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Abstract 

Structural Health Monitoring (SHM) is a helpful tool for engineers in order to control and verify 
the structural behaviour. SHM also guides the engineers and owners of structures in decision 
making concerning the maintenance, economy and safety of structures. Sweden has not a very 
sever tradition in monitoring, as countries with strong seismic and/or aerodynamic activities. 
Anyway, several large scale monitoring projects have taken place in recent years and SHM is 
slowly making entrance as an essential implement in managing structures by engineers as well as 
owners. 

This licentiate thesis presents a state-of-the art-review of health monitoring activities and over 
sensory technologies for monitoring infrastructure constructions like bridges, dams, off-shore 
platforms, historical monuments etc. related to civil engineering. The fibre optic equipment is 
presented with special consideration.  

The permanent monitoring system of the New Årsta Bridge consists of 40 fibre optic sensors, 20 
strain transducers, 9 thermocouples, 6 accelerometers and one LVDT. The aims of the static 
study are: to control the maximal strains and stresses; to detect cracking in the structure; to report 
strain changes under construction, testing period and in the coming 10 years; and to compare 
conventional system with fibre optic system. 

The system installation started in January 2003 and was completed October 2003. The 
measurements took place from the very beginning and are suppose to continue for at least 10 
years of operation. At the construction phase the measurements were performed manually and 
later on automatically through broad band connection between the office and central data 
acquisition systems located inside the bridge. 

The monitoring project of the New Årsta Railway Bridge is described from the construction 
phase to the testing phase of the finished bridge. Results of the recorded statistical data, crack 
detection and loading test are presented and a comparison between traditional techniques like 
strain transducers and fibre optic sensors is done.  

Various subjects around monitoring and sensor technologies that were found under the project 
are brought up in order to give the reader a good understanding, as well of the topics, techniques 
and of the bridge. Example of few applications is given with the aim of a deeper insight into 
monitoring related issues. 
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Chapter 1 Introduction 

1.1  General 

Structural Health Monitoring (SHM) is an engineering implement that controls, verifies and 
informs about the condition or changes in the condition of  a structure so that the engineers are 
able to obtain trustworthy information for management and decision making. SHM has become a 
well known and used tool in structural engineering in recent years in several countries all around 
the world. Shortened construction periods, increased traffic loads, new high speed trains causing 
new dynamic and fatigue problems, new materials, new construction solutions, slender 
constructions, limited economy, need for timesaving etc. are factors that demand for better 
control and makes SHM as a necessary tool in order to manage and guarantee the quality and 
safety for users. 

The rapid technical development of technology in the fields of sensors, data acquisition and 
communication, signal analysis and data processing has prepared SHM with great benefits. SHM 
often provides reliable data on the real conditions of a structure. Bridges, wind farms, nuclear 
power plants, geotechnical structures, historical buildings and monuments, dams, offshore 
platforms, pipelines, ocean structures, airplanes, turbine blades etc. may be objects for 
monitoring, just to mention some. The monitoring can be periodic or continuous, short-term or 
long term, local or global and the monitoring system can consist of a few sensors up to hundreds 
or even thousands of them depending on the demands of the monitoring object. As the area of 
the subject is numerous, this thesis principally brings up and discusses the subject from a civil 
engineering point of view. 

Cracking concrete, collapsing and deteriorating constructions are a not only phenomena that 
occurs in old structures. Some serious collapses have taken place in recent years, for example 
Sport Arena Bad Reichenhall in South-Germany and Arena in Katowice, South-Poland that 
collapsed and killed together over 80 persons (TT, 2006). The newly built bridges called Gröndal 
Bridge and Alvik Bridge in Stockholm revealed extensive cracking in the webs of  their concrete 
hollow box girder sections just after a few years of  operation (Sundquist & James, 2004). These 
events are strong reasons for monitoring. 

SHM is now profiting also the Swedish market and several large scale monitoring projects has 
taken place (James & Karoumi R. 2003; Ülker & Karoumi 2006; Enckell-El Jemli, 2003) and the 
acceptance for the costs of  monitoring is increasing. The New Årsta Railway Bridge in 
Stockholm is an optimised and complex eleven span pre-stressed concrete structure. Banverket 
(the Swedish National Railway Administration) initiated a permanent monitoring system 
consisting of  40 fibre optic sensors called SOFO sensors, 20 strain transducers, 9 thermocouples, 
6 accelerometers and one Linear Variable Differential Transformer (LVDT). The aims of the 
static study are: to control the maximal strains and stresses; to detect cracking in the structure; to 
report strain changes during construction, a testing period and in the coming 10 years; to 
calculate the curvature of the Span P8-P9 and compare conventional strain transducers with the 
fibre optic system. 

The static behaviour of  the bridge is continuously monitored during the construction phase, 
during the load test and, finally, at least 10 years of  operation. Measurements have been 
performed since the first casting, first manually and then automatically through broad band 
connection between the office and the central data acquisition systems located inside the bridge 
(Enckell & Wiberg, 2005). The dynamic behaviour was monitored after construction in order to 
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determine the dynamic properties of  the bridge and afterwards periodically, to note eventual 
changes in these parameters. This thesis concentrates on the static and quasi static aspects around 
SHM. The dynamic SHM for the New Årsta Railway Bridge is a parallel study and is published by 
Wiberg (2006). 

1.2 Classification of Monitoring in Literature 

Monitoring can be divided into several different categories depending on object, techniques in 
use and desired parameters. Static monitoring is often related to structural testing or long term 
monitoring and dynamic monitoring to periodic short term testing or event driven monitoring. 
Objects for monitoring can be structures, substructures, materials, composites etc. In the 
literature, several classification systems can be seen and overlapping is common.   

Bergmeister & Santa, (2001) divide monitoring of civil infrastructure and operational systems; 
time schedule, sampling, object, phenomenon, instruments and response All these categories are 
then divided into sub categories, see (Figure 1.1). 

 

 
 

Figure 1.1 Classification of  monitoring techniques and objects according to Bergmeister and 
Santa, Structural Concrete 2001, 2 No 1 March, 29-39 

 

Figure 1.2 shows the classification of Health Monitoring tools and Figure 1.3 the classification of 
experimental methods for health monitoring by Aktan et al. (2002). 
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Figure 1.2  Classification of  Health Monitoring tools by Aktan et al. (2002). 

 
Figure 1.3  Classification of  experimental methods for health monitoring by Aktan et al. (2002). 

 



Chapter 1.  Introduction 

 

 4

These figures give an idea about the size of the subject. By and large, the monitoring can be 
divided into static and dynamic monitoring. It can be long-term or short-term; continuous, 
periodic, asynchronous, event driven or unique. The following two subchapters discuss static and 
dynamic monitoring. 

1.2.1 Static monitoring 
Static global monitoring verifies static parameters or changes in these and can last from a few 
hours to years, or even decades. The monitoring can be temporary, continuous, periodic, acyclic 
or combinations of the before mentioned. A controlled static test is a short-term measurement 
with well defined loads on the structure. For example a loaded train on a railway bridge might be 
the most common static test and it can verify the mechanical characteristics and the condition of 
the structure. As monitoring is costly it is reasonable to apply continuous monitoring only for 
structures that are either exceptionally important, exposed to extreme events like typhoons, 
earthquakes etc. or doubtable in their structural reliability like having innovative design or using 
new materials or material combinations which have not been verified before. Periodic monitoring 
is used in cases when the expected behaviour of the structure is not rapid. 

If the structure is instrumented with a monitoring system from the very beginning and the 
structural identification is done in a correct way, it is possible to perform life-cycle monitoring. 
This is the latest concept and it became possible because of the recent development in data 
acquisition related technologies. Static local monitoring concentrates on material parameters, 
crack widths and their propagation, corrosion propagation, environmental parameters etc.  

1.2.2 Dynamic monitoring 
Dynamic global monitoring is used to determinate natural frequencies, mode shapes and 
damping ratios of structures. The identified vibration mode shape for each natural frequency 
corresponds to the deflected shape when the structure is vibrating at that frequency. A specific 
damping value is also connected to each vibration mode and is a measure of energy dissipation. 
The terms modal tests and modal surveys are used in literature for dynamic testing which involve 
the identification of modal parameters.  

Dynamic monitoring where the input excitation is not under the control of the test engineers is 
called ambient vibration testing. The excitation is done by wind, waves, human activity, traffic 
etc. If the loading spectrum is limited to a narrow band of frequencies only a limited part of the 
dynamics of the structure can be monitored.  

The forced vibration consists of input excitation of known force levels at known frequencies. 
The excitation is performed by an exciter, vibrator or shaker that transmits a vibratory force into 
the structure. The structure should be excited at a sufficiently high level so that all the critical 
boundary and continuity mechanisms are activated and monitored. The excitation device is often 
physically mounted onto the structure and it is in contact with the structure throughout the 
testing period. 

With continuous dynamic monitoring, a lot of data is created and in order to limit the amount of 
data only recordings of the phenomena of interest might be saved. 
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1.3 Monitoring benefits and disadvantages 

If the monitoring design is performed carefully it ensures monitoring with a lot of profits. 
Though, it is good to keep in mind that there are a lot of obstacles in the way to the ideal 
monitoring as the field is new and associated technologies are still under development. 
Nevertheless, some benefits of monitoring are mentioned as follows: 

• Real time monitoring with alarms increase the safety for the end-uses 

• Down time reduction 

• To verify, control, assess, understand the actual behaviour of the structure 

• Calibration of FEM and calculations 

• Decreased maintenance costs 

Some disadvantages of the monitoring are mentioned as follows: 

• Costly 

• Might disturb and delay the construction work 

Nevertheless, good planning and knowledge of the features brings us to beneficial monitoring. 
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1.4  Review of Literature 

As this relatively new field extending several engineering disciplines was introduced to a civil 
engineering community in recent century, it has not yet formulated specifications and standards 
for the subject. Many scientists are still debating and exploring to find the best minimum 
standards (Aktan et al. 2002). ISIS Canada Research Network was established in 1995 to provide 
civil engineers with smarter ways to build, repair and monitor structures using high-strength, non-
corroding, fibre reinforced polymers and fibre optic sensors. The International Society for 
Structural Health Monitoring of Intelligent Infrastructure (ISHMII) was founded in 2003 as a 
non-profit organization. The goal of the association is to enhance the connectivity and 
information exchange between participating institutions and to increase the awareness for 
structural health monitoring disciplines and tools among end users (www.ishmii.org). The 1st 
International Conference on Structural Health Monitoring of Intelligent Infrastructure was held 
with very great success in Tokyo, Japan in November 13-15, 2003 and the 2nd International 
Conference on Structural Health Monitoring of Intelligent Infrastructure was held in Shenzhen, 
P.R. of China November 16-18, 2005. 

The following three subchapters are divided in three categories; sensor and testing technology 
research, research on Structural Health Monitoring field and, review of literature and research 
around concrete. It is though difficult to make the division as several of these documents extend 
over many areas. 

1.4.1 Research on Sensor and Testing Technology 
Initially, the different sensor technologies, and testing methods were skimmed trough and special 
care was paid for fibre optic sensors and their applicability. 

A good overview of the fibre optic technology and related topics can be seen in (Measures, 
2001). 

Blue Road Research, Inc. USA was founded in 1993, by Udd and developed fibre optic sensors 
and smart materials, and structure technology. Blue Road Research is in the business of providing 
complete systems to monitor strain fields, pressure, temperature, and moisture parameters. A 
plentiful amount of sensors and related devices have been developed and patented (Udd et al., 
2000, 2003). 

Fibre optic sensors development and testing was performed during the 90’s at Ecole 
Polytechnique Federale de Lausanne, EPFL in Lausanne, Switzerland and several doctoral theses 
were published in the subject. Inaudi, (1997) tested fibre-coating-structure interaction and 
temperature sensitivity and developed sensors for concrete embedding and surface mounting. He 
developed long, small and chained sensors and tested them. A reading unit, measurement and 
analysis software were also developed. Some sensors, called SOFO sensors were even produced 
industrially by DIAMOND SA and distributed by SMARTEC SA who also developed an 
industrial version of the reading unit. In addition a complete study on the possible multiplexing 
solutions for low-coherence sensors were realized. Vurpillot (1999) tested several structures 
monitored by SOFO sensors and proposed fundamental principles and algorithms to measure 
and obtain immediate global information concerning the instrumented structure. Glisic (2000) 
also worked with SOFO sensors and developed three other special sensors; the Membrane 
Sensor designed for in-situ monitoring of plastic membrane structures, the Long Sensor for 
displacement and deformation monitoring of very large structures and the Displacement Sensor 
for displacement monitoring in extreme environmental conditions.  
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Habel & Bismarck (2000) studied long-term fibre strength in the concrete environment and 
performed dynamic tensile tests in order to study a fibre subjected to a constant applied 
stress/strain rate until the brake down of the fibre. 

Measuring moisture and humidity with fibre optics can be seen in (Kunzler et al. 2003). 

Literature of fibre optic sensors in the Swedish field can be seen in (Utsi, 2002; Enckell-El 
Jemli, 2003; Enckell et al 2003, 2004; Hejll 2004; Täljsten & Hejll, 2005) 

Modern Laser measurements with the high speed, phase-based 3D laser scanner can be seen in 
(Feng, 2001). 

Other techniques like some non-destructive evaluation (NDE) testing methods can be seen in 
(Bray & McBride, 1992; Österberg, 2004). As the measuring devises included in NDE are 
beyond this thesis only a general description about the subject and some of the techniques are 
mentioned.  

Non-destructive testing (NDT) means testing of specimen or material without interference to the 
object. The methods in non-destructive testing techniques are numerous. Visual inspection is the 
oldest non-destructive test and inspectors around the world are using the method on daily basis. 
Alternatively, when the visual inspection is not satisfying, other non-destructive testing methods 
make entrance and can be used in many various applications, as in the investigation of concrete 
in nuclear power plants, bridges, silos etc., just to mention some. Methods like ultrasound, 
radiography, impact echo, rebound hammer, crack detection with help of very fine ferromagnetic 
particles are also widely adopted by industry and engineers. For example steel industry has well 
adapted these methods for testing on welding, homogeneity of material etc. and these testing 
methods are described in the handbooks (Boverket 1994).  

Österberg (2004) divides NDT methods into following main categories: 

• Radioactive methods (employ electromagnetic waves or particles) 

• Acoustic methods (employ stress waves) 

• Radio waves methods (employ electromagnetic waves) 

• Magnetic methods (employ magnetic fields) 

• Electrical methods (employ electrical fields) 

• Thermo graphic methods (employ electromagnetic waves) 

The methods mentioned above use rays, fields or materials to penetrate an inspection target with 
the aim of gaining information about its condition. As SHM has become an established term in 
civil engineering. The interest, understanding and the use of NDT methods has increased rapidly 
in recent years in several areas.  It is though good to take into account that many of these 
methods employ innovative techniques and may not have so long experience in use. Expertise for 
these specific techniques as well as understanding for the applications are needed in order to get 
the full advantage of the methods  

Lord Kelvin discovered in 1856 that the resistance of an electrical conductor changed when it 
was stretched. Though, it was not until the late 1930s when the first resistance strain gauges were 
developed. But already during the Second World War the techniques were well adapted and used 
for structural testing and in the aircraft industry. Nowadays, the strain gauge technology and its 
applications are widely used for civil engineering purposes. For literature in sensor technology in 
common, see (Aktan et al. 2001; EMPA et al. 2004; ISIS 2001). Measurements with strain gauge 
technology can be seen in (James& Karoumi, 2003; Silfwerbrand, 1990). For definitions like 
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resolution, accuracy etc concerning performance characteristic in several techniques, see (EMPA 
2004) where a god overview of related topics such as filters, amplifiers etc is given.  

Bergmeister & Santa (2001) also discuss several sensor technologies like strain gauges, vibrating 
wires, fibre optic sensors etc. 

1.4.2 Research on Structural Health Monitoring 
It is necessary to test structures or substructures and materials, in some vulnerable stage of 
construction or when verifying theoretical calculations. Testing and measuring of certain desired 
parameters has taken place in the field of civil engineering in the latest century. Steel strains, rock 
stresses, concrete curing temperature, shrinkage and stresses, pressure of the concrete in 
formworks, vibrations and many other phenomena that engineers felt unconfident about, often 
because of lack of knowledge or experience, has been measured and recorded.  

When monitoring the arch of  the old Traneberg bridge during retrofitting it was found that 
several monitoring activities had taken place in the 30’s (Anger 1935).The arch was, at the time 
of  its completion, the largest and longest ever built and monitoring was used to increase the 
understanding that was needed in order to build a bridge with the quality that still stands today, 
see Figure 1.4.  

       
Figure 1.4 Monitoring activities in 1930ies on The Traneberg Bridge; Test samples for control 

of  shrinkage were monitored continuously over several years, pressure in 
formworks and stress in concrete were monitored in critical parts of  construction 
(Anger, 1935). 

Static field tests on bridges were performed before opening in the early 20th century with loads 
simulating actual traffic on them. If the bridge did not collapse or show extreme deflection under 
the test loads it was judged to be safe for traffic (ISIS, 2001). 

Dynamic field tests have been performed on bridges since the late 19th century (Salawu & 
Williams, 1995). These early tests were mostly conducted as part of the safety inspection. When 
Tacoma narrows Bridge collapsed in 1940, the engineers had to face the problem with long-span 
bridge aerodynamics (Miyata, 2003). The dynamic monitoring developed and increased 
significantly in the following decades. These activities in the early 20th century were though in 
small scale and mostly considered as part of construction phase rather than organized structural 
monitoring. The monitoring technology was not yet well developed in term of automation and 
data handling. The amount of data was held in small portions in order to be able to handle and 
use it in a decent way.  
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Intelligent structural systems, as well as smart materials and structures (Claus 1992) were also 
concepts in use, before the statement of SHM became more common. 

Health Monitoring according Aktan, Catbas, Grimmelsman and Tsikos (2000), may be 
defined as: 

“ the measurement of the operating and loading environment and the critical responses of a structure to track 
and evaluate the symptoms of operational incidents, anomalies, and/or deterioration or damage indicators 
that may affect operation, serviceability, or safety reliability”. 

Aktan et al. (2001) also published the report “Development of a Model health Monitoring Guide for major 
Bridges”, which is a very clear introduction into SHM and related topics.  ISIS Canada has made 
a tremendous work and published several manuals like the design manual “Guidelines for Structural 
Health Monitoring” (ISIS Canada; Mufti, 2001). Sustainable Bridges (EMPA et al., 2004) have 
also published a technical report “Evaluation of Monitoring Instrumentation and techniques” A similar 
Swedish manual “Civil Structural Health Monitoring” was published by (Hejll & Täljsten, 2005). 

Other specific topics can be seen as follows: 

• SHM and testing with fibre optic sensors (Ansari, 2003; Del Grosso et al. 2001; 
Enckell-El Jemli, 2003; Inaudi, 1997, 2000, 2002; Inaudi et al. 1997;. Kurokawa et 
al.2004; Takao, & Takao, 2003; Täljsten & Hejll, 2005). 

• SHM projects with several sensor technologies in (Enckell-El Jemli et al 2003, 2005; 
Habel et al 2002; Ou, 2004). 

• SHM in Europe (Casciati, 2003; Del Grosso et al. 2002, 2004; Inaudi, 2003) 

• Long-term monitoring (James, 2004; James &Karoumi, 2003; Karoumi et al., 2004, 
2005) 

• Testing of bridges (Karoumi et al., 2006; Schulz et al. 2000). 

• Retrofitting and strengthening, maintenance (Enckell & Larsson, 2005; Sumitro et al 
2004). 

• Benefits of monitoring (Mufti, 2004) 

• Testing of industrial floor structures with acoustic methods can be seen in (Hedebratt, 
2004). 

• Dynamic aspects around SHM see (Andersson & Malm, 2004; Del Grosso & Inaudi, 
2004; James et al, 2005; Salawu & Williams, 1995 Ülker & Karoumi, 2006; Wiberg 
2006). 

 

1.4.3 Research concerning concrete 
Monitoring of The new Årsta Bridge took place from the very first beginning when pouring the 
concrete. It was necessary to understand the behaviour of the sensors in the fresh concrete and 
the behaviour of the concrete itself. The research around concrete and especially concrete at early 
age, very early age and long-term effects in concrete constructions were studied in order to 
understand the behaviour of the sensors.  

Properties and use of concrete can be seen in (Neville, 1982).  
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 Emborg (1985) described two methods to calculate thermal stresses in massive concrete 
structures and formulated (1989) constitutive models for the analysis of early age thermal stresses 
in concrete due to hydration. 

Glisic (2000) worked with SOFO sensors and developed a validated new numerical model that 
describes the evolution of the thermal expansion coefficient with respect to degree of hydration. 
Calibration of numerical models describing this characterisation was also done.  

Larson 2003 studied the phenomena of thermal crack estimation in early age concrete. A new 
basic creep model was formulated, and based on that creep prediction formulas were established 
and evaluated. It was shown that the complex structural restraint behaviour can be described by 
means of a simple restraint coefficient giving an agreeing thermal stress development compared 
to both more exact Finite Element (FE) calculations and measured stresses. Simplified direct 
methods for estimation of through cracking was established and adapted for practical application. 

Nilsson (2003) worked with crack risk analyses of early age concrete structures and verified and 
calibrated restrain factors by a semi-analytical method and determined partial coefficients by a 
probabilistic method.  

Glisic et al. (2005) describes long-term monitoring of high-rise buildings over four years. The 
long-gage fibre optic sensors were embedded in the ground-level columns during the 
construction and the monitoring started with the birth of the structure. Based on results it was 
possible to evaluate and follow the performance of the buildings in long term through every stage 
of their life including construction, 48-hours live loading and tremor. 

Aspects like shrinkage and creep in long-term are studied and especially in the environment of 
pre-stressed structures. Robertson (2005) presents very interesting results of a bridge monitoring 
program after nine years of data collection. The primary instruments used for vertical deflection, 
span shortening and, concrete strain monitoring were described. Both short-term and long-term 
responses of the structure were monitored and analysed. Creep and shrinkage testing with 
associated strength testing was performed beforehand in order to establish the creep and 
shrinkage response of the concrete used. The test results were used to predict the long-term 
creep and shrinkage.  

 

1.5 Monitoring design 

In order to be able to perform adequate SHM we need to identify the condition of the structure. 
The structural identification is an initial point and the core for a propitious monitoring. A 
complex structure requires a complex data acquisition. The procedure starts with problem 
statement or an insecurity definition for the specific structure. Identification of the structure and 
the parameters that are to be monitored is the most important task and the whole concept may 
fail if it is not performed appropriately. Object identification of the new structure should 
conclude a review of drawings and any relevant information about design uncertainties. Special 
care should be given to new complicated design and new material constellations. It is also 
significant to check that the measurements will be comparable with the calculations, analytical 
models, FEM etc. for satisfying calibration. 

When handling existing structures a lot more information is provided; inspection protocols, 
maintenance actions, retrofitting/strengthening of the structure, noted problems, concerns or 
verified structural weakness etc. It is also very profitable to visit to the structure on site in order 
to make a visual inspection. Attention is paid both for identification and accessibility to the 
structure. This is also very suitable occasion to see the structure from the installation point of 
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view. Inspection of the condition of surfaces, need for scaffolding for installation, possible 
placement for equipment and cables, access to electricity etc. is done onsite. 

The second step is to choose the sensors that will fulfil the requirements that give the desired 
parameters. Several kinds of sensors might be needed in complex projects. If some uncertainties 
still occur, this might be the right occasion to perform a small structural test or test installation so 
that the right sensors and installation methods are chosen. The installation procedure should be 
studied carefully for each kind of chosen sensors in order to find out if the methods and 
techniques verify that they are working properly and are commercially available and proven. In 
addition, the chosen data acquisition components are studied for the suitability for the range of 
data and requirements for the related topics. The choice of sensors should be done in co-
operation by different kind of experts as several fields of engineering are involved. Locations of 
the sensors, cables, connection boxes, data loggers, central units and communication systems are 
taken and drawings are established. The need for temporary monitoring devices under the 
construction and testing of sensors after installation is examined. Responsibilities for the partners 
are to be well defined. All partners in the project should also be given the opportunity to 
highlight their requirements, standpoints and expectations for the system so that the outcome 
will be adequate for all partners. Special care should be paid for heuristics in the analysis. 

When the final decision is taken about the system it is time to make an installation plan. This is a 
very important step and if it is not done correctly it might jeopardise the whole system. This is 
especially important when handling with a structure under construction. The time-table of the 
construction steps is studied carefully and a time-table for the installation of the sensors is done. 
The establishment of a good contact with the contractor is of importance so that the delays and 
changes in construction or schedule are to be informed directly to the installation team. The 
contractor or the installation team must also inform the workers on the building site about the 
sensor installation so that a positive attitude is created in order to not damage the sensors. Need 
for the necessary equipment and personal is controlled. Building the scaffolding, fixing the 
concrete surface, grinding the steel surface free from corrosion, paint etc. or any other 
requirement to be able to reach the installation spot and be able to fasten the sensors in a proper 
way to the structure is planned. Schedule of testing sensors after installation is established. A new 
visit is paid to the building site and all insecure installation is considered once more and tested if 
needed. If any divergence from the planning is noted, all the partners are to be contacted in order 
to find a new solution. Finally, the installation plan is distributed to the owner, contractor, 
installation team and any other part that is involved in the process so that they are able to tell 
their point of view. If needed the installation plan is revised until all parts have approved it. Note 
also that in complicated concrete constructions the time-table for reinforcement is studied with 
special care for easy and rapid installation. 

Next step is to invent methods for data quality assurance, analysis, processing and storage. 
Criterion for decision making is worked out and reporting schedule and the form of 
documentation and presentation is determined.  

A load test is often included in new structures and this should be planned and scheduled in detail 
beforehand. If the monitoring is designed for the safety purposes, the selection for warnings and 
alarms are decided and designed. Possible calibration of the related software for the actual project 
is done. Also the correct measure with a possible alarm is determined. 

System servicing, trouble shooting and responsibilities after the installation are also described and 
planned in detail. 
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1.6 Installation of sensors and data acquisition systems 

Installation of the sensors and devices is performed according to the installation plan. The size of 
the installation team depends on the size of the project. 

The work to be done before actual installation is the following: 

• The sensors and devices to be installed are delivered, checked and quality controlled. 

• The persons installing the sensors are well-informed about the installation procedure and 
need even to have a good understanding for the sensor devises. When installing new 
complicated sensors like for example fibre optic sensors it is necessary to give the new 
personnel a short course about the sensors and installation procedure. 

• The necessary equipment is procured and if necessary tested. 

• Data acquisition systems are calibrated and the software is programmed and tested in the 
office. 

• A lot of practical details often delay the project and therefore it is good to check the 
following things: access and keys to the building site, safety regulations, other activities 
that might collide with the installation at the building site, access to electricity and 
facilities for the personnel etc. 

• Passage for the cables etc. is done beforehand if possible. This is especially important in 
new concrete constructions where the plastic pipes or such need to be concreted in 
beforehand. 

The work to be done in actual installation is following: 

• The sensors and devises are installed according to the installation plan and drawings 

• If any changes are made, they are noted so that the drawings can be revised 

• The installation procedure is described in detail in a diary and documented with 
photographs 

• The sensors are tested, measured  and calibrated if possible or necessary 

• If there is a risk for damages, the sensors are protected or marked 

• The sensors are connected to the data logger for temporary or permanent measurement 
or if they are not to be used directly, they are protected or set in a safe place 

• If temporary measurements are performed during some stage of the construction the 
measurement equipment is protected against damage and marked clearly 

• In case of a new concrete construction an embedded sensors it is good to be present 
when concreting in order to supervise the survival of the sensors 

The work to be done after installation of the sensors and cables is following: 

• The sensors and devises are connected to connection boxes, main units etc. according to 
installation plan and drawings 

• The communication system is established 

• The cables are fixed temporarily or permanently on the cable rack 

• If any changes are made, they are noted so that the drawings can be revised 
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• The installation procedure is described in detail in a diary and documented with 
photographs 

• The system is tested 

• The system and monitoring is verified by other systems, models or calculations 

Every project has unique requirements and therefore it is not easy to describe a procedure that 
covers all details. Good and very detailed planning saves time and thereby the costs for the 
installation and ensures qualified installation. 

 

1.7 Aims of the present study 

The general aims of this thesis are to: 

• Present a state-of-the-art rapport over monitoring and sensory technologies 

• Introduce bridge owners and the bridge engineering community for Structural Health 
Monitoring as an engineering tool 

• Increase the knowledge around fibre optic sensors and their use for civil engineering 
purposes 

• Increase the understanding for the behaviour of concrete in early age, in long term and 
under different phases of construction in large bridge structures 

• Increase the understanding for the behaviour of massive pre-stressed concrete structures 
under static and quasi static loading by reporting strain changes in the structure 

• Report cracking in the structure 

• Give practical advice when installing different kind of sensors and especially when 
handling fibre optic sensors 

• Compare fibre optic sensors with traditional strain transducers 

• Report advantages and disadvantages of different technologies 

• Work as a reference and therefore give advice for future projects while choosing the 
suitable monitoring systems for structures 

1.8 Limitations 

When managing applied research the most difficult task has been to limit the subject and try to 
draw conclusions that were applicable for more common projects. Several areas of research fields 
needed to be examined in order to have a total understanding for this complex subject. Research 
easily gets character of wideness but lacks of profundity. For this reason it is very important to 
localise the subject for further research in order to concentrate on that subject for deeper 
understanding. 

1.9 Structure of the thesis 

The thesis consists of chapters 1-7 and appendix. Chapter one is a general introduction into the 
Structural Health Monitoring concept and related tasks. A review over research and literature is 
done for the following subjects: sensory and methodology techniques; Structural Health 
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Monitoring and testing and concrete technology. Chapter two is an overview over sensor 
technologies concentrating on modern sensor technology and especially fibre optic sensors. 

Chapter three describes the New Årsta Railway Bridge and the instrumentation and installation 
details. Chapter four describes the static load test on the New Årsta Railway Bridge that was 
performed before opening the bridge for traffic, and the results of the test. The general results 
from long-term monitoring of the New Årsta Railway Bridge can be seen in chapter five. Chapter 
six describes two other fibre optic monitoring projects in Sweden; firstly, monitoring of the 
Traneberg Bridge with fibre optic sensors during retrofitting and secondly, monitoring project of 
the Götaälvbridge with distributed fibre optic sensors. A short discussion is included for each 
bridge. Chapter seven contains discussions and conclusions of the New Årsta Railway Bridge as 
well as the general conclusion. Bibliography has references followed by appendix that include the 
list over casting sections. 
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Chapter 2 Sensor Technology 

2.1 Introduction 

The number of sensors used in monitoring is endless. Different applications with various 
techniques, like electrical, optical, acoustical, geodetical etc are available. A variety of parameters 
like strain, displacement, inclination, stress, pressure, humidity, temperature, different chemical 
quantities and environmental parameters such as wind speed and direction can be monitored. 

Conventional sensors used for structural engineering, like strain gauges, accelerometers, 
inclinometers, load cells, vibrating wires, Linear Variable Differential Transformers etc. are able 
to measure most of these parameters and have a long experience in use. Nevertheless, the 
evolution of fibre optic sensors, lasers etc. together with computer based data extensometers 
acquisition, advanced signal and data communication have made the evaluation of new 
techniques and sensors for civil engineering purposes possible. 

Fibre optic sensors, micro electromechanical systems (MEMS), optical distance measurement 
techniques and lasers have been under great development in recent years and are now available 
on the market. They are characterized by an easy installation and data-collecting concept. These 
techniques often allow very delicate measuring in harsh conditions and in applications that were 
not possible in the past. The automatic collection of the data saves time and it has advantages 
with respect to manual measurements. Remote monitoring can sometimes be the only way to 
monitoring a structure, like for railway bridges and dams where the access is not always allowed. 
The reliability and durability of the sensors becomes significant when choosing the appropriate 
instrumentation.  

The fibre optic sensors allow for measurements that have been unpractical or too costly with the 
traditional sensor technology. Hundreds measuring points along the same fibre, as well as the 
distributed sensing, insensitivity for electromagnetic fields and also the fact that there is no need 
for protection against lightning are some of the advantages over the electrical-based counterparts.  

In the following, an overview of fibre optic sensors, microelectromechanical systems (MEMS), 
traditional technologies and geometry monitoring techniques is presented.  

2.2 Fibre Optic Technology 

2.2.1 Introduction 
Telecommunication systems have made fibre optics familiar to everybody. The use of fibre optic 
applications in different kinds of engineering fields made also a huge expansion in the last 
decades, especially in communications. However, the ancient Romans sometimes communicated 
over large distances with shields polished to serve as mirrors (Measures, 2001) and the total 
internal reflection principle was used to illuminate streams of water in elaborate public fountains 
in Victorian times, both precursors of today's fibre optic systems. 

The development that made possible to optical communication was first, the invention of the 
laser in 1960 and secondly, the invention of optical fibre. Anyhow, the first optic fibres had a lot 
of losses and it took some years before the discovery of low-loss silica- glass fibre led to the 
technology of fibre optic communications.  
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Fibre optic sensors in civil engineering can be used to measure strains, structural displacements, 
vibrations frequencies, acceleration, spatial modes, pressure, temperature, humidity and so on. 
The list is long and the techniques are innovative and in the explosive stage of development. 

The monitoring of the structure can be either local, concentrating on the material behaviour or 
global, concentrating on the whole structural performance. Fibre optic sensors offer a wide 
variety of sensors for short-gauge length, long-gauge length as well as environmental parameter 
monitoring.  

Fibre optic sensors can be measured and tested in many ways. The most simply way of checking 
is connecting a laser pen to the sensor coupler and see if the light travels trough the sensor. 
Demodulators for long-gage sensors are for example the Optical Time Domain Reflectometer, 
OTDR; low coherence interferometer and tunable laser demodulator. Demodulators for short-
gage sensors are, for example the passive spectral ratiometric demodulator, tunable narrowband 
filter demodulator, laser sensor demodulator as well as the interferometric-based demodulator. 

Optical fibres 
An optical fibre is a thin, transparent fibre, usually made of fused silica for transmitting light over 
large distances with very little loss. The diameter of optic fibre is of a human hair and the core of 
it serves to guide the light along the length of the optical fibre. The core is surrounded by 
cladding with slightly lower index of refraction than the core. Cladding minimise the losses as the 
light propagates in the fibre and also physically supports the core region. Optical fibres operate 
over a range of wavelengths but the 1550 nanometre wavelength is standard for minimal losses. 
They are generally divided into two kinds; single mode and multimode. The most sensor 
application use single mode fibres where the core is very small, 5 to 10 micrometers. 

 

 

 

 

 

 

 

 

Figure 2.1  Single mode optic fibre used in sensor technology and telecommunications. 

Optical fibres are connected to terminal equipment by optical fibres connectors. These 
connectors are usually of a standard type such as FC, SC, ST, or LC. Optical fibres may be 
connected to each other by connectors or by splicing. Splicing joins two fibres together to form a 
continuous optical waveguide. 
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2.2.2 Classification 
The sensors can be classified according to the property of light affected by the transduction 
mechanism into intensiometric sensors, interferometric sensors, polar metric sensors, modal 
metric sensors and spectrometric sensors. 

Fibre optic sensors can be divided into two groups; intrinsic sensors and extrinsic sensors. An 
intrinsic sensor uses a sensing or transduction mechanism that is part of the optical fibre. In 
contrast, an extrinsic sensor merely uses an optical fibre to convey the light to the sensing 
element or device, and either the same optical fibre or another fibre is used to convey the 
processed light into a photo detection system 

Intensiometric sensors 

Microbend fibre optic sensors are based on the principle that when the fibre is bend it will loose 
some of the light guided trough its core. Small radius will cause a great loss of light. These 
sensors need a reference fibre in order to act as a temperature compensation system. When the 
intensity of the transmitted light is measured, it is easy to recreate the deformation in the host 
structure.   

The footprint of the microbend fibre optic sensor is similar to the traditional strain gauge. It is 
possible to measure strain and displacement by Optical Time Domain Reflectometry (OTDR). 

Generally, microbend sensors have narrow sensitivity, measurement range and accuracy. The 
need of a reference optical fibre makes them complicated. These sensors are quit simple but need 
to face some problems concerning temperature compensation, calibration and non-linear relation 
between intensity and elongation. 

Interferometric sensors 

The principle of the Michelson fibre optic interferometer (Figure 2.2) is easy to understand and it 
is easily built in laboratory. This sensor consists of two arms that are both single mode optical 
fibres and have chemical mirrors in end parts. One fibre is the sensing fibre and it is fixed in 
definite points and the other fibre is a reference fibre that is loose in such a way that the strain in 
it will always stay in a zero level. This loose fibre compensates for the temperature so that 
additional measurement for the temperature variation would not be needed. Elongation or 
compression in the reference fibre will change the strain and therefore the difference in the 
optical path as well. Light from a laser source in reading unit is sent to the sensor, divided by a 
coupler and sent to the both fibres. The mirrors reflect the light back to the coupler where the 
light is again divided and finally returns to the reading unit. Any activity in the reference fibre will 
cause a phase difference in the returning light signal and this phase difference can be read by a 
mobile mirror and transmitted to an external PC. These sensors are suitable for global 
monitoring of large structures like bridges, tunnels etc. 
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Figure 2.2  Michelson fibre optic interferometer. 

Another application in interferometric principle is the fibre optic Fabry-Perot sensor. This sensor 
exists in intrinsic and extrinsic version. The intrinsic Fabry-Perot sensor ( 

Figure 2.3) is an optical fibre that includes two-mirrored fusion splices that are parallel to the 
optical axis of the system. This is an unusual system and difficult to manufacture. The extrinsic 
Fabry-Perot (Figure 2.4) is more common and it consists of two optical fibres with a cavity, an 
air-gap of a few microns or tens of microns. The two mirror-tipped optical fibres are supported 
within a micro capillary alignment tube. This sensor is easier to produce but it still has to be very 
carefully calibrated in order to determine the gauge length of the sensor. Both intrinsic and 
extrinsic sensors can be manufactured as strain rosettes, that mean a sensor with several 
measuring points near each others, see Figure 2.5. These sensors can be used in many 
applications, both local and global behaviour of various kinds of structures can be measured and 
there is even application measuring the temperature compensated pressure with this technique.  

 
 

Figure 2.3  Intrinsic Fabry-Perot sensor. 

 

 
Figure 2.4  Extrinsic Fabry-Perot sensor. 
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Figure 2.5  Fabry-Perot strain rosette sensor with 3 measuring points. 

SOFO system 

SOFO system (French acronym for Surveillance d’Ouvrages par Fibres Optiques – Structural 
Monitoring using Optical Fibres) is based on low-coherence interferometry in optical fibre 
sensors. The SOFO system consists of sensors, a reading unit and data acquisition and analysis 
software. Both static and dynamic measurements can be performed with the system. 

The sensor consists of two optical fibres called the measurement fibre and the reference fibre and 
is contained in the same protection tube made of PVC. The measurement fibre is coupled with 
the host structure and follows the deformations of the structure. The average strain measured by 
a sensor is given by the following equation: ε=ms/ls, where ε denotes the average strain over the 
sensor length, the active zone, ms, deformation measured by the sensor, and ls, length of the 
sensor. In order to measure shortening as well as the elongation, the measurement fibre is pre-
stressed to 0.5%. The reference fibre is loose and therefore independent from the structure’s 
deformations; its purpose is to compensate thermal influences to the sensor. The optical signal, 
the light is sent from the reading unit through a coupler to the sensor, where it reflects off 
mirrors placed at the end of each fibre and returns back to the reading unit where it is 
demodulated by a matching pair of fibres. The returned light contains information concerning 
the deformations of the structure, which is decoded in the reading unit and visualized using a 
portable PC, see Figure 2.6. 

 
Figure 2.6 Components and functioning of  the SOFO system 

The sensors (Figure 2.7 left) can be directly embedded into the fresh concrete (Figure 2.7 middle) 
or mounted on the surface using the L-brackets (Figure 2.7 right) and allow easy installation. 
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Sensors do not require calibration and have high survival rate (better than 95% for concrete 
embedding). The long gage-length makes them more reliable and accurate than traditional strain 
sensors, averaging the strain over long bases and not being influenced by local defects in material 
such as cracks and air pockets. The system is insensitive to temperature changes, electro magnetic 
fields, humidity and corrosion, and have an estimated long-term stability up to 20 years. 

 

       
Figure 2.7  Left: Sensor before installation. Middle: An installed fibre optic sensor to be 

embedded in concrete Right: sensor fastened on the concrete surface with an L-
bracket. 

Polarimetric and modalmetric sensors 

The common polarimetric sensor consists of a single mode optical fibre. Strain, hydrostatic 
pressure or temperature variation influence the two polarization eigenmodes. The physical factor 
can be calculated from the change in the state of polarization on the light wave as it propagates in 
the fibre. This sensor is quit complicated and has very limited use.  

The elliptic-core two-mode sensor is the most developed modal metric fibre optic sensor and it 
measures the transverse spatial mode distribution of the light within an optical fibre. The linearly 
polarized light is launched into the fibre. This light changes its state of polarization in the sensing 
area and it is reflected back by the mirrored end. This variation of the state of polarization can be 
converted into a non-linear relation between the signal and the strain in the structure to be 
measured. The manufacturing process for this type of sensor is complicated, which has limited 
the use of the sensors. 

Spectrometric sensors 

Spectrometric fibre optic sensor technique has a lot of interesting application like Raman and 
Brillouin distributed sensors and Bragg Grating sensors. These sensors are used worldwide and 
several companies have commercial applications of these attractive techniques.  

Bragg Grating sensor (Figure 2.8) consists of a single mode optical fibre that contains a region of 
periodic variation in the index or of the fibre core, so called “grating”. Typical length of these 
sensing areas is around 10 mm to 100 mm depending on the purpose of use. Intense UV-light is 
exposed to the core of the optical fibre via a coupler and this specific light wave propagates 
within the fibre and the wavelength corresponding to the grating pitch will be reflected while all 
the other wavelengths will bypass the grating uninterrupted. The reflected light is lead again to a 
coupler and split in two photo detectors. The analysis of the spectrum of the reflected light 
makes it possible to measure the strain and the temperature, because these cause changes in the 
grating period. The analysis is usually done by a tuneable narrowband filter ahead of one of the 
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photo detection system, spectral filtering including a passive ratio metric approach, acousto-optic 
filters or by a tuneable laser. The other photo detection system is a reference system and will take 
care of the compensation for the intensivity variations coming from source power fluctuations, 
connector alignment variations and macro bend losses in the optical fibre. Measurements for the 
compensation for the temperature has to be done by a separate reference grating only measuring 
the temperature if the strain and the temperature variations are taking place at the same time. The 
strain values can then be corrected in order to this temperature compensation. The best 
resolutions that can be achieved by the best demodulators are about 1 micro epsilon and 0.1 ° C. 
Several Bragg Gratings can be written to a single fibre at the suitable locations, so-called serial 
multiplexing and this single fibre is able to take care of all these measurements. In parallel 
multiplexing an array of optical fibres is read with a single source. Combination of these two 
techniques is also possibly. The multiplexing potential and the ability for both static and dynamic 
measurements make Bragg Grating sensors very interesting in a lot of applications. Their 
challenges are long-term stability, zero-drift, temperature compensation and survival in harsh 
environments. These sensors can be used to replace the conventional measuring methods like 
strain gauges or for structural health monitoring when they multiplexed. Like all the other fibre 
optic sensors they are excellent in applications where the electro magnetic fields occur. 

 
Figure 2.8  Bragg Grating sensor with 5 “gratings” written to the fibre. 

Brillouin distributed sensors are based on Brillouin scattering and are very suitable for distributed 
temperature and strain monitoring with a single fibre up to 50 km. Brillouin scattering takes place 
due the interaction of light with phonons in optical fibres. The phonons will shift the frequency 
of the light in order to the acoustic velocity of the phonons. The acoustic velocity in turn is 
dependent on the density of the glass and material temperature. The reason that the Brillouin 
frequency varies with applied strain and temperature makes it possible to measure both 
parameters in same time along an optical fibre. The scattering phenomenon can be either 
spontaneous or stimulated. The spontaneous process is called Brillouin scattering and it requires 
extremely low level of the detected signal but however sophisticated signal processing. The 
stimulated phenomenon is called for stimulated Brillouin amplification and its advance is a 
relatively stronger signal. The challenge is to produce a meaningful signal that maintains a stable 
frequency difference. The opto-electronics required for Brillouin system are quite complex and 
requires long coherency length, stable lasers, high-speed modulators, detectors and frequency 
discriminators. Spatial resolution of 1 meter and 1°C can be achieved with the best systems. 
Brillouin distributed sensors are optional in long-term surveillance of large structures like dams, 
pipelines, dikes, bridges, geostructures, off-shore platforms, oil wells and many more and they are 
cost effective when a large number of measurements points are needed. 

Raman distributed sensors are based on Raman scattering process and can be used to determine a 
temperature profile along a single optical fibre. When the intense light signal is announced into 
the fibre the Raman scattering will produce so called Raman Stokes with lower photon energy 
and Raman anti-Stokes with higher photon energy. These Stokes are dependent on the 
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temperature in the fibre and the intensity ratio of the Stokes to anti-Stokes backscattered light 
can be determined as a function of time and with that the temperature profile can be calculated in 
the fibre. The system is capably to operate over several kilometres with the resolution of 3-10 
meters and 1°C. The challenges are need for complicated lasers and long signal averaging times. 
These sensors have similar areas of use like Brillouin distributed sensors but where only the 
temperature profile is needed.  

DiTest system 

DiTest system is based on stimulated Brillouin scattering and is a unique tool for the evaluation 
of distributed strain and/or temperature over several tens of kilometres. Potential problems can 
be identified and localized at thousands locations by mean of a single optical fibre and in just one 
shot. The system allows on-line or off-line long-term monitoring of large structures with high 
stability. The system can operate in two configurations: loop that have both ends of the sensing 
fibre connected to the measurement unit or single ended that have a mirror at the end of the 
fibre. Integrated optical switch allows multiple fibres to be automatically connected to the 
instrument. An industrial PC with LCD screen and internal hard-disc storage are included in the 
system, allowing great versatility in terms of connections: LAN, wireless, remote control, 
configuration and maintenance. The integrated software is user-friendly and allows an easy setup 
of the parameter through the use of self-configuration wizards. Data retrieved from multiple 
measurements can be simultaneously displayed and compared on screen. If pre-defined warning 
levels are exceeded, the system can generate alerts and activate relays. The system can operate 
interactively or in automatic mode, gathering data according to a schedule (www.smartec.ch). 

The sensors are called SmarTape and are designed for distributed deformation (average strain) 
monitoring over long distances. SmarTape sensor consists of a single mode optical fibre 
embedded in a fibre-reinforced thermoplastic composite tape. High spatial resolution of 1m/10 
km allows for accurate measurements. The tape itself provides high mechanical, chemical and 
temperature resistance. The size of the tape makes the sensor easy to transport and install. The 
SmarTape sensor is designed for use in harsh environments often found in civil, gas and oil 
engineering applications. The SmarTape sensor is usually glued to the structures, but can also be 
clamped or embedded. As the system is not temperature compensated, the passive cables can be 
used to measure the temperature in loop configuration. 

     
Figure 2.9 Left: Single ended Configuration. Right: SmarTape. 

 

The system performs static measurements and the measuring time is depending on the spatial 
resolution. The higher resolution wanted the more time it takes to perform a measurement. A 
normal acquisition time is from 20 seconds to several minutes. The system is able to detect cracks 
around 0.5mm along 100 mm. See following Table 2.1 and Table 2.2  for performance of the 
system and sensors. 
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Table 2.1 Performance of  the DITest 

Measurement range      Up to 30 km, 75 km using range extenders 

Spatial resolution 

(depending on type and 

installation of cable) 

1 m over 10 km 

2 m over 20 km 

4 m over 30 km 

Strain measurement range Up to 2.5% (depending on cable) 

Strain resolution 2 µε 

Strain accuracy 20 µε 

Temperature measurement 
range 

-220°C to +500°C (depending on cable) 

Temperature resolution 0.1 °C 

Temperature accuracy 1 °C 

Acquisition time 20 seconds to 5 min (2 minutes typical) 

Number of channels 2 standard, up to 200 upon request 

 
 

Table 2.2   Performance of the DITest SMARTape 

Typical dimensions ~0.2 mm x ~13 mm 

Maximal length 400 m  

Dynamic range -1.5% to +1.5% 

Temperature compensation Not compensated 

Sensor weight ~4.2 kg/km 

Minimal bending radius 

 

100 mm operation in long-term 

50 mm installation an storage 

Max. tensile strain 1.5% 

Temperature range -55°C to +300°C operating, in long-term 

-5°C to +50°C installation and storage 

-40°C to +80°C pigtails and connectors 

Chemical resistance Good 

Calibration Only during production 

 
 

 

For further technical details, see www.smartec.ch. 
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2.2.3 Splicing 
Fusion splicing or mechanical splicing is used to physically join together two optical fibres. The 
fusion splicing process varies depending on the type of fusion splicer used. To achieve good 
splicing results, it is essential to have a proper knowledge about optical fibres and the use of 
fusion splicer.  

Different fibres melt and fuse in different temperatures and it is important that the arc power and 
duration of the fusion arc are properly adjusted. Fusion splicing is done as follows:  

• The sturdy outer jacket and the protective polymer coating of the fibre are stripped of at 
the fibre ends  

• The fibre is cleaned with isopropyl alcohol 

• The ends are cleaved with a precision cleaver to make them perpendicular 

• The fibre ends are placed into special holders in the splicer. The two fibre ends are 
fastened inside a splice enclosure that will protect the fibres 

• The splicer uses small motors to align the end faces together, and emits a small spark 
between electrodes at the gap to burn off dust and moisture. Then the splicer generates a 
larger spark that raises the temperature above the melting point of the glass, fusing the 
ends together permanently. The location and energy of the spark is carefully controlled so 
that the molten core and cladding do not mix 

• The splice can be seen via a magnified viewing screen to check the cleaves before as well 
as the splice after 

• The splicer measures splice loss estimation by directing light through the cladding on one 
side and measuring the light leaking from the cladding on the other side.  

If the splice it not properly done it contributes to light losses in the splice. A splice loss under 
0.1 dB is typical. Other factors that increase the losses are: core diameter mismatch, cladding 
diameter mismatch, numerical aperture mismatch (Figure 2.10), core concentricity and non-
circularity (The Furakawa Electric Co., LTD, 2005). This process is indeed complex and making 
it in the field instead of the laboratory makes it more demanding. 

         
Figure 2.10 Core diameter mismatch, cladding diameter mismatch and numerical aperture 

mismatch 

Mechanical splices of optical fibres are designed to be quicker and easier to perform. The 
procedure is about the same as for fusion splices expect the splicing. The fibre ends are aligned 
and held together by a precision-made sleeve, often using a clear gel that intensifies the 
transmission of light across the joint. Higher optical losses are noted with this splicing method 
and the splice itself is less robust than fusion splices. 

All splices are placed in splice protection afterward despite the techniques used in splicing. 
Fusion splicers often have a special heater device mounted where the splice protector can be 
melted to the fibre. The splice protection has a stainless steel rod that reinforces the fibre.  
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2.3 MEMS sensors 

Microelectromechanical Systems (MEMS) is the technology of the very small devices or systems 
that combine electrical and mechanical components. These devices usually range in size from a 
micrometer to a millimetre. They are fabricated using modified silicon fabrication technology, 
moulding and plating, wet etching and dry etching, electro discharge machining and other 
technologies capable of manufacturing very small devices. A particular system can accommodate 
from a few to millions devices. Accelerometers, inertial sensors, optical scanners, fluid pumps, 
chemical, flow, humidity, temperature and pressure sensors etc are a few application examples. 
These systems can sense, control and activate mechanical processes on the micro scale. On the 
macro scale they are able to function individually or in arrays.  The material needs of the MEMS 
field are at the initial stage but the technology has a huge potential and in the near future we 
might see a massive increase of these sensors in structural health monitoring (EMPA, 2003). 

2.3.1 MEMS Based Accelerometers 
Accelerometers based on MEMS technologies are fairly new but perhaps the simplest MEMS 
device possible, consisting of little more than a suspended cantilever beam or seismic mass with 
some type of deflection sensing and circuitry. MEMS Accelerometers are available in single axis, 
dual axis, and three axis models and in wide variety of ranges. Use of these accelerometers in the 
automotive industry has pushed their cost down radically and they are now available on the 
market for civil engineering monitoring purposes. 

2.4 Traditional Accelerometers 

New slender structures, new materials, higher velocity for trains etc have increased demands for 
control of vibration, especially in railway bridges. New kinds of movements and accelerations are 
created and need to be controlled. These problems together with demands for lower running 
costs, increased efficiency, effects of noise and vibration on people have caused requirements of 
a deeper understanding of the causes of vibration and the dynamic response of structures to 
vibratory forces.  

There are a various kind of accelerometers on the market nowadays. Piezoelectric accelerometer 
and piezoresistiv accelerometers have been the most common in use but the new applications 
like the micro electromechanical systems (MEMS) based accelerometers are becoming more and 
more common. Accelerometer measures acceleration and the signal can be electronically 
integrated, the first time to provide the velocity signal and the second time to provide the 
displacement signal. This type of vibration transducers offers a very wide frequency and dynamic 
range. There can be some problems because of the low frequency limit of the piezoelectric 
accelerometers and if that is needed it is better to use other kind of accelerometers. 

Every accelerometer has its own individual calibration system. This provides accurate data on 
several parameters like sensitivity, frequency response, capacitance and weight and even 
environmental effects. 

Mounting the accelerometers on a structure has to be done very carefully. Surfaces have to be 
clean and smooth; personnel involved have to have a good knowledge about the technique in 
order to guarantee a satisfying installation. 

Accelerometers have a wide use in constructions where there is a need to control the dynamic 
behaviour of the structure, either short or long term. In following, a short overview over the 
most common accelerometers is given. 



Chapter 2.   Sensor Technology 

 26

2.4.1 Piezoelectric and Piezoresistive Accelerometers 
These accelerometers are relatively small in size, have high output and stiffness. Piezoelectricity is 
the ability of crystals to generate a voltage in response to applied mechanical stress. Piezoelectric 
accelerometers are very common and they can be found with charge or voltage output. The basic 
components are seismic mass, base and housing. When the accelerometer experiences a motion, 
the invariant seismic mass loads the elements according to Newton’s second law of motion,        
F = ma, and a proportional electrical signal is produced. Manufacturing of these industrial 
accelerometers can be found in three basic structural designs; compression (transversal), flexural 
(longitudinal), and shear design (Figure 2.11). Shear mode accelerometers are very common 
because of their good performance. Schematics for shear mode accelerometer can be seen in 
Figure 2.12. 

 
Figure 2.11Three basic structural design for piezoelectric accelerometers 

 

  
Figure 2.12 Left: Piezoelectric shear mode accelerometer. Right: Piezoresistiv accelerometer. 

(Aktan et al. 2002) 

 

Accelerometers with charge output require an external inline charge amplifier in order to convert 
the signal into a voltage mode signal that is compatible with readout equipment. Accelerometers 
with internal electronics with a voltage output provide supplementary design flexibility like 
reduced transducer size or increased sensitivity. The voltage output is compatible with most of 
the readout equipment. 

The piezoresistive effect causes a change in electrical resistance of a material due to applied 
mechanical stress. Discrete strain gauges are mechanically attached to cantilever beams and 
electrically connected in a Wheatstone bridge to produce a electrical signal proportional to 
vibration (Figure 2.12) An external source of electrical energy is used in piezoresistive 
accelerometers.  

2.4.2 Capacitive Accelerometers 
Capacitive accelerometers (Figure 2.13) sense a change in electrical capacitance with respect to 
acceleration. The sensing element consists of two parallel plate capacitors acting in a differential 
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mode, as a capacitive half bridge. The peak voltage is captured by detection circuits, which is then 
led to a summing amplifier.  These accelerometers are very accurate with excellent resolution and 
suitable for low frequency measurements. The larger the mass the higher the sensitivity, the 
better the resolution, the smaller the frequency and amplitude range. (EMPA, 2004) 

 
Figure 2.13 Schematics of  capacitive sensor (Aktan et al. 2002) 

2.4.3 Force Balanced Accelerometers 
The operation principal is similar to capacitive accelerometers but on smaller scale. The central 
plate is supported on four suspension beams. When the sensor is provided with acceleration the 
inertial force acting on central plate causes the movement relative to the support points. That in 
addition, causes unequal capacitances between the central multi-plate electrode and the two fixed 
electrodes. This accelerometer is an essential tool when measuring low frequency acceleration 
with high accuracy in heavy large scale structures and in seismic strong motion network  

 
Figure 2.14  Working principle of  a servo force balanced accelerometer according Aktan et al 

(2002) 

 

2.5 Vibrating Wire Transducers 

Vibrating wire sensors are used in the mining, civil and hydrological engineering, and other 
geophysical disciplines. The earliest information of them can be found in (Davidenkoff, 1928). 
The vibrating wire strain gauge consists of a thin steel wire held in tension between two 
anchorages. The most common used in concrete applications is in crack monitoring. 
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2.5.1  Vibrating Wire Strain Gauge 
Vibrating wire strain gauge is an old technique with its roots in the early 20th century. A thin steel 
wire held in tension between two end blocks makes a vibrating wire. A transverse vibration is 
excited by a short pulse of an electromagnet with surrounding coil positioned near the midpoint 
of the wire. The frequency of the vibration varies with the tension of the wire. If the distance 
between the endblocks changes, the natural frequency will change as well. The coil measures both 
the natural frequency and its changes. This gauge measures strain in a variety of materials and it 
can be easily cast or embedded in concrete. The frequency signal can be transmitted over long led 
cables to a readout unit and monitored.  

Manufacturing process is of great concern for the accuracy of the gauge. The gauges that are used 
in long-term applications have not zero drift and their sensitivity have to have bare minimum 
changes in order to be able to guarantee the reliably results. These gauges have a long-term 
experience of laboratory testing and are reasonable in price and easy to install.  

Calibration tests are necessary to find the gauge factor. Temperature calibration has to be done in 
order to differentiate the thermal strain in material and the influence of the thermal expansion of 
the wire. 

These sensors are widely used in different applications like bridges, tunnels and other large 
structures. 

2.5.2 Vibrating Wire Displacement Transducer 
In a displacement transducer the vibrating wire is connected in series with a spring and a 
connecting rod. The spring is used to attain a displacement of 25 to 100 mm. The tension in the 
spring is changed by the rod movement and as a result the frequency of the wire changes as well. 
The transducer is easy to install on the structure and the accuracy of the gauge is of good quality. 

Manufacturing and calibration of these transducers are likely the same as for the vibrating wire 
strain gauge.  If all care has been taken, stable gauges are obtained. These sensors are mostly used 
for crack width measures for example in bridges and tunnels. 

2.6 The Linear Variable Differential Transformer 

The Linear Variable Differential Transformer (LVDT) is a common type of displacement 
transducer. The LVDT is build of a series of inductors in a hollow cylindrical shaft with a solid 
cylindrical core. An electrical output is produced by LVDT. This output is proportional to the 
position of the core inside the hollow cylinder and changes in positions can be converted to 
electrical output.  

Primary and secondary coils are placed symmetrically in both sides of the primary core that is 
placed in a hollow cylindrical shaft. The core is magnetic and its movement will gauge the mutual 
inductance of each secondary coil to vary relative to the primary.  

The lack of friction between the hollow shaft and the core gives a very good resolution and long 
life for the LVDT. A good sensitivity in dynamics is possible because of the small mass of the 
core. Calibration is done by varying the position of the core and measuring the corresponding 
output voltages and in this way the calibration constant can be calculated.  

The resolution of LVDT transducers is infinite. Their main advantage compared to similar 
sensors is their high degree of robustness.  

2.6.1 HBM Linear Variable Differential Transformer 
The HBM LVDT is illustrated in Figure 2.15 and has the following technical specifications: 
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Manufacture and model: HBM WA 

Version: Plunger, standard temperature 

Type of connector: Full bridge 

Sensitivity [mV/V] +80 

Linearity deviation [%] ±0,2 to ±0,1 

Connection mode 90 degr. fastended cable 

Degree of protection IP67 

Nominal displacement [mm] 0…2 

Nominal temperature range [°C] –40 … +80 (+150) 

Carrier frequency [kHz] 4,8 ±1 % 

 
 

     
Figure 2.15 Illustration of  the displacement transducer (Linear Variable Differential 

Transformer) WA plunger from HBM, mounted on the longitudinal wall inside the 
New Årsta Bridge to the left, and with a protection box to the right 
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2.7 Strain gauges 

The basic operating principle of the strain gauges (Window 1992) is that a metal wire changes its 
electrical resistance as a result of change of its length L, its cross-section A and its specific 
resistivity, ρ. The relative change of resistance, ΔR referred to the basic resistance R is 
proportional to the strain, ε. This depends on the Poisson’s ratio, ν, and the gauge factor, GF, of 
the sensor. A typical single element, uniaxial strain gauge consists of an etched thin metal foil 
which is attached to a backing material and measures strain in one direction. Typical active area 
for foil gauges is 2-10 mm in size. Other examples of strain gauges types are the biaxial rosette 
for strain detection in two perpendicular directions and the triaxial rosette for measuring 
principal strains and their directions. Strain gauges that are manufactured of metals are widely 
used, but they can also be made of semiconductor materials. These semiconductor strain gauges 
have the advantage of a higher gauge factor than metallic strain gauges. The performance of 
metallic strain gauges is governed by the grid material, the configuration, the backing material, the 
bonding material and method, the gauge protection, the correct adhesive and the signal 
conditioning circuitry (EMPA 2004).  

Strain gauges available today are accurate, sensitive, versatile, easy to use, relatively low in cost, 
linear in output, easily installed and are available in many configurations, sizes and materials. They 
meet the requirements of very broad variety of measurements over a wide range of temperature 
and operating conditions. Although, the proper and effective use of strain gauges requires a 
thorough understanding of their characteristics and performance. 

All electrical conductors have a coefficient of resistance changing with temperature. This means 
that a strain gauge made of a certain material will undergo a change in resistivity with temperature 
and these changes have to be taken into account when analysing the readings. In some 
applications, the error due to thermal effect may be small enough to be ignored. In other 
applications, depending upon the alloy involved, the test temperature and the required accuracy, 
correction for the variation may be necessary. Most of the modern strain gauges are self-
temperature compensated. 

Strain gauge grids will eventually fail in fatigue due to cyclic training at reasonably high strain 
levels. The highest endurance is achieved with strain gauges manufactured from isoelastic alloy. 
Fatigue life depends on the gauge materials, strain level, gauge size, lead wire attachment and 
homogeny of strain over the gauge area. The resolution is often 0.1* 10-6 that is practically about 
the smallest value attainable. 

Installation of the strain gauges has to be done very carefully. The application surface has to be 
cleaned and the strain gauge mounted with suitable techniques and fastening onto the surface. 

2.7.1 The Wheatstone bridge 
Strain gauge measures a small area and therefore, in order to measure a larger area a Wheatstone 
bridge is used. Samuel Hunter Christie invented the Wheatstone bridge in 1833 and Sir Charles 
Wheatstone improved and popularized it in 1843. It is used for converting the small change in 
the resistance of the strain gauge (or gauges) into a voltage suitable for amplification and 
processing (http://en.wikipedia.org/wiki/Wheatstone_bridge). 
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Figure 2.16 Wheatstone's bridge circuit diagram 

In the circuit (Figure 2.16), Rx is the unknown resistance to be measured; R1, R2 and R3 are 
resistors of known resistance and the resistance of R2 is adjustable. If the ratio of the two 
resistances in the known leg (R1 / R2) is equal to the ratio of the two in the unknown leg (Rx / 
R3), then the voltage between the two midpoints will be zero and no current will flow between 
the midpoints. R2 is varied until this condition is reached. The current direction indicates if R2 is 
too high or too low. 

Detecting zero current can be done with extremely high accuracy. Therefore, if R1, R2 and R3 
are known with high precision, then Rx can be measured with high precision. Very small changes 
in Rx disrupt the balance and are readily detected. 

If the bridge is balanced, which means that the current through the galvanometer Rg is equal to 
zero, the equivalent resistance of the circuit between the source voltage terminals is: 

R1 + R2 in parallel with R3 + Rx 

 

     (2.1) 

Alternatively, if R1, R2, and R3 are known, but R2 is not adjustable, the voltage or current flow 
through the meter can be used to calculate the value of Rx, using Kirchhoffs circuit laws. First, 
the first Kirchhoff rule can be used to find the currents in junctions B and C: 

 

      (2.2) 

       (2.3) 

Then, using Kirchoff's second rule to find the voltage in the loops ABD and BCD: 

 

     (2.4) 

     (2.5) 

The bridge is balanced and Ig = 0, so the second set of equations can be rewritten: 
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       (2.6) 

      (2.7) 

Then, dividing the equations and rearranging them, giving: 

 

     (2.8) 

From the first rule, we know that I3 = Ix and I1 = I2. The desired value of Rx is now known to be 
given as: 

 

      (2.9) 

If all four resistor values and the supply voltage, Vs are known, the voltage across the bridge (V) 
can be found by working out the voltage from each potential divider and subtracting one from 
the other. The equation for this is: 

 

     (2.10) 

This can be simplified to: 

    (2.11) 

 

The Wheatstone bridge illustrates the concept of a difference measurement, which can be 
extremely accurate. The full-bridge is often used in transducers for installations where the 
measuring point is a long way from the reading instruments, particularly for on site work where 
there are a large temperature and other environmental variations. The greatest advantages are that 
all the lead wires from the measuring point to the instrumentations are outside the measuring 
circuite and contribute minimal errors to the system and that both static and dynamic 
measurements can be performed. It is important to note that under certain conditions the 
Wheatstone bridge is non–linear, generally when there are non-symmetrical resistance changes 
within the bridge and when large resistance changes are involved (Window, 1992) 

2.7.2 KTH Strain transducers  
Strain transducers are installed for the measurement of the internal strains within different 
sections of the bridge’s span between pier 8 and 9 (P8-P9). The strain transducers used are 
developed and manufactured by KTH. The transducers are preassembled before casting by tying 
them onto the reinforcement, both the longitudinal and transversal one, so that they are 
embedded in the concrete during casting. A photograph of a strain transducer installed on site 
can be seen in Figure 2.18. 
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Each strain transducer consists of four resistance wire strain gauges of the type 1-XY11-6/120 
from Hottinger Baldwin Messtechnik (HBM) with a resistance of 120 Ω that are connected as a full 
Wheastone bridge. The strain element is build up of four active gauges that are glued onto a 
300 mm long hollow steel bar with a diameter of 10 mm. The cable is routed inside the steel bar  
and thereby protected from damage. Additionally, the gauges and the steel bar are encapsulated 
with several coatings for protection. At each end of the strain element, there is an anchor plate 
with a diameter of 50 mm to ensure that the deformations are only introduced at these anchor 
plates. See Figure 2.17for an illustration of a strain transducer with dimensions and during the 
built-up process. Before placement the transducers have been calibrated under controlled 
conditions in laboratory by doing 5 test measurements with each transducer in an Instron tensile 
test machine with a force of 12 kN. During these tests a gauge factor of 2,00 and a 5,0 V supply 
has been used, giving a measuring range of ±4000 micro-strains. As a result, these tests tell if the 
specific transducer is working properly according to expected results from used input data and 
known material data. 

Φ10   Coatings

Φ50 Full Wheastone bridge

300

 
Figure 2.17 The strain gauges are glued onto a hollow steel bar and protected with several 

coatings. Dimensions and building up of  the strain transducer 

 
Figure 2.18 A photograph of  a strain transducer mounted onto a reinforcement bar prior to 

casting.  

As data acquisition system a HBM MGCplus Digital Frontend system together with the carrier 
frequency amplifier ML55B are used for this instrumentation. The strain transducers use a HBM 
standard 6 wire circuits which compensates for the resistance of the supply cables, thus ensuring 
full voltage over the bridge. 

For safety protection the cables between the strains transducers and the data acquisition system 
are protected from concrete vibrator contact by being tightly mounted together with the 
reinforcement. The technical specifications of the strain transducers are enumerate in Table 2.3. 
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Table 2.3  The technical specifications of  the strain transducers 

Manufacture: KTH 

Strain gauges: HBM 1-XY11-6/120 

Type of connector: Full bridge 120 Ω 

Range of measurement [%]: ±1,2 

Measuring length [mm]: 300 mm 

Sensitivity [μs/kN] 260 

Glue type: HBM EP 310, two-component,  
hot setting glue 

Water-proof layers: HBM PU 120, lacquer, 3 layers 
HBM SD 250, silicone, 3 layers 
Wackel Silgen 612, two-component  
Embedment compound 

 
 

2.8 Temperature Sensors 

Civil engineering structures are subjected to the environmental changes and therefore it is 
necessary to measure the temperature that affects to some extend every physical process. 
Temperature scales in use are: Fahrenheit, Celsius and Kelvin.  

2.8.1 Thermocouples 
Thomas Johann Seebeck, an Estonian physicist discovered in 1821 that when any conductor is 
subjected to a thermal gradient, it will generate a voltage. This is now called as the thermoelectric 
effect. Any attempt to measure this voltage necessarily involves connecting another conductor to 
the "hot" end. This additional conductor will then also experience the temperature gradient, and 
develop a voltage of its own which will oppose the original. Fortunately, the magnitude of the 
effect depends on the metal in use. Using a dissimilar metal to complete the circuit will have a 
different voltage generated, leaving a small difference voltage available for us to measure, which 
increases with temperature.  

It is important to note that thermocouples measure the temperature difference between two 
points, not absolute temperature, see Figure 2.19. 

 
Figure 2.19  Thermocouple 

In most applications, one of the junctions is maintained at a known reference temperature, while 
the other end is attached to a probe. Thermocouples are used to control the temperature in 
certain points of the structure. They are very inexpensive in cost and are widely used in all kind of 
applications. Most of the large concrete structures have a lot of thermocouples installed while 
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casting and under construction in order to have a full control over temperature changes under 
curing.  

 

Table 2.4  Different types of  thermocouples and their properties  

Type Material Temperature Range Application Notes 

K 
Chromel (Ni-Cr alloy) / 
Alumel (Ni-Al alloy) 

−200 °C to 
+1200 °C  

General purpose 
thermocouple, low cost. 

E 
Chromel / Constantan 
(Cu-Ni alloy))  low temperature  

Suited to low temperature, 
non-magnetic.  

J Iron / Constantan −40 to +750 °C Suitable with old equipment 

N 
Nicrosil (Ni-Cr-Si alloy) 
/ Nisil (Ni-Si alloy))  above 1200 °C High stability, resistance 

B 
Platinum-Rhodium/Pt-
Rh 50 to 1800 °C Useless below 50 °C 

R 
Platinum /Platinum with 
7% Rhodium up to 1600 °C.  Low sensitivity, high cost. 

S 
Platinum /Platinum with 
10% Rhodium up to 1600 °C.  Low sensitivity, high cost. 

T Copper / Constantan −200 to 350 °C  
Used often as a differential 
measurement 

SOFO Thermocouples 

SOFO thermocouples (Figure 2.20) are temperature sensors based on principle that electrical 
resistance in bimetallic joint is temperature dependent. The output is terminated with a special 
connector (for the manual reading) or with simple “bare wire” connectors (for automatic reading 
using ADAM/modules). 

The sensor can be quickly and easily installed without affecting the construction schedule. It can 
be directly embedded in concrete and mortars, or surface mounted. Resolution of the 
thermocouple is 0.2 °C (-10°C / +100°C). They are waterproof, insensitive to corrosion and 
vibrations and may be influenced but not damaged by electromagnetic fields. The use of ADAM 
module allows the automatic reading of electrical sensors like SOFO thermocouples The SOFO 
Bridge allows the connection to the SOFObus. Once connected to the SOFObus via the bridge 
and the ADAM modules (Figure 2.20), electrical sensors can be configured and read in the same 
manner as the SOFO deformation sensors (manually, automatically, in interactive or data logger 
mode). The results are stored in the same database structure and can be viewed and manipulated 
in the similar way as the SOFO deformation measurements. For SOFO system, see 2.2.2 
subchapter SOFO system. The SOFO Bridge and the ADAM Modules are sensitive to 
electromagnetic fields, notably to lightening and thunder. It is recommended they be linked with 
ground or to isolate them electrically in order to avoid damaging. 
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Figure 2.20 Left: SOFO thermocouple. Right: Adam Module and SOFO Bridge 

2.8.2 Resistance Thermometers 
Resistance thermometers are constructed in a number of forms, they consist of a sensor element 
that exhibits a change in electrical resistance with the change in temperature. As thermocouples 
use the Seebeck effect to generate a voltage, resistance thermometers use electrical resistance and 
require a small power source to operate. The resistance ideally varies linearly with temperature. 

Most common resistance thermometers are made of a wire wrapped around an insulating support 
of glass, ceramic etc. that is then sealed and capsulated. Resistance thermocouples are made of 
nickel, copper, silver and platinum elements. Most common material used is platinum, because of 
its linear resistance-temperature relationship and its chemical inertness. Nevertheless, the 
platinum detecting wire needs to be kept free of contamination to remain stable. If these sensors 
are correctly mounted and protected against high mechanical stress, humidity, dirt and corrosion, 
they do offer greater stability, accuracy and repeatability occasionally than thermocouples.  

2.8.3 Thermistor 
A thermistor is another kind of resistance thermometer that is used to measure temperature 
changes, relying on the change in its resistance with changing temperature. Thermistor is a 
portmanteau of the words thermal and resistor. These sensors are made of ceramic semi 
conducting materials like manganese, cobalt, copper, nickel, iron, doped silicon or germanium 
that have a high negative resistance coefficient of receptivity. The commercial thermistors are 
available in bead, disk and rod forms that are coated with glass or epoxy. 

Thermistors are small devises and can be classified in two types. If the resistance increases with 
increasing temperature, the device is called a positive temperature coefficient (PTC) thermistor. 
If the resistance decreases with increasing temperature, the device is called a negative temperature 
coefficient (NTC) thermistor. With respect to temperature, a NTC exhibits a large negative and 
non-linear change in resistance while a PTC exhibits a positive and linear change in resistans. As 
NTC are more sensitive they are more commonly used. These sensors require external power for 
excitation and the output is given in Ohms  

Thermistors are inexpensive, accurate, stable, sensitive and their small size gives fast response 
times. Even with long cable lengths the signal is still relatively unaffected. The biggest 
disadvantage is that the output is a nonlinear resistance-temperature relationship. The operating 
temperature is also narrower than for other temperature sensors but they can be used in most 
common civil engineering applications. 
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2.9 Geometry monitoring 

2.9.1 Laser techniques 
Three dimensional (3D) laser scanners are a tool for capturing geometrical information of the 
objects (Feng, 2001). This technique was initially developed for car manufacturing but is now 
widely used in many industrial applications such as robot navigation, surveying, architecture, rock 
engineering and bridge engineering. Improvement of resolution, measurement accuracy, scanning 
speed as well as lower cost and adapted software development has gained that the use of 3D 
lasers has increased in the untraditional fields in recent decade. 

Several companies world wide provide this technique in various performances. These existing 
systems in the market are based upon three scanning principles, e. g. triangulation, pulse-based 
and phase-based techniques. 

A high speed, phase-based 3D laser scanner consists of two major components: the single point 
laser measuring system and the mechanical beam reflection system. The system is developed for 
high-speed, high-performance and eye-safe scanning tasks and works both in indoor and outdoor 
environments. Scanning ranges are from around 0.1 meters to about 50 meters in average lasers 
and the scanning can be done in darkness and the achieved measurement accuracy is in mm-
range. Components in point-sensor laser measurement system are laser head, the high frequency 
unit and the signal processing unit so that the data can be pre-processed. Process of emitting, 
receiving and processing of the laser beam is done by that unit. The dual frequency amplitude 
modulated, continuous wave (AMCW) method in conjunctions with a coaxial 
transmitter/receiver allows for measurement that gives both range and reflectance of the target 
point. All the measured points are registered to a known coordinate system with x, y and z 
coordinates. As it is possible to receive 3D point cloud as well as 3D image, a CAD-drawing can 
easily be accomplished (Feng, Röshoff 2005).  

The mechanical beam deflection system consists of o a special mirror and the motor control unit. 
The laser head uses the mirror for deflecting the emitted laser beam and for collecting the back-
scattered laser light cone. Rotation of the mirror in horizontal direction and nod in the vertical 
direction is controlled by the motor and allows a scanning field overview of 360 degrees in 
azimuth and 310 degrees in elevation. The 3D lasers allow for scan rates up to around 625 000 
points/second and therefore a lot of data can be collected in very short time with little effort. If 
several scans are performed it is convenient to survey several control point by a total station so 
all the data can be registered into same coordinate system for further data processing and 
modelling. Quality of these systems is also very different and one should have a lot of knowledge 
when choosing the system in order to satisfy the needed quality, especially for the linked software 
for correct and fast data processing (Feng, 2006). 

 

2.9.2 A total station 
A total station is an optical high precision instrument used in modern surveying and can be seen 
in daily use at the building sites. It is a combination of an electronic theodolite, an electronic 
distance measuring device and a software running on an external computer. Angles and distances 
from the instrument to points to be surveyed may be determined. 

Trigonometry is then used to calculate the angles and distances to the coordinates of actual 
positions (X, Y, and Z or northing, easting and elevation) of surveyed points, or the position of 
the instrument from known points, in absolute terms. The data may be downloaded from the 
theodolite to a computer and application software will generate a map of the surveyed area. Most 
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modern Total Station instruments measure angles by means of electro-optical scanning of 
extremely precise digital bar-codes etched on rotating glass cylinders or discs within the 
instrument. The total stations of the best quality are capable of measuring angles down to 0.5 arc-
second. General total stations can generally measure angles to 5 or 10 arc-seconds. 

The other part of a total station, the electronic distance measuring device, EDM, measures the 
distance from the instrument to its target. The EDM sends out an infrared beam which is 
reflected back to the unit, and the unit uses timing measurements to calculate the distance 
travelled by the beam. Measurement of distance is accomplished with a modulated microwave or 
infrared carrier signal, generated by a small solid-state emitter within the instrument's optical 
path, and bounced off of the object to be measured. The modulation pattern in the returning 
signal is read and interpreted by the onboard computer in the total station, and the speed-of-light 
lag between the outbound and return signal is translated into distance. The typical Total Station 
can measure distances accurate to about 0.1 millimetres, but most land surveying applications 
only take distance measurements to 1.0 mm. (http://en.wikipedia.org/wiki/Total_station). 

2.9.3 Photogrammetry 
Photogrammetry is a measurement technology in which the three or two dimensional coordinates 
of points on an object are determined by measurements made in two or more photographic 
images taken from different positions. 

Common points are identified on each image. A line of sight can be constructed from the camera 
location to the point on the object without interference to the object. Triangulation with these 
rays is used to determine the three-dimensional location of the point. Photogrammetry is 
sometimes called “remote sensing”. More sophisticated algorithms can exploit other information 
about the scene that is known a priori, for example symmetries, in some cases allowing 
reconstructions of 3D coordinates from only one camera position. 

Photogrammetry is used in different fields, such as topographic mapping, architecture, 
engineering, police investigation, and geology, as well as by archaeologists to quickly produce 
plans of large or complex sites. (http://en.wikipedia.org/wiki/Photogrammetry) 

2.9.4 GPS 
The Global Positioning System, generally called GPS, is the only fully-functional satellite 
navigation system. A constellation of more than two dozen GPS satellites broadcasts precise 
timing signals by radio to GPS receivers, allowing them to accurately determine their location; 
longitude, latitude, and altitude, in any weather, day or night, anywhere on the Earth. 

GPS has become a vital global utility, indispensable for modern navigation on land, sea, and air, 
as well as an important tool for map-making and land surveying. GPS also provides an extremely 
precise time reference, required for telecommunications and some scientific research, including 
the study of earthquakes (http://en.wikipedia.org/wiki/Gps; Knecht, & Manetti, 2001)) 

2.10 Other techniques 

There are a huge amount of sensors and methods that are not mentioned in this chapter. 
Triangulating is an old manual way of measuring the geometry in tunnels and is now used in 
optical distance measurement methods. Geotechnical instruments like extensometers and 
geophones are widely used. The wind speed is often measured by anemometers and the angles by 
inclinometers. It is also possible to measure corrosion and related parameters with different 
corrosion sensors. 
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Chapter 3 A case study of the New Årsta Railway 
Bridge  

3.1 Introduction 

The political idea of building a new bridge beside the old Årsta Bridge from 1934 started already 
in 1988. Stockholm needed an increased track capacity, with the intention of meeting the needs 
for increasing rail traffic in the region. An international design competition was announced by the 
Swedish National Railway Administration (Banverket) and the City of Stockholm in 1994 in order 
to get a design of international standard. Several Swedish and foreign architectural and 
engineering companies were invited for a pre-qualification. Five companies were accepted and 
asked to purify their proposals concerning requirements. After a lot of political contradictory the 
work could finally begin in summer 2000. 

The New Årsta Railway Bridge in Stockholm is an optimised, very slender and complex ten span 
pre-stressed concrete structure. It is located to the west of the existing bridge crossing the bay 
Årstaviken. The bridge is built as part of an upgrading from two tracks to four between 
Stockholm South and Årstaberg further south. The bridge accommodates two tracks for railway 
traffic, a service road and a pedestrian and cycle road. The bridge was opened for regular railway 
traffic on the 22nd of May 2005 and the pedestrian and cycle road opened for public on the 28th 
of August 2005. 

3.2 Aims and Scope of the Monitoring Project 

The Swedish National Railway Administration (Banverket) initiated a monitoring campaign 
including measurements in order to study and understand the dynamic and static behaviour of 
the bridge. The main objectives are to monitor the bridge during 10 years including the 
construction phase and the testing phase. 

The monitoring makes possible to obtain stress and strain levels during construction and 
operation, and dynamic response from crossing trains. Additionally, the static study gives an 
opportunity to compare traditional measuring technique using strain transducers with the fibre 
optic sensors, so called SOFO system (developed by SMARTEC SA, Switzerland). The primary 
goals and objectives of the monitoring program are to learn more about the as-built structure 
through verification of the actual structural behaviour of the bridge compared with that predicted 
by theory. 

The main aims for the static measurements are to: 

• Check the maximal strains and stresses, 

• Detect cracking in the structure 

• Report strain changes during construction and at least 10 years of service, 

• Calculate the curvature of the span from pier 8 (P8) to pier 9 (P9). 

 

The main aims for the dynamic measurements are to: 

• Determine the eigenfrequencies, modal shapes and damping ratios, 
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• Study the dynamic response (dynamic amplification factors, DAFs) from crossing 
trains, including the influence of rail roughness, and 

• Study the long-term changes in the dynamic properties of the bridge. 

•  

The objectives for the measurements during the construction phase are: 

• Check that the bridge is built as designed, 

• Insure that elements have not been subjected to excessive loading, and 

• Verify that design assumptions concur with reality. 

 

The objectives for the measurements during testing: 

• Static load testing will be conducted to quantify global stiffness.  

 

The objectives for the measurements under the operation phase: 

• Improve knowledge of traffic and temperature effects, 

• Document changes in strain and dynamic properties, 

• Obtain information concerning the condition of the structure that has consequences for 
maintenance and repair operations. 
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3.3 Bridge description 

The total length of the New Årsta Railway Bridge is 833 m. It is 19.5 m wide and has ten piers 
with an elliptical cross-section. The northern and southern spans, closest to the abutments, are 48 
and 65m respectively, which is shorter than the other nine spans of 78 m. The distance between 
the new and the old bridge is 45 meters. The 40 m wide navigation channel for boat services have 
a vertical clearance of 26 meters. Figure 3.1 illustrates the bridge’s elevation and site plan. 

( )

( )
( )

( )
( )

( )
( )( )( )

( )( )
( )( )

( )

(  ) (  )
(  )

(  )

(  )

(  )

ÅRSTA
HOLMAR

ÅRSTAVIKEN

TANTO

ÅRSTA

(  )
(  )

(  )(  )(  )(  )(  )(  )(  )(  )(  )(  )(  )

NL P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 SL

(  )

P5 P6 P7 P8 P9 P10 SLP4P3
P2

P1

NL EXISTING BRIDGE

 
Figure 3.1 Elevation and site plan of  the New Årsta Railway Bridge (Cowi, 2000). 

The cross-section has a very soft form. Consequently, the design is very slender with a 
superstructure that is thickest above each pier and then gets thinner towards each mid span 
where it is as narrow as possible according to design calculations, see Figure 3.2. Besides, every 
pier has a 2 meter thick transversal beam without manholes (Figure 3.3). The manholes are 
instead located on the bridge deck in every span, between the rails. 

 

 
 

Figure 3.2 Cross section near pier to left and in mid-span to right. 

The ballast was eliminated due to the extreme slenderness of the bridge. Instead, the rail fasteners 
were mounted directly onto the concrete structure. 

The quality class of the concrete is K60 according to the Swedish standard BBK94 (Boverket, 
1995) and the properties of the concrete was tested carefully, both at the concrete plant and at 
arrival to the building site. The slender design of the bridge required a high amount of 
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reinforcement in order to satisfy the needs for bearing capacity. Therefore, a lot of both non-
tensioned and tensioned reinforcement was used. The superstructure is so heavily reinforced that 
it contains an average of as much as 220 kg/m3 non-tensioned reinforcement. Besides this the 
bridge will have about 50 pre-tensioning cables that are spread over the bridge’s cross-section and 
fixed inside durable plastic tendons (Figure 3.3) extended along the complete bridge length, in 
order to separate them from the superstructure and make replacement of damaged cables 
possible. 

   
Figure 3.3. Left: Tendons for the pre-tensioning cables. Right: The massive transversal beam. 

Casting sequence of one span had five sections. Every section included two castings; first casting 
part, the trough and second casting part, the bridge deck. See Figure 3.4 for sections and casting 
parts in one sequence of 78 metres.. 

 

 
Figure 3.4  Illustration of  the casting sections in each span, where the sections are cast in a 

mutual sequence numbered from 1 to 5, and where  

The northern part has a slight curvature in the horizontal direction. In situ reinforcing and 
conventional fixed scaffolding was used. For the southern part of the bridge, the straight one; 
prefabricated reinforcement cages and a dividable launching formwork were used. 

The launching formwork was supported by a tower wagon specially produced for the project. 
Launching formwork was splattered with a mortar mix before casting of the same colour as the 
concrete. When a whole span was casted, the tower wagon was fixed to the next pier; the 
reusable formwork was drawn apart and advanced to the next span. Seven spans were built using 
this technique. 
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Figure 3.5  The pictures illustrate separation of  the red coloured launching formwork, the 

movement forward to the next span and tower wagon fixed on the pier (Banverket, 
2003) 

 

Detailed information about the bridge and construction methods can be seen in (Enckell & 
Wiberg, 2005). A short list of construction stages and key site events is given in Appendix A. 

The total cost of the bridge was approximately SEK 1 500 million 
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3.4 Instrumentation 

For description of the sensors, see following Subchapters: 

SOFO sensors:   2.2.2 Subchapter Interferometric sensors, SOFO system 

SOFO Thermocouples:  2.8.1 SOFO Thermpcouples 
KTH strain Transducers:  2.7.2 

Accelerometers:  2.3.1 

The LVDT:   2.6.1 

3.4.1 Nomenclature, Number and location of the 
instruments 

The nomenclature of the monitoring instruments used has been chosen using the following 
principles: 

The first part of the instrument’s identification nomenclature (the 1st letter) has been used to 
identify the location of the sensor in the longitudinal direction, i.e. a specification of the cross-
section in question. The following letters have been used: 

A = Section A, located exactly over pier 9 (P9) 

B = Section B, located at the quarter point of span P8-P9, closest to pier 9 

C = Section C, located in the mid span of span P8-P9 

D = Section D, located at the quarter point of span P8-P9, closest to pier 8 

E = Section E, located exactly over pier 8 (P8) 

F = Section F, temporary section, located in the middle of section A and B 

The second part (2nd and sometimes 3rd letter) tells the type of the sensor and for that the 
following abbreviations has been used: 

K = KTH strain transducer 

S = SOFO sensor 

ST = SMARTEC Thermocouple 

The third part (a number) tells which number a specific instrument has in the specific cross-
section. A typical example of strain transducer numbering is BK5, which denotes a strain 
transducer situated in section B, mounted by KTH, and with number 5 in that section. A typical 
example of fibre optic sensor numbering is AS1, which denotes a SOFO sensor situated in 
section A, and with location 1 in that section. A typical example of temperature sensor numbering 
is AST1, which denotes a SOFO Temperature sensor situated in section A, and with location 1 in 
that section. 

The last part of the accelerometer identification nomenclature (the last letter) has been used to 
identify in which direction the accelerometer measures acceleration. The following letters have 
been used: 

H = Horizontal direction 

V = Vertical direction 

Consequently, it has been chosen using the following principle. A typical example of 
accelerometer numbering is CK2AV, which denotes an accelerometer situated in section C, 
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mounted by KTH, with number 2 in that section and representing an Accelerometer in the 
Vertical direction. Note that the section D for accelerometers differs from the others and is: 

D = Section D, located in the mid span of span P7-P8 

Notice also that BK11 does not mean a strain transducer in the way of all the others since this 
nomenclature denotes the only LVDT (Linear Variable Displacement Transducer) used. 

A summary of the type and the total number of monitoring instruments used in the monitoring 
programme for the New Årsta Railway Bridge can be seen in Table 3.1, where all instruments 
that are installed and/or embedded in the concrete are listed. However, in this table the 
positioning of the monitoring instruments is described in general terms of span P8-P9. For 
information regarding a more exact location, see drawings in the following pages. 

Table 3.1 A summary of  the total number and location of  the monitoring instruments 
installed on and/or embedded in concrete during the construction. 

Sensor Number Location Type 

Strain transducers 25 4 at pier 9 
10 at the ¼-point closest to pier 9
7 in the midspan of pier 8 and 
pier 9 

KTH/HBM 
1-XY11-6/120 

Fibre optic sensors 40 Sections A, B, C, D and E SMARTEC 
SA:SOFO-system

Linear Variable 
Displacement 
Transducer (LVDT) 

1 On vertical web at the quarter 
point closest to pier 9 

HBM WA 
plunger 

Accelerometers 6 1 at the ¼-point closest to pier 9 
4 in the midspan of pier 8 and 
pier 9 
1 in the midspan of pier 7 and 
pier 8 

Si-FlexTM 

SF1500S, 

Colibry SA 

Thermocouples 9 Sections A, C and E SMARTEC SA 

 
 

Cables between the monitoring instruments and the connection box are not drawn in some of 
these figures. The connection box in each figure are named, for example AKCB, which 
represents an abbreviation for section A, instrumented by KTH and Connection Box. The 
accelerometers are placed inside a special box that is mounted inside the edge beam at both the 
pedestrian and cycle way side and the side with the service road. 
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Figure 3.6 Placement of  strain transducers in the cross-section A over pier 9. Strain transducer 
AK1 seems to be lying in the air but is in fact embedded inside the transversal wall 
going trough the bridge deck over the pier. 
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Figure 3.7 Placement of  strain transducers, LVDT and accelerometer in the quarter point 

section closest to pier 9 of  span P8-P9, denoted section B. 
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Figure 3.8 Placement of  strain transducers and accelerometers in the mid span section of  the 

span between pier 8 and pier 9, denoted section C. 
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In Figure 3.10 to Figure 3.15.below the locations of fibre optic sensors and temperature sensors 
are illustrated in detail. The temporary cross-section F is similar to cross-sections B and D. The 
difference is that these sensors were installed on the concrete, instead of embedded. The track 
slabs only got one sensor which is located under the track slab and in the middle of the cross-
section. 

 

Figure 3.9  shows the legend for Figure 3.10 to Figure 3.15. 

The connection box in each figure is named, for example BSCB, which represents an 
abbreviation for section B, instrumented by SOFO and Connection Box. The Central Unit in 
section A is denoted ASCU. 

 

 
 

Figure 3.9 Legend for Figure 3.10 to Figure 3.15. 
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Figure 3.10 Placement of  SOFO sensors, thermocouples etc at pier 9 of  span P8-P9, denoted 

section A. 
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Figure 3.11 Placement of  SOFO sensors, thermocouples etc in the quarter point section closest 

to pier 9 of  span P8-P9, denoted section B. 
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Figure 3.12 Placement of SOFO sensors, thermocouples etc in the mid span of span P8-P9, 
denoted section C. 
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Figure 3.13 Placement of  SOFO sensors, thermocouples etc in the quarter point section closest 

to P8 of  span P8-P9, denoted section D. 
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Figure 3.14 Placement of  SOFO sensors, thermocouples etc in pier 8 of  span P8-P9, denoted 

section E. 
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Figure 3.15 Placement of  SOFO sensors in the temporary section located between section A 

and section B, denoted as section F. 
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3.5 Data acquisition and data processing 

The monitoring system consists of two different and separate central data acquisition systems 
located inside the bridge and near the transversal wall at pier 9. 

The Central Measurement Point (CMP) (Figure 3.16) for the fibre optic sensors is located in pier 
P9. In order to perform automatic and centralized monitoring, a cabinet with patch panel with 28 
channels and a portable SOFO reading unit with 12 channels is used. The cabinet includes also 
devises for the broad band connection for both monitoring systems and 2 heaters in order to 
remain the temperature around +5 ° C inside the cabin. The advantage of the system is that this 
SOFO reading unit can also be used for temporary measurements under the construction phase.  

Sections B, C, D and E have their own small connection boxes where all the sensors are collected 
and led further with one multi fibre cable with 8 fibres inside to the Central Measurement Point. 
Sensors enter the trough bottom and are covered with protection in stainless steel. 

Two ADAM units and one ADAM Bridge for the thermocouples are installed in the central 
connection box and are connected to the reading unit. 

 
Figure 3.16The Central Measurement Point for SOFO system 

The instrumentation made by the technicians at KTH (strain transducers, LVDT and 
accelerometers) are hooked up with a data control unit built up of two basic MGCplus Digital 
Frontend modules from HBM (Hottinger Baldwin Messtechnik). The frontend modules are mounted 
in a special cabinet with a protection class of IP55, see  Figure 3.17. 
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 Figure 3.17 The central HBM data acquisition system consisting of  two MGCplus Digital 

Frontend modules placed inside a special cabinet to the left. The right picture 
illustrates how cables from some of  the strain transducers are lead into the cabinet 
and connected to the data acquisition system 

The HBM data acquisition system has the following specifications for so far used equipment: 

Measuring amplifier system, type:  HBM, MGCplus 

• Single-channel amplifier 
module, type:   ML55B 

• Connection board for single- 
channel amplifiers, type:  AP14 

• Multi-channel amplifier, type:  ML801 

• Connection board for multi- 
channel amplifiers, type:  AP801 

These two different types of monitoring systems are, in turn, connected directly to a secured 
broadband link for the authorised persons. By using this monitoring solution no manual readings 
at site are necessary, with exceptions from just a very early monitoring stage when the internet 
connection did not existed yet. 

Consequently, for selectable system configuration (selectable data reading intervals), real time 
collection of data, data storage and further processing of recorded data (analysis and 
presentation) the SOFO software and the Catman® software are running on the office 
computers. 
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3.6 Installation 

SECTION A 

The first installation took place January 2003. Personal from KTH, BBK AB, SMARTEC SA and 
BEMEK AB attended. Weather was really cold, around -20˚ C. Sensors AS9X, AS10X and AK1 
were installed and tested, but the work was really time-consuming in these rough circumstances. 
AK2, AK3 and AK4 were installed in following days and sensors AS1, AS2, AS3 and AS4 and 
thermocouples AST1 and AST2 were set on temporary positions on the re-bars. Afterwards, the 
cables were collected together, protected with plastic and then left under the reinforcement in the 
bottom of the trough in order to collect them later on. 

Installation continued 25 January and AS4, AS3, AS2, AST1 and AST2 were permanently 
installed. The position of sensor AS1 was removed because SKANSKA had forgotten to spare a 
hole in the reinforcement and had to cut the re-bars. Some sensors were pre-tensioned and 
controlled. Thermocouples were measured manually with Fluke and showed all temperature 
around 3-4  C. After completed installation the cables for all devises were colleted in tree 
different bundles and entered the trough bottom in two plastic pipes that were set in re-bars 
(Figure 3.18). These pipes were covered with bigger pipe and cables were led inside the pipe to 
the temporary ladder where they were protected under the concreting. SOFO data logger was 
programmed for automatic measurements and all devises were protected with plastic and fixed to 
the ladder, see Figure 3.18. The first concreting took place the 3rd February 2003. Strain 
transducers and thermocouples were measured manually in this stage. After few days the 
temporary solution was picked away and the cables were collected to the trough bottom, were 
they were protected and fixed to the SOFO data logger and finally covered up with a wooden 
box. 

   
Figure 3.18 Left: Cable bundles entered the trough bottom in two plastic pipes. Right: SOFO 

data logger measuring set- up during casting 

Next installation was for the track slab and half of the sensors AS6 and AS7 were installed in the 
recesses (Figure 3.19) that were left earlier in the trough and the other half outside to the re-bars 
in the track slab. The recesses were grouted with Bemix (Figure 3.19). After that the cables were 



3.6. Installation 

 

 59

collected together and pulled trough the plastic pipe that was concreted into construction before. 
Sensor AS8 was installed few days later on when the reinforcement for the track slab was finished 
construction before in order to lead the cables to the longitudinal wall near the collecting 
position. The pipe was grouted and the sensors were tested and finally connected to the SOFO 
data logger that was programmed for automatic measurements. 

     
Figure 3.19 Left: An installed AS8 ready for grouting.  Right: Grouting the recess for the sensor 

AS8       

SECTION F 

The next installation for the temporary section F took place at the beginning of the May and the 
sensors FS1, FS2, FS3, FS4 and FS5 were installed on the concrete surface with L-brackets and 
covered afterwards with U-beams. Sensors were connected to the SOFO and automatic 
measurements were performed. 

Installation of the sensor FS6 took place at the bottom of the track slab when the track slab was 
concreted and the formworks were removed, see Figure 3.20. 

 
Figure 3.20 Installation of  the sensor FS6 on the concrete with L-brackets 

SECTION C 

The next installation for the section C took place at the beginning of the June and following fibre 
optic sensors, strain transducers and thermocouples were installed; CS1, CS2, CS3, CS4, CS5, 
CK1, CK2, CK3, CK4, CST1, CST2 and CST3. 

After few days the temporary solutions for cables and data logger was relived and they were set 
on the trough bottom in a wooden box in order to be protected while the formworks to the track 
slab were under accomplishment. 
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Afterwards the process continued as in section A and following sensors were installed in track 
slab; CS6, CS7, CS8, CK5, CK6 and CK7 and tested (Figure 3.21). 

    
Figure 3.21  Left: Testing the fibre optic sensors under the track slab in section C. Right:  

Testing strain transducers in section C. 

SECTION E 

Installation of trough in section E took place in July and beginning of August 2003 in a similar 
way like before. Sensors ES1, ES2, ES3, ES4, ES5 and thermocouples EST1, EST2 and EST3 
were installed.  

Installation of the track slab took place at the end of September and following sensors ES6, ES7 
and ES8 were installed. Grouting of the sensors in recesses failed and had to be done again 
following day. The workers were stressed and the sensors were hit by re-bars when reinforcing 
the rest of the track slab. Extra re-bars that were set to protect the sensitive part of passive cables 
were taken away by workers and that might have cause some failure in sensors. The sensor ES7 
was installed and all the cables were collected together, led trough the recesses in construction to 
the collecting place. Sensors ES6 and ES7 were probably damaged under the reinforcement. 

SECTION D 

Installation of trough in section D started the 17 September with sensor DS5 and continued the 
following week. The installation of sensors DS1, DS2, DS3 and DS4 was really complicated 
because SKANSKA had already started to mould but the reinforcement was still incomplete. To 
draw the cables and fix them to the re-bars under the mould was really time consuming. The 
work was anyway completed and cables were fixed in a temporary arrangement under the 
concreting and the data logger was set to automatic measurements. 

DS6 and DS7 were installed the 10 October 2003. After that the cables were collected together 
and pulled trough the plastic pipe that was concreted into construction before. The pipe was 
grouted and the sensors were tested and finally connected to the SOFO data logger that was 
programmed for automatic measurements. 

Concreting of the track slab took place the 16 October 2003 together with track slab for section 
B. The concrete was very stiff and it was found out that plasticizer was forgotten in first concrete 
tracks. This made that the workers have to vibrate the concrete really hard near the sensors in 
order to enter the very heavily reinforced track slab and to mix the first concrete with the loads 
with the added plasticizer. 

The sensors were checked the next day after concreting and no damage was found despite the 
intense vibrating just beside them. 
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SECTION B 

Installation of trough in section D started the 27 September with sensor BS5 and continued the 
following days. The installation of fibre optic sensors BS1, BS2, BS3 and BS4 was really 
complicated because SKANSKA had already started to mould but the reinforcement was still 
incomplete just like in the section D before. To draw the cables and fix them to the re-bars under 
the mould was really time consuming. The work was anyway completed and cables were fixed in 
a temporary arrangement under the concreting and the data logger was set to automatic 
measurements.  

Strain transducers BK1, BK2, BK3, BK4 and BK5 were installed from 29-30 September and the 
installation was easier because the shorter device length of 30 cm did not demand completed 
reinforcement and the cables were not as sensitive as for the fibre optics.  

Sensor BS4 showed odd behaviour under installation with a very low signal but was found to be 
working after the concreting the 6 October 2003. 

Installation and control of BS6, BS7, BK6, BK7 and BK8 took place the 14 October 2003 and 
the track slab was concreted the 16 October together with the section D and with similar 
problems. All sensors were controlled after the concreting and showed good values and had 
survived the rough treatment. 

CENTRAL MEASUREMENT POINT AND THE CENTRAL HBM SYSTEM 

The Central Measurement Point (CMP) was installed the 30 June 2003.The rack was delivered to 
the bridge and lowered into trough with a tractor P9 through the man hole. See following Figure 
3.22. 

 
Figure 3.22 Sinking the Central Measurement Point into the bridge  

Sections A and F were connected to the CMP the 3 July 2003. System was tested and even 
thermocouples in the section A were connected and set for the automatic measurements. 

Connection box for the section B was installed the 20 November and the section was connected 
to the CMP via multi fibre cable. 

Connection box for the section C was installed the 16 December and the section was connected 
to the CMP via multi fibre cable. 
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Connections boxes for sections D and E were installed the 9 January 2004 and sensors were 
connected to the CMP via multi fibre cables. All passive cables were collected and then mounted 
on the western partition wall with temporary devises. 

The central HBM data acquisition system consisting of two MGCplus Digital Frontend modules 
placed inside a special cabinet was installed in January 2004. 

The broad band connection was connected the13 January 2004 and both monitoring system were 
supervised from office by now. 

Sensors entering from trough bottom were covered by stainless steel bars (Figure 3.23) and the 
CMP cabinet was set onto the scaffold in stainless steel in August 2004. 

The scaffold for CMP cabinet was shortened the 16 September 2004 in orders to make place for 
plastic modules in vertical direction for cabling.  

   
Figure 3.23 Left: A connection box and stainless steel covers. Right: The shortened scaffold for 

CMP 

All cables were moved from the temporary position to the cable rack the 8ht February 2005. 
Excessive cables were bundled onto wall beside CMP the 2nd March 2005 and when checking the 
system it was detected that the cabinet had been moved about 0.1 meters in lateral direction and 
this transport had caused failure of one fibre optic connector. Splicing equipment was brought to 
the bridge and a new connector was welded to the fibre. The sensor was still not working after 
the repair so the fibre must have broken inside when pulling the cabinet 

3.7  Function 

Many serious malfunctions took place under the project so far and are listed here: 

• Sensor AS8 stopped working after casting and was probably broken by vibrating 

• Sensors AS2 and AS4 are not in pre-tension and therefore unable to measure. The 
sensors are not damaged but were either gliding after the installation or were not pre-
tensioned enough during the installation.  

• The portable SOFO data logger was standing in the water in the trough bottom. The 
drainage hole had frozen and the manhole in the track slab was not covered in a proper 
way and the water could run into the bridge. SOFO was working at the moment when 
found in the water. The data logger was anyhow taken to the office and checked and the 
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function was accurate. A decision to move the data logger to the transversal wall was 
taken. 

• Sensor CS4 stopped working after casting and was probably broken by vibrating  

• The portable SOFO data logger that was hanging in the transversal wall was damaged as 
the water was running in and corrosion occurred in some components. The logger was 
sent to Switzerland for repair.  

• Strain transducer AK2 was lost when the cables were damaged by site activity  

• Some strain transducers show unreliable values and need to be investigated in detail 

• Sensor AS3 was damaged by workers at site, and an attempt to repair the fibre by splicing 
was done but the sensor could, unfortunately, not be saved. 

• The beforehand installed accelerometer cables were damaged by workers several times 
and the installation plan had to be chanced. 

• Other sensors, like ES6 and ES8 were subjected to violent treatment after the installation 
like hitting the sensors with heavy re-bars. 

• The permanent Central Measurement Point (CMP) was damaged when the drainage hole 
had frozen in the winter and the water flowed in. Fortunately, this misadventure only 
damaged some transformers. 

• Also the problems with the broad band connection caused some lost of the data because 
the capacity of the data loggers for both systems is not that large. When the data loggers 
capacity is full for both systems, they discontinue measuring and if the data is not 
downloaded frequently some lost of data can occur.  

• The lack of electrical power and interruption in power delivery caused a lot of 
discontinuity in the measuring during the construction 

• The water related corrosion in the SOFO data logger caused several serious failures in the 
data logger and some of the problems were not able to detect at once but took place 
some time after and were hard to identify. 
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Chapter 4 Static test on The New Årsta Railway 
Bridge 

4.1 Introduction 

A loading test was performed before opening the bridge for traffic. A train with one locomotive 
and 10 wagons filled with ballast (Figure 4.1) was located on the bridge and measurements were 
performed during this stop. The weight of the locomotive was 88 tonnes and the length 15.42 m. 
Each wagon loaded with ballast weights 80 tonnes. The train stopped on the bridge so that the 
ballast wagons filled two spans, from Pier 8 to Pier 10.  The train was standing still between 09.55 
a.m. and10.24 a.m. Then it started to move slowly and passed the bridge but reversed back to the 
bridge so that four and a half wagons were standing in the last span from 10.42 a.m. to 10.46 
a.m... Finally, the whole train with the wagons had passed the bridge 10.47 a.m. 

 
Figure 4.1 A train with a locomotive and 10 wagons filled with ballast was used as the load 

 
Figure 4.2 The picture shows monitored sections in the span between pier 8 and pier 9. Point 

A is close to pier 9. 
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The monitored sections on the span P8 to P9 that had the ballast wagons standing along the 
whole length of the span can be seen in Figure 4.2. The train was located on the western rail of 
the bridge (Figure 4.3)  

 

.  

Figure 4.3 Setup for the train on the bridge. 

The load test was monitored with the SOFO system as well as the KTH strain transducer system 
described before. The SOFO system measures displacement which is divided with sensor length 
in order to get the average strain. The KTH strain transducers measure voltage that is 
transformed to strain. SOFO measurements were taken about every 7th minute as this is time it 
takes to measure the whole system with 40 sensors and thermocouples. The KTH system was 
measuring 10 times per second. All KTH strain transducers are 0.3 metre long and the 
longitudinal SOFO sensors are 4 to 6 metres and the transversal SOFO sensors 0.4 to 6 metres. 
The strain is expressed in figures and discussed as microstrain, meaning strain of 1·10 -6. 

The temperature of the concrete during the test increased most in sensors AST1, CST1 and 
EST1 located on the eastern cantilever in the sections A, C and E see Figure 4.4. The 
temperature difference between the sensors located on the western cantilever and the trough was 
about 2 degrees and the behaviour of the bridge is influenced in some degree. Anyhow, the 
temperature effects are small compared to the load effect in this short period of time when the 
test took place and are therefore neglected. 
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Figure 4.4  Temperature measurements during the test on the bridge. CST1 located in the 

cantilever in the thin middle section of  the bridge measures the highest 
temperature.  
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4.2 Results  

4.2.1 Section A 
Section A is located nearest pier 9 and has the following sensors:  

SOFO fibre optic displacement sensors: AS1, AS5, AS9X and AS10X in the longitudinal 
direction and sensors AS6 and AS7 in the transversal direction. 

KTH strain transducers AK1, AK2, AK3 and AK4 in the longitudinal direction 

See Figure 4.5 to Figure 4.9 for the test results. 

Longitudinal sensors 
 

09:40:03 09:47:33 09:55:03 10:02:33 10:10:03 10:17:33 10:25:03 10:32:33 10:40:03 10:47:33
0

5

10

15

20

Time

M
ic

ro
st

ra
in

Section A

 

 

AS1

Rising
temperature
on the morning
can be seen
on the
measurement
before the train
entered the
bridge

Last measurement before the
train entered the bridge

Four measurements during the
loading

The train started
slowly to move
away and passed
the bridge but
reversed back
and some
wagons
stayed for a few
minutes in the
last span.
The whole train
had finallypast
the bridge
10.47 a.m.

 
 

Figure 4.5 The figure shows the result for the SOFO sensor AS1 which is a 4 m long sensor 
located in the eastern cantilever. The maximum strains that occurred were 20·10-6 in 
elongation, corresponding to 0.72 MPa in tensile stress if  a Young’s Modulus of  36 
GPa is used. 

. 
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Figure 4.6 The figure shows the results for KTH strain transducer AK3, located in the western 

cantilever. The maximum strains that occurred were 33·10-6 in elongation 
corresponding to 1.19 MPa in tensile stress if  a Young’s Modulus of  36 GPa is 
used. 
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Figure 4.7 The figure shows the results for KTH strain transducer AK2 and for the SOFO 

sensor AS9X, both located on the western cantilever. The maximum strains that 
occurred were 25·10-6 in elongation corresponding to 0.9 MPa in tensile stress if  
Young’s Modulus of  36 GPa is used. The KTH strain transducer has a drift but 
measures the same strain level. 
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Figure 4.8 The figure shows the result for KTH strain transducer AK1 and AK4 and for the 

SOFO sensors AS5 and AS10X. AK1 and AS10X are both located inside the 
bottom of  the transversal beam. AK4 and AS5 are located in the trough bottom, 
near pier 9. Maximal strains that occurred were around 22·10-6 corresponding to 
0.79 MPa compressive stresses if  Young’s Modulus of  36 GPa is used. Sensors 
inside the transversal beam show lower strain levels that are expectable with that 
massive part of  the structure.  

Transversal sensors; the bridge deck 
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Figure 4.9 The figure shows the results for the SOFO sensor AS7, located on the upper edge 

of  the bridge deck and AS6, located in the joint between the bridge deck and the 
trough. The strain levels measured are very small and fall into the limit of  the 
accuracy of  the measurement range. A weak intimation of  compressive strain can 
be indicated in the sensor AS7. 
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4.2.2 Section B 
Section B is located in the quarter point nearest pier 9 and has the following sensors:  

SOFO fibre optic displacement sensors: BS1, BS2, BS3, BS4 & BS5 and in the longitudinal 
direction and sensors BS6 and BS7 in the transversal direction. 

KTH strain transducers BK1, BK2, BK3 and BK4 in the longitudinal direction and BK5, BK6, 
BK7, BK8, BK9 and BK10 in transversal direction. 

See Figure 4.10 to Figure 4.16 for the test results. 

Longitudinal sensors 
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Figure 4.10 The figure shows the result for KTH strain transducer BK4 and for the SOFO 

sensors BS1 and BS2, all located on the eastern cantilever. The maximum strains 
that occurred were 5·10-6 corresponding to 0.18 MPa in tensile stress if  a Young’s 
Modulus of  36 GPa is used.  
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Figure 4.11 The figure shows the result for KTH strain transducer BK3 and for the SOFO 

sensor BS3, both located on the western cantilever. The maximum strains that 
occurred were 8·10-6 in elongation corresponding to 0.29 MPa if  a Young’s 
Modulus of  36 GPa is used.  
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Figure 4.12 The figure shows the result for KTH strain transducer BK2 and for the SOFO 

sensor BS4, both located on the western cantilever. The maximum strains that 
occurred were 8·10-6 in elongation corresponding to 0.29 MPa if  a Young’s 
Modulus of  36 GPa is used. BK2 has a drift and measures around 5·10-6. 
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Figure 4.13 The figure shows the result for KTH strain transducer BK1 and for the SOFO 

sensor BS5, both located on the bottom of  the trough. The maximum strains that 
occurred were 7·10-6 in compression that corresponding to 0.25 MPa if  a Young’s 
Modulus of  36 GPa is used.  
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Transversal sensors; the bridge deck 
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Figure 4.14 The figure shows the result for KTH strain transducer BK7 and for the SOFO 

sensor BS6 and BS7, all located on the upper edge of  the bridge deck. Maximal 
strains that occurred were small, around a few microstrains. An intimation of  
compressive strain can be indicated in the sensor AS6 and AS7. BK7 has a drift and 
is difficult to interpret at these small strain levels. 

 

Transversal sensors; the wall 
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Figure 4.15 The figure shows the result for KTH strain transducer BK5, located on the western 

wall of  the trough in vertical direction. The maximum strains that occurred were 
smaller than 2·10-6 in compression corresponding to 0.07 MPa if  a Young’s 
Modulus of  36 GPa is used.  
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Transversal sensors; the side of the trough 
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Figure 4.16 The figure shows the result for KTH strain transducer BK9 and BK10, both 

located inclined on the sides of  the trough; BK9 on the western side and BK10 on 
the eastern side. The maximum strains that occurred were small but BK9, located 
on the western side where the train was standing showed higher values. The 
measured value of  3.5·10-6 in elongation corresponds to 0.13 MPa if  a Young’s 
Modulus of  36 GPa is used.  

 

4.2.3 Section C 
Section C is located in the mid span and has the following sensors:  

SOFO fibre optic displacement sensors: CS1, CS2, CS3 and CS5 and in the longitudinal 
direction and sensors CS6, CS7 and CS8 in the transversal direction. 

KTH strain transducers CK1, CK2 and CK3 in the longitudinal direction and CK4, CK5, CK6 
and CK7, in the transversal direction. 

See Figure 4.17to Figure 4.24 for the test results. 
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Longitudinal sensors 
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Figure 4.17 The figure shows the result for KTH strain transducer CK2, located on the 

western cantilever and for the SOFO sensor CS1 and CS2, both located on the 
eastern cantilever. The maximum strains that occurred were 17·10-6 in compression 
corresponding to 0.61 MPa if  a Young’s Modulus of  36 GPa is used. CK2 has a 
drift and also measures around 17·10-6. 
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Figure 4.18 The figure shows the result for KTH strain transducer CK3 and for the SOFO 

sensor CS3, both located on the western cantilever. The maximum strains that 
occurred were 20·10-6 in compression corresponding to 0.72 MPa if  a Young’s 
Modulus of  36 GPa is used. CK3 has a drift and a slightly smaller strain level is 
measured 
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Figure 4.19 The figure shows the result for KTH strain transducer CK1 and for the SOFO 

sensor CS5, both located on the bottom of  the trough. The maximum strains that 
occurred were 17·10-6 in elongation that is subjected to 0.61 MPa if  a Young’s 
Modulus of  36 GPa is used. 

 
Transversal sensors; the bridge deck and the wall 
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Figure 4.20 The figure shows the result for all KTH strain transducers and SOFO sensors, all 

located on the bridge deck and the western wall of  the trough. All strain 
transducers have a drift and all sensors show very low levels of  strain. 
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Figure 4.21 The figure shows the result for CK4 located on the western wall of  the trough in 

vertical direction. The measured strain was around 5·10-6 in compressive stress 
corresponding to 0.18 MPa if  a Young’s Modulus of  36 GPa is used. 
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Figure 4.22 The figure shows the result for KTH strain transducer CK7 located on the lower 

edge of  the bridge deck in the mid section. Intimation to elongation can be 
indicated but the signal is difficult to interpret. 
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Figure 4.23 The figure shows the result for KTH strain transducer CK6 located on the upper 

edge of  the bridge deck. Intimation to compression can be indicated but the signal 
is difficult to interpret. 
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Figure 4.24 The figure shows the result for SOFO sensor CS7 located on the upper edge of  the 

bridge deck and for CS6 and CS8 in the joint between the bridge deck and the 
trough. Intimation to compression can be indicated in all sensors but it is difficult 
to interpret at such minimal strain levels. 
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4.2.4 Section D 
Section D is located in the quarter point nearest pier 9 and has the following sensors:  

SOFO fibre optic displacement sensors: DS1, DS2, DS3, DS4 & DS5 and in the longitudinal 
direction and sensors BS6 and BS7 in the transversal direction. See Figure 4.25 to Figure 4.26 for 
the test results. 

Longitudinal sensors 
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Figure 4.25  The figure shows all SOFO sensors in the section. Upper edges of  the bridge 

cantilever are in compression and the trough in tension. The maximum strain 
14·10-6 corresponds to 0.50 MPa in tensile stress and the maximum strain 12·10-6 
corresponds to 0.43 MPa in compressive stress if  a Young’s Modulus of  36 GPa is 
used. 

Transversal sensors; the bridge deck 
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Figure 4.26 The figure shows the result for DS6 and DS7, both located on the upper edge of  

the bridge deck. The maximum strains that occurred were small, around a few 
microstrains. An intimation of  compressive strain can be indicated in these sensors.  
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4.2.5 Section E 
Section E is located beside pier 9 and has the following sensors:  

SOFO fibre optic displacement sensors: ES1, ES2, ES3 & ES5 and in the longitudinal direction 
and sensors ES7 in the transversal direction. 

See Figure 4.27 to Figure 4.28 for the test results. 

Longitudinal sensors 
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Figure 4.27 The figure shows all SOFO sensors in the section. Upper edges of  the bridge 

cantilever are in tension and the trough in compression. The maximal strain 12·10-6 
corresponds to 0.43 MPa in tensile stress and maximal strain 4·10-6 corresponds to 
0.14 MPa in compressive stress if  a Young’s Modulus of  36 GPa is used. 

Transversal sensors; the bridge deck 
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Figure 4.28 The figure shows the result for ES7, located on the upper edge of the bridge deck. 
The behaviour is similar to other sections A, B, c and D. The maximum strains that occurred 
were small, around a few microstrains. Intimation of compressive strain can be indicated in this 
sensor. 
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The maximum tensile and compressive stresses in the section caused by the load are shown in 
Figure 4.29 to Figure 4.33. 

 

 
Figure 4.29 The maximum tensile (+) and compressive (-) stresses that occurred in section A. 

The value -0.43 MPa is for the sensor AS10X inside the thick transversal beam. 

 

 

 
Figure 4.30 The maximum tensile (+) and compressive (-) stresses that occurred in section B 

 

 

 
Figure 4.31 The maximum tensile (+) and compressive (-) stresses that occurred in section C  
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Figure 4.32 The maximum tensile (+) and compressive (-) stresses that occurred in section D 

 

 

 
 

Figure 4.33 The maximum tensile (+) and compressive (-) stresses that occurred in section E. 

 

4.3 Conclusions of the load test 

The test showed reasonable strain and stress levels in agreement what could be expected for this 
load. The test also confirmed that the measuring devices work in a satisfactory way and that the 
different systems in most cases show similar results. The measurements during this load test 
comprise a large amount of information, which will be evaluated and reported further on. 

 

 

 





 83

Chapter 5 Results of the Monitoring of the New 
Årsta Railway Bridge 

 

5.1 Results in common 

In this chapter the results of the 3 years continuous monitoring are given. In order to understand 
the measurements it is important to understand the construction stages and methods of the 
bridge as these are clearly illustrated with the monitoring. The monitored span, pier 8 to pier 9 
have 5 sections; A, the section beside the pier 9; B, the quarter point nearest pier 9; C, mid span; 
D, the quarter point nearest pier 8 and E, beside the pier 8. All sections have both longitudinal 
and transversal sensors and sections A, C and E have also three thermocouples each. 

As monitoring took place under several years, a huge quantity of data is collected. The 
measurement for SOFO sensors was done frequently from the very first beginning as the 
portable data logger with 12 channels was left on the bridge and moved between the different 
sections. But the sections were many and it was impossible to collect all the information with one 
logger. Anyhow, a selection of important phenomenon was done and most of the important 
incidents are monitored. Measurement of the KTH strain transducers and thermocouples took 
place manually during the first period of construction. The permanent monitoring system for 
SOFO system was installed on the bridge in June 2003. It is located in the section A and the 
other sections were connected to it as soon as the whole span was finished at the end of October 
2003. Data was collected manually from the bridge until the beginning of the January 2004 when 
the broad band connection was established. The permanent system for KTH stain transducers 
and accelerometers was established at the same time and automatic data collection via broadband 
started. 

The New Årsta Railway Bridge is a massive concrete construction. In order to identify with the 
measurements, it is essential to comprehend the behaviour of the concrete in all stages, from 
pouring to long-term effects. The following seven forms of strain can occur during the concrete 
life (Glisic 2000; Glisic et al. 2005; Neville 1981): Plastic shrinkage, εp; autogenous shrinkage εa; 
drying shrinkage and swelling, εh; carbonisation shrinkage εcar; thermal strain εT; strain due to 
load, εs and creep, εφ. 

Therefore the total strain at time t after the pouring of concrete can be expressed as: 

ε(t) = εs(t) + εφ(t)+ εT(t) + εp(t) + εa(t) + εh(t) + εcar(t)   (5.1) 

Some components of strain, like plastic shrinkage, autogenous shrinkage, drying shrinkage and 
swelling occur only during the early age. The sensors measure the total sum of strain and in order 
to evaluate each part of the strain it is necessary to know the concrete properties, environmental 
parameters like temperature and humidity as well as the loading conditions. 

KTH strain transducers are set to zero from the installation of them on the bridge. SOFO 
sensors are zeroed afterwards and the zero is the point just after pouring of the concrete where 
the sensor starts the follow the behaviour of it. Normally, the zero might be set to 28 days after 
the pouring but as there is not this data available for all the sensors it is set to the pouring. 

With the intention of illustrate this data in a decent way, the chapter is divided into following 
subchapters; early age results, results during construction, crack detection, long term 
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measurements and temperature measurements. The strain is expressed in figures and discussed as 
microstrain, meaning strain of 1·10 -6. 

 

5.2 Results in early age 

Fresh concrete is a fluid multiphase mixture of different components that gradually transforms 
into solid material. Just after adding the water the hydration process begins and produces a high 
amount of heat. After this intense period the chemical reactions slow down and the hydration 
process begins. Approximately, 50 to 80 percent of the cement is hydrated under the first seven 
days and the complete hydration may take decades or it is never achieved. Plastic shrinkage, 
autogenous shrinkage, drying shrinkage and swelling occur only during the early age. Autogenous 
shrinkage is caused by the chemical and physical processes in the concrete and diminishes the 
volume around eight to twelve percent. Plastic shrinkage is caused by premature loose of water 
when the concrete is still in plastic state. Swelling is caused by absorption of water by a cement 
gel and drying shrinkage by withdrawal of water to the surrounding unsaturated air (Glisic, 2000). 

Monitoring section A was the first to cast. This casting part was considerable with 346 cubic of 
concrete and the casting took 24.5 hours to complete. The casting started at the trough bottom 
and continued to the massive transversal beam that has a thickness of two meters and 
furthermore to the cantilevers (Figure 5.1). 

  
Figure 5.1 Casting the section three, the section over pier 9 with the massive transversal beam. 

Measurements with KTH strain transducers are not shown here as the manual readings were 
performed with this stage of the project. Results for the SOFO sensors in section A can be seen 
in Figure 5.2. This casting part is the section over pier 9. The measurements are shown from the 
pouring of the concrete and about three days forward. The temperature profile can be seen in 
Figure 5.3. The expansion period when the cement sets and the concrete hardens takes place first 
with the extensive release of the heat and temperature over 50 degrees was measured in the 
trough bottom with thermocouple AST3. AST1 and AST2 show more moderate temperatures 
around 30 degrees but as only manual measurements were performed it is possible that the 
maximum values were lost. When the process no longer generates heat and cooling begins, the 
concrete starts the contraction period and the strain levels dropped down and reached the zero 
level in three days. It is also clearly seen that the sensors in the bottom of the trough reached the 
concrete 12 hours earlier than the ones installed in the cantilever.  
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The highest strain levels were measured on the cantilevers, up to 120 microstrains and it is 
notable that the sensors AS5 in the trough bottom and the sensor AS10X inside the transversal 
beam showed lower levels of strain.   
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Casting of the section started 06.00 a.m the 3rd February and was
finished next morning the 4th February 06.30 a.m. Concrete reached
first ensors AS5 and AS10X at the bottom of the trough and after 12 hours
the rest of the sensors that are located in the upper cantilever.
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Figure 5.2 Casting of the section three, the section over the massive transversal beam over the 

pier 9. 

The strain started to descend about 15 to 22 hours from casting but the temperature was still 
relatively high after 5 days of casting, around 49 °C for the thermocouple in the trough bottom 
and around 20 °C degrees in the cantilevers. The outside temperature was really low at the 
moment and the concrete was covered and the heating system was set on in order to not get too 
high gradients.  
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Figure 5.3  Temperature profiles, [°C] for all three thermocouples in the section A at the early 

age, only some manual measurements were performed and the maximum values 
might be lost. The trough bottom showed the highest values around 50 °C.  
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Results for the SOFO sensors in section B are seen in the Figure 5.4. This casting part is the 
quarter point nearest pier 9. The measurements are shown from the pouring of the concrete and 
about three days forward. There are no thermocouples in this section so no information is given 
about the temperature evaluation in the section. The casting took place in October with higher 
outside temperatures than in section A. The highest measured strain is nearly 150 microstrains in 
the western cantilever. The sensor BS3 show lower levels than the others and this can be 
explained that some measurements were lost in the beginning and the sensor was not zeroed in a 
proper way and need to be examined more. The behaviour of the sensors before the pouring can 
be seen in the figure. These movements are related to first; slight pre-stressing of the sensors in 
installation process and secondly; the fact that workers are walking on the reinforcements cages 
and that the formwork deforms when pouring is started. 

A slight disturbance can be seen in all sensors the 8th of October. There is not any reported 
activity from the building site that day and the reason for disturbance is not known. The strain 
levels caused by this activity are both positive and negative; the strain level is around 10 
microstrains.  
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Figure 5.4  Early age results for sensors in section B. Sensor BS3 lost some values and have an 

insecure zeroing.  

 

Results for the SOFO sensors in section C are seen in Figure 5.5 and Figure 5.6. This casting part 
is the mid span. The measurements are shown from the pouring of the concrete and about two 
weeks forward. The temperature profile can be seen in Figure 5.7. 

The results are poor as the time of the monitoring is not long enough to capture the behaviour of 
the sensors expect CS5 in the bottom of the trough. Some activity or malfunction in the 
construction took place and caused either gliding of the sensors or in the re-bars they were 
attached to. CS2 have increase of tensile strain around 700 microstrains and CS3 compressive 
strain more than 1000 microstrains. These values are subjected to several millimetres in the 6 
metres long sensors and it is very regrettable that the behaviour was not captured. The maximum 
measured temperature in the cantilevers rise up to 45 degrees and stayed around 30 degrees in the 
trough bottom. Unfortunately, the sensor CS4 was broken during the casting, probably due to 
vibrating.   
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Figure 5.5 Very pour early age results for sensors in section C. The measurement did not 

lasted long enough to capture the early age behaviour and therefore it is hard to 
zero these measurements expect for sensor CS5. 
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Figure 5.6 Something strange took place after the casting in sensors CS2 and CS3. They were 

either gliding on the re-bars they were attached to, or were subjected to high 
stresses that caused the massive strain changes. The zero level for these sensors is 
really hard to establish as the origin of  the behaviour is not known. 

 



Chapter 5.   Results of the Monitoring of the New Årsta Railway Bridge 

 88

18/06/03 19/06/03 20/06/03

20

25

30

35

40

45

Date

T
em

p
er

at
u
re

 [
°C

]
Section C

 

 

CST1

CST2

CST3

 
Figure 5.7 Temperature profile for all three thermocouples in the section C at the early age, 

only some manual measurements were performed and the maximum values might 
be lost. The cantilevers show the highest values around 45 ° C. 

 

Results for the SOFO sensors in section D are seen in the Figure 5.8. This casting part is the 
quarter point nearest pier 8. The measurements are shown from the pouring of the concrete and 
about three days forward. There are no thermocouples in this section so no information is given 
about the temperature evaluation in the section. 
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Figure 5.8 Early age results for sensors in section D 

Early age results for section E are seen in Figure 5.9. This casting took place in August 2003 and 
because the weather was really warm the casting of the section started in the evening and 
continued trough the night until the next afternoon 5.00 p.m. Very high values of initial strain 
were measured, the maximum value of more than 200 microstrains was obtained for sensor ES3 
in the eastern cantilever. The value of the trough bottom was around 165 microstrains. 
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It is obvious that the environment temperature affected the concrete and the difference in strain 
levels compared with the other similar section A, that was casted in the winter with extremely 
cold weather. 
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Figure 5.9 Early age results for sensors in section E 
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Figure 5.10 Temperature profile for all three thermocouples in the section E at the early age, 

only some manual measurements were performed and the maximum values might 
be lost. The eastern cantilever shows the highest values around 43 ° C.  
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The Bridge deck 
The 0.3 metres thick deck structure showed much moderate behaviour than the massive trough 
and cantilevers. Strain levels around -30 to -60 microstrains are reached and the zero point was 
past approximately in 24 hours. Figure 5.12 and Figure 5.13 for sections D and E. 
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Figure 5.11 Early age results for 6 metre long sensors DS6 and DS7 in the deck structure in 

section D. Since the deck structure is not as massive as the other parts of  the 
superstructure, a notable difference in strain levels can be seen. The strain levels are 
also back to zero only in one day and the concrete reached already -40 to -50 
microstrains in three days. 
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Figure 5.12 Early age results for 2 metre long sensor ES7 in the deck structure in section E. 

Sensor ES7 showed maximum strain over 40 microstrains. The strain levels are 
back to zero only in one day and the concrete reached already -60 microstrains in 
three days.  
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5.3 Results during construction  

A lot of activity takes place on the building site; castings, removing the formworks, pre-stressing 
the cables and so on. Monitoring enables to control these activities on the construction phase. 
Most of the actions that take place are carefully accounted in documents but there is still a lot of 
activity that is not documented and causes motions that affects the structure.  

Some typical results are shown as follows over the activities that took place on the site and were 
monitored with the sensors. Straight lines occur in the diagrams when data has not been 
collected, for example with problems with the power supply or data logger. 

Figure 5.13 show results for SOFO sensors in the section A. Sensor AS9X showed high strain 
changes and was controlled in detail (Figure 5.14). 
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Figure 5.13  After 18 days from pouring a new casting took place beside the section A and some 

strain changes occurred in several sensors in the section. 

The casting order of the spans was different with the first spans. The huge transversal beam, 
casting section 3 was casted first and the cantilever part, casting section 2 was casted after. The 
following Figure 5.14 shows how the sensors are affected of that second casting in the same 
span. The equipment for casting was loaded in the section A on the cantilevers few days before 
the casting and tensile strain changes took place in the construction concerning sensors AS1, AS4 
and AS9X. AS9X is shorter than the other sensors, which are 4 metres, and show the average 
changes of strain along its length of 1 metre and it is possible that there was a load just over the 
sensor area and local behaviour is measured. 

Anyhow, the sensors AS1and AS4 returned to the same strain levels as before casting and AS9X 
has a release of strain of about 60 microstrains. 

Figure 5.15showed also some similar strain chances for AS9X at the same magnitude. These 
changes were not explained with either reported or documented building site activity. An 
explanation is that a load was replaced beside the sensor and it showed that deviant behaviour 
compared to the other sensors in the section.  
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The first casting after section A in span 9 took place
the 24/02 and the load for concrete equipment that was
located on the cantilever can be seen in sensors
 AS1, AS4 and especially in AS9X, that is one meter
long sensor on the cantilever.

 
Figure 5.14 First casting beside the section three that influenced the strain levels in monitoring 

section A. 
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Figure 5.15 Strain chances that took place during seven days in sensor AS9X that cannot be 

explained with any reported activity from the building site.  
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Pre-stressing of the New Årsta Railway Bridge was a very complicated process and a detailed 
description can be seen in (Enckell &Wiberg, 2005). Figure 5.16 illustrates the pre-stressing steps 
from the 5th to the 8th of May 2003. The pre-stressing of the longitudinal cables in one casting 
sequence of 78 metres was done for 6 cables in the bottom layer and for 6 cables in the upper 
layer the 5th of May 2003. Every cable was pre-stressed with 341 kN. The strain levels that were 
measured were around 30 to 40 microstrain in the cantilevers and relatively small in the trough 
bottom that at this stage still was lying on the formwork. The stresses in the cantilevers increased 
and decreased in the trough bottom. Additional pre-stressing steps were done the following days 
and the total strain of pre-stressing shown around 120 to 150 microstrains.  

Sensor AS4 was either gliding or not pre-stressed enough in the installation phase and the fibre 
became loose and stops measuring after the last pre-stressing stage and it can clearly be seen in 
the Figure 5.16. Next step that can be seen in the figure is taking off the formwork; the 12th of 
May 2003. This activity causes additional strain changes, this time in the opposite direction and 
smaller levels. 
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After casting the whole sequence the formwork
is drawn apart and lowered down and cantilever
is affected by it's selfweigth and produces tensile
stresses in the sensors on the upper edges and
compressive sresses in the trough.

Pre-stressing under
several days increased
the compressive stresses
on the sensors in the upper
edge.The trough was only
slightly affected.

Sensor AS4 stops measuring after pre-stressing

 
Figure 5.16  The figure illustrates the pre-stressing of  the cross-section, in addition the lowering 

down the formwork and the sensor function that failed after the pre-stressing. 

Figure 5.17 shows the pre-stressing of the cross section for sensors in the temporary section F. 
The daily temperature variations are really high for these sensors that are installed on the 
concrete, especially the sensors FS1, FS3 and FS4 show this behaviour. In general, higher values 
of compressive strain are noted, the maximum around 400 microstrains. 
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Figure 5.17 The temporary section F where the 1 metre long sensors were installed on the 

concrete surface. The daily temperature variations are high for these sensors. 

Figure 5.18, Figure 5.19 and Figure 5.20 show similar process for the sensors located in the 
section B. The strain levels here after the first pre-stressing process were much higher than in 
section A. Every small step in the process increased the strain around 100 microstrain in the 
sensor BS5 in the  trough bottom and the final total sum of pre-stressing ends up in 400 
microstrains more in compression. The sensors in the cross-section cantilevers BS2 and BS3 had 
a final sum of strain increase of 225 to 250 microstrains. The sensor BS4 showed also high level 
of strain, around 375 microstrains.  
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Figure 5.18  Pre-stressing of  the cables in section B. 
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Figure 5.19  Detailed information about the pre-stressing of  the section B. The pre-stressing 

activity is clearly illustrated and in the end of  the diagram it is possible to see the 
lowering down the formwork that causes opposite strain changes in the cantilever 
sensors and increased compression in the trough bottom.  

Figure 5.20 shows the strain changes that occurred in the section B when the whole span was 
casted and the formwork was lowered down. The cantilevers measured a decrease of strain and 
the trough increase of strain. 
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Figure 5.20 Strain changes caused by lowering down the formwork in section B. 

 

Figure 5.21 and Figure 5.22 show the pre-stressing process for the other quarter point, section D 
and is pretty similar to the section B. Sensors located in the outer side of the cantilever in both 
section B and D showed higher strain levels than the inner sides.  
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Figure 5.21 Lowering down the formwork could not be seen more than for sensor DS5 as there 

was an interruption in other measurements at the moment.  
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Figure 5.22 Detailed information about the pre-stressing of  the section D. 

 

Finally, the results for the section E are shown in the Figure 5.23 and Figure 5.24. The pre-
stressing work is accomplished in short period of time, approximately two days, and the 
formwork is lowered down the 24th of February as it can be seen in Figure 5.24. The maximum 
increase of around 150 microstrains was shown in cantilevers and around 50 microstrains in 
trough bottom. 
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Figure 5.23  Sensors in the section E and the pre-stressing 
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Figure 5.24 Strain changes that occurred in longitudinal sensors in Section E under pre-

stressing from 21st to 23rd February 2004 and then 24th February when lowering 
down the formwork took place. 
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5.4 Results in Long-term  

In order to understand the measurements in long term is good to fall back into the equation 
about the total strain at time t after the pouring of concrete without the terms related to early age: 

ε(t) = εs(t) + εφ(t)+ εT(t) + εa(t) + εsh(t)   (5.2) 

Where the terms are; strain due to load εs, creep, εφ, thermal strain εT and total shrinkage εsh. 
The sensors measure the total strain and in the measurements the zero is set to the casting, not to 
28 days after casting as normally. As the New Årsta Bridge has very dissimilar thickness in the 
different construction parts it is difficult to compare the measurements with each others. The 
different construction parts may have different shrinkage and creep behaviour depending on the 
thickness of the elements (Cep-fip Model Code 90, 1990). The measurements here are shown as 
follows and the long-term effects of the structure will be studied later on. 

Figure shows the long-term effects for the sensors in section A from pouring the concrete in 
February 2003 to December 2005. The early age behaviour is followed by drying shrinkage, the 
pre-stressing and other load effects and creep. Very high compressive strain levels are noted. In 
generally, the cantilevers show the highest values and the trough bottom and the transversal 
beam show more moderate values as the effects of pre-stressing are not that large. 

The annual temperature variations are also clearly illustrated in the figure and can be compared 
with the temperature profile for the section A shown in the following Figure 5.25. 
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Figure 5.25  A typical behaviour of  the SOFO sensor from the pouring of  the concrete until the 

end of  2005 
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Figure 5.26  The temperature registrations under 3 years in the section A. 

 

Following Figure 5.26 to Figure 5.32 show the long-term behaviour of the different sensors. The 
statistical analysis and FE modelling needs to be performed in order to deal with these results. 
The maximum compressive stresses that occur in sensors are around 1200 microstrains. 
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Figure 5.27  Diagram for SOFO sensors from the pouring of  the concrete until the end of  2005 

in section B 
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Figure 5.28 Strain profile for KTH strain transducers from pouring the concrete until the 

December 2005. The measurements show high compressive strain levels and are 
not having the same behaviour as fibre optic sensors in long term. At the end of  
the period a lot of  disturbances are seen and it needs to be investigated. 
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Figure 5.29  Diagram for SOFO sensors from the pouring of  the concrete until the end of  2005 

in section C 
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Figure 5.30  Diagram for SOFO sensors from the pouring of  the concrete until the end of  2005 
in section D 
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Figure 5.31  Diagram for SOFO sensors from the pouring of  the concrete until the end of  2005 

in section E 
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Figure 5.32  Comparison between a SOFO sensor and a KTH strain transducer. The trough 

bottom of  the section show by some means comparable results for a strain 
transducer and a SOFO sensor. Anyhow, the annual temperature changes are not 
indicated in the strain transducer. 

 

The Bridge Deck 
The long-term behaviour of the bridge deck is shown for all sections in Figure 5.33 and Figure 
5.37. 
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Figure 5.33 Diagram for SOFO sensors in the bridge deck from the pouring of  the concrete 

until the end of  2005 in section A 
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Figure 5.34 Diagram for SOFO sensors in the bridge deck from the pouring of  the concrete 

until the end of  2005 in section B. 
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Figure 5.35  Diagram for SOFO sensors in the bridge deck from the pouring of  the concrete 

until the end of  2005 in section C 
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Figure 5.36 Diagram for SOFO sensors in the bridge deck from the pouring of  the concrete 

until the end of  2005 in section D 
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Figure 5.37 Diagram for SOFO sensors in the bridge deck from the pouring of  the concrete 

until the end of  2005 in section E. 
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5.5 Crack detection 

As cracking is a normal phenomenon when dealing with concrete, an investigation about crack 
detection with the SOFO system was done. Sudden strain level changes were noted and changes 
in daily variations were studied in order to detect cracking into structure. The sensors in the 
bridge deck in the section B had higher daily variations than the other section. The cracks were 
found in the construction and this cracking was probably produced by incorrect casting.  When 
casting the bridge deck in this section the concrete delivered was semi-fluid consistency and the 
plasticizer was missing. Following deliveries had the right properties of the concrete and an 
attemption to vibrate these two mixtures was done. Anyhow, these cracks were detected by 
following and comparing the daily variation of the sensors in similar parts of the construction. 

As the whole bridge was completed, some very high positive strain peaks occurred in several 
sensors. This was inspected and several cracks were found on the bridge deck. 

The bridge deck structure is heavily reinforced but has no pre-stressing cables like the other parts 
of the structure. The strain levels for sensor ES7 showed around 40 microstrain in early age curve 
and the seven days after casting values is around 120 microstrain is compression. If the strain 
value of the concrete after 28 days after pouring is approximated and set to zero, a rough 
estimated value of -150 microstrains is obtained as the new zero level. The activity on the bridge 
at the beginning of the 2005 causes really high positive strain changes and 100 microstrains in 
tension is noted. This strain causes tensile stresses of approximately 3.6 MPa, if a Young’s 
Modulus of 36 GPa is used. The dimensioning value of the concrete is 2.4 MPa and this value is 
exceeded. In the reality, the 28 day value is probably even lower that the estimated -150 
microstrain and even much higher values of stresses might have occurred. See Figure 5.39 and 
Figure 5.40 for more detailed results. 
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Figure 5.38  The strain curve for CS7 from pouring the concrete to the end of  2005. Very high 

positive strain changes are noted at the beginning of  the 2005. 
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Figure 5.39  Very high positive strains after building of  the bridge that produce cracks 
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Figure 5.40  The closer look to the obtained strain changes, unfortunately, some measurements 

were lost during the activity. 

After the event the obtained daily variations show high levels of strain changes, Figure 5.41. See 
also Figure 5.42, the cracked bridge deck in section B in spring when the daily temperature 
variations are high. 
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Figure 5.41 High daily variations of  temperature indicate cracking in the concrete. 
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Figure 5.42 High daily variation in the bridge deck in the cracked section B. 
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5.6 Temperature effects 

As the temperature is present always, a lot of effects are produced in structures due the 
temperature changes. Figure 5.43 show temperature profile for sensors in section A under 3 
years. A similar behaviour is noted for the section C and E. Figure 5.44 and Figure 5.45 show the 
maximum negative and positive temperature differences between the trough bottom and the 
cantilever. 
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Figure 5.43 The temperature profile for the sensors in section A. The annual variations are 

clearly illustrated in the picture and the temperature difference between the summer 
and winter is around 45 °C.  
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Figure 5.44 The coldest day in 2005, the temperature in concrete dropped below -10 °C. High 

negative temperature differences between the trough bottom and the eastern 
cantilever around 7 °C. 
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Figure 5.45 High positive temperature differences between the trough bottom and the eastern 

cantilever around 12 °C. 

Following Figure 5.46 show daily variations for strain for sensors DS1, DS4 and DS5 in section 
D in the spring with rising temperature and Figure 5.47 show daily variations for the same 
sensors in autumn with falling temperature. The daily strain variations in the spring are double as 
high as in autumn. 
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Figure 5.46  Spring with a high daily temperature variation, section D. 



Chapter 5.   Results of the Monitoring of the New Årsta Railway Bridge 

 110

02/10/05 09/10/05

-1020

-1010

-1000

-990

-980

-970

Date

M
ic

ro
st

ra
in

Section D

 

 

DS1 DS2 DS3 DS4 DS5

 
Figure 5.47 Autumn with low daily variation in section D. 

Very high daily variations were noted in the sensors that were temporary installed on the concrete 
surface; the sensors were covered by steel beams in order not to get damaged. The effect of solar 
radiation is though clear as the sensor FS1 gets as high as 500 microstrain in daily variations, see 
Figure 5.48. For related temperatures, see Figure 5.49. 
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Figure 5.48 High temperature variations were noted in the temporary section F, where the 

sensors were installed on the concrete surface. The figure shows daily variations for 
all sensors from the 17th of  July 2003 to the 20th of  July 2003. 
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Figure 5.49  Related temperature to the strain variations in Figure 5.48. 

 

Figure 5.50 show temperature variation for all thermocouples in section A, C and E. 
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Figure 5.50 Rising temperature in the morning in April 2005 for all thermocouples in 

sections A, C and E. The mid span, section C is the thinnest section and the 
eastern cantilever temperature change is large compared to the western 
cantilever. The temperature difference between the parts is about 5 degrees. The 
sensor CST3 in the trough bottom is also having even lower temperature and the 
temperature difference between the trough bottom and the eastern cantilever is 
about 6 degrees.   
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5.7 Quasi static loading conditions 

The SOFO system measures static strain changes in long-term. Anyhow, the quasi-static 
performance is captured by the frequent measuring. The train passages on the bridge can be seen 
as small jumps from the curve and is illustrated in Figure 5.51 and Figure 5.52 
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Figure 5.51  Train passages cause’s negative strains of  around 5 to 7 microstrains for sensor 

CS1. 
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Figure 5.52  Train passages cause’s positive strains of  around 6 microstrains for sensor ES2. 
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Chapter 6 Other case studies in Sweden 

6.1 General 

As the author of this thesis has been involved in following monitoring projects, a short 
description about the projects is given. The monitoring of the Traneberg Bridge highlights the 
historical aspects of monitoring in Sweden and as well the benefits of temporary monitoring with 
small amount of sensors. The Monitoring of the Götaälvbridge is described from the practical 
point of view, when handling with the new, innovative technique in the field. A detailed 
description about the installation and verification test is given in order to make the reader aware 
of the practical issues and difficulties that might occur in the field. 

6.2 Traneberg Bridge 

6.2.1 Introduction 
Traneberg Bridge was built in1934, and consists of two parallel arch bridges, one for road traffic 
and one for subway. Increasing traffic and heavier loads resulted in that the bridge no longer 
stood up for standards and needed upgrading. Retrofitting of the Traneberg Bridge consisted of 
four steps; the first step was to build a third bridge. As the new bridge was build the traffic was 
moved there and retrofitting of the road bride started. The second step was to retrofit the old 
road bridge. When the first old bridge, the road bridge was retrofitted the subway traffic was 
removed temporary to the road bridge while retrofitting the suburban railway bridge. The last 
step was to move the traffic back to the railway bridge and open the old road bridge again for 
traffic, see Figure 6.1 for steps. 

 
Figure 6.1  Steps on the Traneberg retrofitting process (Miranda, 2006) 
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The old bridges were retrofitted by keeping the arches and reconstructing the pillars and the deck 
(Enckell & Larsson, 2005). The project was completed at the beginning of 2005.All the three 
bridges are now in use (Figure 6.2) and are able to support the new traffic demands. 

 
Figure 6.2.  All three bridges, the new in the front with heavy tracks on and the old retrofitted 

on the background in March 2005. 

6.2.2  Bridge History 
The construction project of the Traneberg Bridge is described by Civil Engineer David Anger 
(Anger D. 1935) in his report “Tranebergsbro”. The structure was considered problematical to 
build as it was to be the longest in the world. Bearing in mind that there was no experience for 
such a large construction the engineers wanted to verify their theoretical calculations against real 
values. Therefore a number of monitoring activities took place during construction. A control of 
the concrete shrinkage was tested with several series of concrete specimens that were monitored 
over several years. The test provided superior information and the best cement type and quality, 
gravel etc. could be chosen. As removing the scaffolding was judged to be a critical step in the 
construction, the engineers decided to install four electrical tension transducers type “Carlson, 
Oakland, California” in the abutments. The transducers were embedded in the concrete and 
measured during critical stages of the construction. Because it was desirable to avoid construction 
joints in the pillars, pressure on the formworks were controlled by measuring the traction force in 
staybolts using manometers.  

     
Figure 6.3  The old Traneberg Bridge during Construction in 1930ies. 
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6.2.3 Traneberg Suburban Bridge Description 
The Traneberg suburban bridge is a reinforced concrete structure. The arch with 191 meters 
main span was the largest and longest ever built, at the time of its completion. The supporting 
girders of the floor structure are made of steel (Nilsson, 1938). The vertical clearance is 26 
meters. The hollow arch is provided with three cavities and it is 9 meter wide (Figure 6.4). The 
height of the arch is 3 meters at the crown and 5 meters at the abutments. The structure in 
indeterminate as the arch is fixed in the abutments and there is no hinge on the crown. The 
reinforced concrete deck rests on plate shaped pillars by means of welded plate girders and lies 
above the crown over the length of 54 meters (Figure 6.5). The deck thickness is 0.22 meters. 

 
Figure 6.4. A cross section of  the arch in the abutments 

 

 
 

Figure 6.5.  Side view of the Traneberg Bridge 
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6.2.4  The retrofitting of the suburban bridge 
The demolition work started at the beginning of November 2003 and was finished in January 
2004. The deck structure and steel girders were removed first, followed by the demolition of the 
walls and pillars (Figure 6.6 &Figure 6.7). The work was done symmetrically from both sides 
starting from the east side. Then the new pillars (Figure 6.7) and the crown were casted in similar 
way with symmetrical castings starting from the crown. This work started in the beginning of 
March 2004 and was finished in the beginning of July 2004. Afterwards, the steel girders were 
mounted and the track slabs was cast on them under July 2004. Finally, in the beginning of 
October 2004 the macadam was spread out on the bridge and two tracks for train traffic were 
mounted and the rails were adjusted. The railway traffic was recommenced on the bridge in the 
beginning of 2005. 

 

 
Figure 6.6 Parts of the bridge that were rebuilt under the retrofitting 

 

    
Figure 6.7 Left: Lifting of  the deck structure on the crown. Right: Constructing the new 

pillars. 

6.2.5 Monitoring system and installation  
SL Infrateknik AB ordered a monitoring system for the bridge to control the behaviour of the 
arch under retrofitting. The old arch of the bridge was continuously monitored during retrofitting 
using 7 fibre optic SOFO sensors and 5 thermocouples. SOFO sensors measure average strain 
and thermocouples temperature. The sensors are permanently installed on the bridge. For further 
information about the SOFO sensors and thermocouples, see 2.2.2 subchapter Interferometric 
sensors, SOFO system. 
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The installation started with an inspection at the end of October 2003 in order to see the 
conditions inside the arch where the sensors were to be installed. Peab Ab, the contractor 
prepared the surfaces and built scaffolding. The installation started in November 2003. The fibre 
optic sensors, so-called SOFO-system and traditional thermocouples were delivered by 
SMARTEC SA and installed by Minova Bemek AB in co-operation with Berg Bygg Konsult AB 
who was responsible for data communication, storage, reporting and short analysis. Four sections 
of the arch were installed, abutments (Sections A, west & section D, east), west quarter point 
(Section B) and the crown (Section C). See Figure 6.8 for sections and Table 6.1 for sensor 
nomenclature.  

 

 
Figure 6.8 Installed sections of  the arch 

Table 6.1  Location and number of  sensors. T stands for Traneberg and A to D for section.  

NOMENCLATURE MEASURES PLACEMENT 

TA1 Strain West abutment, roof 

TA2 Strain West abutment, floor 

TAT1 Temperature West abutment, roof 

TAT2 Temperature West abutment, floor 

TB1 Strain Quarter point, west, roof 

TB2 Strain Quarter point, west, floor 

TBT1 Temperature Quarter point, west, roof 

TBT2 Temperature Quarter point, west, floor 

TC1 Strain Crown, floor 

TCT1 Temperature Crown, floor 

TD1 Strain East abutment, roof 

TD2 Strain East abutment, floor 

 

All the sensors were installed in the longitudinal direction in the central cavity of the arch. The 
length of the fibre optic sensors is 4 meters and they are installed on the concrete surface with L-
brackets. The sensors placed on the floor are covered with steel beams in order to prevent 
damage. Because the planning of monitoring started in the late stage of the project it was behind 
schedule of demolition work. SMARTEC SA delivered the sensors at first and the installation 
work started initially when the sensors arrived. Sections A and B were installed contacted at once 
to the data logger and measured continuously. Section C was installed and connected a few days 
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later temporary and meanwhile section D was installed and some manual measurements were 
performed. Central Connection Cabinet where all the sensors were connected was set up. When 
the multi-fibre cables were delivered at the beginning of December all the sections were 
connected to the Central Connection Cabinet, the thermocouples were installed and the modem 
connection was also set up and tested. Automatic measurements started for the whole system and 
control and downloading took place from the office. Automatic measurement was performed 
and the data was downloaded to the office on a weekly basis. The data was briefly analysed on a 
weekly and monthly basis and then reported for SL Infrateknik for verification. Peab AB, the 
contactor continuously reported activities from the building site and these activities were 
included in these reports.  

Some problems appeared in data communications and the loss of electricity caused some 
interruptions in measurements and the modem connection also broke down a few times. In these 
cases the data was collected manually from the bridge and the modem connection was re-
activated. It is also the fact that the measurements started when the arch was already partially 
unloaded. These facts affect the analysis concerning the global process of unloading and loading 
in Traneberg Railway Bridge. 

The measurements were carried out during re-construction and about one month of operation 
until February 2005. A new measuring period of few weeks was done in May 2006 in order to 
control the condition of the structure. The data logger was placed on the bridge and the sensors 
and thermocouples were connected to it. In addition, a short study was done about temperature 
effects and reconstruction on the bridge (Miranda, 2006). The sensors are permanently installed 
so that the measurement can be performed anytime in the future to control the structure. 
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6.2.6 Results 
As mentioned before, short weekly and monthly reports were performed under the retrofitting 
and controlled by the owner. A short overview of the measurements is given in following. Some 
typical results are shown here, partly during demolition, without load and during reloading. The 
measurements shown here started on November 2003 and were carried out until the end of 
February 2005. In addition a short measurement period in May 2006 is shown. 

All the measurements were zeroed at the beginning when the data recording started. SOFO 
sensors measures the average change in length along the active part of the sensor, either 
compression or elongation. The measured value is then divided with the active length of the 
sensor in order to get the average strain. Negatives value in the diagrams show compression and 
positive value elongation compared to the initial state of zeroing the measurement at the 
beginning. Temperature values are given in Celsius. 

Figure 6.9 shows the unloading procedure for sensors TA1, TA2, TB1 and TB2.These sensors 
are located in west abutment and the west quarter point. As the thermocouples were not installed 
yet, some compensation for strain because of temperature has not been performed. The 
temperature is dropping down in November and this can clearly be seen in all sensors that are in 
compression after some initial elongations because of unloading procedure. 
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Figure 6.9 Strain changes for sections A and B due to unloading steps for west and east sides. 

Figure 6.10 shows the changes in strain for these sensors during a few days while unloading both 
in west and east sides. The effects of unloading are clearly illustrated in detail. Unfortunately 
some problem in the temporary connection cable occurred and some data was lost for a short 
period for sensor TB2. 
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Figure 6.10 Detailed changes in strain for sections A and B. 

Figure 6.11 shows strain and temperature variation during the period of time when the arch was 
unloaded and the new activities had not yet started on the bridge.  
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Figure 6.11.  Strain changes related to temperature after unloading. 

A very simplified assumption for temperature compensation was done by taking the thermal 
expansion into consideration and strain profiles were corrected. Figure 6.12 and Figure 6.13 show 
these profiles for all sensors with different load steps. Load step 1 consists of casting the pillars 
and the crown and load step 2 of casting the floor structure on steel girders. A lot of data was 
lost during the summer vacation as the bridge was not under supervision and the electrical cable 
was stolen under that period. 
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Figure 6.12. Strain diagram for sensor TA1, TA2 TB1 and TB2 with load steps. 
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Figure 6.13 Strain diagram for sensor TC1, TD1 and TD2 with load steps. 

The placement of the macadam started from the east side and progressed towards the west of the 
bridge. Figure 6.14 shows this loading and these measurements are not temperature 
compensated. 



Chapter 6.   Other case studies in Sweden 

 

 122

-180

-160

-140

-120

-100

-80

-60

-40

04-10-10 04-10-11 04-10-12 04-10-13 04-10-14 04-10-15
Date

M
ic

ro
st

ra
in

TA1 TA2
TB1 TB2
TC1 TD1
TD2 Macadam

 
Figure 6.14  Strain profiles that follow placement of  the macadam onto the bridge. 

Figure 6.15 shows measurements from February 2005 when the trains were already running on 
the bridge. Sensor TA1 which is located on the roof of the west abutment is the most sensitive to 
these movements and strains up to 10 micro strains occur during these passages. 
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Figure 6.15 Strain profile for sensor TA1 under operation. 

The maximum annual temperature variation registered was around 23ºC (Figure 6.16). That 
temperature variation causes an annual variation of around 150 microstrains in the structure. 
Similar annual variation can be seen in the New Årsta Railway Bridge (Enckell & Wiberg, 2005). 
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Figure 6.16  Strain and temperature profile for the retrofitting period of  about 16 months. 

The major temperature difference registered between two thermocouples in the section during 
the measurement campaign was about 2 ºC. The uneven temperature variations are not large but 
can still be significant when modelling the behaviour of the structure. As the arch stands turned 
north, being protected by the other arches and the deck structure it is protected from the direct 
solar radiation.  

New measurements were prepared in May 2006 in order to control the behaviour of the bridge. 
This is the time when the temperature is raising several degrees in a week and when the daily 
variations are really high with warm days and cold nights. Some sensors like TA1 showed higher 
daily variations (Figure 6.17) and this could be explained with crack or cracks on the structure. 
The measurements are not filtered and also capture some quasi-static behaviour of train passage. 
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Figure 6.17  TA1 showed high daily variations in strain profile 
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An inspection was done and some cracks were found in the longitudinal direction beside the 
sensor. The size of the cracks is around 0.2 mm and their existence effects the measurements. 

 
Figure 6.18  First the green thermocouple cable, second the SOFO sensor and a crack in the 

upper part of  the picture in the sensor direction. The corrosion seen on the picture 
has it origin from steel profile that normally is on the sensor, protecting it against 
environment. 

The results from the short study about temperature effects and reconstruction on the bridge can 
be seen in Master of Science Thesis:” Evaluation of the structural behaviour during retrofitting of 
the Traneberg Bridge by monitoring” by Miranda, (2006).  

6.2.7 Discussion 
This monitoring was performed during the retrofitting project and a lot of data and experience 
was collected; both in health monitoring point of view as well as structural engineering point of 
you. A pleasant discovery was also the report about monitoring activities while building the 
bridge in 30’s. It is also interesting that the 70 years old concrete arc was is good condition and 
could be reused. Monitoring with small amount of sensors and thermocouples provided 
interesting information during the retrofitting progress. The contractor was very co-operative and 
helped the monitoring staff to control the function of electricity etc. in order to keep 
measurements continuous. After retrofitting, the service life of the structure is extended and this 
is a great economic benefit for the society and also a confirmation of the exceptionally good 
engineering work from 1934. The monitoring project is terminated in its present state. 
Nevertheless, the system remains on the bridge and is able to measure any time if required. 

Following experiences can be concluded:  

• Monitoring was used when building the bridge in 30’s and it increased the understanding, 
verified the uncertainties and helped the engineers to make decisions concerning material 
properties and construction techniques in design stage. That concluded a bridge with the 
quality that still stands today  

• Monitoring under retrofitting assisted to control the behaviour of the bridge 

• The project gives advice for future projects in similar matters and opportunity to study 
the long term behaviour of the arch and learn about old concrete structures.  
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6.3 Götaälvbridge 

6.3.1 Introduction 
Götaälvbridge, built in 1939 is a combined road and light-rail traffic bridge. It is one of the most 
important connections for road traffic and the most important for the communal traffic between 
the Gothenburg City and Hisingen, Sweden's 4th larges island.  

The bridge had a lot of traffic in 1960ies, more than 70 000 vehicles per day, but when the 
Älvborgsbridge and the Tingsta tunnel were built a huge decrease was noted. Today around 
25 000 vehicles and around 3800 bicycles are passing the bridge on a day. The light-rail traffic is 
also very dense and might cause dynamic effects. The bridge openings (Figure 6.19) cause a lot of 
static loads when waiting the boats transit, especially in rush hours. Every opening takes 5-6 
minutes inclusive evacuation time. As the bridge structure is judge to be in critical condition, it is 
forbidden to drive on the most exterior lane for traffic heavier than 3.5 tons axel load. The light 
traffic road on one side of the bridge is closed at the moment and concrete slabs are being 
replaced as the service car that was driving on the bridge earlier punched into the slab. This 
chapter is only a short description about the bridge and the monitoring project and it tends to 
give the reader an overview about large scale monitoring project in the planning and the 
installation. 

 
Figure 6.19  Bridge opening: Passage of  the boat that causes static load on the bridge. 

        
Figure 6.20  Left: View of  the supporting pillars and longitudinal I-beams. Right: Light-rail 

traffic on the bridge. 
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6.3.2 Bridge description and strengthening 
Götaälvbridge is a large steel beam, concrete deck construction from 1939. The bridge 
accommodates a pedestrian-and bicycle road on the sides. These light traffic roads on the sides 
were added after the actual construction. The Bridge is openable and a lot of boat traffic transit 
every day on the way to Gothenburg harbour. The 20 m wide navigation channel have a vertical 
clearance of 30 m. The total length of the bridge is 950 m.  

    
Figure 6.21 Left: Failure in leakage system caused harsh corrosion. Right: Cracks in concrete 

and joints led to corrosion in the upper part of  the flange. 

The strengthening of the bridge is proceeding at the moment of writing this thesis, in order to 
upgrade the strength of the bridge to acceptable level. In order to guarantee the safe usage, the 
bridge needs to be installed with a health monitoring system. NGI (Norwegian Geotechnical 
Institute) investigated the market in order to suggest the best solution for the purpose (Myrvoll 
F., 2006) and recommended a distributed fibre optic system in order to see a total changes in 
strain along the whole bridge. Minova Bemek AB made a test installation of chosen fibre optic 
sensors called SmarTape together with SMARTEC SA. Some selected I-beams of the bridge were 
installed with sensors and tested. The test also included testing the adhesion of the clue to the 
SmarTape, paint and to steel clean surface. 

 
Figure 6.22 The strengthening of  the bridge, both in longitudinal and transversal direction with 

steel arrangement with pre-stressing. 

Afterwards, the tested system was selected and consists of 5 longitudinal fibre optic arrays along 
the whole bridge, connection boxes, 2 main units and a broadband connection.  The system will 
monitor strain continuously and has an inbuilt crack detection system that generates warnings so 
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that the needed measures can be taken if needed. The system is planned to work for next 15 years 
which sets very high demands for the selected system. 

 The installations of the sensors started in June 2006 and it is planned to be finished in October 
2006. The system will be on operation by the end of the year 2006.  

6.3.3 Monitoring system 
The chosen monitoring system is called DiTest and it is based on stimulated Brillouin scattering 
and is a unique tool for the evaluation of distributed strain and/or temperature over several tens 
of kilometres. Potential problems can be identified and localized at thousands locations by mean 
of a single optical fibre and in just one shot. See 2.2.2, subchapter Spectrometric sensors, DiTest 
System. 

6.3.4 Installation and sensor verification test 
The test was performed in February 2005 and took 5 days. 

A short meeting was hold in the first day in order to discuss the installation and specially the 
detail around the installation test. The installation procedure that was planned to be done was 
discussed shortly. Issues and experience from former projects was brought up. A discussion 
about gluing contra clamping the sensors to the surface was made and the positive and negative 
issues around were highlighted. Gatubolaget, City of Gothenburg and Vägverket, The Swedish 
National Road Administration told they point of view and these issued were discussed. 
Subsequently, a decision to test three different kinds of glues on different exterior was taken. 
Gatubolaget decided also that two 15 meter long sensors were to be installed and measured. The 
installation team also decided to install one extra sensor by clamping in order to be able to 
compare the results. These sensors need to be rechecked and measured after one month in order 
to present a good picture about the function of the sensors.  

 

 

 

 

 

 

Figure 6.23  Position for the installed sensors 

A short inspection in span P6 to P7 was done in order to check the condition of the beams and 
to find a good place for the test of the glue. The thickness of the paint layers and weak zones 
were noted. A lot of visible corrosion was attends on the bridge. Drainage system has a lot of 
leakage and some pipes have broken down and the water has been running to both longitudinal 
and transversal I-beams and caused grave corrosion. Even the reinforcement in the concrete is 
corroded and the concrete is splitting in the worst cases. As the concrete have huge cracks up to 
2 mm the water has reached the upper part of the I-beam flange and the corrosion is not visible 
and therefore difficult to estimate. 

The beams have several layers of paint. First there is a red lead followed by a thin layer of the 
dark green paint. At last, the existing colour of light green that is far thicker and elastic compared 
to the other layers. The adhesion between the glue and the paint and in addition glue and steel 
needs to be considered very carefully for the long time purpose. Possible chemical reactions 
between the glue and attached materials are also to be measured. 
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Three stripes on the surface were cleaned. The paint was removed with grinder and brush 
machine, polished and finally washed with alcohol (ethylene). The surface was heated with 
heating gun and the tape was glued to the surface and covered by the aluminium tape which was 
heated afterwards. Eleven pieces of 20 cm long tape was clued to the surface. 8 pieces to the steel 
and 3 pieces to the cleaned paint directly. All samples were covered with aluminium tape and 
heated afterwards. Three types of glue was tested; Araldite 2012, Araldite 2021 and Penloc GTI. 

The temperature of the steel and air was between +2 ºC to -2 ºC under the installation and the 
hard wind made the installation very complicated. The glue hardened and it had to be warmed in 
order to be able to be applied to the tape. 

Gluing of the sensors were tested the second day and it was recognised that the glue have not 
polymerised. It was very easy the peel off the tape but the shear strength was good and pulling of 
the tape was not easy. Best results were with Araldite 2021. Araldite it was much easier to work 
and shear force seems to be satisfactory and had a good workability. The poor results were 
discussed and a tent with an infra heater was to be built in order to get optimal situation for the 
test. Three samples with different glues were left to be investigated later on (Figure 6.24). 
Meanwhile a test was done to drill the holes in the cross beam by pillar 9 beside beam 3 with 
magnetic drilling machine for sensor passage. Two holes were drilled and it seemed to work 
easily. The tent was set up and a new test was done with short pieces of tape in a similar way like 
day before. Two pieces of steel clamps were also glued to the surface of the paint. An infra heater 
was fixed to the flange and leaved there for the night with the purpose of guarantee the minimal 
temperature so that the polymerisation of the glue can take place. The temperature of the steel 
and air was between +2 ºC to -2 ºC under the installation. 

 
Figure 6.24 Test samples glued on to the web of  the I-beam 

The steel temperature was measured the third day and was following: 23 ºC in the first stripe 
from the lower flange, 10 to 11 ºC in the second stripe from the lower flange and  4 ºC in the 
third stripe from the lower flange. The infra heater was taken away and the tapes are controlled. 
The glue seemed to sign for polymerisation when testing with knife. Two pieces of steel clamps 
that were glued to the surface of the paint day before were tested. The pieces were tested with 
hammer and were not able to shift. The clamps were damaged and it was only possible to remove 
them when some bending force was added. The delamination of metallic clamps took place over 
the lead red layer. The conclusion is that the weakest interaction is between the lead red layer and 
the paint. The drilled holes in cross beam were painted to prevent corrosion. The paint is 
removed with grinder and brush machine and abrasive belt grinder. It is really hard and untidy 
occupation to remove the paint with a lot of dust as a result. 15 meters removing requires 3.5 
hours working for two persons. After the polishing the surface is brushed and finally cleaned 
with alcohol several times. 

The installation of the sensor X3 (Figure 5.29) was started from the part near the lower flange. A 
clamp was both glued and screwed at the end of the tape. All parts to be installed were carefully 
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washed with alcohol before gluing. The clean tape was fixed in the middle of the aluminium tape 
and then the glue was applied to the tape. The tape was tensioned between two points and fixed 
to the cleaned surface. The aluminium tape was pushed to protect the tape and stacked easily to 
the surface. Then the lift was moved and a temporary support was fixed to hold the rest of the 
sensor. Same procedure was repeated until the cross beam was reached. When changing the 
position from the lower part of the web to the upper part the clamps were glued in both 
positions in order to keep the tape in a suitable position. The hole was covered by aluminium 
tape in order to prevent the damage of the tape against sharp edges. The tape was rolled up and 
then carefully pushed and pulled trough the hole to the other side. This was a very delicate 
component in the installation procedure and has to be done carefully in order not to damage the 
tape. The passive cable was easier to pass and finally the entire sensor was on the other side and 
the installation continued on the cleaned paint. The temperature of the steel and air was between 
+4 ºC in the morning to -4 ºC at 9 pm when the work was finished. 

The forth day of installation started with gluing the clamps to the third sensor that is supposed to 
be clamped to the lower flange. The work was done in the barrack in order to guarantee the 
polymerisation of the glue. 

The sensor to the upper flange was installed first in a similar way like the day before. The work 
was easier with the former experience and not as time consuming as before. When the tape was 
completely installed, the passive cable was collected and hanged to the fixed place on the web 
(Figure 5.29). 

Finally, the installation of the clamped sensor was started. The sensor was passed trough the hole 
in cross beam and fixed with temporary devises. The right end point was both glued and screwed 
to the surface. The sensor was fixed straight and pre-tensioned and the clamp was screwed to the 
steel. The pre-stressing was performed for 0.2% approximately. It was a bit difficult the fix the 
clamp straight to the surface due the poor conditions. Temperature was not measured, but 
humidity was very high and a lot of condensation was noticed on the bridge. 

  
Figure 6.25  Left: Passage of the Sensor from flange to web. Right: Passive Cables hanged on 

the web. 

All the passive cables were released the fifth day and fixed together with plastic stripes in both 
sides of the tape. The cables were hanged out from the web against the ground. The DiTest data 
logger was placed in the car and rear lid was kept open to fix the cables to the DiTest. Extension 
cable was lead out in order to connect the sensors together in a loop.  
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The DiTest was set up and as it had reached the correct working temperature it started checking 
the laser temperature. The installed sensors were working and after the frequency was corrected, 
good values were obtained. Some initial measurements were done with spatial resolution of 1.5 
meters. After a while additionally two measurements were done with spatial resolution of 0.5 
meters. After the measurements, the sensors were collected back to the web and fixed there in 
protecting plastic bags. The small pieces of tapes that were fixed to the web in span P6 to P7 
were controlled. The results were better and some polymerisation was seen in some pieces, at 
least the ones that were near the infra heater. The peeling force was still weak but the shear force 
was good. Araldite 2021 had the best appearance of the glues tested. The steel where the paint 
was removed before was painted in order to prevent the corrosion. 

6.3.5 Instrumentation and Installation 
5 longitudinal beams of the Götaälvbridge will be installed with SmarTape along the whole length 
of the bridge. The placements of the sensor are under the upper flange of the longitudinal I-
beams of the bridge. The sensors are glued to the beam in around 90 meter pieces and spliced 
together afterwards. The splices are replaced in special “spliceboxes” Two DiTest units are replaced 
on the bridge and connected to the control tower of the bridge and will generate warnings with 
re-programmed strain levels. Multifibre cables connect the sensors to the main units. The system 
is planned to be monitoring the bridge on-line during 15 years. 

 
Figure 6.26  Longitudinal view of  the sensor and data logger placement on the bridge 

Installation started in June 2006 and it is planned to be finished in October 2006. The installation 
procedure (Figure 6.27) starts with fixing the sensor temporarily to the beam. The sensor is 
slowly pulled trough the openings in the crossbeams and fixed loose with supports of tape 
bridges. Afterwards, the surface is cleaned as well as the sensor itself with alcohol. The clue, 
Araldite 2021 is set to a few meters piece of the sensor and then finally the sensor is pulled 
cautiously in order to prevent bending and fixed to the surface. After that the sensor is covered 
with aluminium tape that will protect the sensors against water, dust etc. and prevent foreign 
particles to reach the clue. The procedure is repeated until the whole length of the sensor is clued 
to the beam and protected with the aluminium tape. The passive cables are protected if needed 
and fixed on the web of the beam. 
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Figure 6.27 Left: Cleaning the surface with alcohol. Middle: Setting the clue to the sensor Right: 

Fixing the sensor to the surface. 

Afterwards the sensors are spliced together and the spliced parts are set into splice boxes in order 
to protect these parts. Several loops are made and each loop is connected to the two central units 
that have 16 channels each.  

Installation work is done from lifts in the lower parts of the bridge and from the inspection 
bridges under the bridge over the water. If needed some additional scaffolding is built in order to 
reach the beams for installing the sensors. The work is partially really filthy, physically hard and 
time consuming. The personal installing is wearing safety lines as they are forced to climb on the 
lift in order to reach to the installation surface. The clue influence sensibility so the masks are 
worn when cluing as well as cloves. As the bridge passes over the opening of the Götatunnel, 
some of the work has to be done in night time when the tunnel is temporary closed for traffic.   

If any deflection of the installation planning is noted that is reported directly and the sensors are 
tested if needed. An example of the deflection is for instance when the passive cable and part of 
the sensor that was not yet clued to the beam had come loose from the web where it was 
suppose to be suspended and hanged down in a non appropriate manner. The installations 
personal did not want to continue the work before testing the sensor as there was a risk that the 
sensor was damaged. The loose sensor was first collected and checked with visual inspection. 
Then the connector was spliced to the sensor so that it was able to be measured. The work was 
done in the night on a lift with poor light conditions. After the splicing, the sensor was measured 
with a portable optical time domain reflectometer (OTDR), which is an optoelectronic 
instrument used to characterize optical fibres. The measurement showed that the fibre/sensor 
was intact so the installation could continue as planned. By and large, the installation procedure is 
very demanding for this kind of large scale projects with a special installation method and a huge 
amount of sensors. 

6.3.6 Splicing and sensor testing 
Fusion splicing or mechanical splicing is used to physically join together two optical fibres.  

The splicer used in this project is called S177A Fusion Splicer and is manufactured by the 
Furakawa Electric Co., LTD, Japan. The sensors are delivered without contacts as most of the 
installed sensors are connected to each others by splicing not with connectors. If any 
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malfunctioning or abnormalities are noted in the sensor or the installation process, the need to 
control the sensors arises.  

The passive cable that had come loose from the web and hanged down in a non appropriate 
manner needed testing the sensor as there was a risk that the sensor was damaged. In order to be 
able to measure the sensors with an OTDR, the connector was spliced together with the sensor. 
The procedure started with stripping of the plastic cover and then coating of the fibres, see 
Figure 6.28. Then the fibres were wiped with cotton dropped in isopropyl alcohol and cleaved 
with the tool called a precision cleaver to make them perpendicular, see Figure 6.28. Finally, the 
fibres were placed into the fusion splicer that joined the two fibre ends together. The S177A 
Fusion Splicer has an active core aligning mechanism to align the fibre ends, and a controllable 
electric arc to melt the glass (fibre core) and join the ends together. See Figure 6.28, where the 
fibre check can be seen on the display, just before the fusion. 

     
Figure 6.28 Left: stripping of the coating before splicing. Middle: The fibre is cleaved with a 
precision cleaver. Right: S177A Fusion Splicer in action. Fibre check can be seen on the display.  

After the splicing a splice is normally protected with a splice protection. Here the work was 
though done in the middle of the night, up in the lift and in rush so the splice was left into the 
fusion splicer where is protected and contacted to the OTDR in order to test the sensor. The set 
up can be seen in Figure 6.29. The test confirmed that the sensor was intact and functioning, and 
the installation procedure could continue. 

 
Figure 6.29  Setup in the field for splicing and testing a fibre optic sensor. 
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6.3.7 Results 
As written before the Araldite 2021 showed the best results in the clue test. The two component 
clue is easy to set on the sensor and polymerise in a proper way with the right temperature. As 
the project is going on at the time of writing this thesis, there are no results from monitoring yet. 
Results for the test measure for sensor X2 that was installed by gluing are showed as Figure 6.30. 

After the fabrication each sensor was read two times in SMARTEC laboratory with spatial 
resolution 1.5 m, then after the installation two times on-site with the same spatial resolution and 
two times on-site with spatial resolution of 0.5 m. Two readings were necessary each time, since 
the first reading is used by DiTeSt reading unit to automatically calibrate frequency span 
necessary for correct reading. Usually, the first measurement is not correct and should not be 
considered.  

 
Figure 6.30 Strain distribution change in SmarTape X2 with respect to reference measurement 

 

The following was concluded: 

• The Brillouin frequencies in connection cables measured on-site are lower than the 
frequencies measured in laboratory, which is consequence of significantly lower 
temperature on-site (ΔT≈20°C). 

• The Brillouin frequencies in SmarTape X2 measured on-site are slightly higher than the 
frequencies measured in laboratory, which is consequence slight pre-tensioning of 
SmarTapes during the installation 

• In case of SmarTape X2 both measurements performed in laboratory are presented since 
the first measurement was approximately in a good span. For the reasons of correctness, 
the second measurement was used as a reference. The first laboratory measurement and 
all the on-site measurements are presented in Figure 4, relative to reference laboratory 
measurement. 

• During the installation, the SmarTape was slightly manually tensioned in order to 
maintain its straight shape and correct position. Three segments are present on the 
SmarTape; the first is 7 m long, the second 0.5 m and the third approximately. 7.5 m. The 
first and the third segments are glued, while the second segment is in fact a “bridge” 
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between two other segments. The measurement in the zone of anchors, the fixing points 
is perturbed since the DiTeSt instrument averages the non-tensioned values, the loose 
SmarTape and tensioned values, the pre-tensioned SmarTape over the spatial resolution.  
In addition, anchors are close to splicing points with the connection cables and the 
perturbation is amplified due to different natural Brillouin frequency of optical fibres in 
SmarTape and in the connection cable. The zone of the “bridge” is also perturbed, but 
less than the extremities. All the segments and perturbed zones are indicated in Figure 
6.30 

• The good agreement was observed between the measurements performed with different 
spatial resolutions, and the measurement performed with spatial resolution of 0.5 m 
better describe the strain state close to points of sudden strain change. 

• Finally, the strain resolution between two successive measurements performed with the 
same spatial resolution was in range ±20 microstrain for both 1.5 m and 0.5 m spatial 
resolutions. Exception was only the first laboratory measurement that shows derivation in 
the perturbation zone. This derivation is not a consequence of strain changes but rather 
due to closeness to the splicing points with connection cables. 

The results of the fibre test with OTDR measurement were satisfying and showed that there were 
no big losses in the connections, splice and that the sensor was not broken as supposed. The 
measurements can be seen in following Figure 6.31 and the measurement of light losses along the 
fibre length in Figure 6.32. 
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Figure 6.31  OTDR measurement  

Götaälvbridge - Losses measurement 1
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Figure 6.32  Losses in the measured fibre 
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6.3.8 Discussion 
Working in the field with innovative techniques is often demanding. There might be a lot of 
theoretical knowledge about the devices and methods but often a little practical experience. 
When installing the devices, new problems occur and need to be solved at once. The new 
techniques, like fibre optic sensors are very different from conventional electrical devices and 
requirements for installation might differ a lot. The sensors are also delicate compared to 
conventional electrical devices and minimal bending radiuses must be respected when handling 
the cables. Management of massive installation projects with a lot of sensors sets high 
requirements for planning and managing. 

Trained site workers are hard to find as there is not much experience in the field. The new 
personnel must be keenly alive to the instructions and the work has to be done with carefulness 
in order to accomplish a high-quality installation that leads to a proper monitoring system 
without malfunctions. 

The experience so far is following: 

• All the sensors in the test setup were successfully installed and the function was verified 

• The resolution of measured strain was in general in expected range, i.e. ±20 microstrain, 
with exception of few points that can be interpreted by different load conditions during 
the measurement 

• The measurements performed with spatial resolution of 1.5 m were less accurate in zones 
of perturbation, however two times faster than the measurements with spatial resolution 
of 0.5 m 

• All the measurements were performed while bridge was under the traffic, i.e. dynamically 
loaded; since the two successive measurements with the same spatial resolution have 
shown the differences in range of spatial, the dynamic effect of the strain did not 
influence the measurements 

• The installation test cleared up the uncertainties and confirmed the best installation 
procedure  

• The actual installation is time consuming and the preparation work needs to be planned 
in detail in order to not delay the work 

• The new equipment like splicing machine and OTDR were tested  

• A sensor with doubtful temporary setup was tested and showed to be intact despite the 
misfortune 
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Chapter 7 Discussion and Conclusions 

This chapter concentrates on discussing issues gained during the monitoring of the New Årsta 
Railway Bridge. Some conclusions will also be drawn to other monitoring projects where the 
author was involved. The more specific issues concerning the other case studies can be seen in 
connection to each study.  

An introduction to Structural Health Monitoring and sensor technology is given with many 
valuable references, as well as to the concepts around monitoring design and practical advice 
concerning the installation. The fibre optic sensors are presented and the case studies broaden 
the understanding for the sensors and related topics. 

A huge amount of data, as well as a great deal of theoretical knowledge and practical information 
is collected as a direct benefit of the monitoring projects. Applied research with its object in the 
field is more demanding than research in laboratory with well defined boundaries. In the field, a 
lot of parameters are present and it can be complicated to collect and measure them. Information 
that is needed in order to give explanation for all the behaviour that takes place in the structure 
might be insufficient. 

Many obstacles were obtained on the way, since the installation and construction took place at 
the same time. The understanding for the installation in site with busy activities was sometimes 
inadequate. The contractor did not provide accurate information about changes in schedule and 
that caused delays in installations. Some fibre optic sensors were damaged during the castings, 
like sensors AS8 and CS4 that were probably broken by vibrating. Other sensors, like ES6 and 
ES8 were subjected to violent treatment after the installation, like hitting the sensors with heavy 
re-bars. Sensors AS2 and AS4 are not in pre-tension and therefore unable to measure. The 
sensors are not damaged but were either gliding after the installation or not pre-tensioned enough 
during the installation. Sensor AS3 was damaged by workers at site, and an attempt to repair the 
fibre by splicing was done but the sensor could, unfortunately, not be saved. Some strain 
transducers were lost when the cables were damaged by site activity and some show unreliable 
values and need to be investigated in detail. Also the beforehand installed accelerometer cables 
were damaged by workers several times and the installation plan had to be changed. The lack of 
electrical power and interruption in power delivery caused a lot of discontinuity in the measuring 
during the construction. Also the problems with the broad band connection caused loss of data. 
The portable data logger for the fibre optic sensors was damaged as the water was running in and 
corrosion occurred in some components and a lot of data was lost under the repair. In addition, 
the permanent Central Measurement Point (CMP) was damaged when the drainage hole had 
frozen in the winter and the water flowed in. Fortunately, this misadventure only damaged some 
transformers.  

The monitoring instruments in The New Årsta Railway Bridge; strain transducers, fibre optic and 
temperature sensors and data acquisition systems seem to be operating satisfactorily and provide 
reasonable results. Anyhow, in long-term there is a disagreements that cannot be explained. The 
achieved strain levels are similar after 3 years of measurements but the annual variations, for 
example are not obtained by the strain transducers. Besides, some of the strain transducers are 
drifting, and high peaks appear after the traffic commenced on the bridge. Anyhow, in absolute 
terms like with the static test, the results from these totally different types of devices seem to be 
compatible in general. These full bridge strain transducers are not fully temperature compensated 
and the effect of the temperature might not be negligible and needs to be investigated. Also the 
long length of the cables can be contributing reason for disturbances. 
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Fibre optic sensors show fine results and a lot of information about the structure and its 
behaviour was captured by monitoring so far. The results sequentially provide useful information 
about the behaviour of the concrete and the structure in several stages; during early age castings, 
during construction, in long term, under thermal loading and during the static test.  

Monitoring also revealed cracking in the structure. First, cracks were located in the section B by 
identifying high values of daily variations. Secondly, very high strain peaks were noted in some 
measurements and were studied in detail. It was found out that some kind of overloading, or 
misfortune had taken place and the bridge deck was exposed to tensile stresses that extend the 
limit of the concrete. A visual inspection confirmed the monitoring results and several 
longitudinal cracks were observed in the monitored sections. Unfortunately, the bridge deck has 
not thermocouples installed so that temperature evaluation could take place. It is favourable to 
instrument the bridge deck with thermocouples as a lot of cracks are present.  

The early age results for concrete are very promising and need to be evaluated more detailed. It is 
clear that the outside temperature affected the strain levels that occurred in concrete at early age. 
The slender bridge deck showed much lower strain levels in early age than other parts of the 
massive superstructure.  

The long-term measurements are also very interesting and CEB-FIB Model Code 90 was studied 
in order to understand the long-term effects like shrinkage and creep. All the longitudinal fibre 
optic sensors measure compressive strain and the values obtained are as high as around 1100 
microstrains. This is though values, where the zero is set to the casting. A rough estimation is 
that the contribution of the pre-stressing is around 400 microstrains and contribution of the early 
age shrinkage is around 200 microstrains. The high temperature differences occur on the bridge 
and need to be studied more detailed 

Fibre optic sensors provided reliable information about the structure in all stages and the 
measurements are easy to comprehend. The disadvantages are, related to this project, the low 
survival rate. In general, the fibre optic has much higher survival rate and the other projects 
discussed in the thesis had no damages so far.  

Strain transducers are easy to install and can measure dynamic behaviour but are unreliable in 
long-term static measurements need to be cleared out.  

Data collecting was done manually from the bridge during the construction and it was time 
consuming. As the format and the storage of data were not discussed in detail beforehand, a great 
deal of problem occurred and time was lost when re-arranging the data afterwards. SOFO 
software for data handling was not really satisfactory for this large project with many sensors and 
measurements and needs to be upgraded. The data loggers for both systems should be upgraded 
with higher capacitive to store the data so that the data is not lost when the problems occur. 

By and large, the need for practical experience is important when managing with the new 
innovative techniques in the field. The careful design of monitoring, detailed planning of the 
installation and correct installation procedure brings up successful monitoring.  Generally, 
projects with small amount of sensors are easier to handle and manage. Large projects on the 
other hand need well organised managing and heuristic play a huge roll in successful monitoring. 
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7.1 Further Research 

Monitoring provided a lot of interesting information, both about the structure and about the 
concrete and its behaviour in different stages. Interesting subjects for future research are: 

 

• FE Modelling of the New Årsta Railway Bridge in different stages and comparison with 
the measured results. 

• Research early age effects of concrete,  and the behaviour of the shrinkage and creep in 
long-term related to massive pre-stress concrete structures; and compare the results from 
Årsta with other similar structures 

• Instrument the bridge deck with thermocouples so that the temperature evaluation of the 
deck  and follow-up of the cracks can be included in the study 

• Research around sensor technology for civil engineering purposes , especially fibre optic 
sensors and their contribution as well as the contribution of monitoring for bridge 
engineering community. 
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Appendix A List of Casting Key Events 

Construction part Time for casting   

        Date Started Finished Volume 

ÖB Part 2 Casting 1 021216 05.00 16/12 03.00 17/12 312 

ÖB Part 2 Casting 1-6 track slab 030117 05.00 14.30 84 

ÖB Part2 Casting3 030203 06.00 3/2 06.30 4/2 346 

ÖB Part2 Casting 2 030224 05.00 18.00 126 

ÖB Part 2 Casting 4 030312 05.00 17.30 127 

ÖB Part 2 Casting 2,3,4-6 track slab 030331 06.30 17.00 118 

ÖB Part 2 Casting5b 030407 05.00 20.00 175 

ÖB Part 2 Casting 5a 030415 05.00 19.30 175 

ÖB Part 10 Casting 5-7 track slab 030416 07.50 13.20 54 

ÖB Part 2 Casting 5a-7 & 5b-7 track slab 030428 07.00 13.00 106 

ÖB Part 3 Casting 1 030616 07.00 16/6 03.30 17/6 316 

ÖB Part 3 Casting 1-6 track slab 030708 06.00 14.30 83 

ÖB Part 3 Casting 3 030807 17.00 7/8 17.00 8/8 351 

ÖB Part 3 Casting 2 030828 05.00 20.00 127 

ÖB Part 3 Casting 4 030905 05.00 19.00 127 

ÖB Part 1 Casting 2&4 pre-stress heels 030918 12.10 14.00 7 

ÖB Part 3 Casting2,3,4-6 track slab 030923 05.00 16.30 116 

ÖB Part 3 Casting 5b 031001 05.00 20.00 173 

ÖB Part 3 Casting 5a 031006 05.00 20.00 173 

ÖB Part 3 Casting 2 pre-stress heels (2) 031010 11.50 12.40 3 

ÖB Part 3 Casting5a-7 & 5b-7 track slab 031016 07.00 14.00 103 

ÖB Part 1 pre-stress heels 031031 07.00 08.40 6 

ÖB Part 4 Casting 1 031124 07.00 24/11 07.00 25/11 315 

ÖB Part 4 Casting 1-6 track slab 031208 07.00 15.30 83 

ÖB Part 4 Casting 3 031211 12.00 11/12 12.30 12/12 350 

ÖB Part 4 Casting 2 031229 05.00 18.30 127 

ÖB Part 4 Casting 4 040115 05.00 18.30 127 

ÖB Part 4 Casting 2,3,4-6 track slab 040127 05.00 17.30 115 

ÖB Part 4 Casting 5b 040203 05.00 19.30 175 
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