at the interface. Its
balance between accuracy and computational efficiency makes it particularly suitable for dynamic
simulations where contact conditions evolve rapidly over time. Figure 15-10 shows the partition
of the elliptical contact patch based on FASTSIM algorithm.

AN

1T

L LA

Figure 15-10: Partition of contact patch based on FASTSIM algorithm

The reconstructed contact patch ins introduced in FEM environment as a boundary condition in
order to obtain acceleration signals in the track model.

15.3. Achieved results

The results obtained from the turnout monitoring have provided valuable information of dynamic
behaviour after doing preliminary signal processing in time and frequency domain. In the
multibody simulation (MBS) analysis, benchmark turnout results are compared to others and
degraded rail sections are used to obtain contact parameters. In the finite element (FEM) model,
a synthetic acceleration signal was generated for the track model using the methodology
developed.

The results obtained in the monitoring of the crossing panel were acceleration and displacement
signals at different points for different types of rolling stock. Figure 15-11 shows an image of the
videos that were taken using an action camera to identify the vebhicles.
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Figure 15-11: Passing of a long-distance train from the conventional pilot site crossing in Rifd

At the end of the tests, the signals are being processed to identify their dynamic behaviour in the
time and frequency domains. On the one hand, Figure 15-12 shows an example of the
accelerations in three different directions on the crossing nose in the time. On the other hand,
Figure 15-13 shows the FFT in the centre of the frog.
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Figure 15-12: Acceleration signals in 3 directions
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Figure 15-13: FFT of the acceleration signals at the centre of the frog

Regarding the multibody simulations carried out to replicate the switch and crossing benchmark,
it can be stated that the modelling capability for switches and crossings has been successfully
learned and demonstrated within the multibody simulation framework. In Figure 15-14 a
comparison of benchmark results with others is shown and Figure 15-15 shows the advanced
contact parameters obtained from the simulations.
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Figure 15-14: Benchmark results comparison with others
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Figure 15-15: Advanced contact parameters

From multibody simulations performed with degraded crossing sections, the contact patch
information is obtained. These results include some parameters like contact forces, contact patch
dimensions and contact position on the rail. In addition, vehicle overall dynamics is also studied.
In Figure 15-16 the force distribution in the scanned crossing frog is shown under the passage of

the Benchmark vehicle.
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Figure 15-16: Distribution of vertical forces on a crossing rail obtained from MBS

Using this data and following the developed methodology to insert contact patch data in FEM
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simulations, synthetic rail accelerations are obtained in preliminary straight-line simulations. In
Figure 15-17 the contact patch in Finite Element environment is shown. Figure 15-18 shows an
example of those acceleration signals measured in mm/s.

Figure 15-17: Contact patch on a FEM rail

Figure 15-18: Acceleration signals obtained from FEM

15.4. Status handed over from WP10 to WP11

In WP11, the full assessment of the most relevant signal acquisition will be performed for medium-
distance and long-distance rolling stock in time and frequency domain by means of FFT, RMS, PSD
and spectrograms.

In multibody, simulations using the nominal and degraded geometry of the conventional line
turnout in Spain will be performed, modelling the vehicle and the crossing geometry, which is
crucial to perform valid simulations. A medium-distance train will be modelled, similar to those in
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circulation at the pilot site.

The obtention of nominal (CAD) geometry of a specific turnout is very complicated due to the
confidentiality of switch and crossing manufacturers. To obtain this geometry, the starting point
is a set of drawings (Figure 15-19) of the crossing nose provided by ADIF.

Figure 15-19 Nominal crossing nose drawing (ADIF)

The geometry of the crossing nose will be used to develop a complete model of the crossing panel,
modelling sleepers and rails. The connections between components will be modelled using
coupling elements, representing the joints as spring-damper elements.

Multibody simulations will be performed using nominal and degraded rail geometries combined
with the equivalent rolling stock model. The contact parameters obtained will be introduced in the
complete model of the crossing panel as boundary conditions in Finite Element environment,
obtaining synthetic accelerations based on the previously described methodology. The output
obtained from these simulations will be medium and high frequency synthetic acceleration signals
that will help assess KPls in the future.

Accelerations on pilot site are obtained using accelerometers and will be used to determine the
health status of the crossing. These measurements will be used to validate the FEM model.

Furthermore, machine learning techniques will be applied using features extracted from both
nominal and degraded vehicle-turnout interactions to identify those most closely associated with
degradation levels. This approach will also help define the optimal characteristics and placement
of sensors. Within the model, the most informative sensor locations will be determined to
effectively monitor the turnout's degradation status and Key Performance Indicators (KPIs) such
as peak-to-peak values and RMS will be developed to efficiently assess the condition of the
turnout. The eventual data generated are databases using acceleration KPIs to establish a
degradation level or index. Using these databases a categorization of degradation level will be
created. Figure 15-20 shows an example of how this categorization might be. This will allow to
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categorize crossings with different degradation levels when the monitoring solution is created.
Parameters that will be analysed can be those related to:

e Train speed.
e |oad condition.
o Wheel type.

e Friction coefficient.

Categorization of

KFI1 degrad ation level
a
- o “.-—-"""
O
« 22—
e @
KRl 2

Figure 15-20: Categorization of degradation level

Once the low-cost monitoring solution is developed each KPI from the real acceleration signal
will be defined from an average value using a certain time window. In Figure 15-21 this definition
of average value is shown. Crossings will be classified based on the categorization defined
previously. Finally, the output generated is the definition of health status. Figure 15-22 shows the
degradation index of the monitored crossing.
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Figure 15-21: Definition of KPI acceleration average value
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Figure 15-22: Definition of health status

Based on that, a new trackside prototype of an acquisition system will be developed, easy to install
and compliant with geometrical characteristics required for track installation and will be installed
at the pilot site crossing in Rifa. The system will measure acceleration signals at some previously
defined points. The expected result in the validation is to obtain the degradation level of the actual
crossing using measurements by means of monitoring.

15.5. Preliminary results that can be used
Although there are no initial results yet that can be used, methodologies have been defined that
will be used in the next steps. A methodology that allows to obtain synthetic accelerations in finite
element simulations is already proven. Additionally, the first signal processing indicates that
sensors used, and acquisition procedure are suitable for monitoring the crossing.
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16.  RAIL CRACK DETECTION USING MICROWAVES

This section describes the preparatory work carried out by CEIT for the detection of cracks in rail
by means of microwave techniques. This activity is performed in CEIT’s lab for this project applying
the basics of the technology and techniques to this challenge.

16.1. Introduction and methodology

Inspecting the railways for the detection of defects such as cracks is a crucial activity, needed to
guarantee the safety of the infrastructure and determine maintenance activities such as repairs or
even railway replacement. Cracks of depth deeper than 4mm and/or length over 30 mm are
already considered severe and need corrective actions, while if the depth is larger than 5mm,
railway replacement is required. These cracks are produced, mainly, both in ruptures of the welds,
and in specific locations due to rolling contact fatigue.

This application addresses this problem, by proposing a method based on autonomous inspection
of the railway using microwaves. A basic diagram of the proposed system is depicted in Figure
16-1. At a high level, the detection principle to be analysed here is based on radar technique using
radiofrequency/microwave technologies, with the ability to illuminate the moving lane when
placed on a measurement vehicle or similar platform. The reflections received by this radar must
be treated and processed to detect the presence of cracks and ideally be able to diagnose their
severity, in order to execute the required mitigation actions (e.g., grinding).

i

[ Fl

DsP —{RF front-end

H"“"--.. B
E'“"“H _ {1\“

Figure 16-1: Railway inspection using microwaves

Beyond the basic principle in RF (Radio Frequency), several other challenges have been identified
for an appropriate solution. These are the mechanical constraints of positioning of the reading and
receiving head with respect to the rail, the implementation of the system, embedding it on a
moving platform and the processing capability of the data to be analysed. These points influence
the viability of the potential product, so it is convenient to consider them from the initial stages of
analysis. In this work package, these aspects have been considered and worked on in order to
assess the future steps, as it will be demonstrated in the following sections.

In Deliverable 10.1, an iterative process was proposed to draft the inspection system, which
consisted of the following steps:

1. System requirements derived from user needs
2. Research on State of the art
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3. Definition of test protocol and development of laboratory test bench
4. Electromagnetic simulations of the problem
5. Off-line processing of laboratory signals and simulations
6. Draft for the proof of Concept at Laboratory
7. Proposal for potential system architecture and refining of system requirements.

16.2. Work progress

An initial loop of the process has been completed, at the moment of presenting this deliverable.
So far, it has yielded interesting results which help progressing and foreseeing further testing and
development. The following table will briefly cover the advancements done so far in each point
and the work progress.

Table 16-1: Current status of the different process steps

Process step Current status

1. System requirements derived from user
needs

2. Research on State of the art

3. Definition of test protocol and

development of laboratory test bench

4. Electromagnetic simulations of the
problem

5. Off-line processing of laboratory signals
and simulations

6. Proof of concept at laboratory

7. Proposal for system architecture and
refining of system requirements.

A careful analysis has been carried out to identify the
requirements demanded by the industry and the current status
of the literature of application of microwave signals for non-
destructive testing of metallic surfaces, oriented towards the
inspection of railway tracks.

An initial and simplified testbench was assembled in a controlled
laboratory environment to demonstrate the concept proposed
in this activity. Also, representative samples of cracks have been
created for their assessment.

Initial models of the propagation of signals at different
frequencies being propagated from a waveguide at certain
distances of metals with different hole and crack sizes have been
performed in ANSYS RF as an initial validation step of the
concept.

The data collected from the initial simulations, as well as the
results of the initial measurements, have been collected and
processed to draw relevant conclusions for the progress of the
project.

The conditions of the initial simulations have been replicated in
a laboratory environment using the setup and test protocols
defined in point 3 to determine how the concept proposed in
this project should be assessed. Initial results point to the
suitability of microwave signals for NDT testing of railway tracks
and propose the challenges on the implementation on-board.

A preliminary system architecture has been defined based on
the concepts demonstrated through simulation and preliminary
laboratory testing throughout the previous steps.

A more detailed look into each point, as well as the results of each one, is provided here below
throughout different subsections. Additionally, the current challenges in each activity will be
described, as well as the next steps for the next phase of the project.
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16.3. Achieved results

16.3.1.System requirements derived from user needs

Metal components are widely used in many safety-critical structures across various industries.
However, they are prone to surface and subsurface cracks due to factors such as service loads,
environmental stresses, and manufacturing irregularities [14] [15] [16]. These cracks can
significantly impact on the structural integrity and performance of metal components. Therefore,
reliable inspection of metallic structures throughout their life cycle is crucial to prevent failures.

To avoid structural failure, it is essential to reliably detect cracks during routine inspections and
repair them before they reach a critical fracture point. The repair strategy depends heavily on the
geometrical parameters (or morphology) of the detected crack [17]. Additionally, understanding
these geometrical parameters is vital for assessing the component's lifespan and fitness for
service, also known as residual life assessment. Hence, inspections should not only detect the
presence of cracks but also provide quantitative information about their characteristics, such as
spatial extent, orientation, and tip location/size. Inspection tools should also allow for monitoring
the crack after repair to evaluate the effectiveness of the repair method in stopping further crack
growth.

Rails, as a key component of the railway system, are subjected to intense bending, shear, contact,
thermal, and residual stress during operation [18]. These complex loading conditions can lead to
the deterioration of the infrastructure and the formation of various defects, mainly originating
from manufacturing, improper handling, and rolling contact fatigue or corrosion [19].

The most common type of wear found on a track is generated by the friction between the train
wheels and the rail surface, and it can be observed in the head, side or flange of the track. Two
examples of head checking defects are presented in Figure 16-2. As it can be seen, this defect
consists of tiny cracks spaced between a millimetre up to several centimetres, depending on the
contact conditions and the quality of the materials of the track. These cracks occupy several
millimetres in the head surface at an angle of 10-15°, and they can grow parallel to the rolling
surface, connecting and generating flaking in the track, which subsequently leads to larger issues,
like breaks in the tracks or derailments.

Figure 16-2: Head checking generated on a track when the train wheel moves from left to right

Another common defect that can be detected in the tracks is squatting, which can be identified as
a widening and sinking in the rail tread, accompanied by arc-shaped fissures and a darkening of
the surface, as seen in Figure 16-3. When the fissure depth reaches 3-5mm, the cracks expand
transversally, causing the breakage of the rail.
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Figure 16-3: Squatting defect example

Finally, another important defect that needs to be considered is shelling, which occurs on the
surface of the rail head. It is characterized by the detachment of small, shell-shaped pieces of the
rail material, typically in the running surface where the wheel contacts the rail. This defect is a
form of rolling contact fatigue and is associated with the high stresses exerted by train wheels
passing over the rails repeatedly over time. These generate cracks just below the surface of the
rail head, which grow parallel to it due to the cyclic loading of the trail and eventually propagate
towards to the surface, leading to the detachment of small, shell-like pieces of the rail material.

R s :
AN Po's o vwww -y
Figure 16-4: Shelling examples: (left) initial indicators of shelling and (right) break provoked by shelling

Based on the analysis of the defects commonly found in the rails, the early detection of small
cracks in the head of the rail, both external and internal, is a critical aspect that will be the target
in this activity. Being able to properly identify these cracks and their characteristics (position in the
head, length, width, depth, angle) would be an invaluable asset for the maintenance of the
infrastructure and avoidance of accidents or large costs in the upkeep of the railway network. In
addition to the early detection of these defects, tagging their location and providing relevant
information to the maintenance crews would also be highly beneficial. Figure 16-5 shows a flow
diagram of the intended system operation.
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Figure 16-5: Simplified flow diagram of the detection system operation

Therefore, several key characteristics need to be properly defined for the proposed system,
including the aforementioned crack characteristics, the sampling and processing speeds of the
system, as well as its accuracy in the detection of the cracks and the tagging of its location.

16.3.2.Research on state of the art

For this deliverable, we have centred the analysis of the state of the art on the technologies
themselves and not on the equipment that already performed this task as there are no commercial
cases of microwave application in trains or wagons. The main goal has been to assess the integrity
of metallic structures that requires inspection tools capable of reliably detecting and evaluating
cracks. For this purpose, numerous nondestructive testing and evaluation (NDT&E) techniques
have been developed. Standard techniques include visual inspection, dye penetrant testing,
ultrasonic testing, eddy current testing, magnetic particle testing, and radiography [15].
Additionally, nonstandard techniques such as microwave and millimeter-wave NDT&E methods
have also been successfully developed and applied [20] [21] for generic applications. Microwave
and millimeter-wave NDT&E methods have significantly advanced in terms of sensitivity,
resolution, and utility since their introduction [20] [21].

The aim of this research project is to assess the capability of this technology to perform a better
job on the crack detection as it could potentially operate at a further distance from the track,
reducing equipment wear and allowing less intrusive inspections.
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Today, there is a wide range of microwave and millimeter-wave methods for crack detection and
characterization. These methods are generally categorized into far-field techniques [22] [23] [24]
[25], near-field techniques [26] [27] [28], and resonator techniques [29].

Microwave and millimeter-wave near-field techniques have shown great potential for various
NDT&E applications [30]. Near-field probes developed and demonstrated for crack detection
include coaxial probes [25] [31], open-ended rectangular waveguides (RWG) [32] [33], and open-
ended circular waveguides (CWG) [34] [35]. A probe is typically used as both a source and detector,
with the presence of the crack manifesting as a change in the complex reflection coefficient
(scattering parameter S11) measured at the probe input and referenced to the background.

Open-ended RWG probes have been prominent in applying near-field techniques for crack
detection and evaluation, demonstrating practical utility in detecting and characterizing exposed,
covered, and filled cracks [36]. These simple near-field probes have been extensively studied over
the past three decades and can be used with a simple battery-operated system, detecting the
crack by observing the characteristic signal acquired using a standing wave reflectometer when
the probe is scanned over the crack [37]. The characteristic signal of the crack depends on the
geometric parameters of the crack, the size of the probe aperture, the operating frequency, and
the location where the standing wave is measured [38]. Using this approach, open-ended
waveguides in the K and Ka bands operating at 24 and 33 GHz, respectively, have been developed
to characterize fatigue cracks with widths ranging from 3 to 50 um [39].

In another application, the resonant behavior of the crack was used to determine the depth of
surface cracks [35]. To validate this technique, a notch was made through a 12 mm thick aluminum
sheet. The considered probes were K-band CWG with an aperture diameter of 6.25 mm operating
with the dominant TE11 mode. This study compared rectangular and circular probes for near-field
imaging at 24 GHz. The results indicated that the loaded circular probe had higher resolution, and
the images confirmed that circular probes produced better images of corrosion due to their near-
field pattern without significant side lobes, improving image quality compared to rectangular
probes [35].

Based on these analyses, it can be concluded that in terms of the change in the magnitude and
phase of the reflection coefficient, rectangular and circular apertures show distinctive behaviors.
It is evident that the general shape of the crack indication varies with increasing elevation,
especially in the magnitude response. Additionally, while the sensitivity of |S11]| to the notch
monotonically decreases as the elevation increases for all probes, this pattern is not necessarily
observed in the phase change of S11.

In far-field methods, the sample with cracks is placed in the far field of the used microwave sensor,
where the elevation is greater than the sensor's far-field limit. That is, with an antenna of larger
dimension D operating at a wavelength A, the crack will be in the far-field region if the elevation is
2nD-
greaterthan 1 [40]. The current perturbation initiates a scattered (reflected) signal that differs
from that generated by an undisturbed current on a crack-free surface. Essentially, the scattered
fields, which are proportional to the radar cross-section, will differ in a cracked metal compared
to one without cracks. This technique is based on classical radar measurements and can be
performed in monostatic and bistatic configurations (reflection and transmission, respectively),
both in the frequency and time domains. When a crack is in the far field of an antenna, its presence
does not alter the current distribution in the antenna itself. Early mode conversion methods
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introduced in the 1960s and 1970s belong to this category [23] [41]. These methods demonstrated
the capability to detect and characterize slots 50 um wide and depths ranging from 25 um to 5
mm [42]. Far-field methods also include recent techniques for detecting covered/exposed cracks
based on synthetic aperture radar (SAR) imaging [43] [44] [45] [46].

The general sensitivity of these methods is moderate because the radiator is far from the target.
However, they are not sensitive to small elevation variations and can detect small cracks with high
accuracy. For example, a Ka-band SAR imaging system (26.5—40 GHz) was recently used to detect
and characterize cracks of various lengths and widths ranging from 0.25 to 0.875 mm with an
elevation of 20 mm [43].

A recent study explored the possibility of using SAR to detect surface defects in rails and measure
the parameters of their joints [47]. Experimental data was obtained using a two-coordinate
electromechanical scanner and a radar emitting a stepped frequency continuous wave signal in
the range of 22.2 - 26.2 GHz. Narrow gauge rail fragments with surface defects of various sizes and
depths were used as the study object. A radar signal processing method based on the inverse
propagation of its wavefront was developed, with which radar images of the rails with defects
were obtained. Experimental studies demonstrated that the developed method allows detecting
the presence and measuring the characteristics of cracks in the rolling surface, head separations,
joint space width, and the magnitude of the vertical step at the rail joint.

With SAR images, cracks can be detected from great distances and through thick dielectric covers.
However, to maintain resolution limited by diffraction, the scan domain size should be
approximately twice the elevation or greater [48]. Recently, polarimetric SAR methods have been
applied to detect cracks of arbitrary orientations. A K-band (18-26.5 GHz) system with a dual-
polarized circular aperture antenna was used to detect covered cracks under thick insulators [35].
Cracks were reliably detected from a 10 mm elevation. The SAR image was constructed from
measurements of two copolarizations and one cross-polarization. Using cross-polarization
measurements suppresses unpolarized background noise, increasing the system's sensitivity,
which is crucial in high distance and coverage conditions [23] [41] [43] [45].

Using dual orthogonal polarization allows estimating the orientation of the crack. However, the
choice of polarization type is critical. Using orthogonal linear polarizations results in orientation
errors when the crack is parallel to one of the polarizations. In contrast, circular polarization is not
dependent on the crack orientation and its effectiveness to detect short cracks at a 20 mm
elevation in the Ka-band has been demonstrated in [43].

In summary, near-field techniques, especially those using RWG and CWG probes, have
demonstrated high sensitivity and lateral resolution capability in detecting and characterizing
cracks in terms of depth, width, and length, even under coverage conditions. These techniques
remain fundamental in the field of non-destructive inspection and material evaluation. The
sensitivity of near-field reflection methods can be quantified in terms of the measured change in
the complex reflection coefficient (phase or magnitude) for a given crack geometry (e.g.,
width/depth). Like far-field methods, the sensitivity of these methods is also a function of
frequency. However, their sensitivity is relatively higher than that of far-field methods and
decreases at large elevations. Additionally, they are sensitive to elevation variations.

On the other hand, far-field techniques, such as Ka and K band SAR methods, along with

FP3-IAM4RAIL - GA 101101966 126 | 190



E=

=urope’s

lam4Rail =

polarimetric and circular polarization techniques, have shown great potential for detecting and
characterizing cracks in terms of depth, length, and width, even under adverse elevation and
coverage conditions. The sensitivity of these methods depends on frequency, being more sensitive
when the crack resonates at the operating frequency. These techniques are ideal for detection
applications where the structure cannot be brought close to the antenna or when the crack is
covered by a thick insulator.

In conclusion, both near-field and far-field techniques, using non-destructive testing methods with
microwaves and millimeter waves, are highly effective for crack detection. These techniques
would be particularly useful for detecting cracks in train rails, providing accurate and reliable
evaluation under various operational conditions.

One final aspect to consider is that in railway environments, there is also the issue of the changes
in the distance between the antenna element and the surface due to the movement of the frame
of the rolling stock and their effect on the results. To address this challenge, lift-off compensation
techniques can be applied [49] [50].

16.3.3.Definition of test protocol and development of laboratory
test bench

To carry out the validation of the main concepts of the application, a test protocol and a setup had
to be generated. In this case, the system consists of a positioning system, VEVOR CNC 3018 Pro,
that has been modified to mount a waveguide. This way, the position of the waveguide along the
X, y and z axes can be modified relative to a fixed surface.

Figure 16-6: Photograph of the positioning system

On top of the surface of the positioning system, different sheets of F114 steel with laser cuts of
different widths and angles to emulate cracks with different orientations, like the ones shown in
Figure 16-7, were placed. The use of steel sheets was motivated by the availability and ease of
acquisition over real railway tracks, and also commodity for the performance of measurements.
Typically, R260 steel would be used, but it is more difficult to obtain flat mechanized ideal samples.
This is the reason why this research project has worked with F114 Steel, which has similar
electromagnetic properties, which are the key components of the simulations and test once
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illuminated by the microwave signal.

Figure 16-7: Three steel sheets used in the setup

With this setup, a set of varied measurements will be performed to validate the system, as well as
test different characteristics of it, such as the impact of using different antennas, the effect of
antenna-to-surface separation, changing the measurement acquisition speeds or sample spacing,
among others. The test bench is expected to evolve as the system is developed, before eventually
moving to field measurements in subsequent projects.

16.3.4.Electromagnetic simulations of the problem (ANSYS)

Before starting with laboratory work, the concepts that were going to be exploited for the
implementation of the system had to be validated in a controlled environment. Therefore, specific
EM software was selected to simulate the different aspects of the system in a way as close as
possible to reality. In this case, ANSYS was chosen. The ANSYS software environment and,
specifically, the HFSS 3D suite allowed for the accurate modelling of waveguides and horn
antennas and the simulation of the effects when radiating with them on surfaces with and without
cracks.

For example, Figure 8 shows the Ansys 3D environment with a model of a rectangular waveguide
(in blue), which is used to irradiate a steel material sample without cracks (in green) from a
distance that can be varied. This allows us to observe its behaviour and compare it with that of the
metal plate with a rectangular hole of 20x20 mm and a depth of 10mm which emulates a fairly
large crack, depicted in Figure 16-10, to identify the differences in the results. This probe is
typically used as both a source and detector, with the presence of the crack manifesting as a
change in the S11 scattering parameter. For this particular test, several distance values were
tested and Figure 9 shows the S11 result for a distance value of 26mm. In this case, it can be
observed that there is a more resonant response at frequency values of 32.2GHz and 37.46GHz.
The same behavior can be observed for the case with the crack, as evidenced by Figure 16-11. In
that case, the resonant behavior is observed at 30.99GHz and 35.74GHz, with a large valley at the
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Figure 16-8: ANSYS model of a rectangular WR90 waveguide that radiates a steel block without cracks
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Figure 16-9: Simulated S11 for a distance value of 26mm between waveguide and surface
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Figure 16-10: ANSYS model of a rectangular WR90 waveguide that radiates a steel block with a rectangular crack
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Figure 16-11: Simulated S11 for a distance value of 26mm between waveguide and the surface with a crack

To further analyse the response of the material with the crack, the S11 was broken down into its
magnitude and phase components, shown in Figure 16-12 and Figure 16-13. The graph of the
magnitude of the reflection coefficient shows the following: values close to O indicate good
impedance matching, meaning that almost all the incident wave energy is transmitted beyond the
input port and very little is reflected. In the context of crack detection, a low value could indicate
that there are no significant discontinuities affecting the wave transmission. On the other hand,
values close to 1 indicate almost total reflection, which can result from a strong discontinuity or
very poor impedance matching. In material testing, a high value indicates that most of the signal
is reflected by the material. Small variations in this value at different points in the surface may
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Figure 16-12: Magnitude component of the S11 result obtained for a distance value of 26mm between waveguide and the surface
with a crack

Regarding the imaginary part of the reflection coefficient, values close to 0 suggest that there is
no large reactive component in the reflection, which may indicate that the waveguide
environment is relatively homogeneous, while significant positive or negative values may indicate
the presence of inductive or capacitive elements in the environment, respectively. Changes in
these values could indicate variations in the material characteristics that might be related to
cracks. We can observe that the frequencies at which these changes could be more
representatives are 32.9 GHz, 35.04 GHz, and 38.3 GHz, which are in the frequency range selected
for the real environment.
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Figure 16-13: Imaginary component of the S11 result obtained for a distance value of 26mm between waveguide and the surface
with a crack

In addition to these results, the simulation environment also allows for the testing of the imaging
algorithms that will be used to provide an image of the crack once it is detected. An example can
be seen in Figure 16-14, where a steel surface with three cracks of different depths has been
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irradiated with the simulated waveguide and the S11 results of the scan have been processed using
a Python script to obtain the image shown in Figure 16-15, where the crack depth is given by a
shaded scale.

Ansys

MFIRL

Figure 16-14: ANSYS model of the steel surface with three cracks
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Figure 16-15: Image obtained from the processing of the S11 data using the python script
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16.3.5.0ff-line processing of laboratory signals and simulations

The data collected from the simulations and measurements performed so far has been stored
physically on computers in the laboratory, with backups online for the most sensitive or relevant
information. Regarding its processing, several programs have been used, depending on the case:

e ANSYS simulation data was processed using the software to plot relevant results
and exported to other formats, like CSV files, S-parameter files or graphs.

e Measurement data has been processed using different means, such as Matlab or
python scripts to obtain graphs and imaging data of the physical defects on the steel
surfaces.

The relevant outputs and data sets have been properly catalogued and time-stamped in order to
facilitate access to them in case they are needed in the future.

Regarding the data storage and management once the system is operating on the field, it will be
defined as the prototype is being developed, but a system with both physical and cloud storage
for the relevant data will be put in place. The data will be properly catalogued and protected,
meeting the established legislation and guidelines.

16.3.6.Proof of Concept at Laboratory

This subsection describes the progress and results obtained so far using the setup described in the
previous paragraphs. This is a key part of the process, as its results will determine the path to the
more realistic implementation of the project and the decisions taken at this stage will impact the
draft system architecture.

As it could be observed in Figure 7, the initial steel sheet used for the laboratory tests had larger
markings to facilitate the validation of the concept of whether it was possible to identify the
presence of cracks by using microwaves. However, further validation steps and cracks includes
mor realistic cracks as a progress for the validation of the technology on this application.

For the first version of the assessment, a WR28 waveguide probe was set to transmit over the 26.5
GHz to 40GHz (Ka band) range, using a Vector Network Analyzer (VNA) to capture the reflected
signal coming back from the material, represented as the S11 in terms of magnitude and phase.
The first measurements were performed manually over certain points of the material to determine
the optimal frequencies for crack detection. These frequencies were 33GHz, 33.25GHz and 36GHz.

Once the frequencies of interest had been identified, a U-shaped route was swept over the initial
steel sheet, as seen in Figure 16-16, taking measurements every 0.1mm over the yellow and red
lines and skipping performing measurements over the blue line. Considering that the total length
of the sheet is 26cm, 2600 measurements were taken, taking approximately 2 hours to complete
the sweep. This should not be a case of alarm, since the process can be simplified as the system
evolves, and a thorough approach was being sought at this point.
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Figure 16-16: . Route followed by the waveguide when performing the measurements

Upon completion of the sweep and once the results were processed using Matlab, it was observed
that the magnitude and phase of the S11 at the selected frequencies showed changes at the points
where the modifications had been done to the sheet, as it can be observed in Figure 16-17.
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Figure 16-17: (a) Amplitude and (b) phase results of S11 at 33 GHz (blue), 33.25 GHz (orange) and 36 GHz (yellow) along the route

Cleaning up the measurement data and using a proprietary algorithm, the graph shown in Figure
16-18 was obtained, clearly delimiting the areas where the cracks were observed.

Figure 16-18: Output signals of the crack detection algorithm

Once the initial hypothesis has been demonstrated, the next step is to validate the system
performance with smaller cracks (5mm length, Imm width and 500um depth), as represented in
Figure 16-19.
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Figure 16-19: Dimensions of the steel sheets used to emulate cracks in the laboratory setup

16.3.7.Proposal for system architecture and refining of system

requirements.

Based on the work carried out so far and the extensive literature analysis, the 36 GHz frequency
has been identified as the most promising for the detection of defects on the surface of railway
tracks. With this target in mind, it has been decided to keep experimenting in the laboratory
environment with a deeper focus at this frequency and its immediate range and with enhanced
tools and probes. To do so, several options that consider the use of a VNA are currently being
explored.

However, when considering a portable prototype of the system that can be installed in an
inspection wagon, the concept of integrating a specialised VNA operating up to 50GHz seems
ludicrous from a cost and assembly point of view. Therefore, one solution would be to use a VNA
that operates at lower frequencies and upconvert the transmitted signals to the 36GHz frequency
and then downconvert the reflected signal to the desired frequency value, in a solution that could
be close to the one shown in Figure 16-20.
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Figure 16-20: Block diagram of the proposed system

As it can be observed, this solution keeps the working principle applied in the initial tests of using
a single antenna element, although in this case the waveguide has been replaced by a horn
antenna operating in the target frequency range. Given the circuitry that has been added, a
circulator has also been placed to isolate the TX and RX signal paths and prevent leakage that could
negative impact the results. In case the isolation between the two paths cannot be guaranteed,
another solution is presented in Figure 16-21, where two separate and highly-directive horn
antennas would be used for each TX and RX paths. This solution would be more costly and implies
a slight increase in complexity due to the placement of the two antennas close together so the
measurements can be performed.
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Figure 16-21: Second option for the implementation of the proposed system

Once these two system concepts are analysed and validated, independently of the monostatic and
bistatic solution for the antennas, steps will be taken towards the implementation of the portable
prototype, which will follow a diagram like the one presented in Figure 16-22. This architecture
needs to be better understood in order to be considered as a subsystem for an inspection vehicle.
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Figure 16-22: Block diagram of the complete microwave inspection system

With this diagram, the goal is to provide a system that can process the electromagnetic signals in
real time and tag the location of defects along the track as the train goes along its route.

Regarding the system requirements for the proposed system, the low TRL of the activity, up to
now, and its current highly experimental nature does not allow to provide a closed set of
specifications. However, based on the literature analysis and the performed tests so far, it has
been decided that the system will operate in the K- and Ka-band frequency bands, with the goal
to detect cracks on the rail from a distance of less than 15cm. Regarding the dimensions of the
cracks that will be detected, the length will be in the range of 1 to 5mm. As for the width of the
cracks, Imm would be the typical value for detection, although the capacity of detecting smaller
widths will be pursued. Finally, the detectable crack depth will be set to 500um.

It must be noted that these requirements have been set as a baseline to guarantee the correct
operation and integrability of the system. Additional requisites, such as scan and processing
speeds, imaging resolution and location accuracy will be defined at a later stage in the project,
depending on the next steps to be performed in WP11.

16.4. Status handed over from WP10 to WP11

Considering the conclusions and follow up activities described in the previous section, the next
steps to undertake in the development of the project and moving forward to WP11 will be the
refinement of the simulations in order to represent a system closer to the architecture that would
be validated for it use. That will explore its potential integration in future concepts of autonomous
inspection and monitoring vehicles of any kind and will also reveal its limitations.

To do so, a simplified draft of a crack detection system will be simulated and built following the
proposed architectures and its performance will be evaluated regarding the set requirements.
Once these simulations and tests are completed, the integration of the design and algorithms will
be adapted for the system in a train environment on the field with real tracks to inspect, as it will
be done in subsequent projects. Additionally, other functionalities such as the generation of crack
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images from the acquired measurement data in the lab will be also developed as WP11 progresses.

16.5. Preliminary results that can be used

As presented in the previous subsections, the performed simulations and laboratory tests produce
some relevant data that are the base of the results that can and will be used in the following steps.
Namely, we could find the following:

Ideal data from electromagnetic simulations. This data consists in S-parameter files
from ANSYS simulations, such as reflection at the antenna port (S11) for the single
antenna scenario simulations.

Raw S-parameter data obtained from quasi static measurements of steel samples
in the laboratory. Data is and will be obtained for setups with different antenna
types and placements. When considered for all the steps, this data covers the whole
sample of metal and a wide range of frequencies, focusing on those that are of
interest for the detection of cracks on the surface of the metal sample used for the
simplified testing. At later stages of the project, this data will come from the
measurements performed on pieces of real railway tracks, with and without
defects, also performed in the lab.

Outcomes of the digital processing of both the simulation and laboratory data,
which will include refinement, filtering, etc, to help in determining the presence of
a defect. An example of this will be the imaging data obtained from the S-parameter
file processing.
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17. INSPECTION TURNOUTS: ANALYSING 3-DIMENSIONAL
RECONSTRUCTION

This section describes the inspection system being developed at CEIT to establish the health status
of turnouts by analysing their three-dimensional reconstruction. The preparatory work has taken
place at the pilot site in Spain, provided by ADIF.

17.1. Introduction and methodology

Turnouts are a critical asset of the railway system, enabling train vehicles to take different
directions. A turnout is split into two main parts (switch and crossing) and has up to four possible
running modes (through or diverging direction and facing or trailing move). The dynamic forces
due to wheel-rail contact are heavily affected by the degradation of the crossing nose and/or wing
rail mainly by wear degradation.

———>> Facing Move Trailing Move €——

front of turnout rear of turnout

q s pailo . e v o1 o 5, a— . .
stock rails closure rails — CTOSSINg NOSE — wing rails
3 :\.‘. ol o g . . - .
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] divergingj
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Figure 17-1: A turnout scheme

Turnouts are critical components of railway infrastructure, and their condition is essential to
ensuring the safe and efficient operation of trains.

An automatic inspection system will be proposed with the aim of carrying out three-dimensional
reconstruction of train crossings. After creating detailed 3D models of turnouts, this information
will be used to identify defects and track their development over time. The technology to develop
aims to detect the health status of the crossing by means of 3D vision inspection system. Vision
systems have qualities that allow for the reconstruction of 3D geometry with great precision. The
use of this technology to inspect train rails is widespread [71] [72]. The advantage with the rails is
that they have a very simple geometry, which facilitates the implementation of this technology.
However, as their name suggests, vision inspection systems can only reconstruct geometry that is
visible under certain conditions (occlusions, shadows, ambient lighting, etc., can degrade or
prevent the reconstruction of some areas). These problems become more pronounced when
inspecting complex geometries, such as railway turnouts.

Railway turnouts are essential for network flexibility but represent complex, high-stress points
susceptible to wear and failure. Their integrity is paramount for safety and operational efficiency.
Traditional inspection methods, relying heavily on manual visual checks and handheld tools, face
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limitations in speed, objectivity, consistency, and the ability to capture comprehensive data. These
limitations, coupled with the safety risks for inspectors, have driven the adoption of automated
technologies. Among these, vision-based systems, utilizing cameras and laser scanning, have
emerged as powerful tools for detailed, objective assessment of turnout conditions. The following
paragraphs focus on the state-of-the-art vision-based inspection technologies for railway turnouts.
Not only in the literature, but also in the current inspection techniques in the pilot site.

Vision-based systems employ cameras, often combined with laser projection or LiDAR, to capture
detailed visual and geometric information about turnouts and their components.

Cameras: High-speed line-scan or area-scan cameras acquire detailed 2D images of
the track surface, capturing visual details of components and potential surface
defects [73]. Artificial lighting (strobes, lasers) is often used to ensure consistent
image quality regardless of ambient conditions.

Laser Scanning / 3D Profiling: Systems project laser lines or patterns onto the track
structure. Cameras record the shape of the projected light, allowing for the
reconstruction of precise 3D profiles or point clouds of rails, fasteners, and other
components. This enables accurate geometric measurements.

LiDAR: LiDAR systems use pulsed laser light to measure distances, creating
extensive 3D point clouds of the track and its surroundings, useful for clearance
measurements and overall geometric context.

The rich data captured by vision systems enables automated detection and measurement of
numerous turnout features and defects. Several companies offer commercial inspection solutions
heavily reliant on vision technology for turnouts:

ENSCO: Provides the Point Asset Inspection System (PAIS 2, integrating laser
profiling and machine vision to assess turnout condition, measure wear (frogs,
switch blades), and detect component defects. They also offer various imaging
systems (RCIS, TCIS, RSIS) applicable within turnouts.

Pavemetrics: Offers the LRAIL system? 2|, using high-resolution laser scanning and
Al for automated inspection of turnouts (points, frogs, guard rails, flangeways,
geometry) and components like ties and fasteners. It captures 2D images and 3D
profiles simultaneously.

Plasser & Theurer: Provides "Complete turnout measuring including video”4, using
non-contact laser sensors and cameras to capture geometry and component
condition (fastenings, sleepers, drives) under load, employing Al for analysis.
DMA: Offers the Turnout & Crossing Measurement System (TCMS)?, an automated
optical (camera/laser) and inertial system measuring key turnout parameters like

2 https://www.ensco.com/rail/point-asset-inspection-system-pais

3 https://www.pavemetrics.com/applications/rail-inspection/laser-rail-inspection-system/

4 https://www.plassertheurer.com/en/pt-research/artikel/complete-turnout-inspection-in-four-minutes

5 https://dmatorino.it/tunout-crossing-measurement-system/
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Free Wheel Passage (Fwps), Nose Protection (Npof), Flangeway Depth (Hfw), gauge,
wear, and alignment.

e Harsco Rail / ZETA-TECH (Wabtec): Developed the Automated Switch Inspection
Vehicle (ASIV)® using high-sampling-rate laser rail profiling and SwitchWear
software for detailed 3D analysis of switch points, stock rails, frogs, and closure
rails, identifying wear, damage, and geometric deviations.

e voestalpine Railway Systems: While primarily a turnout manufacturer, offers
intelligent turnouts with integrated monitoring systems (e.g., Roadmaster) that
utilize sensors (potentially including vision) for continuous health tracking and
predictive maintenance.

ADIF is responsible for inspecting the site where the pilot tests will take place, performing a
comprehensive series of geometric evaluations that include both traditional manual
measurements and advanced ultrasonic-based assessments to ensure that all dimensions,
alignments, and tolerances meet the required specifications before testing begins.

These activities are part of the broader preventive maintenance procedures defined in ADIF’s
technical instruction ADIF-IT-301-001-VIA-28, which establishes the framework for the inspection
and monitoring of switches and crossings. This framework is aligned with the guidelines set forth
in the "Criterios Generales de Mantenimiento Preventivo de Infraestructura y Via" and
coordinated through digital platforms such as MPI and SIOS.

Each method has specific advantages, limitations, and areas of application, often conditioned by
the materials used in switches and crossings components. Manual inspections focus on geometric
parameters and material condition through direct measurement tools and visual inspection, while
ultrasonic methods are used for internal defect detection. The technical instruction specifies
tolerances and frequency of measurements depending on the switch and crossing type and
location and dictates the classification of defects according to severity and urgency of intervention.
Results are logged in digital systems to ensure traceability and follow-up.

» Manual geometric inspections: This method follows the procedures established in the ADIF
Standard Via NAV 7-3-8.2, particularly using wear control rules and specific gauges for
inspecting switch blades and stock rails in the turnout assemblies.

Its main characteristics are:
e A cylindrical rule with interchangeable templates (templates No. 11, 12, 6, and grinding
templates) is used to simulate wheel profiles (new or worn).

6 https://etheses.bham.ac.uk/id/eprint/7348/1/Rusu17PhD.pdf
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Figure 17-2.Bladed wheel geometric measurement

e The measurements assess:

O Lateral and vertical wear.

0 Wheel-rail contact angle.

0 Distance between the switch point and the stock rail.

0 Alignment and adjustment of key components (visual and contact verification).
e Measurements are taken at specific points of the turnout:

0 In curved alignments (radius < 1500 m), template No. 11 is used.

0 In straight alignments or with larger radii, template No. 12 is used.

Figure 17-3. Manual Switch Rail Measurement

e (Critical areas measured include:
0 Tip of the switch Blade.
0 Area 30-50 mm before the tip.
e Gauges of 3, 4, and 5 mm are used to assess compliance with minimum geometric
tolerances (e.g., a minimum gR of 6.5 mm for the flange fase).

This method is versatile and applicable to all parts of the turnout, including those made of
manganese steel, which is common in monoblock crossings.

An additional technique commonly used during manual inspections is the KRAB method, a semi-
automatic measurement system employing a lightweight wheeled trolley equipped with electronic
sensors. The KRAB system allows precise measurement of key geometric parameters such as:
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e Track gauge.

e Cant (superelevation).
e Longitudinal level.

e Alignment (versines).
e Warping (twist).

These measurements are recorded digitally as the operator rolls the trolley along the track. Data
is transmitted via Bluetooth to a mobile application (e.g., KrabDroid 2.0) and analyzed using
dedicated software (Krab 11), allowing integration into digital platforms like MPI and SIOS for long-
term monitoring and traceability.

The KRAB method is especially valuable in complex turnout zones and in materials such as
manganese steel, where ultrasonic inspection is not reliable. Its portability and precision make it
an essential complement to traditional manual tools, enhancing both efficiency and accuracy in
routine geometric inspections.

Figure 17-4. Trolley KRAB

» Ultrasonic Geometric Inspections: In this method, ultrasonic inspection equipment is
mounted on self-propelled vehicles (such as track inspection cars or specialized vehicles).
Allows automatic measurement of geometric parameters without direct manual
intervention.

Continuous data is collected on parameters such as:

e Flangeway between rail and guard rail.

e Track gauge.

e Guard rail spacing.

e Alignments and superelevation.
Ultrasonic sensors are designed to operate on standard rail materials that are compatible
with ultrasonic wave propagation.
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Geometric inspection using onboard ultrasonics faces significant limitations in railway
turnouts, mainly due to the incompatibility of the method with manganese steel, a
common material in monoblock crossings. This type of steel attenuates and disperses
ultrasonic waves, preventing reliable measurements in those areas. Additionally, factors
such as the complex geometry of the turnout, the presence of dirt or burrs, and the need
for precise sensor positioning can affect the quality of readings. Therefore, this technique
must be complemented with manual inspections to ensure a comprehensive assessment
of the turnout's geometric condition.

Currently, the inspection combines both manual and automatic techniques. Manual inspection,
although more labor-intensive, is irreplaceable in certain critical areas made of materials
unsuitable for ultrasonic techniques (such as manganese steel). On the other hand, automatic
ultrasonic inspection enables rapid and large-scale data collection in compatible sections,
contributing to more efficient maintenance management. The complementarity of both methods
ensures complete and reliable coverage of the inspections needed to maintain railway turnouts in
optimal safety conditions.

In the methodology of this application, two different parts can be found; on the one hand, the
three-dimensional reconstruction of the turnout and on the other hand, the analysis to identify
defects.

17.2. Work progress

In D10.1, the groundwork for inspection of railway turnouts by analysing their 3-dimensional
reconstructions was outlined. This section highlighted the importance of automated, high-
precision monitoring techniques compared to traditional manual methods. The initial description
in D10.1 covered the fundamental concepts, the expected use of various sensor technologies
(cameras, LiDAR, etc.), and briefly mentioned the methodological framework, including:

e General concept of using vision inspection systems for 3D reconstruction.

e [ntention to use mobile scanning systems integrated on vehicles.

e Basic approaches for reconstruction (relative pose estimation through sensors and
synchronization, and model-based reconstructions using existing CAD data or
previously captured models).

The main intention at this stage was to establish the viability of using advanced vision technologies
to automate the inspection of railway turnouts, without going into significant detail about specific
implementations or test results. The work progress significantly extends the groundwork laid in
D10.1, demonstrating concrete advancements and detailing specific actions undertaken.

Field testing at Rifa

While the inspection technology and method in D10.1 were primarily conceptual, an actual field
implementation has been carried out at the Rifa pilot site in Spain, provided by ADIF. Due to the
unavailability of a dedicated inspection vehicle, a practical, manual 3D reconstruction method was
conducted. The chosen solution was a dynamic area scanner capable of capturing structured light
patterns, allowing detailed geometry mapping. It utilized SLAM techniques for real-time position
tracking, facilitating the integration of multiple scans. Constraints identified included limited
computer memory and physical factors like cable length, which required multiple scanning passes,
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each covering approximately 2x2 meters, later merged using ICP algorithms. An area scanner was
used to reconstruct the turnout. An area scanner works by projecting structured light patterns
onto a surface and capturing the reflected light with high-speed cameras to generate detailed 3D
images. This process enables precise measurement and mapping of the scanned area, making it
ideal for applications in industrial inspection, robotics, and quality control. The scanner used is a
dynamic area scanner, which allows capturing the environment without the need for the scanner
to remain stationary. This scanner comes with software designed for real-time generation of high-
quality 3D meshes from point cloud data. For reconstruction, the scanner must move around the
entire environment to capture it fully, ensuring visibility of hard-to-reach areas. The software
tracks the scanner's position by using the geometric information from the captured images with
techniques known as SLAM (Simultaneous Localization and Mapping). Knowing the position of the
scanner makes it possible to integrate all captures into a single coordinate system and generate a
mesh with that information. To avoid losing the tracking of the scanner, it is necessary to move it
very smoothly over the surface to be captured. Due to constraints such as computer memory,
cable length, and the need to maintain tracking, the entire rail switch was not reconstructed in a
single pass. Multiple passes were made, with each pass capturing an area of approximately 2x2
meters. It was ensured that there is common geometry between passes, allowing the integration
of all passes into a common model during post-processing using ICP algorithms.

Turnout Health Analysis

This subsection explicitly describes methodological refinements, such as the definition of specific
areas where defects are most common and detailed explanations of defect identification
processes. The geometry and operation of the turnouts causes that the defects are generated in
specific areas. The type of defect in each area is different and has its own characteristics. This
means that the algorithms to be developed to identify them must be adjusted to these
characteristics.

Therefore, the first step is to identify the different areas where wear and defects appear.

Figure 17-5: Components of a turnout (source Chalmers University, paper July 2010)

Once the different zones are identified, an analysis will be carried out to identify the defects
associated with each zone.

Comparative Analysis with CAD models: A detailed workflow for defect quantification is presented,
where the 3D reconstruction obtained in the field is compared with the original CAD model or
previous reconstructions.
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A critical new phase, the registration of these models into a common coordinate system, was
explicitly introduced to enable precise comparisons and defect tracking over time. The main errors
will be worn and the way to identify and quantify it will be by comparing the 3D reconstruction
with the original CAD model. Before the comparison can be made, a registration phase is necessary
where the CAD model and the 3D reconstruction are positioned in a common coordinate system.
In the case that the original CAD model is not available, a time-based analysis can be performed
by comparing the evolution of defects in reconstructions carried out at different times. In this case,
a registration phase will also be performed between the reconstructions made at different times,
allowing the estimation of the evolution of previously detected defects and the identification of
new ones.

The purpose of having the 3D model was to be able to use it in:

e The turnouts monitoring using acceleration signals. The 3D model will be used to
correlate the signals from the accelerometers with defects present in the railway
turnout.

e Turnout health analysis, the models will be used to identify defects and track their
development over time.

17.3. Achieved results

3D Reconstruction of Turnout at Rifa: After the manual 3D reconstruction was performed at the Rifa pilot
site, all scan passes are carefully merged, integrating a unified 3D model. This process results in detailed
point clouds of the crossing panel and switch panel in both positions: through and diverging routes

(Figure 17-6). These point clouds provide a comprehensive view of the turnout's geometry and condition,
facilitating precise analysis and comparison.

Figure 17-6: The models of the crossing panel and the switch of the turnout
Analytical Results: A preliminary CAD model is used to obtain the first results of the turnout health analysis.

Identification of Specific Defect Areas: Explicit definition of areas prone to wear and defects
was conducted to allow targeted defect detection.
Wear and Defect Quantification:
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A workflow was established involving a registration step aligning the acquired 3D model
with either the original CAD design or previous reconstructions.

Following alighment, quantitative metrics (e.g., distances indicating wear or deformation)
were computed, allowing accurate measurements of the degradation of railway
components over time.

Figure 17-7: Register CAD model and captured model
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Figure 17-8: Distances

17.4. Status handed over from WP10 to WP11

In WP10, various approaches have been developed and worked on, such as:

e A detailed methodology for automated, vision-based, 3-dimensional reconstruction of railway
turnouts was successfully established. The practical implementation validated the use of
dynamic area scanners, including structured light projection combined with SLAM-based
tracking and ICP-based point cloud integration.

e Demonstrated Field Implementation: A real-world demonstration at the Rifa pilot site was
successfully completed.

e A proven data processing workflow was defined and implemented, covering:

FP3-IAM4RAIL - GA 101101966 148 | 190



N

[am4Rail—.

E=

=urope's

0 Data collection (raw point clouds and associated sensor metadata).

@]

Integration and refinement into processed, ready-for-analysis 3D models.

0 Registration of obtained data to original CAD models or previously obtained 3D
reconstructions.

0 Proven Defect Detection and Quantification Approach:

@]

Clear identification of critical defect-prone regions within railway turnouts.
0 Methods to quantitatively measure and track turnout degradation (wear, deformation)
by comparing 3D reconstructions against reference models.

In WP11, a vision inspection system will be designed and tested virtually to inspect turnouts. The
System will be placed on a vehicle that will travel on the railway track. Different types of scanners
(line scanners, area scanners, cameras, LiDARs, etc.) will be considered as potential components
of the inspection system. Additionally, the possibility of moving the scanners relative to the vehicle
will be considered, which may allow access to difficult-to-reach areas due to the complex
geometry of railway turnouts. The inspection system will capture the environment at regular
intervals. To obtain the three-dimensional reconstruction of the turnout, all these profiles must
be integrated into a 3D model. This requires knowledge of the relative pose of the scanner among
all the captures. Two methods will be used to obtain this information:

The virtual vehicle will be equipped with a series of sensors that capture its speed and orientation.
By synchronizing the information from these sensors with the instant of capture, an estimate of
the relative pose can be made.

If a 3D model of the turnout is available, this model can be used as the basis for the new
reconstruction. This model can be the original CAD of the turnout, or a reconstruction made during
a previous inspection. Even if the shape is not exactly the same due to wear, this information is
useful.

17.5. Preliminary results that can be used

To date, a comprehensive point cloud scan of a railway turnout has been successfully completed,
focusing on its most critical components, such as the switch panel and crossing panel. This scan
serves several important purposes.

The scan allows for the extraction of precise rail sections, which are essential for calculating
contact points in multibody simulation environments. These simulations help in understanding the
dynamic interactions and wear patterns of the turnout under various operational conditions.

The initial scan provides a detailed baseline that can be used for future comparisons. By having
this reference, it is possible to monitor changes and degradation over time, ensuring that
maintenance can be planned proactively.

The scan enables a thorough comparison of the current wear state of the turnout against its
nominal geometry. This comparison is crucial for identifying areas that require maintenance or
replacement, thereby enhancing the safety and efficiency of railway operations.

A robust methodology has been defined through this scanning process, which will be used for
future studies of any turnout. This methodology includes best practices for scanning, data
processing, and analysis, ensuring that similar studies can be conducted with high accuracy and
reliability.
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18.  SWITCH MONITORING

This application comprises many different functions and thus data from multiple sources.
Therefore, the data management part will play an essential role for an efficient data fusion
approach.

The main tools which will be used for switch monitoring are the following:

e Wayside sensor data

e MBD models of the demonstrator turnouts

e FE models of the demonstrator turnout as well as sub models of certain components

e Analytical models (model based and data driven) applied on both “real” sensor data and
output data generated by the simulations which can be considered as “virtual” sensor data

Most of the above-mentioned tools have been developed in the past in different projects such as
In2Track2 (Grant agreement number: 826255), In2Track3 (Grant agreement number: 101012456)
as well as Rail4Future (FFG Project number: 882504) or PredicitveRailwayMonitoring4.0 (FFG
Project number: 871512). The main goal of the current project is to integrate those tools and
models into a holistic tool for switch monitoring with the clear purpose of increasing availability
and safety, reducing LCC, and enhance maintenance processes by means providing digital
solutions.

Within WP10, the generic approach was developed how the individual tools will support each
other and how they are linked to each other. The following figure shows how the separate
functions are integrated into the smart asset management demonstrator.

Integrated Asset Management Demonstrator

D adif
Function 18.1

Function 18.3 - Function 18.5 Mainien_z.l_‘nn:e_ teams

Function 18.2 z=ntrak Function 18.6 &
Infrastructure sl
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Figure 18-1: Schematic illustration how functions are linked to each other and how the introduced tools are contributing to an

integrated asset management demonstrator

The functions introduced in the following subsections are all contributing to the overall integrated
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asset management demonstrator. The subfunctions have the aim to cover different damage
patterns of the core components of a turnout such as the crossing, the switch device or the point
machine with the linked rods which enable a safe operation of the turnout. While each function is
focusing on a specific problem, using certain technologies and tools — the overall aim of the
function switch monitoring is to provide maintenance teams with information about the current
and upcoming health state of the main components of a turnout. The functions which are linked
to simulation applications shall serve as a support for advanced data analytics and signal
processing, adding physical knowledge to the developed algorithms and thereby improving the
capabilities and accuracy of the same. The data management function will combine and clean the
data coming from all the different sources and apply machine learning techniques for anomaly
detection and data driven decision support. The data coming from the introduced sensor
technologies will be used for both data analyses and validation and calibration of the simulation
models. Finally, the condition monitoring tool (zentrak infrastructure monitoring) and the asset
and maintenance management tool (zentrak asset management & maintenance management)
will support the maintenance planning and enable faster fault clearance, thereby improving the
overall efficiency of the maintenance processes.

Status handed over from WP10 to WP11

The functions introduced in the following subsections are all contributing to the overall integrated
asset management demonstrator. The subfunctions have the aim to cover different damage
patterns of the core components of a turnout such as the crossing, the switch device or the point
machine with the linked rods which enable a safe operation of the turnout. While each function is
focusing on a specific problem, using certain technologies and tools — the overall aim of the
function switch monitoring is to provide maintenance teams with information about the current
and upcoming health state of the main components of a turnout. The functions which are linked
to simulation applications shall serve as a support for advanced data analytics and signal
processing, adding physical knowledge to the developed algorithms and thereby improving the
capabilities and accuracy of the same. The data management function will combine and clean the
data coming from all the different sources and apply machine learning techniques for anomaly
detection and data driven decision support. The data coming from the introduced sensor
technologies will be used for both data analyses and validation and calibration of the simulation
models. Finally, the condition monitoring tool (zentrak infrastructure monitoring) and the asset
and maintenance management tool (zentrak asset management & maintenance management)
will support the maintenance planning and enable faster fault clearance, thereby improving the
overall efficiency of the maintenance processes.

Preliminary results that can be used

First results of the installed monitoring system have already detected certain faults, such as
surface defects at a crossing nose, excessive displacements due to poor ballast support as well as
increased forces in certain setting levels of the high-speed demonstrators which could be also
observed in the simulation results. This information can be already used by the maintenance
teams to actively counteract and set appropriate maintenance actions. After the conduction of the
proposed maintenance action, such as track tamping, or adjustment of certain components, the
change in the monitoring data will be analysed and rated.

18.1. Function: Data fusion methods for monitoring data
The general idea of data fusion is given by validating and merging source sensor data from
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different sources such as binary and text files, networked services and databases. The integration
of data is typically performed over the following steps:

e Data validation
e Data cleansing
e Data merging

Raw machine data can be stored in classical SQL databases such as PostgreSQL or time series
databases such as Influx or Timescale-DB. Besides that, data can also simply be stored in a
structured text format such as CSV or in an open binary format such as Apache Parquet or ORC.
Using a database or a structured binary format has the advantage that the data itself already
contains a data schema, which only permits data in the correct format to be stored there, thus
automatically reducing the probability of data errors to occur.

The detection of data errors is done in a data validation step. This involves checks for basic data
validity, such as if all data fields are filled and have the correct data type or if the values are within
avalid range. If such validity criteria are not fulfilled, then during the data cleansing process, either
the data record could possibly be removed from the data set or corrected based on relevant input
from the domain experts. Another option is to raise an error condition for the given data sample.
Removing or correcting erroneous data is specifically useful in applications, where the data is used
for training purposes in machine learning and enough datasets are available.

Data validation and data cleansing form the basis for merging data from different sources into one
data model. Automated data merging from different sources can be performed using techniques
based on different kinds of similarities from the data channels:

e Unique identifiers, like foreign keys in a relational model ;

e Geographic or temporal vicinity ;

e Domain-specific relations, such as temporal sequences or vicinity of machines in
manufacturing processes.

A typical example of data merging is given by combining the data from different sensors in a larger
table by means of identifying and matching similar timestamps. If all data sources use the same
sampling rate and timestamps, they can easily be transformed into a single table with multiple
columns, with a timestamp identifying a row.

However, if the sensors deliver data with different timestamp sampling rates or shifted starting
times, matching up the data involves processes such as resampling or adding an offset to the
measurement timestamps. In addition, timestamps with missing values for certain sensors can
require resampling including the interpolation or forward filling of sensor values. Depending on
the use case, missing values can be fine but may also indicate that the overall data model — like a
table containing all sensor data — needs to be revised to improve query or processing
performances. Also, disallowing null values can also help with automatic data quality improvement
through enabling automatic data validation.

A possible approach to prevent a massive number of null values due to mismatched timestamps
is to use a so-called long table format. While a wide format represents the data from every sensor
in a different column, a long format contains the sensor metadata like the identifier or name in a
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separate column, putting each measurement identified by a unique combination of sensor and
timestamp into a separate row of the table.

18.1.1.FP3-IAM4RAIL Turnouts Data Pipeline

Within the FP3-IAM4RAIL project, the turnouts dataset is categorized into two distinct groups:
datasets for high-speed turnouts and datasets for mixed traffic turnouts. For high-speed turnouts,
data is collected from two specific regions of each crossing — the crossing area and the switching
area — with each region equipped with two types of sensors: the analogue acoustic sensor and
the multi-sensor.

All datasets associated with both high-speed and mixed traffic turnouts have been made available
via an Amazon Web Services (AWS) S3 bucket, where they are stored in Parquet format. However,
the data still requires retrieval, validation, and integration before it can be used for further
analysis.

To facilitate this process, a Python module has been developed to automate the download of
Parquet files from the S3 storage. The module performs data validation using the Pandera’ Python
package, which allows the definition of target data schemas and the enforcement of constraints
such as valid value ranges, presence checks for columns, and detection of null or missing values.

class Iam4RailSchema(pa.DataFrameModel):
switchconfig_id: int = pa.Field(coerce=True)
min_timestamp_passage: float = pa.Field()
channel_name: str = pa.Field(str_matches=r"~[-0-9A-Za-z_]+$")
samples: float = pa.Field(coerce=True)
timestamps: float = pa.Field()

@pa.check("switchconfig_id", name="__switchconfig id check_type")
def _ switchconfig_id_check_type(cls, s: pd.Series):

return _switchconfig_id_check_type(s)
@pa.check("min_timestamp_passage", name="_min_timestamp_passage_not_zero")
def _min_timestamp_passage_not_zero(cls, s: pd.Series):

return _min_timestamp_passage_not_zero(s)
@pa.check("min_timestamp_passage", name="_min_timestamp_passage_all same")
def _ min_timestamp_passage_all same(cls, s: pd.Series):

return _min_timestamp_passage_all same(s)

# This fails for every file:
# @pa.check("timestamps", name="timestamp_ascending")
def _ timestamp_ascending(cls, s: pd.Series):

return check_ascending(s)

Figure 18-2: An example for a pandera validation schema

7 https://pandera.readthedocs.io/en/stable/
FP3-IAM4RAIL - GA 101101966 153|190



E=

=urope’s

lam4Rail =

def _switchconfig_id_check_type(s):
return str(s.dtype) == "int64" or str(s.dtype) == "float64"

def _min_timestamp_passage_all_same(s: pd.Series):
a =s.to_numpy()
return (a[0] == a).all()

def _min_timestamp_passage_not_zero(s: pd.Series) -> bool:
b =s.eq(0)
return b.sum() == 0

Figure 18-3: Example of Pandera validation functions for the schema

The entire preprocessing workflow has been integrated into an Apache Airflow pipeline. This
pipeline is automatically triggered upon the arrival of new data in the S3 storage, ensuring that
any newly available source data is systematically downloaded and validated using the Pandera
validation framework.

18.1.2. Visualization of Validated Data

Before utilizing the validated datasets for specific artificial intelligence (Al) applications, the
collected data for each sensor channel undergoes an initial visualization step. This visualization
provides an overview of the sample distribution recorded per channel for each turnout. It also
identifies channels that exhibit consistent data acquisition over a defined observation period.

The figures below present plots illustrating the channel activity for both the crossing and switching
areas of selected high-speed turnouts, as well as for selected mixed-traffic turnouts, recorded on
September 1st, 2024. In particular, each of the colour code represents the data for the
corresponding channel name.
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Figure 18-4: Plot of acoustic emission channels for crossing and switching areas
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Figure 18-5: Plot of multi-sensor channels for crossing and switching areas
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Figure 18-6: Plot of mixed traffic channels

In the Figures below, we present visualisations of the number of data samples recorded from
March 2024 to December 2024.

For the acoustic emission sensor for high speed turnouts at the crossing area, the plot in Figure
18-4 shows there is a consistent recording of the number of samples for all eight features:

e 1 hollow_sleeper_hz
2 _hollow_sleeper_hz
3 _hollow_sleeper_hz
4 _hollow_sleeper_hz
e 1 point_machine_hz
e 2 point_machine_hz
e 3 point_machine_hz
e 4 point_machine_hz

Also, one can observe that August recorded the majority of the sensor data on the crossing,
followed by September. Figures 18-6 and 18-7 below present a visualisation of the number of data
samples recorded per channel name. Specifically, each column depicts the number of samples
recorded per channel over time.

For the acoustic channels, the data spans from March 2024 to December 2024, while for the multi-
sensor channels, the data covers the period from April 2024 to December 2024. In each plot, the
x-axis represents the recording date for a specific turnout, and the y-axis indicates the number of
samples recorded on that date.
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Figure 18-7: Number of data samples recorded by the acoustic sensor at the crossing area from March to Dec. 2024

For the dataset collected by the multi-sensor at the crossing area for the high-speed turnouts, we
only visualize the acceleration (i.e., all channels with the string ‘acc’) due to the large number of

channels (43).
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Figure 18-8: Number of data samples recorded by multi-sensor at the crossing area for acc channels from April to Dec. 2024

From Figure 18-5, one can observe that not all the acceleration channels were recorded constantly
over the observed period. After the data cleaning step, the following acceleration channels are
used for further processing:

e crossing_sl_b_disp_acc_lat

e crossing_sl b _disp_acc_long
e crossing_sl_b_disp_acc_vert
e wingrail_r_b_acc_lat

e wingrail r b _acc_long

e wingrail_r_b_acc_vert

e wingrail_r_f acc_lat

e wingrail r f acc_long

e wingrail_r_f_acc_vert

These show a consistent recording of data from April until December 2024. In the context of
machine learning (ML), it is essential to ensure consistent data recording across all relevant sensor
channels from which the features will be extracted for subsequent analysis. Inconsistent or
incomplete data can introduce noise, bias, and instability into feature engineering and model
training processes. Therefore, all channels exhibiting inconsistent data acquisition will be
systematically excluded from further analysis to maintain the quality and reliability of the dataset.

18.1.3.Feature Engineering for Machine Learning

Due to the uneven distribution of the number of samples recorded across channels, it is not
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feasible to directly utilize the raw data for any ML task. To ensure compatibility and comparability
across channels, further preprocessing is required to achieve a uniform data distribution.

A classical approach for standardizing the number of samples per channel involves the use of
spectrograms. Accordingly, spectrograms were computed for each channel in every data file
corresponding to both high-speed and mixed-traffic turnouts. This computation was performed
using the ShortTimeFFT?2 class implemented within the SciPy library.

However, spectrograms were not computed for the temperature channels (i.e., channels with the
suffix "_temp"). These channels exhibit low sampling frequencies, and their recorded data are
nearly constant over time. Following consultation with domain experts, it was decided to
represent these channels using the average value of the recorded data, rather than applying time-
frequency analysis.

A critical preprocessing step involved addressing the dimensionality of the spectrograms per
channel. Since the sampling frequencies differ across channels, discrepancies in the time
dimension were observed even among channels with identical sampling rates. To resolve this,
spectrograms were discretized by rescaling the time axis to a common target time dimension,
ensuring a uniform shape across all processed channels.

Figure 8 below illustrates a sample spectrogram generated for one of the acceleration channels.

Spectrogram of switch_sl|_disp_acc_long channel
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Figure 18-9: Spectrogram of the acceleration channel switch_sl_disp_acc_long of the switching area

The spectrogram data generated throughout the project is stored in the HDF5 file format. This

8 https://docs.scipy.org/doc/scipy-1.15.2/reference/generated/scipy.signal.ShortTimeFFT.html
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format was selected because it allows for efficient storage and rapid access to large numerical
datasets, which is critical for accelerating downstream data processing and machine learning
workflows.

Figure 9 demonstrates that HDF5 and Avro file formats offer significantly higher read speeds
compared to other commonly used formats, such as Pickle and Parquet. This performance
advantage makes HDF5 particularly suitable for handling the large volumes of spectrogram data
produced in this project.

File Format Read Speeds
38.09 38.09

35 4

30 4

25:7

204

15

Read Speed (GB/s)

10 A

2.38

0.51
0 = T L T 1 T T
Pickle Parquet HDF5 Ao

File Format

Figure 18-10: Comparing the read speeds of different file formats — Pickle, Parquet, HDF5 and Avro

The computation of spectrograms proved to be a computationally intensive task, particularly during the
processing of the historical data collected since the inception of the project. To accelerate the data
processing workflow, several optimization strategies were implemented, including improvements
to the directory traversal mechanism for accessing the source data.

Specifically, the default Python library function for automatic recursive directory traversal was
replaced by a custom implementation. This custom method constructs the file paths through
manual string concatenation and records the names of the source files into a metadata file. By
avoiding repeated and costly directory tree traversals, this approach significantly reduced the
overhead associated with file access.

These optimizations were crucial, as the original directory traversal process alone required more
than two hours to scan the directory structure containing the data files collected to date — which
were stored on the local disk of our containerization server. Within the data preprocessing
methodology, the directory structure must be traversed twice: first, to identify available source
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files, and second, to determine which files have already been processed. This was optimized by
storing all the filenames and paths within a common file, which allows us to skip the whole
directory traversal step. Thus, optimizing this step was essential to achieve sensible runtimes and
ensure the scalability of the preprocessing pipeline.

In the next phase, we will select relevant acceleration channels that exhibit consistent data
recordings over defined time periods. Based on the visualizations presented above, two options
for selecting the time frame have been identified.

18.1.4. Selection of Relevant Acceleration Channels Based on Data
Availability

In the first case, by restricting the time frame to April through December, the available dataset
includes recordings from nine acceleration channels:

e crossing_sl_b_disp_acc_lat

e crossing_sl_b_disp_acc_long
e crossing_sl b _disp_acc_vert
e wingrail_r_b_acc_lat

e wingrail_r_b_acc_long

e wingrail_r_b_acc_vert

e wingrail_r_f acc_lat

e wingrail_r_f acc_long

e wingrail_r_f acc_vert

Alternatively, if the selection is restricted to data from September onwards, eleven acceleration
channels will be available. These include the nine channels listed above, along with two additional
channels:

e crossing_sl_b_disp_acc_vert_100g
e crossing_sl_f disp_acc_vert_100g

In either case, the corresponding spectrogram data from the selected acceleration channels will
be utilized as feature representations for both supervised and unsupervised machine learning
tasks.

18.2. Function: Model-based condition monitoring of switches and crossings

This section concerns efforts to develop simulation models that can provide a link between sensor
structural response measurements to a condition assessment of the asset. Two different
modelling approaches are covered. The first concerns a multi-body simulation model of a 1:50
swing nose crossing panel corresponding to the Spanish demonstrator in the FP3—IAM4RAIL
project. The purpose of this model is to study the forces in the locking devices and the relationship
between rail running surface irregularities and track responses. The second concerns a wave guide
finite element model used to study where acoustic sensors should be mounted on rails to be able
to detect cracks.
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18.2.1.Multibody simulation model

The multibody simulation model consists of a track model representing the crossing panel of a
high-speed turnout with a swing nose crossing. The length of the track model is limited to the area
around the swing nose to save simulation time and therefore traffic is also represented by a single
bogie. This approximation is considered acceptable for simulation of traffic in the through
(straight) route where the curving characteristics of the train is not important. An overview of the
model is presented in Figure 18-11 and the main parameters are given in Table 18-1. In the model,
rails and sleepers are represented using Timoshenko beam elements. Ballast and rail fastenings
are represented using linear bushing elements and contact elements are used to model contacts
between the swing nose and base plates and swing nose and wing rails. The model outputs wheel-
rail contact quantities such as contact forces as well as displacements and forces in the turnout
structure itself.

Figure 18-11: Multibody simulation model and bogie model in Simpack

Table 18-1: Specification of crossing panel and traffic conditions for multibody simulations

Speed 350 km/h

Axle load 18 Tonnes

Wheel profile Nominal S1002

Crossing panel 1:50 swing nose panel with four locks
Rail pad stiffness 50kN/mm

Ballast stiffness 20kN/mm per metre of sleeper length

Example results

Example results from simulations are presented below. Figure 18-12 shows the vertical wheel-rail
contact forces on the wing rail and swing nose for a bogie passage through the crossing panel. The
transition from wing rail to crossing nose is smooth with a low dynamic amplification from the
wheel transition from wing rail to swing nose. Further, the vertical contact forces between base
plates and swing nose are presented in Figure 18-13 for the first 14 base plates covering the lock
region. It can be observed that the forces are initially very low and then rise to a new baseline level
around baseplate 6-7 where the wheels make the transition to the swing nose.
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Figure 18-13: Normal contact forces between swing nose and the first 14 slide chairs/base plates along the swing nose. This

region covers the distance from the first to the fourth lock.

18.2.2.Waveguide finite element model

Non-destructive rail testing is one way to ensure safety and reliability in railway systems. The
growth of rail defects, such as surface cracks, fractures, and internal fissures, can generate acoustic
emissions (AE). These high-frequency signals are used for condition monitoring in several contexts.
Since the rails act as waveguides with very low energy losses, AE signals can be observed over long
distances. A main challenge in this approach is the high background noise level due to the rolling
noise. Previous work addressed this with various signal processing techniques. Instead, this work
focuses on optimizing the position of the AE sensor based on the location and source mechanism
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of the defect. This is achieved by high-frequency waveguide Finite Element simulations and
analysis of the cross-sectional mode shapes. The first steps in this analysis can be found in a paper
by Jannik Theyssen [17].

18.3. Function: Drive/Detector rod monitoring

The drive rod / detector rod monitoring use case is covered by multiple analogue acoustic sensors
mounted on the hollow sleeper of the different setting levels. In the crossing level each hollow
sleeper was equipped by a single sensor as the maintenance teams reported repeatedly occurring
breaks in this area. Figure 18-14 shows the signals of the acoustic sensors mounted at the four
hollow sleepers in the crossing level. It can be observed that generally the first hollow sleeper
shows the highest peaks in the signals, which can be related to the expectable highest loads in this
region. However, all signals show amplitudes in the same order of magnitude which indicated a
similar loading situation and an overall good health state of all four setting levels.

AEXS Crossing - 2024-04-26_14-00-31

= 1_hollow_sleaper_hz'

2_hollow_sleeper_hz'
—— "3_hollow_sleeper_hz'
—— '4_hollow_sleeper_hz'

signal [v]
=

-2

=3

0 1 H 3 4 5 6 7
Time [3]

Figure 18-14: Acoustic emission signals of the acoustic sensors mounted on the hollow sleepers for detector rod monitoring in the
crossing panel

Figure 18-14 shows the signals of the acoustic emission sensors mounted in the switch panel. Due
to the high number of setting levels (10) and also less frequently reports about breaking rods in
this area only every second setting level was equipped with an acoustic sensor. Which can be
directly seen, in comparison to the figure before, is that the sensor in the switch panel measures
a significantly lower signal. This can be related to generally lower vibrations levels and thus loads
in the switch panel, which also correlates with the experience from the maintenance teams about
fewer breaking rods in this area. Again, the first setting level shows slightly higher peak magnitudes
compared to the other setting levels, however the signals are very moderate, and no faulty states
could be observed so far.
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Figure 18-15: Acoustic signals of analogue acoustic sensors mounted on hollow sleepers in switch panel

18.4. Function: Switch assembly monitoring

The switch position monitoring use case is covered by 6 inductive sensors mounted in two cross
sections of the switch panel. Figure 18-16 shows a plot of the measured data of one week at the
beginning of May. The upper plot shows the distance between switch rail and stock rail of the
closed switch rail. Considering the main operation route (through) mainly the right switch rail is in
a closed position and therefore shows the most datapoints. It can be observed that both rail
positions show values below 1.5mm, which can be defined as a very good state considering the
total tolerance of 4mm. Furthermore, it can be observed that the left switch rail shows a single
measurement point every 2 days which means the turnout is switches only once per two days. The
lower plot shows the nearest flangeway of the left switch rail which is around 8 1mm. The critical
value for this type of turnout is 70mm which means the nearest flangeway is in a good range. The
schematic sensor arrangement is shown in Figure 4-12 and Figure 4-14 and Figure 4-16 show the
sensor locations at the beginning of the switch and the nearest flangeway, respectively.

However, there are some outliers in the data which vary significantly form all other measurement
points. Those can be caused either by a faulty operator or occur during maintenance and
inspection tasks. Therefore, it can be concluded that it is of outmost importance for the monitoring
system to obtain information about ongoing maintenance tasks in order to not provide any
unnecessary alarms or warnings caused during maintenance.

Within this project the switch position development will be monitored over time and if any
changes or trends in the data are recognised by the switch assembly health state model, the
system will send out warning or alarms to the operator in order to perform maintenance and
inspection tasks before the values yield safety critical values and affect the asset availability.
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Figure 18-16: Switch position values for left and right switch rail in two cross sections (front and back).

18.5. Function: Track quality monitoring

The track quality monitoring is conducted by means of the multi-sensor introduced in section
5.2.1. The sensor estimates the sleeper displacement and tilt and thereby rates the quality of the
ballast. Figure 18-17 shows the vertical sleeper displacement of the high-speed demonstrator
turnout, in two cross sections of the switch panel and two cross sections of the crossing panel,
respectively. It can be seen that the occurring vertical sleeper displacement are in a very low range,
around 0.5 mm in the switch panel and around 1 mm in the crossing panel, which indicates an
overall good health state of the ballast and a proper support for the turnout.
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Figure 18-17: Vertical sleeper displacement recorded in two cross sections of switch- and crossing panel of the high-speed
demonstrator located in Santa Cruz de la Zarza. All four positions show low displacements (below 1mm) which indicates a good
ballast condition and high track quality.

Figure 18-17 shows the vertical sleeper displacement in the switch and the crossing panel of the
mixed traffic demonstrator. It can be observed that the vertical sleeper displacements in the
switch panel are again in a very low area, below 1mm, whereas the vertical displacement in the
crossing area vyields critically high values up to 5mm. This shows that a sufficient support of the
ballast in the crossing area is not properly given, and the turnout requires maintenance, for
example track tamping, as soon as possible. This high track displacements are not recommendable
as they lead to significantly higher acceleration and dynamic forces on the crossing and thus can
increase the damage to other mechanical components.

Mixed traffic switch - 2024-03-12_08-15-28 . Mixed traffic crossing - 2024-03-12_08-15-28
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Figure 18-18: Vertical sleeper displacements recorded at switch- and crossing panel of the mixed traffic demonstrator located in
Rifa/Tarragona (Catalunia). High displacements in crossing panel indicate poor ballast support at this sleeper
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In addition, the acceleration signals on the wing rail and stock rail of the mixed traffic turnout are
shown in Figure 18-19 to illustrate the influence of the high vertical displacements on the
measured acceleration signals at the rail components. It can be observed that the vertical and
lateral acceleration amplitude is moderate, around 50g, in the switch panel, whereas the
acceleration amplitudes yield up to 300g in both directions, lateral and vertical, in the crossing
panel. These high accelerations cause both damage to the rail components as well as a further
degradation of the ballast below the crossing. Therefore, a timely maintenance action is highly
recommendable.

Tarragona Switch - 2024-03-08_22-24-25 Tarragona Crossing - 2024-03-08_22-24-25
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Figure 18-19: Vertical and lateral acceleration signal measured in switch and crossing panel of the mixed traffic demonstrator
turnout in Rifa / Tarragona. The vertical and lateral acceleration magnitudes in the crossing area are very high and indicate a low
asset health stat.

Comparing pictures from an on-site visit in June 2023, see Figure 18-20 and from the installation
of the monitoring system in March 2024, see Figure 18-21, it can be observed that the surface of
the crossing nose is subjected to considerable damage and a breakout has developed over these
9 months. The high vertical displacements and as a result the significant acceleration level are
advancing the damage of the crossing.
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Figure 18-20: Picture from mixed traffic demonstrator Figure 18-21: Picture from demonstrator turnout 9 months
turnout form June 2023 during an on-site visit of the later in March 2024. The red box indicates initiated
demonstrator surface damage, a breakout, at the crossing nose running
surface.

Figure 18-22 shows an evaluation of all recorded train passages at both demonstrators. The
analysis shows in the upper plot a histogram of the highest recorded displacement value per
passage for the mixed traffic demonstrator. The middle plot shows the same values for the high-
speed demonstrator at the beginning of the switch and the lower plot the same value at the end
of the switch area. It can be observed that all three sensors show similar maximum values and
distributions.

Figure 18-23 shows the maximum displacement recorded per passage for the two demonstrators
but in the crossing area. The upper plot shows the maximum displacement distribution at the
mixed traffic demonstrator turnout in Rifa / Tarragona. It can be observed that the maximum
displacements recorded at this turnout are at a very high level which shows a low asset health
state.
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Figure 18-22: Maximum sleeper displacement in switch

area per axle for (upper) mixed traffic turnout in Rifa /

Tarragona and the high-speed demonstrator turnout in
Santa Cruz de la Zarza (middle and lower plot)
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Figure 18-23: Maximum sleeper displacement in crossing
area per axle for (upper) mixed traffic turnout in Rifa /
Tarragona and the high-speed demonstrator turnout in

Santa Cruz de la Zarza (middle and lower plot)

18.6. Function: Vehicle/track interaction and the resulting dynamic forces

The work is being carried out by Voestalpine in collaboration with its affiliated entity, Virtual
Vehicle.

18.6.1.Brief introduction to the application

The application is focused on model-based condition monitoring of switch and crossing (S&C)
components, with the aim of improving the current inspection and maintenance activities. The
primary goal is to develop a detailed S&C model that can simulate the dynamic interaction of
vehicles passing through a turnout. By analysing the vehicle/track interaction and the resulting
dynamic forces, the model will provide valuable insights into the degradation behaviour of various
track components, including the switch rails, and the frog area. This approach is aimed to identify
potential issue and to provide knowledge to optimize the turnout inspections and maintaining.

18.6.2.Description of the technology

An S&C model is developed using the software SIMPACK. This model includes a detail
representation of the turnout together with a vehicle car to simulate its passage through the
turnout through route. The model is built according to the geometric layout and crossing nose
geometry of the turnout installed in Rifa. To ensure accurate simulation results, the model is
calibrated through a parameter study, comparing multibody dynamic (MBD) simulation results
with the measurements acquired by the sensors. With the calibration process, some important
unknown parameters can be estimated. Once the model is validated, the model is a meaningful
tool, and the simulations can be used to analyse:
e Contact forces and accelerations experienced by the track components

e |dentify the area subjected to the highest level of loading and forces

e Assessing the parameters influence (settlement changes, stiffness changes, surface defects
and void, etc.)

e Simulating specific scenarios to understand the track behaviour under different conditions
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18.6.3.Methodology

To simulate the vehicle excitation travelling though the turnout, a SIMPACK Multibody system
model is developed. The model includes a detailed track model of the turnout (Figure 18-24) and
a vehicle car (Figure 18-25) parametrised to represent the full fleet travelling though the turnout.
The track model (Figure 18-26) is composed of two flexible rails supported by sleepers, which can
be modelled as either rigid or flexible elements. The connection between the rails and the sleepers
is made with spring-damper elements that represent the intermediate level and the fastening

components. The sleepers are connected to the ground with spring-damper elements to simulate
the ballast.

Figure 18-24: SIMPACK track model

=

e 77 7 7 7 7 7 7 7 7 77 7
Figure 18-26: Track model
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Each sleeper can be independently modelled with the option in defining whether it is a rigid or
flexible element, as well as defining its length, mass, and stiffness values. This modelling approach
enables a precise representation of the track dynamic behaviour and under various condition
allowing the simulation of void under sleeper or sudden changes in the ballast stiffness. The
crossing area is also modelled using rail profiles obtained from the cross-sections of the CAD model
(Figure 18-27, Figure 18-28) provided. This allows for an accurate simulation of the complex
interactions and forces occurring in this critical part of the track, providing valuable insights into
the performance and potential degradation of the components involved.

Figure 18-27: Crossing CAD model

Figure 18-28: Frog sectioning

18.6.4.Description of the data
The input data for MBD simulations are:

J Turnout layout
J Geometry of the S&C
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J Vehicles onboard measurements (for calibration)
. Vehicles operating conditions
. Wheel profiles
J Track irregularities
. Track surface defects

The output data of the MBD simulations are for example:

e Vertical acceleration of the Crossing Nose

200
== Speed 65 km/h
Speed 45 km/h

-100

-200
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Figure 18-29: Crossing nose vertical acceleration - examples at 65 and 45 km/h

e Sleeper vertical displacement at the crossing nose

Sleeper at crossing nose
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Figure 18-30: Sleeper vertical displacement at crossing nose - examples at 65 and 45 km/h

e Vertical Ballast Force at the crossing nose
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Figure 18-31: Vertical ballast force at crossing nose - examples at 65 and 45 km/h

18.7. Function: Frog / switch rail monitoring

This section provides detailed information on the type and specifications of the proposed multi-
sensor system, which collects motion and vibration data.

The frog / switch rail monitoring use cases is covered by the multi-sensor described in section
5.2.1. This sensor system provides multiple channels in multiple directions and can be thus used
for a wide range of applications at different rail components. The obtained signals are analysed in
both time- and frequency domain to detect any changes in the material or structural response of
the component, thereby detecting different damage patterns such as excessive plastic flow of the
material, severe wear, break outs at the running surface or cracks. Especially foot cracks or internal
cracks, which cannot be detected easily during regular inspection procedures shall be detected by
this system as they can be safety critical for railway operators as they can grow and lead to total
component failure if not recognised timely.

Figure 18-32 shows the acceleration signals (vertical and lateral) for a train passage at the mixed
traffic demonstrator in the switch- and the crossing panel, respectively. Within the project the
signals will be recorded and analysed for any changes over time, indicating changes in the
structural response. Moreover, different model- and data drive approaches will be applied to the
data with the aim of a holistic asset health state assessment.

Mixed traffic switch - 2024-04-01_08-25-28 Mixed traffic crossing - 2024-04-01_08-25-28
400 400
—— 'stockrail_r_acc_vert' —— 'Wingrail_r_acc_vert'
‘stockrail_r_acc_lat' ‘Wingrail_r_acc_lat'
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Figure 18-32: Vertical and lateral acceleration signals from switch- and crossing panel at the mixed traffic demonstrator located in
Rifa/Tarragona (Catalunia). The signals are recorded from a commuter train.
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The recorded acceleration at the high-speed turnout demonstrator, shown in Figure 18-33,
generally yields higher acceleration amplitudes compared to the mixed traffic demonstrator,
which can be attributed to the significantly higher train speed. Therefore, it is crucial and highly
recommended to estimate train speed and train type of the passing vehicles and provide this
information as an input variable to condition monitoring and health state assessment models in
order to increase their accuracy and predictive capabilities.

High-speed switch - 2024-04-30_20-01-24 High-speed crossing - 2024-04-30_20-01-23
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Figure 18-33: Vertical and lateral acceleration signals from switch- and crossing panel at the high-speed line demonstrator located
in Santa Cruz de la Zarza (Toledo). The signals are recorded from a regular high-speed train.

Besides the acceleration signals, the acoustic emission signals represent a valuable source of
information for the component health state assessment. As the sensor can be operated at very
high sampling rates, it is able to detect even minor changes in the material and thereby indicate
possible developing damages in the component. Figure 18-34 shows the acoustic emission signals
recorded at two positions in switch and crossing panel of the high-speed demonstrators. The exact
locations of these sensors are shown in section 18.8. It can be observed that the acoustic signals
show the highest magnitudes for the sensor located at the tip of the swing nose, which is where
the transition and thus the highest loads can be expected.
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Figure 18-34: Acoustic emission signals recorded in switch and crossing panel of the high-speed demonstrator turnout.

Figure 18-35 shows the acoustic emission signals at the mixed traffic demonstrator turnout in the
switch- and the crossing panel. It can be observed that the acoustic signal is significantly higher in
the crossing panel than in the switch panel which correlates to the higher loads in the crossing
panel. Furthermore, it is remarkable that the acoustic emission signal at the mixed traffic
demonstrator shows higher amplitudes than in the high-speed demonstrator, although the
acceleration signals are significantly higher at the high-speed demonstrator turnout. This high
acoustic emission amplitudes could be facilitated by the surface break out, which is visible at the
mixed traffic turnout in Rifa. However, this needs to be validated and confirmed by analyses of a
larger set of measurements which will be conducted in WP11.

Mixed traffic switch - 2024-04-01_08-25-28 Mixed traffic crossing - 2024-04-01_08-25-28
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Figure 18-35: Acoustic emission signals recorded in switch panel and crossing panel at mixed traffic demonstrator

Figure 18-36 shows a histogram of the maximum acoustic emission per passage for all recorded
passages at both demonstrator locations. The upper plot shows the data from the mixed traffic
demonstrator in Rifa Tarragona whereas the middle plot shows the data recorded at the left switch
rain at the high-speed demonstrator in Santa Cruz de la Zarza and the lower plot the right stock
rail data. It can be observed that all three sensors provide similar maximum values and distribution
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of the same.

Figure 18-37 shows the same analyses for the acoustic sensors in the crossing area. The upper
contains the maximum values from the sensor mounted on the right-wing rail of the mixed traffic
demonstrator. Generally, it is shown that the maximum values of this sensor show a very wide
distribution, compared to the two lower plots from the (middle) sensor mounted at the spliced
rail and (lower) at the swing nose tip at the high-speed demonstrator. Furthermore, it is observable
that the sensor at the swing nose tip (lower plot) shows significantly higher maximum values than
the sensor close to the spliced rail (middle plot).

STOCKRAIL WINGRAIL
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Figure 18-36: Maximum acoustic emission in switch area
per passage for mixed traffic turnout in Rifa / Tarragona
(upper plot) and the high-speed demonstrator turnout in

Figure 18-37: Maximum acoustic emission in crossing area
per passage for mixed traffic turnout in Rifa / Tarragona
(upper plot) and the high-speed demonstrator turnout in

Santa Cruz de la Zarza (middle — left stock rail and lower
plot- right stockrail)

Santa Cruz de la Zarza (middle — at spliced rrail and
lower plot- at the swing nose tip)

Figure 18-38 shows a histogram of the maximum vertical acceleration recorded during every train
passage at the switch panel of both demonstrators. Although the maximum values are comparable
at all three sensor locations, the mixed traffic demonstrator data in the upper plot shows again a
wider distribution. This parameter could be an additional parameter which could be influenced
either by the overall condition of the asset as well as being influenced by certain vehicle
parameters.

Figure 18-39 shows the same analyses for the crossing area. The analyses shows that the highest
values can be observed at the swing nose tip of the high-speed turnout (lower plot) although the
mixed traffic demonstrator shows also a certain number of passages with very high acceleration
magnitudes up to 400g. Furthermore, it is visible that the distribution of the mixed traffic
demonstrator sensor data shows a significantly wider distribution.
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Figure 18-38: Maximum vertical acceleration switch area
per passage for mixed traffic turnout in Rifa / Tarragona
(upper plot) and the high-speed demonstrator turnout in
Santa Cruz de la Zarza (middle — left stock rail and lower
plot- right stockrail)
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Figure 18-39: Maximum vertical acceleration in crossing
area per passage for mixed traffic turnout in Rifa /
Tarragona (upper plot) and the high-speed demonstrator

turnout in Santa Cruz de la Zarza (middle — at spliced rrail

and lower plot- at the swing nose tip)

18.8. Function: Frog monitoring

This work has been carried out by Voestalpine in collaboration with its affiliated entity, the
Materials Center Leoben.

As a first example, the frog condition will be assessed by means of vibration data. Depending on
the wear state of frog and wheel, the transition point where the wheel contact point changes from
the wing rail to the frog changes.

In previous work it has been shown via detailed finite element simulations and verified on a
turnout (Figure 18-40) that the location of the transition point can be deduced from certain signal
features of strain gages applied to the wing rails and frog.

Figure 18-40: Numerical simulation of a wheel running over a turnout from left to right, side view (top) and top view (bottom, the
wheel is hidden). This snapshot shows the moment where the wheel leaves the left wing rail and impacts the frog.

In the present work, this will be applied to acceleration signals of a cast turnout In the current
project, a digital twin of the Rifa Tarragona crossing (Figure 18-41) is being developed in order to
derive the relations between the wear state of the frog and the acceleration signals, and
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subsequently apply this knowledge to the evaluation of the measured acceleration signals.

(b)

Figure 18-41and 18-42: Hexahedral elements on (a) the contact surfaces of the rail head and (b) the wheel.

Figure 18-43 and 18-44: Tetrahedral elements on the web and foot of the rail (top view and bottom view)

The digital twin needs minimum computational effort at acceptable accuracy. Therefore, a careful
meshing strategy has been designed to balance accuracy and computational efficiency. A
hexahedral mesh is used for the wheel and head of the rail, specifically the contact surfaces where
the wheel rolls over (Figure 18-41), to ensure high accuracy in capturing the stress and strain
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distributions due to the wheel-rail contact. These elements provide superior performance in
representing complex stress fields and offer better numerical stability and convergence. In the
remainder of the rail, including areas with complex geometries (), tetrahedral elements are utilized
to effectively manage the computational cost. These elements are versatile in meshing intricate
geometries.

The model is currently being prepared for parameter studies and subsequent validation against
on-site measurements.
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19. CONCLUSIONS

Deliverable D10.2 presents the initial developments and preparatory work for the integrated
demonstration within Flagship Project 3 FP3—IAMA4RAIL, focusing on the progress achieved in Work
Package 10 and its foundational impact on Work Package 11. This deliverable offers a detailed
update on the groundwork and immediate progress of the multi-source/multi-purpose (MSMP)
asset management platform, complementing the broader context provided in Deliverable D10.1.
The report aims to provide essential summaries to maintain clarity and relevance, aligning with
the overarching objectives of the MSMP IAMS and related research programs.

This work package builds on asset management solutions from previous EU projects such as
IN2SMART and IN2SMART2, by deploying innovative solutions specifically for the rail
infrastructure subsystem. It targets short-term asset management and off-site work preparation
within the MSMP platform, providing continuous diagnostic and prognostic information through
wayside and onboard sensors. This data supports daily decision-making by maintenance experts
and asset managers. The scope encompasses all data acquisition processes for the rail
infrastructure subsystem, with a particular focus on Switches and Crossings (S&Cs), ensuring a
comprehensive 360-degree view around the track.

The objective of this deliverable is to address short-term asset management approaches for tracks
and their surroundings. It involves defining pilot sites in Spain and the Netherlands for testing
technologies based on two established use cases. A carefully selected set of applications, tailored
to meet the needs of infrastructure managers such as ADIF and maintenance service providers
such as Strukton, will serve as evaluation scenarios. These applications will be demonstrated and
validated against expected Technology Readiness Levels (TRL) to ensure they meet operational
and performance standards. Some of these applications have already been tested at the pilot sites
and can be considered as quick wins.

Work packages 10 and 11 involve two primary use cases. Use Case 1 focuses on integrating new
monitoring technologies with specific asset management issues for immediate problem-solving
and quick wins. Use Case 2 involves combining monitoring data from various sources to enhance
fault detection and diagnosis. Although this approach requires more effort, it provides deeper
insights into infrastructure behaviour and condition. The development of specific applications
relevant to end-users is guided by the high-level architecture of the prototype platform. These
applications will be demonstrated at mixed-traffic and high-speed pilot sites in Spain and the
Netherlands. Some applications, with higher maturity levels, have already demonstrated tangible
results in operational environments, offering quick wins for end-users.

A total of 13 applications addressing practical issues in short-term asset management have been
defined, with some reaching already the target TRL 6. Other technologies and their planned
applications are intended to fill the innovation funnel, leading to further evaluation and
development in subsequent project phases. This approach ensures that promising technologies
are continuously assessed for future work based on their likelihood of success. By maintaining a
pipeline of potential advancements, resources can be focused on the most promising
developments, ensuring sustained progress in rail infrastructure management.

WP10 aimed to achieve initial developments with tangible results, presenting quick wins within
the first two years. The defined 13 applications represent real-world use cases, with at least one,
the reality model, already showing success in real-life pilots. Significant progress also includes
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defining the pilot sites, installing technologies on-site, and initiating data exchange. This data is
being used for various applications, representing early findings in these developments. Future
work will continue in WP11, with alignment and integration with other work packages within
cluster D of FP3-IAM4RAIL being a critical component of ongoing efforts.
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