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Abstract

This thesis describes a Civil Structural Health Monitoring (CSHM) method for assess-
ment of civil structures by using a combination of advanced monitoring equipment 
with probabilistic based assessment. 

The numbers of civil structures such as bridges, tunnels, retaining walls, dams, etc. have 
increased dramatically the last 30 years since an increase in construction were present in 
the fifties and sixties. In the last decades new strategies in maintenance, inspection and 
assessment of out infrastructures have been developed to make it possible to continue 
to use the structures longer than the designed service life. Also the demands of the 
structures are different now compared to when they were erected, for example the 
loads are higher, fewer disturbances in traffic are accepted and higher traffic flows are 
present. Therefore new technologies for inspection, assessment, maintenance, strength-
ening are needed.  

Civil Structural Health Monitoring is defined as method for in-situ monitoring and 
performance evaluation of civil structures. Without CSHM it will not be possible to 
assess old structures in an effective way and the cost for rebuilding will have enormous 
impact of the society. Therefore it is motivated to use and continue to develop CSHM 
methods in the future. CSHM is also a very useful tool to evaluate the performance of 
constructions built with new materials and constructions which are strengthened with 
novel strengthening systems. 

In this thesis a new strategy to combine probabilistic evaluation of the structural per-
formance with monitoring is described. Ideas how a strategic thinking can be done 
regarding inspections, investigations, monitoring and evaluation are also described in 
the presented CSHM method.  

Five cases have been used to develop, apply and validate my suggested CSHM method. 
The cases are testing different aspects of the model. 

- The first case shows a model application where the model is analysed in a re-
cent performed strengthening and assessment project 
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- The second case shows that it is possible to use CFRP strengthening without 
or with minor traffic disturbance. This is a important part of CSHM since pro-
posed actions to continue use the structure as intended is the last step in the 
CSHM model 

- The third case is analysing tests, modelling, and verification of a composite hy-
brid bridge. 

- The forth case is testing of a new developed sensor type used to test the long-
term effect of a strengthening system. The outcome of this paper is that the 
temperature effect was of major importance. 

- In the fifth case inspection, assessment and monitoring is used in a strengthen-
ing project where the goal was to evaluate the stiffness change of a bridge after 
it being strengthened. 

- The last case is an example of damage detection where the outcome point out 
the difficulties in global damage detection. 

Especially the first case shows the advantages of using probabilistic based evaluation in 
combination with monitoring. 

Keywords: monitoring, probabilistic based evaluation structures, bridges, strengthen-
ing, CSHM, upgrading 
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Sammanfattning 

Den svenska översättningen av titeln på denna avhandling blir Tillståndsbedömning av 
konstruktioner med hjälp av avancerade mätmetoder vilket är ett vitt begrepp som omfattar 
kunskapen att vårda och ta hand om befintlig infrastruktur. För att kunna sätta in rätt 
åtgärd vid rätt tillfälle används mätning, övervakning, diagnoser och skadedetektering 
som verktyg i tillståndsbedömningen. Den, från engelska översatta, fortkortning som 
brukar användas är CSHM (Civil Structural Health Monitoring). CSHM är ett kraft-
fullt verktyg att bedöma in situ tillståndet eller aktuell prestanda (performance) på kon-
struktioner där nya nedbrytningsmotståndiga material används eller för konstruktioner 
som förstärkts med hjälp av oprövade metoder. 

 Motiveringen till att forska och utveckla mätmetoder är den dramatiska byggboo-
men som skedde på femti- och sextitalet. Många av de konstruktionerna som byggdes 
under denna tid används än idag trots att de byggdes för helt andra krav och påfrest-
ningar som var aktuella då. De laster som idag påverkar våra konstruktioner är större, 
snabbare och sker oftare. Den beräknade livslängden på många av våra konstruktioner 
har redan passerats. Det är omöjligt för samhället att byta ut alla de konstruktioner som 
kan vara i riskzonen nu eller inom en snar framtid. Därför behövs bättre metoder att 
bedöma tillståndet så att rätt åtgärder kan sättas in vid rätt tidpunkt. De senaste decenni-
erna har nytt tänkande angående underhåll, inspektioner och tillståndsbedömningar 
utvecklats. Allt för att fortsatt användande av vår allt mer åldrade infrastruktur skall vara 
möjligt.

 I denna avhandling presenteras en CSHM modell där stokastiska beräkningsmetoder 
kombineras med avancerade mätningar. Idéer om hur planering, inspektioner, mätstra-
tegier och utvärdering beskrivs också i metoden.  

 Fem artiklar och en fallstudie har använts för att utveckla och bekräfta olika delar av 
modellen.

- Fallstudien visar hur man har utfört ett projekt där inspektion, förstärkning och 
tillståndsbedömning genom mätning av förstärkningseffekten har skett på en 
bro och hur man kunde ha gjort annorlunda om man använt CSHM modellen. 
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- Den första artikeln visar att det går att förstärka utan eller med liten inverkan på 
trafiken 

- Den andra artikeln behandlar analys, provning, modellering och verifikation av 
en bro byggd i fiberkompositmaterial. 

- Den tredje artikeln visar långtidseffekterna på ett förstärkningssystem. Slutsatsen 
från artikeln är att temperaturen har stor inverkan på konstruktionens beteende. 

- Den fjärde artikeln visar ett fall av inspektion, förstärkningsåtgärd och till-
ståndsbedömning där mätning använts för att bedöma effekten av förstärkning-
en.

- Det sista fallet är ett exempel på skadedetektering. Slutsatserna från artikeln vi-
sar på svårigheter att detektera skador med globala mätmetoder 

 Framför allt visar fallstudien på klara fördelar med att använda CSHM metoden spe-
ciellt om stokastiska beräkningsmodeller kan kombineras med avancerade mätmetoder. 

Nyckelord: Mätning, sannolikhetsbaserad analys, broar, förstärkning, CSHM, uppgra-
dering
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Glossary

Ambient Vibration 
Test:

is a vibration test where the structure is excited by wind, 
human activity, or traffic 

Assessment: is defined as a validation of the structural condition 

Continuous Monitor-
ing:

is monitoring on a continual basis to find any detrimental 
changes

Damage: is a negative change in the condition which can decrease 
the structural performance 

Defect: is a condition related deficiency 

Evaluation: is a process where the actual load carry capacity is deter-
mined

Health: is a term used to define the performance of a structure 

Inspection: is defined as a non-destructive examinations process to 
find defects of a structure 

Load Effect: is an effect on the structural member due to loads, forces, 
or changes in the structural system 

Long-term Monitor-
ing:

a continuous triggered or periodic monitoring undertaken 
over several years or ideally for the remaining life of the 
structure



Civil Structural Health Monitoring 

XII

Periodic Monitoring: is a non continuous monitoring which used to find any 
detrimental changes. Periodic monitoring can be trig-
gered or frequently controlled 

Performance: is defined by the load carrying capacity; durability, aes-
thetics and/or a structure’s function. 

Serviceability Limit 
State:

is defined as a state where the technical requirements 
must be fulfilled for use on daily bases. Typical limits in 
the serviceability state are excessive deflection, vibration 
and local deformations. 

Strengthening: is defined as the term when the structural performance is 
increased

Ultimate Limit State: is defined as a state where the structure must not collapse 
when subjected to the peak design loads 

Upgrading: is defined as modifications or proofs, for example refined 
calculations, which makes improvements of the structural 
performance
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Notations

Latin upper case letter

Af Fiber composite area  [m2]

As  Tension steel reinforcement area [m2]

A’s Compression steel reinforcement area [m2]

Bf Width of flange [m] 

E Modulus of elasticity [Pa]

Ec Modulus of elasticity of concrete [Pa]

Ec,eff Modulus of elasticity of concrete [Pa] 

Ef  Modulus of elasticity of CFRP [Pa]

Es  Modulus of elasticity of steel [Pa] 

G Failure function [-] 

I moment of inertia [m4]

I1 Ideal moment of inertial uncracked beam [m4]

I2 Ideal moment of inertial cracked beam [m4]

Ia Moment of inertial strengthened beam from monitoring [m4]

Ib Moment of inertial unstrengthened beam from monitoring [m4]

K Normalising factor [-] 

L Length [m] 

M Safety margin [-] 

Mtot Total Moment [Nm]

MB180 Maximum bending moment from traffic [Nm]
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Me Maximum bending moment from dead load [Nm] 

Ma Monitored Moment after strengthening [Nm] 

Mb Monitored Moment before strengthening [Nm] 

N Normality distribution function [-]

P Probability function [-]

Pf  Probability of failure [-] 

R Resitance [-] 

S Load effect [-] 

W Flexural resistance [-] 

Latin lower case letter

bw  Width of web [m]

ds  Tension steel concrete cover [m]

d´s  Compression steel concrete cover [m]

fcc  Concrete compressive strength [Pa]

fctk Tensile strength concrete [Pa] 

fd Design value [Pa] 

fk Stress capacity [Pa] 

fS(s) Frequency function describing resistance [-] 

fR(r) Frequency function describing load effect [-] 

fy Material strength [Pa] 

h  Girder height [m]

m Mean value [-] 

mr Mean value of resistance [-] 

ms Mean value of load effect [-] 

t  Thickness of flange [m] 

tct  Concrete tensile strength [Pa] 

u Deflection [m] 

q Distributed load [N/m] 

y0 Distance to neutral axis [m] 
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Greek upper case letter

Reliability index [-] 

Curvature [m-1]

a Curvature after strengthening [m-1]

b Curvature before strengthening [m-1]

Greek lower case letter

f Proportional factor concrete/fibre [-] 

s Proportional factor concrete/steel [-] 

e Effective creep number

  Creep number [-] 

red Reduced creep number [-] 

Standardised normal distribution function [-]

n Partial coefficient that consider safety class [-] 

n Partial coefficient for material [-] 

ö Stress in upper side of concrete [Pa] 

cu Stress in lower side of concrete [Pa] 

m Normal stress in the concrete [Pa] 

m Standard deviation [-] 

R Standard deviation for resistance [-] 

S Standard deviation for load effect [-] 

 Model uncertainty [-] 
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1 Introduction 

1.1 Background and problem definition 

The numbers of civil structures such as bridges, tunnels, retaining walls, dams, etc. have 
increased dramatically the last 30 years since an increase in construction were present in 
the fifties and sixties. In Figure 1.1 the number of bridges still in service is presented in 
terms of when they were built. These bridges were constructed to fulfil the standards of 
that time. Since, then the demands on our infrastructure have changed dramatically. 
For road bridges in Sweden the gross weight of vehicles has increased from 15 tonnes 
in the 1940s to 60 tonnes today. For railroad bridges it is more complicated to calculate 
the increase of loads since the standards for load models have changed, but it is obvious 
that the design loads have increased. Therefore, the combination of increasing demands 
and poor maintenance a large portion of our infrastructure has an inadequate level of 
safety compared to current design codes. Since a large portion of the structures built 
40-50 years ago are still in service, the society, the owners and authorities are facing an 
uphill struggle maintaining the ageing infrastructure. Especially since public safety is 
paramount and the financial consequences for the society are high in the case of a fail-
ure or reduced serviceability of a structure. So far the most applied concepts for bridge 
maintenance are based on inspection routines of major civil structures according to a 
periodic schedule and depending on the results undertake necessary maintenance pro-
cedures. Civil structures are normally visually inspected by maintenance personnel. 
Periodic inspection of bridges in Sweden is performed at least every six years. Visual 
inspections have several drawbacks; most obvious is that deficiencies are only detectable 
if they reach the surface of the structure. Also, the long intervals between inspections 
can reduce the safety if degradation is fast. 

 Therefore new methods and tools for assessment, maintenance, repair and upgrade 
of the performance of existing civil structures needs to be developed. Here, upgrading 
the performance is defined as an increase in function, such as load capacity, durability, 
aesthetics, etc. Upgrading, for instance, the load capacity can be made either by 
strengthening of the existing structure, replacing or changing parts of the structural 
system or by refined calculations. The term refined calculation is defined in the thesis as 
the procedure of controlling the resistance of the actual structure against the load effect 
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is required to carry. If by measurements or other means the resistance is assessed to be 
higher the required load effect with satisfactory safety margin the structure can be up-
graded.
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Figure 1.1 The number of road bridges in Sweden by construction year, from Vägverket, 
(2001). 

1.2 Aim and research questions 

The aim with my research work has been to develop a model of Civil Structural 
Health Monitoring. Three research questions have been defined: 

What is CSHM and how can it be implemented? 

When should we use CSHM, benefits and requirements? 

What methods are available for the evaluation of the structural performance? 

On the bases of the evaluated performance what actions should we undertake and
 how should these be executed? 

1.3 Limitations

The research has been limited to case studies of predominately concrete structures. 
Also, the structural performance, for example the load carrying capacity, has been the 
focus in the thesis. Due to limited selection of load cases the analysis process in the 
CSHM method could be improved or tested more thorough.  
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1.4 Research method 

I have adapted a case study approach to conduct my research, (Yin). The approach aims 
to find explanations and hard facts for problems that can be hard to quantify. The 
method goes through several steps where the fist step includes development of the mo-
del based on theory and state of the art investigations. The next step is to select a num-
ber of case studies where the different aspects of the developed model/theory can be 
studied. From the analyses of the individual cases the different aspects of the model can 
be refined and validated. In the final step, cross-case conclusions are made and modifi-
cations of the developed model are proposed.  In reality this process is highly iterative, 
i.e. the model develops as the different case studies are performed. Also, the selection of 
case studies cannot be chosen freely from what is best from a research point of view. In 
this work the case studies presented in the thesis have been selected from available 
CSHM monitoring and retrofitting projects.  However, I have tried to study different 
aspects in the selected cases in order to develop and validate the proposed model. The 
aspects studied are shown in Table 1.1. 

Table 1.1 Aspects in the CSHM model which are observed 

Aspect Case study 

Model application  Chapter 6, the proposed model is ana-
lysed in a recent rehabilitation project. 

Rehabilitation – execution Paper A, How can we minimize distur-
bance of services during rehabilitation of 
civil structures 

Monitoring – plan, analyze, measure and 
verify

Paper B, Monitoring and performance 
evaluation of a new type of FRP bridge 

Monitoring – Sensors and environmental 
effects

Paper C, New sensor technique (FoS) 
was tested in a long-term monitoring 
project and the effect of temperature was 
evaluated with regard to strengthening. 

Inspection, assessment and monitoring Paper D. A concrete bridge was rehabili-
tated and the strengthening effect was 
evaluated using global and local tech-
niques 

Monitoring – Damage detction Paper E, sensitivity of global techniques 
used for damage detection on a prestres-
sed concrete structure 
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1.5 Outline 

Chapter 1 introduces the research, including the overall aim, the research 

questions and the research method. 

Chapter 2 describes the available CSHM guidelines 

Chapter 3 presents the theory of probabilistic-based assessment which is used in chapter 
5 and 6 

Chapter 4 presents the monitoring strategies which can be used in monitoring applica-
tions 

Chapter 5 presents the suggested model. Each state and process of the model are de-
scribed 

Chapters 6 present and discuss a test case where the model is used on a actual case. 

Chapter 7 includes a summary of the research contributions, validation from papers, 
discussions and recommendation for future research and developments. 

Paper A1

Concrete Beams Exposed to Live Loading during Carbon Fiber Reinforced Polymer 
Strengthening by Anders Carolin, Björn Täljsten and Arvid Hejll. Published in Journal 
of Composites for Construction in 2005. In this paper CFRP strengthening with plates 
and embedded rods of concrete beams were conducted during cyclic loading. It was 
concluded that no significant change were found on beams where epoxy adhesive were 
used. My contribution to the paper is literature review, planning, preparation and exe-
cution of all the tests. The paper is based on the master thesis written by Hejll and 
Norling (2001) and many of the figures are original there. 

Paper B

Large scale hybrid FRP composite girders for use in bridge structures—theory, test and 
field application by Arvid Hejll, Björn Täljsten and Masoud Motavalli. Published in 
Journal for Composites. Part B: engineering in 2005. This paper shows the manufactur-
ing process and testing of large scale hybrid composite girders which was attached as 
main girders for a fully polymer composite traffic bridge. The laboratory full-scale tests 
are compared with analytical and numerical calculations with quite good agreement. 

My 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 me. 

                                                
1 Best applied research paper published in the Journal of Composites for Construction in 2005 
by American Society of Civil Engineers. 
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Paper C

CFRP Strengthening and monitoring of the Gröndals Bridge in Sweden by Björn Täl-
jsten, Arvid Hejll and Gerard James. The paper is in press at the present time but is 
available online 2007-03-20. It is accepted for publication in Journal of Composites for 
Construction 2007 March/April.  

This paper describes the combined CFRP and post-stressed steel strengthening of the 
Gröndals Bridge. The main conclusions from the monitoring of the bridge are that no 
cracks are propagation and that the load effect of the Bridge is much higher compared 
with the effects from traffic loads.  

My contribution to the paper is literature review, preparation and application of the 
sensor system, planning and execution of the monitoring together with drawing figures 
and writing parts of the text. 

Paper D

Civil Structural monitoring of a CFRP strengthened Concrete Bridge in Sweden by 
Arvid Hejll, Björn Täljsten and Per Maxstadh. This paper is accepted for proceedings 
of The 8th International Symposium on Fiber Reinforced Polymer Reinforcement for 
Concrete Structures. In this paper CSHM is used to investigate the effect of CFRP 
(Carbon Fiber Reinforced Polymers) strengthening of a road Bridge. Moderate load 
tests showed a 15 % decrease in strains measured on both steel reinforcement and con-
crete and also that the crack sizes decreased correspondingly. My research contribution 
to this paper is planning of the monitoring, evaluation of the results, and writing main 
parts of the paper. 

Paper E

Effects of prestress force loss on natural frequencies of a concrete girder by Olaf Huth, 
Arvid Hejll, Glauco Feltrin and Masoud Motavalli. Submitted to Engineering struc-
tures. This paper investigates the possibilities to detect artificially damages, cut of ten-
sion cable, on a prestressed concrete beam by measuring and analysing loss on strains, 
deformations and natural frequencies. Changes of natural frequencies due to damage 
were found to be small and it was difficult to find generalizing tendencies. Arvid Hejll’s 
contribution to the paper is execution of the vibration test, analysis of data and con-
tributing to minor parts of the text. 
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2 State of the art 

2.1 Introduction

Testing and inspection of the structural performance of structures such as bridges, dams, 
etc, have been conducted ever since mankind started to build larger constructions, see 
Figure 2.1. Structural Health Monitoring (SHM) originates from the airplane and space 
industry. The idea is to continuously monitor the behaviour of critical parts and get 
early warnings that can be attended to immediately or at a regular maintenance occa-
sion depending on the severity of the problem. SHM in civil engineering is a relatively 
new phenomenon. However the latest developments and decreasing cost of sensors and 
information technologies have made SHM systems more attractive in civil engineering 
applications. To separate the use of SHM in civil engineering applications from other 
industry applications we will in use the term Civil Structure Health Monitoring 
(CSHM). One of the challenges for the CSHM community is to develop methods and 
models adapted for the needs in civil engineering applications.   

 To increase the knowledge of CSHM methods for people working with manage-
ment of structures, e.g. assessment, repair, strengthening and maintenance of bridges, 
several guidelines have been written to increase the knowledge, but also to authorize 
the use of CSHM in maintenance programs.  

 In any effective structural management program, strategies for life extension, up-
grade and replacement strategies must be developed. Here, a CSHM system can be a 
key component in the assessment of the structural “health” of the structures still in 
service. The long term vision for CSHM is to continuously monitor and evaluate the 
structural performance so that maintenance, repair and upgrade actions can economi-
cally optimized. Figure 2.2 shows different degradation scenarios where the safety is 
monitored and strengthening measures can be implemented when the safety limit is 
reached.

ISHMII, (2007) defines a structural health monitoring system (SHM) as: a type of system 
that provides information on demand about any significant change or damage occurring in the 
structure. Since the evaluation of thesis closely related to the chosen strategies in a SHM 
operation, I have defined CSHM operation as: 

A method for in-situ monitoring and performance evaluation of civil structures 
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This definition does not limit CSHM to the detection of deficiencies; it also includes 
performance evaluation of strengthened structures. 

Figure 2.1 Testing of a steel truss bridge in the 19th century. (ISIS Canada, 2001). 
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Figure 2.2 Degradation and monitoring scenarios during a service life of a two structures 
(Hejll, 2004) 

Different circumstances influence the planning and execution of a CSHM operation. 
Limitations such as financial resources, available technology and manpower must be 
balanced against the objectives. Consequently, it is therefore very important to design 
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and plan the CSHM operation as precisely as possible. This chapter will give an over-
view of the different parts that influences the design of a CSHM system:  

The structural phenomena to be studied such as cracking, settlements, etc. 

The time strategy, such as continuous, periodic or triggered monitoring. 

The condition of the phenomenon to be studied, e.g. is it global or local phenome-
non that is to be observed.  

The load effect, such as where and how is the load applied, can it be controlled, etc. 

The evaluation method. The model used to evaluate the cause-effect on a structure 
requires knowledge of geometrical, material, load data, etc. 

2.2 Characterization of structural phenomena 

One of the main purposes of a CSHM operation is to monitor the development of   
specific structural phenomena in a structure. Depending on which type of loads are 
acting on the structure during the monitoring different phenomena can occur. Typical 
phenomena are shown in Figure 2.3. 

u

1: Foundation 
 displacements 
 and settlements 

2: Displacements 

e-

7: Corrosion 

e-

e-
e-

u u

3: Inclinations 

5: Crack widths 

4: Crack 
 detection and 
 localisation 

u

6: Vibrations 

Figure 2.3 The typical phenomena for a bridge are shown at the Panken Bridge in Swe-
den, photo by B.Täljsten. 

The probable cause, such as internal and external loads, for these phenomena needs to 
be identified to be able to determine which parameters should be measured. Examples 
of parameters are forces, stresses, displacements, rotations, vibrations, and strains. Also 
environmental parameters can influence the phenomena such as temperature, humidity, 
precipitation, wind, traffic, etc. (Atkan et al. 2003). One example of the latter is given 
in paper C where the temperature influenced the bridge to a much larger extent than 
the traffic load. 
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2.3 Time strategies 

The time strategy describes the duration and frequency of the measurements. Here, the 
time dependent strategies are characterized as short-term, long-term, periodic, con-
tinuous, and triggered monitoring. The selected strategy depends on the phenomena to 
be observed. For example if the crack width of an existing crack is going to be ob-
served a periodic, long-term monitoring program can be recommended. If we want to 
measure the damping of a structure a short-term manually triggered program can be 
selected. 

2.3.1 Short-term monitoring 

Short-term monitoring can be used if the state of the structure is to be examined at a 
specific point in time. This is a typical measure if an inspection shows a deficiency or 
damage in the structure and the safety is questioned. Short-term monitoring gives more 
information than a visual inspection since the structural safety can be controlled. Also 
most of the sensors used in CSHM application are not robust enough be used over a 
longer period of time. Most CSHM operations are of short-term “on-off” engagements 
where the CSHM system is used for a specific purpose, despite that the cost for instru-
mentation and installation represents a large part of the total cost. These types of moni-
toring are often used to evaluate a change. Examples are: changed of traffic loads, 
change of the structural system, strengthening of a structure, etc. If several short-term 
monitoring measures are repeated frequently over an extended period it will be defined 
as periodic long-term monitoring. Paper D shows a short-term “on-off” application of 
evaluating the CFRP strengthening effect of a concrete road bridge. 

2.3.2 Long-term monitoring 

The definition of long-term monitoring from ISHMII (Mufti et. al., 2006) states that 
continuous monitoring of a structure is considered to be “long term” when the moni-
toring is carried out over a period of years-to-decades. Preferably a long-term monitor-
ing should be carried out over the life of the structure. Recent advances in sensor tech-
nology, data acquisition, computer power, communication systems, data and IT-
technologies now makes it possible to construct this type of system. Long-term moni-
toring should only be considered if the changes in loading are slow, such as gradual 
temperature changes, or if the loads are not predictable, e.g. natural hazards such as 
floods, hurricanes or earthquakes. In addition if a structure is affected by slow degrada-
tion processes and the methods to prevent this are limited or should be postponed as 
long as possible. This is the case for monitoring of ancient structures and monuments 
where the aesthetics can not be changed. (Cossu and Chiappini, 2004, Grinzato et al., 
2002, Marazzi et al,. 2002 and Bogdabovic et al., 2005). For such structures the only 
way to find the state of the health is to use non-destructive tests since no material can 
be removed and tested to evaluate the material properties. In paper C, a periodic long-
term monitoring system has been used to evaluate the function of a Carbon Fiber Re-
inforced Polymer (CFRP) strengthening system and changes in existing shear cracks of 
a railway bridge. 
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2.3.3 Periodic, continuous or triggered monitoring 

In long-term monitoring operations the collection of data can be continuous or peri-
odic, see Figure 2.4. Frequent periodic monitoring is when data is collected at regular 
time intervals. Triggered periodic monitoring is when data collection is initiated or 
triggered by a specific event, e.g. when a measured parameter exceeds a threshold. The 
sampling interval for each data collection depends on the dynamic nature of the studied 
phenomena, see also load dependency. Typical application for frequent periodic moni-
toring is when the loads are static and the monitored phenomenon changes gradually 
for example if the yearly temperature effect of a dam should be monitored. A typical 
application for triggered monitoring is measurements of trains passing a bridge. Here, 
the interesting samples are only when the train is on the bridge. Continuous monitor-
ing is used when rapid changes due to stochastic events are expected. Mostly, these 
types of data streams are processed to decrease the amount of data collected.  

Long-term monitoring

Continuous 

Frequent periodic 

Time

Time

Time

Triggered periodic 

Figure 2.4 Continuous, frequent and triggered long-term monitoring. 

2.4 Condition strategies 

The condition strategy means what type of phenomenon to be observed. For example 
if localization of cracks is the main phenomenon that is to be observed, a local ap-
proach is not an option. Instead damage detection and localisation methods using global 
methods, often based on determination of modal parameters, needs to be implemented. 
If the propagation of existing cracks is to be controlled, a local monitoring approach of 
significant cracks is recommended. 

2.4.1 Local monitoring 

Local monitoring is the observation of local phenomenon, such as strain, crack open-
ing, etc. Local monitoring can also be defined as non-destructive localised evaluation 
(NDE). NDE is defined as technologies that can "see through or probing through" a 
structure to detect conditions and characteristics at a local level (Atkan et al., 2003 and 
ISHMII, 2007). 

 Local monitoring is sometimes described as not be a true SHM method in the sense 
that the health of the structure can not be determined on local level. Still, in combina-
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tion with global monitoring methods or damage detection, local monitoring approach 
can be a useful to evaluate the severity of detected damages, the so called level 3 type of 
damage detection (see below). In paper C, a local based monitoring system has been 
used to evaluate the health of a CFRP strengthened bridge and control the propagation 
rate of shear cracks. In this case the cracks were already detected and parts of the CFRP 
system could be observed by applying local sensors. Local monitoring is also useful for 
applications in the laboratory when certain parameters must be controlled. An example 
of where a local monitoring has been used in the laboratory to control the health of full 
scale composite girders for a traffic bridge can be found in paper B. 

 Here, a material test of specimens taken in-situ is also included in this category, 
even if this is not a SHM method. However, the evaluated properties are often needed 
in the assessment of the behaviour of the structure, see also chapter 5. 

2.4.2 Global monitoring 

Structural phenomena such as deformations or vibration of a structure are monitored 
using global methods. The term global monitoring is defined as the observation of 
global phenomena of structures. Global monitoring in this thesis is separated from dam-
age detection methods which also can be considered to be global but they don’t moni-
tor a global phenomenon. Damage detection and localisation strategies are discussed 
below. 

 An interesting method to obtain the global behaviour of structures is to monitor 
modal parameters, such as frequencies, mode shapes and damping of the structure and 
to correlate the test results with the outcome of FE-analysis. The structure can either 
be excited by ambient vibrations, i.e. natural noise excitation, or by forced vibrations. 
The challenge is then to create a “damaged” FE-model so that the monitored results 
comply with the FE-analysis.  

2.4.3 Damage detection  

Damage or deficiency detection of civil engineering structures refers normally in litera-
ture to modal analysis. Here it is limited to 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 evaluation methods based on 
the type of damage. For example, if the damage is a concrete crack, fracture mechanics 
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or fatigue life analysis is needed to estimate the remaining 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.  

2.5 Load effect strategies 

The load effect strategy is mainly a question of how the measurements should be col-
lected over time.

2.5.1 Static monitoring 

Measurements of phenomena such as deflection, inclination, settlements, crack widths, 
corrosion and phenomena caused by environmental properties, for example tempera-
ture, humidity, wind, are most of the time quasi-static since they vary slowly over the 
time. When monitoring these characteristic parameters from these phenomena it is 
most often enough to measure the peak values over a longer time depending on the 
speed of actions that create the phenomenon. This is defined as static monitoring. A 
typical example of static monitoring is proof loading of bridges, where a well-defined 
load is applied to the bridge to obtain the behaviour, most of the time a deflection 
phenomenon.  

2.5.2 Dynamic monitoring 

Dynamic monitoring is performed with a much higher sampling rate compared to static 
monitoring in order to obtain the structural behaviour from, e.g. dynamic loads. Typi-
cal examples where dynamic monitoring is recommended are structures affected by 
moving loads or in structural test for the determination of modal parameters.

2.6 Evaluation method 

The evaluation method affects the CSHM strategy in the sense that the model used to 
predict the behaviour determines the parameters to be monitored. If the performance 
of a structure needs to be upgraded and the design calculation does not prove enough 
safety, monitoring in combination with more advanced calculation tools, such as 
nonlinear FE-analysis, can be used.  Also, the output from monitoring needs to be 
interpreted so we can understand the response and predict the structural performance of 
the structure. 

2.6.1 Probability based evaluation 

In a full CSHM application it is recommended to use probabilistic evaluation approach 
comparing the load effect with the structural capacity. A common way to do this is to 
use reliability-based classification. Probability based design codes are used in a majority 
of design codes today where different design factors of loads and material properties are 
based on distributions. The probability approach is described in more detail in chapter 
3. However, the choice has impact on the CSHM strategy since a lot of data has to be 
collected if we want to make probabilistic based evolutions of the results. Often due to 
limited budgets, most evaluation methods used are deterministic using design factors 
from codes.  
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2.6.2 FE-methods

FE-models can be created to mimic the results from the monitoring. By using continu-
ous monitoring or periodic long-term monitoring, monitored changes can be inter-
preted by the model and future performance scenarios predicted. FE-methods in com-
bination with optimizing tools are also being developed for the identification of mate-
rial and structural parameters from the structural response. These so called reversed 
modelling approaches in combination with long-term monitoring may prove to be 
important tool in CSHM operations in the future. 

2.7 CSHM strategies and sensor system 

Table 2.1 shows some examples of how structural phenomena can be linked to moni-
toring strategies and recommendations of suitable sensor types. The letters “C”, “T” 
and “L”, stands for strategies related to the Condition to be measured, how the meas-
urements should be done over Time, and the dynamic behaviour of the acting Loads.
The sensor system must be chosen for the structural phenomena to be observered and 
the selected monitoring strategy. The quality of the result from the CSHM operation 
depends of the characteristic of the used sensors and sensor system. A limited budget is 
always present and this might influence the quality of the sensors system. For each sen-
sor system planned the characteristics of each individual part must be investigated. Pa-
rameters that influence the selection of the sensors are the sample rate, resolution of the 
input and output signal, possibility to repeat the monitoring, temperature influence, 
sensor drift, etc.  
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Table 2.1 Examples of structural phenomena, strategies and suitable sensors. T: Time 
dependent strategies, C: Condition dependent strategies and L: Load dependent strategies 
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3 Probabilistic Evaluation 

3.1 Introduction

If the performance of a structure needs to be upgraded it is from an economical point 
of view more beneficial if refined design calculation methods can prove that the safety 
is sufficient. A common way to do this is to use reliability-based classification methods. 
Probability based concepts are used in a majority of design codes since they often are 
based on probabilistic assumptions where the resistance of the structure, R, must be 
higher than the load effect, S. The basic design criteria can be expressed as 

SR  (1) 

 To obtain the load effect, S, information of the distribution of loads (location and 
size) is necessary. To obtain these distributions of all loads, an extensive monitoring 
program is needed over time. The statistics or history of the loads may be obtained 
from other load measurements. For example, on railway bridges it is assumed that the 
traffic loads are located along the railway track. It is in many cases possible to obtain the 
actual weights of the cargo transported, but such statistics cannot be used to estimate 
the maximum load transported over the bridge. If the cargo company overloads a train, 
then will most unlikely report this. The maximum axle loads are also dependent from 
the position of the load in the wagon, etc. Still, these values are of great importance for 
the evaluation of the load effect cause in a CSHM operation. Load values for design 
can also be found in codes or from measurements at other locations than the actual 
structure, such as traffic loads, wind loads and temperature loads. Other types of loads 
are specific for the actual structure. Examples of such loads are soil pressure, dead 
weight, local temperature variations, etc.  

3.2 Juridical justification of probabilistic-based assessment 

According to the Swedish Bridge Code, Banverket (2004) and Vägverket (1998, 2004), 
it is stated that the use of probabilistic based assessment is accepted after investigation in 
each particular case. This mode of procedure is seldom carried out and if it is used it is 
carried out in agreement with a consultant and the owner of the bridge, e.g. the Swed-
ish Road Administration or the Swedish Railway Association. Sometimes, a probabilis-
tic design approach is used, often in combination with monitoring to verify calculation. 
There exist no particular guideline for probabilistic design of bridge in Sweden. How-
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ever, in Denmark a guideline exist on how to use a probabilistic approach for mainte-
nance (Road directorate, 2004). 

3.3 Reliability based classification 

3.3.1 Reliability index and probability of failure 

The target reliability indices, , for assessment of existing structures are given in Table 
3.1. These numbers are given in ISO 13822 - Bases for design of structures - Assessment of 
existing structures, (ISO, 2001). The remaining working life determined at the assessment 
is considered as a reference period of an existing structure for serviceability and fatigue, 
while the entire design life is often considered as a reference period for a new structure 
(Rücker, 2006). Reversible in Table 3.1 refers for example to elastic behaviour with no 
remaining deflections. Examples of irreversible states can be cracks in concrete. Re-
maining working life refers to actual life of the structure and the design working life is 
the calculated life of the structure. The indices in Table 3.1 were derived with use of 
log-normal or Weibull models for the resistance, Gaussian models for permanent loads 
and Gumbel distributions for time varying loads. To be able to trust the indices with 
high significance the same probability distributions have to be used in the assessment. 
(Rücker, 2006) 

Table 3.1 Target reliability indices for assessment due to ISO 13822 (ISO, 2006). 

Limit States Reference period 
Serviceability 
 reversible 
 irreversible 

0.0 
1.5 

remaining working life 

Fatigue
 can be inspected 
 cannot be inspected 

2.3 
3.1 

remaining working life 

Ultimate
 very low consequences of failure 
 low consequences of failure 
 medium consequences of failure 
 high consequences of failure 

2.3 
3.2 
3.8 
4.3 

design working life 
(e.g. 50 years) 

 The relationship between the reliability index, , and the probability of failure Pf is
defined by = --1(Pf ). Different values of  and Pf are  given in Table 3.2. 

Table 3.2 Probability of failure, Pf, and safety index, .

Pf 10-1 10-2 10-3 10-4 10-5 10-6 10-7

1.3 2.3 3.1 3.7 4.2 4.7 5.2 

Safety class: 1 2 3  
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According to Swedish design codes of civil structures the safety for a failure of a struc-
tural member should be 1 in a million on a yearly basis, this is then referred to as safety 
class 3. Most of our civil structures, and all of our road and railway bridges, are de-
signed in safety class 3 since they are of high importance for the society and in almost 
all cases human lives are at risk in case of a failure. In Table 3.2 the safety classes all 
refer to the Ultimate Limite State (ULS). The probability of failure from the safety 
classes can be translated into probability of failure, Pf, and to safety index, The rela-
tion of safety class, probability of failure and safety index is shown in Table 3.2. The 
probability of failure, pf, for 0SR  can be expressed as 

0fp P R S  (2) 

where R and S are described as stochastic variables. In design this is normally described 
as the ultimate limit state (ULS) if the loads, S, correspond to a probability of 10-4 or 
less, see Table 3.2. However, this is not in total agreement with Table 3.1 but in the 
current report the limit for ULS is set to 10-4 and the level below that refers to the 
service limit state (SLS) according to the Swedish code. In the SLS it can be confusing 
to use the term probability of failure since here serviceability or fatigue is considered. 
The serviceability limit state in Table 3.2 corresponds to a satisfactory functioning 
should be maintained in normal use. Examples where the reliability indices in service-
ability should be used are deflections, cracks and vibrations which might disturb the use 
of a structure. Examples where target reliability indices for ULS should be used are 
formations of mechanism, such as yielding in reinforcement, material rupture and insta-
bility e.g. buckling, tilting and folding (Road directorate, 2004). 

3.3.2 Partial coefficients 

Since structures within the same class, e.g. highway bridges are designed for equal loads 
but often with different materials the design codes are using partial coefficients to sim-
plify the design procedure and be able to use different material when calculating the 
load carrying capacity. In equation (3) the fd is the design value based on the stress ca-
pacity, fk, which is reduced by the partial coefficients, n, and m., is a factor which 
refers to the load carrying capacity and  considers the model uncertainty of scaling a 
laboratory test to a full scale member. 

k
d

m n

f
f  (3) 

 The coefficients are established from statistical analysis to give a corresponding load 
carrying capacity which then can be evaluated as a probability of failure and compared 
with the requirement of the selected safety class. Since the partial coefficient method is 
approved it is also allowed to apply probabilistic based design when calculating the 
safety of a structure. When distribution of the parameters on both the loads and the 
resistance are taken into account the term probabilistic design can be used. 
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3.4 Loads

3.4.1 Introduction 

To decide the load limitation for the public transport system there are some aspects 
which must be considered. A certain amount of goods must always be transported. 
From a hauling contractor’s aspect it is cheaper to use a few but heavy vehicles. From 
the bridge owner’s aspect, restriction must be enforced since heavier traffic causes larger 
loads and consequently increased deterioration and need of bridges which can carry 
these loads. The allowed traffic loads is a compromise of these two aspects. The al-
lowed traffic loads on roads are higher in Sweden than in many other countries. The 
transportation of timber from the inland to the coasts where the industries are located 
and the large transportation volumes due to long transportation distances are probably 
the reason why Sweden and Finland allow higher gross weights than many other coun-
tries in Europe. The design loads for buildings has not changed in the same way as 
traffic has changed over the past decades. (Sahlin and Sundquist, 2006) 

 All loads are divided in two groups, deterministic- and stochastic loads. A determi-
nistic load is a known load with regard to location and magnitude over time. Examples 
of loads that are assumed to be deterministic are loads that are more or less permanent 
and cannot exceed a certain limit; such as dead loads, water pressure acting on dams, 
etc. A stochastic load is an assumed load that will occur in the future, for example the 
traffic load acting on a bridge. For these kinds of loads assumptions must be made and 
the probability distribution can be estimated from experience and measurements of 
similar structures. Loads can also be divided in other groups like dynamic and static 
loads. For many civil structures the only static load that is used in design is the dead 
load and the dynamic loads are normally called live loads (Bergmeister, 2002). When 
using a probabilistic approach there are three types of variables to consider- the loads, 
the position and geometry of the loads and the model of how the loads affect the struc-
ture, i.e. the model of load effects. 

3.4.2 Structural loads 

For structures in general the loads can be divided into: 

Dead loads: weight of structural members and non-structural elements that can be 
assumed to be deterministic. 

Super-imposed dead loads: weight of non-structural elements that are to be consid-
ered as stochastic. 

Live loads: wind loads, earthquakes, collisions, water pressure loads are stochastic 
loads.

Secondary loads: loads that can affect the structure from an effect of something in 
the structure. Examples of such loads are thermal effects (see paper C), friction 
forces, forces due to shrinkage, creep or prestress of concrete structures, forces due 
to settlements, forces due to manufacturing actions etc. These loads are considered 
to be stochastic. 



Probabilistic Evaluation 

21 

3.4.3 Position of loads  

The position of the loads on the structure in the probability based calculations is im-
portant but can be determined more accurately than the loads themselves. On a bridge 
the position of the loads, from for example a traffic queue is relatively straight forward 
to estimate the most adverse position of trucks by using drawings, sizes of vehicles and 
studies of normal behaviour of drivers in queue situations. The position of loads is 
normally assumed to be deterministic. 

3.4.4 Model uncertainties of load effects 

An additional parameter is the uncertainty of the load transfer model which is used to 
describe how the load actuates the phenomena that are calculated and/or monitored. 
Example of the load effect model for the maximum deflection, u, of a simply supported 
beam with a uniformly distributed load, q, is described by 

3

24

qL
u

EI
 (4) 

 There will be a slightly different deflection if several beams with the same load, q,
length, L, e-modulus, E, and moment of inertial, I, are tested due to uncertainty of the 
model. For this case the difference will be minor but for a more complex structure the 
model will be less accurate. The model uncertainty will be further discussed in chapter 
6 where a case study of the Panken Bridge is presented. 

3.4.5 Loads on Bridges 

The only main difference regarding loads on bridges compared to loads on other struc-
tures is the movable traffic loads which continuously affect bridges. Loads on bridges 
are described extensively in the literature. Probabilistic approach regarding loads and 
assumptions of probability distribution of traffic loads have been described by Jeppsson 
(2003), James (2003) and Getachew (2003). 

 It should also be mentioned that to monitor an accurate probability distribution of 
loads is extremely hard since the probability distribution in the ultimate limit state re-
quire at the best measurements to be conducted over a year. Still, the maximum loads 
that should be covered by the distribution are over a 50 or 100 year period. For other 
extremely rare loads, like earthquakes the probability distribution should cover longer 
periods. For example, the load distribution for nuclear plants is based on earthquake 
events over a 1000 year period. For obvious reasons it is difficult to obtain statistical 
information of such loads. 

3.5 Resistance 

3.5.1 Introduction 

A structure resistance is the sum of all load carrying members and properties which help 
the structure to carry the loads. Typical parameters that need to be analysed to obtain a 
probability distributions are: 
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Geometrical dimension. For the dimensions of a structure deterministic values can 
be used if the real dimensions are obtained from measurements on-site. For geomet-
ric positions which can not be measured, e.g. position of reinforcement bars, sto-
chastic values are recommended. 

Mechanical and chemical material properties. For the mechanical and chemical ma-
terial properties stochastic values should be used since there will always be a distri-
bution in the test results used to evaluate the material properties. 

Hidden damages or inhomogeneities. For probabilistic distribution of hidden dam-
ages or in homogeneities deterministic values can be used if the structure is well 
documented with non-destructive testing methods that can detect, localise and de-
termine the severity of the deficiency. Otherwise the deficiency should be assumed 
using stochastic values. 

Load carrying capacity model. The model is often connected to the load effect 
model and uncertainties of the load carrying capacity model must be taken into 
consideration. These uncertainties are stochastic or sometimes deterministic depend-
ing on the structure. 

 To be able to find the probability distribution for a material property, a number of 
material samples can be tested. From the test results of the samples the distribution of 
the material properties value can be determined. The most complicated part in the 
resistance calculations is to find a suitable distribution of the load carrying model. In 
particular since the model might affect both the load and resistance. For example, the 
load carrying model for a simply supported beam with material strength, fy, flexural 
resistance, W, the moment capacity is 

yM f W  (5) 

 For more complicated structures the capacity model is more complex and uncer-
tainties of the exact results can be compensated by multiplying a constant with a mean 
value, a distribution and a distribution type. 

3.5.2 Structural resistance 

Independent of the structure type and the material type in the structure the resistance is 
calculated in the same way as in the probabilistic approach. However depending on the 
structure type and material, different parameters have to be examined. To obtain the 
material properties of a concrete structure, samples can be drilled and tested in the labo-
ratory or pull-out tests can be done in the field, (Thun, 2006). Material properties of 
concrete structures may vary in the structure and also in a single member depending of 
the position of the sample. In slabs the relative strength can have a variation of 20% and 
for a beam it can vary 40% depending on whether the samples were taken from the top 
or bottom of the member (Bungey and Millard 1996). 

 To obtain distribution of the steel reinforcement material properties can be compli-
cated since it is difficult to take out material samples without lowering the load carrying 
capacity. Here detailed inspections and calculations must guide how the samples should 
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be taken out. For steel bridges the resistance in many cases depends on the load carry 
capacity of a certain structural members. Here, material specimen can be obtained from 
non bearing members in the structure. Also, data can be found in the literature of stud-
ies of steels with the same quality and age. For concrete structures the same strategy can 
be applied to get material data of the reinforcement from tests on bars with the same 
quality and age. However, the most uncertain parameters of the reinforcement steel are 
in many cases the position of the bars, not the material properties. If the position of 
reinforcement cannot be verified the value should be considered to be stochastic. The 
chosen probabilistic distribution for the material properties depends strongly on the 
results from the material tests. For concrete and steel it is recommended to use loga-
rithmic-normal distributions with mean values and standard deviation depending on 
material, parameter and quality. For example for ribbed reinforcement bars, Ks 500, the 
characteristic tensile stress is 550 MPa but for probability based calculations a logarith-
mic-normal distribution with a mean value of 623 MPa and a standard deviation of 25 
MPa is recommended, (Road Directorate, 2004). If samples are taken these values 
should be used instead of the recommendations.  

3.6 Safety 

The partial coefficients method (PCM), which has been briefly introduced, is the first 
level of probabilistic design. The next level is the first order second moment reliability 
method (FORM). In this method the mean value and the variance is considered for 
each stochastic parameter. The highest level uses the exact statistical distribution for all 
variables.

The probability of failure can be simulated with a random picked pair from the S and 
R distribution so called Monte Carlo simulation. Each pair is then compared,. If R<S
gives a value of 1, i.e. no failure, and if R S the value is 0 which correspond to a fail-
ure. The probability of failure is then calculated how often this will happen in the 
simulation. In mathematical terms this can be expressed as 

1
ˆ 0p p I G xf f N

 (6) 

where

fff pp
N

p̂Var 11  (7) 

I( ) is an indicator function of the inequality R-S 0.  If R S, I( ) returns 1 otherwise 
0. N is the total number of simulations.  

 The basic concept of probabilistic design described in Figure 3.1. The probability of 
failure is the area of the overlap between the two curves. In mathematical terms this 
occurs when 
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0f s r s Rp P R S f s f r dr ds f s F r ds  (8) 
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Figure 3.1 Distribution of S and R. 

 To obtain a thorough understanding of the distribution of failure probability, Eq. 
(6) can be plotted in a 3-D diagram. R and S are here plotted as probability functions, 
fS(s), and fR(r). The failure limit function G (R-S = 0) is then shown as an intersection 
through the cone which is the border between the safe and unsafe side, i.e. the failure 
side. The top of this piece (r*; s*) is the design point where the structure has the highest 
probability of failing. In probabilistic design this is called highest joint probability den-
sity. From Figure 3.2 the probabilistic safety factor, i, is calculated. If we assume that 
all variables are assumed to be normally distributed and statistically uncorrelated the R 
and S functions can be written as 

( , )R RR N m  (9) 

SS ,mNS  (10) 
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Figure 3.2 Joint probability density function in a 3D-view, (Bergström, 2006). 

The safety, M = R - S, is then also normally distributed and written as 

MM ,mNM  (11) 

In Eq. (11) SRM mmm  and 22
SRM

2
0 0

21
0

2

M

M

x m

f M
M

p P M f x dx e dx  (12) 

if 

1M

M M

x m
y dy dx  (13) 

When (11) is used in (10) the probability of failure can expressed as 
2

21

2

y
M

f
M

m
p e dy  (14) 

( ) is the standardized normal distribution function. This function is unique since 
the mean value is zero and the standard deviation is equal to 1. If S and R are still as-
sumed to be normally distributed we can calculate the safety index by: 
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2 2

R SM

M R S

m mm
 (15) 

 The  values connected to the SLS and ULS is shown in Table 3.1. 

3.7 Probabilistic approach in CSHM 

The probabilistic approach with assumptions of load, load effects, geometry of loads, 
material properties, geometrical data, can be a useful tool to asses the safety of struc-
tures. A better value of the probability of failure can be obtained if the load and resi-
tance properties can be determined more accurately, e.g. by measurements. The com-
bination of probability based design calculation with CSHM can be an even more 
powerful tool. Since the evaluation of analysis results and the monitoring results can 
give considerably more information about the load effects model and the load carry 
capacity model than a normally design calculation using assumed probabilistic. 
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Before CSHM 
After CSHM 

Figure 3.3 Distribution of S and R before and after CSHM. 

 In Figure 3.1 the distribution of the load and resistance are presented for a structure. 
Before the CSHM operation, the distributions are based on assumptions on experience 
or other similar structures or, in an ideal investigation, on measurements of actual loads 
and material properties. The scatter of the curves (both R and S) depends on the distri-
bution of each individual parameter. By using CSHM the distributions loads and mate-
rial properties can be determined more accurately, hence giving more narrow distribu-
tions as a result. Also, the mean values may shift reducing or increasing the probability 
of failure giving the owners more precise information and decision support to act.  

 The variables, expressed in mean values, variances and distribution types, used in the 
probabilistic-based assessment are essential for the result of the -index calculation. In 
Table 3.3 the variables in the load, S, and resistance, R, are summarised.  

 The stochastic or deterministic nature of the variables in the probabilistic design has 
already been discussed. In the monitoring state, i.e. during a monitoring operation, the 
variables have so far been treated as deterministic since the model uncertainty should be 
evaluated. In Table 3.3 during the CSHM operation all variables are deterministic, 
without this assumption it is impossible to distinguish if the monitoring result depends 
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on the distribution of the stochastic variables or from the uncertainty of the load effect 
model and load carry capacity model. In the probabilistic design the loads should be 
considered as stochastic. Prediction of future loads cannot be done with certainty, only 
estimates of the probability that a certain load will appear. The same assumption is 
made for the load effect.  

Table 3.3 Variables for load effect and resistance in investigation state, during and after 
monitoring of civil structures. 

CSHM Load effects (S) 

Before

Variables
Loads
Load positions 
Load effect function 

Distribution
Stochastic 
Deterministic 
Stochastic 

During

Variables
Loads
Load positions 
Load effect function 

Distribution
Deterministic/fixed  
Deterministic/fixed 
Deterministic/assumed 

After 

Variables
Loads
Load positions 
Load effect function 

Distribution
Stochastic 
Deterministic 
Stochastic and refined 

   
CSHM Resistance (R) 

Before

Variables
Material properties 
Geometry of structure 
Carry capacity function 

Distribution
Stochastic 
Deterministic or Stocastic 
Stochastic 

During

Variables
Material properties 
Geometry of structure 
Carry capacity function 

Distribution
Deterministic  
Deterministic 
Deterministic/assumed 

After 

Variables
Material properties 
Geometry of structure 
Carry capacity function 

Distribution
Refined 
Deterministic 
Stochastic and refined 

 Table 3.3 summarises how a CSHM operation can provide better estimates of the S 
and R functions shown in Figure 3.3. Before the CSHM operation, load effect func-
tion, material properties are stochastic values. The load position and in most cases the 
geometry of the structure, with the exception of e.g. the position of reinforcement 
bars, can be treated as deterministic values. The load effect and load capacity during the 
monitoring operation are assumed to be deterministic. After a CSHM operation the 
load effect and the load carry capacity function are still stochastic but the distributions 
can hopefully be reduced.  
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4 Guidelines

4.1 Overview 

In this chapter, five guidelines recommended by the International Society for Structural 
Health Monitoring of Intelligent Infrastructures, ISHMII (2007), are reviewed.  

4.2 ISIS Canada 2002 

4.2.1 General

The guideline for structural health monitoring by ISIS Canada (ISIS Canada, 2002) is 
based on the research within the ISIS Canada Network of Excellence 
(www.isiscanada.com) and was the first complete guideline covering the field of SHM 
in the world. At ISIS Canada research has developed not only a SHM guideline but 
also developed fibre optical sensors (FOS), wireless remote monitoring, electronics for 
civil engineering applications (Civionics), innovative structures, rehabilitation methods, 
education modules of CSHM, etc. 

 The main purpose of the guideline is to expose the benefits of SHM to structural 
engineers who want to increase their knowledge in the field of SHM in general and 
how SHM can be applied to civil structures in particular. 

4.2.2 Structure

The body of the guideline is low on details in the main report. The details about sen-
sors, data acquisition systems and vibration based damage detection are presented in 
appendices. Several case studies of SHM projects on bridges where the authors of the 
guideline have been involved in are also described. The presented case studies gives a 
description of the type of bridge studied, sensors used in the projects followed by a 
short summary of the results. In total 9 bridge projects and one wharf project are de-
scribed in the guideline. The focus has been to present and discuss SHM applications 
and methods suitable for static and dynamic field tests. 

http://www.isiscanada.com
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Table 4.1 Comparison between different guidelines. 
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4.2.3 Condition

The four different levels of damage detection of a structure, first presented by Rytter 
(1993), are discussed briefly in the guideline. The levels are as follows: 

 Level 1: Determination of presence of damage 

 Level 2: Determination of location of damage 

 Level 3: Quantification of severity of damage 

 Level 4: The prediction of remaining service life 

 No discussion about strategies regarding local or global monitoring is found in the 
guideline.  

4.2.4 Time 

The time aspects of damages are discussed in the chapter regarding classification about 
SHM systems. Here a general overview is given of static field testing, dynamic field 
testing, periodic monitoring and continuous monitoring. The difficulties of long-term 
monitoring are discussed in relation to the presented applications.  

 Periodic monitoring is defined as monitoring to investigate any detrimental change 
of a structure that might occur over the time. For extremely important structures, or 
detrimental change that is supposed to occur rapidly continuous monitoring is recom-
mended in the guideline. For other structures and normal damage scenarios a periodic 
monitoring schedule is recommended where the measurements should be performed 
under similar conditions.  

4.2.5 Load

The main body of the guideline is structured according to load dependent strategies 
where static field testing and dynamic field testing are the two main chapters. The static 
field test chapter is divided in; behaviour tests, diagnostic tests and proof tests. Behav-
iour tests are carried out to study the mechanisms of the bridge or to verify the evalua-
tion method using full scale field tests. A behaviour test of a structure provides informa-
tion about how the loads are distributed among the structural member of the structure, 
i.e. the load effect is monitored. 

 In the guideline it is pointed put that there is no clear cut between the two terms 
behaviour tests and diagnostic tests. The term behaviour test is used for tests that are 
carried out mainly to verify a certain method of analysis. The Diagnostic tests are de-
fined as a test carried out to diagnose the effect of component interactions. For exam-
ple, if a test on a slab-on-girder bridge is performed to verify the transverse load distri-
bution it is a behaviour test. For the same bridge, the diagnostic test will be carried out 
to establish the rotational restraint conditions at the end of a bridge column. Proof tests 
are tests performed to establish the safe load carry-capacity. The definition of a bridge 
proof load is the maximum load that the bridge can carry without suffering any dam-
age. In Ontario, Canada, before 2002 when the guideline was written, more than 250 
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bridges has been proof tested with success, not a single bridge suffered any damages 
caused by the tests. 

 The dynamic field testing is divided into four groups; stress history tests, dynamic 
load allowance (DLA) tests, ambient vibration tests and pull back tests. Stress history 
tests are tests to find the distribution of stress range in fatigue-prone members of struc-
tures. DLA tests are tests to find the dynamic amplification factor. Ambient vibration 
tests are tests to determine the characteristic of vibration with regards to modal parame-
ters of structures where the excitation is generated by wind, human activity or traffic. If 
the ambient excitation is too small to vibrate the structure in the lateral direction a pull 
back test might give enough vibration to evaluate the modal parameters. The pull back 
test is performed in the way that the structure is deformed by cables which are released 
very quickly. The analysis is performed in the same way as for the ambient vibration 
test.  

4.2.6 Evaluation methods  

No discussion or comments are given regarding probabilistic approaches in the guide-
line. Some methods are discussed in connection to the behaviour and proof loading 
tests.

4.3 SAMCO 

4.3.1 General

The “Guideline for Structural Health Monitoring” (Rücker et al., 2006) is written by 
Professor Dr. W. Rücker, Dipl.-Ing. F. Hille and Dipl.-Ing. R. Rohrmann at the Fed-
eral Institute of Materials Research and Testing (BAM). Structural Assessment, Moni-
toring and Control (SAMCO) working group is the publisher. SAMCO is European 
Union founded research group, SAMCO. (2001). 

 The guideline was published in 2006 so it is more up to date than the other guide-
lines. The purpose of this guideline is to introduce existing procedures and technolo-
gies to SHM and to give recommendations for applications. Examples of procedures 
explained in the guideline are non destructive testing (NDT) for steel structures, rein-
forced and prestressed concrete structures and masonry structures, static and dynamic 
field tests, monitoring procedures, numerical analysis and damage identification meth-
ods. Examples of sensor technologies presented in the guideline are: strain gauges, Fi-
bre-Bragg gratins sensors, piezofilm sensors, displacements sensors, GPS based deflec-
tion sensors, hydrostatic levelling systems, displacement vibration sensors, vibration 
wire strain sensors, vibration velocity and accelerometer sensors, laser based vibration 
sensors, inclinometers, fibre optic sensors, temperature, humidity and corrosion sensors. 
Also data acquisition systems for CSHM application are presented. 

 The general objective is to describe all measures from the systematic approach for 
diagnosis based on the available documents, in other words from increased inspection 
up to the application of measurement technologies for a complete CSHM operation.  
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4.3.2 Structure

The guideline is divided in three main parts and five appendices. The first main part 
describes the actions i.e. mainly the types of loads affecting the structures. The second 
part covers diagnostics of structures. Here, structural condition analysis, monitoring and 
numerical analysis are presented. Recommendations of monitoring strategies are found 
in the monitoring chapter where also sensors for SHM are presented. The last part 
describes methods and systems for damage identification. The first appendix presents a 
guide for the selection of sensor depending on the parameter to be studied. The second 
to fifth appendices present case studies. The first case study shows how traffic loads on 
bridges can be investigated. The second example is SHM of a heritage buildings. The 
third example shows how local damages can be detected and how they affect a viaduct. 
The last case study shows how identification of damages of a steel bridge can be made 
by monitoring of dynamical parameters. The strategies in the guideline are easy to fol-
low.

4.3.3 Condition

The different levels for damage identification, see 2.4.3, are presented in the damage 
identification chapter. Here also the global and local damage identification variables and 
indicators are discussed. The local parameters identification during a damage identifica-
tion procedure is useful in the following cases: 

If the type and location of existing damages is known the determination of devel-
opment can be monitored. (Level 3). The local parameters is then assumed to corre-
spond with the global assessment and from this the prediction of future condition 
might be evaluated (Level 4) 

This procedure can also be used if the location of a certain damage can be estimated 
with high accuracy, e.g., by a certain type of overloading or fatigue. (Level 1, 3 and 
4)

If the causes of damages should be examined the effect action that caused the dam-
age should be monitored. An example where this has been done is presented inin 
paper C where the concrete cracks of a railroad bridge were caused by temperature 
rather than traffic loads.  

If local damages have global consequences (e.g., the settlement of a bridge pillar) 
local observations at other locations outside the damaged areas are recommended 
(Level 1 to 3). 

The global procedures to detect damages presented in the guideline are the following: 

Natural frequencies methods 

Mode shape and operational deflection methods 

Modal strain energy methods 

Residual force vector methods 
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Model updating methods 

Frequency response functions 

Statistical methods 

4.3.4 Time  

The definitions of short-term and long-term strategies as such are not discussed in the 
guideline. However, the long-term stability for sensors is discussed in the sensor chap-
ter. Different structural phenomena and recommended time dependent strategies for 
those phenomena are showed in a table in the appendix but unfortunately no discus-
sion is provided so the table can be difficult to use, especially for someone not familiar 
with CSHM. 

4.3.5 Load

The load dependent strategies are divided in static and dynamic measurements. Exam-
ples of static measurements are displacements, inclination, settlement, crack propaga-
tion, and environmental effects, like temperature, humidity, corrosion, etc. Dynamic 
measurements are defined in the guideline as monitoring for of modal analysis. 

4.3.6 Evaluation methods  

The evaluation of actual structural safety by calculation of the reliability index  is 
mentioned. The probabilistic approach is not discussed in combination with monitor-
ing. However, there exists a guideline for assessment of existing structures where the 
probability based assessment is described (Rücker et al. 2006). 

4.4 Fib Europe 

4.4.1 General

“Monitoring and Safety Evaluation of Existing Concrete Structures” is a State-of-the-
art report developed by Federation international de beton, (Fib), in 2002 (Bergmeister 
et al., 2002). 

 The objective of the report is to summarize the most important inspection and 
measurement methods, the work process and to evaluate the applicability to structural 
monitoring. Special attention is given to non-destructive testing systems, lifetime 
monitoring, data evaluation and safety aspects of structures. The strategies of monitor-
ing of civil infrastructures and operational systems are classified and structured accord-
ing to Figure 4.1. Here the strategies and structure are divided into Time-schedule 
strategies, Sampling Strategies, Object dependent monitoring, Stresses and Reactions 
phenomenon, Sensors and Response. 
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Monitoring of Civil Infrastructure and Operational Systems 

Time Schedule Sampling Object Phenomenon 

Reactions 

Continuous 

Periodic 

Acyclic 

Unique 
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Others 
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Buildings 

Others 
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Eviromental 
Parameters 

Deformations 

Electrochem.  
Processes

Electrical 

Optical 

Acoustical 

Geodetical 

Others 

Response Instruments 

Static 

Short-term 

Propagation 
of

Deficiencies 

Long-term 

Dynamic 

Figure 4.1 Classification of Surveillance Techniques and Operational Strategies (Berg-
meister, 2002). 

4.4.2 Structure

This is an extensive guideline divided in two parts, a main part and case study part. The 
chapter on structures and materials describe the structural systems, actions to structures, 
materials and loads. The visual inspection chapter describes routine for normal and in-
depth inspections. Non-destructive inspection techniques are described in a separate 
chapter. The chapter about measurement methods includes types of sensors, monitor-
ing strategies, monitoring values and durability monitoring of structures. Also imple-
mentation issues and data acquisition is described in a separate chapter as well as evalua-
tion and interpretation of measured data. The last chapter in the main body of the 
guideline regards structural reliability analysis. Different case studies are presented in the 
appendices. 

4.4.3 Condition

Condition dependent strategies are categorized in; phenomenon, reactions and re-
sponse, see Figure 4.1. The phenomenon stress is discussed in relation to short term 
monitoring of strain and the need for a correct E-modulus of the material to evaluate 
the stress. In long-term monitoring this transformation is more complex since informa-
tion of creep and shrinkage is needed to get accurate stress results. The phenomena 
deflection is divided in two groups global and local monitoring. In the global sector all 
sensors suitable for global monitoring can be found. For example, extensometers, elec-
tric displacement transducers, different kinds of fibre optical sensors, etc. Strain gauges 
are presented as suitable sensors for local monitoring.  

4.4.4 Time  

In Figure 4.1 the time dependent strategies are divided in Time schedule and Sampling 
strategies. The time schedules deals with continuous or periodic monitoring strategies 
but also a cyclic and unique time schedules are presented. 
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4.4.5 Load

The guideline divides the load dependent strategies into the two parts, the static load 
test and dynamic load tests, similar to the ISIS guideline. The static tests are divided in 
proof load tests and diagnostic tests. Proof loading tests comprises predefined tests of 
bridges with either static loads such as water tanks or special loading vehicles. In this 
guideline the focus is put in loading vehicle BELFA, see Bergmeister et al. (2002). 

 In the diagnostic tests, which are defined as a static test, predefined trucks are driven 
along a bridge with various transverse path in crawl speed (pseudo-static tests) and at 
full speed (dynamic tests). The parameters which are monitored during a diagnostic test 
are load distribution, support restraint, flexural resistance of the superstructure members 
and the effect of impact. 

 In the description of dynamic tests the change of dynamic properties of a structure 
as a consequence of damage is discussed. Ambient vibration and the forced vibration 
testing methods are presented. For the forced vibration three types of exciters are 
showed, the eccentric rotation mass vibrator, the electro hydraulic vibrator and the 
impactor. 

4.4.6 Evaluation methods  

Probability based analysis of the structural health is mentioned in the introduction re-
garding monitoring concepts but also in the structural reliability chapter where reliabil-
ity evaluation methods are discussed. 

4.5 ISO

4.5.1 General

The draft report “Mechanical vibration – Evaluation of Measurements, results from 
dynamic tests and investigations of Bridges” is a Draft International Standard, published 
by the International Organization for Standardization. As the title informs this is not a 
complete CSHM guideline, the proposed standard are intended for dynamic evaluation 
of Bridges which means the overall strategies for CSHM operations are not in the fo-
cus. However, the report gives an overview, a flowchart of bridge vibration monitor-
ing, see Figure 4.2. 

 The flowchart showed similarities with the evaluation, diagnostic and operational 
phases in the algorithm for CSHM monitoring presented in chapter 5 but this flow-
chart only shows the measurement and modelling part.  
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Objectives of monitoring 

Vibration 
measurements 

Identification of 
vibration charateristic

Structural 
 identification 

Modelling of structure

Dynamic 
 analysis 

Evaluation of data

Figure 4.2 Flowchart of bridge vibration monitoring (ISO, 2002). 

4.5.2 Structure

First the objectives for vibration monitoring are given: 

Evaluation of the accuracy and buildability of construction 

Evaluation of structural performance during construction and upon completion 

Assessment of safety of bridge during construction upon completion 

Evaluation of serviceability upon completion 

Evaluation of environmental compatibility 

Determination of the initial characteristics of vibration for maintenance and for 
updating of the numerical bridge model 

Feedback to the structural design 

 Thereafter methods for vibration monitoring, sensor systems and sensor technolo-
gies are presented. No case studies are presented in the guideline. 

4.5.3 Condition

All vibration measurements of bridges are to be considered as global monitoring; hence 
no local monitoring methods and strategies are discussed. The four different levels re-
garding damage detection, localization, determination of severity and remaining service 
life are not discussed. 

4.5.4 Time 

No discussion of short-term monitoring or time dependent strategies is given in the 
report. The focus is on long-term monitoring; however the strategies for such meas-
urements are not discussed.  



Civil Structural Health Monitoring 

38 

4.5.5 Load

A short discussion regarding ambient and impact force excitation or forced excitation is 
presented. In ambient or impact force excitation tests, the evaluation of the structural 
vibration can be incorrect caused by a too the small vibration amplitude. When using 
forced excitation, for example traffic the dynamic response can be influenced by the 
speed or pattern of vehicles. The guideline also recommends that the following points 
should be considered when performing a dynamic response test: 

Accuracy of ambient vibration analysis 

Impact test for dynamic property of surrounding media 

Effects of water of tidal flow 

Excitation method 

4.5.6 Evaluation methods 

No probability safety approach is used in the evaluation chapter since the evaluation of 
vibration in the report focuses on evaluation of vibration results, not safety of struc-
tures. 

4.6 Drexel Intelligent Infrastructure and Transportation Safety In-
stitute

4.6.1 General

The guideline is titled: ”Development of a Model Health Monitoring Guide for Major 
Bridges”, (Atkan et al. 2003). It is published by Drexel Intelligent Infrastructure and 
Transportation Safety Institute. The guideline is divided in two parts, the main body 
and case studies. The main body describes tools, strategies and application scenarios for 
health monitoring followed by section describing sensor performance and characteris-
tics. The sensor chapter gives an extensive overview of different sensor technologies. 
The next chapters describe the data acquisition systems, communication systems, cali-
bration of sensor systems and in the last chapter the data management and interpreta-
tion are presented. The overall impression is that the guideline is well structured and 
understandable and the selection of the case studies is reasonable and all structured in 
the same way with similar headings to give the reader a good comparison of the differ-
ent SHM field applications. 

4.6.2 Condition

The condition dependent strategies are structured in different ways than in this thesis. 
Instead of talking about local, global, damage identification and continuous monitoring 
the generic procedure for design the health monitoring system is described in flow-
charts, see Figure 4.3. In this flowchart the condition dependent strategies are to be 
found in the identification of phenomena that should be measured and characteristics of 
the individual parameters that should be measured. The characterisation of parameters 
before the selection of the sensor is the recommended procedure according to the au-
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thor of this thesis. See chapter 5 where the design of CSHM sensor systems is described 
from the author’s point of view. 

Figure 4.3 Generic procedure for health monitoring design (Atkan et al. 2003). 

4.6.3 Time  

The time dependent strategies can also be found in Figure 4.3. Selection of data acqui-
sition is dependent on the phenomena to be studied.  

4.6.4 Load

The guideline divides the load strategies in static tests and dynamic test. A static test is 
defined as controlled testing to obtain data to characterize the as-is “global” mechanical 
characteristics and condition of the structure. Dynamic tests are defined in the same 
manner as the fib guideline, e.g. vibration tests to obtain modal parameters, natural 
frequencies, mode shapes, and damping. It is also mentioned that dynamic tests are 
sensitive to errors in data and to any nonlinearity and/or non-stationary effects that 
might occur during data collection. 

4.6.5 Evaluation methods 

The probabilistic approach to the monitoring results is not discussed in the guideline. 
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5 CSHM Method 

5.1 Introduction

The maintenance of the infrastructure depends on several factors such as the organisa-
tion, the importance of the structure, maintenance costs, new demands, etc. In this 
chapter a structural assessment algorithm is proposed and discussed that integrate, 
CSHM (Civil Structural Health Monitoring), as a tool in the maintenance of the infra-
structure. 

 The algorithm is intended to clarify the use of CSHM in the context of structural 
management system. The flow chart in Figure 5.1 places the structure in focus. This 
means that the algorithm can be used to obtain a holistic view of how maintenance 
management is connected to probabilistic assessment, monitoring, analysis, and meas-
ures to sustain the performance or more importantly the safety of the structure. 

5.2 Structural assessment algorithm 

In the normal state, structures are affected by loads, degradation and accidents which 
might decrease the performance level. There are two types of events that can trigger an 
inspection, a planned periodic inspection determined by the maintenance strategy or a 
Called Inspection (CI) triggered by an external event, see Figure 5.1. An external event 
comes from the public who alarms the rescue and emergency centre, like 911 (US) or 
112 (Europe). In case of a road bridge in Sweden for example, the rescue centre alarms 
the police who stop the traffic. Then the Swedish Road Administration’s traffic centre 
(TIC) is contacted who informs the road manager of the region where the bridge is 
located, (Rosell, 2007). The result from an inspection is an inspection protocol (IP) and 
the owner must make a decision whether the performance level is satisfactory. The 
term for this decision is condition appraisal, (Bell, 2006). If the structure is judged to 
fulfil the performance requirements, the structure returns to the normal state. If not, an 
increased inspection (II) has to be performed. An increased inspection may also be trig-
gered by new demands on the structure, e.g. the use of higher axle loads on a bridge. 
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Figure 5.1 Structural Assessment Algorithm. 

 To estimate the structural performance in the increased inspection the -concept is 
used to estimate the safety. Here a -index is calculated for actual structure using the 
design safety level for the particular type of structure. The concept is explained in 
chapter 3, where the background to probabilistic design is discussed in more detail. 
This calculated index is an individual measure of the safety of the structure, since the 
probability distribution of the loads as well as the resistance factors are unique for each 
object. In Bernstone, (2006) and Farhay, (2005) other management algorithms are pre-
sented but without the -concept. 

The outcome of an increased inspection can be one of: 

A sufficient performance level, ( -index, durability and aesthetics are ok), in which 
the structure resume to its normal state (classified to carry higher loads in case of 
higher demands). 

An insufficient performance level where the recommended action is to perform a 
more detailed investigation, a so called CSHM inspection, to support decision mak-
ers in selection of alternative actions. 

The monitoring state involves a CSHM inspection where the goal is to present a struc-
tural diagnose to support decision makers in selecting one of the following options: 

Build a new structure. In case of severe damage and/or low performance level of 
the structure 
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Restricted use. In case of less significant structural degradation the use can be to 
restricted, e.g. the traffic loads can be lowered or the speed can be reduced. 

Strengthening. Today there exist many strengthening systems that can be applied to 
increases the performance of an existing structure. 

Continuous monitoring. In cases where the structural performance is close to being 
approved or if the performance does not meet the required safety level in cases of 
extreme events such as earthquakes, flooding, etc., continuous monitoring coupled 
to an alarm system may be an option. 

 The CSHM inspection is normally triggered by the result of an increased inspection 
but can also be used to verify the quality of a strengthening action or the impact of 
restricted use. The use of CSHM to verify strengthening effect is also recommended, 
especially if the strengthening system has not been tested before. To verify restrictions 
the benefits of using CSHM can be to minimize the restrictions imposed without de-
creasing the safety of the structure beyond an acceptable level. 

5.3 Inspection processes

The activities in each state in the algorithm, i.e. normal inspection, increased inspec-
tion, CSHM inspection are described as a process to clarify the flow of information 
between the different states, see Figure 5.2.  

Input
The input is data that 
will be processed in 
the activities. The 
data is the output 
from previous proc-
esses. 

Activity
 These are the activities which 

are undertaken in the process.

Tools
 These are the tools necessary 

to perform the activities listed. 

Output
 The output is the results 

from  the activities. The 
output in this process is the 
input in the following proc-
ess.

Resources
 Resources used to perform 

the activities listed. 

Figure 5.2 A arbitrary process with input, tools, resources, activities and output. 

The input is data from a previous process which are used together with the tools and 
the resources needed to perform the activities listed in the actual process box. The out-
put from the performed activities is then the input to the next process box. The deci-
sions taken in each state is based on the output information from the corresponding 
process. 
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5.4 Normal state 

This state describes the expected designed behaviour of a structure. Here the normal 
maintenance and inspection routines are performed to maintain the structure at the 
normal state. Examples of normal and expected maintenance are re-painting of steel 
structures and road surfacing work. The Swedish Road Administration (SRA) uses a 
management system named SAFE to support the inspection, remedial measures, pro-
curements of maintenance and operation. SAFE also contains a database for deficiencies 
based on inspection results from all road bridges in Sweden, (Vägverket 2001). All road 
bridges in the system are inspected at least every six years. The parts to be inspected are 
found in codes for inspection of structures, (Vägverket, 2006), where also the codes for re-
porting deficiencies to the database are found. The deficiencies are graded according to 
severity rating from 0 to 3, see Table 5.1. The results from an inspection are reported 
back to the system. If no deficiencies are found the bridge is used as normal. If there are 
deficiencies the traffic safety is evaluated and if the safety can not be assured, limits on 
the traffic are applied. 

Table 5.1 Variables for load effect and resistance in the investigation state, during and 
after inspection of civil structures. (Vägverket, 2006) 

Rating Defective function 
3 Defective function is present 
2 Defective function within 3 year 
1 Defective function within 10 year 
0 Defective function beyond 10 years 

5.4.1 Activities

Inspections of civil structures, such as bridges or dams, are normally carried out on site 
by experienced inspectors that follow a predetermined schedule for the actual inspec-
tion. Normal changes are noticed by comparing the inspection with previous inspec-
tion protocols. In most cases, even if publications regarding SHM often highlight the 
major problems of our infrastructure, no significant changes are found and the structure 
continues to be used as normal. On the other hand the inspections are periodic during 
the entire life of a structure. A normal budget for bridges is that the cost to maintain 
the structures performance level and operation cost is equal to the initial building cost. 
(Vägverket, 2001) Site inspections are important but are often limited to the exterior of 
the structure. Only defects visible on the surface of the structure are detectable such as 
cracks, corrosion, leakage of corrosion fluids, settlements of supports, unexpected de-
formations, etc. Defects that start inside the structure will first be detected when they 
are visible on the surface. Measures to reduce and repair the defects can then be diffi-
cult and costly. Examples of systems to detect interior deficiencies exist but they are 
seldom used in practice since they are too complicated and/or to expensive to use for 
bridge inspections. 

 Another important event in the normal state which can impose increased inspection 
is changes of the performance level. This may include changes of the structural system, 
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increased loads or changed functionality. The safety of the structure must still comply 
to the same level after the imposed change. Unexpected events, such as increased per-
formance level or sudden damages lead to an increased inspection.  

Input
 Earlier inspection 
 protocols 
 Increased demands 

Activity
 Periodic and triggered  
 inspections 
 Damage detection 
 Comparison with earlier 
 inspection protocols 

Tools
 Inspection schedule 

Output
 Inspection protocol: 

- Protocol 
- Damage report 
- Existing documents 

Resources
 Inspections standards 
 Warning systems 
 Accidents report system 
 Inspection experts 

Figure 5.3 The inspection process in the normal state 

5.4.2 Input

The input of the normal state is inspection protocols from previously performed in-
spections. If earlier inspections have been made these protocols are also used in the 
decision phase. 

 There are several parameters that affect the degradation process of a structure which 
need to be followed-up in the normal state, for example corrosion, accidents, heavy 
loads, freeze-thaw degradation, etc. Also the structural system and used materials influ-
ence the degradation rate of a structural member.  An increased demand on the struc-
ture will also be an input to the inspection process. 

5.4.3 Resources 

The resources needed to perform the activities are inspections standards, warning sys-
tems, accident report systems and inspection expertise. Warning system is not often 
used. However, larger bridges and dams warnings systems are sometimes installed to 
alarm the public and the owner if something unexpected occurs. The accident report 
system describes what immediate actions should be performed in case of an emergency. 
The expertise used in the inspection process are normally well experienced and edu-
cated personnel with high knowledge and skills regarding the behaviour of the struc-
ture and parts or details that need extra attention. In general the owner of the structure 
hires consultants specialized in inspections. 
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5.4.4 Tools

Tools involved in the process are inspection schedules and manuals. Here the time to 
perform inspections and what should be examined on the structure is described. 

5.4.5 Output

The output of the normal use is the inspection protocol from either normal inspection 
or called in inspection. In addition, a damage report is often produced if damages on 
the structure are found. In such cases an increased performance can initiated. 

5.5 Investigation state 

The investigation state includes the procedures that take place if the results from the 
normal inspection can not be approved in the normal state see also Figure 5.1. The 
structure now enters the investigation state. The first step in the investigation state is to 
narrow down the problem and focus on the parts where the normal inspection found 
weaknesses. For example if the normal or requested inspection showed increased con-
crete cracking over a column caused by bending the increased inspection can be fo-
cused in the material around the cracks, the widths of the cracks and the loads which 
affect that particular load case. The underlying mechanism for the cracking should also 
be investigated, for example a frost heave of a column, malfunctioning bearing or over-
loading could give the same damages, i.e. all alternatives must be investigated. In the 
increased inspection process special NDE tools such as x-rays, ultra-sonic equipment, 
rebound hammer, etc can be used to map the extent of the damage more precise, (Ul-
riksen and Wiberg, 1997). (Malhotra and Carino, 2004) 

5.5.1 Activities

The main task of the increased inspection process is to estimate the probability of fail-
ure or the safety index, i. Therefore the proposed activities in the inspection state 
material testing, load measurements and probability based assessment of the actual de-
sign, see Figure 5.4. In material testing, samples are taken from different locations of 
the structure to find the actual material properties. This is important for two reasons, 
firstly the real material data can be used in the evaluation process and secondly the ma-
terial parameters can change over time. Thun (2006) investigated the concrete com-
pressive strength of concrete bridges built 1931-1962. He found that the compressive 
strength for some of the bridges had increased 70%. Material testing of a specific object 
also gives a much more realistic probability distribution of the resistance and can be a 
crucial factor when calculating the safety index. Measurements of actual loads and load 
distributions can also be of importance. Enochsson et al. (2002) gave an example where 
material testing, load measurements and calculation of more realistic load distributions 
in combination with probabilistic evaluations gave a sufficient safety of a bridge that 
was supposed to be replaced. This increased inspection showed that no further upgrad-
ing actions needed to be done when the load level was increased (higher axle loads), 
even if the design code calculation showed that the safety was not sufficient.  
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Figure 5.4 The increased investigation process in the investigation state. 

5.5.2 Input

The input to the increased investigation is the output of the investigation process in the 
normal state.  

5.5.3 Resources 

The resources used consist of mainly specialists who perform the advanced inspection 
on-site and specialist on probabilistic design. Also personnel who collect the material 
samples and testing institute that can deliver material parameters for the probability 
design may be needed. 

5.5.4 Tool

The tools used for advanced inspection are the same for normal inspection supple-
mented with more advanced technical equipment such as ultra-sonic or x-ray devices 
(Ulriksen and Wiberg, 1997), (Long et al., 2000) and (Samokrutov et. al. 2002). Mate-
rial testing equipment contains both equipment for taking samples on site and equip-
ment for testing of samples in the laboratory. The probability design experts use prob-
ability design guidelines, design software and normal codes and standards when they 
perform their assessment. 

5.5.5 Output

The output from the increased inspection is listed in Figure 5.4. The increased inspec-
tion protocol, contain a detailed description of the deficiencies or damages in the struc-
ture. Object information, both from the input like drawings and design calculations, 
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and new object information like photos, real load scenarios, real dimensions and de-
scription of the structure are obtained from the activities in the increased inspection 
process. Data from material testing and load measurements are presented. This informa-
tion is collected and summarized in the probability design. The decision in inspection 
state is very much based on the probability based safety index i. Depending on out-
come the structure can be either resume to normal or enter the monitoring state, see 
Figure 5.1. 

5.6 Monitoring state 

A structure can enter the monitoring state from the inspection or after strengthening, 
restrictions or continuous monitoring, see Figure 5.1, The CSHM inspection process is 
is divided in the following sub-activities: 

Planning 

Analysis 

Operation 

Evaluation 

 An ideal CSHM system measures parameters and gives the location and severity of 
deficiencies in the structure as they occur. Currently, there are no such systems which 
work for all possible deficiency scenarios. There are systems that can estimate if there is 
damage present or not, such systems are referred to as global health monitoring systems. 
Automatic locating of deficiencies is the most problematic part of the CSHM and this 
should be in focus during development of new monitoring systems and methods in the 
future. 

5.6.1 CSHM planning phase 

The first step in the CSHM inspection process is the planning phase. The planning is a 
very important part of the CSHM process since it is the only part which covers the 
whole CSHM operation. Also in many cases, especially in small CSHM projects, this 
phase is often neglected. To invest time and costs in the planning phase often profitable 
since mistakes can be avoided that leads to large and costly problems later. 



CSHM Method 

49 

Input
 Increased inspection 
protocol 
 Object information 
 Structured Data: 

- Material properties 
- Actual loads 
Probability based safety 
factor 

Activity
 Establish the CSHM goal 
 Design the analysis system 
 Design the monitoring system and

Strategies 
 Design the sensor system 
 Design the acquisition system 
 Design the communication 
system 
 Design the data storage system 
 Design the CSHM evaluation 

method 
 CSHM budget 

Tools
 Planning software

Output
 CSHM goals 
 CSHM plan with the 

following included: 
- Analysis system 
- Monitoring system and 

 strategies 
- Sensor system 
- Acquisition system 
- Communication 

system 
- Data storage system 
- Evaluation method 
- Economic frame 

 Structured Data 
- Material properties 
- Actual loads 

Resources
 CSHM experts 
 Designers 
 Owners 
 CSHM economical frame 

Figure 5.5 The CSHM planning process. 

5.6.2 Activities

The planning phase consists of the following activities: 

Establish the goal for the CSHM inspection 

Establish the CSHM budget 

Design the analysis and evaluation tools to be used 

Design the monitoring system and strategies 

Design the sensor system 

Design the acquisition system 

Design the communication system 

Design the data storage system 

Design the CSHM evaluation method 

 A clear goal with the CSHM operation is needed. The CSHM goals should then be 
the backbone in the planning, analysis, operation and evaluation of the whole CSHM 
inspection process. During the operation phase it is recommended to check if the goals 
can be fulfilled before the operation is completed. Hence a control of the monitoring 
results should be done during the first phase of the operation. If mistakes are made in 
the collection and processing of results it might be complicated, expensive, and some-
times impossible to repeat the measurements and reach the defined goals. A well de-
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fined goal also satisfies owners so that they will not overestimate the benefits of the 
CSHM operation.  

 The design of the analysis system does not have to be full of details, especially the 
design models can not be planned in detail, instead the actions of the analysis system 
should be planned and what should be the output. For example it is not necessary to 
carry out complicated dynamic FE-models of the structure if the structure will be 
loaded with static loads. The analysis design should include the parameters to be calcu-
lated and monitored.  

 Design of the monitoring system is often the most time consuming part of the plan-
ning. The strategies for different monitoring methods are described in detail in chapter 
2 and 4. Decisions whether to use local or global monitoring, long-term or short-term 
monitoring, periodic, continuous or triggered periodic monitoring needs to be taken.  

 The sensor system needs to be designed to fulfil the strategies of the monitoring 
system. For example for a long-term monitoring the sensors must be robust and give 
reliable results over long time. Using glued sensors, like strain gauges, might not be a 
good solution in a long-term monitoring operation, since the glue will be affected by 
humidity, temperature, UV light etc. For the selection of sensor range results from the, 
e.g. simple FE-analysis can be used. The installation instruction of the sensor system 
must be explained in such detail that a person not involved in the planning phase can 
install the sensors on the structure. Hence, the sensor locations, sensor connections to 
the acquisitions system must be described.  

 The acquisition system contains all the equipment needed to collect, interpret and 
store the data in physical units. A list of equipment needed and installation and operat-
ing instructions needs to be established for the installation and operation of the system. 
Also, the need for backup equipment must be analysed in case of breakdown. 

 The communication system must be designed in the way that it works properly to 
minimize the risk of losing data. Especially, when the system is used to trigger alarms, 
backup systems must be design in case of failure.  The communication system should 
work in co-operation with the storage systems (intermediate storage on site and data-
bases off site).  

 The evaluation system is designed in such way that the results from the monitoring 
can easily be compared with the results from the monitoring operation. It also should 
be easy to track possible trends. 

 All this has to comply with the budget for CSHM operation. Therefore the goals 
with the CSHM operation must be realistic; otherwise the promises made will not be 
fulfilled.

5.6.3 Input

The planning phase is based on the results from the increased inspection where the 
results can show which part of the structure is critical or if it is a global problem. Also 
the existing documents are used in the planning. The material properties and actual 
loads are also used. 
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5.6.4 Resources 

In the resources section the people involved in the planning phase are represented. The 
CSHM experts are the ones who design the different systems, the designers help to 
advise how the structure behaves and what results can be expected. The owners are 
involved with CSHM goals and the establishment of the budget. The CSHM eco-
nomical frame gives the CSHM experts the limits in the design of the systems. 

5.6.5 Tools

Tools, which can simplify the planning process, are planning software and checklists. 

5.6.6 Output

The output is the result from the planning phase where goals, the budget frame and the 
different parts of the CSHM the system is described. 

5.7 CSHM analysis phase 

5.7.1 Activities

The calculation of the expected monitoring result is obtained in this process. The result 
from this calculation is used in the CSHM process to establish range and calibratation 
values for the sensors. Here also the FE-model is assembled and the evaluation of the 
model is conducted. FE-modelling and evaluation of the model is an important part of 
the CSHM operation. The model is not reliable at this point in time since the model 
has not yet been calibrated against the result from the monitoring operation. The com-
parison is carried out in the evaluation process where also the FE-models can be up-
dated. An analytical model of the structure is recommended as a first step in the diag-
nostic, for example to find out the global behaviour of the structure. Together with the 
FE-model an analytical model can be obtained. This gives the structural engineers, the 
FE-experts and the CSHM system designers a good estimation of what to expect in the 
operation phase. 

5.7.2 Input

The analysis process is partly concurrent with the planning phase to give input on sen-
sors range and where to locate sensors. The goals and budget results from the planning 
process such as material properties and actual loads from the increased inspection proto-
col must be taken into consideration since the information of material properties and 
loads of the structure should be used in the development of analytical and numerical 
tools. 

5.7.3 Resources 

The resources are mainly the structural engineers and experts carrying out the analytical 
calculations and the numerical simulations. 

5.7.4 Tools

The tools used in the analysis process are usually different types of software, in general 
for the analytical calculation but specifically for the FE-simulation. It should be men-
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tioned that minor CSHM analysis is of course possible to perform without FE model-
ling, but for larger projects the standard procedure is to combine analytical and numeri-
cal calculations. 

Input
CSHM goals 
CSHM plan 

Activity
 Calculation of expected 
 monitoring results 
 FE-Modelling and FE-
evaluation  of the structure. 
 Analytical modelling of the 
 structure 

Tools
 FE-programs 

Output
CSHM goals 
CSHM plan 
Expected monitoring 
results
FEM results 
Analytical results 

Resources
 Designers 
 Structural Engineers 
 FE-analysts

Figure 5.6 The CSHM Analysis process. 

5.7.5 Output

The output from the analysis process is essential for a proper evaluation and under-
standing of the test results. In addition, the output is of utmost importance for installa-
tion of sensors and accomplishment of the monitoring process. Here the analysis results 
are compared with real time data.  

 The CSHM goals flow thru all the CSHM processes. Furthermore the CSHM plan 
must pass to the next process; however, this plan might be updated from the results in 
the analysis. FEM results and analytical results are put in the output expected results. 
This will then be the input to the next phases, CSHM installation and operation. 

5.8 CSHM installation and operation phase 

5.8.1 Activities

The installation procedure and monitoring are the most important activities in the en-
tire CSHM operation. The process starts with installation of the monitoring system 
which is based on the CSHM plan. The placement of the sensors should be well de-
fined in the plan so no misunderstandings can occur. The installation should be per-
formed with the CSHM goals and strategies in mind. For example if there will be sev-
eral monitoring events the system should be easy to run, assemble and re-install. Some-
times it is also necessary and more beneficial to leave the monitoring system in place 
in-between periodic monitoring events. The expected result from the analysis results is 
used to set an optimal measuring interval to minimise the risk of overflow, i.e. the risk 
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that the measurement values exceed the measurement limit, in the sensors but still 
maintain highest possible accuracy. The FE and analytical results in the input are used 
in similar ways but the established models are also used in the CSHM evaluation proc-
ess. The installed system must be tested after installation to verify the CSHM operation. 
Especially in one-off tests where a malfunctioning can jeopardize the whole operation, 
(paper A, Enckell 2006). When the system works as intended the testing procedure can 
start. If the data then can be observed during sampling or processed immediately after 
the test has been carried out it is beneficial and is also recommended. Otherwise unex-
pected events can be very difficult to detect and to trace, especially after the CSHM is 
terminated. However, if an unexpected event occurs, the CSHM plan needs to be 
updated. 

Input
CSHM goals 
CSHM plan 
Expected monitoring results 
FEM results (transferred) 
Analytical results 
(transferred) 

Activity
 Installation of CSHM system 
 Monitor according to the CSHM 
 plan 
 Process data 
 Present monitoring results 

Tools
 CSHM system

Output
Monitoring results
FEM results 
Analytical results 

Resources
 Monitoring experts 

Figure 5.7 CSHM Operation and Installation process. 

5.8.2 Input

The input to the installation and operation are the CSHM goals and the plan of the 
CSHM system. These two inputs are used during the installation and operation. For 
example the strategies in the plan and CSHM goals determine how the installation 
should be done. For example if a short-term monitoring is to be carried out, the sensor 
system doe not have to be durable using extensive protection. Instead the installation 
should be performed so it can easily be assembled. The expected monitoring results 
from the analysis process are being used to control that the sensors show reasonable 
values during or after the monitoring but before the dismounting of the system. 

 FE-results and analytical results are not processed in the operation and installation 
procedure and consequently transferred directly to the evaluation process. 
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5.8.3 Resources 

The resources used in the process are the monitoring experts who install and operate 
the system. 

5.8.4 Tools

The tools that will be used in the process are the CSHM system itself. The main parts 
being used are the sensor system, the monitoring system, the acquisition system, the 
data storage system and the communication system. The sensor and the monitoring 
system are used during installation and the operation while the acquisition system is 
used to simplify both the installation and the monitoring process. It contains everything 
that is needed beside the sensor and monitoring equipment, e.g. electricity, hand tools, 
transportations to the site, scaffolding, safety equipment etc. The data storage system 
contains of two parts, the data storage on site and the permanent storage off site. The 
communication system is used to transfer the data from the site to the permanent stor-
age location. The communication system is more important for long-term monitoring 
events when the data have to be downloaded automatically. The different systems are 
explained more in other literature. (ISIS Canada, 2001), (Hejll, 2004), (Hejll and Täl-
jsten, 2006) and (Enckell, 2006).  

5.8.5 Output

In the operation process the last activity is presentation of the monitoring results which 
also constitutes the output created in this process. This means that the results should be 
transformed into a format that is readable for the evaluation process. A typical example 
is to use same legends of the sensor data channels from the planning process through 
the whole CSHM process to minimise the work for the evaluation personal. Experi-
ence has shown that the monitoring personnel focus on collecting as much data as pos-
sible without any thoughts of the consequences for the evaluation and presentation of 
the data. 

5.9 CSHM evaluation phase 

5.9.1 Activities

The last part of the CSHM inspection process is the structural evaluation. This is also 
defined, by ISHMII (Mufti et al., 2006) as a process to evaluate the load carrying ca-
pacity of a structure. This definition is considered to be too limited for covering the 
whole CSHM evaluation process. Instead, in this thesis, the evaluation process is de-
fined here as a process to evaluate and control that safety of a structure is kept above 
the designated level. It is very difficult, if not impossible, to evaluate the exact load 
carrying capacity of a structure by using non destructive testing methods. It is consid-
ered that only a full-scale failure test of a structural member, or of the entire structure, 
will give the exact load carrying capacity. 

 To be able to evaluate the health or state of the structure the monitoring results 
must be compared to some calculated data, e.g. FE-results or analytical calculations. It 
is preferable also to have earlier performed monitoring results to compare with, e.g. 
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before and after strengthening. Without the evaluated monitored results a verification 
of the probability based safety index can not be done accurately. The purpose of the 
CSHM inspection process is to decrease the uncertainties of the reliability analysis car-
ried out in the increased inspection state. An update of the FE-model may be necessary 
if the simulation does not correspond with the result from the monitoring. To control 
the correspondence between the model and the real structure an analysis of eigen fre-
quencies and mode shapes can be done. However, earlier performed research, for ex-
ample paper D, and other papers, Alampalli (1998), Salawu, (1995) and Yuen, (1985) 
showed that finding structural deficiencies using only monitored the eigenfrequencies is 
very difficult.

 After possible updating of the FE-model to comply with the monitoring results can 
increases the understanding of the structural behaviour. The results from the evaluation 
process are compiled in a CSHM report where the results from the monitoring, the 
compared results and the probability based safety factor are presented. This will then 
form the decision support in the monitoring state. 

 If i is acceptable from a safety perspective the structure can be used as normal. If i

is ambiguous or the results are doubtful there are several alternatives for further actions. 
The choice of further actions is individual for each structure. For example if the i

index is just on the safe side continuous monitoring can be chosen. Specific occasions 
when continuous monitoring should be considered, are when the remaining life of the 
structure is limited for any reasons. An example of this can be found in Enochsson et al. 
(2002) where the monitored bridge only had an estimated remaining life of a few years 
due to settling caused by scheduled mining activities. 

 Other actions that can be chosen are strengthening or restrictions. Since CSHM 
have been used earlier these two solutions are enough to prevent, in most cases, re-
building of a new structure. As explained earlier, after strengthening or restrictions of a 
structure it is the author’s recommendation to execute a CSHM operation. This is also 
the case if strengthening or restrictions are the results of the decisions based on the 
CSHM report. In this case the new CSHM process can be very cost effective since a 
large part of the CSHM system can be re-used. 

5.9.2 Input

The input of the evaluation process is the CSHM goals and plans from the planning 
phase, the monitoring results from the operation process and the FE and analytical re-
sults from the analysis phase.  

5.9.3 Resources 

In the CSHM evaluation process the people that participate are the monitoring techni-
cians, who interpret the monitoring results, and the FE-experts, who interpret the 
simulations. Both these groups compare the results from the monitoring and the analy-
sis processes. 
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Figure 5.8 The CSHM Evaluation process. 

5.9.4 Tools

The tools in the process are analysing programs, like Matlab, Excel or similar which are 
used to compare the results, and FE-programs if the FE-models needs to be updated. 

5.9.5 Output

The evaluation results are presented in a CSHM report, similar to the increased inspec-
tion report, where the monitoring results, FE modelling results and the compared re-
sults of these two results are presented. The Probability based safety factor, i, are also 
presented. The last decision for further actions is based on all this information. 

5.10 Actions

In the algorithm in Figure 5.1 actions are listed as terminators, which is the last phase of 
a CSHM action. The possible actions in the algorithm are “no actions”, build new, 
restrictions, strengthening and continuous monitoring. If no actions are needed to as-
sure the performance, the structure is returned to the normal state. The same may be 
said if the decision is to build a new structure.  The continuous monitoring actions are 
a solution to avoid strengthening or restriction if the probabilistic safety index from the 
CSHM process is ambiguous. Continuous monitoring is defined as a continuous inves-
tigation based on monitoring results to find detrimental changes that might occur 
(Mufti et al., 2006). Other occasions when a continuous monitoring can be recom-
mended is when the structure is of significant importance or when the structure is ex-
posed to extreme events such as earthquakes, floods or hurricanes, etc. A new design of 
the structure that includes innovative concepts not tested in practice can also motivate 
continuous monitoring programs, (Mufti et al., 2006). 
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6 Case study 

6.1 Introduction

In this chapter a CSHM monitoring procedure of the S888 Road Bridge located near 
the lake Panken east of Karlstad in Sweden is presented. In the section the name 
Panken will be used for the bridge. The reason why this bridge was chosen as a case 
study was initially due to the fact that calculations had shown that the bridge needed to 
be strengthened and to find out the effectiveness of the strengthening, monitoring was 
carried out. The bridge is stretched from west to east, shown in Figure 6.1. 

 The main purpose in presenting this case study is to apply the earlier presented 
CSHM algorithm and strategies and to try to express the advantages of combining 
monitoring with probabilistic evaluation, even though any probabilistic calculations 
have not specifically been carried out in this example. The lack of probabilistic evalua-
tion is motivated by a limited monitoring budget. 

 Monitoring was carried out before and after strengthening in section A in Figure 
6.2 and in two bridge beams. The monitoring and strengthening are presented in more 
detail in Paper D. The main reason for strengthening was that the bending moment 
capacity was to low in a number of sections of the bridge girders according to classifica-
tions calculations by WSP (2004). In addition to this the Swedish Road Administration 
wanted to increase the axel load from the current A120 to B180. The bridge had also 
extensive flexural cracking, with the largest cracks exceeding 0.3 mm. A purpose with 
the strengthening was also to minimise future crack growth. Hence in this project 
strengthening was carried out both in the SLS and ULS stages. 

6.2 Background

The Panken Bridge is a road bridge in six spans with a total length of 117.0 m, the end 
spans having a length of 13.5 m and all other spans 21.0 m. The bridge shown in 
Figure 6.1, is a RC beam bridge with a nominal concrete strength of 40 MPa and a 
nominal steel yield strength of 600 MPa. The bridge deck has a width of 13.0 m dived 
on two traffic lanes, each 6.5m wide. The traffic lane is divided by a wire railing in the 
centre of the roadway. 
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13.5m21.0m21.0m21.0m21.0m13.5m

117 m 13.0m

Figure 6.1 The Panken road bridge 

 The bridge was built in 1977 and has been used until 1994 without any noticeable 
problems. However, during a normal inspection in 1994 cracks were found in the webs 
of the main girders. To find out the reasons for cracking a detailed investigation was 
carried out in 2001, first all cracks were mapped in every span. In addition to this a 
classification calculation was conducted. It was also decided to increase the axel loads 
on the bridge from A120 to B180. These calculations showed that the bridge needed to 
be strengthened. A photo of the bridge is shown in Figure 6.2. 

Monitored cross section, A 

West

East 

South girder 

Figure 6.2  Photo of the monitored girders at the Panken Bridge 
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The strengthening method chosen was externally bonded CFRP plates. In the stud-
ied cross section four plates Sto FRP Plate S50C, with a cross section for each of the 
plates of 70 mm2, were bonded to the surface of the bridge beam. The beam after 
strengthening is shown in Figure 6.3. 

Figure 6.3 Beams after strengthening 

6.3 Actual event of the assessment for Panken Bridge 

6.3.1 General

To present the event history of Panken Bridge the assessment algorithm from chapter 5 
is used with minor adjustments to fit the actual project, see Figure 6.4. In this example 
the assessment will show three states: Normal state, where the bridge were used in 
normal service; the Investigation state where the crack mapping, the classification cal-
culations and the strengthening design calculations were performed and finally the 
Monitoring state where the effect of the strengthening was monitored and evaluated. 
Each of the processes is presented more in detail in appendix B. In Figure 6.4; first we 
have the normal use in service from when the bridge was built in 1977 to crack detec-
tions in 1994. In 1994 an increased inspection was demanded and the bridge was then 
transferred to the investigation state with an increased inspection. The increased inspec-
tion lead to strengthening, in connection with the strengthening monitoring was de-
cided. The different states are described in the coming sections. 
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Figure 6.4 Actual CSHM history for the Panken Bridge summarised in an adjusted as-
sessment algorithm 

6.3.2 Normal state 

The bridge was built in 1977. Until 1994 normal inspections according to the prede-
fined schedules have been performed. The results of these inspections were used in the 
decision making in the normal state and the outcome was always normal maintenance 
so no actions were undertaken and the structure was kept in the normal state. The 
outcome from a normal inspection in 1994 revealed cracks in the concrete of the main 
girders, see Figure 6.5, some of the cracks extend the whole way up to the flange. The 
outcome of the decision based on the inspection protocol (IP) was then to increase the 
inspections grade. At an early stage it was found that the safety of the bridge was not 
critical so traffic was allowed. Due to the negative outcome of the decision in 1994 
which was based on the extensive bending cracks, the structure left the normal state 
and entered the investigation state. 
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Figure 6.5 Cracks in the bridge beam, south side 

6.3.3 Investigation state 

Crack mapping was undertaken to find the pattern and widths of the cracks. The in-
creased inspection protocol, which in this case is the protocol from the crack mapping, 
showed that the cracks were present, and had an appearance which could indicate that 
they where caused by a combination of dead weight and traffic load. The largest cracks 
measured approximately 0.3 mm. In 5 the crack pattern in the studied section on the 
south girder is shown. Even though there was extensive cracking nothing indicated that 
the load carry capacity was insufficient in the ULS, (J&W, 2001). However, classifica-
tion calculations based on the Swedish Bridge Code, Bro 2004 (Vägverket, 2004), 
showed that the load carrying capacity for the bridge was insufficient for increased axle 
loads, (WSP, 2004), and consequently the bridge was in need of strengthening. The 
strengthening, placed on the underside of the bridge beams, was carried out with ex-
ternally epoxy bonded CFRP laminates with a total cross section area of 280 mm2 in 
the studied section. The strengthening is explained more in detail in Paper D. The 
purpose of the strengthening was firstly to increase the load carrying capacity in the 
ultimate limit state (ULS), secondly to reduce the opening of the existing cracks with 
the passing of heavy loads and consequently reduce future durability problems with 
possible corrosion in the steel reinforcement. It should be noted that no effort to use 
probabilistic-based design in the calculations were done and that the only on-site action 
that had been undertaken up to this stage was the crack mapping. Theoretical calcula-
tions, see appendix A, showed that the stiffness increase after strengthening in the stud-
ied cross-section was almost 20 %.

Flange 

Beam with cracks 
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6.3.4 Monitoring state 

The monitoring goal for this project was to determine the global effect of the CFRP 
strengthening of the Panken Bridge. The monitoring system and operation will not be 
discussed in this chapter but can be found in Paper D. However, the results from the 
monitoring showed that crack openings during static truck loading could be decreased 
up to 30%. The monitoring results did not have any significant effect on the decision in 
monitoring stage other than it confirmed that the strengthening system works as in-
tended. However, if the monitoring results would have been negative from the 
strengthening perspective it would likely have lead to more advanced calculations and 
also possibly another increased inspection. It is possible that the monitoring system will 
be used to verify the long-term performance of the strengthening system.  

6.4 Preferred use of the assessment algorithm for Panken Bridge 

6.4.1 Investigation state 

In the investigation state it is recommended to use reliability-based calculations to find 
the safety of the structure both in ULS and SLS. In this particular case study the failure 
mode in ULS is well defined with the information from the inspections. The calculated 
failure mode in ULS calculations is yielding in the bottom reinforcement bars caused 
by flexure. Since extensive cracking was present the reliability-based assessment calcula-
tion in SLS could be carried out to find the probability that cracks occur or to find the 
probability that a crack at a certain position does not exceed a certain crack width for 
loads that will most likely occur during the life of the structure, i.e. load in the SLS. 
The purpose of this calculation is not to give an exact answer to the probability of fail-
ure in ULS or to calculate the probability of crack widths in SLS. Instead the purpose is 
to show the challenges of probabilistic-based safety calculations and how they may be 
used and that uncertainties especially in the load effect model and in the load carrying 
capacity model are difficult to estimate and determine. In appendix A a calculation is 
made to investigate the stiffness change before and after strengthening of the studied 
cross-section. Here only deterministic parameters have been used. Even without sto-
chastic variables the calculations illustrate the problems that will occur when load effect 
models and load carrying capacity models are derived for the probabilistic-based calcu-
lations. The lack of probabilistic calculation in this case study motivates due to the fact 
that the uncertainties in the load effect model and the load carry capacity model over-
whelm the uncertainties of material parameters and unknown dimensions. Therefore 
the calculation is done with deterministic parameters and a discussion regarding the 
uncertainties and how a probabilistic based calculation could have been performed in 
combination with a increased monitoring effort. 
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Figure 6.6  Preferred CSHM strategy for the Panken Bridge 

Calculation in the investigation state 

To determine a load effect model the first step is to find a parameter that can be com-
pared with the load carrying capacity and/or a phenomenon that can be measured. In 
this case the challenge was to find the sagging moment in the girder which is induced 
by the truck used in the monitoring operation. To be able to find the moment caused 
by the truck several assumptions have to be done. For this specific case the assumptions 
are that 74% of the load from the inner wheels is distributed to the studied cross sec-
tion. For a case scenario where a full probabilistic calculation should be preformed this 
is a typical parameter to vary with help of a probability distribution. The challenge is to 
vary it with a mean value and a distribution which corresponds to the reality. In calcu-
lating the bending moment from the truck for the Panken Bridge in the studied cross-
section the bridge is assumed to have five equal spans to simplify the moment determi-
nation from the front and rear axles of the truck. 

 When determining the load carrying capacity model of the north girder, first the 
contributing width of the flange needs to be calculated. In Swedish Concrete Code 
(BBK, 2004) the contributing width is assumed to be 1/10 of the distance between the 
sections where the sagging moment is zero in the span. In this case this distance for a 
continuous beam in five spans with simple supports is approximately 13 meters for a 
point load and 13,2 meters for a distributed load. The contributed width is set to 1,3 
meters on each side of the girder which gives the total width of the flange in the calcu-
lation of 3.5 meters. Here the use of an FE-model could have been a useful tool when 
establishing the load carrying capacity model. A very simple FE-simulation to investi-
gate the influence of the flange width has been carried out, see appendix A. This simu-
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lation highlights one major problem: the choice of the flange width. It is apparent from 
this calculation that BBK 04 is not accurate enough for detailed analysis when deter-
mining the flange width. Unfortunately the use of FE-models alone, without calibra-
tion with measurements will still result in uncertainties. When calculating the sagging 
moment capacity, the uncertainty of the cracking zone in the web results in large varia-
tions of the moment of inertia and back calculation then also give uncertainties in the 
moment capacity. By using FE-modelling the concrete cracking zone can be found but 
it demands relatively advanced non-linear modelling. The probability-based assessment 
recommended in the investigation state should have been supported by the increased 
inspection. The crack mapping that was conducted seems to be accurate but if the load 
carry capacity model would have been determined before the increased inspection (II) 
the cracked zone in the examined most critical cross section could have been even 
more precise by using for example ultra-sonic equipment or visualising the cracks by 
adding white lime paint or plaster that increase the visibility of the cracks. Also the 
material properties should have been examined if accurate results were to be accom-
plished but in this case the accuracy of the load capacity model must be increased be-
fore it is worth collecting material samples. 

Conclusions from the investigation state. 

Even if no probabilistic-based analysis of the probability of failure was conducted in this 
case study it can be concluded that the load effect from a well-defined load and the 
load carrying capacity can vary depending of the actual state of the structure. The load 
carrying capacity, especially depends strongly on the position of the neutral axis and 
whether the girder is cracked all the way to the neutral layer or not. If probabilistic-
based assessment calculation had been performed the decision in the investigation state 
would probably have been to recommend an increased investigation effort by using 
monitoring before CFRP strengthening was carried out to obtain a more optimum 
strengthening design. 

6.4.2 Monitoring state 

The main objective of the monitoring would have remained the same even after the 
conclusion from the investigations. The deflection is a useful parameter to monitor 
when the global effect of the strengthening system should be evaluated especially since 
the monitoring was conducted both before and after strengthening. In Figure 6.7 the 
deflection before strengthening and after strengthening is presented.  
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Figure 6.7 Deflection plot of the Panken Bridge for an unstrengthened and strengthened 
girder 

 The secondary goals for the monitoring, if a probabilistic approach were to be used 
when assessing the structure, which is recommended for future evaluation of the 
Panken Bridge, would be to reduce the uncertainties in the load effect model and the 
load carrying capacity model by monitoring. An example of what could have been 
monitored is the strain in the steel reinforcement on the top and bottom in the girder 
placed in the centre of the bridge. By doing this the uncertainty of the assumption that 
74% of the inner wheel loads are transferred to the left girder could be better con-
trolled. To control the assumption that the bridge behaves as a continuous beam moni-
toring of the rotation of the beam close to the columns can show if the statement can 
be used or should be rejected. The contributed width of the flanges could be controlled 
by attaching sensors distributed in the transverse direction and see that the compression 
is even distributed in the transverse direction. This could best be controlled in the free 
end, north direction, of the flange since middle beam will give contribution to the 
other side of the flange. However, despite this it would be interesting to compare the 
calculated stiffness change before and after strengthening in the theoretical calculation 
in appendix A with real monitoring results. With normalised load the stiffness change 
can be expressed as: 

a b

b a

I
I

by inserting the curvature from the monitoring in Figure 6.8  
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6

5
b a

56
a b

70 30 10
I 7.4 101.44 0.09 0.83
I 8.9 1090 30 10

1.44 0.09

or approximately an increase of 20 % in stiffness after strengthening. This can then be 
compared with the results from the theoretical calculation which also gave an approxi-
mate stiffness increase of 20 %. 

 The last event in the monitoring stage is the decision of further actions. It is most 
likely that the outcome of that decision in this case with use of probabilistic-based as-
sessment calculations in combination with monitoring before strengthening would have 
lead to the conclusion that the bridge had enough capacity in the ULS without 
strengthening. In the actual case where strengthening was demanded before CSHM 
monitoring actions were launched the monitoring was used to verify the strengthening 
effect instead of showing that the load carry capacity is sufficient even without moni-
toring. However, if strengthening would have been left out, most likely the bridge 
would have had problems with crack opening in the SLS: 
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6.5 Conclusion from the case study 

The presented case study showed a normal example on how CSHM is used to verify 
different measures on a structure. The aim with the monitoring in this specific case was 
to verify the strengthening effect. This was also shown by the monitoring which was 
verified by simple calculations and an astonishing 20 % increase in stiffness was achieved 
in the studied cross-section. 

 However, this case study also shows the complexity when trying to estimate the 
load effect on and the resistance of a structure. In this particular case it would probably 
have been very useful to investigate the effect of the concrete top flange, and also a 
simple FE-model in combination with the classification calculation would have im-
proved the understanding of the actual problem. From that level the need for strength-
ening should have been estimated. 

 Regarding the monitoring state, a more detailed and structured planning would 
have simplified the evaluation of the results.   

The conclusions from this case study are: 

The CSHM goals are of importance for the project. 

Probabilistic-based evaluation is limited to the weakest point in the failure function 
for calculation of a reliability index. In this case it was the uncertainty of the load 
carrying capacity model, in particular the contribution of the flanges which made it 
difficult to obtain an accurate reliability index, .

An increased monitoring budget could have decreased the uncertainty in the load 
carrying capacity and the load effect model. 

If the CSHM algorithm had been used in the Panken project deeper analysis estima-
tion would have been used. The simple FE-model confirms that the contribution 
from the flange could have been increased from the classification and strengthening 
design, where no flanges were considered, to at least 1,3 m in contribution, the 
same as used in the calculations. The reason for a difference in the comparison of 
the monitored stiffness with the calculated could be due to the fact that the calcu-
lated stiffness for both a unstrengthened beam and a strengthened beam are underes-
timated. If both are increased the difference from the monitoring results would be 
decreased.  

The CSHM model is useful to get an overview of the states, normal, investigation 
and monitoring state and all processes related to each state. The process description 
worked also to describe the project afterwards. 

 The case study and the presented approach shows that CSHM is a very strong tool 
for better understanding of the behaviour of structures. 
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7 Conclusion and recommendations 

7.1 Research questions 

In the thesis a model for CSHM operations is presented. The research addresses four 
research questions:  

What is CSHM and how can it be implemented? 

 Civil Structural Health Monitoring (CSHM) is a novel research field and a tool 
which is used to collect information and evaluate the structural performance. The in-
formation is used for verification of the actual performance and possible changes of the 
conditions. Knowledge of the structural behaviour is vital when planning maintenance 
and actions for upgrading the structural performance.  

When should we use CSHM, benefits and requirements? 

Ideally, CSHM should be used on regular basis for all civil structures during the whole 
service life. Due to the present cost of applying and operating a CSHM system only 
structures with significant problems and/or of great importance for the society will be 
monitored. 

 Typical applications when CSHM is beneficial are when severe deficiencies are 
detected in normal and inspection states. CSHM is also recommended to be used be-
fore any strengthening actions are undertaken on a structure. The results of such opera-
tion will lead to more optimised strengthening design or that the safety is sufficient, i.e. 
upgrading can be done without any strengthening. After strengthening, especially if 
new systems are used it is recommended to verify the increased performance, both 
short- and long-term. 

The benefits of a systematic use of CSHM on a European scale are enormous. For ex-
ample, the railway bridge stock in Europe consists of more than 220 000 bridges of 
which 35% are older than 100 years, (Olofsson et al, 2005). If we demonstrate that the 
structural performance is sufficient on a selected number of these bridges using CSHM, 
the loads and speed of traffic can be increased without, or with minor strengthening 
efforts. Also, the systematic use will increase the knowledge that can be applied in de-
sign codes and in the development of new types of structures and use of materials, for 
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example, use of durable material, or adaptive structures. An example of the latter is 
active dampers on cable stayed bridges to decrease or eliminate fatigue problems.  

 Regular use of CSHM requires more knowledge, therefore more case studies of 
CSHM implementations are needed. To increase the practical use in civil engineering, 
management models must be developed and presented. Hopefully the CSHM model 
presented in this thesis can accelerate the implementation of CSHM in practice. 

What methods are available for the evaluation of the structural performance? 

Today the normal procedure of assessment is based on design codes. If deficiencies are 
detected or if the demands are increased, classification calculations based on codes are 
used. Recommended procedure in the algorithm is to use an increased inspection 
where material samples, correct dimensions and actual loads are recorded together with 
possible deficiencies. The performance is calculated using probabilistic design methods. 

 Monitoring can increase the accuracy of the probabilistic models. The uncertainties 
of the load carry capacity model and load effect models are often the predominated 
factor compare to the uncertainties of material properties and loads. Monitoring can be 
used to obtain a better understanding of the structural behaviour and the uncertainties 
of the load carry capacity and load effect model can often be reduced. 

 The selection of monitoring methods used to evaluate the performance is dependent 
of which phenomena that should be observed. In this thesis the monitoring strategies 
are separated in time, condition and load effect dependency. Also strategies for evalua-
tion are presented.  

On the bases of the evaluated performance what actions should we undertake and 
how should these be executed? 

In the CSHM model there exist several actions that can be undertaken if the perform-
ance factor and/or the probabilistic safety index are not sufficient. The most expensive 
solution is to build a new structure. This is recommended if the result from CSHM 
indicates that the load carry capacity is insufficient compared to the load effect. Another 
alternative is to restrict the function of the structure, limit the load or speed, etc. This is 
recommended for structures with low significance for the public. Strengthening is also 
a possible solution. Here strengthening methods should be selected that minimise the 
disturbance of the function. The last actions that can be used are continuous monitor-
ing. This action is only recommended to be used if the case where the CSHM result 
show that the performance is ambiguous, or for structures exposed to unforeseen 
events, e.g. settlements, earthquakes, etc.   

7.2 Scientific and practical contributions 

The scientific contribution of this thesis is the CSHM model useful for evaluation of 
structural performance. The combination of probabilistic-based evaluation methods and 
monitoring strategies can be considered as an important contribution to the CSHM 
research. Within the same area the contribution is the distribution of variables of the 
load effect and the resistance before, after and within a monitoring operation. The fact 
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that a monitoring operation can refine the uncertainties of especially the load carry 
capacity, which is shown in the case study, is of significance. 

 From Paper A the main scientific contribution is that the bonding of the CFRP 
rods and plates is possible even if the beams are affected to relatively large movement 
during adhesive curing.  

 From Paper B the agreement of the engineered calculation method to the test result 
is an interesting outcome. The calculation are based on the proportional factors which 
are normally used with steel reinforcement and concrete but here the proportional 
factors are used to recalculate carbon fiber to glass fiber. 

 From paper C the most interesting findings were that the crack propagation could 
be arrested where the CFRP plates were bonded and the determination of the large of 
the global and the local temperature effects. 

 From paper D the main contribution is the performance factor where global phe-
nomena, in this case the deflection can be determined from local monitoring, the strain 
in the reinforcement. 

 The main practical contribution of this thesis is the “ready to use” CSHM model 
which hopefully can be used also on the outside of the university in the future. The 
strategic thinking and planning each process at the time makes also complicated moni-
toring projects possible to overview. Other practical contributions are the performed 
case studies. In paper B, C and D clients asked for a solution of a specific problem.  

 In addition to the publication in the scientific journals I have written and presented 
a number of conference articles and technical reports which are listed in the next chap-
ter. 

7.3 Contribution of the papers to the CSHM model 

In this thesis the following papers are appended. To get an overview of how the papers 
are supporting the CSHM model presented in this thesis the specific aspects the papers 
cover is shown in Figure 7.1. 
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Figure 7.1 The CSHM model where the aspects of the papers are shown. 

Paper A

Concrete Beams Exposed to Live Loading during Carbon Fiber Reinforced Polymer 
Strengthening. This paper is pointing out the strengthening actions which can be un-
dertaken to increase the performance in case of a negative outcome of the decision in 
the monitoring phase. 

Paper B

Large scale hybrid FRP composite girders for use in bridge structures—theory, test and 
field application. This paper shows how numerical models can be compared to moni-
toring results. 

Paper C

CFRP Strengthening and monitoring of the Gröndals Bridge in Sweden. This paper 
deals with the monitoring. Sensor technology is investigated with the use of Fiber Op-
tical Sensors (FOS). Also the planning, installation, operation and evaluation processes 
are partially developed from this case.  
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Paper D

Civil Structural monitoring of a CFRP strengthened Concrete Bridge in Sweden. In 
this paper the aspects of normal use are considered, also the investigated state and defi-
ciencies are aspects in the paper. From the monitoring state the installation, operation 
and evaluation gave inputs to the model. Since the goal was to determine the strength-
ening effect and the increased stiffness after strengthening, strengthening was also an 
aspect in the paper.  

Paper E

Effects of prestress force loss on natural frequencies of a concrete girder. Here the as-
pect of analysing was investigated and the possibility to detect damages is a typical 
evaluation aspect in the case. 

7.4 Future research and development 

To continue to develop the model the I propose the following:  

Use the algorithm in a full-scale test where the analysis process should be in focus. 
For example damage detection by using a combination of FE-models, probabilistic 
based assessment and monitoring of a bridge. A dreamlike project would be a con-
trolled failure test with a fully integrated CSHM algorithm.  

Use the CSHM algorithm from the beginning of a strengthening project to find 
weaknesses of the algorithm. Especially attention on the probabilistic-based analysis 
should be given.  

Establish a probabilistic-based assessment guideline for Sweden. If the combination 
of a guideline with monitoring is used for calibration extensive research could even-
tually form the basis for a method similar to partial factors used in design. 

 I also recommend that future researchers at the division of Structural engineering 
and COMPLAB2 should use the model in all external research projects regarding struc-
tural assessment, monitoring, and upgrading projects that are performed.  

                                                
2 Testlab is the structural laboratory at Luleå University of Technology 
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Appendix A

Estimation of performance effect 

In the following appendix an estimation of the performance effect comparing the stiff-
ness of the north bridge beam for the Panken Bridge is presented. The assumptions in 
Table A.1 have been made. 

sd

sdh

xt

h

wb
sA

fB

sA

Figure A.1 The T-girder of the Panken Bridge with dimensions according to Table A.1 

 The creep number has been reduced due to the ratio between the live load (truck) 
and the dead load in the following way. A creep number of 2.0 is normal chosen for 
outdoor structures due to BBK 04., the maximum moment from the dead load is cal-
culated to approximately 1160 kNm and the moment from the truck to 660 kN m. 
That then gives a reduced creep number of: 
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Table A.1 Geometry and material properties for the girder 

Variable Notation Value 

Width of flange Bf 3500 m 

Thickness of flange t 250mm 

Width of web bw 900 mm 

Compression steel reinforcement A’s 1469 mm2

Tension steel reinforcement As 1209 m m2

Fiber composite area Af 280 mm2

Compression steel concrete cover d´s 90mm 

Tension steel concrete cover ds 60mm 

Girder height h 1500 mm 

Concrete compressive strength fcc 28.5 MPa 

Concrete tensile strength fct 1.95 MPa 

E-modulus of concrete Ec 32 GPa 

E-modulus of steel Es 205 GPa 

E-modulus of CFRP Ef 163 GPa 

Creep number 1.1 

The maximum bending moment from the traffic, MB180, and the dead load, Me, has 
been calculated by WSP,(2004) using software Strip to:  

Mtot = MB180 + Me = 1160 + 1660 = 2820 kNm 

Calculation in Service Limit State 

First investigate if the beam is cracked with considerations on normal traffic load (de-
sign value due to calculations by WSP, (2004)). The distance to the neutral axis can be 
calculated as: 
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Then the maximum stress in the upper and lower fibre of the beam is calculated: 
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Which clearly exceed the stress where the concrete can assumed cracked: 

6
4 4

0.4 0.4
0.6 0.6 1.95 10 1.95

1.5
m ctkf MPa

h
(Maximum fctk)

 The studied cross-section is hence found to be in stage II, carry out a calculation for 
the distance to the neutral axis. The neutral axis is assumed to be within the flange. In 
principle: 
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2

( ) ( 1) ( )
2 s s s s s s

Bx
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from which x can be calculated: 
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The moment of inertia in stage II can hence be calculated: 
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Bx x

I I I Bx A x d A d x

m

 In the studied cross-section the bridge girder was strengthened with 4 Sto FRP Plate 
S50C, which each has a cross-section of 70 mm2. The distance to the neutral axis after 
strengthening can then be calculated to: 
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The moment of inertia in stage II for the strengthen cross section can then be calcu-
lated: 
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The curvature for the bridge beam can be expressed as: 

,c eff

M

E I

It is then possible to express the ratio of the curvatures before and after strengthening 
as:

,

,

c eff ba a a b

b c eff a b b a

E IM M I

E I M M I
 or 

a b

b a

I
K

I
 where a

b

M
K

M



Civil Structural Health Monitoring 

86

for normalised moment before and after strengthening K =1 and we can write: 

a b

b a

I

I

If we then compare the stiffness change before and after strengthening we get: 

2

2

2.94 10
0.83

3.54 10
a

b

or a stiffness increase of approximately 20 %. In the calculations the assumptions of the 
material data, geometries and the creep number has a direct effect on the result. With a 
lower value of the creep number or if a larger flange would have been chosen the stiff-
ness increase would be less than the above calculated.  

 Instead of using design practice for estimating the distribution of the load effect on 
the different structural elements in the bridge, a FE-analysis can be made on the actual 
structure to give a better estimate of the load effect, see Figure A.2. In the simple 
model the results in the free end indicate that the compression is equal all the way to 
the end. Therefore the statement earlier that a larger flange could result in a more accu-
rate result of the calculated stiffness is now even stronger. 



Appendix A 

87 

Figure A.2 Linear elastic model of the bridge. 
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Appendix B

In this appendix the CSHM algorithm processes presented in chapter 5 are applied to 
the case study of the Panken Bridge. The processes are exemplified in similar way as in 
chapter 5, i.e. with inputs, tools, resources and output. In the example the measures 
not used are marked with a red line. First the measures in the Normal State are ex-
plained. 

Normal State 

In the Normal State (NS) the input to the activity is for the Panken Bridge only earlier 
performed inspection protocols. It is not known how many inspections that have been 
performed before the detection of the cracks where found. The tools used in the NS 
for inspections are the required time schedule for inspections. The most common in-
spection is the “main inspection” which is executed every six years. The resources 
needed to perform the inspections where hired inspection experts. The inspection is 
performed according to the demands of the owner, in this case Vägverket. The inspec-
tion is a visual inspection which should be performed at “hand distance”. Possible defi-
ciencies are register according to severity rating see Table 5.1. The outcome of the 
activity is the inspection protocol. 
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Input
 Earlier inspection 
 protocols 
 Increased demands 

Activity
 Periodic inspections 
 Triggered inspection 
 Warnings 
 Damages 
 Comparison with earlier 
 inspection protocols  

Tools
 Inspection schedule 

Output
 Inspection protocol: 

- Protocol 
- Damage report 
- Existing documents 

Resources
 Inspections standards 
 Warning systems 
 Accidents report system 
 Inspection experts 

Figure B.1.  The stage process with input, tools and resources to perform the activities that 
give the output.  

Investigation State 

In the Investigation State (IS) the inputs are the output from NS see Figure B.2. The 
inspection protocol declared that concrete bending cracks where present. The tools that 
was used in the investigation state where the equipment for the advanced inspection. In 
this case the crack mapping where done with help of a hydraulic lift a hand held laser 
equipment used to measure the location of the cracks. The people or resources who 
where involved in the activities, were the inspection experts and the calculation ex-
perts. When the increased inspection was performed a site visit is for natural reasons 
undertaken. The increased inspections where done by hand and the cracks were regis-
tered due to location, widths and if the cracks could be tracked from on side to the 
other side of the girder. If this was the case it was assumed that the beam was cracked 
through. Also a classification calculation was performed. The calculations showed that 
the moment capacity was insufficient in some of the spans. The output in the investiga-
tion state is the increased inspection protocol, where the cracks are showed, and the 
classification calculation report, where it was stated that two spans had insufficient mo-
ment capacity. 
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Input
 Inspection Protocol 
 Damage reports 
 Existing documents 

Activity
 Site visit 
 Advanced inspections 
 Material testing 
 Load measurements 
 Probability design assessment
 Classification calculation 

p
equipment 
 Material testing equipment 
 Probability design guidelines 
 Codes and Standards 

Output
 Increased inspection protocol 
 Object information 
 Structured Data: 

- Material properties 
- Actual loads 
Probability based safety factor 

 Classification calculation 
protocol 

Resources
 Specialists 
 Testing institutes 
 Probability design experts 
 Calculation experts 

Figure B.2 The investigation state with input, tools and resources to perform the activities 
that gives the output. 

Monitoring State 

When entering the Monitoring State (MS) the strengthening was already designed and 
decided but not applied so a strengthening effect could be observed by comparing the 
results before strengthening with results after strengthening. The CSHM monitoring 
was divided in the following processes: 

- Planning 
- Operation 
- Evaluation 

 The main difference from a recommended monitoring procedure for the case study 
is that the analysis process was missing in the sense that the analytical results is compli-
cated to compare with the monitoring results. A suggested strategy for analysing of the 
bridge would have been to start using a linear elastic model of the bridge without any 
cracks but loaded according to the test strategy. This simple model can tell if the flanges 
could be considered as contributing or not. 

Planning Process 

The Planning Process (PP) are visualised in Figure B.3. The input to the planning 
process of the CSHM operation was the output from the investigation state. The input 
also includes the classifications calculation protocol, where the insufficiency in the 
moment capacity was presented, and the design calculations for the strengthening sys-
tem. No planning tools were needed since the monitoring procedure was supposed to 
be uncomplicated or time consuming and the traffic disturbance was supposed to be 
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minor. First the goals were established. The monitoring goal for this project was to 
determine the global effect of the CFRP strengthening of the Panken Bridge. The 
CSHM strategy strategy can be divided in: 

Time dependent strategies 
Condition dependent strategies 
Load dependent strategies 

 Before the strategies are chosen the structural phenomena if interest are determined. 
For the Panken Bridge two phenomena if interest where chosen to be monitored, the 
deflection and the crack widths of some already detected significant cracks. The time 
dependent strategy was two short-term monitoring, before and after the strengthening. 
The sampling of data was started manually. The chosen condition strategy was local 
monitoring of the crack widths and global monitoring of the deflection. The deflection 
and crack widths monitoring were supported by local monitoring of strains in the ten-
sion and compression side of the cross sections where the deflection sensors were 
mounted. The load dependent strategies was static monitoring where the load was 
stopped on the bridge and dynamic measurements when the truck was moving with a 
defined speed of 30, 50 and 90 km/h over the bridge. Also dynamic monitoring of 
random traffic loads was performed. 

Input
 Increased inspection 
 protocol 
 Object information 
 Structured Data: 

- Material properties 
- Actual loads 
Probability based safety 
factor 

 Classification calculation 
 protocol 
 Strengthening design 

Activity
 Establish the CSHM goal 
 Design the analysis system 
 Design the monitoring system 
 and strategies 
 Design the sensor system 
 Design the acquisition system 
 Design the communication 
system 
 Design the data storage system
 Design the CSHM evaluation 

method
 CSHM budget 

Tools
 Planning software

Output
 CSHM goals 
 CSHM plan with the following 

included: 
- Analysis system 
- Monitoring system and 

 strategies 
- Sensor system 
- Acquisition system 
- Communication system 
- Data storage system 
- Evaluation method 
- Economic frame 

 Structured Data 
- Material properties 
- Actual loads Resources

 CSHM experts 
 Designers 
 Owners 
 CSHM economical frame 

Figure B.3 CSHM planning process of the Panken Bridge  
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The sensor system was designed according to the established CSHM goals and the 
strategies.  

Cross section of the north girder was equipped according to Figure B.4 and Table B.1.  

13 m 

STGCS 

STGSLS 

STGCN 

STGSLN 

STGSUN 

COD 1 & 2 

z

L1 & L2 

1.
5 

m
 

1,85 m 

North 

Figure B.4 Sensor system for the north girder. Distances according to Table B.1 

 The acquisition system which should include everything needed during the installa-
tion and monitoring phase was not designed in detail due to limited time of the plan-
ning phase. From experience gained at the installation and operation phase it was con-
cluded that a well planned acquisition system would have decreased the time waste in 
the installation phase. Some temporary solutions for scaffolding and operation centre 
had to be solved during the installation phase, see Figure B.4. 

 Table B.1 Sensor location of the Panken Bridge 

Sensor Distance Girder Notation 

Concrete strain gauge 345 mm South STGCS 

Lower steel strain gauge 1450 mm South STGSLS 

Upper steel strain gauge 60 mm North STGSUN 

Concrete strain gauge 320 mm North STGCN 

Lower steel strain gauge 1450 mm South STGSLN 

Crack sensor 815 mm North inside COD1 

Crack sensor 860 mm North outside COD2 

Deflection 0 North L1 
Curvature 0 North L2 
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Figure B.5 Photo from the operation phase was the lack of a proper acquisition system 
lead to temporary solutions for scaffolding and operation centre. Photo by B.Täljsten. 

 The design of data storage system was not planned in detail since all data where 
stored on site and secured with a backup copy. The CSHM budget was establish from 
the start of the project. A possible increase of the CSHM is to verify the long-term 
effect by additional monitoring in the future will be financed by a separate budget. In 
the output of the planning process the CSHM goals are presented and a CSHM plan 
which was containing the strategies and the monitoring system.  

Analysing process 

The analysing process of the Panken Bridge was not preformed. No FE-analysis or 
analytical modelling was performed.  
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Input
CSHM goals 
CSHM plan 

Activity
 Calculation of expected 
 monitoring results 
 FE-Modelling and FE-
 evaluation of the structure. 
 Analytical modelling of the 
 structure 

Tools
 FE-programs 

Output
CSHM goals 
CSHM plan 
Expected monitoring results 
FEM results 
Analytical results 

Resources
 Designers 
 Structural Engineers 
 FE-analysts 

Figure B.6. No analysis process was undertaken at the CSHM process of the Panken 
Bridge. 

CSHM Installation and Operation 

In the installation and operation phase of the Panken Bridge the CSHM goals and 
CSHM plan which included the design of the monitoring system and how the moni-
toring would be operated. The tools in this phase are the CSHM system and the people 
involved in this process are the monitoring experts who installed the system and oper-
ated the monitoring. See Figure B.7. The activity presentation of monitoring data 
could have been performed more accurate. In this case it was difficult to understand the 
output for a person who was not participated in the monitoring operation. The output 
of the monitoring is the data from the monitoring before the strengthening and after 
the strengthening. Unfortunately one detail that made that output difficult to under-
stand was that the names of the data files was not consistent and therefore created con-
fusion in the evaluation process. 
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Input
CSHM goals 
CSHM plan 
Expected monitoring results 
FEM results (transferred) 
Analytical results 
(transferred) 

Activity
 Installation of CSHM system 
 Monitor according to the CSHM 
 plan 
 Process data 
 Present monitoring results 

Tools
 CSHM system

Output
Monitoring results
FEM results 
Analytical results 

Resources
 Monitoring experts 

Figure B.7 The installation and operation process with actual inputs, tools and resources 
used. The activities are undertaken to obtain the output. 

Evaluation process 

The input to the evaluation process is the CSHM goals and the CSHM plan. See 
Figure B.8.The CSHM plan was necessary for a person not involved in the monitoring 
operation process to understand the data since the names of the monitoring results were 
inconsequent. The tools used in the evaluation process were Microsoft Excel and Mat-
lab. The resources are the monitoring personnel. The activity in the process is to com-
pare the results before and after the strengthening establish conclusion according to the 
CSHM goals. The global effect from the strengthening was shown in the decrease of 
crack openings and the decrease of deflection.  
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Input
CSHM goals 
CSHM plan 
Monitoring results 
FEM results 
Analytical results 

Activity
 Update FE-models 
 Compare processed data with 
 FE-results, analytical results 
 and earlier performed CSHM 
 results 

Compare the results before and 
 after strengthening 

Tools
 Analysing software 
 FE-software

Output
CSHM report: 

- Monitoring results 
- FE modelling results 
- Compared results 
- Probability based 
safety factor, i

Resources
 Monitoring personnel 
 FE-experts 

Figure B.8 The evaluation process main activity was to compare the results before and af-
ter the monitoring. 
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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 meth-
ods can be suitable choices: for example, shotcrete with steel
fibers, additional steel reinforcement covered by concrete, and
posttensioning, just to mention a few. One repair and strengthen-
ing 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 that
serves as an outer reinforcement when bonded onto a structure’s
surface. The material is lightweight, does not corrode, and can
come in almost any shape, length, and dimension. The reinforce-
ment can be in the form of laminates bonded to plain surfaces, or
the composite can also be built up by hand layup with a thin
fabric on the structure and therefore may be used on curved sur-
faces as well.

This method has been found applicable for strengthening in
shear and flexure and for confinement, and it also works in cold
climates �Carolin and Täljsten 2002�. The advantages and draw-
backs of the method can vary among objects and must always be
considered �Carolin 2001�. The outer reinforcement also can be
damaged by 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, and so on must also be considered
�Chaallal et al. 1998�.

A variant of plate bonding is near surface mounted reinforce-
ment �NSMR�. In NSMR the rods are placed in presawn grooves
in the concrete cover instead of on the surface. When NSMR is
possible, it provides better anchorage in the concrete, some pro-
tection 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 com-
pared 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. This is
beneficial with rectangular cross sections because it gives a larger
bonding-to-reinforcement area ratio and a more uniform adhesive
thickness compared to circular rods. When it comes to the dimen-
sions 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 designed
to fit the desired requirements, but on existing structures, espe-
cially old ones, the concrete cover may vary by 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�10 mm2 pro-
vides good anchorage as well as easy installation and is consistent
with existing structures.

Discussion, based mainly on lack of knowledge, of how to
handle epoxy products has led to an interest in investigating al-
ternatives 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 be-
tween the rod and the mortar. Further description of the usage of
NSMR can be found in Täljsten and Carolin �2001�, Nanni
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�2001�, and Rizkalla and Hassan �2001�. A brief understanding of
NSMR can be obtained by studying Fig. 1, which shows the
insertion of the rods in the concrete cover.

Most laboratory studies, both with 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 carbon fiber reinforced polymer �CFRP� is
bonded to the structure. Some studies have been undertaken with
a strain field on the strengthened cross section, that is, 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 fields have not been thoroughly studied. This cor-
responds to live loading during the strengthening process, for ex-
ample, traffic on a bridge during curing of the adhesive.

For owners and end users, it is important to know if 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 delay for end users.
Alternative routes and traffic signs and signals need to be used,
and scheduled traffic is delayed or needs to be canceled. Plate
bonding has been used in several applications where the strength-
ening has been applied during the nighttime with minimal distur-
bance for society and with the structure back in service the fol-
lowing day.

The best case of applying strengthening is if the structure can
be completely unloaded during strengthening, including the self-
weight. This enhances the FRP’s contribution before the structure
reaches critical stages, yielding of reinforcement, concrete crush-
ing, 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. Whether the own-
ers can keep the structure in service also depends on what kind of
structure needs to be strengthened. For structures with high dead
loads, such as archives, it is in most cases probable that the struc-
ture must not only be taken out of service, but the fixtures must
also be removed to unload the structure. Bridges are different, as
they often have a high amount of self-weight compared to fre-
quent live loads. The vehicles that give the highest loads, trucks
or trains, are less frequent compared to lighter vehicles. Never-
theless, 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.

Table 1. Test Specimens

Specimen Condition
Slot size

�mm�mm� Strengthening reinforcement Adhesive Brand

Reference beam

Plate bonding Area 1.4�50 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 10�10 mm2

BMstat Static 16�16 BPE NSMR 101 M Epoxy BPE Lim 465

BMdyn Dynamic 16�16 BPE NSMR 101 M Epoxy BPE Lim 465

BSstat Static 16�16 BPE NSMR 101 S Epoxy BPE Lim 465

BSdyn Dynamic 16�16 BPE NSMR 101 S Epoxy BPE Lim 465

BShdyn Dynamic 16�16 BPE NSMR 101 S Epoxy BPE Lim 567

BSstat-cem Static 20�20 BPE NSMR 101 QS Cement StoCrete GM1

BSdyn-cem Dynamic 20�20 BPE NSMR 101 QS Cement StoCrete GM1

Fig. 1. Cross sections of test specimens

Fig. 2. Test specimens
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Experimental Program

The tests have been undertaken on rectangular reinforced con-
crete beams presented in Figs. 1 and 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 in this
study. The beams were heavily reinforced in shear, with 10-mm
stirrups at 75 mm spacing, to also ensure a flexure failure when
strengthened. Of a total of 12 beams tested, 7 were strengthened
with NSMR and 4 with traditional laminate plate bonding. Half of
the strengthened beams were strengthened without loads during
curing and the other half 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.

To investigate the use of cementitious mortar as bonding
agent, two beams were strengthened with NSMR and cementi-
tious 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 pul-
trusion with an epoxy resin, but no attempts were made to qualify
the bond characteristics. Before strengthening, the slots were
saturated with water to get the best performance of the cement
mortar, and after the rods had been placed in the slots, the mortar
was kept moist for 21 days. All slots in the concrete were cut with
a saw after manufacturing of the beams. When epoxy was used,
the slot dimension was 16�16 mm2. The sand-covered rods have
a larger cross section compared to the original ones to get the
same fiber area, and the slots therefore needed to be larger in this
case and were made 20�20 mm2.

Two different epoxies were used in the tests, one a low-
viscosity epoxy and one with 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. The em-
pirical relation to the tested split strength obtains the tensile
strength of the concrete. The concrete had an age of approxi-
mately 180 days and during the test period was considered to be
fully cured, without any significant changes of properties such as
compressive strength. The beams were equipped with strain
gauges on the concrete, the internal steel bars, and the FRP com-
posites. In addition to the strain gauges �SG�, the midpoint de-
flection 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 mea-
sure 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

Table 2. Material Properties

Material

Compressive
strength
�MPa�

Tensile
strengthd

�MPa�

Young’s
modulus
�GPa�

Concretea 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 515b 515b 210

Adhesivec

BPE Lim 567 93 46 7.0

BPE Lim 465 103 31 7.0

StoCrete GM1 45 9 26.5

Compositec

BPE Composite M 2,000 250

BPE Composite S 2,800 160
aAverage.
bYielding.
cSuppliers’ data.
d0.8�splitting strength.

Table 3. Viscosity Parameters

Epoxy
k

10−3 �s−1�
�i

�mPas�
Pot life
�min�

BPE Lim 465 0.2337 2,597 90

BPE Lim 567 0.3808 4,995 60

Fig. 3. Monitoring of specimens
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�t = ekt�i �1�

where k=reaction constant and �i=initial viscosity at time t=0,
as presented 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.

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 at 20°C for 7 days at 60%
humidity. The beams strengthened with NSMR had grooves cut
by a concrete saw with two parallel saw blades. The concrete that
remained between was chipped away with a chisel, which gave a
groove with two parallel, fairly smooth sides and one rough side
at the bottom �Fig. 4�a��. The grooves were then cleaned and half
filled with adhesive �Fig. 4�b��. The rods were then placed and the
grooves completely filled, with the rods having adhesive on three
sides �Fig. 4�c��.

The other five beams were strengthened in the same way, but
with live loads acting during curing of the adhesive. Due to their
size, the beams were mounted in the load setup prior to strength-
ening and were strengthened upside down to facilitate monitoring
and visual inspection �Fig. 5�. The writers believe that installation
in other directions will not cause any considerable problems. The
length of the laminates and rods, 3,200 mm, was chosen to be
critical for anchorage �Täljsten 1997�, which produced laminates
and rods that ended between the supports and would therefore not
be significantly affected by the bearings. To keep the test setup
steady, a load of 5 kN was chosen as a lower limit, which should

not be mistaken for a simulation of the dead load. The load pro-
gram for the live loads started 20 min after the mixing of the two
adhesive compounds had commenced, which allowed time for the
strengthening system to be mounted in the same way for all the
beams; that is, no dynamic loads were applied when the strength-
ening system was applied but started well within the pot life of
the adhesive. Every 108 s 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 �Fig. 6�. The load level was chosen to
be around 60% of the load for yielding of internal steel bars for
the control beam, and 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 the Swedish Road
Authorities to simulate real conditions for heavier vehicle over-
passes 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 s. It is
only of interest to simulate heavier vehicle overpasses since the
load and deformation from ordinary private cars can be negligible
by comparison. The sinusoidal load of the load-time curve is to
simulate the global behavior of a bridge rather than isolating each
axle on the vehicle. The beams were subjected to the live load for
72 h and then unloaded and stored in a controlled environment of
20°C and 60% humidity until they were tested up to failure. The
beams strengthened with epoxy adhesive showed no signs of
damage after live loading, but 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 1 week
after the strengthening commenced until tested to failure; the ce-
mentitious mortar was allowed to cure for 28 days under moist
conditions.

Fig. 4. Procedure for strengthening with NSMR

Fig. 5. Test setup for curing under cyclic load

JOURNAL OF COMPOSITES FOR CONSTRUCTION © ASCE / MARCH/APRIL 2005 / 181



Results and Evaluation

Strengthening

The effect of the strengthening system during curing of the adhe-
sive is shown in Fig. 7. The plotted values are measured at the
maximum load for every load cycle. On the left vertical axis the
figure shows the strains over the cross section for beam BShdyn.
The midpoint deflection is also plotted in the figure with numbers
on the right vertical axis. The hardening process can be divided
into three distinctive stages �Fig. 7�. The first stage is denoted the
extended pot life, where the polymer does not transfer any sig-
nificant forces to the composite reinforcement. However, the pot
life in its 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 2, the stiffness behavior of the adhesive is
reached. In Stage 3, no changes can be observed in stiffness be-
havior, but polymerization continues until the epoxy is com-
pletely set. During Stage 3 the adhesive gains strength and vis-
cosity as presented later in this paper.

Observe from Fig. 7 that initially the strains increase slightly
due to crack formation in the concrete and then are quite stable
until initiation of polymer setting, which seems to occur at ap-
proximately 4 h. As the epoxy cures, the composite rods start to
be stressed while the steel bars are unloaded to an equivalent
degree. After setting of the polymer, another 4 h, the peak strains
are unaffected during the remaining load cycles. The midpoint
deflection shows the same behavior, and a decrease from
8 to 6 mm could be noticed. The deformation from the beginning

of the tests gives a deformation-to-span ratio of 1 /450. The de-
crease of midpoint deflection and steel strains for all beams dur-
ing hardening of the adhesive can be found in Table 4, from
which it is obvious that the beams, except for BSdyn-cem, had
gained stiffness from the applied FRP. The midpoint deflections
had decreased, which is the best indicator of the strengthening
effect.

The NSMR produces a larger strengthening effect compared to
the laminates. The reason 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, regarding both laminates and NSMR. 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. How-
ever, 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 com-
pared to the global midpoint deformations.

Nevertheless, it is important that strains in the steel have de-
creased since the composite contributes 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

Table 4. Level of Midpoint Deflections and Steel Strains for All Beams during Hardening of Adhesive

Specimen

Midpoint 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 1,870 1,440 23

LSdyn 8.4 6.4 24 1,220 850 30

NSMR

BMdyn 8.4 5.2 38 1,820 1,270 30

BSdyn 8.6 6.4 26 1,925 1,430 26

BShdyn 8.0 5.9 26 1,820 1,400 23

BSdyn-cem 8.7 8.7 0 1,880 1,880 0

Fig. 6. Load cycle applied every 108 s Fig. 7. Typical cross-section strains and midpoint deformations at
peak load for every load cycle
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and the concrete are at the ends of the beams. These movements,
which are caused by elongation on the tension side of the beam
while loaded, are presented in Fig. 8. There are no movements in
the middle of the beam because of symmetry. The strain measured
by the gauges shown in Fig. 3 can be used to evaluate the average
shear stress, �i,i+1, between the points xi and xi+1 presented in Fig.
3 along the bond length by applying Eq. �2� �Hejll et al. 2003�

� =
d�

dx

Et

3
⇒ �i,i+1 =

�i+1 − �i

xi+1 − xi

Et

3
�2�

where the strains at points xi and xi+1=�i and �i+1; E=Young’s
modulus of the rod; and t=width of the rod, 10 mm. The mea-
sured strains are shown in Table 5. Shear stresses are presented in
Fig. 9 as a function of distance from the 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 midregion 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 rod as the
epoxy hardens. The last plot, 1,382 min, shows a scattered behav-
ior, which most likely depends on cracks between the strain
gauges. However, there is a clear tendency for the shear stress to
increase with setting of the adhesive. The explanation for this is
that the shear stress in the bond layer is proportional to the stiff-
ness of the adhesive �Täljsten 1997�, and when the epoxy hard-
ens, the viscosity and Young’s modulus of the adhesive increase.

Figs. 10 and 11 show the composite strain and viscosity of the
two epoxies. Stage 2, when forces start to be transferred to the
composite, begins at different times for the two epoxies, but the
viscosity is about the same. Stage 2 changes from a viscosity of
about 106 Pas to a viscosity of 108 Pas. When the viscosity is
below 106 Pas, the shear modulus of the adhesive is too low to
transfer the strains in the concrete into the CFRP, and when the
viscosity is above 108 Pas, further increase of the shear modulus
does not affect the strain in the CFRP, that is, the shear modulus
is high enough to give full bond for the applied strains.

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, in Fig. 12 has a high initial stiffness until
the concrete cracks, where all the load deflection plots for beams
strengthened with laminates are shown. After cracking of the con-
crete, 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. Beams not subjected to live loading are un-
cracked and therefore have an initial stiffness higher than that of
the precracked beams. After cracking the behavior is similar for
all the beams.

Table 6 summarizes test results for all beams. After ultimate
load was reached for the strengthened beams, the capacity de-
creased 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 effec-
tive strengthening method, regarding both ultimate load and load
when internal steel yields. What is even more interesting is that
the dynamic loads during curing, except in one case, do not sig-
nificantly affect the strengthening effect. The beams strengthened
with laminates failed in the concrete for both laminates LSstat,
LSdyn, and LMdyn �Fig. 13�, except for beam LMstat, which
failed by rupture of one of the laminates and failure in the con-
crete 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

Table 5. Calculation of Shear Stresses

Location
�mm�

Strain
�10−6�

525
�min�

565
�min�

740
�min�

1,382
�min�

5 0 0 4 8

20 0 0 4 9

50 1 5 22 27

100 9 21 55 43

200 32 63 121 92

400 80 147 305 333

600 179 284 508 441

1,600 383 598 933 804

Fig. 8. Composite slip in NSMR slot for BShdyn Fig. 9. Strains in composite for peak load during curing, BSdyn
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NSMR and epoxy are shown in Fig. 14. The higher strengthening
effect from NSMR 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 dur-
ing 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, and beam BMstat failed by severe
concrete damage where the part of the concrete beneath internal
steel was detached �Fig. 15�. The other beams failed by normal
anchorage failure in the concrete.

Fig. 16 shows that a cementitious mortar also works as bond-
ing 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

Table 6. Summarized Results of Tests to Failure

Specimen

Ultimate
load
�kN�

Deflection at
ultimate load

�kN� Failure description

Reference beam 72a 24a Yielding and large
deformation

Plate bonding

LMstat 150 34 Fiber rupture in one rod,
anchor failure in other

LMdyn 129 27 Anchor failure in concrete

LSstat 127 34 Anchor failure in concrete

LSdyn 127 38 Anchor failure in concrete

NSMR

BMstat 169 42 Anchor failure in concrete

BMdyn 180 44 Fiber rupture in one rod,
anchor failure in other

BSstat 177 63 Bond slip

BSdyn 171 60 Bond slip

BShdyn 164 58 Anchor failure in concrete

BSstat-cem 157 48 Fiber rupture in one rod,
anchor failure in other

BSdyn-cem 80a 22a Bond slip—yielding and
large deformation

aAt initiation of yielding.

Fig. 10. Strains in composite �BShdyn� and viscosity of BPE Lim
567 over time

Fig. 11. Strains in composite �BSdyn� and viscosity of BPE Lim 465
over time

Fig. 12. Load-deflection plots for laminate plate-bonded beams Fig. 13. Anchorage failure in concrete for beam LSstat
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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 in-
creased. Beam BSstat-cem failed by fiber rupture in one of the
rods.

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 being faster then the other. No other differences
could be found between the two systems.
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Abstract

This paper presents the manufacturing process and testing of large scale hybrid composite girders. The evaluation of the girders was a part

of the European funded ASSET project. The bridge project, started in 1998 and finished in the autumn of 2002. The ASSET project has in

brief covered the design, manufacture and construction of a fully polymer composite traffic bridge. The longitudinal girders are the most

important part for the load carrying system of the bridge. Different types of girders were discussed, i.e. steel, concrete or FRP girders. Due to

the advantages of FRP girders, for example; light weight, easy installation, superb durability and less maintenance compared to traditional

materials it was decided to use FRP in the girders. However, before this could be carried out, tests were needed to verify theoretical

calculations. Also a FE-analysis has been carried out, and this analysis is compared with an engineering analytical solution and tests. Both the

numerical and the analytical theory correspond quite well with obtained test results.

q 2005 Elsevier Ltd. All rights reserved.
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1. 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. Aswe 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, with emphasis on newly

built structures, is briefly discussed. That advanced compo-

sites can be used to repair and strengthen existing structures

has been shown by various researchers, see for example

Täljsten [1]. However, the uses for composites in bridge

building are still not that common, Godonou [2]
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and a majority of built bridges must consider to be

prototypes, Hayes et.al. [3] and Keller [4]. However,

considerably research are going on in this field and several

interesting projects were presented at the Cobrae conference

in Zurich, Switzerland March 2005, see for example Wright

[5] and Sedlacek [6].

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. Fibre Reinforced Polymers (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. The biggest advantage of

FRPs for application in civil engineering is their tailor-

ability. FRP 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 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 [7]. 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 [8].

Nevertheless, as we recently entered the 21st century, 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 [2]. 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, the

girders are made of FRP materials, Hayes et al. [3].

2. The ASSET project

The ASSET bridge project, founded by the European

Commission, was started in 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,

UK, the project is described more in detail in Luke et al. [9].

The size of the prototype bridge is 7!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 Fig. 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

preceded it became 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. The

issues regarding the longitudinal girders were also dis-

cussed. The girders are the most important part in the load

carrying system. Several possibilities for type of girders

were investigated. Here, concrete girders were not

considered to be an alternative due to high weight, since

the bridge was going to be lifted in place. Further,

evaluation of the buildability, cost and long-term perform-

ance showed that steel was a more competitive choice.

However, from the research point of view and also

considering that a bridge could be built with both deck

and girders of FRP, the FRP alternative was chosen. To

guarantee the function of the girders and the quality of the

manufactured FRP girders it was decided to carry out pilot

and full-scale load tests.

3. Pilot test

Due to financial reasons in the ASSET project it was

not possible to manufacture a complete FRP girder with
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the pultrusion process. Therefore, the FRP girders were

manufactured by bonding four rectangular GFRP profiles

together and then increasing the bending stiffness by adding

Carbon Fibre Reinforced Polymers (CFRP) to the top and

bottom flanges.

Before the large scale beams were produced and tested,

two small pilot test beams were manufactured, one

reference beam without CFRP flanges, test Beam 1, and

one test beam with CFRP strengthened flanges, test Beam 2.

The purpose of testing these beams was twofold, firstly, to

investigate the manufacturing procedure, secondly, to

investigate the composite action between rectangular

GFRP profiles and CFRP flanges up to failure. 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, BPEw 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 environ-

ment at 20G2 8C 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. Fig. 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 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 reinforce-

ment 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 Fig. 3 the vacuum infusion process

for the second pilot test beam is explained schematically.

1.2 mm CFRP composite has been added on the top and

bottom flanges. The fibre weight content for the small-

scale beams after vacuum infusion was calculated by

measurements of the carbon fibre weight and used resin

volume. From this the fibre volume content was calculated

to 50%. In Table 1 data for the material used in the tests

is presented. The properties for the materials used has

been tested and delivered by the material suppliers within

the ASSET project.
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1:40 1:40

25002500

500400

1750 775

22
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0

6800

Fig. 1. Mid-span cross-section of West Mill Bridge, sketch by Mouchel, dimensions in (mm).

Fig. 2. Rectangular GFRP profiles bonded together for the pilot tests. The

size of each of the profiles is b!hZ100!100 mm with a wall thickness of

tZ6.0 mm.
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4. Laboratory tests—pilot beams

The test set up for both beams is the same, however, more

measurements were taken for Beam 2. In Fig. 4 the

dimensions of the beams and the test set up are shown.

Deflections were measured in the mid-section by Linear

Voltage Displacement Transducer (LVDTs) 1 and 2, and

also at the supports, LVDT 3 and 4, this to calculate the

effect of settlements at support on the mid-deflection. 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

Fig. 3. Schematic explanation of the infusion process for pilot Beam 2.
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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 Fig. 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 7500 ms, which is approximately 60% of the

tensile strain capacity. The results from the slip measure-

ments show that full composite action could be considered

between the two bonded longitudinal rectangular profiles.

The average slip between upper and lower profile was 5 mm,

which lies within the margin of error. The maximum

measured strain in the shear force span amounted to

3700 ms, which is below the strain capacity of the web.

The failure arose suddenly and without any forewarning

between the loading points as a buckling failure in the

rectangular pultruded profile in the flange, see Fig. 5. The

load at failure was 213 kN.

In Fig. 6, the test result for Beam 2 is shown. The strain

distribution in cross-section A is almost linear 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 4000 ms, both on the compression and on

the tension side.

The maximum strain level was approximately half of the

strain level at failure for Beam 1. The average measured slip

was 10 mm, 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 3700 ms. The failure arose suddenly

here also and without any forewarning. This beam has a

linear behaviour up to a combined buckling and shear

failure in the upper part of the web, see Fig. 6. The load at

failure was 226 kN. To compare both beams with regard to

the stiffness behaviour the load–deflection curves are shown

in Fig. 7.

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, Beam 2. 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 Fig. 7 the considerably stiffer behaviour

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 NM

94/93C

BPE

465/464

Density

(kg/m3)

– 1800 1100 1498

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)

– 4900 52 31

Compressive

strength (MPa)

– – 100 103

Glass transition

temp. (8C)

– – 72 62

Strain at failure (%) 1.2 2.1 2.1 –
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Fig. 4. Test set up and placement of measurement devices for the pilot beams.
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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 calculated fibre

volume content of 50%.

4.1. 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 loading

configuration, type of failure, just to mention a few.

Bonding 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 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 calculated to 50% from the fibre

weight content which is based on used carbon fibre and

resin.
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Fig. 5. Results from tests and type of failure, pilot Beam 1.
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The performed pilot tests showed clearly that it is

possible to bond rectangular profiles together and that

composite action can be obtained. A considerable strength-

ening 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 large FRP girders for the West Mill Bridge.

5. 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 FRP 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. The rectangular profiles,

which were manufactured by the ASSET partner Fiberline

in Denmark, were bonded together with a medium viscosity

epoxy adhesive, BPEw Lim 465. To the flanges of this

manufactured GFRP beam a layer of carbon fibre composite

was built up with the use of vacuum infusion technique. To

build the CFRP 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 state to verify material and

structural data.

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 by distance holders. The bonding was

undertaken indoors in a controlled environment at 20G2 8C
and at maximum 50% RH. A light pressure was applied to

the profiles during hardening. In Fig. 8, a composite beam

placed in the bond rig is shown during the hardening

process.

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.

Fig. 8. Bond rig for composite girders.

Table 2

Data for material used in girders

Product Profiles Carbon

fibre

Resin Adhesive

Supplier Fiberline

A/S

Saertex NM AB NM AB

Property T700 NM

94/93C

BPE

465/464

Density (kg/m3) – 1820 1100 1498

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)

– 4800 52 31

Compressive

strength (MPa)

– – 100 103

Glass transition

temp. (8C)

– – 72 62

Strain at failure (%) 1.2 2.1 2.1 –
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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 Fig. 9,

photos of the West Mill composite beams are shown during

the vacuum infusion process. The carbon fibre content for

the large scale beams was calculated to 54% in the same

way as for the pilot beams.

6. Verification test of west mill composite longitudinal

girders

The aim with the large scale girder 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

Fig. 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 Fig. 11 a photo of Beam A during testing is shown.

The beams were loaded in force mode with a low loading

Fig. 9. Vacuum infusion process for West Mill composite beams.
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Fig. 10. Test set-up for the composites girders.
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rate corresponding to 0.5 kN/sek. The load rate was

deliberately chosen to be low, since it would be easier to

recognise if something unexpected were to happen. Fig. 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, 100, 200, 300 kN and

maximal load level in the test 348 kN.

It can clearly be seen in Fig. 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 Fig. 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

profiles exists for the load levels tested and that the

behaviour up to the load level of 348 kN was more or less

linear.

7. Theoretical derivation

In the theoretical derivation 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 CFRP flanges are 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, see also Nordin

and Täljsten [10]. By introducing a transformation factor, it

is possible to write:

aZ
ECFRP

EGFRP

(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

(Fig. 14) can be calculated as:

Itransz
32

12
th3 C4tðhK tÞh2 C4ahtf hC

tf
2

� �2

(2)

The flexural displacement for the composite girder is

calculated using classical Bernoulli beam theory.

dtot Z dflexural Cdshear (3)

where, dflexural is the flexural contribution to the displace-

ment:

dflexure Z
PL2a

48EFRPItrans
3K

4a2

L2

� �
(4)

and dshear is the displacement due to web shear

dshear Z
Pa

2GFRPAweb

(5)

where

Aweb Z 8ht (6)

In Table 3 the material data for the analytical calculation

are presented.

Fig. 11. Proof testing of Beam A.
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Fig. 12. Load–deflection curves for the West Mill beams—proof test.
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It is then possible to calculate the total displacement:

dZ dflexure Cdshear

Z
PaL2

48EFRPItrans
3K

4a2

L2

� �
C

Pa

2GFRPAweb

(7)

By assuming linear behaviour of the beams, it is possible

to calculate the stress distribution over the height:

sZ
M

Itrans
e (8)

With e as the value of the distance from the zero-strain

level to the studied level of the beam. Using Hooke’s

sZ 3E/3Z
Pa

2Itrans
e (9)

8. 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 2003w. 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 mmofGFRP. 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 480!480!40 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
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Table 3

Data for the theoretical calculation

ECFRP (GPa) GFRP (GPa) EFRP (GPa) 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
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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 4 the material data for the

numerical simulation are presented. Fig. 15 shows the local

coordinate system used in model. In Table 4 the subscript 11

correspond to the fibre orientation which is the same as

the longitudinal direction of the girder. Twenty two

correspond to the vertical direction and 33 to the transverse

direction in the FRP.

9. Comparison 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 Fig. 16(a) and (b). From this Figure a quite

good comparison could be obtained between test and theory.

However, it can also be seen in Fig. 16(a) that the analytical

theory gives a slightly stiffer behaviour than the tests and the

FE-analysis. From the evaluated test results and from the

numerical and theoretical calculations, it is showed that a

very high composite action between the CFRP flanges and

the GFRP beam exists.

10. 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 m, a width of 6.8 m 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 into 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 approximately 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 h at

20 8C, before the next deck was mounted. Due to the

lightweight nature of the bridge deck, weighing approxi-

mately 30 t prior to application of the surfacing, of which

the composite components weighed 12 t, a relatively small

crane was used to lift the bridge into position onto the

abutment bearing shelf, Luke et al. [11]. In Fig. 17 the lifting

procedure can be seen.

Table 4

Data for numerical calculation

CFRP-laminate Glass fibre Resin

E-modulus (GPa)

E11Z1256 E22Z3.5 E33Z3.5 E11Z23.5 E22Z8.5 E33Z8.5 EZ3.0

Shear modulus (GPa)

G12Z3.5 G23Z3.5 G31Z3.5 G12Z3.5 G23Z3.5 G31Z3.5 GZ3.0

Poisson’s ratio (–)

y12Z0.25 y23Z0.05 y31Z0.05 y12Z0.25 y23Z0.1 y31Z0.1 yZ0.25

22

11

33

fiber orientation

33

11

22

fiber orientation

Fig. 15. Local coordinates for two elements (one in the laminate and one in

the web) used in the numerical calculation in comparison with global

coordinate system and fibre orientation.
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The main advantages of building a bridge out of

composite materials are the following, Luke et al. [12]:

† 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.

11. 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

bonded. Responsible for the installation and the monitoring

works were City and Cranfield Universities. The monitoring

will continue over a period of years. In Fig. 18 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,

and Luke et al. [11]. However, the long term monitoring will

show if this is still the case after many years. Luke [12].
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Fig. 16. Comparisons between the test, the theory and the FE-analysis.

Fig. 17. The ASSET bridge lifted in position.
Fig. 18. Load testing.
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12. 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 a very high

composite action between the GFRP profiles and the CFRP

flanges were obtained that satisfied the function of the

system. This was also verified by field tests on the actual

bridge.

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 offibres.

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 sixth or seventh

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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Technology, Division of Structural Engineering; 2002. p. 206.[

ISSN:1402-1757].

[3] Hayes MD, Lesko JJ, Haramis J, Cousins TE, Gomez J, Masarelli P.

Laboratory and field testing of composite bridge superstructure.

J Compos Constr 2002;4(3):120–8. ISSN 1090-0268.

[4] Keller T. Use of fibre reinforced polymers in bridge construction.

Structural Engineering Documents No. 7, International Association

for Bridge and Structural Engineering IABSE; 2003. p. 131. [ISBN

3-85748-0].

[5] Wright TS. Prodeck bridge systems—the road to the future. Cobrae

Conference 2005, Dubendorf (Zurich) Switzerland, presentation 23.

[6] Sedlacek G, Oppe M, Trumpf H. Design and testing of an inventive

GFRP truss bridge for 40 t trucks and 30 m span. Cobrae Conference

2005, Dubendorf (Zurich) Switzerland, presentation 20.

[7] Chiu A, Franco RJ. FRP line pipe for oil and gas production. Mod

Plast 1990;June:54–60.

[8] Composites Technology. Composite shipments increase projected;

1996. p. 8.

[9] Luke S, Canning L, Collins S, Knudsen E, Brown P, Täljsten B, et al.

Advanced composite bridge decking system—Project ASSET. Struct

Eng Int 2002;12(2):76–9.

[10] Nordin H, Täljsten B. Testing of hybrid FRP composite beams in

bending. Compos Part B: Eng 2004;35(1):27–33.

[11] Luke S, Canning L, Täljsten B, Brown P. Field testing and long term

monitoring of West mill bridge Proceedings of the second

international conference on advanced polymer composites for

structural applications in construction (ACIC 2004). Cambridge:

Woodhead Publishing Ltd; 2004. ISBN 1 85573 7361, p. 683–92.

[12] Luke S. Building west mill bridge in reinforced plastics. Reinforced

Plast 2003;47(1):26–30.

A. Hejll et al. / Composites: Part B 36 (2005) 573–585 585





Paper C 
Title: Carbon Fiber-Reinforced Polymer Strengthening and monitoring 

of the Gröndal Bridge in Sweden

Authors: Björn Täljsten, Arvid Hejll, Gerard James 

Status: To be published in 
Journal of Composites for Construction, March/April 2007 





JOURNAL OF COMPOSITES FOR CONSTRUCTION @ ASCE / MARCH/APRIL 2007 / 1

Carbon Fiber-Reinforced Polymer Strengthening 
and monitoring of the Gröndal Bridge in Sweden 

By Björn Täljsten1; Arvid Hejll2; Gerard James3

Abstract: The Gröndal Bridge, is a large freivorbau bridge (pre-stressed concrete box bridge), approximately 400 m in length with a free
span of 120 m. It was opened to tram traffic the year 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 the 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 plates at the 
serviceability limit state and prestressed dywidag stays at the ultimate limit state. The strengthening was carried out during 2002. At the 
same time monitoring of the bridge commenced, using LVDT crack gauges as well as optical fiber sensors 

DOI:

CE Database subject headings: Sweden; Bridges, concrete; Bridges, highway; Cracking; Sensors 

Introduction 

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 (Fiber Reinforced 
Polymers) are today used for various applications, such as 
reinforcement in RC (reinforced concrete) and PC (pre-stressed 
concrete) structures, stay cables and newly built structures. 
However, by far the most extensive application is for 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, 
most often, a concrete structure to improve its structural behavior 
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 composite to the concrete surface is normally a 
two-component epoxy adhesive. The use of epoxy as the bonding 
medium for the adherent has proven to provide excellent force 
transfer. Not only does epoxy bond to concrete, steel and 
composites, it has also shown to be durable and resistant to most 

1Professor Dr. at Luleå University of Technology, Division of 
Structural Engineering, SE-971 87 Luleå, SWEDEN also Professor at 
Technical University of Denmark, Div. of Structural Engineering, DTU-
Building 116, Brovej, DK-2800 Kgs. Lyngby, DENMARK 

2Ph.D. Student at Luleå University of Technology, Division of 
Structural Engineering, SE-971 87 Luleå, SWEDEN also at EMPA, 
Structural Engineer Research Laboratory, Ueberandstrasse 129, CH-8600 
Duebendorf, SWITZERLAND 

3Senior researcher Dr. at Royal Institute of Technology (KTH), 
Division of Structural Design and Bridges, SE-100 44 Stockholm, Sweden. 

Note. Discussion open until September 1, 2007. Separate discussions 
must be submitted for individual papers. To extend the closing date by one 
month, a written request must be filed with the ASCE Managing Editor. 
The manuscript for this paper was submitted for review and possible 
publication on September 21, 2005; approved on June 7, 2006. This paper 
is part of the Journal of Composites for Construction, Vol. 11, No. 2, 
April 1, 2007. ©ASCE, ISSN 1090-0268/2007/2-1–XXXX/$25.00. 

environments. 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 assessing the most suitable method for an actual repair; 
for example, two identical columns within the same structure can 
have totally different life spans depending on their individual 
microclimate. 

To obtain a better understanding of the behavior of existing 
structures, monitoring can be used. The use of monitoring in 
bridge structures by the use of instruments to assess the integrity of 
structures is not new and there are reports of structures having 
been tested as early as the 19th century (ISIS Canada, 2001). 
However, the term structural health monitoring (SHM) is rela-
tively new to civil engineering and the driving force to implement 
SHM comes from recognizing the limitations of conventional 
visual inspections and evaluations using conservative codes of 
practice. The possibilities to monitor existing structures with the 
help of the rapidly evolving Information Technology are today 
being carried out. The objective of SHM is to monitor the in-situ 
behavior of a structure accurately and efficiently, to assess its 
performance under various service conditions, to detect damage or 
deterioration, and to determine the health or condition of the 
structure (ISIS Canada, 2001). The SHM system should be able to 
provide, on demand, reliable information pertaining to the safety 
and integrity of a structure. The information can then be used to 
improve existing guidelines  or codes and form a base for bridge 
maintenance and management strategies. A SHM system consists 
of various sensing devices and ancillary systems, including: a 
sensor system; a data acquisition system; a data processing sys-
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Fig. 1. The Gröndal Bridge, CFRP strengthening and monitoring area 

tem; a communication system and damage detection and modeling 
system. For the bridge presented in this paper the SHM system 
includes a sensor and a data acquisition system, data processing 
and communication between the site and the processing centre.  

History

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 carrying capacity, durability, 
function or aesthetics, will be affected. For 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 structure’s behavior and can also be of great help in 
the calculation process. In addition it may be advantageous to use 
probabilistic based methods, compared to traditional deterministic 
approaches. Monitoring may required for many reasons, the 
structure may have to carry larger loads, the materials deteriorate, 
the function of the structure may not be fulfilled or the public is 
not satisfied by a structure’s appearance. In addition mistakes can 
be made both in the design and during the construction phase. 
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 great 
importance to build as durable and as easily maintainable 
structures as possible. During the relatively long life of a structure 
it is common that the demands upon the structure 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. 

Additionally 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 these reasons, 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 damage, often 
only to the surface of the structure. The degradation of the 
structure may have reached an unacceptable stage, possibly 
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 well as strengthening 
materials such as carbon fiber reinforced polymers - CFRP. Some 

of these works are reported in Täljsten (1994, 1996, 1997a,b,c, 
1998). Futhermore, several full-scale tests have been undertaken, 
Täljsten and Carolin (1999). The Swedish authorities have also ac-
cepted FRP strengthening as a method for strengthening struc-
tures and today Swedish guidelines, Täljsten (2001, 2004), exist 
for these types of strengthening works. 

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 con-
crete was an extremely durable material and protected the fragile 
steel reinforcement from corrosion. Since the loads, traffic inten-
sities and traffic speeds have increased even more than earlier 
predicted, the absence of maintenance has become costly. Hence, 
maintenance is now recognized as important for existing struc-
tures and considered at the design stage of new structures, Ryall 
(2001). The fact that most of our bridges were constructed before 
1980 often makes it more economic to repair or upgrade an 
existing structure compared to building a new one, Täljsten et al. 
(2002).

The Gröndal Bridge 

Background

The main span of the Gröndal Bridge is 120 m with two adjacent 
spans each of 70 m (see Fig. 1). The bridge carries two railway 
tracks which are placed symmetrically about the cross-section of 
the bridge. The bridge has no footpath. 

Bridge inspections carried out on the newly built, 2000, Grön-
dals 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 at the south of Stockholm. The 
cause of cracking is still under investigation and has resulted in 
several articles in Swedish construction industry magazines, Sun-
dquist (2002) and Hallbjörn (2002). 

The bridge was designed to the currently applicable Swedish 
bridge design codes. On the basis of these regulations, it was 
possible to erect the bridge with extraordinarily slender webs. 
Relatively high shear stresses and principal stresses are generated 
because of the small web widths although the webs are fully 
compressed considering the normal stresses caused by longitudi-
nal prestressing. Further, 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. Additionally, restraining bending mo-
ments have been superimposed in the webs due to sun radiation. 
Assuming a linear temperature difference of 10-15 K, this, to-
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gether with the other transverse bending moments, additionally 
causes vertically directed tensile stresses at the inside of the web 
amounting to approximately, z = 2 to 3 MPa. The positions of the 
cracks in longitudinal direction of the bridge 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 and 0.3 mm and for a few isolated cases between 0.4 
and 0.5 mm in the most cracked sections. 

Preliminary investigations as to the cause of the cracking 
suggested that they were due to inadequate web shear 
reinforcement. 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, the flanges are quite thick; the 
bottom flange is, at most, about 1.3 m. The reasons for the 
cracking can be summarized as follows: 

Due to the slender webs high tensile stresses are developed. 
The principal stresses, due to high permanent loads, are the 
main cause of 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 
combined with wariness for shear cracks, the bridge was 
temporarily closed for traffic towards the end of 2001. 

The bridges are very important for the commuters traveling from 
the southern parts of Stockholm into the centre of the town. 
Therefore, it was undesirable that the bridges were closed during 
strengthening. However, it has been shown that strengthening with 
CFRP plates can be carried out during traffic (Carolin et al. 2005); 
therefore it was decided to permit traffic during strengthening. 

Strengthening design 

The bridge required strengthening in several sections; strengthen-
ing was needed both at the ultimate limit state (ULS) and at the 
service limit state (SLS), but at different sections. Strengthening in 
the ULS was carried out by prestressed dywidag-stays (threaded 
steel stays) and in the SLS by CFRP plates. Strengthening in the 
SLS was particularly complicated as 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 fiber plates 
to strengthen the bridge. The purpose of strengthening in the SLS 
was to inhibit existing cracks and prevent new cracks from 
developing.  

Therefore, the existing crack widths would be reduced to no 
more than 0.3 mm (maximum allowable crack width stated by the 
Swedish code in the SLS). The design of the CFRP strengthening 
in the SLS is not covered by existing codes and a fracture me-
chanics approach was applied here, where considerations to the 
total energy to open up new cracks over a unit distance were  
taken. 

Concrete cracks arise at a relatively low strain. These cracks are 
often very small and cannot be discerned by eye. Before cracking, 
the strain distribution in a RC structure is the same in the steel 
reinforcement as it is in the concrete, for any considered section. 
When the crack opens up the concrete strain approaches zero and 
will then be carried by the steel. When the crack grows the strain  

Table 1. Material data for CFRP Strengthening 
Material 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 

cu 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) fk 1.1 % fd 0.5 % 
Dimensions   d 3.8 m 

  b 1.0 m 

level in the steel increases and at a certain critical strain a new 
crack will appear and the distance to an immediate crack decreases 
and a redistribution of strains can be obtained. 

In the design for CFRP strengthening, it has been assumed that 
the steel reinforcement may yield in the crack tip, for a crack width 
of 0.3 mm, which has been verified by (Elfgren and Noghabai 
2001). Bonding CFRP plates to the surface of the concrete at 
development of cracks gives a stress (and strain) distribution 
between the steel and CFRP plates and the purpose with the CFRP 
strengthening was to create a redistribution of the strain creating 
crack opening in the concrete to be distributed between the CFRP 
plate and the existing steel reinforcement so that probably future 
cracks are kept under predetermined level and do not propagate. 

The sections strengthened with CFRP plates had no or only very 
small cracks, < 0.05 mm, at the time of strengthening. In this 
particular case, strengthening performed at the SLS state will also 
contribute to the ULS. Carbon fiber strengthening was chosen to 
prevent and minimize 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 section forces, 
and the following assumptions have been made: 

Calculation in the un-cracked concrete stage. 
The crack widths are the limiting factor. 
Future 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 str. (1 str. 
= 1mm/m). 
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 plates is given in 
Table 1. The material properties for both concrete and steel are 
characteristic values from the original bridge design. It was not 
possible to carry out material testing on the bridge at the time of 
strengthening due to restrictions from the bridge owner. The 
material values from the composite has been given by the material 
supplier but validated in laboratory by tensile tests. 

Strengthening work 

Before the strengthening work started the concrete surfaces were 
sandblasted and holes were drilled in the upper and lower flanges 
for anchorage of the plates. Plates were only placed on the inside 
of the bridge. 
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Fig. 2. Anchor system for the CFRP plates. The anchorages are 
bonded with an epoxy adhesive in predrilled holes in the flanges 

The surfaces were thoroughly cleaned with pressurized air and 
vacuum cleaners. The surfaces to be bonded were treated with a 
primer for the system to enhance the bond. The CFRP plates were 
bonded to the surface, i.e. 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 m of CFRP plates was used 
for the bridge. The positioning of the CFRP plates in the Gröndal 
Bridge can be seen in Fig. 1. Section A of the figure shows the 
positioning in more detail.  

It can also be noticed in Fig. 1 that the CFRP plates have been 
bonded at an angle of 70° to the horizontal plane. This was in 
order for the plates to be bonded perpendicular to the direction of 
the cracks. 

In Fig. 2 the anchorage system is shown. Here, steel plates with 
welded steel bars were anchored by epoxy bonding in pre-drilled 
holes in the top and bottom flanges. The anchor system was 
developed with consideration to anchor the CFRP plates in the 
flanges. The anchor system also increases the bonded length for 
the CFRP plates since the plates are bonded both to the anchor and 
the concrete. The anchorage length was approximately 250 mm. 
The final result after strengthening is shown in Fig. 3. 

To follow up the behavior of the bridge over time a monitoring 
system was installed. The system and some results from the 
monitoring are explained in the next section. 

Fig. 3. Result after strengthening - seen from inside the bridge. 
This photo shows strengthening approximately from section A to 
the column no 8. 

Fig. 4. Structural Health Diagnostic System 

Monitoring the Bridge 

SHM System 

To obtain the most out of a measurement program it is important 
to carry out SHM in a structured way and that a well-planned 
procedure is followed, see (Hejll 2004), This implies that a rough 
diagnosis is made on the structure; this might be simple 
calculations, on-site visual inspections or minor measurements. 
Next it should be decided what is to be measured and the purpose 
of the measurement. Here also the acquisition system needs to be 
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 Fig. 4 an example on a SHM for a railway bridge is shown. 

When it comes to long term monitoring there are different 
strategies on how to monitor the structure, e.g. continuous, 
periodic, automatically triggered and manual triggered. This may 
be different from one bridge to another and it can also be changed 
during time. For example, in the beginning of a monitoring project 
continuously monitoring may be preferable but later the 
measurements are taken once a week e.g. periodic monitoring or 
only when traffic passes the bridge e.g. automatically triggered 
monitoring. One also discusses global and local monitoring. Local 
monitoring is defined as the monitoring undertaken on a certain 
part of the structure. It is useful for laboratory tests or for 
structures with known damages where the defined area is equipped 
with sensors. To monitor a global behavior of a structure other 
parameters are needed, parameters or methods that can provide 
information of the whole structure. For the Gröndal Bridge a 
manual triggered long term monitoring method with local 
monitoring were used for the FOS (Fiber Optic Sensors). 

SHM on the Gröndal Bridge 

Before we discuss the results from the FOS system, a brief 
discussion about the installation procedure and the SHM system 
used, will be presented. Before installation of the monitoring 
systems, calculation of stresses in the chosen sections had been 
carried out (Hallbjörn 2002). These calculations also considered 
the dead load of the bridge, however, the monitoring systems in- 
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Fig. 5. Position of gauges on the Gröndal Bridge 

stalled can obviously not capture the effects of the dead load, and 
consequently only the relative changes with regard to temperature 
and live load could be recorded. The FOS system used has been 
developed at City University, London. 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 fiber, the length of each senor was 
approximately 20 mm. The total time for installing and calibrating 
all the FOS sensors was approximately 7 days, which corresponds 
to the time it took to grind the concrete and CFRP plates and bond 
and protect the fibers. 

Additionally to the FOS system described here, a traditional 
long-term monitoring system was installed by the Royal Institute 
of Technology, Sweden, c.f. (James 2004). This system involved 
the use of LVDT’s and temperature sensors in the form of 
thermocouples and is used in this paper for comparison with the 
FOS system. Two temperature sensors were also added to the 
traditional system and are positioned on the east web of the box 
girder, one on the inside and one on the outside. The data received 
from these temperature sensors are used to investigate the effects 
of temperature on the crack widths. 

In total 32 FOS have been installed on the Gröndal Bridge, they 
are all installed in section A and section B, see Fig. 1 and Fig. 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 plates, 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 plate, 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 plate, 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 plate, one of which is for temperature compensation. The 
position of all the gauges is shown in Fig. 5. 

As can be noticed in Fig. 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 of 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. The results presented in this paper are mainly from the 
west side of the bridge, the side that was most heated by the sun. 

When the first crack in the webs of the bridge was found it 
would have been preferable if measurements had been undertaken 
immediately. Visual inspections have been carried out regularly,  
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Table 2. Sensors for monitoring 
Sensor Measure Sensor Measure 
Section A and C 
3372 Crack opening GAW1-6 Crack opening 
3374 Crack opening GWR1-3 Strain Concrete 
3376 Dummy GAWC1 Strain CFRP 
3377 Crack opening GAE1-4 Crack opening 
5/10G8 Displacement GAEC1 Strain CFRP 
Section B    
3379 Crack opening GBW1-3 Crack opening 

  GBWC1 Strain CFRP 
  GBE1-4 Crack opening 
  GBEC1 Strain CFRP 

but unfortunately no live monitoring had been carried out at this 
early stage. In spite of this it was decided to measure the behavior 
of the bridges after strengthening, and in particular the future crack 
developments. Consequently a monitoring program was put 
together. In this program measurements were suggested to be 
taken at specific locations to measure crack developments and 
strains on the CFRP plates. 

Result from monitoring 

It is not possible to present all the results from the measurements 
and therefore only the most interesting findings are presented. 
However all data from the monitoring up to March 2004 may be 
found in (James 2004) and (Täljsten and Hejll 2005), where the 
results from the monitoring are presented for the traditional/ and 
FOS systems respectively. It was not possible to carry out a 
continuous FOS monitoring due to the high cost of the system; 
therefore a periodic monitoring was adopted. It was found that 
using the chosen FOS system was convenient, in particular for 
periodic monitoring, and the installation procedure was also quite 
simple. For the traditional systems continuous monitoring has been 
used.

The presented results from the monitoring scheme are divided 
into periodic summer and winter monitoring respectively, both for 
the FOS and the traditional systems. The summer monitoring was 
performed during May 2003 and the winter monitoring during 
March 2005, on both occasions the monitoring was carried out for 
approximately 48 hours. FOS and LVDT sensors are placed over 
cracks and monitoring is carried out during live loading with 
trams. The weights of the trams are well defined. The purpose with 
the monitoring is twofold, firstly to investigate if the crack opening 
is stable over time and do not propagate, secondly to use and 
evaluate FOS for monitor crack opening on concrete. In addition to 
this a comparison between the traditional monitoring technique 
and the FOS technique has been carried out. Furthermore, we also 
wanted to use the FOS monitoring to investigate any strengthening 
contribution from the CFRP plates. The results and comparison are 
commented in the coming sections. 

Results from summer monitoring year 2003

The periodic summer monitoring was carried out from the 21st to 
the 23rd of May 2003. Figs. 6 and 7 show selected displacement 
curves for the traditional and FOS monitoring, respectively. With 
the exclusion of the dead load, it can clearly be seen in both of 
these curves that it is the temperature on the bridge that has the  
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Fig. 6. Result from crack-displacement with traditional 
monitoring system – summer monitoring

largest impact on the opening of the cracks and the opening 
follows a daily variation. The trend is the same for both the 
traditional and FOS monitoring. In Fig. 6 the maximum opening is 
for LVDT 3374 on the east side in section A with a crack opening 
of approximately 0.01 mm. Sensor GAW4 on the west side is 
placed on the same crack but at another location as LVDT 3372. If 
these two sensors are compared it can be noticed that both obtain 
approximately the same crack opening, 3372 maximum ca 0.010 
mm and GAW4 0.008 mm. However, by far, GAW3 monitor the 
largest crack opening, approximately 0.065 mm. On the curve for 
GAW3 also minor vertical lines can be seen. These lines indicate 
the passages of the trams and give approximately a crack opening 
of maximum 0.001 mm. The line can not be seen on the traditional 
monitoring system because the sampling frequency for this long-
term monitoring is only once every ten minutes and therefore such 
peaks may be missed. It seems that the effect of the temperature on 
the opening and closing of the cracks is at least tenfold that of the 
traffic load. This is confirmed by the traditional monitoring 
system, where the effect of passing trams is investigated using a 
sampling rate of 200 Hz, c.f. (James 2004, Sundquist and James 
2004).
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Fig. 8. Result from strain monitoring FOS system – summer 
monitoring, west side (Täljsten & Hejll, 2005)

The FOS system has also been used to monitor the strain on the 
CFRP plate. Two plates in section A have been monitored, one on 
the west side and one on the east side, both these plots are shown 
in Fig. 8 and Fig. 9. It can be noticed in both plots that the strain 
curves of the plates follow the temperature variation, where the 
temperature variation on the west side, the “sunny” side are 
considerably larger than on the east side, which also then affect the 
strain levels in the CFRP plates. The maximum measured strain on 
daytime for GAWC1, monitored at the same crack as sensor 
GAW4, is approximately 120 �s. This plate is under compression 
even at night time, although the temperature is only 14 °C. This is 
because the temperature at the time of mounting the plates was 
above the night temperature of 14 °C, which was also confirmed 
by the contractor undertaken the strengthening work. The CFRP 
plate strain level corresponds to a stress level of approximately 30 
MPa. 

Results from winter monitoring year 2005 

To investigate the function of the FOS sensors and the behavior of 
the Gröndal Bridge with regard to crack opening and CFRP 
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Fig. 9. Result from strain monitoring with FOS system – summer 
monitoring, east side (Täljsten & Hejll, 2005) 
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Fig. 10. Result from crack-displacement with traditional 
monitoring system – winter monitoring

strengthening, it was decided to undertake a winter monitoring 
during the cold period of the year. As before a periodic monitoring 
was conducted for a period of 48 hours and a comparison was 
made with the traditional monitoring system. The monitoring was 
carried out from the 10th to the 12th of March 2005. The average 
temperature inside the bridge on the west side was approximately 
+ 2 °C with a maximum temperature of + 4 °C and a minimum 
temperature of - 1 °C. 

The result from the traditional monitoring system is shown in 
Fig. 10 and from the FOS system in Fig. 11. It can be seen from 
Fig. 10 that all cracks are compressed and the opening is negative. 
In addition to this the crack displacements are fairly small with a 
maximum displacement value of - 0.005 mm, for LVDT 3377, 
which is positioned in section C. In section A the maximum dis-
placement value is – 0.007 mm on the west side. This value can 
then be compared with the displacement values from the FOS 
monitoring, see Fig. 11 and GAW4 where its displacement values 
is measured to 0.003 mm. Furthermore, since the temperature var-
iations for the winter monitoring are considerably less compared to 
the summer monitoring the changes in crack opening during winter 
are very small. However, also during winter the displacement  
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winter monitoring 
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Fig. 12. Result from strain monitoring with FOS system – winter 
monitoring, east side

curves follow the temperature curves very well. In Fig. 11 the 
effect of the tram traffic can be seen very clear as vertical lines on 
the displacement curves. For the FOS system one sensor had 
stopped working GAW1 and in addition to this the signal on the 
CFRP plate on the west side was not as clear as for the summer 
monitoring. However, the strain values on the CFRP plate on the 
east side was distinct, see Fig. 12.This plot shows that the sensor 
on the plate follows the temperature on the east side very well. 
Additionally to this it can also be noticed that the plate is under 
compression during the whole periodic monitoring time period 
with a maximum measured strain of -210 str, which then 
correspond to a compressive stress of approximately 55 MPa. 

Summary and Conclusions 

In this paper strengthening and monitoring of a large concrete box 
bridge, the Gröndal Bridge in Stockholm - Sweden, is presented. 
CFRP plates were used for shear strengthening of the webs at the 
serviceability limit state. By using the theory of fracture mechanics 
in the design and in combination with CFRP plates, it was possible 
to (theoretically) use the energy needed to open a crack to a certain 
maximum size and transfer that energy to the CFRP plate, which 
then redistributes the cracks and the distance between the cracks 
over the length of the plate. Therefore, a cost effective solution for 
strengthening in the SLS (also contributing to the ULS) could be 
chosen and finally carried out.  

Two different monitoring systems were installed on the bridge, 
one traditional by the use of LVDT gauges and one using FOS. All 
monitoring was started after strengthening; therefore the main 
purpose with the monitoring was to investigate if the cracks 
propagate after strengthening. In addition to this a comparison 
between the traditional and FOS systems was made. 

This paper presents both a periodic monitoring from the summer 
and the winter period and the monitoring shows that the cracks 
were not propagating and that the openings for the cracks were 
very small. The largest crack opening measured was ap-
proximately 0.06 mm. Further, the temperature effect was at least 
10 times larger than the effect from the tram traffic. Comparing the 
measurements from summer and winter gives the relative effect 
that the cracks are compressed during the cold period. This is also 

valid for the measurements on the CFRP plate, which seems to be 
in tension during the summer and compressed in the winter. 

The traditional monitoring system is used for continuous 
monitoring and this system has shown no propagating tendency of 
the cracks during the current monitoring period of 2 years. 

A comparison between the traditional monitoring system and the 
FOS system gives similar results in sections and over cracks where 
they are placed relatively closed to each other. The FOS system 
seems to give a more sensitive result and was even able to catch 
the tram traffic. However, the traditional system is considerably 
cheaper to use, in particular for continuous monitoring. Also in 
order to limit the amount of data for a long-term monitoring 
program a low sampling rate was chosen, hence the decrease in 
sensitivity. 

As a consequence of only monitoring after strengthening, it was 
not possible to perform a direct comparison between the theory 
behind the design and the test results. However, since the 
monitoring results do not show any propagating cracks it is 
assumed that the strengthening works function as intended in the 
design.

Monitoring will continue and it will be interesting to follow the 
bridge over time. 
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1 INTRODUCTION 
It is well known that that the demands on our infrastructure have changed over time, the current rate of 
loading is often considerably higher compared to 20-30 years ago. In addition to this a large part of our 
infrastructure was built in the period from 1960-1980 are now in great need of more maintenance that 
currently planned, some structures are also deficient due to durability problems, for example severe 
steel corrosion. This had lead to considerably higher costs for the road authorities and has eventually 
also an impact on the tax payers. Development of new materials and strengthening methods has 
resulted in an extensive use of the FRP strengthening technique. The technique may be defined as a 
method where thin carbon fiber plates or sheets are bonded to the exterior of a concrete structure. 
The system work compositely and enhance both stiffness of strength to the structure. Also timber and 
steel can be strengthening with similar means. In addition to the development in the strengthening 
field the development in structural health monitoring (SHM) has also been extensive during the last 
decade. The purpose with SHM is often to investigate the behavior of an existing structure over time 
or due to service or extreme loading. The trigger for SHM is often the need to increase existing loads 
or to investigate the effect of different types of repair or strengthening measures. 

In this paper the use of SHM to investigate the effect of CFRP (Carbon Fiber Reinforced Polymers) 
strengthening before and after strengthening is presented. A road concrete beam bridge, located in 
the centre of Sweden, needed to be strengthened due to severe cracking, which depended on a slight 
deficiency in load carrying capacity. The bridge was strengthened in the ultimate limit state (ULS) but 
the strengthening was also aimed to contribute to the service limit state (SLS), with less deflection and 
minimized cracking. The cracks were seen as bending/shear cracks. The bridge was strengthened in 
the most loaded section with approximately 150 kNm corresponding to almost a 10 % increase in 
flexural capacity. Moderate loading in SLS showed a 15 % decrease in strains measured on both steel 
reinforcement and concrete and also that the crack sizes decreased correspondingly. Furthermore, 
the paper discusses SHM systems in general and how SHM shall be structured in particular. Besides 
this an idea how the performance of a bridge over time may be estimated is presented by introducing 
a performance factor. This factor consider the stiffness change of a structure over time or due to any 
extreme measure. In this paper the Panken Bridge is first presented before the discussion leads to the 
use of SHM and the final results from the load tests.

2 THE PANKEN BRIDGE 
The Panken bridge is a road bridge in six spans with a total length of 117.0 m, the end spans have a 
length of 13.5 m and all other spans of 21.0 m, the bridge shown in Fig. 1, is a RC beam bridge with a 
nominal concrete strength of 40 MPa and a nominal steel yield strength of 600 MPa. The bridge deck 
has a width of 13.0 m dived on two traffic lanes, each 6.5m wide. 

13.5m21.0m21.0m21.0m21.0m13.5m

117 m 13.0m

Fig. 1 The Panken road bridge 
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The bridge was built in 1977 and the first cracks in the webs was registered in 1994. To find out the 
reasons for cracking a detailed investigation was carried out in 2001, first mapping all cracks in every 
span and then a thorough design calculation was conducted. The calculation reviled that the bridge 
needed to be strengthened by approximately 10-15 % in flexure, which in this particular case 
corresponded in the most strengthened section to four CFRP plates. Here Sto FRP Plate S10C with 
dimension 1.4 x 50 mm and with a stiffness and elongation at failure of 170 GPa and 15 ‰ 
respectively was used. The bridge was strengthened during two week in the summer of 2006. In total 
900m of CFRP plates were used which then were bonded to the sandblasted and primed (primer Sto 
BPE Primer 50 Super) surface with a two component epoxy adhesive (Sto BPE Lim 567). The 
adhesive has a stiffness of 6.5 GPa. The temperature during strengthening and hardening of the 
adhesive was at minimum 16 C and as maximum 26 C. Since earlier tests by [1] has shown that the 
strengthening effect is not affected due to traffic loads the, traffic were allowed on the bridge but the 
speed was decreased from 90 km/h to 50 km/h. This was done to minimize “bumps & jumps” when 
larger vehicles were passing the bridge. Photos of the bridge before strengthening and viewed from 
the underside after strengthening are shown in Fig. 2. Also a typical crack in the web of the bridge, 
see from underneath of the beam, is also shown in Fig. 2.  

a) Before strengthening b) Strengthened beam c) Cracks in beam 

Fig. 2 Photos of the Panken bridge 

To investigate the strengthening effect monitoring before and after were undertaken. Before the 
monitoring of the Panken Bridge is discussed in detail a general introduction to SHM is given. 

3 INTRODUCTION TO MONITORING 
To monitor civil structures to investigate load carrying capacity or to verify design is not a new method 
and was used already in mid 1800. However, the development of the IT based systems, numerical 
modeling and sensor technology has open new ways to use SHM to civil structures and is today’s one 
of the most interesting research fields in civil engineering. In the early days SHM was similar to 
testing. F a bridge this could for example mean that a load test was carried out with loads 
corresponding to the designed traffic load. If the bridge did not collapse or the deflection was too large 
the bridge where approved to the designed traffic loads. Today SHM is correspondingly more 
advanced. Modern SHM may be divided in to two branches; monitoring and health testing of 
structures. Monitoring is normally defined as a long-term measurement of the state where the SHM 
system is robust and permanent installed. Health testing is more common, especially for small SHM 
projects, which normally is undertaken over short time and periodically. It is also important to separate 
global monitoring from local monitoring. In [2] Chang et al. highlights this matter and explain that 
global monitoring normally is used to detect damages and local monitoring is used to find the exact 
location and severity of the detected damage. It is also explained that no types of global monitoring 
will be able to detect all kind of damages. For example changes in frequencies might be useful but for 
example to detect concrete cracks other methods are much more suitable. Local monitoring gives a 
more detailed answer. Some example of local monitoring are guided ultra sonic waves to state 
stresses or eddy current techniques to determine location and the size of the cracks [2]. This means 
that both methods are of important to use in a advanced SHM system. Rytter was the first too define 
the four different levels of damage detection in 1993. [3] 

Level 1. Determine 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 
Level 4. The prediction of the remaining service life of the structure 
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An important definition with a SHM system is that the monitoring and the data don’t give any 
information itself if one can not compare it with other measurements and/or calculations. Nowadays a 
large amount of effort is put into research of developing sensors suitable for civil engineering, for 
example wireless sensors and fibre optical sensors [4]. Other techniques which are used is modal 
analysis in combination with numerical modelling which has a great potential but needs considerably 
manpower when the model is individual for each test object and needs an accurate update after 
monitoring.  

One major reason to use SHM is our aging infrastructure with an extensive growing maintenance cost, 
which probably can be more optimised with the use of SHM. Therefore it should be financially 
interesting to develop and use new techniques to solve the most critical and advanced problems of the 
infrastructure. SHM is especially useful when there is a status uncertainty of an object where more 
information of the health might state that a repair, strengthening, rebuilding or restriction action is not 
necessary to maintain the functionality. 

Several applications where a SHM systems been applied to a CFRP strengthening systems of 
concrete structures have been performed by Luleå university of technology. [5] [6]. The general 
outcome of these projects is that even with a minor SHM system and monitoring effort the 
performance of the strengthening can be better performed and therefore the safety of the structure 
can be improved. 

From all SHM applications an important development how to organise and structures an SHM project 
has been put into texture at Luleå University of technology. In many cases a SHM system might be 
well planned when it for example comes to sensor systems, but if the communication system, the 
evaluation method or some other part of the system incorrect the SHM results will be unreliable. 
Several publications have been written to show the importance of the structure of the SHM system. 
[7], [8]. Further information in this subject can be found in SHM guidelines. [9], [10], [11], [12]. A 
summary of how to structure a SHM system starts with defining the goal of the monitoring and with a 
financial frame. Then the data input needs are defined and the SHM strategies or in other word what 
will be measured and how will the data be collected. How the system basis should be design is an 
important question because there are different strategies for different kind of applications, answers 
detail, financial limits, time tables and recourses. The fundamental strategies of a SHM system are 
global or local, short- or long-time monitoring, continuously or periodic sampling, trigger function or 
manual starts etc. Depending of the chosen SHM strategies and the financial frames different solution 
of the SHM sub-systems must be chosen. For example, it is just a few sensors which are practicable 
for long-term monitoring. A SHM system may be divided into the sub-systems described in Table 1. 

To be able to design the Sensor system one should answer the question about what will be measured 
instead of what kind of sensors should be used with focusing on the input measurements needed to 
accomplish the SHM goals. The amount of measuring points is also of essential, together with the 
monitoring strategies regarding local or global monitoring. Before the decision of specific type of 
sensors that should be chosen also answer to the question of needed resolution and needs of long 
term reliability should be answered. The last main question is about equipment needed together with 
the sensors that now should have been chosen. To be able to design the Acquisition system one 
needs to answer the questions what is needed to accomplish the complete monitoring, from 
installation to presentation of the results. The communication system should be built up with the same 
procedure answering the questions what is needed to monitor the data on site and transport the data 
off site. The Storage system is built up by answering the questions what is needed to store the data on 
site, store the raw data off site, store the evaluated data off site and store the results off site. The last 
part of the SHM system is the evaluation system. This sub-system is designed so the SHM goals can 
be achieved. Special attention should be in SHM strategies and the SHM goals. 
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Table 1 SHM systems. 
Sub-system Question Special attention 

Sensor system 

What will be measured? 
What is the amount of measuring points? 
What is the needed reliability? 
What is the needed resolution? 
What is needed to use the sensors? 

Input measurements 
Global/local

Short- / long-term 
Sensor 

Equipment

Acquisition 
system

What is needed to: 
1. Perform the installation? 
2. Execute the monitoring? 
3. Maintain the SHM system? 
4. Evaluate the SHM? 
5. Present the results? 

Preparations
Loads, Traffic, ect… 

Short- / long-term 
Output

SHM goals 

Communication 
system

What is needed to: 
1. Monitor the data on site 
2. Transport the data off site 

Short- / long-term 
Periodic/Continuously  

Data storage 
system

What is needed to: 
1. Store the data on site 
2. Store the raw data off site 
3. Store the evaluated data off site 
4. Store the results 

Periodic/Continuously 
Periodic/Continuously 
Periodic/Continuously 

SHM goals 
Evaluation

system
What is needed to evaluate the results to 
accomplish the SHM goals? 

SHM strategies and 
goals 

After answering all this main questions the different sub-systems can be designed to achieve the full 
SHM system with a budget, responsibilities and a time frame.  

4 DESIGN AND INSTALLATION OF MONITORING SYSTEM ON THE PANKEN 
BRIDGE

The monitoring of the Panken Bridge is going to be carried out during a time period of one year. 
However, due to financial restrictions and certain practical issues continuous monitoring was not an 
altenative, instead four periodic measurements are planned, where two already have been carried out. 
The first measurement was done before strengthening in the beginning of the summer 2006, the 
second, was carried out after strengthening in September 2006 and, the third is going to be carried out 
during the cold winter period – in February 2007. Finally, the last measurement will be carried out 
during summer 2007. So far the two first have been carried out and are reported in this paper. 

The monitoring goal for this project was to determine the global effect of the CFRP strengthening of 
the Panken Bridge. The sub-goal defined by the monitoring group, i.e. the authors, was set to find 
differences in global deflection, crack openings and strains in a critical cross section of the bridge. 
After the definition of the goals one cross section in one of the mid-spans was chosen. Only two out of 
three girders where instrumented. From top to bottom the following variables where measured on the 
north side, compression strain in the upper steel reinforcement in the bridge deck, compression or 
tension at the concrete surface just below the upper flange and the tension strain in the lover steel 
reinforcement. Similar measurements were carried out on the south side with the exception that no 
steel strain was measured in the bridge deck. Due to the fact that several tension concrete cracks 
where found in the measured cross section in the web. Some of the most severe cracks where 
instrumented with crack opening displacement sensors. Together with the strain and crack 
measurement points two deflection points of interest where chosen, one to investigate the global 
deflection and one to monitor the average curvature on this span by mounting the deflection sensor on 
a stiff bar with a length of 4 meters. After strengthening the strain level in the CFRP is also of interest. 
Important measuring points are the centre and as many points as possible in the end of the plate in 
investigate possible end peeling behaviour. The reason for this is to check that the anchor length is 
satisfying and how fast the shear stresses are built up at the end. After choosing the variables for the 
set goal, proper sensors for the purpose where chosen. The position of the measuring cross section is 
showed in Fig. 3 
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STGCN
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m
 

1,85 m 

North

Fig. 3 Placement of sensors and photo of the measuring site 

In Fig. 3 and in Table 2 the naming and the placement of the sensors are shown. The strain sensors 
on the concrete and CFRP were glued after careful grinding and cleaning and the strain gauges 
attached to the steel was welded. All sensors were then protected with a water proof cover. The 
placement is measured from the underside of the bridge beams. Building scaffolding and installing the 
sensors were quite complicated since the soil under the bridge was water saturated and muddy. In 
addition to this it was very windy at time for installation. Nevertheless, after some effort the sensors 
and the cables for the sensors were in place and the load test could start. During the controlled 
loading no traffic was allowed on the bridge. Great many load tests were performed when the truck 
was placed on the north or south side of the bridge. Also dynamic testing when the truck was travelling 
with different speeds was investigated. In addition to this also measurements of the traffic was carried 
out where the trigger was set on larger trucks weighing over 25 tons. However, in this paper only tests 
where the truck was placed above the north beam in the section shown in Fig. 4 is presented. 

Table 2 Sensors notification from Fig 3. 

Sensor Distance Girder Notation 

Concrete strain gauge 345 mm South STGCS 

Lower steel strain gauge 1450 mm South STGSLS 

Upper steel strain gauge 60 mm North STGSUN 

Concrete strain gauge 320 mm North STGCN 

Lower steel strain gauge 1450 mm South STGSLN 

Crack sensor 815 mm North inside COD1 

Crack sensor 860 mm North outside COD2 

Deflection 0 North L1 

Curvature 0 North L2 
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5 LOAD TEST 

13,5 m 21 m 21 m 21 m 21 m 13,5 m 
a

a

Fig. 4 Placement of the truck for the static load test 

For the presented results the trucks where placed with the rear bogies on top of the monitored cross 
section (see Fig. 4) and also placed in the center over the north girder, see Fig. 3. The loads from the 
truck are presented in Table 3. All the results are normalised according to the heaviest truck which 
was used for the load test after CFRP strengthening. All the results before strengthening where hence 
multiplied with a factor of 1,0444. Results from the monitoring are presented in the next section. The 
maximum bending moment from the truck in the centre of the monitored span is calculated to 770 
kNm.

Table 3 Actual loads from the load tests 
Before Strengthening Date: 2006-07-03 
Total Load: 
25 200 kg 

Front load: 
7 200 kg 

Rear load: 
18 000 kg 

Temperature: 
26.2 ºC 

After Strengthening Date: 2006-09-04 
Total Load: 
26 320 kg 

Front load: 
6 700 kg 

Rear load: 
19 300 kg 

Temperature: 
14.4 C 

6 MONITORING RESULTS 
The monitoring results from the north girder are presented before and after the strengthening. The 
overall results show that the strain level in the tensile reinforcement decreased with approximately 
25% and the strain the compressed steel bar with approximately 5 %. The concrete sensor was not 
very stable for the measurement before strengthening and a correct comparison is not possible. Even 
more interesting is the results from the tension field where the compressed zone increased with 130 
mm, see Fig. 5. The non-linear behaviour tension field after the strengthening is caused by the initial 
slip in the glue and is normal for non-prestressed strengthening. One reason for this might be that the 
concrete surface is not totally even and at loading the CFRP plates need to be tensioned before the 
strengthening become active. 

-40 0 40 80 120
Strain [ustr]

-400

0

400

800

1200

1600

P
os

iti
on

 o
f s

en
so

r [
m

m
] 

Before strengthening
After strengthening

STGSUN

STGCN 

ST
G

SL
N

 

ST
G

C
FR

P 

Fig. 5 Strain field in the north girder. 
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Fig. 6 Strain sensors in the north girder. Fig. 7 Load test of the bridge 
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Fig. 7. Deflection in the midpoint of the monitored 
span, before and after strengthening
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Fig. 8. Crack opening on both sides of the north 
girder before and after strengthening. 

The results from the deflection measurement showed a decrease in deflection with 9 %, from 1,752 
mm to 1,595 mm. The most interesting results are the comparison before and after strengthening of 
the crack opening. The cracks showed an opening before strengthening of maximum 0,0288 mm and 
after the strengthening the cracks opened only 0,0195 mm, a decrease of crack opening with 32 %. 

Before the test was carried out an idea how to use the curvature for structural assessment was 
discussed. The result from the curvature measurement is not unambiguous but the results shows that 
with some further development this technique might work. This is discussed further in the next section. 

7 PERFORMANCE FACTOR 
If the global curvature change of a structure that is strengthened or deteriorated, could be measured 
accurately over time it would be quite simple to measure stiffness changes.  A simple engineering 
method to calculate the bending stiffness is to use the curvature by the expression: 

M
EI

(1)

where M is the bending moment, E the Young’s modulus and I the moment of inertia respectively. 
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By calculating for known moments, EI can be achieved for a certain load in time. The curvature can 
also be achieved from the strain measurements over the cross section. The curvature obtained from 
the strain measurements can then be compared with the curvature from the deflection measurements. 
Two deflection measurements were made during each load test, one with the total deflection and one 
with deflection over six meter length section of the bridge. This was made by attaching a LVDT sensor 
mounted to a stiff aluminium ruler fasten to the bridge. The curvature can then be calculated from the 
geometrical relation between the radius and the deflection, see Fig. 9. The definition of curvature is: 

1
R

 which also can be calculated as: (2) 

22

2

4
L

 (3) 

with the same calculations the curvature can then also be calculated from the strain measurement by 
the following expression: 

c t

z
 (4) 

where c is the compression in the upper steel, s is the tension in the lower steel and z is the distance 
between the sensors. By using the deflection before and after strengthening, and the strain in the 
upper and lower reinforcement before and after strengthening the curvature was calculated and 
recorded in Table 4. 

Fig. 9 Curvature in relation to the deflection of a beam [13] 

Table 4 Results from curvature measurements and calculations 
Before

strengthening 
After

strengthening  Before strengthening After strengthening 

Calculation of the curvature from the strains 
measurements 

Calculation of EI from the bending moment and the 
curvature 

c -29,24 ustr -27,8 ustr M 770 kNm 770 kNm

t
93,79 ustr 69,5 ustr 4,643E-05 m-1 3,00E-05 m-1

ztot 1,39 m 1,39 m L 21 m 21 m 

4,643E-05 m-1 3,00E-05 m-1 EI 1.7 E7 Nm2 2.6 E7 Nm2

The results from the deflection curvature measurements, i.e. the global curvature, was not very 
promising, probably caused some movement of the stiff bar the LVDT sensor for the curvature 
measurement where attached to. This technique has to be tested more thorough in the laboratory and 
on other case studies. The local curvature from the strain sensor where recalculated to bending 
stiffness, EI by using the bending moment, M, from the truck. The bending stiffness increased with 
more than 50% after strengthening. 
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8 CONCLUSIONS 
A concrete high way bridge has been strengthened with externally bonded CFRP plates. The purpose 
with the strengthening was to increase the flexural capacity and to minimise opening of existing 
cracks. In one section of the bridge monitoring of crack opening deflection, curvature and steel and 
concrete strain were measured before and after strengthening. After strengthening also the strain in 
the CFRP plate was measured. To summarise the results from the test the following can be 
concluded: 

The increasing concrete compression zone shows that the strengthening system works in the way it 
should. At least in the SLS it is of great value that a reasonable part of the bending moment is taken 
by the concrete. This means that the steel is less strained and the bending cracks are smaller. It is 
notable that this behaviour is so obvious even for such low loads as a normal truck. This behaviour is 
expected to be the same all the way to the ULS and failure. Furthermore the deflection decrease 
showed that the CFRP strengthening system increased the stiffness of the bridge. The most important 
result is the crack measurements before and after the strengthening. The decreasing of the cracks 
with more than 30 % again showed that the CFRP laminates works as intended. The main trigger of 
the strengthening and the SHM system installation was the detection of cracks during an inspection. 
Since the cracks are smaller during loading eventually degradation problems at the tensioned 
reinforcement will also be reduced. 

The curvature measurements showed much smaller curvature which means also that the bridge is 
stiffer after the strengthening. The global curvature measurement technique needs to be improved 
before it can be used on regular basis on bridge installations. 
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Effects of prestress force loss on natural
frequencies of a concrete girder 

Olaf Huth1, Arvid Hejll2, Glauco Feltrin3, Masoud Motavalli4

Abstract: To study the feasibility of early detection of prestress force losses by natural frequencies, a 
prestressed concrete girder with a length of 17 meters was tested. The tendon wires were gradually 
damaged in three locations by cutting an increasing number of wires. 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 phenomena influencing natural frequencies of prestressed 
girder are discussed. A finite element model analysis was performed to study stiffness and mass loss 
effects due to wire cuts and to estimate stiffness recovering effects due to the nonlinear stress - strain 
relation of concrete. The results show very small changes of natural frequencies because no cracks 
occurred during the tests. The presented study reveals that the detection of prestress force loss in RC 
girders based on changes of natural frequencies is very difficult to achieve. 
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Introduction 

In prestressed concrete structures, a substantial loss of prestressing forces, either locally or globally, can 
lead to severe serviceability and safety problems. Therefore, reliable nondestructive methods for 
determining the prestressing force in existing structures would significantly improve the assessment of 
these structures. Several investigations have addressed this issue using vibration based methods. [Saiidi 
et al., 1994] approached the problem to determine the prestressing force of a simply supported concrete 
beam with the classical formula describing the natural frequencies n of a linear elastic beam subjected to 
axial compression forces 

4 2
2 r r
n

r r r r

E In n N
L m L m

,  (1) 

where N is the axial compression force, ErIr the flexural rigidity of the concrete beam-section, Lr the 
deformed span width, n the number of mode and mr the mass per unit length of the beam, respectively. 
This equation says that an increasing axial compression force produces a decrease of natural 
frequencies. However, [Saiidi et al., 1994] observed in their tests that the natural frequencies of the first 
two bending modes increased with increasing prestress force. The authors attributed this observation to 
microcracks that were closed by the compression force producing so a stiffening of the beam. Recently, in 
trying to explain this stiffening, [Kim et al., 2004] proposed a theory in which the term of equation (1) 
containing the axial compression force N has positive sign and therefore predicts an increase of natural 
frequencies with increasing prestressing force. However, their derivation is severely flawed by 
contradictory and arbitrary assumptions. A different method to identify the prestressing force in a concrete 
beam based on time series of measured displacements and strains has been proposed by [Law and Lu, 
2005]. Their method was verified on a numerical beam model and therefore lacks an experimental 
verification.

All these investigations assume implicitly that there is no bond between tendon wires and concrete. In fact, 
equation (1) does not apply to a simply supported beam with perfect bond between tendon and concrete 
since in any section of the beam there exists an internal equilibrium between the tensile force in the 
tendon and the compression force in the concrete. Since the net axial force vanishes, the natural 
frequencies n are determined by 

4
2 r r
n

r r

E In
L m

,  (2) 

Therefore, the investigations discussed above have little practical applicability since the vast majority of 
prestressed structures are designed for having bond between tendon and concrete (grouted tendon 
ducts). For these structures, the global loss of prestress force is mainly generated by creep, shrinkage and 
steel relaxation. These effects are included in the design procedures and are generally of little concern. 
More relevant are local weakenings of the tendon cross section due to ruptures e.g. by steel corrosion. 
Due to the grouting of the tendon duct, the bond between tendon and concrete is only locally damaged so 
that the prestress loss stays confined within a length that is determined by the shear transfer between 
tendon and grouting material. The loss of compression force in this area may lead to nonlinear effects, like 
the opening of microcracks, which could have an impact on modal parameters. Furthermore, the beam is 
softened also in case when decreasing axial compression forces act on a beam, then the natural 
frequencies tend to decrease, because of the concave stress-strain relationship of concrete, which 
produces a decreasing Young’s modulus with decreasing compression strains. This paper investigates the 
feasibility of early detection of local loss of prestressing force using natural frequencies. 
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Tests

Test Specimen 

The replacement of the highway viaduct ”Viadotto delle Cantine a Capolago” located in the southern part 
of Switzerland, built in the years 1965/1966, of a total length of 340 m, allowed the investigation of 
prestress loss on a large scale beam. The bridge girders were made of prefabricated RC elements of 20 
m length. The elements were connected together by an in-situ concrete upper flange and by two post-
tensioning tendons. Each tendon consisted of 26 parallel wires. The tendons were injected after 
tensioning. Each wire has a cross section area of 38.5 mm2. In the middle of the span, a transverse 
stiffener of concrete was built to stabilize the girder in cross direction. The test beam had a length of 17 m 
and an upper flange width of 0.8 m.  

The beam was supported by two bearings which allowed rotational movements perpendicular to the 
longitudinal beam axis. The bearing on the left support fixed the beam in longitudinal direction and the 
bearing on the right allowed free longitudinal movements. A sketch of the experimental set-up is given in 
Fig. 1. 

Figure 1: Dimensions and experimental set-up for modal analysis of test beam. 

Artificial Damage 

To measure prestressing forces in the lower tendon (no records about the initial post-tensioning forces 
were available), 78 wire cuts at three positions were performed. The residual stress in the tendon was 
estimated by measuring the shortage of a wire after cutting. The beam was damaged as follows. The 
concrete was carefully removed for uncovering the wires at the positions 1, 2 and 3 (Fig. 1). The damage 
of the lower tendon was started by cutting wires at position 1, then at position 3 and finally at position 2 at 
mid-span. The openings had a length of about 50 cm. At each position all tendon wires (26) were cut. 

Material Properties 

After having completed all tests, 16 concrete drilling cores were taken out from the prefabricated girder 
near to the openings 1 and 3 (Fig. 1). The concrete had an average cube compressive strength of 56 MPa 
and a centric tensile strength of 2.8 MPa. The Young’s modulus was determined to 38 MPa. For 
investigating the cast-in-situ concrete, 32 drilling cores were taken out from the upper flange and the 
transverse stiffener. 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. Based on design drawings, the 
Young’s modulus of tendon wires was assumed to 205 GPa. Based on strain measurements at openings 
before and after cuttings, the tendon force loss N for each cut was computed using the equations 
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whereas s refers to the strain in the wire, L to the length change, Ld to the basis length, Es to the 
Young’s modulus of the wires and As to the cross-section area of a wire, respectively. Figure 5 displays 
the estimated tendon forces for several damage steps. A full report of the tests and results for estimating 
the residual tendon force can be found in [Czaderski and Motavalli, 2005].  

For investigating the effect, that concrete Youngs modulus is related to the amount of axial compression 
forces, more accurate records of stress - strain relation of prefabricated girder concrete were necessary. 
Therefore, four cylinder specimens with a diameter of 0.1 m and a height of 0.2 m were cut out from the 
girder at positions P (Fig. 1). The specimens were subjected to a compression test. The loading/unloading 
cycle was repeated three times. From the last decreasing part of the nonlinear stress - compression strain 
relation (Fig. 2) of the concrete specimens the Young’s moduli Ec were determined by the formula 

cE  (5) 

where  and  refers to stress and strain increment, respectively. Figure 3 displays the associated 
relationship between Young’s modulus and compression strain of the specimen. The Young’s modulus 
decreases with decreasing compression strain. A linear relationship between Young’s modulus and 
compression strain describes sufficiently well the test data. For each of drilled test specimen this 
procedure was repeated. 

Figure 2: Stress versus compression strain of a concrete cylinder specimen. 

Figure 3: Young’s modulus versus compression strain. 
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Modal Tests and Estimation of Modal Parameters 

Modal tests were performed after every three wire cuts. The vibrations were recorded during 300 seconds 
with a sampling rate of 512 Hz. To obtain statistical information about the accuracy of extracted modal 
parameters, every measurement was repeated three times. During the modal tests, the girder was excited 
with an electromagnetic shaker which exhibited maximum force peaks of approximately 0.2 kN. Fig. 1 
shows the position of the shaker. The excitation was a stationary stochastic broad band process with 
significant frequency components in the range of 2 . . . 100 Hz. The accelerations in vertical direction were 
measured. Modal parameters were estimated with an output-only system identification method.  

To extract the modal parameters, the time series were analyzed using the Stochastic Subspace 
Identification - Principal Component (SSI-PC) algorithm. A comparison between different output-only 
methods showed that SSI-PC method provides natural frequencies and modal damping ratios with 
smallest standard deviations [Huth et al., 2005]. The analysis was performed with the software tool 
Artemis [SVS, 2000]. The vertical bending modes are denoted by ”V”, the horizontal bending modes by 
”H” and the torsional modes by ”T”. 

Results and Discussion 

Natural Frequencies 

The mean values of the natural frequencies (average of the three measurements) and their associated 
standard deviations versus damage events by cutting wires are displayed in Figure 4. Notice that, the 
concrete was removed before the wires were cut. This effect on natural frequencies is not depicted in 
Figure 4. The changes of natural frequencies of the bending modes V1, V2, H2 and torsional mode T1 are 
within their error bounds and are considered as constant. Up to 78 cuts, the natural frequencies of the 
mode T2 only tend to increase whereas the bending mode V3 displays no systematic change of the 
associated natural frequencies. The observed patterns of natural frequencies are difficult to interpret and 
may be caused by several influences. Furthermore, the standard deviations are high compared to 
changes of natural frequencies and are complicating the interpretation. However, the increase of natural 
frequencies associated to the mode T2 is significant compared to standard deviations. The next sections 
discuss several possible influences. 

Temperature Effect 

The temperature induced stresses can be neglected because the girder was simply supported and the 
bearings did prevent any constraint of the girder. 

Softening Effect due to Cracks Opening 

Reducing the prestressing forces, tensile strength of concrete may exceed and cracks are opened. This 
reduces the stiffness of the girder. During the tests, visual inspection revealed no cracks in the girder. 
Therefore, no stiffness loss of the girder due to open cracks occurred. 

Stiffness and Mass Loss due to Cutting Wires 

Cutting tendon wires yields a local reduction of bending stiffness and, because wire pieces with a length of 
0.5 m were taken out, of mass as well as mass moment of inertia. These effects depend on the location of 
damage in the section. As long as no cracks openings occur due to wire cuts, changes of natural 
frequencies are very small, because the contribution of a tendon to the bending stiffness is small. Each 
wire cut at position 2 provided a loss of mass moment of inertia of about approximately 0.25%. When all 
wires were cut, a loss of mass moment of inertia of 6.3% was achieved. The opening positions 1 and 3 
were located closer to the middle axis. Therefore, the loss of mass moment of inertia due to one wire cut 
was much smaller (approximately 0.0006%) than at position 2. 
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Figure 4: Natural frequencies and their associated standard deviations of all measured modes versus damage events. 

Stiffness Softening due to Reduction of Prestressing Force 

In zones with cut wires, the loss of tension force reduces the compression stress in the concrete. The 
stress-strain relationship follows a nonlinear path (Fig. 2) which implies that Young’s modulus decrease 
with increasing loads and decrease with decreasing loads, respectively (Fig. 3). To quantify this effect, the 
tested beam was modelled using the software tool CUBUS [CubusAG, 2003]. Figure 5 (a) shows the 
estimated tension forces of tendon 1 [Czaderski and Motavalli, 2005]. It was assumed that the tension 
forces of tendon 2 were equal to tendon 1. The tendon force diminishes from left to right because of 
friction. Figure 5 (b), (c) and (d) show tension forces in tendon 2 after removing wires at openings 1, 3 and 
2, respectively. It was assumed that the tendon force was totally recovered due to the bonding between 
concrete and tendon after a distance of 0.5 m of the openings [Czaderski and Motavalli, 2005]. With these 
tendon forces, a stress analysis of the beam was performed (Fig. 6). Based on the calculated concrete 
stresses and the measured stress-strain relationship of concrete, the Young’s moduli of each section was 
computed according to Table 1 by assuming a linear stress distribution over the height of the girder and 
from that the stress mean value was calculated. 

Finite Element Modelling 

A three dimensional finite element model was used to study the effects of stiffness and mass loss by 
removing concrete and cutting wires as well as of stiffness increase due to unloading on the dynamic 
properties of the beam. The finite element software package SLang was used [Bucher et al., 2003]. The 
beam was modelled with 3224 eight node solid-brick elements for the concrete and 32 rod elements for 
the tendons. To simplify the modelling, the two main tendons were modelled as one tendon. For modelling 
the undamaged state, the Young’s moduli were chosen according to (Fig. 6 a). 
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Table 1: Young’s moduli computed with linear relationship between Young’s modulus and compression strain of Fig. 3 

Figure 5: Estimated tendon forces after wire cuts at opening 1, 3 and 2. 

The natural frequencies of the finite element model were calculated for four stages of the structure 
according to Table 2. The natural frequencies obtained by the finite element computation are displayed in 
the Table 3. Minor increases of natural frequencies are observed up to the state at which all wires at all 
positions were cut. The softening effect displayed no significant changes too. Changes of natural 
frequencies due to stiffness and mass loss, and the softening effect are very small. 
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Figure 6: Computed stress distribution of outmost fibers of the girder. 

Table 2: Steps to calculate natural frequencies of damage states 
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Table 3: Measured and computed natural frequencies of the girder 

Conclusions 

Experimental modal analysis was performed on an artificially damaged prestressed concrete beam for 
investigating the effect of local prestressing loss on natural frequencies. The prestressing loss was 
produced by cutting tendon wires. Changes of natural frequencies due to damage were found to be very 
small. The effects of stiffness and mass loss due to the removal of wires and concrete and the stiffness 
decrease of concrete because of prestress unloading was investigated using a numerical model. The 
computations confirm the small changes of natural frequencies observed in the tests. Considering the 
effects of environmental parameters on natural frequencies [Feltrin, 2002], the results reveal that local 
total loss of prestressing force in structures with grouted tendon ducts are hardly detectable by monitoring 
changes of natural frequencies if no significant permanently open cracks occur in the structure. 
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Notation 

The following symbols are used in this paper: 

As
Ec
Er
Es
Ld
Lr
Ir
N
N
n

mr

s
L

= cross-section area of the tendon steel 
= Young’s modulus of concrete 
= Young’s modulus of total beam section 
= Young’s modulus of the tendon steel 
= basis length 
= span of the beam 
= moment of inertia of total beam section 
= tendon force 
= tendon force loss 
= mode number 
= total mass of the beam-section 
= strain in the wire 
= length change of the wire 
= circular frequency 

References 

[Bucher et al., 2003] Bucher, C., Bayer, V., Ebert, M., Herz, E., Huth, O., Most, T., Pfefferkorn, G., P. G., 
Riedel, J., Roos, D., Schorling, Y. Winkel, B., and Zabel, V. (2003). SLang - The Structural Language.
Bauhaus University Weimar, Germany, 4.2.6 edition. 

[CubusAG, 2003] CubusAG (2003). Cubus, Engineering Software. CubusAG, Zuerich, 1.0 edition. 

[Czaderski and Motavalli, 2005] Czaderski, C. and Motavalli, M. (2005). Determining remaining tendon 
force of a large-scale 38-year-old prestressed concrete bridge girder. submitted to PCI Journal.

[Feltrin, 2002] Feltrin, G. (2002). Temperature and damage effects on modal parameters of a reinforced 
concrete bridge. In Grundmann, H. and Schu¨eller, G. I., editors, Proceedings of the 4th International 
Conference on Structural Dynamics, Eurodyn 2002, Munich, Germany, pages 373–378, Lisse, 
Netherlands. A. A. Balkema Publishers. 

[Huth et al., 2005] Huth, O., Feltrin, G., Kilic, N., Maeck, J., and Motavalli, M. (2005). Damage 
identification using modal data: Experiences on a prestressed concrete bridge. Journal of Structural 
Engineering (ASCE), 131(12):1898–1910. 

[Kim et al., 2004] Kim, J., Yun, C., Ryu, Y., and Cho, H. (2004). Identification of prestress loss in 
prestressed concrete beams using modal information. Structural Engineering and Mechanics, 17(3-
4):467–482. 

[Law and Lu, 2005] Law, S. S. and Lu, Z. R. (2005). Time domain responses of a prestressed beam and 
prestress identification. Journal of Sound and Vibration, 288:1011–1025. Using Smart Source Parsing. 

[Saiidi et al., 1994] Saiidi, M., Douglas, B., and Feng, S. (1994). Prestress force effect on vibration 
frequency of concrete bridges. Journal of Structural Engineering, 7(120):2233–2241. 

[SVS, 2000] SVS, A. (2000). Artemis. Aalborg, Denmark, 2.05 edition. 



Doctoral and Licentiate Theses 

Division of Structural Engineering 
Luleå University of Technology

Doctoral Theses 
(Some are downloadable from: http://epubl.ltu.se/1402-1544/index.shtml) 

1980 Ulf Arne Girhammar: Dynamic Fail-Safe Behaviour of Steel Structures. Doctoral Thesis 
1980:060D. pp. 309. 

1983 Kent Gylltoft: Fracture Mechanics Models for Fatigue in concrete Structures. Doctoral Thesis 
1983:25D. pp. 210. 

1985 Thomas Olofsson: Mathematical Modelling of Jointed Rock Masses. In collaboration with the 
Division of Rock Mechanics. Doctoral Thesis 1985:42D. pp. 143. 

1988 Lennart Fransson: Thermal ice pressure on structures in ice covers. Doctoral Thesis 1988:67D. 
pp. 161. 

1989 Mats Emborg: Thermal stresses in concrete structures at early ages. Doctoral Thesis 1989:73D. 
pp. 285. 

1993 Lars Stehn: Tensile fracture of ice. Test methods and fracture mechanics analysis. Doctoral Thesis 
1993:129D, September 1993. pp. 136. 

1994 Björn Täljsten: Plate Bonding. Strengthening of existing concrete structures with epoxy bonded 
plates of steel or fibre reinforced plastics. Doctoral Thesis 1994:152D, August 1994. pp. 283. 

1994 Jan-Erik Jonasson: Modelling of temperature, moisture and stresses in young concrete. Doctoral 
Thesis 1994:153D, August 1994. pp. 227. 

1995 Ulf Ohlsson: Fracture Mechanics Analysis of Concrete Structures. Doctoral Thesis 1995:179D, 
December 1995. pp. 98. 

1998 Keivan Noghabai: Effect of Tension Softening on the Performance of Concrete Structures.
Doctoral Thesis 1998:21, August 1998. pp. 150. 

1999 Gustaf Westman: Concrete Creep and Thermal Stresses. New creep models and their effects on 
stress development. Doctoral Thesis 1999:10, May 1999. pp. 301. 

1999 Henrik Gabrielsson: Ductility in High Performance Concrete Structures. An experimental 
investigation and a theoretical study of prestressed hollow core slabs and prestressed cylindrical pole 
elements. Doctoral Thesis 1999:15, May 1999. pp. 283. 

http://epubl.ltu.se/1402-1544/index.shtml


2000 Patrik Groth: Fibre Reinforced Concrete - Fracture Mechanics Methods Applied on Self-
Compacting Concrete and Energetically Modified Binders. Doctoral Thesis 2000:04, January 
2000. pp. 214. ISBN 978-91-85685-00-4. 

2000 Hans Hedlund: Hardening concrete. Measurements and evaluation of non-elastic deformation and 
associated restraint stresses. Doctoral Thesis 2000:25, December 2000. pp. 394. ISBN 91-
89580-00-1. 

2003 Anders Carolin: Carbon Fibre Reinforced Polymers for Strengthening of Structural Members.
Doctoral Thesis 2003:18, June 2003. pp. 190. ISBN 91-89580-04-4. 

2003 Martin Nilsson: Restraint Factors and Partial Coefficients for Crack Risk Analyses of Early Age 
Concrete Structures. Doctoral Thesis 2003:19, June 2003. pp. 170. ISBN: 91-89580-05-2. 

2003 Mårten Larson: Thermal Crack Estimation in Early Age Concrete – Models and Methods for 
Practical Application. Doctoral Thesis 2003:20, June 2003. pp. 190. ISBN 91-86580-06-0. 

2005 Erik Nordström: Durability of Sprayed Concrete. Steel fibre corrosion in cracks. Doctoral Thesis 
2005:02, January 2005. pp. 151. ISBN 978-91-85685-01-1. 

2006 Rogier Jongeling: A Process Model for Work-Flow Management in Construction. Combined use 
of Location-Based Scheduling and 4D CAD. Doctoral Thesis 2006:47, October 2006. pp. 
191. ISBN 978-91-85685-02-8. 

2006 Jonas Carlswärd: Shrinkage cracking of steel fibre reinforced self compacting concrete overlays - Test 
methods and theoretical modelling. Doctoral Thesis 2006:55, December 2006. pp. 250. 
ISBN 978-91-85685-04-2. 

2006 Håkan Thun: Assessment of Fatigue Resistance and Strength in Existing Concrete Structures.
Doctoral thesis 2006:65, December 2006. pp. 169. ISBN 978-91-85685-03-5. 

2007 Lundqvist Joakim: Numerical Analysis of Concrete Elements Strengthened with Carbon Fiber 
Reinforced Polymers. Doctoral thesis 2007:07, March 2007. pp. 50+58. ISBN 978-91-
85685-06-6. 

2007 Arvid Hejll: Civil Structural Health Monitoring - Strategies, Methods and Applications.
Doctoral Thesis 2007:10, March 2007. pp. 182. ISBN 978-91-85685-08-0. 

Licentiate Theses 
(Some are downloadable from: http://epubl.ltu.se/1402-1757/index.shtml) 

1984 Lennart Fransson: Bärförmåga hos ett flytande istäcke. Beräkningsmodeller och experimentella 
studier av naturlig is och av is förstärkt med armering. Licentiate Thesis 1984:012L. pp. 137. 

1985 Mats Emborg: Temperature stresses in massive concrete structures. Viscoelastic models and 
laboratory tests. Licentiate Thesis 1985:011L, May 1985, rev. November 1985. pp. 163. 

1987 Christer Hjalmarsson: Effektbehov i bostadshus. Experimentell bestämning av effektbehov i små- 
och flerbostadshus. Licentiate Thesis 1987:009L, October 1987. pp. 72. 

1990 Björn Täljsten: Förstärkning av betongkonstruktioner genom pålimning av stålplåtar. Licentiate 
Thesis 1990:06L, May 1990. pp. 205. 

1990 Ulf Ohlsson: Fracture Mechanics Studies of Concrete Structures. Licentiate Thesis 1990:07L, 
May 1990. pp. 66. 

http://epubl.ltu.se/1402-1757/index.shtml


1990 Lars Stehn: Fracture Toughness of sea ice. Development of a test system based on chevron notched 
specimens. Licentiate Thesis 1990:11L, September 1990. pp. 88. 

1992 Per Anders Daerga: Some experimental fracture mechanics studies in mode I of concrete and wood.
Licentiate Thesis 1992:12L, 1ed April 1992, 2ed June 1992. pp. 81. 

1993 Henrik Gabrielsson: Shear capacity of beams of reinforced high performance concrete. Licentiate 
Thesis 1993:21L, May 1993. pp. 109. 

1995 Keivan Noghabai: Splitting of concrete in the anchoring zone of deformed bars. A fracture 
mechanics approach to bond. Licentiate Thesis 1995:26L, May 1995. pp. 123. 

1995 Gustaf Westman: Thermal cracking in high performance concrete. Viscoelastic models and 
laboratory tests. Licentiate Thesis 1995:27L, May 1995. pp. 125. 

1995 Katarina Ekerfors: Mognadsutveckling i ung betong. Temperaturkänslighet, hållfasthet och 
värmeutveckling. Licentiate Thesis 1995:34L, October 1995. pp. 137. 

1996 Patrik Groth: Cracking in concrete. Crack prevention with air-cooling and crack distribution with 
steel fibre reinforcement. Licentiate Thesis 1996:37L, October 1996. pp. 128. 

1996 Hans Hedlund: Stresses in High Performance Concrete due to Temperature and Moisture 
Variations at Early Ages. Licentiate Thesis 1996:38L, October 1996. pp. 240. 

2000 Mårten Larson: Estimation of Crack Risk in Early Age Concrete. Simplified methods for practical 
use. Licentiate Thesis 2000:10, April 2000. pp. 170. 

2000 Stig Bernander: Progressive Landslides in Long Natural Slopes. Formation, potential extension 
and configuration of finished slides in strain-softening soils. Licentiate Thesis 2000:16, May 
2000. pp. 137. 

2000 Martin Nilsson: Thermal Cracking of young concrete. Partial coefficients, restraint effects and 
influences of casting joints. Licentiate Thesis 2000:27, October 2000. pp. 267. 

2000 Erik Nordström: Steel Fibre Corrosion in Cracks. Durability of sprayed concrete. Licentiate 
Thesis 2000:49, December 2000. pp. 103. 

2001 Anders Carolin: Strengthening of concrete structures with CFRP – Shear strengthening and full-
scale applications. Licentiate thesis 2001:01, June 2001. pp. 120. ISBN 91-89580-01-X. 

2001 Håkan Thun: Evaluation of concrete structures. Strength development and fatigue capacity.
Licentiate thesis 2001:25, June 2001. pp. 164. ISBN 91-89580-08-2. 

2002 Patrice Godonue: Preliminary Design and Analysis of Pedestrian FRP Bridge Deck. Licentiate 
thesis 2002:18. pp. 203. 

2002 Jonas Carlswärd: Steel fibre reinforced concrete toppings exposed to shrinkage and temperature 
deformations. Licentiate thesis 2002:33, August 2002. pp. 112. 

2003 Sofia Utsi: Self-Compacting Concrete - Properties of fresh and hardening concrete for civil 
engineering applications. Licentiate thesis 2003:19, June 2003. pp. 185. 

2003 Anders Rönneblad: Product Models for Concrete Structures - Standards, Applications and 
Implementations. Licentiate thesis 2003:22, June 2003. pp. 104. 

2003 Håkan Nordin: Strengthening of Concrete Structures with Pre-Stressed CFRP. Licentiate 
Thesis 2003:25, June 2003. pp. 125. 



2004 Arto Puurula: Assessment of Prestressed Concrete Bridges Loaded in Combined Shear, Torsion 
and Bending. Licentiate Thesis 2004:43, November 2004. pp. 212. 

2004 Arvid Hejll: Structural Health Monitoring of Bridges. Monitor, Assess and Retrofit. Licentiate 
Thesis 2004:46, November 2004. pp. 128. 

2005 Ola Enochsson: CFRP Strengthening of Concrete Slabs, with and without Openings. 
Experiment, Analysis, Design and Field Application. Licentiate Thesis 2005:87, November 
2005. pp. 154. 

2006 Markus Bergström: Life Cycle Behaviour of Concrete Structures – Laboratory test and 
probabilistic evaluation. Licentiate Thesis 2006:59, December 2006. pp. 173. ISBN 978-
91-85685-05-9. 

2007 Thomas Blanksvärd: Strengthening of Concrete Structures by Mineral Based Composites.
Licentiate Thesis 2007:15, March 2007. pp. 300. ISBN 978-91-85685-07-3. 






