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Executive Summary
This deliverable aims to identify possible value-adding S&C monitoring technologies, as well
as proposing a possible system architecture for implementation, focusing on realisation
through embedded systems; that are integrated into the S&C asset. The deliverable also
discusses the key parameters to be monitored to enable proactive maintenance.
There are embedded monitoring systems currently available for S&C that can be used for
operational and maintenance purposes, such as measurement of Point Operating Equipment
electrical current. In In2Rail this concept has been developed further by defining the system
required to monitor additional parameters with the aim of creating a more complete
understanding of S&C system condition and its variation over time, enabling informed
operational and asset management decision making (such as optimised planning of S&C
maintenance and renewal).
In deliverable D2.3 it was described four different areas which all could benefit from
measured S&C condition data was described:


Operation;



Maintenance;



Asset Management;



Research and Development.

These areas do not always require the same type of information, although sharing data
between the categories will offer greater efficiency and potentially lead to additional insights.
In this deliverable measurement of S&C done with geophones, accelerometers and 3Dscanners is reported. A theoretical study of measuring force, displacement, acceleration and
strain has also been performed with focus on where to place the sensor in order to optimise
the captured information.
All measured data needs to be combined with other data such as train speed, axle weight,
temperature, humidity, ballast condition etc. This can be done by combine the sensor data
with other data sources within an analytic platform. This deliverable propose further
development of a modular architecture for measuring and presenting data from a
multipurpose sensor unit. This enables a flexible approach to future additions, as well as
simplified data sharing across functions.

GA 635900
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Abbreviations and acronyms
Abbreviation / Acronyms
ADC
BOEF
DIC
DOE
LoRa
MATLAB
MEMs

RailML
RailTopoModel
S&C
SigFox
X2 and X55
X31 and X61
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Description
Analogue to Digital Converter
Beam On Elastic Foundation
Digital Image Correlation
Design Of Experiments
Long range, low power wireless platform
Computer program for mathematical calculations
Micro-Electrical-Mechanical
System,
very
small
mechanical system that can be measured or controlled by
electricity
A protocol format adopted for railway application
A description of railway infrastructure supported by UIC
Switches and Crossings
Sigfox is a French company founded in 2009 that builds
wireless networks
Acronyms for high speed trains used in Sweden
Acronyms for regional trains used in Sweden
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1. Background
The overall objective of WP2 is to create solutions for a radical redesign of the S&C (switch
and crossing) system and deliver improvements to the existing S&C system, whilst
embracing “state of the art” technologies. Specific task objectives related to Task 2.2 include:


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;



model the optimal integrated and embedded sensor system for S&C identifying key
parameters to be monitored (including requirements for proactive and predictive
maintenance);



identify and select available sensors from other sectors for technology transfer into
rail. (TRL5).

This is the second deliverable of WP2 “Smart Infrastructure - Innovative S&C Solutions” and
second of two deliverable constituting Task 2.2 “Embedded&Integrated Sensors” of In2Rail.
Task 2.2 focuses on need of condition monitoring and possible technology to capture data
including a way of interpreting data to be basic information for making decisions.
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 created.

GA 635900

Page 7 of 108

In2Rail

Deliverable D2.4
Embedded & integrated sensors - System Design Selection Report [TRL5]

2. Objective / Aim
The overall objective of WP2 is to create solutions for a radical redesign of the S&C system
and deliver improvements to the existing S&C system, whilst embracing “state of the art”
technologies.
The objective of the task is to identify the requirements for the embedded and integrated
monitoring system for an S&C and identify and select available sensors from other sectors
for technology transfer into rail. The embedded sensors shall enable self-diagnosis and
remote condition monitoring. In the task is also included to design sensor ‘meta data’
streams to enable predictive maintenance and ‘meta data’ structures related to I²M that can
be safety validated.

2.1.Objective of Deliverable
The proposal has the following description of this deliverable:
“Design evaluation analysis report comprising documentation of the design selection options
and the rational for the final embedded sensor design selection.”
Three different blocks covers the objectives:
A. Sensor selection for technology transfer (Chapter 4);
B. Dependencies between measurements (Chapter 5);
C. A model of the S&C condition monitoring system (Chapter 6)

GA 635900
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3. Report Structure
In chapter 4 is described the measurements that has been performed to get information
about


vertical displacement under train movement;



motion of the switch blade;



possible obstruction of switch blade movement,



rail profile;



heating system performance.

Modelling of the condition monitoring is done in chapter 5. The basic model is a crossing, the
measurement parameters are acceleration, displacement, force, shear strain and bending
strain are investigated as a function of applied load, both static and dynamic.
Chapter 6 describes the investigation to build sensors to capture the information, including
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 evaluate a multipurpose
solution for condition monitoring of an S&C is done in Chapter 7.
Chapter 8 derives the conclusion of the task.

GA 635900
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4. Parameter Quantification
Based on D2.3 this chapter explores which parameters are to be measured and what the
expected outcome is.
The aim is to get to the science of 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 other tasks within In2Rail
and Capacity4Rail
Parameter to measure:








Vertical displacement under train movement
Rail fatigue
Temperature induced stresses in rail
Motion of the switch blade
Possible obstruction of switch blade movement
Rail profile
Heating system performance

By using
Accelerometer/Geophone
Strain gauge/Ultrasonic probe
Strain gauge
Current clamps (WP6)
Camera incl Machine Vision
3D-laser-scanner
Temperature (Capacity4Rail)

4.1.Measuring dynamic track deflection and stiffness
This chapter presents results of field monitoring carried out at an S&C site in Sweden during
10th and 11th May 2017. The monitoring involved the use of MEMs type accelerometers,
geophones (velocity transducers) and high speed filming with digital image correlation (DIC).
The equipment was loaned by the University of Southampton at no cost to In2Rail. The
monitoring results have been processed to develop an understanding of the types of
parameters that can be inferred and the suitability of different types of sensors for use at
S&C sites primarily for condition monitoring of the substructure support conditions.
4.1.1. Site Overview
The site is along a length of two track, ballasted railway between Vårgårda and Gothenburg,
north east of the town of Alingsås, referred to locally as Algutsgården. It was thought that
trains operate at up to 200 kmph on the route. However, during the field study in May 2017,
local signs indicated that the speed limit was 130 kmph. The slower speed may have been a
temporary restriction related to ongoing works. Figure 4.1 shows a schematic of the track at
this location, indicating the presence of passing loops on both sides of the track.
Measurements were taken on the route from Vårgårda to Gothenburg near to the S&C
labelled 103 in Figure 4.1, and further down the route centred around the switch tips and on
towards an overbridge. Figure 4.2 shows a schematic indicating the primary zones
GA 635900
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instrumented. Trains generally travelled towards Gothenburg at or near to the line speed on
this side of the route, although occasionally trains were observed to travel (very slowly) in
the reverse direction. Only freight trains and the overnight sleeper trains were seen using
the passing loops. When trains exited the passing loops, they were moving too slowly for the
acceleration and velocity transducers to be used reliably. Therefore train monitoring data
presented in this report is for trains travelling on the mainline towards Gothenburg at or
near linespeed (the line and direction 108 to 103 in Figure 4.1).
Gothenburg

Vargårda

Figure 4.1: Schematic of track layout

Traffic on this route consists of a variety of freight and passenger trains. Data provided by
Trafikverket from a nearby axle counter indicated that 80 trains passed along the route on
10th May 2017 totalling of 563 wagons, 2722 axles and a cumulative weight of 33 603 tonnes
(based on train operator reported weights). A common train type using the route is the
Swedish X2 high speed tilting train. The X2 is available in multiple configurations but on this
route were observed to comprise a driving vehicle and six passenger vehicles. The sixth
passenger vehicle differs from the other passenger vehicles in that it has a streamlined
design and cab, which may be used to operate the train in reverse. The axle counter data for
the 10th May indicates that 14 of the 80 trains passing over the site were X2 trains in this
configuration. Most would have been travelling with the primary driving vehicle leading,
although monitoring data indicates that a few were travelling in a reverse configuration at or
near to line speed. Kaynia [1] reported bogie weight data which was used for modelling. It
may be inferred from these data that the four axles of the primary driving vehicle exert loads
of approximately 180 kN each, subsequent passenger vehicle axles approximately 120 kN;
and the final two axles below the rear driving cab approximately 160 kN. The axle spacings
are also publicly available [2]. In view of these well-documented properties, the evaluation
of monitoring data focused on the X2.

GA 635900
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Zone 2

Figure 4.2: Schematic of track layout showing primary zones instrumented (not to scale)

4.1.2. Methods
As discussed in deliverable 2.3 Chapter 5.1, there are various methods of measuring track
movements as trains pass. For this field study, three of these techniques were deployed. A
brief summary of each is given in the following subchapters.
4.1.2.1. MEMs
Micro-electro-mechanical systems (MEMs) are a low cost sensor type able to measure
acceleration. Increasingly, MEMs sensors are provided within a range of consumer
electronics (e.g. smartphones). However, these types of accelerometers have traditionally
not been considered sufficiently accurate for applications such as condition monitoring. This
situation may be changing as technology advances and new generations of sensors become
available.
For this study, digital triaxial MEMs accelerometers with product designation ADXL345 were
used. These devices were supplied as a standalone battery powered data logging system in a
convenient small package, about the size of a matchbox, which was slotted into a 3D printed
plastic brackets glued onto sleeper/bearer surfaces (Figure 4.3).
The sensor itself would be very low cost (< £10), however as a self-logging package the
product costs of the order of £100. Also, as the product requires battery power, it would not
suitable for long term deployment without modification. An onboard microcontroller read
the sensor, timestamped the data and stored the readings to memory. The sensors were
configured to operate with a ±16 g range. Data were recorded at 400 Hz continuously during
the deployment, and were oversampled to achieve 16-bit 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., 2016) [3]. When evaluating any given MEMs sensor, the manufacturers’
data sheets have been found to be unreliable in respect of the lowest frequencies that may
be accurately measured - a crucial requirement for this application. Ideally, to be
comparable to the more costly and proven geophones (described in the next chapter) MEMs
would record frequencies accurately down to 1 Hz. However, in practice this was not found
GA 635900
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to be possible with currently available off-the-shelf MEMs sensors. The best that can
currently be achieved is to recover data down to perhaps 3 Hz, although the higher the
frequency content the greater confidence can be placed in the accuracy of the data obtained.
The packaging of the MEMs and the logging methods are also important. When MEMs
sensors are not well fixed, either within their packaging or onto objects being measured,
they may vibrate relative to their housing or fixing invalidating the measurements. Logging
and analogue to digital conversion must also be done with oversampling, ideally to several
multiples of the logging frequency recorded. The sensor selected for this application has
been found to perform better than a range of available alternatives that were also evaluated
as a package including the housing and logging hardware and software. New MEMs products
are continually being developed and future performance may improve.

Figure 4.3: MEMs

Data from accelerometers were processed in MATLAB and converted to frequency spectra
and time/deflection traces following established mathematical procedures.
4.1.2.2. Geophones
Geophones comprise a mass on a spring inside a coil configured to give a voltage that is
proportional to velocity. The geophones used were supplied by Ion Sensor Nederland [4] and
have a natural frequency of less than or equal to 1 Hz. They are conveniently packaged into
small cylinders that can be fixed to brackets glued onto sleeper/bearer surfaces and oriented
for their direction of measurement (vertical or horizontal) as shown in Figure 4.4. There are
other suppliers of similar low frequency geophones, which could also be suitable for use
provided that the natural frequency is less than the passing frequency of train vehicles.
Geophone output was recorded at 500 Hz using a Campbell 9000 data logger [5] triggered
automatically by an approaching train with 4 s of data buffered and recorded ahead of the
train and 16 s of data recorded after the first axle triggered the sensor. The geophones were
connected to the logger by cable.
GA 635900
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Geophone data were processed in MATLAB and converted to frequency spectra and
time/deflection traces following established signal processing procedures. These sensors
have a documented record of reliability for determining time/deflection traces for train
passes e.g. [6]&[7]. However, they are more costly than MEMs and require the use of more
costly, higher quality logging equipment. The geophone sensor used costs ~£500 per sensor
and the logging system ~ £10,000. In principle (with solar power) the system could be
deployed indefinitely, and with alterations to the logging system, dial-up 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 evaluate track performance
at a given site. In this way, many sites may be evaluated with the same equipment. As an
established technology, geophones can be used to assess the reliability of other sensor types
such as the MEMs being trialled at the current location.
4.1.2.3. High speed filming with digital image correlation
Textured targets to aid digital image correlation were attached to sleeper ends (Figure 4.4),
the rail or other features of interest and videoed (typically at a frame rate of 150 to 500
frames per second) as trains passed. Analysis was carried out using a variant of the DIC
technique described by Bhandari [8]. The technique involves identifying corresponding
patterns in the subsequent images using a normalized cross-correlation algorithm.
High speed filming with DIC offers some advantages over the use of track mounted sensors.
Specifically, it provides a direct measure of absolute deflection rather than a relative
measure (as provided by geophones and accelerometers). However, there are also
disadvantages related to the difficulty in positioning the camera (Figure 4.5) outside of the
zone of ground and wind disturbance from passing trains. Disturbance mitigation techniques
are described in [9] &[10].

Figure 4.4: Geophones (Vertical and horizontal), filming target and MEMs

GA 635900
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Figure 4.5: Camera used for high speed filming

4.1.2.4. Common methods of data analysis adopted: frequency spectra interpretation
The data obtained may be evaluated to determine time/deflection traces and frequency
spectra. Additionally an analysis of the frequency spectra enables estimates to be made of
the system support modulus whose variability is considered a key driver of track quality
deterioration. In this Chapter a brief overview of the frequency spectra evaluation to
determine support system modulus is presented.
The beam on elastic foundation model (BOEF) [11] may be used to develop relationships
between frequency spectra and a particular definition of support stiffness the track support
system modulus [12]&[13] for known train properties.
Figure 4.6 shows the theoretical time/deflection trace for an X2 for two values of support
system modulus.

Figure 4.6: Time/deflection trace for the rail using beam on elastic foundation model

The equations for time/deflection from the BOEF model may be evaluated in terms of their
frequency spectra. Figure 4.7 shows the theoretical velocity frequency spectra for three
GA 635900
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values of support system modulus. The frequency spectra have been evaluated for a train
travelling at 24.95 m/s for the convenience that integers on the frequency axis correspond
to multiples of the vehicle passing frequency. It can be seen that the relative magnitudes of
prominent peaks in the frequency spectra change with system support modulus. The most
prominent frequency peaks having a strong relationship with system support modulus for
trains of typical geometry are usually the 7th and 3rd (7th/3rd). It is apparent from Figure 4.7
that the relative magnitude of these peaks for the X2 is likewise sensitive to changes in
support system modulus.

Relative change
rd
th
between 3 and 7
peaks

Figure 4.7: Theoretical velocity frequency spectra for X2 train travelling at 24.95 m/s for three different
values of support system modulus

Figure 4.8 shows how the ratio of the peaks at the 7th and 3rd multiples of the X2 primary
vehicle passing frequency in the acceleration, velocity and deflection spectra vary with
support system modulus as experienced by the rail (including the contribution of the railpad
and the trackbed).
In a system of linear elastic springs in series, 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 to infer support
system modulus using Figure 4.8 for X2 trains provided the frequencies have been
normalised in relation to the vehicle passing frequency (1 Hz in Figure 4.7).

GA 635900
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Figure 4.8: Calibration for support system modulus

The methods summarised here are applied to the data obtained at Algutsgården presented
in later chapters.
4.1.3. Monitoring arrangement
20 vertical geophones, 8 horizontal geophones and 30 triaxial MEMs accelerometers were
deployed at the Algutsgården site centred around two primary zones, described as the
crossing vee (zone 1) and the switch tips (zone 2). For convenience, a sleeper/bearer
numbering system is adopted starting from the first bearer joining the passing loop and the
mainline at the start of zone 1 (instrumented bearers within the numbered range 1 to 22).
By onward counting of the sleepers/bearers present, zone two covers sleeper/bearers 78 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 zone 1, vertical 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.

Figure 4.9: Zone 1, sleeper numbering adopted and locations of geophones (vertical (v) and horizontal (h)),
filming targets (D), crossing vee situated above bearer 20

GA 635900
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Figure 4.10: Zone 2, sleeper numbering adopted and locations of geophones (vertical (v) and horizontal (h)),
filming targets (D), a MEMs sensor was fitted to the cess end of each instrumented bearer (darker colour) in
zone 2, the switch tips are above bearer 98

The general quality of the track appeared good from visual examination (Figure 4.11) with
evidence of recent renewal. An overbridge had also replaced a level crossing (which may be
identified from its parapet walls visible in Figure 4.11b).

Figure 4.11: Photos (a) looking towards Vårgårda from the middle of zone 1 (b) looking towards Gothenburg
from the middle of zone 2

4.1.4. Results and Discussion
Owing to the time required to deploy the geophone and MEMs sensors and because the
geophones were left in place overnight while the MEMs were recovered and replaced on the
following day, the train passes captured at each sensor location varied. Also, high speed
filming was only possible on selected sleepers/bearers while staff were present. Table 4.1
indicates train data presented in this Chapter and the measurement type operating as it
passed. All trains reported are X2 trains with the primary driving vehicle leading.

GA 635900
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Date

Time

10 May 17
10 May 17
10 May 17
10 May 17
10 May 17
10 May 17
10 May 17
10 May 17
11 May 17
11 May 17
11 May 17
11 May 17
11 May 17
11 May 17
11 May 17

11:58
12:57
13:53
15:00
17:00
18:45
19:01
20:49
03:34
07:27
10:00
10:58
12:04
12:57
14:02

Geophones
Crossing

Y
Y
Y
Y
Y
Y
Y
Y

Geophones
switch tips

MEMs

High speed filming

Y
Y
Y
Y

Y (20, 21)

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y

Y (96, 97)
Y (96, 97)
Y (84, 85)
Y (84, 85)

Table 4.1: Train data reported in this chapter

4.1.4.1.

Geophones

Data from geophones can be processed and presented in a variety of ways for each of the
train passes recorded. To maintain a reasonable length to this chapter only selected data are
presented comprising:









GA 635900

velocity frequency spectra and time/deflection traces for one train pass
considered to be typical of all the X2 trains passing the crossing vee (Figure 4.13,
Figure 4.12);
characteristic vertical deflections for geophone sensors near to the crossing vee
(Figure 4.14, Figure 4.15 and Figure 4.16);
inferred support system modulus for 6 ft sleeper end geophones near to the
crossing vee (Figure 4.17);
characteristic vertical deflections for geophone sensors near to the switch tips
(Figure 4.18, Figure 4.19, Figure 4.20);
inferred support system modulus for 6 ft sleeper end geophones near to the
switch tips (Figure 4.23);
comparison of vertical and horizontal movements at one sleeper (Figure 4.21);
characteristic horizontal deflections (Figure 4.22).
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Figure 4.12: Velocity frequency spectra for X2 train at 12:57 as it passes the sensors located near to the
crossing vee

Figure 4.12 shows that the primary spectral peaks follow a similar pattern to the theory
(Figure 4.7). The vehicle passing frequency for the speed of the actual train is about 1.55 Hz,
meaning that a lower filtering threshold of 1 Hz will retain all frequencies of relevance while
removing the non-linear portion of the geophone’s sensitivity range. It may also be inferred
that the speed of this train is approximately 38 m/s [primary vehicle length/(1/vehicle
passing frequency)]. Arrows mark the 3rd and 7th multiples of the vehicle passing frequency
used to infer support system modulus. Three geophones were placed along the length of
bearers 20 and 22. The first geophone was located towards the 6 ft side of the mainline track
(V1), the middle geophone (V2) was located close to the crossing vee but just towards the
cess side of the mainline rail, and the final geophone (V3) was located close to the cess side
of the two merging tracks (Figure 4.9). The model of behaviour outlined in Chapter 4.1.2.4
does not take account of the varying rail geometry properties near to the crossing vee, so it
would not be appropriate to use the method of determining support system modulus on the
crossing vee side of the track (i.e. not for geophones labelled V2 and V3). However on the 6ft
side of the mainline track, the rail properties remain suitable for the application of this
method.
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Figure 4.13: Time/deflection trace for X2 train at 12:57 as it passes the sensors located near to the crossing
vee

Figure 4.13 shows the time/deflection traces for the geophones near the crossing vee. The
start-up transient combined with the irregularity in axle spacing geometry between the
leading vehicle and trailing passenger vehicles means that the movement of the heavier
axles of the leading vehicle is difficult to quantify. An estimate of a “characteristic” trackbed
movement for the train pass is therefore made based on the range of movement for bogies
of the middle passenger vehicles well within the stationary waveform portion of each
geophone time/deflection trace as indicated on Figure 4.13(a).
Figure 4.14 shows the characteristic trackbed movements at the 6 ft side of the track near to
the regular rail. These movements vary within a range of 0.8 mm to 1.7 mm depending both
on bearer number and the train passing. Figure 4.15 shows the movement in the middle of
the long bearers 20 and 22 near to the crossing Vee. The movements here are less than half
of the bearer movements at their ends near to the 6 ft. Figure 4.16 shows the cess side
movements of the long bearers 20 and 22 on the merging track. These movements are much
smaller than elsewhere on the long bearers and confirm a mechanism of movement seen at
other S&C sites where long bearers are observed to rotate towards the loaded side of the
track [9].
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Figure 4.14: Characteristic mid bogie deflection range, 6 ft end bearers near to crossing vee

Figure 4.15: Characteristic mid bogie deflection range, middle of long bearers, near to crossing vee

Figure 4.16: Characteristic mid bogie deflection range, cess end of long bearers, near to crossing vee

Figure 4.17 shows the inferred support system modulus for the 6ft side of the mainline. This
comprises the contribution from the railpad and trackbed.
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Figure 4.17: System support modulus, 6ft end sleepers near to crossing vee

Figure 4.18 shows the trackbed movements for the cess side of sleepers near to the switch
tips and Figure 4.19 shows movements of sleepers 96 and 98 on their opposing ends. These
movements are quite similar to those of the cess end of the same sleepers (as would be
expected) and do not show the same features of uneven bearer movement seen near to the
crossing vee. There are particularly large movements on sleepers either side of the hollow
bearer 97, which houses elements of the crossing motor.

Figure 4.18: Characteristic mid bogie deflection range, cess end, near switch tips
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Figure 4.19: Characteristic mid bogie deflection range, 6 ft end, near switch tips

Figure 4.20 shows the support system modulus near to the switch tips. Values are
reasonably consistent and there is no obvious reduction in support system modulus near to
the hollow bearer. This could be indicative of higher dynamic loading in this location. In any
case the large movements measured near to the hollow bearer provide an indication that
this is a location of the track likely to attract enhanced rates of geometry deterioration.

Figure 4.20: System support modulus, cess end sleepers near to switch tips

On normally performing plain line, horizontal movements of the track have been found to be
in phase with vertical movements and much lower in magnitude. On the straight track of
Algutsgården, horizontal forces and movements should be minimal. However, while this was
the case for some locations, measurements at other locations gave very erratic data. An
example of a typical horizontal time/deflection trace for sleeper 96 is compared with the
vertical movements at either sleeper end in Figure 4.21. Sleeper 96 is near to the switch tips
and adjacent to the hollow bearer (Figure 4.10). Figure 4.21 shows the characteristic
deflection ranges for sleepers 84, 96 and 100. This data are more varied in relative terms
than the vertical movements at the same sleepers (Figure 4.18); this may be because the
horizontal movements are generally much smaller and are more susceptible to small
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differences in behaviour between particular train passes (e.g. hunting, wheel irregularities).
At other locations where horizontal measurements were taken the data were found to be
erratic and unreliable and are not further reported. However, erratic or unreliable data is
itself an indication that the train/track interaction is not optimal. Reasons for unreliable data
may include:








wheel flats, giving rise to dynamic high frequency content above the logging
frequency;
sensors going offscale - due to large movements;
the sensor not being well fixed to the sleeper/bearer;
the sensor not being well fixed within its housing;
rail irregularities, giving rise to dynamic high frequency content above the logging
frequency;
resonances within the bracket/housing;
trackbed faults.

Based on previous experience from monitoring at a number of sites, unreliable data are
often obtained where sensors are placed near to key components of S&C (e.g. the
crossing vee, points motors and switch tips), welds, fishplate connections and trackbed
faults. Trains with wheel flats can also be identified by the noise the wheel flat makes as
the train passes, and it has been observed that sensor data during passage of trains with
wheel flats are unreliable. While unreliable data can be present both vertically and
horizontally, horizontally measuring sensors are more prone to its occurrence.

Figure 4.21: Comparison of vertical and horizontal movements of sleeper 96, 12:57 train
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Figure 4.22: Horizontal movements of sleepers 84, 96 and 100 near to switch tips

4.1.4.2. MEMs
MEMs sensors are less reliable than geophones, particularly at low frequencies. The type of
MEMs sensors used at this site have generally been found to be reliable only for train speeds
greater than 160 kmph. However, train speeds at Algutsgården reached only 130 kmph.
Therefore, time/deflection traces have not been plotted as these would be subject to some
unknown error. Nevertheless it is possible to evaluate the frequency spectra from the MEMs
to infer a support system modulus because the frequencies used in the method are at least 3
times the vehicle passing frequency.
Figure 4.23 shows the support system modulus evaluated from the frequency spectra of the
MEMs sensors present. For the seven train passes evaluated, data have been omitted that
are more than +-5 MN/m2 from the mode.

Point machines
Toward crossing

Figure 4.23: System support modulus, cess end sleepers near to switch tips
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Some of the MEMs were co-located on sleepers/bearers with geophones; these data may be
compared. Figure 4.24 shows good agreement for the average support system modulus
found by both sensors where the system support modulus is between 9 and 26 MN/m2.
There is one point of disagreement at sleeper 102, where the MEMs data infers a support
system modulus of approximately 3 MN/m2 but the geophones give 21 MN/m2. A support
system modulus of less than 5 MN/m2 is extremely low and it is probable that where values
of less than 5 MN/m2 or perhaps 10 MN/m2 are indicated by the MEMs sensors, these results
are unreliable and should be discounted.
Point machines
Toward crossing

Figure 4.24: Comparison of average system support modulus, cess end sleepers near to switch tips. Data
from geophones and MEMs

4.1.4.3. High speed filming and DIC
High speed filming provides an additional check on the reliability of the geophone and MEMs
data at selected locations, and is also reliable over greater movement ranges and at lower
train speeds. However, this measurement technique is unlikely to be suitable for use within
a long term condition monitoring programme. The time/deflection trace inferred from high
speed filming and DIC also serves to illustrate the effect of filtering and data processing.
Figure 4.25 compares data for sleeper 96 near to the switch tips. The DIC output has been
filtered with a low pass filter threshold of 14 Hz to mitigate the influence of higher frequency
ground and air borne vibration on the time/deflection trace. This is at the lowest filtering
threshold that may be applied without removing content relevant to the major trackbed
movements caused by the passing of the train. However, there remains some vibration
present which is apparent as minor undulations in the trace between bogies of the same
vehicle.
In contrast, the geophone data do not suffer from ground or air borne vibration and
geophone data have been filtered with a low pass threshold of 30Hz to remove the higher
frequency content not relevant to the major trackbed motions. However, the geophone data
are also high pass filtered with a threshold of 1 Hz to remove data below the natural
frequency of the sensor, where the sensitivity is non-linear and the calibration unreliable.
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Within the geophone trace, the lower threshold filter (1 Hz) is responsible for the averaging
of the data about zero and the transient effects apparent for the first and last vehicles. The
range of movement for passenger vehicle bogie passage is estimated to be approximately
1.5 mm to 1.7 mm, showing reasonable agreement between the two methods of
measurement. Differences in movement ranges between the measurements may be
attributed to a (small) effect of the different high filtering thresholds and possibly in built
systematic errors. Nevertheless, provided the same measurement system is used,
repeatability is reasonable (e.g. see Figure 4.18).

Ground and air vibration

th

Figure 4.25: Sleeper 96 X2 train at 10.00 on 11 May (a) High speed filming and DIC (b) Geophone

A geophone was located on the hollow sleeper 97 (Figure 4.26a) which housed elements of
the points motor. However, the movements of the geophone were erratic and the data were
found to be unreliable and have been omitted from this chapter. The data were perhaps
poor quality owing to high frequency content present due to particular characteristics of the
hollow bearer and/or locating the geophone onto an unstable (rattling) part of the hollow
bearer. However, high speed filming of the hollow bearer was carried out and its movements
during the passing of the 10:57 train are shown in Figure 4.26b. Movements at this location
were large, approaching 2.5 mm, and consistent with the large geophone measurements on
sleepers 96 and 98 on either side (Figure 4.18 Figure 4.19).
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Figure 4.26: (a) Hollow bearer (97) with points operating motor cantilevered to the side (b) High speed
filming with DIC of the 10:57 train

High speed filming of a second hollow bearer (85), also housing elements of the point
motors and an adjacent bearer (84), was also carried out. This points motor was located
further back from the switch tips and movements at this location were of much lower
magnitude (Figure 4.27), more in line with the sleeper movements captured by geophones
near to the switch tips but away from points motors elsewhere.

Figure 4.27: (a) Sleeper 84 (b) hollow bearer (85) with points operating motor cantilevered to the side

4.1.5. Conclusions
4.1.5.1. Sensors and data processing
The trains at this site were slower than had been expected and had the line speed been
closer to 200 kmph the MEMs data would likely have been better quality. Nevertheless, this
work shows the potential to use MEMs sensors, which were in reasonable agreement with
geophone data where common measurements were taken.

GA 635900

Page 29 of 108

In2Rail

Deliverable D2.4
Embedded & integrated sensors - System Design Selection Report [TRL5]

The geophone data are generally of high quality and match well the high speed filming and
DIC data where common measurements were taken.
Data analysis procedures have recently been advanced allowing evaluation of frequency
spectra to determine support system modulus. Automated algorithms can be developed to
implement these procedures, provided train properties are known.
None of the three monitoring systems used is currently suitable for long term deployment.
However, with relatively modest further technological development longer term
deployments of the lower cost MEMs sensors seems attainable.
Important characteristics of sensors for obtaining reliable data have been identified which
must be considered (e.g. ability to operate at lower frequencies, requirements for the
housing and logging systems used).
Causes of unreliable date have been suggested; methods to eliminate these should be the
focus of further research.
4.1.5.2. S&C condition monitoring
The measurements made have shown that there are key locations where mechanisms of
S&C behaviour is most onerous even on newly installed S&C showing no obvious signs of
distress. These are:



on long bearers near to and supporting the crossing vee where relative movements
are very different beneath the rails on either side of the track;
at hollow bearers with points motors.

Targeted monitoring at these selected locations offers the potential to identify substructure
support issues as they develop and plan remediation appropriately. The measurements also
highlight the potential to redesign the support systems at these locations, to design out
problems before they develop.
While mechanisms of behaviour and locations where sensors can be located to continuously
monitor behaviour have been identified, more field monitoring covering different common
designs of S&C on well and poorly performing track are needed. This will enable a detailed
understanding to emerge of the critical trigger levels at which preventative maintenance
could be most effectively implemented.

4.2.Measuring acceleration with wireless sensor
Besides the measurement made in Algutsgården (presented in Chapter 4.1) Trafikverket and
Konux has made measurement on 19 different turnouts in Katrineholm, Stehag, Höör and
Algutsgården. These sensors are wireless and sends the data of the last 5 trains once per day.
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Besides the data that sends all measurements are stored and can be collected by cable on
site. This has been done on 7 sensors during November 2017 and 39 sensors in January 2018.
The analysis has been made on selected train types.
4.2.1. Selected train types
The most frequent passenger trains are long range trains (X2 and X55) and regional and local
trains (X31, X61).

Figure 4.28: Most common train types on Southern Main Line

For X2-train the analysis of each train was made after first on duration time between 3 to 6
seconds (2.85 s at 200 km/h and 5.7 s at 100 km/h). The second step is to analyse the
acceleration on the specific time that can be expected. For X2 at 200 km/h Table 4.2 (see
also [2]) can be used to check if the train is X2. This analysis can theoretically be made
already in the processor in the sensor unit. The X2 train is not symmetrical so therefore the
table has two versions (A is for train with motor wagon first and B is train with motor wagon
last). Analysing 138 trains which have been identified as X2-trains it is possible to say that
normally within +- 0.02 s each axle can be found, which is less than the time between the
two axles in a bogie. Similar tables can be made for train type X31, X55 and X61.
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Axle
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Time at 200 Length
Time at 200 Length
km/h [s] A
[m]
km/h [s] B [m]
0.000
0.0
0.000
0.0
0.050
2.8
0.050
2.8
0.171
9.5
0.257
14.3
0.221
12.3
0.309
17.2
0.302
16.8
0.387
21.5
0.354
19.7
0.439
24.4
0.620
34.5
0.704
39.2
0.673
37.4
0.756
42.1
0.750
41.7
0.834
46.4
0.803
44.7
0.886
49.3
1.069
59.4
1.152
64.1
1.121
62.3
1.204
67.0
1.198
66.6
1.281
71.3
1.250
69.5
1.334
74.2
1.516
84.3
1.600
89.0
1.569
87.2
1.652
91.9
1.646
91.5
1.729
96.2
1.698
94.4
1.781
99.1
1.964
109.2
2.047
113.8
2.016
112.1
2.100
116.8
2.094
116.4
2.177
121.1
2.146
119.3
2.230
124.0
2.411
134.1
2.496
138.8
2.463
137.0
2.548
141.7
2.541
141.3
2.629
146.2
2.593
144.2
2.679
149.0
2.800
155.7
2.800
155.7
2.850
158.5
2.850
158.5

Table 4.2: Time for passage of each axle of an X2 train at 200 km/h

Figure 4.29: Maximum time difference between expected time and time as axle passed due to measured
acceleration
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Many of the trains in Figure 4.30 show the normal behaviour. For the first 4 axles and the
last 2 axles the acceleration is lower. A median value for axle 5 – 26 can be used to compare
to speed, which is shown in Figure 4.30.

Figure 4.30: Maximum acceleration for each axle on a 5 different X2-train (Signal has been filtered between
50-150 Hz)

Mean acceleration for axle 5-26 has been correlated to speed in Figure 4.31.

Figure 4.31: Correlation between mean acceleration for 138 X2-train versus speed

The deflection that was measured for the trains in Figure 4.31 was in the order of 1 mm,
which is shown in Figure 4.32. In this case three different measurement at different speed
has been aligned to the same speed. For most axles the speed has no influence, but for the
first axles it does affect. The train for which deflection is calculated should therefore contain
16 axles or more to get a result that can be reliable.
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Figure 4.32: Deflection for 3 X2-train with different speed, but aligned to check if the deflection is influenced
by speed

4.2.2. Measurement of acceleration on crossings in Stehag and Höör
As discussed in Chapter 4.1 a geophone or an accelerometer can be used to measure
deflection, support stiffness or acceleration. In this chapter analysis is made for frogs in
Stehag (Sg) and Höör (Hö) over a period of October 2017 – January 2018. The S&C in Stehag
are older and has no soft rail pads. The S&C in Höör are the newest generation and has soft
pads which gives less movement and lower acceleration of the sleepers.
The first conclusion using the data is that trending measurement should be done with
specific train types, at the same speed and with similar support condition (stiffness changes
when temperature goes below zero), see Figure 4.38 and Figure 4.39 for such graphs. Speed
can be compensated if the relation between speed and acceleration is found to be linear. In
the following graphs this compensation has been done for acceleration and is therefore
called normalised acceleration. For deflection no compensation is made.
Using data from different crossings can be used to establish acceptable condition. The
displacement for nine of ten crossings is shown in Figure 4.33 (S&C Sg 31a has been excluded
in the comparison). Train direction does not significantly affect the displacement. The
acceleration for same frogs is shown in Figure 4.34. Train direction should theoretically
affect the acceleration, even if it is not seen here. The red lines in the graph are thresholds
that still needs to be discussed, but can be used as a guideline for future work.
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Figure 4.33: Displacement for frog sleeper in Stehag and Höör

Figure 4.34: Acceleration for frogs in Stehag and Höör (different y-axle scale)

To explain the differences between the measured S&C crossings other data is needed. Track
geometry is shown Figure 4.35 and is one factor that might affect displacement and
acceleration. The worst crossings are in Sg 21a and Sg 22b. Figure 4.36 is illustrating the dip
of the wheel as it goes from wing rail to crossing nose. Sg 22b have a sharper dip (which will
give higher dynamic forces) than the others, with Sg 21b having the lowest dip. What also
can be observed from the rail profile in Figure 4.37 is that Sg 31a and Sg 32b is fairly new, Sg
21a and Sg 21b are worn and Sg 22a and Sg 22b are somewhere in between. Sg 21a and 22b
do have too large dip in the track geometry shown both in Figure 4.35 and Figure 4.36. It is
concluded that Sg 21a, 22a and 22b should be examined more closely, while the other S&C
seems to be in healthy condition.
Sg21a has a bad track geometry that neither give much displacement, nor high acceleration.
The dip is larger and can be adjusted by grinding.
For Sg 22a the track geometry is not directly bad but still give high acceleration and a
medium displacement. This should be possible to be treated by tamping. Grinding is another
possible treatment if only acceleration is the problem. In January it was found there was a
crack in this crossing.
For Sg 22b the large track geometry give high acceleration and a medium displacement. This
should be possible to be treated by tamping, perhaps even with putting schism between
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sleeper and crossing as the sleeper might be bend. In January it was found there was a crack
in this crossing.

Figure 4.35: Track geometry at the crossing of Stehag S&C

Figure 4.36: Dip for a wheel passing close to the inner wing rail

Figure 4.37: Rail profile for crossings in Stehag
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Acceleration pattern for Sg 22b show a slow increase over time. There are two possible
reason for this. The crossing was replaced in January 24th due to a larger crack that has
developed over time. A crack will lead to acceleration with higher frequency as shown in
Chapter 4.4. The second reason is that the screws holding the sensor was during this time
beginning to lose their torque so the sensor was not as tight screwed to the base plate as it
should when it was demounted for unloading the data and this was done one day before the
crossing replacement. It is believed that the screws start to loose due to the higher
acceleration levels.
20

Sg 22b

Norma
lised
acceler
ation
(rms)
[g]

280

Stiffness change due to
frozen ballast

380

Days (after 2016-12-31)

Figure 4.38: Normalised acceleration over time for S&C Sg 22b

Most probably it is not possible to decide on maintenance just on the trend of this data. The
difference between 5 g and 7 g in acceleration is not enough to take a decision to surface
weld a crack or to replace the entire crossing. In the end of the period there is a change that
depends on that the ballast was frozen. The same phenomena in Höör show a lower
acceleration, see Figure 4.39. Another way to use the data is to look on the variation of the
acceleration which is larger for Sg 22a and Sg 22b. Before visual inspection can confirm a
measurement of acceleration on the rail could be a better diagnose if a crack is the reason
for higher acceleration in the sleeper. Also Sg 22a had a crack in the crossing and was
replaced of the crossing in February 17th.
In Hö 21a there seems to be no direct problem. The graph in Figure 4.39 shows a change at
day 315 after the whole S&C was grinded the acceleration was decreased and the variation
was also lower. It also show that frozen ballast gives lower acceleration. The reason for this
might be that the S&C in Höör have soft pads, which is not the case in Stehag.
2.5

280

Whole
S&C
was grinded

Hö 21a

Stiffness change due to
frozen ballast

Days (after 2016-12-31)

380

Figure 4.39: Normalised acceleration over time for S&C Hö 21a
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4.3.Measuring long term settlements
Long term settlements can either be observed by 3D-scanning of the asset and its
surroundings. This has been done by 3Deling on a Swedish bridge and has been reported in
WP4. The same would be possible for an S&C, but has not been conducted during the
project. Several 3D-scans over time can show changes, which than can be calculated as long
term settlements. There are three basic methods for this type of measurement:
 3D scanners;
 Photogrammetry;
 optical levelling instruments.
3D scanners gives the most accurate result and is often used in combination with
photogrammetry. Depending on the demand of resolution 3D-scanning can be fast or slow
as the number of points that can be scanned per second is limited. Photogrammetry is fast
as it is based on photos taken from different angles. Optical levelling instrument are
accurate, but the number of points that can be recorded during an hour is too few to be a
competitive solution for the purpose.
A recent developed solution that can be of interest is tilting sensors. Preliminary these
sensors were developed to measure lateral tilting of sleepers and avoid twist problems. By
looking on the longitudinal tilt instead of the lateral a longitudinal settlements can be
observed. This measurement is without a true reference point, but might be enough to
encounter larger settlements over a relatively short distance (20-100 m).
Trafikverket is planning to use this technology on a known place where tamping is needed
yearly by buying commercial available sensors from Railmonitor ApS. The basic idea is shown
in Figure 4.40. Each tilting sensor is equipped battery and is sending data by WiFi
communication to a solar panel powered gateway, which makes the whole solution
independent from the electric grid. The gateway can send the data to a cloud based server
by using 3G. The battery in the sensor can last for 10-15 years. In the example Trafikverket is
going to test the total distance about 16 meters and covered with 10 sensors placed on
every 3rd sleeper. To achieve a reliable result the tilting sensor needs to have a resolution of
0.12 mrad (1 mm/ 8000 mm) or better. The sensors from Railmonitor has a resolution of
0.017 mrad and an accuracy of 0.053 mrad [14].
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Figure 4.40: Measuring tilting angle of each sleeper longitudinal to observe relative settlements

4.4.Measuring impact force
This chapter is related to the impact force that the wheel will induce at the frog nose and
wing rail. Both the peak force and the force that comes with the total wagon weight will
induce vibration into the material. These vibration is possible to measure in laboratory, but
has not yet been evaluated in field so this section covers a laboratory study.
4.4.1. Resonance frequencies at impact
The crossing nose of a railway turnout (see Figure 4.41), and especially a turnout with a fixed
crossing nose design, can be exposed to larger wheel rail contact forces compared to a
normal rail segment. This, due to the discontinuity between the rail and the crossing nose
that the wheel has to pass. This fact results in a larger wear probability of the crossing nose
and requires hence that special measures are taken to prevent a failing crossing nose, which
could result in a derailment.

Figure 4.41: Crossing nose of a turnout

The crossing part of a turnout consists of a 12.6 meter long casted segment, see Figure 4.42.
Crossing is either manufactured by milling forged steel or casted in alloys such as manganese
steel. The reason for choosing manganese steel is to improve wear resistance. However, this
choice has a drawback due to the granular structure of the material. A structure which adds
additional complications like noise when performing ultrasonic inspections.
GA 635900

Page 39 of 108

In2Rail

Deliverable D2.4
Embedded & integrated sensors - System Design Selection Report [TRL5]

The main problem at hand is to detect cracks and their evolution in the crossing nose to
avoid a failing crossing nose. By developing an automatic approach for crack detection, the
amount of manual inspections on track could be reduced. This will lead to a reduced risk for
inspection personnel and it could lead to a reduced maintenance cost.
The fairly straight forward assumption in this study is that cracks in a crossing nose will
change the dynamic response of the system. This study will examine this assumption for a
specific case of a cracked crossing nose and investigate the possibilities to measure this
effect automatically.
4.4.1.1. Measurement object
The crossing nose investigated in this study was manufactured in manganese steel and was
taken out of service from a turnout of radius 760 m. Due to practical reasons, a 1.4 meter
part of the crossing including the nose was cut out from the original 12.6 meter long crossing.
The crossing was taken out of service due to cracks in the second impact zone, marked as P6
in Figure 4.42. Previously welding operations have been performed on the crossing nose tip
to correct worn of material. This crossing nose was selected for this study due to the
presence of cracks in the second impact zone. The cracks in the second impact zone was first
investigated by using the dye penetrant method. The result can be seen in Figure 4.43 where
the cracks can be seen.

Figure 4.42: Studied crossing nose
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Figure 4.43: Dye penetrant test of the second impact zone

4.4.1.2. Method
To investigate the assumption that the cracks in the crossing nose would change the
dynamic response and the possibility to measure the effects of the cracks two different
measurement were performed:
1. Acoustic tap test
2. Vibration measurement with random noise.
4.4.1.3. Acoustic tap test
At different locations along the crossing nose an impact using a metal tipped hammer was
created. The acoustic response for each tap was captured by a microphone and recorded
using a sample frequency of 44100 Hz. No force sensor was used for the tap test. Twelve
points (P1-P12) were tested with the tap test method.
4.4.1.4. Results
The result from the tap test performed in the areas with no cracks showed similar results.
Only the result from the cracked area P6 deviated. The difference between the response
from the cracked area and the areas with no cracks are illustrated by comparing the
measurement performed in point 1 (P1) and point 6 (P6). The result form the acoustic tap
test clearly shows an increasing energy level of the response in the frequency range 6-13 kHz,
see Figure 4.44 where the blue line (P1) represents the power spectra of the sound recorded
when the area with no cracks was tapped. The other curve (P6) represents the response
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from the taps of cracked surface area. Since the tap test was performed without a reference
measurement of the impact force of the tap test hammer the absolute values cannot be
compared. However, since the tap test was performed in a fairly similar way for all twelve
points the result could still be considered adequate especially since the change within the
spectra is the most important aspect of the analysis. In Figure 4.44 the different shapes of
the spectra can clearly be seen, were the increasing energy level can be seen for P6 in the
frequency are mentioned above. It is also worth mentioning that the different sound
characteristics produced by tapping cracked and non-cracked surfaces could be
distinguished by the person performing the tap test.
Conclusion: The cracked surface emits sound with different frequency content when taped
with a steel tipped hammer.

Figure 4.44: Frequency response of sound measurements from two different locations P1 (area with no
cracks) and P6 (area with cracks)

4.4.1.5. Vibration measurements
According to the acoustic tap test different responses were created dependent on the
position of the tap test. To investigate this effect in more detail a structural dynamics test of
the crossing nose was perform by means of a modal analysis test. Modal analysis aims to
describe the eigenmodes of the object with respect to shape, eigenfrequency and damping.
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Modal analysis will also result in frequency response functions (FRF) between different
measurement points of the object. The FRF is normally calculated using the measured force
input signal and the response signal in terms of acceleration resulting in a FRF from force [N]
to acceleration [m/s^2]. However, the FRF could be represented using other measures and
units like; force to displacement or velocity, acceleration to acceleration etc. All
measurements requires an excitation sours and two measurement sensors at different
locations/points.
In this study an electromagnetic shaker was used to excite the structure with white noise
signal. A reference signal was measured by an accelerometer mounted on the crossing
(Figure 4.45) while the vibration response was measured by a laser doppler vibrometer (LDV).
Reference
accelerometer

Section with cracks

Crossing nose
segment
Electromagnetic shaker

Figure 4.45: Measurement object (Crossing nose) with a mounted electromagnetic shaker and a reference
accelerometer

A measurement grid was created using 247 scan points where three parts of the crossing
nose was measured. The reference signal (acceleration) and the vibrations (LDV) were
sampled for a bandwidth of 12,5 kHz with a sample frequency of 32kHz. For each scan point
a complex average spectra was created using ten 1.024 second measurement sequences.
12800 FFT lies was used resulting in a frequency resolution of 976.6 mHz.
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Figure 4.46: Crossing nose seen from above with scan points of the three different parts marked with squares

4.4.1.6. Results
In Figure 4.47 to Figure 4.50 average spectra of the reference signal, the LDV signal and the
cross power spectra of the two signals can be seen. From the frequency response function
described by the cross-power spectra the eigenmodes were marked. Resulting in a set of
eigenfrequencies. The first set of eigenfrequencies was belonging to the whole body
vibrations and the dynamics of the setup. The first bending mode of the crossing nose
structure was detected at 925 Hz. Even though this was the first mode the shape was not
corresponding to a theoretical shape of the first bending mode. The mode at 925 resembled
more a second order mode shape indicating that the first mode was masked by the whole
body mode shapes. However this was not investigated further though the goal of the study
was do investigate more local properties of the structural dynamics. In this study the
following eigenfrequencies, detected from the frequency response function, was used to
generate synchronised motions of each scan point with respect to time. The spectral content
(amplitude and phase) of each scan point for a specific eigenfrequency was filtered out to
form the 3D animation of the mode shapes of the eigenfrequency. However, due to the
more complex shape of the crossing nose segment compared to a simple cantilever beam it
is plausible that the detected eigenmode at 925Hz is the first eigenmode.
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Figure 4.47: Average spectra of the reference acceleration signal for all 247 measurement sequences

Figure 4.48:Average spectra of the LTV measurement for all 247 measurement sequences
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Figure 4.49: Average cross power spectra of the LTV measurement and the reference signal for all 247
measurement sequences

925
Hz

Figure 4.50:Zoomed version of Figure 4.49 where a bending mode at 925 Hz is marked with an arrow
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Figure 4.51: The first detected eigenmode at 925Hz.

Figure 4.52: Eigenmode at 1483 Hz
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Figure 4.53: Eigenmode at 1741 Hz

Figure 4.54: Eigenmode at 2009 Hz. This mode shows a sharer shape of the mode approximately 15 cm from
the crossing nose tip, marked with an arrow. This could be due to the fact that this part has been subjected
to corrective maintenance by means of welding
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Figure 4.55: Eigenmode at 2410 Hz

Figure 4.56: Eigenmode at 2787 Hz. This mode shows a sharper bending motion in the area of the cracks,
marked with an arrow
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Figure 4.57: Eigenmode at 3086 Hz

Figure 4.58: Eigenmode at 5246 Hz. This mode shape is vibrating as a higher order mode shape with one of its
maximum at the cracked area. However other parts of the crossing nose without cracks are also represented
in this mode shape
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Figure 4.59: Eigenmode at 6212 Hz

A

B

Figure 4.60: Eigenmode at 7600 Hz. This mode shape vibrates in the cracked area (arrow A) as well as in area
of the welded tip (arrow B). Other parts are however also represented in this model shape
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Figure 4.61: Eigenmode at 8630. This mode shape vibrates in the area of the cracks. It has not the normal
shape of a higher order mode shape which would show multiple peaks in the shape, eg. compare with Figure
4.59. This indicates that the mode shape is result of the local defect in the cracked area. It also coincide with
the frequency area with the increased energy in the tap sound test in the previous chapter

A

B

Figure 4.62: Eigenmode at 8818. This mode shape vibrates in the area of the cracked surface (arrow A) and
the welded area (arrow B)
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Figure 4.63: Eigenmode at 9149 Hz. Thsi mode shape vibrates at the cracked surface area

Figure 4.64: Eigenmode at 9889 Hz. This mode shape sows typical high order vibration patterns of two of the
parts of the crossing nose. The middle segment shows no motions except for the welded tip, marked with an
arrow

4.4.1.7. Conclusions


an increase in radiated sound power could be detected in a higher frequency range 613 kHz when taping on the cracked area compared to an area with no crack;
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by examining the mode shapes of the structure, mode shapes could be detected
within the frequency range mentioned in the previous point, where local motions
corresponding to the cracked area could be detected for some mode shapes.

4.5.Switch blade position in movement and final position
The work in Chapter 4.5.1 has been performed in WP6 and was presented in deliverable
D6.4. In Chapter 4.5.2 is described some work made in Sweden.
4.5.1. General work for switch blade movement (WP6)
The data input is normally a measurement of an electric current, but can be the total power
or force over time. Auxiliary data is distance of the movement and timestamps when
different control circuits are activated.

Figure 4.65: Mean current graphs in direction 0 (blue) and direction 1 (red) with the belonging standard
deviation (taken form figure 4.15 in D6.4)

The measurement is analysed by taken typical features such as:







area under the curve, representing total energy used;
duration;
maximum current;
median current;
mean and standard deviation current during phase movement (might be more
than just on phase);
Kurtosis/Skewness.
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Temperature influence the current levels, by lower lubricant viscosity at higher temperature.
However the influence is collinear so the data are treated in small temperature intervals and
compensated by the known ambient temperature. Though this does not cover temperature
on the rail and influence of sun radiation, which will be treated in the In2Smart project.
The compensated data is then observed over a time without failures to establish normal
behaviour. The switch can then tested with different failure modes the switch to observe the
changes in the current. The last step is to find the principal component in a PCA (principal
component analysis). Each symptom is calculated as an orthogonal component to the other
symptoms. Which in the end leads to a model that can be compared to the actual
measurement.
4.5.2. Switch blade movement measured in Sweden
In Gothenburg Strukton Rail AB has measured the current for 14 S&C during 2017. Some
data has been presented for Trafikverket and is used in this study. Data is taken from G 138
(switch type EV-SJ50-8,4-1:9, probably built in 1970ies but the time history is lost. The S&C
was renovated and moved 2007, the switch motor is JEA52-170, with a motor from 2014)
and G207 (switch type EV-SJ50-11-1:9, from 1979, the switch motor is JEA72-170 with a
motor from 2014). Both point machines are equipped with 3 phase AC-motors.

Figure 4.66: Current measurement for two S&C in Gothenburg

The parameter that has been examined is the total area under the curve. This area should
show the energy used during the movement, which is not totally correct for an AC-motor as
the phase-angle also needs to be measured to get an accurate result. There is a correlation
between temperature and the measured area, see Figure 4.67. G 207 needs more energy to
throw the switch blade.

GA 635900

Page 55 of 108

In2Rail

Deliverable D2.4
Embedded & integrated sensors - System Design Selection Report [TRL5]

Figure 4.67: Temperature dependence on the parameter of total area under the current curve

By compensating for temperature an index is created so it correspond to 1 for outdoor
temperature of 10 °C. The variation seems to be about +- 12 % (stdav 0.04), shown in Figure
4.68.

Figure 4.68: Total area of Current, I (Index) for two S&C in Gothenburg

The correlation is not stable over the time period (January – November 2017) so further
work is needed to explain this. By comparing two time periods it is obvious that the
temperature compensation is not enough to explain the variation over time, see Figure 4.69.
There are several reasons for this, besides that the outdoor temperature could be more
precise by measuring rail temperature. The point machine and rail is heated during the
winter (temperature below 8 C during November-March). Records of when the gliding chairs
are greased should also be recorded as that will change the friction.

Figure 4.69: Comparing Index of Total Area of Current for two S&C in Gothenburg
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4.5.2.1. Current measurement with Interlocking system 85
In Sweden about 150 interlocking system have a chopped DC current, which will affect the
measurement of current at the point machines. It simulates an AC-current, but changes
depending on how much current that is used by the motors.
A measurement was made in Kungsbacka to check this. The measurement was made with
DC-clamps at a sample rate of 5 000 Hz see Figure 4.70. Further work will be done to
establish a way of capturing the data in a way that give reliable results.

Figure 4.70: Current measurement for Kungsbacka 105

4.6.Profile and gauge measurement
The wheel and rail profile is essential to know to fully understand the forces acting between
the rail and the wheel. The first step in this calculation is to find the rail position that will give
the same rolling radius on the wheel. An example how this can be done is shown in Figure
4.71. Trafikverket and Chalmers has the possibility to use Gensys to make calculation of the
contact points, which can be a suitable way of using the collected information and also
calculated the dip angle which has been discussed in Chapter 4.2.2 and 5.3.
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Figure 4.71: Wheel and rail profile before the crossing nose. The rolling radius of the wheel is the same on
both rails

4.6.1. Use of HandyScan 700
Trafikverket has used HandyScan 700 on 11 different turnouts and Vossloh has used it on
one turnout in Sweden. This has given a good knowledge on the usefulness of the method,
both in precision and time to make the scanning.
The repeatability for the same crossing and for a measurement in the field is in the order of
0.1 mm seen for the whole crossing area of 1.5 meter, which is about what is promised by
the manufacturer.
Scanning of an area 0.5 meter before the crossing nose and 1 meter behind takes
approximately 10 minutes from going in to the track and leave it again. That is the scanning
as such takes roughly 5 minutes (Scanner in use is shown in Figure 4.72). The method
developed by Trafikverket and the Swedish company MLT is by using reflective markers that
are placed on a rig, see Figure 4.73. This rig is placed just above the area to be scanned. The
markers are necessary for the Handyscan to orient where it is and is used as fixed references.
The two cameras of the instrument is registering 7 simultaneous scanning lines and as long
as 5 markers are in sight the up to 480 000 measurement points are taken per second. Each
point stored is an average of many measured points which makes it possible to have a high
accuracy. The scanning resolution has been chosen to be 0.5 mm between the points, but in
reality this varies between 0.1-0.8 mm. For a full scan of the crossing over 5 million points
are stored. This can then be converted into cross profiles. The distance between the cross
profiles has been chosen to be 10 mm, but more dense spacing is possible (down to about 1
mm).
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Figure 4.72: Scanner in use

Figure 4.73: Setup with reference markers clamped to the crossing. Measurement can be followed on the
screen as the scanning progress

The evaluation of the crossing profile has so far just begun. In Excel it is possible to test
different wheel profiles, but real calculation should be done by Gensys or other more
qualified programmes.

Figure 4.74: Result of a scanning

The crossing profiles has been calculated by 3Deling that has converted the point cloud
(point surface as it is exported as triangles in a STL-file). The first step in this work is to align
the crossing to an X, Y and Z coordinate system, shown in Figure 4.74. The x-axle is following
the rail on which the train wheel rolls (which is on the left groove in Figure 4.74). This
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alignment seems to be easy as the long distance of 1.5 meter gives a good alignment. The zaxis is possible to adjust perpendicular to any of the vertical surfaces, either on the outside
or the inside of the groove. The y-axle is more difficult to give a reference to.
4.6.2. Development of Felix robot
Trafikverket has been presented a measurement device called Felix robot by Loccioni, Italy.
This development has started as an Italian project but it has also been tested in Germany
and Great Britain. The robot is able to capture rail profile and several track measure, such as
gauge, cant and twist. The robot is lifted into track by two persons and can work at speeds
up to 5 km/h. At this stage rail scanning can be done with 5 mm spacing, see Figure 4.75, but
further development is to be able to scan with a 2 mm interval.

Figure 4.75: Figure 3D-model based on measured data from the Felix-robot

Similar development by using trains has so far promised a scanning distance of 20 mm.

4.7.Weather related information
Heating of switch panel is used to minimise the impact of snow during winter. The heating is
controlled by two rail temperature sensors placed at the heel of the switch rail. There are
several draw backs with this configuration, even that is quiet reliable, for instance the top of
the switch blade is much cooler than what measurement shows. Even so today’s
configuration can be used to both find failed heating element and calculate the energy
efficiency.
During 2017 and first part of 2018 the number of failures that could be captured by
identifying failed heating elements was about 40 per year for Sweden, see Figure 4.76. The
system that monitor the heating has alarms when the temperature sensor is not working
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and when the current is to low or too high. This though not enough for all type of failures. In
Falkenberg an insulation problem caused a failure on March 1st 2018. This was though
possible to find from the February 25th if either the rail temperature drop had been observed,
Figure 4.77, or if the power consumption had been observed in relation to the outdoor
temperature, Figure 4.78. In the latter figure the power is recorded if the change of
temperature is less than 0.1 C/h. The reason for the drop in rail temperature is that full
power was needed at a temperature above -10 C, due to the failure of a heating element
that was consuming more energy than normal.

Figure 4.76: Failure of heating elements in Sweden during 2017 and first part of 2018

Figure 4.77: Outdoor temperature and rail temperature during a failure

Figure 4.78: Power consumption as function of outdoor temperature before and after failure
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5. Condition Modelling
This chapter concerns the modelling and simulation of condition monitoring concepts for
crossing panels using embedded sensors mounted on the crossing rail. The focus lies on the
condition monitoring of structural faults that can be expected to cause a change in the
structural response of the crossing and the crossing panel under traffic loading. The focus
lies on the identification of major track degradation modes; changes in crossing geometry
and changes in track stiffness. Measurements of displacements, accelerations, strains and
pad forces are considered in the investigations. A summary of - and conclusions from - this
work can be found in Chapter 5.4.

5.1.Previous work on condition monitoring and load identification at crossings
Previous work on the instrumentation of crossings for the purposes of load identification
and condition monitoring include those performed by Deutsche Bahn in Innotrack 1, MCL
Leoben 2, TU Delft 3 and the PhD thesis of Andrew Cornish 4.
DB used a crossing rail instrumented with strain gauges to estimate the time history of the
vertical wheel-rail contact force during a crossing transition. To accomplish this, the crossing
was divided into measurement sections and the vertical reaction forces acting on each
section were estimated. Cross-sectional shear forces were estimated using measurements of
shear strains along the neutral line of the crossing and pad support forces by strain
measurements at the rail seats. The vertical contact load was estimated for each segment
by summing the reaction forces assuming quasi-static conditions. The strain gauges were
calibrated statically.
MCL Leoben estimated the force-time history of the vertical contact force at the crossing
transition using strain gauges measuring the longitudinal bending strain at the foot of the
crossing. TU Delft recorded the acceleration time-history at a crossing. Together with photo
sensors to detect passing wheels the location of maximum acceleration during the crossing
transition could be located. Andrew measured bending strains and vertical displacements at
a crossing over the time of one year and observed that the vertical displacements increased
over time while the bending strains did not - indicating a changed deformation pattern for
the crossing rail with track settlements.
Although not the topic for In2Rail, vehicle based condition monitoring of crossings based on
dynamic vehicle-track interaction are presented in e.g. 5 and 6.
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5.2.Properties of crossing instrumentation parameters
Before embarking on the task of correlating the condition of a crossing panel to structural
responses, the properties of various measures of structural response have been compared in
terms of robustness and frequency dependence. For this purpose a finite element model of a
turnout structure is used. This study was motivated by the fact that the previous studies
have relied on static calibration of strain gauges and that it would be of interest to
investigate the accuracy of this approach for identification of dynamic loads.
5.2.1. Model
In order to obtain detailed structural responses from the crossing in simulation such as
strains, it was deemed necessary to use a solid finite element model of the crossing. An
existing linear finite element model of a turnout structure 7 modeled using beams, springs
and dashpots was therefore extended with a solid element representation of the crossing
rail. A top view of the crossing panel part of the turnout including the solid element crossing
is presented in Figure 5.1. All rails and sleepers but the crossing rail are modelled using beam
elements. The volume of the crossing was meshed with tetrahedron elements with a typical
element side length of 15 mm.

Figure 5.1: Top view of crossing panel for beam turnout model with solid element crossing

The rail pads were modelled using bushing elements which connect the nodes on the pad
support surfaces of the crossing rails with their closest node on the sleepers modelled as
beams. The configuration is shown in Figure 5.2.
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Figure 5.2: Detail of pad modelling and connection of solid element crossing to beam sleepers

The geometry of the cavities in the crossing rail that typically extend from the underside of
the rail are proprietary information of turnout manufacturers. Therefore the CAD geometry
used to create the model only describes the outer shape of the crossing rail. As the weight
and stiffness of the crossing rail would be severely overestimated if the crossing rail is
modeled as fully solid, the density and Young’s modulus of the crossing material was
adjusted to achieve an average weight of 180 kg/m which is a typical weight for crossing rails
and a bending stiffness in the vertical plane equivalent to two times the bending stiffness of
a 60E1 rail. To not have the exact interior geometry represented naturally detracts from the
accuracy and utility of modelling the rail using solid elements instead of beam elements, but
the solid element crossing is still better for the assessment of the utility of local strain
measurements than a beam model as it can capture the local strain field around the load
application point in a way that a beam cannot.
The dynamic track properties are demonstrated in Figure 5.3 in the form of track receptance
as a function of frequency for a vertical excitation applied at the crossing nose. It can be
derived from the static receptance that the track model has a static stiffness of 200kN/mm.

Figure 5.3: (Top) receptance at the crossing nose in the vertical direction as a function of excitation
frequency. (Bottom) Receptance phase angle
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5.2.2. Instrumentation
The structural responses that have been investigated are listed in Table 5.1. The
instrumentation configuration on the crossing rail is presented in Figure 5.4. The figure
illustrates a schematic cut-out of the crossing rail in the longitudinal and transversal
directions. The cut-out piece is centered over a sleeper and extends to the middle of the
sleeper bay on each side of the sleeper. In this way the cut-out piece can be thought of as a
periodic rail element that repeats with each sleeper.
Instrumentation parameter
Vertical displacement of the crossing rail in the transition zone (uz)
Vertical acceleration of the crossing rail in the transition zone (az)
Vertical force in the rail pad under the transition zone (Fpad)
Shear strain on the neutral line of the crossing rail in the transition zone (
Longitudinal strain under the crossing rail in the transition zone ( )

)

Table 5.1: Investigated instrumentation parameters

Figure 5.4: Illustrations of structural responses measured on a cut-out of the crossing rail. Longitudinal crosssection cut to the left and a transversal cross-section to the right

In this configuration the vertical displacement and acceleration are measured at the load
application point above the sleeper using one measurement on each side of the crossing.
The load application point itself is on the crossing nose in the transition zone from wing rail
to crossing nose. The vertical reaction force in the pad is naturally measured in the pad. The
shear strains along the neutral line of the crossing are measured at the cross-sections
between two sleepers and with one measurement point on each side of the sleeper. The
longitudinal bending strains are measured at the foot of the crossing in the same crosssections. These strains are measured as the shear strains correspond to the vertical crosssectional forces and the longitudinal strains correspond to the bending moment in the rail
(given that the static component due to rail tension or compression is deducted).
There is a variety of alternatives to calculate contact forces with the presented
instrumentation options. One is to calibrate the displacement and/or accelerations versus an
GA 635900

Page 66 of 108

In2Rail

Deliverable D2.4
Embedded & integrated sensors - System Design Selection Report [TRL5]

applied static or dynamic load to create a relation between force and displacement that can
be used to determine forces from measured displacements. Another is to use the shear
strain and pad force signals to estimate all vertical reaction forces acting on the rail segment.
Then the applied vertical load can be calculated as in the DB example by assuming quasistatic conditions such that this sum of reactions is equal to the applied load. The inertia
effects could be accounted for if the accelerations are measured in addition.
Previous measurements have shown that the vertical so called P2 impact load 8 occurring
during crossing transitions have a duration in the order of 10 ms or a frequency of 100Hz 1 9.
It is therefore assumed that any data sampling from instrumentation need to capture
dynamics up to at least 200 Hz (and thus have a sampling frequency of at least 800 Hz). The
influence from this impact load is the most important to capture for condition monitoring
purposes as it correlates to for example the impact angle of the crossing and the track
stiffness.
5.2.3. Frequency dependence of instrumentation parameters
In this chapter the frequency response function for the five investigated instrumentation
parameters have been calculated from a stationary harmonic vertical load applied at the
crossing in the transition zone. The assumption is that the instrumentation parameters that
show a smaller frequency dependence (or the most constant proportionality to the applied
force) in the investigated frequency range (0-200Hz) would provide the most accurate
proportionality to the wheel-rail contact force also in track. Phase delay results are not
presented for brevity.
Figure 5.5 presents the transfer function from the applied vertical load to the force in the
pad under the load application point (see Figure 5.4 for illustration). The force ratio
corresponds to the amount of the applied load that is taken up by this individual pad as a
function of frequency. The rest of the rail support is provided by adjacent pads. Figure 5.6
presents the transfer functions to vertical displacements and accelerations. There are two
lines in each figure as there is one measurement point located on each side of the crossing.
Figure 5.7 presents the transfer functions for the strains. There are four measurement
signals for each quantity as there are measurement points on each side of the crossing and
that there are two measurement locations along the crossing located in the middle of the
sleeper bays on each side of the load application point.
Comparing the results a few things can be observed. First, the shear strain on the neutral
line shows the smallest frequency dependence followed by the pad force. The small
frequency dependence for the shear strains is most likely because of their very stiff and
direct link to the applied load. As the shear strains are proportional to the cross-sectional
shear force, the crossing does not have to develop significant global deformation before
these strains can be observed. Second the vertical displacement and the longitudinal
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bending strain show similar levels of frequency dependence as they are both proportional to
the bending deformation of the crossing rail. The acceleration shows the strongest
frequency dependence.

Figure 5.5: Frequency response function for Pad force measurement

Figure 5.6: Frequency response functions for displacements (top) and accelerations (bottom) at the load
application cross-section

Figure 5.7: Frequency response functions for shear strains at the neutral line (top) and longitudinal bending
induced at the bottom surface of the crossing (bottom)
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5.2.4. Measurement sensitivities

Figure 5.8: Points for load application in parameter sensitivity study. The load applications points on the
crossing are numbered 11, 21, 31, 41 and 51 from top right to bottom left. The load applications points on
the wing rail are numbered 12, 22, 32, 42 and 52 from top right to bottom left

While the previous chapter focused on the frequency dependence of measurement
parameters, this chapter will focus on how sensitive these instrumentation parameters are
with regards to load application point and loads applied in another direction than vertical.
Ideally there is only response for vertical loads (Q) and none for lateral (Y) or longitudinal (X)
loads.
Figure 5.8 presents the set-up for the investigation. Ten load application points on the
crossing were chosen. There are five points on the crossing nose and five points on the wing
rail that span the distance from the middle of one sleeper bay to the middle of the next. The
row of load application points on the crossing nose is oriented along the symmetry line of
the crossing while the points on the wing rail naturally have an offset with respect to the
crossing centre line.
For each of these points, a static unit load was applied in all three directions separately and
the responses were recorded. All instrumentation parameters of Figure 5.4 were considered
but acceleration as only static loads were used in this investigation. The results are
presented in Figure 5.9, Figure 5.10, Figure 5.11 and Figure 5.12. The left hand side graph in
these figures present the results for the crossing nose and the right hand side the results
from the wing rail. The rows Q, Y and X correspond to the load direction while the
numbered columns correspond to the load application point. The vertical axes show the
parameter response normalized by the largest response value recorded for any force.
The vertical shear force T is here assumed to be proportional to the sum of the two shear
strains at the right end of the instrumented rail section as presented in Figure 5.4. The crosssectional bending moment M is here assumed to be proportional to the sum of the two
longitudinal strains at the foot of the instrumented rail section in the same figure. The crossGA 635900
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section from where these strains are taken correspond to the load application points 11 and
12 in Figure 5.8 (both are located in the middle of the sleeper bay). The vertical
displacement is taken from the same cross-section as the shear force and moment to make
the comparison easier. The rail pad force naturally comes from the rail pad.
It can be observed that significant cross-talk is obtained in Figure 5.9 for the shear force
(shear strains), especially on the wing rail. This is because local strains around the local load
application point influence the readings. It can be observed that the results for the crosssectional moment/longitudinal strains, the pad force measurements and the displacements
are much less influenced by longitudinal and lateral loading.

Figure 5.9: Normalised response for vertical shear force measurement for loads applied on crossing nose (left)
and wing rail (right). The shear force is assumed to be proportional to the sum of the shear strains on the
neutral line on the sides of the crossing nose. In these graphs the strains are recorded at the longitudinal
coordinate of load application points 11 and 12

Figure 5.10: Normalised response cross-sectional bending moment for loads applied on crossing nose (left)
and wing rail (right). The moment is assumed to be proportional to the sum of the longitudinal strains on
each side of the crossing foot. In these graphs the strains are recorded at the longitudinal coordinate of load
application points 11 and 12
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Figure 5.11: Normalised response for vertical displacement for loads applied on crossing nose (left) and wing
rail (right). The displacement values is the average vertical displacement taken on each side of the crossing
nose at the longitudinal coordinate of load application points 11 and 12

Figure 5.12: Normalised response for pad force for loads applied on crossing nose (left) and wing rail (right).
The pad is located at the longitudinal load applications points 31 and 32
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5.3.Evaluation of instrumentation concepts using simulations of dynamic
wheelset-track interaction
The purpose of this sub-study has been to evaluate concepts for the condition monitoring
specific track faults. The question has been whether crossing geometry degradation and
track settlements can be detected via measurements of displacements and accelerations at
crossings. In particular it has been investigated whether these changes could be detected
robustly. I.e. would the established relations between faults and changes in structural
response be qualitatively the same for a range of traffic and track conditions.
5.3.1. Simulation model
A simulation model for this purpose was built in multi body simulation code Simpack 10.
Traffic is represented by a single wheelset with nominal S1002 wheel profiles which is
constrained to a co-following bogie frame via bushing elements. As the dynamics of interest
here is in the order of 50-100 Hz the unsprung mass has by far the greatest influence on the
resulting wheel-rail interaction forces and it is not necessary to include a full vehicle model
in simulations. The track consists of a flexible track section created using Simpack’s
FlexTrack-module. The present investigation has used a regular straight track section with a
crossing rail and a check rail to represent the crossing panel. The crossing rail represents a
turnout with a 760 m radius, crossing angle 1:15 and rail profile 60E1. The geometry for the
crossing’s running surface is taken from 11.
The layout of the modelled track section is shown in Figure 5.13. The track model is 15
metres long. Both rails and sleepers are modelled using flexible bodies. The connections
between rails and sleepers are modelled using bushing elements with linear stiffness and
damping. The ballast properties are also modelled using bushing elements with linear
stiffness and damping. These bushings are connected to the sleepers at a number of discrete
points and connect them to rigid ground.

Figure 5.13. Screenshot of wheelset-track interaction model
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The track model was constructed for Simpack as follows. First individual rail sections and
sleepers were modelled in Abaqus using beam elements. Using the super element extraction
method in Abaqus, modal representations of the individual bodies were created using a
Guyan reduction method. Then these modal representations were converted into flexible
bodies in Simpack. Then the track section was built up using the FlexTrack module in
Simpack where the individual track pieces are positioned and connected using resilient
elements. The nominal track properties are presented in Table 5.2 and the track
discretization details are presented in Table 5.3.
Property

Value

Pad stiffness
Pad damping coefficient
Ballast stiffness
Ballast damping coefficient
Crossing rail weight per metre
Crossing rail area moment of inertia (for
bending in the vertical plane)
Sleeper weight
Sleeper area moment of inertia (for bending in
the vertical plane)
Sleeper spacing

100kN/mm
15Ns/mm
40kN/mm and metre length
50Ns/mm and metre length
180kg/m
Iy=61e-6 m^4 (two times that of a 60E1)
336.6 kg (2.56 m long)
Iy=224E-6 m^4
0.6 [m]

Table 5.2: Track properties

Sleeper FEM
Rail FEM
Sleeper Flex Body
Rail Flex Body
Rail degrees of freedom
Sleeper degrees of freedom

7 cm between nodes. 37 nodes in total
5 cm between nodes.
19 nodes per sleeper
15 cm node spacing
Vertical and lateral
Vertical

Table 5.3:Track model discretization properties

5.3.1.1. Track model properties
The receptance response for an excitation load applied in the middle of the crossing can be
seen in Figure 5.14. The nominal track stiffness is 100 kN/mm and there is a first resonance
peak at about 60 Hz where the rail and sleepers are oscillating in phase and a second close
to 200Hz where the rail oscillates relative to the sleeper on the pad stiffness. The figure also
includes the cross-receptance for the response at the far end of the track section. It can be
observed that even if the track section is short, the boundary effects for the wheel-crossing
interaction due to the modelling procedure should be minimal. The displacements at either
track end during simulations are also negligible. Comparing the receptance curve of Figure
5.14 to that of Figure 5.3 it can be observed that the two track models – although different –
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exhibit a qualitatively similar response with a larger resonance peak between 50 and 100 Hz
where the track is oscillating on the ballast stiffness and a smaller peak close to 200 Hz
where the rail is oscillating out of phase with the sleepers.

Figure 5.14: Track receptance (top) and phase delay (bottom) as a function of frequency for harmonic force
excitation at the crossing nose. Responses plotted for the load application point at the crossing and the end
of the rail section

5.3.1.2. Example measurements
Example simulation output data from the model is shown in Figure 5.15. In the upper graph
it can be observed how the vertical displacement at the crossing for traffic at 160km/h is in
close resemblance to quasi-static results but for the bulge after the crossing transition where
the vertical load on the crossing increases. The passing of the measurement point is
indicated with the vertical dashed line. The corresponding time history for the vertical
contact force is shown in Figure 5.16 with the crossing impact load starting at 0.15 s. The
duration of the impact is about 1/100 of a second which correspond to previously measured
impact loads in Haste 1 and Eslöv 9.
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Figure 5.15: Top: Vertical crossing displacement for a simulation case with nominal track parameters and
crossing nose at 160km/h compared to the displacement obtained under quasi-static loading. The node
location is indicated with the dashed vertical line. Bottom: Vertical acceleration for the same node and
simulation case. Signals are low-pass filtered with a Butterworth filter at 250 Hz

Figure 5.16: Time history of vertical wheel-rail contact force Q during the crossing transition. Results have
been low-pass filtered at 250 Hz using a Butterworth filter

5.3.2. Design of Experiments
In order to study the correlation between track faults and measured structural responses, a
two level full factorial design was created using the Box Hunter Hunter model 12. The
parameters included in the DOE and their high and low levels are presented in Table 5.4. The
parameters considered in the DOE are speed, crossing impact angle, rail pad stiffness and
ballast stiffness (the associated damping coefficients change in proportion to the change in
stiffness). The impact angle for the low level correspond to the impact angle that the
wheelset sees as it passes over the nominal crossing geometry in a dynamic simulation. The
increased impact angle was obtained by increasing the inclination of the wing rail and the
crossing nose in the traffic direction. The difference in vertical wheel trajectories during the
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crossing transition can be seen in Figure 5.17 and the track properties for the four different
track property settings are presented in Figure 5.18.
The considered outputs or responses are maximum vertical displacement (umax), maximum
vertical acceleration (amax) and maximum vertical contact force magnitude (∆Qmax =
maximum load minus static load) during the crossing transition.
Parameter
Speed
Crossing impact angle
Rail pad stiffness
Ballast stiffness

Low Level
80 km/h
6 mrad
80 kN/mm
40 kN/mm and
length

High Level
160 km/h
12 mrad
160 kN/mm
metre 80 kN/mm and
length

metre

Table 5.4: High and low levels for factorial design

Figure 5.17: Vertical wheel trajectories for wheels passing over a nominal and a modified crossing geometry
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Figure 5.18: Receptance (top) and phase delay (bottom) for the four track stiffness configurations used in the
DOE

The full factorial design was evaluated by running simulations for all 16 parameter
combinations. Three different objectives were evaluated. These are the vertical
displacement and acceleration of the crossing rail at the crossing transition and the
magnitude of the vertical impact force at the crossing transition.
All measurement outputs were obtained after low pass filtering of the simulation output
data at 250 Hz using a Butterworth filter.
Effects were calculated according to Equation 1. In words this equation calculates the
difference in average response for a given output when a given parameter at its high and
low level respectively. By doing so a more robust measure of the influence of a given
parameter is obtained compared to the case of just varying one parameter at the time.
Effects were calculated for runs i=1,2,…16 and responses j=umax,amax,∆Qmax for the for
parameters speed, pad stiffness, ballast stiffness and impact angle. In order to present the
effects in percent the differences were normalised by the average measure for all runs and
multiplied by 100.

Equation 1

5.3.3. DOE Results
The effects calculated according to Equation 1 are presented in Table 5.5 as a function of the
input parameters. For example it can be read from the entry in the first row and column that
the ∆Qmax value is on average 46.7% higher when the speed is 160km/h compared to when it
is at 80km/h. It can be observed from the table that magnitude of the impact force and
crossing accelerations are mainly influenced by speed and impact angle while the track
stiffness properties has a smaller influence. Meanwhile the crossing displacement is quite
equally influenced by the four parameters in terms of effect magnitudes.
Speed

K_pad

K_ballast

Impact angle

E∆Q,max

46.7

13.7

2.1

61.7

Eu,max

17.9

-26.8

-17.6

23.8

Ea,max

73.8

-8.1

-1.9

80.2

Table 5.5: Calculated effects in % for four track and traffic parameters and three responses

GA 635900

Page 77 of 108

In2Rail

Deliverable D2.4
Embedded & integrated sensors - System Design Selection Report [TRL5]

Figure 5.19: Correlation between displacement amplitudes and Q-force at different track stiffness
configurations. Results for all simulation runs in the DOE and quasi-static simulation results for all levels of
track stiffness

Figure 5.19 displays correlation between dynamic force amplitude and maximum
displacement for all 16 runs of the DOE. The dashed lines illustrate the force-displacement
relations under static loading. The result are grouped according to the four different track
stiffness configurations represented in the DOE. The variations in force and displacement in
each group is therefore caused by differences in speed and crossing geometry. It can be
observed that the track displacement amplitudes are not linearly proportional to the applied
load as the duration of the loading is too small to reach the displacement magnitude
associated with a static load. This behaviour is consistent with the frequency dependent
displacement magnitude as shown in Figure 5.6 and Figure 5.14.

Figure 5.20: Correlation between Q-force impact amplitude and acceleration levels
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In Figure 5.20 it can be observed that there is a strong correlation between the recorded
acceleration and the amplitude of the dynamic impact load. As understood from Table 5.5
the main variations in acceleration and force magnitudes come from variations in speed and
crossing geometry.

Figure 5.21: The maximum vertical crossing acceleration (normalized by vehicle speed) plotted as a function
of the maximum vertical crossing displacement for wheel passages under varying track and traffic conditions.
The maximum values are taken from simulation results that were filtered at 250 Hz using a Butterworth Low
Pass Filter

It can also be observed that there is a systematic difference in the relation between force
and acceleration amplitudes where the track configurations with foremost a higher ballast
stiffness display higher impact loads and lower accelerations and vice-versa for the
configurations with lower ballast stiffness. These differences relate to the frequency
dependence of the acceleration response for loading at different frequencies as shown in
Figure 5.6.
Figure 5.21 illustrates the relation between the vertical crossing displacement and the
vertical acceleration normalised by speed of the passing wheelset. The acceleration is
normalised to get rid of the strong proportionality between speed and acceleration
illustrated in Table 5.5. The different crossing geometries create a distinct separation in
acceleration levels between the results stemming from the two different crossing
geometries. Further it can be seen that for each crossing geometry, displacement amplitudes
increase with decreasing stiffness levels. Even though the trends are not perfectly
orthogonal, the results suggest that vertical crossing accelerations are mostly correlated to
impact loading while changes in displacement amplitudes are mostly correlated with
changes in support stiffness. From a condition monitoring point of view, the results suggest
that if both displacement and acceleration amplitudes are monitored over time it should be
possible to separate changes in crossing geometry status and track stiffness/settlement
status based on how these measurement quantities evolve over time.
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5.4.Summary and conclusions for simulation based investigations of crossing
instrumentation
The following conclusions are drawn from the results presented previously in this chapter.
The structural response of a crossing panel excited with a stationary harmonic load at the
crossing transition is strongly frequency dependent. The frequency dependence varies
however depending on the response or instrumentation parameter considered. In this study
it was found that the shear strain measured on the neutral line of the crossing showed little
frequency dependence and thus provide a reasonable proportionality with an applied force
up to at least 200 Hz. Quantities that are proportional to the global bending deformation of
the crossing such as the vertical displacement and longitudinal strains along the bottom of
the crossing showed a greater frequency dependence. The greatest frequency dependence
was found for accelerations.
A sensitivity analysis was performed where it was investigated to which extent different
instrumentation parameters were able to identify vertical loading without interference from
lateral and longitudinal loads. It was shown that while measurements of vertical
displacements (and implicitly accelerations), pad forces and longitudinal bending strains saw
acceptable levels of interference, the shear strain measurements on the neutral line were
sensitive also to the application of longitudinal and lateral loads making this instrumentation
unsuitable to provide estimates of vertical loading in the present configuration.
Considering the results of these two first investigations, measurements of vertical
displacements and accelerations were considered to be the most promising structural
responses to utilize for condition monitoring purposes as these measurements saw little
interference from longitudinal and lateral loads. They do show a significant frequency
dependence in their response to an applied stationary load, however. One can therefore not
assume that a static calibration of sensors in track can give an accurate estimate of dynamic
loads. On the other hand the frequency of impact loads at crossings are related to the track
stiffness properties, and as the variation in those parameters is limited (especially for a given
asset), the variation in impact load frequencies will also be limited which reduces the
influence of the frequency dependent response. It is also the case that absolute estimates of
load magnitudes are not necessarily required for condition monitoring purposes.
In order to investigate whether changes in track properties could be detected via
measurements of displacements and accelerations at crossings, a parameter study was
performed via a two-level factorial design study evaluated via simulations of dynamic
wheelset-crossing interaction. The input parameters considered were pad stiffness, ballast
stiffness, speed and crossing impact angle (representative of crossing geometry degradation).
The responses considered were the maximum vertical wheel-crossing impact force as well as
the maximum vertical displacement and accelerations during a wheel passage.
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It was found that changes in speed and crossing impact angle gave a different structural
response compared to changes in support stiffness via changes in pad and ballast stiffness.
While changes in speed and impact angle were strongly proportional to the vertical crossing
acceleration, they had a comparatively small influence on vertical crossing displacement.
Changes in stiffness on the other hand were mostly proportional to changes in
displacements and less so to changes in accelerations normalised by the vehicle speed.
Given these results, it is therefore suggested that by tracking maximum vertical
displacements and accelerations of crossings over time, it should be possible to
independently identify changes in track stiffness and crossing geometry degradation
respectively.
These studies have been focused on the qualitative assessments of instrumentation
configuration than determining the exact relation between track fault and response in a
general case. Even though the results presented in this report can provide guidance on this
matter and be used as a starting point, knowledge of (preferably dynamic) track properties
would be required in order to more precisely correlate the relation between track status and
structural response. For example the simulations presented in these investigations have
shown that a stiffer track results in impact forces of greater magnitudes while the
accelerations are lower. The associated correlation between measurement signal and track
fault would thus have to be site dependent if an accurate relation between measured
structural responses and loads and track condition should be obtained.

5.5.Future Work
Given that structural responses and their relation to crossing panel conditions are inherently
site specific, it would be of interest to investigate procedures for self-calibrating systems
that estimate for example the static and dynamic stiffness of a turnout after installation. This
calibration can then be used as a reference for future condition assessments increasing the
accuracy of the same. One way of performing such calibrations could be through machine
learning.
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6. Solution Architecture
This chapter discusses possible design of a sensor system to capture condition data for S&C.
The separate module of this solution consists of sensors, gateway, data storage, analytic
tools, decision tool, presentation and communication.
It is divided into hardware architecture and software solutions.

6.1.Hardware Requirements
This hardware description is limited to sensor specific hardware. S&C do have a normal
infrastructure of electrical cabling, to some extent also Ethernet connection. Embedded
systems include sensors at the S&C, at the interlocking and stand-off equipment. The choice
to use wireless or cabled solutions is a question of amount of data and the possibility to use
cables, so these solutions are described separately.
6.1.1. Wireless sensors in track
Trafikverket and DB has tested a wireless sensor for acceleration measurements during the
last year. The sensor is fastened on a sleeper and measure the acceleration of all passing
trains, see Figure 6.1. Battery needs to be rather large to measuring around 100 train
passage per day (~30 minutes/day). Even at active power consumption of just 50 mA it gives
a need of 10 Ah/year, still not sending any data which will consume in the same order if
transmitting every day.

Figure 6.1: A sensor at a crossing in Algutsgården, Sweden
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From Trafikverket side the requirement on next generation sensor will be up to 5 years life
time of battery assuming recording 20 trains per day (that is about 4 hours active time) and
sending compressed data daily.
Wireless sensors needs to be activated when a trains comes, which can be done by wake on
shake sensors. In sleep mode electronics can consume less than 50 µA and therefore only
active time is necessary to minimize.
Energy consumption on sending depends on type of communication, which can be WiFi, 4G,
LTE or NBIoT shown in Figure 6.3. The best way to minimize energy consumption is to
minimize the amount of data sent and choose a technology that use less energy per byte
sent and limit the number of occasions that data needs to be sent, see Chapter 6.1.5.
Edge computing will be necessary to minimize the need of transmission. Filtering a collected
signal of 4 000 Hz to 500 Hz gives a reduction of 75 %. Further computation could be
calculating the values of acceleration and deflection for each axle. This will only be possible if
the train type is identified, because the length between axles needs to be known to estimate
the speed of the train.
Besides the accelerometer there are a number of application of more static measurements.
For railway application, sleeper tilt, ground water level and temperature are commercial
available. As these sensors collects much less data battery life time of 10 years are promised.
6.1.2. Wired sensors in track
Possibility to have cables in S&C should be described. Cables already is a reality for switch
heating switch temperature measurement, signalling equipment in combination with point
machines and so on.
Sensors should only be directly connected to a unit that can convert the signal into a digital
data stream, so the logger can be connected to several sensors. The communication to the
logger can be realized by using just a few wires to all sensors (One Wire and CAN) or
dedicated cables to each sensors (IEE 61131-9:2013, I2C). From the logger the data can be
communicated to a central server by 3G/4G, ethernet or WiFi or other available technologies.
6.1.3. Wired sensors in cabinet/interlocking system
Commercial available system to measure current for point machines are placed in the
interlocking cabinets. These systems are wired as described in Chapter 6.1.2. The
communication is done by using cellular solutions. Example of this has been described in
Chapter 4.5.
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6.1.4. Standalone observing equipment
Cameras are normally wired and have a need of a high bandwidth communication as it
should be able to stream videos. Test of a battery driven camera has been performed in a
project at Luleå University of Technology. The battery capacity limits the amounts of data
that can be sent and the solution can be just to send data only on demand.
Other standalone equipment could be laser scanners, which also normally should be wired.
6.1.5. Cellular communication
Communication by 2G/3G/4G/LTE is used for mobile communication and is widely spread.
3G and different levels of LTE has a cover also outside the larger cities. In Figure 6.2 is shown
the cover for 3G. For Southern part of Sweden the cover of 3G is normally good, the west
part of northern Sweden is not always covered by 3G and instead 2G is necessary to use. A
special development for IoT solutions is LTE-M for machine type communication which
enables lower power consumption at the same transmission rate as for LTE Cat. 0.

Figure 6.2: Cellular cover in part of Sweden where South and West mainlines are branching (Katrineholm).
Dark colour marks excellent coverage

By using cellular communication there is no need of a gateway on the other hand the
communication cost will be higher.
Energy consumption on sending depends on type of communication, which can be WiFi, 4G,
LTE or NBIoT shown in Figure 6.3. The choice of communication speed affects the energy
consumption most though higher speed means shorter time. 3G/4G consumes 5 mW and
Sigfox 0.05 mW. As the transmission rate is about 10 000 times faster with 4G [2]. LTE M is
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assumed to use less energy than LTE Cat 0. Besides sending data time is spent on
establishing connection.

Figure 6.3: A number of existing protocols for IoT

Another aspect of wireless communication is range, where the demand should be at least
300 m or even 1 km. 3G, 4G, LTE Cat. 0, LTE M and 802.11ah and fulfil these demands. Even
LoRa is a candidate if they can reach 50-100 kbps in transfer speed.
In certain areas cellular communication has the problem of less good coverage, in deeper
valleys and tunnels repeaters might need to be used as the signal can be very weak.
6.1.6. Wireless communication based on 802.11 (Wi-Fi)
Wi-Fi communication with 2.4 and 5 GHz frequency is standard for laptops and smartphones. The normal outdoor range for 802.11ac routers are less than 90 m but can be
extended up to 300 m by using dedicated antennas. Even so the range might be the biggest
problems for using this technology. 802.11ah is based on 900 MHz frequency and can
therefore be used up to 1 000 m [1]. Wi-Fi routers are not as reliable as cellular
communication and it must be discussed how to keep a high reliability for the Wi-Fi solutions.
Another challenge is that no infrastructure for Wi-Fi exists along tracks today. The cost for
investment to be made into the communication infrastructure as well as the operating
responsibility for ensuring a high network availability must also be considered.
6.1.7. Low power long range protocol
Protocol for 10 km and longer ranges such as Sigfox and LoRa do not have the ability of high
speed communication and are limited to 100 – 1000 bps. Sigfox also are limited in message
length and number of messages per day. For accelerometer application it does not seem to
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be appropriate, as raw data cannot be fully transmitted. For other application it is a
possibility, as soon as their coverage is large enough.

6.2.Software Requirements
6.2.1. Canocial Data Model
In WP 8 the two major subjects are the Integration Layer and Generic Application
Framework. In the integration layer requirements and architecture for real-time status and
performance data from the network will be described.

Figure 6.4: Task description of WP 8

For S&Cs there are no detailed description yet, but will be part of future work in Shift2Rail
(for instance in the In2Smart project). Here is given an example of what meta-data that is
needed included to ensure the possibility to make good analysis of the condition of the
specific asset.
1) Data about the asset (now assuming it is S&Cs)
a. S&C Identification number
b. Station
c. Track number (id)
d. Position in the railway net (Relative to fixed nodes, GPS, Km and m)
e. S&C type
2) Data about the sensor
a. Type of measurement
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b. Type of sensor
c. Sensor Id
d. Positioning within the asset
e. Calibration

3) Data about the measurement
a. Date/time
b. Sample rate (spatial or in frequency)
c. Units for data
d. Direction for movement of switchblade
e. Sample direction (x,y,z)
f. Temperature
g. Humidity
h. Battery left (% or in voltage)
UIC is developing an infrastructure model that is called RailTopoModel [3]. The aim for the
RailTopoModel is to be a systemic model describing the railway infrastructure per its nature
supporting all railways identified business needs, including the following concepts:


topology: the logical representation of the iron network as a graph model;



objects & events location:
‐ spot,
‐ linear,
‐ area.



paths: the possible movements on the track and nodes;



referencing systems: geographic and screen (schematic) coordinates, Linear
referencing, mileage posts and “rail addresses”;



multilevel aggregation: tracks, lines, corridors, etc.;



track Geometry.

This developed RailTopoModel will be the base for railML 3, a new version of the data
exchange format.
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6.2.2. Protocol for standardised communication
RailML is a markup Language, similar to XML. A markup language is used to standardise the
exchange format between different computers which RailML does for railway application.
RailML is still under development and regarding S&C it needs to evolve to also include
components (i.e. frog, blade, point machine etc.). Time series data has not yet been defined
within RailML to be sent in binary files.
RailTopoModel is developed by UIC to give a common standard for railway infrastructure. It
is a logical object model that has been designed to standardize the representation of railway
infrastructure-related data. Due to its generic character the RailTopoModel can be applied to
many different use cases in the railway domain. The RailTopoModel®is defined as
International Railway Standard IRS 30100, which is published by UIC.
There is a collaboration between the organisations for RailML and RailTopoModel to give a
complete toolbox for data exchange.
6.2.3. Gateway (Concentrator)
A local gateway solutions is possible by using 802.11 protocol. In case of using cellular and
long range protocol no local gateway is needed. What makes the local gateway attractive is
that a limit number sensor are communicating which should minimize the queuing and
delays time if many sensors are reporting to the same server at the same time. Another
benefit is that edge computing can be implemented at the gateway. The third reason to use
a gateway is that already here the protocol can be standardised by using RailML.
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Figure 6.5: Local gateway solutions

6.2.4. Direct communication to servers
The commercial system for railway application available today have used cellular
communication in their solutions. The most obvious reason is that local gateway
infrastructure is lacking. Another reason is that there is no dependency to another partner
that should arrange the local gateway.
Both for the POSS solution and a solution from Rail monitor several sensor of the same kind
are connected to one gateway before the data is sent by cellular technology to the server. As
far as Trafikverket knows only cellular communication has been used for railway application
as the low power net that Sigfox and LoRa are using still does not exist outside well
populated areas in Europe.
The capacity for the receiver at the server side needs to be relatively large as several
thousands of sensors might want to communicate in a short time period.
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Figure 6.6: Cellular communication directly to servers

6.3.Edge computing
Edge computing is calculations that can be made at the sensor before data is sent. For
accelerometers the following computing can be identified:






axle counting;
vehicle identification;
low pass filtering of data down to 250 or 500 Hz;
Fourier transformation to find frequency peaks;
calculating:
‐ speed of train,
‐ deviation per axle,
‐ deviation between two axles,
‐ acceleration per axle,
‐ acceleration between two axles.

Similar analysis can be made also for strain gauge or deflection measurements.
For camera application, identification of debris or snow between switch rail and stock rail
could be an example of edge computing.

6.4.Analytic platform
A central piece of the architecture is the so called “analytic platform”. The analytic platform
is a constellation of data-storage and computation servers plus a user interface, which has
the main purpose of “data fusion”, i.e. merging, associating and aggregating data from a
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broad range of sensors (acceleration, temperature, electric current etc.) and other data
sources (maintenance data etc.) into a central situation overview.
In detail, the analytic platform would provide the following functions:
a) Persistent storage of raw sensor data and other data sources: Incoming data in the
system is treaded as kind of “immutable golden source”, which is kept facilitating
future analysis and allow searching for new correlations or insights. As the purpose of
analysis, or the effects which shall be analysed are not necessarily known at the time
of data recording, persistent data storage can typically not be implemented as a
conventional/relational database. The implementation scheme will have to follow a
loose, often graph-like structure, however advanced implementations provide a
diverse set of search functionalities to explore the raw data set.
b) Persistent storage of sensor context: For correct interpretation of sensor data, the
context in which data was captured is important. An advanced implementation of the
analytic platform will thus, besides the actual sensor data, also need to store a range
of “meta-data” about the deployment context of the device (switch number, switch
type, exact position of each sensor, sensor type and sensitivities, sample rate), time
(date, time of day), train (type, travel direction, speed, uninominal behaviour such as
wheel flats, see point c and d), climate (outdoor temperature, precipitation),
maintenance execution etc.
c) Coordination with train dispatching system when this is possible will give information
about the train that can be stored, such as train number, direction, axle weight,
number of axles
d) Automated data-processing: To provide an up-to date situational overview, incoming
data will be automatically processed and interpreted. Such processing typically
includes the transformation of data (e.g. from acceleration to displacement) but also
the extraction of derived information, such as identification and classification of train
types from a displacement pattern (“train-fingerprint”), train speed or automatic
identification specific effects of a train – e.g. flat wheels. To effectively perform these
identifications and classifications the use of state-of-the art machine learning and
artificial intelligence technologies is mandatory. Multidimensional correlations and
associations between data that enable a more precise condition interpretation must
be automated, too (e.g. acceleration pattern normalised for speed and train type as
written in the previous chapter). Advanced implementations might maintain
probabilistic models of infrastructure health, potentially using the concept of “digital
twin” of infrastructure components, to allow continuous surveillance and monitoring
of rail infrastructure and facilitate the analysis outlined in chapter 1. An ideal
platform would additionally provide some kind of anomaly-detection, i.e. an
intelligent mechanism that recognized whether measured data shows patterns,
which strongly deviate from usual usage patterns, although it might not be clear
what is causing this pattern. The analytic platform would thus act as an intelligent
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assistant, which continuously monitors and evaluates incoming data, pointing the
user’s attention to developing issues in the infrastructure, allowing the user to set
configurable alert criteria.
e) Spatial and temporal organization of raw data: The analytic platform ideally would
superimpose the rail network infrastructure on captured data, such that captured
data can be correctly associated to the geographical measurement point, which in
turn can be associated to e.g. weather conditions which applied to a certain
geographical region or larger maintenance programs which were performed. The
analytic platform would also support association over time, e.g. allow the detection
of trends.
f) Graphical user interface & statistical aggregated annotations: The analytics platform
should provide a graphical user interface to explore captured data and visualize the
computed situation. The user interface should thus show data associated with
infrastructure components (e.g. switches) and provide various aggregated statistics
(e.g. the evolution of trends at that switch over time, per train type, normalized overs
speed) with drill-down functionality over various levels of disaggregation down to
raw data. An ideal implementation would allow annotations to be made by the user
to mark interesting areas for further analysis or communicate important effects to
other users (organizational knowledge management). A user must be able to select
several assets/switches based on a variety of characteristics (e.g. location,
responsibility, allowed speed, sleeper type, etc.) and compare them with another
group. This will support the user in additional analysis tasks driven from a railway
maintenance and investment point of view which do not require knowledge of signal
processing or pattern recognition.
In principle, the analytic data platform is a “big-data” system. However, as the future
intended use shall support real-time infrastructure surveillance and monitoring (including
the use of edge-processing devices), it will be not advisable to organize the analytics
platform in a classical big-data lambda architecture, with pipeline processing as its major
architectural pattern. Instead a message-bus based, reactive architecture is envisioned to
deploy also intelligent strategies for controlling edge devices in a way that statistically
meaningful data can be provided, while minimizing data volumes to be transferred to the
backend.
It is foreseeable that especially the processing part of the architecture might require
substantial computational resources, including the use of parallel computing graphical
processing units (GPUs).
To facilitate growth in the system’s coverage of the rail network, to keep deployment costs
manageable it is expected that the analytics platform should be “cloud-hosted”. Assuming all
regulatory requirements in terms of protection of sensitive infrastructure data are met, an
important economic aspect for the system will be its support for controlling cost. The
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analytics platform should include mechanisms to automatically scale resource consumption
up and down depending on the rate of data injection, processing intensity and number of
users on the system. To achieve an economically optimal costing scheme, it is make use of
software virtualization techniques, namely to “containerize” the analytic platform making
use of techniques like “Docker” or “Kubernetes”, such that nodes for “sharding” (large scale
distributed data-management) and processing can be started and stopped as needed, but do
not consume pay-per-use costs when the system is running on low intensity.

Figure 6.7: Architecture of Analytic Platform and Model for Interaction with other Systems based on
discussion between Trafikverket and Konux

6.4.1. Visualisation of measured data
For acceleration the following data should be possible to compare and visualize:






normalised mean and standard deviation of acceleration per train type;
mean and standard deviation of deflection per train type;
rail wear from rail profile measurement;
dip from rail profile measurement;
dip from track geometry measurement.

For switch blade movement the following data should be possible to compare and visualize




measured current compensated for outdoor temperature relative to a normalised
curve (Normally the current is divided into a number of phases, so each phase can be
studied individually or combined);
movement direction.

Acceptable threshold that can be used for each parameters must be derived. These
threshold are not one fixed number, rather a function of input parameters (that is it will
depend on the S&C type, train type etc).
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Depending on the condition of the output data and the threshold are used to categorize the
condition into different levels such as good-acceptable-bad, normally shown as colours
green-yellow-red. One way to show data is to show it on a map, illustrated in Figure 6.8.

Figure 6.8: Illustration of how to represent acceptable to bad levels of measured data. Applied on Western
and Southern main line in Sweden

6.5.Proposed hardware solution
A hardware solution that simultaneous can measure up to 4 different signals would be of
interest for future work. Either it can be used out on a sleeper measuring acceleration or in
the point machine measuring movement of switch blade. The proposed communication
technology can be based on LTE M which today is the most developed standard for IoT
communication, but can be replaced by competing technology when those will get more
mature.
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Figure 6.9: Hard ware solution for a sensor unit

The sensor unit is equipped with a fast enough processor to be able to work with up to
80 000 Hz sample rate. A/D converter of at least 16 bit resolution is needed and one A/D
converter can be used with a multiplexer that can switch between several different input
sources. With four sources each channel can be sampled a 20 000 Hz and with one active
channel up to 80 000 Hz can be used. An amplifier is necessary both for current
measurement and measurement of strain gauges. In the latter case a Wheatstone bridge is
used and that can be realised by using up to 6 cables out to the sensor. Other sensors such
as external accelerometers do not need an amplifier and can be directly connected to the
multiplexer.
To wake up the sensor there is a need of a triggering signal. For acceleration this is possible
by using wake on shake units that triggers on a very low acceleration (less than 1 g). If motor
current is used for triggering the wake up must be able to done from an external source.
6.5.1. Power source
Battery powered solution is preferred, as previously stated. All batteries loose capacity at
low temperatures. However, some batteries becomes more or less inoperable at sub-zero
temperatures, while other can withstand for example −20°C and −40°C. Lithium batteries
(non-rechargeable) and lead–acid batteries (rechargeable) can continue to function at −20°C
and −40°C. However, lead–acid batteries may have two digits discharge rate per month, and
are therefore not a feasible long-term power source if not charged. Lithium batteries, on the
other hand, can have a self-discharge rate of 0.5 % per month. Drawbacks of a lithium
battery solution are cost and somewhat poor discharge rates. An alternative is reachable
Lithium-ion batteries, but equally costly, with poorer self-discharge rates of for example 2 %
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per month. Other common battery types are alkaline and li-Po, but both have poor lowtemperature performance. Therefore, a lithium battery type is suggested for the hardware
solution. Note that the allowable discharge rate has to be considered in the hardware design.
6.5.2. Wake-up function
Wake-up function based on MEMS accelerometer has been demonstrated in track to be
effective; see Figure 6.10: Test of three MEMS wake-up circuits of the same model, TRV and
LTU (Lindqvist, 2017) The figure shows a frame from a video filming three MEMS
accelerometers of the same model, with a built in wake-up function. The video frame is at
the point in time when the circuits are woke up by the train vibrations, and then turns on
LEDs (blue pointing arrows). Wake-up functions are found integrated into some MEMS
accelerometers. Thus, a wake-up function should be integrated, as a part of the vibration
data capturing accelerometer or in a separate cheap accelerometer.

Figure 6.10: Test of three MEMS wake-up circuits of the same model, TRV and LTU (Lindqvist, 2017)

6.5.3. Microcontroller
The microcontroller of the hardware can be either a dedicated programmed microcontroller
or a more generic microcontroller, such as Arduino-based microcontrollers or Raspberry Pi
computers. Whichever chosen, the reliability of the system depends on how thoroughly the
uploaded code have been tested. Ampere consumption of some common microcontrollers is
shown in Table 6.1. Those microcontrollers are low consuming chips, however, there are
chips consuming even less power, but those has not been reviewed within this study.
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Arduino Uno

Raspberry
Arduino Mega Raspberry Pi
Raspberry
Pi 1 Model
2560
3 Model B
Zero
B+
ATmega328 ATmega2560 BCM2837 BCM2835 BCM2835

Arduino Nano

Microcontroller
ATmega328p
Ampere consumption
(2)
(1)
(2)
(7)
(7)
144
19
79
340
190
[mA]
Ampere consumption –
(5)
(2)
(6)
(8)
(8)
47
35
53
400
330
2nd source
(8)
(8)
Operating voltage [V]
5
5
5
5
5
Clock speed [MHz]
16
16
16
4x1.2 GHz 4x1.2 GHz
Flash memory [kB]
32
32
256
SRAM [kB]
2
2
8
1 GB
1 GB
EEPROM [kB]
1
1
4
(1)
arduino.cc
(2)
tlextrait.svbtle.com
The same mA for not blank and blank sketch
(3)
Microship
Manufacturer datasheet mA
(4)
Sparkfun
mA for blank sketch
(5)
gadgetmakersblog.com
(6)
tpcdb.com
(7)
Pi-Top at Youtube
Baseline (no peripherals) mA
(8)
raspberrypi.org
Baseline (no peripherals) mA
(9)
Espressif Systems
Manufacturer datasheet mA
(10)
pontificator at
No bluetooth mA
bbs.esp32.com
Table 6.1: Ampere consumption of some common microcontrollers

(8)

100

(8)

5
(8)
1 GHz
512 MB

Important microcontroller features for rail applications to consider includes power
consumption, inputs/outputs (analogue and digital), clock speed, flash memory, SRAM,
EEPROM, parameter/firmware updates, ADC and reference voltage. The flash memory is the
program/sketch space. The SRAM is where the sketch creates and manipulates variables
when it runs. The EEPROM is a long-term memory that can used by the programmer. The
flash memory of an ATmega328 will likely not be enough for the rail application in question.
The memory of ATmega2560 is enough for the requested functions. However, with signal
processing and data compression, the flash memory may not be enough. Similarly, the size
of the SRAM need to be considered in the code so it does not get filled up during data
acquisition and upload to remote server. Another memory consideration is if the firmware is
to be updated remotely using a bootloader. Nevertheless, SD card bootloader for ATmega
microcontrollers are available.
The clock speed is important for high frequency data acquisition. ATmega328/2560 can for
example be sufficient for 1 000 samples per second (SPS/Hz), but not for 10 000 Hz. A low
frequency application, such as rail sleeper displacement does not require a high sampling
rate, but on the other hand puts high demands on the accelerometer and the ADC.
If an external ADC is used for the accelerometer and it requires an external reference voltage,
ATmega microcontrollers have one integrated, but of low accuracy due to the 10 bit ADC of
GA 635900

Page 98 of 108

In2Rail

Deliverable D2.4
Embedded & integrated sensors - System Design Selection Report [TRL5]

the ATmega and the power supply. If the ADC requires an external reference, a voltage
reference diode should be supplied.
An advantage of having a dedicated microcontroller code is efficiency, while an advantage of
an Arduino-based microcontroller can be coding simplicity. The choice of microcontroller
strongly depends on the extent of implementation; a few sensors or thousands.
In conclusion, the microcontroller depends on the application (especially the sampling rate)
and the number of sensors to procure.
6.5.4. Accelerometer
TRV and LTU have tested a number of MEMS and piezo-electric accelerometers listed in
Table 6.2. Dytran 7509A4 gives satisfactory results at frequencies down to 1 Hz. Another
interesting MEMS accelerometer is ADXL354, considering the low noise density, but sensor
need to be tested further before performance and reliability can be evaluated properly.
Another manufacturer that makes sensors suitable for rail infrastructure applications is
Safran Colibrys, but has not been tested within the project.
Model

Range [±g] Noise

ADXL326, MEMS

16

300 μgrms/√Hz

ADXL354, MEMS
7509A4-05, MEMS

8
25

8315A100, MEMS

100

8703A50, piezo-electric
ADXL354

50
8

20 μgrms/√Hz, ±2 g mode
25 μgrms/√Hz
1.25 mgrms/√Hz, 0-100 Hz
12.5 mgrms, 0-100 Hz
–
20 at ±2 g mode

Bandwidth Mechanical
[Hz]
shock [g]
0.5-550 for
10000
z-axis
0-1500
5000
0-1500
5000

OEM
Analog Devices
Analog Devices
Dytran

0-1000

6000

Kistler

0-1500

5000

Kistler
Analog Devices

Table 6.2: Accelerometers tested within the project

There are also accelerometers dedicated for low frequencies, such as seismology studies,
but such sensors have not been included in this study. An alternative solution for both high
and low frequency (low g / low acceleration) measurements is to have one accelerometer
for high frequencies, e.g. 50 g, and one for low frequencies, e.g. 8 g. That is two
accelerometers in the hardware solution.
At present, the suggested sensor is Dytran 7509A4.
6.5.5. Temperature sensor
Temperature sensors are integrated in some ADC; see Table 6.3 in the ADC section further
down. An alternative is for example the digital sensor DS18B20.
6.5.6. Strain gauge
The challenge of integrating a strain gauge is the small voltage readings, measured in mV,
and possible drift of the measured value. Two methods are possible; amplification of the
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signal or use a high precision ADC. Both methods may have to be used for meeting the
required functionality. Since the hardware solution will include a high precision ADC, an
INA125P precision low-power instrumentation amplifier from Texas Instruments can be
integrated, which is the proposed solution. IN125P also includes a precision voltage
reference.
6.5.7. Current sensor
AC current can be measured using a non-Invasive current sensor responding to a magnetic
field through induction. Echun ECS1030-L72 is an example of such sensor with a split core.
For DC, an INA169 current shunt monitor can be used.
6.5.8. Digital interface sensors
The advantage of digital interface sensors is the integrated ADC. Those sensors have less
options regarding analogue and digital filters. An analogue filter has shown in tests within
the project to be advantageous at low frequency measurements, such as sleeper
displacements. Such a filter of the first order has also been applied by Milne et al. (2016) in
railway infrastructure. Our experience is that a second order analogue filter is preferable.
6.5.9. Multiplexed analog-to-digital converter (ADC)
Following the hardware requirements, example precision ADCs are given in Table 6.3. TRV
and LTU have tested ADS1115 and ADS1202 with acceptable results for
acceleration/displacement measurements on sleepers. Note that ADS1253 requires an
external reference voltage. Thus, ADS1262 is the preferred choice out of Table 6.3 for
sample rates above 2 kHz. All four ADCs have multiplexed multi-channel inputs with
differential input type. ADS1115, ADS1220 and ADS1262 have in addition single-ended input.
ADS1220 and ADS1262 comes with integrated temperature sensor.
Resolution
(Bits)
ADS1115 16

Sample
rate (max)
[SPS]
860

Input
ch.
[no.]
4

Power c.
(typ.)
[mW]
0.3

Digital
InterArchitecture supply
face
(min.) [V]
I2C
Delta-Sigma 2

Digital
Op. temp.
supply
(°C)
(max.) [V]
5.5
-40 to 125

ADS1220 24

2000

4

1.4

SPI

Delta-Sigma

2.3

5.5

-40 to 125 3.95

ADS1253 24
ADS1262 32

20000
38000

4
10

7.5
27

SPI
SPI

Delta-Sigma
Delta-Sigma

4.75
2.7

5.25
5.25

-40 to 85 8.40
-40 to 125 8.90

Part no.

Approx.
price
(US$)
2.30

Reference
mode
Int
Ext, Int,
Supply
Ext
Ext, Int

Table 6.3: ADC circuits specification – excerpt from ti.com

6.5.10. Data storage
Collected data can be stored using an integrated or replaceable flash memory. The service
life of a flash memory depends on whether it has wear levelling or not. The number of erase
cycles of a single memory segment is counted in thousands, and for a flash memory with
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wear levelling, it is of 100 000 to 1 000 000 cycles. The number of erase cycles of a flash
memory depends on the size of it. An over-sized memory can therefore be used for
extended life. Therefore, an integrated or replaceable memory may not matter in many
railway applications, but the number of write/erase cycles should be calculated upon
specification. This is not a concern for the proposed hardware solution.
6.5.11. Connectivity
For versatility, mobile network connection is suggested for the hardware set-up. Mobile
network enables IMs, supply chain and researchers to easily install an all-in-one data
acquisition system for temporary or long-term monitoring in track.
GSM/GPRS is the most common mobile technology used today, with both advantages and
disadvantages. A major limitations is its power consumption. When sending, current peaks
can reach 2 Amperes. Therefore cellular IoT (internet of things) technology is introduced.
Three such technologies are LTE-M (LTE Cat-M1), NB-IoT (LTE Cat-NB1) and EC-GSM-IoT. The
LTE-M and NB-IoT technologies are part of the Long-Term Evolution (LTE) standard,
sometimes labelled as 4G LTE, but since it does not meet all the requirements of 4G, it is also
called 3.9G. EC-GSM-IoT is a technology part of EDGE (eGPRS); sometimes called 2.5G.
Liberg et al. (2017), authors at Ericsson company, describes LTE-M as ‘intended to achieve
low device cost, deep coverage, and long battery lifetime, while maintaining capacity for a
large number of devices per cell, with performance and functionality suitable for both lowend and mid-range applications for the IoT’. Further, they describe NB-IoT as ‘intended to
achieve deployment flexibility, ubiquitous coverage, ultra-low device cost, long battery
lifetime, and capacity sufficient for supporting a massive number of devices in a cell’. Thus,
the technologies focus on two somewhat different areas within IoT.
EC-GSM-IoT is described by GSM Association (GSMA) as ‘based on eGPRS and designed as a
high capacity, long range, low energy and low complexity cellular system for IoT
communications’.
One feature that the three technologies have in common is that base stations only require
software updates, not any hardware update. A base station consist of two main parts, a
digital unit and a radio unit.
Data rates of the three technologies are shown in Table 6.4-6. The difference between
instantaneous peak and peak, is that the latter includes various control signals. 144 dB
referees to 144 dB coupling loss; a measure of coverage. Each technology supports a range
of data rates, which depends on a list of factors, such as coverage and transmitting power
(Figure 6.1.2). See Liberg et al. (2017) for a detailed description of the technologies.
Specification for some common mobile network modules is given in Table 6.7.
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Power consumption for data transmission (Tx) is about 500 mW at 23 dBm for all IoT three
technologies and 4 W for EC-GSM-IoT when sending at 33 dBm (Liberg et al. 2017). Typical
power consumption for GPRS in Tx, such as SIM900 module, is 250-500 mA at 3.3 V; 0.831.65 W.
144 dB [kb/s]

Peak [kb/s]

Instantaneous peak [kb/s]

Downlink

77

300

1000

Uplink

40

375

1000

Table 6.4: LTE-M HD-FDD data rates. 23 dBm device. Release 13 version the 3GPP. (Liberg et al. 2017)

Data rate, multi-tone

144 dB [kb/s]

Peak [kb/s]

Instantaneous peak [kb/s]

28*

63

250

*Multi-tone and 3 tones transmission gives similar performance at 144 dB coupling loss.
Table 6.5: LTE-NB-IoT NPUSCH Format 1 data rates. 23 dBm device. Release 13 version the 3GPP. (Liberg et al.
2017)

144 dB [kb/s]

Peak [kb/s]

Instantaneous peak [kb/s]

23 dBm device: Uplink, 8PSK

2.7

98

490

23 dBm device: Uplink, GMSK

2.7

51

154

33 dBm device: Uplink, 8PSK

40

98

490

33 dBm device: Uplink, GMSK

40

51

154

Table 6.6: EC-GSM-IoT data rates. 23 and 33 dBm devices. 8PSK and GMSK modes. (Liberg et al. 2017)
1

IoT support
Data rates
– LTE-M

SIM7000E
Quad-Band FDD-LTE
B3/B8/B20/B28
GPRS/EDGE 900/1800Mhz
CAT-M1 and Cat-NB1
UL ≤375 kbps
DL ≤300 kbps

Data rates
– NB-IoT

UL ≤66 kbps
DL ≤34 kbps

Supported
bands

SARA-N211

2

SIM900

1

B8, B20

Quad-Band GSM/GPRS,
850/900/1800/1900 MHz

Cat-NB1

–

–

–

UL ≤62.5 kb/s
DL ≤27.2 kb/s
(single-tone)

–

UL ≤236.8 kbps
–
–
DL ≤236.8 kbps
3
UL ≤85.6 kbps
UL ≤42.8kbps
GPRS
–
DL ≤85.6 kbps
DL ≤85.6 kbps
1
2
3
SIMCom datasheets, u-blox datasheets, UL: Uplink, DL: Downlink, More likely 42.8
Table 6.7 Specification for some common mobile network modules.
EDGE

As the data rate determines the transmission time, and thus, the power consumption, the
suggested wireless solution is LTE-M when applicable. Otherwise the hardware solution can
be prepared for LTE-M and include GSM/GPRS.
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6.5.12. Summarised proposed hardware solution
The proposed solution for a low cost solution is as per Table 6.8. For training and research
purposes, a prototype that can be assembled on a breadboard, or on a prototyping shield, is
proposed in the next Chapter. The prototype has similar characteristics as the proposed
hardware solution in Table 6.8.
Subsystem

Product

Power source

Li-Po for temp. ≥ 0°C
Lithium or lead–acid for temp. < 0°C

Wake-up function
Microcontroller

Integrated function of the accelerometer
See the corresponding section above

Accelerometer

Dytran 7509A4(1)

Temperature sensor

Integrated with ADC
Texas Instruments INA125P precision low-power
instrumentation amplifier

Strain gauge
Current sensor – AC
Current sensor – DC

AC: Echun ECS1030-L72 split core current transformer
DC: Texas Instruments INA169 current shunt monitor

Digital interface sensors

See the corresponding section above

ADC

ADS1262 for SPS at 38000 Hz
ADS1220 for SPS at 2000 Hz

Data storage
Connectivity

Integrated or replaceable flash memory with wear levelling
LTE M (LTE Cat-M1)

Clock

DS1307 RTC Module real time clock

(1)

With the option of including an analogue low-pass filter with for example a 32 kΩ resistor and a 0.1 μF
capacitor.
Table 6.8: Proposed hardware solution

6.5.13. Prototype for training and research purposes
An example of a prototype for training and research purposes is given in Table 6.9. The
prototype can be mounted on a breadboard. For assembly and programming, follow the
resource / example codes given in Table 6.9. Program each item one by one and merge the
physical components and the program code.
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Subsystem
Power source

Product
Lithium battery
Wake-on-shake
Wake-up
with
function
ATTiny2313A
and ADXL362
Arduino
Microcontroller
ATmega2560
Dytran
Accelerometer
7509A4(1)
Temperature
Integrated with
sensor
ADC
Texas
Instruments
INA125P
Strain gauge
precision lowpower
instrumentation
amplifier
AC: Echun
ECS1030-L72
Current sensor
split core
– AC
current
transformer
DC: Texas
Current sensor Instruments
– DC
INA169 current
shunt monitor
Digital
See the
interface
corresponding
sensors
section above
ADS1220 for
ADC
SPS at 2000
MicroSD
breakout
Data storage
compatible with
Arduino library
SD.h
Connectivity

SIMCom
SIM900

Clock

DS1307 RTC
Module

Resource / example codes
–
GitHub:
https://github.com/sparkfun/Wake_on_shake/tree/v1.1

www.arduino.cc
It is analogue
–
www.mechtechplace.net by Alberto Lavatelli

Link to example codes available at sparkfun.com

Link to example codes available at sparkfun.com

–

GitHub:
https://github.com/Protocentral/Protocentral_ADS1220
www.arduino.cc/en/Reference/SD

See for example the wiki of Seeed GPRS Shield V3.0
(wiki.seeedstudio.com/GPRS_Shield_V3.0) and use the
SIMCom SIM900 AT commands handbook and the
SIMCom SIM900 IP application guide
GitHub: github.com/sparkfun/RTC-Module/tree/v1.4
Table 6.9: Example prototype
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7. Technology Demonstration
Today there exist no single solution that is described in Chapter 6.5 on the market and the
project6 has separated this into several different test that has been made in the field. Field
test performed in Sweden has used both experiential equipment, commercialised and nearly
commercialised products.
Experimental equipment (see Chapter 4.1) used has been both for short term solutions that
can capture data up to days, but not for longer periods unless the equipment can be
permanently powered. There is one more disadvantage with highly qualified equipment and
that is the possibility of stealing.
Experimental equipment for learning (see Chapter 6.5) has also been used based on
ArduinoMega and ESP32 combined with Raspberry Pi. These can be seen as experimental
solutions that can capture data for a week up to some months depending on configuration.
As discussed in Chapter 6.5 processor frequency and resolution of the ADC are two key
factors. With ESP32 and the internal 10bit ADC the highest achievable sampling rate is
35 000 Hz, which does not qualified to be a final solutions. For accelerometers and
additional key factor is quality of the sensor element which seems to be possible to solve
with today’s low cost MEMS if the requirements are modest, as mentioned in Chapter
4.1.2.1. With higher demands the cost will be higher.
The nearly commercial product evaluated has been a fully battery operated accelerometer
sensor that can be mounted on a sleeper and measuring acceleration at that position and is
capable of sending information about 10-100 trains per day depending on requirement on
battery life time and a good connection with a 3G-net. As Trafikverket has tested 40 sensors
and similar test has been made in other countries this will lead to a commercial available
product during 2018.
The commercial sensors are measuring current in the interlocking system. The best
knowledge of these products is at Prorail, DB, and ÖBB and is not included in this document
(see D6.4). From the view of Trafikverket the first evaluation shows that development still is
needed (as mentioned in D6.4) to reach the full potential of these measurements.
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8. Conclusions
The technology available for measuring train as they pass an S&C, as well as the technology
to measure motor current, rail temperature are mature enough to be used in larger scale
than today’s situation.
Rail temperature measurement can be considered as standard, but is so far only used to
control the power of the heating system. By using relative cheap solutions it is possible to
decide when a single heating element does not work properly and even compensate for the
influence of wind.
Sensor for measuring current is also standard, but there is a need to develop the
measurement. Wireless sensor can be used as complement to the standard solution where
the sensor is located in the interlocking system. More than one motor might be in use but
only one cable available at the interlocking system and therefore a distributed measurement
system might be necessary. The sampling frequency should be higher than used today, to be
able to see deterioration in the motor, gear boxes as well as the variation of friction when
the switch blade is moving. The information of when the control circuits are closed also
should be part of the measurements.
Sensor for measuring acceleration is not a standard solution, but enough scientific work has
been done to make good choices both on what and how to measure. Measuring on the
sleeper is more established than the measurement on rail. A sensor for rail might be difficult
to turn into a commercial product.
The interpretation of the measurements is still developing. For rail temperature the
effectiveness of the system can be evaluated as well as the possibility to find failed heating
elements. Still effects of wind are not covered by today’s system.
For current measurement the mechanical behavior of the switch blade movement can be
monitored and preventive maintenance can be decided based on the information. So far the
time between the first indication and the actual failure is short (< 24 hour in many cases).
Work to distinguish between different failure modes is expected to be done within In2Smart.
The accelerometer measurement can be used to confirm different performed maintenance
such as tamping, grinding and surface welding. It also seems to be possible to avoid larger
cracks, loose sleepers and situation where the probability of fast degradation is increased.
The data from accelerometers are difficult to interpret as many factors influence the result.
A strict way of treating the data should be establish if different infrastructure managers
want to be able to compare the results.
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Other technology that has been discussed during the project has been left undeveloped, for
instance the use of strain gauges, force measurements and ultrasonic probes. The limitation
here for instance that they are more difficult to deploy, high cost or might be less reliable
solutions in the railway environment. The difficulties anyway are not directly connected to
the loggers, communication board or ADC that needs to be developed for each application.
Today’s microprocessors are very flexible, fast and have low energy consumption. The
existing batteries can last for years even if the application is taking 100 measurements per
day.
Besides the embedded technologies also cameras and rail profile measurement has been
studied. The rail profile can be provided in several different ways. The handy scan used in
this project has fulfilled the requirements, but faster would be to have a trolley such as the
Felix robot or even measure it from a train.
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