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Executive Summary

This deliverable aims to identify possibalueadding S&Qnonitoringtechnologies, as well
as proposing a possible system architecture for implementation, focusingealisation
through embedded systemsthat are integrated into the S&C assdthe deliverable also
discusses the key parameters to be monitored to enable proactive maintenance.

There areembedded monitoring systems currently available for S&C that canskd tor
operational and maintenance purposes, such as measuremdpoiot Operating Equipment
electricalcurrent. In h2Railthis concept has been developddrther by defining the system
required to monitor additional parameterswith the aim of creatinga more.complete
understandingof S&Csystem conditionand its variation over time enablinginformed
operatiomal and assetmanagement decisiommaking (such as optimised planning of S&C
maintenance and renewal

In deliverable D2.3 it was described fourfeliént areas ‘which. all could benefit from
measured S&C condition data was described

A Operation;

A Maintenance;

A Asset Management;

A Research and Development.

These areas do not always require the same type of information, although sharing data
between thecategories will offer greater efficiency and potentially lead to additional insights.

In this deliverable measuremerdf S&Cdone with geophones, accelerometers and-3D
scannergs reported A theoretical study of measuring force, displacement, acceleraiah
strain has also.been performed with focus on where to place the senswder to optimise
the capturedinformation.

All measured data needs to be combined with other data such as train speed, axle weight,
temperature, humidity, ballast condition etdhis can be done byombinethe sensor data

with other data sources withiran analytic platform This deliverable propose further
development of a modular architecturefor measuring and presenting data from
multipurpose sensor unitThis enables a flée approach to future additions, as well as
simplified data sharing across functions.
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Abbreviations and acronyms

Abbreviation / Acronyms | Description

ADC Analogue to Digital Converter

BOEF Beam On Elastic Foundation

DIC Digital ImageCorrelation

DOE Design Of Experiments

LoRa Long range, low power wireless platform

MATLAB Computer program for mathematical calculations

MEMs Micro-ElectricalMechanical System, very sm
mechanical system that can be measured.or controlleg
electricity

RailML A protocol format adopted for railway application

RailTopoModel A description of railway infrastructure supported by UIC

S&C Switches and Crossings

SigFox Sigfox is a French company founded in 2009 that by
wireless networks

X2 and X55 Acronyms for high speed trains used in Sweden

X31 and X61 Acronyms for regional trains used in Sweden
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1. Background

The overall objectivef WP2 is to create solutions for a radical redesign of the S&@ch
and crossing)system and deliver improvements to the existing S&C system, whilst
SYONIOAyYy3 aaidldsS 2F GKS I NI éelatéd$o0EsK 2hcideA Sa o

A define the characteristics of the S&C system and identify the requirements for the
embedded and integrated monitoring system, in particular parameters to be
monitored and dependencies between them,;

A model the optimal integrated and embedded sensor system for Bi&atifying key
parameters to be monitored (including requirements for proaetand predictive
maintenance);

A identify and select available sensors from other sectors, for technology transfer into
rail. (TRL5)
CtKAada Aa (GKS aSO02yR INSstructh&Ny g & 8% 056t figh{ YB NI
second of two @liverable constituting Task 2® Y0 SRRSRa LYy G SaANIF SR {Sy3
Task 2.Zocuses omeed of condition monitoring.and possible technology to capture data

including a way of interpreti data to bebasic information for making decisians

Deliverable 2.3 focused on available monitoring technologies while this deliverable focus
more on understanding the data<and what other data is necessary to capture so valuable
information can be creat
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2. Objective / Aim

The overall objective of WP2 is to create solutions for a radical redesign of the S&C system
YR RStAGSNI AYLNRGSYSyiGa G2 GKS SEA&adGAy3d {3
technologies.

The objective of the task is tdentify the requirements for the embedded and integrated
monitoring system for an S&&hd identify and select availabkensors from other sectors

for technology transfer into railThe embedded sensors shall enable -s&ignosis and

remote condition morii 2 NAy 3® Ly GKS dFal A&~ ldfaz2 AyOof
A0NBFYa (2 SyFrofS LINBRAOGADS YEAYGSYlyOS | yR
be safety validated.

2.1 Objective of Deliverable

The proposal has the following description of thidigerable:
G5SaAirady SGrftdza GA2y Fylf-2aAia NBLZ2NI O2YLINRAAY

FYR GKS NIdGA2ylFf F2NJO4KS FTAYylLf SYOSRRSR aSya
Three different blocks covers the objectives

A. Sensor selection for technology transf€@hapter 4)
B. Dependencies between measuremeii@apter 5)
C. A model of the S&C condition monitoring systé@hapter 6)
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3. ReportStructure

In chapter 4is described the measurements that has been performed to get information
about

A vertical displacementinder train movement

A motion of the switch blade

A possible obstruction of switch blade movement
A rail profile

A heating system performance

Modellingof the conditionmonitoringis done in chapter 5The basic.model'is a crossjrnige
measurement parametersare acceleration, displacement, force, shear strain anddieg
strain are investigated as a functionagplied load, both static.and dynamic.

Chapter 6describes the investigation to build sensors to capture the information, dinagu
aspects as building elements and treatment of capture data to transform this in to
information that can be used to take objective decisions.

A description of the way the test in Sweden has been performed to evaluatal@purpose
solution forcondition monitoring of an S&C @onein Chapter 7.

Chapter 8 derives the conclusion of the task.
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4, ParameterQuantification

Based on D2.3 thishapter explores which parameters are to be measured and what the
expected outcome is.

The aim is to get to the scienad the relationship between the parameter and the asset
condition. It may need to leverage concepts such as Remaining Useful Life, Probability of
Failure and Key Condition Indicators.

This chapter includes the following work done within this task and rothgks within In2Ralil
and Capacity4Rail

Parameter to measure: By using

A Vertical displacement under train movement Accelerometer/Geophone

A Rail fatigue Strain gauge/Ultrasonic probe
A Temperature induced stresses in rail Strain gauge

A Motion of the switch blade Current clamps (WP6)

A Possible obstruction of switch blade movement Camera indMachine Vision

A Rail profile 3D-laserscanner

A Heating system performance Temperature Capacity4Rail

4.1 Measuring dynamic tractteflectionandstiffness

Thischapter presents result®f field monitoringcarried outat an S&C siten Sweden during

10" and 11" May 2017. The monitoring involved the use of MEMSs type accelerometers,
geophones (velocity transducers) and high speed filming with digital imagelaton (DIC)

The equipment wadoaned by the University of Southampton at no cost 102Rail. The
monitoring results have been processed to develop an understanding of the types of
parameters that can be inferred and the suitability different typesof sensors for use at
S&C siteprimarily-for condition monitoring of the substructure support conditions

4.1.1. -Site. Overview

The site isalong a lengthof two track ballasted railwayetweenVargardaand Gothenburg
north.east ofthe town of Alingsasreferred to locally as Algutsgaden. It wasthought that
trains operate at up to 200 kmpdn the route.However, during thefield study in May 2017,
local signs indicated thahe speed limit was 130 kmph. The slower speed may have been a
temporary restrction related to ongoing work$zigure4.1 shows a schematic of the track at
this location indicating the presence of passing loops on both sides of the .track
Measuements were taken on the route frowargardato Gothenburg near to the S&C
labelled 103 irFigure4.1, and further down the routecentred aroundhe switch tipsandon
towards an overbridge Figure 4.2 shows aschematic indicating the primary zones
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instrumented Trains generally travelled towards Gothenburg at or near to thedpezd on

this side of the route, although occasionally trains were observed to travel (very slowly) in
the reverse directionOnly freight trains and the overnight sleeper trawere seen using

the passing loopsVhentrains exited the passindoops they were moving too slowlyor the
acceleration and velocity transducets be usedreliably. Therefore train monitoring data
presented in this reporis for trains travelling on the mainline towards Gothenburg at or
near linespeed (the line and direction8@ 103 inFigure4.1).

Gothenburg Vargarda
—
=bi k]

RN 105~
- iy 101 . 0 ” w0
Vgd gz o4

= AT -
104 107 %,

=h2 =od

Figure4.1: Schematic of track layout

Traffic on this route consistof a variety of freightand passengetrains. Dataprovided by
Trafikverketfrom a nearby axle countandicated that 80 trains passed along the route on
10" May 201 7totalling of 563 wagons, 2722 axles‘and a cumulatixght of 33603 tonnes
(based on train operator reported weightsh\ common train type using the route is the
Swedish X2 high speed ftilfj train The Xds available in multiple configurations bah this
route were observed tocomprise a driving vehicland six passengervehicles The sixth
passengervehicle differs from theother passengervehiclesin that it has a streamlined
design andctab whichmay be used to operate the train reverse. The axle counter data for
the 10" May indicates that 14 of the 80 trains passing over the wsiéee X2 trains in this
configuration. Most would have been travellimgth the primary driving vehicléeading
although monitoring data indicates that a few were travelling in a reverse configuration
near toline speed Kaynig1] reported bogie weight datavhich was used for modelling. It
may be inferred fronthesedatathat the four axles of th@rimarydrivingvehicleexert loads
of approximately180 kN each subsequent passenger vehicle adgproximately120 kN;
and the final two axle below the rear driving calpproximatelyl60 kN. The axle spacings
are also publicly availabl2]. In view ofthese welldocumented propertiesthe evaluation
of monitoringdata focugd on the X2.
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Buffers
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Figure4.2: Schematic of track layout showing primary zones instrumented (not to scale)

4.1.2. Methods

As discussed in deliverable Zhapter5.1, there are various methodsf.measuing track
movements as trains pass. For this field stutlyee of these techrmjues were deployedA
brief summary okachis given in the following suhapters

4.1.2.1. MEMs

Micro-electromechanicalsystems(MEM9 are a low cost sensor type able to measure
acceleration. IncreasinglyMEMs sensors are. provided within a range of consumer
electronics (e.g. smartphones). However, these types of accelerometersttairgonally

not been considered sufficiently accurdta applications such as condition monitoring. This
situation may be changing as technology advances and new generations of sensors become
available.

For this studydigital triaxial MEMs.accelerometers with product designathkddXL345 were
used.These @vices were supplied as a standalone battery powered data logging sysi&@m
convenient small packagabout the size of a matchbowhichwasslotted intoa 3D printed
plasticbrackets glued onto sleeper/bearer surfadeggure4.3).

The sensor itself would be very low cdst £10) however as a selbgging package the
productcostsof the order of £100 Also, & theproductrequires battery powerit would not
suitable for long. term deploymentvithout modification An onboardmicrocontroller read
the sensor, timestamgd the data and stord the readings to memory. The sensors were
configured to operate with a +16 g range. Data were recorded at 4Gfbhtmuously during
the deployment and were oversampled to achieve-iud resolution. The sensors have an
inbuilt antialiasing filter.

These MEMs have been selected following a laboratory evaluation similar to that described
in Milne (Milne D. L., 2014B]. When evaluating any given MEMs sensbe manufacturer§
data sheets have been found to be unreliable in respect of the lowest frequencies that may
be accurately measured - a crucial requirement for this applicationdedly, to be
comparable to the more costly and proven geophones (described in thechexte) MEMs
would record frequencieaccuratelydown to 1 Hz. However, in practice thigasnot found
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to be possible with currently avalble offthe-shelf MEMs sensorsThe best that can
currently be achieved is to recover data down to perhaps 3 &lthough the higher the
frequency content the greater confidence can be placed inabeuracyof the data obtained

The packaging of the MEMs and the logging methods am iatportant. When MEMs
sensors are not well fixeceither within their packaging or onto objects being measuyred
they may vibrate relative to their housimg fixinginvalidating the measurement&ogging
and analogue to digital conversionust also bedone with oversampling ideally to several
multiples of the logging frequency recordethe sensor selected for this application has
been found to perform better than a range availablealternatives that were also evaluated
as a package including the lng and logging hardware and softwakeew MEMS products
are continuallybeing developed@ndfuture performance may improve.

Figure4.3: MEMs

Data fromaccelerometerswvere processed irMATLABand convertedto frequency spectra
and time/deflectiontraces following estalished mathematical procedures.

4.1.2.2. Geophones

Geophones comprise a mass on a spring inside aconfigured togive a voltage that is
proportional to.velocity The gophonesused weresupplied by lon Sensor Nederlaj#] and
havea natural frequency of less than or equal t¢12. They are conveniently packaged into
small cylinders that can be fixed to brackets glued onto sleeper/bearer surdacksriented
for their direction of meastement (vertical or horizontal) as shown kigure4.4. There are
other suppliers of similar low frequency geophone&ghich could also be suitablfor use
provided that the natural frequencyis less than the passing frequency of tramehicles
Geophone output wasecorded at 500 Hz using a Campbell 9000 data lofgdriggered
automatically by an approaching train with ofdata buffered and recorded ahead of the
train and 16 s of data recordeaiter the first axle triggered the sensdrhe geophones were
connected to the logger by cable.

GA 63900 Pagel3of 10€



In2Rail Deliverable D2.4
Embedded & integratedensors System Design Selection Report [TRL5]

Geophone dta were processed iInMATLABand converted to frequency spectra and
time/deflection traces following establishedignd processingprocedures.These sensors
have adocumented record ofreliability for determining timedeflection traces for train
passes.g.[6]&[7]. Howeverthey are more costly than MEMs and require the use of more
costly, higher quality logging equipmen The geophone sensor used cos&00 per sensor

and the logging system £10,000. In principlgwith solar powe) the system could be
deployed indefinitelyand with alterations to the logging systemhialup connections could

be prepared so that the system would become autonomous. However, because of the cost
this system is usually deployed for periods of up to a few days to evahaateperformance

at a given site.n this way many sites may be evaluatewith the same equipmeniAs an
established technologyeophones can be used to assess the reliability. of.other sensor types
such as the MEMs being trialled at tberrent location

4.1.2.3. High speed filming with digital image correlation

Texturedtargetsto aid digital image correlatiorwere attached to sleeper end@-igure4.4),

the rail or other features of interest and videoed (typically at a frame rate of 150 to 500
frames per second) as trains pads Analysiswas carried out using a variant of the DIC
technique described by Bhanda8]. The technique. involves identifying corresponding
patterns in the subsequent images using.a hormalized ezos®lation algorithm.

High speed filming with DIC offers some.advantages over the use of track mounted sensors
Specifically,it provides a direct:measure of absolutieflection rather than a relative
measure (as provided by geophones and acceleromet@rsHowever there are ale
disadvantages related tthe difficulty inpositioningthe camera(Figure4.5) outside of the

zone of ground and wind disturbance from passing traisturbancemitigation techniques
aredescribedn [9] &[10].

p ; ; ! 5)
Figure4.4: Geophones (Vertical and horizontal), filming target and MEMs
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iure4.5: Caera u for higbpe iIming
4.1.2.4. Commonmethodsof data analysis adoptedrequency spectra interpretation

The data obtainednay be evaluated to deterime time/deflectiontracesand frequency
spectra. Additionally an analysis of the frequency spectra esastmates to bemade of
the system support modulus whose variability is considered ackeser of track quality
deterioration. In thisChaptera brief overview of the frequencgpectra evaluation to
determinesupportsystemmodulusis presented.

The beam on elastic fouation model (BOEF]11] may be used to develop relationships
between frequency spectra aral particular.definition of support stiffness thieack support
systemmodulus[12]&[13] for known train properties

Figure4.6 shows thetheoretical time/ deflection trace for an X2for two values ofsupport
system modulus.

0-5 T T T T T T T T T
——80 MN/m?
o 720 MN/m?
€. i
£
c
2 =
)
(8]
5]
=
- i
o
2+ H ]
5L 1 1 | L 1 | 1 | |
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure4.6: Time/deflectiontrace for the ral using beam on elastic foundation model

The equationgor time/deflectionfrom the BOEModel may be evaluateth terms oftheir
frequency spectraFigure 4.7 shows thetheoretical velocity frequency spectra for three
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values ofsupport system modulus. The frequency spectra have been evaluated for a train
travelling at 24.95 m/s for the convenientieat integers on the frequency axisorrespond

to multiples of tre vehicle passing frequendy.can be seen that the relativmagnitudes of
prominent peaks in the frequency spectthange withsystemsupport modulusThe most
prominent frequencypeakshaving a strong relationship with system support modufas
trains of typical geometrare usuallythe 7" and 39 (7"/3'). It is apparentfrom Figure4.7

that the rdative magnitude of these peaks for the X2lisewise sensitiveto changes in
supportsystem modulus.

80 T T T T T - T T T T

——5 MN/m?
70 - N \ ...... 20 MN/mz |
~N —80 MN/m?
60 - N i
N

50 - ~ N =

Relative change ™\

between 3and 7" ~ 7

Amplitude (mm/s)
w S

N
o
T

=
o
T

Frequency (Hz)

Figured.7: Theoretical elocity frequency spectrdor X2 train travelling at 24.95 m/s for three different
values of.support system modulus

Figure4.8 showshow the ratio ‘of the peaks at the™7and 3° multiples ofthe X2 primary
vehicle passing frequency in the acceleration, velocity deflection spectra vary with
support system modulus.as experienced by the(mdluding the contribution of the railpad
and the trackbegl

In a system oflinear elasticsprings inseries the ratios of frequencies are the same no
matter.where..in.the system they are evaluated. Consequently the ratios of frequencies
present.measured by sensors located on the rails or sleepers can be used teupfert
system modulus using Figure 4.8 for X2 trains provided the frequencies have been
normalised in relation to the vehicle passing frequency (1 Higuare4.7).
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7/ T T T T T T T T T
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Figure4.8: Calibration for support system modulus

The methods summarised here are applied to the data obtaineflgwtsgarderpresented
in later chapters.

4.1.3. Monitoring arrangement

20 verticalgeophones 8 horizontal geophoneand 30triaxial MEMs accelerometers were
deployed at theAlgutsgardensite centred around two primary zonedescribed as the
crossing veeg(zone 1) and the switch. tips (zone 2). For convenigrceleeper/bearer
numbering system is adopted starting .from the first bearer joining the passing loop and the
mainline at the start of zone Instrumented bearers within theumberd rangel to 22)

By onward counting of the sleepers/bearers preseone two covers sleeper/bearsi78 to

132. The sensors were placed. in selected locations intended to capture the most interesting
features of movement likely to be present. For example within zoneeftical geophones
were placed at three locations on the long bearers numbered 20 and 22 with the intention
of capturing any irregularities in movement as trains passed the crossing vee.

6 ft
31 222120 18 16 1

B

12 10 8 6 4 2 1

<
=y

I EI\IIIIIIIIIIIIIIII\l
11N STy

[ OO T TR

cess

Standard bearer

Long bearer E Instrumented long

bearer

Figure4.9: Zone 1, sleeper numbering adopted and locationsgafophoneg(vertical (v)and horizontal(h)),
filming targets (D) crossingvee situated above bearer 20
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Instrumented 77 .
é standard bearer Standard bearer Hollow bearer //% Points motor

Figure4.10: Zone 2, sleeper numbering adopted and locationsgefophonegvertical (v)and horizontal(h)),
filming targets (D)a MEMSs sensor was fitted to the cess end @ach instrumented bearer (darker colour) in
zone 2 the switch tipsare above bearer 98

The general quality of the track appeared good from visual examinafigure4.11) with
evidence ofrecentrenewal.An overbridge had also replaceda level crosgimigich may be
identified from its parapet walls visible Figure4.11b).

Figure4.11: Photos (a) looking toward¥argardafrom the middle of zone 1 (b) looking towards Gothenburg
from the middle of zone 2

4.1.4. Resuts and Discussion

Owing to the time required to deploy thgeophoneand MEMs sensors angecausethe
geophones were left in place overnight while the MEMs were recovered and repbactck
following day the train passes captured at each sendocation varied. Also, high speed
filming was only possible on selected sleepers/bearers while staff were prebabie4.1
indicates train data presented in thiShapterand the measurementtype operating as it
passed All trains reported are X2 trains with tpemarydriving vehicle leading.
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