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Abstract  
The research presented in this Licentiate thesis is intended to cover minor areas of the 
wide research area Structural Health Monitoring (SHM) of Civil Engineering Structures. 
SHM is broadly the knowledge maintaining our infrastructure by assessing the condition, 
often by monitoring or measurements, diagnose damages, analyse risk levels, by using 
inputs from measurements and diagnoses, and in the end retrofit, if needed. In particular 
the methodology and the interaction between the different parts in SHM, ranging from 
assessment to upgrading, are explained.  
 
The thesis give also a brief introduction to sensor technology, mainly designed for 
monitoring, and to damage detection methods in Civil Engineering structures, such as 
bridges. 
 
The thesis is of the form “combination thesis” which is characterised by a relatively 
extensive literature study and a summary of the research presented at the beginning. 
Beyond this, it contains four papers, which are summarised below.  
 
Paper A: “Concrete beams exposed to Live Loading during CFRP strengthening”, 
presents how strengthening of concrete beams can be done without stopping the traffic 
during execution. Results show that no significant decrease of the strengthening effect 
exists when carbon fibre laminates and quadratic rods (NSMR), is bonded with an epoxy 
adhesive, which had cured during the cyclic loading. If a cementitious bonding agent is 
used, cyclic loading decrease the strengthening effect dramatically. 
 
Paper B: “Large scale hybrid composite FRP girders for use in bridge structures - theory, 
test and field application”. This paper presents the possibility to build a bridge in full 
scale using fiber reinforced polymers. Numerical analysis, full scale tests and theoretical 
investigations shows full composite action between the constituents.  
 
Paper C: “CFRP Strengthening and monitoring of the Gröndals Bridge in Sweden” 
discuss the retrofit of a large concrete box bridge using CFRP laminates and how the 
strengthening effect can be monitored and verified using fibre optical sensors (FOS). Due 
to shear cracks in the webs the Gröndals Bridge is strengthened with CFRP-laminates and 
post stressed with steel stays. Monitoring with FOS and conventional LVDT gauges 
shows that most of the measured strain is caused by natural temperature changes. The 
results also show that the CFRP laminates work as intended and that the crack 
propagation has stopped. 
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Paper D: “Damage Detection of a Large-Scale 38-Years-Old Prestressed RC Bridge 
Girder using Natural Frequencies” gives and example how modal analysis can be used as 
a diagnostic tool to indicate damages. The results show very small changes of natural 
frequencies because no cracks during the whole tests occurred and the Young’s modulus 
of the concrete was increasing after unloading.  
 
 
Keywords: Assessment, Retrofitting, Monitoring, Fibre Optical Sensors, Bridges, 
Damage Detection. Fiber Reinforced Polymers 
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Sammanfattning 
Det arbete som presenteras i denna licentiatavhandling syftar till att täcka vissa delar 
av det vida begreppet ”Structural Health Monitoring (SHM)”. Området SHM omfattar 
kunskapen om att vårda vår infrastruktur genom tillståndsbedömning, ofta genom 
mätning och övervakning, ställa diagnoser och finna skador, analysera risker och 
bedöma säkerhetsnivåer med hjälp av inhämtad information. Ofta kan SHM även leda 
till lämpliga åtgärder för uppgradering. I avhandlingen förklaras helheten och 
sambanden mellan de olika delarna i SHM, från bedömning till uppgradering. 
Avhandlingen ger också en kortfattad beskrivning av mätningstekniker, sensorer och 
metoder för skadebedömning av infrastruktur med tonvikt på broar.  
 
Föreliggande avhandling är utformad som en sammanläggningsavhandling bestående 
av en relativt omfattande litteraturstudie och en summering av författarens arbete. 
Avhandlingen omfattar förutom litteraturstudien av fyra artiklar där innehållet beskrivs 
kortfattat nedan.  
 
Artikel A beskriver hur betongbalkar kan förstärkas med kompositmaterial utan att 
trafiken behöver stoppas i samband med förstärkningsarbetet. Det kan inte påvisas att 
förstärkningseffekten minskas då kolfiberlaminat eller kolfiberstavar limmas med 
epoxi under cyklisk lastpåverkan. Används ett cementbaserat 
kolfiberförstärkningssystem minskas förstärkningseffekten markant.  
 
Artikel B redogör för ett exempel på hur man kan bygga en bro i full skala med 
kompositmaterial i lastbärande komponenter. Resultatet visar att det är möjligt att 
använda fiberkomposit till bärande balkar då både numeriska analysen, 
fullskaletesterna och den ingenjörsmässiga modellen visar att full samverkan kan anses 
gälla mellan sammanfogade komponenter.  
 
Artikel C diskuterar förstärkningen av en stor lådbalkbro av betong och hur 
förstärkningen kan övervakas med hjälp av fiberoptiska töjningssensorer. Bron är 
förstärkt med kolfiberlaminat och efterspända stålstag efter det att skjuvsprickor 
upptäcktes i liven. Mätningar med fiberoptiska töjningssensorer och konventionella 
sensorer visar att töjningarna orsakas främst av naturliga temperaturförändringar. 
Mätningarna visar också att kolfiberförstärkningen fungerar som planerat och att 
propagering av sprickor avstannat.  
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Artikel D ger ett exempel hur modalanalys kan användas för bedömning av skador hos 
betongbalkar. Resultatet visar små förändringar av egenfrekvenserna då inga sprickor i 
betongen uppstått och då betongens elasticitetsmodulen ökade efter avlastning. För 
tidig skadeidentifikation i förspända betongbalkar där samverkan mellan 
spännarmering och betong existerar är inte modalanalys med egenfrekvenser tilläckligt 
exakt. 
 
 
 
Nyckelord: Tillståndsbedömning, övervakning, mätning, fiberoptiska sensorer, broar, 
skadeidentifiering, kompositmaterial 
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Glossary and abbreviation 
Inspection - The condition of a structure is evaluated, most commonly, by visual 
inspection but also using simple tests such as Capo-tests, Rebound Schmidt hammer 
(concrete structures) or x-rays scanning (steel structures). 
 
Maintenance - Is where different methods are used to keep a structure at its original 
performance level.  
 
Repair - Is used when a structure has deteriorated and needs to be upgraded to its 
original performance level.  
 
Strengthening - Is when a structured needs to be improved above its original load 
carrying capacity. Both damaged and undamaged structures can be strengthened. 
 
Performance level - A structure performance level may need to be upgraded. 
Performance level is defined by the load carrying capacity; durability, aesthetics 
and/or a structure’s function. 
 
Upgrading - Upgrading can be carried out by several different or combined methods. 
These methods may be; refined calculation models by the use of actual loads and 
material properties. Strengthening by several different suitable methods, improved 
durability or aesthetic appearance and in very severe situations replacement of a 
structural member or the whole structure. 
 
Rebuilding - Damaged or undamaged parts of a structure that are removed and 
replaced. 
 
Assessment – The validation of the condition of the structure. May n some situations 
be expressed as the safety of the structure.  
 
Degradation – Decreased performance. 
 
FRP – Fibre reinforced polymer. Fibers are held together with a polymer matrix. 
 
CFRP – Carbon fibre reinforced polymer. Carbon fibers are together with a polymer 
matrix. 
 
SHM – Structural Health Monitoring. An ideal SHM system should be capable to 
providing information on demand about significant damage occurring in a structure. 
 
 
FOS – Fibre optical sensor. 
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1 Introduction 

1.1 Background 
Structures cannot last forever. All structures, whatever materials used, will sooner or 
later degrade. It is just a question of time before the performance level; load carry 
capacity, durability, function or aesthetics, will be affected. In the refined calculation 
procedures it is an advantage if actual material data and loads are used in the 
calculations. The use of monitoring can improve the knowledge of structures 
behaviour and can also be of great help in the calculation process. In addition it may 
be an advantage to used probabilistic methods in contrast to traditional deterministic 
approaches. 
 
The structure may have to carry larger loads, the materials deteriorate, the function 
may not be fulfilled or the public is not satisfied by a structures appearance. Correct 
maintenance, at the right time, may slow down the degradation process but cannot 
prevent it. Maintenance is costly and may also cause disturbances to the user. 
Therefore it is of high interest to build as durable and easy maintainable structures as 
possible. During the relatively long life of a structure it is common that the demands 
are changed. To satisfy such changes a structure may need to be upgraded. An 
upgrading procedure could be one or more of the following actions; refined 
calculations; strengthening; improved durability and increase of aesthetics appearance.  
 
In addition monitoring may be used as a safety procurement to follow the structure 
over time and to document live loads and stresses on the structures. This may then be 
compared with models for the structure. 
 
For that reason, more accurate methods to assess that the demanded performance level 
is satisfied are needed. Today, the assessment is normally done by visual inspections 
but such methods are not very precise and show only visual damages, often only of the 
surface of the structure. The degradation of the structure may have reached an 
unacceptable stage, beyond rescue. Here structural health monitoring can work as an 
early warning system as well as an assessment tool.  
 
At Luleå University of Technology (LTU), Division of Structural Engineering, 
research work in the field of repair and strengthening has been conducted since 1988. 
The work started with strengthening of concrete structures with steel plates but has 
later included other types of structures as wells as strengthening materials such as 
carbon fibre reinforced polymers - CFRP. Some of these works are reported in Täljsten 
(1994), (1996), (1997a), (1997b), (1997c), (1998). In addition several full-scale tests 
have been undertaken, Täljsten and Carolin (1999). The Swedish authorities have also 
accepted FRP strengthening as a method for strengthening structures and today 
Swedish guidelines, Täljsten (2004), exists for these types of strengthening works. 
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The Division has also been involved with assessment of the infrastructure of transport 
systems. The Swedish railroad authority, Banverket, made an upgrade from 25 to 30 
ton of axle load to increase the iron ore transport capacity between Luleå and Narvik. 
On the 473 km long track 11 bridges were strengthened and 17 were replaced. The 
remaining of the 114 bridges could be retained since the assessment showed a 
satisfactory safety margin for the higher loads see Paulsson and Töyrä (1996). During 
this huge upgrade project, LTU has been involved in several research projects in 
addition to the work by Carolin and Täljsten. Thun et al. (1999) calculated the concrete 
compression and tensile strength of some bridges along the iron ore track. Nilsson et 
al. (1999) calculated the Partial coefficients for concrete bridges. Thun (2001) added 
fatigue capacity to his previous mentioned research. Björnfot et al. (2001) checked the 
actual strain in the critical cross section of the Luossajokk Bridge. They suggested 
monitoring and that a more refine calculation should be undertaken. This calculation 
and monitoring is presented in Enochsson et al. (2002). The conclusion was that the 
safety of the bridge was satisfactory, see chapter 3.3. The Luossajokk Bridge 
assessment and monitoring project has also been presented at several conferences Hejll 
(2002), Olofsson et al. (2002), Täljsten et al. (2002) and Hejll et al. (2003). Simonsson 
(2002) followed-up the work and measured strain at the Luossajokk bridge and the 
Kallkällan bridge, see chapter 3.2, where he used earlier measurements to evaluate the 
bridge dynamic factor. 
 
With the knowledge of assessment, diagnostic and strengthening of bridges, Professor 
Lennart Elfgren at Structural Engineering Luleå university of Technology initiated a 
European Integrated Project: Sustainable Bridges, which started 2002. The main 
objectives with this project  
to increase trade and exchange of people between the European countries. A part of 
this is to:  
 
− Increase the transport capacity of existing bridges by allowing axle loads up to 33 

tonnes for freight traffic with moderate speeds 
− Increase the residual lifetime of existing bridges with up to 25 % 
− Increase the capacity for passenger traffic with low axle loads by increasing the 

maximum speeds to up to 350 km/hour  
− Enhance strengthening and repair systems 
 
The project has 32 partners. From NORUT Technology Ltd, Norway in the North, 
Universitat Politècnica de Catalunya, Spain in the south, University of Minho, 
Portugal in the west to PKP Polish Railway Lines in Warszawa in the east. More 
information can be found at the web-site http://www.sustainablebridges.net. 

1.2 The structural health 
A significant portion of our infrastructure is currently either structurally or 
functionally deficient. The cost too keep our aging infrastructure will increase if the 
performance level should be maintained. Reports from USA e.g. Mallet (1994) shows 
that nearly 30 % of nearly 600.000 bridges in the USA are classified as structurally 
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deficient. This together with the increasing amount of traffic, heavier loads and higher 
speed limits makes it even more important to monitor, assess, repair and upgrade the 
existing infrastructure.  
 
Regular inspections of structures can be compared with regular health check-up. 
Structural Health Monitoring is the equivalent of monitoring of a person’s pulse or 
heartbeat. The monitoring of a bridge is a little more complicated since the bridge is 
unable to inform us about the experienced condition. However, in both cases an expert 
(engineer or medical doctor) will assess the condition and give the diagnose based on 
available information and previous experience.  
 
State evaluation (the diagnose) of existing structures can be based on probabilistic 
design methods where the actual conditions are considered, Nilsson et al. (1999). 
However, we also need to monitor our structures to retrieve live information for proper 
assessments of load and resistance parameters as well as for the calibration of the 
design models. A future scenario of a bridge monitoring system based on the safety 
index is depicted in Figure 1. Two degradation scenarios are displayed, a normal and a 
high degradation scenario. Other reasons for monitoring can be the use of higher safety 
or service loads. At some point regularly measurements, also known as long-term 
monitoring (see chapter 2.1.4), is introduced to be able to make more reliable 
diagnoses. Today, these types of measurement strategies are seldom used, mainly 
because it is costly to install sensors in already built structures. Also the lack suitable 
robust sensor systems prevent the use of advanced monitoring systems, see chapter 2.3 
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The use of corrosion safe materials is one way to reduce the degradation process, see 
Paper B. Maintenance schemes based on the degradation curve is another. Since repair 
and strengthening of structures is expensive, the cost for a monitoring system, which 
may shows the degree of degradation, can be saved by more efficient maintenance. 
Also, by using monitoring during and after a strengthening work the material cost can 
be limited when the effect of strengthening can be proved. Sooner or later, depending 
of strengthening, degradation rate and the quality of the diagnose, the safety can not be 
guaranteed and the structure has reached it’s end of life and must be replaced, see 
Figure 1. 

1.3 Maintenance, repair and upgrade 
Maintenance is not known to be the most glamorous engineering art. Earlier, before 
1980, maintenance was rarely considered during the design of a bridge. It was more an 
afterthought by the owners/users. Designers (and others) generally believed that 
concrete was an extremely durable material and protected the fragile steel 
reinforcement from corrosion. Since the loads, traffic intensity and traffic speed has 
increased even more than earlier predicted, the absence of maintenance has become 
costly. Hence, maintenance is now recognised as important for existing structures and 
considered at the design stage of new structures, Ryall (2001). The fact that most of 
our bridges were constructed before 1980 makes it often more economic to repair or 
upgrade an existing structure compared to build a new one, Täljsten (2002), Carolin 
(2003) and Nordin (2003), see also paper A and C. 

1.4 Aim and Scope 
The area of structural health of civil engineering structures is very broad. It covers 
traditional engineering research fields from maintenance, degradation, strength of 
materials and structures to the use of monitoring and use of advanced sensor systems 
for the assessment and diagnostics.  
 
The objective of this licentiate thesis has been to give a brief overview of the research 
field, where focus has been placed on the application of new materials and technology. 
In particular the following topics have been investigated: 
 
− Application of Fibre Optical Sensors (FOS) in Structural Health Monitoring (SHM) 
− The use of modal system analyse for the diagnostic of structural health 
− Strengthening and retrofitting using Carbon Fibre Reinforcement Polymers (CFRP) 

systems 
− The use of Fibre Reinforcement Polymers (FRP) in structural applications 
 
This thesis shows the relation between strengthening and building of durable structures 
of new materials to monitoring, assessment and damage detection of full-scale 
structures. 
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2 Structural Health Monitoring 

2.1 Strategies 
Health monitoring is normally used to control the existing state of a structure, i.e. to 
assure structural stability or functions in a service state. Today monitoring of 
structures is often restricted to visual inspections at regular intervals. Its mostly 
governmental institutions like National Road Administrations that have a regular 
maintenance strategy for civil engineering structures. Up to now, more advanced 
monitoring systems has mainly been used in research projects often with the purpose 
of verifying theories or to study specific degradation mechanisms. In this thesis the 
health-monitoring methods are classified in the following three categories: 
 
− Visual inspection 
− Short-term monitoring, often “one-off” engagements not planned in advance. 
− Long-term monitoring, sensors installed when the structure is built. Requires a life 

cycle planning perspective. 
 

2.1.1 Periodic or continuous monitoring 
In addition to this, periodic or continuous monitoring should be mentioned. Periodic 
monitoring is carried out frequently over time or used with trigger functions that can 
start a measurement. See Figure 2 Both are long-term monitoring but the periodic is 
triggered by for example traffic or by hand, and the continuous monitoring is 
collecting data over an extended time. The amount of colleted data from a continuous 
monitoring system can increase rapidly. Continuously monitoring over long time is 
only practical when slow sample rates can be used. For example if the influence of 
temperature over the year should be studied some data can be collected every day, 
continuously monitoring, but if the influence of traffic should be carried out periodic 
monitoring is preferred.  

Figure 2. Continuous, Time dependent periodic and Trigger starting periodic long-term 
monitoring 
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2.1.2 Visual Inspection 
Visual inspection has the advantages of being relatively simple and inexpensive to 
perform. However, the method provides rather limited and uncertain information and 
can only be used to make a crude estimation of the current state. This method can only 
detect surface damages; therefore visual inspections are often combined with simple 
non-destructive test methods. Visual inspections are often used to narrow down the 
structures from a maintenance perspective. Furthermore, visual inspections require 
persons with long and deep experience in the field and that the condition of the bridge 
is assessed by the same person. This means that different persons can judge same 
damages different. 

2.1.3 Short-term monitoring 
In comparison with visual inspection, instrumentation and monitoring of critical 
sections, give much more information. However, the installation of sensors and 
instrumentations cost can seldom be justified in a maintenance perspective. 
Furthermore most sensors are not robust enough to deliver reliable data of a 
constructions performance over a life-cycle perspective, which can varies from 50 up 
to 120 years. Hence, these types of monitoring are often used in new constructions or 
large-scale repair works to verify the performance of the reconstruction or the load 
carrying capacity. Another issue is the instrumentation systems. Most systems are not 
adapted to be remotely controlled, especially where large amounts of data are to be 
collected and analyzed. Therefore, most civil engineering monitoring projects are of 
the type “on-off” engagements where the construction is studied only a short period of 
time, despite that installation and instrumentation often represent considerably amount 
of money. If several short-term monitoring is repeated frequently, it is usually called 
periodic long-term monitoring. 

2.1.4 Long-term monitoring 
It is only when the construction is monitored over a considerable period that we can 
provide extensive and precise information useful for maintenance. Also we have the 
possibility to adapt degradation models to real data and in the next step optimize 
maintenance and reconstruction over the constructions entirely life span and hence 
minimize the life cycle cost. 
 
As mentioned earlier long-term monitoring requires robust sensor technology. Many 
of today's sensors are not designed to meet the requirement on robustness and they 
cannot easily be integrated in the structure. 
 
New promising sensor technologies are emerging and have been under a huge 
development the last decade in the fields of optical fibers. This is more described in 
Chapter 2.3 - Sensor system. Other future “sensors” or sensing methods that can be of 
use in long-term monitoring are sensor sensitive coating paint, electrical leading 
plastics, acoustic emission, GPS systems and accelerometers for modal analysis. 
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2.1.5 Global versus local monitoring 
There are two types of structural monitoring, global and local monitoring. Most of the 
sensors described in the sensor chapter are used for local monitoring see Table 1. Even 
if a monitoring system has a large number of local sensing gauges of different types, 
etc, it will still just cover parts of a structure. These sensors are useful for small 
laboratory experiments or when a certain part with a known damage of a real life 
structure should be examined. These types of measurements are often referred to as 
SHM, even though only a part of structure is monitored. To monitor a global 
behaviour of a structure other parameters are needed, parameters or methods that can 
give information about the whole structure. The deflection is an example of a global 
monitoring parameter. If the deflection of a bridge increases, with the same load and 
temperature, there must be some damage at the support or in the bridge that decreases 
the structural stiffness. However, displacements measurements in real life are difficult 
to obtain since a fix reference point is hard to find. Hence, deflection it is not a 
common parameter in health monitoring, especially not for long-term measurements.  

2.2 Damage detection 
Damage or fault detection of civil engineering structures refers normally in literature 
to modal analysis. This chapter will limit damage detection based on modal analysis. 
The basic idea is that modal parameters, such as frequencies, mode shapes and modal 
damping, are based on the physical properties of the whole structure such as mass, 
damping and stiffness. So when a structure is exposed to damage the corresponding 
modal properties are changed. Damage detection is normally defined in three steps or 
levels. 
 

Level 1. Determination that damage is present in the structure 
Level 2. Determination of the geometrical location of the damage 
Level 3. Quantification of the severity of the damage 
 

Sometimes also a Level 4 is present - The prediction of the remaining service life of 
the structure. Level 4 is most of the time not included in the damage detection because 
the prediction of the remaining lifetime includes specific design methods based on the 
type of damage. For example, if the damage is a concrete crack, fracture mechanics or 
fatigue life analysis is needed to estimate the reaming service life. The damage 
detection list was first presented in a PhD thesis by Rytter (1993) and has since 
become a standard in the field of structural health monitoring. Different assessment 
and diagnostic methods are described in chapter 2.5. 
 
The future goal is to create an ideal health monitoring system that detects damages at 
an early stage. The damage will then be located within the sensor resolution. The 
system will also provide information about the degree of the damage. Based on the 
type of damage, estimation of the remaining service life of the structure can then be 
made. The system should also be highly automated and as little as possible depend on 
expert opinions from engineers. A more possible goal to reach in the near future is to 
develop a method that compares the measurements with the initial measurement of an 
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undamaged structure. The development of damage and its localisation could be 
correlated to the change in measurements. These types of system based on vibration 
analysis exist for e.g. water turbines. 
 
The effect of damage can be classified as linear or non-linear. A linear damage 
situation is a structure that remains linear-elastic after damage. Changes in the 
geometry and/or in the material change the modal parameters but the structural 
response is still possible to calculate using the linear equation of motion. If an initially 
linear elastic structure behaves non-linear after the damage it is classified as a non-
linear damage. The most common example of a non-linear case is a cracked concrete 
structure. When the structure is exposed to vibrations, ambient or forced, some cracks 
may open and other will be closed depending of the vibrations causes compression or 
tension. Other example of non-linear behaviour is structures with loose connections, 
such as a damage bridge support or joints. A loose connection gives energy losses 
depending on the direction of the vibration. 

2.3 Sensor system 

2.3.1 General 
All sensors are used to transform physical properties into human interpretable 
information. A thermometer, for example, shows the expansion of mercury or other 
liquid. Anders Celsius decided that the different in expansion from the temperature 
when water freeze to the temperature when water boils should be 100 degree, Utsi 
(2000). 
 
There is a wealth of different types of sensor for monitoring of civil engineering 
structures. The sensor system must be designed especially for the application and the 
kind of measurements that should be performed. In this chapter we will start to 
describe some common sensors types used in measurement application of civil 
engineering structures, see Table 1. However, many of these sensors types are not 
suitable for use in a long term monitoring scenario. Therefore the remaining part of 
this chapter will be devoted to the recent development of fibre optical sensors. 
 
Table 1. Some common sensor types in Structural Health Monitoring. 

Sensor type Global Local Damage Short term Long term 
Accelerometer X - X (x) (x) 
Strain gages, bonded - X - X - 
Strain gages, welded - X - X (x) 
Vibrating wire system (x) X - X X 
Deformation, LVDT X - - X (x) 
Acoustic emission X - X X (x) 
Fibre optical sensors (x) X X X X 
X = Suitable solution (x) = Works for some applications - = Not recommended 
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Other types of sensing system have been intentionally omitted such as the temperature 
sensors, psychrometers for measuring humidity, laser measurements, chloride sensors, 
crack width sensors, penetrant fluid test, PH-sensors, GPS , Piezo1-electrical sensors 
(except  accelerometers) etc. 

2.3.2 Traditional sensors 

2.3.2.1 Accelerometers 
Accelerometers are normally used to collect information about the vibration of a 
structure. These data are often used for modal analysis and damage detection, see 
chapter 2.5.The sensor measures the acceleration it is exposed to and transforms the 
acceleration to voltage. The most common senor type in structural health monitoring 
applications is the piezo-electric accelerometer ISIS Canada (2001). It is based on 
piezo-electric crystals that produce a charge output when they are compressed, flexed 
or subjected to shear forces. A mass in the sensor subjected to vibration will generate a 
force on the crystal which according to Newton, amF ⋅= , will be proportional to the 
acceleration. The mass is placed on the crystal to produce a voltage proportional the 
type of acceleration requested. 

2.3.2.2 LVDT 
LVDT is an abbreviation for linearly varying displacement transducer, or linear 
variable differential transformer. It consists of a movable magnetic core passing 
through one primary and two secondary coils. 

 

Figure 3. A schematic picture of a LVTD gauge 
 
When an AC or DC excitation voltage is applied to the primary coil, an AC voltage in 
the secondary coils is generated due to the magnetic fields the excitation voltage 
creates. The magnitudes of the voltage output depends on the position of the movable 
magnetic core, see Figure 3. 

2.3.2.3 Vibrating wire transducers 
Another common sensor used in SHM applications is the vibrating wire transducer. 
The main component in the sensor is the wire itself. The pre-tensioned wire is clamped 
between two metal plates. The metal plates are attached to the structure or the object 
                                              
1 The word piezo originates from the Greek word for squezze 
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that should be monitored. Displacement of the plates makes the wire more, or less, 
tensioned. The natural frequency, f , is measured and given the relation to the stress, 
σ  length, L , and gravity, g , the strain, ε , can be calculated since the E-modulus, E , 
of the wire is known. 
 

ρρ
σ gEe

L
g

L
f ⋅⋅

⋅
=

⋅
⋅

=
2

1
2

1    (1) 

 
An electric coil is attached above the wire. The coil usually serves two purposes, it 
gives initial vibration to the wire and it senses the vibrations. See Figure 4 

 
 

Figure 4. Vibration wire strain gauge 
 

2.3.2.4 Strain Gauges 
One of the most used sensors in civil engineering applications is the electrical 
resistance strain gauge. It is used both for measurements of strain in stressed structures 
and as a sensing component in load cells, pressure cells and deformation gauges. The 
sensor uses the fact that expansion of a metal (a resistor) increases the electrical 
resistance. A fine metal resistor bonded to an electric insulated flexible base, called 
backing builds up the sensor, see Figure 5. When the sensor is attached to a stressed 
object the change in resistance is proportional to the measured strain. 

 RGaugefactor
R

ε ∆
=  (1) 

 
The small changes in resistance is often measured in a Wheatstone bridge where 
dummy gauges is inserted to compensate for the temperature drift. 
 

Coil
Pre-tensioned Wire
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Figure 5.Electric resistor strain gauge Figure 6.Electric resistor strain gauges 

2.3.3 Fibre Optical Sensors (FOS) 

2.3.3.1 The principle 
The development of fibre optics started after the invention of the laser. During test 
with laser beams in air the researchers found that the transmission of light in air suffers 
more when the air was foggy and humid. An idea was to close the light in a tube to 
reduce the influence of humidity. However it was found that the light beam spread and 
lenses had to be placed confocally to make the light parallel to the walls of the tube. 
This construction technique was very expensive and soon abandoned, Yeh (1990). 
Meantime the development of electromagnetic theory of microwaves in dielectric rods 
evolved. Test began on glass rods with smaller and smaller diameters. The earliest 
glass fibres had a loss more than 1000 db/km but just ten years later the losses were 
less than 1 db/km Ghatak and Thyagarajan (1998). Another invention that made it 
possible to use coherent light as an information carrier in fibres was the continuous 
wave, room temperature diode laser, Utsi (2000). With the laser it was possible to 
transform digital information into light and with the low-loss fibres it was possible to 
send this information far away almost instantly. 
 
An optical fibre is a dielectric wave-guide. Their task is to guide light along the length 
of the fibre. The fibre consists of a cylindrical core with a refractive index n1 
surrounded by a cladding with a reactive index, n2 < n1. This makes the light rays 
bounce on the walls between the core and the cladding. See, beam path Figure 7 A. 
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Figure 7. Optical fiber. From Jönsson (1995) 
 
There are three types of optical fibres. The single mode fibre (SMF), which is the most 
common in fibre optic communication systems Ghatak and Thyagarajan (1998). The 
SMF can only carry one mode, the fundamental mode, of light waves. The size of the 
fibre is decreased until only the fundamental mode remains Figure 7 C. The fibre has a 
high baud rate but the size make it easier to break during installation, Jönsson (1995). 
It is also hard to splice the SMF, Yeh (1990). The reason for the high baud rate is that 
the ray is theoretical parallel to the longitudinal axis and doesn’t bounce on the walls 
of the small diameter fibre. The diameter of the SMF is ~10 µm. If the fibre can carry 
more than one mode it is called a multi-mode fibre (MMF), see, Figure 7 A. The last 
fibre is the gradient index fibre. The difference between n1 and n2 is increasing from 
the edge of the core towards the centre. This makes the light beams to bend more and 
more further from the centre, see Figure 7 C. 

2.3.3.2 Sensor types 
Physical effects affect the properties of the transmitted light in a fibre optical sensor. 
For example, a certain change of temperature corresponds to a shift in wavelength of 
the reflected optical light. 
 
Fibre optical sensors are used in many applications but the main type of sensing are 
hydrophones (underwater acoustic sensing), temperature, pressure and strain 
monitoring. Some other successful inventions are the fibre optic gyroscope (FOG) and 
different types of chemical and biomedical sensors. Since 1983 there are several 
conferences that are fully or partially dedicated to the development of new sensor 
technology. Like International Optical Fibre Sensors Conference OFS-17 (2005) or 
International Conference on Experimental Mechanics ICEM (2004) 
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Compared with conventional sensors the FOS has the following advantages, Ansari 
(1997) and Leung (2001):  
 

• Geometric adaptability  
• High sensibility and bandwidth  
• Small size 
• Immune to electric and electromagnetic interference 
• Works as both a sensor and a path for the signal 
• Easy to embed because of dimension and material compatibility 
• Less noise 
• More stable 

 
The two last points are, according to Ansari (1997), the most essentially qualifications 
that make FOS a suitable sensor for structural health monitoring. The fibres do not 
degrade during curing; they do not corrode, and bond strongly to the matrix, which is 
necessary to be able to embed the sensor in a material compatible structure. Especially, 
for FRP structures it is also possible to monitor the state of structural elements during 
fabrication. 
 
The biggest disadvantage with conventional FOS is, according to Leung (2001), that 
they are “point” or local sensors. Local sensors can give useful information about 
structures behaviour or about design assumptions for modelling, however in health 
monitoring they are only useful if the critical location for monitoring is well known. 
For example, to monitor the health of concrete structures the sensors have to provide 
information about location as well as the propagation of cracks. The number of sensing 
points must be very large or some other sensor type must be used. For a large structure 
it is therefore necessary to distribute local sensors that can observe the damage 
wherever it occur. Leung (2001) 
 
 
Fibre Bragg Grating (FBG)  
The most used and also the simplest fibre optical strain gauge is the Bragg grating sensor, 
Utsi (2000). of the sensor consist of a periodic variation of refractive index along the sensing 
part of the fibre. The gratings are created using laser beams from opposite side of the fibre. 
Depending of the beam angle of the different periods of grating can be created. The period 
affects the wavelength of the reflected broadband signal, see Figure 8. This makes it possible 
to apply several sensors on the same fibre. Grattan (2000). The phenomenon is used to 
measure the temperature and strain. A known shift in wave length corresponds to a certain 
strain or temperature. Figure 9 shows a FBG sensor. Since the shift in wavelength from strain 
is smaller than differences caused by the variation of the gratings systems it is possible to 
deduce the strain at each grating, see Figure 10.  
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Figure 8.Fibre Bragg Grating 

 

 

 
 
 

Figure 9. Strain causes wave length shift Figure 10. Periodic gratings causes 
wave length shift 

The largest bridge that is partially reinforced with FRP is monitored with FOS in 
Headingley, Manitoba, Canada, Mufti (2003). The 165 meter long bridge is equipped 
with 65 FBG sensors. According to ICIS Canada (2004) the strains from the sensors 
are online at internet free to observe and use. From a health monitoring perspective 
this gives only local information of the strain in a number of points in the FRP 
reinforced span compared to the conventional reinforced span. 
 
Fabry-Perot 
A Fabry-Perot sensor consists of two reflectors which are made of two reflectors, 
placed inside the fibre with a certain distance, which is the same as the sensor size. 
The first reflector the light pass is a partial reflector and the second is a total reflector. 
Strain can be deduced from the shift in phase at the reflection light signal. See Figure 
11. Only one sensor per fibre can be installed. 
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Figure 11. Fabry-Perot sensor 

Microbending sensors 
The sensors are built on the phenomena that more light is leaking from a multi mode 
optical fibre when the fibre is bent. “Total reflection” at the walls is never total, the 
amount of light leakage is dependent on the reflection angel. It is simple to measure 
the light losses caused by microbending, see Figure 13. A common application for 
microbending sensors is pressure measurements Rippert et al (2000). Pressures cause 
the fibre to bend with help of a bending device, see Figure 12. A typical application is 
to measure the pressure caused by sound Yeh (1990). For application in health 
monitoring the temperature compensation, intensity drifts, system calibration and the 
inherently non-linear relationship between intensity and elongation may cause some 
problems when using this type of sensors. Inaudi (2003) 
 

 
 

Figure 12. Microbending concept. From Rippert et al 
(2000) 

 

Figure 13. Microbending concept. 
From Ansari (1997) 

Intensity- or amplitude-type sensors. 
The sensor is depending on changes in the effective length of the sensor which is the 
length of the fibre. If the sensor is extended the intensity is change cause of changes of 
the refractive index and also the length the light have to travel. This sensor is based on 
multi mode fibres (MFS) because they have more losses/length. The strain can be 
deduced from the changes of the intensity. Utsi (2000) and Ansari (1997) 
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Figure 14. Optical fibre intensity sensor. From Ansari (1997) 

 
Brillouin scattering 
Ansari (2002) and Bao et al. (1995) refers the Brillouin scattering as scattering of a 
light wave by an acoustic wave. When this process occurs in an optical fibre the 
reflected, also called back-scattered, light is measured. Changes in the frequency of the 
back-scattered light are caused by strain. This strain may be caused by deformation on 
a structure or by temperature casing the fibre to change length. Bao et al. (1994) made 
sensor based on Brillouin scattering with a strain resolution of 20 µstrain with a spatial 
resolution of 5 m. The length of the sensor was 22 km. An even longer sensor was 
presented by Lecoeuche et al. (1999). The sensor length was 25 km and it was possible 
to localize the strain within 2 m. Such long fibres can be used for fire alarms, or failure 
alarms for large structures (bridges and dams). Johnson et al (2004) showed the 
Brillouin scattering system among other sensors were used as a smart “black box” to 
demonstrate the feasibility of distributed health monitoring for damage detection and 
location. 
 
SOFO system 
The SOFO system a commercial sensor system is developed in Switzerland by EPFL 
and SMARTEC and has been used for monitoring in many structures around the 
world. About 150 objects including bridges, tunnels, piles, anchored walls, dams, 
historical monuments, nuclear power plants as well as laboratory models has been 
equipped. The sensor system consists of two fibres which are fixed in a metal tube. 
The metal tube can be imbedded in a concrete structure during casting. One of the 
sensor fibres is pre-tensioned and the other is a dummy fibre with no strain even if the 
tube is tensioned. Strain caused by temperature in the actual fibre is also compensated 
with this dummy fibre. Strain in the concrete gives strain in the pre-tensioned fibre 
which resulting in a change in optical path difference between the two fibres. The 
phase difference will also be changed cause of the displacement shift. The signal 
demodulator consists of two fibres who ends in a fixed mirror and the other ends in a 

 
Sensing area Multimode optical fibre 

Iin Iout 

Strain 

Light intensity/ strain 
 

In
te

ns
ity

 

Strain 



Structural Health of Bridges 
 

 
18 

front of a movable mirror. The mirrors reflect the signals to a photo-diode detector 
who compare the two signals. When they are equal in phase the movement of the 
mirror is equal to the average strain in the metal tube, See Figure 15 Leung (2001) and 
Inaudi et al. (1994). The size of the metal tube varies from 0.25 m to 20 meters.  
 

 
Figure 15. The SOFO strain sensor 

 
Sensor for crack detection and localization 
In Leung (2001) a novel type of fibre optical sensor is presented. It is an application of 
the microbending sensors. The idea is to cover large concrete areas with multimode 
optical fibre in a zig-zag pattern. The reason is that the fibre cannot be attached 
perpendicular to the expected or already occurred cracks. When the cracks opens the 
fibre is forced to bend and there are some light losses at the bends, see Figure 16. If the 
intensity drops rapidly the crack location can be calculated from the time of the 
returning of the signal, see Figure 17 
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Figure 16.The novel sensor for crack detection and localization 
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Figure 17. The signal intensity before and after cracking 

2.4 Acquisition, communication and storage 
Our infrastructure will in the future be “smarter”. The access to powerful and cheap 
microprocessor will speed up the development of “intelligent” engineering structures. 
These structures will also have the ability to communicate with each other or with 
service centers, by wire or wireless, over a global network. For example, the road 
building companies and national transportation administration will be able to offers 
resource-efficient transport and logistic system, which guarantee a maximum time to 
delivery. This will require intelligent products, communicating and collaborating over 
the world-spanning network, Internet, where the road infrastructure will be one part. A 
first step is taken with the new generation of mobile network. The UMTS network 
with transfer rates up to 2Mbits/s will allow for relatively high streams of data to be 
transmitted live. It also brings the possibilities of building monitoring and maintenance 
systems where: 
 
− Storage of data and other information is made in distributed databases accessible 

over the Internet. 
− The evaluation, viewing and scheduling of maintenance will have web interfaces. 
− Alarms or other messages can be sent via email to mobile field staff. 
 
When reliable degradation models exist the next step is to integrate this knowledge in 
the microprocessors located in the engineering structures. Hence, the data analysis can 
be moved from a centralized supervision to a distributed decision-making system. 
Process capacity can also be distributed. For example, if the data analysis requires 
complex modeling, the process capacity can be ordered from the net, either from many 
small microprocessors (parallel computing) or from high performance computers. This 
will lead to semi-automated analyses where the foundation for decisions will be much 
richer. Internet specialist talks about “ubiquitous” computing where most of the future 
data exchange will be automated and occur between Internet embedded systems. 
 
Figure 18 shows an example of an acquisition, communication and storage system 
developed at the division of structural engineering. The system WWW logger consists 
of sensors that are connected to a signal conditioning and data-logging unit. The data-
logger communicates point to point over the wireless GSM telephone net with a  
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Figure 18. Acquisition, communication and storage system 

 
modem connected to Internet. All data is stored in a network SQL database and 
managed by a WWW server, see Figure 18. Today, many companies can offer 
monitoring systems that can be connected to the Internet. 

2.5 Modal analysis 

2.5.1 Frequencies analysing 
There are two types of frequency analysis that can be used for damage identification, 
the forward identification and the inverse identification analysis. Both methods use the 
fact that the natural frequencies of a structure shifts when the physical properties 
change. According to Scott et al. (1996) the analysis of frequency shifts have 
significant practical limits for civil structures, although they believe that future 
research may resolve those limits. The main problem with the frequency analysis is the 
low sensitivity of frequency shift to damage. Detection of frequency shifts requires the 
structure to be very damaged or accurate measurements. 
 
When doing a forward identification analysis, the structure is first calculated with a 
model. The damages are then introduced and the change in natural frequencies is 
calculated. The natural frequencies of the real structure are measured and compared 
with the predicted frequencies from the model to determine if the structure has been 
damaged. The Forward problem is used to check if any damage in the structure is 
present, so called Level 1 damage identification. The first published papers using 
forward frequency analysis dealt with damage detection in the offshore industry, Bell 
et al. (1976) or Vandiver (1977). Gudmondsson (1982) introduced the technique of 
crack modelling in concrete structures. Later Friswell and Penny (1997) showed that 
deterioration of the reinforcement steal of concrete structures had little influence on 
the natural frequencies. It is clear that some damage types in specific structures can be 
detected using the forward method. 
 
The inverse identification analysis is a typical Level 2 or Level 3 damage 
identification method, see chapter 2.2. Damages can be identified, but also the damage 
parameters e.g. crack length and/or crack location can be calculated from the 
frequency changes. Chang (2003) points out that methods of locating cracks or 
estimate the crack depths is only useful for special application, e.g. when it is clear that 
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cracks is already present in a e.g. concrete structure. According to a literature review 
by Doebling et al. (1996), the forward method have been applied to detect damages in 
real structures whereas the inverse method so far only been investigated theoretically, 
see Lifshitz (1969), Adams et al. (1978) and Wang and Zhang (1987). 

2.5.2 Mode shape analysis 
Other properties of dynamics have been investigated. Another method is the relation 
between damage and the mode shapes. However, since damages most of the time is a 
localalized it may not give significant changes to the mode shape in the lower 
frequencies of the global vibration of a structure, Chang (2003). 

2.5.3 Mode shape curvature analysis 
The curvature of the mode shapes is more sensitive to local damages and stiffness 
deceasing damages than the analysis of the shape. Since both the curvature and the 
strain are the second derivate of the mode shape, it should be more easy to localize the 
damage by observing these modal derivates, especially the strain since is easy to 
measure, Chance (1994). However, since strain is a local entity new sensor technology 
must be applied to register the strain field over the whole structure.   

2.5.4 Matrix update method 
Another, more theoretical, global health monitoring method is the matrix update 
method. It is based on the modification of the structural model matrices, the mass-, 
stiffness- and damping-matrix, as close as possible to the measured static or dynamic 
responses from the data, Doebling et al. (1996). However, the method requires an 
undamaged structure to be carefully modelled and verified. The damages are then 
simulated in the model and compared with the damaged structure. If only one damage 
scenario of the model’s stiffness matrix correspond to the damage structures stiffness 
matrix the probability is high that the modelled damage scenario in correct. According 
to Chang (2003) and Friswell and Penny (1997) the main problem with this method is 
that the baseline stiffness. Mass or damping matrices are probably not accurate in the 
initial model. Such errors in the basic, undamaged model will very likely give far 
grater changes in the modelled frequencies compared to the actual damages on the 
structure, Friswell and Penny (1997). 
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2.6 Artificial Neural Networks (ANN) 
Neural networks are a method to estimate, predict and eventually localize damages in 
complex structures. Gurney (1997) defines a neural network as: 
 

“A neural network is an interconnected assembly of 
simple processing elements, units or nodes, whose 
functionality is loosely based on the animal neuron. 
The processing ability of a network is stored in the 
interunit connection strengths, or weights, obtained 
by a process of adoption to or learning from a set of 
training pattern.” 

 
The best example of a natural neural network is the human brain. In SHM the ANN 
technology can be used for damage detection. Some structures with known damages 
are used to train the network. The examples match a certain type of damage to a set of 
strain measurements. Using many damage examples the ANN could give an accurate 
estimation of the damages. However, the problem is to train the ANN. With only a 
limited number of examples the accuracy of the estimation, prediction and localizing 
the damage, is low, Chang (2003). More information can be found in e.g. Fausett 
(1994) and Bishop (1995) 
 

 
Figure 19. Schematic picture of a simple ANN 

2.7 The probability of failure 
A construction is designed to give a certain probability not to exceed the relevant limit 
state. The probability of failure is estimated using a resistance parameter, R, the 
carrying capacity, and a load parameter, S. Failure occurs when R S< . If for example, 
the load effect S is assumed to be normal distributed with the mean value of mS and a 
standard deviation of sS and the resistance R is assumed to have a lognormal 
distribution with a mean value of mR and a coefficient of variation of VR. If S and R are 
statistically independent from each other the following holds: 
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 SR S Rf f f=   (3) 

where fS and fR are the frequency functions of S and R respectively. The condition for 
failure can now be written as: 

 ( ), 0S RΘ ≥  (4) 

The condition for failure is illustrated in Figure 20a where the frequency function   fSR 
is plotted in the SR-plane. Any combinations of S and R below the line 0-A will lead to 
failure. The probability of failure is equal to the hatched volume of fSR below 0-A. To 
calculate the probability of failure we use variable substitution to make the resistance 
and load functions normal distributed: 
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R0 is an arbitrary value to make the term R/R0 dimensionless. The mean values and 
standard deviations of ξ and η becomes: 
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 1sξ = , 1sη =  (7) 

The First Order Reliability Method, FORM, is based on a series expansion of the 
expression:  

  [ ]( ), ( ) 0S RΘ ξ η ≥   (8) 

where only the first expansion terms are included. Figure 20b a shows the failure 
condition in the ξη-plane. The probability of failure can now be estimated from the 
safety index β, see Table 2 in Chapter 3.3. The safety index, β, is the shortest 
perpendicular distance from the tangent of the line 0-B to the center point M of the 
frequency function fξ,η. 



Structural Health of Bridges 
 

 
24 

0 mS S

R

mR

No failure 

Failure 

( ), 0S Rθ =

A 
M 

M B 

pf 

η

mη

0
mξ ξ 0

β ( ), 0θ ξ η =

a) b)
 

Figure 20. Frequency functions a) in the SR-plane and b) in the transformed ξη-plane. 
 

More information on probabilistic assessment methods can be found in, e.g. 
Diamantides (2001) or Ditlevsen (1996). 
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3 Assessment and upgrade procedures – Three case 
studies 

3.1 Background 
This chapter describes examples of measurements, assessment and upgrade procedures 
of three Swedish bridges. The first two cases is from the procedure of upgrading from 
25 to 30 ton of axle load to increase the iron ore transport capacity from Luleå to 
Narvik, Paulsson (1996). The third case gives an example of using fiber optics strain 
measurements in a real bridge monitoring project. 
 
In the assessment of the railway from Luleå to Norway a comprehensive test program 
was launched to determine the current capacity and need for strengthening of the 114 
bridges on the line. The upgrade procedure can be summarized in three steps. If a step 
showed that the safety is satisfied the upgrade procedure is finished, otherwise next 
step of upgrading is applied. Other examples for doing an upgrade procedure can be if 
damages have been detected at a regular visual inspection. 
 

I. Simplified check  
a. In-situ inspection 
b. Calculation according to design codes 

II. Refined check 
a. Strength test 
b. Measurements of strains and deflections 
c. Refined calculations 

III. Actions one of 
a. Supervision  
b. Strengthening  
c. Build a new bridge 

 
Field investigations using in-situ test methods (Capo-tests and Rebound Schmidt 
hammer) as well as drilled out core samples revealed that the compressive strength had 
increased 50 to 100 % over the years for many of the bridges at the iron ore track see 
Thun (2001). Calculations according to the latest design codes resulted in that many of 
the existing bridges after re-assessment could carry the increased axle loads. 
 
In the first case, the Kallkällan Bridge, the moment capacity in the bridge cross 
direction was to low and it was decided to strengthen the bridge with a new method 
using CFRP. Since the repair method never had been used on bridges in Sweden 
before it was decided to launch a comprehensive testing program to monitor the 
performance of the strengthening method.  
 
In the second case, the Loussajokk Bridge, the calculation showed that the increased 
axle loads would exceed the yield limit in the reinforcement. However, before any 
decision was taken regarding strengthening or replacing the bridge the strains in the 
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steel reinforcement was measured. Since the measurement indicated much lower levels 
than expected, refined calculations based on the actual case were performed and the 
probability of failure were evaluated using FORM (First Order of Reliability Method). 
 
The third case presents two newly built concrete bridges for tram traffic, connecting 
the southern with the central part of Stockholm. The sister bridges are almost equal in 
design and size. At a bridge inspection at the Gröndals and the Alviks bridge in the year 
2000 extensive shear cracking was detected in the webs of the concrete hollow box-
girders. The bridges are large freivorbau bridges (pre-stressed concrete box bridges), 
approximately 400 meters in length with a free span of 120 m and 140 m respectively. 
It was open to tram traffic in 2000. Just after opening cracks were noticed in the webs, 
these cracks have then increased, the size of the largest cracks exceeded 0.5 mm, and 
at the end of 2001 the bridge was temporarily strengthened. This was carried out with 
externally placed prestressed steel stays. The reason for cracking is still debated. 
Nevertheless, it was clear that the bridges needed to be strengthened. The strengthened 
methods used were CFRP laminates in the Service Limit State (SLS) and prestressed 
dywidag stays in the Ultimate Limit State (ULS). The strengthening was carried out 
during 2002. At the same time monitoring of the bridge commenced, here LVDT crack 
gauges as well as FOS have been used. This then gave us the possibility to investigate 
the use of optical strain sensors in connection of strengthening of structures in field. 

3.2 The Kallkällan Bridge 
A total of 3200 meter of carbon fibre sheets with the width of 0.3 meter and a 
thickness of 0.17 mm was applied to the bottom face of the railway trough bridge 
located in Kallkällan in Luleå. In the cross direction two layers of sheets were bonded 
to the bridge and in some section up to 6 layers were bonded. Strains and deformations 
were measured both before and after strengthening. Short-term measurements from the 
test program showed that the bridge stiffness increased by approximately 15 % after 
strengthening Täljsten and Carolin (1999) and Carolin (2003). 
 
To investigate the long-term effects of the strengthening method it was decided that 
the bridge was to be monitored over an extended period of time. In the first testing 
program, both strain and deflections was measured at various points along the bridge. 
However, since the long-term program continued for at least 2 years it was decided to 
only include the mounted strain gages in the long-term program for practical reasons. 
Figure 21 shows the section where strain was measured in Kallkällan Bridge. 
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Figure 21.CFRP strengthened bridge, numbers indicate strain gage locations. 

 
Furthermore the initial test program showed that the strain in the steel reinforcement 
decreased approximately with the same ratio as deflections. Hence, the readings from 
the welded strain gages on the reinforcements can be used as an indicator of the 
durability of the strengthening method. The initial program was conducted in 
September 1998. The long term monitoring started 2 years later and finished 2002. 
 
The preliminary result from the long-term monitoring program shows that the CFRP 
strengthening system works as intended, see Figure 22. The first two measurements 
shown in Figure 22 was made with a train speed of 30 km/h while the last one shows 
the results from the long term measurement program with a normal crossing speed 
(~50 km/h). The initial verification measurements showed no influence of the crossing 
speed in the range 10-50 km/h. 
 
Another issue is the sensor robustness. In this case we only compared the effect of the 
trainload, i.e. the zero level is set just prior to the crossover. Since it takes ½ to 1 min 
for a train set with 50 ore wagons to crossover the sensor drift is negligible. However, 
we have noticed a long-term effect on the strain gages that were adhesively bonded to 
the CFRP giving lower readings with time. This effect is probably attributed to the 
adhesive used. All welded strain gages showed the same levels of strain 2 years later, 
hence no sensor degeneration was detected. 
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Figure 22. Effect of CFRP strengthening. Before and directly after was measured with train 

speed 30km/h. The result from the long-term monitoring program 2 years after was made with 
a train speed of ~50km/h. The different masses of the three trains are normalized to give 

comparable results. 
 
Another curiosity is that different types of train set leave a distinct fingerprint. From 
the measurement made we can determine number of wagons in each train set, if it was 
a passenger train or a freight train carrying iron ore or steel slabs. It was also noticed 
that the climate affected the measured strains, see Figure 23. This effect was probably 
caused by the frozen railway bed during the winter season acting as a load-carrying 
beam especially in the transverse direction of the bridge. 
 

 
 

Figure 23.Measured strain versus time in the transverse bottom reinforcement of the bridge 
during winter and summer seasons. 
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3.3 The Luossajokk Bridge 
The Luossajokk Bridge is situated in Kiruna in the North part of Sweden. It is one of 
the 114 bridges on the iron ore that were upgraded from 25 to 30 tonnes axle loads. 
The remain life time of this bridge is limited cause of the mining methods that is used 
in the mine under the bridge, hence the owners were very interested to use alternative 
methods to a new construction. The performed calculation showed that the increased 
axle loads would exceed the yield limit in the top reinforcement, see Figure 25, a 
refined FORM analysis was performed, see Chapter 2.7 
 

 
Figure 24.The Luossajokk Bridge during static loading with IORE-locomotive. Simonsson 

(2002) 
 

Yielding in the reinforcement  
Figure 25.The Luossajokk Bridge. The figure shows the worst loading case for the top 

reinforcement 



Structural Health of Bridges 
 

 
30 

Table 2. Relation between safety index, failure probability and safety classes in the 
Swedish code. 
 
 
 
 
 
 
 
The target safety index for the Luossajokki Bridge was 4.75, i.e. a failure probability 
of less or equal than 10-6. The resistance for the worst loading case can be written as:  

 1 2
s st

s st
cc

A fR A f d f bd
⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (8) 

where As, d, b are the geometrical properties of the bridge and fst and fcc the yield strength 
of the steel reinforcement and compressive strength of the concrete respectively. Figure 
26 shows a Monte Carlo simulation of the resistance R. The recommendations by the 
Joint Committee on Structural Safety JCSS (2001) have been used for the parameters As, 
fst and fcc, except that the mean value and coefficient of variation for the concrete strength 
where taken from the tests made. The effective height (d) and width (h) are treated as 
deterministic values. 
 

 
Figure 26. Monte Carlo simulation of the resistance distribution 

 
The corresponding load effect consists of a combination of loads affecting the 
moment. The contribution from the dead load, (Mg normal distribution), the 
contribution from the overburden, (Mgb normal distribution), the contribution from the 
earth pressure, (Mj normal distribution), the contribution from traffic load, (Mq set to a 
deterministic value), contribution from dynamic interaction with the bridge, (D normal 
distribution), contribution from retardation/acceleration, (Mh normal distribution) and 
finally the contribution from temperature, Mt (normal distribution): 

Safety index, β 3,72 4,26 4,75 5,20 
Failure probability, pf 10-4 10-5 10-6 10-7 
Safety class  1 2 3 - 
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 (1 )g gb j q h tS M M M M D M M= + + + + + +  (9) 

The distributions for many of the contributing loads are hard to assess, especially the 
dynamic factor D, retardation/acceleration Mh and the temperature load Mt. Therefore 
the safety index were evaluated with different load variations using the deterministic 
design code for traffic load and the deterministic real maximum traffic load, see Figure 
27 
 
The result of the refined analysis lead to the recommendation that a long term 
monitoring program should be launched to confirm the analysis and also to give better 
knowledge for probabilistic distributions in the future especially for different load 
contributions Enochsson et al. (2002) 
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Figure 27.Evaluated Safety index with six load combinations and using the design codes 

traffic load and the real traffic load 

3.4 Alvik and the Gröndalsbridge 
After an inspection in 2001 severe cracking were found in the webs of the hollow 
freivorbau Gröndal bridge. Later, similar cracking was found in the twin bridge, Alvik 
bridge. To ensure the safety of the bridges the train traffic were temporary. 
Calculations with EURO-codes showed a deficit of steel reinforcement in the webs. To 
increase the safety in the Ultimate limit state both bridges were strengthened through 
the webs with post-stressed dywidag stays. To reduce the crack initiation and 
propagation in the service limit state CFRP-laminates were glued at the inside of the 
walls of the hollow box. To monitor the crack widths and to demonstrate how the 
strengthening system worked, two separately sensors system were applied to monitor 
cracks openings, temperature and the strain in the CFRP laminates using FBG sensors. 
The result of the monitoring and the strengthening are given more detailed in paper C.
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4 Future research 
In the thesis global and local monitoring are discussed and the conclusion is that global 
monitoring is preferred; hence the effort of future research should be concentrated 
towards this area. There are two suggestions to solve the global monitoring issue, one 
is to use modal analysis and the second is to use distributed sensors, both in 
combination with extensive modelling. 
 
Modal analysis with curvature measurements by measuring strains  
One of the biggest drawbacks with traditional modal analysis of the global behaviour 
and damages detection is that large stiffness decreases are needed to have significant 
changes of frequencies. By measuring the curvature of the mode shapes more accurate 
results may be obtained since the curvature are close connected to the bending 
stiffness. Theoretically it is possible to obtain the curvature by measure the strain in 
several positions along a beam-like structure. It should also be possible to obtain the 
curvature of the mode shapes by measuring the strain at the top and bottom of a beam. 
The main advantage with this is that the strains are easy and relatively cheep to 
measure.  
 
Imbedded FOS 
The optical fibre itself is very brittle and during installation of a sensor system it is 
easy to break a fibre. The sensors also need protection if they should be used for long-
time monitoring. By using a prefabricated FRP rod with the sensors imbedded the 
installation work can much easier. If it the FRP rods are a part if a strengthening 
system, monitoring of the strengthening is a strong indicator of the global behaviour. 
 
Monitoring of advanced strengthening field applications. 
Since the knowledge of strengthening structures with CFRP is well established at the 
division of structural engineering entrepreneurs and owners frequently ask for design 
consultancy with advanced strengthening projects. The combination of monitoring and 
knowledge of retrofitting will increase the value of the strengthening and it may give 
the owners information about the condition of their strengthened structure. 
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6 Discussion of the papers 

6.1 Context  
The area of structural health monitoring, SHM, is relatively new and includes many 
engineering disciplines. What’s included in the definition varies with the author. The 
thesis covers some aspects of SHM of bridges from manufacturing, monitoring, 
assessment to diagnostics and retrofitting, covering the whole life cycle. The first 
paper, paper A, deals with some of the retrofitting problems especially how the 
strengthening using CFRP can be applied without interrupting the traffic flow. The 
second paper is about manufacturing and construction of a new bridge using corrosion 
“safe” materials which are not yet common in bridge design. Also it shows numerical 
modelling which is an important tool in SHM. The third paper shows the retrofit of a 
large box bridge using CFRP and how the strengthening effect can be monitored and 
verified using fiber optical strain sensors. The last paper investigate how modal 
analysis can be used as a diagnostic tool to indicate damages on a pre-stressed concrete 
beam cut loose from an existing bridge. Figure 28 shows the content of the 
supplemented papers in relation to the life-cycle of a structure.  
 

 
Figure 28.Paper content in relation to the life cycle of a structure. 
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6.2 Paper A: Concrete beams exposed to Live Loading during 
CFRP strengthening  

6.2.1 Contribution to the paper: 
Arvid Hejll’s contribution to the paper is literature review, planning, preparation and 
execution of all the tests. The paper is based on the master thesis written by Hejll and 
Norling (2001) and many of the figures are taken from there.  

6.2.2 Status of the paper 
The paper is accepted and reviewed by Journal of Composites for Construction. The 
full paper can be read in Appendix A. 

6.2.3 Summary  
Normally, owners of structures want to continue with their activity or service during 
strengthening. Full-scale applications have shown that this is possible, but there is a lack 
of understanding of how cyclic loads during strengthening, for example traffic loads 
affect the final strengthening result. This paper presents laboratory tests on concrete 
beams strengthened with CFRP laminates and NSMR (Near Surface Mounted 
Reinforcement). The beams were subjected to a cyclic load during setting of the 
adhesive. After additional hardening, the beams were then loaded by deformation control 
up to failure. For the beams strengthened by laminate plate bonding or NSMR with 
epoxy, the cyclic loads do not significantly affect the strengthening effect for the tested 
beams. The small differences noticed in the tests are probably due to normal scatter of the 
failure. However, the failures were controlled by anchorage in the concrete and the 
absolute effect on the bond behavior could not be directly studied from the load bearing 
capacity. The use of cementitious mortar together with NSMR is not suitable when cyclic 
loads are prevailing during hardening of the adhesive. A cementitious bonding agent 
together with NSMR does work when it cures under static conditions. This pilot study 
with cyclic loads should be extended with different load levels, load frequencies and 
specimen sizes. The two tested epoxies have different curing times, one epoxy is faster 
then the other. No other differences were found between the two systems.  
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6.3 Paper B: large scale hybrid FRP composite girders for use in 
bridge structures - theory, test and field application 

6.3.1 Contribution to the paper: 
Arvid Hejll’s contribution to the paper is manufacturing of the test specimens, 
preparation and execution of the load tests, the numerical model of the girders. In 
addition a large part of text and most of the figures are made by Hejll. 

6.3.2  Status of the paper 
The paper is submitted to Composites part B: Engineering. The full paper can be read 
in Appendix B. 

6.3.3 Summary  
A significant outcome of the project has been the ability to develop a complete new 
bridge system, where advanced composites profiles can be connected to conventional 
building materials or other advanced composite components. From this paper it can be 
concluded: the performed tests are considered to be successful. However, since the 
experiment where made to verify the performance the large composite girders could 
not be tested to failure. The comparison between test, theory and the numerical 
calculations were in quite good agreement and full composite action between the 
GFRP profiles and the CFRP flanges were obtained. 
Considering the manufacturing process, bonding of the rectangular profiles was 
relatively uncomplicated. However, it was not possible to achieve a fully uniform 
adhesive thickness. The choice of carbon fibre (quality and configuration) is 
important. A pre-test was carried out to find a proper fibre configuration to able be to 
impregnate the required number of layers for this application. Here it was found that 
flow layers of glass fibres had to be placed between every 6th or 7th layer of carbon 
fibre. It was also found that the number of carbon fibre layers should be limited to 45, 
this to ensure good wetting and bonding properties of the carbon fibre. The vacuum 
infusion process provided a very good composite. However, the process was time 
consuming and it was difficult to obtain a very smooth upper surface of the flange. The 
selected bonding procedure at the construction site was time consuming. However, this 
can easily be improved in future applications by selecting better equipment for 
handling the composite deck during bonding. The installation of the bridge was easy to 
carry out. It had also been possible to prefabricate the whole bridge (depending on 
size) off site and transport it and lift it in position at site. 
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6.4 Paper C: CFRP Strengthening and monitoring of the Gröndals 
Bridge in Sweden 

6.4.1 Contribution to the paper: 
Arvid Hejll’s contribution to the paper is literature review, preparation for and 
application of the sensor system, planning and execution of the measurements together 
with drawing figures and writing parts of the text. 

6.4.2 Status of the paper 
The paper is accepted and reviewed by CICE 2004 - The Second International 
Conference on FRP Composites in Civil Engineering. It will be published in the 
conference proceedings. The full paper can be read in Appendix C.  

6.4.3 Summary 
In this particular project the most innovating part was not to use CFRP laminates for 
strengthening, it was the way the design of strengthening was carried out. By using 
fracture mechanics in the design and in combination with CFRP laminates it was 
possible to (theoretically) absorb the energy needed to open a crack to a certain size 
and  to the CFRP laminates. Therefore a cost effective solution for strengthening in the 
SLS (also contributing to the ULS) could be designed and carried out. Both monitoring 
systems installed on the bridge showed that the cracks were not propagating and that 
the opening for the cracks was more or less negligible The largest crack opening 
measured was approximately 0,06 mm. Furthermore, the temperature effect was 
approximately 10 times larger than the effect from the tram traffic. Monitoring will 
continue and it will be interesting to follow the bridge over time. 
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6.5 Paper D: Damage Detection of a Large-Scale 38-Years-Old 
Prestressed RC Bridge Girder using Natural Frequencies 

6.5.1 Contribution to the paper: 
Arvid Hejll’s contribution to the paper is execution of the vibration test, analysis of 
data and contributing to parts of the text. 

6.5.2 Status of the paper 
The paper will be submitted to Computer-Aided Civil and Infrastructure Engineering. 
The full paper can be read in Appendix D. 

6.5.3 Summary 
For studying the possibility of an early damage detection by natural frequencies, a 
prestressed concrete girder with a length of 17 meters was cut out of a highway bridge. 
The tendon wires were gradually damaged locally in order to obtain a prestress loss. 
Experimental modal tests were performed after every three wire cuts and natural 
frequencies were evaluated by an output-only subspace system identification (SSI) 
method. Several aspects, which are influencing natural frequencies of the girder are 
discussed. A finite element model analysis was performed to study stiffness and mass 
loss effects due to wire cuts and to assess recovering effects which are based on 
increasing Young’s moduli according to nonlinear stress - strain relation of concrete in 
cases when the structure is unloaded. The results showed very small changes of natural 
frequencies because no cracks during the whole tests occurred and the Young’s 
modulus of concrete was increasing after unloading. Based on the presented study, for 
an early damage detection in prestressed RC girders whereas compound is existing 
between tendon wires and concrete, natural frequencies changes due to wire breakage 
or wire corrosion seems not to be significant enough to be detectable using frequency 
analysis 
 



 



Paper A 
 

Title: Concrete beams exposed to Live Loading during CFRP strengthening 
 
 

Authors: Anders Carolin1, Björn Täljsten1,2 and Arvid Hejll1,3 

 
Status: Accepted to Journal of Composite for Construction 

 
 
 
 
 
 1).  Luleå University of Technology 
  Division of Structural Engineering 
  SE-97187 Luleå, Sweden 
 
 2).  Skanska Teknik AB 
 SE 169 83 Solna, Sweden  
 
 3).  EMPA  
  Structural Engineering Research Laboratory  
  CH-8600 Dubendorf, Switzerland  

 



 



CONCRETE BEAMS EXPOSED TO LIVE LOADING DURING CFRP 
STRENGTHENING 

 
By Anders Carolin1 

Björn Täljsten2 
Arvid Hejll3 

 

 
Abstract 

The need for structural rehabilitation of concrete structures all over the world is 
well known. Extensive amounts of research have been carried out and are going on 
in this field. Most of the laboratory research has been undertaken on structural 
elements without live load during the strengthening process. Normally, owners of 
structures want to continue with their activity or service during strengthening. Full-
scale applications have shown that this is possible, but there is a lack of 
understanding as to how cyclic loads during strengthening, for example traffic loads 
affect the final strengthening result. This paper presents laboratory tests on 
concrete beams strengthened with CFRP (Carbon Fiber Reinforced Polymers) 
laminates and NSMR (Near Surface Mounted Reinforcement). The beams were 
subjected to a cyclic load during setting of the adhesive. After additional hardening, 
the beams were then loaded by deformation control up to failure. 
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Introduction 
In the last decades it has become more and more important to repair and 
strengthen existing structures. The reasons for this are numerous, and vary for each 
and every case. Many different methods can be suitable as choice, for example 
shotcrete with steel fibers, additional steel reinforcement covered by concrete, and 
post-tensioning, just to mention a few. One repair and strengthening method that 
has been growing rapidly for at least the last 10 years is plate bonding with Fiber 
Reinforced Polymers, (FRPs), (Täljsten 1994; Karbhari and Seible 1999). FRP, also 
referred to as composites, is a material with high stiffness and strength and it serves 
as an outer reinforcement when bonded on to a structure’s surface. The material is 
lightweight, does not corrode and can come in almost any shape, length, and 
dimension. The reinforcement can be in form of laminates that are bonded to plain 
surfaces, or the composite can also be built up by hand lay-up with a thin fabric on 
the structure and is therefore possible to use on curved surfaces as well. The 
method has been found to be applicable for strengthening in shear, flexure and for 
confinement. It has been found that the method also works in cold climates, 
(Carolin and Täljsten 2002). The advantages and drawbacks of the method can vary 
between the objects and must always be considered, (Carolin 2001). It has been 
found that the outer reinforcement can be damaged from vehicle impacts and it can 
be necessary to protect the composite when used in applications if risks of impact 
exist. The consequences from loss of strengthening effectiveness by fire, vandalism, 
collision etc must also be considered, (Chaallal et al. 1998). A variant of plate 
bonding is Near Surface Mounted Reinforcement, NSMR. In NSMR the rods are 
placed in pre-sawn grooves in the concrete cover instead of on to the surface. When 
NSMR is possible, it provides better anchorage in the concrete, some protection for 
the strengthening system, and in some cases also easier installation. The shear force 
is transferred into the rod on three sides, which makes peeling forces at the end less 
critical compared to traditional plate bonding. Some researchers, (Blaschko 2001), 
use rectangular laminates in narrow deep slots, and others, (Rizkalla and Hassan 
2001) have used circular rods. At Luleå University of Technology the NSMR method 
was developed during 1996 using quadratic cross-section rods. The cross-section 
was chosen for several reasons. When the grooves are sawn they will have vertical 
and parallel sides, therefore it is beneficial with rectangular cross-sections. This 
gives a larger bonding to reinforcement area ratio and a more uniform adhesive 
thickness compared to circular rods. When it comes to the dimensions of the rod, a 
more flat laminate needs a deeper groove to give the same reinforcement area. On 
laboratory beams, this will not cause any problem since the concrete cover can be 
design to fit desired requirements. On existing structures, especially old ones, the 
concrete cover will vary. It can be found to vary 300 % from the design value, 
(Enochsson et al. 2002). On old concrete structures it is even possible to spot 
corroded rebars on the surface. It has been found that a quadratic cross-section of 
10 x 10 mm2 provides good anchorage as well as easy installation and is consistent 
with existing structures. 
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There has been discussion, mainly based on lack of knowledge, as to how to handle 
epoxy products. For this reason there has been an interest in investigating 
alternatives to epoxy as a bonding agent. Previous tests have shown that it is 
possible to strengthen with the NSMR technique and to use a concrete mortar as 
bonding agent instead of epoxy, (Carolin et al. 2001). In the case of a cementitious 
bonding agent the rods must have an outer layer of quartz sand to ensure bonding 
between the rod and the mortar. Further description of the usage of NSMR can be 
found in Täljsten and Carolin 2001; Nanni 2001; Rizkalla and Hassan 2001. A brief 
understanding of NSMR can be found by studying FIG 1, where the insertion of the 
rods in the concrete cover is shown. 
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FIG. 1. Cross-sections of test specimens 
 
Most laboratory studies, with both NSMR and traditional plate bonding, have been 
carried out on beams placed upside down on a flat surface when the strengthening 
has been applied. This means that the beams are completely unloaded, including 
self-weight, when the CFRP is bonded to the structure. Some studies have been 
undertaken with a strain field on the strengthened cross-section, i.e. dead load, 
(Weijian and Huiming 2001). Initial strains on a cross-section can be handled in 
most design proposals, (Täljsten 2002). Over time changing strain field have not 
been thoroughly studied. This corresponds to live loading during the strengthening 
process, i.e. for example traffic on a bridge during curing of the adhesive. 
 
For owners and end users, it is an important question to know whether it is possible 
to keep the structure in service during the strengthening process. Large costs are 
often connected to limiting the service of a bridge, not to mention the irritation and 
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delay for end users. Alternative routes, traffic signs and signals need to be used. 
Scheduled traffic is delayed or needs to be cancelled. Plate bonding has been used in 
several applications where the strengthening has been applied during nighttime 
with minimal disturbance for society and with the structure back in service the 
following day. The best case of applying a strengthening is if the structure can be 
completely unloaded, including of the self weight, during strengthening. This 
enhances the utilization of the FRP’s contribution before the structure reaches 
critical stages, yielding of reinforcement, concrete crushing and so on. As presented 
by Meier et al. (1993) and Nordin et al. (2001), prestressing of CFRP can be one way 
to achieve a more effective use of the material. However, prestressing of CFRP is not 
fully developed and will in many cases probably not outdo traditional strengthening 
when all aspects are considered, for example the extra work due to anchorage. The 
answer to the owners’ question also depends on what kind of structure it is that 
needs to be strengthened. For structures with high dead loads from as for example 
archives, it is in most cases probable that the structure must not only be taken out 
of service, but the fixtures must also be removed to unload the structure. Bridges 
are different; they often have a high amount of self-weight compared to the frequent 
live loads. The vehicles that give the highest loads, trucks or trains, are less frequent 
compared to lighter vehicles. Nevertheless, it is of utmost importance to provide 
answers to whether or not, a structure can be used during strengthening. 
 
This paper presents laboratory tests investigating the effect of live loads during the 
strengthening process. Both laminate plate bonding and the use of NSMR have 
been investigated. For the NSMR applications both epoxy and a cementitious 
bonding agent have been studied. 
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FIG. 2. Test specimens 
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Experiment Program 
The tests have been undertaken on rectangular reinforced concrete beams 
presented in FIG. 1 and FIG. 2. Previous full-scale tests compared with existing 
theories have shown that the size of the beams gives reliable results for the 
strengthening system, (Täljsten and Carolin 1999). The size effect might be different 
for the case with live loads during strengthening but is not covered within this 
study. The beams were heavily reinforced in shear, 10 mm stirrups @ 75 mm 
spacing, to also ensure a flexure failure when strengthened. A total of 12 beams 
were tested, 7 beams were strengthened with NSMR and 4 beams with traditional 
laminate plate bonding. Half of the strengthened beams were strengthened without 
loads during curing, the other half were subjected to live loads as described later in 
this paper. The beams were subjected to four-point bending, both during the 
strengthening phase and when they were loaded up to failure. The beams tested are 
presented in Table 1. 

Table 1. Test Specimens 
Specimen Condition  Slot Size 

[mmxmm]
Strengthening 
Reinforcement  

Adhesiv
e 

 

Reference 
beam - -  -  

      
Plate bonding   Area 1.4x50 mm2   

LMstat static - BPE® Laminate 145 M epoxy BPE® Lim 567 
LMdyn dynamic - BPE® Laminate 145 M epoxy BPE® Lim 567 
LSstat static - BPE® Laminate 145 S epoxy BPE® Lim 567 
LSdyn dynamic - BPE® Laminate 145 S epoxy BPE® Lim 567 

      
NSMR   Area 10x10 mm2   
BMstat static 16x16 BPE® NSMR 101 M epoxy BPE® Lim 465 
BMdyn dynamic 16x16 BPE® NSMR 101 M epoxy BPE® Lim 465 
BSstat static 16x16 BPE® NSMR 101 S epoxy BPE® Lim 465 
BSdyn dynamic 16x16 BPE® NSMR 101 S epoxy BPE® Lim 465 
BShdyn dynamic 16x16 BPE® NSMR 101 S epoxy BPE® Lim 567 

BSstat-cem static 20x20 BPE® NSMR 101 QS cement  StoCrete GM1 
BSdyn-cem dynamic 20x20 BPE® NSMR 101 QS cement  StoCrete GM1 

 
To investigate the use of cementitious mortar as bonding agent two beams were 
strengthened with NSMR and cementitious mortar as bonding agent, one under 
static conditions and one in combination with cyclic loads. The quadratic rods 
bonded to the beams with cement mortar were covered with a thin layer of quartz 
sand to improve the anchorage between the rod and the cement mortar used. The 
sand was bonded to the rods after pultrusion with an epoxy resin. However, no 
attempts to qualify the bond characteristics were made. Before strengthening, the 
slots were saturated with water to get the best performance of the cement mortar. 
After the rods had been placed in the slots, the mortar was kept moist for 21 days.  
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Table 2. Material Properties 
Material Compressive 

Strength 
[MPa] 

Tensile4) 
Strength 
[MPa] 

Young’s 
Module 
[GPa] 

Concrete1) 62 3.6 42 
Reference beam 61 3.5  
Plate bonding    

LMstat 57 3.7  
LMdyn 64 3.6  
LSstat 57 3.7  
LSdyn 64 3.6  
NSMR    
BMstat 68 3.8  
BMdyn 67 3.9  
BSstat 56 3.0  
BSdyn 56 3.0  
BShdyn 68 3.8  

BSstat-cem 58 3.5  
BSdyn-cem 66 3.7  

    
Steel reinforcement 5152) 5152) 210 

Adhesive3)    
BPE® Lim 567  93 46 7.0 
BPE® Lim 465  103 31 7.0 
StoCrete GM1 45 9 26.5 
Composite3)    

BPE® Composite M  2000 250 
BPE® Composite S   2800 160 

1) Average 
2) Yielding  
3) Suppliers data 
4) 0,8 x Splitting strength 

 
All slots in the concrete were cut with a saw after manufacturing of the beams. 
When epoxy was used, the slot dimension was 16 x 16 mm2. The sand-covered rods 
have a larger cross-section, compared to the original ones, to get the same fiber 
area. The slots therefore needed to be larger in this case and were made 20 x 20 
mm2. Two different epoxies were used in the tests, one low viscosity epoxy and one 
with a higher viscosity. Properties of the materials used can be found in Table 2. 
The properties of the composites and the adhesive are given by the supplier and are 
not tested. The concrete quality is tested on 150 mm cubes. Empirical relation to the 
tested split strength obtains the tensile strength of the concrete. The concrete had 
an age of approximately 180 days and during the test period was considered to be 
fully cured, without any significant changes of the properties such as compressive 
strength. The beams were equipped with strain gauges on the concrete, the internal 
steel bars and on the FRP composites. In addition to the strain gauges, SG, the 
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midpoint deflection and support settlement were registered with Linear Voltage 
Differential Transducers (LVDTs), as shown in FIG. 3. For some tests additional 
LVDTs were used at the ends of the rods to measure the rod slip during curing of 
the adhesive. Viscosity tests have also been made on the active parts of the epoxy 
adhesives. The adhesive also contains fillers, which give the adhesive higher 
viscosity than indicated in these tests. The viscosity during the first 24 h at time t of 
the adhesive can be expressed as 
 

i
kt

t e ηη =  (1) 
 
where k is the reaction constant and iη is the initial viscosity at time t=0 presented 
as in Table 3. The properties have been obtained by rotating viscosity meter 
isothermal tests, which are relevant for the thin bond layers in the tests. 
 

Table 3. Material Properties 
Material Compressive 

Strength 
[MPa] 

Tensile4) 
Strength 
[MPa] 

Young’s 
Module 
[GPa] 

Concrete1) 62 3.6 42 
Reference beam 61 3.5  
Plate bonding    

LMstat 57 3.7  
LMdyn 64 3.6  
LSstat 57 3.7  
LSdyn 64 3.6  
NSMR    
BMstat 68 3.8  
BMdyn 67 3.9  
BSstat 56 3.0  
BSdyn 56 3.0  
BShdyn 68 3.8  

BSstat-cem 58 3.5  
BSdyn-cem 66 3.7  

    
Steel reinforcement 5152) 5152) 210 

Adhesive3)    
BPE® Lim 567  93 46 7.0 
BPE® Lim 465  103 31 7.0 
StoCrete GM1 45 9 26.5 
Composite3)    

BPE® Composite M  2000 250 
BPE® Composite S   2800 160 

1) Average 
2) Yielding  
3) Suppliers data 
4) 0,8 x Splitting strength 
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Table 4. Viscosity Parameters 

Epoxy k 
10-3 [s-1] 

iη  
[mPas] 

Pot Life 
[min] 

BPE® Lim 465 0.2337 2597 90 
BPE® Lim 567 0.3808 4995 60 
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SG on laminate / rod :

x

SG on steel

SG on concrete
LVDT

 

Gauge Location, x 
[mm] 

1 5 
2 20 
3 50 
4 100 
5 200 
6 400 
7 600 
8 1600 

 
FIG. 3. Monitoring of the specimens 

 
 
Strengthening  
Five beams were strengthened while unloaded. The beams strengthened with 
laminate plate bonding were ground on the surface to expose the aggregates. The 
surface was then subjected to compressed air to obtain a clean surface with neither 
dust nor debris. Then the laminates were bonded to the surface and the adhesive 
was allowed to cure unloaded in 20 ºC for seven days at 60 % humidity. The beams 
strengthened with NSMR had grooves cut by a concrete saw that has two parallel 
saw-blades. The concrete that remained between was chipped away with a chisel. 
This gave a groove with two parallel fairly smooth sides and one rough side at the 
bottom, (FIG. 4A). The groves were then cleaned and half filled with adhesive, (FIG. 
4B). The rods were then placed, the grooves were completely filled and the rod had 
adhesive on three sides, (FIG. 4C). 
 

Rough surface

A B C

Half filled with 
adhesive

Adhesive surronding the 
NSMR rod on three sides

 
FIG. 4: Procedure for strengthening with NSMR 
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Laminate/Rod 3200 mm

 
 

FIG. 5. Test set-up for curing under cyclic load 
 

 
The other five beams were strengthened in the same way, but with live loads acting 
during curing of the adhesive. Due to the size of the beams they were mounted in 
the load set-up prior to strengthening. The beams were strengthened upside down 
to facilitate the monitoring and visual inspection, (see FIG. 5). It is believed by the 
authors that installation from under to up will not cause any considerable problems. 
The length of the laminates and rods, 3200 mm, was chosen to be critical for 
anchorage, (Täljsten 1997). This gave laminates and rods that ended between the 
supports and would therefore not be significantly affected by the bearings. In order 
to keep the test set-up steady, a load of 5 kN was chosen as a lower limit which 
should not be mistaken as a simulation of the dead load. The load program for the 
live loads started 20 minutes after the mixing of the two adhesive compounds had 
commenced. This time allowed the strengthening system to be mounted in the same 
way for all the beams, i.e. no dynamic loads were applied when the strengthening 
system was applied but started well within pot-life of the adhesive. Every 108 
seconds one “sinus shaped” load cycle in load control mode with a maximum of 40 
kN was applied and then the beam was unloaded to 5 kN, (see FIG. 6). The load 
level was chosen to be around 60 % of the load for yielding of internal steel bars for 
the control beam. The crack load for the control beam was about 10 kN, which 
means that the strengthened beams were cracked during curing. The frequency was 
chosen together with Swedish Road Authorities to simulate real conditions for 
heavier vehicle overpasses on a fairly frequented bridge. The value comes from a 
real bridge that has 800 overpasses of heavier vehicles each day. This is a frequency 
of 0.0093 Hz or one overpass every 108 second. It is only of interest to simulate 
heavier vehicle overpasses since the load and deformation from ordinary private 
cars can in comparison be negligible. The “sinusoidal load” of the load-time curve is 
to simulate the global behavior of a bridge rather than isolating each axel on the 
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vehicle. The beams were subjected to the live load for 72 hours and then unloaded 
and stored, in controlled environment of 20 ºC and 60 % humidity, until they were 
tested up to failure. The beams strengthened with epoxy adhesive showed no signs 
of damage after live loading. However, beams strengthened with rods, bonded by 
cementitious mortar, obtained cracks in the mortar along the whole length of the 
rods. All strengthened beams except the beam with cementitious mortar were 
allowed to cure one week after the strengthening commenced until tested to failure. 
The cementitious mortar was allowed to cure for 28 days under moist conditions. 
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FIG. 6. Load cycle applied every 108 s 
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FIG. 7. Typical cross-section strains and mid point deformations at peak load 

for every load cycle. 
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Table 5. Level of Mid-point Deflections and Steel Strains for All Beams During Hardening of 
Adhesive 

Specimen Mid-point Deflection Steel Strain 
 Before 

hardening 
[mm] 

After 
hardening 

[mm] 

Decrease 
 

[%] 

Before 
hardening 

[10-6] 

After 
hardening 

[10-6] 

Decrease 
 

[%] 
Plate bonding       

LMdyn 7.6 5.3 30 1870 1440 23 
LSdyn 8.4 6.4 24 1220 850 30 

       
NSMR       
BMdyn 8.4 5.2 38 1820 1270 30 
BSdyn 8.6 6.4 26 1925 1430 26 
BShdyn 8.0 5.9 26 1820 1400 23 

BSdyn-cem 8.7 8.7 0 1880 1880 0 
 

Results and evaluation 
Strengthening 
The effect of the strengthening system during curing of the adhesive is shown in 
FIG. 7. The plotted values are measured at the maximum load for every load cycle. 
The figure shows on the left vertical axis the strains over the cross-section for beam 
BShdyn. The mid-point deflection is also plotted in the same figure with numbers 
on the right vertical axis. The hardening process can be divided into three 
distinctive stages, (see FIG. 7). The first stage is denoted extended potlife, where the 
polymer does not transfer any significant forces to the composite reinforcement. 
However, the potlife in traditional meaning is only 90 min for this specific epoxy. 
The second stage, a hardening phase, begins when the polymer starts to set and 
forces are transferred into the composite. At the end of stage two the stiffness 
behavior of the adhesive is reached. In stage three, no changes can be observed in 
stiffness behavior but polymerization continues until the epoxy is completely set. 
During stage three the adhesive gains strength and viscosity as presented later in 
this paper. It can be observed from FIG. 7 that initially the strains slightly increase 
due to crack formation in the concrete. Then the strains are quite stable until 
initiation of polymer setting, which seems to occur approximately at 4 hours. As the 
epoxy cures the composite rods start to be stressed, meanwhile the steel bars are 
unloaded to an equivalent degree. After setting of the polymer, another 4 hours, the 
peak strains are unaffected during the remaining load cycles. The mid-point 
deflection shows the same behavior and a decrease from 8 mm to 6 mm could be 
noticed. The deformation from the beginning of the tests gives a deformation to 
span ratio of 1/450. The decrease of mid-point deflection and steel strains for all 
beams during hardening of the adhesive can be found in Table 4. From Table 4 it is 
obvious that the beams, except for BSdyn-cem, had gained stiffness from the 
applied FRP. The mid-point deflections had decreased which is the best indicator of 
the strengthening effect. There is a larger strengthening effect from the NSMR 
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compared to the laminates. The reason why NSMR shows a higher reduction of the 
deflection is that more fibers are bonded to these beams. Beams strengthened with 
high modulus, M, CFRP also give a higher strengthening effect than beams 
strengthened with high strain, S, CFRP both regarding laminates and NSMR.  
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FIG. 8. Composite slip in the NSMR slot for BShdyn 
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FIG. 9. The strains in the composite for the peak load during curing, BSdyn. 
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During hardening of the cement mortar bonding agent for beam BSdyn-cem, cracks 
occurred along the bond surface. The rod was almost completely loose and only 
some mechanical anchorages between the quartz sand and the mortar held the rod 
in place in the middle of the beam. Measured values of the strains in the steel also 
show that the strengthening has effect on beams bonded with epoxy. However, 
strains are affected by the distances to the closest crack on each side of the gauge, 
which are different for all beams, and are therefore, not as good indicators of the 
strengthening effect compared to the global midpoint deformations. Nevertheless, it 
is important that strains in the steel have decreased since the composite is giving a 
contribution to tensile forces over the cross-section. However, the strains from the 
lower cyclic load limit, 5 kN, will never be partly carried by the composite unless the 
composite is subjected to prestressing prior to bonding. In stage 1 the biggest 
relative movements between the composite and the concrete are at the ends of the 
beams. The movements, caused by elongation on the tension side of the beam while 
loaded, are presented in FIG. 8. In the middle of the beam, there are no movements 
because of symmetry. The strain, measured by gauges, (shown in FIG. 3) can be 
used to evaluate the average shear stress, 1, +iiτ  between the points,  and  

(presented in FIG. 3), along the bond length by equation 2, (Hejll et al. 2003). 
ix 1+ix
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where the strains, at the points  and , are ix 1+ix iε  and 1+iε , E  is the Young’s modus 
of the rod and  is the width of the rod, 10 mm. In Table 5 the measured strains are 
shown. Shear stresses are presented in FIG. 9 as a function of distance from cut-off 
end and time from application of adhesive and start of the test; four different times 
have been plotted. The forces are transferred to the composite in the shear span and 
are zero in the mid region where the moment is constant and is largest at the ends 
where the movements were largest in the beginning. The first three plots (525, 565, 
and 740 min) in FIG. 9 show that the shear stresses become higher at the end of the  

t
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FIG. 10. Strains in composite (BShdyn) and viscosity of BPE® Lim 567 over time. 
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FIG. 11. Strains in composite (BSdyn) and viscosity of BPE® Lim 465 over time. 

 
rod as the epoxy hardens. The last plot, 1382 min, shows a scattered behavior, 
which most likely depends on cracks between the strain gauges. However, there is a 
clear tendency that the shear stress increases with setting of the adhesive. The 
explanation for this is that the shear stress in the bond layer is proportional to the 
stiffness of the adhesive, (Täljsten 1997), and when the epoxy hardens, the viscosity 
and Young’s modulus of the adhesive increases. In FIG. 10 and FIG. 11, the 
composite strain and the viscosity of the two epoxies are shown. Stage 2, when 
forces start to be transferred to the composite, begins at different times for the two 
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epoxies but the viscosity is about the same. Stage 2 changes from a viscosity of 
about Pas to a viscosity of Pas. When the viscosity is below Pas, the shear 
modulus of the adhesive is too low to transfer the strains in the concrete into the 
CFRP. When the viscosity is above Pas, further increase of the shear modulus 
does not affect the strain in the CFRP, i.e. the shear modulus is high enough to give 
full bond for the applied strains. 

610 810 610

810

Load-carrying capacity tests 
The beams were subjected to four-point loading, (as presented in FIG. 2), by 
deformation control, with a rate of 0.01 mm/s. The control beam, Reference, has a 
high initial stiffness until the concrete cracks, see (FIG. 12) where all the load 
deflection plots for beams strengthened with laminates are shown. After cracking of 
concrete, the beam is linear elastic until yielding of the internal steel bars starts. 
After initiation of yielding, the loading continued until large deformations were 
present. The beams subjected to live loads during the curing of the adhesive were 
already cracked before the load ramp to failure started. The typical behavior of 
these beams is linear elastic until yielding of internal steel is reached. Then the 
stiffness is reduced but the beams carry more load until failure.  
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FIG. 12. Load-deflection plots for the laminate plate bonded beams 
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FIG. 13. Anchorage failure in the concrete for beam LSstat. 

 
Beams not subjected to live loading are uncracked and therefore have an initial 
stiffness that is higher than the precracked beams. After cracking the behavior is 
similar for all the beams. In Table 6 test results for all beams are summarized. After 
ultimate load was reached for the strengthened beams the capacity decreased to the 
level of the control beam. The deflections of the beams after ultimate load were not 
measured since the placements of LVDTs were disturbed at the failure. FIG. 12 
shows in general that strengthening with bonded carbon fiber laminates is an 
effective strengthening method both regarding ultimate load and load when internal 
steel yields. What is even more interesting is that the dynamic loads during curing, 
except for one case, do not significantly affect the strengthening effect. The beams 
strengthened with laminates failed by failure in the concrete for both laminates 
LSstat, LSdyn and LMdyn, (see FIG. 13), except for beam LMstat that failed by 
rupture of one of the laminates and failure in the concrete in the other. This may be 
an indication that the anchorage is affected by the dynamic curing condition for 
high modulus fibers. The load deflection plots for the beams strengthened by NSMR 
and epoxy are shown in FIG. 14. The higher strengthening effect from NSMR  
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FIG. 14. Load-deflection plots for the NSMR strengthened beams. 
 
compared to traditional laminate bonding is most likely due to the applied area of 
strengthening material. FIG. 14 shows in general that strengthening with NSMR is 
an effective strengthening method. It also shows that the dynamic loads during the 
curing of the epoxy do not affect the strengthening. Beam BMdyn failed by fiber 
rupture in one rod and anchorage failure in the concrete for the other rod. Beam 
BMstat failed by severe concrete damage where the part of the concrete beneath 
internal steel was detached, (see FIG. 15). The other beams failed by normal 
anchorage failure in the concrete. FIG. 16 shows that a cementitious mortar also 
works as bonding agent when the beam is strengthened while unloaded. In fact, it is 
possible to achieve the same capacity with cement as with epoxy. It is also obvious 
that the same mortar is not useful if dynamic loads during the strengthening are 
prevailing. Beam BSdyn-cem behaved like the Reference beam. Even if the rods 
were almost loose in the groove, the roughness from the quartz sand was able to 
transfer forces to the rods that actually became stressed. After the steel started to 
yield, the strain in the rods remained at the same level as the deformation of the 
beam increased. Beam BSstat-cem failed by fiber rupture in one of the rods. 
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FIG. 15. Anchorage failure in the concrete for BMstat. 

 
 
 

0 5 10 15 20 25 30 35 40 45 50 55 60
Deformation [mm]

0

20

40

60

80

100

120

140

160

180

200

Lo
ad

 [k
N

]

Reference

BShdyn
BSstat-cem
BSdyn-cem

Live load intervall

 
FIG. 16. Load-deflection plots for the NSMR strengthened beams with cement 

adhesive. 
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Conclusions 
For the beams strengthened by laminate plate bonding or NSMR with epoxy, the 
cyclic loads do not significantly affect the strengthening effect for the tested beams. 
The small differences noticed in the tests can be due to normal scatter of the failure 
mode. However, the failures were controlled by anchorage in the concrete and the 
absolute effect on the bond behavior could not be directly studied from the load 
bearing capacity. The use of cementitious mortar together with NSMR is not 
suitable when cyclic loads are prevailing during hardening of the adhesive. A 
cementitious bonding agent together with NSMR does work when it cures under 
static conditions. This pilot study with cyclic loads can be extended with different 
load levels, load frequency and size effect. The two tested epoxies show a difference 
in curing times, one epoxy is faster then the other. No other differences can be 
found between the two systems. 
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ABSTRACT 
The ASSET bridge project, founded by the European Commission, was started in 1998 

and finished in the autumn of 2002. The project has in brief covered the design, manufacture 
and construction of a fully polymer composite traffic bridge 

The reasons for building a polymer composite bridge are related to the problems of 
ageing infrastructure and the need for upgrading. In addition, in cases where the speed of 
construction or reduced weight are critical factors, the short construction time and low 
weight for a polymer composite bridge are beneficial. The size of the prototype bridge is 7 x 
10 m and the bridge consists of four rectangular longitudinal polymer composite main 
girders manufactured from GFRP (Glass Fibre Reinforced Polymer) stiffened with carbon 
fibre flanges and a full composite bridge deck manufactured from GFRP. The bridge deck is 
built up of pultruded framework sections bonded together with an epoxy adhesive. The deck 
is then bonded to the girders. 

This paper describes the benefits of a polymer composite bridge in relation to traditional 
bridges. Further, the manufacturing and construction processes are briefly presented, in 
particular the focus placed on the manufacturing and testing of the longitudinal hybrid 
composite girders. In addition, a FE-analysis has been carried out, and this analysis is 
compared with an analytical solution and tests. Both the numerical and the analytical theory 
correspond quite well with obtained test results. 
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INTRODUCTION 

Over the past decade, the issue of deteriorating infrastructure has become a topic of 
critical importance in Europe, and to an equal extent in the United States and Japan. The 
deterioration of decks, superstructure elements and columns can be traced to reasons 
ranging from ageing and environmentally induced degradation to poor initial construction 
and lack of maintenance. Added to the problems of deterioration, are the issues related to 
the needs for higher load ratings and the increased number of lanes to accommodate the 
ever-increasing traffic flow on the major arteries. As an overall result, a significant portion 
of our infrastructure is currently either structurally or functionally deficient. 

Beyond the costs and visible consequences associated with continuous retrofit and repair 
of such structural components, are the real consequences related to losses in production and 
overall economies in terms of time and resources caused by delays and detours. As we 
prepare for the twenty-first century, the renewal of our lifelines becomes a critical issue. To 
keep a structure at the same performance level it needs to be maintained at predestined time 
intervals. If lack of maintenance has lowered the performance level of the structure repair up 
to the original performance level can be required. In cases when higher performance levels 
are needed upgrading can be necessary. Here, performance level is defined as the load 
carrying capacity, the durability, the function or the aesthetic appearance of a structure. 
Upgrading refers to strengthening, increased durability, or change of function or improved 
aesthetic appearance of the structure. In this paper, the use of composites in bridge 
structures is briefly discussed, with emphasis on newly built structures. That advanced 
composites can be used to repair and strengthen existing structures has been shown by 
various researchers, see for example Täljsten (2002). However, the uses for composites in 
bridge building are still not that common. 

Why are advanced composites suitable for civil engineering applications? Fibre 
reinforced polymer matrix composite materials have a number of advantages when 
compared to traditional construction materials such as steel, wood and concrete. FRPs offer 
excellent corrosion resistance to environmental agents as well as the advantages of high 
stiffness-to-weight and strength-to-weight ratios when compared to conventional 
construction materials. Other advantages of FRP include low thermal expansion, good 
fatigue performance and damage tolerance, non-magnetic properties, the ease of 
transportation and handling, low energy consumption during fabrication of raw material and 
structure, and the potential for real time monitoring. Perhaps the biggest advantage of FRPs 
is tailorability. Reinforcement can be arranged according to the loading conditions so that a 
FRP structure or a component can be optimised for performance. 

The apparent high cost of FRP compared to conventional materials has been a major 
unfavourable restraint. However, a direct comparison of the unit price basis may not be 
appropriate. When installation is included in the cost comparison, FRPs can be competitive 
with conventional materials. The lightweight of FRP reduces transportation expenses and 
allows some prefabrication to take place at the factory, which reduces time at the job site. If 
the comparisons include life cycle costs, FRP can have a significant advantage. The unique 
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properties of FRPs, such as high corrosion resistance, make the life cycle cost lower than 
they are with conventional materials. In many cases, a composite structure can last much 
longer than one of conventional materials, thus ensuring a lower life-cycle cost (Chiu and 
Franco, 1990). Furthermore, increasing demand will drive down the cost of FRP. The 
current demand for FRP in the construction industry continues to increase at a rate of 2.5% 
per year, (Composites Technology 1996). Nevertheless, as we recently entered the 21st , it is 
appropriate to contemplate the bridge technology of the future. Research is already under 
way on improved materials that may have a dramatic impact in the building industry such as 
the application of new systems to existing building types, and new and improved types of 
building structures. The introduction of fibre-reinforced polymers in civil engineering 
structures has progressed at a very rapid rate in recent years. A comprehensive summary of 
constructed polymer composite bridges can be found in Godonou (2002). The first known 
bridge was the Miun bridge built in Beijing, China. The bridge was built by the hand-lay up 
method and the structural system consisted of FRP box beam girders. The weight of the 
bridge was only 1/5 of a conventional RC bridge. Up to date more than 200 vehicle bridges 
have been built. The most common structural system among existing FRP bridges is the 
simply supported beam system. In most cases, a FRP deck rests on girders made of 
conventional building materials. In a few cases, even the girders are made of FRP materials.  

THE ASSET PROJECT 

The ASSET bridge project, founded by the European Commission, was started 1998 and 
finished in the autumn of 2002. The project has mainly covered design, manufacture and a 
prototype construction of a fully polymer composite traffic bridge. This prototype bridge 
has replaced an existing bridge, the West Mill Bridge, in Oxfordshire, the project is 
described more in detail in Luke et al., 2002. The size of the prototype bridge is 7 x 10 m 
and the bridge consists of four rectangular longitudinal hybrid polymer composite main 
girders manufactured from GFRP (Glass Fibre Reinforced Polymer) stiffened with carbon 
fibre flanges and a full composite bridge deck manufactured of GFRP. The bridge deck is 
built of pultruded framework sections bonded together. The sub-decks consisting of 5 to 6 
pultruded profiles are then bonded to the longitudinal composite girders. The mid-span 
cross-section of the bridge is shown in figure 1. 

Before building the bridge, the issues concerning joining the different parts of the bridge 
together were discussed thoroughly. The predominant idea at the beginning was to mainly 
bolt the parts together. Nevertheless, as the project proceeded it become more and more 
evident that bonding would be preferable. However, even though bonding is predominantly 
used, bolts are needed in some sections, for example to prevent peeling forces as well as in 
sections where bonding was complicated or uncontrollable. 

PILOT TEST 

In this paper the manufacturing of the main girders, together with the bonding procedure 
and construction of the bridge will be presented. However, before the large scale beams 
were produced, two small pilot test beams were manufactured, one reference beam without 
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CFRP flanges, test Beam 1, and one test beam with CFRP strengthened flanges, test Beam 
2. Prior to bonding the rectangular profiles were properly grinded and cleaned with acetone. 
First, the four longitudinal girders were bonded together with an epoxy adhesive, BPE® Lim 
465, to form a rectangular composite GFRP beam. This was performed at the same time for 
both test beams. The bonding was undertaken indoors in a controlled environment at 20 ºC 
± 2 ºC and at most 50 % RH. An approximate bond line of 1 mm was obtained in the 
bonding process by using distance holders. 

Clamps were used to form necessary bond pressure during adhesive curing. Excess 
adhesive was removed from the beams after bonding. The beams were then left to harden 
for 5 days in the same environment. Figure 2 shows the rectangular bonded profiles after 
hardening. The hardened excess adhesive was later on removed by grinding. Test Beam 2 
was then prepared for the CFRP (Carbon Fibre reinforced Polymers) strengthening process. 
Here, the vacuum infusion process was used to form a composite and to bond the CFRP to 
the flanges of the GFRP profile. Before the CFRP reinforcement was applied, the GFRP 
surface was thoroughly grinded with a sand grinder and wiped clean with acetone. 

Vacuum Infusion processes are increasingly being used to improve product quality, 
reduce labour costs, and to largely eliminate emissions. In this process, the reinforcement is 
placed in the mould and covered with a sealed plastic bag. Application of a vacuum is then 
used to both draw catalysed resin through the reinforcing material and to consolidate the 
final part. The latest technology using sophisticated resin channelling techniques and long 
gel time resins can permit the manufacture of large and complex parts via this process, 
including those with in-built core panels. In figure 3 the vacuum infusion process for the 
second pilot test beam is explained schematically. Approximately 1.5 mm CFRP composite 
has been added on the top and bottom flanges. The fibre content for the small-scale beams 
after vacuum infusion was approximately 50 %. In table 1 data for the material used in the 
tests together with the supplier for the material are shown. 

 
Table 1 Data for material used in pilot tests 

Product Profiles Carbon Fibre Resin Adhesive 
Supplier Fiberline 

A/S 
Devold NM AB NM AB 

Property  T700 NM94/93C BPE 465/464 
Density, [kg/m3] --- 1 800 1 100 1 498 

Viscosity, [mPa s] --- --- 500 Tix 
Potlife, [min] --- --- 56 - 160 90 

EL-modulus, [GPa] 23.5 230 3 7 
ET-modulus, [GPa] 8.5 --- --- --- 

Tensile Strength,[MPa] --- 4 900 52 31 
Compressive strength, 

[MPa] 
--- --- 100 103 

Strain at failure, [%] 1.2 2.1 2.1 --- 
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The laboratory tests presented in this paper should be considered as pilot tests. The tests 
were carried out at Luleå University of Technology in Sweden, Lindgren and Nordin [13]. 
The tests were made to investigate the behaviour of  hybrid FRP beams consisting of GFRP, 
CFRP and concrete. The idea was to benefit from each material, using the tensile strength 
from the CFRP, the low cost of the GFRP and the compressive strength of the concrete. 

The glass fibre reinforced polymer beams used in the tests were pultruded I-profiles with 
carbon fibre in parts of the lower flange. The beams were 240 mm in height and 120 in 
width with a thickness of flanges and web of 12 mm. The lower flange consisted of 9 mm of 
GFRP and 3 mm CFRP. Material properties for the FRP are shown in table 1. Fiberline 
Composites A/S in Denmark manufactured the beams and the profile is one of their standard 
profiles with the exception for the CFRP in the lower flange. In figure 1 a photo of the test 
set-up is shown. 

F
igure 1 Mid-span cross-section of West Mill Bridge, sketch by Mouchel 

 

 
Figure 2 Rectangular GFRP profiles bonded together 
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The concrete used had a cross section of b h 120 115⋅ = ⋅ mm. The cross-section was 
chosen with consideration to the width of the upper flange of the FRP beam. The composite 
action between the hybrid FRP beam and the concrete were achieved in two different ways; 
on Beam B the upper flange had no: 72, 90 mm high shear connectors of steel drilled 
through the flange and concrete cast upon it. Beam C had hardened concrete bonded to the 
FRP with an epoxy-based adhesive, BPE® Lim 465, with a thickness of 1 mm controlled by 
spacers, the material properties of the adhesive are recorded in table 2. Tests with steel 
beams have shown that bonding concrete to an I-beam with epoxy adhesive is possible, 
Täljsten [14]. The concrete used in the tests had a compressive strength of 80 MPa. No steel 
reinforcement bars were used in the concrete. In figure 2 the profile of the beams is shown.  

The 3-meter long beams were subjected to four-point bending load, as shown in figure 3, 
with a free span between the supports of 2700 mm. A total of three beams were tested, one 
reference Beam A without concrete and two beams, Beam B and Beam C, with concrete on 
the upper flange. 

During the tests the beams were monitored in several points. Strain gauges were attached 
at the top of the beam as well as the bottom, five gauges at each side giving ten strain 
gauges per beam. Two rosette gauges were placed on the web and the mid span 
displacement was measured. The placement of the gauges can be seen in figure 4. 

 
 

Table 2 Data for material used in girders 
Product Profiles Carbon Fibre Resin Adhesive 
Supplier Fiberline A/S Saertex NM AB BPE Systems 

AB 
Property  T700 NM94/93C BPE 465/464 

Density, [kg/m3] --- 1 820 1 100 1 498 
Viscosity, [mPa s] --- --- 500 Tix 

Potlife, [min] --- --- 56 - 160 90 
EL-modulus, [GPa] 23.5 230 3 7 
ET-modulus, [GPa] 8.5 --- --- --- 

Tensile Strength, [MPa] --- 4 800 52 31 
Compressive strength, 

[MPa] 
--- --- 100 103 

Strain at failure, [%] 1.2 2.1 2.1 --- 
 

6 



 

 

  

Carefully cleaned GFRP beam 
before vacuum infusion. A double 

sticking tape is placed at the edge of the 
beam on both sides. 

The pre-cut carbon fibre is placed on 
the mould, in this case the beam. All 

fibres are placed in one layer. 

The carbon fibre is covered with a 
release net and a thin plastic bag that is 

sealed by the double sticking tape. In the 
photo, to the left the vacuum pump and 

the outlet equipment are also shown. 

 

This photo shows the inlet 

The resin is transported through plastic 
channels placed on one side of the beam, 

here just below the blue release net. In this 
photo, the resin front can clearly be seen. 

The resin has almost passed half of the 
upper flange. 

 
The vacuum infusion process is 

almost finished. It took approximately 
15 minutes from start to end. 

Enlarged view of the outlet. Final result before the plastic bag and 
the release net have been removed. 

Figure 3 Schematic explanation of the infusion process for test Beam 2. 
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Figure 4 Test set up and placement of measurement devices 
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Figure 5 Results from tests and type of failure, Beam 1 
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LABORATORY TESTS - PILOT BEAMS 

The test set up for both beams is the same, however, more measurements were taken for 
Beam 2. In figure 4 the dimensions of the beams and the test set up are shown. Deflections 
were measured in the mid-section, LVDT (Linear Vector Displacement Transducer) 1 and 
2, and also at the supports, LVDT 3 and 4, to minimise the effect of settlements at support. 
Also the slip between the upper and lower rectangular profiles was measured, LVDT 6 and 
7. Strains have been measured for both beams in two sections, section A, for bending, and 
section B, for shear. In section A the strain distribution over the whole cross section was 
measured and in addition the strain distribution in three directions in the centre of the beam. 
In section B only the strain distribution was measured in three directions. For Beam 2, 
measurements on the CFRP composite were also taken in section A. The beams were loaded 
in four-point bending and the load was recorded throughout the whole test up to failure. 
Both beams were loaded in deflection mode with a load rate of 0.2 mm/min. Beam 1 was 
tested first and the test result for this beam is shown in figure 5. It can be seen that the strain 
distribution over the cross section was linear up to failure and that the compressive and 
tensile strain both reached a value of approximately 7 500 µs, which is approximately 60 % 
of the tensile strain capacity. The results from the slip measurements show that more or less 
full composite action between the two bonded longitudinal rectangular pultruded profiles 
can be counted for. The average slip between upper and lower profile was 5 µm, which lies 
within the margin of error. The maximum measured strain in the shear force span amounted 
to 3 700 µs, which is below the strain capacity of the web. The failure arose suddenly and 
without any forewarning between the loading point as a buckling failure in the rectangular 
pultruded profile. The load at failure was 213 kN. 

In figure 6, the test result for Beam 2 is shown. The strain distribution in cross-section A 
is linear almost up to failure, at failure a redistribution of strains occur. It can also be noticed 
for Beam 2 that the maximum strain level amounted to approximately 4 000 µs, both on the 
compression and on the tension side. 
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Figure 6 Results from tests and type of failure, Beam 2 
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Figure 7 Load-deflection curves for Beam 1 and Beam 2 

 
The maximum strain level was approximately half of the strain level at failure for Beam 

1. The average measured slip was 10 µm, twice the slip compared to Beam 1 but still a very 
low value. Also the measured strain level in the web was considerably lower for Beam 2 
compared to Beam 1 and was measured at 3 700 µs. The failure arose suddenly here also 
and without any forewarning. Here the upper rectangular profile buckled in the web under 
the left loading point. The load at failure was 226 kN. However, it would be interesting to 
compare both beams with regard to the stiffness behavior. This has been done in figure 7 
where the load-deflection curves for both beams are shown. 

The load-deflection curves need explanation. The continuous line is the reference beam, 
Beam 1. This beam has a linear behaviour up to the buckling failure. The dotted line 
describes the CFRP strengthened beam. This beam was first loaded up to a level where 
dents in the composite under the loading plates could be noticed. It was therefore decided to 
unload the beam and replace the loading plate with a larger one and then the beam was 
loaded again. From figure 7 the considerably stiffer behaviour of Beam 2 compared to Beam 
1 can clearly be noticed. This depends on the small amount of CFRP composite added to the 
flanges, 1.2 mm composite with a fibre volume content of approximately 50 %. 

 
Comments on the performed Pilot test 

The performed tests are considered to be successful. However, there were many 
parameters that had to be considered in the test as well as for evaluation of the test data, for 
example: choice of adhesive, methods for bonding, choice of carbon fibre, volume ratio of 
carbon fibre in final composite girder, loading configuration, type of failure, just to mention 
a few. onding the rectangular profiles together was relatively simple, however, it was not 
possible to achieve a uniform adhesive thickness. The material data for the adhesive is based 
on a fixed loading rate and a settled temperature, however, material data will change if these 
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parameter changes. Nevertheless, in the test no considerations have been taken of the 
material properties of the adhesive. The purpose with the adhesive in these tests was to bond 
the profiles together. The choice of carbon fibre is important as, not only it should make the 
GFRP beam stiffer but it should also be possible to impregnate thick layers of fibres. A pre-
test was needed to find a proper fibre for this application. The volume ratio was estimated at 
50 % based on experience with corresponding applications.  

The performed pilot tests showed clearly that it is possible to bond rectangular profiles 
together and that composite action can be reached. A considerable strengthening effect 
could be achieved by bonding CFRP composites to the flanges. Even with only 1.2 mm 
thick CFRP laminate on the flanges the stiffness increased with 50 - 55 %. The pilot tests 
provided a considerable amount of information, which was then used in manufacturing and 
proof testing the composite girders for the West Mill Bridge. 

 

 
Figure 8 Bond rig for composite girders 
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MANUFACTURING OF COMPOSITE GIRDERS FOR THE WEST MILL BRIDGE 

For the prototype composite bridge at West Mill it was decided by the ASSET 
consortium that not only the deck should consist of composite materials, but also the main 
load bearing girders. Four girders were used to carry the deck and the load from the traffic. 
Bonding carbon composite to the bottom and upper flanges, using the vacuum infusion 
technique, stiffens the girders. These rectangular profiles, which were manufactured by the 
ASSET partner Fiberline in Denmark, were bonded together with a medium viscosity epoxy 
adhesive, BPE® Lim 465. To the flanges of this manufactured GFRP (Glass Fibre 
Reinforced Polymer) beam a layer of carbon fibre composite was built up with the use of 
vacuum infusion technique. To build the CFRP (Carbon Fibre Reinforced Polymer) 
composite a low viscosity epoxy adhesive was used. Table 2 shows data for the material 
used in the tests together with the supplier for the material. The carbon fibre fabric consisted 
of unidirectional carbon fibres held together with perpendicular stitched glass fibres on the 
top and bottom. The weight of the carbon fibre was 442 g/m2 and the glass fibre 11 g/m2. 
The weight of the stitching was 6 g/m2. All four beams were proof tested in the laboratory 
before transported to the site. The full-scale beams were tested in the service limit stage to 
verify material and structural data.  

 
 

The composite girder just before 
the vacuum infusion process 

started 

The composite girder during 
vacuum infusion 

The composite girder 
just before the carbon 
fibre has been fully 

impregnated. 

Figure 9 Vacuum infusion process for West Mill composite beams 
The manufacturing process for the composite girder was similar to the one for the small-scale pilot 
beams. The eleven meters long rectangular profiles were delivered to SICOMP AB (Swedish 
Institute for Composites) in Piteå, Sweden. The surface for bonding the rectangular profiles together 
was provided with a peel-ply, which was removed just prior bonding. First, the four longitudinal 
girders were placed in a special bond rig and the profiles were bonded together to form a 
rectangular GFRP girder. The adhesive was applied in a uniform layer with a thickness of 
approximately 2-3 mm; this was controlled during the bonding process. The bonding was 
undertaken indoors in a controlled environment at 20 ºC ± 2 ºC and at maximum 50 % RH. A light 
pressure was applied to the profiles during hardening. In figure 8, a composite beam placed in the 
bond rig is shown during the hardening process. 
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The composite girder was left to harden for 2 days in the bond rig and then moved to the 
location for vacuum infusion. Just before vacuum infusion, excessive adhesive was removed 
by grinding. In addition, on the surfaces where the carbon fibre flanges were to be placed, 
no peel-ply was provided. This implied that the entire surface had to be grinded and cleaned 
with acetone before the vacuum infusion process could start. Next, the preparation for the 
vacuum infusion process was carried out.  

A total of 45 layers of uni-directional carbon fibre pre-cut to the size of the composite 
girders were applied. Between every sixth, in some cases seventh layer a flow-layer of glass 
fibre was mounted or exactly: 1G/6C/ 1G/6C/ 1G/6C/ 1G/6C/ 1G/7C/ 1G/7C/ 1G/7C, where 
G and C are the abbreviations for glass and carbon respectively. The weight of the glass 
fibre is 300 g/m2. These layers are needed to increase the flow rate of the resin and to 
improve the ability for the resin to impregnate the carbon fibres. In figure 9, photos of the 
West Mill composite beams are shown during the vacuum infusion process. 

VERIFICATION TEST OF WEST MILL COMPOSITE LONGITUDINAL BEAMS  
The aim with the tests is to verify that: 

• Sufficient bond exists between the rectangular profiles  
• Sufficient bond exists between the glass fibre girder and carbon fibre composite 
• The theoretical calculations conform with the test results 

In addition workability during bonding, methods for bonding the longitudinal pultruded profiles 
together and bonding the carbon fibre composite to the flanges were investigated. The test set-up for 
all four beams, shown in figure 10, was similar. However, only one beam, Beam A, was equipped 
with strain gauges, section A. One strain gauge was placed at the top of the beam on the carbon 
fibre composite no. 1, one on the uppermost part of the glass fibre profile, no. 2, and just above the 
centre line a rosette strain gauge was bonded, no. 3, 4 and 5. On the lower part of the glass fibre 
profile strain gauge no. 6 was bonded and on the underside of the beam, on the carbon fibre 
composite strain gauge no. 13 was bonded. For all beams, the settlements at supports, LVDT 3 and 
4, mid-deflection, LVDT 1 and 2 and slip, LVDT 5, in the horizontal bond line were measured. 

In figure 11 a photo of Beam A during testing is shown. The beams were loaded in force 
mode with a low loading rate corresponding to 0.5 kN/sek. The load rate was deliberately 
chosen to be low, since it would be easier to recognize if something unexpected were to 
happen. Figure 12 shows the load-deflection curve, slip between lower and upper 
rectangular profiles, strain distribution in section A and the strain distribution over the 
height of Beam A as a function of five load levels, 50 kN, 100 kN, 200 kN, 300 kN and 
maximal load level in the test 348 kN. 

It can clearly be seen in figure 12, that during the test all proof-tested beams presented a 
linear behaviour. However, Beam A showed slightly less stiffness then the other beams. The 
reason for this was not found. For Beam A the strain distribution as a function of the load is 
linear, see figure 13. However, for the rosette strain gauge No. 4 a non-linear behaviour was 

noticed. This depends on the fact that the gauge was bonded to an anisotropic material. 
Furthermore, the strain distribution over the height of the beam is more or less linear. This 

means that composite action between the carbon fibre flanges and the rectangular glass fibre  
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profiles exists for the load levels tested and that the behaviour up to the load level of 348 
N was more or less linear. 
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Figure 10 Test set-up 

 
Figure 11 Testing of Beam A 
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Figure 12 Load-deflection curves for the West Mill beams - proof test. 
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Figure 13 Results from test, Beam A 
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THEORETICAL CALCULATIONS FOR THE PILOT BEAMS  
In the theoretical evaluation the following assumptions have been made: 

• Bernoulli’s hypothesis applies, i.e. the plane cross-sections remains plane and 
perpendicular to the neutral layer. 

• The laminate is assumed to be linearly elastic until failure, i.e. Hooke’s law applies. 
• When bonding CFRP to the upper and lower flanges, full composite action between 

the GFRP beam and CFRP composite is assumed 
Firstly Young’s modulus for the pure GFRP beam is calculated. 
A transformed section can be calculated, where the CFRP and GRFP are transformed to 

FRP. By introducing a transformation factor, it is possible to write: 

GFRP

CFRP
E
E

=α  (1) 

where EGFRP is the Young’s modulus for the GFRP and ECFRP for the CFRP. With the 
transformed section and the parallel-axis theorem the moment of inertia for the beam can be 
calculated as: 

( )
2

f
f

23
trans 2

t
hht4htht4th
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⎠

⎞
⎜⎜
⎝

⎛
++⋅−+≈ α  (2) 

The flexural displacement for the composite girder is calculated using classical Bernoulli 
beam theory.  

shearflexuraltot δδδ +=  (3) 

where, δflexural is the flexural contribution to the displacement: 
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and δshear is the displacement due to web shear 

webFRP
shear AG2

Pa
=δ  (5) 

where 

ht8Aweb =  (6) 

In table 2 the data for the theoretical calculation are presented. 
It is then possible to calculate the total displacement: 
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By assuming linear behaviour of the beams, it is possible to calculate the stress 
distribution over the height: 

e
I

M

trans
⋅=σ  (8) 

With e as the value of the distance from the zero-strain level to the studied level of the 
beam. Using Hooke´s  

e
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PaE
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⋅=⇒= εεσ  (9) 
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Model for calculation of mid-deflection for a linear elastic 

system 
Figure for calculation of moment of 

inertia 
Figure 14 Figures of the girders for calculations of the mid deflection and the moment of inertia 

NUMERICAL SIMULATION 

A Finite element model was constructed and computed to evaluate the global behaviour 
of the beams and also to support the theoretical calculations. The modelling is done and 
calculated in MARC mentat 2003®. The flanges were built as shell layer elements of 12 mm 
GFRP and 22 mm of CFRP laminate with a fibre content of 54 %. It was assumed that full 
composite actions between the layers are present. The inner webs of the beams are shell 
layers with 12 mm GFRP, 2 mm resin and additional 12 mm of GFRP. The outer webs are 
simple shells with 12 mm of GFRP. To obtain the right height between the CFRP and the 
GFRP flange to the neutral layer, the centre line of the composite layer was offset 8.5 mm. 
The loads were line loads, divided in 11 points and were distributed to the CFRP by two 
480x480x40 mm steel plates. The support forces were also distributed to the CFRP with the 
same type of steel plates. 

The shell element type 75 Bilinear Thick-Shell Element was used in the model. This 
element is a four-node, thick shell element with global displacements and rotations as 
degree of freedom. The element includes transverse shear effects which are calculated at the 
middle of the edges and the strain are then interpolated to the points of integration. The 
strains are calculated from the displacements field and the curvature is calculated from the 
rotation field. This element type is very useful for non-linear analysis cause their simple 
formulation. In table 3 the data for the numerical simulation are presented. 
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Table 3 Data for the theoretical calculation 
ECFRP 
[MPa] 

GFRP, 
[MPa] 

EFRP, 
[MPa] 

h, [mm] t, [mm] tf, [mm] a, [m] L, [m] 

125.6 3.0 23.5 240.0 12.0 22.0 4.0 10.0 

 

Table 4 Data for calculation 
CFRP-laminate Glass fibre Resin 

E-modulus [GPa] E-modulus [GPa] E-mod[GPa] 
E11=125580 E22=3500 E22=3500 E33=23500 E22=8500 E33 =8500 E33 =3000 

Shear modulus [GPa] Shear modulus [GPa] Shear [GPa] 
G12=3500 G12=3500 G23=3500 G31 =3500 G23 = 3500 G31=3500 G=3000 

Poisson’s Ratio [-] Poisson’s Ratio [-] Poisson’s [-] 
υ12=0,25 υ23=0,05 υ31=0,05 υ12 =0,25 υ23 =0,1 υ31 =0,1 υ =0,25 
 

COMPARISION BETWEEN TEST, THEORY AND NUMERICAL SIMULATION  
A comparison between test, theory and the FE-analysis has been carried out. The result 

from this comparison is presented in figure 15a) and 15b). From this figure a quite good 
comparison could be obtained between test and theory. However, it can also be seen in 
figure 15a) that the analytical theory gives a slightly stiffer behavior than the tests and the 
FE-analysis. From the evaluated test results and from the numerical and theoretical 
calculations it is obvious that full composite action between the CFRP flanges and the 
GFRP beam exists. 
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FIELD APPLICATION 
West Mill Bridge, the first FRP composite on the European public highway network, 

spans over the River Cole in Oxfordshire, UK, and was opened on 29th October 2002. The 
bridge has a span of 10 meters, a width of 6.8 meters and carries two traffic lanes and 
footpaths. The fabrication of the bridge superstructure was completed in 7 days. All 
composite parts were assembled by bonding. Before the ASSET deck, profiles and the 
composite girders were sent to the worksite a part of the bonding procedure has already 
been carried out. The ASSET profile was bonded together into sub-decks consisting of 5 to 
6 profiles at the Fiberline factory in Kolding, Denmark. These sub-decks were then 
transported to the works site at West Mill, UK. To control all the bonding works at site a 
site factory was built. The bonding works and also other construction works on the bridge 
could hence be carried out without any influence of the weather. Also the longitudinal 
composite girders were transported to the work site. This was done before the sub-decks 
arrived. The girders were cast in to concrete diaphragms, and the site factory was then 
erected. The working area for bonding was arranged into stations, one station for mixing the 
adhesive, one station for waste, one station for bonding etc. The bonding procedure at site 
was performed as follows: the work area was divided in stations, the ASSET composite 
girders were lifted into place and positioned for bonding, all surfaces to be bonded were 
grinded and cleaned with acetone before bonding, if necessary, the surface to be bonded was 
additionally cleaned with acetone at time of bonding. An even adhesive layer was 
distributed, thickness approx. 2 mm on the 4 girders and approximately 2 mm for the deck 
joints. Plastic distance holders controlled the thickness. The ASSET sub decks were then 
placed in position. Adhesive and a light pressure applied, excessive adhesive was scraped 
off and finally the adhesive was allowed to harden for 12 hours at 20 °C, before the next 
deck was mounted. Due to the lightweight nature of the bridge deck, weighing 
approximately 30 tonnes prior to application of the surfacing, of which the composite 
components weighed 12 tonnes, a relatively small crane was used to lift the bridge into 
position onto the abutment bearing shelf, (Canning et. al., 2004). In figure 16 the lifting 
procedure can be seen. 

The main advantages of building a bridge out of composite materials are the following, (Canning 
et. al, 2004): 

• lightweight nature of components, leading to easier handling and faster installation, the 
use of lighter cranes (if required), ease of transportation to site and providing the 
possibility of minimal foundation/substructure requirements. 

• use of modular construction, leading to simple on-site construction processes. 
• safer construction environment for site operatives, due to reduced on-site fabrication. 

Some disadvantages are: 

• requirements for environmental control if adhesive bonded joints are used 
• increased on-site quality control and site supervision due to novel nature of materials 

and to high degree of dependence of bonded joints on workmanship. 
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Figure 16 The ASSET bridge lifted in position 

 
 
 

 
Figure 17 Load testing 
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FULL SCALE TESTING 

After the construction work was completed, a full-scale loading test was performed. 
During the test strain in various locations of the bridge was measured. A fibre optic sensor 
system was installed in connection to the bonding works. Small slots were made where the 
fibre optic sensors were placed. Responsible for the installation and the monitoring works 
were City and Cranfield Universities. The monitoring will continue over a period of years. 
In figure 17 the load test is shown where the tank is passing over the bridge. The load test is 
not commented on in detail here, except to say that the result from testing was in close 
agreement with theoretical calculations. In addition more or less full composite action 
between the longitudinal girders and the deck was obtained, (Canning et al, 2004). 
However, the long term monitoring will show if this is still the case after many years.  

SUMMARY, DISCUSSION AND CONCLUSIONS 

A significant outcome of the project has been the ability to develop a complete bridge 
system, whereby the advanced composites profiles can be connected to conventional 
materials or other advanced composite materials, which form the main longitudinal beams 
and other relevant bridge furniture to form a complete bridge. From this paper it can be 
concluded: the performed tests are considered to be successful. However, several parameters 
could not be tested due to cost and time limitations. For example the large composite girders 
have not been tested up to failure, tests have not been performed on the GFRP profiles 
separately or, when bonded together. The adhesion between the flanges and the GFRP 
profiles was not possible to test since no destruction testing was allowed. Overall, the tests 
provide the stiffness of the ASSET girders, which is of great value. The comparison 
between test, theory and numerical calculations were in quite good agreement and full 
composite action between the GFRP profiles and the CFRP flanges were obtained. 

Considering the manufacturing process, bonding of the rectangular profiles was relatively 
uncomplicated. It was, however, not possible to achieve a fully uniform adhesive thickness. 
The material data for the adhesive is based on a fixed loading rate and a settled temperature. 
However, material data will change if these parameters change. The choice of carbon fibre 
(quality and configuration) is important. Not only should it make the GFRP beam stiffer it 
should also be possible to impregnate thick layers of fibres. A pre-test was carried out to 
find a proper fibre configuration for this application. Here it was found that flow layers of 
glass fibres had to be placed between every 6th or 7th layer of carbon fibre. It was also found 
that the number of carbon fibre layers should be limited to 45. This was done to ensure good 
wetting and bonding properties of the carbon fibre and carbon fibre composite. The vacuum 
infusion process provided a very good composite. However, the process was time 
consuming and it was difficult to obtain a very smooth upper surface of the flange. 

From the construction work it can be concluded that the bonding procedure chosen was 
time consuming, but also that this easily would be improved in future applications by choice 
of better equipment for handling the composite deck during bonding. The installation of the 
bridge was easy to carry out. For future applications, it would be possible to build a bridge 
(depending on size) off site and transport it and lift it in position at site. 
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ABSTRACT: The Gröndal Bridge, is a large freivorbau bridge (pre-stressed concrete 
box bridge), approximately 400 meters in length with a free span of 120 m. It was 
opened to tram traffic in 2000. Just after opening cracks were noticed in the webs, 
these cracks have then increased, the size of the largest cracks exceeded 0.5 mm, and 
at the end of 2001 the bridge was temporarily strengthened. This was carried out with 
externally placed prestressed steel stays. The reason for cracking is still debated and 
will be further discussed in this paper. Nevertheless, it was clear that the bridge 
needed to be strengthened. The strengthening methods used were CFRP laminates in 
the Service Limit State (SLS) and prestressed dywidag stays in the Ultimate Limit 
State (ULS). The strengthening was carried out during 2002. At the same time 
monitoring of the bridge commenced, using LVDT crack gauges as well as optical 
fibre sensors. 

To date, a large amount of data has been collected and the data is still under 
evaluation. Primary results show that the largest stress can be referred to the 
temperature load and that the contribution from the live load is minor. The results 
from the monitoring show that the CFRP laminates work as intended and that the 
cracks are not propagating. 
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1 INTRODUCTION 

1.1 Background 
Over the past decade, the issue of deteriorating infrastructure has become a topic of 
critical importance in Europe, and to an equal extent in North America and Japan. FRP 
(Fibre Reinforced Polymers) are today used for various applications, such as 
reinforcement in RC and PC structures, stay cables and newly built structures. 
However, by far the most extensive application is in repair and strengthening of 
existing structures. This strengthening technique may be defined as one in which 
composite sheets or plates of relatively small thickness are bonded with an epoxy 
adhesive to, in most cases, a concrete structure to improve its structural behaviour and 
strength. The sheets or plates do not require much space and give a composite action 
between the adherents. The adhesive that is used to bond the fabric or the laminate to 
the concrete surface is normally a two-component epoxy adhesive. The old structure 
and the newly adhered material create a new structural element that has a higher 
strength and stiffness than the original. 
 
The motivation for research and development into repairing, strengthening and 
restoration of existing structures, particularly concrete systems, is increasing. If 
consideration is given to the capital that has been invested in the existing 
infrastructure, it is not always economically viable to demolish and rebuild a deficient 
structure. 
 
The challenge must be to develop relatively simple measures such as restoration, 
reparation and strengthening that can be used to prolong the life of structures. This 
challenge places a great demand on both consultants and contractors. Also, there could 
be difficulties in assessing the most suitable method for an actual repair; for example, 
two identical columns within the same structure can have totally different lifespan 
depending on their individual microclimate. 
The use of epoxy as the bonding medium for the adherent has proven to give excellent 
force transfer. Not only does epoxy bond to concrete, steel and composites, it has also 
shown to be durable and resistant to most environments.  
1.2 History 
The method of strengthening existing concrete structures with the use of epoxy 
adhesives originates in France in the nineteen-sixties (L´Hermite, 1967), (Bresson, 
1971), where tests on concrete beams with epoxy bonded steel plates were conducted. 
Even though the method was used widely, it was not considered very successful. 
 
The drawbacks such as corrosion, the need for overlap joints, the heavy working loads 
during installation and the need for pressure on the adhesive during hardening could 
not be overcome. In the last decade the plate bonding method has gone through a 
revival. The reason for this is mainly the increased need for retrofitting of our existing 
buildings and bridges. However, another very important factor is the introduction of 
advanced composites to the civil engineering arena. Fibre composites and reinforced 
plastics offer unique advantages in applications where conventional materials cannot 
supply a satisfactory service life (Agarwal & Broutman, 1990). 
 
The high strength to weight ratio and the excellent resistance to electrochemical 
corrosion of composites make them attractive materials for structural applications. In 
addition, composites are formable and can be shaped to almost any desired form and 
surface texture. One interesting application of currently available advanced composite 
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materials is the retrofitting of damaged or structurally inadequate building and bridges. 
In Switzerland, (Meier, 1987), one of the first applications with the use of carbon FRP 
(CFRP) was carried out at the end of the 1980´s, and since then several thousand 
applications have been carried out worldwide. 
 
Clearly there is a great potential for, and considerable economic advantages in FRP 
strengthening. However, if the technique is to be used effectively, it requires a sound 
understanding of both the short-term and long-term behaviour of the bonding system. 
It also requires reliable information concerning the adhesion to concrete and 
composite. The execution of the bonding work is also of great importance in order to 
achieve a composite action between the adherents. Of the utmost importance is to 
know the practical limits of any proposed strengthening method. 
1.3 Research at Luleå University of Technology 
At Luleå University of Technology, Sweden, research has been carried out in the area 
of plate bonding. The research work started in 1988 with steel plate bonding and is 
now continuing with FRP materials. Both comprehensive experimental work and 
theoretical work have been carried out. 

 
Initially steel plates were used to strengthen members. Currently, however, all research 
is focussed on plate bonding using fibre reinforced polymer (FRP) composite materials 
in which, carbon fibre composite is the favoured material. 
The laboratory tests have included strengthening for bending as well as for shear 
(Täljsten, 2001). Full-scale tests on strengthened bridges have also been performed 
(Täljsten, 1994, Täljsten & Carolin, 1999 and Täljsten, 2000). In particular, the theory 
behind the development of peeling stresses in the adhesive layer at the end of the 
strengthening plate has been studied, as has the theory of fracture mechanics to explain 
the non-linear behaviour in the joint (Täljsten, 1994, Täljsten, 1996 and Täljsten, 
1997). 
 
In Sweden the FRP strengthening methods have been used in the field for almost 10 
years now, and both laminates and wrap systems are used. Sweden is also one of the 
first countries in the world where a national code exists for FRP strengthening 
(Täljsten, 2003). 

2 THE GRÖNDAL BRIDGE 

2.1 Background 
The main span of the Gröndals Bridge is 120 meters with two adjacent spans each of 
70 meters (see Figure 1). The bridge carries two railway tracks which are placed 
symmetrically about the cross-section of the bridge. The bridge has no footpath. 
Bridge inspection carried out on the newly built, 2000, Gröndals Bridge revealed 
extensive cracking in the webs of its concrete hollow box-girder section. The bridge is 
a part if a light-rail commuter line which is located in the south of Stockholm. The 
cause of cracking is still under investigation and has resulted in several articles in 
Swedish construction industry magazines, (Sundquist, 2002 and Hallbjörn, 2002). 
The bridges were designed to the currently applicable Swedish codes, BRO 94 and 
BBK 94. On the basis of these regulations, it was possible to erect the bridges with 
extraordinarily slender webs. Relatively high shear stresses and principal stresses are 
generated by the small web widths although the webs are fully compressed considering 
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the normal stresses caused by pre-stressing in the longitudinal direction. Furthermore, 
the permanent loads on the structure are dominant. As the permanently exerted 
principal tensile stresses reached the value of the tensile strength of the concrete, shear 
cracks were finally created. In addition, restraining bending moments have been 
superimposed in the webs due to sun radiation. Assuming a linear temperature 
difference of 10 to 15 K, this, together with the other transverse bending moments, 
additionally causes vertically directed tensile stresses in the inside of the web 
amounting to approximately, sz = 2 to 3 MPa. The positions of the cracks in 
longitudinal direction of the bridges correspond to the areas of the maximum principal 
tensile stresses, (König, 2002). 
 
The cracks first appeared after only a few years of service and subsequent inspections 
showed that the number and size of the cracks were increasing, (James, 2004). The 
cracks widths were between 0,1 - 0,3 mm and in a few isolated cases between 0,4 - 0,5 
mm in the most cracked sections. 
 
Preliminary investigations as to the cause of the cracking suggested that they were due 
to inadequate shear reinforcement in the webs. The webs are slender with a thickness 
of 350 mm and a total height of the box girder close to the main span supports of 
approximately 7,5 m. In addition to that the flanges are quite thick, the bottom flange 
at most is about 1300 mm. The reasons for cracking can be summarised as follows: 
 
• Due to the slender webs high tensile stresses are developed. 
• The principal stresses, due to high permanent loads, are the main cause for 

cracking. 
• The location of the cracks is in accordance with the highest principal stresses. 
• The cross-sections are under-reinforced due to shear reinforcement. 
 
To increase the safety level of the bridge strengthening was decided. 
Because of the progressive nature of the cracking in combination with wariness for 
shear cracks, the bridge was temporarily closed for traffic towards the end of 2001. 
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2.2 Strengthening 
The bridge required strengthening in several sections, strengthening was needed both 
in the ultimate limit state (ULS) and in the service limit state (SLS), but in different 
sections. Strengthening in the ultimate limit state was carried out by pre-stressed 
dywidag-stays and in the service limit state by CFRP laminates. Strengthening in the 
SLS was in this case particularly complicated since for this type of structure the 
portion of the dead load is considerable, approximately 85 % of the total load. It was 
decided to use high modulus carbon fibre laminates to strengthen the bridge. The 
purpose of strengthening in the SLS was to inhibit existing cracks and prevent new 
cracks from developing. 
Table 1  Material data for CFRP Strengthening
 Characteristic value Design value 
Concrete Eck 33.0 GPa Ec 22.9 GPa
 fcck 32.0 MPa fcc 17.8 MPa
 fctk 2.10 MPa fct 1.17 MPa
 εcu 3.5 ‰    
Steel Esk 200.0 GPa Es 173 GPa
 fyk 490.0 MPa fst 371 MPa
  As 2010 mm2/m
BPE® Laminates 1412M Efk 250 GPa Ef 189 GPa
(1.4 x 120 mm) εfk 11.0 ‰ εfd 5.0 ‰
Dimensions b 1.0 m d 3.8 m
5 



Therefore the existing crack widths would be reduced to no more than 0.3 mm 
(maximum allowed crack width in the Swedish code in the SLS). The design of the 
CFRP strengthening in the SLS is not covered by existing codes and a fracture 
mechanics approach was here applied where considerations to the total energy to open 
up new cracks over a unit distance was taken. The design, due to limited space, is not 
presented in this paper but the design philosophy is discussed. The sections 
strengthened with CFRP laminates had no or only very small cracks, < 0,05 mm, at 
time of strengthening. In this particular case strengthening performed in the SLS state 
will also contribute in the ULS state. Carbon fibre strengthening was chosen to prevent 
and minimise future cracks in areas where minor or no cracking had developed. In the 
calculations the strain in the existing steel stirrups has been calculated due to sectional 
forces. In the calculation the following assumptions have been made: 
 
• Calculation in Stadium I, non-cracked concrete. 
• The crack widths are the limited factor. 
• The cracks are not allowed to become larger than 0.3 mm after strengthening 
• The effect of pre-stressing has in the crack calculation been neglected but is 

accounted for when calculating the internal forces. 
• The concrete is only exposed to tensile stresses perpendicular to the crack 

plane. 
• Only vertical reinforcement in the webs has been considered. 
• The concrete starts to crack at approximately 100 µs. 
• The first visible crack arises at approximately 0.05 - 0.10 mm. 
• Characteristic material data has been used in the calculations. 
 
The material data for concrete, steel and CFRP laminates is given in Table 1. In the 
design it has been assumed that the steel reinforcement may yield in the crack tip for a 
crack width of 0.3 mm. However, bonding CFRP laminates to the surface of the 
concrete at development of cracks gives a stress (and strain) distribution between the 
steel and composite. The bridges are very important for the commuters going from the 
south parts of Stockholm into the centre of the town. For that reason it was undesirable 
that the bridges were closed during strengthening. However, it has been shown that 
strengthening with CFRP laminates can be carried out during traffic (Hejll and 
Norling, 2002); therefore it was decided to permit traffic during strengthening. 
 
Before the strengthening work started the concrete surfaces were sandblasted and 
holes were drilled in the upper and lower flanges for anchorage of the laminates. 
Laminates were only placed on the inside of the bridge. 
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The surfaces were thoroughly cleaned with pressurised air and vacuum cleaners. The 
surfaces to be bonded were treated with a primer for the system to enhance the bond. 
The laminates were bonded to the surface, the webs of the structure with a high quality 
epoxy adhesive, BPE® Lim 567, specific for the strengthening system used. The 
Young’s modulus of the adhesive is approximately 6.5 GPa at 20 °C. The average 
thickness of the adhesive was 2 mm. A total of 2 500 meters of CFRP laminates was 
used for the bridge. The placement of the CFRP laminates in the Gröndal Bridge in 
section A, the east side is shown in Figure 1. 
It can also be noticed in Figure 1 that the CFRP laminates have been bonded at an 
angle of 70° to the horizontal plane. This was in order that for the laminates to be 
bonded perpendicular to the direction of the cracks. 

 
Figure 1  The Gröndals Bridge , CFRP strengthening and monitoring area 
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In Figure 2 the anchorage system is shown. Here, steel plates with welded steel bars that were 
anchored by epoxy bonding in pre-drilled holes in the top and bottom flanges. The anchor 
length was approximately 250 mm. 

 
Figure 2  Anchor system for the CFRP laminates. The anchorages are bonded with an 

epoxy adhesive in pre-drilled holes in the flanges 
 

The final result after strengthening is shown in Figure 3. 

 
Figure 3  Result after strengthening - seen from inside the bridge. This photo shows 

strengthening approximately from section A to the column no 8. 
To follow up the behaviour of the bridge over time a monitoring system was installed. 
The system and some results from the monitoring are explained in the next section. 

8 



3 MONITORING THE BRIDGE 

3.1 SHD System 
When the first crack in the webs of the bridge was found it would have been preferable 
if measurements had been undertaken immediately. A visual inspection has been 
carried out regularly, but unfortunately no real measurements have been carried out. In 
spite of this it has been decided to measure the behavior of the bridges after 
strengthening, and in particular the future crack developments. Consequently a 
monitoring program has been put together. In this program measurements have been 
suggested to be taken at specific locations to measure crack development and strain on 
the CFRP laminates. 
 
To obtain the most out of a measurement program it is important to carry out SHD 
(Structural Health Diagnostics) in a structured way and that a well-planned procedure 
is followed. Luleå University of Technology has worked out a method termed 
Structural Health Diagnostics (SHD), which in short implies that a rough diagnosis is 
made on the structure; this can be simple calculations, on site visual inspections or 
minor measurements. Next it is decided what is to be measured and the purpose with 
the measurement. In this phase the acquisition system is also decided. Sensors and 
communications systems are established as well as hard- and software. On top of this, 
an evaluation system is connected which connects the data from the measurement to a 
model of the structure. From this action plans are then suggested. In figure 4 an 
example on a SHD for a railway bridge is shown. 
 

Sensor System
• Strain gauges
• LVDT gauges

Acquisition System
• Sensors
• LVDT gauges and rig
• Load Cells
• Datalogger 
• Energy Source
• Software
• Hardware

Communication System
• GSM-Modem/Modem
• WWW interface

Storage System
• Server/HD

Diagnostic System
• MATLAB
• FE-Analysis

 

Diagnostic System
• Calculations
• Simple measurements

 
Figure 4  Structural Health Diagnostic System  
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3.2 SHD System for the Gröndals Bridge 
Two monitoring systems have been installed on the Gröndals Bridge, one traditional 
monitoring system using LVDTs (Linear Vertical Displacement Transducers), and one 
with Fibre Optic Sensors (FOS). The first is used for continuously monitoring and the 
second for periodic monitoring. The traditional system is installed for monitoring the 
long term effect of the crack development. The FOS system was installed for two 
purposes; first to monitor crack development and strain changes due to temperature 
and tram traffic, second to increase the practical experience by using FOS in field. In 
addition to this a comparison between the two systems have been made. The 
traditional system has been installed and followed up by the Royal Institute of 
Technology (KTH) in Stockholm, (James, 2004) and the FOS system has been 
installed and followed up by Luleå University of Technology in collaboration with 
City University in London, UK. (Täljsten & Hejll, 2004). 
 
There are a total if six LVDT´s mounted on the Gröndals Bridge, one of which is a 
dummy used to verify the accuracy of the traditional monitoring system. With 
exception of the dummy and a sensor, which is positioned between the top flange and 
the web of the box girder, all the LVDT´s are positioned across and perpendicular to a 
crack so as to measure the opening and closing of a crack. The placement of the 
gauges can be seen in Figure 5. Four of the LVDT´s are mounted on the inside on the 
west web of the box girder, one of which is the dummy. One of the LVDT´s is 
mounted on the inside of the east web. The last of the LVDT´s is mounted between the 
top flange and the web of the box-girder and measures the relative displacement of the 
bridge deck to the web. 
 
In addition two temperature sensors, thermocouples, have been installed on the bridge 
and they are both positioned on the east web of the box girder, one on the inside and 
one on the outside, both belonging to the traditional system. 
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In total 32 FOS gauges have been installed on the Gröndals Bridge, they are all 
installed in section A and section B, see Figure 1 and Figure 5. In section A, 12 
sensors have been installed on the west side where three were used to compensate for 
the temperature. Two of these sensors (including temperature compensation) are 
positioned on a section of CFRP laminates, the others on different locations of 
concrete cracks. On the east wall in the same section seven sensors are installed, five 
on the concrete (including temperature compensation) and two on a CFRP laminate 
also here including temperature compensation. In section B, west side, four sensors 
have been positioned on the concrete, one of which is for temperature compensation 
and two have been positioned on a CFRP laminate, where one is for temperature 
compensation. On the east side in the same section six sensors have been positioned on 
the concrete, one for temperature compensation and two on a CFRP laminate, of which 
one is for temperature compensation. The placement of all the gauges is shown in 
Figure 5. 
 

 
Figure 5  Position of gauges on the Gröndals Bridge 
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As can be noticed in Figure 5 many gauges have been placed on the bridge. The filled 
rectangular blocks represent the LVDT´s and the open rectangular blocks represent the 
thermocouples for the traditional system. The FOS are represented by open circles. In table 2 
the sensors are presented systematically. For the FOS system the previously mentioned 
sensors for temperature compensation shall also be included, however, this is not recorded in 
Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Sensors for monitoring
Section A (and C) 
Sensor Measure Sensor Measure 
3372 Crack opening GAW1-6 Crack opening 
3374 Crack opening GWR1-3 Strain Concrete 
3376 Dummy GAWC1 Strain CFRP 
5/10G8 Displacement GAE1-4 Crack opening 
  GAEC1 Strain CFRP 
    
Section B 
Sensor Measure Sensor Measure 
3379 Crack opening GBW1-3 Crack opening 
  GBWC1 Strain CFRP 
  GBE1-4 Crack opening 
  GBEC1 Strain CFRP 
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4 RESULT FROM MONITORING 

It is not possible to present all the results from the measurements and therefore only 
the most interesting values are presented, however all data from the monitoring up to 
March 2004 may be found in James, 2004 and Täljsten & Hejll, 2004. 
The results from the monitoring are presented for the traditional and FOS systems 
respectively. 
4.1 Results from the traditional monitoring system 
The result from the entire year 2003 for the Gröndals Bridge is shown in Figure 6, 
(James, 2004). It is not easy to extract a single value of the crack behaviour. However, 
from the figure it is possible to see that the cracks in the webs (indicated by sensors 
3374, 3372, 3379 and 3377) do not appear to be of a progressive nature but rather that 
the cracks open and close depending on daily and seasonal temperature changes. 

 
Figure 6  Result from crack-displacement with traditional monitoring system, from 

(James, 2004) 

The crack widths of these gauges are not significantly different at the start of 2004 
than at the start of 2003, with the variation in the order of 0.02-0.03 mm. The LVDT 
sensor (5/10G8) mounted between the underside of the top flange and the inside of the 
west web measures the longitudinal displacement in the top flange in relation to the 
web. The displacement appears from these results to be progressive even if the growth 
rate has decreased over the later half of the year. 
4.2 Results from FOS system 
Before we discuss the result from the FOS system, a brief discussion about the 
installation procedure and the SHD system used will be presented. Before installation 
calculation of stresses in the chosen sections had been carried out (Hallbjörn, 2002), 
however, these calculations also considered the dead load of the bridge. The 
monitoring systems installed can only follow the relative changes with regard to 
temperature and live load. The FOS system used has been developed at City 
University in London and the University also took part in the installation work, 
calibration and monitoring of data. The FOS sensors are of type Bragg grating and at 
most 7 sensors were written on one fibre, the length of each senor was approximately 
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20 mm. The total time for installing and calibrating all the FOS sensors was 
approximately 10 days, this corresponds with the time it took to grind the concrete and 
CFRP laminate and bond and protect the fibres. Monitoring was carried out during 
May 2003 and over a time period of 3 days (periodic monitoring). It was not possible 
at that time to carry out a continuous monitoring due to the high cost of the system. 
Nevertheless, to store the data a portable hard disk was used, which was then 
transported from the bridge to the office for further evaluation of the data. Not all data 
has been evaluated up to date and has been planned to repeat the monitoring sequence 
during the next winter. However, it was found that using this FOS system was 
convenient and the installation procedure was quite simple. 
This paper will not present results from all sensors however, in figure 7 crack 
displacement from sensors GAW1 to GAW6 is shown. From Figure 7 it can be seen 
that crack displacement for GAW3 is considerably larger than for the others, here the 
FOS sensor is placed in the same crack as the LVDT gauge 3372, however during this 
time the crack displacement for the LVDT is approximately 0,035 mm  (this can not be 
seen in Figure 6 due to the scale). The large variation over time is due to daily 
variation in temperature. In Figure 7 small jumps may also be noticed, approximately 
0,001 mm wide. 
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Figure 7  Result from crack-displacement with FOS system, (Täljsten & Hejll, 2004). 

Start date for monitoring 21-05-04 
 
This is due to the tram traffic, it seems that the effect of the temperature on opening 
and closing of the cracks is tenfold to the traffic load. 
Over the same crack as in Figure 7 a CFRP laminate has been bonded, in Figure 8 the 
strain is recorded in this laminate in the same position as the crack. A calculation of 
stress gives a level of approximately 30 MPa in the laminate. 
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Figure 8  Result from crack-displacement with FOS system, (Täljsten & Hejll, 2004) 

5 SUMMARY AND CONCLUSIONS 

In this particular project the most innovating part was not to use CFRP laminates for 
strengthening, it was the way the design of strengthening was carried out. By using 
fracture mechanics in design and in combination with CFRP laminates it was possible 
to (theoretically) use the energy needed to open a crack to a certain size and transfer 
that energy to the CFRP laminate, which then redistributes the cracks and the distance 
between the cracks over the length of the laminate. Therefore a cost effective solution 
for strengthening in the SLS (also contributing to the ULS) could be chosen and finally 
carried out. 
Both monitoring systems installed on the bridge showed that the cracks were not 
propagating and that the opening for the cracks was more or less negligible The largest 
crack opening measured was approximately 0,06 mm. Furthermore, the temperature 
effect was approximately 10 times larger than the effect from the tram traffic. 
Monitoring will continue and it will be interesting to follow the bridge over time. 
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Effects of prestress force loss on natural frequencies of a
concrete girder
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Abstract:

For studying the possibility of an early damage detection by natural frequencies, a prestressed con-
crete girder with a length of 17 meters was cut out of a highway bridge. The tendon wires were grad-
ually damaged locally in order to obtain a prestress loss. Experimental modal tests was performed
after every three wire cuts and natural frequencies were evaluated by an output-only subspace sys-
tem identification (SSI) method. Several aspects, which are influencing natural frequencies of the
girder are discussed. A finite element model analysis was performed to study stiffness and mass
loss effects due to wire cuts and to assess recovering effects which are based on increasing Young’s
moduli according to nonlinear stress - strain relation of concrete in cases when the structure is un-
loaded. The results showed very small changes of natural frequencies because no cracks during the
whole tests occurred and the Young’s modulus of concrete was increasing after unloading. Based
on the presented study, for an early damage detection in prestressed RC girders whereas compound
is existing between tendon wires and concrete, natural frequencies changes due to cutting wires or
wires corrosion seems to be not significant enough.
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Introduction

Maintenance and inspection of large scale civil engineering structures e.g. prestressed bridges
gained more and more in importance because their sensitivity for functioning of traffic infrastruc-
tures. An overview about indication of certain areas of expertise and work being undertaken in
Europe is found in [Forde, 1998]. In the last two decades plenty of research has been directed in
the field of vibration based damage identification. These methods are based on natural frequencies,
mode shapes and modal damping ratios and have found major interest because of the physically
appealing fact that modal parameters are invariants of a structure.

So far, only few studies have investigated the impact of damage on modal parameters of full-
scale bridges because in-situ modal tests are expensive. [Kato and Shimada, 1984] investigated
the changes of natural frequencies during failure tests of a prestressed concrete bridge. The changes
of natural frequencies, due to cracks in concrete, was small as long as the prestressed steel did not
exceed the yield stress and therefore the cracks were closed. Once this stress was exceeded, a sud-
den decrement of natural frequencies was observed. [Toksoy and Aktan, 1994] performed modal
testing on a continuous three-span reinforced concrete slab bridge which was loaded up to fail-
ure. The authors reported, natural frequencies, modal damping and mode shapes could not reliably
identify the location and level of damage. Better damage identification results were obtained by
using the modal flexibility matrix. [Huth et al., 2005] compared several damage assessment meth-
ods using experimental modal data from tests on the incrementally damaged prestressed concrete
highway bridge. The performed damage scenarios, loading tests on the bridge girder, provided
distributed cracks in the superstructure. The modal analysis tests were applied after unloading
of superstructure whereas the cracks almost completely closed. The results showed that natural
frequencies and mode shapes are poor indicators of damage. Investigations on the same bridge
([Feltrin, 2002]) showed that changes of natural frequencies influenced by temperature can exceed
those changes which are caused by damage. However, ambiguous results were obtained for less
severe damage cases. One of the performed damage scenario on the Z24 bridge, a prestressed
concrete bridge with three spans, the settlement of a pier, provided in a small region of the su-
perstructure, concentrated cracks which remain open during the modal analysis tests. Therefore,
[Kraemer et al., 1999], [Maeck and De Roeck, 2003a], [Maeck and De Roeck, 2003b] reported that
natural frequencies and mode shapes are suitable indicators for the occurrence of severe damage un-
der the condition that the cracks in concrete still are open.

Another important effect which can lead to damage of prestressed concrete structures is loss of pre-
stressing force. The prestressing force in concrete structures reduce cracks and due to dead loads
deflections of the girder. In case of a significant loss of prestressing force, the structure is endan-
gered with respect to serviceability and safety aspects. Loss of prestress force in tendons may be
caused by many influences: elastic shortening and bending of concrete, creep and shrinkage, steel
relaxation and frictional loss between tendon and its surrounding materials [Kim et al., 2004]. Fur-
thermore, steel corrosion due to e.g. chlorid infiltration or loss of concrete passivation leads to a
local weakening of the tendon cross section. [Kim et al., 2004] proposed a method to identify pre-
stressing loss in concrete beams based on monitored changes in natural frequencies. Accordingly,
the tendon forceNn is calculated to

Nn = ω2
nmr

(
Lr

nπ

)2

− EcIc

(
nπ

Lr

)2

(1)

whereasEcIc corresponds to the flexural rigidity of concrete beam-section,mr to the mass of the
total beam-section andLr to deformed span length ([Kim et al., 2004]). The natural circular fre-
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quencies can be calculated to

ω2 =

(
nπ

Lr

)4 (
EcIc

mc

)
+

(
nπ

Lr

)2 (
N

ms

)
(2)

whereasmc andms corresponds to the mass of the concrete and tendon of the girder, respectively.
Both equations are limited to prestressing concrete structures whereas no compound is existing
between tendon wires and concrete. Otherwise, for prestressed structures with compound, the static
equilibrium is saved between tendon wires and concrete in every section of the structure. Therefore,
the normal force term of eq. 2 is vanishing and the natural circular frequencies can be determined
to

ω2 =

(
nπ

Lr

)4 (
ErIr

mr

)
(3)

whereasErIr corresponds to the total flexural rigidity of the beam-section. Modal parameter studies
on prestressed structures have to take into account different ”softening” and ”hardening” effects.
When cracks exist in a prestressed structure, effective flexural stiffness increases by increasing
the prestressing forces ([Saiidi et al., 1994]). This ”hardening” phenomenon is due to the closing
cracks. On the other hand, when increasing axial compression loads are acting on a beam, the
natural frequencies of the beam are tending to decrease. Due to nonlinear stress-strain relationship
of concrete, the Young’s modulus is decreasing by increasing compression stresses. Furthermore,
a compression softening effect occurs when based on large compressions due to prestressing forces
cracks are caused perpendicular to the compression direction. [Vecchio and Collins, 1993] have
observed that cracked reinforced concrete in compression leads to substantial reductions in the
strength and stiffness. In case of a prestress loss and therefore the beam will be unloaded the
softening effect due to nonlinear stress-strain relation will be reversible as long as this relation is
in the elastic range. The compression softening effect is not reversible because in the direction of
transverse tensile strains the cracks are opened and are not completely closed after unloading the
structure in axial direction. This paper studies the possibility of early damage detection of prestress
loss by using natural frequencies under particular consideration of the above mentioned effects.

Tests

The Highway Viaduct ”Viadotto delle Cantine a Capolago”

The replacement of the highway viaduct ”Viadotto delle Cantine a Capolago” (Fig. 1) located in the
southern part of Switzerland allowed several investigations on five large scale beams. The viaduct
was built in the years 1965/1966. The test beams stems from bridges with a total length of 340
m. Figure 2 shows an extract from an original drawing of the bridge and cuts between the test
beams. The bridge girders were continuos beams with 4 or 5 spans of 20 m length. Prefabricated
RC elements (two per span) connected together by an in-situ concrete upper flange and by two post-
tensioning tendons. Each tendon, a parallel wire bundle consisted of 26 wires. The tendon profile
corresponded to the bending moment. The tendons were injected after the prestressing. The bottom
flange was prestressed by total 2× 6 wires, 6 on each side. For that, a pretensioning procedure was
applied. Each wire has a cross section area of 38.5mm2. A cross girder in the middle of the span
was built to increase the stiffness in the cross direction. The investigated test beams stems from a
middle span of a four span continuos beam. Fig. 2 shows an extract from a original drawing of the
bridge and the principle of the cuts for the test beams. After cutting out the test beams are 17 m
long and have a upper flange width of 0.8 m.
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Figure 1: View of the bridge ”Viadotto delle Cantine a Capolago”

Figure 2: Elevation and cross-section of the bridge ”Viadotto delle Cantine a Capolago”
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Figure 3: Test beam, dimensions and experimental setup (for modal analysis)

Laboratory Tests

The first beam was tested for investigating several aspects. To get knowledge about prestressing
forces in the tendons (no records about the initiate posttensioning forces were available), totally 78
wires cuts at three positions were performed. The residual stress in the tendon was estimated by
measuring the shortening of a wire after cutting. The beam was damaged as follows. To uncover
the wires, the concrete was removed carefully at positions 1, 2 and 3 (Fig. 3). The openings had a
length of about 50 cm. The damage of the lower tendon was started by wire cuts at the right quarter
span at position 1, followed at the quarter span at position 3 and at the mid-span at position 2. In
each position 26 cuts (these 26 cuts corresponds to an area of the total cable cross section) were
performed. The test series were started at2nd september and finished at5th december of the year
2003. A full report of the performed tests and results about residual tendon force can be found in
[Czaderski and Motavalli, 2005].

Material Properties

After having completed all experiments, 16 drilling cores of concrete were taked out from the pre-
fabricated girder near to openings 1 and 3 (Fig. 3). The concrete had an average cube compressive
strength of 56 MPa and a centric tensile strength of 2.8 MPa ([Czaderski and Motavalli, 2005]).
According to the rules of Swiss code 262 ([SIA, 2003]) the Young’s modulus was determined to 38
MPa. For the investigation of the cast-in-situ concrete, 32 drilling cores were taked out. They had
an average cube compressive strength of 52 MPa and a centric tensile strength of 2.4 MPa. The
Young’s modulus had a value of 32 MPa. On the basis of the design plans, Young’s modulus of
tension wires was assumed to 205 MPa.

For investigating the softening effect, more accurate records of stress - strain relation of concrete
were necessary. Therefore a cylinder specimens with a diameter of 0.1 m and a height of 0.2 m were
cut out from the girder at the A (concrete of the prefabricated girder)(Fig. 3). Three displacement
transducers measured the shortening of the concrete cylinders during the loading tests (Fig. 4).
Figure 5 shows the nonlinear stress - compression relation of the concrete for the prefabricated
girder.
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Figure 4: Drilling concrete cylinder of the prefabricated girder during the compression test

Estimation of Modal Parameters

The static system of the tested girder, a simply supported beam was realized by a in longitudinal
direction moveable and fixed structural bearing, respectively. Modal tests were performed after
every three wire cuts. An overview about the experimental setup give Fig. 3 and Fig. 6.

Before removing concrete, an additional modal test was performed to provide the data refering to
the healthy state. The vibrations were captured during 300 seconds with a sampling rate of 512
Hz. To obtain statistical information and estimate the accuracy of extracted modal parameter, every
measurement was repeated three times. During the modal tests, the girder was excited with a elec-
tromechanic shaker which exhibited maximum force peaks of approximately 0.2 kN. The position
of the shaker is shown in Fig. 3. The excitation was realized as a stationary broad band process
with significant components in the range of2 . . . 100 Hz. For estimating modal parameters with
an output-only system identification method, the accelerations in vertical direction were measured.
Several variants of stochastic subspace identification algorithms exist which differ by weighting of
the data matrices ([Van Overschee and De Moor, 1996]). To extract the modal parameters, the time
series were analyzed using the Subspace Identification - Principal Component (SSI-PC) method. A
comparison between different output-only methods showed that SSI-PC method provides the lowest
standard deviations for natural frequencies as well as for modal damping ratios ([Huth et al., 2005]).
The analysis was performed with the software tool Artemis ([SVS, 2000]). Figure 7 shows the mode
shapes of horizontal and vertical bending and torsional modes identified using the SSI-PC method.
The vertical bending modes are referred by ”V”, the horizontal bending modes are referred by ”H”
and the torsional modes by ”T”.
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Figure 5: Stress - strain relationship of prefabricated girder

Results and Discussion

Natural Frequencies

For the identified modes, their natural frequencies and belonging relative standard deviations (which
are determined using the three measurements) are displayed in Fig. 8 to Fig. 14. Removing concrete
at positions 1 - 3, the natural frequencies of the modes V4, T2 and T3 shows a decreasing tendency
whereas the mode H2 shows an increasing tendency. The natural frequencies of the other modes
changed within their relative standard deviations and can not be interpreted. Up to 78 cuts, the
natural frequencies of the modes H2, T2 and V4 modes tended to increase whereas the other natural
frequencies displayed no significant systematic change.

The observed natural frequencies are difficult to interpret. This partly contradictory patterns are
caused by several influences. In comparison to changes of natural frequencies the relative standard
deviations are high and are complicating trend monitoring. Even changes of natural frequencies in
prestressed structures are not significant, other influences gain in importance. In the next sections
several possible influences are discussed.

Stiffness and Mass Loss due to Cutting Wires

Cutting wires leaded to the reduction of stiffness and mass of the girder because their own inertia
and mass inertia moments was reduced. This effects were depended on the tendon profile, which
corresponded to the bending moment. As long as due to wire cuts no cracks are opened, changes of
natural frequencies are very small.
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Figure 6: Test beam with openings and test setup

mode natural frequencies
1st vertical bending mode (V1) 10.98
2nd horizontal bending mode (H2) 23.14
1st torsional mode (T1) 26.98
2nd vertical bending mode (V2) 38.66
2nd torsional mode (T2) 47.82
3rd torsional mode (T3) 68.49
4th vertical bending mode (V4) 72.16

Table 1: Natural frequencies of the undamaged girder

Hardening and Compression Softening Effect

Reducing the prestressing forces down to a degree, whereas the tensile strength of the concrete is
exceeded and cracks are opened, the stiffness of the girder is reduced. On the other hand, increasing
prestressing forces lead to increasing stiffness because the structure is recovering and closing the
cracks. During the tests and after completing the damage scenarios no cracks in the girder could be
identified by visual inspection. Therefore, no stiffness loss of the girder due to open cracks occured.

In a similar manner, the compression softening effect can be considered. This effect is based on large
compressions due to prestressing forces causing cracks perpendicular to the compression direction
[Vecchio and Collins, 1993]. The large strains resulted in substantial reductions in the strength and
stiffness in compression. When the axial compressive force is reduced, the cracks width are also
reduced but cracks do not closed completely. However, during the tests no cracks perpendicular to
the compression direction could be observed and it is assumed that the compression softening effect
was not existent.
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Figure 7: Experimental modal testing identified modes

Figure 8: Natural frequencies of1st vertical bending mode
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Figure 9: Natural frequencies of2nd horizontal bending mode

Figure 10: Natural frequencies of1st torsional mode
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Figure 11: Natural frequencies of2nd vertical bending mode

Figure 12: Natural frequencies of2nd torsional mode
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Figure 13: Natural frequencies of3rd torsional mode

Figure 14: Natural frequencies of4th bending mode
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Temperature Influence

The concrete temperature was recorded during the whole tests at two positions (Fig. 3, Fig. 15).
During the tests the temperature decreased but in this case changes of temperature can be neglected
because the girder was a simply supported beam with a moveable structural bearing and the tem-
perature coefficient of concrete and steel of the tendons are identical. Therefore no significant
temperature induced stresses could occurred.

Figure 15: Concrete temperature at positions CT1 and CT2

Creep and Shrinkage

Creep and shrinkage of concrete are caused by permanent stresses and are depending on the age
of the structure. With increasing age the influence of creep and shrinkage on the prestress loss is
reduced. For a 38 years old structure influences of creep and shrinkage can be neglected.

Stiffness Increase due to Reduction of Prestressing Force

Figure 5 display the nonlinear stress-strain relationship of the prefabricated girder. Figure 16 display
the Young’s moduli-strain relationship of the prefabricated girder. The Young’s moduliEc were
determined to

Ec =
∆σ

∆ε
(4)

whereas∆σ and∆ε corresponds to the stress decrement and to the strain decrement, respectively.
The strain decrements are small and due to measurements inaccuracies the values are oscillating.
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Therefore the determined Young’s moduli are oscillating also but it can be shown that the Young’s
moduli display a decreasing tendency.

Figure 16: Young’s modulus - strain relationship of prefabricated girder

In the zones where the wires were cut, the loss of tension force reduces the stress in the concrete.
Since no cracks could be observed during the tests, it can be assumed that for dead load and pre-
stressing force the concrete behaved according to a elastic material law. That means, in case of
reducing stresses, the stress-strain relationship have been followed the same path back like in case
of loading. This assumption is justified because the concrete was subjected to loading- and unload-
ing cycles by traffic loads. For many years with increasing number of loading- and unloading cycles
the difference between loading and unloading path of stress-strain relationship is getting smaller.
Hence the Young’s modulus of concrete is increasing in case of unloading. To quantify this effect,
the tested beam was modelled using the software tool CUBUS [CubusAG, 2003]. Figure 17 (a)
shows the normal forces of each tendon 1 and 2. The tendon force in direction of opening no. 1 is
lower than the force in opening no. 3 because opening no. 1 has a longer distance to the anchorage
and thus a longer friction length. The tendon force in opening no. 2 is significantly lower than in the
openings no. 1 and 3. [Czaderski and Motavalli, 2005] give possible reasons: different creep behav-
ior along the beam due to different permanent stresses (1), stress redistributions due to the change
of the static system and the unloading by wire cuts (2) and at the bottom of the joint a mortar which
with a higher creep and shrinkage strains (3) was used. Figure 17 (b), (c), (d) show the normal
forces of tendon 2, if the wires were cut at openings 1, 3 and 2, respectively. The openings had a
length of 0.5 m. It is assumed that after 0.5 m on each side of the openings the tendon force was
totally recovered. Using the loss of tendon forces a stress analysis of concrete was performed (Fig.
18). From the calculated stresses and measured compressions, the Young’s moduli are computed
using the function of the trend line of the Young’s moduli-strain relationship (Fig. 16) of drilling
cylinder at position ”A” (Fig. 3). The calculated Young’s moduli are listed in Table 2.
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Figure 17: Tendon forces estimated after the wire cuts at opening 1, 2 and 3

stress (MPa) Young’s modulus (MPa)
initial concrete - range 1 12.5 35.626
initial concrete - range 2 7.5 37.533
initial concrete - range 3 5.5 38.213
wires at opening no. 1 4.0 38.733
wires at opening no. 2 3.9 38.800
wires at opening no. 3 1.6 39.573

Table 2: Young’s moduli computed from strain - stress relationships of Fig. 16

Finite Element Modelling

A three dimensional finite element model was created in order to study some effects: stiffness
and mass loss by removing concrete and cutting wires and furthermore, increasing stiffness due to
unloading on the dynamic properties of the structure. For that, the finite element program package
SLang was used [Bucher et al., 2003]. The concrete has been modelled by 3256 elements and 4652
nodes using 8 node brick elements for concrete and rod elements for the tension wires. To simplify
the modelling, the two main tension cables were modelled as one cable considering their inertia
moments. For modelling the undamaged state, material properties obtained by static destructive
tests were used. For the prefabricated girder a Young’s modulus of 38.0 MPa and for the in-situ
concrete a Young’s modulus of 32.0 MPa was obtained ([Czaderski and Motavalli, 2005]).

In Table 1, the natural frequencies obtained by measurements and in Table 3 those obtained by
finite element model calculation are arranged. In Figure 19 only the mode shapes are drawn, which
are associated to the experimentally determined mode shapes. The number of the referred mode
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Figure 18: Computed stress distribution of the girder in the outmost fibers

corresponds to those obtained by the calculation using the 3D finite element model.

mode 3D-FE Model
1st horizontal bending mode (H1) 5.96
1st vertical bending mode (V1) 10.95
2nd horizontal bending mode (H2) 20.48
1st torsional mode (T1) 21.69
2nd vertical bending mode (V2) 36.12
3rd horizontal bending mode (H3) 40.76
2nd torsional mode (T2) 44.71
3rd vertical bending mode (V3) 53.05
3rd torsional mode (T3) 58.26
4th horizontal bending mode (H4) 66.88
4th torsional mode (T4) 83.61
4th vertical bending mode (V4) 88.37

Table 3: The first 12 natural frequencies computed with the 3D-finite element model

Table 1 and Table 3 show that the natural frequencies of the vertical bending modes (V1, V2)
agreed well between measurement and 3D-finite element model whereas the natural frequencies of
the torsional modes were quite different.

The natural frequencies of the finite element model were calculated for different states of the struc-
ture. For the undamaged state the Young’s moduli were choosen according to ranges of the the
stress distribution (Fig. 18 (a), table 2), when all wires were cut at opening no. 1 (Fig. 18 (b)),
when all wires were cut at opening no. 3 (Fig. 18 (c)) and when all wires were cut at opening
no. 2 (Fig. 18 (d)). Fig. 20 - Fig. 26 display the frequencies as function of the described damage
scenarios. The values termed as ”with recovering” were calculated as follows: in the simulation
the concrete was removed (1) and then all wires were cut at opening no. 1, taking results from the
stress calculation (Fig. 18) according to Table 2 the Young’s moduli were determined (2), all wires
were cut at opening no. 3 and the Young’s moduli according to Table 2 were determined in the
same way as before (3). Then, all wires were cut at opening no. 2 and the Young’s moduli were
determined (4). Notice that, the increased Young’s moduli were taken for an element length of 0.5
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Figure 19: Computed mode shapes

m and equal distributed about the height of the prefabricated girder. The stress calculations showed
no significant stress changes for the in-situ concrete, thus the Young’s moduli was assumed to be
constant.

The values termed as ”with recovering” the recovery effect for this kind of damage step has been
considered. The values termed as ”without recovering” was determined without any recovering
effect. Fig. 20 - Fig. 26 display for the modes V1, T2, V4 decreasing natural frequencies when
the concrete was removed. Increasing natural frequencies can be observed for all other modes and
generally up to the damage step at which all wires at all positions were cut. This trend is strength-
ened considering the recovery effects. Changes of natural frequencies due to the recovery effect
are small. However, the amount of increasing frequencies extracted from measurements (modes T2,
H2) exceed those determined by calculation considering the recovery effects. The only possible rea-
son, why frequencies are increasing for the values ”without recovering” also, is due to the reduction
of mass and to the stiffness loss of wires is located in the near of the center of gravity of the girder
and therefore very small. However, the effect of increasing frequencies
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Figure 20: Natural frequencies of the computed1st vertical bending mode with and without recov-
ering

Figure 21: Natural frequencies of the computed2nd horizontal bending mode with and without
recovering
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Figure 22: Natural frequencies of the computed1st torsional mode with and without recovering

Figure 23: Natural frequencies of the computed2nd vertical bending mode with and without recov-
ering
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Figure 24: Natural frequencies of the computed2nd torsional mode with and without recovering

Figure 25: Natural frequencies of the computed3rd torsional mode with and without recovering
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Figure 26: Natural frequencies of the computed4th vertical bending mode with and without recov-
ering
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Conclusions

Experimental modal analysis was performed on an artificially damaged prestressed concrete beam.
Damage was introduced by removing concrete and cutting wires. Changes of natural frequencies
can be influenced by many factors. Stiffness and mass loss due to wires cutting and concrete remov-
ing as well as increasing stiffness of concrete due to unloading and therewith increasing Young’s
moduli are identified as influences, which have been responsible for frequency changes in this study.
Changes of natural frequencies due to the damage scenario were extremely small and increased
partly.

This study emphasize the difficulties of an early damage detection using natural frequencies applied
on prestressed concrete structures particularly. In cases, if cracks are wide open, a reasonable predic-
tion of damage detection seems to be possible ([Kraemer et al., 1999], [Maeck and De Roeck, 2003a],
[Maeck and De Roeck, 2003b]). However, most prestressed bridges are designed as concrete struc-
tures with full prestressing, which means that the structure was prestressed for dead loads but also
traffic loads. In this study, the girder was also full prestressed. Although one cable was completely
cut at three positions, no cracks due to dead load could be found. So, in cases of full prestress-
ing, the likelihood that cracks appear in the structure is low. However, avoiding cracks is in many
cases one aim of prestressing. In cases where the structures are prestressed partly (considering dead
loads), cracks can be opened due to traffic loads. On the other hand traffic loads influence natural
frequencies also. One way, to extract this traffic load influence is found in [Chan and Yung, 2000].

[Saiidi et al., 1994] found significant changes of natural frequencies depending on tendon forces on
a presstressed RC beam without compound. In this case, the normal force term of eq. 2 is not
vanishing and the tendon forces influence directly the natural frequencies. Results showed that the
correlation between tendon forces and natural frequencies was not unique. In some cases, natural
frequencies increased when the tendon force decreased. However, most of prestressed bridges are
built with compound between concrete and tendon wires. For this case, the normal force term of
eq. 2 is vanishing and changes of natural frequencies are not significant due to cutting wires as long
as no cracks appear in the structure. Assuming a damage scenario of corroded tensions, changes on
natural frequencies are undetectable. In addition, when the structure is unloading, a recovery effect
by increasing Young’s moduli is starting and the effect of stiffness loss can be balanced.

In this study, natural frequencies of a simply supported beam were investigated. When the system
is statically undetermined (e.g. continuous beam) environmental like temperature influences are
complicating strongly the significance of damage detection ([Feltrin, 2002]).

Even changes of natural frequencies in prestressed structures are not significant, other influences
gain in importance. To give a responsible damage detection message due to tensile force loss it
is necessary to extract and to quantify other influences but this calculation require lot of a priori
information about the structure. For an early damage detection of prestress loss a more significant
parameter is needed.
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Notation

The following symbols are used in this paper:

Nn = tendon wires force

Ec = Young’s modulus of concrete beam section

Ic = inertia moment of concrete beam section

Er = Young’s modulus of total beam section

Ir = inertia moment of total beam section

mr = total mass of the beam-section

mc = mass of the concrete beam section

Lr = span length of the beam

ω = natural circular frequency
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