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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: 

Á Operation; 

Á Maintenance; 

Á Asset Management; 

Á 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 3D-

scanners 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. 



In2Rail  Deliverable D2.4 

Embedded & integrated sensors - System Design Selection Report [TRL5] 

GA 635900  Page 4 of 108 

 

TABLE OF CONTENTS 
EXECUTIVE SUMMARY 3 

ABBREVIATIONS AND ACRONYMS 6 

1. BACKGROUND 7 

2. OBJECTIVE / AIM 8 

2.1. OBJECTIVE OF DELIVERABLE 8 

3. REPORT STRUCTURE 9 

4. PARAMETER QUANTIFICATION 10 

4.1. MEASURING DYNAMIC TRACK DEFLECTION AND STIFFNESS 10 

4.1.1. Site Overview 10 

4.1.2. Methods 12 

4.1.3. Monitoring arrangement 17 

4.1.4. Results and Discussion 18 

4.1.5. Conclusions 29 

4.2. MEASURING ACCELERATION WITH WIRELESS SENSOR 30 

4.2.1. Selected train types 31 

4.2.2. Measurement of acceleration on crossings in Stehag and Höör 34 

4.3. MEASURING LONG TERM SETTLEMENTS 38 

4.4. MEASURING IMPACT FORCE, RAIL FATIGUE AND TEMPERATURE STRESSES 39 

4.4.1. Resonance frequencies at impact 39 

4.5. SWITCH BLADE POSITION IN MOVEMENT AND FINAL POSITION 54 

4.5.1. General work for switch blade movement (WP6) 54 

4.5.2. Switch blade movement measured in Sweden 55 

4.6. PROFILE AND GAUGE MEASUREMENT 57 

4.6.1. Use of HandyScan 700 58 

4.6.2. Development of Felix robot 60 

4.7. WEATHER RELATED INFORMATION 60 

4.8. REFERENCES 62 

5. CONDITION MODELLING 63 

5.1. PREVIOUS WORK ON CONDITION MONITORING AND LOAD IDENTIFICATION AT 
CROSSINGS 63 

5.2. PROPERTIES OF CROSSING INSTRUMENTATION PARAMETERS 64 

5.2.1. Model 64 

5.2.2. Instrumentation 66 

5.2.3. Frequency dependence of instrumentation parameters 67 

5.2.4. Measurement sensitivities 69 

5.3. EVALUATION OF INSTRUMENTATION CONCEPTS USING SIMULATIONS OF DYNAMIC 
WHEELSET-TRACK INTERACTION 72 

5.3.1. Simulation model 72 

5.3.2. Design of Experiments 75 

5.3.3. DOE Results 77 

5.4. SUMMARY AND CONCLUSIONS FOR SIMULATION BASED INVESTIGATIONS OF 
CROSSING INSTRUMENTATION 80 

5.5. FUTURE WORK 81 

5.6. REFERENCES 81 



In2Rail  Deliverable D2.4 

Embedded & integrated sensors - System Design Selection Report [TRL5] 

GA 635900  Page 5 of 108 

 

6. SOLUTION ARCHITECTURE 83 

6.1. HARDWARE REQUIREMENTS 83 

6.1.1. Wireless sensors in track 83 

6.1.2. Wired sensors in track 84 

6.1.3. Wired sensors in cabinet/interlocking system 84 

6.1.4. Standalone observing equipment 85 

6.1.5. Cellular communication 85 

6.1.6. Wireless communication based on 802.11 (Wi-Fi) 86 

6.1.7. Low power long range protocol 86 

6.2. SOFTWARE REQUIREMENTS 87 

6.2.1. Canocial Data Model 87 

6.2.2. Protocol for standardised communication 89 

6.2.3. Gateway (Concentrator) 89 

6.2.4. Direct communication to servers 90 

6.3. EDGE COMPUTING 91 

6.4. ANALYTIC PLATFORM 91 

6.4.1. Visualisation of measured data 94 

6.5. PROPOSED HARDWARE SOLUTION 95 

6.5.1. Power source 96 

6.5.2. Wake-up function 97 

6.5.3. Microcontroller 97 

6.5.4. Accelerometer 99 

6.5.5. Temperature sensor 99 

6.5.6. Strain gauge 99 

6.5.7. Current sensor 100 

6.5.8. Digital interface sensors 100 

6.5.9. Multiplexed analog-to-digital converter (ADC) 100 

6.5.10. Data storage 100 

6.5.11. Connectivity 101 

6.5.12. Summarised proposed hardware solution 103 

6.5.13. Prototype for training and research purposes 103 

6.6. REFERENCES 105 

7. TECHNOLOGY DEMONSTRATION 106 

8. CONCLUSIONS 107 

 



In2Rail  Deliverable D2.4 

Embedded & integrated sensors - System Design Selection Report [TRL5] 

GA 635900  Page 6 of 108 

 

Abbreviations and acronyms 

 

Abbreviation / Acronyms Description 

ADC Analogue to Digital Converter 

BOEF Beam On Elastic Foundation 

DIC Digital Image Correlation 

DOE Design Of Experiments 

LoRa Long range, low power wireless platform 

MATLAB Computer program for mathematical calculations 

MEMs Micro-Electrical-Mechanical System, very small 
mechanical system that can be measured or controlled by 
electricity 

RailML A protocol format adopted for railway application 

RailTopoModel A description of railway infrastructure supported by UIC 

S&C Switches and Crossings 

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

X2 and X55 Acronyms for high speed trains used in Sweden 

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

The overall 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 

ŜƳōǊŀŎƛƴƎ άǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘέ ǘŜŎƘƴƻƭƻƎƛŜǎΦ {ǇŜŎƛŦƛŎ ǘŀǎƪ ƻōƧŜŎǘƛǾŜǎ related to Task 2.2 include: 

Á 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; 

Á model the optimal integrated and embedded sensor system for S&C identifying key 

parameters to be monitored (including requirements for proactive and predictive 

maintenance); 

Á identify and select available sensors from other sectors for technology transfer into 

rail. (TRL5). 

¢Ƙƛǎ ƛǎ ǘƘŜ ǎŜŎƻƴŘ ŘŜƭƛǾŜǊŀōƭŜ ƻŦ ²tн ά{ƳŀǊǘ Infrastructure - LƴƴƻǾŀǘƛǾŜ {ϧ/ {ƻƭǳǘƛƻƴǎέ ŀƴŘ 

second of two deliverable constituting Task 2.2 ά9ƳōŜŘŘŜŘϧLƴǘŜƎǊŀǘŜŘ {ŜƴǎƻǊǎέ ƻŦ LƴнwŀƛƭΦ 

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. 
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2. Objective / Aim 

The overall objective of WP2 is to create solutions for a radical redesign of the S&C system 

ŀƴŘ ŘŜƭƛǾŜǊ ƛƳǇǊƻǾŜƳŜƴǘǎ ǘƻ ǘƘŜ ŜȄƛǎǘƛƴƎ {ϧ/ ǎȅǎǘŜƳΣ ǿƘƛƭǎǘ ŜƳōǊŀŎƛƴƎ άǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘέ 

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 moniǘƻǊƛƴƎΦ Lƴ ǘƘŜ ǘŀǎƪ ƛǎ ŀƭǎƻ ƛƴŎƭǳŘŜŘ ǘƻ ŘŜǎƛƎƴ ǎŜƴǎƻǊ ΨƳŜǘŀ ŘŀǘŀΩ 

ǎǘǊŜŀƳǎ ǘƻ ŜƴŀōƭŜ ǇǊŜŘƛŎǘƛǾŜ ƳŀƛƴǘŜƴŀƴŎŜ ŀƴŘ ΨƳŜǘŀ ŘŀǘŀΩ ǎǘǊǳŎǘǳǊŜǎ ǊŜƭŀǘŜŘ ǘƻ Lчa ǘƘŀǘ Ŏŀƴ 

be safety validated. 

2.1. Objective of Deliverable 

The proposal has the following description of this deliverable: 

ά5ŜǎƛƎƴ ŜǾŀƭǳŀǘƛƻƴ ŀƴŀƭȅǎƛǎ ǊŜǇƻǊǘ ŎƻƳǇǊƛǎƛƴƎ ŘƻŎǳƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ŘŜǎƛƎƴ ǎŜƭŜŎǘƛƻƴ ƻǇǘƛƻƴǎ 

ŀƴŘ ǘƘŜ Ǌŀǘƛƻƴŀƭ ŦƻǊ ǘƘŜ Ŧƛƴŀƭ ŜƳōŜŘŘŜŘ ǎŜƴǎƻǊ ŘŜǎƛƎƴ ǎŜƭŜŎǘƛƻƴΦέ 

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) 
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3. Report Structure 

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

about 

Á vertical displacement under train movement; 

Á motion of the switch blade; 

Á possible obstruction of switch blade movement, 

Á rail profile; 

Á 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. 
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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:     By using 

Á Vertical displacement under train movement   Accelerometer/Geophone 

Á Rail fatigue       Strain gauge/Ultrasonic probe 

Á Temperature induced stresses in rail    Strain gauge 

Á Motion of the switch blade    Current clamps (WP6) 

Á Possible obstruction of switch blade movement Camera incl Machine Vision 

Á Rail profile      3D-laser-scanner 

Á Heating system performance    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 
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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). 

 
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. 

 

Vargårda Gothenburg 
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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 manufacturersΩ 

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 

Zone 2 
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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. 
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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 
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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 
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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. 

 
 

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). 

Relative change 
between 3

rd
 and 7

th
 

peaks 
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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 
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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. 

 

 

 

 




















































































































































































