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1

Executive Summary

This report describes work carried out in the 3rd work package of the Shift2Rail S-CODE
project which is titled Next generation control: monitoring and sensor systems. The
report comes at the end of the work package and follows an internal report produced
earlier on in the development cycle which identified targets for the work and laid out
high-level designs for the systems to be developed.
In line with the standard S-CODE development roadmap approach, the report is laid out
in three main technical themes focusing on: (i) control and condition monitoring of S&C
during its operation; (ii) monitoring of S&C and the supporting infrastructure during the
passage of vehicles; and (iii) autonomous inspection systems. These themes each
include a range of technologies or approaches identified through the horizon scanning
and technology mapping exercises undertaken in WP1 and WP2.
Closed-loop control systems for points operating equipment have been designed and
applied to full switch models in order to evaluate performance. Fault tolerant control
regimes have been designed that can overcome individual sensor failure or compensate
for variations in whole S&C performance. Model-based condition monitoring approaches
have been prototyped alongside rule-based solutions which form the core of intelligent
system-based condition monitoring solutions.
Machine learning has been used to identify particular vehicles or vehicle types passing
through S&C. The vehicle information, along with measured speed has been incorporated
into a series of multi-domain processing approaches which provide information on S&C
geometry and condition, and substructure condition. Hardware has been developed both
for high-volume / low-cost deployment and to accommodate the distributed processing
required of such systems.
Finite element analysis has been used to consider the forces and movements within S&C
in order to optimally specify a monitoring strategy, sensor set, and specific sensor
performances. Acoustic monitoring has used microphone arrays and beamforming to
automatically target and inspect key S&C components without direct contact with the
infrastructure. Laser scanners have been combined with inertial sensors, cameras and
vision processing systems to align scans and build 3D models of S&C. These models
have been used to digitally apply existing manual inspection standards with improved
reliability.
In cross-cutting activities, collaboration between S-CODE WP3 and the In2Track project
has led to the development and adoption of a standard approach to data communication
and exchange formatting which is being incorporated into the S-CODE demonstrators.
The integration aspects of the work package have identified interdependencies of
technologies being considered within the WP and with the other main technical WPs
(WP4 and WP5). This information has been used to plan an extensive list of potential
demonstrators to be produced in the integration work package (WP6) in order to support
the evaluation activities to take place in WP7.
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2

Introduction

This document describes the work carried out within the 3rd Work Package of the
S-CODE project. The work package, titled “Next generation control: monitoring and
sensing systems”, builds on earlier work carried out in WP1 and WP2. In these WPs,
requirements elicitation and horizon scanning were carried out in order to identify first
the high-level future objectives for S&C, and then candidate technologies or functions
that might support their development. Concepts for future S&C were then collated and
evaluated in a high-level design process which detailed both a number of candidate
switch designs and a selection of technologies and approaches for further exploration.
Work package 3 has focused on “Next generation control: monitoring and sensing
systems”. This means that it has considered technologies and processing approaches,
identified in WP1 and WP2, that would be suitable for application in order to provide
sensing monitoring systems for future S&C. Technology investigations have been
prioritised based on tables generated in WP2 indicating potential benefit and complexity
of required development. In many respects, the approaches explored are largely
independent of the specific future S&C concepts being considered as the vast majority of
the options identified in WP2 would benefit from similar monitoring processes. The main
exceptions to this are in areas where a specific or bespoke component is being
considered, particularly around actuation or sensor positioning. In these cases, the
development work described in this document is accompanied by considerations of the
candidate S&C configurations described in WP2. This work package has also considered
control systems, and particularly how the addition of condition monitoring (through
sensing and data analysis) can be used to generate fault tolerant control systems, as
well as new control system approaches for novel alternative methods of actuation. In
this area there has been significant collaboration with work package 5 (“next generation
kinematic systems: actuators and mechatronics”).
Upon completion of WP3, and its parallel work-streams in WP4 and WP5, the most
promising candidate technologies and approaches will be taken forward into WP6
(“system integration and concept validation”). In WP6, the selected concepts will be
further developed and integrated in order to produce demonstrators that can be used to
support the further evaluation and future recommendations phase (WP7). During the
WP3 (and WP4 and WP5) activities, a series of “technology information sheets” have
been developed in relation to each technology, approach, or innovation considered, in
order to facilitate both the selection process and this future evaluation.
The specific objectives of S-CODE WP3 and how it fits into the Shift2Rail Multi Annual
Action Plan (MAAP) Technical Demonstrators (TDs) are discussed in Section 3. In
summary, WP3 aims to: (i) develop sensor systems and processing to remove the need
for manual inspection and maintenance, (ii) develop intelligent self-diagnostic systems,
and (iii) develop fault tolerant control systems. Based on use-case / scenario
observations arising from WP1, and technology and function targets indicated in the
outputs from WP2, these objectives have been aligned to three activity themes.
The first theme, known as “actuation monitoring and control” considers the operation of
the switch as it transitions from the normal to the diverging route and vice versa. This
theme is concerned with the movement of the switch, rather than its performance under
traffic, or any static evaluation. The theme considers underlying sensors and condition
monitoring approaches that may be used for the evaluation of S&C health during
operation; as well as the control systems to manage that operation and potentially
compensate for any developing faults within the system. The first theme largely aligns
with objectives (i) and (iii), above.
The second theme, known as “substructure and dynamic impact monitoring” considers
specific elements of the S&C identified in WP1 as critical but that can only be monitored
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in the presence of vehicles due to the dynamic effects that they assert. It considers
monitoring during vehicle passages only. Sensor and monitoring considerations are
based on identifying equipment appropriate for the environment. The majority of the
work then falls in the area of data analysis and processing to intelligently and
automatically evaluate the performance of these elements of the S&C and substructure,
and to inform considerations of their remaining life. The second theme largely aligns with
objectives (i) and (ii), above.
The final theme, known as “autonomous inspection and repair” considers technologies
and approaches that would remove the need for human operators to be involved in
inspection and maintenance activities. This goes beyond conventional S&C condition
monitoring to particularly focus on inspection activities identified in WP1 as part of a
periodic maintenance regime. The theme focuses on novel sensing and inspection
technologies and approaches to processing, such as model based analysis, and considers
how the systems considered could be adapted to be used in fully autonomous inspection
platforms. Although some of the technologies and proof of concept testing may overlap
with the other two themes, the third theme mainly aligns with objective (i), above.
As with work packages WP4 and WP5, the themes identified for WP3 activities, along
with a selection of proposed activities arising from WP2 were captured in a “work
package roadmap” diagram early in the work package. The WP3 roadmap diagram is
presented in Figure 1 with the three themes on the left and links to the other work
packages highlighted on the right. The proposed activities are grouped into
classifications broadly aligned with technology readiness level evaluations undertaken as
part of WP2. Technologies or approaches have been considered in a number of ways,
based on their position in the roadmap. Those in the first column have generally been
evaluated in some practical form. Those in the second column have generally either been
evaluated through simulation or through practical component testing. While, at this
stage, those in the right column have largely been considered only in a conceptual sense
or used as an aspirational guide for the development work indicated in the other
columns.

S-Code innovation
development map
For WP3
Actuation
monitoring and
control

Substructure and
dynamic impact
monitoring

Autonomous
inspection and
repair

TRL 4-7

TRL 3-4

TRL 2-3

More conventional
(could build)

Modelling and
simulation

Conceptual
design

Power, force, and displacement
monitoring of S&C for actuator
position control and condition
indicators

Self adjustment of S&C using
advanced control system and
embedded sensors, condition
indicators used to trigger remote
inspection and schedule
maintenance

Auto-recalibration of selfadjustment after maintenance.
Integration with autonomous
inspection to create a detailed
assessment of the health of the
switch and expected lifetime

WP5

Accelerometers, microphones and
other passive monitoring of S&C
for detection of dynamic impacts
and substructure degradation

Embedded accelerometer
monitoring of S&C and advanced
sensors such as acoustic arrays or
radar. Events used to trigger
remote inspection and schedule
maintenance

Combine sensors to isolate fault
locations. Integration with
autonomous inspection to create
a detailed, accurate assessment of
the health of the switch and
expected lifetime

WP4

Optical cameras, IR cameras,
lasers and other NDT inspection
techniques to assess the health of
the switch

Drones and/or robots using NDT
inspection techniques via remote
control to assess the health of the
switch and suggest repairs

Drones and/or robots using NDT
inspection techniques
autonomously to assess the
health of the switch and enact
repairs or adjustments

Figure 1: S-CODE innovation development roadmap for WP3

In addition to the three main themes, additional cross-cutting activities have also taken
place during WP3 in order to support evaluation and integration. The first of these
involves technology evaluation forms being completed for each technology, activity, or
innovation being considered. These are used to capture, in a standard format, details of
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the element so that it can be more easily included in the selection process to identify
elements to be taken forward into the demonstration work package, and to support the
overall evaluation of elements in WP7. The second cross-cutting activity considers the
architecture of monitoring and inspection systems and in particular the data exchange
mechanisms and formats that can be used to support future implementations. The final
cross-cutting activity relates to integration of the elements considered in the WP. The
same activity has taken place throughout all of the technical work packages (WP3, WP4,
& WP5). The integration activity considers how support technologies, such as BIM, may
be used to bring elements of the S-CODE project together, and manages which of the
elements considered in the technical work packages will be taken into WP6 and WP7.
2.1

Work Package 3 Architecture and D3.1 Structure

The work carried out in S-CODE work package 3, and described in this report, is
considered in the three themes described above. Within these themes a number of
technologies and approaches have been considered in depth within the work package,
and these are among those listed in the roadmap presented in Figure 1. Although the
focus of WP3 is towards component development and proof-of-concept elements, it is
useful to consider how these technologies can potentially fit together to create fully
integrated monitoring and inspection systems. With this in mind, the work described in
the forthcoming technical sections of this document can also be grouped into 5
workstreams:
 Autonomous inspection to inform autonomous repair using lasers, video,
acoustics, and other NDT techniques.
 Embedded passive dynamic effect monitoring using accelerometers and other
relevant sensors and intelligent processing algorithms.
 On-train monitoring and correlating the resulting data with the infrastructure
based dynamic effects monitoring.
 Embedded monitoring of the actuation system.
 Fault tolerant control of the S&C.
These workstreams are inherently interrelated and communication of data is also
therefore required. Working with the Shift2Rail project In2Track, a communications
framework has been developed and details disseminated throughout the S-CODE project
in order that future demonstrators will support a common data interchange format. The
relationships between the S-CODE WP3 workstreams are presented in Figure 2.
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Figure 2: S-CODE WP3 workstreams

This deliverable report is structured as follows. Section 3: Objectives, summarises the
objectives of the work package and it’s inputs into the Shift2Rail Multi Annual Action
Plan. The three main technology development themes described in the roadmap are
introduced in Section 4: Actuation Monitoring and Control, Section 5: Substructure and
Dynamic Impact Monitoring, and Section 6: Autonomous Inspection and Repair. The
cross-cutting work relating to communications and data management is presented in
Section 7: Standardised Communications and Data Exchange. Integration activities and
demonstrator planning are then described in Section 8: Integration, which is followed by
conclusions in Section 9.
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Objectives

3

Captured in a single sentence, the objectives of work package 3 could be described as:
“To select the best sensing and monitoring technologies to ensure the S&C functions
correctly, to provide early warning of common problems with S&C, and to automate
inspection and maintenance activities.” Specifically, WP3 has three objectives, as listed
in the Description of Action:




O3.1 Development and integration of data and sensor systems to support the
elimination of manual inspection and maintenance interventions.
O3.2 Development and integration of intelligent self-diagnostic systems capable
of monitoring the current state-of-heath (and future states) which take account of
the environment and external factors.
O3.3 Design of fault-tolerant control systems that support self- adjustment, selfcorrection, self-repair and self-healing.

This deliverable aims to describe the activities undertaken within the work package
towards these objectives. O3.1 is first considered in terms of a basic evaluation of
conventional S&C sensors. This is undertaken only at summary level having been
recently given extensive consideration in the Capacity4Rail project. O3.1 is also
considered in terms of condition monitoring approaches, with both rule and model-based
approaches being considered. Additionally, the objective is served by investigations into
novel sensing technologies, and the use of simulation and modelling to identify key
locations for measurement and the required performance of the sensors. O3.2 focuses
on intelligent diagnostic systems, electing to consider these in the context of the
dynamic effects associated with S&C and their supporting substructure, rather than
conventional condition monitoring applications. Finally, O3.3. considers the control
systems for novel S&C and in particular what sensing and monitoring would be
appropriate to support both the selected control regimes and fault tolerant control
approaches.
The work carried out in WP3, and the rest of the S-CODE project supports the Shift2Rail
Multi Annual Action Plan (MAAP). WP3, in particular, supports technical demonstrator
TD3.2 through:
 The development of new sensor systems and methods for inspecting new
components, or components currently not monitored.
 The design of new control systems to take advantage of enhanced information
from additional sensing in order to compensate for faults / degradation.
 The embedding of sensors within S&C in order to reduce the need for inspection
or maintenance interventions.
In addition to this, the S-CODE WP3 activities also maintain strong links to the project’s
counterpart activity focusing on incremental S&C development through the In2Track
project. Through this mechanism, S-CODE WP3 has supported the development of TD3.1
through:
 The evolution of sensor types, monitoring architectures, and processing.
 The development and adoption of communications systems to support distributed
condition monitoring architectures.
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4

Actuation Monitoring and Control

4.1

Introduction

This chapter focuses on the first of the three main technical themes of WP3, actuation
monitoring and control. The section considers different concepts for sensing and
monitoring that can be applied to the normal operation of S&C; along with how these
technologies can be used to provide control, and intelligent control, of such systems. The
technologies considered are discussed within the context of conventional S&C, although
many would be directly applicable to the future radical S&C concepts identified in WP2
and being considered in the wider S-CODE project. Initially a range of different sensors
types which are currently or potentially could be used to monitor S&C are described. This
discussion is conducted in summary form, highlighting only key technology areas
identified in a recent Capacity4Rail exercise. The technologies identified range from
simple displacement sensors to more advanced sensing mechanisms requiring advanced
processing such as vision systems combining both lasers and cameras to develop point
cloud representations of the S&C.
Beyond the basic sensor elements, the theme also considers the application of
monitoring to different actuator element types. The actuators are modelled along with
high level representations of the S&C structure as to retain compatibility with a number
of the concepts discussed in WP2. The actuation method is then included within a closed
control loop system model in order to demonstrate a controlled linear positioning system
and the significance of sensing inputs to its operation.
The final aspect of this theme of WP3 is to enhance the robustness of the system by
including fault tolerance and health monitoring. This means that, if a fault (or failure)
develops in a sensor, actuator or any of the other elements of the control system, the
whole system must continue to operate in such a way that it avoids degradation of
performance. This section therefore considers fault tolerance, and how the control
system should identify and accommodate any faults that develop.
4.2

Overview of Sensors Used for Railway Systems Monitoring and Control

S&C of all forms can be monitored using a variety of sensors. Measurements of different
parameters, at different physical locations, and using different sensor types, will yield
different levels of information about the condition of the asset. Direct measurement
often provides the best information, but usually relies on invasive sensing which can be
difficult to obtain approvals for. Indirect measurements, or measurements of secondary
parameters indicative of the condition of a primary parameter, are often easier to
implement, particularly in the live railway. Many wider S&C faults can be identified
through the performance of specific components such as the points machine. This
section contains details of various types of sensors that can be used to instrument S&C;
some of which are illustrated in Figure 3.
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temperature

displacement

strain

force

detection

vibration

current
& voltage

Figure 3: Example measurement inputs to S&C monitoring systems

4.2.1

Whole System Commercial Offerings

There are a number of systems currently in use for S&C monitoring. Perhaps the most
complex system is VAE ROADMASTER 2000. It uses a large number of different sensors
as shown in Figure 4, below. However, this is also an expensive system.

Figure 4: Voestalpine's switch monitoring capabilities, copyright Voestalpine, reproduced from [1]

Another system is POSS, which monitors the point machine. The company Vortok
produces a multi-sensor system that could also be used for S&C, and their solution is
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capable of measuring force, acceleration and temperature. By default Votrok is installed
on the rail web. Other monitoring systems are more likely to be based on optical
principles. Future systems for dynamic effects monitoring should be small, inexpensive,
and should monitor above all the dynamic effects and, despite their change, should be
able to inform if maintenance is needed and what kind.
4.2.2

Measurement of Electrical Parameters

4.2.2.1

Current Sensors

Three basic measurement technologies are used to measure electric current.
A Hall probe is used to measure the magnetic field excited by electric current passing
through a conductor. Hall probes output voltages, which can be converted to an
equivalent current value using a calibration reference. Both alternating (AC) and direct
(DC) currents can be measured with a Hall probe. The main disadvantage is the need to
connect the sensor into the circuit; while an electrical connection is not mandatory, the
positioning of the sensor relative to a conductor can sometimes require physical
interaction with the system.
The second type of current measurement is achieved using a measuring current
transformer. This type of measurement only allows alternating current (AC) to be
measured, which is not applicable to all point machine types. Connection to the circuit is
non-invasive, it is not necessary to insert the measuring element (transformer) straight
to the measured circuit (contactless measurement). The current transformer output is
voltage, which is converted to represent current in the monitoring software in a similar
way to the Hall probe.
The third measurement type is electric current measurement using a shunt. In this case,
a resistor is connected in parallel with the circuit being measured. A voltage loss occurs
on this resistor and, using Ohm’s law, the current value can be calculated.
These sensors could be located in switchboard or lineside cabinets, machine interface
junction boxes, or around interlocking gear. These sensors are, at present, embedded
into many commercially available data logging or condition monitoring products such as
Centrix by MPEC [2]. They are currently used in point machine condition monitoring
systems worldwide.
4.2.2.2

Voltage Sensors

Voltage can be measured using analogue-to-digital (A/D) converters with appropriate
protective elements. To measure high or sensitive voltages, galvanically isolated
converters are often used to provide electrical isolation between the high and low
voltage sides of the measurement circuit.
Similar to current sensors, voltage sensors can be located in lineside and switchboard
cabinets, machine interface junction boxes, or interlocking gear. Commercial systems
such as Westwatch developed by Invensys (formerly Westinghouse) monitor voltage
data [3].
4.2.2.3

Electrical Performance

Depending on the type of points machine, some condition assessment algorithms must
be applied to a measurement of active power. This is obtained using a combination of
current and voltage measurements. In this case, synchronised measurements of both
forms are required. It is common for these to be obtained using a single logging system
in order that instantaneous samples can be combined in a synchronised manner.
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An example of such a system would be the product Daen Lite developed by Smart
Motors [4]. According to the manufacturer, this product monitors all relevant electrical
parameters of point machines and recommended for installations at minimal critical
areas.
4.2.3

Measurement of Thermal Parameters and Environmental Effects

4.2.3.1

Thermometers and Thermocouples

Analogue and digital thermometers can be used to measure temperatures. Digital
thermometers require interfacing via specific communication protocols using a microcontroller or PC. Analog thermometers operate using a range of principles such as
thermistor in which the measured temperature is presented as a resistance which is
measured and back converted using reference values. A common alternative is the
thermocouple which uses material properties of different metals to generate a small
voltage proportional to temperature across its terminals. Specific thermocouple
amplifiers are used to present this as a manageable analogue (or digital) signal.
Different sensor types operate in different temperature ranges and with differing levels
of robustness, accuracy, and cost.
The company FindlayIrvine has placed wireless thermometers on rails, while others have
them on switchboards or the surrounding environment. An example of Thermocouple
based system is the PT100 RTD Sensor Node manufactured by the company Senceive
[5].
4.2.3.2

Moisture Sensors

Precipitation sensors operate based on a measurement of conductivity changing due to
the effect of precipitation and thus moisture in the air. They do not necessarily measure
precipitation directly, although electro-mechanical systems to directly measure liquid
volume do exist. Relative environmental humidity can also be measured with a humidity
measuring sensor.
Siema/Vosloh have developed a predictive monitoring system, SURVAIG [6], which
includes a humidity sensor among other input channels.
4.2.4

Measurement of Force

4.2.4.1

Strain and Load Sensors

Strain gauges can be used to measure strain as a proxy for force or load in components
of S&C. They are available in various mechanical forms, and are often combined to
produce half or full “bridges” capable of compensating for the effect of temperature. In
addition to the supply to the bridge, measurements require specific amplification and
data logging. Where the structure of a component is known, it is possible to infer force
within the component, and also to calculate static and dynamic loads.
Specifically designed load transducers, often making use of strain technology, can be
used to take direct measurements of force from within interfaces such as the drive
interface between a points machine and a switch, longitudinal and lateral loads along the
S&C, and loads in fasteners. Lower profile load sensors can also be fitted between
components, for example rail pad sensors can be used to measure axle loads.
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Figure 5: Strain gauges fitted to rails [7]

These kinds of sensors are small and can be positioned at many places of interest
including sleepers, rails, and other mechanical parts of points (to measure tensions,
deformations, etc.). Strain gauges are available from a range of suppliers and specialists
such as HBM.
Fibre optic solutions to strain measurement are also available using Fibre Bragg Gratings
(FBG). Hong Kong Polytechnic University have been working in this field for some time
[8]. In these systems a fibre is laid along the length of the target and a grating applied
such that deflections in the target and structure generate imperfections in the
transmission. By moderating the transmission signal, it is possible to inspect these
points along the fibre in order to ascertain variations and thus infer bending or strain.
The systems are generally limited by expense at the point of transmission, requiring
variations in output for each measurement point along the fibre.
4.2.4.2

Sub-grade Pressure Sensors

Sub-grade pressure sensors are pressure sensors inserted in the rail sub-grade. When a
train is passing, the force (pressure) acting on the sub-grade causes the electronics in
the control element of the sensor to output a signal which can be recorded using a
standard logger.
Pressure cells are often used to monitor stress/load under ballast or subballast but can
also be positioned under key S&C components. It is also possible to use them to make
inferences about track stiffness.

Figure 6: Earth pressure cells ©indiamart.com
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Figure 7: Pressure cells mounted in subgrade ©COMSA

There are several forms of both active and passive pressure sensors. One form uses a
vibrating wire interface in which an external logging circuit excites the sensor and the
signal returned varies with pressure. Vibrating wire logging systems are available from
all major data logger manufacturers both within and without the rail industry, for
example Campbell Scientific. A wireless vibrating wire interface system approved for use
in the rail domain is available from Senceive [9].
4.2.4.3

Dynamometers

A dynamometer can be applied to the rotating drive components within a points machine
in order to measure the output of the drive motor. This is directly equivalent to
measurements of the force in the drive system, which can then be calculated if the
mechanical architecture is sufficiently well known.
4.2.5

Measurement of Position And Displacement

4.2.5.1

Position Sensors

Position sensors can be used with contact sensing, positions are detected when the
sensor (e.g. a rod) is firmly connected with the measured object and the distance is
calculated from the change in the sensor resistance. Contactless gauges are also
available; they react to the magnetic or electrical fields in the vicinity of the gauge. The
physical design has many versions, with variability in output signal. Additionally, various
types of ultrasonic or optical reflection-based sensors are available for contactless
position detection or even short range distance measurement.
Limit sensors, which only indicate on/off states, are currently used to detect the position
of thrown over points. Only the final state can be detected by limit sensors, not the
exact position.
4.2.5.2

Distance Sensors

LVDT sensors (Linear Variable Differential Transformer) and linear potentiometer sensors
can be used for measuring displacements or relative movements. The sensors can be
located within the moving components of a switch or points machine for measurements
of the throw, or between static components to assess movement during vehicle
passages. This technology can also be used for vertical measurement of the rails, as
implemented in the Voidmate product from Datum [10] which is used for measuring void
spaces below the rails. Laser based non-contact displacement transducers can also be
used in these applications. These technologies are generally easier to install (requiring
only one fixed point), however there are associated issues around cost and robustness.
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4.2.6

Measurement of Vibration

4.2.6.1

Accelerometers

Accelerometers are used to measure acceleration, but often applied to the quantification
of vibrations. Care must be taken in the selection of accelerometer appropriate to the
range of accelerations that it will be subjected to. Measurement of the rail domain often
requires looking for small accelerations occurring in environments that may have very
large occasional accelerations. In this case it is easy to select a sensor with too low
sensitivity, or that saturates its output due to the noise of the environment.
Accelerometers are often paired with rate gyroscopes and occasionally tilt sensors to
produce full inertial measurement units. These are more commonly applied to vehicles
than infrastructure. All inertial sensors require calibration and processing for their
outputs to be useful. Beyond maximum amplitudes, it is common for acceleration data to
be processed in the frequency or time-frequency domain.
Accelerometers are commonly located on the sleepers, rails, within the sub-grade or on
key switch and crossing components. Sensors mounted on the crossing panel
(particularly the nose) require particular operating ranges and high-speed sampling in
order to capture relevant information.
4.2.6.2

Seismic Sensors

Seismic sensors measure vibrations in the ballast and/or other types of rail substructure
such as slabs, bridges, tunnels, etc., vibrations affecting other structures close to the
S&C, seismic actions from earthquakes, ground movements, etc.
In the rail industry, seismic sensors (e.g. MSR 145/165) are used to measure vibrations
and other structure-borne noise and are generally placed at specific locations (e.g. 7.5 m
from S&C frog and toe) to measure impact forces, vibrations and structure-borne noise.

Figure 8. Seismic sensor to measure vibrations ©COMSA

Seismic sensors can also be applied to the rails and sampled at 4 kHz, to monitor
vibrations and structure-borne noise.
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Figure 9. Seismic sensors on rails ©COMSA

4.2.7

Measurement of Sound

Audio signal recording requires extensive signal processing in order to be used as a
meaningful measurement tool. Microphones are often placed near (<5 m) to the rail in
array configurations for condition monitoring applications. Beamforming, or other
processing, is then used to focus the array in order to target specific elements of the
railway. The sensors are generally inexpensive individually although array sizes can be
large.
The same technology is used for noise measurements in line with ISO 3095.
Microphones, positioned 3.5 m from the ground, are placed at different distances from
the track or S&C.
Sampling for these applications is often undertaken at 44 KHz.
4.2.8

Optical Measurements

4.2.8.1

Infrared Cameras

Temperature sensing can be used in the area of points in order to consider the
performance of the points machine or the operation of points heating equipment. The
installation and the required processing for condition assessment (simple hotspot
detection) is comparably simple, however the cost of the equipment is not insignificant.
Simpler infrared temperature probes are a more available solution for trackworkers,
however they must be configured for the emissivity of the target which can lead to
errors in their use. Examples of field deployable infrared sensors are available from
Fluke, with more advanced systems being available from companies such as MicroEpsilon
[11].
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4.2.8.2

Machine Vision (Optical Cameras)

Machine vision can be used for the automation of visual inspections of S&C [12].
Software is required to obtain measurements from the images that make up the
recordings. With the displacements or feature positions identified, further calculations
such as the time of throwing over, speed of movement, toe gap, etc. can be calculated.
Visual systems can also monitor for the presence of obstacles in the S&C.
For systems concerned with vehicle passage, the effects of vehicle passage on the
infrastructure, or where the camera is positioned on the vehicle, high-speed cameras
with increased framerates are available, although their cost is significantly greater than
their conventional counterparts and there are additional data manipulation and
processing constraints.
4.2.8.3

Profile Lasers

Non-contact laser displacement technology can also be applied over a 2D space in order
to measure the cross-sectional shape and orientation of each rail. These profile laser
measurements can be used to identify rail wear and cant at a particular location and can
also be used to monitor frog wear. A number of manufactuers exist, with examples of
the technology including the GV-H45 or GV-H45L from KEYENCE which have a measuring
distance ranging from 20 to 45 mm and an accuracy of +/-0.01 mm. Another railwaybased example of the technology is the measurement of lock gap using control blade
monitoring developed by Smart Motors [12]. While profile lasers are sometimes used as
part of UGMS in track recording systems, longer range measurements such as those for
vegetation or tunnel profiling are often carried out using LIDAR based laser technologies.
4.2.8.4

Optical Wear Measurement

Regression, Erosion and Ablation Sensor Technology (REAST), is a fibre-optic based wear
measurement system in which fibres are embedded in objects likely to wear and whose
performance varies when that wear reaches threshold levels.
4.2.9

Measurement of Train Speed

The interpretation of many railway measurements is dependent on the passage of a
vehicle. In these cases it is often beneficial to know the vehicle’s speed and position.
There are several ways to achieve this, technologies include: vibration sensors on the
rail or sleepers which indicate increasing values until the vehicle passes them; radar
speed guns; simple light gates; visual (camera) inspection techniques based on image
processing [13]; and acoustic measurements and processing associated with Doppler
effect [14].
4.3

Track Switch Control Systems

Railway track switches generally have one or more actuators which can be controlled
either together or independently. Within the S-CODE project, switch actuation is mainly
considered within WP5 – “next generation kinematic systems: actuators and
mechatronics”, however, the sensing and control associated with those actuators is
addressed in the following sections.
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4.3.1

C-type Switch Integrated with Actuator

Figure 10: Model of a switch integrated with an actuator

A model of a C-type switch has been developed and integrated with an actuator model
using the underlying physics described in [15]. The switch is designed as a finite element
model and assembled in the multi-body simulation (MBS) software Simpack. The input
force to actuate the model is given by mathematical modelling of an electro-mechanical
actuator in MATLAB. The actuator model receives three signals from the MBS model:
sensors positioned to measure toe position, velocity, and current. This basic model has
then been developed for three different purposes - control, condition monitoring, and
fault detection schemes. These individual schemes will be described below.
Having identified the plant (i.e. control of position of switch rail) and generic control
scheme, the next step was to identify possible sensors that could be used for control
purposes. These are listed in Table 1, below.
Table 1: List of measurands and relevant sensors

Measurand
Electrical current
Fluid pressure
Linear position
Angular position
Magnetic field
Force
Torque

Sensor (Examples, not limited to)
Current
Pressure transducer
Linear potentiometer, draw wire
potentiometer or LVDT
Encoder
Magnetic field sensor
Load cell
Torque transducers/cells

For the electro-mechanical actuator being considered, sensors for electrical current and
linear position are required.
4.3.2

Open- and Closed-loop Control

A generic control scheme is shown in Figure 11, below. It must be noted that the switch
rail needs to be locked once it is in its desired position.
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Figure 11: (a) Schematic of a generic control scheme for a railway switch. (b) Block diagram of a
generic position controller.

The model shown above can be augmented with either open- or closed-loop control. In
open-loop control, an actuation command is given to the actuator and the switch rails
will move in response to it. However, in closed-loop control, the position of the toe would
be sensed and driven by the controller depending on the actuation commands
generated.
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Figure 12: Switch actuation in open-loop, and its response

Figure 12 shows the actuation command (top) for the actuator and the response of the
switch toe in terms of its displacement (bottom). It can be observed that the switch toe
moves in response to the voltage command, both from one side to other and also in the
return direction.

Figure 13: Closed loop actuation control
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The closed loop control is shown in Figure 13, it takes the form of a cascaded loop. The
inner PI controller is a current control loop, while the outer loop controls the switch
position and is designed using state variable feedback theory with integral action [16].
The performance of the closed control loop can be observed in Figure 14. The voltage
applied to the motor is governed by the real-time controller based on the measured
values of current, velocity, and the difference between the desired and actual toe
positions. It can be seen that the toe position gradually approaches the desired position
over one second. The shape of this transient path could be designed by judicious
parametrisation of the controller.

Figure 14: Closed loop control response

4.4

Fault Detection and Identification (FDI)

4.4.1

Common S&C Faults

Zhou et al. [17] have identified the operational failures in S&Cs by analysing the data for
the duration January 1, 1994 to December 21, 1998 from a 13 mile (21 km) stretch of
track in the south-east of England containing 170 sets of points (i.e. switches) actuated
by style 63 points machines. Amongst those failures, and after the most commonly
occurring classification of “no fault found”, the most significant ones were:
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(a) Dry slide chairs (21.1%)
(b) Fittings (10.5%)
(c) Obstructions (10.1%)
(d) Stretchers/drives (6.1%)
(e) Lock out of adjustment (5.9%)
Network Rail, the UK Infrastructure Manager are now rolling out Points Condition
Monitoring (PCM) to the network as part of their Intelligent Infrastructure initiative. This
is mirrored throughout Europe with most IMs having some form of PCM technology
available.
4.4.2

Fundamentals of FDI

4.4.2.1

Terminology

The IFAC Technical Committee on Fault Detection, Supervision and Safety of Technical
Processes (SAFEPROCESS) developed a set of standard definitions in this area to avoid
confusion among researchers. Highlighted below is the difference between a fault and a
failure:
Fault: an unpermitted deviation of at least one characteristic property or parameter of
the system from the acceptable/usual/standard condition.
Failure: a permanent interruption of a system's ability to perform a required function
under specified operating conditions. A failure is therefore more severe than a fault.
Methods of fault detection and diagnosis should meet the following requirements:
 Early detection of small faults in the actuator and sensors
 Diagnosis of faults in the actuator, key components, or sensors, with minimal
false alarms
 Detection of faults in closed loops
 Supervision of processes in transient states
The benefit of early fault detection and diagnosis is that it allows other system
operations to be enacted, for example triggering redundancy, reconfiguration, and
maintenance or repair.
4.4.2.2

Model-based FDI

One method for identifying process changes due to faults at an early stage is to use
process models combined with sensors. Using models also allows for parameters that
cannot be measured, like process state variables and parameters, to be estimated.
Model-based fault detection methods rely on the concept of analytical redundancy. This
is in contrast to physical redundancy where a suite of sensor measurements are
compared to each other. Hence, these methods use the relation between the
experimentally measured variables and the estimated (model) output variables to detect
the presence of a fault [2].
The Fault Detection and Identification (FDI) process consists of two main stages:
(i)
Residual (error) calculation
(ii)
Evaluation
There are three important model-based fault detection approaches which make use of
residual generation, as described in Table 2:
 Parameter estimation approach
 Observer-based approach
 Parity space approach
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Table 2: Methods of fault detection [18]

4.4.2.3

Fault Detection Using the Parameter Estimation Approach

Parameter estimation works on the principle that faults in a system can manifest as
changes in the model parameters such as friction, mass, capacitance, inductance, etc.
The physical laws governing the process behaviour of the system should be known in
order to design the parametric model of the system required for this method.
4.4.2.4

Fault Detection Using the Observer-based Approach

Here, the redundancy provided by multiple sensors is provided analytically via observers.
The observer-based approach, in deterministic mode, uses Leunberger observers or a
Kalman filter in stochastic mode to estimate system outputs from measured outputs. It
is assumed that the structure and parameters of the system are known in order for state
observers to be used.
The estimated states form the basis for a logical voting process whose results would
provide information on an incipient fault or normal operation of the system if the
dynamic parameters of the system are known. If one of the sensors is in error, then the
state vector estimated by its observer will also be in error, and the comparison among
the estimated states will identify the faulty sensor. For normal functionality of the
sensors, the estimated states will converge to the same value as the real states. Either a
single multi-variable state observer, or a bank of observers, can be used as proposed
and demonstrated by [19, 20].
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Fault Detection Using the Parity Space Approach

4.4.2.5

The parity space approach is a test of the consistency of the parity equations. The parity
equations are defined by modifying system equations using experimentally measured
outputs [4,5]. From the residuals of the parity equations, faults can be detected.
4.4.3

Fault Tolerance

In fault detection, it is important to supervise both the inputs and the outputs of the
system, especially in the closed loop case. If a PI controller is used in a closed loop it is
usual for there to only be a small deviation in the output with it returning to the
expected behaviour with time. However, the control input has a permanent deviation in
its expected behaviour when there is a persistent fault. It is therefore important to
monitor both the inputs and outputs. Parameter changes and faults can also be
compensated for by the controller in the closed loop case, these would not be detected if
only the output is monitored.
Table 3: List of components, their faults, and fault-tolerant strategies

Element
Controller

Probable faults
Failure

Power

Failure

Actuator

Drift
Failure
Lock-up

Sensor

Bias
Drift
Failure/Freeze

Plant
(switch)

Increase in
friction

Possible fault-tolerant strategies
- Multiple redundant modules with
voting
- Dynamic redundancy
- Multiple redundant modules with
voting
- Dynamic redundancy
- Adaptive control
- Multiple redundant modules with
voting
- Dynamic redundancy
- Analytical redundancy
- Multiple redundant modules with
voting
- Dynamic redundancy
Handled by robust control design

majority
majority

majority

majority

It is not essential to have redundancy in all elements of the control system. A reliability
assessment of each element should be used to inform the necessity of fault-tolerance. In
some cases, it may also be possible to have passive redundancy.
Majority voting-based fault-tolerant strategy can be seen in Figure 15 where (n-1)/2
faults can be tolerated from n number of modules; here n is odd. This configuration
could mean high costs and more power consumption as all modules are active.
Furthermore, in this approach, the fault is tolerated without having to detect and
diagnose what type of fault has occurred. Common-mode faults cannot be tolerated as
all modules will have them, but failure or malfunction of modules will be tolerated. This
type of redundancy could be appropriate for electronic components and controllers for
railway switches.
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Module 1

Module 2
Voter

Module n
Figure 15: Schematic showing a redundancy approach based on majority voting.

Dynamic redundancy can be seen in Figure 16 where redundant elements can be
considered as “hot standby” or “cold standby”. Hot standby means that the redundant
elements are operationally active. Cold standby means that the elements are
operationally inactive. In both configurations, fault detection is required and can be
performed via various methods outlined in section 4.4. Here, extra computing is required
but a minimal configuration uses two modules (one active and the other redundant).

Fault flags

1
Fault
detection

Con
trol

reconfiguration

2

Figure 16: Schematic showing dynamic redundancy with hot standby (when elements in orange
colours are not present) and cold standby (when elements in orange are present).

Analytical redundancy can be designed and implemented in the control system for most
of the identified sensor faults. The general scheme of analytical redundancy is shown in
Figure 17.
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Figure 17: Schematic showing implementation of analytical redundancy in a control system

Analytical model-based methods are powerful methods to use and are considered
through a simulation environment in later sections.
Proposed Fault Detection, Identification, and Accommodation (FDIA)
Scheme

4.4.4

From the literature, it is evident that it would be useful to devise a Fault Detection,
Identification and Accommodation (FDIA) scheme for the S-CODE concepts in order to
detect and diagnose faults in the early stages of them occurring. In doing so, these
concepts could then improve availability and inform a reduced cost maintenance strategy
as the frequency of maintenance tasks could be lower. Ultimately, this will also increase
the overall safety of track switches.
Figure 18 shows the typical elements of a control system that would be present in a
switch position control system. It is obvious that the plant, i.e. switch, cannot be made
redundant and it will be a single point of failure in this scheme. However, the reliability
can be increased by providing fault-tolerant schemes for:
a)
b)
c)
d)

Controller
Power system
Actuator
Sensor

Set point

+

Controller

-

Power
electronics

actuator

Plant
(switch)

Position

Sensor

Figure 18: Block diagram of a generic position controller for the railway switch

In most of the approaches mentioned above, fault/status flags can be generated that
could be used to suggest that maintenance be carried out.
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4.4.4.1

Analytical Fault Detection and Accommodation

In this section, methods to detect faults in sensors are considered. The fundamental
principle in the identification of faults is to replicate the physical system with the help of
“software” sensors achieved by observers. They estimate the response of the system
and also compare it with the actual response measured by a sensor. A fault is raised
when there is a discrepancy between the two signals is more than a prescribed
threshold, or when an inconsistency is detected among different sensors.
As described in the previous sections, there are three sensors in the model that has been
developed. These measure the motor current, its velocity, and the switch toe position.
An observer is developed for each sensor thereby leading to a bank of observers. The
schematic of this method is shown in Figure 19.

Figure 19: Schematic of fault detection scheme

An example of this scheme is shown in Figure 20 where the switch position sensor is
faulty for a brief period of time when the switch is being actuated to move in one
direction, as indicated in the bottom plot. The signal, coloured red, is measured from the
actual position sensor which is faulty from 1.6-3.2 s. However, the fault is
accommodated by an observer which has generated the equivalent signal, shown in
black.
In this case, the signals from other two sensors were found to be consistent with the
signals generated by the observers. Hence the toe position sensor was deemed to be
faulty, and the signal from the position observer was substituted for the one from the
sensor. Similar results can be obtained for the current sensor and the velocity sensor.
Note; this scheme can accommodate up to two faulty sensors at any one time.
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Figure 20: Position sensor fault and its accommodation

4.5

Condition Monitoring

While the systems described in Section 4.4 consider the instantaneous condition of a
switch or an input into a switch control system, it is also important to consider the
ongoing health of these components. This way, it is possible to identify early stage minor
faults, to track degradation, to generate predictions for remaining useful life, and to
advise maintenance systems.
Two different ways of doing this have been considered and are described in the following
subsections. The first is a rule-based approach to condition monitoring and the second a
model-based approach. The output of either system could be used to generate
maintenance activities.
4.5.1.1

Ruleset-based Fault Detection / Condition Monitoring

As an alternative to the model-based techniques described above, ruleset-based fault
detection is more commonly used both in general and within the rail industry. Evolving
from simple threshold-based methods, modern rule-based techniques lie at the core of
intelligent systems which can identify condition from sensor data directly. This is distinct
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from pattern-matching approaches and relies on understanding correlations between
sensor data and the physical effects of the system rather than just statistical variation in
the data. ISO standard 13374, summarised in Figure 21, describes the use of machine
learning in condition monitoring. The standard covers the whole process from basic data
acquisition through to condition detection and health assessment, and then on to
advisory generation.

Figure 21: ISO 13374

S&C Self-diagnostic System Based on Switch Movement
It is possible to identify faults that develop during switch movement through evaluation
of data recorded during operation. Machine and switch faults can be detected and
categorised using sensor inputs such as the current supplied to the machine or the force
in the drive system. Additional sensors such as those described in Section 4.2 simplify
the analysis or improve the detail in which the fault can be reported.
Different algorithms can be used to classify the faults and estimate the health which in
turn could be used for control purposes. The integration of actuation sensors with
additional system-wide sensors would simplify the identification of fault locations and
allow an advanced system to trigger autonomous maintenance.
The basic method to detect fault is shown in Figure 22 and can be explained as follows.
The current, or other signal, can be plotted against time during actuation for both
healthy and faulty S&C (Figure 23). The features which are different between the signals
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can be identified and parameterised in a “fault library”. In real actuation, the signals are
heuristically examined for the presence of features from the library and a percentage
chance that each feature is present in the signal established. As more data is collected,
algorithms refine likelihood and observed magnitude of each fault type.

Collect fault-free and extreme
faulty data

Identify areas of interest using
relevant analysis techniques and use
them to create rules

Apply those rules to other waveforms
and match similar features using the
trained fault data as a basis for scoring

40%

Figure 22: An example of a rule based diagnostic system for current monitoring
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Figure 23: Example of electric current and force measurements of S&C movement

Waveform Areas of Interest
As different faults manifest themselves in the sensor outputs at different times
throughout a throw, it simplifies the processing to consider a switch movement (and
thus a waveform) in four “phases” - inrush, unlock, move, and lock.
With a displacement sensor, these phases can be determined very accurately, as shown
in Figure 24. If the displacement sensor fails or is not available, the point machine could
also use a model or observations of other signals to divide the throw into phases.
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inrush

unlock

move

lock

Figure 24: Waveform areas of interest

Figure 25 shows an example current waveform divided into the four phases. The figure
shows a periodic increase in current consumption in the movement phase. This kind of
pattern, occurring in this phase of the throw, is indicative of a misalignment of slidechair rollers. Based on this, a percentage chance of that particular fault would be
indicated, and this could be used to generate maintenance actions.

Figure 25: Automatic phase identification and feature extraction

4.5.2

Model-based Condition Monitoring

In model-based condition monitoring the system should be identified at regular intervals
to check if its parameters have changed from their original values. In this work package,
test signals were designed and applied to the switch model through the actuator model
with the switch model’s response being measured. Based on the input and the obtained
response, the system parameters are recalculated and compared with the initial values.
A flowchart describing this process is shown in Figure 26.
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Figure 26: Flowchart describing the monitoring of parameter changes within a system

4.5.2.1

Identifying the System

An example identification is shown in Figure 27 where the switch toe position and the
motor current are measured in response to an actuation test signal. The test signal has
been designed to drive the switch blades across most of their stroke (but without
impacting the stock rails).

Page 35 of 244

Figure 27: Identifying switch system with a test signal.

The relationship between the quantities θ, which is the angle of motor rotation, and 𝑖,
the motor current, are given in Equation ( 1 ). The parameters 𝐽, 𝐾𝑑 and 𝐾𝑠 represent the
inertia of the mechanical system, damping constant and stiffness, respectively. The
parameter 𝐾𝑡 is a constant denoting the spindle ratio which relates the angle of the
motor shaft to its linear displacement.

 (s)
i(s)



4.5.2.2

Kt / J
s  (Kd / J )s  (Ks / J )
2

(1)

Identifying the Parameter Changes in a System

Experiments were conducted within the simulation environment. One of the parameters
was gradually increased leading to a change in system behaviour. Figure 28 indicates an
increase in friction up to 300% from initial value over six test runs. In reality, friction
might change after few hundred cycles depending on wear of the components and other
environmental conditions.
The top bar graph (shown in green in Figure 28) shows confidence in estimating these
parameters which is close to 100%. If it were too low, say below 80%, the test would be
deemed to have failed and should be re-run. The other plots show the changes in the
physical parameters. All the parameters, other than friction, remained constant in all six
test runs. Similar tests have been carried out to investigate changing the spring force (of
the rails) and for gradual failure of the motor.
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Figure 28: Plots showing fit for estimation (in green) and changes in coefficients (blue).

4.6

Summary

This section has considered three main aspects within the theme of actuation monitoring
and control. Initially, a summary of sensors suitable for monitoring S&C was presented.
This section illustrated a number of different potential monitoring approaches and
highlighted particular key parameters associated with a number of the sensor types that
must be considered in order to reliably use those kinds of sensors within the railway
environment. This section was presented first as the kinds of sensors considered feature
throughout all of the work undertaken within WP3 and the rest of this report.
In the second part of the section focused on control systems. A standard C-length switch
model has been integrated with a mathematical representation of a conventional
actuator in order to develop a baseline system for the application of different control
strategies. Using this development platform a closed loop control system, with the toe
position as the feedback parameter, has been designed to deliver smoother actuation of
the switch blade. The benefits of closed loop control in this application are hence
demonstrated. This approach could equally be applied to other switch concepts identified
in WP2 as their models become available from the other main technical work packages.
Finally, the third part of the section described how additional sensors could be integrated
into the control model in order to demonstrate the benefits of fault tolerant control
systems for S&C actuation. The model was shown to be able to identify gradual
degradation of system parameters such as friction in this whole system, as well as
identifying, and thus adapting to, faults with particular sensors or combinations of
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sensors. Through parameter change detection and control system robustness, the
section has demonstrated how model-based condition monitoring can be applied to S&C.
This approach has also been compared to rule-based approaches used in intelligent
condition monitoring systems.
The work carried out in this first theme, and documented in this section, was all focused
on the operation of the S&C. While the condition of the supporting infrastructure may
factor into system performance, the work has generally been considered separately to
any dynamic effects, or to mechanical inspection of the S&C components. The next
section will consider the S&C during vehicle passages, and look more at the application
of machine intelligence to S&C monitoring.
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5

Substructure and Dynamic Impact Monitoring

5.1

Introduction

The previous section described the work undertaken as part of the first theme of the
WP3 development roadmap. The theme considered the performance and health of the
S&C during the switching operation. Complementing these activities, the second theme
from the roadmap focused on evaluation of the S&C condition and performance during
the passage of vehicles. Specifically it considered the significant dynamic effects of the
interactions between a vehicle and the S&C, and also how the behaviour of the S&C
during such events might be indicative of the condition of the supporting substructure.
Work undertaken in the second theme, and presented in this section, includes sensor
selection and instrumentation design work focused specifically on the measurements
required. Generally, this uses conventional sensing approaches, but components of
particular tolerances and performance characteristics. The section includes material on
the appropriate complexity of sensor systems, and their particular arrangements. This is
considered from the perspective of the processing requirements, and a more in-depth
version of this sensor selection and placement activity is demonstrated within the third
theme.
Based on the backcasting and future technology identification exercises carried out in
WP1 and WP2, this section also considers the use of machine learning algorithms in
pattern-based classifiers, and how they can be used for health analysis. A section is also
included on higher order spectral analysis work which is a processing approach
particularly suited to the higher frequency dynamic effects associated with the
components of interest in this theme.
As with the previous section, much of the material explored in the second theme is
applicable to many / most of the S&C concepts identified in WP2 as few of the concepts
entirely remove the potential for wheel/rail or dynamic impacts. Where elements are
particularly dependent to different concepts (such as in the selection of the optimal
sensor set for dynamic impact monitoring), this is highlighted.
5.2

Measurement of the Dynamic Loads in S&C

Switches and crossings are an irreplaceable and key part of the railway track. In
addition, from the point of view of dynamic effects, they are some of the most loaded
places on the railway track. They are not only places with an interruption of the runway
continuity but also places with a change in stiffness. Although the track length with
switches and crossings represents a small part of the railway network, the maintenance
of switches and crossings (including road crossings and other special rail structures)
generates relatively high maintenance costs which are often higher compared to
conventional tracks [21] [22] [23]. This is primarily due to the complex force effect that
causes the trainset passing through the switch and crossing and also due to the need to
maintain many of components which the switches and crossings consist of. Apart from
the fact that the maintenance of switches and crossings entails large direct costs, it
generates large indirect costs (the cost of delaying trains, either during maintenance or
slow travel, costs of alternative train route, eventually alternative transportation…). It is
therefore essential to carefully plan the maintenance of these structures. Increasing the
speed and loadability of the track is the main problem of the current switches and
crossings in reducing of dynamic effects. The task of how to reduce dynamic effects has
been considered by several European projects (Innotrack, Ekotrack, Rivas, Mainline,
Automain, Capacity4Rail, In2Rail, In2Track). Dynamic forces are growing considerably
with speed and they are much greater than static loads. Dynamic stresses are imposed
not only on the surrounding rails, sleepers, fastening systems, track bed, but also the
point machine. The greatest dynamic effects appear in the common fixed crossing. There
is also a considerable dynamic load in the switch part and in a moveable crossing. Both
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the common fixed crossings and the switches and moveable crossings represent a very
similar problem. The key to the least dynamic effects is the high quality of the support
and the correct stiffness of the construction as well as the transition geometry. Not least
the extremely important thing is planning and the correct and timely maintenance. The
following sections consider these effects in greater detail.
5.2.1

The Mechanism of Wheel Transition from Wing Rail to Crossing Nose

The mechanism of wheel transition from the wing rail to the crossing nose (summarised
in Figure 29) is a very complex spatial problem. This issue has been considered for a
long time by several research teams, such as [24] [25] [26] [27] [28] [29]. This
problem is well described for example in [30]. Given the significance of understanding
the wheel transition from the wing rail to the crossing to this work, the following is based
on that Rivas project report.

Figure 29: Schematic representation of wheelset transition through the crossing part – view from
above [30]

Figure 30 shows the position of a wheel carried by the wing rail, before the wheel
transition from the wing rail to the crossing nose. The situation for a new and a worn
wheel profile are optimum and nearly identical, that means no difference in vibration
excitation for these wheel profiles.

Figure 30: Section A [30]

Figure 31 shows the position of the wheel in transition from wing rail to crossing. During
this transition the wheel has to pass the channel, which implies an impact. The new
wheel profile is supported by the wing rail and, with a point of thickness of about
20 mm, some part is taken by the crossing. The worn / hollow wheel profile is supported
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only by the wing rail and the crossing nose is a few millimetres under the wheel.
Depending on the wear of the wheel, the wheel may literally fall on the crossing nose
just behind this place and this generates a large impact load.

Figure 31: Section B [30]

Figure 32 shows the position of the wheel at the end of the transition from wing rail to
crossing. For the new wheel profile the wheel transition is already finished and the wheel
is fully carried by the crossing nose. For the worn / hollow wheel profile the wheel
transition is in the final phase. The wheel profile is lofted and will fall with an impact
after further horizontal movement.

Figure 32: Section C [30]

Figure 33 shows the position of the wheel on the connecting rail to point. The new wheel
profile is fully running on the left connection rail to point. The worn / hollow wheel profile
is lifted on the right connecting rail to point and runs in the further transition transversal
over the connecting rails to point with additional vertical movements.

Figure 33: Section D [30]

Figure 34 shows the position of the wheel on the connecting rail to point. The new wheel
profile is fully running on the left connecting rail to point. The worn / hollow wheel profile
has been lifted up by running over the right connecting rail to point and falls with an
impact on the left connecting rail to point.
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Figure 34: Section E [30]

Figure 35 shows the position of the wheel on the left connecting rail to point after
crossing the right connecting rail to point. The situation for a new and a worn / hollow
wheel profile are optimum and nearly identical.

Figure 35: Section F [30]

From the above it is clear that the worn wheel has another trajectory of motion and
causes a greater impact load on the crossing than the fluent transition of the new wheel
does. Of course, the geometry of the transition can also be partially adapted to the worn
wheels, but for wheels with cylindrical or concave section it will probably be impossible
to adapt the geometry at all.
5.2.2

Optimisation of the Transition Geometry

As mentioned above, the shape and wear of the wheel has a great influence on the
impact load of the crossing. Therefore within optimisation of the transfer geometry there
is an effort for the best possible transition for most wheels in service. Recently a large
European project, Innotrack, dealt this issue [31]. Within works on this project, three
types of transition geometry adjustments were modelled. The first type of adjustment
called “kinked ramp” is to reduce the angle at which the wheel approaches the crossing
nose (there are two variants: shortened and longer). The second type of adaptation
consists of narrowing the crossing flangeway to 41 mm to allow the wheelset to minimize
transverse movement. The third type of adjustment solves the elevation of the wing rail
according to the shape of MäKuDe (developed by DB Systemtechnik), which minimizes
impact load of the crossing nose. All modifications are schematically shown in the
longitudinal section of the transition geometry in Figure 36.
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Figure 36: Longitudinal section of the transition geometry – schematic view of individual
adjustments [31]

For the above three modifications, the BR101 locomotive transfers with a wheel force of
107 kN were simulated, with considered track stiffness of 500 kN/mm and the facing
direction. The simulation was done for three types of wheels: a new S1002 shape,
a worn wheel and a hollow worn wheel. The simulation results can be seen in Figure 37.
There are the results of the maximum normal contact force on the left and the results of
maximum equivalent stress on the right. As can be seen from both parts of the chart,
especially for the worn wheels, the adjustment of the MäKuDe transition geometry has
significantly lower values.

Figure 37: Influence of transition geometry and wheel profile on maximum normal contact force
and equivalent stress [31]
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5.2.3

The Stiffness of the S&C Supporting Construction

The stiffness of the S&C support is a key issue in terms of size of the dynamic loading of
the crossing. There are several professional papers dealing with this issue [30] [31] [32]
[33] [34]. The supporting stiffness can be influenced by the fastening system, especially
by choice of suitable rail pad, another possibility is to use the under sleeper pads. The
Innotrack project [31] simulated the influence of the track stiffness on dynamic effects in
the crossing. The type of S&C 1:12-500 was simulated which is often used construction,
especially for the main line S&C in the stations which means that they are passed over
with maximum line speed. In terms of force impact on the crossing, the BR101
locomotive with a wheel force of 107 kN was simulated, the S1002 reference wheel
profile and the facing direction was used. Two values of track stiffness were chosen for
the simulation: the classical 500 kN/mm and the reduced 85 kN/mm using a softer rail
pad. In both variants a poorly supported bearer in the transition area was simulated as
well. The simulation results are in Figure 38. From the simulation results it can be seen
that the normal contact force increases with the train speed and also that it increases
significantly more slowly when the stiffness of the track is reduced by using softer rail
pads. The simulation also comes out better when there is a poorly supported bearer in
the transition area. However, this matter is theoretical because in course of the
measurements made by the Institute of Railway Structures and Constructions of the
Brno University of Technology in real operation, it has been proved that a poorly
supported bearer leads to an increase in dynamic effects in long-term horizon [35] [36].

Figure 38: Influence of train speed and track stiffness on the maximum normal contact force [31]

As a part of test measurements [35] the ERL 30 fastening system was also tested by
Voestalpine BWG GmbH & Co KG. In this type of fastening, the baseplate is formed of
vulcanized elastomer which is covered with a ribbed sheet metal to which the clamps
holding the rail foot are attached. Test measurement and comparison of the S&C design
with the KS fastening and the ERL fastening took place at the Poříčany railway station
[35]. The measurements proved the benefit of the fastening system with vulcanized
pads to reduce the dynamic impact on the crossing. The fastening system with
vulcanized pads not only reduced dynamic loading better but also reduced the load of
the bearers and spread the stress on more bearers [35].
The best possible way to reduce the dynamic forces is by combining the soft rail pads
and under sleeper pads. Figure 39 shows the evaluation of the research about reducing

Page 44 of 244

of dynamic forces P1 and P2 (explained in chapter Theoretical analysis of the issue) in
various modifications of the stiffness of the railway track, as well as how it affects the
loading of rails, bearers and ballast [34].

Figure 39: Reduction of dynamic forces using elastic elements in the track construction [34]

In Figure 39, it is shown that the best results were achieved by a combination of soft rail
pads and under sleeper pads. The smallest influence on dynamic forces and load of the
railway superstructure is caused by use of sub-ballast mats only. However they make
sense in protection of the railway subgrade, and thus they can also have an impact on
the reduction of the inhomogeneous depressions of bearers and thus the reduction of the
dynamic stress. Within the European project TURNOUTS [37] several different layout
adjustments on S&Cs were modelled and calibrated by measuring and their contribution
to reducing dynamic effects was monitored. The adjustments to the geometry of the S&C
in combination with soft elements in the structure proved to be the most effective.
5.2.4

Quality of the Support

The ballast is a very important part of the track. It carries a track skeleton, transfers
load to sub-ballast surface, provides resistance to the transverse and longitudinal
displacement of the track, and also allows adjustment of the track alignment and vertical
profile of the track. The ballast is extremely stressed in the S&C, mainly due to impact
loads on crossings. It is therefore very common that crushing of ballast stone edges in
contact with the bearer occurs and then free spaces are gradually created mainly right
under the bearer near crossing nose where the load is greatest. On several experimental
measurements the theory that a subsidence area is gradually created around the
crossing with a maximum underneath the most heavily loaded bearer was confirmed,
see Figure 40.
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Figure 40: The course of pushing of bearers along the crossing

Figure 40 shows deflection along the crossing with the maximum force on the bearer in
the transition zone [35]. The quality of the bearer support plays a key role especially in
the S&Cs, so there should be an effort to protect the ballast from extreme dynamic
stress. The solution is to use soft elements in the structure, such as the above-described
rail pads and under sleeper pads. Another solution is the reduction of dynamic effects
through quality and timely maintenance (tamping, repairing and replacing crossing
components).
5.2.5

Theoretical Analysis of the Problem

As described above, transition of a wheel through a classic fixed crossing is a very
complex spatial problem. Overall, this complex spatial task is often simplified. Ideally,
the geometry of the transition is designed so that the wheel passes smoothly without
dropping from the wing rail to the crossing nose. However, this is only a theoretical
possibility, because both the crossing and the wheels are subject to wear. Simplification
exists, for example, in the fact that the wheel moves along the wing rail, which diverges
from the track to create a space around the crossing nose. Due to the geometry of the
wheel and the wing rail, the wheel often slightly drops at the angle α1 until it reaches the
default position again at the end of the transition zone. This is simplified as indicated in
Figure 41 (black lines).
As shown in Figure 41, the overall angle at which the wheels hit the crossing nose is
α = α1 + α2, the influence of transition geometry on dynamic load of the crossing is a
simplified description. The angles in Figure 41 are increased for clarity; in fact they are
relatively small angles. The quality of the crossing support may influence the transition
geometry, as described above. Under the transition zone of the crossing there are often
formed free space between the bearer and ballast. This also has an influence on the
transition geometry and on the angle α on which the dynamic stress of the crossing
depends, as shown in Figure 41 (red). From Figure 41 and the measurements made
[35], it is clear that the change due to the poor support of the structure can result in a
change that significantly worsens the overall transition geometry represented by the
angle α increasing (from black to red), and this results in significantly increased dynamic
effects on the crossing [35].
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Figure 41: Wheel transition from the wing rail to the cussing nose [35]

The following hypothesis regarding the dynamic load (dynamic impact) on the crossing is
generally accepted by track engineers. The first response of the crossing to the dynamic
impact, during the transition from the wing rail to the crossing nose, is a "high-frequency
contact process” ("hard impact”) and is described by the force P1. With respect to the
state of stress, P1 affects the head of crossing and causes a typical distribution of the
equivalent stress. After the first contact of the wheel with the crossing nose, the change
in the momentum of the unspring weight is transferred to the whole system, which does
not only contain the crossing, but also includes adjacent rails, rail pads, bearers and
track bed. This may be called a "low frequency bending process” ("soft impact”), with
the corresponding force marked P2. Taking into account the state of stress, P2 affects
the flange of the crossing and the rails, where the bending tension is generated [38].
When determining lifetime, this tension is usually considered, see [39]. The situation can
be expressed by the graph shown in Figure 42.

Figure 42: Dynamic forces on the crossing [39]

After the impact of the wheel, vibrational energy spreads from the surface of the
crossing down to the relatively rigid base plate and the bearer on which the crossing is
placed. A small part of the energy is captured by the internal damping of the crossing,
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the part of the energy is damped on the base plate and the bearer, but a part of the
energy is also reflected back, as evidenced by the decrease and consequent increase in
force effects between the force peaks P1 and P2 in Figure 42. The total energy acting on
the crossing is composed of strain energy and kinetic energy, while the kinetic energy
activates a certain mass of the crossing [38]. For each force peak, another effective
value of the track mass is applied. In case of force P1, this is mainly the mass of a small
part of the crossing, as published finite element method analysis proved [40]. This mass
is relatively small due to the relatively high unsprung mass of the wheel. In the case of
the mass for calculating the force peak P2, the mass is conversely not negligible since
the change of momentum is transferred to the whole system and together with the
crossing also the surrounding rails, bearers and track bed already affects it. The force
peak P1 is primarily reflected by the surface deformation of the crossing nose, or the
wing rail, according to the predominant direction of travel. The force peak P2 then loads
the crossing, the surrounding rails, and bearers with bending stress.
The forces P1 and P2 can be calculated according to the following formulas [39]:
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P2  P0  v
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where P0 is the static force on the rail wheel contact (corresponds to the wheel force
Q [kN]), α is the total angle at the crossing nose (α1+α2) [rad], v is the train
speed [m·s-1], kH is the Hertz contact stiffness [N·m-1], mT1 is the co-operating value of
the track mass [kg] for calculating the force P1, mU is the unsprung mass [kg], mT2 is
the co-operating value of the track mass [kg], kT2 is equivalent track stiffness for
calculating P2 [N · m-1], cT is equivalent track damping to calculate P2 [N·s·m-1] [38].
In the research [37], the team also dealt with a model where the wheel literally falls on
the crossing nose as described above. Such a situation is schematically shown in Figure
43. The model was calibrated by measurement. The achieved results confirmed that the
rail normal contact force increased by up to threefold when falling on the crossing.
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Figure 43: Dynamic forces on the crossing [37]

However, within the research described in [37] and above, the locomotive travelled
through the crossing at a maximum speed of 55 km/h, so it can be assumed that in
extreme cases the crossing will have to resist a much greater increase of normal force.
From this it is obvious that the greatest influence on the dynamic forces has an
imaginary alpha angle, which can be characterised as the quality of the transition
geometry. Within the research described in [40] the influence of the transition geometry
on the size of dynamic forces was documented. In the Figure 44 below, it can be seen
that with the increasing dip angle, dynamic effects also increase. It should be noted that
the measurements were carried out at very low speeds up to 60 km/h, so it can be
expected that at very high speeds the very small change will be reflected in increased
dynamic effects.
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Figure 44: Wheel peak impact forces (top – axle vibration; bottom – equivalent dip angle)

Within the Capacity for Rail project [41], researchers dealt with the magnitude of
dynamic forces P1 and P2. Figure 45 shows a comparison with the static force where it is
clear that dynamic forces are significantly higher.
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Figure 45: Typical P1 and P2 calculated force response against distance

The Capacity for Rail project also dealt with the magnitude of dynamic force, depending
on the alpha angle. Figure 46, below, shows the result of simulations for different wheels
and the alpha angles. The figure shows that dynamic effects increase with increasing
angle of alpha.

Figure 46: Relationship between equivalent dip angle and P2 force level simulated for a range of
wheel profiles

Dynamic forces P1 and P2 are more difficult to classify in terms of frequency
composition, different values can be found in the literature. For example, in [30] it is
stated that the dynamic force P1 appears above 200 Hz and the dynamic force P2
appears in the frequency range 50 Hz to 80 Hz. In further research [40], the dynamic
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force P1 is located in the frequency range 70 Hz to 200 Hz and the dynamic force P2 up
to the frequency range 20 Hz to 70 Hz, but it is necessary to take into account that it
was measured with maximum train speed 60 km.h-1. Further research [42] placed the
dynamic force P2 in the frequency range 40 Hz to 50 Hz and the dynamic force P1 in the
frequency range 150 Hz to 200 Hz. Higher frequencies around 500 Hz to 600 Hz are then
attributed to Hertz’s wheel rail contact. Further research [41] placed the dynamic force
P1 in the higher frequency range 600 Hz to 800 Hz and the dynamic force P2 in the
frequency range 80 Hz to 140 Hz. Relatively extensive measurements are made by the
team of the Brno University of Technology, Institute of Railway Structures and
Constructions. Based on this extensive measurement experience [35], the frequency
ranges were divided into the range of dynamic force P2 (0-150 Hz) and the range of
dynamic force P1 (150-600 Hz). A thesis [32] deals with dynamic forces P1 and P2
relatively extensively where individual influences on dynamic forces are monitored and
there are really many of them. These influences are: different geometry of transition,
different stiffness, different support of bearers and different types of railway vehicles and
their different speed. It is likely that effects of dynamic forces P1 and P2 may appear in
the wider frequency spectrum as shown here [35]. In the [29] research they divided the
frequency spectrum to two ranges: up to 200 Hz and over 200 Hz. In the range up to
200 Hz, where dynamic force P2 occurs, there are support defects and over 200 Hz there
are defects on the running surface of the rail.
From the research mentioned above, it is clear with change in the geometry of
transition, stiffness and quality of support, the dynamic forces P1 and P2 will also change
both in size and frequency. This can be used to diagnose S&C.
There are several theses that deal with the dynamic behaviour of sleepers and their
change with a change in the quality of the support [40] [43] [44] [45] [46] [47] [48]
[49]. For example, [40] [43] examined the impact of the sleeper support on resonant
frequencies. In the table shown in Figure 47 it is clear that the resonant frequencies
change with the change of support.

Figure 47: Dynamic behaviours of worn sleepers due to soffit abrasion at a railseat region [43]

In the thesis [44], the author also dealt with frequencies in rigid body mode. In the
Figure 48 below, it is seen that with the change of support the frequency changes to
lower values.
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Figure 48: Natural frequencies of standard sleepers under various percent sleeper/ballast contacts

The problems are discussed in detail in [47]. The investigation of the influence of rail and
rail pad stiffness and comparison between the ballast supported sleepers, with and
without rail springs, have been made. The results are tabulated in the table presented in
Figure 49. As can be seen, the lack of rail stiffness only affects rigid-body modes and it
does not affect a lot of bending modes.

Figure 49: Comparison between in situ sleeper with and without rail stiffness [47]

This issue could also be used in diagnostics. It is obvious that the sleeper natural
frequency varies depending on the quality of the support. However, in S&C where the
influence of the transition geometry is affected, it is more complex and the frequency
does not have to decrease, but it can also increase with the breakage of the transition
geometry. In any case, it is possible to detect faults in the S&C by changing the
frequency of the signal.
In thesis [45], there is an interesting research related to the natural frequencies of the
railway superstructure, which were obtained experimentally in-situ. In the figure below
there are five natural frequencies of the superstructure with timber sleepers. The first
natural frequency is around 100 Hz (Figure 50), which was also observed in the
measurement presented in [35]. It is also stated in the thesis that the natural frequency
changes with respect to the state of support of the track skeleton. These findings are
also usable for diagnostics of S&C.
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Figure 50: Track natural frequencies versus cumulative loading (Million Gross Tonnes Passed),
Track with Timber sleepers [45]

5.3

Analysis System for Dynamic Effects Analysis

Following the direction set in WP2, and as described in Section 5.1 above, the main aim
of this theme of work within WP3 is to develop a system for automatic monitoring and
evaluation of dynamic effects in S&C. The system is based on the evaluation of
measurements of vibration obtained through acceleration sensors.
The system has to:
 Be compatible with existing control command and signalling systems.
 Be autonomous – it has to work without human intervention.
 Not restrict maintenance – it will not be necessary to uninstall it from the track.
In summary, the main motivations for the development of the system are:
 Dynamic effects substantially reduce the lifetime of the S&C construction and all
its components.
 To capture early defects in transition geometry and minimize the impact of
dynamic effects on the development of defects.
 The system should help with maintenance planning.
 The system should also generate maintenance recommendations (increasing wear
or degrading structure support, etc.).
 Evaluation of the dynamic effects of individual trains and specific vehicle types.
It is anticipated that in the future the system might also be able to:
 Categorise as well as identify the presence of defects.
 Calculate track parameters such as stiffness.
 Advise manufacturers about component use and wear rates.
 Support the design of new components with reduced dynamic effects.
The basic structure of the system is that it consists of several separate modules. The
first module is located in front of the S&C and its task is to determine which type of
multiple-unit or locomotive is passing based on the measured vibration acceleration
signal. This is referred to as the Train Identification System (TIS). The system can also
measure train speed, but there are more options to measure it in other parts of the
wider system. The train then passes through the S&C and the Dynamic effects
Evaluation System for the Switch (DESS) and the Dynamic effects Evaluation System for
Crossing (DESC). The DESS and DESC measure and evaluate the dynamic effects on
their relevant switch components.
Depending on the type of train (multiple-unit or locomotive) and speed, the train is
assigned a category in which the results are compared and ranked. Only the same types
of trains with the same speed can be compared. During the first days of operation of the
system, reference data for the different categories of trains was collected. The system
then evaluates which dynamic parameters increase in each category and how much they
Page 54 of 244

increase by, and recommends maintenance accordingly if appropriate. Because the
system will always have several categories in which it will evaluate, it is possible to
neglect the influence of increasing wheel wear, or wheel reprofiling, which certainly has
an influence on the dynamic effects through a change of the transition geometry. The
system will evaluate increments per day, week, and month. The whole stiffness of the
structure will undoubtedly also have an effect on dynamic effects. This stiffness will
change over the year with regard to temperature and precipitation. These effects have to
be monitored in the trial operation of the system as well. The basic concept of the
system is shown in Figure 51, below.

Figure 51: Single crossover – system placement

Two architectures have been considered for implementation of the monitoring concept.
The first option is shown in Figure 52, below. In this variant, the system works in three
steps. The first step is to measure data and send it to a computer outside of the track,
where the data is evaluated (the second step) and the results are sent to the results
collection server. The system will be taught for the first few years and system
optimisation will also take place. In order to support this approach raw measured data
will be sent to the raw data collection server in the second step. In the third step, the
results will be evaluated, raw data will be re-evaluated and the system will be optimised.
The advantage of this variant of the system is that the measurement modules can be
cheaper and more compact because they will only be measuring and sending data. It is
likely that the modules in the S&C will also be cheaper. Another advantage may be that
the optimisation of the system will take place in fewer units - several S&Cs can send
data to one computer outside the track. Due to the fact that units in the track are
simpler, a longer lifetime can be expected.
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Figure 52: System structure – variant 1

The second variant of the system (Figure 53) is simpler. The measurement and
evaluation of the results will take place directly on the modules in the S&C. Modules will
have to be more expensive and more complex, but system will be easier overall, and
there will be no need to install another computer outside the track.
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Figure 53: System structure – variant 2

The system will use learning algorithms to evaluate the dynamic effects within the
switch. A long-term research and data collection activity will be required before the
system will be able to operate completely autonomously and will be able to make full use
of its potential. There is still little data to teach the system, even if it is being collected.
The system can learn on the basis of the data already acquired, and the more
maintenance cycles the system undergoes, the more accurate it will be. It is expected
that the system will be able to categorise and determine a specific type of fault in the
future and, for example, to predict the lifetime of the components in the S&C. Even
though the system is still learning, it can already be of benefit to infrastructure
managers as it will be able to monitor the increasing dynamic effects and thus indicate
potential faults through alternative analysis methods. The basic concept of future system
operation is illustrated in Figure 54, below. The system will continually collect and
evaluate the data and in this first phase it will work for several years, still it will be of
benefit. After this first phase, the system will be able to generate maintenance
recommendations and to manage S&C maintenance planning. After the maintenance, it
will be able to evaluate the efficiency of maintenance work, which is a key issue for
infrastructure managers. After the maintenance, the system will then re-measure and
analyse the data and based on the results it will recommend and plan new maintenance,
or recommend replacement of the component. These recommendations will also be
relevant to manufacturers who can prepare themselves for the component to be
manufactured and replaced. At the same time, the data obtained during the lifetime of
the component will be used for future development of new design solutions.
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Figure 54: System operation scheme

5.3.1

Train Identification System – TIS

The Train Identification System (TIS) allows the identification of specific vehicles and
vehicle types and as such allows the comparison of the same trains and track small
changes in the dynamic effects, which will be useful for early detection of faults.
5.3.1.1

Dataset

Introduction
Machine learning methods are based on the assumption that there are sufficiently
detailed datasets describing the investigated process. However, in the case of crossing
status monitoring, acquisition of a large dataset with precisely monitored changes in the
state of the crossing are complicated and, above all almost prohibitively expensive. For
these reasons, histological data was used in the first phase to validate the concept. The
lack of quantity was, in this case, compensated with very high quality of the data, and
the detection of the train type was verified instead of tracking the status of the crossing.

Measured Data
The individual measurements were complex and the acceleration was measured at
several points throughout the crossing with a sampling rate of 10 kHz. The vertical
velocity of the bearer under the crossing was chosen as the observed magnitude, as the
greatest dynamic effects occur there. Damage of the crossing or the track bed will
undoubtedly influence its frequency response. An example acceleration plot, observed
for the passage of a Leo Express train, is shown in Figure 55.
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Figure 55: Example of the acceleration plot of bearer under the crossing

Selected Measurements
Complete data set contains more than 100 detailed measurements of trains passing
through crossings in a number of stations. However, for machine learning methods, the
following prerequisites must be met:
1. Measurements of a phenomenon must be undertaken using the same method and
under the same conditions.
2. The phenomenon is repeated at least three times.
The first condition cannot be met in the in-situ measurements, but for the purpose of
this study we can be satisfied with the situation where the conditions and the
phenomenon are very similar. In practice, this means that within one day a train of the
same type is measured on the same crossing. This condition is very well fulfilled by
multiple-units, less so by trains with the same number of carriages, loads, and type of
the locomotive unless this is a characteristic of the route. The second requirement is
primarily theoretical, because we can hardly think about regression for less than three
measurements and many more measurements were not available in the dataset.

Description of the Trains Compared
Within the available dataset, the requirements mentioned above are met for three trains
for which the number of measurements is sufficient to build the minimum training and
test data subsets.

Train 362
This train, shown in Figure 56, whose designation is based on the type of the locomotive,
represents the common passenger train set found in measurements. These train sets can
be considered the least standardised and therefore least suitable for machine learning
based detection. The trains that occurred in the measurements were composed of a
locomotive and six wagons. Both locomotives and wagons always have two double axles.
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Figure 56: A typical example of a passenger train found on Czech railways. Although the type of
the traction locomotive often differs, characteristics such as the number of wagons are very similar

LEO Express
This train, shown in Figure 57 and unlike the previous one, is a multiple-unit and better
fulfils the requirements for learning based systems described above. The drive is
provided by all the axles of the unit and therefore it does not have a separate
locomotive. Internal carriages have shared double axles. Together, the unit consists of 5
carriages with driver’s cabs at both ends.

Figure 57: Train LEO Express, one of the multiple-units found in the Czech Republic

Pendolino
The Pendolino is also a multiple-unit, very similar to the LEO Express, but each carriage
has two double axles of its own. Otherwise, the principle is the same. The unit has 7
carriages and is shown in Figure 58.
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Figure 58: Pendolino was the first multiple-unit type in the Czech Republic

5.3.1.2

Analysis Methods

Introduction
The methods considered can be divided into three groups. The first group are complex
time-frequency methods, such as Short-Time-Fourier-Transform (STFT), Wigner-Ville
Transform (WVT) and Wavelet Transform (WT). Using these methods, it is possible to
perform a very detailed analysis of the frequency response of the structure and reveal
even minor differences of individual signals, which may indicate both track and vehicle
faults. However, the major disadvantage is the high demand for computing resource and
data performance, which is problematic to ensure in long-term in-situ measurements on
multiple S&C. It is also necessary to ensure high signal quality through the use of
expensive sensors which may not align with other objectives around deployment.
An alternative is the second group of analysis methods which are based on statistical
processing. It is possible to evaluate, for example, the maximum amplitudes, their
count, long-term and short-term variance, standard deviation, etc. These methods are
basically the opposite of the methods in the time-frequency domain because their
sensitivity to the imperfect input signal is small, the computational difficulty is negligible
compared to the first methods, and the resultant device can be very cheap. The
disadvantage of these methods is very limited information in the frequency domain, so
any defects may be detected too late to be useful. However, information from the time
domain of the signal is very accurate.
The third group of methods is a combination of these two approaches, where it is
possible to analyse the time domain of the signal by means of statistical methods. In
areas that are identified as being of interest (such as maximum amplitude axles), it is
then possible to perform a simple frequency analysis using the frequency spectrum of
the selected signal sub-section and its statistical properties.

Statistical methods for signal evaluation in the time domain
The use of these methods is inspired by German research [50], which was focused on
the detection and classification of trains. The innovative method evaluates the
accelerometer record as windowed variance of acceleration, which is evaluated from 1220 records at a sampling rate of 100 Hz, a resolution of 10 bits and a sensitivity of +/4 g. In spite of this minimalistic resolution (and related minimal hardware and power
requirements), the system is able to achieve very accurate results (Figure 59) and
detect and classify trains with a precision of over 95%. With a battery capacity of
180 mAh (units of percent of the capacity of conventional smartphone batteries), the
device is capable of measuring about two weeks, and the results are stored on an SD
card.
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Figure 59: Demonstration of axle detection by windowed variance for different trains [50]

This truly economical system can be easily scaled and expanded to other variables
(Figure 60), such as absolute and local maximum, maximum number, standard
deviation, etc. with minimal hardware and power requirements. Time-based input
analysis can then be used to identify short signal sequences where a more detailed
analysis is performed in the frequency domain (Figure 61).

Figure 60: Windowed variance of LEO Express train signal (three passages). Window size: number
of samples/300). Top: the value of the windowed variance, Middle: windowed maximum, Bottom:
windowed mean.
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Figure 61: Windowed variance peak detection. Window size: number of samples/300. Used to
define the area in the time domain, where the analysis is then performed in the frequency domain.

Statistical Methods for Evaluation in the Frequency Domain
Evaluation is performed in the frequency domain with the model example being
processed using the R language through the Seewave package. Practical deployment
would, of course, use a lower level programming language, likely at the firmware level.
Because of the complexities of undertaking a frequency analysis, only on a limited
sample of data that has been selected using statistical methods in the time domain is
used. This makes the processing computationally efficient, particularly in relation to the
memory used. The spectrum is transformed into a discrete probability density (Figure
62), which can be described by a relatively short vector of statistical properties.

Page 63 of 244

Figure 62: Discrete probability density plots for the LEO Express (top) and Train 362 (bottom)

The analysis was further supplemented by the characteristics of the maximum and
minimum frequencies at selected densities. By combining the vectors of statistical
properties in the frequency and time domain, it is possible to obtain a vector that
represents the signal in the time-frequency domain but with the minimum of resources
needed compared to traditional methods such as STFT or WT. However, not all vector
values are relevant.
5.3.1.3

Building a Vector for Machine Learning Methods

These methods are relatively versatile, and a wide variety of data and formats can be
used as inputs. The simplest option would probably be to use a high-resolution
accelerometer signal (such as 10 kHz) as input. This would, however, require a powerful
memory and computing subsystem which would not be suitable for use in-situ or on a
larger scale. It is also not at all certain that this procedure would lead to the best
possible results.
Using the combined time-frequency characteristics vector defined in the previous
section, the computational power requirements are reduced by several orders of
magnitude. However, even in this case, it is very likely that some of the characteristics
will be very similar or random for individual trains. Including these characteristics in the
calculation, could very easily confuse the machine (e.g. neural network or SVM) and
thereby produce unexpected results. A number of scalars can be used to evaluate the
machine’s outputs, key scalars are described in Table 4. Figure 63 (and
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Table 5) compares scalars for the LEO Express and RegioJet (which is similar to Train
362). It can be seen that some variables are clearly correlated with the type of train
(e.g. n_peaks - number of axles or sem - standard error of the mean), others are largely
random (e.g. mean, cent - centroid or sfm - spectral flatness measure).
Table 4: Scalar machine outputs

Scalar
n_peaks
peaks_sum
sem

IQR

prec
min, max, dif

Description
Number of detected peaks during windowed variance. The findpeaks
function of the R language was used for detection. This number
represents the number of axles of the train.
Sum of maximum values detected with n_peaks. The value represents,
to a certain extent, the total amount of dynamic energy transferred to
the bearer.
Standard error of the mean is descriptive of the random sampling
process. The standard deviation of the sample data is a description of
the variation in measurements, while the standard error of the mean is
a probabilistic statement about how the sample size will provide a
better bound on estimates of the population mean, in light of the
central limit theorem.
Interquartile range, also called the mid-spread or middle 50%, or
technically H-spread, is a measure of statistical dispersion, being equal
to the difference between 75th and 25th percentiles, or between upper
and lower quartiles, IQR = Q3 − Q1. This value represents the
bandwidth of energy transmitted to the bearer.
Frequency precision of the spectrum.
Maximum (max) and minimum (min) frequencies for a given discrete
probability density. Dif is the difference of these values. These values
describe the shape of the discrete probability density and can be
represented as cuts in the given horizontal levels. Three probability
density intervals were chosen:
(0.0001 - 0.00015] - min_1_15, max_1_15, dif_1_15
(0.00015 - 0.0002] - min_15_2, max_15_2, dif_15_2
(0.0002 - 0.0004] - min_2_4, max_2_4, dif_2_4

Page 65 of 244

10000
1000
100
10
1
0.1

Leo Expres 1

Leo Expres 2

Leo Expres 3

Train 362 1

prec

sh

sfm

kurtosis

skewness

cent

IQR

Q75

Q25

mode

sem

median

sd

mean

peaks_sum

peaks_sd

peaks_min

peaks_max
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Train 362 2

Figure 63: Discrete probability density statistical characteristics comparison of scalar values for
two different train types
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Table 5: Training and test vectors

dif_1_15

min_15_2

max_15_2

dif_15_2

min_2_4

max_2_4

dif_2_4

0

1,2

1,2

0,0212

0,969

0,948

0,0226

0,667

0,644

362

24

6160 3,39 593

0,163

0,019

1,09

1,07

0,0221

1,02

0,994

0,0223

0,933

0,911

362

24

4770 3,19 575

0,15

0

1,1

1,1

0,0211

0,979

0,958

0,0216

0,671

0,65

362

32

11100 3,26 489

0,158

0,0214

1,08

1,06

0,02

0,742

0,722

0,0202

0,633

0,613

LeoExpress

12

4450 5,25 528

0,381

0,0103

1,42

1,41

0,00534

1,18

1,17

0,0107

1,16

1,15

LeoExpress

12

2810 5,23 537

0,365

0,00511

1,49

1,48

0,00547

1,39

1,38

0,0106

1,2

1,19

LeoExpress

12

3390 5,36 544

0,353

0,0053

1,41

1,41

0,00494

1,24

1,24

0,00989

1,17

1,16

Pendolino680

41

18800 5,22 802

0,148

0,14

1,39

1,25

0,265

1,19

0,924

0,281

1,11

0,828

Pendolino680

41

18900 5,39 848

0,15

0,0834

1,62

1,54

0,15

1,65

1,5

0,0852

1,4

1,31

Pendolino680

43

20000 5,54 792

0,165

0,0122

1,55

1,54

0,0849

1,39

1,31

0,085

1,35

1,26

Train

min_1_15

0,161

prec

5810 3,45 658

IQR

24

sem

362

n_peaks

max_1_15

peaks_sum

Train set

max_2_4

dif_2_4

min_15_2

min_2_4

dif_1_15

dif_15_2

max_1_15

max_15_2

min_1_15

1390 2,86 793

0,12

0,0184

1,21

1,19

0,0244

1,21

1,18

0,0265

1,19

1,16

22

1400 3,01 838

0,133

0,00625

1,21

1,2

0,0197

362

32

2780 2,68 480

0,113

0,00406

1,18

1,17

0,00925

1,19

1,17

0,0206

1,18

1,16

0,637

0,628

0,0143

1,18

1,16

362

24

6090 4,37 709

0,176

0

1,14

1,14

0,0156

0,738

0,722

0,019

0,614

0,595

362

40

18000 3,12 431

0,118

0,00947

0,652

0,643

0,0187

0,595

0,576

0,0188

0,58

0,561

LeoExpress

25

1380 4,54 660

0,311

0,0152

1,43

1,41

0,0131

1,17

1,16

0,00436

1,17

1,17

LeoExpress

19

1120 4,48 715

0,276

0,00414

1,44

1,43

0,013

1,18

1,17

0,00442

1,17

1,16

LeoExpress

20

1340 4,02 538

0,244

0,0022

1,24

1,24

0,00464

1,19

1,19

0,0044

1,18

1,17

LeoExpress

28

1890 4,34 510

LeoExpress

0,281

0,00225

1,25

1,25

0,0129

1,25

1,24

0,00421

1,21

1,21

12

LeoExpress

12

3600 4,76 530

0,363

0,00545

1,43

1,42

0,016

1,43

1,42

0,0109

1,16

1,16

4600 5,75 577

0,398

0,00517

1,47

1,47

0,0104

1,41

1,4

0,0107

1,19

1,18

Pendolino680

28

14300 5,05 777

0,194

0,00524

1,38

1,38

0,0157

1,1

1,08

0,012

0,866

0,854

Pendolino680

28

19000 5,18 813

0,197

0,012

1,34

1,32

0,0122

0,824

0,811

0,0173

0,788

0,77

Pendolino680

38

10400 3,06 479

0,152

0,000152

1,2

1,2

0,00486

1,15

1,14

0

0,614

0,614

Pendolino680

28

6460 3,51 491

0,188

0,00695

1,19

1,18

0,00507

1,17

1,16

0,0118

1,14

1,13

Train

5.3.1.4

IQR

29

362

sem

362

n_peaks

prec

peaks_sum

Test set

Machine Learning Feasibility Study: Train Type Identification at S&C

The aim of this investigation is to verify the hypothesis of the possibility of identifying
specific train types at railroad S&C from recorded acceleration data. Due to the complex
and unique dynamic interactions involved, such as those including the vehicle, wheel,
railway S&C components and ballast, and the stochastic components in the recorded
signal, the utilisation of Machine-Learning (ML) methods [51] seemed appropriate. It has
been further considered that the ML could not only identify a specific train type, but also
potential damage to the surface of railway wheels and parts of the railway S&C.
A thorough literature survey revealed that train type identification based on measured
acoustic or acceleration signals and ML has been successfully performed on a plain-line
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railway segment [50]. No record of successfully applying ML, genetic algorithms or
pattern recognition [52] based train type identification to railway S&C has been found.
A more conventional alternative are the Time-Frequency (TF) techniques, which were
used to detect railway wheel flat and rail surface defects on plain-line rail segments [53].
The commonly used TF techniques include Short-Time-Fourier-Transform (STFT),
Wigner-Ville Transform (WVT) and Wavelet Transform (WT). In their paper, [54]
proposed a Smoothed Pseudo Wigner-Ville Transform or Distribution (SPWVT or SPWVD)
in order to get rid of the cross-term phenomenon [55].
Based on the recommendations from the literature, and initial investigations with
available ML methods in the Mathematica environment [56], the Support Vector Machine
(SVM) has been identified as an optimal classifier for the aforementioned purpose.
Alternative classifier methods tested include: A decision tree is a flow chart-like structure
in which each internal node represents a "test" on a feature, each branch represents the
outcome of the test, and each leaf represents a class or value distribution. Gradient
boosting is a machine learning technique for regression and classification problems that
produces a prediction model in the form of an ensemble of trees. Trees are trained
sequentially with the goal of compensating the weaknesses of previous trees. Logistic
Regression models the log probabilities of each class with a linear combination of
numerical features. In a Markov model, at training time, an n-gram language model is
computed for each class. At test time, the probability for each class is computed
according to Bayes's theorem. In a Naive Bayes, a probabilistic independence of features
is assumed. Nearest neighbours is a type of instance-based learning. A neural network
consists of stacked layers, each performing a simple computation. Information is
processed layer by layer from the input layer to the output layer. The neural network is
trained to minimize a loss function on the training set using gradient descent. Random
forest is an ensemble learning method for classification and regression that operates by
constructing a multitude of decision trees. The forest prediction is obtained by taking the
most common class or the mean-value tree predictions. Each decision tree is trained on
a random subset of the training set and only uses a random subset of the features.

Support Vector Machine
This investigation concerns the analysis of recorded acceleration time histories from a
sensor network along the S&C in order to identify different train types. The main
assumption is that different vehicle consists produce distinctive vibration footprints. The
key features of such patterns may be consequently used for classification of passing
trains.
As a first approach, the class of supervised learning models will be examined. In
particular, the versatile support vector machines (SVMs, also known as support vector
networks) have successfully been applied in literature, resulting in accuracy above 90%
[50], and therefore are used here.
SVMs attempt to find a hyperplane Πw,b = w.x+b = 0, x∈ Rn that separates the data
points xi (meaning that all xi in a given class are on the same side of the plane),
corresponding to a decision rule.
g(𝑥) = sign(𝑤. 𝑥 + 𝑏)

(4)

In SVM literature, w is often referred to as the weight vector; b is called the bias (a term
adopted from neural networks). This idea is not new; it dates back at least to R.A. Fisher
and the theory of linear discriminants [57]. The novelty of SVMs lies in how this plane is
determined: SVMs choose the separating hyperplane w.x + b = 0 that is furthest away
from the data points xi, that is, that has maximal margin (Figure 64). The underlying
idea is that a hyperplane far from any observed data points should minimise the risk of
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making wrong decisions when classifying new data. To be precise, in SVMs we maximise
the distance to the closest data points. We solve:
max(𝑤,𝑏) (min𝑖 𝑑(𝛱𝑤,𝑏 , 𝑥𝑖 )),

(5)

where d(Πw,b,xi) = |w.xi+b|/||w|| is the distance between data point i and the plane Πw,
subject to the constraint that this plane still separates the classes. The plane Πw that
solves Equation ( 5 ) is called the optimal separating hyperplane and is unique [4].

3

2
1

4

2

2
1
2

Figure 64: Two-class data (black and grey dots), their optimal separating hyperplane (continuous
line), and support vectors (circled in blue). The width of the "corridor" defined by the two dotted
lines connecting the support vectors is the margin of the optimal separating hyperplane.

Implementation and Results
From an implementation point of view, SVMs are binary classifiers [51]. A kernel
function is used to extract features from the examples. At training time, the method
finds the maximum-margin hyperplane that separates classes. The multiclass
classification problem is reduced to a set of binary classification problems (using a onevs.-one or a one-vs.-all strategy). The implementation uses the LibSVM framework [58]
in C/C++.
Although the classification with SVM can be controlled by a number of options [56], such
as the kernel type, Gamma scaling parameter, multiclass strategy and polynomial
degree, the automatic settings characterise the training dataset reasonably well. In fact,
the training dataset is rather limited in terms of repeated identical observations (same
train on the same railway switch at similar speed) so that detailed discussion of the
effects of particular settings would be problematic.
The important step in the SVM based identification process is the selection of describing
features, reducing the recorded acceleration time history into a sequence of n scalar
features (representations), such as the event duration, total amount of vibration caused
by the train, number of peaks extracted from windowed variance, maximum peak value,
average distance between peaks, average peak amplitude, total area under curve,
average peak area under curve, variance of peak distances, etc. The initial vector of 27
scalar features has been reduced to 14 during an iterative optimisation process where
the accuracy was maximised and training time, evaluation time, classifier memory and
loss minimised.
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An example with 27 features (columns) is shown in Figure 65 where for 2 different train
types (Taurus and RegioJet) 3 comparable passages (rows) are visualised.
Train type
“Taurus”

Train type
“RegioJet”

1

10

20

27

1

1

2

2

3

3
1
1

10
10

20
20

27
27

1

1

2

2

3

3
1

10

20

27

Figure 65: Visualization of training vector with 27 features (columns) and 3 passages (rows) for
two train types

The limited number of comparable train passages has made full validation of the
classifier impossible. In fact, only one train passage could have been used for a
validation, while the remaining 3 (or 2 in one case) comparable train passages could
have been used for training. This was repeated for all combinations.
For illustration purposes, classifier information is visualised in Figure 66, where only 3
different train types were used, a limitation resulting from a specific monitored location
at the railway S&C. Here, in total 10 train passages have been used, and the recorded
acceleration time history has been reduced to 14 scalar features.

Figure 66: Sample classifier information

In the field of ML, a confusion matrix, also known as an error matrix [59], is a specific
table layout that allows visualisation of the performance of the supervised learning (in
unsupervised learning it is usually called a matching matrix). Each row of the Matrix
represents the instances in a predicted class while each column represents the instances
in an actual class (or vice versa). The name stems from the fact that it makes it easy to
see if the system is confusing (mislabelling) two classes. It is a special kind of
contingency table, with two dimensions ("actual" and "predicted"), and identical sets of
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"classes" in both dimensions (each combination of dimension and class is a variable in
the contingency table).
The confusion matrix shown in Figure 67 shows a perfect match for the first train type
(Leo Express) and for the third train type (V362), despite the fact that the latter train
contains passages before and after the renovation of common crossing. For the second
train type (Pendolino), the prediction is poor due to the fact that the train was trained
and tested at different locations on the crossing (common crossing and switching
location) and matches the true train type only once, while confusing it with V362 six
times.
Figure 68 shows the specific probabilities of correct identification of the V362 train type
after the renovation of the common crossing, suggesting that the identification method is
robust enough to allow for modification of the railway crossing components, as long as
the measurements are taken at the same locations.

Figure 67: Sample confusion matrix obtained during the cross-validation with the SVM classifier.
The relatively poor accuracy of 66.7% can be attributed to the multitude of testing/training
locations for the Pendolino train type (middle train, in this case tested at common crossing but
trained at switching location)
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Figure 68: Probabilities of correct identification of the V362 train after the renovation of the
common crossing. Note that for the first two trains (Leo Express and Pendolino), the low
probabilities are in the range between 10-4 and 10-17, and for the train itself the high probabilities
are in the range between 0.9996 and 1.

Conclusions
Despite the limited number of comparable train passages, it has still been possible to
test the feasibility of ML based train type identification at railway S&C. A literature
survey has identified the SVM as the best option compared to the 8 alternative methods
for ML discussed. Although the statistical significance is clearly limited, based on the
cross-validation options available, the results demonstrate that:





Identification of train types is feasible if the monitoring location is fixed within the
S&C.
Where the monitoring locations are not taken into account, the identification is
not successful (see confusion matrix in Figure 67)
The SVM approach is insensitive to the renovation of the common crossing
(Figure 68)
The input vector (training data set) has to be subjectively chosen such that it
sufficiently characterises all important features of the recorded acceleration time
histories.

In general, S&C is a complex system with a unique and random response compared to
plain-line rail segments, from the dynamic interaction point of view (vehicle, wheel, rail
and substructure). Therefore, successful validation of the SVM would require more data
than that documented in the literature, i.e. 186 train passages of 6 train types recorded
for plain-line rail sections. Validation on this scale would require an extensive
measurement campaign beyond the scope of this preliminary investigation.
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5.3.2

Dynamic Effects Evaluation System for S&C (DEESS & DEESC)

The analysis of dynamic effects is divided into two main parts. The first part is the
analysis of different variables in the time and frequency range and the second is the
analysis of the support quality of the bearer. Splitting into two parts is necessary in
order to find out whether any dynamic effects increase identified is due to construction
wear or because of the poor support of bearers in that key part of the S&C. First
consider the parameters that describe the dynamic effects in the S&C. The parameters
selected are such that values can easily be calculated through the use of cheap devices.
The system works with data measured in-situ. Figure 69, below, shows what a typical
acceleration signal looks like. It is necessary to convert these somewhat complex signals
into numbers that represent their character and help to automate the evaluation of
dynamic effects.

Figure 69: Vibration acceleration on wing rail – Fast train (locomotive + 4 passenger carriages)

5.3.2.1

Selected Time Domain Parameters

In terms of evaluation of the signal in the time domain, maximum and minimum values
(peak) are very important. They characterise the actions of individual train wheels and
can also reveal any faults on the train's wheels. Even just simple monitoring of the
maximum values may indicate that something is happening to the wheelset. Therefore,
the first values obtained from the signal will be the maximum and the minimum. This
gives an overview of peak values. From the point of view of the signal as a whole, the
most important value is the RMS of the vibration (acceleration). The RMS value is the
most important parameter for evaluating vibration in the time domain because it
includes the duration of vibration, and it has a direct relationship to its energy content. It
is therefore a measure of the danger and damage capability of vibrations. The RMS
vibration acceleration value is defined by the mathematical formula:
𝑇

1
𝑅𝑀𝑆 = √ ∫ 𝑎2 (𝑡)𝑑𝑡,
𝑇

(6)

0

where a(t) is instantaneous acceleration value, T is time for which an effective value is to
be determined.
The relationship between the maximum / minimum amplitude (peak) and the RMS value
can be seen in Figure 70.
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Figure 70: Graphic representation of the relationship between maximum / minimum and RMS

It is preferable to use the RMS as a moving value in the form of a surface under a
moving RMS curve. When calculating the classic RMS in the form of a single value, the
value of RMS will decrease with the number of carriages, as the acceleration will always
decrease between the carriages. There is then a paradoxical situation where a train with
more carriages has a lower RMS value, despite the fact that more carriages act on the
structure of the S&C with more energy (see Figure 71, below). All these negative aspects
can be eliminated by using the area under the moving RMS curve. Equation ( 6 ) is used
to calculate the area under the moving RMS. The RMS was calculated with 200 samples
and the calculation moved by one sample per calculation. This generates a sufficiently
precise curve under which the area can be calculated as per Equation ( 7 ):
𝑏

𝑃 = ∫ 𝑓(𝑥)𝑑𝑥,

(7)

𝑎

where P is the area under the moving RMS curve, a and b are limits for calculation and
f(x) is the curve of the moving RMS.

Page 74 of 244

Figure 71: Comparison of classic RMS value (red) and moving RMS (blue)

The moving RMS curve value can also be used as a dynamic load indicator, and can
become an important value for evaluating dynamic effects on the crossing structure.
Another interesting value is the Crest factor. Crest factor represents signal dynamics,
being the ratio between the peak value and the RMS value. The higher the Crest Factor
value is, the greater the signal dynamics and the greater the dynamic effects. Crest
Factor can be calculated using the formula in Equation ( 8 ), below.
𝐶𝑟𝑒𝑠𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 =

|𝑀𝑎𝑥𝑖𝑚𝑢𝑚|
𝑅𝑀𝑆

(8)

where Maximum can be both a maximum and a minimum value at a given moment.
The Crest Factor value has also proven to be a good indicator of signal quality, if it is
small, the signal is likely damaged (corrupted) and cannot be used for evaluation. The
Crest Factor is calculated from the moving maximum and minimum divided by the RMS.
This value better represents the effect of the whole train, as explained above. This
ultimately generates the value pair Crest Factor (+) and Crest Factor (-).
Figure 72 shows the monitored parameters in the time domain. Maximum and minimum
are indicated by a blue dot, the moving RMS by a red curve, and the moving maximum
for the Crest factor calculation by a purple curve.
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Figure 72: Evaluation in the time domain

5.3.2.2

Selected Frequency Domain Parameters

As described, key frequencies in the vibration signals change with changes in the
stiffness of the structure or with changes in the S&C crossing geometry. More detailed
information about the structure condition can be obtained from frequency analysis. It is
therefore appropriate to monitor the frequency characteristics of measured acceleration
signals. A key frequency band has been identified as 0 - 1000 Hz, focusing primarily on
0 – 600 Hz. This region has been selected due to a focus on dynamic actions. At higher
frequencies there are more dynamic-acoustic and acoustic events. Secondly it allows the
use of cheaper sensing devices with lower sampling rates. The sampling rate used must
be in a certain ratio to the maximum frequency fmax contained in the signal. This is
because the so-called Shannon-Kotelnikov sampling theorem must be met when
choosing the sampling period, otherwise it would be impossible to reconstruct the
original continuous waveforms from the measured values. This theorem states that the
sampling frequency fsam must be at least twice the maximum frequency fmax contained in
the measured signal.
𝑓𝑠𝑎𝑚 ≥ 2 𝑓𝑚𝑎𝑥

(9)

The sampling frequency fsam/2 is called Nyquist´s frequency. Sampling with a Nyquist
frequency greater than the maximum frequency contained in the signal ensures that the
aliasing effect does not occur. Therefore, for the Nyquist frequency fNyq:
𝑓𝑁𝑦𝑞 ≈

𝑓𝑠𝑎𝑚
2

( 10 )

The aliasing effect causes the sampled signal not to match the actual signal (Figure 73).
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Figure 73: Reconstruction of the signal at a sufficient sampling rate (corresponding to the original
signal) and at insufficient sampling frequency (the reconstructed signal does not correspond to the
original signal) [60]

To convert the signal from the time to the frequency domain, a fast Fourier transform is
used. This is relatively easy to calculate and can be implemented on simpler devices.
Based on observations made in the In2Rail project, the frequency bands considered are
of the ranges 0 – 200 Hz and 200 – 600 Hz. To convert the frequency range to a single
number, all the frequency values within a given interval are then summed. Doing this
allows monitoring of whether the magnitude of the frequencies increases or not and,
thus the evaluation of wear of the S&C and any changing in the stiffness of the structure.
Sensorson a bearer are evaluated only in the frequency interval 0 – 200 Hz, because
here the focus is mainly on changes in the stiffness of the support structure, and also
because higher frequencies are generally not transferred to the bearer. Both intervals
are observed for measurements taken on the rail because in this case structure wear and
change in the transition geometry are both of interest.
Other values of interest are related to the frequency at which the highest acceleration is
achieved. This will allow monitoring of how the magnitude of acceleration changes at this
frequency as well as the frequency this maximum acceleration is realised. This will allow
consideration if the frequency with the greatest acceleration is moving and if so in which
direction. This can be informative in relation to the quality of the transition geometry in
the crossing and of the support of the structure.
The final characteristic of particular interest is the distribution of significant frequencies
in the frequency interval and their overall size. To convert this characteristic to a single
number, the maximum frequencies of all the frequencies at which the acceleration is
greater than half the maximum acceleration are summed. This characteristic indicates if
there is one dominant group of frequencies in the signal, or if the frequencies are close
to each other in acceleration values. In addition, if particular frequencies in the
acceleration signal are highlighted, a “bar code” is produced that can be used to
diagnose the S&C issue. All of these parameters are presented in Figure 74, below.
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Figure 74: Example of the frequency evaluation (Blue dot – position of the maximal frequency
peak, Red peaks – frequency peaks bigger than maximal frequency / 2, Green peaks – peaks from
the frequency interval 0 – 200 Hz, Magenta peaks – peaks from the interval 200 – 600 Hz)

5.3.2.3

Results

Measurements within this element of the S-CODE project were supported by the
Technology Agency of the Czech Republic no. TA01031297. Measurements were
undertaken at three crossings in two locations. The first locality was Chocen station,
where crossing No. 59 was measured three times in various stages of wear and with
different support quality of the structure. In Chocen station the maximum track speed is
160 km/h. The second location was the railway station in Usti nad Orlici, where there
were also three measuring campaigns on two crossings. In the locality of Usti nad Orlici,
two crossings, which are part of a simple crossover, were measured. Crossing No. 3 has
a softer rail pad and crossing No. 4 has a classic fastening system as used in the Czech
Republic. Comparable trains were selected from the measurement dataset. Multiple-units
were evaluated as a whole, and for other trains, a cut-out corresponding to the
locomotive passage was selected for the evaluation. The reason for this was that trains
often have different compositions of carriages but locomotives are always of the same
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configuration. Individual trains have been sorted into categories and evaluated within the
given category. Classification and division of trains into categories was automatically
undertaken by the TIS as described in Section 5.3.1, above. Within a given category
(separated by a thick line in the following charts) the trains were arranged according to
speed. Each speed category has a range of 5 km/h (for example 160-155 km/h, 155150 km/h, etc.)
The first example is an evaluation of three measurement campaigns from Chocen
station. After the first measurement campaign, the crossing was repaired using surface
built up welding and after the second measurement campaign by tamping. However, the
depression of the bearer under the crossing was getting worse, as shown in Figure 75,
below. On the figure, the horizontal axis shows the identification numbers of the
inductive motion sensors that were placed on the bearers. The curves are calculated
from the maximum forces from individual trains.

Figure 75: Flections of the bearer under the crossing, Chocen railway station, turnout No. 59 comparison of the three measurement campaigns

In the following figures, results from three measurement campaigns are presented, the
first is shown in green, the second in blue and the third in red. These colours are
consistent in all charts. As can be seen, the deflection of the bearer worsened mainly on
the S4 sensor, which was located directly under the crossing. As the support
progressively deteriorated, the transition geometry also changed. Further examples are
from Usti nad Orlici railway station, where the wear of crossing No. 3, which had the
softer rail pads, gradually deteriorated. This crossing was then compared with crossing
No. 4, which is a part of a simple crossover together with turnout No. 3. For these
switches there was a difference in the fastening system stiffness.
Examples of the evaluation process and commentary on the results are presented below.
Figure 76 indicates the standard format of the result graphs.
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Figure 76: Description of the graphs in the evaluation

Example – Maximum / Minimum
The graph in Figure 77, below, is from the bearer directly under the monitored crossing
in Chocen railway station. As the support of the bearer gradually deteriorated, the
minimum and maximum values increased. The highest peak-to-peak values were
reached in the last measurement, indicated in red, in almost all categories of trains. In
Figure 78 and Figure 79, where the data from the wing rail is evaluated in the vertical
and longitudinal directions respectively, the biggest difference between the individual
measurement campaigns is seen in the longitudinal direction (Figure 79). This is because
with the breakdown of the transition geometry a large portion of the dynamic effects are
transferred into the longitudinal direction. Thus, the quality of the transition geometry
and the stiffness of the structure support is also reflected in the maximum / minimum
values.
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Figure 77: Evaluation of the minimum and maximum values at the bearer - crossing in Chocen
railway station, three measurement campaigns

Figure 78: Evaluation of minimum and maximum values on the wing rail - crossing in Chocen
railway station, three measurement campaigns
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Figure 79: Evaluation of minimum and maximum values on the wing rail - crossing in Chocen
railway station, three measurement campaigns

Example – Area Under Moving RMS
The first graph in Figure 80, below, is again from Chocen railway station. It is a
comparison of areas under the moving RMS curve on the wing rail in the vertical
direction. The values show that in almost all categories of trains the values are highest
for the last measurement, even a gradual worsening from the first (green) campaign
over the second (blue) campaign to the third (red) campaign can be observed. Similarly,
the next Figure 81 shows the results from the bearer. It is even clearer to see in the
next Figure 82, where the values are also from the wing rail, but in the longitudinal
direction. The values in the longitudinal direction are generally more sensitive to changes
in the transition geometry. Overall, moving RMS values are useful for evaluating the
state of the crossing.
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Figure 80: Evaluation of the moving RMS on the wing rail - the crossing in the Chocen railway,
three measurement campaigns

Figure 81: Evaluation of the moving RMS on the bearer - crossing in the Chocen railway station,
three measurement campaigns
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Figure 82: Evaluation of the moving RMS on the wing rail - crossing in the Chocen railway station,
three measurement campaigns

In the other two figures, Figure 83 and Figure 84, there are comparative graphs of two
crossings in Usti nad Orlici railway station. These are part of a single crossover with
crossing No. 3 having a softer rail pad. The first figure (Figure 83) shows that crossing
No. 3 has higher values of the area under the moving RMS curve in all measurement
campaigns. It also shows how the two constructions are progressively getting worse with
an increasing wear from the first to the last campaign. Here we assume that the higher
values for crossing No. 3 are given by a softer rail pad. But when we look at the next
figure, Figure 84, we will see that the moving RMS values on bearer are the same for the
two crossings, or even higher values on the crossing No. 4. This fact can be attributed to
the different stiffness in the fastening system. The fastening system of crossing No. 3
dampens vibration better so we can see lower values on the bearer. It can therefore be
stated that the stiffness of the fastening system and, for example, the quality of the rail
pads can also be rated by using area under the moving RMS.
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Figure 83: Comparison of areas under the moving RMS curve on the wing rails of crossings No. 3
and 4 in the railway station Chocen

Figure 84: Comparison of areas under the moving RMS curve on the bearer at crossings No. 3 and
4 in the railway station Chocen

Example – Crest Factor
In the following figure, Figure 85, there is the Crest Factor graph for the wing rail
accelerations in the vertical direction with data from all three measurement campaigns
at crossing No. 3 in the Usti nad Orlici railway station. The evaluation of the structure's
wear using Crest factor seems to be more problematic and despite the fact that the
graph can be read, the values are not clear. However, Crest factor is very reliable in
detection of a bad acceleration signal. If the Crest factor value is too low, as in Figure 85
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below, the signal can be considered to be damaged or corrupted. The next figure, Figure
86, shows a vibration acceleration signal that is damaged and is not suitable for further
evaluation. Using Crest factor, signal damage such as this can be detected – essentially
monitoring of the monitoring system.

Figure 85: Evaluation of the Crest factor at the wing rail - crossing No. 3 in Usti nad Orlici railway
station, three measurement campaigns

Figure 86: Damaged vibration acceleration signal at the wing rail of crossing No. 3 in Usti nad
Orlici railway station

Example – Sum 0–200 Hz
In the frequency range 0–200 Hz, errors in support of the structure are likely to occur.
They are most clearly seen on the bearer under the crossing in Chocen railway station,
where the state of bearer support worsened from the first to the third measurement
campaign. Figure 87, below, shows the sum values of all acceleration values in the
frequency range 0–200 Hz for just the bearer under the crossing in Chocen railway
station. The values in Figure 87 are gradually increasing, and are the highest in the third
measurement campaign which occurred when the bearer was supported the worst. It can
be stated that the value of the sum in the frequency interval 0–200 Hz can reveal the
faulty support of the bearer, or more generally defects in the transition geometry.
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Figure 87: Evaluation of the sum of frequencies 0–200 Hz at the bearer under the crossing of
Chocen railway station, three measurement campaigns

Example – Sum 200–600 Hz
In the 200–600 Hz frequency range, defects are most likely to occur in the wear of the
structure. These defects can be seen mostly in the longitudinal direction. Figure 88,
below, shows the sum of all acceleration values in the 200–600 Hz frequency range for
the wing rail in the longitudinal direction, measured in Chocen station. The data shows
the transition geometry gradually disintegrated, mainly due to defects in the support of
the bearer. Figure 88 shows how the values get worse. Figure 89 shows the same graph
but from crossing No. 3 at the railway station at Usti nad Orlici, where the structure wear
was gradually changing. This graph also shows an increase in values, especially for the
last measurement campaign, although not as clearly as the previous graph in Figure 88.
Values in the frequency range 200-600 Hz can therefore be used to consider the
transition geometry, but other parameters have to be taken into account as well.
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Figure 88: Evaluation of the sum of frequencies 200-600 Hz at the wing rail - the crossing in
Chocen railway station, three measurement campaigns

Figure 89: Evaluation of the sum of frequencies 200-600 Hz at the wing rail - crossing No. 3 in Usti
nad Orlici railway station, three measurement campaigns

Example – Sum f > fmax / 2
Considering the sum of frequencies greater than half the maximum observed frequency
is not sufficient as a direct indication of health, but can be used as an indicative
supporting tool. Figure 90, below, shows an example for crossing No. 3 in the railway
station at Usti nad Orlici. It is not possible to determine unequivocally from the graph in
Figure 90 whether the transition geometry in the turnout is deteriorating. It is possible
that only the variance in values changes and the difference between the minimum and
maximum values across the train categories is changing. However, by taking a closer
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look at the FFT spectra from the first measurement campaign and from the last
measurement campaign, when the crossing wear is greater, it is possible to more
directly observe the variation. The area where frequencies occur with an acceleration
value greater than half the maximum acceleration is gradually narrowing. In Figure 91,
from the first measurement campaign, the frequencies highlighted in red are quite
widely distributed within the FFT graph. On the next figure, Figure 92, the same vehicle
data is also highlighted, and now appear on only a narrow band. This feature, and its
supporting indicator, could potentially also be used in crossing diagnostics.

Figure 90: Evaluation of Sum f > fmax / 2 at the wing rail – crossing No. 3 in Usti nad Orlici
railway station, three measurement campaigns

Figure 91: FFT locomotive 380 – wing rail – crossing No. 3 in Usti nad Orlici railway station, first
measurement campaign
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Figure 92: FFT locomotive 380 – wing rail – crossing No. 3 in Usti nad Orlici railway station, third
measurement campaign

Example – Maximal Value in Frequency Domain
The maximal acceleration in the frequency domain shown within the calculated FFT is
very useful value for health evaluation. Figure 93, below, shows a graph for the bearer
under the crossing in Chocen railway station. As the bearer support gradually
deteriorated, the maximal value of the acceleration in the frequency domain, as shown
within the FFT, gradually increased. This value appears to be very reliable in terms of
transition geometry quality evaluation. It can be used to indicate changes in the
transition geometry in the longitudinal direction at the wing rail. Figure 94, shows a
graph for data measured in the longitudinal direction for the wing rail in Chocen railway
station. The graph shows that some trains produce greater values than others in the last
measurement campaign. This means that the transition geometry is at the beginning of
the critical phase when a very rapid deterioration begins. The last figure in this example,
Figure 95, is the same graph for the longitudinal of the wing rail of crossing No. 3 in the
railway station at Usti nad Orlici. Even here, in the last campaign it is possible to observe
higher values because the wear of the crossing has become worse.

Figure 93: Evaluation of the maximal acceleration values in the frequency domain on a bearer –
crossing in Chocen railway station, three measurement campaigns
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Figure 94: Evaluation of the maximal acceleration values in frequency domain at the wing rail –
crossing in Chocen railway station, three measurement campaigns

Figure 95: Evaluation of the maximal acceleration values in frequency domain at the wing rail –
crossing No. 3 in Usti nad Orlici railway station, three measurement campaigns

Example – Frequency Corresponding to Maximal Acceleration Value
When considering this parameter, crossing No. 3 in the railway station at Usti nad Orlici
was chosen because it was not maintained during the measurement campaigns. Figure
96, below, shows a graph of frequency corresponding to the maximal acceleration value
observed on the bearer under the crossing. For the first measurement campaign this
frequency was in the region of 44 Hz, while the values from the second measurement
campaign were at higher frequencies in the order of 85 Hz. For the third measurement
campaign, almost all values were around 80 Hz. It therefore appears that an increase in
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the frequency corresponding to the maximal acceleration at the bearer is an indicator of
worsening of the transition geometry. The next figure, Figure 97, shows a graph for the
wing rail. Here, on the contrary, it appears that in the third measurement campaign the
values are shifted to lower frequencies. It therefore appears that, depending on the
deterioration of the geometry of the transition, the values of the frequency
corresponding to the maximal acceleration value in both of these measurements may be
changed.

Figure 96: Evaluation of frequency corresponding to maximal acceleration value for bearer crossing No. 3 in Usti nad Orlici railway station, three measurement campaigns

Figure 97: Evaluation of frequency corresponding to maximal acceleration value for wing rail crossing No. 3 in Usti nad Orlici railway station, three measurement campaigns
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Conclusions
From the analysis above, it is clear that a dynamic effects evaluation system can be
based on relatively simple calculations in the time and frequency domains. Even these
simple values can reveal an increase in dynamic effects, which corresponds to
deterioration in the transition geometry. The system has shown indicative results, but
further exploration involving more data needs to undertaken in order to make full use of
its capabilities. It is considered that the system could ultimately also detect the type of
fault and predict the occurrence of defects. For these functions, it is anticipated that the
analysis would be extended using, for example, an SVM such as the one described above
for the TIS. At this stage, with the level of processing implemented so far, it is possible
to identify that the transition geometry is getting worse. It is sometimes difficult to say
whether it is because of growing wear in the crossing or because of poor support of a
bearer. In the following section, an algorithm to determine the equivalent value of the
bearer pressing (deflections) under the load from the vibration acceleration is therefore
presented.
5.3.2.4

Integration of Acceleration to Obtain Movement

For the evaluation of dynamic effects it is necessary to know the bearer deflections
under load as they are a direct indicator of track stiffness. This is possible by measuring
the deflection of the rail caused by vehicle load. However, installation of deflection
sensors is complicated, as it demands a fixed “zero” point with no deformations and, for
some types of devices, frequent cleaning of optics or other maintenance. It is possible to
avoid these difficulties by using acceleration sensors, because acceleration is an absolute
value and so it does not need any fixed reachable anchor point. However, while
theoretically straightforward, there is no practical mathematical tool to obtain real
deflection of the rail from measured acceleration data.
The acceleration signal is numerically integrated twice to obtain first velocity and then
deflection. However, numerical integration involves errors due to so-called base line
offset and it amplifies low frequencies. How to remove these errors is an often discussed
question in almost all technical fields: seismology, electrical engineering, civil
engineering, and many others. A commonly used process is to find the two integration
constants and then correct the base line [61] [62]. It is advised that in order to do this
the signal should be divided into shorter sections [63].
The main motivation of this research is to find a mathematical tool that can be
automated and, in the future, used in devices to evaluate the condition of a crossing and
generate warnings when the stiffness of the turnout degrades. Ideally this system would
do this early enough to require only relatively cheap maintenance without replacement
of the whole structure.

Mathematical Approach
Calculation are performed in the time domain and use no filtering because it is difficult to
identify which frequencies are important and which of them are only noise or electrical
noise. Moreover, because of the low frequency amplification during double integration,
even a little alteration in the frequency spectrum changes the results significantly. The
only filtering included in the setup of the measuring system was a high pass filter at
3 Hz. The calculation is divided into 7 steps. The first is to find extremes in the
acceleration signal, which represent the passage of the wheels. The second is to specify
the size of the variable window to be used to select a subset of the acceleration data.
The third step is the double integration of the selected parts of signal using various
window ranges. The fourth step is to identify and delete any incorrect integration results
(outliers). The fifth step is to collect all global minimum values for all wheels. The sixth
step is to calculate the median from the global minimums for each wheel. Finally, the
seventh step is to calculate the total median from the medians for particular wheels –
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this is equivalent to a bearer shift. These sections are described in more detail in the
following sections.

Wheel Detection
The first step of the process is to split up the acceleration signal into smaller segments
where the influence of the other wheels are not significant and the bearer fitted with the
sensor takes most of the load from a passing train. To do this it is necessary to identify
the positions of wheels in the signal. This is possible by peak detection as every wheel
creates an extreme in the acceleration data. The calculation is carried out in two steps:
In the first step, a rough estimation of the peaks is made by finding the absolute
maximum in the data and highlighting all peaks greater than 30% of that absolute
maximum value. In the second step, the distances between the peaks are calculated and
the largest values used. The distance between axles should be similar for all trains. In
this way, the train velocity is not required to determine when a wheel affects the bearer
of interest. As an example, if the distance between axles is circa 11.5 m, and the
“distance” in the signal is 1 s, it is easy to determine the train velocity, or to directly
calculate how much time it takes the train to pass the region of interest. In this way, it is
also possible to roughly estimate the time between the two axles of one chassis. This is
useful for increasing the accuracy of finding the wheels’ positions. With this information,
the process of finding the peaks is repeated, but the minimal peak height (thresholded at
15% of the maximal value) and distances from first step are used. This process,
summarised in Figure 98, gives quite accurate results for wheel detection.

Figure 98: Wheel detection in two steps
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Window Size Specification
With the positions of the axles (peaks) known, it is possible to create subsets of data for
easier integration. Every axel has its own subset. As a start for the time-series window,
a time section is chosen corresponding to the average distance between two bearers.
This section length is subtracted from the time position of the peak corresponding to an
axle. To find the endpoint of the window, half the section length is added to the peak
position. It is not appropriate to end the window right at the peak because of a phase
shift between acceleration and displacement. This variable window length selection is
summarised in Figure 99.

Figure 99: Variable window length

Double Integration
Due to processing requirements for the high sampling frequency, double integration is
replaced with a double cumulative sum in every sample within the window. The start
point of the calculation is from the start point of the window to the time distance
corresponding to 1/3 of the average distance between the bearers. This is expanded by
5 samples on each side until the whole distance between bearers (with a sampling
frequency of 10 kHz) has been considered. That means, for every window several arrays
of displacement are obtained, as shown in Figure 100.
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Figure 100: Results of integration

Removal of Erroneous Elements
Given the way that the processing is implemented, it is clear that not all results are
correct. In particular, this occurs due to a poor choice of starting point. Four simple, and
automatable, rules are therefore used for sorting the results. The first is that the end
point of the displacement curve has to be lower than zero. The second is that the end
point cannot be the global minimum. The third is that the global minimum has to be
lower than -0.1 mm. Finally, the absolute value of the global minimum must be greater
than the global maximum. These rules are demonstrated in Figure 101 to Figure 103.

Figure 101: Correctly integrated signal
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Figure 102: (Top) rules for deleting incorrect results; (bottom) examples from real data

Figure 103: Displacement data: (Top) before selection, (bottom) after selection

Final Result
To get the best result, the median from all the non-eliminated results from the data
selection within each window is calculated. The median is calculated from the global
minimums of the signals, so the result is in the forms of one value for each axle /
window. For evaluation of crossing condition it is useful to have only one equivalent
value for each train that can be automatically compared. Hence, another median is
calculated from all the (axle-) medians of the train. Results are stored according to the
type of train and used to evaluate changes in stiffness.

Page 97 of 244

Conclusion
The system described above shows how the acceleration signal obtained from in-situ
measurements taken on crossings can be processed to obtain displacement values. It is
worth noting that that the results are equivalent estimates of displacements for specific
trains, and not arising from direct measurements. The method described has its
weaknesses, but is essentially functional. The main advantage is that this type of
analysis is easily implemented on a computer and works fully automatically. The next
question relates to how suitable it is for use with lower quality datasets - the data used
up to this point having been obtained with high-quality (expensive) measuring devices.
Further work in this area would focus on lower cost devices that every crossing could be
equipped with and that would operate autonomously for extended periods. Extensions to
the processing would consider the use of the Support Vector Machines or Neural
Networks used in other aspects of the system.
5.3.2.5

Conclusions for TIS, DESS and DESC Systems

The combination of the Train Identification System, the Dynamic effects Evaluation
System for Switches, and the Dynamic effects Evaluation System for Crossings can be
used together to perform whole system evaluations using only comparatively simple
mathematical methods. Together the components form a smart system that has yet to
learn and acquire data. However, there is already some evidence of functional operation
from the component parts. Once trained, this will form a usable system that will be
cheap and reliable. It is anticipated that this development will continue in WP6 to form
appropriate hardware for a cheap device that will be able to collect data in sufficient
volumes to train the system.
Some consideration has also been given to a set of maintenance advisory rules that
could be used with the outputs of the system. Initial advisories could be generated if
there was an increase or decrease in values of 25%. This level would be called the “alert
limit”. After exceeding the limit, a recommendation to check would be generated. The
second level would be the maintenance limit. This level would be a 50% increase or
decrease in values. After exceeding the limit, maintenance would be recommended. The
alerts would be based on the DESS and DESC values for maximum / minimum, area
under moving RMS, Sum 0-200 Hz, Sum 200-600 Hz, and maximal value in frequency
domain, as described above.
An alternative analysis mechanism has been developed by an alternative team from one
of the S-CODE partners under the leadership of prof. Smutny. Although not the main
focus of this investigation, this processing is of interest to the S-CODE project. The
Higher-Order Spectral Analysis (HOSA) method, that would use the measured data, is
described in section 5.3.3 below.
5.3.3

Higher-Order Spectral Analysis (HOSA)

5.3.3.1

Principles

Higher-Order Spectral Analysis is an alternative and interesting method for analysing
multiple signal types. There are many statistical solutions for extracting information from
monitored signals. They predominantly use first (mean) and second (correlation) order
statistics. However, in the presence of nonlinearity in systems, many signals cannot be
analysed adequately using second order statistical methods alone. For this reason,
higher order statistical methods have been developed. High order spectra have the
potential to elicit better performance from monitored signals in applications such as
coding, filtering, and detection. These methods are extensions of correlation (in time or
space) and power spectra (in frequency). The power spectrum is the Fourier spectral
representation of the autocorrelation function which is the second order moment of the
probability density function, higher order spectra are higher order Fourier spectral
representations of third and higher order correlations or moments. Higher order spectra
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work in the terms of the spectral representations of cumulants or moments of random
signals. Their main use is in the identification of signal nonlinearities. Thus, higher order
spectra are multidimensional Fourier Transforms of higher order statistical parameters.
Higher Order Spectral Analysis reveals much more information about a stochastic
Gaussian, non-Gaussian or deterministic signal than is available by its autocorrelation or
power spectrum. Higher order spectra are defined in terms of the higher order moments
or cumulants of a signal. Higher Order Spectral Analysis computes the comprehensive
higher order spectra for signal processing application algorithms in statistical signal
processing. Higher-Order Spectral Analysis collects advanced signal processing
algorithms for spectral estimation, polyspectral estimation, and computation of timefrequency distributions. Applications include: parametric and nonparametric system
identification, time delay estimation, harmonic retrieval, direction of arrival estimation,
parameter estimation models, adaptive linear prediction, etc. The primary tool and
algorithm for this kind of signal processing is the power frequency spectrum.
Higher order spectra, also known as polyspectra, are defined in terms of higher order
statistics of a signal, known as cumulants, which contain such information.
For the following description, it is useful to define the following functions. The evaluation
operations will be defined on the measured digitalised signal, x(n). The processing, and
relationship between the components, is summarised in Figure 104 and Figure 105.
The autocorrelation function is defined as:
𝑅𝑥𝑥 (𝑚) = 𝐸{𝑥 ∗ (𝑛) ∙ 𝑥(𝑛 + 𝑚)}

( 11 )

where E{} is any operator.
Therefore, the power spectrum is defined as the Fourier Transform of the autocorrelation
function:
𝑁

𝑃𝑥𝑥 (𝑓𝑘 ) = ∑ 𝑅𝑥𝑥 (𝑚) ∙ exp(−𝑖 ∙ 2 ∙ 𝜋 ∙ 𝑓𝑘 ∙ 𝑚)

( 12 )

𝑚=0

where fk is the frequency. When the signal x is transformed to X by the Fourier
Transform:
𝑁

𝑋(𝑓𝑘 ) = ∑ 𝑥(𝑛) ∙ exp(−𝑖 ∙ 2 ∙ 𝜋 ∙ 𝑓𝑘 ∙ 𝑛)

( 13 )

𝑛=0

then the spectrum is defined:
𝑃𝑥𝑥 (𝑓𝑘 ) = 𝐸{𝑋(𝑓𝑘 ) ∙ 𝑋 ∗ (𝑓𝑘 )}

( 14 )

It is known that the power spectrum is the nonnegative real value, and that
𝑃𝑥𝑥 (𝑓𝑘 ) = 𝑃𝑥𝑥 (−𝑓𝑘 ).
The higher order moments are natural generalisations of the autocorrelation, and
cumulants are specific nonlinear combinations of these moments. First, the moment is
defined:
𝑀2𝑥 (𝑚) = 𝐸{𝑥(𝑛) ∙ 𝑥(𝑛 + 𝑚)}

( 15 )
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The higher order cumulants are then defined:
𝐶1𝑥 = 𝐸{𝑥}
𝐶2𝑥 (𝑘) = 𝐸{𝑥 ∗ (𝑘) ∙ 𝑥(𝑛 + 𝑘)}
𝐶3𝑥 (𝑘, 𝑙) = 𝐸{𝑥 ∗ (𝑘) ∙ 𝑥(𝑛 + 𝑘) ∙ 𝑥(𝑛 + 𝑙)}
𝐶4𝑥 (𝑘, 𝑙, 𝑚) = 𝐸{𝑥 ∗ (𝑘) ∙ 𝑥(𝑛 + 𝑘) ∙ 𝑥(𝑛 + 𝑙) ∙ 𝑥 ∗ (𝑛 + 𝑚)}
∗
−𝐶2𝑥 (𝑘) ∙ 𝐶2𝑥 (𝑙 − 𝑚) − 𝐶2𝑥 (𝑙) ∙ 𝐶2𝑥 (𝑘 − 𝑚) − 𝑀2𝑥
(𝑚) ∙ 𝐶2𝑥 (𝑘 − 𝑙)

( 16 )

where 𝑚 ≤≤ 𝑘.
The first-order cumulant is the mean of the series and the second-order cumulant is the
autocovariance of the series. The cumulants of a stationary real-valued process are
symmetric in their arguments:
𝐶2𝑥 (𝑘) = 𝐶2𝑥 (−𝑘)
𝐶3𝑥 (𝑘, 𝑙) = 𝐶3𝑥 (𝑙, 𝑘) = 𝐶3𝑥 (−𝑘, 𝑙 − 𝑘)
𝐶4𝑥 (𝑘, 𝑙, 𝑚) = 𝐶4𝑥 (𝑙, 𝑘, 𝑚) = 𝐶4𝑥 (𝑘, 𝑚, 𝑙) = 𝐶4𝑥 (−𝑘, 𝑙 − 𝑘, 𝑚 − 𝑘)

( 17 )

It is possible to compute the polyspectra using a Fourier Transform.
The power spectrum:
𝑁

( 18 )

𝑆2𝑥 (𝑓1 ) = ∑ 𝐶2𝑥 (𝑘) ∙ exp(− 𝑖 ∙ 2 ∙ 𝜋 ∙ 𝑓1 ∙ 𝑘)
𝑘=0

the bispectrum:
𝑁

𝑆3𝑥 (𝑓1 , 𝑓2 ) = ∑ 𝐶3𝑥 (𝑘, 𝑙) ∙ exp[− 𝑖 ∙ 2 ∙ 𝜋 ∙ (𝑓1 ∙ 𝑘 + 𝑓2 ∙ 𝑙)]

( 19 )

𝑘,𝑙=0

the trispectrum:
𝑁

𝑆4𝑥 (𝑓1 , 𝑓2 , 𝑓3 ) = ∑ 𝐶3𝑥 (𝑘, 𝑙) ∙ exp[− 𝑖 ∙ 2 ∙ 𝜋 ∙ (𝑓1 ∙ 𝑘 + 𝑓2 ∙ 𝑙 + 𝑓3 ∙ 𝑚)]

( 20 )

𝑘,𝑙,𝑚=0

In contrast with the power spectrum which is real-valued and nonnegative, the bispectra
and trispectra are complex.
The real series give symmetrical spectra:
𝑆2𝑥 (𝑓1 ) = 𝑆2𝑥 (−𝑓1 )
∗ (−𝑓
𝑆3𝑥 (𝑓1 , 𝑓2 ) = 𝑆3𝑥 (𝑓2 , 𝑓1 ) = 𝑆3𝑥 (𝑓1 , −𝑓1 − 𝑓2 ) = 𝑆3𝑥 (−𝑓1 − 𝑓2 , 𝑓2 ) = 𝑆3𝑥
1 , −𝑓2 )
∗ (−𝑓
𝑆4𝑥 (𝑓1 , 𝑓2 , 𝑓3 ) = 𝑆4𝑥 (𝑓1 , 𝑓3 , 𝑓2 ) = 𝑆4𝑥 (𝑓2 , 𝑓1 , 𝑓3 ) = 𝑆4𝑥 (−𝑓1 , 𝑓2 −𝑓1 , 𝑓3 −𝑓1 ) = 𝑆4𝑥
1 , −𝑓2 , −𝑓3 )

( 21 )

The autocross spectrum of the cummulant is:
𝐶𝑥𝑥𝑥 (𝑘, 𝑙) = 𝐸{𝑥𝑛∗ (𝑛) ∙ 𝑥(𝑛 + 𝑘) ∙ 𝑥(𝑛 + 𝑙)}

( 22 )

The autocross spectrum is described by the formula:
𝑆3𝑥 (𝑓1 , 𝑓2 ) = ∑𝑁
𝑘,𝑙 𝐶3𝑥 (𝑘, 𝑙) ∙ exp[- 𝑖 ∙ 2 ∙ 𝜋 ∙ (𝑓1 ∙ 𝑘 + 𝑓2 ∙ 𝑙)]

( 23 )
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The autocross bicoherence is another useful statistic function which is defined as:
𝐵𝑖𝑥 (𝑓1 , 𝑓2 ) = 𝑆3𝑥 (𝑓1 , 𝑓2 ) ∙ [𝑆2𝑥 (𝑓1 + 𝑓2 ) ∙ 𝑆2𝑥 (𝑓1 ) ∙ 𝑆2𝑥 (𝑓2 )]−1/2

( 24 )

The autocross bispectrum is:
𝑏𝑥 (𝑚, 𝑛) = ∑ ln[𝑆3𝑥 (𝑓1 , 𝑓2 )] ∙ exp[−𝑖 ∙ 2 ∙ 𝜋 ∙ (𝑓1 ∙ 𝑚 + 𝑓2 ∙ 𝑛)]
𝑓1 ,𝑓2

( 25 )

and the autocross tricoherence is:
𝑇𝑖𝑥 (𝑓1 , 𝑓2 , 𝑓3 ) = 𝑆4𝑥 (𝑓1 , 𝑓2 , 𝑓3 ) ∙ [𝑆2𝑥 (𝑓1 + 𝑓2 + 𝑓3 ) ∙ 𝑆2𝑥 (𝑓1 ) ∙ 𝑆2𝑥 (𝑓2 ) ∙ 𝑆2𝑥 (𝑓3 )]−1/2
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Figure 104: Computing polyspectra
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Figure 105: Description of the discrete signal using the m-dimensional Fourier Transform (FTm{})

5.3.3.2

Application

Different methods have been used to test different components of the railway, and
different mathematical methods are regularly used to evaluate the signals measured.
Higher order statistical analysis methods are an alternative form of analysis that may
provide additional information about the signals measured, but that are not generally
used due to the requirements of the input signals, and the computational demands that
they put onto the processing hardware.
Higher order statistics are an extension of second-order characteristics such as the autocorrelation function and power spectrum to higher orders. Second-order analyses work
fine if the signal has a Gaussian (Normal) probability density function, but many real-life
signals are non-Gaussian. Higher Order Statistical Analysis methods are emerging as
new techniques in signal analysis, offering insight into non-linear coupling between
frequencies, and have potential applications in many real-life areas.
One example where HOSA techniques are already prevalent is in the field of radio
communications. Single Input Single Output systems are commonly used in modern
measured communication systems owing to their reduced cost and complexity. HOSA
can be used to reduce the Signal to Noise Ratio in Multi Input Multi Output systems.
Non-stationary and pseudo-stationary signal analysis using HOSA based on timefrequency representations can reveal information about some kinds of defects in the
signals. HOSA spectrum estimation techniques can be applied in the transmitter section,
the receiver section or on both sides and have the potential to achieve performance
improvements similar to that of full complexity Multiple Input Multiple Output systems,
at reduced complexity and cost.
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Application of HOSA within the rail domain is presently limited, but there is significant
scope for its use in component health analysis. Two preliminary examples are its
application to recorded pressure and vibration signals from train superstructures.
5.3.3.3

Train Superstructure – Pressure

In order to better demonstrate the outputs available from HOSA techniques they have
briefly been applied to pressure data recorded from the superstructure of a railway
vehicle. The recorded data are presented in Figure 106, and summarised in Table 6.
Example outputs of the processing are described in Figure 107 to Figure 113.

Figure 106: Train superstructure pressure data (top) and histogram (bottom)
Table 6: Summary statistics for pressure data

Mean
Variance
Skewness (normalised)
Kurtosis (normalised)

2.06958
0.250181
0.597818
0.14364

Page 103 of 244

Test statistic for Gaussianity is 191.0693 with df = 48, Pfa = 0
Linearity test: R (estimated) = 4.8515, lambda = 7.1157, R (theory) = 7.3841, N =
14
-0.1445
0.1445
-0.0078
Maximum of bispectrum: B(0.041992,0.00097656) = 136.6121

Figure 107: Spectrogram
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Figure 108: Power spectra

Figure 109: Cumulant spectra
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Figure 110: Root locations

Figure 111: Bispectrum – nonparametric
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Figure 112: Diagonal slice of bispectrum

Maximum of bispectrum: B(0.041992,0.00097656) = 136.6121

Figure 113: Parametric bispectrum
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5.3.3.4

Train Superstructure – Vibration

In order to better demonstrate the outputs available from HOSA techniques they have
briefly been applied to vibration data recorded from the superstructure of a railway
vehicle. The recorded data are presented in Figure 114, and summarised in Table 7.
Example outputs of the processing are described in Figure 115 to Figure 120.

Figure 114: Train superstructure vibration data (top) and histogram (bottom)
Table 7: Summary statistics for vibration data

Mean
Variance
Skewness (normalised)
Kurtosis (normalised)

-0.00574385
7.80426e-06
0.0487143
6.01012

Test statistic for Gaussianity is 97.8369 with df = 48, Pfa = 0
Linearity test: R (estimated) = 6.6019, lambda = 3.8272, R (theory) = 5.5196, N =
14
-0.0156
0.0156
-0.0469
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Maximum of bispectrum: B(0.046875,0) = 2850.3624

Figure 115: Spectrogram

Figure 116: Power spectra
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Figure 117: Cumulant spectra

Figure 118: Bispectrum – nonparametric
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Figure 119: Diagonal slice of bispectrum

Figure 120: Parametric bispectrum
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5.4

Sensing for Dynamic Effects Analysis

5.4.1

Embedded Sensors and Sensor Mountings

Within this section of the S-CODE project development has focused on the identification
of appropriate sensors for the measurement tasks identified as necessary to support the
requirements identified in WP2. As such, measurements have been undertaken using
commercially available sensors and fastenings although consideration has also been
given to issues surrounding sensor mounting, particularly the mounting of components
with specific shock and vibration sensitivities; such as acceleration sensors.
From the viewpoint of long-term fastening of sensors throughout the life of a turnout, it
is difficult to use the usual adhesive-based fastening methods offered for measuring
equipment. However, the advantages of a glued joint are indisputable; the use of
adhesives, especially acrylate anaerobic, suitable for gluing metals is, therefore,
assumed. As there are concerns relating to magnetic fixings due to vibration, it is
desirable to fasten to these glued elements with screws. An alternative to a glued joint is
a fastening using holders attached to the rail. Several variants of such a fastening design
have been considered. For an acceleration application, testing is required to establish if
these fittings induce any unnecessary damping or oscillation at the sensors. Figure 121
shows an example fixing point designed for a temperature sensor.

Figure 121: Small High-Temperature Clip, insulated (UA-1564) [64]
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5.4.1.1

Fitting to the Switch Rail

Figure 122 shows a proposed solution for the use of a holder to adhere sensors to the
foot of a switch rail.

Figure 122: Concept for foot-fastening using a holder

5.4.1.2

Fitting to the Stock Rail

Two potential solutions have been considered for the mounting of acceleration sensors to
the stock rail.
 Variant No.1 (Figure 123): Fastening at the upper edge of the clamping
fastening; the screw cannot be attached from the bottom.
 Variant No. 2 (Figure 124): Fastening to the extended upper edge of the clamping
fastening; a sensor can also be attached from the bottom.
With only minor adjustments, particularly to variant 1, these fastening options could
potentially also be applied for use around the frog. A cable from a sensor can also be
secured using a retaining point to avoid damage either during installation or regular
maintenance. The solutions, along with summary positive and negative points for each
are presented in Figure 123 and Figure 124, below.
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Figure 123: Stock rail fastening concept variant 1

Pros: Small dimension, fastening and securing using a retaining element (strip),
adhesive can be applied for attaching sensors.
Cons: Vibration of the retaining element itself.
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Figure 124: Stock rail fastening concept variant 2
Pros: Includes a side rail for the easy fastening of an accelerometer, simple screwing
also from the bottom and the possibility of applying adhesive for attaching sensors.
Cons: Dynamic effects transferred unevenly; vibration of the holder itself.
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5.4.2

Sensors for Measurement of Dynamic Loads in S&C

Dynamic loads in the rail track are considerably greater than static loads as mentioned
above and represent a basic factor to be taken into consideration for sizing and
designing the track infrastructure as well as for the future maintenance activities to be
carried out. The findings from In2Rail also state that S&C are subjected to high dynamic
loads due to their geometric features, the discontinuities between their elements and the
heterogeneity of these elements (according to their mechanical properties).
Consequently, these loads, influenced by the degradation and anomalies of the track,
have a great impact on deformation, degradation and wear processes. For these
reasons, the reason why dynamic load has to be measured especially on the parts where
the largest dynamic impacts occur, i.e. especially on the common fixed crossings, when
the wheel moves from wing rail to crossing nose. However, due to the wear of the
wheels and rails, the dynamic impacts also occur in the transition zone from the switch
rail to the stock rail and on movable crossing noses. Almost every one of the radical
switch concepts being considered in this project has interfaces (discontinuities) between
two components. For this reason, every concept will be subjected to dynamic loads in
the future. The dynamic impact is carried through the sleeper to the ballast (or
supporting structure), which is therefore extremely stressed. The whole process results
in degradation of the shape of the ballast under the sleeper (or degradation / damage of
the supporting structures) and this leads to insufficient support of the turnout. If the
turnout is not properly supported, the transition geometry collapses and the degradation
process is accelerated.
An extreme dynamic loading results in mechanical damage of the turnouts. Dynamic
impacts load all components of the turnout, not only rails or sleepers, but also actuators
and all other components. An S-CODE focus group also agreed that the mechanical
damage was probably the most recurrent failure mode. It is therefore extremely
important is to catch a fault / degradation in its early stages. For this reason, online
monitoring is considered to be the best solution, as suggested by the In2Rail project. It
is also very important to measure load dynamics as close as possible to the dynamic
impacts occurring. This work proposes to measure the dynamic load on the rail and on
the sleeper / bearer. It is also possible to measure the dynamic load directly in the
ballast by measuring the effects around specific stones.
The dynamic loading is divided into vertical and horizontal categories. Vertical dynamic
loads are directly related to the static loads, the speed of the train and other parameters
such as:
•
The dynamic properties of railway vehicles (e.g. unsuspended and suspended
mass).
•
The contact between the wheel and the rail.
•
The isolated or distributed anomalies from the rail geometry.
•
The mechanical properties of the superstructure elements (elasticity, stiffness,
etc.).
•
The mechanical properties of the platform below the superstructure.
•
Track stiffness inhomogeneity along the track
•
Crossing design (e.g. wing wheel riser)
Horizontal dynamic loads are mainly related to the guiding function of the track, and if
the transition geometry has collapsed then also any longitudinal dynamic impacts. For
this reason, it is proposed to measure dynamic loading in all three axes (vertical, lateral
and longitudinal). It is very important to measure loading in all three axes, especially on
the rail (wing rail, stock rail, switch rail, movable crossing nose). On the sleeper / bearer
horizontal loading is not essential but vertical loading is very important because,
especially on the S&C, it is necessary to have a high quality of support. On the sleeper /
bearer it is proposed to measure the dynamic loading on the vertical axis. In the ballast
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it is proposed to measure dynamic loading in all three axes (rotation of the measuring
stone).
The best way to measure dynamic load is to measure vibration through acceleration.
Promising sensors are piezo accelerometers and MEMS accelerometers. The
accelerometers offer a variety of benefits including a wide frequency response,
temperature stability (stable over wide temperature ranges), ruggedness, adaptability,
and linearity. Therefore, the accelerometers can be considered suitable for long-term
online measurement in full operation.
Thanks to the on-line monitoring of the dynamic effects we can identify the faults /
degradations at an early stage and this will allow the efficiency of repairs to increase.
Moreover, the use of predictive maintenance can reduce costs by 20 - 25 %. In fact,
better planning of maintenance (in this early stage) can extend maintenance cycles that
mean low maintenance and longer lifecycle. Low maintenance is one of the requirements
for future S&C.
From a mechanical requirements perspective, a number of elements can be monitored:
 The quality of supporting structures
 Track stiffness – changes during lifecycle due to bad support, old rail pads,
fastening system failure, etc.
 Change in vertical, longitudinal, lateral dynamic forces – changes (increase)
during lifecycle due to the wear of S&C and change of the stiffness
 Quality of the rolling stock – especially hollow worn wheels which cause very high
dynamic impacts to the S&C
Monitoring these aspects will have following benefits for maintenance:
 Online monitoring allows detection of faults / derogations at early stages
 Predictive maintenance is estimated to reduce costs by 20 - 25 %
 Better maintenance planning allows:
o Minimising track access time
o Decision support for renewal or maintenance activities – surface build up
welding, component replacement, tamping, etc.
o Extension of maintenance cycles - low maintenance and longer lifecycles
According to literature review and to the experience of previous projects (INNOTRACK,
MAINLINE, In2Rail, etc.) the best way to measure dynamic loads is to measure vibration
(acceleration). Piezo accelerometers appear to be particularly promising sensors,
especially for use with the rail and bearer, but MEMS accelerometers are another suitable
alternative. The accelerometers offer a variety of benefits including wide frequency
response, temperature stability (stable over wide temperature ranges), ruggedness,
adaptability, and linearity. Therefore, the accelerometers are considered to be suitable
for long-term online measurement in full operation. MEMS capacitive accelerometers are
recommended for direct monitoring of the ballast. With the MEMS accelerometer it is
possible to determine the orientation and rotation of the measuring stone because the
accelerometer inherently measures tilt or inclination if it is in a static position (between
trains passing). Stone orientation is very important because acceleration in the vertical
direction is the most critical for ballast stability. Based on experience of measurements
undertaken during full operation the following parameters are identified for the
acceleration sensors:
 Minimal frequency range for ballast 1 – 200 Hz, 1 – 400 Hz for bearer and 2 –
2000 Hz for the rail.
 Maximum operational level (peak) 5 g for ballast, 50 g for bearer and 500 g for
the rail.
 Maximum shock level (± peak) 50 g for ballast, 500 g for bearer and 5000 g for
the rail.
 Operational temperature -30 – +70 °C
Page 117 of 244

The identified sampling frequency is 2 kHz.
Sensors based on these parameters are shown, installed, in Figure 125 to Figure 131.

Figure 125: Three-axis accelerometer on the switch rail – experimental measurement

Figure 126: Detail of the three-axis accelerometer on the switch rail – experimental measurement
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Figure 127: Three-axis accelerometer on the foot of the wing rail – experimental measurement

Figure 128: Detail of the three-axis accelerometer on the foot of the wing rail – experimental
measurement
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Figure 129: Accelerometer on the bearer – experimental measurement

Figure 130: Measuring stone with three-axis accelerometer inside
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Figure 131: “Measuring stone” with three-axis accelerometer inside [39]

5.4.3

Acceleration Sensor Positioning

The dynamic load has to be measured especially on the parts where the largest dynamic
impacts occur. In the existing S&C the biggest dynamic effects occur on the fixed
crossings where the wheel is crossing from the wing rail to the crossing nose but also in
the transition zone from the switch rail to the stock rail. The dynamic effects are
increasing due to the wear of the wheels and rails and due to the insufficient support of
the bearers. If the S&C are not properly supported, transition geometry (from the wing
rail to the crossing nose or from the switch rail to the stock rail) collapses and
degradation processes are accelerated. Almost all of the radical switch concepts being
considered in S-CODE have interfaces (discontinuities) between two components, which
is similar to a switch (or common fixed crossing). This WP is considering technologies
that could be applied to multiple switch concepts, some of which are still being
developed. As such it is not necessarily possible to determine the exact position of the
sensors in the radical concepts, but the technologies can be evaluated using a
conventional switch design. Embedded vibration acceleration sensors on the rail, bearer
and into the ballast have been designed. The proposed placement of sensors will also
allow the evaluation of the fastening system function as well as degradation rate of the
under bearer structures and wear of the wheels and rails. All sensors are located near
the bearer because likely future switch concepts may include drive equipment embedded
in the bearer. The methodology of the measurement is designed in three variants. First
the maximal variant which includes the most capacity for future expansion and uses the
most tri-axial sensors. Second, the optimal variant, and third a variant with minimal
sensors for dynamic effects monitoring. The optimal and minimal variants are suitable
for installation in the existing S&C. The measurement methodology description for all
three variants is included in the following sections.
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5.4.3.1

Maximal Variant

In Figure 132, the detail of the sensor placement for an existing switch in the maximal
variant is displayed. There are four measuring points on two consecutive bearers in the
superstructure (two measuring points for through route and two for turnout route in
S&C) and two measuring stones in the surrounding ballast. The measuring points for
through route and for turnout route in S&C are the same, each having two measurement
positions. A tri-axial sensor on the switch rail, a tri-axial sensor on the stock rail and a
single-axis sensor (vertical direction) on the bearer are located at the first measuring
point. A single-axis sensor (vertical direction) on the stock rail and a single-axis sensor
(vertical direction) on the bearer are located at the second measuring point. The
measuring stones, with embed tri-axial sensors, are located under the bearers and the
rails within the ballast. With this placing of sensors, it is possible to determine the speed
of trains, and whether they were traversing the switch in the through or turnout
configuration. The tri-axial sensors on the switch and stock rails will help to determine
how much dynamic energy is transmitted in a vertical, transverse and longitudinal
direction. The biggest dynamic impacts will appear in the vertical direction, but there is
also notable information in the transverse and longitudinal directions. For example, an
increase in dynamic loading in the longitudinal direction can be indicative of wear of the
rails or bad bearer support. Significant transverse dynamic loading can indicate that the
track geometry in front of or in the S&C is bad. With the sensors on the bearer it is
possible to determine how much of the dynamic energy is transferred from the rail to the
bearer and to monitor the quality of the fastening systems and bearer support. The
measuring stones will allow the bearer support and also the effectiveness of any tamping
cycles will to be evaluated.
For the existing common fixed crossing section, the maximal variant is designed as
follows. A tri-axial sensor on the flange of the wing rail near the crossing nose where
wheel moves from the wing rail to the frog. A single-axis sensor (vertical direction) is
placed on the bearer under the crossing nose. Measuring stones with embedded tri-axial
sensor are located in the ballast under the bearer and the crossing nose. The
compactness of the crossing, particularly in the case of cast crossings, means that this
comparably small sensor set is sufficient.

Figure 132: Acceleration sensor placement – maximal variant (yellow: tri-axial sensor, red: singleaxis sensor)
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5.4.3.2

Optimal Variant

In Figure 133, the detail of the optimal variant of the sensor placement for an existing
switch system is displayed. There are three measurement points on two consecutive
bearers, two measuring points for through route and one for the turnout route. A dualaxis sensor on the switch rail (vertical and longitudinal directions), a single-axis sensor
(vertical direction) on the stock rail and a single-axis sensor (vertical direction) on the
bearer are located at the first measuring point in the through route. A single-axis sensor
(vertical direction) on the stock rail and a single-axis sensor (vertical direction) on the
bearer are located at the second measuring point in the through route. A single-axis
sensor on the switch rail (vertical direction), a single-axis sensor (vertical direction) on
the stock rail and a single-axis sensor (vertical direction) on the bearer are located at
the third measuring point in the turnout route. The speed of the train and the vibration
in the vertical direction are the most critical measurements from a dynamic effects point
of view. Therefore, all locations of the sensors from the maximal variant are preserved
for the through route but instead of the tri-axial sensors on the stock rail, only a singleaxis are proposed, and only two-axis rather than tri-axial sensors are proposed for the
switch rail. Significant longitudinal dynamic loading on the switch rail can be indicative
that the transition geometry (from the switch rail to the stock rail) is bad. For this
reason, monitoring the switch rail is considered to be more critical than the stock rail and
so the longitudinal direction will be monitored for this component. Speed on the turnout
route is usually lower than on the through and therefore only one measuring point with
only single-axis sensors is proposed for that configuration.
For the existing common fixed crossing, the optimal variant is designed as follows. A
two-axis sensor (vertical and longitudinal directions) on the flange of the wing rail is
located near the crossing nose where wheel moves from the wing rail to the crossing. A
single-axis sensor (vertical direction) is placed on the bearer under the crossing nose. As
only three channels are proposed, the optimal and minimal variants are the same.

Figure 133: Acceleration sensor placement – optimal variant (black: two-axis sensor, red: singleaxis sensor)

5.4.3.3

Minimal Variant

In Figure 134, the detail of the sensor placement for an existing switch configuration
using the minimal variant is displayed. There are two measurement points on two
consecutive bearers (only the through route is considered). A single-axis sensor on the
switch rail (vertical direction), a single-axis sensor (vertical direction) on the stock rail
and a single-axis sensor (vertical direction) on the bearer are located at the first
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measuring point in the through route. A single single-axis sensor (vertical direction) on
the stock rail is located at the second measuring point, again in the through route. This
is the minimal variant configuration for dynamic effects monitoring, only single-axis
sensors are used and only the through route is considered. For this variant, no sensors
are positioned in the turnout route, which is expected to experience only low speed
operation and minimal dynamic effects. Sensors for the crossing section are the same as
for the optimal variant which is already a minimal sensor configuration.

Figure 134: Acceleration sensor placement – minimal variant (red: single-axis sensor)

5.4.3.4

Application of Monitoring Variants to Concepts

Work package 2 identified a number of different approaches to the problem of switching
railway vehicles between tracks. A series of common themes were identified, and key
technological components extracted. These were combined to develop a series of 5 main
switch concepts for ongoing consideration within the main technical work packages. For
all 5 of the concepts documented in D2.1 and summarised in Figure 135 to Figure 139
below, a similar methodology for the allocation of sensing for dynamic effects analysis
has been undertaken. A summary of the required instrumentation for dynamic effects
analysis for each of the concepts (and conventional S&C) is presented in Figure 140.

Figure 135: Concept 1
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Figure 136: Concept 2

Figure 137: Concept 3

Figure 138: Concept 4

Figure 139: Concept 5
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Figure 140: Channel numbers for dynamic effects monitoring – overview

5.5

Hardware for Measurement of Dynamic Effects

In order to minimise the costs of monitoring, the instrumentation system hardware has
been considered. The first step was to create a cheaper measurement unit and to use
expensive precision sensors to verify its performance in comparison to Commercial Off
The Shelf (COTS) alternatives. This has been tested in a measurement campaign. In
WP6 this lower cost measurement unit will be combined with cheap sensors in order to
produce a truly low-cost monitoring system. Additional monitoring systems focusing on
specific support hardware for some of the different analysis methods has also been
developed.
5.5.1

Low-cost Measurement Unit

A low-cost Measurement Unit (MU) was created for one-day (or multi-day) measurement
of dynamic loads in a track. It was designed to minimise construction costs and to
require as little electric power as possible. For its functionality and efficient measuring of
parameters it can easily substitute for much more expensive units. The MU cost is a
critical factor in its adoption for future use in turnouts measurements.
Details of the MU are provided in Table 8, Table 9, and Table 10.
Table 8: Measurement unit parameters - sampling and sensor power supply

Type of sensors
Number of input channels
Measured range of connected sensors
Sensors supply current
Maximum sample rate for A/D converter
Resolution of A/D converter
Measurable input signal bandwith
Power supply - digital part (A/D converter)
Power supply - analogue part
Output communication interface

Current (IEPE)
3
Umax 25.6 V(AC) (ATT =16), f = 20 000 Hz
Setup range 2 to 20 mA (Uout = 24 V)
up to 256 kHz
24 bit
1 Hz to 20 kHz
3.3 V(DC)
3.3 V(DC)
SPI
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Table 9: Measurement unit parameters - data processing

Power supply
Components used
Communication interfaces

3.3 V(DC) ATXMega , 5 V(DC) RaspberryPi
MCU ATXMega + RaspberryPi Zero W
SPI, UART, WiFI, Bluetooth

Table 10: Measurement unit parameters - power supply

Input power supply
Output power supply for digital part
Output power supply for analogue part

230 V (AC)
2x 3.3 V (DC) (2x4 VA)
1x 24 V (DC) (1.5 VA)

IEPE power (+24V, 2÷20 mA)
A/D (24 bit), SPI interface

IEPE
Sensor
(3-axis)

IEPE power (+24V, 2÷20 mA)
A/D (24 bit), SPI interface

ATXMega256
SPI Interface
Parallel interface

IEPE power (+24V, 2÷20 mA)
A/D (24 bit), SPI interface

Power source
230V(AC) / 24V(DC)+2 x 3,3V
(DC)

RaspberryPi zero W
SD card, SPI, UART, WiFI, Bluetooth

Figure 141: Block diagram of the Measurement Unit

In Figure 141, the sampling and sensors power supply parts (red) contain electric parts
for powering the connected sensors and sampling circuits. For the sensors, the supply
uses an integrated electrical circuit (XTR111) from Texas Instruments. Using this it is
possible to create a constant source electric current in the range of 2 to 20 mA, which is
essential for supplying these kind of connected sensors. On the printed circuit boards
(PCB) there is mounted regulator (trimmer), which sets the range of the current. On the
same board there is an Attenuator (ATT) that has to be set according to the connected
sensor’s output voltage before measurement can be started. The input signal attenuation
can be selected from options of 2x, 4x, 8x, and 16x. For conversion between analogue
and digital values and A/D converter (ADS127L01) is used. This is able to sample up to
256 kSPS with a 24-bit resolution. To interface to this converter there is an SPI data
bus, which is connected to the microcontroller (MCU) (ATXMega256). This MCU collects
data from multiple channels over the SPI bus with a data rate of 8 MHz. It adds a time
mark and sends the data on via a parallel data bus into a minicomputer (Raspberry Pi
Zero W). The minicomputer saves the data onto an SD card and, where a wireless
connection is available (WiFi, Bluetooth) it can also distribute them a further PC. The
whole system is supplied by a power input of 6 W. The developed system components
are shown in Figure 142 to Figure 144.
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Figure 142: Measurement unit - sampling and power distribution

Figure 143: Measurement unit - power supply

Figure 144: Measurement unit - digital processing
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5.5.1.1

Sensors Used with the Low-cost Measurement Unit

Two types of tri-axial accelerometers were used with the MU in order to verify its
performance. These are shown in Figure 145 and Figure 146 and their parameters
described below.

General-purpose triaxial CCLD piezoelectric accelerometer, type 4535-B [65]

Figure 145: ACC type 4535-B [65]

Frequency range:
Sensitivity:
Maximum Operational Level (peak):
Size:

0.25 – 3000 Hz
10 mV/g (1 mV/ms-2)
714 g
22.1 x 11.8 x 12.2 mm

General-purpose triaxial CCLD accelerometer, type 4535-B-001 [66]

Figure 146: ACC type 4535-B-001 [66]

Frequency range:
Sensitivity:
Maximum Operational Level (peak):
Dimensions:
5.5.1.2

0.25 – 10000 Hz
100 mV/g (10 mV/ms-2)
71 g
22.1 x 11.8 x 12.2 mm

Conclusions

During test measurements carried out in Vranovice train station using a prototype
version of the MU, it was established that the unit needs to be placed out of range of
modules for sampling and power supply due to interference from the power network.
The total cost of the components used, including materials for assembling a prototype
with 3 channels was less than 10 000,- CZK (€400). This presents an interesting
alternative to commercially supplied measurement units.
The MU is a modular system which could be adapted in the future as needs arise. This
also allows components to be replaced, should they become damaged.
The MU has been evaluated using commercially available IEPE sensors (piezoelectric
accelerometers). Data has been recorded using this combination in Vranovice and
Hrušovany train stations. The sensors used for this are described below. Additional data
for comparison was obtained using a commercial system and alternative sensors.
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The performance of the MU has been confirmed through comparative measurements
using alternative technologies. In this way, it is possible to confirm the performance of
the MU and thus the feasibility of a low-cost measurement. The next target would be the
reduction of the sensor costs as the sensors used are high-quality and very accurate but
this corresponds to higher costs.
5.5.2

Measurement and Processing Unit

In addition to the low-cost data logger, within the S-CODE project, a further unit has
been developed that is more specifically attuned to the requirements of the signal
analysis described in sections 5.1 and 5.3. The system is suitable for use for the
collection of data on the technical condition of railway switches, their dynamic load under
moving trains, other conditions of use, pre-processing of data, etc. It focuses on longterm measurement as well as short term storage and transmission of analogue and
digital signals.
5.5.2.1

Design

The system is designed as a separate measurement point with external sensors as per
the architecture in Figure 147, and shown in Figure 148. It supports the recording of up
to 12 analogue quantities in the form of a voltage of 0 V to 5 V. It is primarily intended
to record vibration, noise, deformation, displacements, and temperature. Quantities are
continuously stored on an SD card.
The data logger is built on the Teensy platform with a 32-bit ARM Cortex-M4 processor.
The motherboard includes 34 GPIO pins of which 21 enable analogue input and 12 PWM
output. The system also includes I2C, SPI, CAN, and a serial line. Moreover, all pins can
enable interruption. Teensy contains a built-in RTC circuit, so it is just necessary to add a
32 768 Hz crystal and a 3 V battery. Programme storage of the processor is 256 KB, and
the operating RAM 64 KB.

Figure 147: Data logger scheme
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Figure 148: Data logger photo

The board also contains 2 KB of EEPROM memory. The basic clock frequency is 72 MHz,
although it can be overclocked up to 96 MHz if needed. The board uses the HalfKay
bootloader and can be programmed directly via a USB connector. The system is designed
to capture a large number of time records, of any length, at a sampling rate of between
100 Hz and 4000 Hz. The system is equipped with a real-time clock with the possibility
to synchronize more of the same data loggers. Measurement and storage can be done
either on external interruptions (change of logic level using, e.g. gate trigger) or at the
set signal level on the selected measuring channel.
After measuring and storing the recording (time events), the system is set to a standby
mode to wait for further measurement. The measuring system is equipped with a
touchscreen with the possibility to set basic parameters and operations – methods of
starting, stopping, setting of measuring time, basic sampling frequency, selection of
measuring channels etc. This is shown in Figure 149.
The display also shows bar charts of the minimum and maximum of all channels before
starting the measurement (Figure 150). The touchscreen makes it possible to select the
appropriate number of measuring channels to measure and display averaged maximum
and minimum values before measuring in order to calculate the sensitivity of, for
example, the accelerometer sensor. At the same time, it is possible to specify limit
values whereby the logger reports to the supervisory system in the event of any serious
problems and if so sends the data for immediate processing. During ordinary operation,
the supervisory system automatically selects data from individual data loggers for
further processing according to a schedule.
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Figure 149: Configuration

Figure 150: Data review

The electronics of the data logger are mounted in a durable box. Sub-D9 connectors are
used to connect sensors. The system has a battery, and also features the possibility of
external charging / powering, for example, by solar panels or by an electricity network.
The device is designed to be used in real weather conditions. It can be attached to the
parts of the railway superstructure (under the rail, on sleepers etc.).
Six tri-axial MEMS-type accelerometer sensors (Figure 151) were designed and
manufactured for the data logger, two with a measuring range of 200 g (expected to be
used on the rail), two with a range of 16 g (assumed for use on a sleeper), two with a
switchable measuring range of 2 g/6 g (assumed for use outside the railway
superstructure, possibly in gravel). The project also makes use of previously developed
“measuring stones”. These are sensors suitable for embedding into the ballast. These
have been adapted for the use with the proposed data logger. An interface for the use of
strain gauges has also been designed and tested and is currently being ruggedized.
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Figure 151: Proposed sensor

5.5.2.2

Communication

The data logger communicates with a supervisory system using WLAN Wi-Fi radio, noncellular technology. In the future, it will also be possible to use transfer technologies
designed for IoT or other non-cellular transfer technologies. The assumed data
transmission range is in the tens of meters. The optimal choice of technology or
technologies will depend on the specific deployment. The design of the data logger is
open to changes so connecting any additional hardware to the data logger is possible. It
is also expected to gradually extend the measuring software's functions according to
future requirements.
5.5.2.3

Distributed System for S&C Parameter Evaluation

In accordance with the overall concept of the diagnostic system, the data logger can be
placed anywhere on the S&C construction. Due to its large number of analogue input
channels, it is possible to record signals covering dynamic events in relatively large areas
of the S&C construction. Currently, it is expected to be used in two areas – crossings and
switches. Alternatively, smaller loggers could be embedded into each sleeper providing
sufficient amounts of data for a comprehensive diagnosis of the dynamic behaviour of
the entire S&C.
5.5.2.4

Second Measuring System

As an alternative to the previous device, a second measurement system was designed
that better matches the idea of distributed measurement of the track superstructure. It
is a set of many small measuring units with memory sufficient for temporary data
storage. The units measure acceleration (oscillation), temperature, deformation, or
electrical voltage in general. They are designed to be used with an internal power supply
for approximately one month. About 100 trains are assumed to be measured per day at
a measurement time of about 60 s.
Measured data is sent wirelessly to a supervisory remote system at a predefined time for
later analysis. Before a train passes, measurements at each measuring point are
triggered by the software trigger (vibration level change), measurements continue until
Page 133 of 244

the vibration falls below the trigger threshold, or the end of the measurement is defined
by a time interval. Timestamps that are regularly transmitted by the supervisory system
are also recorded during the measurement. These timestamps are stored at the
measurement points for later data synchronisation. Upon completion of a measurement,
the broadcast information is set in the modules to indicate the measured data. The
parent system downloads them at a certain time using a simple script.
The data is stored for some time locally to be later retrieved by the remote management
of the supervisory system. Each measuring module has a unique address, and the
functional communications range, in the open, is up to 30 m. All module parameter
settings can be configured wirelessly. The measuring module is shown in Figure 152.

Figure 152: Second style measuring unit

The measurement module is comprised of three basic parts – the control unit, the
accelerometer, and the antenna module. The control module includes electronics (control
system, memory, a wireless communication module, thermometer, indicators, one input
for the strain gauge half/whole bridge), and a battery/accumulator. The sensor board
contains two software switchable accelerometers and is connected to the control unit by
a short cable. The resolution of the A/D converters is 16 bits, sampling occurs at 1 kHz /
2 kHz. Other parameters include adjustable gain and hardware offset. The control
electronics includes an internal temperature sensor. The expected operating temperature
is from -10 to 50 °C. The power supply voltage of the measuring module is in the range
of 2.5 – 12 V, consumption in active mode is 50 mA at 3.3 V. The dimensions of the
basic module are 50 x 30 x 30 mm, while the accelerometer part measures 20 x 20 x
8 mm.
The supervisory system (Figure 153) provides wireless communication with individual
measuring modules. A Linux operating system, running in the supervisory system, can
be accessed remotely. The user can configure the entire measuring system with the
RemoteDesktop application. It is also possible to run scripts on the operating system to
further analyse the measured data. The supply voltage used is in the range of 11 – 24 V;
the device has an average consumption of approximately 3 W. When operating at full
load, the consumption is approximately 7 W.
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Figure 153: Supervisory system

5.5.2.5

Software

Each data logger includes software to allow data transfer to the supervisory system and
further processing. Existing processing includes two forms of graphical output - time
plots of the measured quantity and their amplitude spectra. At the same time, other
characteristics are identified, e.g. global maxima and minima, RMS values, and a floating
RMS vector. From these parameters, a software database can be completed with the
characteristics of locomotives and carriages. By using this data, it is possible to detect a
specific passing train from the measured records. The data read from the data logger as
well as their calculated characteristics are further stored in an SQL database. From this
database, pre-processed data can be loaded into the supervisory analysis system.
5.5.2.6

Power Supply

At present, power supply for the units will come from the power network with a battery
to be used in the event of a power failure. In the future, the measurement unit could
form self-powering equipment embeded in the bearer. To this end, collaboration with the
project ETALON, where energy harvesting - generating of the electrical energy from
ambient mechanical vibration, is being investigated.
5.6

Sensors to Support Novel Actuation and Self-Healing Processes

Sensors directly linked to novel actuation and self-healing are heavily linked to the
development being undertaken in WP4 and in general will be discussed in detail there.
These sensors, however, support adaptive control processes and autonomous
maintenance and while generally a WP4 topic, a number of technologies have been
considered in WP3 in relation to their interactions with the processing described here.
The first is a force sensor embedded in the fastening system with tuneable damping and
levelling that was described in high level design planning earlier in the project. This is
presented in summary in Figure 154. The system uses the dynamic effects analysis
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described in section 5.3, although wider cooperation with a dynamic effect measurement
system is also possible. If a given force limit is exceeded, the system could adjust
damping and rail height. As the next train passes, the force and acceleration are
reviewed to evaluate if the system adjusted the parameters correctly or if any further
adaptation is required. The system has been considered in concept level, along with
component development in the core algorithms and hardware, and whole system testing
would take place in WP6 if selected for further consideration.

Figure 154: Tuneable fastening system with integrated force sensor (red colour, bold line)

For another tuneable fastening system concept arising from the high level design work
carried out earlier in the project, (Figure 155) it is also possible to measure oil pressure
in the tuning plate under the baseplate or rail. By controlling this pressure it is possible
to control the vertical position of the rail. This system could reduce the impact of wear
on the dynamic effects by moving the wing rails or the crossing vertically.
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Figure 155: System for wear process reduction

A similar system can be fitted under the bearer to fill the space that occurs between the
bearer and the ballast, particularly under the crossing nose. Sensors can measure oil
pressure in the tuning plate on the bottom of the bearer and ensure that bearer
maintains contact with the ballast. Uneven support of the bearer creates larger dynamic
effects and leads to faster degradation of the ballast, wear and damage of the rails. This
self-healing system could potentially reduce dynamic effects and extend tamping cycles.
In the future, it may also be possible to use piezo elements for this purpose (Figure
156).

Figure 156: Sensors on the bottom of a sleeper [67]

The concepts mentioned above are only at early or component prototype stage, but
could significantly prolong the lifetime of the structure. The main problems in crossings
are wear and the quality of support. These systems could theoretically help with both
issues. The problem, however, is with the stiffness that these systems result in a change
of. This would still need to be overcome for the systems to be useable.
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5.7

Vehicle Based Monitoring of S&C

The majority of the S-CODE project is focused on infrastructure, with the activities in
WP3 centred on track or lineside sensing. In Section 5.3, however passing vehicles are
used to provide inputs to the track in order to measure the dynamic performance of the
S&C. Considering the other side of this interface, there are also potential benefits in
considering the evaluation of the S&C from the vehicle. Given the scope of the project,
this is not explored here in depth, but some examples of the approach corresponding to
the analysis in Section 5.3 are presented. Further information can be obtained from the
Track2TheFuture project [68], or in publications such as [69].
S&C are problematic points in the track. Variations in the dynamic response
corresponding to maintenance activities and thus costs are higher than for plain line.
From a maintenance perspective, it is important to prevent failure or damage to
mechanical parts through direct information about actual state of specific S&C, but also
to use regular, long-term, monitoring/measurement of S&C parts in order to effectively
support preventive maintenance. A particularly useful measuring instrument to get the
data required for diagnostic evaluation is an instrumented rail vehicle.
Such measurement techniques are normally installed on special measuring cars (DB,
OEBB) or whole units (ADIF, SNCF, DB, JAPAN, Network Rail). As these are special
measuring systems they need special handling and professional staff, and as such are
very expensive. The advantage of these special vehicles from the point of view of longterm measurement is that the special measuring cars/units have relatively similar
behaviour over time (comparable results for all S&C, negligible influence of vehicle
parameter changes) and any deviations in vehicle parameters, or in the measuring
equipment could be checked and removed (equipment recalibration) before each
measuring run.
However, there are also tests for the monitoring of S&C using service trains equipped
with basic measuring equipment. This approach could enable the monitoring of a chosen
track section in relatively short time intervals, in some cases multiple times per day. The
systems are low cost, low power consumption, compact autonomous measuring
technologies (ideally wireless) and are installed in cooperation with the operators/owners
of the vehicles. Adoption of such technologies could see trains sending processed and
evaluated information of S&C state to the track operator, along with vehicle health
diagnostics based on the same sensors to the vehicle operator.
5.7.1

SENECA Measurement Train

The SENECA measurement train performs a number of inspection procedures. These
procedures include the measurement of track geometry through auscultation and
dynamic auscultation. Both auscultation processes are currently carried out by
measurement trains. The tests are performed periodically and are used to identify areas
where the track quality exceeds specified thresholds.
In many cases, such exceedances are located in S&C areas. As the tests are periodic,
however, there is no continuous data to allow early identification or analysis of fault
evolution. Should this data become available, however, it would also be important to
record areas that are next to the S&C (at least 10 metres before and after the front and
the rear of the turnout). The measurements taken in these two areas would be
considered as “check points” in developing baseline operation.
For these methods to operate optimally, it is also recommended that the S&C are located
in areas without singularities such as:
- Bridges (S&C should be located at least 100m far from bridges)
- Tunnels (in general, S&C should be located at least 100m from tunnels)
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Curves (in order to simplify the study of the dynamic forces)
Areas where the terrain has presence of clays (the terrain should be completely
consolidated)
Areas with very high/very low temperatures
Any other singularity that can make the measurement more complex

-

Given these limitations, alternative sensors are also considered. The SENECA
measurement train also records accelerations from sensors located in diverse elements
of the train. These accelerations are:







Transversal acceleration in bogie 1
Transversal acceleration in bogie 2
Vertical acceleration in axle box 1
Vertical acceleration in axle box 2
Transversal acceleration in coach
Vertical acceleration in coach

For each type of acceleration measured (or combination of two of them), three
thresholds are defined depending on the type of acceleration.




The first an alert to follow-up these sections in the following tests. No actions are
required.
The second indicates that a maintenance activity has to be carried out. However,
it does not have to be performed immediately and can be programmed.
The last threshold implies that a maintenance action is required and has to be
carried out immediately.

5.7.2

Vehicle Based Monitoring

5.7.2.1

Optical Sensing

Optical sensors can be used for measurement of the track geometry in S&C (lateral and
vertical rail and track alignment, track gauge, cant). Measurements are processed
according to existing standards. Sensor technology, as well as data processing, is in
common use today on measurement cars. Measurement is necessary for knowledge
about the deviations of the track geometry, which has a significant influence on dynamic
interactions between the vehicle and S&C.
5.7.2.2

Acceleration Sensing

Acceleration is monitored on axle boxes. Lateral measurements are used for monitoring
of the contact geometry between the wheelset and the track – signal filtering till
approximately 50 Hz. Vertical measurements are used for diagnostics of wing rail and
crossing nose wear, and ballast and substructure characteristics, – signal filtering till
approximately 1000 Hz. The frequency range depends on track construction and
dynamic behaviour of S&C with ballast and subsoil. The sensor technology is in common
use today with future developments likely to be in the area of software for data
evaluation in order to consider substructure, ballast and rails separately and with
positional information aligned to S&C components.
Acceleration on bogie frames and in the carbody (lateral and vertical) can be used to
describe running safety, running comfort and track loading according to commonly used
standards like EN14363 (normalized methodology of the measurement and standard
evaluation during vehicle running tests, signal filtering till 20 Hz).
Software tools such as those for autonomous S&C component part recognition are still in
development. Methods to enabling quality description of the state of specific parts of
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S&C are now available. An example of the repeatability of the dynamical response at
measured signals from different wheelsets passing through the same turnout is
presented in Figure 157. The figure shows that it is possible to consider specific and
problematic S&C components through data evaluation e.g. statistically in the time
domain through percentiles, RMS, AVG, and estimated value, as well as in the frequency
domain. The advantage over track geometry measurement is that acceleration is closely
related to the energy and to forces destroying the S&C parts.

Figure 157: Example of vertical acceleration from 4 different axle boxes of vehicles passing a
turnout (experimental measurement).

Figure 158 shows an example measurement from the whole of a turnout and then
specifically considering the frog area. The result shows how the sensors must
compromise between resolution at lower values, and sensitivity for larger impact events.
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Figure 158: Typical acceleration measurement from the axle box in the course of passing over a
whole turnout (left); filtered acceleration signal corresponding to passing over the frog area (right)
(experimental measurement)

Figure 159 shows measurements of the same turnout over a period of one year of
operation. The results indicate reasonable consistence in the early portions of the traces,
suggesting run-to-run alignment, but then notable variations in the main peak. These
kind of variations could be traced in order to provide information on the degradation of a
particular component.
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Figure 159: Measurements of the equivalent loading of the same turnout during one year of
operation (experimental measurement)

While early stage software has been developed, it is necessary that this is enhanced to
include information on the effects of intervention in the S&C during the measuring time
period (tamping, welding, etc.) and information about the vehicle state. Computational
simulations (e.g. the enhanced MBS software tool “SJKV” developed in S-CODE WP4 and
presented in D4.2) could help with a sensitivity analysis between vehicle parameters, the
S&C state, and measured signals.
5.8

Summary

This section has described work undertaken within the second theme from the WP3
roadmap – substructure and dynamic impact monitoring. The section has focused on
monitoring appropriate for considering the performance of the S&C during the passage of
vehicles, both for the impacts that they cause directly and their effects on the support
and substructure.
The section has described work undertaken to develop dedicated processing algorithms
using both pattern-based classifiers for vehicle identification, and rule-based multidomain techniques to consider specific dynamic effects. Both techniques have
demonstrated potential, although expansion of the datasets through further field trials is
required for the machine learning approaches to deliver meaningful information on
degradation in transition geometry. From the results demonstrated it is considered that,
with sufficient information, specific types of defects may also be identifiable.
Alongside data processing and analysis, this theme has considered bespoke
instrumentation hardware suitable for the application. This includes both sensors
appropriate to the unique environment, and the equipment required to fix them without
altering the dynamic properties of the sensor/component interface. Based on the
requirements from WP1 and the technologies targeted in WP2, prototype systems for
both low-cost logging, and more advanced data management units (tuned to the
required processing) have also been developed.
Finally, this section also includes a brief discussion of how the sensors and processing
relevant to the theme can be used in novel actuation and self-healing components, and a
short section on vehicle-based monitoring. These topics are only considered briefly as
the former overlaps heavily with WP4, and in the case of the latter as the majority of the
S-CODE project focuses on infrastructure-based technologies. It is important, however,
to consider the potential for the use of vehicle-based sensing, particularly where the
presence of the vehicle acting as a load is an integral part of the monitoring strategy.
This section combined with the one describing the first theme from the WP3 roadmap
have described sensing and monitoring strategies for use during the standard (unloaded)
operation of S&C and during vehicle passages. While such monitoring may be able to
reduce or even eliminate the need for humans to be involved in certain maintenance
activities, inspection standards still mandate a series of standard inspections of the S&C
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are carried out. The next section will consider the third theme from the WP3 roadmap.
This focuses on inspection technologies and in particular looks to automation of
inspection processes.
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6

Autonomous Inspection and Repair

6.1

Introduction

The first section of this report focused on monitoring of S&C during its operation. This is
a traditional approach to S&C condition monitoring as the measurement system can be
passive while its target operates around it. The section considered a range of sensor
types as well as focusing on those associated with control and actuation of the S&C and
monitoring during its operation. This section will expand on the technologies identified
that may also be of use for more active inspection of the S&C.
The second section then focused on substructure and dynamic impact monitoring. This
included consideration of measurements from trackside sensors, embedded sensors, and
ultimately vehicle-borne instrumentation. The main focus of the section was on the
processing required to interpret dynamic effects and as such included some
consideration on the most appropriate mounting positions for specific sensor forms
associated with that processing. Considering this from the reverse perspective, this
section will address the benefits of installing different sensor types at different locations
throughout the S&C. By considering what occurs at each location, and thus what can be
observed, sensing can be designed for best information gathering rather than
compatibility with a particular processing approach. This will be demonstrated using
conventional S&C but could equally be applied to any of the novel switch concepts
identified in WP2 once the physical models existed.
This section then considers the third theme of the WP3 development roadmap which
focuses on autonomous inspection. Three main topics are considered. The first of these
relates to the appropriate selection of sensors and identification of positions in S&C for
them to be embedded. This is a key target, as identified in WP2 and in the requirements
for MAAP TD3.2. Numerical computer simulations are used to identify critical monitoring
points and ranges such that appropriate sensors can be selected, and the
cost/complexity/benefit of any additional sensors can be considered. Positions identified
using this approach are then instrumented in practical tests in order to validate the
selection process.
The second topic considers acoustic monitoring and inspection of S&C. This expands on
the discussion of acoustic sensing in the first section to provide a practical investigation
into the use of acoustic technologies and in particular processing. Acoustic inspections
are carried out alongside “conventional” vibration-based measurements.
The third topic considers another unconventional inspection technology highlighted as
being of interest in the WP2 outputs. Laser based inspection is considered for use in
switch geometry and wear assessment. Within the discussion, certain limitations are
identified, and the use of vision processing demonstrated as a companion technology in
order to make the process more robust. Ultimately, work then looks at the
miniaturisation of the technology in order to potentially support drone-mounting and
autonomous inspection. A short discussion around the practicalities of the use of drones
is also included.
6.2

Identification of Key Measurements and Locations

In order to identify the key measurement locations and data acquisition strategy which
would have the highest potential to correlate the sensor results to S&C faults, numerical
simulations are used to obtain better understanding of the system behaviour.
Distribution of stresses, displacements, accelerations, and so on can be easily extracted
from such simulations and the condition of the system can be varied to assess
sensitivity. Therefore, investigation of data acquisitions such as strain, displacement,
accelerations, etc. can be used to evaluate the sensor types. Furthermore, locations of
the highest stress distribution can be used to identify potential most beneficial sensor
Page 143 of 244

locations. Two different numerical models have been developed to assess both the
kinematic mechanism and the vehicle/track interaction, and trial measurements were
carried out in order to justify the suggested sensor locations and data acquisition
strategy arising from the numerical results.
Kinematic Mechanism Perspective

6.2.1

A detailed three-dimensional switch model was developed for modelling a conventional
switch actuating and locking mechanism, as shown in Figure 160. More detail of the
modelling approach can be found in [70]. Distribution of lateral displacements and the
amplitudes of accelerations can be found in Figure 161. As shown, acceleration data are
relatively small, and large lateral displacements feature at drive rod and first stretcher
bar.

Heel
Stretcher bar
Lock Stretcher bar

2nd Stretcher bar

Drive rod
Point machine

Lock rod
Drive rod

1st Stretcher bar
Supplementary drive rod

Connecting drive rod

Lock rod
Toe

Connecting drive rod
Figure 160: Three-dimensional switch model [70]

`

(a)

(b)

Figure 161: Numerical results; (a) lateral displacement; (b) acceleration

Figure 162 shows the stress distribution during switch actuating and locking. As shown,
the stress are localised at the joint especially at the first stretcher bracket, drive rod, and
the crank connecting the supplementary drive rod and the lock rod.
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Stretcher Bracket

Figure 162: Stress distribution

Figure 163: Suggested sensor locations and sensor types

Based on the above numerical results, suggested sensor locations and sensor types are
shown in Figure 163. A displacement sensor and a strain gauge are placed at the drive
rod due to its maximum lateral displacement and high Von Mises stress. Although the
stress at the supplementary drive is relatively small, a strain gauge should be fitted to
detect the stress along the bar due to its low tolerance for buckling force and potential
for damage. Although very high stresses are found in the crank components, they have
very high yield stresses and are therefore considered to be robust. However, two force
sensors should be placed to detect the condition of the connection between the cranks,
supplementary drive, and lock rods. Finally, one strain gauge and two force sensors
should be placed on the first stretcher bar.
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6.2.2

Vehicle/Track Perspective

Section 6.2.1 considers the forces within S&C when they are actuated, i.e. the forces
that the switch applies to itself. The other significant forces applied to a switch are those
that occur during the passage of a vehicle. These have been discussed in Section 5.1,
with analysis systems considered in Section 5.3. A discussion of the required sensors
was considered in these sections, but this considered types and numbers of sensors
rather than their optimum locations. In order to consider the precise sensor
requirements, and the key locations within the S&C that sensors should be mounted, a
three-dimensional vehicle/turnout model has been developed using SimPack. The model
is discussed in detail in WP5 / D5.1 where it is used to consider different S&C concepts.
Here, it is summarised in Figure 164 and validated against site measurements described
in [71], as shown in Figure 165. The figure also allows consideration of the dynamic
behaviour as a vehicle passes through the turnout.
Considering the results presented in Figure 165, where the red dashed line is from the
model and the black line from the field collected reference data. Contact force variation
can be used to identify the crucial positions for inspection and monitoring in order to
identify early stage faults, such as cracks or wear, occurring at the crossing nose or on
the switch rails. Based on the numerical results, the maximum vertical contact force
(corresponding to the first contact point in the crossing nose panel) occurs
approximately 0.5 m away from the tip of the crossing. This would therefore be one key
sensor location for detecting crossing nose and substructure degradation. The first
contact position with the switch rail, however, occurs around 5 m from the toe of the
switch, and the maximum lateral contact force at around 8-10 m from the toe. The first
contact points are also considered to have particular importance due to the sudden
nature of the impacts.

Figure 164: Vehicle / turnout model
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Figure 165: Wheel/rail contact forces for a train passing through a turnout, simulation vs.
measurements

6.2.3

Field Tests

This subsection describes a measurement campaign that aims to evaluate the sensor
selections and locations for S&C inspection and condition monitoring identified through
numerical modelling. Numerical modelling has been used to develop the preliminary
suggestion for sensor location:
 Crossing: 0.5 m after and 1 m before the crossing nose
 Switch: at the toe and 5 m away from the toe
Two sets of site measurements were carried out, first in Hrusovany and then in
Vranovice near the city of Brno in the Czech Republic. In Hrusovany the measurements
centred on a right-hand cast turnout (Figure 166(a)) with a radius of 500 m and a
crossing angle of 1/12. In Vranovice the site included a left-hand fabricated turnout
(Figure 166 (b)) with a radius of 500 m and a crossing angle of 1/12.

(a)

(b)

Figure 166: Turnout in two sites (a) in Hrusovany; (b) in Vranovice
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6.2.3.1

Test Sites and Locations

Site 1 (Hrusovany)
Site 1 is close to Hrusovany u Brna station, the GPS coordinates are 49°01'48.6"N
16°35'31.4"E and the general layout is shown in Figure 167.

Figure 167: Location of site one (Hrusovany)

The speeds of the trains on the Hrusovany site are generally over 50 kmh-1. The site is
quiet with low ambient noise. The ground is covered in grass and any acoustic signal is
therefore unlikely to be affected by reflection. Figure 168 shows an overview of the site
and its surroundings.

Figure 168: Overview of site one (Hrusovany)
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Site 2 (Vranovice)
Site 2 is in the Vranovice area. The GPS coordinates are 48°58'01.1"N 16°36'09.6"E and
the general overview is shown in Figure 169.

Figure 169: Location of site two (Vranovice)

The Vranovice site includes a level crossing (Figure 170) and generally the speeds of the
trains are lower than at the first site. In addition to the measurements of the S&C, the
ambient noise caused by the level crossing and the barriers will be of interest in any
indirect measurements.

Figure 170: Overview of site 2 (Vranovice)

6.2.3.2

Test Plan

A variety of measurements used in Hrusovany and Vranovice are introduced in this
section. KS76C.10 and B&K 4535-B accelerometers are used in parallel for comparative
purposes.

Site 1 (Hrusovany)
Four different scenarios can be seen in Figure 171 to Figure 174. In scenario 1, two
accelerometers, Acc1 and Acc2, were installed at the switch toe and the point machine
box to measure the vertical acceleration in the switch region, as shown in Figure 171.
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Acc2 was installed on an unsupported section between two sleepers, as shown in Figure
171.

Figure 171: Scenario 1 for Hrusovany site measurement

In scenario 2 two accelerometers were used to measure the vertical acceleration 0.5 m
after and 1 m before the crossing nose, as shown in Figure 172. Acc1 was installed
between two sleepers, as shown in Figure 172 (a) and Acc2 was installed very close to a
clip, as shown in Figure 172 (b).

(a)

(b)

Figure 172: Scenario 2 for Hrusovany site measurement

In scenario 3 two accelerometers were installed at the switch toe and 5 m away from the
toe, as shown in Figure 173. Two accelerometers were installed on the rail web above
the sleeper to measure the horizontal acceleration, as shown in Figure 173.
Scenario 3’ is similar to the scenario 3 except that horizontal acceleration was measured.
In this case the accelerometers were installed on the rail web. Vertical accelerations
were also measured, as shown in Figure 174. Both accelerometers were placed between
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two sleepers. Table 11 show the summary of the 4 different scenarios applied at the
Hrusovany site.

(a)

(b)

Figure 173: Scenario 3 for Hrusovany site measurement

(a)

(b)

Figure 174: Scenario 3’ for Hrusovany site measurement
Table 11: Summary of scenarios in Hrusovany

Scenario

Measured
direction
Vertical

Location of Acc1

Location of Acc2

Scenario 1

Measured
Region
Switch

Box

Scenario 2

Crossing

Vertical

Scenario 3

Switch

Horizontal

Scenario 3'

Switch

Vertical

0.48 m after crossing
nose (between 2
sleepers)
5 m away from toe
(above the sleeper)
4.38 m away from toe
(between 2 sleepers)

Toe (between 2 sleepers,
(unsupported) see Figure
171 (b)
0.9 m before crossing nose
(close to the clip)
Toe (above the sleeper)
Toe (between 2 sleepers,
unsupported) see Figure
171(b)

Page 151 of 244

Site 2 (Vranovice)
The instrumentation scenarios used in Vranovice were generally similar to those used in
Hrusovany with only minor differences in sensor position. A summary of the
instrumentation scenarios can be found in Table 12.
Table 12: Summary of scenarios in Vranovice

Scenario

Measured
direction
Vertical

Location of Acc1

Location of Acc2

Scenario 1

Measured
Region
Switch

Box

Scenario 1’

Switch

Vertical

Scenario 2

Crossing

Vertical

Scenario 3

Switch

Horizontal

4.38 m away from toe
(between 2 sleepers)
0.58 m after crossing
nose (between 2
sleepers quite close to
the bolt, see Figure
175(a))
4.38 m away from toe
(above the sleeper)

Toe (between 2 sleepers,
unsupported)
Toe (between 2 sleepers)

(a)

0.93 m before crossing
nose (very close to the clip,
see Figure 175(b))
Toe (above the sleeper)

(b)

Figure 175: Scenario 2 for Vranovice site measurement

6.2.3.3

Accelerometer Results

Accelerations from the two sites are analysed here and compared to investigate the
dynamic characteristics of the S&C when a train is running.

Sampling Rate Analysis
Two types of accelerometer were used during the measurement campaigns, KS76C.10
and B&K 4535-B. Specifications for each accelerometer can be found in Table 13. Based
on their associated acquisition hardware, a sample rate of 51.2 kHz was used for the
former, and 4.8 kHz for the latter. The aim of this section is to compare accelerations
from the two different accelerometers and to analyse the required hardware and
sampling rates for measurements in these locations.
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Table 13: Accelerometer specifications

Model
Sensitivity
Measurement range
Frequency range (±3 dB)

KS76C.10
10 mV/g
600 g
0.12–33 kHz

Spectral noise (1 kHz)

2 μg/√Hz

Weight
Height
Mounting

20 g
22 mm
Magnet

B&K 4535-B
1 mV/ms-2
714 g
X: 0.3-10 kHz
Y: 0.3-10 kHz
Z: 0.3-12.8 kHz
X: 30 μg/√Hz
Y: 6 μg/√Hz
Z: 4 μg/√Hz
6g
10.7 mm
Adhesive or clip

Acceleration results from the (faster sampled) KS76C.10 sensor obtained at the
Hrusovany site for both a normal and defect conditioned wheelsets passing through the
crossing at a speed of 52 km/h are shown in Figure 176. A low-pass filter is used in
order to identify the required sampling rate necessary to capture the dynamic
characteristics. As shown in Figure 176(a), for normal wheelset, 2.5 kHz is enough to
capture the peak of the maximum acceleration and to capture the characteristic of the
signal compared to the original data, which uses a 51.3 kHz sample rate. On the other
hand, for wheels with defects, a sample rate of 10 kHz is required in order to capture the
high impacts associated with a wheel flat.

(a)

(b)
Figure 176: Accelerations recorded in Hrusovany for normal and defect conditioned wheelsets
passing a crossing nose with a speed 52 km/h; (a) normal wheelset; (b) defect wheel set
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Figure 177 shows the accelerations recorded at the crossing nose with a higher speed,
170 km/h. Data is presented for both accelerometers, and thus both sampling rates. The
amplitude between the two sensors are significantly different, approximately four times,
as shown in Figure 177(a). This is due to the presence of higher frequency information
captured only in one of the two signals. Good agreement between the systems can be
obtained when filtering out frequencies higher than 800 Hz, as shown in Figure 177(c).
Although the data obtained using the B&K equipment and 4.8 kHz sampling rate should
be able to capture a frequency range up to 2.4 kHz based on Nyquist formula, which is
half of use sample rate, the accelerometer used only produces results up to 800 Hz,
which is one sixth of the sample rate used. Therefore, although the trends of the signal
are similar, results from the system using lower sample rate would lose the information
corresponding to higher frequency content, such as wheel flats. This demonstrates the
importance of selecting a sensor of appropriate bandwidth as well as sampling rate in the
data acquisition hardware.

(a)

(b)

(c)
Figure 177: Comparison of acceleration at the crossing nose in Hrusovany, train speed 170 km/h,
KS76C.10 in blue, B&K 4535-B in red; (a) original data; (b) low-pass filter 2.5 kHz; (c) low-pass
filter 800 Hz
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The same phenomena can also be found in the data obtained from the switch region, as
shown in Figure 178.
Based on these results, the minimum required frequency for such measurements
appears to be 8 kHz, and should likely be or the order of 10 kHz based on a sample rate
suggestion of 6 times higher than the required frequency.

Figure 178: Acceleration at switch toe in Hrusovany with train speed 93 km/h

Results from Crossing Nose
Figure 179 shows the accelerations recorded approximately 0.5 m from the tip of the
crossing nose during passage of a vehicle at a speed of 52 km/h travelling in the
diverging route. Similar patterns can be found for the second sensors, which were
installed approximately 0.9 m before the crossing nose. Rail displacements at two
locations are shown in Figure 180. These have been obtained using double integration
and the application of a 2 Hz high pass filter. Displacements caused by the leading
wheelset were larger than those of the trailing one, as shown in Figure 180(a). This may
be due to misalignment of the track geometry in the vertical direction caused by, for
example, voiding. The same phenomena can be found in Figure 180(b). Furthermore,
the amplitude of the displacement 0.9 m before the crossing is almost three times
smaller than the results 0.5 m after the crossing nose, which indicates a very high
possibility that there is voiding underneath the crossing nose.

Figure 179: Accelerations recorded 0.5 m from the crossing nose; Hrusovany, passenger train,
52 km/h
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(a)

(b)
Figure 180: Displacement at the crossing nose; Hrusovany site, passenger train, 52 km/h); (a)
0.5 m after the tip; (b) 0.9 m in front of the tip

Using the displacement results, locations corresponding to the wheelset passing the
sensor positioned 0.5 m after the tip of the crossing are identified and plotted against
the accelerations (Figure 179). A clear peak can be found at the 9th wheelset, potentially
corresponding to a wheel flat. Some small peaks can also be found in the signal. These
are mainly due to the wheelset passing joints, as higher impacts generally occur when a
defect wheelset passes a joint.
Figure 181 shows more detailed acceleration data from when the 1st bogie passes the
sensor positioned 0.5 m after the tip of the crossing nose. Several clear impact peaks
can be observed before the wheel transfers from the wing rail to the crossing. Two
clearer peaks, which occur closer to the crossing nose, can also be found. This is likely to
be because the left and the right wheels arrive at the joint at different times in the
diverging direction due to the effect of the vehicle turning. Furthermore, these peaks are
clearer than those that occurred previously. This is because the wavelength of the rail
irregularity at a bolt joint is longer than that for a weld joint, which generates a
smoother wheel/rail contact interface.
A clear impact was observed when the second wheelset passed the crossing. This is
again likely due to voiding underneath the crossing nose providing a softer support
stiffness compared to the unloaded stiffness observed while the first wheelset was
passing which consequently reduces the impact at the crossing nose. However, a high
impact was observed when the second wheelset passed the nose due to higher stiffness
during loaded conditions. Furthermore, this could also be due to a change of the centre
of gravity of the car body allowing the second wheelset to hold the first one while the
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first wheelset transferred from the wing rail to the crossing nose. The location of the
impact can be identified by calculating the time distance between the peak and the
sensor location, which in this case is around 300 mm after the tip.
Figure 182 shows the acceleration when the wheelset with the defect passed the
crossing. Much higher accelerations can be observed, and the impact location is closer to
the tip – approximately only 18 mm away. Furthermore, four clear peaks can be
observed following the highest impact. These are likely to be due to the wheel flat. The
distance between each peak is approximately 2.5 m, which is the length of the
circumference of the wheel.

Figure 181: Acceleration observed during 1st bogie passing the crossing nose (normal wheelset)

Figure 182: Acceleration observed when 1st bogie passing the crossing nose (defect wheelset)

Figure 183 shows the location of the impact location at the crossing nose against the
acceleration for the diverging route. As shown, most of the impact locations occur 0.30.4 m after the tip. The impact location seems to move closer to the tip when a defect
wheel passes and very high accelerations are observed.
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Figure 183: Attack location at the crossing nose

Figure 184 and Figure 185 show the accelerations recorded around 0.5 m from the
crossing nose tip at a load speed of 170 km/h in the normal route. Overall, acceleration
and displacement amplitudes from higher speed trains are higher than results from lower
speed trains. High impacts can be observed when the wheel transfers from the wing rail
to the stock rail. However, some high impacts can also be observed as the wheelset
passes the crossing. This is due to the defect wheelset passing a joint, as shown in
Figure 186. Several peaks can be found at the 1st~3rd, 16th, 32nd~33rd wheelsets (see
Figure 184), which could be possible defect wheelsets and correspond to the locations of
high impacts while the defect wheel set is passing the joint. The impact location for
results from the normal route are all very close to the tip of the crossing nose.

Figure 184: Acceleration results at 0.5 m from the crossing nose; Hrusovany, passenger train,
170 km/h
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(a)

(b)
Figure 185: Displacement at the crossing nose; Hrusovany site, passenger train, 170 km/h (a)
0.5 m after the tip; (b) 0.9 m in front of the tip

Figure 186: Identification of defect wheelsets passing a joint (passenger train, 170 km/h)
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Results from the Switch
The maximum accelerations observed in the switch region, at different locations and with
different train speeds, in two sites are shown in Figure 187 (Hrusovany) and Figure 188
(Vranovice). As the figures illustrate, the value of acceleration increases as train speed
increases for all cases and the results tend to increase linearly up to a point. The
direction of the train doesn't appear to have any effect on the acceleration, however, it is
hard to conclude this because the running speed is usually much lower in the diverging
direction. The horizontal acceleration located around 5 m from the switch toe is bigger
than the results from the toe, especially for higher speeds. The results beyond the linear
trend line can potentially be used to identify faulty trains, and this process works best for
the results taken 5 m from the switch toe, as shown in Figure 187(a) and Figure 188(a).

Possible Faulty train

(a)

(b)

Figure 187 Acceleration in the switch region; Hrusovany; (a) vertical; (b) horizontal

Possible Faulty train

(a)

(b)

Figure 188 Acceleration in the switch region; Vranovice; (a) vertical; (b) horizontal

Data Analysis for Both Sites
The results from the two sites are compared here. As considered in the evaluation of
dynamic effects analysis, two different analysis methods are used – root mean square
(RMS) and Maximum (Max). A window is applied to each time history data from the first
joint impact until the end of joint impact when calculating the RMS. Figure 189 shows
the vertical results at the crossing nose. Data from Vranovice at higher speed is not
considered here due to sensor saturation (values higher than the sensor limit of 500 g).
In general, the two methods present similar trends and the results from two sites are
consistent. However, the crossing in Vranovice seems to be in worse condition than the
one in Hrusovany. This is likely due to very high accelerations which occur at higher
speeds. These may result in higher impact forces being applied to the crossing and
eventually damaging the crossing nose.
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Data
saturation

(a)

(b)

Figure 189 Vertical acceleration at the crossing from both sites; (a) RMS; (b) Max.

Figure 190 and Figure 191 show the vertical and horizontal accelerations at the switch
from both sites. The trend of the results obtained by processing using the two different
methods are similar, and the same possibly faulty trains are identified using both
methods. However, no faulty train is indicated when using the maximum value
processing for horizontal accelerations. In general, the switch conditions in two sites
appear similar using these results and processing.

Possible faulty train

(a)

Possible faulty train

(b)

Figure 190 Vertical acceleration at the switch; both sites; (a) RMS; (b) Max.

Possible faulty train

(a)

(b)

Figure 191 Horizontal acceleration at the switch; both sites; (a) RMS; (b) Max.

Observations from Field Tests and Numerical Modelling
This section has demonstrated how practical testing can be used to evaluate key
inspection and monitoring parameters and to support appropriate sensor selection and
positioning. From the field tests, a number of observations can be made:


Very high acceleration ranges and sample rates are required for sensors in order
to capture high impact forces that can occur in S&C. From the two field tests
undertaken values of 500 g for the accelerometers can be said to be required.
Furthermore, in order be able to detect wheel defects, sample rates of at least
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6.3

10 kHz are required. Sample rates for this application should generally be at least
6 times higher than the frequency of interest.
In order to correlate accelerations to crossing nose degradation or specific faults
such as cracks or squats, the accelerometer should be installed 0.5 m after the
tip of the crossing nose. In this configuration, good capability for capturing
dynamic characteristics during vehicle passages has been demonstrated.
Two accelerometers should be installed at two sides of the crossing nose in order
to monitor the dynamic behaviour of vehicles passing in both directions, normal
and diverging.
Results from magnetically-mounted accelerometers have shown that the
accelerometers lose accuracy at higher frequencies. It is suggested that
accelerometers be mounted to the rail using adhesives in order to obtain more
reliable results.
Accelerometers should be installed between two sleepers rather than adjacent to
railway clips.
Accelerometers should be installed no less than 2 m away from any joint in order
to reduce the unwanted disturbance caused by wheels passing over joints.

Acoustic Inspection and Monitoring of S&C

Most conventional S&C monitoring and inspection systems require physical contact to be
made with the system. This may be in the form of connections to take electrical
measurements, physical attachment of displacement or force sensors, or the application
of mechanical gauges to evaluate wear. An alternative technology identified in Section
4.2 is that of acoustics. Acoustic monitoring can potentially be used to monitor or inspect
S&C without requiring any physical contact. As such, acoustic inspection systems could
be taken to a site and deployed with minimal interference.
Sound is audible pressure waves that travel through gas, liquid or solid media, and are
generally caused by vibrations (such as those measured by accelerometers in the
previous subsection). In machinery these vibrations are usually continuous and regular.
Irregularities in sound are often known as noise. Sound is measured by microphones,
which converts sound to an electrical signal [72].
Sound emitted from machinery can indicate problems as it is produced by the dynamic of
components of the machinery. Monitoring changes in sound can be used to monitor the
condition of the machine and this leads to the potential for fault detection and possible
diagnosis [73].
Unlike vibration sensing, sound measurement of an asset does not require the sensor to
be physically mounted on that asset. However, this lack of direct coupling makes the
sound signal more susceptible to environmental noise.
For condition monitoring in railways, sound monitoring is currently mainly used for
bearing fault detection [74]. It is also used in assessments of noise pollution in relation
to the wheel/rail interface [75, 76].
6.3.1

Acoustic Monitoring of Points Machines

A number of the S-CODE partners have facilities which can be used to undertake
accelerated lifecycle testing of S&C components. A key component in this context is the
points machine. During a series of tests on one such machine, an acoustic inspection
system was fitted in order to establish if there was any variation in the acoustic signals
emanating from the machine that could be correlated with age or condition. This early
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stage test was used to justify further work in this theme being carried out, and as such
uses lower quality (and cost) equipment, and comparably basic processing.
Figure 192 shows three FFT plots corresponding to frequency domain representations of
short (10 second) bursts of audio recorded at intervals throughout the testing process.
At the start of testing it was possible to observe a significant level of general noise
coming from the machine. This manifests as energy at a broad spread of frequencies
(the top subfigure). Upon closer inspection, a fastening within the assembly was found to
have worked loose. Upon tightening this fastening, testing was resumed and a more
standard acoustic signature was observed (the middle subfigure). The recording at the
end of the tests (the bottom subfigure), approximately 80,000 cycles later, shows
greater energy at specific frequencies which is likely to be early stage indication of wear.
The figure also again demonstrates a greater distribution of energy which, upon
inspection, was revealed to be the same fastenings beginning to loosen.

Figure 192: Frequency components of three audio recordings

Despite being carried out with very basic equipment and processing, these tests have
allowed the identification of the potential for acoustic monitoring of these kinds of
machines. This has then been taken forward to consider the wider potential for acoustic
monitoring or inspection of the whole S&C, which is reported in the following sections.
6.3.2

Acoustic Inspection of S&C

Monitoring the sound emitted from different parts of an S&C can potentially be used to
detect abnormal behaviour and thus support fault detection. The following components
can be monitored using an acoustic monitoring system:
- Point machine movements
- Wheel-flats of the passing vehicle
- Crossing-flange conflict
- Impacts at the toe
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6.3.3

Proposed Method

The use of a microphone to measure different components has a drawback that the
recorded signals will also be influenced by environmental noise. Additionally, to locate a
sound source, one microphone is generally not sufficient. To overcome these problems
an array of microphones can be used. However, the array must be designed for the
specific problem being considered.
A microphone array is a set of microphones used to capture acoustic signals along with
spatial information. The geometry of the array, and the arrangement of the
microphones, may vary based on the application. Microphone arrays are usually used to
reduce noise, reduce echo, localise sources, and to separating different sources. To
achieve these objectives, beamforming is used. Beamforming is a signal processing
technique used in microphone arrays to determine directionality and enhance the signal
from a desired source [77].
6.3.3.1

Microphone Arrays and Beamforming

Depending on the application and the location of the source a number of microphone
array arrangements can be considered. The number of microphones and the frequency
of signal acquisition are also important factors within the array design.
An omnidirectional microphone collects sound from any direction, the directivity pattern
is shown in Figure 193.

Figure 193: A microphone directivity pattern.

To use multiple microphones, the distance between each microphone is important and
this can be designed based on the frequency of the interest. Equation ( 27 ) shows how
to calculate the distance (𝑙).
𝑙=

𝜆
𝑐
=
2
2𝑓

( 27 )

where 𝜆 is the wavelength, 𝑐 is the speed of sound and 𝑓 is the frequency of the source.
For example, if the frequency of interest is 1 kHz then 𝑙 is 170 mm. To demonstrate how
multiple microphones can provide additional directivity, a combination of two
microphones is used with this calculated spacing, as shown in Figure 194.
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Figure 194: Directionality of two microphones for a 1 kHz source with 170 mm spacing.

The directionality of the array can be improved if more microphones are added. Figure
195 demonstrates the directivity of a microphone array with 20 elements. The figure
shows a higher directionality compared to the two-element array, as well as greater
reduction in signal from other angles that may be a source of unwanted noise.

Figure 195: Directionality of 20 microphones for a 1 kHz source with 170 mm spacing.

This microphone array can only be used to “steer” in one dimension, i.e. horizontally. In
order to also consider a vertical axis, different array designs are required. Figure 196
demonstrates the directionality of the horizontal array. This shows that the array cannot
steer along the vertical axis thus localising a source in that plane is not possible. The
directionality pattern of a circular array, again with 20 elements as shown in Figure 197,
can steer in both directions but the noise reduction capabilities are reduced.
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Figure 196: (Left) 3D view of the directivity of the horizontal array with 20 elements; (Middle)
Horzental directionality; (Right) Vertical directionality

Figure 197: (Left) 3D view of the directivity of a circular array with 20 elements; (Middle)
Horzental directionality; (Right) Vertical directionality

Figure 198 shows an example of the sound signals from a passenger train collected using
a horizontal array with 16 elements. The system extracted the sound level for each
wheel for at least 2 revolutions. This train later reported a wheel-flat on axle number 12,
which emits higher levels of sound pressure. However, due to the accuracy of the array
used there was some cross-talk meaning there were also increased levels visible when
the system extracted signals from axles number 11 and 13.

Wheel flat

Figure 198: Wheel/rail sound level from a passenger train with a wheel-flat on axle number 12
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6.3.4

Test Sites and Locations

As acoustic signals are usually generated by vibrations it is often appropriate to consider
both vibration and acoustic evaluation of a subject in parallel. Often, the signals are
more easily ascertainable in the vibration signal, but acoustic measurements are less
invasive and so may be preferred – particularly in the railway where access restrictions
often apply. For these reasons, the vibration and acoustic measurements were
undertaken in parallel. The same test sites described in section 6.2.3.1 were also used to
carry out the acoustic measurements. The test plans from the vibration work were
extended to cover the acoustic measurements.
6.3.5

Test Plan

To record acoustic signals, two types of measurement systems were used:
1) Stand-alone free-field Gras microphones
2) Norsonic acoustic camera, includes 128 MEMs microphones
The free-field microphone was used to measure the signal as accurately as possible and
in order to synchronise the acoustic and vibration data. This is used to assess the
correlation between the microphone and vibration data.
The acoustic camera was used to demonstrate the potential application as a wayside
monitoring system that can focus on targets without physically being attached to the
target, or being close to the track. Microphone arrays have been designed by the project
partners in the past, but in this case a commercial solution was used for efficiency.
The experiments are separated into four scenarios based on the position of the
microphone array and the accelerometers, shown in Figure 203 to Figure 211. The
measurements are divided into two main categories:
1) Train passing the S&C: in this case, the acoustic system is assessing the impacts
and the effects around the wheel/rail interface throughout the S&C.
2) Switch movement: in this case, the acoustic system is evaluating the signals
emitted by the point machine movements, the motor, the rails and the locking
mechanism.
6.3.6

Acoustic systems

To be able to record and extract sound from specific locations within the S&C, while
avoiding environmental noise, a microphone array system, shown in Figure 199, was
used. This array has 128 MEMS microphones and is capable of reducing off-target noise
by up to 40 dB. The array was installed approximately 5 m away from the assets (e.g.
rail, point machine, and crossing nose).

Figure 199: Norsonic Hextile acoustic camera [78]
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Figure 200 shows the beampattern for all frequencies for the array [79].

Figure 200: Beampattern, angle/frequency

Two Gras microphones and two piezoelectric vibration sensors were also installed for
near field measurements and further comparisons. The sensors are shown in Figure 201.

Figure 201: GRAS 46E free-field microphone and MMFKS76C100 accelerometer

Figure 202 shows the logging equipment, an NI 9171 chassis and a NI 9234 module. The
combined set of equipment is portable and USB powered.

Figure 202: Logging equipment

6.3.6.1

Scenario 1

In the first scenario, shown in Figure 203, accelerometer 1 is located on the centre of the
point machine (PM) to consider unit vibration, and accelerometer 2 on the rail web to
measure lateral acceleration. The stand-alone microphones are directed towards the PM
and positioned less than a meter away. The microphone array is located to the side of
the switch, 5 m from the PM, in the position displayed in the figure.
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Figure 203. Overview of scenario 1

Figure 204 and Figure 205 show scenario 1 during the trials.

Accelerometers

Stand-alone Microphones

Acoustic array

Figure 204. Equipment disposition for Scenario 1.
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Figure 205. Disposition of accelerometers and microphones for Scenario 1.

6.3.6.2

Scenario 2

In the second scenario, shown in Figure 206, both accelerometers are located in the
nose of the crossing, measuring vertical acceleration. Both the stand-alone microphones
and the microphone array are positioned to listen to the nose.

Figure 206. Overview of scenario 2

Figure 207 shows the arrangement of the equipment during the trials.
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Figure 207. Disposition of microphone pair and array in Scenario 2.

6.3.6.3

Scenario 3

In this configuration, accelerometer 2 is located above a sleeper in front of the PM, while
accelerometer 1 is positioned 5 meters further along the track. Both of them installed to
measure lateral acceleration. The stand-alone microphones are directed at the PM. The
array is positioned to be able to record signals from the crossing nose and the PM, thus
the distances from its targets are comparably greater than in the other scenarios. The
configuration is summarized in Figure 208.

Figure 208. Overview of scenario 3

Figure 209 shows the positions of the acoustic camera and the microphones, while
Figure 210 shows the locations of the microphones and the accelerometers.
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Figure 209: Acoustic array and the stand-alone microphones - Scenario 3

Figure 210. Disposition of microphones and accelerometers for scenario 3.
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6.3.6.4

Scenario 3’

In this final configuration, shown in Figure 211, the positions of the accelerometers are
the same as in Scenario 3, but are mounted such to measure the lateral accelerations.
The microphone array in Scenario 3’ is located in the same position as in Scenario 1. The
final arrangement is shown in Figure 211 and Figure 212.

Figure 211. Overview of scenario 3'

Figure 212. Disposition of equipment in Scenario 3'.

6.3.7

Example Data

6.3.7.1

Configuration 1

In this configuration, the microphone array is positioned to record signals from the point
machine, at a distance of 5.02 m. These spectrograms correspond to Scenario 1 and 3’
of the datasets.
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5 Cars
There are four samples1 for this configuration and number of cars, shown in Figure 213.
1

2

3

4

Figure 213. Spectrograms of 5-car trains in configuration 1.
1

Audio files, respectively, to: S3’_075453; S1_083249; S3’_090228; S3’_102616.
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Where train speed for each image is the following: 1: 59 km/h; 2: 85 km/h; 3:
104 km/h; 4: 51 km/h.
Observations:
- All spectrograms look similar, with different time axis because of different speeds.
- Bogies are easy to distinguish.
- There is more power at the beginning of the spectrograms, as the 5 car configurations
are locomotive based and the locomotive is at the front of the train.
- There are no big variations of power between graphics.
- There is a high intensity point located in the 2nd figure, 10 kHz, 2.3 s.

6 cars
There is only one sample2 with 6 cars in this configuration, shown in Figure 214.

Figure 214. Spectrogram of 6-car passenger train in configuration 1.

The speed of this train is 130 km/h.

2

Audio corresponds to: S3’_091342.
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7 Cars
There are three samples3 with 7 cars for this configuration, shown in Figure 215.
1

2

3

Figure 215. Spectrograms of 7-car train for configuration 1.

Where train speeds are as follows: 1: 160 km/h; 2: 60 km/h; 3: 97 km/h.
Observations:
- Spectrograms seem to be different. There is more variation in the frequency ranges
and intensities.
- Different high-power bands.
- High power signature in the top subfigure at 3.5 kHz, 1.5 s, possibly related to the
locomotive or an impact between the wheels and the S&C.

3

Audios correspond, respectively, to: S1_081837; S3’_095549; S3’_095944.
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8 Cars
There are two samples4 for vehicles with 8 cars for this configuration, shown in Figure
216.

Figure 216. Spectrograms of 8-car passenger trains for configuration 1.

Where train speeds for both samples are 160 km/h.
Observations:
- The top subfigure seems to have high power signatures around 1 kHz for every car,
which could indicate poor wheel conditions for the whole train.

4

Audios correspond, respectively, to: S1_082757; S3’_102844.
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10 Cars
There are two samples5 for trains with 10 cars in configuration 1, shown in Figure 217.

Figure 217. Spectrograms of 10-car trains for configuration 1.

Where the speeds are: top: 74 km/h; bottom: 86 km/h.
Observations:
-

5

High power regions in both graphs below 2 kHz and 2 s, possibly related to the engine
or wheel problems.
Higher powers in the bottom figure are due to the higher speed.

Audios correspond, respectively, to: S3’_075700; S3’_095743.
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6.3.7.2

Configuration 2

In this configuration, the microphone array is directed at the crossing nose as per
Scenario 1.

5 Cars
There are two samples6 recorded for this configuration, shown in Figure 218.

Figure 218. Spectrograms of 5-car trains for configuration 2.

Where speeds are: top: 52 km/h and bottom: 51 km/h.
Observations:
- The spectrograms are similar to configuration 1 but generally display less power,
possibly due to the greater distance from the measurement point.
- High power frequencies are similar to those observed in configuration 1.

6

Audios correspond, respectively, to: S2_112515; S2_115630.
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6 Cars
There is one sample7 available, shown in Figure 219.

Figure 219. Spectrogram of 6-car train for configuration 2.

Where the speed is: 62 km/h.
Observations:
- The spectrogram is similar to configuration 1, with less power in general.

7

Audio corresponds to: S2_122601.
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8 Cars
There is one sample8, shown in Figure 220.

Figure 220. Spectrogram for 8-car train for configuration 2.

Where the speed is 160 km/h.
Observations
- Similar aspect as for configuration 1, with similar power intensity.
- There are high power signatures for each axle around 2 kHz, which could indicate
poor wheel condition.
- There is an example of the effects of high wind approximately 9 s into the recording.

8

Audio corresponds to: S2_123213.
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10 Cars
There is one sample9 for this configuration, shown in Figure 221.

Figure 221. Spectrogram for 10-car train for configuration 2.

Where the train speed is 160 km/h.
Observations:
- The spectrogram looks similar to the ones in configuration 1, with less power in
general.
- There is a high-power zone at 1 kHz (with potential aliasing effect at 8 kHz) around
4 s, associated with the locomotive.

9

Audio corresponds to: S2_114407.
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6.3.7.3

Freight Trains

There are two samples10 corresponding to the passage of freight trains, both occurring
during Scenario 1. The spectrograms are presented in Figure 222.

Figure 222. Spectrograms for freight trains.

Where the spectrogram presented in the top subfigure is for a freight train with 21 cars
at a speed of 104 km/h, and the spectrogram in the bottom subfigure is for a freight
train with more than 40 cars travelling at a speed of 99 km/h.
Observations:
- High power signatures are present in the top subfigure, between 2-4 seconds,
associated with locomotive or possibly poor wheel condition.
- Similar higher power spectrums as those observed for passenger trains.
- For the bottom subfigure; there exists a lower power zone between 4-10 seconds,
0.5 kHz.

10

Audios correspond to: S1_083941; S3’_094405.
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6.3.7.4

Locomotives

There are two samples11 for locomotives operating alone; the first one in scenario 1 and
the second one in scenario 2. The spectrograms are presented in Figure 223.

Figure 223. Spectrograms for locomotives.

The speed of the train in the top subfigure is 92 km/h and in the bottom subfigure is
88 km/h.
Observations:
- Different aspects for both graphics, with different high-power frequencies.
- High power signature in the top figure, 2.5-3 s.
- High power signature in the top figure, could be related to wind or the engine.

11

Audios correspond to: S1_100443; S2_115819.
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6.3.8

Results

The objectives of this piece of work were to identify interesting features of the acoustic
signals of the passing trains and the movements of the S&C appropriate for use in the
assessment of their condition. Directly coupled vibration data was also collected in order
to verify the performance of the acoustic system. An example of the acceleration data
with its corresponding sound spectrogram is shown in Figure 224. Another example that
indicates an abnormal signature is shown in Figure 225. A small band-pass filter (13 kHz) was also applied in order to highlight problems relating to the wheel/rail
interface. This works particularly well for the identification of wheel flats. The results,
shown in Figure 226, clearly emphasise a defect signature believed to be a wheel flat.

Figure 224. Top: Accelerometer input, middle: acoustic signal spectrogram, bottom: sound power
of a 5-car train.

An example of a vehicle with special features is shown in Figure 225. This shows that the
raw signal is affected by aerodynamic effects, particularly slip stream forces from the
front and back of the train. However, these effects can be removed with a high-pass
filter, with this processed result also shown in the figure. The spectrum analysis also
shows that a particular range of frequencies do not provide enough information to be
useful and therefore the analysis of those can be neglected for easier and faster
processing. This example shows a high signature point around 2 kHz at the beginning of
the train which could be related to poor wheel condition.
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Slip stream forces
Raw

Filtered

Raw - Full spectrum

Band pass filter
100 Hz – 8 kHz
Figure 225: Microphone signals – raw and filtered – defect signature

Figure 226: Possible wheel flat

Figure 227 corresponds to a 10-car passenger train with a possible wheel flat on the first
bogie. This can be easily identified in the spectrum. In the time domain it is also possible
to identify a peak in the directly coupled accelerometer corresponding to the defect, but
this is not clear in the raw time domain microphone data or the time domain microphone
array results.
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Single microphone

Acoustic

Figure 227: Defective train - all sensors
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6.3.8.1

Switch Movement

In order to analyse the switch movements, the recordings are divided in two main types:
1) Reverse to Normal; where the diverted route goes back to the straight line
2) Normal to Reverse
This is done because of the different dynamics between the two operating modes and
therefore the behavior of the point machine. Additionally, the vibration caused by locking
and unlocking is different in the two directions. Figure 228 shows the envelope of the
vibration signals collected from a sensor mounted on the top of the point machine.
Vibration measurements are used to first understand the environment before acoustic
technologies are used to give a non-contact version of the same measurement. In the
figure, the blue signal is not the same as the other three. The blue signal is from the
normal to reverse operating mode (N-R) while the others are from the reverse to normal
mode (R-N).

Figure 228: Vibration recorded from the point machine in scenario 1

The vibration signals from the rail show different impacts which make a significant
distinction between the two types of operation, as shown in Figure 229. As the sensor is
installed on the stock rail, this shows that when the switch moves from reverse to
normal the impact force between the switch rail and the stock rail is much higher than
when it is being released.
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Figure 229: The impact on the rail caused by R-N and N-R operation

The impacts caused by locking and unlocking also affect the acoustic signal. The
difference between the two types is shown in Figure 230.

Figure 230: Acoustic signal, R-N vs N-R

Results taken across the two sites were also compared, as shown in Figure 231. This
demonstrates that the same point machines behave fairly similar with only subtle
differences between locations site. The difference is more apparent in the frequency
domain, as shown in Figure 232. Site 1 has different harmonics and signatures compared
to the two measurements from site 2.
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Figure 231: Vibration signals of the point machine

Figure 232:Spectrogram of the point machine movements; (top) site 2, (bottom) site 1

The results obtained using a microphone array are similar to those from single
microphones positioned close to the target, as shown in Figure 233.
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Figure 233: Comparison between the single microphone signal and the array recordings

The sound measurements from each site showed good consistency in terms of overall
pattern and general level, as demonstrated in Figure 234.

Figure 234: Eight measurements of R-S at site 2

The sound and vibration measurements from the point machine movements show that
there are distinctive features from the movement that can be used to monitor the
behaviour of the point machine. The time between the start and end of a throw, and its
intermediate phases, can be identified, the amplitude of the impact and
frequency/harmonic analysis techniques can be used to determine the condition of point
machines from both acoustic and vibration signals. However, a detailed model, or more
data from machines in both healthy and a faulty condition would be required in order to
prove the technology further. A similar approach to that being considered has been
published in [80].
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6.3.9

Conclusions

This section summarises the most relevant observations from the trials, which are as
follows:
-

-

-

Most trains present similar spectrums, which could be an identifier for certain types of
train or a way of evaluating the state of the train.
The speed level can vary due to the speed of the train or distance of the
measurement system.
The spectrograms in scenario 3 generally show smaller differences between cars than
others, probably due to the distance of the array.
The effect of wind (e.g. Scenario 2, 8 cars) manifests in a characteristic frequency
range. This can be used for filtering in windy conditions to avoid such effects.
There are unexpected high-power signature points in several spectrograms, which
may require further investigation to identify their causes, however, it is likely that
they relate to poor wheel conditions.
All spectrograms have been considered using a bandwidth of 0-13 kHz, with a
power/frequency range from -100 to -40 dB/Hz. This has been done to ensure
uniformity of graphics and measurements. Using different bandwidths and
power/frequency ranges could be useful to analyse spectrograms that significantly
deviate from the expected, and to analyse high-power features.
It appears that it is possible to identify types of trains and cars within them, and to
appreciate the differences between them using these methods.

6.4

Handheld Laser-based Inspection

Following on from the acoustic measurement system which could potentially provide
non-contact measurement and inspection of S&C, this section considers another form of
non-invasive inspection technology. While the initial work focuses on a more powerful
and modern version of the current inspection process, latter sections will consider how
this can be adapted for use as part of an autonomous inspection regime. The section,
therefore, considers the feasibility and design of a mobile platform for autonomous
inspection of railway S&C. The system considered builds upon existing laser scanning
technologies to develop a custom hand-held laser scanner with specific processing and
algorithms to evaluate S&C both generally and within the context of current inspection
standards. The work initially considers the feasibility of integrating multiple sensors in
order to generate a sufficiently high fidelity and resolution image for use in the
application, before then applying processing to evaluate S&C condition. Ultimately, work
is presented to move towards a miniaturised version of the system with integrated
processing suitable for use in autonomous inspection platforms such as drones.
6.4.1

Optical Scanners for S&C Imaging

Optical, laser-based, scanners can be used to create 3D representations of S&C or S&C
components to be used for wear/shape analysis. The technology is generally based on
2D laser scanning technology such as that used for vehicle-based railhead inspection,
combined with processing to generate 3D representations. 3D scanning is usually used
for specific S&C components rather than whole switches due to its user intensity and the
ability of the hardware to manage the data volumes associated with full S&C. An
example representation of such a component is the crossing nose presented in Figure
235.
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Figure 235: (a) Example of necessary preparation of the surface before scanning; (b) result of
scanning (experimental measurement)

6.4.2

Processing to Support Inspection Standards

While the technology identified in WP2 for this application relates to the laser scanning
device, and there is certainly a requirement for this to be developed towards a version
that can be operated autonomously, an additional aspect to this inspection lies within the
processing. Developing a representation of the S&C or S&C component is useful in that it
doesn’t require trained personnel to be present within the railway, and in potentially
separating physical from analytical tasks as a step towards automation, but the benefit
of this application comes from the analysis.
In the UK, one of the standards which Network Rail (the Infrastructure Manager) inspect
S&C to is known as NR/L2/TRK/0053 “Inspection and Repair to Reduce the Risk of
Derailment at Switches” [81]. The standard considers 5 derailment risks (not all
applicable to all forms of S&C) and describes inspection processes to assess the
possibility of each occurring. The inspections are carried out using a series of 6 manual
gauges with track workers having to align the gauges with parts of the S&C and judge
contact points and angles relative to indicated markers on the gauges. One gauge in
particular, the TGP8 gauge which is used to measure contact angle, has been identified
by a Rail Accident Investigation Branch (UK Government) report as being particularly
difficult to use [82].
By developing a 3D model of the S&C using the laser scanning technology identified in
WP2, it is possible to develop alternative methods to electronically conduct equivalent
inspections on the model [83]. These inspections could be conducted automatically,
without the need for human involvement, which would lead to greater accuracy and
repeatability of inspections, and would support future aspirations of fully autonomous
inspection.
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6.4.3

System Design

6.4.3.1

Prototype Hardware

Figure 236 illustrates the initial hardware design of a handheld laser scanner device. The
system relies on the integration of several sub-systems including a commercial 2D laser
profile sensor, a six axis inertial measurement unit (IMU) sensor and a touch button
sensor with LED indicator to assist with the manual operation of the device. The laser,
IMU and the touch sensor are all encased inside a 3D printed plastic housing (Figure
237a) while a 32-bit microcontroller development board along with a PCB interface unit
are contained inside an external aluminium casing referred to as the “synchroniser unit”
(Figure 237b). The synchroniser unit triggers the laser sensor and records values from
the IMU sensor in such a way that they can be integrated. The synchronisation stamped
IMU data are transferred to processing software running on a separate computer using a
simple serial interface while the laser sensor data are directly transferred to the
computer using an Ethernet interface once triggered by the synchroniser unit.

Micro-Epsilon
scanCONTROL 2700

ADIS16350
6 axes IMU
(accelerometer + gyro)

SPI

32 bit micro
processor

RS232

GUI
software

Touch button & LED

Figure 236: Block diagram representation of a hand-held device system to measure S&C profile
.

Figure 237: (a) CAD representation of the hand-held device containing the laser sensor and IMU
sensor (b) illustration of the hand-held prototype along with the synchroniser unit.

6.4.4

Prototype Software

The prototype processing unit includes software running on an external Windows based
computer that has been developed in the C# language. After receiving the synchronised
data from the IMU and the laser sensor, the software applies processing following the
logic in the blue section of the diagram shown in Figure 238. The processing develops 3D
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representations of the acquisition target, such as those shown in Figure 235(b). The
system then goes on to consider the application of inspection standards to the model
generated.

Figure 238: Software working thread

With a valid master frame being captured, the software offers the following functionality:
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Real-time pairwise registration (Figure 239 on the right) of incoming profile data
relative to a fixed reference frame using the IMU sensor data (Motion tracking
window in Figure 239). This is achieved by application of a customised iterative
closest point (ICP) algorithm on a pair of frames and therefore compensates for
unwanted motion effects caused by movement of an operator's hand while the object
of interest is being measured.
Virtual TGP8 gauge test on the measured S&C profile and generation of a TGP8 test
report.

The software also provides a means to export the raw and processed measurement data
in a CSV format. This can be useful for other geometric assessments beyond those
presently hard-coded into the system, such as the TGP8 test.

Figure 239: Software for real-time processing of the measurement data obtained using the handheld device.

6.4.4.1

Testing and Validation

The developed system has been tested in the laboratory on un-warn rail sections and a
re-claimed switch (Figure 240). The measurement data suggest that the system can be
used to generate profile data within 0.2 mm registration accuracy (Figure 241) when
actuated by a human hand, which also implies it can also be used on a mobile platform
to eliminate the need for a human operator for its operation.
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Figure 240: Laboratory imaging targets: (left) un-warn profile, (right) reclaimed switch.

Figure 241: Performance evaluation of the hand-held device.

6.4.4.2

TGP8 Test

The TGP8 test is a key element of the NR0053 switch derailment inspection standard and
forms an industry-approved means of evaluating the condition of an S&C asset for
“wheel-climb”. It is conventionally performed manually using a mechanical gauge and a
visual inspection. Figure 242 indicates the principles of TGP8 test and an example of a
failed TGP8 inspection. The TGP8 test can be considered to be a two-step process: (a)
correct application of gauge over rails and (2) correct reading of the TGP8 angle to
ensure that there is no contact between the stock rail profile and the switch rail below
the 60º line. However, the reliability of manual inspection is limited due to both human
error and the inability to consider the contact angle for different wheel profiles. Hence, a
system based on a 3D representation of the switch which could have multiple wheel
profiles applied to it could potentially improve the TGP8 measurement process. While
this processing is key to the novelty of the system, the hardware being developed here
is targeted to this application.
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Figure 242: TGP8 gauge (a) drawing of TGP8 gauge, (b) an example of failed TGP8 inspection

Figure 243 shows the result of the automatic TGP8 fitting processing applied to a
reclaimed switch measured in the laboratory. The software developed allows application
of a virtual TGP8 test on the S&C profile once the registration process is completed. This
eliminates the need to perform this test using the conventional approach which is
performed by a mechanical gauge and is prone to errors, as discussed.

Figure 243: TGP8 test result

6.4.5

Augmentation with Vision Processing

The laboratory testing results of the hand-held device and automatic standards
evaluation processing are promising. However, as a proof-of-concept prototype, there
are still some limitations. The main limitation is that the hand-held measurement relies
on a skilled human operator who needs to keep the laser source angled at the normal to
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the rail length (0° yaw and pitch angle) while the scan is undertaken as this would
compromise the point registration process.
To solve this alignment problem a number of approaches have been considered. A simple
mechanical mounting could be applied, but this would defeat the handheld nature of the
device, and limit the potential for future autonomous application. Instead, machine
vision technologies have been considered for use in supporting the localisation of the
laser sensor and thus minimising the manual requirements of the measurement. To
demonstrate the feasibility of such a vision system, a fixed-point camera (Logitech 310)
has been integrated with the hand-held device in the laboratory as shown in Figure 244.

Figure 244: Laboratory testing using a fixed-point camera to align the handheld laser sensor

Based on the development undertaken in the laboratory, a vision processing chain has
been developed. This is summarised in Figure 245. The processing chain consists of
(among other elements) luminance-based laser line identification, Canny-based rail edge
detection and Hough Transform-based straight line detection. The processing chain can
be used to identify the position of laser line in the longitudinal direction as well as the
angle of the laser line relative to the measurement object. This then allows the user (or
system) to ensure that the application of the device is maintained within tolerance
parameters for sufficiently accurate point registration in the development of the 3D
model.

Figure 245: Vision processing chain
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The results obtained using the fixed-point camera module and the corresponding rail
profile are shown in Figure 246.

Figure 246: Laboratory results for the camera module.

The vision processing chain developed provides a potential solution to overcome the
main limitations associated with the handheld scanner and automatic model-based
inspection against standards. The next phase of development would be to incorporate
the vision processing elements into the handheld scanner device in order to move away
from the requirement of a separately positioned camera system. With this completed, it
would then be possible to reduce the scale of the initial prototype such that it could be
deployed via an automated system and thus provide truly autonomous inspection.
6.4.6

Revised System Design

The prototype inspection system hardware, the model based inspection software, and
the vision processing elements have been shown to work together in order to implement
inspections in line with existing standards while minimising input from a human
operator. The next steps in this development are to integrate the vision system and the
synchronisation and processing hardware into a single, smaller unit. This will require
adaptation in the processing to accommodate the new camera perspective, and changes
to the implementation of the algorithms in order that they can operate on lower
capability hardware. Initially, however, the hardware must be miniaturised. The current
prototype system uses a 658 nm laser sensor which manifests as a red light for its
operation. While higher power lasers are generally suitable for use in all environments
there are certain safety issues associated with their adoption, particularly for
autonomous inspection where a human operator cannot provide part of the safety
system. Within the power range considered to be safe for autonomous inspection, red
lasers are suitable for use in laboratory environments, but may lose accuracy when
measuring reflective objects in the presence of direct sunlight. To overcome this, the
next generation of the system is proposed to use a 405 nm laser source. This would
manifest as a blue laser, and be more resilient to the operating environment of the
railway. Additionally, in the range used to date within the project, the blue laser unit
exists in a more compact form-factor.
The proposed new system design is shown in Figure 247. It aims to reduce the size and
weight, while increasing the overall performance of the prototype system to allow its
operation on a mobile actuation platform. Specifically, the system is based on the
updated and smaller / lighter laser sensor. A PCB will be used to significantly reduce the
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size and weight of the “synchroniser” unit allowing it to be incorporated into the
handheld component. An embedded PC platform (Raspberry PI) will also be used to
locally buffer the measurement data and wirelessly transmit them to the processing
system, likely to be a tablet computer.

Figure 247: High-level system design of the updated S&C inspection device.

The new synchronisation board will be based on a PIC32 microprocessor (indicated as
“Real-time MCU” in Figure 247). Some initial development towards the new
synchronisation and power distribution components has been undertaken and is
presented in Figure 248(a). The wiser system development is shown in Figure 248(b).

Figure 248: Updated inspection system (a) power distribution and synchronisation PCBs (b) whole
system

Following development of the hardware and firmware, the components will be integrated
into a custom designed 3D printed housing. This will be attached to the laser sensor
forming the structure of second generation of the inspection system. A 3D model of the
new device is shown in Figure 249. This device would then be usable both manually, in a
truly handheld fashion, and in conjunction with an autonomous inspection system.
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Figure 249: 3D model of the new device

6.4.7

Autonomous System / Drone Based Inspection

Once completed, the proposed updated version of the inspection and evaluation system
would be small and light enough to be deployed using a number of different autonomous
system approaches. Mounting the technology on such a platform would allow operation
of the inspection process without the presence of a human operator, thereby improving
accuracy and reducing risk to track workers. One possible application of the system
would be to fit it to an inspection vehicle, another would be to mount it on an
autonomous inspection platform such as that produced in the AutoScan project [84].
While these systems would be suitable as deployment platforms, there are known
limitations with them around their need to have exclusive use of the track (i.e.
possessions or train paths).
In recent years, the development of small unmanned aerial vehicles (S-UAV), also
known as drones, has driven the application of drone-based aerial inspections for large
and complex structures where conventional approaches are difficult to inspect; such as
power lines, cell towers, oil and gas pipelines, etc. The drones used in these applications
are generally adapted to include sensor and actuator elements in addition to any
standard manoeuvring and positioning systems. Several research projects have been
carried out to consider the potential for drone-based railway inspection both
academically and within the industry. For example, Arun Kumar Singh et al.
demonstrated the possibility of track detection and gauge measurement using DJI
phantom 3 drone imagery [85]. Additionally, Network Rail has undertaken a project to
improve resilience of the railway between Exeter and Newton Abbot in which a drone has
been used to survey the cliff face at Teignmouth, where the railway passes [86].
Although there are concerns associated with the use of drones as an inspection platform,
these growing number of studies and example applications suggest that it may
potentially be possible to implement a drone mounted version of the inspection system
being developed. With the new measuring unit mounted on a drone, not only the cross
section but the longitudinal head surface of the rail can be inspected. Ultimately, should
the system become fully autonomous it would also be possible to provide frequent,
accurate and cost-effective inspections. Before this, however, some limitations, both of
the technology and of its adoption must be considered:


The existing systems have a flight time limitation due to battery capacity
constraints. This is currently in the region of around 20-30minutes.
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For operational safety reasons, at least two trained personnel are often needed, one
pilot and one observer acting in a lookout capacity.
There is still a concern about the operation of drones within the live railway. While
this may provide limited restriction for lineside inspections, local inspection of an
S&C may therefore still require possessions.
In order to undertake some forms of analysis, longitudinal alignment within the
railway would need to be to a greater accuracy than the current drone positioning
technologies allows.
It is likely that, for full autonomous inspection, the drone control system would need
to be more closely integrated with the overall monitoring system.
Fully autonomous drone operation would require the drone control system to have
local environment sensing (i.e. environment mapping and collision control). While
prototype systems exist, these may not yet be ready for deployment in such a
complex environment.

To address some of these limitations, one possible solution would be to create a drone
based periodic inspection system linked to the signalling system. The system would have
a “home location” which would only release the drone once it received a notification from
the signalling system informing it that the track section was clear. Should the signalling
system report an approaching train the drone could be recalled to the home location.
Once released, the drone would use standard operational paths and a combination of
differential GPS and a vision-based feature detection system to accurately position itself
in a defined start location. Standard flight patterns coupled with visual positioning and
proximity sensors would allow it to autonomously manoeuvre through a measurement
pattern acquiring data for profiles at a specific set of required locations. An actuator
mounted on the drone would provide final positional adjustments for the laser sensor.
Prototyping for this kind of autonomous control system could be undertaken using
commercially available drone simulators, but would require sensor and input systems
similar to those already being used to support manual alignment of the scanning device
(e.g. the vision processing system).
Some concepts for the mounting and operation of the laser inspection system onto a
drone platform have been considered. These are summarised in the 3D representations
shown in Figure 250.

Figure 250: Concepts for drone mounting
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6.5

Summary

This section has described work undertaken as part of the third row within the WP3
development roadmap. The section has primarily considered the inspection of S&C
outside of it operating or during vehicle passage, but where the technologies discussed
can be used in multiple contexts these have also been considered. The work described in
this section has all supported the objective of removing humans from the monitoring and
inspection processes, and alongside the development of technologies has considered
adaptations thereof in order to automate their application.
The section first considered the use of numerical simulations to identify key
measurement locations and ranges for monitoring of S&C. This was undertaken using a
conventional S&C model, however, should this approach be taken forward within the
remainder of the S-CODE project it would be possible to apply the same process to the
novel S&C concepts being developed in other work streams. The simulations were
validated by practical measurements which also supported comparative baseline
activities for alternative acoustic based monitoring and inspection approaches.
The acoustic investigations considered first the required hardware and production of
arrays of microphones, before then turning to processing of the acoustic signals.
Beamforming was demonstrated as an approach capable of pinpointing specific S&C
components which can be used to consider any element within the field of “view” of the
array. The acoustic approach was demonstrated both for investigations into dynamic
effects and the wheel/rail interface, and also for conventional switch movement-based
monitoring.
In addition to acoustic inspection, laser-based profiling of S&C was also considered. This
uses a novel measurement technology to develop 3D models of the S&C onto which to
apply measurements equivalent to those carried out manually in accordance with
existing standards. The model-based analysis approach has been shown to be a powerful
advance from conventional inspection, but the technology is limited by a number of
factors. Initial laboratory-based prototypes have demonstrated that the addition of a
camera and visual inspection processing may overcome the limitations, and that further
minimisation may then make the system suitable for fully autonomous operation. Initial
considerations of the use of drones as autonomous inspection platforms has been
discussed at a concept level.
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7

Standardised Communications and Data Exchange

7.1

Introduction

Within the Shift2Rail framework there exist a number of projects which include
monitoring of sensor data from the infrastructure, and communication of that data back
to central repositories. Two closely aligned projects with this common requirement are
In2Track and S-CODE which consider the evolutionary and radical advancement of S&C
technologies respectively. S-CODE partners have been working within the In2Track
project to develop standardised mechanisms for data communications and exchange.
Demonstrators from this work will, through In2Track, support Technical Demonstrator
TD3.1. In addition to this, in order to promote closer cooperation between the projects
and to ensure maximum adoptability of the S-CODE concepts, internal dissemination of
this work has taken place within the S-CODE project. The S-CODE demonstrators
produced in WP6 will adopt the standardised architecture and data exchange format
proposed within the In2Track project.
7.2

Hardware Architecture

The architecture being considered within In2Track, and thus S-CODE, is primarily
designed to monitor distributed infrastructure assets. As such, the architecture uses local
monitoring points which relay data to trackside “concentrators” which in turn convey it to
remote servers as shown in Figure 251. The local communications can be based on wired
or wireless interconnection fabrics.

Figure 251: High-level communications architecture

The communications between the monitoring points and the concentrator use Ethernet
(IEEE 802.3), with any localised communication around the monitoring point to be at the
discretion of the manufacturer. In2Track envisage that different monitoring points would
make use of different local communications technologies based on their specific
requirements. The local monitoring point hubs would also be responsible for
timestamping data being reported onto the communications backbone. An example
architecture showing a number of different potential end-point networks is shown in
Figure 252.
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Figure 252: Architecture example with different local monitoring-point networks.

By adopting this approach when developing demonstrators, the S-CODE partners will
benefit from a standardised approach to communications and inherent compatibility with
other Shift2Rail demonstrators. They will also be preparing their systems to be
compatible with the Technical Demonstrators, particular TD3.1 and TD3.2. As most
systems being considered within the S-CODE project already have some form of local
processor, in order to adopt the architecture, the partners only need to ensure that their
system can communicate over Ethernet and to package the data using the appropriate
data exchange formatting.
7.3

Data Exchange

In addition to fitting the demonstrators with appropriate communications hardware, a
key element of ensuring compatibility with the standard communications mechanism is
the encoding of the data into the appropriate exchange format.
The mechanism selected by the In2Track project makes use of the Shift2Rail Canonical
Data Model (CDM), as described in Appendix 1 of the In2Rail project Deliverable D9.5
[87]. In2Rail did not completely define the CDM, but undertook preliminary outlining
work setting the direction for the development to take.
At the core of the CDM lies RailML. RailML can be used to define a description of the
infrastructure and crucially includes endpoints to which external entities can be
connected. As RailML does not describe sensor data, the CDM proposes that SensorML is
attached to these endpoints and is used to describe the particular local monitoring and to
transfer the resulting data. Figure 253 shows the relationship between RailML and
SensorML, as described in RailML Deliverable 9.1 [88].
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Figure 253: Integration of RailML and SensorML [88].

The work undertaken in the In2Track project has investigated the potential for creating
plug and play monitoring solutions, but the nature of RailML being based on a fixed
infrastructure model has somewhat complicated this process. Given this, however, it
should be possible for the S-CODE partners to simply generate the SensorML
descriptions for their monitoring system demonstrators and later attach them to the
appropriate points in the RailML model. An example SensorML data definition for switch
movement, taken from the In2Track work, is shown in Figure 254.
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Figure 254: SensorML description of a monitored switch movement [89].

It should be noted that, while this approach is favoured by several Shift2Rail projects
and is likely to feature in multiple Technical Demonstrators, it is not yet prevalent and
where (national) standard approaches are developing they may use alternative systems.
Network Rail, the UK Infrastructure Manager, uses MIMOSA OSA-CBM which is an
equivalent framework designed to work with ISO13374, as described in Section 4.5.1.1.
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8

Integration

8.1

Introduction

The objective of the system integration strategy is, using appropriate methods, to
interconnect all technologies and partial elements of switches developed in all of the
three concurrently running work packages WP3, WP4 and WP5. This means that the
technologies of the following fields will be interconnected:
•
monitoring and sensors (WP3);
•
components and materials (WP4);
•
kinematic system and next switching generation (WP5).
The outputs of individual work packages are provided in the respective deliverables, i.e.
D4.1 (July 2018), D3.1 (January 2019), D4.2 (January 2019) and D5.1 (January 2019).
Each of the deliverables handed over at the end of solutions of these work packages
(January 2019) provides this system integration which spreads over all work packages
and brings the technologies together. This chapter is no different, and it is identical for
all three deliverables since it contains brief information on technologies that are solved
concurrently in work packages WP3, WP4 and WP5. In this chapter, it is thus possible to
obtain information on which technologies are dependent on which technologies of all
work packages, and so on which technologies it is necessary to concentrate in
developing one specific technology and with which of them to cooperate.
Another part of the objective is to prepare a plan for the future demonstration of
concepts in the following work package, WP6. WP6 will draw, smoothly and analogically,
from the activities in work packages WP3, WP4 and WP5. The following partial tasks will
be undertaken:
•
validation of next generation control, monitoring and sensor system concepts;
•
validation of next generation design, material and component concepts;
•
validation of next generation kinematic systems.
Demonstration is expected to be achieved up to the development stage TRL4, which
means validation of the technology in a laboratory. So, it is assumed that suitable
technologies will be chosen from work packages WP3, WP4 and WP5. These will be
integrated into smaller units and validated in a laboratory, or those partial technologies
from which future use is expected and which are currently at a higher stage of
completion will be directly validated in a laboratory. An overall evaluation with the
outlook to the future will be then presented as part of work package WP7, Evaluation,
impact and future development. The respective chapter states which concepts were
chosen for demonstration and how the demonstration in work package WP6 is expected.
When solving this task, the BIM (building information modelling) method is supposed to
be used for the system integration of principles; it has been a standard in recent years in
design and construction, as well as maintenance of ground structures, and this method is
currently becoming a standard also for linear constructions, i.e. most commonly railways
and roads. According to the existing BIM principles, a switch is only an element which
enters a complex model of a larger unit, such as a railway station. Therefore, for
switches as building structures and at a low development stage, if we speak about the
next generation of switches based on the S-CODE project, the BIM principles are not
quite fully usable, and they require a certain adaptation. This chapter also contains the
issue of BIM and using the method for the integration strategy in the S-CODE project,
including an example of a conventional switch.
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8.2

BIM in S-CODE

8.2.1

Introduction

The acronym BIM stands for ‘building information model’ or ‘modelling’, where the term
‘model’ refers to a digital representation of an asset that describes its physical and
functional characteristics. The verb ‘modelling’ implies a process of creation and
management of BIMs. Whilst BIM can be described as digitalization for the construction
sector, BIM is relevant for any component of the built environment, new or already
existing.
The model and modelling process are arguably less important than the information
contained in the model. Nevertheless, the quality of the model constrains the impact that
using BIM can have on a project. BIM can be defined as a means of managing
information throughout the life-cycle of a project [90]. A definition succinctly covering
these aspects of BIM is given by the UK BIM Task Group [91] as: “BIM is essentially
value-creating collaboration through the entire life-cycle of an asset, underpinned by the
creation, collation and exchange of shared three dimensional (3D) models and
intelligent, structured data attached to them.”
Therefore, the initiation of BIMs and a BIM process is relevant and useful in S-CODE,
despite its work being in the earliest of project phases, i.e. research and design.
Consideration of BIM at this stage sets a precedent for the effective management and
transfer of information. Employing BIM’s information management aspects eases
collaboration and information sharing between work packages and partners.
8.2.2

BIM Dimensions and Maturity Levels

BIM uses a series of tools (not just a single software application) within a structured
process for information storage and communication. Established terminology describes
the content and capability of BIM. The ‘dimension’ of BIM describes the richness of the
data contained in the model; dimensions beyond the standard geometric three
dimensions (3D) characterize additional information according to its intended use.
Different to the BIM dimensions is a framework for the level of maturity, which mainly
describes the ability to digitally exchange data, i.e. collaborate. The term ‘level of detail’
(LOD) describes the data content of a BIM project throughout its stages of development.
8.2.3

Dimensions

At the core of BIM is a 3D model built using the CAD technology. A 3D BIM model
enables visualisation. In addition to geometric points, a BIM model can encode the
relationship between objects and contain additional information about objects, e.g.
material properties, type of object, and rules for connected objects – such as that a rail
must sit on a sleeper or slab track. This allows orientation of objects within their
environment. Additional information added to objects makes the model richer.
Descriptions of 4D to 6D BIM, and even further dimensions, are found in the literature.
Typically, the fourth dimension refers to time-linked information, to be used in
scheduling of a project, and 5D means that cost information of objects is included – used
in cost estimations. The dimensions above 5 are variously described as containing data
used for sustainability modelling, operation and maintenance, and facilities management.
8.2.3.1

Maturity

In the UK, the government has defined a framework for assessing the maturity level of
BIM in projects. Moving to the higher levels of the framework relies in particular on
efficient collaboration and sharing of information held in BIM models. In a project,
information is commonly contained in different models. Therefore, relationships between
the data must be specified in a standard way to fully exploit BIM. Eventually, open
standard formats must be used to translate data from one proprietary format to another.
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All information should be stored in a common data environment (CDE). Details of the
maturity levels are shown in Figure 255 and in Table 14 [92] [93] [94].
Table 14: BIM maturity levels

Level
0
1
‘lonely
BIM’

Description
Effectively no collaboration and a pre-BIM stage. 2D CAD drafting only,
for production information. Output and distribution is via paper or
electronic prints, or a mixture of both
This typically comprises a mixture of 3D and 2D CAD. Limited sharing of
information between project members and project stages. Processes
should be in place to:
• standardize methods and procedures, e.g. responsibilities assigned,
naming conventions, CDE in place
• develop a policy for managing information over the project life-cycle
• standardize data exchange: what and when data should be
exchanged, format, monitoring of data, record receipt of data
• design management: management responsibilities, plan of work

2

Distinguished by collaborative working
Core requirements:
• a co-ordinated information exchange process specifically designed for
the project
• any CAD software that each party uses must be capable of exporting
to a common file format

3
‘integrated
BIM’

Not yet fully defined. UK Government’s Level 3 Strategic Plan’s ‘key
measures’ [95]:
• to include ‘open data’ standards for easy sharing of data across the
entire market
• a new contractual framework for projects which have been procured
with BIM
• a cultural environment which is co-operative, seeks to learn and share
• training public sector clients in the use of BIM techniques

Page 211 of 244

Figure 255: BIM maturity metric [96]

8.2.3.2

Level of Detail

LOD [97] describes the minimum content and reliability of BIMs at various stages in the
design and construction process. Different designations for project stages exist, and it is
up to the individual project to define the stages that are appropriate. As an example, the
RIBA Plan of Work [98] adopts eight stages:
1. Strategic definition
2. Preparation and brief
3. Concept design
4. Developed design
5. Technical design
6. Construction
7. Handover and close out
8. In use
Different model elements develop at different rates. The LOD framework allows each
project participant to understand the progression of their element, and the combination
of elements where appropriate, from first conceptual ideas to final design. Model authors
can, using this structure, define how their models can be relied on at different lifecycle
stages and informs downstream users to clearly understand the usability and the
limitations of models that they inherit.
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8.2.3.3

BIM Life-cycle

Doumbouya et al [99] stated that the life-cycle building stages encompass inception,
brief, design, production, maintenance and deconstruction. Figure 256 shows that BIM is
at the heart of the asset life-cycle. It can be seen that many stakeholders are distributed
over the BIM life-cycle. The work of BIM is to pull the information from stakeholders
together and share it to improve the asset outcome for the customer and others.

Figure 256 Building information modelling life-cycle [100]

8.2.4

8.3

Recommendations for Application of BIM in S-CODE

•

Appoint an overall BIM information
responsibility to be with project director

manager

(and

advisor)

–

ultimate

•

Employ a CDE

•

Define the S-CODE project stages

•

Examine BIM maturity levels 1 and 2 and select the elements appropriate for use
in the project, given the project stages it contains

•

Attach levels of detail required in the model for each stage and project
component

•

Define the times and content of data drops (milestones and deliverables)

•

Examine the capability to export project models to a common data format

•

Specify what downstream users of the models can expect from the models and in
what ways the models can be relied upon
Example: Digital Twin of Railway Switches and Crossings

Railway turnouts or switches and crossings (S&Cs) are complex systems by nature of
design and construction. Railway turnouts are used to change direction of trains from
one to another. They require high-quality construction and maintenance, in order to
minimize rapid degradation and component failures that could result in train derailments.
This research establishes and analyses the world-first 6D BIM for life-cycle management
of a railway turnout system. The use of BIM for railway turnout systems has the
potential to improve the overall information flow and promote collaboration of the
turnout planning and design, manufacturing pre-assembly and logistics, construction and
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installation, operation and management, and demolition, thereby achieving better
project performance and quality.
8.3.1

Introduction

A railway turnout (or S&C) is a special track system used to divert a train from a
particular direction or a particular track onto other directions or other tracks. It is one of
the most complex and nonlinear systems in railway infrastructure network. As a critical
infrastructure, it is a structural grillage system that consists of steel rails, points
(switches), crossings (frogs), steel plates, rubber pads, insulators, fasteners, screw
spikes, beam bearers (either timber, polymer, composite, steel or concrete), ballast and
formation [101]. Traditional turnout structures are generally constructed using timber
bearers. The timber bearers allow the steelwork to be mounted directly on steel plates
that are spiked or screwed into the bearers. In the present day, concrete bearers are the
most popular choice, and fibre-based composite bearers (i.e. FFU) have recently been
adopted [102]. Modern turnouts have adopted tangential geometry to smooth the ride
quality and have installed concrete bearers to stabilize the track structure. The turnout
structure generally imparts high impact forces onto its structural members because of its
acute geometry and mechanical connections between closure rails and switch rails (i.e.
heel-block joints). Since the railway turnout is complex, a small deviation from the
original design can easily be incurred from human errors, poor workmanship, machinery
errors, accidents, measurement inaccuracy, and so on. This small deviation, however,
can cause significant problems to railway systems, such as causing high-intensity impact
loading, excessive lateral force, hunting behaviour, poor ride comfort (from jerking
behaviour) and, potentially, train derailments over a complex geometry [103] [104].
Accordingly, the construction and maintenance activities for railway turnouts should be
very careful to minimize any potential error.
The technology of BIM is in great demand in the world nowadays. Many countries have
introduced regulations to their new infrastructure projects for the application of BIM. BIM
is considered an information system (IS) where tacit knowledge can be stored and
retrieved from a digital database, making it easy to take prompt decisions as information
is ready to be analysed. BIM at the model element level entails working with 3D
elements and embedded data, therefore adding a layer of complexity to the
management of information along the different stages of the project [97].
8.3.2

BIM for Railway Turnout Systems

8.3.2.1

Railway Turnout System Assembly

Railway turnouts are usually determined by rail operations and requirements to transfer
a train from a particular rail track onto another track [105]. They are complex
assemblies of sections and components within a railway corridor as they constitute an
exceptional discontinuity within the railway layout [106]. Kaewunruen et al [105] stated
that railway turnout is a structural grillage system that consists of steel rail, crossings,
closures, points, rubber pads, steel plates, screw spikes, fastening systems, sleepers,
ballast and foundation. Generally, a railway turnout system consists of complicated
connections, which are designed with special geometries (sizes and dimensions),
curvatures (angles and grades) and elements and with different profiles, as shown in
Figure 257. All of the properties of railway turnouts make them difficult to design,
manufacture, construct and manage across the whole lifecycle.
8.3.2.2

Digital Twin

In the Revit Platform API, it is possible to complete a 3D sketch by using the following
classes: Extrusion, Revolution, Blend and Sweep [107]. Based on the 2D drawing of the
layout, profile and exponents of a turnout, it is feasible to create 3D simulation
modelling accurately and visibly in Revit-2018, as shown in Figure 257.
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Figure 257 Complete 6D digital twin of turnout system

As each component is a sole family in Revit-2018, the result of the 3D model can
indicate the logical relations between each component. People can have an integrated
view of this model from different perspectives. The 6D model enables checking and
validating both geometry and information inside of the model to make sure each detailed
part is clear and accurate.
8.4

Remarks

This research aims to develop a world-first 6D BIM of a railway turnout system. This
turnout is being established over an integrated life-cycle from the planning and design
stage to the end of the demolition stage, and it provides six dimensions of information in
the project. Besides that, this project simulated a LifeCycle Assessment (LCA) on the
basis of shared information. BIM of a railway turnout system, as a big data-sharing
platform that enables the planning work to be sequenced logically, efficiently and
sustainably, enhances collaboration, allows for feedback at an early stage and avoids
waste. BIM makes the railway turnout system more optimized and more intelligent.
8.5

Technologies to be Integrated

Individual technologies are based on innovation development maps, which have been
created for each work package WP3, WP4 and WP5 based on requirements gathering and
high-level design exercises carried out in WP1 and WP2. These maps contain
technologies and approaches, which are further developed in different ways, and their
respective development stages of TRL. Specific technologies are usually solved from a
higher stage of TRL, which allows better availability in terms of manufacture and
materials, as well as in terms of the demonstration of outputs, up to a long-range
solution with a very low TRL (conceptual design).
The technologies have been examined by work package. First, the suitability of individual
technologies for the selected switch concepts was identified. This includes a total of five
revolutionary concepts (back-to-back bistable switch, single slender switch, pivoting
switch, sinking switch and vehicle-based switch) and also the conceptual standard
switch, which is commonly used all over the world.
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Furthermore, the technologies were examined in relation to the rate of dependence on
the other technologies being solved. This information is important for those who develop
that technology, to know which technology could be dependent on their solution. It is
natural that within a switch, consequently, almost all is dependent on all, if we go into
detail. However, the objective was to evaluate particularly very strong dependences
which are formed at the very early stages of development. From this point of view, the
technologies were evaluated within the work packages themselves, and also in relation
to the other parallel work packages. The technologies were arranged in a clear table. The
following sections include summary descriptions of the technologies and approaches
considered in the various technical work packages, along with descriptions of
interdependency in order to facilitate the selection of demonstrator candidates.
8.5.1

Concepts Developed in WP2

8.5.1.1

Back-to-back Bistable Switch

This concept of a switch is based on the concept developed before, titled REPOINT©,
which was developed at Loughborough University. Within the S-CODE project, the
solution was conceptually extended to also include the frog part of the switch. The switch
has its tongues in the butt configuration, with the oblique rail joint design solved
similarly to that of expansion joints. For this switch, switching will take place using the
method of lifting the rails with the sleepers (or parts of the sleepers). Due to its
continuous running surface, the switch does not require the use of check rails in the frog
part. The back-to-back bistable switch is illustrated in Figure 258.

Figure 258 Back-to-back bistable switch

8.5.1.2

Single Slender Switch

The single slender switch is characterised by the use of only one movable flexible
tongue, which runs along the whole length of the switch. The shape of the tongue, on
which vehicles will run on both sides, will have to be solved geometrically. The use of
one tongue means that there is only one most stressed and critical part of the switch,
and if there is a failure, only one component has to be replaced. Nevertheless, this
element will be a much-stressed element in the structure of the whole switch and will
have to be of sufficient flexibility. Switching this component from one position to another
along a long path will require the design of a completely new method of switching. The
single slender switch is illustrated in Figure 259.
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Figure 259 Single slender switch

8.5.1.3

Pivoting Switch

This concept of a switch is characterised by the pin arrangement of all movable parts in
the switch. An advantage could therefore be the use of materials for the running
surfaces that cannot be bent. However, this arrangement creates many unsuitable
broken areas of the running surface. There are always five rail joints in each direction,
and these will reduce dynamic stress during the passage of vehicles. The pin pivoting
arrangement of switchable parts will be relatively simple as regards the development of
switching systems compared with other concepts. The pivoting switch is illustrated in
Figure 260.

Figure 260 Pivoting switch

8.5.1.4

Sinking Switch

For the concept of the sinking switch, vertical movement of the elements when switching
the switch is designed. The movement of the tongue in the vertical direction will create
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an area for the passage of a wheel flange both in the frog part and the switch blade part.
The running edge of the switch is not basically broken. The main problem will be
developing a suitable switching device and creating room for the recessed tongue in the
sleepers. A real design of a sinking switch is the Dutch turnout WINTERPROOF©. The
sinking switch is illustrated in Figure 261.

Figure 261 Sinking switch

8.5.1.5

Vehicle-based Switch

This concept solves an absolutely new principle of the vehicle–track system. A version of
the inverse use of the profiles of wheels and rails was considered. The current profile of
a wheel would be applied to a rail, which would create a rail with a ‘wheel flange’, and
the current rail profile would be applied to a wheel, which would create a wheel without a
wheel flange. This arrangement would make it possible to keep the present principles of
wheel/rail interaction to a certain extent. Switches in this system could be solved as
fixed, without any movable areas, and without breaking the running surface. Therefore,
it would not be necessary to have any actuation and locking or detection systems in the
switch; also, maintenance would be reduced to a minimum. A vehicle would be directed
in the correct direction using mechanisms installed directly on its undercarriage. A great
disadvantage of this concept is that it can only be used for absolutely new railway
systems. The vehicle-based switch is illustrated in Figure 262.

Figure 262 Vehicle-based switch
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8.5.1.6

Standard Switch

The standard switch was also taken into consideration with regard to the system
integration of individual technologies of work packages WP3, WP4 and WP5. It turned
out to be useful and desirable to also include in the integration this switch commonly
used today, since a number of technologies may also be applicable for improvement and
innovation of an existing system used. So, the following typical standard switch was
considered for the integration. The switch is of the standard geometry, with a circular
curve in the diverging branch, radius of 500 m, and turn-off angle of 1 : 12. Concrete
switch sleepers are used, and the fastening uses sole plates; flat bottom rails with a
mass of 60 kg.m−1 are used, and the rail material considered is rail steel R260. The
switch has the standard switching method in the switch panel, using two tongues formed
out of switch rails and the respective stock rail. The frog is made up of a common fixed
frog (assembled or cast compact one).
8.5.2

Concepts Developed in WP3

8.5.2.1

Condition Monitoring of Points Movement

Conventional condition monitoring sensors (current, voltage, force, displacement, strain,
etc.) are used to provide information on the health of the asset, which in turn can be
used to predict failures and advise maintenance. Some of these sensors align with those
selected for use in fault-tolerant control.
Diagnosing potential points machine faults and determining time to failure and an
estimation of remaining useful life will allow for more use of predictive maintenance,
moving away from scheduled maintenance, and allow operators to schedule tasks more
effectively around the assets that need them most. The use of an advanced suite of
sensors will reduce the number of false positives as a better picture of the state of the
point machine will be available. The sensor outputs from this technology align with those
required for fault-tolerant control.
8.5.2.2

Condition Monitoring of Points Movement using Model-based Analysis

This involves the use of model-based techniques for analysis of conventional points
condition monitoring sensor data (current, voltage, force, displacement, strain, etc.).
Some of these sensors align with those selected for use in fault-tolerant control.
Diagnosing potential points machine faults and determining time to failure and an
estimation of remaining useful life will allow for more use of predictive maintenance,
moving away from scheduled maintenance, and allow operators to schedule tasks more
effectively around the assets that need them most. Model-based approaches to analysis
are common in other domains and are being considered for their compatibility with faulttolerant control systems. The sensor outputs from this technology align with those
required for fault-tolerant control.
8.5.2.3

Condition Monitoring of S&Cs (Dynamic Impact)

Outputs from the acceleration sensors will be analysed to monitor dynamic load. The
dynamic effects monitoring system consists of two main parts. The first part of the
system is the Train Identification System (TIS), and the second part is the Dynamic
Evaluation System for Switch (DESS) and/or Dynamic Evaluation System for Crossing
(DESC). Every train type has different dynamic effects, and for precise comparison of the
dynamic effects it is very important to compare the same train types with the same
passing speed. Precise comparison of the dynamic effects can catch a fault/derogation in
its early stages.
Nowadays, deterioration/faults in an S&C are often found too late, and the maintenance
then is only about repairing. The system for dynamic effects evaluation could
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complement current diagnostic systems and help to detect deterioration/faults at an
early stage. This will allow the use of predictive maintenance, and overall maintenance
planning will be improved. The dynamic monitoring and evaluation system could save a
considerable amount of money, significantly improve the reliability of the S&C and
extend the life-cycle of the S&C components (rails, fastening systems, bearers, point
machines).
8.5.2.4

2D Laser Scans with Inertial Positioning Compensation

The technology will be used to demonstrate a hand-held rail profile-measuring laser
scanner. The hand-held device will interface with the GUI developed to perform real-time
2D measurement of railway wheel, track and S&C profile, among which the virtual TGP8
test can be applied for the S&C profile. The technology will also be used to demonstrate
that using the laser scanner it will be possible to take a full scan of the profile of a rail
and align profiles in the longitudinal direction to allow for more comprehensive
measurement and inspection.
The hand-held device allows for quick scans of the rail profile and geometry to assess
adherence to standards and wear on the rail. A drone-mounted laser allows for semi or
full autonomous inspection of the S&C, which: reduces the safety risks associated with
asset maintenance; allows routine planned maintenance to be achieved; reduces human
factors in the inspection/maintenance phase; provides the possibility of increasing the
dimension of laser-based inspection from 2D to 3D; and enables autonomous inspection
and repair.
8.5.2.5

Acoustic Monitoring of Points Movement

Measurement of sound, a non-invasive technique, can be used to identify abnormal
behaviour of point machines and switches. Characterisation of different sound patterns
can then be used for further fault detection and diagnosis algorithms.
Diagnosing potential points machine faults and determining time to failure and an
estimation of remaining useful life will allow for more use of predictive maintenance,
moving away from scheduled maintenance, and allow operators to schedule tasks more
effectively around the assets that need them most. Non-invasive monitoring techniques,
i.e. acoustic, are more easily adopted by the industry, and could be installed for targeted
monitoring campaigns if appropriate.
8.5.2.6

Feedback Controller with Fault-tolerant Scheme

Movement of S&C is driven by actuators which must be controlled. Control can be open
or closed-loop. Closed-loop control requires sensors to be used to provide external
information of the movement to refine the control based on performance. There is a risk
that if the sensor fails, a closed-loop controller may not be able to operate. A fault
tolerant controller is one that can detect and compensate for failures of its sensors. Fault
tolerant controllers can also be used to adjust the performance of the actuator in order
to maintain operation if the overall performance of the S&C changes.
8.5.2.7

Condition Monitoring of S&Cs with Embedded Accelerometers

Outputs from the acceleration sensors will be analysed to monitor dynamic load. The
dynamic effects monitoring system consists of two main parts. The first part of the
system is the TIS, and the second part is the DESS and/or DESC.
Every train type has different dynamic effects, and for precise comparison of the
dynamic effects it is very important to compare the same train types with the same
passing speed. Precise comparison of the dynamic effects can catch a fault/deterioration
in its early stages. The accelerometers will be embedded directly in the factory before
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the S&C is assembled. TIC, DESS and DESC will be embedded in the bearer. Only
sensors on the rail will be attached during assembly.
Nowadays, deterioration/faults in an S&C are often found too late, and the maintenance
then is only about repairing. The system for dynamic effects evaluation could
complement current diagnostic systems and help to detect deterioration/faults at an
early stage. This will allow the use of predictive maintenance, and overall maintenance
planning will be improved. The dynamic monitoring and evaluation system could save a
considerable amount of money, significantly improve the reliability of the S&C and
extend the life-cycle of the S&C components (rails, fastening systems, bearers, point
machines). The system will contain triggers for inspection, and comparison of the S&C
(equipped with the system) will be part of the evaluation. The S&Cs will be sorted
according to the level of the dynamic effects – maintenance priority.
8.5.2.8

Drone-mounted Laser Measurements

The laser scanning technology could be mounted on a drone with 1 D.O.F. movement on
the laser to be able to take a full scan of the profile of a rail. Visual inspection
technologies would be required to align the laser sensors; these are the focus of another
technology evaluation form.
The hand-held device allows for quick scans of the rail profile and geometry to assess
adherence to standards and wear on the rail. A drone-mounted laser allows for semi or
full autonomous inspection of the S&C, which: reduces the safety risks associated with
asset maintenance; allows routine planned maintenance to be achieved; reduces human
factors in the inspection/maintenance phase; provides the possibility of increasing the
dimension of laser-based inspection from 2D to 3D; and enables autonomous inspection
and repair.
8.5.2.9

Acoustic Monitoring for Inspection and Predictive Maintenance

This involves the use of acoustic signals recorded from S&C geometry during a vehicle
passage to determine the health of the S&C. Changes in the mechanical system lead to
different vibration characteristics and therefore a change in the features of the acoustic
signals emitted. These changes can indicate developing faults and can be used to
estimate the remaining useful life or to target maintenance activities.
Acoustic technology can be used to non-invasively monitor S&Cs in order to identify
anomalies in recorded outputs and thus provide an indication of potential performance
issues relating to wear and alignment.
8.5.2.10 Visual Processing for Alignment of 2D Scanner
In order to reliably use the 2D laser scanner, or for it to be mounted on a drone, it is
necessary to understand the position and orientation of the laser scanner in relation to
the rails. Cameras and vision processing can be used to align and orient the laser
scanner system, either by providing guidance to a user or as a control input to a drone.
The visual system can also be used to help with overall positioning as GPS is not
accurate enough. Vision processing can be used to match features of the S&C in order to
position the drone before scanning.
8.5.2.11 Auto-recalibration of Self-adjustment After Maintenance
This technology is being considered conceptually at a very low TRL. This will remove the
need for manual S&C adjustment and will allow the control system to recalibrate using
external autonomous inspection.
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8.5.2.12 Condition Monitoring of S&Cs with Embedded Accelerometers and Other
Embedded Sensors
Outputs from the acceleration sensors will be analysed to monitor dynamic load. The
dynamic effects monitoring system consists of two main parts. The first part of the
system is the TIS, and the second part is the DESS and/or DESC. The system will be
completed with the sensors from the tuneable fastening system and with the sensors
from the under-bearer layer. Every train type has different dynamic effects, and for
precise comparison of the dynamic effects it is very important to compare the same train
types with the same passing speed. Precise comparison of dynamic effects can catch a
fault/deterioration in its early stages. The system will communicate with the other
sensors with self-healing ability (tuneable fastening system and under-bearer layer).
Based on the dynamic effects evaluation, other sensors will adjust damping and levelling
(tuneable fastening system) or restore contact between the bearer and ballast (underbearer layer). The accelerometers will be embedded directly in the factory before the
S&C is assembled. TIC, DESS and DESC will be embedded in the bearer. Only sensors on
the rail will be attached during assembly. The system can be completed with the selfpowering equipment embedded in the bearer. Other sensors for the tuneable fastening
system and for the under-bearer layer will be embedded as well.
Nowadays, deterioration/faults in an S&C are often found too late, and the maintenance
then is only about repairing. The system for dynamic effects evaluation could
complement current diagnostic systems and help to detect deterioration/faults at an
early stage. This will allow the use of predictive maintenance, and overall maintenance
planning will be improved. The dynamic monitoring and evaluation system could save a
considerable amount of money, significantly improve the reliability of the S&C and
extend the life-cycle of the S&C components (rails, fastening systems, bearers, point
machines). The system will contain triggers for inspection, and comparison of the S&C
(equipped with the system) will be part of the evaluation. The S&Cs will be sorted
according to the level of the dynamic effects – maintenance priority. The system will
generate recommendations for maintenance. The outputs from the dynamic effects
evaluation will trigger the self-healing ability of the construction (tuneable fastening
system and under-bearer layer).
8.5.2.13 Autonomous Control of Drones and Robots for Inspection of S&C
This technology will be considered conceptually at a very low TRL. The autonomous
inspection will be able to use alarms from the condition monitoring system to take
accurate measurements that meet safety standards. This will mean that what might
currently be considered questionable alerts can be actioned to ensure that manual
intervention is minimised. Maintenance teams will be able to monitor this autonomous
inspection remotely.
8.6

Technology Integration

8.6.1

Technology Suitability for Next Generation S&C Concepts

This chapter considers the suitability of individual technologies developed in the work
packages WP3, WP4 and WP5 for next generation S&C concepts. The tables in the
following sections show which technologies are appropriate, inappropriate and are
generally applicable without reference to the next generation of new S&C concepts.
In the tables, abbreviations are used as follows:
 S – suitable (appropriate, inevitable in the future);
 N – neutral (generally applicable, technology is not necessary, there are other
alternatives, often more appropriate);
 I – inappropriate (technically and functionally inappropriate for the concept).
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8.6.1.1

Technologies in WP3

Back To Back Bistable Switch

Single Slender Switch

Pivoting Switch

Sinking Switch

Vehicle Based Switch

Conventional Switch

Table 15: Technologies in WP3

Condition monitoring of points movement

S

S

S

S

I

S

Acoustic monitoring of points movement

S

S

S

S

I

S

Condition monitoring of switch and crossing

S

S

S

S

S

S

2D laser scans with inertial positioning compensation

S

S

S

S

S

S

Feedback controller with fault tolerant scheme

S

S

S

S

S

S

Acoustic monitoring for inspection and predictive
maintenance

S

S

S

S

S

S

Condition monitoring of switch and crossing with
embed accelerometers

S

S

S

S

S

S

Drone mounted laser measurements

S

S

S

S

S

S

Auto-recalibration of self-adjustment after
maintenance

S

S

S

S

S

S

Condition monitoring of switch and crossing with
embed accelerometers and other embed sensors

S

S

S

S

S

S

Autonomous control of drones and robots for
inspection of S&C

S

S

S

S

S

S

Technology\

Switch concepts

WP3
Next generation control, monitoring and
sensor system

Generally, it can be said that with the ongoing introduction of electronics and sensors
into all industrial branches, this branch will also be very desirable and useful for the
railway and switches in the future. It will be more and more necessary to install sensors
and to monitor both the switched mechanism and the condition of the switch as a whole,
whether considering new concepts of switches or revolutionary concepts of the next
generation. Self-adjustment and self-monitoring also start to be more and more
desirable with the development of high-speed tracks where, for safety reasons, it is
useful to reduce the movement of people for the purpose of maintenance and also for
the possibility of quick and effective intervention when required regardless of the time of
the day. Table 15 shows the suitability of all of these technologies for all switch concepts
including the standard switch. The only exception can be found for the Vehicle-Based
Switch, when we consider a switch independently separated from the vehicle with an
installed guide mechanism. There are no moving parts in such a switch, and so it is
unnecessary to consider installing sensors and monitoring all that is related to switching.
However, it is still useful to consider monitoring the condition of the switch in relation to
maintenance and a possible intervention or self-adjustment, and also self-inspection, in
this concept. However, if we consider the guide system on the vehicle as a part of the
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switch or system as a whole, it is also possible to consider requirements for transducers
and sensors for switching here; this might be even more necessary than in other switch
concepts, where the vehicle is guided in the correct direction mechanically. For switches
where higher dynamic loads are expected due to the occurrence of rail contacts, it is
desirable to monitor the condition of these areas, because it can be expected that they
will degrade very quickly (unlike the rest of the switch without the occurrence of
dynamic loads). Such areas could be rail contacts in the Back-To-Back Bistable Switch or
Pivoting Switch concepts, or interruption of the running edge in the case of using a fixed
frog in the standard switch. Conversely, the concepts without interruption of the running
edge, such as the Single Slender Switch or the moving frog in the standard switch, will
need less of this monitoring.
8.6.2

Interdependency of Technologies (within the Work Package)

This section describes which technologies in the work packages are considered
dependent on one another and which are not. The tables below are decisive also for
further development, since they show the designers of a specific technology on which
other technologies in their field they should focus and with which they should cooperate.
When filling in the table, we successively asked ourselves the following questions:
 When using a particular technology in the column, will it be necessary to
cooperate with the technology in the row? (answer yes, D – Dependent, no – go
to the next question)
 Will a problem arise subsequently, at more detailed processing, if the
technologies are not developed together? (answer yes, D – Dependent, no – go to
the next question)
 Would it be possible to consider cooperation with this technology (we can and do
not have to); is there a perspective of interconnection in the future? (answer yes,
N – Neutral, if not, go to the next question)
 Can the development run quite independently, i.e. in parallel, so that the
technologies will then also be mutually applicable in this case? (answer yes, I –
Independent).
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8.6.2.1

Dependence of WP3 on WP3 Technologies

Condition monitoring of switch and
crossing with embed accelerometers
and other embed sensors (b)

Auto-recalibration of self-adjustment
after maintenance (a)

Drone mounted laser measurements
(c)

Condition monitoring of switch and
crossing with embed accelerometers
(b)

Acoustic monitoring for inspection
and predictive maintenance (a)

Feedback controller with faulttolerant scheme (a)

2D laser scans with inertial
positioning compensation (c)

Condition monitoring of switch and
crossing (b)

Acoustic monitoring of points
movement (a)

Condition monitoring of points
movement (a)

WP3 technology
WP3 technology\

WP3
Next generation control,
monitoring and sensor
system

Table 16: Dependence of WP3 on WP3 technologies

WP3
Next generation control, monitoring and sensor
system
Acoustic monitoring of points movement (a)

N

Condition monitoring of switch and crossing (b)

N

I

I

I

I

Feedback controller with fault-tolerant scheme (a)

D

N

I

N

Acoustic monitoring for inspection and predictive maintenance
(a)

2D laser scans with inertial positioning compensation (c)

N

D

N

I

N

Condition monitoring of switch and crossing with embed
accelerometers (b)

I

I

D

I

I

I

Drone mounted laser measurements (c)

I

I

I

D

I

I

I

N

N

I

N

D

N

I

I

Condition monitoring of switch and crossing with embed
accelerometers and other embeded sensors (b)

I

I

D

I

N

I

D

I

N

Autonomous control of drones and robots for inspection of S&C
(c)

I

I

I

D

I

I

I

D

N

Auto-recalibration of self-adjustment after maintenance (a)

I

Here, it was monitored the extent to which the technologies relate to one another inside
Work Package WP3, i.e. the technologies regarding monitoring and sensing systems. As
shown in Table 16, it can be said that in this work package, all technologies are
dependent on one another to a certain extent. At the present time, there are sensors
and monitoring systems in switches in relatively small amounts, even if we compare
switches with the currently operated railway vehicles, which are now full of sensors.
Therefore, it could be advantageous for most of these innovative technologies to be
developed together to a certain extent, since compared, for example, to Work Package
WP4, where the existing components and technologies are basically innovated, here in
Work Package WP3 we are almost at the beginning and it is possible to direct everything
in a common direction, so that the technologies supplement mutually.
As has been said, most of the technologies of this work package relate to one another
significantly, and some of the technologies relate to one another much less. For those
technologies which relate to one another, cooperation during development is necessary.
Although some of the technologies have an ‘Independent’ evaluation, it does not mean
that these technologies would not relate to one another at all. However, the conclusion
was reached during the evaluation that if the technologies were developed quite
independently of one another until the final project stage, which is defined as TRL 4, it
would still be possible to interconnect them successfully in the next development stages,
if necessary.
The Acoustic monitoring of points movement technology could be slightly dependent on
the Condition monitoring of points movement technology, since it can basically be part of
this technology. So, if it was considered that acoustic monitoring would be used for the
monitoring of points movement in the switch as a complex solution, it would be
necessary to implement this technology. If dependence on the condition of the switch
overall in terms of rail geometry, wear, etc. (Condition monitoring of switch and
crossing) is evaluated here, these technologies will be independent, since one technology
deals with the evaluation of switching and the other with the condition of the switch. The
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2D laser scanning, which is considered at this point mainly in relation to the evaluation
of wear, will be independent as well. Acoustic monitoring of points movement is
dependent on Feedback controller with fault-tolerant scheme to a smaller extent, since
acoustic monitoring can be part of the feedback or control. More advanced acoustic
monitoring, as in the subsequent technology will be dependent. Independence in the
following technologies will be analogical to the previous cases of more advanced
Condition monitoring and 3D laser scanning by drones and robots for the inspection of a
switch as a whole. Auto-recalibration and self-adjustment would then be slightly
dependent, since Auto-recalibration and subsequent self-adjustment can be controlled
depending on the noise emitted and its characteristics.
Condition monitoring of switch and crossing, i.e., using sensing of acceleration with
accelerometers to predict problems in switch geometry, wear, etc., has only direct
dependence on itself and on its higher development stages. However, certain slight
dependences can be found too, for example, on Condition monitoring of points
movement, since these technologies can supplement one another, and measuring with
accelerometers in the switch could be a supplementary measurement for the monitoring
of points movement, as well as for a higher-level version of this technology with
predictive maintenance.
Similarly, laser scanning will also be dependent most on higher levels of this technology
and only to a smaller extent on the other technologies. For example, 2D scanning could
again be an entry point for finding out the condition of switching in the Feedback
controller technology, and it can be part thereof. This could come into consideration in
the Auto-recalibration and self-adjustment technology as well.
Acoustic monitoring for inspection and predictive maintenance will be more complex. The
more complex the technologies are, the more it can be expected that they will be more
interconnected with other technologies and will also utilize their benefits more for their
benefit. Therefore, dependence on the Acoustic monitoring technology can be observed
both for switching and the condition of the switch; this can be perceived as a
supplementary measurement for measuring with accelerometers, since vibrations and
noise are interconnected phenomena. Also, the Feedback controller technology can be
dependent. With regard to predictive maintenance, strong dependence can be expected
for the Auto-recalibration and self-adjustment technology. This technology will mainly be
independent of technologies which have scanning and drone technology in principle. In
the case of considering faults of running surfaces, which emit noise during passage of a
vehicle, dependence and possible interconnection of technologies can also be predicted
in this case.
Monitoring using built-in accelerometers is dependent mainly on technologies of the
same character. Slight dependences can be found if greater complexity of systems with
other technologies is also discussed, similarly to the technology of switch monitoring
using acceleration without built-in sensors.
The drone technology and installation of various measuring methods on drones is
basically not dependent on anything but the related or preceding technologies. At this
point, it is not possible to say clearly everything that can be installed on drones and
which characteristics can be measured. In the case of the most idealised concept,
acoustic monitoring could also be measured during vehicle passage or during switching;
nevertheless, due to today’s regulations and the state of the art, drones are a very
debatable technology in relation to the railway infrastructure.
Auto-recalibration and self-adjustment after maintenance is a technology which seems to
be relatively interconnected with all the technologies of Work Package WP3. It is a very
complex technology, in which other technologies can also be included as auxiliary
technologies, even if only partially. Dependence on the Feedback controller technology
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will be quite certain here, but also on monitored switching, condition of the switch, and
scanning, as well as drone technology. It can be said that all technologies relate to
monitoring, and they have a certain connection to self-inspection and subsequent selfrepair.
If we focus on the highest level of measuring the condition of a switch with
accelerometers, a greater relation is expected here too, as well as cooperation with some
monitoring technologies with sensors of other types and technologies. At the least, there
is dependence on Feedback controller and Auto-recalibration and self-adjustment
technologies, since measured acceleration can serve both for feedback and as input data
for self-adjustment and recalibration.
The last technology assessed is Autonomous control of drones and robots for inspection
of S&Cs. This technology is currently rather abstract, and it is expected to be at such a
low TRL that it will be possible to apply most of the technologies into it, and therefore
most of the technologies are evaluated here as independent. This technology will be
connected to the previous technologies containing the problems of drones, as well as to
Auto-recalibration and self-adjustment.
8.6.3

Interdependency of Technologies (Other Work Packages)

It is also important to consider the dependence of the technologies of one work package
on the technologies of the other work packages. This is important particularly in such
cases when one technology will contain another technology. A typical example of this
case is the innovative fastening system developed in relation to materials and
construction as part of WP4 but supplemented with sensors of WP3. In this case, it is
necessary to take into consideration even at the initial development stage the
characteristics of the integrated technology and to adapt the fastening system
accordingly.
Generally, it can be said that the highest number of dependent technologies across work
packages WP3, WP4 and WP5 is between work packages WP3 and WP5. This is based on
the fact that most sensors are in the current systems of switching, and those systems
often cannot do without sensors of various types to achieve the required level of safety.
In contrast, materials and components do not generally need sensors for their correct
and safe function, though they can be a great advantage in terms of early maintenance,
regulation and correction.
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8.6.3.1

Dependence of WP3 on WP4 technologies

Neo Ballast (a)

High Damping Concrete Bearers and
Slabs (b)

Tunable Stiffness Fasteners (c)

Flashbutt welding of contact layer
(d)

Self Monitoring Bearers (b)

Functional graded steel crossing (d)

3D Printed Composite Sleeper (a)

Self Healing Composite (a)

Self Healing Concrete (b)

Cold Spray - additive manaufacturing
(d)

Condition monitoring of points movement

I

I

I

N

I

I

I

I

I

I

I

Acoustic monitoring of points movement

I

I

I

I

I

I

I

I

I

I

I

Condition monitoring of switch and crossing

I

I

I

N

N

N

N

I

I

I

I

2D laser scans with inertial positioning compensation

I

I

I

I

I

I

I

I

I

I

I

Feedback controller with fault-tolerant scheme (a)

I

I

I

D

I

I

I

I

I

I

I

Acoustic monitoring for inspection and predictive maintenance

I

I

I

N

N

I

N

I

I

I

I

Condition monitoring of switch and crossing with embed
accelerometers

I

I

I

D

N

N

N

N

N

N

I

Drone mounted laser measurements

I

I

I

I

I

I

I

I

I

I

I

Auto-recalibration of self-adjustment after maintenance

I

I

I

D

I

I

I

I

I

I

I

Condition monitoring of switch and crossing with embed
accelerometers and other embed sensors

I

I

I

D

I

N

I

N

N

N

I

Autonomous control of drones and robots for inspection of S&C

I

I

I

I

I

I

I

I

I

I

D

WP4 technology
WP3 technology\

WP4
Next generation design, material
and components

FFU Composite Bearers (a)

Table 17: Dependence of WP3 on WP4 technologies

WP3
Next generation control, monitoring and sensor
system

This section deals with dependences of the technologies of work package WP3
(monitoring and sensing systems) and work package WP4 (materials and components),
as summarised in Table 17. As said in the introduction, the dependences described here
are not fundamental. If the technologies of WP4 deal with the development of materials
alone, there is no significant dependence on sensors here. Dependence may occur if we
needed to build sensors into these materials. Then, slight dependence can be
considered. However, as regards acoustic measurements, again no significant
dependence has been found here, since acoustic sensors will be installed outside the
switch structure alone or on a specific element. But building sensors into switch elements
(sleepers) certainly cannot be expected from the view of principle.
The technologies dealing with the bearer material, i.e. FFU composite sleeper and highdamping concrete and sleeper subgrade material (Neoballast), are almost independent of
the technologies of WP3. The technologies can be developed quite separately, and only
at the point of their possible application will it be necessary to consider various
behaviours during the passage of a train (e.g. in relation to dynamics, acoustics), so that
the system of WP3 can perform an adequately correct evaluation.
Also, the technologies dealing with sensing of actuator systems are generally
independent of the technologies of WP4, in particular the acoustic monitoring of points
movement technology. Furthermore, the technologies dealing with scanning the shape of
running surfaces and evaluations are independent too. The only possible dependence
that comes into consideration here is the autonomous control of drones and robots for
inspection of S&C technology in cold spray technology. It can be considered that robots
or drones will be developed in the future that will allow the installation of cold spray
technology for repairs of running surfaces (or frogs). However, the issue of drones in rail
transport currently appears to be problematic from the view of legislation.
The technology of WP4 most dependent on the technologies of WP3 is tuneable stiffness
fasteners, a next generation of fastening system. One of the concepts anticipates the
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installation of sensors into a removable cartridge. In this way it will be possible to
measure force and other quantities which can further be analysed. The feedback
controller with fault-tolerant scheme technology will be dependent on the next
generation of fastening systems, because the signal from the fastening system can
contribute to the feedback system. If we speak about condition monitoring with
embedded accelerometers, interconnection with the concept of the fastening system with
the cartridge can also be found. The auto-recalibration of self-adjustment after
maintenance technology can also be suitably combined with the fastening system with
adjustable stiffness or height.
The technologies dealing with measuring the condition of the switch with accelerometers
could be partially dependent on using various rail bearers and the material of running
surfaces. These technologies may affect the vibration propagation, so this should be
taken into consideration when designing the evaluation system.
As well as that, the acoustic monitoring for inspection and predictive maintenance could
affect the material of running surfaces and the material characteristics of sleepers
(composite sleeper, plastic sleeper, high-damping concrete, etc.).
8.6.3.2

Dependence of WP3 on WP5 Technologies

Novel locking mechanisms

Analytical redundancy

Hardware Redundancy

Novel track switch kinematic
concept

Multiple Actuation

Lock using MR fluid

Lock using dilatant materials

Self-inspection

Self-adjustment

Piezoelectric actuator (scaling up of
high redundancy actuator)

Electro-active polymer based
actuators

Lock using electro-restrictive fluid

High Redundancy Actuator

Condition monitoring of points movement

N

N

N

I

N

I

I

I

D

D

I

I

I

I

Acoustic monitoring of points movement

N

N

N

I

N

I

I

I

D

D

I

I

I

I

Condition monitoring of switch and crossing

I

I

I

I

I

I

I

I

I

I

I

I

I

I

2D laser scans with inertial positioning compensation

I

I

N

N

I

I

I

I

N

N

I

I

I

I

Feedback controller with fault tolerant scheme

I

I

D

D

I

I

I

I

N

N

D

I

I

D

WP5 technology
WP3 technology\

WP5
Next generation kinematic
system

Novel actuation mechanisms

Table 18: Dependence of WP3 on WP5 technologies

WP3
Next generation control, monitoring and sensor
system

N

N

N

I

N

I

I

I

D

D

I

I

I

I

Condition monitoring of switch and crossing with embed
accelerometers

I

I

I

I

I

I

I

I

N

N

I

I

I

I

Drone mounted laser measurements

I

I

N

I

I

I

I

I

I

I

I

I

I

I

Auto-recalibration of self-adjustment after maintenance

N

N

N

N

I

I

N

N

D

D

N

N

N

N

Condition monitoring of switch and crossing with embed
accelerometers and other embed sensors

I

I

I

I

I

I

I

I

N

N

I

I

I

I

Autonomous control of drones and robots for inspection of S&C

I

I

N

I

I

I

I

I

N

N

I

I

I

I

Acoustic monitoring for inspection and predictive maintenance

Unlike the lesser dependence of the technologies of Work Package WP3 on the
technologies of Work Package WP4 described in the previous chapter, Work Package
WP3 is dependent on Work Package WP5 to a large extent. This is connected with the
fact that the switching systems require, mainly from the view of safety, a large extent of
monitoring and control by those installed sensors. Almost all technologies show a certain
dependence. Table 18 above shows as dependent those technologies which should, in
the best case, be developed from the beginning together, or to a large extent developed
in the direction of the related technology. Technologies for which application at later
development stages without significant problems comes into consideration are marked
as independent.
The first technology evaluated is Condition monitoring of points movement. This will
depend quite certainly on the technologies that deal with innovations in the actuator
system and in the kinematic system. Direct connection and suitable interconnection can
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be found for the self-inspection and self-adjustment technologies, since the measured
quantities can be interconnected with the software evaluation required for self-inspection
and related self-adjustment of the switching system and/or the entire switch. Also, the
measured data can be combined with analytic redundancy or directly connected to it. A
new actuator developed on a new principle, which requires measurement of certain
quantities (e.g. hydraulics – pressure), also requires adaptation of analytical redundancy
to it, which works on the principle of measuring various quantities which confirm or
refute the correct function of the switch. Unlike analytical redundancy, hardware
redundancy can then be independent of this technology, since basically it is an increase
of the number of redundant transducers and sensors. The technologies that deal mainly
with locking are slightly interconnected too. At this point, these relations do not seem so
significant to warrant disabling separate development and the subsequent possible
implementation of one system into another.
The Acoustic monitoring of points movement technology is, basically, a subsection of the
solution of the previous technology, or it could be even a part thereof. So, dependences
are evaluated very similarly. Monitoring of the condition of entire switches in relation to
wear and geometry and in relation to adjustment of locks and actuator systems could be
dependent, also to a smaller extent, on all the technologies of WP5. Specific dependence
will be based on the direction the development of that technology will take. As regards
acoustic quantities, disproportions in both the system of actuators and the system of
locks can be monitored.
Evaluation of the condition of the switch using dynamic quantities can be perceived, at
the first stage, as quite independent. At this development stage, sensors will be neither
embedded nor stuck onto suitable places of the switch structure. As it concerns primarily
monitoring of the condition of the switch from a global point of view (defects on the
running surfaces of rails, wear, poor subgrade, etc.), this technology is not related to
actuators and locks at all since, on principle, vibrations are measured from the passage
of trains. The dynamic action of the actuator system is nowhere near the size of the
dynamic effects of the passage of trains. From this assumption, it would be necessary to
install very sensitive sensors which, conversely, would not suitably record the dynamic
effects of the passage of train sets. From this point of view, sensors designed for the
dynamic effects of the passage of trains cannot be used.
Also more or less independent will be the low level of development of the 2D laser
scanning. At this point, it involves scanning a certain part which is subsequently
analysed by software. Then, there could be certain slight dependence on hardware and
analytical redundancy; we would consider that in the next development step, the 2D
laser scanner would be located permanently in the switch area and it could then provide,
through the 2D scan shape, redundant supplementary information on correct switching
or locking. This system could also help with the self-adjustment technology, since by
scanning the rail shape, information can be given as to whether the regulation and
adjustment of the switch was successful.
The Feedback controller with fault-tolerant scheme technology is not, during
development, directly dependent on the new actuator system, nor on the new lock
system. It is assumed that this technology should be applicable without significant
problems into all concepts, including existing switches equipped with today’s locks and
actuator systems. Dependence can be observed on the technologies dealing with
redundancy. Particularly in analytical redundancy, interconnection could be present
owing to the measurement of quantities in switching. The Multiple actuator will not be
dependent, since in this case it concerns connection of multiple actuators into one
system, where initially it is not expected that one of them will be redundant. The
piezoelectric actuator will be dependent on the Feedback controller, since in cases when
the limit position switch stops being functional in switching, it can be deduced according
to the measured electric current curve in switching whether switching happened or not.
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Acoustics with predictive maintenance also shows some dependences. In principle, this
will be very similar to those at the previous lower development stage.
Measuring with built-in accelerometers for evaluation of the condition of the switch will
again be very similar to the previous case. If accelerometers have been built in during
production, dependence on the self-inspection and self-adjustment technology can be
identified; it is probably necessary to think about where accelerometers will be installed
in the switch and whether they could measure not only vibrations at the passage of
trains, but also vibrations in switching.
When we get to the installation of devices on drones, such technology appears quite
independent of the technologies considered in WP5, which are installed permanently on
the switch. It is assumed that after an entered signal, whether from an autonomous
system or a human, the drone arrives over the switch, performs an inspection or
maintenance operation and flies away. At this low development stage, when the
installation of a scanner is expected in the first place, there will be no direct dependence
on any technology of WP5. Unlike the 2D laser scanner, which can be installed in some
places of the switch for permanent measurement at regular intervals and so can check,
for example, the correctness of switching, this cannot be applied in the case of drones.
The Auto-recalibration of self-adjustment after maintenance technology will be
dependent on almost all the technologies of WP5. In the new principle of lock, as well as
other new principles of lock (MR fluid, dilatant materials), it will be possible to monitor
the condition of the lock and/or perform adjustment, so there is some dependence here.
Both analytical and hardware redundancy is slightly related since the principles can, but
do not have to be, interconnected. The Novel track mechanism and Multiple actuator
technologies relate to this technology least. Self-inspection and self-adjustment relate
very much. These technologies, which show to a large extent an autonomous system,
should quite certainly be developed together. After any completed maintenance, selfcalibration and self-adjustment should ideally be performed in the switch in the same
way as the toner is replaced in a printer. Generally, it is necessary to monitor everything
where there are moving parts and to adjust them after maintenance.
The highest stages of the Condition monitoring and Autonomous control of drones
concept will be dependent in a very similar way to the previous respective technologies.
With regard to the fact that at this point it is the most futuristic variant, it is not possible
to predict further significant interconnections which will certainly arise over time with the
progress of development.
8.7

Plan for Demonstration in WP6

Work on technologies being developed in work packages WP3, WP4 and WP5 will
smoothly follow WP6, where these technologies will be further developed, and
demonstrators will be prepared for selected technologies. The demonstrators in
preparation will be at various phases of development. Some demonstrators in
preparation will be real samples on which manufacture will be tested and which it will be
possible to test in a laboratory. Other demonstrators will only be models at reduced
scale that will be used to give a more realistic idea for further development, for the
testing of basic principles, and for presentation purposes if need be. A great number of
potential demonstrators have been designed, and the list of them is in the following
subchapters. The purpose of the demonstrators is to support the evaluation in WP7, and
so the list of demonstrators may change as the evaluation progresses. Most
demonstrators are only a representative of the partial technology itself; however,
several demonstrators have been successfully invented in such a way that they even
combine more technologies from various work packages.
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8.7.1

Demonstrators Originating from WP3

Demonstrators concerning the monitoring of switches and a sensing system are based
on solutions in Work Package WP3. Most demonstrators are solutions from the University
of Birmingham as specialists in this area of development, and, to a smaller extent, from
DT and BUT, as shown in Table 19.
Table 19: List of WP3 demonstrators
No

Demonstrator
1 DAQ "s-box"
2 DAQ "light"
3 Acoustic measurements
4 Sensor placement (3D printed model)
5 Handheld scanner
6 Optical scanner
7 Laser scanner using drones
8 Condition monitoring (software demonstrator)
9 Fault tolerant control system (software demonstrator)

Workpackage
WP3
WP3
WP3
WP3
WP3
WP3
WP3
WP3
WP3

Leader
BUT
DT
UoB
UoB
UoB
UoB
UoB
UoB
UoB

Participants
BUT
DT, BUT
UoB, DT, BUT
UoB, DT
UoB, DT
UoB, DT
UoB, DT
UoB
UoB

DT and BUT are cooperating on the development of a device that will evaluate the state
of the switch on the basis of monitoring the dynamic parameters. This device is in
preparation in a simpler ‘light’ version and could prospectively be installed commonly in
all switches to give information about when it is necessary to carry out an inspection
activity or maintenance. Also, a more complex version of this system is in preparation
that will provide more information (the ‘s-box’ version).
Another area is monitoring using 2D and 3D scanning and measurement, and evaluation
of the measured data, which could be an input for other systems. This uses a hand-held
scanner, where the main innovation will be the design of software that evaluates by itself
the condition of the running surfaces of the switch. A higher version of this system will
be an optical scanner and a laser scanner using drones; this combination will be a very
advanced technology from today’s point of view.
Another group of demonstrators will be those of a software nature. These are
demonstrators of which the main part will be designing software so that it can be used
for switches. Specifically, these will be the Condition monitoring and Fault-tolerant
control system demonstrators.
8.7.2

Integrated Demonstrators

In addition to the WP specific demonstrators, one demonstrator integrating into itself
multiple innovative technologies of the next generation of switches has been identified.
This is the section of a switch blade part made of real materials with a scale of 1:1 that
will contain a part of the tongue and of the stock rail and also an innovative fastening
system based on WP4. This fastening system will have sensors with the designed
evaluation software from WP3 in the cartridge and will lie on a plastic sleeper, which is
technology from WP4. The possibility of using the magnetic lock technology designed
within WP5 will also be tested. Integrated demonstrators are summarised in Table 20.
Table 20: List of integrated demonstrators
No

Demonstrator
25 Section of swich part (plastic bearer+magnetic locking+innovative fastening)
26 BIM

Workpackage
Leader
WP3+WP4+WP5 DT
WP3+WP4+WP5 UoB

Participants
DT, BUT
UoB, DT, RSSB

The last demonstrator connecting all packages is the BIM. This demonstrator will use the
methodology based on Building Information Modelling to integrate and develop
technologies that were developed and tested within the S-CODE project.
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9

Conclusions

This document has described work carried out within the 3rd Work Package of the
S-CODE project. The work has been directed by earlier activities undertaken within WP1
and WP2 around horizon scanning and technology prioritisation to form the focus of
technical development within the project. The outputs of WP2 identified a number of
technologies and approaches to be considered in WP3, and early in the work package a
technology development roadmap was developed in order to distil these into a series of
activities and targets.
The roadmap structure was developed as a standard approach and adopted by all three
of the main technical work packages within the project (WP3, WP4, and WP5). As
described in Section 2 it groups technical activity into three themes, thereby allowing
development to follow related topics of linked technological evolution rather than
occurring in isolated pockets specific to partner interests or technology elements. The
roadmap also considers the target TRL of each technology, or activity, and advises in
what form the different innovations will be presented. It is anticipated that, along with
the technology identification process from WP2, this roadmap approach will be used in
future projects.
In addition to identifying target technologies and approaches, WP2 also described a
series of potential future S&C concepts. In the main, the work described in WP3 has
been able to continue independently of the concepts as much of it has been applicable to
multiple concepts. This is indicated in the integration section (Section 8), where a
heavily populated matrix showing the applicability of different innovations across the
concepts is presented. Where specific applicability has been identified, additional
discussion around the particular target concepts has been included.
In line with the roadmap, the three chapters that form the core of the report are
dedicated to the three themes: “actuation monitoring and control”, “substructure and
dynamic impact monitoring”, and “autonomous inspection and repair”.
The first theme (Section 4) focused on the operation of the switch and provided a
summary of the sensing technologies underpinning the rest of the work package. The
section then considered the use of both open and closed-loop control systems in track
switching. In a more-instrumented future railway it is likely that a closed loop control
system would be adopted although the nature of the loop could vary. The section then
considered how a control system that had greater dependency on sensors would protect
itself from sensor failures – avoiding the issue of monitoring systems adding complexity
and thus potentially having a negative impact on reliability. The preferred solution uses
observer-based systems to provide redundancy. Finally, the first theme considered how
the whole switch system, rather than just the actuator, could benefit from condition
monitoring. Two main approaches were considered: model-based condition monitoring
which links to the control system approaches; and rule-based condition monitoring which
is an intelligent system approach and a step towards the use of machine learning and
thus automation. Both solutions are considered viable for future development. Some
crossover with WP5 was identified in this section.
While the first theme mainly considered switch movements, the second theme (Section
5) focused on dynamic effects applied to a static S&C during the passage of a vehicle.
The section opened with a discussion of the dynamic effects observed within the S&C in
order to identify key elements for consideration within the work package. The supporting
substructure and the crossing nose / wing rail geometry were identified as critical. The
majority of the discussion in the second theme was around intelligent processing that
could provide automatic evaluation of these key elements. A number of approaches were
presented, with the processing chain broadly divided into two sections and different
algorithms developed and demonstrated depending on the precise requirements.
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Machine learning techniques were used to classify passing vehicles into a number of
types (or to identify particular vehicles). This information was shown to be critical in the
further analysis of dynamic effects as it advises the forces being input into the system
but may also be useful as a capability in its own right. A series of time and frequency
domain processing techniques were then demonstrated for evaluation and quantification
of the dynamic effects the S&C are subjected to. Field tests were used to allow
comparison of degrading substructure over time. The techniques have shown promise,
although additional field tests will be required in order to collect sufficient data to truly
use the machine learning elements. The second theme also considered hardware
appropriate to the application and included the development of two different logging
systems that take into account sampling rates and sensor bandwidth requirements
associated with these kinds of impacts. Some crossover with WP4 was identified in this
section.
Rather than considering particular operational modes of the S&C, the third theme
(Section 6) focused on removing the need for human operators to be involved in
inspection and maintenance activities. The first activity in this theme assumed that
future S&C condition monitoring systems such as those described in the first theme
would exist, and considered how future S&C systems could be evaluated in order to
identify the most critical monitoring points and the types and requirements of the
sensors that would best serve those measurements. Finite element analysis was used to
consider the forces and effects within the S&C system such that key locations could be
identified and characterised. This was verified through a measurement campaign. It is
anticipated that this approach will be used with the novel S&C concepts from WP2 that
are taken forward to form demonstrators, in order to advise locations and structures
appropriate for embedding sensors. The second aspect of the third theme was the use of
non-contact acoustic inspection for both of the scenarios considered in the first and
second themes. Hardware considerations were discussed including the types of
microphones, sample rates, and how arrays of microphones could be used to provide
noise rejection by targeting the acoustic data collection. Analysis techniques were shown
for both applications and verified through field tests. The third approach described in this
section was that of using laser profile measurements to build models of the S&C in order
to perform more reliable and repeatable inspections. A number of hardware barriers to
developing this concept to an autonomous solution have been identified and potential
solutions were considered. As per the WP3 development roadmap, some of these have
been demonstrated in the laboratory, while others have been discussed at a concept
level. It is anticipated that elements of some of these more conceptual aspects could be
further developed in the integration work package.
Outside of the three main technical themes a number of cross-cutting activities have also
taken place. One of these concerns a crossover with the In2Track and In2Rail projects
which has led to the development of standardised architectures for S&C condition
monitoring and to standardised communications and data exchange formats. These were
described in Section 7 but essentially define a standard for monitoring and sensing
systems to communicate which, if adopted, would facilitate the interconnection of project
demonstrators into the larger Shift2Rail Multi Annual Action Plan Technical
Demonstrators. The S-CODE partners have agreed, where practical and appropriate, to
develop the integration demonstrators using these standard approaches.
As the S-CODE project moves forward with integration and evaluation (WP6 and WP7),
each of the main technical work packages (WP3, WP4, and WP5) included an integration
activity which aimed to embed integration plans into the development. As part of this an
integration section has been included. This describes the cross-cutting activity to
represent S&C using BIM technologies, and summarises developments in order to
highlight their relative interdependencies as the project moves towards integrated
solutions. A series of matrices describing both internal and external dependencies have
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been presented and these have led to the identification of a number of potential
integrated demonstrators.
All of the integration targets (demonstrators) identified in the integration section are
being considered in some form in WP6. These activities are primarily to allow more
thorough evaluation in WP7 and as such some may ultimately be advanced further than
others. At present, demonstrators are being considered for 9 activities. Two of these are
based on various condition monitoring approaches and come from the actuation
monitoring and control theme (theme 1). Two relate to instrumentation systems and
come from the substructure and dynamic impact monitoring theme (theme 2). This
leaves seven targets associated with the autonomous inspection and repair theme
(theme 3) across a range of topics including acoustic sensing, laser sensing, embedded
sensors, and automation of inspection. The work package has already begun to support
WP7 evaluation activities through the development of technology information sheets
corresponding to each technology and approach considered. These will be reported more
in WP7, but have been a useful mechanism for tracking and collation of information
pertaining to development work and will likely also be used in future projects.
The work described above, and in the rest of this document, all supports the objectives
of the Shift2Rail Multi Annual Action Plan, and in particular Technical Demonstrators
TD3.2 and TD3.1. As described in Section 3, TD3.2 is supported through:


The development of new sensor systems and methods for inspecting new
components, or components currently not monitored. – Theme 1 (Section 4) and
Theme 3 (Section 6).



The design of new control systems to take advantage of enhanced information
from additional sensing in order to compensate for faults / degradation. – Theme
1 (Section 4).



The embedding of sensors within S&C in order to reduce the need for inspection
or maintenance interventions. – Theme 2 (Section 5) and Theme 3 (Section 6).

Additionally, TD3.1 is supported through:


The evolution of sensor types, monitoring architectures, and processing. –
Theme1 (Section 4), Theme 2 (Section 5) and Theme 3 (Section 6)



The development and adoption of communications systems to support distributed
condition monitoring architectures. – Cross-cutting activities (Section 7)
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Glossary

Acronym
2D
3D
6D
A/D
AC
AG
AIM
API
BIM
BrIM
BS
BSI
BSIM
BSRIA
CAD
CAN
CBM
CDE
CIBSE
CIC
COTS
CPI
CPIC
CSV
DA
DC
DESC
DESS
EEPROM
EN
FBG
FDI
FFU
FIDA
FIM
GPIO
GPS
HA
HOSA
I2C
ICP
IDM

Definition
2 Dimensional
3 Dimensional
6 Dimensional
Analogue to Digital
Alternating Current
Advisory Generation
Asset Information Model
Application Program Interface
Building Information Modelling
Bridge Information Model
British Standard
British Standards Institute
Building Services Information Model
Building Services Research and Information Association
Computer Aided Design
Controller Area Network
Condition Based Maintenance
Common Data Environment
Chartered Institution of Building Services Engineers
Construction Industry Council
Commercial Off The Shelf
Construction Project Information
Construction Project Information Committee
Comma Separated Variable
Data Acquisition
Direct Current
Dynamic effects Evaluation System for Crossings
Dynamic effects Evaluation System for Switches
Electronically Erasable Programable Read Only Memory
European Norm
Fibre Bragg Grating
Fault Detection and Identification
Fibre-reinforced Foamed Urethane
Fault Detection, Identification, and Accommodation
Facilities Information Model
General Purpose Input / Output
Global Positioning System
Health Assessment
Higher Order Spectral Analysis
Inter Integrated Circuit
Iterative Closest Point
Information Delivery Manual
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IEEE
IEPE
IFC
IFD
IM
IMU
IQR
IS
ISO
LCA
LED
LOD
LVDT
MAAP
MBS
MCU
MEMS
MIMO
MIMOSA
ML
MU
NDT
NI
NR
N-R
OSA
PA
PC
PCB
PCM
PI
PM
RAM
REAST
RIBA
RMS
R-N
S&C
S-CIDEES
S-CODE
SD
SD
SEM
SFM

Institute of Electrical and Electronic Engineers
Integrated Electronics Piezo Electric
Industry Foundation Classes
International Framework for Dictionaries
Infrastructure Manager
Inertial Measurement Unit
InterQuartile Range
Information System
International Organisation for Standardisation
LifeCycle Assessment
Light Emitting Diode
Level Of Detail
Linear Variable Differential Transformer
Multi Annual Action Plan
Multi Body Simulation
MicroController Unit
Micro-Electro-Mechanical System
Multi-Input / Multi-Output
Machinery Information Management Open Systems Alliance
Machine Learning
Measurement Unit
Non Destructive Testing
National Instruments
Network Rail
Normal to Reverse
Open System Architecture
Prognostic Assessment
Personal Computer
Printed Circuit Board
Points Condition Monitoring
Proportional Integral
Points Machine
Random Access Memory
Regression, Erosion and Ablation Sensor Technology
Royal Institute of British Architects
Root Mean Square
Reverse to Normal
Switch and Crossing
Switch and Crossing Intelligent Dynamic Effects Evaluation System
Switch and Crossing Optimal Design and Evaluation
State Detection
Secure Digital
Standard Error of the Mean
Spectral Flatness Measure
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SIM
SNR
SPI
SPWVD
SPWVT
STFT
S-UAV
SVM
TD
TF
TIS
TRL
UART
USB
WLAN
WP
WT
WVT

Structural Information Model
Signal to Noise Ratio
Serial Peripheral Interface
Smoothed Pseudo Wigner Ville Distribution
Smoothed Pseudo Wigner Ville Transform
Short Time Fourier Transform
Small Unmanned Aerial Vehicle
Support Vector Machine
Technical Demonstrator
Time Frequency
Train Identification System
Technology Readiness Level
Universal Asynchronous Receive and Transmit
Universal Serial Bus
Wireless Local Area Network
Work Package
Wavelet Transform
Wigner Ville Transform
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