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Executive Summary
The aim of DESTination RAIL is to provide solutions for a number of problems faced by EU
rail infrastructure managers. At present, infrastructure managers make safety critical
investment decisions based on poor data and an overreliance on visual assessment. As a
consequence, their estimates of risk are highly questionable and large-scale failures are
happening with increasing regularity. As the European rail infrastructure network ages,
investment becomes more challenging. As a result, reliability and safety are reduced, users’
perception of these is negative and the policy move to increased use of rail transport is
unsuccessful. The objective of this project (safer, reliable and efficient rail infrastructure) will
be achieved through a holistic management tool based on the FACT (Find, Analyse, Classify,
Treat) principle.
This deliverable details Task 5.8 of the DESTination RAIL project – Demonstration Projects.
All task objectives proposed in the description of work have been successfully achieved and
are described in this report. Two demonstration projects are discussed in this report. While
other smaller demonstration projects were carried out as part of the project, these will be
discussed in other DESTination Rail deliverables.
The first demonstration project involved installation of a full vibration monitoring system and
Structural Health Monitoring (SHM) system for the Boyne Viaduct. The aim was to incorporate
the data for safety assessment. Strain gauges and accelerometers gathered data over a
period of four months. Novel techniques were employed to utilise this data for FE model
calibration, assessment of dynamic allowance and incorporation into probabilistic assessment
of the structure. The data was also used to undertake a probability-based fatigue assessment.
A long-term monitoring solution was also devised using the same sensors on the Boyne
viaduct. The report describes some of the associated difficulties with supplying power,
gathering data and connecting sensors to new loggers. The long-term data is employed for
damage detection.
The second demonstration project involved the rehabilitation of an existing railway
embankment, suffering from differential settlements. The intention of the demonstration
project was to rehabilitate a distinct length of railway embankment without traffic disruption,
as the railway line is a key infrastructure object and allows only limited access for maintenance
works.
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1 Introduction
This deliverable details Task 5.8 of the DESTination RAIL project – Demonstration Projects.
The first demonstration project involved installation of a full vibration monitoring system and
Structural Health Monitoring (SHM) system for the Boyne Viaduct. Finite Element modelling
and probabilistic assessment techniques were used to identify optimum sensor placement. A
short-term monitoring system was installed on the structure consisting of accelerometers and
rosette strain gauges. Approximately one month of data was gathered as part of the short term
monitoring. Novel techniques were employed to utilise this data for FE model calibration,
assessment of dynamic allowance and incorporation into probabilistic assessment of the
structure. The data was also used to undertake a probability-based fatigue assessment.
A long-term monitoring solution was subsequently implemented for the Boyne Viaduct. The
system relied on a National Instruments Compact Rio system with a LabVIEW application
running on it. All four strain gauge rosettes previously installed appeared to give a good signal,
while only one out of the four accelerometers could be used: one was hanging loose, one is
suspected to have a loose wire and one was positioned at the abutment. Apart from a short
period with excessive triggering due to a small distortion in the signal, the system ran without
problems and is still operational. In mid-December 2017, the loose handing accelerometer
was reconnected to the bridge structure and the accelerometer on the abutment was
repositioned to a span position. An attempt was also made to repair the final sensor. The first
analysis of the data collected over the period from May until August showed that it is very
informative regarding the type of train passing the bridge and the bridge dynamics. The
methods to further analyse the train and observe changes due to deterioration are under
development.
The second demonstration project involved the rehabilitation of an existing railway
embankment, suffering from differential settlements. Embankment settlements were caused
by the increase of traffic in recent years. Detailed site investigation pointed out also that
improper materials (including marginal fill materials) were used for the construction of the
embankment and a number of sinkholes appeared within the embankment. The intention of
the demonstration project was to rehabilitate a distinct length of railway embankment without
traffic disruption, as the railway line is a key infrastructure object and allows only limited access
for maintenance works.
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2 Demonstration Project 1 – The Boyne Viaduct
2.1 Introduction
The scope of the first demonstration project was to install a full vibration and strain monitoring
system and Structural Health Monitoring (SHM) system for the Boyne Viaduct to assist in a
safety evaluation. It was stated that probabilistic assessment of the structure would identify
hot spot locations for instrumentation and monitoring. Subsequently the multi criteria
performance optimization algorithms developed in Task 2.1 would be employed to study the
implication of load evolution (among other aspects) for this structure.
The aim of the monitoring, following discussion with Irish Rail, was to assess dynamic
amplification and deterioration and to inform probabilistic assessment at both the Ultimate
Limit State (ULS) and Fatigue Limit State (FLS). There was a further aim in the project to
install long-term monitoring to assist in development of damage detection algorithms.

2.2 The Boyne Viaduct
The Boyne viaduct, as it exists today, was constructed in the early 1930s and consists of
fifteen semi-circular masonry arch spans and three simply supported steel-girder spans. This
monitoring strategy will be concerned only with the central steel-girder span, as repairs have
already been carried out on the two steel end-spans. Figure 1 shows a view of the steel
superstructure of the Boyne viaduct.

Figure 1 – Aerial view of the Boyne Viaduct superstructure
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The central span is approximately 81m. The main structure consists of a truss with 10 bays.
The top chord has a curved profile and the maximum distance from the bottom chord to the
top chord is approximately 10.6m. The bridge is supported on 4 bearings at each end. The
ballasted track is supported on timber sleepers, which transfer the load through a steel deck
plate to the two main longitudinal ‘rail bearer’ beams. The rail bearers span between cross
beams which are located every 8.1m at the nodes of the bottom chord of the truss. Bracing is
provided at the top of the structure as shown in Figure 1. The location of the Boyne Viaduct
on the Irish Rail network is shown in Figure 2.

Boyne
Viaduct

Figure 2 – Location of the Boyne Viaduct on the Irish Rail Network
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2.3 Hot Spot Detection
A Finite Element (FE) model of the bridge was developed and is illustrated in Figure 3. The
model was developed in order to carry out a probability-based assessment, which would be
used to identify hot spots on the structure and optimise sensor placement. The MIDAS Civil
Finite Element programme was used. The bridge was modelled using linear-elastic beam
elements, with full fixity at node points. The construction drawings of the bridge were used to
calculate cross section properties and a steel grade of S235 was assumed throughout. More
details on the model can be found in DESTination Rail Deliverable 2.2 (Connolly et al., 2017).

Z
Y

X

Figure 3 – Boyne Viaduct Finite Element model
A probabilistic assessment was performed on the structure. The results showed that the cross
girders and rail bearers were critical, with a minimum reliability index of 4.2 for the bottom
flange of the rail bearers. More details of the assessment can be found in DESTination Rail
Deliverable 2.2 (Connolly et al., 2017)

2.3.1

Strain gauge hot-spots

As part of this demo project, it was decided that strain gauges should be installed on the
structure to provide data for the bridge assessment. It is considered appropriate to monitor
areas of high stress as well as areas subject to cyclic loading.
Areas of high stress were monitored as they may be critical for fatigue and ULS failure. Figure
4 shows a plot of the maximum stresses in the structure due to the passage of the LM 71
railway live load model of IS EN 1991-2 (2003). It is clear that the highest stresses occur in
the rail bearers and cross beams.
It was found during a site visit that in a number of locations there was a large amount of section
loss to the bottom flange of the rail bearer at the connection to the cross beam, as illustrated
in Figure 5. This was expected to be a result of corrosion as the waterproofing in the deck had
recently been replaced. Therefore, it was recommended that both rail bearers be instrumented
with strain gauges at the centre of their span, at a location where one rail bearer is corroded
at the connection, and another is not, in order to assess the effect of this corrosion.
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Figure 4 – Global stress plot of structure

Rail Bearer

Cross Beam
Corrosion
to bottom
flange of
Rail Bearer

Figure 5 – Corrosion at connection between rail bearer and cross beam (5th bay)

The level of stress in the cross beams is quite close to that of the rail bearers. The most heavily
loaded cross beam was the first from the fixed support. Therefore, it was recommended that
the bottom flange of this member be instrumented with a strain gauge. Some of the minimum
specification requirements for the strain gauges are given in Table 1. Rosette strain gauges
were considered vital for the analysis as they allowed calculation of principal stress which can
be compared to FE model outputs and used for fatigue evaluation.

Table 1 – Strain Gauge Specification
Property
Number of Axes
Minimum strain measurement
Maximum strain measurement
Sampling Frequency
Applicable Adhesive and Operating Temperature Range

Value
Rosette (3 gauges)
1 x 10-10
0.0011
500Hz min.
-10 oC to 80oC
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In terms of performing a fatigue assessment, it is very useful to have measurement at the start
of the service life of the structure. The central span of the Boyne viaduct has undergone recent
repair work replacing web stiffeners at some locations. It was considered appropriate that
these stiffeners should be instrumented and assessed.
A certain amount of 3D finite element modelling was carried out in order to identify hot-spots
on the stiffeners (see Figure 6). For more information on this localised modelling, see
DESTination Rail Deliverable 2.2 (Connolly et al., 2017). The 3D modelling suggested that the
maximum stress occurs at the top of these stiffeners. Therefore, this location was also
instrumented with a rosette strain gauge.

Figure 6 – 3D FE model response due to UDL applied on top flange

2.3.2

Acceleration hot-spots

Accelerometers were specified for the steel superstructure of the bridge in order to assist in a
global dynamic analysis, validate the dynamic response of the FE model and investigate soilstructure interaction, which provide vital inputs to a safety assessment of the structure. It was
also intended that the accelerometers would be used to perform a vibration-based damage
detection algorithm as part of Work Package 1. The FE model developed was used to identify
optimum locations for sensors. It was considered appropriate that accelerometers be placed
at the locations of maximum dynamic acceleration for the first few mode shapes of the
structure. Figure 7 shows the first vertical mode shape of vibration of the structure. This is as
expected with each truss vibrating within a single trough. Therefore, it was proposed that
accelerometers monitoring the vertical acceleration be placed at the centre of each truss, in
order to pick-up vertical and torsional vibration. The second vertical mode shape of the bridge
is shown in Figure 8 In this case, the bridge vibrates with a crest and a trough and the point
of maximum vibration is at the third node from the support point of the truss (approximately
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24.2m from the support). Therefore, it was also recommended that the bottom chord of the
truss be instrumented with an accelerometer at this point.

Figure 7 – Vertical Mode Shape 1 of the Boyne Bridge

Figure 8 – Vertical Mode Shape 2 of the Boyne Bridge

Figure 9 shows a plan view of the first transverse mode shape of the structure. It is clear that
the point of maximum deflection is again at the central span. Therefore, it was considered
appropriate that transverse vibration should also be monitored at the centre of the bottom
chord of the truss. For this reason, triaxial accelerometers were specified.

Figure 9 – Transverse Mode Shape 1 of the Boyne Bridge (plan view)

A mobile-based accelerometer was used to measure acceleration at the centre of the central
cross girder. The results from these measurements were used to identify the optimum
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accelerometer specifications. More information can be found in DESTination Rail Deliverable
2.2 (Connolly et al., 2017). The specifications of the sensors used are listed in Appendix A.

2.4 Installation and Data Provision
Figure 10 shows the overall layout of all sensors proposed above. A weather station was also
placed at the top of the structure in order to provide wind-speed measurements on site.

Figure 10 – General layout of sensors (a) and plan-view at deck level (b)

A contract for the installation and maintenance of an SHM system under the specifications
above was prepared by Irish rail. Tenders were received by four companies. The tender was
then awarded to Nprime Ltd., who began installation on the 12th of October 2015. Scaffolding
was in place during installation for painting of the structure, which provided access to all
monitored locations. Figure 11 shows two of the accelerometers installed on the structure
while Figure 12 shows all rosette strain gauges. Battery power to the system was replaced at
approximately 6 day intervals. A 24 channel data logger recorded the data when the system
was triggered by a spike in strain measurement. The data was remotely sent to an off-site
server after each recorded event.
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(a)

(b)

Figure 11 – Photograph showing accelerometer A1 (a) and A3 (b)

(a)

(b)

(c)

(d)

Figure 12 – Photograph showing strain gauge S1 (a) to S4 (d)

The logging/power supply system was removed on the 18th of January 2016. Table 2 gives a
summary of the data collected during the short-term monitoring, including the number of
events per day as well as the number of train events. It should be noted that the all sensors
were purchased by the DESTination Rail consortium prior to installation, while the loggers and
power supply were rented. This allowed the sensors to be reconnected to long term data
loggers at a later date, as discussed in 2.6.
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Table 2 – Data summary from shoprt-term monitoring
Day
Thur
Fri
Wed
Thur
Fri
Sat
Tue
Wed
Thur
Fri
Sat
Sun
Tue
Wed
Tue
Wed
Thur
Mon
Tue
Wed
Thur
Fri
Tue
Wed
Mon
Tue
Wed
Thur
Fri
Sat
Tue
Thur
Fri
Sat
Sun
Mon
Sum -->

Date
22-Oct-2015
23-Oct-2015
28-Oct-2015
29-Oct-2015
06-Nov-2015
07-Nov-2015
10-Nov-2015
11-Nov-2015
12-Nov-2015
13-Nov-2015
14-Nov-2015
15-Nov-2015
01-Dec-2015
02-Dec-2015
08-Dec-2015
09-Dec-2015
10-Dec-2015
14-Dec-2015
15-Dec-2015
16-Dec-2015
17-Dec-2015
18-Dec-2015
22-Dec-2015
23-Dec-2015
04-Jan-2016
05-Jan-2016
06-Jan-2016
07-Jan-2016
08-Jan-2016
09-Jan-2016
12-Jan-2016
14-Jan-2016
15-Jan-2016
16-Jan-2016
17-Jan-2016
18-Jan-2016

No. Events
22
33
2
13
29
2
1
19
30
37
32
35
2
27
20
43
1
15
57
23
37
29
24
37
20
21
23
31
38
25
18
21
19
29
17
11
843

No. train Events
16
13
0
9
24
2
1
19
30
37
32
17
2
27
19
24
1
3
33
23
36
29
24
36
19
21
23
30
37
24
15
21
19
29
17
12
724

2.5 SHM data Usage
A number of novel techniques were employed in order to apply the SHM data from the Boyne
Viaduct to an assessment of the structure:
1. Finite Element calibration;
2. Calculation of dynamic allowance;
3. Reduction of model uncertainties in reliability analysis;
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4. Direct calculation of reliability from measurement;
5. Probabilistic fatigue assessment.

Probability

The work carried out in point 2 above included a particularly novel approach to modelling of
dynamic stress amplification. Specifically, a stress-varying stochastic model for the Dynamic
Amplification Factor (DAF) was derived from the measurement data (Figure 13).

1.03
50

1.02

40
30

1.01

20
1

DAF

10

Stress (MPa)

Figure 13 –3D plot of Stress varying lognormal distribution for dynamic stress
amplification of cross girder

Table 3 presents the reliability indices for the most critical rail bearers, cross girders and truss
diagonals, based on the original FE model, the calibrated FE model (A), the use of the sitespecific stress-varying DAF distribution (B) and finally the use of the calibrated FE model
together with the use of the site-specific stress-varying DAF distribution (A+B). For a full
overview of the work carried out, refer to DESTination Rail D2.2 (Connolly et al. 2017).
Table 3 – Reliability indices with consideration of SHM data
β
(original)

β
(A)

β
(B)

β
(A+B)

Cross beam

4.714

6.612

5.134

7.133

Rail bearer

4.196

6.495

4.844

7.547

Truss Diagonal

5.510

5.378

5.510

5.378

System

4.176

5.497

4.799

5.498

Member
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2.6 Long-Term Monitoring
The system installed by NPrime was designed as a short term monitoring system. A number
of aspects were reviewed to extend the capabilities of the monitoring system to long-term
application. The requirements of a long-term data acquisition system for structural health
monitoring cover a number of different fields:






Sensor type, number and location
Power supply
Data Storage and transfer
Selection of hardware
Implementation of software

These topics are addressed in detail in D1.5. Guidelines are formulated, where possible, in a
general way, also reflecting on the literature review performed. However, the system is applied
on the Boyne Viaduct and hence a strong focus on this application results in deviations from
generality.

2.6.1

Sensor type, number and location

The requirements for the data acquisition system at the Boyne viaduct were determined by
the sensors present on the bridge – a choice that had to be made in an early stage of the
project, since the bridge was scaffolded in that period. However, from a general perspective,
the most commonly used sensor types are accelerometers and strain gauges. Optical fibres
are also commonly used, but require a more dedicated and expensive system. Moreover, the
dynamic response that can be measured accurately with optical fibres is still limited to the low
frequency range. This low frequency range may be sufficient to capture the bridge dynamics,
but not to include the train dynamics or train induced variations in the dynamic response of
the bridge. Optical fibres are therefore considered as less suitable for these reasons.
Similarly, it can be argued that the dynamic response is best measured by accelerometers.
Triaxial accelerometers were installed, but it can be concluded that only the vertical and lateral
vibrations have proven to be useful. Axial vibration may only become a significant source of
information if the sampling rate is increased to such a level that propagating waves can be
analysed. Strain measurements are most useful for load monitoring purposes, applying the
methods discussed in DESTination Rail Deliverable 2.2 (Connolly et al., 2017).
The number and location of the sensors are directly related to the methods applied for the
monitoring. The methods themselves are elaborated on in D2.2. It is generally accepted that
the condition of an asset can be derived from strain measurements or from the dynamic
properties of the structure. The first case typically compares the actual load on the structure
with the design loads and material properties such as the fatigue characteristics, whereas the
second case focuses on damage identification by retrieving the dynamic properties of the
structure and analysing the changes occurring in these properties over time.
Finite element models, as also discussed in D2.2 and section 2.3, can be used to assist the
interpretation of measured signals. This is in particular of interest, since the state of the bridge
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changes very slowly. The state deterioration can be virtually accelerated in models, revealing
the most significant features for damage detection and thus enhancing the monitoring
capabilities of the actual system.

2.6.2

Power supply

Onsite power supply is a common problem faced when installing a monitoring system on a
bridge. Even if power lines are present in the near vicinity of the bridge, it is often impossible
to use these sources of energy. This implies that the system must rely on locally generated or
supplied power.
Power efficiency obviously is an important factor for the design of the stand-alone SHM
systems. Generally, commercially available data acquisition systems are not optimised for use
in low energy environments. Dedicated, custom made systems are offered, but are
significantly more expensive than off-the-shelf solutions. For this reason, a number of power
supply options are investigated.
The most common options for power supplies are:
•
•
•

Batteries
Solar panels
Wind turbines

Although grid power could be used to supply the data acquisition system with power, a system
was designed relying on local energy generation. A similar system was implemented by the
University of Twente at another site (a concrete railway bridge near Rosmalen, The
Netherlands). Local power generation solutions, relying on natural sources such as sun and
wind, suffer from a high level of variability in energy generation. These systems must therefore
always be combined with an energy storage system such as a battery. A few elements need
to be taken into account when implementing such a system:
•
•

•

2.6.3

The solar panel should be placed in a good position (orientation with respect to the
sun), yet also in a safe location and out of reach of individuals.
A control system must be implemented avoiding overload of the battery. The
control system should be able to deal with variable voltages coming from the solar
panel, depending on the weather conditions and be able to deal with peak voltages.
A control system must be implemented avoiding sudden power loss of the data
acquisition system due to drainage of the battery. The system should shut itself
down at a specified critical battery level and be started again if the batteries are
sufficiently charged again.
Selection of hardware

The data acquisition system is based on the Compact RIO (cRIO) system of National
Instruments (base unit: NI cRIO 9068 CompactRIO controller, 8-slot module (-20 to +55
degrees Celsius), 667 MHz Dual Core + Artix-7FPGA), as shown in Figure 14. Essentially, it
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is a stand-alone unit to which dedicated acquisition units can be connected. To accommodate
all channels, the following units are plugged into the base frame:
•
•
•

One NI 9220 16 channel unit for the accelerometers (taking 4 slots)
Three NI 9236 4 channel strain gauge units
One NI 9191 4 channel temperature unit

Figure 14 – Compact RIO base unit (cRIO 9068) with (from left to right) one NI 9220 16
channel unit for the accelerometers and three NI 9236 4 channel strain gauge units
and a NI 9191 4 channel temperature unit.

2.6.4

Implementation of software

The data logger was required to be operational while not being supervised for long periods (13 months). This implies that the software running on the system must be robust. Even if
unexpected events occur, the systems should be able to continue the monitoring, possibly
after a restart. Secondly, the data generated during the measurements should not exceed the
maximum capacity of the storage (here a USB stick), hence should be efficient.
A flow diagram of the software is shown in Figure 15. The monitoring system was built up in
the laboratory of the University of Twente and tested extensively prior to being installed on the
Boyne Viaduct. The robustness of the code is verified, to ensure an un-intervened operation
for a longer period even if errors may occur, such as loss of data, erroneous triggering or
apparent absence trigger signals etc. The system will restart itself in these cases.
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User interface control
- Only in test mode
Get data (RT)
-

Re-initialization channels
(every hour if lost)
(Re)synchronization (if no train)
merge data

Log data
-

-

Test for trigger
(2 channels, pre-trigger,
min 2 sec, max 240 sec)
At trigger collect data

FPGA
-

X channels for accelerometer data
X channels strain gages data
1 or 2 channel battery power data
1 channel Temperature data

Message logger
-

Trigger levels
Number of trains
Errors
…..

Calculate trigger
-

Store data
-

All data channels
Temp outside, cRIO & eRIO
Battery power cRIO & eRIO

Only if no train expected (slope
1E-6, max 240 sec,
every hour)

Figure 15 – Flow chart of the monitoring control software.

2.6.5

Data storage and transfer

The CompactRIO base unit has two USB slots allowing the data to be stored on USB sticks,
or even an external hard drive. Current generation USB sticks have a sufficiently large capacity
to cover a period of several months given the moderate amount of trains passing the Boyne
viaduct. It can thus be considered as a feasible, simple and low-cost solution, but remote
communication with the systems is preferred. This communication can be two-way: one-way
communication, by sending the measured data files to a central storage place, is sufficient to
monitor whether the system is still functioning according to the specifications. Two-way
communication with the system will not only allow data transfer from the system to the central
storage place, but will also allow to control the system, for example by changing parameters
or even uploading an improved version of the software running on the system.
The main issue is to set up a wireless connection that is both robust (low data package loss)
and sufficiently fast to transfer the large data files (typical file size of a single measurement:
5-15Mb). Wireless communication units for the CompactRIO systems do exist and are
reasonably affordable (~€1500), but rely on a 3G or 4G mobile network which may not be
available (especially the latter) or may require a relatively expensive mobile provider contract
for data usage. Finally, the energy consumption of the wireless data transfer may be an issue
if the system relies on locally generated power.
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2.6.6

Periods of monitoring

The long term monitoring started in May 2017, with the data acquisition system designed by
the University of Twente. At that time, only one of the three accelerometers mounted on the
central span was still functioning (ACC1). All four strain gauges were still operating properly,
be it with a different noise level. Direct comparison with the NPrime data is difficult due to
missing engineering constants to convert the electrical signal to an engineering unit (in this
case microstrain). However, strain gauges tend to show drift over time, effectively changing
the engineering constants and thus requiring a recalibration.
Apart from a temporary triggering problem (June-August 2017), the measurements continued
uninterrupted until mid-December 2017. Accelerometer 3 was bonded to the bridge again and
an attempt was made to fix the problem with accelerometer 2 (unfortunately fruitless). Finally,
accelerometer 4 was repositioned to such a location that it could also measure bridge
vibrations.
An overview of the periods and the numbers of events logged is presented in Table 4. Two
short periods are missing: Early July 2017 is missing due to a triggering issue, causing the
data storage to fill up. The second period (end of November, early December) is possibly
missing due to an error in file downloading. The measurements are still running, implying the
number of files of the fourth period is still growing and just reflects the latest status (last time
data was collected from the site).
Table 4 – Overview of measurement periods and number of events logged per period.

2.6.7

No.

Period

Number of Events

1

12/05/2017 – 30/06/2017

2035

2

14/07/2017 – 08/09/2017

1622

3

08/09/2017 – 21/11/2017

1478

4

07/12/2017 – 05/01/2018

794

Typical results

The results acquired with the data acquisition system of the University of Twente are in
essence similar to the ones measured with the system of NPrime (see Figure 16 and Figure
17). The magnitude of the signals is the same and the characteristics observed in the signal
relating to different train types passing the bridge are also the same for the sensors still in
operation at the time of the installation of the University of Twente system. The main difference
in the strain gauge signal is the signal to noise ratio. The difference may originate from the
difference in power source (battery versus electricity grid), preconditioning in the data
acquisition system (none in the current system, unknown for the short term acquisition system
of NPrime) and the deterioration of the strain gauges.
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Figure 16 – Triaxial acceleration signal measured by the University of Twente data
acquisition system. From top to bottom: transverse, lateral and longitudinal
acceleration.
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Figure 17 – Strain gauge signals measured by the University of Twente data
acquisition system. The three graphs display, top to bottom, the data from the first,
second and third strain gauge of the four rosettes, while the colour refers to the
different rosettes.

2.7 Summary
Both a short-term and long-term Structural Health Monitoring system was installed on the
Boyne Viaduct, located in Drogheda, County Louth. The aim of the monitoring was to assist
in a global safety assessment of the structure. To this end, the data was used for the following:
1.
2.
3.
4.
5.
6.

Finite Element calibration;
Calculation of dynamic allowance;
Reduction of model uncertainties in reliability analysis;
Direct calculation of reliability from measurement;
Damage Detection
Probabilistic fatigue assessment.

More information can be found in DESTination Rail Deliverable 2.2 (Connolly et al., 2017).
It has been shown that the aim of any SHM strategy should be well-defined prior to
instrumentation. This can be clarified by performance of detailed modelling and probabilistic
analysis. In addition, the following aspects of the demostration project are highlighted as
important lessons learned:
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The use of Rosette strain gauges is considered to be vital in order to allow comparison
and cross validation of response from sensors to that of FE models;
Mobile-based accelerometer applications can prove very useful tools prior to
specification of acceleromters;
Site-specific calculation of dynamics from monitoring could lead to removal of
restrictions to both load and speed;
Monitoring equipment can show significant increases in the global reliability of bridges.
Use of renewable power sources in combination with battery power can be difficult
where location and site conditions make optimum power generation impossible.
Batteries should be equipped with control systems to prevent overloading and sudden
drainage.
Data gathering methodologies should be considered prior to installation, bearing in
mind that mobile-based transfer of data can be expensive both from the perspective of
mobile contracts and power consumption.

23

D5.8 Report on Demonstration Projects
DESTination RAIL – Decision Support Tool for Rail Infrastructure Managers

3 Demonstration Project 2 – Embankment Rehabilitation
in Slovenia
3.1 Introduction
The second demonstration project is located in Slovenia and consists of an existing railway
embankment, for which differential settlement occurred due to the increase of rail traffic in
recent years, as well as due to the improper materials (including marginal fill materials) used
for the construction of the embankment. Detailed analysis of the embankment also pointed
out the appearance of sinkholes within the embankment, demanding urgent rehabilitation.
The intention of the demonstration project was to rehabilitate a distinct length of railway
embankment without causing traffic disruption, as the railway line is very important and allows
only limited maintenance works and no line closures.

3.2 Railway line Divača-Prešnica

Bruto cargo [tons]

The railway line in part of the Slovenian railway network consists of a single track, which
presents the main connection of the Port of Koper with the inland. The Port of Koper is the
main sea port not only for Slovenia, but also for some other Central European countries, i.e.
Austria, Hungary, Czech Republik, Slovakia and also southern Germany and Poland. Thus,
the railway line is extremely important and the maintenance work on the track is limited only
to work which does not require line closure. As the amount of the sea line cargo has constantly
increased for the last few decades, the load on the track has also increased. The embankment
settlements have been monitored for several years due to the large loads on a few sections
of the line. Figure 18 shows the amount of cargo transported per year on the railway line
Ljubljana – Koper from 1999 to 2011. It can be seen that the cargo is constantly increasing
since 1999, with a small decrease in 2009 due to the economic crisis. Similarly the number
of train passages has been increasing in the same period (Figure 19), reaching almost 90
trains per day – the majority being freight trains. Therefore, line closure for maintenance work
is something that asset managers want to avoid.

total
from Koper
to Koper

Year

Figure 18. Cargo transported on the railway line Ljubljana-Koper
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Figure 19. Number of train passages on the railway line Ljubljana-Koper

Demo 2 – Railway embankment

Figure 20. Global location of Demonstration project 2 (railway embankment at railway
line Divača – Prešnica)
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Figure 21. Detailed location of Demonstration project 2 (railway embankment at
railway line Divača – Prešnica)

Due to the very dense traffic on this line, it was impossible to perform any drilling of boreholes
on the track. Thus, a GPR survey was conducted in May 2015 to find out the reason for
observed settlements. Typical results are presented in Figure 22. The green colour in the
central part denotes additional ballast material which has been installed over the years to
counteract the effect of settlement. Low bearing in capacity was noted in the subgrade layer
including marginal fill material, and several sinkholes were detected deep under the track.
It was decided to improve bearing capacity of the embankment and to eliminate the subgrade
cavities by the use of high-pressure expansion polyurethane resins locally injected into the
subgrade soil under an injection pressure of approximately 2.0 bars (further details are
provided in DESTination RAIL Deliverable D4.1).
Injection of expanding polyurethane resin is a common alternative to underpinning for
individual houses, buildings, and paving slabs for a wide variety of differential settlement
situations. The resin is injected directly under the building by means of small diameter
aluminium tubes and results in almost no disturbance to residents. Thus, it may also prove to
be a very welcome solution in the case of remediation of differential settlements and bearing
capacity improvements on railway tracks under traffic. The pressure exerted by evolved gas
during the chemical reaction between two components of polyurethane resin compacts and
stiffens the surrounding soil and lifts the soil above the place of injection. Thus it helps to
improve bearing capacity of soil and eliminates differential settlements. As this chemical
reaction happens in a very short time (from 2.0 s to 30.0 s) it provides the operator with reliable
control of the quantity of resin to be injected.

26

D5.8 Report on Demonstration Projects
DESTination RAIL – Decision Support Tool for Rail Infrastructure Managers

Figure 22. GPR results from the railway line section Divača-Prešnica, from km 4+300
to km 4+450

Figure 23. Plan and site view of test section Divača, km 4+370
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3.3 Intervention procedure
The main advantage of the proposed intervention is the possibility to perform improvement
works with almost zero traffic disruption, which is a major request of many railway managers.
Figure 24 schematically represents the injection intervention, which took place at the depth of
2 to 4 meters. Boreholes were drilled inclined for 30° to 45° and the drilling work had very
limited impact upon the railway traffic.
The area for the intervention was 10 m long, starting at km 4+370 and finishing at km 4+380.
The location of the boreholes is presented on Figure 25. 22 boreholes of a diameter 100 mm
were used (11 on the left side and 11 on the right side) with a PVC tube inserted in lengths of
2.0 – 4.0 m. PVC tubes prevent the boreholes from collapsing. Furthermore, four metallic
injection tubes of diameter 14 mm were installed into every PVC tube. The lengths of injection
tubes were 2.5 m, 3.5 m, 4.5 m and 5.0 m to reach the required depths of the railway track.
During the whole injection phase, the road surface was monitored with a laser system in order
to stop the injection in case of lift.

Figure 24. Scheme of the intervention to improve embankment bearing capacity and
to eliminate cavities

Figure 25. Drilling points for injection at test section Divača, km 4+370 to km 4+380
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Figure 26. Drilling boreholes at test section Divača, km 4+370

Figure 27. Injection of high-pressure expansion polyurethane resin at test Divača, km
4+370
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4 Conclusions
This report details Deliverable 5.8 of the DESTination Rail Project – Report on Demonstration
projects.
A vibration and strain monitoring system installed on the Boyne Viaduct in Drogheda, Ireland,
was described. Subsequently, the long term monitoring solutions developed for the Boyne
viaduct by the University of Twente was introduced. While the instrumentation involved in this
demonstration project is already commercially available, the novelty here was in the
incorporation of the monitoring data into a safety assessment of the structure. The following
conclusions were drawn from the project:








The use of Rosette strain gauges is considered to be vital in order to allow comparison
and cross validation of response from sensors to that of FE models;
Mobile-based accelerometer applications can prove very useful tools prior to
specification of acceleromters;
Site-specific calculation of dynamics from monitoring could lead to removal of
restrictions to both load and speed;
Monitoring equipment can show significant increases in the global reliability of bridges.
Use of renewable power sources in combination with battery power can be difficult
where location and site conditions make optimum power generation impossible.
Batteries should be equipped with control systems to prevent overloading and sudden
drainage.
Data gathering methodologies should be considered prior to installation, bearing in
mind that mobile-based transfer of data can be expensive both from the perspective of
mobile contracts and power consumption.

Most large-scale SHM projects currently being undertaken by railway managers currently
focus on failure management / failure warning (reactive maintenance). However, it is
envisaged that the techniques employed herein can be applied from the same commercially
available instrumentation. These techniques will assist in a step-forward to the realm of
proactive maintenance, resulting in much more efficient management of railway infrastructure.
The second demonstration project was described, which involved the rehabilitation of an
existing railway embankment, suffering from differential settlements, by injection of expanding
polyurethane resin.
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Appendix A – Boyne Viaduct Accelerometer Specification
Sample Accelerometer calibration:

Accelerometer general specifications:
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Appendix B – Boyne Viaduct Strain Gauge Specification
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