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Abstract 

The field of monitoring is one of rapid development. Advances in sensor technologies, in data 
communication paradigms and data processing algorithms all influence the possibilities of 
Structural Health Monitoring, damage detection, traffic monitoring and other implementations 
of monitoring systems. Bridges are a very critical part of a country’s infrastructure, they are 
expensive to build and maintain, and many uncertainties surround important factors 
determining the serviceability and deterioration of bridges. As such, bridges are good 
candidates for monitoring. Monitoring can extend the service life and avoid or postpone 
replacement, repair or strengthening work. Many bridges constitute a bottleneck in the 
transport network they serve with few or no alternative routes. The amount of resources 
saved, both to the owner and the users, by reducing the amount of non-operational time can 
easily justify the extra investment in monitoring. 

This thesis consists of an extended summary and three appended papers. The thesis presents 
advances in sensor technology, damage identification algorithms and Bridge Weigh-In-
Motion techniques. Two case studies are carried out. In the first a bridge and traffic 
monitoring system is implemented in a highway suspension bridge to study the cause of 
unexpected wear in the bridge bearings. In the second a fully operational Bridge Weigh-In-
Motion system is developed and deployed in a steel railway bridge. The gathered data was 
studied to obtain a characterization of the site specific traffic. 

Keywords: Structural Health Monitoring, Traffic Monitoring, Bridge Monitoring, Bridge 
Weigh-In-Motion, BWIM, Damage Detection, Suspension Bridge Bearings, 
Axle Loads, Dynamics. 
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Sammanfattning 

Övervakning är ett område under snabb utveckling. Framsteg inom sensorteknik, 
datakommunikation och algoritmer för databehandling möjliggör tillståndsbedömning, 
skadeidentifiering, trafikövervakning och andra tillämpningar av övervakningssystem. Broar 
är en vital del av vår infrastruktur, de utgör stora kostnader avseende såväl byggnation som 
underhåll, samtidigt som osäkerheterna är stora avseende dess brukstillstånd samt 
nedbrytningsprocesser. Detta gör broar till lämpliga objekt för övervakning. Genom 
övervakning kan livslängden förlängas, varvid man kan undvika eller senarelägga ett utbyte 
eller förstärkningsåtgärder. Många broar utgör även flaskhalsar i transportsystemet med få 
eller inga alternativa transportvägar. De resurser som kan sparas genom att minska 
trafikstörningarna, för både anläggningsägare och trafikutövare, kan enkelt rättfärdiga 
investeringskostnaden för övervakningssystemen. 

Föreliggande uppsats består av en utökad sammanfattning samt tre bifogade artiklar. I 
uppsatsen presenteras framsteg inom sensorteknik, algoritmer för skadeidentifiering samt 
metoder för övervakning av trafiklaster genom mätning på broar, Bridge Weigh-In-Motion 
eller BWIM. Två fallstudier har utförts. I den första studien har ett bro- och 
trafikövervakningssystem implementerats på en hängbro för motorvägstrafik, i syfte att 
undersöka orsaken till oväntand nedbrytning av lagerkonstruktionerna. I den andra studien har 
ett fullt fungerande BWIM-system utvecklats, vilket har tillämpats på en järnvägsbro av stål. 
Insamlad data har analyserats för att erhålla objektspecifika uppgifter om trafikmängder. 

Nyckelord: Tillståndsbedömning genom övervakning, Trafikövervakning, Bridge Weigh-In-
Motion, BWIM, Broövervakning, Skadeidentifiering, Hängbrolager, Axellaster, 
Dynamik. 
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1 Introduction 

1.1 Background 

Railway and highway bridges are an important part of the transport infrastructure. They 
represent a major investment for society and an important part of that investment goes to 
inspection and maintenance. Bridges often constitute bottlenecks in the transport system with 
few practical alternative routes. As such, closing them for repair, inspection or replacement 
entails large costs for the users. Furthermore, safety levels in bridges are expected to be 
higher than in other parts of the transport system. This comes naturally due to the fact that 
failure of a bridge could have severe consequences in material damage and human lives. 
Introducing monitoring techniques in its different forms (damage detection, traffic 
monitoring, reliability assessment, etc.) can save costs by improving the understanding of the 
structure, thus reducing the need of overly safe assumptions and by granting the possibility to 
get early warnings of problems that develop. 

1.2 Aim and Scope 

The aim of this study was to provide a practical tool for improving operation and maintenance 
routines of bridges by monitoring. For that, a specific goal was to survey the latest 
developments in Structural Health Monitoring. The survey was limited to recent advances in 
sensor technology, data processing algorithms and a number of other aspects related to 
Structural Health Monitoring with focus on damage detection (Paper I).  

Another specific goal of this study was to develop a monitoring system and implement it on 
the High Coast Suspension Bridge. The data from the monitoring system was to be used to 
acquire a better understanding of the causes driving the deterioration of certain bridge 
elements and to obtain a qualitative picture of the traffic to which the bridge was subjected, 
including the dynamic effects (Paper II). 

As a third goal, a fully functional Bridge Weigh-In-Motion algorithm for railway traffic was 
to be developed, tested and implemented. A preliminary study of the site-specific 
characteristics of the traffic was to be carried out to demonstrate the potential of the 
developed system (Paper III). 
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1.3 Outline of the Thesis 

This thesis is based on the works and results presented in the three appended papers. As an 
introduction to the work the subjects of Structural Health Monitoring and Bridge Weigh-In-
Motion are put in a historical perspective. Other important contemporary contributions to 
these fields are also listed to set the results of the papers in its context.  

Paper I treats on recent development of algorithms for damage identification in bridges and is 
completed in chapter 2 with a review of recent developments in sensing technologies applied 
to bridge monitoring and other important aspects of a monitoring system such as sensor 
location, communication methods and sensor failure detection. This paper will be submitted 
to the Journal of Structural Engineering International.  

Paper II presents the monitoring system installed in the High Coast Suspension Bridge and the 
results obtained. It is completed in chapter 4.2 with further information on the bridge. 

Paper III presents the Bridge Weigh-In-Motion algorithm developed for the Söderström 
Bridge, a crucial component of the Swedish railway system. It is completed in chapters 3 and 
4.1 with an overview of the historical and contemporary development of Bridge Weigh-In-
Motion and further information on the bridge under study. This paper was submitted to the 
Journal of ICE Bridge Engineering in October 2011. 

Conclusions and discussions are presented in chapter 5. 
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2 Structural Health Monitoring 

A transportation infrastructure is vital for society. Terrestrial transport links in the form of 
motorways and railways constitute an important part of this infrastructure. One of the critical 
points in every transport network is its bridges. They are expensive to build and maintain, and 
the consequences of their sudden failure are very severe. Therefore bridges are expected to 
have a higher degree of reliability, which in practice means, among other things, thorough 
inspection and maintenance schemes. This fact has led to a great amount of interest in the 
possibilities of using Structural Health Monitoring (SHM) in bridge engineering. Several 
projects supported by the European Union have already addressed the challenges and 
opportunities of SHM of bridge structures with guidelines and recommendations [1, 2]. 

SHM aims mainly to detect, locate and quantify damage to the structure by the acquisition of 
data measured in situ on the bridge. The SHM systems can also be used for other purposes, 
such as load estimation (e.g. traffic, wind), monitoring of construction and repair work, and to 
validate design assumptions regarding the static and dynamic behaviour of the structure. 

The research within SHM is mainly directed towards the development of new sensors, and 
new algorithms to analyse the data gathered by them. Bridge monitoring has been used e.g. to 
follow the construction stages of complex structures [3, 4], to adjust cable pressures in post-
tensioned structures and for load estimation purposes [5, 6], but damage detection techniques 
are generally confined to laboratory and numerical experiments. Thus, despite the advances in 
this area, SHM has not yet become a tool that bridge managers can use to optimise inspection 
and maintenance procedures. 

A common classification [7] of SHM systems divides them into four classes of growing 
complexity; depending on the characterisation of the harm they are capable of achieving. The 
first stage is the detection of damage. In this stage, the SHM system warns about a failure 
being detected, without further specification on the nature of this failure. This is of course the 
simplest form of SHM, and it is sufficient for many applications. The second stage consists in 
the spatial localisation of the detected damage. This usually requires more complex sensor 
networks and more advanced algorithms. In the third stage a diagnosis of the type and 
extension or severity of the damage is automatically carried out by the SHM system. The 
fourth stage consists in a prognosis of the remaining service life of the structure. Although 
this would be very useful, few real implementations of this forth stage exist today. For a 
successful estimation of remaining life, information on the healthy and actual (possibly 
damaged) state of the structure is not enough, since knowledge on the deterioration schemes 
and estimations of future loads are also required. These four stages are shown schematically 
in fig. 1. 

In this chapter, recent developments in sensor technology and in SHM techniques are 
presented, with focus on bridge structures and the presentation of sensors that have been 
introduced recently in the field of SHM for bridges. 
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Figure 1. A general flow chart of a SHM system including the 4 stages in which SHM is most 
commonly divided: Detection, Location, Severity and Prognosis. Modified from [8]. 

 

2.1 History of Bridge SHM  

The historical development of Structural Health Monitoring in bridges is a difficult issue to 
delimit. Firstly, the theoretical advances in the field are most of the time developed as generic 
techniques that can be applied to different types of structures. Admittedly, most techniques 
are developed with a specific structure type in sight, but this does not constrain their 
applicability to only such structures. Some techniques are developed for bridges specifically, 
but they are not confined to this type of structure. Therefore a review of the theoretical 
advances in SHM techniques used in bridges will have very arbitrary limits. It becomes 
almost necessary to limit the comprehension to only field deployments in order to obtain a 
clear-cut delimitation. The purpose of this section is not to present the historical development 
of SHM in general, so only field deployments in bridges will be listed. 

Secondly, although some degree of automation is included in the term SHM, the exact 
boundary between normal inspection and what is considered SHM is not well defined and has 
changed through time. Although in theory they could be automated, most of the first methods 
for SHM were not fully automated in practice, mostly due to hardware limitations. As the cost 
of computers decreases and its power increases the hardware limitations are easily overcome.  

As reported in [9] systematic inspection started in the US in 1967 after the collapse of the 
bridge at Point Pleasant. From there on the use of sensors to acquire in a systematic fashion 
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information not readily visible to the naked eye could start. Of course the digitalization of 
these methods had to wait for the informatics revolution. The first implementations of 
vibration based damage detection in bridges came during the 80’s and used as a rule identified 
modal parameters for damage identification. References [10] and [11] are among the earliest. 
The setup was not of continuous monitoring, but performed during a fatigue and a failure test 
respectively. They used identified changes in the modal parameters as a damage indicator. 
Reference [12] performs a modal analysis in a composite bridge simulating damage by 
unfastening bolts. Changes in the frequency response function are reported as detectable and 
quantifiable. In 1988 [13] performs one of the earliest numerical experiments of a bridge 
subjected to random traffic. Again the modal parameters are suggested as damage indicators. 
During the 90’s several laboratory experiments are performed in beams and bridge models. 
Reference [14] already recommends continuous vibration monitoring systems. They observed 
that the changes in modal shapes are more marked closer to the vicinity of the damage. 
Reference [15] concludes from laboratory experiments that the frequency alone is not a 
reliable damage indicator, as critical damage produced less than 5% frequency shift. 
Reference [16] studies the deterioration of a railway bridge. It concludes that identified 
changes in the modal parameters provide information merely about the presence of damage, 
but not its location, extension or underlying cause. Reference [17] studies a pre-stressed 
concrete bridge and establishes that for a reliable damage detection algorithm based only in 
frequency changes on the order of 0.01 Hz must be detectable, while mode shapes can be used 
more effectively. Reference [18] performs a failure test in a scaled bridge model. Changes in 
the magnitude of the Frequency Response Function (calculated from induced ground motion) 
are found to be good damage indicators. An experiment performed in a 3 span bridge by [19] 
concluded that local, non-critical damage could not be successfully detected by identifying 
just the lowest modal parameters and that information regarding higher modes would be 
required. 

In general the first approaches to damage detection on bridges are modal based, and they 
compare the mode shapes and frequencies directly to observe damage. This type of damage 
detection is still very active, but with better and better damage indicating features being 
calculated from the identified modal parameters. The more commonly used features are 
Modal Curvature [20] and the related Modal Strain Energy [21], dynamic flexibility matrix 
[22] and others. 

Today Structural Health Monitoring is a large and very active research field even if only 
bridge structures are considered. It is worth naming that, in later years, damage detection 
techniques not based in modal parameters have been developed [23]. Also Structural Health 
Monitoring is being recently used not only for damage detection but also for continuous 
reliability assessments [24]. 

The advances of the latest years in beyond the scope of this chapter, but a review of recent 
damage detection algorithms can be found in (Paper I), and a review in recent sensors in 
(section 2.2). 

2.2 Sensors used in Bridge SHM  

The SHM process starts with the measurement of relevant physical quantities in the structure. 
This, since the advent of modern computers and data acquisition systems, is usually achieved 
by a sensor that transforms the quantity to be measured (e.g. acceleration, strain, light 
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intensity, temperature) into electrical signals that can be easily digitalized and stored. Some of 
the most commonly used sensor types are listed in table 1. A short review of sensing 
technologies and their usage in bridge monitoring is provided in this chapter, with the main 
aim of providing basic information for a better understanding on the current state, and on the 
possibilities for bridge monitoring. Focus is placed on sensors that, without being new 
technologies per se, are relatively new in the field of bridge monitoring and that are used 
preferentially in long-term monitoring as opposed to temporary instrumentation.  

Physical quantity  Sensor 

 Displacement  
 Linear variable differential transformer (LVDT) 
 Long gauge fibre optics 
 Optical  
 Laser 

 Acceleration 
 Piezoelectric accelerometer 
 Capacitive accelerometer 
 Force balanced accelerometer 
 MEMS 

 Strain 
 Electrical resistance strain gauges 
 Vibrating wire sensors 
 Bragg grating fibre optics 
 Long gauge fibre optics (Interferometry) 

 Force 
 Electrical resistance load cells 
 Piezoelectric load cells 

 Temperature 
 Electrical resistance thermometers 
 Thermocouples 
 Thermistors 
 Fibre optics based sensors 

 
Table 1: Typical sensors used in structural monitoring 
(modified from www.sustainablebridges.net) 

2.2.1 Cameras 

Cameras have been used in the past to measure deflection in bridges under thermal loading, 
dead and traffic loads, as well as crack lengths and widths, and to monitor corrosive damage 
[25-27]. 

Obtaining the geometrical properties of objects is usually referred to as photogrammetry. It is 
a non-destructive, remote sensing technology that can be rapidly deployed in different 
structures and without elevated costs. With the general digitalization of cameras and the 
inexpensive availability of computer power, photogrammetry has become a more extensive 
practice in different fields. The possibility of directly measuring displacements as opposed to 
strains or acceleration is a very attractive characteristic of photogrammetry. 

Even though most of the applications are static, some implementations of dynamic, real-time, 
vision-based measurement in bridge structures exist. The analysis of visual information 
gathered by arrays of cameras can be relatively easily done with commercial software 
developed specifically for that purpose. Algorithms for target recognition and motion 
extraction have been successfully used in bridge monitoring for dynamic measurements. 
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In [28], an off-the-shelf video recorder is used in conjunction with a telescopic arrangement to 
take a motion picture of a target consisting of 4 white dots forming a square on a black 
background. The motion of this target could be tracked on-line by digital image processing 
techniques. The optical monitoring system is schematically described in fig. 2. The 
arrangement was validated by studying the dynamic behaviour of a 4 storey structure and 
comparing the results with those obtained by more traditional fibre optic sensors. Both 
methods registered the same displacement with up to a 3% error. A field test was performed 
on a 4 span, open steel box composite bridge. Loaded trucks with a total mass of 30 and 40 
tons were run on the bridge at speeds of 3, 20 and 40 km/h. The camera was placed 20 m 
away from the target. The sampling frequency of the camera was 30 Hz, which was sufficient 
for the accurate representation of the dynamics of the bridge since most of the energy content 
was under the 3 Hz threshold. The results were compared with those obtained by a laser 
vibrometer, with satisfactory results both in time and frequency domain. This method allows 
for a relative inexpensive measurement of displacement with high space resolution and good 
frequency resolution. One of the main drawbacks is the necessity for clear visibility and the 
high sensitivity to even small vibrations of the camera, since its effects will be magnified by 
the large distance to the target. 

 

 

Figure 2. Illustration of remote monitoring of deflection in structures using an off-the-shelf 
video recorder. Modified from [28]. 

 

In [29], an algorithm is developed to use changes in characteristics of the structure, detected 
by a high resolution camera to diagnose damage in the form of stiffness reduction. The 
method is depicted in fig. 3. The sensing and data analysing array is capable of accurately 
detecting and locating damage corresponding to a stiffness reduction of 3% under laboratory 
conditions. For this, the digitalized visual data (monochromic light) is polynomial-fitted so 
that sub-pixel accuracy can be achieved. Some mathematically relevant points (such as 
inflections points and local maxima/minima) are detected in both the damaged and healthy 
condition. From this information, physically meaningful quantities are derived (displacement, 
slope, curvature), and changes in those are used to calculate a damage index at each location. 

Reference [30] develops an algorithm to inspect surfaces in search of cracks. The installation 
of cameras can reduce the risks and elevated cost associated with inspection of surfaces that 
are difficult to access, such as the bridge soffit. In a field experiment they installed the sensing 
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system on a crane mounted on a truck to survey different bridges. The method was not found 
to be reliable enough to replace human inspection, but it could be used in places with limited  

 

Figure 3. An optical based monitoring of displacement. 
A) Picture of the experimental set-up taken with a high definition camera. 
B) Zoom-in into the highlighted loaded area 
C) Plot of light intensity for the pixels boxed in B. The polynomial fitting (black line) of this 
discrete data point allows for sub-pixel accuracy. 
Modified from [28]. 
 

accessibility, or to inspect critical points with a high crack risk, or with dangerous crack 
already present. 

2.2.2 Fibre Optic 

The most commonly used Fibre Optic Sensor (FOS) for measuring strain is the 
Interferometric FOS. In this sensor the light is divided into two beams, one sent through the 
measuring strand and the other through a passive reference strand. When they are recombined 
the relative phase differences can be measured and associated with a given physical value 
(most commonly strain, or displacement) [31]. 

FOS’s are immune to electrical disturbance, and have a high resistance to corrosion, long-
term measurement stability and very high measurement accuracy. Moreover, they are easier to 
embed in different materials than other types of sensor. In addition, they can measure 
different physical quantities at the same time (typically temperature and strain). 

Different fibre optic techniques measure strain in different fashions. The intensity, phase shift 
and wave length of the reflected beam can be measured and translated into relevant structural 
parameters (mainly strain or relative displacement, but also relative velocity, temperature and 
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pressure can be measured with different configurations). The cost implicated in these different 
methods varies significantly. The most advanced techniques, which use demodulation, have a 
cost that is prohibitive for most SHM applications, but inexpensive methods of interrogation 
are also available.  

FOS’s have been developed to measure a number of physical and chemical variables, beside 
strain. Humidity, corrosion, pH and chloride sensors have also been studied in the past [32] 

2.2.2.1 Distributed fibre optic 

FOSs can measure distributed temperature and strains along their whole length by virtue of 
the Brillouin scattering effect. When a pulse of light interacts with thermically exited photons 
within the fibre, or with changes in the refractive index due to strain, a frequency shifted 
reflection of the pulse propagates backward in the optic fibre. By measuring the amount of 
frequency shifting, the strains can be calculated. If the time it takes the light pulse to travel 
forwards and backwards in the fibre is taken into consideration, the exact point where the 
reflection takes place can be calculated. The frequency shift carries the information about the 
strain and temperature at a given point. Temperature and strains cause different amounts of 
light to be backscattered and different frequency shifts for different input frequencies 
(colours). Thus by using input light of different frequencies, the effects of the temperature and 
of the strains can be separated. Commercially available systems have spatial and thermal 
resolutions of about 1 m and 1 °C, which is satisfactory for many bridge applications. This 
type of sensor can monitor extremely long distances in the order of kilometres [33]. 

In [34], a distributed FOS is used to monitor the distributed stresses in the cables of post-
tensioned concrete beams. The sensor used was a Brillouin Optical Time Domain 
Reflectometer (BOTDR) that measures strains and temperatures in arbitrary regions of an 
optic fibre strand, as shown in fig. 4. In a laboratory test, two beams were prepared, one of 
them strengthened with two external post-tensioning cables, and one strengthened by one 
single bonded cable. The different beam configurations were loaded with stepwise increasing 
loads, and the tension in the cables controlled by both strain gauges and BOTDR. Both 
systems agreed to within 2.7%. From their study it can be concluded that cable tension suffers 
considerable local variations that can go unnoticed by a traditional strain gauge detection 
system that only measures at given point, in contrast to the BOTDR that gives reliable 
information about the strains along the whole length of the optic fibre. 

This type of sensors has also been used successfully for validating strengthening methods, 
such as in [35] where the distributed character of this type of sensor is especially useful for 
controlling the adhesion of the strengthening elements along its length. 

2.2.2.2 Bragg Grating Sensors 

Fibre Bragg Grating (FBG) sensors constitute a successful and relatively new type of FOS. In 
them, a special fibre optic is modified by creating periodic variations (called gratings) in its 
refractive index. Part of the light that passes each of the modified zones is reflected back. The 
periodicity of the modified zones will cause a certain wavelength to be reflected in phase and 
thus amplified, as depicted in fig. 5. A structural change in this period, due to strain or 
temperature, can then be measured as a change in the reflected wavelength. A wavelength, in 
contrast to phase-shift, is an absolute parameter and is therefore less affected by imperfections 
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in the power input or beam path, making FBG a more reliable sensor. They are also, in 
general, of lower cost compared to other FOS, since the interrogation methods do not need  

 

 

Figure 4. Principle behind the BOTDR in which segments of the fibre with different strains 
scatter light at different frequencies. From [34]. 

 

 

Figure 5. Scheme of a FBG, and its effect on the spectra of transmitted and reflected light. 
Modified from [31]. 

interferometry or demodulation. Grating with different periods can be introduced in the same 
fibre, allowing for the measurement of multiple points [31, 35]. 

2.2.3 Electrochemical (Corrosion) 

The corrosion of steel rebar embedded in concrete is one of the main causes of damage and 
failure of reinforced concrete structures. In the corrosion process, metallic iron transforms 
into iron hydroxide that has a larger volume. The pressure exerted creates cracking and 
spalling of the concrete around the rebar. Corrosion thus leads to reduced reinforcement 
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cross-section, loss of contact between the rebar and concrete and the formation of new cracks 
that allow more corrosive agents to penetrate the concrete, accelerating the process. 

The most common type of damage in railway bridges reported in Sweden by the former 
Swedish Rail Administration, now Swedish Transport Administration (Trafikverket), is 
corrosion (16% of cases), followed by spalling (8% of cases). As can be seen, corrosion is 
double the frequency of any other damage type. This ratio could be expected to be even 
higher for highway bridges that need to be salted during winter. At least 700 of the Swedish 
Transport Administration’s  over 3000 railway bridges have reported corrosion damage in 
load bearing elements. In 35 of these cases the damage is classified as “condition class 3” 
meaning that they should be attended to immediately. 

Corrosion reveals itself in a number of ways, e.g. cracks, changes in the electrical or chemical 
properties of both the steel and the concrete. Thus, many different approaches for its detection 
can be used. Several sensors of different nature have been used successfully and novel sensors 
are developed on a regular basis. 

Reference [36], presents a novel corrosion sensor based on the measurement of MnO2, and 
shows comparable accuracy and better long term stability when compared with the traditional 
SCE electrodes. In [37], a galvanic current sensor is developed. Rather than actual corrosion, 
this type of sensors measures the corrosion rate, since the process of corrosion causes current 
to flow within the rebar. The results are more difficult to interpret, but can give useful extra 
information when combined with other corrosion monitoring methods. Reference [38] 
develops a corrosion sensor based on the electric response of rebar to an applied galvanic 
current pulse. The speed of decay of the potential in the steel, after the current pulse is 
applied, was found to be a good indicator of the corrosion level in the rebar.  

 

Figure 6. Probability densities for different local damage events are input (in this example the 
probability of corrosion initiation in a structural member, left-hand side plot) and from them 
global probabilities densities are calculated (in this example the total reinforcement area in 
the relevant structural member, right-hand side plot). From [39]. 

Corrosion is a very local phenomenon, and the critical parts in a bridge with respect to 
corrosion are not always obvious. The amount of corrosion is in practice impossible to 
measure at every point in space and time. Therefore models used to estimate the probability of 
corrosion in unmonitored areas, from the limited spatial information obtained in the sensor-
equipped areas, are important for the safety assessment of the structure. Also models of the 
temporal evolution of corrosion from a given measured actual state could have a large 
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implication in, for example, the estimation of the remaining service life of the structure. The 
probabilistic model presented in [39] estimates the reinforcement loss due to corrosion in 
concrete structures based on the temporal extrapolation of data obtained from embedded 
corrosion sensors, as shown in fig. 6. The optimal placement as well as the type of sensors is 
discussed. The model is used to calculate a more accurate partial coefficient for the safety of 
reinforced concrete structures. 

2.2.4 Laser Doppler Vibrometer (LVD) 

Laser Doppler Vibrometer is a sensing technique that is based on the frequency shift produced 
in a light beam when it is reflected on a surface moving relative to the emitter. They can 
measure speed, and displacement to a resolution of less than one hundredth of a millimetre, 
with a sampling frequency in the MHz range. LVD are remote, meaning that no physical 
attachment to the structure measured is required. It also allows measurement in parts of the 
structure that are difficult to access. Measurements can be taken for up to 30 metres with no 
significant loss in accuracy. Many commercially available LVD can measure different points 
in a surface within 10 milliseconds of each other, allowing for great spatial resolution [40]. 
The main drawback for the use of LDV in bridge monitoring is its cost, which renders it 
impractical for permanent installation in the structure to be monitored. In general LDV are 
dependent on good levels of visibility, which is not always guaranteed in outdoor conditions, 
further reducing its usefulness in long term SHM. 

2.2.5 Accelerometers 

Accelerometers are, together with strain gauges, the most used sensors in SHM. The usual 
configuration is a small mass resting on a sensing element (e.g. of piezoelectric material). As 
the frame to which the accelerometer is attached accelerates, the inertia of the mass produces 
deformations in the piezoelectric base. This deformation induces electrical currents that can 
be measured and interpreted back to acceleration.  

2.2.6 Strain & Relative Displacement Sensors 

2.2.6.1 Resistance Strain Gauge 

Since the invention of strain gauges in 1938 they have been used extensively in civil 
engineering. They are simple, reliable, linear in their behaviour and extremely inexpensive. A 
piece of conducting material becomes larger when subjected to tension and, because of 
Poisson’s contraction, also thinner. Conversely, if compressed it becomes shorter and thicker. 
Both effects result in changes in electric resistance that can be easily measured and translated 
back into strain. Strain gauges can be installed directly on the surface of an element of the 
bridge or embedded inside the element for measuring internal strain. They can be 
preassembled on normal reinforcement bars, so-called sister bars, and placed alongside the 
main reinforcement in a concrete element. 
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2.2.6.2 Vibrating Wire Sensors 

Vibrating Wire Sensors work much like a guitar string. An elongation of the wire will 
increase the normal forces in it, changing its eigenfrequency. In this manner the relative 
displacement of the ends of the wire can be inferred by measuring the eigenfrequency in the 
cable. 

2.2.6.3 Linear Variable Differential Transformer (LVDT) 

In an LVDT sensor current is transmitted, via the transformer core bar, from a primary 
winding to two different secondary windings. These are placed coaxially with the primary 
winding on each side of it. The transformer core moves freely along the axis of the 3 coils, 
connecting only partially to the primary and the secondary windings. The difference in the 
voltage transmitted to each of the secondary windings depends directly on the position of the 
core bar. LVDT have a long life, high resolution and high signal to noise ratio.  

2.2.7 Temperature sensors 

Temperature is an important variable in SHM. Besides the weight of the bridge itself and that 
of vehicles crossing it, it is the most important load affecting the behaviour of a bridge. 
Temperature gradients induced by uneven exposure to sunlight and other effects can have 
non-trivial consequences in the measured response of a bridge to a given load [7]. Therefore 
methods to estimate or filter out this effect have been studied since the beginning of the 
development of SHM. It has been noticed that temperature effects can produce frequency 
changes in excess of 14%, which is comparable to the frequency changes induced by severe 
damage to the structure. In comparison to other physical quantities, such as acceleration or 
strain, it is very easy and inexpensive to measure. Unfortunately, many SHM methods 
proposed only superficially discuss the effects of temperature. 

2.2.8 Acoustic emissions 

Acoustic emissions sensors are designed to capture the sound waves that spread through a 
material when certain events take place. In essence they are a modified microphone applied to 
the surface of (or embedded in) the structure being monitored. Distinguishing the kind of 
event causing the acoustic emission recorded, its location and keeping an “event count” to 
estimate the accumulated damage are the most important parts of SHM through acoustic 
emission. Therefore this technique is addressed under the Methods section (see section 4.1), 
although it makes use of its own set of sensors. 

2.3 Other aspects 

Structural health monitoring includes many other aspects beside the sensor choice and the 
damage detection algorithm (Paper I). Among them sensor placement, sensor failure detection 
and data communication paradigms have been treated in the literature. Some of the latest 
contributions to these fields are listed in this section. 
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2.3.1 Data communication 

Data communication occurs in at least two stages for the most common SHM 
implementations: first from the sensors to a central storage and analysis assembly, via a data 
acquisition system, and then from the central to the end user, usually the bridge owner. 
Technically the first of these stages represents more challenges, since data storage and 
analysis can be placed in a site that facilitates communication with the outside, while the 
placement of the sensors is constrained by the structure itself and by the variables chosen for 
monitoring. The most common solution to the sensor-central computer communication 
dilemma is to hardwire each sensor to the central store. Most of the time the requirements of 
power supply will require a cable to be drawn to each sensor in any case, so there is little way 
to avoid this problem, which can be very difficult especially when large structures are being 
monitored. Lately, research on wireless communications and autonomous sensor networks has 
been carried out. A number of wireless monitoring programs have been reported in the 
literature, but extending the monitoring period even to months can be challenging due to the 
stringent hardware limitations imposed on wireless systems [31]. 

Wireless sensor networks provide a variety of new possibilities for monitoring structures. In 
many cases it is unpractical or even impossible to connect by wire the different components 
of a sensor network. This could be the case if the components are situated at long distances or 
if they are located in places difficult to access. With today’s communication technologies, 
wireless data transfer is relatively inexpensive and very reliable. Although limitations in the 
amount of data per unit of time are more severe than for wired communications, 
commercially available communication systems will suffice for almost any static 
measurement purposes and also for many dynamic measurements. 

One main problem of wireless sensor networks is the power supply. Today’s systems are 
almost always powered by batteries that need periodic replacement. This is expensive and 
demands that the sensors are easily accessible, limiting the possibilities of sensor placement. 
Transmitting wirelessly costs energy, therefore reducing the amount of data to be transmitted 
can save energy. Systems have been implemented in which the data is partially analysed 
before being transmitted, thus reducing the amount of data that needs to be transmitted. This 
approach poses problems of its own, since the sensors need to have enough computational 
power to carry out the calculations by themselves, which is also energy consuming and 
increases the cost of the sensors. Hybrid arrangements in which sensors are hardwired to a 
temporary central computer that carries out the first calculations and transmits wirelessly for 
their final manipulation and storage have also being studied. 

In reference [32], a complete wireless monitoring system is presented. The sensors used are 
capacitive-based, as opposite to the conventional voltage-based sensors. This means that they 
measure in a completely passive manner. Further the displacement sensors are designed to 
mechanically store the peak displacement values, with no need of power supply. To retrieve 
the data, the sensors are connected to a communication unit that extract the value stored in 
each sensor and then send it wirelessly to a mobile station. The power required for this 
communication process is wirelessly supplied to the communication unit from the mobile 
station via a high energy radio signal. The system is depicted in fig. 7. The energy from this 
signal is absorbed and stored in a capacitor. When enough energy is provided, the process of 
reading each sensor and sending the measurements is triggered, completing the cycle. This 
method is implemented in Alamosa Canyon Bridge, in New Mexico. The mobile unit that 
provides the power and receives the signal from the communication unit in the bridge was 
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mounted on a car that could then retrieve the values stored by the system by simply passing 
over the bridge. 

A technique called Synchronized Switch Harvesting on Inductor (SSHI), used to harvest 
energy from structural vibration, is presented in [43]. This technique has been shown to 
increase the energy harvested by a factor of up to 10. In this article, SSHI is combined with 
commercially available low energy devices to develop an autonomous wireless sensor. 
Among the conclusions, it is stated that in order to achieve optimal energy saving a lot of 
consideration has to be made regarding the specific problem at hand. Thus the design of ultra-
low-energy is very application specific. 

 

Figure 7. Outline of the complete automated wireless SHM cell-based system proposed in 
[42].  

2.3.2 Sensor placement 

Sensor placement is a crucial decision when designing SHM systems. The nature of the most 
common sensors used in SHM makes repositioning them very difficult and sometimes 
practically impossible once the monitored structure has been opened to traffic. At the same 
time, good measuring devices and analysis algorithms can completely fail to achieve damage 
identification if the sensors are uncritically placed. In many studies of new monitoring 
methods, sensor placement is only discussed briefly. This discussion is, in most of cases, 
rather superficial, but research does exist that is purely aimed at developing sensor placement 
strategies. This type of research is usually confined to the aerospace industry, but some 
schemes are very general and can also be implemented in bridge monitoring. Within this field 
the need of redundancy in the SHM system is also studied. Redundancy allows a SHM system 
to be of use even when one or more sensors fail. 

Reference [45] develops a scheme for the optimisation of sensor placement in order to reduce 
false negatives (or false positives) within a certain confidence interval. The technique 
developed takes advantage of known failure rates. An example of a wave-propagation-based 
active sensing system illustrates the technique. The method developed is, nonetheless, general 
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and not restrained to these types of sensing systems. The fact that it takes into account a priori 
knowledge about the probability of different outcomes can make it unsuitable for certain 
applications, but very advantageous for the many applications in which such knowledge 
exists. 

2.3.3 Sensor failure detection 

The serviceability life of sensors is limited. Often some degrees of magnitude lower than that 
of the structure being monitored by them. Therefore it is important to be able to recognise 
when a sensor fails, in order to discard the information coming from faulty sensors and avoid 
false damage detection alarms. This problem is also a pattern recognition problem, since the 
manners in which a faulty sensor will differ from a healthy one might not be obvious. Often 
the signals produced by faulty sensors are easy to distinguish for an experienced operator, but 
to maintain the process of monitoring as automated as possible this capability should be 
programmed into the SHM system. 

Reference [44] develops an algorithm to detect piezoelectric sensor failure in the form of 
detachment from the measured surface. An experimental structural frame is built with 
adjustable clamps that can simulate different damaged conditions at the joint of the structural 
members. Sensors are adhered to the structure, and in half of them a different imperfection is 
introduced so that each instrumented section has one healthy sensor and one faulty one (at 
opposite sides). The monitoring system is then tested under different temperatures, ranging 
from 15 to 65 °C. Information on the susceptance of the sensor in healthy and damaged 
conditions is used as base for the future identification of sensor failure. The algorithm 
successfully discriminated between faulty and healthy sensors, even in temperatures outside 
the range tested during the study of the susceptance. By obviating the sensors detected as 
damaged and using the information provided by the healthy sensors, the developed algorithm 
detects damage in the form of loss of bolt force simulated by a reduction in the normal force 
applied by the adjustable clamps. It is noted that temperature variations can produce larger 
changes in the susceptance of the sensors than some forms of sensor failure. Therefore the 
temperature effects should be studied for each structure-sensor system, which can be 
impractical in many applications. 
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3 Bridge Weigh-In-Motion 

A Bridge Weigh-In-Motion (BWIM) system extracts information about the vehicles transiting 
a bridge from physical quantities measured at the bridge. The measured quantity almost 
always is strains, since they are easy to measure and they are well defined for a given quasi-
static load. The fact that they are well defined for quasi-static load is essential since, among 
all the vehicle parameters, the static weight (for each axle or for the whole vehicle) is by far 
the most sought. A BWIM consists of a bridge instrumented with sensors, a data acquisition 
system an algorithm to extract the relevant vehicle parameters and a database to store the 
results. It is also common (especially in earlier implementations) to use axle detectors in 
highway implementations of BWIM to obtain vehicle speed and axle spacings. In later 
implementation the axle configuration is often extracted from the strain measurements. 

One of the main purposes of many WIM implementations is the enforcement of maximum 
load regulations, thereof the importance of obtaining accurate static load estimations. 
Vehicles loaded beyond the allowed maximum contribute to the rapid deterioration of tracks 
and roads. BWIM is been used in several European countries as a pre-screen to select vehicles 
suspected of overloading to be measured with more accurate static scales. It has been 
estimated that overloaded trucks cause approximately 20% of the costs associated with 
pavement maintenance [46]. 

BWIM can also provide useful traffic characterisation information. Information about the real 
loads affecting a given structure helps understand the damage mechanisms and improve 
maintenance. The information obtained by the WIM system can be used, for example, to 
obtain the extreme cases composing the tail of the load distribution. This information is 
interesting to characterise the aggressiveness of the traffic. Also the general layout of the 
whole traffic distribution can be obtained. Surveying the number of vehicles, their gross 
weight, speed and axle spacing can be interesting for a number of disciplines. 

Especially in bridges, traffic information can help reduce costs both in assessment and design. 
Traffic load models can be relatively conservative compared to how the actual load can be 
expected to look like. Additionally, BWIM can be used to identify the dynamic characteristics 
of the traffic at a given site.  

BWIM systems are preferable to pavement weigh in motion because they register the loads 
for a longer time, allowing for the dynamics of the signal to average out. Pavement sensors 
are too short and they measure axle load during only a fraction of the period of vibration of 
the tyre-vehicle system, leading to large possible deviation above or below the static value 
due to the vehicle’s dynamics.  

Another advantage of BWIM is the fact that it is relatively hidden compared to other 
weighing stations. It has been demonstrated that more overloaded trucks cross roads that are 
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not known to be instrumented [47] and BWIM systems are not readily visible for the passers-
by. 

In general BWIM are cheaper than weighing stations. Strains gauges are very inexpensive and 
the computational power required is well within reach of an off-the-shelf, low-priced home 
computer. 

3.1 History of BWIM 

The first BWIM was developed by Moses in the Federal Highway Administration in the USA 
in 1979 [48]. Moses used the fact that the strains at point A caused by load at a certain 
position B will be the product of the magnitude of the load and the influence line of the strains 
at A evaluated at point B. The influence line of a given quantity is a function that returns the 
value of that quantity for a given load position. By using axle detection strips an accurate 
estimation of the axle position at every time can be obtained and therefore the strain signal 
can be decomposed into each of the axles’ contribution. In this implementation the strains 
were measured at the midspan on the soffit. The system was not fully automated originally, 
but a switch needed to be manually activated when a vehicle was approaching.  

This system was improved in Moses and Ghosn [49]. The enhanced system could achieve an 
error boundary under 6% for the gross vehicle weight, although the weight of each particular 
axle was estimated poorly. With this enhanced system Moses tried to tackle the problem of 
multi-vehicle events.  

Later, in 1984, AXWAY was developed by [50]. It calculated the gross weight of a vehicle 
under the assumption that the gross weight will be proportional to the area under the strain 
time-history. Once the gross vehicle weight had been obtained the weight of each particular 
axle is determined by minimizing the difference between the measured and the expected 
signal. The error is reported to be under 3% for gross vehicle weight and 10% for axle for 
90% of the cases. The bridge used for validating the method had large dynamic effects, 
mainly due to the bridge’s first eigenmode. Integrating the strain signal for a full number of 
periods of the bridge’s first mode of vibration was proposed as a solution but it introduced 
inaccuracies in the calculations for closely spaced axes or very high speeds. The system 
required an operator since real time analysis of the data was beyond the capability of the 
computers available at that moment. Two years later the CULWAY system was developed 
[51] using culvert bridges. The dynamics of culvert bridges are greatly reduced, compared 
with other types of bridges, due mainly to the high damping introduced by the surrounding 
soil. The system includes two axle detectors, one in the middle of the span and one before the 
bridge. The system first measures the strain at the centre of the culvert when the vehicle is 
still approaching the bridge. Then it reads the strains as each axle crosses the midspan section. 
The axle weight is then calculated from the differences between the loaded readings and the 
initial unloaded reading. 

Since these original algorithms the number of new implementations has grown immensely, 
improving the accuracy of the methods, and tackling new challenges as including extension to 
2D [52], load estimation from reaction force measurements [53] and identification of the 
dynamic loads. Interest in obtaining the actual dynamic contact force (as opposed to static 
weight) appeared early in the history of BWIM [54]. This problem is referred to as Moving 
Force Identification (MFI). The dynamic contact force is important because it is the actual 
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load affecting the bridge and because it can be used to estimate dynamic amplification factors. 
Moving Force Identification is a highly ill-posed problem that presents serious difficulties, 
but major advances have been made, especially since the introduction of regularization 
schemes.  

The theoretical advances in Weight In Motion and Moving Force Identification are general 
models that apply in principle to any structure. In practice, until relatively recently, WIM 
algorithms had only been applied to highway bridges. This is a somewhat surprising result, 
since maintenance costs of railway bridges can also be expected to depend on the load history 
and statistic in the railway traffic can also provide information useful for social planning. 

The first implementation of a BWIM for rail way traffic is Liljencrantz et al. [55], which uses 
strain measurements in an integral bridge to calculate bogie weights, bogie distances and 
speed and acceleration of the train. The more or less global Influence Line (IL) of this 
particular bridge did not allow for axle detection and was instead limited to complete bogies. 
The system had an autocalibration procedure that recognized known locomotives crossing the 
bridge from the time signal. It used the known weight and axle spacing of these locomotives 
to further improve the IL reducing the estimation errors. 

To the author’s best knowledge the only other implementation of BWIM for railway bridges 
since Liljencranz has been Pimentel et al. [56]. In it a short span concrete bridge with high 
speed railway traffic was instrumented. The bridge consisted of 6 simply supported spans. 
The instrumentation consisted of Bragg fibre optic sensors that measured strain at 2 
consecutive midspans. The train speed and axle spacing are obtained from measurements 
done directly on the rail, since the IL of the bridge proved too long to allow for axle detection. 
The strain signal was filtered at 6 Hz to eliminate the contribution of the bridge eigenmodes. 
The influence line was obtained using the Matrix Method with a train of known configuration 
at reduced speed. 

3.2 Recent Algorithms 

Kim et al. [57] introduce a new algorithm for extraction of the influence line and the load 
position and magnitude from the time signal of strains measured in the deck plate of a bridge. 
The algorithm is based on the theory of optimal linear filters. The overall layout of the 
method proposed is very similar to Moses’ original algorithm, but is a clear improvement 
thereof. Before vehicle loads can be estimated the influence line needs to be known. The 
influence line can be calculated as an optimal linear filter that applied to the autocorrelation of 
the wheel load signal gives the cross correlation between the measured time signal and the 
wheel load signal. With the influence line obtained, the axle load and positions can be 
obtained by a similar procedure. The same objective equation used to obtain the influence line 
can be used (minimizing with respect to the wheel sequence this time) to obtain the axle 
position and loading. If the number of data points is equal to the number of loads this method 
yields Moses’ algorithm. The method depicted was used in a real bridge, and its sensitivity to 
a number of parameters was studied. It was found to give very good results resulting from the 
highly local deck plate response. The influence line finding algorithm proved robust and the 
load estimation good (within 10% of real value). 

Wang and Qu [58] introduce the concept of dynamic influence line to calculate axle load even 
when the effects of bridge dynamics are relatively large. The dynamic influence line 
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corresponds to the measured response when a unit load crosses the bridge at a certain speed. 
In it the dynamics of the bridge are included, so it will have a free-vibration part after the train 
has left the bridge. Although not mentioned in the article, the dynamic influence line is speed 
dependant so it needs to be calculated for each speed. Once it is calculated the total response 
can be obtained by a weighted combination of time-shifted dynamic influence lines, in 
accordance to the superposition principle. The axle loads and spacings are obtained 
minimizing the difference between the measured and expected signal via an annealing genetic 
algorithm. The whole set up is validated via numerical experiments and a number of 
parameters are studied to observe the sensibility of the method. It is pointed out that the 
dynamic influence line cannot be obtained from measurements and that therefore a 
sufficiently accurate model of the modes of the structure is required for the obtaining of the 
influence line.  

Deng and Cai [59] introduce a new method that separates the total response of the bridge into 
a inertial component due only to the momentum of the bridge and an interaction component 
due to the vehicles moving on the bridge (damping forces are ignored). The vehicles were 
assumed to be single DOF mass-spring-dashpot systems. The inertial component is calculated 
from the acceleration of the bridge deck, and subtracted to the total response to obtain the 
force induced response. The interaction forces are then calculated from the force-induced 
response of the bridge and the influence line (or surface). The algorithm was tested in a 
numerical model with surface roughness and signal noise considered. The study concludes 
that not considering the inertial effects (usually disregarded in other MFI application) 
introduced unacceptable errors to the load estimation, while the algorithm proposed remained 
accurate independent of vehicle speed, road surface condition and moderate levels of noise. In 
a follow up paper [60] this method is tested in a real simply supported concrete bridge. The 
bridge was modelled numerically to obtain the influence surface. The model was updated to 
better fit the measurements carried out in the structure. A test truck was driven on the bridge 
at different speeds with and without artificial bumps in the road to study the effect of these 
variables in the accuracy of the algorithm. To obtain the force-induced response the 
acceleration time histories of the numerical model were used instead since it was not possible 
to measure the real acceleration at all points in the structure. The static value of the axle force 
was found to be very accurate when the load was far away from the ends of the bridge where 
the influence surface is close to zero. This was the case independently of vehicle speed or 
surface roughness.  

Lechner et al. [61] use a method introduced originally by [62] for an accurate extraction of 
axle timing using a wavelet decomposition of the time signal of crack displacement. Good 
estimation of the timing of the axles are paramount to obtain the vehicle speed and thus the 
axle spacings without the aid of axle detectors placed on the surface or other speed measuring 
instrument. Good axle timing can be hard to achieve from the time domain in bridges with 
broad influence lines specially when loaded by fast moving vehicles with short axle distances. 
Inaccurate estimations of the axle spacings will introduce unacceptable errors in almost any 
BWIM. With accurate axle spacings detected the axle load is then calculated via an 
optimization procedure. This set up was tested in two structures. It was found to give good 
gross weigh estimations while the individual axles were far less accurate. In general it was 
found that the dynamic behaviour of the bridge made accurate axle estimation hard to achieve. 
When the dynamics were low the results were satisfactory. 

In Yamaguchi et al. [63] the implementation of a Bridge Weigh-In-Motion to a curved bridge 
with skew is described. It was installed mainly to obtain information on the heavy truck traffic 
in the area. The bridge geometry made it far from ideal for BWIM but in was the only 
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structure available in the area. The axle loads were obtained by a modification of Moses’ 
algorithm using local strain influence lines. The influence lines were obtained by running a 
truck of known configuration and minimizing the difference between expected and measured 
results. Measurements were made in all 5 longitudinal beams at different cross sections 
allowing the extraction vehicle speed, lane and axle configuration effectively. The algorithm 
was capable of calculating the gross weight within 10% even when multiple vehicles were 
present on the bridge.  

Wall et al. [64] propose a Bridge Weigh-In-Motion algorithm based on the derivatives of the 
strain time signal. For a simply supported beam the second derivative of the strain measured 
at the central cross section will have a negative peak when the load crosses that cross section 
and positive peaks when the load enters and leaves the bridge, allowing for a good estimation 
of the axle timing. Thus the vehicle speed and configuration can be known. The gross vehicle 
weight is calculated from the area under the strain signal, which is in principle proportional to 
the gross vehicle weight up to a factor depending linearly on the vehicle speed. The gross 
vehicle weight is then distributed among the detected axles based on the fact that the peak 
registered in the second derivative of the strain is proportional to the magnitude of the axle 
load crossing that section. This method was validated on a real structure using test load of 
known magnitude and configuration. The gross vehicle weight measured by this system was 
reported to be accurate within 7%, while the individual axle loads were found to be 
inaccurately detected. 

Obrien et al. [65] propose a regularised solution to the equations of bridge weigh-in-motion 
that follow from Moses’ algorithm. The inverse problem that rises from Moses’ algorithm is 
generally ill-posed and sensitive to noise. Therefore a regularisation method is introduced to 
control the conditioning of the problem. A method of obtaining the optimal regularisation 
parameter is also proposed and tested in a numerical experiment. It was found that the 
regularised solution reduced the error dramatically in the presence of noise. It also halved the 
errors compared to the non-regularised when sinusoidal loads were considered. Finally a 
spring-mass model was run on the bridge model. The regularised solution’s accuracy was 
improved by a factor of 4 detecting single axles in smooth surfaces and by a factor 10 in 
rough surfaces.  

Kim et al. [66] use two artificial neural networks as a pattern recognition technique to 
estimate vehicle characteristic from the time signals recorded in two types of bridges, a 
simply supported concrete bridge and a cable stayed bridge. The results were compared to 
other bridge weigh-in-motion techniques. A number of test loads were run on the bridge at 
different speeds repeatedly. The artificial neural network was trained using the data acquired 
by the other two systems while the bridge was open to the traffic. The first neural network 
calculates the gross vehicle weight, while the second assigns an axle weight distribution factor 
to each axle to obtain axle loads. The gross weight is calculated from the peak values of the 
strains at the main girders and/or cross beams plus the axle base and the vehicle speed 
utilizing 2 hidden layers. The individual axle loads were calculated from the axle distances, 
the peak strain values of the deck and the gross vehicle weight using 2 hidden layers. The 
trained neural network showed a discrepancy of less than 20% when compared to the other 
systems. When compared with the test load the gross vehicle weight results were accurate 
within 10%, while individual axles were accurate within 15%. 
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4 Case Studies 

As a part of this thesis two case studies were carried out. They consist of the monitoring of 
two different bridges, the High Coast Highway Bridge and the Söderström Railway Bridge. 
Both are important structures for the Swedish transport network, but are very different in 
nature.  

4.1 The Söderström Bridge 

The Söderström Bridge is a ballastless, steel railway bridge located in the heart of Stockholm 
(see Figure 8). It connects Stockholm’s Central and South stations and has the highest traffic 
intensity in Sweden. Over 500 trains cross the bridge every day. As such it is a vital link for 
the transport in the Stockholm region and to the rest of the country. The Söderström Bridge is 
built as a continuous beam with 6 spans. The northernmost and southernmost are 27 and 26.9 
meters respectively while the inner spans are 33.6 meters. The bridge’s main beams are 2.8 
meters high and run on the sides of the bridge. Crossbeams support the 2 tracks of the bridge 
and under each of the 4 rails there are stringer beams to provide support in between the cross 
beams. The bridge is provided with numerous bracing secondary elements to prevent lateral 
movement. 

Theoretical studies [67] concluded that the fatigue life of the bridge had been exhausted and 
by 2008 several fatigue cracks had been discovered. Given the strategic importance of the 
bridge the Swedish Transport Administration initiated a thorough monitoring project to assess 
the condition of the bridge. 

Although the instrumentation was done with other aims in sight, some of the sensors showed 
excellent Weigh-In-Motion capabilities. The subject of Bridge Weigh-In-Motion for railway 
traffic is rather unexplored and the central location of the Söderström Bridge added extra 
value to the study, since the data of the traffic crossing the bridge would include important 
information on the traffic in the region. 

Two of the over 40 strain gauges comprised in the original monitoring system were used. The 
5 accelerometers originally deployed were also considered since it was judged interesting to 
be able to correlate different train configurations and loads with the deck accelerations they 
produced. 

Novel algorithms for the calculation of the influence line of the sensors used and for the 
Bridge Weigh-In-Motion were developed. The system was calibrated using a locomotive as 
controlled load and proved by measuring the traffic in over a month of recorded data, 
equivalent to over 7500 train passages. It was able to successfully identify 97% of the trains, 
resulting in train configuration (axle spacings), axle loads, dead load, train speed, train 
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acceleration, deck acceleration (peak and RMS value) at 5 points on the bridge and 
information on the dynamic characteristic of each bogie. This last feature was found to be 
useful detecting wheel defects based on abnormalities in the strain signals. It is to the best 
knowledge of the author the first implementation of Bridge Weigh-In-Motion for railway 
traffic capable to detect single axle loads instead of bogie loads. 

The proposed algorithms were used as a part of this study to obtain some statistical 
characteristics of the traffic on the Söderström Bridge.  

 

Figure 8: The Söderström Bridge seen from the west. 

4.2 The High Coast Bridge 

The high coast bridge is an 1800 meters long, highway suspension bridge located in the 
middle of Sweden (see figure 9). Its girder is a single continuous steel box from abutment to 
abutment without any intermediate support at the pylons. The bridge is supported at the 
abutments on sliding bearings. The sheer length of the bridge and the fact that it is not 
supported at the pylons causes a total winter-to-summer elongation of over one meter (i.e. 
each bearing moves over 50 cm). Because of this large expansion joints at each bridge end are 
required. Large hydraulic dampers were installed at the northern abutment to mitigate the 
effects of braking forces. 

The sliding bearings of the bridge are of Teflon type. During a regular inspection it was 
discovered that the Teflon layer had peeled out in large flakes and that the wearing was far 
larger than expected. A monitoring programme was initiated to study the cause of this 
problem. Paper II summarizes and presents the setup and results of the last phase of this 
monitoring plan. The monitored variables were the temperature, the horizontal displacement 
at the northern abutment, the bearing forces at the north- and south-going sides of the bridge’s 
northern abutment (see figure 10) and the acceleration of the two hangers closer to the 
northern abutment on the south-going side of the bridge. A camera to monitor the traffic 
passing the bridge was also installed. 

It was suspected that overloaded trucks causing large displacements were the cause of the 
wearing. The possibility to connect high bearing loads with hanger forces (via 
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eigenfrequencies), photos of the vehicles crossing the bridge, temperature effects and the 
displacements they produced was of a great value to understand the behaviour of the bridge 
and the causes behind the excess of wear registered.  

During the early stage of the monitoring process the system did not include a camera to 
monitor the traffic. It was impossible therefore to determine if some instances of overloading 
were due to single trucks that did not comply with the regulation or to a group of trucks 
crossing at the same time (the bridge has 4 lanes, two in each direction). 

All the variables measured were dynamically monitored with a frequency of 100 Hz, except 
the photos that were taken in 4 seconds intervals. The amounts of data accumulated during the 
one year long monitoring were therefore very large and an automated system to efficiently 
handle the data had to be created from scratch and tailored to specifically meet the constrains 
and aims of this monitoring project. 

As a part of the project a dynamic calibration measurement was carried out and compared 
with an earlier calibration of the bearing force monitoring. The calibration consisted in 
driving a truck of known weight at different speeds on different lanes, in both directions, to 
determine how loads from vehicles in different lanes were carried to each of the bearings. 

At the end of the monitoring project the loads on the bearing were not found to ever exceed 
the dimensioning values, but several overloaded trucks were in fact registered, some of them 
giving large dynamic impacts.  

 

 

Figure 9: Elevation of the High Coast Bridge. 

 

Figure 10: Strain gauge used in the instrumentation of the High Coast Bridge. 
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5 Discussion and Conclusions  

5.1 General Discussion and Conclusions on SHM 

Structural Health Monitoring is, in the field of Bridge Engineering, still at a developing stage. 
New sensing technologies and methodologies for the analysis of the data gathered are 
constantly being introduced. Most of these advances originate in fields other than Bridge 
Engineering. Each field has its own challenges that are similar in many senses to those of 
Bridge Engineering. Nonetheless, the adaptations to real bridge structures are far from direct. 

Bridges are a very expensive and critical part of infrastructure, so they are built with high 
safety factors. As a consequence of this, the failure of a bridge is an infrequent event that can 
take a long time to develop. Most of the SHM-strategies are therefore only validated in 
numerical and laboratory experiments, and only a few are deployed and implemented as long-
term monitoring. Furthermore, even if a monitoring system is deployed, damage is not 
expected to appear in the short-term, so the damage identification capabilities only remain 
tested under laboratory conditions. 

There is also little documentation as to the maintenance costs that an in-field monitoring 
system will incur. The life-expectancy of electronic components is nowhere near the design 
life-length of bridges (often surpassing 100 years) and, in general, requires much more service 
than the bridge structure. 

There are a number of practical problem to be solved when deploying a system on a real 
bridge. One unexpected issue that the authors have encountered was, for example, cables 
located inside the bridge girder being gnawed at by mice. These kind of practical problems 
never arise in laboratory experiments, but need to be faced in a real deployment. 

The most common problem affecting bridges in Sweden is corrosion. Corrosion does not 
immediately bring a reduction in the bending stiffness and it initially manifests in changes in 
the electrochemical properties of the material. Visual signs of corrosion only appear if it is 
close to the surface or very severe. A monitoring system aimed to successfully monitor 
corrosion must detect it before it manifests itself as a reduction in stiffness. 

Sensors that are embedded within the concrete section give a much larger freedom to choose 
the point at which measurements are taken, allowing direct measurement of the points of 
interest without need to extrapolate data from other points. This is especially important in 
highly localised phenomena such as corrosion. However, cast-in sensors are impossible to 
replace, service or relocate, making the monitoring system much less flexible.  

The amount of data recorded by a continuous monitoring system dynamically measuring a 
number of variables will rapidly get too large to handle. Therefore it is preferable to 
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immediately analyse the data locally and to store only the processed results. Communication 
with a remote computing unit is often limited, especially in more remote bridges, so data 
analysis has to be performed locally. 

More research and development work is needed before SHM can become a practical way of 
cutting maintenance and inspection costs in bridge structures, and reduce the risk of sudden 
failure. SHM should, in its current state, not replace traditional inspections, but act as a 
complementary source of information on the health of the structure. With the new advances in 
sensing technologies and data analysis it seems a promising field, which could reduce costs 
and increase the safety of bridges, as well as give an increasing understanding of the static 
and dynamic behaviour of this type of structure. 

5.2 Conclusion and discussion on the case studies 

5.2.1 The Söderström Bridge 

This study presents a technique for railway traffic monitoring using an instrumented bridge. 
The developed algorithm was implemented using only few of the sensors from the originally 
very comprehensive bridge structural health monitoring system. 

The study included a new method to calculate the influence line that does not require prior 
knowledge on the axle spacing of the calibration vehicle. 

The proposed B-WIM traffic load estimation technique shows great capabilities for axle load 
and axle spacing estimation using only 2 strain gauges and computationally simple and 
efficient algorithms. The axle load accuracy was calculated to 15% with 95% confidence and 
the bogie load accuracy 8% with the same confidence.  

Wheel defects such as wheel flats could easily be detected by the algorithm by analysing the 
high frequency content of the signals. It was observed than the largest axle loads are usually 
associated to very low dynamic amplification factors. 

The obtained histograms of the axle loads are composed of two bell shaped parts. The second 
bell shaped part, with higher mean and spread is found to be accurately represented, since the 
trains for which the load estimation algorithm failed are of low axle loads. 

Thus, the developed algorithm provides useful information that can be used by bridge 
engineers (e.g. for bridge rating and remaining fatigue life estimation), by traffic engineers 
(e.g. for traffic simulations) and by railway managers (e.g. for train wheel defect detection). 

5.2.2 The High Coast Bridge 

From the case study it was concluded that the monitoring system worked satisfactorily. The 
data gathering, the developed monitoring and analysis algorithms, and the camera worked 
together seamlessly. 
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The high quality of the signals has enabled the evaluation of the gross weight of vehicles 
passing over the instrumented bearings. This rather simple instrumentation has effectively 
converted this bridge into a scale for weighing all passing traffic, a so-called Bridge Weigh-
In-Motion system (BWIM). 

During the measurement period relatively large loads from traffic were registered on the 
bearings. The total loads acting on the bearings are still much less than the total design load 
according to the Swedish bridge design code. Some of the high loads registered on the 
bearings are caused by single vehicle events (overloading, e.g. trucks with a gross weight 
larger than 100 ton have been measured). No significant changes could be observed in the 
bearing forces and in the hanger forces due to the yearly temperature fluctuations. 

In periods of rapid temperature change the thermal expansion is incapable of overcoming the 
friction at the bearing. As a result stresses build up and are released when a vehicle passes the 
bridge. This could be a possible cause of the wear observed in the bearings. 

Finally, it’s concluded that this monitoring project and the results from the signal analysis 
have increased our understanding of the loads acting on the bearings, the traffic events and the 
type of traffic passing over the bridge as well as the dynamic displacements of the bridge 
girder. Unfortunately, we can still not definitely point out the main cause to the severe wear of 
the Teflon layer of the bearings. We can thus not rule out the hypothesis that this is caused by 
the high loads and dynamic effects acting on the bearings in combination with the 
longitudinal movements of the bridge girder on the bearings.  

5.3 Further Research 

Throughout this study some possibilities of Structural Health Monitoring have been explored. 
It is the author’s strong belief that Structural Health Monitoring possesses a large potential for 
more economical and rational infrastructure in general and for bridges in particular. 

Although real practical application in damage detection are far from being able to replace the 
traditional inspection based maintenance plans, Structural Health Monitoring has found 
niches in which it has been of great help, for example helping to understand the mechanisms 
behind a specific problem the structure may have. Structural Health Monitoring is however 
not limited to damage detection and it has very interesting branches that will be useful for 
engineers in the future. 

Structural Health Monitoring is costly and usually requires days of work for the installation 
and removal of the equipment. That limits its applicability in many cases. Wireless Sensor 
Networks is a topic that has grown in importance in the later years and that has started to 
mature to a point of being useful in Structural Health Monitoring. The advantage of its easy 
deployment could make feasible monitoring projects that with traditional wired technology 
would not be possible. 

Another interesting emergent aspect is Reliability Monitoring. In it, the information obtained 
by the monitoring system is used to continuously update the reliability of a structure or its 
parts. This type of tool could lead to much more rational maintenance and inspection plans 
reducing the cost entailed by overly safe assumptions and the uncertainties of visual 
inspection based management. 
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Abstract 
Bridges are expensive to manage as they require thorough inspection and maintenance 
operations. Meanwhile the development of Structural Health Monitoring (SHM) techniques in 
recent years have demonstrated the potential for this to become a tool that bridge managers 
can use to optimise inspection and maintenance procedures. This paper reviews recent 
development in SHM and damage detection techniques. The paper focuses on recent 
algorithms developed or adapted for damage detection and structural health monitoring in 
bridge structures, although some of the algorithms presented might be of a more general 
nature or developed for other kind of structures. The algorithms presented are classified 
according to the method they use for damage detection and location into Acoustic Emission, 
Modal Analysis and Statistical pattern recognition based. 
 
1 Introduction 
A transportation infrastructure is vital for society. Terrestrial transport links in the form of 
motorways and railways constitute an important part of this infrastructure. One of the critical 
points in every transport network is its bridges. They are expensive to build and maintain, and 
the consequences of their sudden failure are very severe. Therefore bridges are expected to 
have a higher degree of reliability, which in practice means, among other things, thorough 
inspection and maintenance schemes. This fact has led to a great amount of interest in the 
possibilities of using Structural Health Monitoring (SHM) in bridge engineering. Several 
project supported by the European Union have already addressed the challenges and 
opportunities of SHM of bridge structures with guidelines and recommendations [1, 2]. 
 
SHM aims mainly to detect, locate and quantify damage to the structure by the acquisition of 
data measured in situ on the bridge. The SHM systems can also be used for other purposes, 
such as load estimation (e.g. traffic and wind loads), monitoring of construction, repair and 
strengthening work, and to validate design assumptions regarding the static and dynamic 
behaviour of the structure. 
 
The research within SHM is mainly directed towards the development of new sensors, and 
new algorithms to analyse the data gathered by them. Bridge monitoring has been used e.g. to 
follow the construction stages of complex structures [3, 4], to adjust cable pressures in post-
tensioned structures and for load estimation purposes [5, 6], but damage detection techniques 
are generally confined to laboratory and numerical experiments. Thus, despite the advances in 
this area, SHM has not yet become a tool that bridge managers can use to optimise inspection 
and maintenance procedures. 
 
A common classification [7] of SHM systems divides them into four classes of growing 
complexity; depending on the characterisation of the harm they are capable of achieving. The 
first stage is the detection of damage. In this stage, the SHM system warns about a damage 
being detected, without further specification on the nature of this damage. This is of course 
the simplest form of SHM, and it is sufficient for many applications. The second stage 
consists in the spatial localisation of the detected damage. This usually requires more complex 
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sensor networks and more advanced algorithms. In the third stage a diagnosis of the type and 
extension or severity of the damage is automatically carried out by the SHM system. The 
fourth stage consists in a prognosis of the remaining service life of the structure. Although 
this would be very useful, few real implementations of this forth stage exist today. For a 
successful estimation of remaining life, information on the healthy and actual (possibly 
damaged) state of the structure is not enough, since knowledge on the deterioration schemes 
and estimations of future loads are also required. These four stages are shown schematically 
in fig. 1. 
 
In this paper, recent development in SHM and damage detection techniques are presented. 
The paper focuses on bridge structures and the presentation of algorithms that have been 
introduced recently in the field of SHM for bridges, although they are general algorithms not 
limited to only bridge structures.  

 
Figure 1. A general flow chart of a SHM system including the 4 stages in which SHM is most 
commonly divided into: Detection, Location, Severity and Prognosis. Modified from [8]. 
 
2 Data analysis & evaluation 
Many interesting structural properties such as damping, non-linearity in response, modal 
shapes and frequencies are not directly measurable and have to be inferred from other 
measurable data. Although these variables cannot be measured directly they possess (at least 
theoretically) clear definitions that allow for the design of relatively straightforward 
algorithms to quantify them. Of course more complex and advanced algorithms will perhaps 
achieve a higher degree of robustness or accuracy, but, in general, simple methods exist to 
obtain coarse approximations of these properties. 
 
The case with respect to damage identification is not so simple, since it is hard to give a 
worded description of what is meant by damage, and even harder to put it in mathematical 
terms. Damage detection methods are very specific, not only to the structure, but even to the 
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type of damage that is being monitored. It is very desirable to find a “damage index”, or a 
function that will relate the actual health state of the structure to a non-negative number. 
 
In the following section some recent algorithms used to identify, locate and quantify damage 
from recorded signals are presented.  
 
2.1 Acoustic Emissions 
Structural defects, such as fatigue cracks, emit ultrasonic stress waves that are easy to convert 
into electrical signals with the appropriate sensors. These signals can then be used to identify 
and locate the defect. It is a different approach compared to more traditional damage 
detection, since it detects the nature and active moment when the damaging process occurs 
and not the damaged status of the structure. This is one of its major disadvantages, since no 
simple method to relate damage processes taking place to an accumulated damaged status 
exist. Reference [9] discusses the potential of Acoustic Emission (AE) sensing for bridge 
monitoring, giving a general overview of the advantages, disadvantages and possibilities of 
the method. Among the advantages listed are: it is completely passive, it detects the exact 
moment when damage occurs, the sources of damage do not need to be known with accuracy, 
and it can cover large areas with few sensors. It has been proven to be able to track fatigue 
crack information with accuracy in both laboratory and field experiments. Crack propagation 
monitoring is one of the most common uses of AE in concrete and steel structures [10, 11]. 
One of the challenges of acoustic emission monitoring is to locate the source of the acoustic 
waves. As the complexity of the structure under study grows the location of the sources 
becomes more and more difficult. In [12], a new method is proposed for complex metallic 
structures that greatly increases the accuracy of the source identification in non-trivial 
geometric shapes. The method requires considerable amount of training (although less than 
other methods proposed), which could complicate its implementation in bridge monitoring. 
More relevant to bridge engineering is the work developed in [13], where Rayleigh waves are 
used to determine the source of acoustic emissions in large plate-like concrete structures in a 
laboratory experiment (see fig. 2). The use of Rayleigh waves instead of P-waves gives the 
system a larger range and allows it to detect and estimate the source of emissions with 
practically undetectable P-waves. 
 
In [13], AE monitoring is implemented in a number of concrete structures and laboratory 
experiments, including a bridge. The damage detection approach is simple and does not locate 
the source of the emission but simply estimates the amount of energy released as an indirect 
measurement of the damage. A study of the effect of the size of the studied body is 
performed, leading to some size-independent parameters being used to define damage levels. 
In [14], a similar experiment is carried out in steel structural members. Crack propagation is 
compared with the count rate of acoustic emissions above a certain threshold in order to 
investigate the relationship between the two. Material plastification, crack closure and other 
phenomena that also produce acoustic emissions tend to complicate the relation between 
crack propagation and acoustic emission rate. 
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Figure 2. Concrete structure monitored with the aid of acoustic sensors. In this experiment 
Rayleigh waves are used to detect the source of acoustic emissions from cracks and other 
events. From [13]. 
 
2.2 Modal Analysis 
Vibration in structures of mainly linear behaviour can be decomposed in a number of modes. 
The shapes of these modes, and their corresponding frequencies, are a function of the mass 
distribution and of the stiffness of the structure. Since mass often remains unchanged, even 
under damaged conditions, changes in mode shapes and their associated frequencies are a 
good indicator of stiffness changes, usually caused by damage. There are several methods for 
the identification of modal parameter, of very different complexity and accuracy, but it is a 
very widespread and well understood branch of structural engineering. The global nature of 
modal parameters allows for the detection of damage even if the specific location of the 
damage is not instrumented, keeping the costs of monitoring systems low. At the same time, 
this very fact makes the localisation of damage a difficult task. 
 
Reference [15] uses changes in frequency as a first detection of damage, and a double criteria 
method for the localisation of the damage. The double criteria damage index is based on the 
modal stain energy and on the modal flexibility matrix change. These two criteria are derived 
from the modal parameters of the structure. The method is applied to numerical simulations in 
both beam- and plate-like structures. Both proposed criteria are found to work well in single 
damage scenarios, but there is a considerable enhancement of the localisation capabilities in 
multi damage scenarios when the results obtained from the different methods are combined. 
 
Reference [16] proposes a method to experimentally determine the structure’s flexibility 
matrix that, combined with virtual load, can be used to detect changes in the stiffness in small 
regions, usually indicating damage. The quasi-static flexibility matrix used in this approach 
can be directly calculated from the modal parameters, with no need of controlled test loading. 
The method is general and could in principle be used in any kind of structure, but the authors 
concentrate on beam-like structures. Simulations and experiments are used to validate the 
method. The method is found to be accurate compared to updated FE model and direct 
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stiffness calculation approaches in simple beams. It is, nonetheless, not simple to apply in 
more complex structures with varying mass distributions or important stiffness changes in 
different sections. Particular care has to be taken for the number of modes necessary to obtain 
accurate results since it is shown to vary with the type and extent of the damage. 
 
A vibration based damage detection and sizing method is developed in [17]. The method takes 
into consideration frequency changes due to temperature effects to avoid false positives. The 
method is based on the creation of statistical control charts that describe the variation of the 
eigenfrequencies with temperature and is able to discriminate if an introduced frequency 
change matches the pattern produced by a temperature variation or if it should be considered a 
novelty and therefore an indication of damage. The accuracy of the algorithm is greatly 
enhanced when the actual temperature of the measured structure is known, but it is not 
completely necessary for damage detection and a fairly accurate localisation of the damage. 
 

 
Figure 3. Modal shapes from a slender beam, obtained by traditional modal analysis (left 
plot) and by modal power (right plot), as proposed in the article. From [18]. 
 
 
Reference [18] presents a novel approach to detect changes in the linear dynamic behaviour 
and eigenmodes of linear lightly-damped structures without the need of 
eigenfrequency/eigenvector analysis. Instead, statistical properties of the signals provided are 
used. For this the Modal Power Shapes are used. These features are similar to modal shapes 
(see fig. 3) but are based on signal power spectral densities rather than modal parameter 
extraction. The technique works satisfactorily for structures with eigenfrequencies far from 
each other, but is somewhat problematic to apply in complex structures that need a high-
density sensor, or in structures with different modes of similar frequency, since it numerically 
integrates the frequency content of each modal peak. From the Power Spectral Density a 
measure of the power mode shape curvature and power flexibility can be calculated and used 
as a damage index to identify, locate and somewhat estimate the presence of damage in a 
structural element. The capability to detect and locate damage is proven in a number of 
numerical simulations and experimental setups. The method successfully detects and locates 
minor damage, even in the presence of high levels of noise. 
 
2.3 Statistical pattern recognition 
Vibration Based SHM is basically a Statistical Patter Recognition problem. Data about the 
behaviour of the structure is collected and analysed with statistical tools that permit the 
detection and classification of its changes. The principle is to detect changes in the behaviour 
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caused by damage at an early stage. However, behavioural changes due to damage are usually 
of lesser magnitude than those due to normal loading and environmental effects, except in the 
case of very severe damage. Therefore an accurate knowledge of the healthy (undamaged) 
structure’s behaviour is needed in order to successfully recognise damage induced changes. 
Common ways of acquiring this knowledge are through Finite Element Modelling (FEM) and 
Neural Network (NN) training.  
 
A possible, and very common, approach to SHM is to measure the dynamic behaviour of a 
structure and then compare it to a simulated behaviour obtained from a numerical model. This 
approach becomes prohibitive even for very simple structures due to the uncertainties always 
present in real-life structures, and from difficulties in being able to determine them a priori in 
order to introduce them into the model. Another approach that has been the object of 
increasing interest by researchers is statistical novelty detection. Different statistical 
characteristic of the dynamic response of the structure are studied, and algorithms that detect 
changes in these are developed. Common to these methods is a “learning” phase, in which 
data from the healthy structure has to be provided in order to work out a comparative 
framework against which future, possibly damaged, data can be analysed. Genetic algorithm 
and Neural Network are used as a computationally efficient way of extracting the significant 
parameters from the data and thus “teach” the algorithm what a healthy signal should look 
like, without requiring comprehensive previous knowledge of the structure under study. 
 
Reference [19] implements two statistical novelty measurement methodologies in 
experimental setups to validate and study these approaches. First, for the structures studied, 
free decay responses are generated from ambient excitation tests using random decrement. 
Then the auto regressive model that best fits the data is found. An auto regressive model 
estimates the value of a variable at a given time as a linear combination of a given number of 
previous values. Differences in the coefficients of the auto regressive model are used as a 
measure of the novelty in the signal and therefore of the damage. This approach is then tested 
in experimental setups for beams and grid-like structures. The method was found able to 
detect and, to a certain extent, locate the damage introduced on most occasions. It was noted, 
however, that some damage configurations went undetected and that a more robust 
determination method for the threshold is needed. 
 
In statistical pattern recognition approaches to SHM, a damage index is usually derived from 
statistically relevant data. These map a whole set of possible structural states into one single 
real number that, when exceeding a given boundary, will be classified as a damaged state. 
Correct boundaries for this index are very critical for the success of SHM schemes. A 
parameter estimation technique is developed in [20]. The technique presented can be 
automatically applied to measured data. It identifies the underlying probability distribution of 
the extreme values of an observed variable, without a priori assumptions about its nature. The 
method allows for a more objective decision boundary, without subjective user intervention. 
 
In the following subsection important pattern recognition methods will be described. 
 
2.3.1 Genetic Algorithm 
Genetic Algorithm is a computational technique used for solving optimisation problems. In a 
genetic algorithm, an initial set of parent solutions are ranked by fitness or quality (how good 
they solve the present problem). Based on their fitness, a stochastic selection and 
recombination of parent solutions occur to produce a new generation of solutions, much like 
the genome of a living being recombining in reproduction. Among the resulting solutions 
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there will be those with better fitness than the parent solutions and those with worst fitness. 
Those with higher fitness are more likely to be chosen for the creation of a new generation, 
thus the process will tend toward the optimal solution. Genetic Algorithms present huge 
advantages when solving certain types of optimisation problems especially pattern recognition 
problems.  
 
Reference [21] uses the vector of eigenfrequencies and its changes to detect and locate 
damage. Using a model of the structure, the rate of change in the different eigenfrequencies 
can be calculated as different damage scenarios are introduced. This would allow for the 
possibility of detecting multiple damage scenarios and even of estimating the level of damage 
depending on the changes on the eigenfrequency vector. Given the amount of possible 
combinations of damage level and damage location a genetic algorithm is the only feasible 
way of finding the right combination of damage scenarios that will result in the measured 
change in the eigenfrequency vector. This genetic approach is compared with others, such as 
least squares and frequency-error, and is shown to be overwhelmingly superior. In the same 
article, the stacked vector of mode shapes and itscorrelation is used as a damage indicator in a 
similar fashion. This new method accurately detects and locates areas of multiple damage, 
corresponding to a stiffness reduction of 10%, even in the presence of moderate noise levels 
(2% standard deviation). Stacking enough mode shape vectors was found critical to the 
accuracy of the method. Damage scenarios very accurately located with 28 eigenmodes, but 
were poorly located with 20 only eigenmodes.  
 
2.3.2 Neural Network 
Pattern recognition is a task at which computers do not excel. Today’s most promising 
approach in this respect is Artificial Neural Network (ANN). Originally developed to mimic 
the behaviour of a biological neural system, it has proven to have good pattern generalisation 
capabilities. ANN needs to be feed a selection of physical features to search for patterns, as 
well as the specification of a training algorithm that is used to teach he Network to find these 
patterns. Both tasks are non-trivial and many times require expert judgment and experience 
with ANN. In [22], a mathematically rigorous algorithm is provided to design the main 
parameters of an ANN (namely the activation function and the number of neurons in the 
hidden layer) for a given number of input and output neurons and with consideration to the 
quantity of training data available. This approach avoids the need of subjective judgments, 
while it provides with ANN’s that are in a sense optimal for the task at hand. 
 
Reference [23] uses a sequential scheme to detect and locate damage in beam structures. 
Firstly, a neural network is trained to detect novelties in acceleration signals from cross-
correlation calculated from sensors at different locations. The training phase used is the so 
called supervised training, in which signals from healthy and damaged conditions are 
provided to the training algorithm. These are obtained from a numerical model of the 
monitored structure. In a second stage, modal parameters of the structure are extracted. Modal 
shapes are used in this phase because they are less sensitive to temperature and other 
environmental changes. Another neural network is trained to recognise changes in the modal 
shape and locate damage from them. The algorithm is tested in numerical simulations and in 
an experimental set up. It is proved capable of locating and estimating multiple damage 
location corresponding to very small stiffness reduction. The schematic of the monitoring 
system is depicted in fig. 4. 
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Figure 4. Flow diagram of the sequential damage identification using ANN. From [23]. 
 
Reference [24] implements a fuzzy pattern recognition algorithm to study the novelty of 
signals, novelty that can be interpreted as damage introduced in the structure. The algorithm 
uses Wavelet Transforms to separate the signal into a number of components that can then be 
compared with healthy signals in order to detect changes in the mechanics of the structure. 
 
When using wavelet transforms a high-pass filter separates a signal into “details” (higher 
frequency content) and a “coarser approximation” (lower frequency content). This 
approximation can also be separated by using a rescaled version of the original filter. By 
repeating the (rescaled) filtering, the signal can be separated into any number of detail levels, 
in a process illustrated in fig. 5. This gives a representation of the frequency content of the 
signal at different times, avoiding many difficulties associated with the Fourier Transform.  
 
In [24], an unsupervised trained neural network is used to detect changes in the wavelet 
coefficients of the signals. From the difference between the healthy and actual wavelet 
coefficient a damage index is derived. The damage index fuzzy membership to a different 
damage level set is calculated. The functions that describe the membership in the different 
fuzzy set are changed with each new measurement by Bayesian updating. This updating 
process allows for the contribution of expert judgment as well as new data.  
 
2.3.3 Information theory 
Information theory is a branch of applied mathematics and signal analysis that developed as 
electric communications started to develop. To a certain degree, the interaction between 
different parts in a structure can be seen as information exchanges, since the state of one part 
will sooner or later affect the other and vice versa. The way these parts communicate will be  
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Figure 5. Flow chart describing the algorithm used to compare the wavelet coefficients of a 
measured signal with the one simulated by an ANN. At each step the signal is divided into an 
approximation part (SA) and a detail part (SD) that is subsequently divided. The detail parts 
obtained from the measurement are compared to those from the ANN to estimate damage 
location and severity. From [24]. 
 
defined by several structural parameters, importantly the stiffness, so a change in this 
parameter can be detected as a change in the information shared by structural parts. 
 
Reference [25] uses information theory principles to calculate time-delayed mutual 
information and transfer entropy as a measure of the coupling between structural components. 
Damage that introduces nonlinearities in this coupling can be detected and the degree of 
nonlinearity quantified and used as a measure of the degree of damage. One main problem in 
vibration based SHM is the fact that normal ambient fluctuations can cause changes in the 
properties of the structure which can be even larger than caused by significant damage. 
Temperature alone, as reported in [7], has been shown to change eigenfrequencies in bridges 
by as much as 5% over a 24 hour period. These environmental changes do not affect the 
linearity of the behaviour. Therefore detecting introduced nonlinearities can successfully 
discriminate between normal ambient fluctuations and damage induced changes. In the 
experimental setup, a linearly increasing change in the stiffness was introduced to simulate a 
temperature gradient. This change would have been falsely detected as damage by modal 
analysis, but since no nonlinearities arose from this, the method still could detect damage that 
produced changes in the modal variables lower than the temperature gradient. The proposed 
method uses Gaussian random excitation, which has its advantages as well as drawbacks. The 
excitation in reality is seldom completely random and to presume it is may lead to bias. At the 
same time, ambient excitation is usually accurately approximated by Gaussian noise, so no 
further information about the input forces is required, thus avoiding the cost of a fully 
controlled test load. 
 
Reference [26] shows the great detection and localisation potential of a modification of the 
transfer entropy. The transfer entropy is calculated using double time-delay, leading to a more 
sensitive but more computationally consuming method that does not presume the dynamic of 
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the system to be time-invariant. With the aid of numerical simulation and experimental setup, 
this modified version of the transfer entropy is shown to be at least as sensitive, if not more, to 
structural changes as the more traditional modal analysis (in both time and frequency 
domain). Furthermore, the modified transfer entropy has a higher capability to locate the 
damage than the other damage measures studied. 
 
3 Conclusions and discussion  
This paper reviews recent development in SHM and damage detection techniques for bridge 
structures. This section summarizes the findings from this review. 
 
Structural Health Monitoring in the field of Bridge Engineering is still at a developing stage. 
New sensing technologies and methodologies for the analysis of the data gathered are 
constantly being introduced. Most of these advances originate in fields other than Bridge 
Engineering. Each field has its own challenges that are similar in many senses to those of 
Bridge Engineering. Nonetheless, the adaptations to real bridge structures are far from direct. 
 
Bridges are a very expensive and critical part of infrastructure, so they are built with high 
safety factors. As a consequence of this, the failure of a bridge is an infrequent event that can 
take a long time to develop. Most of the SHM-strategies are therefore only validated in 
numerical and laboratory experiments, and only a few are deployed and implemented as long-
term monitoring. Furthermore, even if a monitoring system is deployed, damage is not 
expected to appear in the short-term, so the damage identification capabilities only remain 
tested under laboratory conditions. 
 
There is also very little documentation as to the maintenance costs that an in-field monitoring 
system will incur. The life-expectancy of electronic components is nowhere near the design 
life-length of bridges (often surpassing 100 years) and, in general, requires much more service 
than the bridge structure. 
 
There are a number of practical problem to be solved when deploying a system on a real 
bridge. Example of unexpected issues that the authors of this paper have encounter are: 
instrumentation cables located inside the bridge girder being gnawed at by mice and sensors 
and amplifiers being eliminated/damaged during thunderstorm. These kind of practical 
problems never arise in laboratory experiments, but need to be considered in a real 
deployment. 
 
The authors’ review of reported damages on Swedish bridges revealed that the most common 
problem affecting bridges is corrosion. Corrosion does not immediately bring a reduction in 
the bending-stiffness and it only manifests in changes in the electrochemical properties of the 
material. Visual signs of corrosion only appear if it is superficial or very severe. A monitoring 
system aimed to successfully monitor corrosion must detect it before it manifests itself as a 
reduction in stiffness. 
 
Sensors that are embedded within the concrete section give a much larger freedom to choose 
the point at which measurements are taken, allowing direct measurement of the points of 
interest without need to extrapolate data from other points. This is especially important in 
highly localised phenomena such as corrosion. However, cast-in sensors are impossible to 
replace, service or relocate, making the monitoring system much less flexible.  
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The amount of data recorded by a continuous monitoring system dynamically measuring a 
number of variables will rapidly get too large to handle. Therefore it is preferable to 
immediately analyse the data locally and to store only the processed results. Communication 
with a remote computing unit is often limited, especially in more remote bridges, so data 
analysis has to be performed locally. 
 
More research and development work is needed before SHM can become a practical way of 
cutting maintenance and inspection costs in bridge structures, and reduce the risk of sudden 
failure. SHM should, in its current state, not replace traditional inspections but act as a 
complementary source of information on the health of the structure. Intensive research is 
currently aimed at achieving that goal. With the new advances in sensing technologies and 
data analysis techniques, SHM is a promising tool which will gradually lead to reduced bridge 
management costs and increased safety. SHM will definitely also help us to increase our 
knowledge and understanding of the static and dynamic behaviour of our bridge structures. 
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Continuous Monitoring of Bearing Forces and Displacements on the High 
Coast Suspension Bridge 
 
Ignacio Gonzalez, Raid Karoumi 
 
Abstract 
This paper presents results from the longitudinal girder displacement and bearing force 
monitoring on a highway suspension bridge located in Sweden. The monitoring programme 
was initiated in 2005 by the bridge owner after the discovery of unusual and intense wear in 
the Teflon layers of the bearings. The initial work focused mainly on a long term monitoring 
of the bearing forces in the northern abutment. After the first monitoring period of one year 
the monitoring system was enhanced with a traffic camera, a temperature sensor and 
accelerometers mounted on the two hangers closest to the instrumented bearing. The 
monitoring period presented in this paper covers ten months from February to December 2010 
and focuses on the horizontal displacement of the girder and on the forces registered in the 
north-west bearing in conjunction with the traffic information provided by the traffic camera.  
 
1 Introduction 
It is widely known that crossing vehicles can produce very large dynamic effects on bridges, 
especially at bridge ends due to the road surface misalignment at expansion joints. This can 
lead to bridge deterioration and eventually increasing maintenance costs and decreasing 
service life of bridge structures. Therefore, among bridge and road owners, there is today a 
considerable interest in measuring actual traffic loads and their dynamic effects on bridges.  
The High Coast Bridge is a suspension bridge with a main span of 1210 m; a total length of 
1867 m and a pylon height of 180 m (see Figures 1 and 2). The bridge is only 70 meters 
shorter than the Golden Gate Bridge in San Francisco. The High Coast Bridge carries four 
traffic lanes, on the main route E4, over the Ångerman River about 500 km north of 
Stockholm. The bridge is a vital link to northern Sweden. It was constructed between 1993 
and 1997 and was officially opened on December 1st, 1997. The stiffening girder is a 
multiple-cell steel box-girder and is continuously suspended without any direct vertical 
supports at the pylons. The girder rests on sliding type bearings at both ends, with a sliding 
surface of PTFE/Teflon. To decrease the sudden horizontal movement due to e.g. vehicles 
breaking or accelerating on the bridge, each end of the girder is connected to the abutment via 
2 viscous dampers. 
This paper describes briefly the instrumentation and the calibration process and presents 
results and discussions based on several months of monitoring. 
 
 
 

 
 
 
Figure 1: Elevation of the bridge. 
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Figure 2: Areal view of the bridge. 
 
 

      
 
Figure 3: Wearing of the Teflon bearings. Figure 4: Truck used for the calibration. 
 
 

 
 
 
Figure 5: Forces registered in the bearings during the calibration loading. Left figure: west 
bearing. Right figure: east bearing.  
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2 Background and Aim 
Inspections have shown that the main bridge bearings have been seriously affected by wear. 
The Teflon sheet of the bearings has been to a great extent peeled off in flakes (see Figure 3). 
It was suspected that the actual vertical loads acting on the bearings are much larger than 
those theoretically calculated. As this was believed to be the main cause to the problem, a 
monitoring program was initiated in 2005 by the former Swedish road administration 
(Vägverket), now Swedish Transport Administration (Trafikverket). The main aim of the 
program was to measure the actual loads in the first hangers as well as to monitor the actual 
vertical loads acting on the bearings. 
 
3 The Instrumentation and Calibration 
To monitor the vertical loads from traffic and permanent loads, the stiffening cross beam at 
the northern end was instrumented in 2005 with strain transducers and was calibrated (Figures 
6 and 7). Thus, the cross beam was simply converted into two load cells; one over each 
bearing. At each bearing, eight strain gauges were welded on the stiffening steel plates of the 
cross beam giving one Wheatstone bridge. The strain gauges (type HBM 1-LS31-6/350) were 
connected to an amplifier (type HBM-MC3) and then to a data acquisition system (type HBM 
Spider-8). 
In order to calibrate the strain-transducers the bridge girder was lifted at the northern end until 
it separated from the bearings. For this, six hydraulic jacks were used. The pressure excreted 
by them was recorded so that the actual dead load affecting the bearing could be measured. 
Thus the output of the strain-transducer becomes known at 2 different load conditions (zero 
load and dead load). This together with the assumption of a linear behaviour allows for a 
direct translation of the measured signal (in Amperes) to load (in Newtons). In Karoumi et al. 
(2006), the instrumentation and calibration are more deeply described and monitoring results 
from October 2005 until May 2006 are presented. 
Since 2010, the monitoring project was expanded to also include two accelerometers installed 
on the hangers closest to the instrumented bearing (Figure 8), a camera for traffic monitoring 
(Figure 9) a displacement sensor to monitor the longitudinal movement of the girder (Figure 
10) and a thermocouple registering the temperature at the soffit of the girder. 
The calibration from 2005 resulted in the estimated bearing forces, due to the dead load, of 
2.3 MN in the western bearing and 2.1 MN in the eastern bearing (both at the northern 
abutment). 
Since that first calibration, the Teflon layer of the bearing had to be replaced due to the wear 
sustained. The new Teflon layer was somewhat thicker than the original. This moved the 
girder slightly up a bit, causing an increase in the forces acting on the bearings while reducing 
the load in the hangers close to the abutment. 
After the replacement of the Teflon layer and the installation of the additional sensors in 
2010, a second calibration involving live load (one moving truck) was carried out. Here, a 3-
axle truck (see Figure 4) of known weight 25.7 tons was driven over the bridge lanes at 
different speeds to be able to estimate the effects of the speed and to study whether the 
calibration factors found from the 2005 test could still be valid. It was found that the 
calibration factors from the 2010 test differed significantly (approximately 17%) from those 
of the initial 2005 test. Throughout this report the calibration results from 2005 are used. 
Figure 5 show the forces acting on the west and east bearings respectively, as the calibration 
truck was driven at different speeds and on different lanes. It can be observed that little 
dynamic effect was found, since the force registered remained the same for different speeds.  
 



-B 6 - 

 
Figure 6: One of the strain gauges 
attached to the end beam. 
 

 
Figure 8: Accelerometer installed in one 
of the hangers. 
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Figure 7: Sketch of the locations of the 
strain gauges in the end beam. 
 

 
Figure 9: Traffic camera. 
 

 
Figure 10: Extensometer used to monitor 
displacements. 
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4 Data acquisition 
The signals from all the sensors, except the camera, are sampled continuously at 100 Hz 
and saved in files composed of 30 minutes of measurements. Using bespoke monitoring 
software, a Matlab based code developed by the first author, the collected 30 minute files 
are preliminary analysed in the personal computer deployed in the bridge. To keep track 
of the long term variations due to environmental conditions as well as the overall 
statistics of the different physical quantities measured, the maximum, minimum, mean 
and average of each channel are calculated for every 30 minute period and stored in a 
special file (see Figure 14). If there are interesting features in a particular 30 minute file 
(e.g. high load or large horizontal displacement, exceeding a triggering value) the file is 
stored permanently for detailed investigation, otherwise only the statistical data for each 
channel is stored. Furthermore, only pictures corresponding to the instants of high 
loading or large displacements are stored permanently. 
 
5 Longitudinal Displacement Monitoring 
The Teflon layers in the bearings at the abutment have sustained a large amount of 
damage in the form of peeling (see Figure 3). Large flakes have been observed to come 
off the Teflon layer. This was an unexpected kind of damage so additional sensors were 
installed in 2010 to monitor the longitudinal dynamic displacements of the bridge girder.  
The initial suspicion was that the peeling of the Teflon was caused by large and very 
sudden (dynamic) longitudinal displacements due to the live load. Thus the monitoring 
system was configured to save all the registered dynamic readings only in the case of a 
live load in excess of 78 tons, to study the effects these loads had on the longitudinal 
displacement of the girder. Also the maximum and minimum values registered by each 
sensor every 30 minutes were stored, independently of the level of loading. From the 30-
minutes max and min values the daily cycle of thermal expansion and contraction of the 
girder can be clearly seen. During the first month of monitoring the maximum quasi-
static girder displacement was found to be 9 mm, corresponding to a total load of 153 
tons (see Section 6). 
However, in 5 occasions during the first monitoring period the max-to-min variation in 
the bearing displacement (taken at intervals of 30 min) exceeded 40 mm. None of these 
events could be associated with an even moderately high traffic load. What is more; all 
the events were registered between, 09:30 and 11:30. This suggested that this large 
variation could be due to thermal expansion of the bridge caused by the sun directly 
shining on the structure. Given the regular time-pattern at which these events occurred it 
was considered unlikely that they could be caused by braking forces. 
Initially the monitoring system only saved the complete dynamic readings in the case of a 
very high live load. Thus, the raw data signals corresponding to these unusually large 
longitudinal displacements were not stored. Only the information regarding the maximum 
and minimum of the 30 minutes measurement in which they were registered remained 
available. The monitoring procedure was duly modified in order to save, not only the 30-
minutes measurements involving high live loads but also those files that registered large 
longitudinal displacements. This allowed for these signals to be studied in more detail.  
During the second period of monitoring the actual time-signals, sampled with 100 Hz, 
were saved when either the load or the horizontal displacement exceeded given triggering 
value. By closer study of the large displacement registered it could be observed that the 
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variation was very sudden, starting at normal displacement levels to increase rapidly and 
then go back to the normal levels often within a fraction of a second. Figure 11 shows on 
the case where the measured displacement fluctuates several times, with maximum 
amplitude of over 40 mm. An event of such magnitude would be registered in the 
accelerometers, which did not occur. This could indicate that it is due to some problem 
with disturbance in the sensor. 
 

 
Figure 11: Rapid displacement peak observed during the monitoring. 
 

 
 

Figure 12: Displacement (upper figure) and bearing forces (lower figure) during a period 
of rapid temperature change. Note how the passage of vehicles causes a staircase-like 
displacement curve. 
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Figure 13: Three typical types of high bearing forces registered during the monitoring 
period. The red line indicates the maximum gross vehicle weight allowed by the Swedish 
regulation and the green line indicates the monitoring system’s triggering value. Upper 
figures: Single overloaded vehicle with static weight over the allowance. Middle figures: 
Single vehicle with dynamic weight (impact) over the allowance. Lower figures: Multiple 
vehicles with combined weight over the allowance. 
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From displacement signal corresponding to periods of rapid temperature changes it could 
be observed that thermal stresses build up while the temperature changes and the sliding 
bearing is locked by friction. When a truck crosses the bridge the friction is overcome 
and the displacement jumps into a next level, giving the displacement curve a staircase 
appearance, with jumps in the displacement up to 5 mm (see Figure 12). It is strongly 
believed that this phenomenon is contributing to the wear observed in the bearings. 
 
6 Traffic Monitoring 
The High Coast Bridge is a 4 lane bridge. For the dynamic calibration described in 
section 3 it could be observed that the truck load on the north going lanes (at the east 
side) had little or no effect on the load acting on the west bearing and vice-versa. 
Nonetheless truck loads on the central, south-going lane have a significant effect on the 
bearing force, about 70% of the effect the loads in the outer south-going lane have. Thus 
even if a high load is registered it can be very difficult to decide from the registered 
signal if it was due to one single, overloaded truck or to 2 or more trucks crossing at the 
same time side by side. 
The highest load was registered to 1500 kN, or 153 ton, caused by a convoy of heavy 
loaded trucks as captured by the traffic camera, still way below the dimensioning 
maximum load of 9.7 MN. 
Another conclusion drawn from the controlled speed dynamic calibration was that the 
influence line of the bearing force is unexpectedly long. The loads coming from the 
traffic should, theoretically, be carried exclusively by the cable system and not affect the 
bearing force as soon as the truck passed the first hangers in the side-span. But the truck 
load in the calibration still affected the bearing force 20 seconds after it had entered the 
bridge at 70 km/h meaning that the influence line is non-zero for at least the first 380 m 
(which is approx. the length of the side spans). Thus even if a convoy of trucks is spaced, 
the effects on the bearing force of different trucks will be difficult to separate. 
Overloaded trucks were suspected to pass the High Coast Bridge, but in order to be 
absolutely certain, a camera monitoring the traffic was installed (see Figure 9). By 
studying the signal recorded and the images from the monitoring camera the events of a 
load higher than the triggering value can be classified into three different causes: (1) 
Multiple vehicles that together exceed the triggering value, (2) Single vehicle with a 
static load below the triggering value, but exceed the triggering value due to dynamic 
effects and (3) single vehicle with static load exceeding the triggering value (see Figure 
13). With the aid of the camera some of the load registered that exceeded the triggering 
value could be associated with single overloaded trucks. 
It was observed that the sudden and large displacements (approx. 10 mm) were produced 
only when a relatively heavy truck was at more or less the centre of the bridge. Both 
trucks going in the north and south direction could produce this effect. No large 
perturbations were observed in the accelerometers placed at the cables or in the forces at 
the bearings.  
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Figure 14: Upper figure: Maximum displacement. Middle figure: Maximum (blue) and 
minimum (red) force on west bearing. Lower figure: Maximum (blue) and minimum 
(red) force on east bearing. The measurements correspond to the greater part of the year 
2010. 
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7 Cable Force Monitoring 
The forces in the hangers that suspend the bridge girder to the two main cables are an 
important parameter to monitor. A simple way of evaluating the real tension force in a 
hanger is by measuring the eigenfrequencies of the hanger, which are a function of the 
hanger’s axial stiffness, the axial force and the boundary conditions. The axial stiffness is 
usually well-known, and the boundary conditions together with the axial force can be 
derived from the measurements.  
The accelerometers are located on hanger 81 and hanger 82 (west-side hangers) at one 
10th of the height of the hanger, at the point where the 5th eigenmode should have the 
largest displacement. Therefore the 5th eigenfrequency is the most easily detectable 
frequency from the recorded acceleration signals. In the case of hangers 81 and 82, this 
eigenfrequency was found to be at 14.95 and 24.56 Hz respectively. 
The influence of temperature was readily visible as well as a certain spread in the 
frequencies, even for a given temperature, due to the different load configurations that 
affect the axial force in the hangers. 
In measurements carried out in 2005 (Sundquist et al., 2005) the first eigenfrequency of 
hanger 81, on the east-side, was found to be 3.1 Hz. This is considerably higher than the 
2.8 Hz currently registered in the monitoring system installed on the corresponding west-
side hanger. The registered frequency indicates a hanger force of 607 kN to compare with 
the force which was obtained in 2005 on the east-side hanger which is between 708 and 
742 kN. No such difference can be directly observed in the first eigenfrequency of hanger 
82. Lower forces in the west-side hangers were expected, since the forces in the west 
bearing are higher than those of the east bearing, indicating that a lesser part of the force 
is transferred to the main cable. 
The changes in the eigenfrequencies, and thus in the normal forces, due to temperature 
are relatively small. A temperature difference of 40 °C will introduce a change slightly 
above 1% in the normal forces. It could also be observed that the bearing forces 
corresponding to no live load are very consistent throughout the year, so that the way the 
cable and the girder interact does not change so much with temperature. 
 
8 Conclusions 
The bearings of the High Coast Suspension Bridge have been seriously affected by wear 
and the bridge was therefore instrumented to continuously monitor the vertical loads 
acting on the bearings and the longitudinal girder displacements. The instrumentation, 
calibration and results for the period February-December 2010 are presented and 
discussed in this paper. A more detailed description of the project and the results is found 
in Gonzales and Karoumi (2011).  
This monitoring project and the results have increased our understanding of the loads 
acting on the bearings, the traffic events and the type of traffic passing over the bridge as 
well as the dynamic displacements of the bridge girder. In general, the monitoring project 
has been very successful and has shown that occasionally overloaded trucks pass over the 
bridge and that some of the truck passages are giving very large dynamic effects when 
passing over the expansion joints of the bridge. Based on the collected and analyzed data, 
the following conclusions are made: 
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• Sudden longitudinal displacements of the girder ranging from few to hundreds 
millimetres were measured (the smaller ones were found to occur relatively 
often). It is unclear if these are produced by sensor/signal disturbances or if they 
correspond to a physical displacement of the bridge. 

• The maximum longitudinal displacement that could be connected with passing 
traffic was 10 mm. The bridge girder moves away from the abutment and back to 
its original position in about 40 seconds. 

• The high quality of the signals has enabled the evaluation of the gross weight of 
vehicles passing over the instrumented bearings. This rather simple 
instrumentation has in other words converted this bridge into a scale for weighing 
all passing traffic, a so-called Bridge Weigh-in-Motion system (B-WIM). 

• During the measurement period relatively large forces from traffic were registered 
on the bearings. Some came from single vehicle events (overloading, e.g. trucks 
with a gross weight larger than 100 ton have been measured). Still, the total loads 
acting on the bearings are much less than the total design load according to the 
Swedish bridge design code, see also the previous report by Karoumi et al. 
(2006). 

• Some high peaks in the bearing force were registered when the truck was at the 
bearing and these could be attributed to dynamic effects (impact). It is unclear 
why some trucks cause this kind of peaks while others do not. The high dynamic 
effects registered from passing trucks (dynamic factor ≥ 200 %) is most probably 
caused by the misalignment at bridge expansion joints. 

• Higher dead and live loads were measured on the west-side bearing than on the 
east-side bearing. This can be caused by the unequal tensioning of the hangers on 
opposite sides. 

• In periods of rapid temperature change the thermal expansion is incapable of 
overcoming the friction at the bearing. As a result stresses build up and are 
released when a vehicle passes the bridge. This could definitely accelerate the 
wear observed in the bearings. 

Unfortunately, this investigation cannot point out one specific  cause to the severe wear 
of the Teflon layer of the bearings. Several sources are found that are believed to 
contribute. Most likely, the wear is caused by the high static and dynamic forces acting 
on the bearings in combination with the sudden longitudinal movements of the bridge 
girder.  
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Traffic Monitoring Using a Structural Health Monitoring System 
 
Ignacio Gonzalez and Raid Karoumi 
 

Abstract 
The main factors influencing the deterioration of bridges are the environmental conditions and 
the traffic loads. Hence, a reliable and accurate characterisation of the traffic loads can 
improve the results from bridge rating, and health bridge monitoring. In this study a Bridge 
Weigh-in-Motion algorithm is developed to monitor trains passing on a steel railway bridge. 
The implemented system estimates the traffic loads, speeds and axle spacings. Other valuable 
information such as peak and RMS vertical bridge deck accelerations are also stored. The 
system takes advantage of two of the strain gauges from a previously deployed sensor 
network, installed to mainly monitor the strains for fatigue development. In this paper the 
possibilities and limitation of this system are explored. 
 
List of notations: 
A: load 
I: influence line  
ε: strain 
d: distance 
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Introduction 
The main factors influencing the deterioration of bridges are the environmental conditions 
(e.g. freezing cycles, corrosion, exposure to salt, wind loads, bank deterioration) and the 
traffic loads. Bridge Weight-in-Motion (B-WIM) systems aim to identify traffic loads acting 
on a bridge, their static magnitude and possibly other relevant information (e.g. speed and 
acceleration of vehicles as they cross the bridge, the spacing between axles, etc.) from the 
response of the bridge itself to passing loads (Moses 1979). Their purpose have been to 
enforce regulation regarding the maximum axle load allowed, and to characterize the type of 
loading affecting the structure without creating traffic disturbances or requiring costly 
specialized weighing stations. 
Typically strains are measured at selected points on the bridge. From this measurement the 
bending moment affecting the bridge is inferred. The bending moment caused by a given set 
of loads can be easily calculated. Conversely, from the bending moment the magnitude and 
position of the loads can be obtained via an inverse problem. 
These kinds of systems have been developed mainly for highway bridges (Chatterjee et al 
2006), (Kim et al 2009); although some few examples of B-WIM systems developed for 
railway bridges exist (Liljenkrantz et al 2006), (Pimentel et al 2008). 
The B-WIM system proposed in this paper has as a main goal the collection of site specific 
data about the train loads affecting a given bridge and their likelihood. This data is very useful 
in the context of bridge assessment, since bridge design codes are necessarily conservative, 
especially when considering the dynamic effects. 
For fatigue assessment, information on actual load histories is extremely useful. If the stresses 
generated are known for a given load level, the remaining fatigue life could be calculated in a 
more accurate way from the load history rendering unnecessary safe assumptions about the 
number of cycles and their magnitude. 
The B-WIM system developed in this study was implemented using part of a monitoring 
system installed on the Söderström railway bridge specifically to monitor its fatigue progress. 
A recent fatigue assessment based on Palmgren’s linear damage hypothesis revealed that the 
bridge had reached and surpassed its theoretical service life (Leander 2010). 
The implemented B-WIM system uses only 2 strain gauges of the originally very 
comprehensive (over 50 strain-gauges) monitoring system. The accelerometers included in the 
monitoring system were also taken into consideration to study possible correlations between 
the extracted quantities and the bridge deck accelerations. 
From the two strain time signals obtained, the developed B-WIM system extracts the train 
speeds and accelerations, as well as the axle spacings and axle loads. Information about the 
associated bridge vertical deck accelerations (RMS and peak value) and information on the 
dynamics of each bogie is also stored. This paper explores the possibilities and limitations of 
this B-WIM system for railway traffic monitoring and presents results from 10 months of 
monitored data (corresponding to over 7500 monitored trains). 
 

Bridge Description 
The Söderström Bridge in central Stockholm is situated on the main railway line between the 
northern and southern parts of Sweden. The bridge was built in the mid-50’s. Its bearing 
capacity is crucial for freight transports as well as for passenger trains moving into and out 
from the city of Stockholm. About 520 trains pass the bridge every day.  
The bridge consists of a continuous steel grillage in six spans with a total length of 190 m. It 
has two tracks with wooden sleepers resting directly on the stringer beams. The bridge was 
thoroughly instrumented during 2007 because, theoretically, it had reached and passed its 
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service life with respect to fatigue and some cracks where clearly visible, especially at the 
junction between the cross-beams and the main beams. The main aim of the instrumentation 
was to study the static and dynamic behavior of the bridge in more detail and assess the risk 
of fatigue failure. For more detailed information about the bridge and its instrumentation, see 
Leander et al (2009). Some of the installed sensors proved to have good traffic monitoring 
capabilities, especially the ones placed on the stringer beams. These sensors measure highly 
localized effects and show almost no response at all until the load is at around 6 meters from 
the sensor. Axles are readily distinguished in each bogie, even without any previous signal 
treatment. The fact that two different sections were instrumented with strain gauges in these 
advantageous positions makes it ideal for monitoring train speeds and axle spacings also. 
It is interesting to notice that the Söderström Bridge was not instrumented with traffic 
monitoring as the main aim. Therefore the sensor placement is not the most ideal for this 
purpose (e.g. it would have been preferable to instrument the same location in two different 
spans, instead of two locations in one span). Nevertheless, the instrumentation still shows a 
huge potential for traffic monitoring. The layout of the sensors used is shown in figure 1. 

Method 
In this section the method utilized for the B-WIM system is described. The adopted procedure 
is divided into two steps. The first step is the online data acquisition step. Here the time 
signals from the sensors are analyzed in real-time to save a minimum amount of relevant data 
needed to obtain the axle loads and spacings without the need of storing the complete time 
signals. The second step is the offline application of the Influence Line and other corrections 
to the acquired data to calculate the train’s axle loads.  

Online train data acquisition 
The online data acquisition works by first removing the influence of the temperature in the 
signals using a low pass filter. From the filtered signal the parts corresponding to train 
passages are identified and analysed in detail to extract the exact timing of the axles as they 
cross the instrumented sections and other useful information. These three steps are described 
in detail below. 

Step 1: Sampling and removal of non-traffic effects 
The monitoring system was programmed to sample signals with a sample rate of 100 Hz for 
10 minutes and then save them in a file for analysis. Once a 10 minutes file is saved the 
temperature and dead load effects are removed, by subtracting the best-fit parabola to the 10 
minutes strain signal. By doing this, the unload state (i.e. the absence of live load) is made to 
correspond to zero strain. 
It was observed that the vibrations induced in the bridge by a train passage can release 
stresses that have built up during periods of rapid temperature change. This means that the 
strains corresponding to no live load can be slightly different for two consecutive trains, as 
illustrated by the black horizontal lines in figure 2. It was found that this effect could 
introduce an error of up to 2 kN in the axle load identification. 

Step 2: Train passage identification 
In this step, the algorithm identifies what parts of the signals contain train passages. This is 
simpler for railway bridges, where each train passage happens with seconds and sometimes 
even minutes of unloaded signal between passages, than for highway bridges where the traffic 
cannot be expected to behave so tidily. 
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Figure 1. a) Plan of the span between piers 7 and 8 with the location of the used sensors 
marked b) Cross-section of the Söderström Bridge with the location of the sensors marked. 
 
 
 

 
Figure 2. Typical 10 min of strain measurement (southern strain gauge). Five detected trains 
passages are highlighted, as well as the change in the zero-level due to accumulated stress 
release. 
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The algorithm uses the max-to-min difference over a short period of time to identify the 
sections of the time signal that correspond to passing trains. It is an elegant and computational 
inexpensive method, but it has the disadvantage that if a train reduces its speed enough it will 
no longer be identified as a train passage by the program. 
Due to a very good signal-to-noise ratio, the trains can be easily identified as well as on which 
track they are crossing. The Söderström Bridge presents an extra difficulty, since the traffic 
goes in both directions on each of its two tracks. Two trains going in different directions may 
cross one of the instrumented sections separately, but cross the other instrumented section at 
the same time; effectively merging into “one train” which will affect the train identifying 
routine. If this were to happen the program can recognize it and will not calculate the axle 
load for these trains, since it will be corrupted by the train in the other track. An example of 
10 minutes of measurement and the identified trains is shown in figure 2. Notice how the 
track on which the trains are crossing is clearly visible from the strain levels they induce. The 
trains crossing the instrumented track are boxed in black, while the trains crossing the other 
track are boxed in grey. As can be noted (see figure 2 at approx. 6 minutes), two trains on 
different tracks cross the instrumented section at the same time making their axle-load 
estimation impossible. 

Step 3: Axle load and axle spacing identification 
If a train is identified as crossing the bridge on the instrumented track, the axle loads and axle 
spacings are calculated. As mentioned above the axles are clearly distinguishable in the time-
domain strain signals without the need of more advanced signal analysis. To identify the exact 
time at which axles cross the instrumented section, each bogie is approximated with a 
polynomial, in the cases studied here polynomials of degree 10 and 12 performed the best 
(given the more or less symmetric shape of the bogies in the strain signals, polynomials of 
even degree are preferable). This acts as a low-pass filter that removes the higher frequency 
vibrations, leaving a signal with one clear maximum for each axle in the bogie. Polynomial 
fitting has the advantage, compared to other type of filters, that it does not introduce time-
shifts in the time-domain signal allowing for an accurate timing of the peaks, but on the down 
side, its performance in the frequency domain is very poor. 
Once all the bogies have been approximated by a best fitting polynomial, the value and 
position of their maxima can be easily extracted. This process is carried out for both 
instrumented sections. Taking into account the time an axle takes to travel from one section to 
the other, one estimate of the speed is obtained for each axle. In this way it can be observed if 
the train is accelerating or breaking. This is important for the calculation of axle spacing, 
since different axles may cross the instrumented sections at different speeds. 
If, for a given train, the algorithm fails to identify all the axles at any section, only the axles 
identified at both sections are considered for the speed and axle-spacing calculation.  
Finally the algorithm compares the fitting polynomial to the original signal corresponding to 
the bogie to estimate from it the high-frequency content and the dynamic amplification 
factors. The high-frequency content can also be used to detect wheel defects (such as a wheel 
flat). A wheel defect would result in an excessive vibration during one of the axle’s passage 
through both instrumented sections. 
Thus, for each 10 minutes sampling file, the developed algorithm returns: the effects of 
temperature and the dead load for each strain gauge and the number of trains and the track 
they run on. Further, for each train passing on the instrumented track it returns the speed and 
acceleration of the train, the peak and RMS value of the vertical bridge deck acceleration 
during the passage, two first estimates (one for each instrumented section) of the axle spacing 
and axle load that can be refined a posteriori using Influence Lines, plus the high frequency 
content and dynamic amplification factor for each bogie. 
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Figure 3. Outline of the IL method used in this paper. 
 
 

 
Figure 4. a) Comparison between the initial guess of the IL and the optimised IL. b) 
Comparison between the optimised IL and the IL obtained from a 3D finite element model of 
the bridge. Both figures correspond to the southern strain gauge. 
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Influence Line calculation and application 
Obviously the signal registered by any sensor is affected at a given point in time by all axles 
on the bridge, although the effect of the closest axles will be preponderant. Therefore 
identifying the local maxima in the time-signal corresponding to each axle is not enough for 
accurate load estimation. The maxima have to be adjusted to represent the fact that other axles 
are also affecting the value of the signal at the moment an axle crosses the instrumented 
section. This can be achieved relatively simply if the Influence Line (IL) of the sensor is 
known. The IL of a mechanical quantity (e.g. strain, shear-force, moment) is a function that 
shows how the given quantity varies when a unit load is moved along a line through the 
bridge. It is therefore a function of the position of the load with respect to the instrumented 
section; here onwards this distance is referred to as x. 
In reality an isolated single load will never cross the bridge so the IL has to be obtained from 
other methods. In this study the influence lines of two strain gauges are used so only strains 
are considered. 
Assuming the structure to be linear, a set of loads Aj will result in a strain ε 
 

j j
j

( )I x Aε = ⋅∑      Eq. (1) 

 
Where I(●) is the influence line of the quantity ε, xj is the position of the j-th load Aj. From 
the measurements of a train crossing the bridge a number of local maxima in the strain signal 
ε are extracted and assume to correspond to i axles crossing the instrumented section. The 
speed is calculated from the time it takes each axle to go from one instrumented section to the 
next. With the speed known, the axle spacing can be calculated from the time-signals acquired 
at the different cross-sections. Let di be the distance from each axle to the first axle (see figure 
3). It holds then: 
 

i i,j
j

ε ε= ∑        Eq. (2)  

 
with 
 

i,j j i j( )I d d Aε = − ⋅       Eq. (3)  
 
Where εi is the strain registered when the i-th axle is loading the instrumented section 
directly. And εij is the contribution of the j-th axle to εi. In matrix form this is written as: 
 

= ⋅I Aε        Eq. (4) 
 
Where ε is the vector of all maxima in the strain signal associated to each axle, A is the 
(unknown) vector of all axle-loads and I is a matrix such as: 
 

ij j i( )I I d d= −       Eq. (5) 
 
Thus finding the axle-loads from the identified signal maxima is equivalent to invert the 
matrix I. Given the highly localised character of the IL’s used, I should always be diagonally 
dominant and therefore non-singular. 
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The principle is illustrated in figure 3. Two closely spaced loads Ai and Ai+1 of different 
magnitude contribute by means of two differently scaled IL’s (thin lines) to the measured 
strain ε (thick line). The IL’s are scaled proportionally to the magnitude of the loads. In this 
example the measured εi strain is the sum of εi, i and εi, i+1 

Calculation of the shape of IL 
From a time signal corresponding to a train of known configuration and axle loads a coarse 
approximation of a sensor influence line can be obtained. First it is assumed that the signal is 
affected only by the first axle up to the time when this crosses the instrumented section, and 
equivalently, that it is only affected by the last axle from the moment this crosses the 
instrumented section. This is equivalent to assuming that the value of the influence line is zero 
for loads that are more than a bogie length away from the instrumented section. This is not 
exact for most of the cases, but it is good enough for a simple-to-get first approximation of the 
IL. 
Time-shifted and weighted copies of the influence line corresponding to each axle are 
summed together to “recreate” the original signal. The discrepancy between the original and 
the thus recreated signal is calculated using the 1-norm, which showed to give better results 
than the Euclidean 2-norm. 
An optimization algorithm is then implemented to find an IL that leads to successively better 
“recreations” of the original signal. 
The whole IL-generating algorithm was repeated a number of times with different train 
passages as starting points, to ensure that the optimization process converged to the same 
result consistently. The initial guess of the IL and the results of the optimization algorithm, as 
well as the theoretical IL obtained from a finite element model are shown in figure 4. 
Algorithms proposed in the past required very accurate knowledge of the axle spacing and 
axle loads to find the IL (O Brien et al 2006 and Quiligan 2003). The advantage of the 
implemented algorithm is that these quantities are found in the process and need not to be 
known from the beginning, except very roughly. Thus the IL can be obtained, up to a scaling 
factor, from passenger trains, whose exact weight will depend on the number of passenger and 
is therefore unknown. Even if the axle spacing can be known to a great accuracy in the case of 
trains, a non-constant speed will distort the time signal, making some of the past algorithms 
hard to implement. 

Load tests and scaling of the IL 
A controlled calibration test described in (Leander et al., 2009) was performed on the 
Söderström Bridge using a Swedish Rc6 locomotive, composed of 4 axles each with a load of 
19.5 ton. It was driven 13 times across the bridge at 3 different speeds of 10, 50 and 80 km/h. 
From the resulting measurements the local maxima corresponding to each axle were extracted 
to study the effects of the speed on the signal. 
An analysis of variances was performed using 3 treatments: the axle number, the passage 
number and the speed of the train. An analysis of variance is a statistical tool to study whether 
or not a given variable, known as treatment, has a statistically relevant effect in a measured 
output. As expected the axle number was found to be statistically relevant, which demonstrate 
the need of influence lines for accurate load estimations. The speed turned out to be 
statistically irrelevant, which means that the mean of the registered load is not affected by the 
speed (although the standard deviation was observed to increase with the speed). A 
discrepancy of up to 11% was observed between the maximum strains produced by 2 
passages of the same axle, the same train, at the same speed. The general value of the axle 
load is accurate to 18% (all the accuracy figures are given for a 95% confidence interval) for 



-C 11- 
 

the highest speed, assuming normal distribution. For the medium and lowest speed the axle 
load value is accurate within 10%.  
In general the consistency of the signals improves with reduced speed, but, with all the speed 
taken together, it can safely be said to be accurate to 15%. When axles of the same bogie are 
summed together the accuracy greatly improves; the bogie loads were found to be accurate to 
8%. 
The shape of the IL was calculated using a Swedish X60 commuter train (see section 3.2.1). 
Its exact axle loads are unknown, as they will depend on the number of passengers. Therefore, 
once the shape of the IL is known it needs to be calibrated against the controlled calibration 
loadings performed and also to be compared to the IL obtained from a Finite Element model. 
The shape of the IL is founded to coincide satisfactorily, but the scale of the IL’s obtained 
from the measurements and from the FE model differ importantly (92 Pa/N in the model and 
77 Pa/N in the measurements). This is probably due to a larger distribution of the load in the 
real bridge compare to the model, caused by the sleepers and the rail. The values and 
confidence intervals of the strain’s local maxima for each axle in the controlled loadings are 
shown in figure 5. As can be seen, after applying the IL the axle loads are found to lay around 
19.5 tons, i.e. very close to their real value. The spread is nonetheless not reduced by the IL. 

 
Figure 5. Box-plot of the strains registered during the controlled loadings for a) without using 
the IL for correction b) corrected with the IL. Note how the axle load gets much more 
consistent when the IL is used, although there is a considerable scattering even for a give axle. 
 
 

 
 

Figure 6. The original signal (X60 commuter train) from which the IL was calculated in blue 
and the signal recreated from the IL in red. The difference between them is plotted in green. 
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Train type 
Bogie length [m] 

Real Predicted from IL Estimated 
X60 (1st axle) 2.40 2.20 2.10 
X40 2.50 2.40 2.35 
X60 (others axles) 2.70 2.55 2.45 
X2 2.90 2.75 2.75 

 
Table 1: Real bogie distances, distance predicted from the IL and average measured bogie 
distance for a number of trains. 
 

Correction of axle spacing estimation errors 
In a time signal composed by the contribution of two axles the local maxima do not exactly 
correspond to the moment when an axle crosses the instrumented section. When one axle 
crosses the instrumented section its contribution to the signal will have derivative zero, but 
not so the contribution of the other axle in the same bogie. The algorithm computes the axle 
spacing based only on the local maxima of the time signal. In practice, this leads to 
underestimated bogie lengths, shown in table 1. Assuming the loads of the two axles in a 
bogie to be equal, the bogie length will, ideally, be underestimated by a certain fixed amount 
for a given bogie length, independently of the actual bogie load. This underestimation factor 
can be calculated directly from the IL or by observing the estimated axle spacings for trains 
with known axle configuration. The real bogie length, as well as the expected detected bogie 
length (calculated from the IL) and the average measured bogie length, are listed in Table 1 
for few of the most common train types on the Söderström Bridge. 
By correcting the short axle spacing in accordance to this effect the overall accuracy of the 
method is improved. The small axle distance correction is applied a posteriori to the results 
obtained from the polynomial approximation. A linear fit of the values shown in table 1 is 
used for this purpose. 

RESULTS 
The developed algorithm was used to analyze the traffic on the Söderström railway bridge. In 
this study, off-line data was used corresponding to the continuous monitoring of 1 month. The 
developed algorithm is capable of analyzing the data online, but the communication with the 
computer in-situ was slow in this particular setup which made the retrieving of results 
cumbersome. 
The results show an average of 22 trains per hour, with, as expected 50% crossings on the 
instrumented track. Around 5% of the trains could not be successfully evaluated. The most 
common causes for this were for example interference from train crossings on the non-
instrumented track, and trains actually coming to a complete stop on the bridge. 
Failing to achieve a weighting in any of the sections will prevent the speed and thus the axle 
spacing from being calculated. One could think that freight trains are more prone to an 
unsuccessful axle spacing identification, since they have more varying configurations. They 
are also expected to give the largest axle loads that make the tail of a load distribution 
histogram, which is important from the statistics point of view. Fortunately it was found that 
the majority of the non-evaluated trains have low axle loads hence the accurate representation 
of the tail of the axle load distribution histogram is not jeopardized. 
For the Söderström bridge, the peak strain measurement for a given axle is affected mostly by 
the axle itself and by its bogie companion. The IL of the used sensors is negative in the 
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interval from 2 to 8 meters at either side of the instrumented section (see figure 6), with a 
minimum equivalent to 17% of the maximum, at 4 meters from it. Most common bogie length 
lay between 2.3 and 3 meters, which means that correcting the loads with the influence line 
will generally result in a 5 to 15% increase of the loads. This increase could be directly 
applied to the axle loads of trains with unidentified axle spacings, this will result in a less 
accurate result than a full IL conversion but statistically relevant nonetheless, and far more 
accurate than just taking the signal maxima. 

 
Figure 7. Histogram of the axle loads, obtained from over 7500 train passages. 
 

 
Figure 8. Strain signal from the heaviest train registered. The heaviest axle weighting just 
under 40 tons. The HFC and DAF of the heaviest bogie are marked in figure 9 as a white 
diamond. 

Statistics on measured traffic loads 
With the experimentally obtained IL and the signals measured, the axle loads of the registered 
trains are calculated. The method could be used successfully in 99% of the studied crossings. 
Exceptions include failure to detect the speed (which results in inability to obtain axle 
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distance from the time signal), and cases in which the matrix I (see Equation 4) was ill-posed. 
If the IL of the sensor were perfectly local, (i.e. an impulse function) the I would be diagonal. 
Now, as the IL of the sensors used in this study is very local, a correctly calculated I should 
be close to diagonal and therefore should not be ill-posed. A careful study of the cases in 
which the I matrix showed to be ill-posed showed that the reason for this is an erroneous 
calculated speed or axle spacings.  
The axle loads which failed to be calculated were found to be low in comparison. This is 
positive, since it implies that the right-hand tail of the load distribution, often the most 
interesting from a statistical point of view, is realistically represented. 
From the controlled calibration loadings it was observed that passages of the same train, at 
same speed with the same environmental conditions still presented some variance. From the 
statistical study the calibration measurements were found to be consistent to 15% for axle 
loads and to 8% for the bogie loads. Obviously the results from such analysis cannot be 
expected to be more accurate than the calibration measurements. For large enough sample 
though, the statistical distribution of the loads is expected to be realistically represented. The 
histogram of the axle loads is shown in figure 7 and was obtained using over 7500 train 
passages, corresponding to over 97 thousand axles. The largest axle load registered is shown 
in figure 8. 

Statistics on Dynamic Amplification Factor and High Frequency Content 
The developed algorithm is also able to extract the Dynamic Amplification Factor (DAF) and 
the High Frequency Content (HFC) from the signal, for each bogie passing the instrumented 
section. As mentioned before a filtered version of the signal is calculated to enable axle 
detection. This approximation, obtained by polynomial fitting is then used to calculate both 
the DAF and the HFC. The DAF is defined as the ratio between the maxima of the unfiltered 
(dynamic) and filtered (static) signal. However, for the Söderström bridge, an important part 
of the dynamic effects observed during the controlled calibration loadings showed to be of 
very low frequency. This makes a total separation of the dynamic effect hard to achieve by 
filtering on this particular bridge. Accordingly, the calculated DAF values for the Söderström 
Bridge are found to be unreliable. Still the developed technique for evaluating the DAF by 
filtering is believed to be applicable on other bridges where the dynamic response constitutes 
rapid oscillations around the static response. 
The HFC is evaluated as the Root Mean Square of the difference between the original signal 
and the filtered one. This quantity was considered useful since it could be used to identify 
wheel-flats or other abnormalities in a given axle. Some trains were observed to show 
unusually high HFC in only one of their axles throughout the different instrumented sections, 
indicating a possible wheel-flat. In figure 9 the DAF are plotted against the HFC for all the 
bogies registered. The 8th bogie in figure 10 corresponds to the point labeled G in figure 9, 
and is presented as an example of detected wheel-flat. 
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Figure 9. DAF vs. HFC for all the bogies detected. The most extreme cases were labelled and 
studied separately. In figure 10 the signal corresponding to train G can be seen. The white 
diamond corresponds to the heaviest bogie registered (shown in figure 8). 
 
 

 
Figure 10. Left: Train passage with a detected possible wheel-flat in the 15th axle. Right: 
Close up on the 15th axle. 
 

Statistics on trains speeds and train accelerations 
The maximum allowed speed on the Söderström Bridge is 80 km/h (22.2 m/s). The histogram 
shows a maximum at 22 m/s (see figure 11a), but still an important number of trains exceed 
the speed limit. Statistic on the speeds is interesting due to possible correlations between train 
speeds and other effects, such as DAF or bridge deck accelerations. 
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Since the speed is calculated for each axle, the train’s acceleration can also be obtained. This 
could play and important role when trying to estimate the breaking forces acting on bridges. 
The Söderström Bridge is placed in the vicinity of a major station; this arguably makes its 
acceleration histogram different from bridges with no station close by. The histogram of 
speeds reveals nonetheless that the speeds registered are relatively high (around 80 km/h) for 
the majority of trains. The calculated train acceleration, presented in figure 11b, can be a 
useful tool for engineers for simulation of train dynamics and for an estimation of breaking 
forces on tracks and bridges. 

Statistic over bridge deck accelerations 
The Söderstrom Bridge was also instrumented with five accelerometers. The information 
from these is recorded to study the bridge deck vertical accelerations induced by the passing 
trains. This is important as the Eurocode specify acceleration limit of 5 m/s2 for ballastless 
tack bridges (CEN 2003). 
Deck acceleration, both its RMS and peak value, was the variable that better correlated with 
train speed. Accelerometers A2 and A5 were both placed on the mid-point bottom flange of 
the cross beam, at different cross-sections, and their RMS and peak value readings are almost 
identical. Likewise the results from accelerometers A1 and A4, located in the inner stringer 
beam in two different sections, present the same similarities. Accelerometer A3 was found to 
malfunction during this period of measurements so its results were ignored. 
The train that was found to give the largest RMS acceleration values was the new Swedish 
X60 commuter train. Indeed, the only train passages that caused high accelerations in the 4 
accelerometer were the X60 with speeds well in excess of 20 m/s, often surpassing the speed 
limit of 22.2 m/s and also some few cases of engine wagons (locomotives) crossing the bridge 
at speeds around 20 m/s. Given the main period of the X60 train of 16.4 meter (one wagon 
length) and the most common speed is 22 m/s; it suggests a resonance with an eigenfrequency 
multiple of 1.3 Hz. Analysis of the free vibration of the deck acceleration signals reveals 
important peaks in the frequency spectrum at 5.2 and 7.8 Hz, both multiples of 1.3 Hz. Thus, 
the eigenmodes associated with these frequencies could be made to resonate by the X60 at 
speeds near the limit speed. The X60 train which has the shortest wagon length is the most 
common train type on this line. Its natural excitation frequency is the highest, for a given 
speed. Therefore it is not surprising that it is the only one that achieves some form of 
resonance effects, even if these are rather moderate. 
 

 
Figure 11. a) Histogram over the registered speeds with 0.5 m/s bins. b) Histogram over train 
accelerations with 0.1 m/s2 bins. 
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Conclusions 
This study presents a technique for railway traffic monitoring using an instrumented bridge. 
The developed algorithm was implemented using only a few of the sensors from the originally 
very comprehensive bridge structural health monitoring system.  
The proposed B-WIM traffic load estimation technique shows great capabilities for axle load 
and axle spacing estimation using only 2 strain gauges and computationally simple and 
efficient algorithms. The axle load accuracy was calculated to 15% with 95% confidence and 
the bogie load accuracy 8% with the same confidence. The most computationally costly part 
was the calculation of accurate influence line since it involves an optimization with several 
hundreds of variables. This calculation only needs to be performed once. On the other hand 
the influence line finding algorithm can be applied even when the axle loads and spacings are 
known only roughly. 
The algorithm is also capable of evaluating the bridge dynamic amplification factors (DAF) 
from measured signals. However, given the characteristic of the bridge used in this study the 
dynamic effects of the moving loads could not be successfully separated from the measured 
signals, except in the case of wheel defects. Wheel defects such as wheel flats could easily be 
detected by the algorithm by analyzing the high frequency content of the signals. It was 
observed that the largest axle loads are usually associated to very low DAF and HFC. 
The obtained histograms of the axle loads are composed by two bell shaped parts. The second 
bell shaped part, with higher mean and spread is found to be accurately represented, since the 
trains for which the load estimation algorithm failed are of low axle loads. 
Thus, the developed algorithm provides useful information that can be used by bridge 
engineers (e.g. for bridge rating and remaining fatigue life estimation), by traffic engineers 
(e.g. for traffic simulations) and by railway managers (e.g. for train wheel defect detection). 
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