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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 increasingly regularity. As the European rail Infrastructure network ages,
investment becomes more challenging. As a result, reliability and safety are reduced, users’
perceptions of these are 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 the results of Task 1.5 of the project – Monitoring of structures. An
extensive literature review is executed to identify the main failure mechanisms for bridge
failures. In addition, the current state of art of bridge monitoring is investigated by comparing
bridge monitoring systems and results of bridge monitoring sessions reported in literature. The
resulting overview reveals that most monitoring systems currently used for bridge monitoring
are temporary in nature, with a few exceptions. They focus on identifying the dynamic
characteristics of the bridge using advanced output only analysis techniques. However,
estimation of the condition of the bridge has less focus, let alone the estimation of the
remaining lifetime.
The second part of the deliverable discusses the implementation of a monitoring system on
the Boyne Viaduct in Drogheda, Ireland. A general discussion on how to design a monitoring
system is included, using the experience with the Boyne Viaduct system and other bridges
that are monitored by the University of Twente. Important elements in the design of the
monitoring system are:




Sensor type, number and locations
Power supply
Software robustness

The general conclusion is that local energy harvesting is on the one hand preferred, as grid
power is often difficult to use (due to availability), but sets severe limitations on the continuity
of the monitoring due to the variability of the power generation.
Robustness of the software system is another important issue, as the system needs to operate
unsupervised for longer periods, even if some form of control of the functionality is present. It
is highly recommended to allow some form of remote communication with or provide access
to the system. This is currently not yet implemented in the data acquisition system of the Boyne
Viaduct, but there are commercially available systems for a reasonable price that can be used
to this end.
All required sub tasks mentioned in the DESTination Rail Grant Agreement for Task 1.5 have
been achieved.
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1 Introduction
1.1 Background
The aim of DESTination RAIL is to provide solutions for a number of problems faced by EU
rail infrastructure managers. 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 is part of the Find work package and details Task 1.5 of the project –
Monitoring of Structures. A case-study bridge, the Boyne viaduct located in Drogheda, County
Louth, Ireland, is instrumented with a series of sensors and a data acquisition system.

1.2 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
assessment only considered the central steel-girder span. Figure 1 shows a view of the steel
superstructure of the Boyne viaduct.

Figure 1: Aerial view of the Boyne Viaduct superstructure
The central span is approximately 81m and 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
1
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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.
At the beginning of the DESTination Rail project, scaffolding was in place throughout the
structure (Figure 2), including beneath the deck, allowing safe access to the structure. This
was put in place in order to perform patch repairs and painting. The majority of the patch
repairs were done to the end-spans. It is for this reason that only the central span was
analysed.

Figure 2: Scaffolding on the Boyne Viaduct
Although the structure was deemed to be in good condition, there was some evidence of
corrosion to the structure, as shown in Figure 3.

(a)
(b)
Figure 3: Localised corrosion (a) and heavy pitting (b) on the Boyne Viaduct

2
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2 Failure Modes and Failure Mechanism
The approach for the development of a bridge monitoring system followed in this research
relies on the conviction that it is necessary to first understand the failure modes and
mechanisms of bridges. Using that information, it is possible to define the best monitoring
approach, given other constraints that are to be met in a field application.

2.1 Failure Mechanisms of Bridges
On the one hand, it is known that any imperfection in a bridge design, construction or
maintenance can cause a failure. On the other hand, it is known that Structural Health
Monitoring (SHM) is aimed for improving the maintenance decision making, with the ultimate
goal of reducing maintenance costs and increasing system availability [1]. Therefore, an
efficient SHM system should be designed based on the corresponding maintenance strategy,
bearing in mind that maintenance activities attempt to prevent failure. Failure causes of
bridges have been classified by Imhof [2] in: limited knowledge, natural hazard, design error,
overloading, accidental impact, human error (not design related), vandalism and deterioration.
Another classification, proposed by Caglayan et al. [3] has assigned all these causes to three
categories: the principal cause, the enabling cause and the triggering cause. The principal and
enabling cause are related to human error in design and construction, limited knowledge, etc.,
while the third cause, the triggering cause, is referring to external effects such as:
deterioration, scour, collision and overload. These are referred to in this document as ExternalStructural failure cause (see Figure 4).
Failure Cause
Internal
Design
Error

Construction
Error

External

Limited
Knowledge

Human
Error

Accidental
Flood

Collision

Structural
Detrioration

scour Overload

Figure 4: Failure cause of bridges [3]
Having identified the different categories of failure causes does not allow for a condition
assessment, let alone an estimation of the remaining useful life (RUL). The deterioration of
bridges during their operational life needs to be studied to this end. Firstly, distinction is made
between different building materials for bridges: concrete and steel. Although the Boyne
viaduct is a steel bridge, the deterioration of concrete bridges is also touched upon. Despite
the significant differences in material and construction, corrosion is a shared failure
mechanism of bridges. The associated failure modes however show differences and will –
possibly – lead to differences in the monitoring systems for each type of bridge.
2.1.1

Deterioration of steel bridges

Damage to steel members typically results from corrosion, fatigue, and impact. If the damage
from any of these causes is extensive, either a portion or the entire member may have to be
3
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replaced [4]. Corrosion is considered as a leading cause of bridge deterioration, according to
the technical report of National Bridge Inventory in the U.S. [5]. A steel girder bridge can be
affected by five main forms of corrosion [6]:
1.
2.
3.
4.
5.

General corrosion
Pitting corrosion
Galvanic corrosion
Crevice corrosion
Stress corrosion

The most prevalent form is a general loss of surface material; this condition will lead to the
gradual thinning of members. General corrosion accounts for the largest percentage of
corrosion damage. Pitting corrosion also involves loss of material at the surface. However, it
is restricted to a very small area. Pits can be dangerous because they extend into the metal,
showing little evidence of their existence. Pit occurrence is serious in high stress regions
because it can cause local stress concentrations. Galvanic corrosion occurs when two
dissimilar metals are electrochemically coupled. Such situations may occur at bolted or welded
connections. Galvanic corrosion can be local, leading to pit formation. Crevice corrosion
occurs in small confined areas, such as beneath peeling paint or between faying surfaces. It
is usually caused by a low concentration of dissolved oxygen in the moisture held within a
crevice. Deep pits can also provide locations for crevice corrosion to occur. Stress corrosion
occurs when metal is subjected to tensile stress in a corrosive environment. For mild carbon
steel in ordinary bridge environments, stress corrosion is usually not a problem [6].
There are three basic changes which can occur in a steel bridge due to corrosion: loss of
material, reduction of section parameters, and build-up of corrosion products. The effect of
corrosion on the bending behaviour will depend on whether the section is in the positive or
negative momentum region. For a continuous span, a reduced lower flange thickness may
cause local buckling above an interior support (see Figure 5) and for the positive momentum
regions, corrosion loss will cause a reduction in the tensile capacity of the lower flange [7] (see
Figure 6).

4
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Figure 5: Corrosion model of a cross-section at the supports (shear section model) [7]

Figure 6: Corrosion model of a cross-section at mid-span (moment section model) [7]
A capacity-loss analysis was carried out for both composite and non-composite wide flange
girders, in positive bending [6] and the results are shown in Figure 7. The reduction in bending
capacity and stiffness is shown to be linearly proportional to the section loss [6].

5
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Figure 7: Reduction in bending stiffness due to corrosion [6]
2.1.2

Deterioration of Concrete Bridges

Concrete members are subject to spalling due to corrosion of the underlying reinforcement;
scaling caused by freezing and thawing; and cracking caused by shrinkage, flexure, or
differential settlement [4]. In a concrete bridge structure, corrosion of reinforcing steel and
other embedded metals is the leading cause of deterioration. There are two main types of
corrosion of the steel rebar embedded in reinforced concrete bridges:
1. Chloride corrosion
2. Concrete carbonation
Chloride penetrating through existing cracks in the concrete induce corrosion of the steel
reinforcement (see Figure 8a). Concrete carbonation occurs naturally over the service life of
a concrete structure, where carbon dioxide reacts with calcium hydroxide within concrete to
form calcium carbonate. Carbon dioxide can come from either the atmosphere or from external
water sources. While carbonation can increase the strength capacity of concrete, it also
reduces its alkalinity. The reduced alkalinity decreases the corrosion protection capabilities of
the reinforcement steel, often leading to spalling as a result (see Figure 8b). When steel
corrodes, the resulting rust occupies a greater volume than the steel. This expansion creates
tensile stresses in the concrete, which can eventually cause cracking, delamination, and
spalling [8].
The mechanical behaviour of reinforced concrete beams due to corrosion of the rebars is
investigated by Zhu [9], following a similar approach as the research to corrosion of steel
bridges. The mid-span deflection was measured via a Linear Variable Displacement
Transducer (LVDT). Figure 9 displays the Load-Displacement curves for un-corroded (BT1C) and corroded beams with different levels of corrosion. Corrosion of the rebars reduces the
bending stiffness of the beam, hence the bending stiffness of the bridge appears to be an
eligible structural dynamic property to monitor.

6
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(a)

(b)
Figure 8: (a) Chloride Penetration (b) Carbonation Process [8]

Figure 9: Mid-span deflection versus bridge load for uncorroded (BT1-C) and
corroded rebars [9]
2.1.3

Concluding remarks on bridge deterioration

Despite differences in materials, constructions and mechanisms, corrosion appears to be a
common denominator in the deterioration process of bridges. Eventually, a stiffness loss will
occur, resulting in a decrease in load bearing capacity of the bridge. The monitoring strategy
and the sensors selected for monitoring depend on the type of deterioration expected and the
level at which this is to be detected. The earlier a problem is to be identified, the more
dedicated the sensor needs to be. Often, this also implies measuring close to the expected
location of failure (hot-spot monitoring). A compromise is to measure changes in the global
behaviour and further inspect and/or take maintenance actions on regions of the bridge. One
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way of identifying global changes in the bridge behaviour is Vibration-Based Monitoring. This
topic is further elaborated in the next section.

2.2 Vibration Based Monitoring
A vibration based Structural Health Monitoring (SHM) system for bridges refers to the
extraction of the basic dynamic properties such as: the modal parameters, natural frequencies,
damping ratio and mode shapes. These are inherent properties of the structure, only related
to mass distribution, stiffness and boundary conditions. Variations in these properties can be
an indication of changes in the inherent properties of structure, by which structural damage
can be detected [10]-[12]. Therefore, modal parameters often serve as indicators in damage
identification techniques.
Structural health monitoring (SHM) schemes are commonly classified based on their capability
[13]. Typically, a level I SHM scheme has the capability to determine if damage is present in
a structure. A level II scheme can identify damage and determine its location. A level III
scheme is capable of identifying damage determining its location, and estimating the severity
of the damage. Lastly, a level IV scheme has the capability of identifying damage, determining
its location, estimating the severity of the damage and predicting the durability of the structure.
A level I SHM system is considered as global health monitoring system. However, to achieve
the higher level SHM system, the local health monitoring system is required.
2.2.1

Instrumentation and measurement

In bridge health monitoring concepts, instrumentation is considered as both measurements
and data acquisition. Measurements can be classified in four categories, deformation and
displacement measurements, load measurements, dynamic measurements, electrochemical
and environmental measurements [14],[15]. The next step after finding the related failure
mechanisms is the selection of appropriate transducers. The selection of the sensors for long
term monitoring should be based on their durability, cost, installation limitation and power
requirement [15]. A variety of sensors such as camera, optical fibres, electrochemical, laser
Doppler, accelerometer, strain and relative displacement, temperature sensors and acoustic
emissions sensors have been used for structural health monitoring [16]. However,
accelerometers, strain gauges and displacement sensors are the most widely used among
them [3],[17]-[23]. Accelerometers have been utilized in all above references. They are useful
for measuring a wide range of frequencies. Strain gauges have been applied in various cases
[19,20] for monitoring the traffic loads and implementing bridge weigh-in-motion models. In
some research articles [3],[22]-[24] strain gauges have been used to study the structural
behaviour, to subsequently assess the condition of the structure. Displacement sensors are
available in both contacting and non-contacting. The contacting type usually measures a
relative displacement. Non-contacting sensors include camera, laser displacement sensors,
global positioning systems, GPS, and photogrammetry [15],[16].
Accelerometers can measure over a wide range of frequencies and they are relatively easy to
install and use. Accelerometers capture the more global response of the structure while a
strain sensor captures the more localized behaviour [25]. Strictly taken, strain gauges measure
the strains at the locations of the sensors and these data should reflect damage in the vicinity
of the gauge.
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2.2.2

Structural assessment by modal analysis

A common method of assessing the structural integrity is by determining the dynamic
response. Input-output methods or experimental modal analysis (EMA) involve applying a
known input, such as a Dirac impulse load to the structure and measuring its output vibration
response and to create a desired forcing function, devices such as impact hammers, shakers
or drop weights have been used [23],[26],[27]. This method is impractical for large structures.
In those cases, the well-defined input function is replaced either by an operational or by an
environmental source: the output only or operational modal analysis (OMA) [28][29].
In most cases, the nature of the ambient excitation can only be considered by statistical
descriptions (for example wind loading, rain loading and traffic density based on the
urbanization of region) or by assuming the excitation spectrum to be concentrated within a
frequency range (for example. 2 – 4 Hz for vehicular excitation of bridges [13][30]. If the loading
spectrum is limited to a narrow band of frequencies, only a limited picture of the dynamics of
the structure can be monitored.
The operational modal analysis (OMA) approaches are classified into frequency domain
methods and time domain methods [28][29]. Examples of frequency methods are Pick Peaking
(PP) from the power spectral density [31], frequency domain decomposition (FDD) [32] and
operational PolyMax method [33]. Examples of time domain methods, are auto regressive
moving average (ARMA) [34], natural excitation method (NexT) [31],[35], the least square
complex exponential (LSCE) [35], the Ibrahim time domain (ITD) [36] and the stochastic
subspace identification (SSI) [29].
The Operational Modal Analysis is based on the following assumptions [37]:


Linearity: the response of the system to a given combination of inputs is equal to the
same combination of the corresponding outputs.



Stationarity: the dynamic characteristics of the structure do not change over time, so
that the coefficients of the differential equations governing the dynamic response of
the structure are independent of time.



Observability: the sensor layout has been properly designed to observe the modes of
interest, avoiding, for instance, nodal points

In general, the acceleration time histories resulting from the passage of trains are considered
not to be a reliable means for obtaining the dynamic characteristics of the bridge itself, since
the bridge-train system and the bridge itself have different modal parameters that both
influence the measured dynamic response. This is due to the relatively high mass of the trains
compared to the total mass of the system [38]. For this reason, system modal identification of
bridges has been done in [38][40] based on the following types of recorded signals:


Acceleration records during the passage of road traffic only



Acceleration records immediately after the passage of trains



Acceleration records of the ambient vibration.
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Traffic-induced bridge vibration is considered as non-stationary vibration, due to the timedependent mass distribution on the bridge of the traversing moving mass [41],[42]. Wavelet
analysis and Empirical Mode Decompositions (EMD), as part of Hilbert-Huang Transform
(HHT), are two widely researched time-series analysis methods applicable for non-stationary
signal [43][44]. Yet, the application of these types of methods on rail bridges is limited.
2.2.3

Recently applied SHM systems on existing bridges

The number of bridges being monitored is growing steadily. However, there is a significant
difference between monitoring the dynamic behaviour of a bridge and effectively applying
structural health monitoring. An overview of the monitoring systems used on a series of
bridges is presented. A comparison is made between the type of sensors used, the algorithms
implemented and the capabilities in terms of identifying the modal parameters of the bridge
and of assessing the state or condition of the bridge. A distinction between identification and
the ability to remove noise and operational effects is made for the model identification
capabilities. The condition assessment is split in three levels: detection, localisation and state
estimation. The results are summarised in Table 1, details on the monitoring and monitored
assets are discussed in the following paragraphs.
Japanese Bridge [45]: A simply supported through-type steel Warren truss bridge with 59.2 m
length and 3.6 m width, designed for a single lane road bridge. The bridge vibration induced
by a passing of a two-axle vehicle were measured by 8 accelerometers, but only the free
vibration responses are taken into account for modal-parameter identification. Observations
collected in the undamaged condition are treated as a reference dataset (or training dataset
in the machine learning field). Candidate observation are compared with these reference data
sets and can be either from a damaged or undamaged condition. If the candidate is identified
as an outlier; it implies a damaged condition of the bridge. Field experiments with four artificial
damage scenarios were applied sequentially: a half cut in a vertical tension member at the
mid-span, a full cut in that member, a recovery of the cut member, and a full cut in a vertical
tension member at the 5/8th-span. Both univariate (modal frequency, damping ratio, or modal
assurance criteria value of a specific mode) and multivariate features (modal frequencies,
damping ratios, or MAC values of a couple of modes) were examined. Various combinations
of modal parameters identified by multivariate autoregressive (AR) time series models are
considered as damage-sensitive features. Their main conclusions are that the model
frequencies and mode shapes of the bridge can be identified accurately and the damage can
be identified, provided a proper damage sensitive feature selection procedure is followed.
I-40 USA Bridge [46]: A composite bridge with concrete deck supported by five steel girders.
The bridge was 52.10 m long consisting of three spans (11.34 m, 27.28 m, 13.48 m). The
bridge was instrumented with inexpensive geophones (passive-velocity sensors) to measure
vertical vibrations of the bridge. The bridge was excited by dropping a 22.7 kg drop source
(sandbag) from a height of one meter onto the bridge deck at a total of nine different locations.
The bridge vibrations were recorded at a total of 120 measurement locations that were dived
into five groups along bridge beams (girders). Three damage scenarios were induced in the
girders such that the bridge girders was incrementally cut upward from the bottom flange, and
the drop tests were repeated to obtain vibration data in damaged bridge conditions. A time
series-based damage identification technique, autoregressive with exogenous input (ARX)
models and sensor clustering, is evaluated using the measured and simulated bridge data.
10

D1.5 Implementation of a complete vibration monitoring system on Irish Rail
bridge
DESTination RAIL – Decision Support Tool for Rail Infrastructure Managers

ARX models and sensor clustering damage identification techniques, both output-only
methods, are employed. The authors propose a new damage sensitive feature, which
corresponds to the ratio of the standard deviation of the prediction error in the damaged bridge
condition to the standard deviation of the prediction error in the healthy bridge condition, to
enhance identification of the induced damage to this highly indeterminate bridge. To identify
damage, an outlier analysis method is employed. The implemented damage identification
technique was reported to detect outliers for all three damage scenarios, induced in this
bridge, which indicates that damage is successfully detected for all considered damage
scenarios. However, localisation of the damage and an estimate of the severity of the damage
proved to be impossible with this damage feature.
S101 Austria Bridge [47]: This bridge is a post-tensioned concrete highway bridge with a
main span of 32 m, side spans of 12 m, and a width of 6.6 m. In an on-site test, ambient
vibration data of the bridge was recorded through 15 triaxle accelerometers while different
damage scenarios were introduced on the bridge. 14 sensors were place on one side, while
one was placed on the opposite side, allowing for the identification of bending and torsion
modes. The latter are assumed to be antisymmetric bending modes. Two artificial damage
scenarios were induced to the bridge. Output-only methods combined with statistic techniques
(covariance-driven and statistical subspace iteration methods) were applied for the
identification of the damage. The advantage of the method is, according to the authors, that
no modal parameter extraction is necessary: the system response is compared implicitly and
not only the first modes. This alleviates the requirement to extract modal parameters, as
required in other methods. The results showed however, that the method was only successful
for one of the damage cases – the more global damage. On the other hand, the method proves
to be successful in the elimination of environmental effects.
The Infante D. Henrique Bridge [48]: is a highway bridge composed of two mutually
interacting fundamental elements: a very rigid pre-stressed reinforced concrete box beam,
supported by a very flexible reinforced concrete arch that spans 280 m. A total of 12 force
balance accelerometers were installed inside the deck box girder. The measurement system
was complemented with strain gauges, inclinometers and temperature sensors. Output only
techniques were employed for the modal parameter identification (FDD, SSI-COV and pLSCF). The measurement lasted three years (2007-2010). Environmental and operational
effects are removed from the identified natural frequencies using a regression model. An
additional correction of the natural frequencies was applied to account, for, as the authors
specify, unmeasured factors. The first twelve, corrected natural frequencies of the bridge were
used for the construction of a multivariable control chart. To test the ability of control chart to
detect damage, several damage scenarios were simulated with a numerical model of the
bridge previously tuned. Damage was simulated in simplified form as a bending stiffness
reduction of 10% over length of 5 m at selected regions along the bridge. This led to frequency
variation in some modes of the order of 0.15%. These variations, quantified with the tuned
numerical model, were applied to the experimental data collected after March 2009. The
authors claim to that the points of the control chart are outside the control area after the
introduction of the frequency shifts due to the simulated damage. Hence, they concluded that
it is possible to automatically detect a small frequency variation in the bridge with the installed
monitoring system. It should be note though that the frequency shift is due to a relative large
damage.
11
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US 30 Bridge [49]: A composite highway bridge made of reinforced concrete and steel beams.
It used for field experiment to validate the transmissibility technique for local damage
detection. The proposed algorithm for vibration-based measurements was based on localizing
sensors around failure–critical joints and on establishing transmissibility ratios. The
methodology was tested on laboratory experiments, resulting in a successful damage
detection, localisation and quantification. The preference of using the transmissibility rather
than the frequency response function (FRF) is motivated by the fact that the FRF contains
global information and may be less sensitive to local changes. Moreover, the FRF is more
(negatively) affected by operational input forces. The transmissibility between sensor pairs
provides local data and is deemed more useful for damage identification. Statistical methods
are applied to determine whether a specific transmissibility is different from a baseline. The
percentage of transmissibility ratios of all sensors around a failure critical joint that is
significantly different from the baseline is used as a measure for the likelihood of damage of
that joint. Field tests, under normal traffic loading, showed that damage warnings were issued
correctly, but environmental effects caused a significant number of false alarms. Moreover,
quantification of damage proved to be unsuccessful, which was also attributed to
environmental effects.
Songtoujiang Bridge – China [50]: A four span pre-stressed concrete bridge located at the
mountain in China. It is a continuous box girder bridge with a span arrangement of
(60+2×100+60) m. The width of the bridge deck is approximately 12.5 m, with two railway
lines. In total 3 accelerometers were used for a multi-setups test with 2 reference nodes and
47 roving measurement points. All measurement points were placed at the centre of the bridge
deck. Three output-only methods were used: Peak-Picking, SSI-COV and improved EMD
based modal identification. The latter either used random decrement based techniques or SSICOV to extract the modal parameters from the Intrinsic Mode Functions. The main argument
for using EMD is that it can handle nonstationary situations better than the other techniques.
No significant changes in performance of the three techniques in terms of modal parameter
extraction are reported.
Nanjing Yangtze Bridge – China [25]: The bridge consists of three units of three-span
continuous steel truss and a simply-supported steel truss. Each unit of three-span continuous
steel truss has a span of 160 m and the simply supported steel truss has a span length of
128 m. The width of the bridge is 14 m which carries both highway and railway traffic. The
monitoring system comprises a total of approximately 150 sensors, including accelerometers,
strain gauges, displacement transducers, temperature sensors, weight-in-motion sensors,
anemometers and seismographs. A total of 30 accelerometers are installed in the middle
section of all ten spans. The acceleration response by railway traffic is prominent due to its
heavy loading. A distinction between train induced, road traffic induced and ambient induced
responses is made, based on the vibration amplitude. EMD is used to identify the modal
frequencies and damping ratios for the first three modes in all three situations. The authors
state that no differences in modal parameters were found for the three cases. Hence, neither
traffic nor trains affect the modal properties of the bridge.
Brazil – Bridge [39]: the bridge has total length of 2310 m and width of 19.40 m. the structure
system consists of pre-stressed concrete deck slabs, carrying the rail and road traffic, on top
of steel girders. the study was carried out in the central part of the bridge which consists of
two 44 m long spans and one 77 m long central span, which is partially supported by a steel
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arch. in total, 32 low frequency piezoelectric accelerometers were installed. The positions were
determined based on the results of a numerical model and taking accessibility into account.
The dynamic tests were performed for cases of ambient excitation due to wind, river current
and operational excitation due to passage of loaded and unloaded trains, as well as road
traffic. The nonstationary effects during passage of a train turned out to be too significant to
reliably extract the modal parameters from the bridge. Note that the nonstationary effects stem
from the fact the train mass is not negligible compared to that of the bridge. Hence a bridgetrain system is formed, which dynamic characteristics differ from that of the bridge alone. For
this reason, the modal identification was performed by using the acceleration records during
the passage of road traffic and the acceleration records immediately after the passage of
loaded trains. The output-only methods “Stochastic Subspace identification – unweighted
main component” (SSI-UPC, a time domain method) and “Enhanced Free Domain
Decomposition” (EFDD, a frequency domain method) were used. Limited difference between
the methods were found, be it that the SSI method performed slightly better. The main
contribution of this study is that it revealed the importance of the vibration amplitude and length
of the time record on the accuracy of the identification of the dynamic characteristic of
structures.
Jalon Bridge – Spain [40]: A six-span girder railway bridge for high-speed trains at Spain. In
order to determine the dynamic characteristic of the bridge, a vibration measurement
campaign was performed on 18 and 19 September 2011. Acceleration were measured under
both ambient (wind) and trains passages (free vibration only). 12 GeoSIG wireless sensors
were used for the measurements. In total 303 nodes were measured in 3 orthogonal
directions. The measurements were performed in 38 different setups. There were four
reference nodes common to all setups, which were measured by sensors at fixed locations
where the modes of interest are well present. The system identification is performed by using
the reference based covariance driven stochastic subspace identification algorithms (SSICOV). Limited differences were found between the ambient vibration based analyses and
those based on the free vibration, be it that the modes are more real valued in the first case,
indicating a higher phase collinearity. A higher phase collinearity is beneficial for the extraction
of mode shapes.
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Case study

Year

[48]

D. Henrique
bridge

[48]

Excitation

Sensors

Method(s)

System
Identification

2007- Road,
2010 prestressed RC
box + RC arc

Traffic

Accelerometer /
strain gauge /
inclinometer /
temperature (12)

FFD, SSI-COV,
p-LSCF

S

Milau Viaduct

2007- Road, cable
2010 stayed steel box

Traffic

p-LSCF, SSICOV single/multi

S

[49]

US 30 bridge

2012- Road, RC +
2013 steel

Traffic

Seismograph /
accelerometer /
GPS
Accelerometer (6,
uniaxial)

Transmissibility

S

NA + false
alarms

[45]

Lab Test
Japanese
Bridge

NA
NA

I-40 bridge

[47]

S-110 Bridge

[50]

Songtoujiang
bridge

Wind, nonstationary

Transmissibility
Multivariate AR
time series +
stability diagram
Accelerometer (120) ARX models &
sensor clustering
Accelerometer (15, SSI + confidence
triaxial)
interval /
statistical
damage
detection
Imp. EMD + RDT
/ SSI-COV

S
S, FE
validated

[46]

Steel connection Impact
2014 Road closed,
Vehicle
steel truss
induced free
vibration
2016 Road, steel
Drop weight
girders
2014 Road,
Traffic
prestressed
concrete

Wind + traffic /
train
Traffic

Accelerometer (30,
vertical & lateral)
Accelerometer

Traffic / train
induced free
vibration

Accelerometer

[25]

Nanjing
Yangtze
[51][52] Z-24 bridge

[39]

Brazil bridge

Type of bridge

2015 Rail, prestressed
concrete,
continuous box
girders
2011 Rail and road,
steel truss
Road,
prestressed
concrete
2015 Rail and road,
prestressed
concrete + steel
girders

Accelerometer
Accelerometer (8)

EMD-based RD

Remove
Detection
environment
& operational
effect
S, regression / S,
statistical tool simulated
with
numerical
model
NA
NA

S

Damage
Localisation State

NA

NA

NA

NA

S

Sacrificial
element

S
S/NS

S
NA, in one
case S

NS due to
environmental
effects
S
S

S

NS

NS

S

NA

S

NA

NA

S

NA

NA

NA

NA

S/NS

NA

NA

ARMA modelled, S
RD + SSI / WT /
HHT
SSI-UPC / EFDD

S

S
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[40]

Jalon bridge

2012 Rail

Wind / train
induced free
vibration

Accelerometer

SSI-COV

S

S

Table 1. Structural Health Monitoring Systems applied on bridges (S = Successful, NS = Not Successful, NA = Not Applicable)
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3 Instrumentation and Data Collection
Within the DESTination Rail milestone 2.2 report [53], a full description of the basis for the
SHM system installed on the Boyne viaduct was given. This section will only summarise the
most relevant points and further address the data acquisition systems and process. A total of
four rosette strain gauges and three triaxial accelerometers were installed on the bridge (see
Table 2 for the properties). Figure 10 shows the overall layout of all sensors. 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 sensor locations on the bridge (a) and plan-view at deck
level (b)
Figure 11 shows two of the accelerometers installed on the structure while Figure 12 shows
two of the rosette strain gauges.
(a)

(b)

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

(b)

Figure 12: Photograph showing strain gauge S3 (a) to S4 (b)
Initially, a battery powered system was installed by the company NPrime. The 24 channel
system acquired data over a limited time period. Data was sampled at 1000 Hz and was used
for an investigation of the strain response [53] and a preliminary investigation of the dynamic
response. The main practical issue was the power supply, as the batteries needed
replacement every 6 days. The temporary systems hence also served as a source of
information for the realisation of a long-term data acquisition.
Table 2: Properties of the accelerometer and strain gauges installed on the bridge.
The sampling frequency differed for the NPrime temporary system and the UTwente
long term data acquisition system
Accelerometer
Range
Up to 200g
Bandwidth
2-10g 0-1500Hz
Resonant frequency 5 kHz
Operating
-55oC to 120oC
temperature
Noise
>15mg/√Hz
Sampling frequency
1000 Hz / 2000 Hz
Measuring range
±3g
Sensitivity
666 mv/g

Strain gauge rosette
Number of axes
3
Minimum strain
1×10-4 strain
Maximum strain
1100 strain
Operating
-10 oC – 80oC
temperature
Resistance
120 Ohm
Sampling frequency 1000 Hz / 2000 Hz

Requirements of a 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 will be addressed in the next sections in a more or less general way. 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.
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3.1 Data Acquisition System Requirements
3.1.1

Sensor requirements

The requirements for the data acquisition system here are 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 scaffold ded in that period. However, from a general perspective, the most commonly
used sensor types are accelerometers and strain gauges. Optical fibres are being used as
well, 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 dynamics induced variations in the dynamic response of the bridge.
The option of optical fibres is not further explored for these reasons.
To capture the strain state accurately, it is advised to use rosette strain gauges. The direct
consequence is that three channels are required for each strain measurement location.
However, the number of channels is not a problem for the current generation of data
acquisition systems. Moreover, it can be decided to reduce the sampling frequency for the
strain gauges in case the amount of data generated over specific measurement periods
exceeds practical limits, e.g. set by storage space or data transmission capabilities.
The dynamic response of a railway bridge is primarily governed by bending and torsion modes
of the bridge. Lateral and axial vibrations of the bridge play a minor role in the response. Yet,
a deliberate choice is made for triaxial accelerometers. Lateral vibrations can provide
information on the bridge stability, for example affected by scour, and possibly also as an
indicator of the wind load on the bridge. The use of the axial acceleration signal is not yet
clear. Waves travelling in axial direction in front of an approaching train may be captured if the
sampling frequency is sufficiently high. If additional sensors are to be attached to the data
acquisition system – whichever is installed – and the maximum number of channels is already
reached, then these are the first to be sacrificed.
Next to the strain and accelerometer responses, the environmental conditions are to be
monitored if the objective is long term monitoring. Dynamic parameters of structures tend to
be influenced by environmental conditions. Initially, a weather station was installed, yet this
seemed to have failed or provided highly instable results. A bare minimum to measure is the
temperature, with as a second option the wind speed. Measuring the humidity may be relevant
as well, as it may directly influence corrosion rates.
The number and location of the sensors are directly related to the methods anticipated to be
applied for the monitoring. The methods itself are subject of work package 2 of the
DESTination RAIL project and are thus not treated in detail here. However, 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.
This approach is known as load monitoring [54] and is implemented in this project by [53]. The
sensors, typically strain gauges, are located at spots that are likely suffering from fatigue as
the local loading of the structure is governing the condition.
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Dynamic properties are generally extracted using accelerometers, as also observed in the
literature review Table 1. Various elements of the dynamic characteristics of a structure can
be used to assess the condition:




Natural frequencies
Damping
Mode shapes

The first two providec information on a global level and can be used for detection. The number
of sensors is limited, as is the accuracy of the methods. More information can be retrieved
using the mode shapes. This requires a spatial distribution of sensors. The number of sensors
depend on the number of mode shapes that needs to be extracted. This number rapidly
increases, for two reasons:
1. Higher modes are more informative; yet more sensors are needed to reconstruct these
modes sufficiently accurate
2. Damage identification methods relying on derivatives of mode shapes (e.g. Modal
Curvature or Modal Strain Energy based methods) require a higher number of sensors
per mode than mode shape based methods.
Given the above considerations, it is hard to provide general guidelines for the number and
location of sensors to be used to characterise the dynamic response of a bridge. The number
of sensors versus the requirements – and thus cost – of the acquisition system is must be
balanced. A Finite Element Model of the Boyne Viaduct was used to find a reasonable
compromise given the time and budget constraints at the time of the installation.
Summarizing, the data acquisition system for the Boyne Viaduct needs to be able to collect
data from different types of sensors:
1. Accelerometers
2. Strain gauges
3. Temperature / wind (optional) / humidity (optional)
The number of channels equals, in this case 25: three for each of the four strain gauges, three
for each of the four accelerometers and one for the temperature.
The sampling frequency is determined by the highest frequency in the total bridge system.
The natural frequencies of the bridge itself are relatively low (<50 Hz), but passing trains
introduce frequencies in a higher range. This depends on the speed of the train, the sleeper
distance and train characteristics, such as wheel diameter, distance between axles, number
of axles per bogie, stiffness and damping of suspension, weight of the train, etc. A trade off
must be made between frequency range covered and the size of the data sets generated for
each train passage. Generally, a sampling frequency of approximately 1000 Hz is considered
sufficient for these kind of applications.
3.1.2

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
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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 turbine

The downside of batteries is that they are drained in a relatively short time – in particular given
the energy efficiency of commercial systems. Batteries are also sensitive for environmental
conditions: their performance is strongly affected by low temperatures as present in the winter
at Boyne Viaduct, the location of the test. These conditions are far from extreme, highlighting
the problem of high temperature sensitivity of batteries.
The batteries used for the first measurement campaign were replaced every six days, but in
some cases they already ran out of power during that period. Another disadvantage of
batteries is their weight and bulkiness. The two batteries used, weighted 60 kg, which
complicates their transport and placement.
Solar panels offer a reasonable solution, but the amount of energy that can be generated may
be insufficient. Both the number of hours of sun (which can be retrieved from a site like [55])
and the strength of the sunlight (for example calculated using [56]), determine the total amount
of energy that can be generated. Increasing the number of solar panels seems to most
straightforward method to resolve the problem of insufficient energy generation. However, the
solar panels must always be used in combination with an energy storage system, since
monitoring should also continue if there is no sunlight. Another issue to take into account when
using solar panels is the variability in energy generation depending on the weather conditions
and time of the year. The efficiency of the panels varies with the amount and strength of
sunlight on them. Although energy will be generated in cloudy weather, the amount of energy
harvested is lower. Moreover, the strength of the sun differs over the seasons. Combined with
the large difference in daylight hours in northern countries such as Ireland, this poses severe
constraints on the system.
The combination of a solar panel and a battery has been tested on by the University of Twente
on a bridge in The Netherlands. The system was operational for a period of 4 weeks in the
spring of 2016. A few elements need to be taken into account when implementing such a
system:


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.
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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.

Although the system was successfully implemented for a measurement campaign in The
Netherlands, it turned out to be difficult to use the same system for the Boyne Viaduct. The
reasons were technical as well as practical or organisational in nature. This highlights the fact
that a technical feasible solution is not always a practically viable solution. The Boyne Viaduct
is a historical structure and no objects were allowed to be attached on it. Moreover, the
authorities feared vandalism, hence could not guarantee the safety of the system.
Given the high variation in sun power between summer and winter, the system initially
designed for the Boyne Viaduct was a compromise between continuous monitoring and
energy supply: it was accepted that the system would run out of energy regularly, up to 50%
of the time, during the darkest and coldest months of the winter period. Installing sufficient
solar panels to guarantee full continuous monitoring would result in a very large amount of
excess energy in the summer, with high risks of system (electrical) overloads.
Wind is another source of natural energy that can be harvested efficiently. As with solar
panels, this solution needs to be combined with an energy storage to cover for the variability
of energy supply. The variability concerns both presence and strength – as with solar power,
be it that presence of wind is not limited to daylight hours. Small wind turbines (up to 500 W)
are commercially available at reasonable prices. The power output efficiency of these turbines
depend on the wind force and generally both a lower and an upper limit needs to be
considered. Selection of the best wind turbine is a compromise between minima and maxima
in the wind force and the distribution (how often specific wind forces occur). In most cases, a
wind turbine that can cope with the maximum wind force will not be the best choice due to its
poor performance at lower, yet more common wind forces. A proper control system can assure
effective and safe operation of the system.
A potentially interesting alternative power supply for bridges crossing streaming water may be
water turbine based power supply. Either the one directional flow (rivers) or tidal flows (firths,
sea mouths) can be used. The principle of energy generation is similar to wind powered
turbines, yet the flow tends to be more constant and predictable. The downside is the higher
costs (also due to the more limited commercial application) and the larger distance from power
source to the data acquisition system.
Two important conclusions can be drawn from the considerations regarding the use of locally
generated energy sources for monitoring systems:
1. All of the solutions have severe disadvantages; in fact, these options should be a last
resort. Power from the grid is preferred at any time.
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2. If the system needs to rely on locally generated power, then it should be designed in
an energy lean fashion and a well thought through control system should be designed,
as the system must be able to cope with large variabilities in energy availability.

3.2 Data Acquisition System Implementation
The acquisition system is based on National Instruments (NI) components. The University of
Twente has a broad experience with these systems, both in terms of the hardware as well as
in terms of the software to control the acquisition process (LabVIEW). Despite the somewhat
obvious choice for an NI based system, the discussion on the elements selected and
implemented is as general as possible.
3.2.1

Data acquisition 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). Essentially, it is a stand-alone unit to
which dedicated acquisition units can be connected. To accommodate all channels, the
following units are plugged in 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 13: 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
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LabVIEW runtime programs can be uploaded to the units. Connecting a computer to the unit
with a LAN cable allows to control the program (start, stop, visualise current operation) running
on the base unit.
3.2.2

Data acquisition software

The data logger has to be operational while not being supervised for long periods (1-3
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.
Implicitly, the consequence of the memory efficiency demand is that a trigger system needs
to be used. Triggering can be tricky, as the trigger level must be above the noise level, which
in principle is unknown. In addition, faulty readings of the trigger channel may result in missing
events (train passages). To avoid this, two measurements were taken:


The trigger level is determined dynamically, by measuring the noise level at regular
intervals.



A second trigger channel is used: if the first trigger channels is not triggered, but the
second is, the measurement start as well.

A pre-trigger time is set, to overcome the time delay between actual trigger moment and the
moment the signal of the channel used as trigger passes the trigger threshold. The duration
of a measurement is based on a combination of train length and velocity – hence, the time the
train needs to pass the bridge. These are estimates and are here not implemented in a
dynamic way. The time estimated for a train passage is extended by a certain factor to deal
with variabilities in train speeds and to ensure the measurement also covers the phase just
after the train left the bridge and any remaining vibration decays.
Alternative methods can be based on the absolute vibrations level. The measurement is for
example stopped after a fixed amount of time after the vibration level has dropped to the noise
level. Although this makes the system much more flexible, it also makes the coding more
complex. More complexity inherently means higher risk of errors and thus a lower robustness.
For the Boyne viaduct, a simple, hence robust trigger and static measurement time can be
used. Trains are passing the bridge at well-spaced time intervals and only one at the time, as
it is a single track bridge. Other cases, such as dual track bridges, possibly need the flexibility
to continue measurement if a second train starts passing the bridge during the measurement
triggered by the first train. A similar case, in fact even worse, occurs on road multi-lane road
bridges, where the dynamic load induced by trucks trigger the system. The approach
implemented in such a case by the University of Twente is that the systems keeps checking
for triggers and resets the measurement time after each trigger. This effectively means that
the system continues to measure until the set maximum measurement has elapsed after the
last recorded trigger. Field test on a road bridge in The Netherlands (not being a part of this
project) proved the feasibility and functionality of this approach.
A flow diagram of the software is shown in Figure 14. The monitoring system is built up in the
laboratory of the University of Twente and tested extensively prior to being installed on the
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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.

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 14: Flow chart of the monitoring control software
It should be noted that extensive laboratory testing is judges essential for a robust,
unsupervised operation of the system. Underestimating the importance of these test can be
costly, as small flaws, unexpected behaviour or events can stop the system any time after the
start of an unsupervised period, resulting in loss of data. It is essential to mimic as many
possible events, including faults, in the test environment and let the system run for a
substantial amount of time.
3.2.3

Data storage & transfer

As mentioned, data storage can be an issue, if insufficient disc space is made available, or in
case excessive amounts of data are generated. The CompactRIO base unit has two USB slots
allowing the data to be stored on USB sticks, or even an external HD. 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.
Still, the USB stick needs to be replaced approximately once every three months. This is a
relatively long period of un-intervened operation of the system. Faults in the triggering can
cause an excessive amount of triggers, hence reaching the maximum storage capacity long
before anticipated. This occurred in June 2017 – proving it is a realistic problem.
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Clearly, remote communication with the systems is preferred. This communication does not
need to 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. 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 expense 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.
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 upload an improved version of the software running on the system. This
is in particular of interest in research projects. In other cases, it may not be desirable to have
access to the system as any change can cause malfunctioning if the effect of the change is
not tested extensively. Improper updates can then harm the functionality of the system.

3.3 Concluding Remarks
The design of a data acquisition system for the Boyne Viaduct is based on some general
considerations regarding on site, unsupervised monitoring systems. General rules can be
applied, and the system is quite comparable to the ones used by the University of Twente in
other projects. Yet, it is inevitable to modify the system to the specific needs of the monitoring
system of the Boyne Viaduct – or, in general terms, to the needs of the monitoring systems at
hand.
The design is also driven by practical limitations, ranging for power supply options, to budget
restrictions. One of the main drawbacks of the currently installed system is that is cannot be
accesses remotely. This is the first, most important extension of the system that is
recommended.
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4 Data Acquisition
4.1 Periods of Monitoring
Monitoring of the bridge is done during different periods, where the last one is still on-going.
The first series of measurements were executed by NPrime, using their own data acquisition
system (this is not further discussed in this document). These measurements were meant to
get an initial idea of the responses and on the system requirements in terms of power
consumption, start the first analysis and design a more permanent system. The measurements
started end of 2015 and ended early 2016. The system was decommissioned by NPrime, but
the sensors and wiring was left in place.
The second series of measurements started in May 2017, with the data acquisition system
designed by the University of Twente. Unfortunately, two of the four accelerometers failed:
ACC2 (see Figure 10) due to what is suspected to be a wiring problem and ACC3 had lost its
connection to the bridge. It should also be note that ACC4 was mounted on a column, with the
intention to measure scour: this accelerometer was not intended to be used for vibration
measurements of the bridge.
Excessive triggering occurred at a given time in June, resulting in large amounts of data files,
quickly filling the available storage space. This was mitigated by disabling the channel that
was used for the second, back-up, triggering, as analysis of the results identified that as the
source of the problems. This however, implied that a third series of measurement (July 2017
– August 2017) misses strain gauge data from the second strain gauge.
A solution was found for the problem. The situation was mimicked in the lab and the solution
was also tested in the University of Twente laboratory. The fourth series of measurements,
started in August 2017 seamlessly following the third series, but the disconnected strain gauge
was connected again and no further problems were observed.
The last series of measurements started in December 2017 and is still running. 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.

4.2 Monitoring Results
A discussion on the analysis of the data of the monitoring system is presented in Deliverable
2.2 of the project [53]. The discussion here, is limited to the functionality of the system and it
provides some general insights in the design and operation of a bridge monitoring system.
4.2.1

Results from NPrime data acquisition system

The result from the first series of measurements showed relevant signals from all sensors,
indicating all sensors were functioning correctly. A representative example of the data from
one accelerometer is shown in Figure 15. The results show a repetition of higher responses
corresponding to carriage and/or locomotive passages. In this particular case, the last part of
the signal has a higher acceleration level, which indicates the presence of a locomotive.
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Figure 15: Triaxial acceleration data measured during the first measurement series
using the NPrime data acquisition system. Channel 1, 2 and 3 correspond with the
acceleration in x, y and z direction (transversal, lateral and longitudinal)
Comparing two signals from different accelerometers, as depicted in Figure 16, reveals a
phase delay between the signals. This phase delay can be used to calculate the velocity of
the train, given the relative position of the accelerometers with respect to each other is known.
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Figure 16: Acceleration signal in transversal direction of two different accelerometers,
measured during the first measurement series using the NPrime data acquisition
system. The phase delay between the signal can be used, together with the relative
position of the sensors to determine the speed of the train
Stain gauge data from two different trains, a DMU train and an Enterprise train, as measured
during the first series of measurements with the data acquisition system of NPrime are shown
in Figure 17. The response of all four strain gauges are shown. The difference in magnitude
of the responses is to be attributed to the location of the strain gauges. Furthermore, the type
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of train can be clearly recognised in the signal: the DMU train is a train without a locomotive.
Each carriage has its own (diesel) engine. This results in a series of fairly equal peaks. On the
contrary, the Enterprise train is pulled or pushed by a locomotive, which is significantly heavier
than the carriages, which results in two large peaks (front and rear wheel sets of the
locomotive) in the signal. These peaks can show up at either end of the signal, depending on
the direction of travel and the location of the locomotive. In practice, there are only two options:
all trains are pulled from Dublin to Belfast and pushed vice versa.

a): Strain gauge response of DMU train.

b): Strain gauge response of Enterprise train

Figure 17: Strain gauge responses for two different trains, measured during the first
measurement series using the NPrime data acquisition system

4.2.2

Results from University of Twente data acquisition system

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 18. The
magnitude of the signals is the same and the characteristics observed in the signal and related
to the type of train passing the bridge are also the same – evidently for the sensor still in
operation at the time of the installation of the University of Twente system.
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Figure 18: Triaxial acceleration signal measured by the University of Twente data
acquisition system. From top to bottom: transversal, lateral and longitudinal
acceleration
The strain gauge results, Figure 19, are plot in a slightly different way: the top middle and
bottom graph show the first, second and third strain gauge data from each of the four rosettes,
while the colour refers to the individual rosettes. Another difference with the data as shown in
Figure 17, is the unit: the NPrima data is converted to microstrain, while the University of
Twente data is not.
Although the shape of the strain gauge signals corresponds with the earlier results from the
first series of measurements, showing the same features and characteristics, the signals show
a substantial increase in noise level. It should be noted here that the first strain gauge of one
of the gauges already showed a poor response in the first series of measurement: this is the
red line of in the top graph of Figure 19. The origin of this noise is difficult to determine, due
to the difference in data acquisition systems and the time between the measurements.
Potential explanations are:





Disturbance from the electrical grid: the University of Twente system is powered by the
electricity network – an alternating current power source – rather than by batteries – a
direct current power source.
Disturbances in the data acquisition that may have been absent or filtered in the
NPrime system, while the latter is not done in the University of Twente system.
Deterioration of the strain gauges over time.
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The disturbance of the grid typically results in a 50Hz distortion signal, equal to the frequency
of the alternating current of the electricity grid (in some countries, this frequency is 60Hz).
Indeed, a 50Hz signal is recognised in the strain gauge reading, yet, this does not explain all
noise observed.

Figure 19: 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
Whether additional filtering is applied in the NPrime system, when converting the raw strain
gauge data to microstrain, is unknown. It is difficult to retrieve this information, as NPrime was
a subcontractor and their data acquisition system was on loan for the first series of
measurements.
The third explanation can be partially checked if the strain gauge data is converted to
microstrain. However, the calibration factor is unknown and are unlikely to be accurate, as
strain gauges are known to exhibit drift over time.
4.2.3

Concluding remarks

The most important conclusion is that the on the one hand, the strain gauge data can still be
used, albeit some additional filter may have to be applied, but on the other hand, care should
be taken with strain gauges that are used over a long period of time. The performance of strain
gauges over time appears to be lower than the performance of accelerometers over time.
Typically, these type of monitoring systems are intended to be in use for long periods of time,
at least several years or even a large portion of the bridge’s lifetime. The consequence of this
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conclusion is that strain gauges used for a bridge monitoring system may be subjected to
maintenance or replacement policies as well to keep the monitoring system not only active but
also trustworthy. It is even advisable to re-calibrate the strain gauges multiple times during
their lifetime, which immediately affects the operational costs of the monitoring system.

4.3 BSc papers
In addition to the analysis by the project partners, the data was also analysed by BSc students
of the University of Twente for their final BSc assignment. The objective of the assignment is
that the students learn how to set up and execute academic research. They start their
assignment with a literature review and based on that, they formulate their research proposal.
It is important to mention that limited guidance is provided in terms of the exact topic the
students select. It is an explicit part of the assignment that the student identifies blind spots in
the research field, assesses their relevance and, based on that, proposes a research question
and plan.
The consequence of this is that the exact direction of the research may not be in line with the
project’s aim. However, the outcome of the research of the students is believed to be
potentially interesting for the project and hence included in this document. A brief summary is
presented here, while the full text is provided in Appendix B.
4.3.1

Analysis of Structural Health Monitoring Data from Railway Bridges

In this paper, a study is conducted on the extraction of parametric quantities from Structural
Health Monitoring data from two railway bridges. A methodology is presented to divide the
acceleration signal in different phases, which enables a distinction between the frequency
content of the free and forced vibration. Determination of the train type, velocity, and other
characteristics is used to identify the underlying cause of the bridge’s dynamic behaviour
induced by a passing train. While modal parameters are usually extracted from the free
vibration signal, this research proves that it is possible to extract modal parameters and train
characteristics from the forced vibration signal.
The main conclusion of the paper is that a separation between train induced vibrations and
bridge frequency (natural frequencies) can be made. The method used, relies on a automatic
separation of the signal in three phases:
1. Time between start of measurement and actual arrival of the train on the bridge
2. Time the train needs to pass the bridge (traverse phase)
3. Remaining time of the measurement after the train has left the bridge (free vibration)
4.3.2

Analysis of statistical features extracted from structural health monitoring data
of the Boyne Viaduct

In the context of Structural Health Monitoring data is obtained from the Boyne viaduct. In this
research an approach is opposed to extract information out of this data by machine learning.
To apply machine learning features of the data are needed. Statistical features are extracted
from the data and are analysed if they can classify the data. It emerges from this analysis that
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the RSSQ, Peak2RMS, Kurtosis and Skewness are features which classify the data. These
features are advised to be used with machine learning.
The main conclusion of the paper is that the statistical tool can be used to classify measured
data. The classification is limited at this point to type of trains (i.e. DMU and Enterprise), but
further analysis seems promising to identify classes within these classes. This can support the
identification of outliers, which in their turn may point either to damage or deterioration or to
events that impact the remaining lifetime of the bridge in a significantly more severe way than
the normal load cause by a train passage.
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5 Conclusions
The conclusions that can be drawn from the activities in this work package are:








Various failure mechanisms of bridges can be identified based on the main
construction material of the bridge. In all cases however, the failure is the result of a
combination of cyclic loading and corrosion of the support structure.
Given the above, monitoring the load history of the bridge is the most relevant type of
bridge monitoring. This can be done by:
o Measuring local deformation, e.g. using strain gauges. This gives primarily
local information on the loading of specific elements of the bridge. So-called
hot-spot monitoring
o Vibration monitoring of the bridge, e.g. using accelerometers. This gives a more
global overview of the loading conditions that the bridge has experienced.
Remaining lifetime estimations, or estimations of the consumed lifetime will
need to rely on both measurements and models.
The design of a monitoring system asks for:
o A sound energy supply plan. Local harvesting of energy may be the preferred
solution based on the availability of grid power, but sets limitations on the
continuous operation of the system, resulting from variabilities in the amount of
power generated. Positive results have been obtained with a bridge monitoring
system installed on a bridge that is not part of this project.
o A complete overview of the practical possibilities at the site and an early
involvement and commitment of the bridge owner or manager: not all technical
solutions can be implemented on all sites, depending on regulations, danger of
vandalism and other practical issues.
o A good model of the bridge to select the best sensor types and locations.
Generally, the total number of channels (thus sensors) is limited and access to
the site to make changes in the sensor configuration is often cumbersome and
costly.
o The software running on the data logger should be robust, as it will be operated
unsupervised for long periods. Ideally, remote access is possible to transfer
data and even upload updated versions of the software in case problems occur
(note: problems will occur, given the long period of operation).
The choice of sensors does not only depend on the type of monitoring selected, but
also on the sensor performance over a long period of time. Results obtained with the
University of Twente data acquisition system indicated a decrease in signal quality of
the strain gauges, while no decrease in signal quality is observed for the
accelerometers.
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A. Sensor data sheets
A.1 Strain Gauges
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A.2 KAA3 Triaxial Accelerometers
The KAA series of miniature accelerometers offer a compact and robust solution for the motor
sports and automotive testing industries.
The sensors offer 3 axis of measurement with integral signal conditioning to give a standard
signal of 0.5 to 4.5V which is ideal for most data acquisition systems.
Supply voltage can be 5V or 8-16V and low current consumption of less than 35mA.
With a bandwidth of zero to 1500Hz these sensors are useful for applications within
component and full vehicle testing and development programs.
Table 3: Technical specifications
Range (g)
Bandwidth
Resonant Frequency
Safe Over Range
Accuracy
Cross axis sensitivity
Thermal Effects
Output
Supply
Operating Temperature Range
Compensated Temperature Range
Noise
Construction
Electrical Connection
Protection Class
EMC Protection
Weight
Options

Standard ranges: 2, 3, 5, 10, 20, 50, 100 and 200
Range 2-10g 0-1500Hz and range 20-200g 0-400Hz
5 kHz
±4000g
±0.3% FS linearity
<±2% FS (±5% for >20g)
Zero ±00.03% FS/°C (Sensitivity ±0.03% of reading/ °C)
0.5V to 4.5V (offset 2.5V)
5V (±0.5V) ratiometric or 8-16Vdc
-55°C to +125°C
0°C to +100°C
>15mg/√Hz
Anodised aluminium
50cm, 55spec, 26AWG cable +DR25 sleeve
IP66
EN 50082-1
30g (Excluding cable)
Connector fitted and part number labelling
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