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Abstract

There is a large need for strengthening of concrete structures all around the
world. There can be many reasons for strengthening, increased loads, design and
construction faults, change of structural system, and so on. There exists some
strengthening methods, one of these is Plate Bonding with Carbon Fibre Re-
inforced Polymers, CFRPs

By a literature survey, existing methods have been studied and compared
with Plate Bonding with composites.

Good calculation models exist for design of strengthening with CFRP for in-
creased flexural capacity. In this thesis, a model for design of shear strengthening
will be derived and compared to laboratory tests. In the presented laboratory
tests, different failure modes are obtained and analysed.

The method has also been investigated when applied in full-scale in field.
Three cases with different reasons for strengthening are presented. For all three
cases measurements have been undertaken to verify the strengthening effect and
to gain further understanding of the structural behaviour of the strengthening
system.

At the end of the thesis conclusions are drawn. The most important conclu-
sion is that the method works in full-scale and can in some cases replace the so-
called conventional methods. Suggestions for further research are also identified
and presented.

Keywords: concrete, cfrp, carbon, plate bonding, strengthening, bridges,
shear, bending, full-scale tests, laboratory tests.
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Sammanfattning

Över hela världen finns ett stort behov av förstärkning av betongkonstruktioner.
Det kan finnas flera orsaker för förstärkning: ökande laster, konstruktions- och
utförandefel, ändring av ett statiskt system, och så vidare. Det finns flera för-
stärkningsmetoder att tillgå. En metod är utanpåliggande armering i form av
kolfiberarmerad plast.

Genom en litteraturstudie har befintliga metoder studerats och jämförts med
utanpåliggande armering i form av kolfiber.

Det finns bra beräkningsmetoder för dimensionering av utanpåliggande ar-
mering när det gäller böjförstärkning. I denna uppsats härleds en dimensione-
ringsmodell för tvärkraftsförstärkning. Modellen jämförs med laboratorieförsök.
I försöken, vilka också presenteras, har olika brottmoder erhållits och analyserats.

Metoden har också studerats vid tillämpningar i fullskala i fält. Tre fallstudier
med olika anledning till förstärkning presenteras. I alla tre fallen har mätningar
utförts för att bekräfta förstärkningseffekten och för att öka förståelsen av för-
stärkningstekniken.

I slutet av uppsatsen presenteras slutsatser. De viktigaste slutsatsen är att me-
toden går att använda i fullskala och att den i vissa fall kan ersätta de så kallade
konventionella metoderna. Förslag på framtida forskning har också identifierats
och presenterats.

Nyckelord: betong, kolfiber, utanpåliggande armering, förstärkning, broar,
tvärkraft, böjning, fullskaleförsök, laboratorieförsök.
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Notations and Abbreviations

Explanations in the text of notations and abbreviations in direct conjunction to
their appearance have preference to what is treated here.

Roman upper case letters

A area [m2]
Af cross section area for composite [m2]
As cross section area for tensile steel reinforcement [m2]
A´s cross section area for compressive steel reinforcement [m2]
E modulus of elasticity [Pa]
Ec modulus of elasticity, concrete [Pa]
Ef modulus of elasticity, fibre [Pa]
Es modulus of elasticity, steel [Pa]
F force [N]
G shear modulus [Pa]
I moment of inertia [m4]
M bending moment [Nm]
P load [N]
V shear force [N]
Vf fibre volume fraction [--]
Wf fibre weight fraction [--]

Roman Lower Case Letters

b width [m]
bf width of composite laminate [m]
d effective depth [m]
ds effective depth to tensile reinforcement [m]

'
sd effective depth to compressive reinforcement [m]
fcc compressive strength, concrete [Pa]
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fy yield strength, steel reinforcement [Pa]
ffu tensile strength, carbon fibre [Pa]
h height [m]
s spacing [m]

ft thickness of composite [m]

x coordinate [m]
x inner lever [m]
y distance to neutral axis [m]

Greek Lower Case Letters

α crack inclination [rad]
β proportional factor for concrete [--]
β fibre direction in relation to the beams longitudinal axis [rad]
εc strain in concrete [--]
∆εc additional strain in concrete [--]
εc0 compressive strain in concrete due to e.g. dead load [--]
εf strain in fibre [--]
εfu ultimate strain in fibre [--]
εs tensile strain in reinforcement [--]
εs0 tensile strain in reinforcement due to e.g. dead load [--]
∆εs0 additional strain in reinforcement [--]

'
sε compressive strain in steel reinforcement [--]

εu0 strain in the bottom face due to e.g. dead load [--]
ν Poisson�s ratio [--]
ρm density of matrix [kg/m3]
ρf density of fibre [kg/m3]
σc normal stress in concrete [Pa]
σf tensile stress in carbon fibre [Pa]
σs tensile stress in steel reinforcement [Pa]

'
sσ compressive stress in steel reinforcement [Pa]

τ shear stress [Pa]
θ angle [rad]

Abbreviations and acronyms

FRP Fibre Reinforced Polymer
CFRP Carbon Fibre Reinforced Polymer
LVDT Linear Vertical Displacement Transducer
NSMR Near Surface Mounted Reinforcement
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1 Introduction

Once upon a time the first structure was built. It might have been made by
nature, an animal or by an early human being. Very most likely the structure
was destroyed, either by deterioration or some other reason. Many new
structures have since then been erected and most of them are no longer among
us. Also modern structures, like skyscrapers and bridges, are deteriorating.
Structures are costly to build and the construction period is often considered
disturbing for many people. Therefore it is of interest to have durable structures
with long lifetimes and with low costs for maintenance. One way to increase
both lifetime and durability is upgrading. Structures can be upgraded to meet
changed demands or to be restored to an original performance level. The
definition of performance level is here load carrying capacity, durability,
function and aesthetic appearance. The upgraded structures should also be
durable with economic lifetime and reliable performance. The materials and use
of materials in the society have always been objects for development. New
materials are now and then invented and developed, sometimes only for special
applications. The materials used in civil engineering are also objects for
development and improvement. Structures can now be built or strengthened
with materials that weren�t available at the time when many of the existing
structures were built. This is very much what this thesis is about, strengthening
and materials.

1.1 Background and identification of the problem

The society around us is changing as well as the demands on existing structures.
The transports have become heavier and more frequent during the last decades
and will probably continue in that direction. The vehicle speed has increased
which also gives higher load by dynamic effects. The knowledge in structural
behaviour has increased and sometimes led to increase in code loads. Structures
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are sometimes involved in accidents. Ships or trucks can collide with bridges
and structures can be damaged by vandalism. Sometimes structures are too weak
either due to incorrect design or faults during construction. In order to keep a
structure at the same performance level, it has to be maintained at predestined
time intervals. Absence of, or wrong, maintenance can reduce the function of a
structure. If the function of a structure becomes inadequate, for example by one
of the above reasons, it might be able to be kept in service with restrictions of
use. Otherwise, the structure has to be either repaired, replaced or strengthened.
Other reasons for repair or upgrading can be; widening of bridges, problems
initiated by temporary overload, and so on.

All of these aspects combined with the reasons mentioned above give a great
need for strengthening and retrofitting. The number of bridges in deficient
condition varies according to the literature. For the USA the number is roughly
about 40 % of nearly 600 000 bridges, Xanthakos (1996), Mallet (1994) and
Norris et al (1997). For the rest of the world the situation is more or less the
same. Put in economic terms, the magnitude of our infrastructure need is
enormous. Worldwide about 10 % of GDP derives from infrastructure
construction. In US alone, there are approximately $ 17 trillion of
infrastructures in place, Li (1998). In every case it should be determined
whether it is more economical to strengthen the existing structure or to replace
it. With environmental and economical aspects in mind it is untenably to
replace all structures. In many cases is it better to take action to the existing
structure instead of erecting a new one. Existing structures have an intended
lifetime and are supposed to fulfil a certain function during its lifetime.
Strengthening can make it possible to prolong this period. Instead of replacing a
structure, the lifetime should be extended as far as possible. The optimum
action to take can be an administrative upgrading where refined calculation
methods are used in connection with exact material parameters to show that the
existing structure has a higher load-carrying capacity than what has earlier been
assumed. This can in some cases be used to still show that the structure can fulfil
new demands.

As been shown there is a need all over the world to strengthen existing
building structures. There exist many methods to do so, for example concrete
castings, shotcrete, post-tension cables and so on. These methods have been
proven to work well in many situations. However, they can, in some cases have
drawbacks that make the method either too expensive to use or not as effective
as wanted with time and structural behaviour in mind. Due to the different
advantages and drawbacks of the methods, designers must closely evaluate all of
the alternatives including the possibility that upgrading may not be the best
choice and replacement is the alternative. During the last five years, it has
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become more and more customary to strengthen concrete structures by
bonding advanced composite materials to their surfaces. The most common
material to use is carbon fibre fabrics or laminates. In the future it will probably
be even more common with strengthening as new methods are developing and
as the knowledge on environmental aspects and life cycle cost are increasing.

1.2 Aims

The overarching aim with the present thesis is to clarify the possibilities and
drawbacks of using composite materials for the purpose of strengthening
concrete structures. This general goal is divided into four more distinct aims.

• Firstly, the thesis aims to investigate what strengthening methods that do
exist for structural strengthening. This is done by a literature review.

• Secondly, the thesis aims to give an idea towards design of strengthening
with composites for increased shear bearing capacity.

• Thirdly, the thesis aims to study full-scale applications in field. This cover
application technique, strengthening effect and durability of the
strengthening.

• Finally, the thesis aims to find and distinguish valuable subjects for further
research.

1.3 Limitations

All structures deteriorate, regardless of material, and might need strengthening
due to increased load for instance. In this thesis, only strengthening of concrete
structures is studied. Except for the literature review, the thesis only studies the
method of Plate Bonding.

1.4 Content

In order to get an overview of this thesis the chapters are listed below with a
short description of the content.

In Chapter 2, a literature survey of existing strengthening methods is
reported. Increased cross-section, post-tensioning and plate bonding are studied.
To each and every method examples of undertaken projects are described.

In Chapter 3, fibre reinforced polymers, FRP are presented. The most
common FRPs are studied but the focus is set on carbon fibre reinforced
polymers. This chapter also includes theories for mechanical properties of
anisotropic materials.
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In Chapter 4, existing theories for shear are reviewed. A model for
calculation of the contribution to the shear capacity is derived. The chapter also
includes work that has been done by others in the area of strengthening with
externally bonded carbon fibres for increased shear capacity.

In Chapter 5, laboratory tests and results are reported. Beams have been
strengthened for increased shear capacity and tested to failure. Different failure
modes as, fibre fracture, debonding and local concrete crushing occurred.

In Chapter 6, undertaken projects and full-scale tests are reported. The
projects describe three different reasons for strengthening.

In Chapter 7, conclusions are drawn. Research subjects for externally
bonding of carbon fibres are also presented in this chapter.
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2 Literature review of strengthening methods

2.1 General
There have been techniques for strengthening almost as long as structures have
existed. At ancient times when there was very limited structural knowledge
structures were strengthened by insertion of extra members, supports or
increased dimensions, methods that still are used today. As building knowledge
has advanced, Figure 2.1, the strengthening techniques have become more
sophisticated, (Carolin 1999).

Figure 2.1: Galileo�s illustration of bending test, Timoshenko (1953)
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It is important to stress that it is often more complicated to strengthen a
structure than erecting a new one. Concerns must be taken to existing materials,
often in deteriorated condition, loads during strengthening and to existing
geometry. In some cases it can also be difficult to reach the areas that need to be
strengthened. Further, the existing documentation of the structure is often very
poor and sometimes even wrong. Furthermore, when strengthening is going to
be undertaken all failure modes must be evaluated. For example can a flexure
strengthening lead to a shear failure instead of giving the desired bearing
capacity, Sharif (1994). It should also be noted that not only the failure mode of
the strengthened member is important. If a critical member in a structure is
strengthened, another member can become the critical one and the whole
structure must therefore be investigated.

Many structures have, for instance, to withstand heavy loads and de-icing
salts as well as large and many changes in humidity and temperature over a long
time. These demands must be kept in mind when the structure is upgraded.
The strengthening should be designed with consideration to minimise the
maintenance and repair needs. Due to the different advantages and drawbacks of
existing methods, designers must closely evaluate all of the alternatives including
the possibility that strengthening may not be the best choice. Finally, it is not
only the economical and structural aspects that should form the basis for
decisions of strengthening and choice of strengthening method, but
environmental and aesthetic aspects must also be considered, Carolin (1999).
Another subject that must be considered when a strengthening of a structure is
designed is the consequences from loss of strengthening effectiveness by fire,
vandalism, collision etc. Chaallal et al (1998b) suggest criterions to be fulfilled
for plate bonding with FRP, but the method can also be used for other
strengthening methods.

2.1.1 Ductility
A concrete structure without any form of reinforcement will crack and fail with
a relatively small load. In most case�s failure occur suddenly and in a brittle
manner. On the contrary a heavily reinforced structure could also fail in a brittle
manner. Ductility can be defined as the capability of a structure to deform while
still carrying load even when the maximum bearing capacity is exceeded. It is
important to distinguish between material ductility and structural ductility,
Gabrielsson (1999). Steel bars with short anchorage can be an example of brittle
failures even though steel is considered to be a ductile material. A linear elastic
material such as fibre reinforced polymers can on the other hand give a structure
a ductile behaviour. For instance, if a structure is strengthened in shear the
failure can change from brittle shear failure to a more ductile flexure failure,
Collins and Roper (1990).



2. Literature review of strengthening methods

7

For an upgraded structure the ductility depends on:

• Ductility of the original structure

• Condition of the original structure (durability, deterioration etc)

• Choice of strengthening method and strengthening materials

• Amount of strengthening

• Design of strengthening

• Quality of the work

2.2 Before strengthening
Repair and upgrading of concrete structures can be warranted by calculations or
by cracks found during inspection. Before any actions are taken it is necessary to
study the structure thoroughly. The extent of damages and the reasons for them
must be investigated and analysed, Bro 94:7 (1994). This is done by inspection.
The aim of the inspection is to establish if the structure needs to be
strengthened or repaired. It should also in give answers to what have caused the
problems. Approaches for inspection are presented in Vägverket (1994), Fleuriot
(1996) and Raina (1994). Bro 94:7 (1994) include some demands for bridges
and criteria of damages. Further Xanthakos (1995) gives a good procedure for
detecting defects and deterioration mainly regarding substructures but the
method can be applied to other structures as well.

The next step is to investigate the structure to see whether it is suitable for
strengthening. If so, the strengthening work begins with dimensioning of the
strengthening system chosen. Any problems with corrosion of the existing steel
reinforcement must be identified and taken care of. Otherwise are the
strengthening system and the future security of the structure jeopardised by
continued corrosion.

When a structure is going to be strengthened and the cause of eventual
cracks are elucidated then, depending on the chosen strengthening technique,
the cracks might need to be repaired. The cracks can be dormant, caused by a
temporary overload and then they only need to be repaired and the
strengthening is done. If strengthening of the structure is needed, it can be wise
to repair the crack to prevent deterioration of the structure and the
strengthening system. A live crack in a strengthened structure can become
dormant and can in those cases be repaired as a dormant crack. Repair of cracks
can be done by an injection method or by post tensioning of bars across the
crack. When using post-tensioning as a strengthening method the prestressing
force can close the cracks if they aren�t filled with detritus.
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A crack might need to be taken care of before strengthening. Injection can,
depending on the width and depth of the crack be done with epoxy resin or
cement grout. Cracks as narrow as 0.05 mm can be bonded by epoxy injection.
If it is only a few localised cracks then the cracks can be injected by placing
nipples along each crack. The resin will then be pumped into the crack via the
nipples. To be sure to fill the entire crack detritus needs to be removed. If the
cracks are formed in a pattern or consist of a large number of cracks in a limited
area then it can be more effective to use a vacuum process. Cracks over 1 mm
can be injected with cement grout. With increasing crack size grout becomes
more economical than epoxy. Resin injection can restore a structure to its
original design capability and prevent further downgrading of the structure. A
more comprehensive description of different injection techniques can be found
in Raina (1994).

Collins and Roper (1990) tested resin injection as a strengthening method of
concrete members. They tested twelve beams with size 75 mm x 150 mm x
1800 mm in three-point bending. Eleven beams were strengthened with resin
injection and one beam acted as a control beam. The beams were loaded until a
shear crack arose. Clamping temporarily strengthened the cracked shear span
and the loading continued until the other shear span cracked. The beams were
unloaded to different levels and injected. After the repairs became effective the
beams were loaded until failure. The tests showed that the stiffness and bearing
capacity could be restored by resin injection.

2.3 Strengthening methods
Concrete is a building material with high compressive strength and poor tensile
strength. A structure without any form of reinforcement will crack and fail at a
relatively small load. Concrete�s compressive strength increases in most cases
over time due to maturing, Rådman (1998) and Thun (2001). Unfortunately,
the tensile strength does not increase in the same way over time. This means
that concrete structures load bearing capacity are often limited by the amount of
reinforcement. Today it exists many methods for strengthen a concrete
structure, for example; hand applied repairs with concrete mortar, shot
concrete, injection techniques, different kind of concrete castings etc., Carolin
(1999). Another method that sometimes has been used for strengthening
purposes is post-tensioned cables placed on the outside of the structure. A more
novel technique is Plate Bonding. The methods for strengthening are in many
cases the same whether it is for restoration to an old level or upgrading. There is
no need to make a difference between restoration and betterment especially
since in many cases there is a combination that is needed. The different
strengthening methods that can be used are related to each other and it is not
always possibly to distinguish them clearly. In this thesis the methods are
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divided into a few categories but the methods could belong to more then one
depending on ones point of view.

In the literature, Xanthakos (1996), Mallet (1994), Raina (1994)and Allen et
al (1993), several concrete repair and strengthening methods are presented.
They are described theoretically, with instructions on how to use, and with
many examples of undertaken projects. However, many of the presented
techniques do not have the purpose of structural strengthening. They intend,
instead, to prevent corrosion of reinforcement, stop leakage etc, and are
therefore not reported herein. These kinds of problems must also be kept in
mind when a structure is in need of strengthening and the method is chosen.
When a bridge is going to be strengthened it is important to do a close scrutiny
to be able to pick the right method with regard of economical, structural and
durability aspects.

In Mallet (1994) and Raina (1994) there are several examples of bridges
with problems and how the problems can be solved. Since these books are some
years old they do not consider the latest techniques for example externally
bonded carbon fibre products. External bonding with carbon fibre products can
instead be found in several proceedings from recent conferences, for example
Mihashi and Rokugo (1998) Dhir and Jones (1996), Nordic Concrete Research
(1999) and Forde (1999).

2.3.1 Plate Bonding
For concrete structures, it is often the amount of reinforcement that determines
the load bearing capacity. This, because the fact that concrete has a relatively
low tensile strength. In Plate Bonding a material with high tensile strength and
relative high stiffness is bonded to the tension side of an element to serve as an
extra reinforcement. The method is also very effective in increasing shear
capacity of structural members Shehata et al (1996) and Täljsten (1996, 1997,
1998). In those cases the bonded plates become external stirrups. The new
material carries a part of the tensile forces in the cross-section. Nowadays, the
bonded plate is mostly a sheet or laminate of fibre reinforced polymer but, as
the name tells, that has not always been the case. Plate Bonding started in the
mid 70-ties with steel plates, Täljsten (1994). The method has it origin in
France, where L´Hermite (1967), and Bresson (1971), carried out tests on
strengthen concrete beams. There is also reported the use of this strengthening
method in South Africa, Dussek (1974). Nevertheless, the method has been
used all over the world since then; Israel; Lerchental (1967), Switzerland;
Ladner and Flueler (1974), Japan; Raithby (1980), United Kingdom; Swamy
and Jones (1980), Australia; Palmer (1979), Sweden; Täljsten (1990), Poland;
Jasienko and Leszczynski (1990) and the United States; Klaiber et. al. (1987) and
Iyer et. al. (1989). Even if this method with steel plates technically performs
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quite well it has some drawbacks. One is that the steel plates sometimes are
quite heavy to mount at the work site. If the bonding is done upside down it is
necessary with external pressure during the curing of the adhesive. Another
drawback is the risk of corrosion of the bonded steel surface. A third is that steel
plates might need lengthening by joints due to limited transportation length.
Further can it be difficult to apply steel plates to curved surfaces. These are some
of the reasons why steel in most cases has been driven out of competition by
fibre reinforced polymers, FRP. Fibre reinforced polymers are also commonly
referred to as advanced composites and they have high strength and stiffness to
weight ratio. Although the weight aspect is not as critical in bridges as it is in
other industries, weight reduction is a benefit during the work at a construction
site, Xanthakos (1996). Low weight makes it easier to handle the material on
the site and it doesn�t change the frequency of the original structure. The fibres
can be carbon, aramid or glass but it is carbon fibres that have the most suitable
qualities. The polymer can also be of different types but for civil engineering
applications is it most convenient to use epoxy. Carbon fibre reinforced
polymers, CFRPs, show excellent fatigue behaviour, corrosion resistance and
are not magnetic. CFRPs have high stiffness and strength in relation to weight.
In addition, composites are formable and can be shaped to any desired form and
surface texture. FRP�s are further described in Chapter 3 and in detail in
Agarwal and Broutman (1990). The method has been further developed so now
the �plate� can also be a sheet of fabric that is bonded to the concrete and
embedded with the resin so that the composite is built up on the structure, see
Figure 2.2. This is called hand lay-up. When plates of composites are used, they
are normally referred to as laminates, see Figure 2.3.

During the last three decades plate bonding has developed into an accepted
method all over the world, Täljsten (1994, 2000b), Gemert (1996), Okorowski
et al (1996), Burgoyne (1999), Carolin (1999), Erki (1999), Fukuyama (1999),
Karbhari and Seible (1999), and Meier (1999). The method of strengthening by
use of carbon fibres is described by Lane et al (1998), as a groundbreaking
structural repair technique. International conferences, Mihashi and Rokugo
(1998) and Dhir and Jones (1996), show that external bonding with advanced
composites is a fast growing method. The high number of undertaken projects
confirms that the method is here to stay. Alexander and Cheng (1996) conclude
that the method is very competitive; both from a practical and economical point
of view and that the cost for the method will probably decrease further as the
method becomes more common and the knowledge increases.
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Figure 2.2: Hand lay-up. The light colour shows
a paper that makes handling easier , Täljsten
and Carolin (1999)

Figure 2.3: Bonding of
laminate

Before a structure is to be strengthened there are certain steps that must be
undertaken. If the inner reinforcement has extensive corrosion or if chlorides
heavily contaminate the concrete, the corroded bars and the concrete should be
removed and replaced. Cavities should be levelled out with mortar or putty. To
ensure good anchorage of the composite, the concrete laitance must be
removed to uncover the aggregates. Irregularities, from formwork for example,
should also be removed. A belt sander, rotating grinder, sand blaster or water jet
can prepare the surface. Then all dust and debris is cleaned away with a vacuum
cleaner, compressed air or a combination thereof. When the surface is prepared
the strengthening system is applied. If the composite is built up on the structure,
hand lay-up, then the concrete can be treated with a primer. The purpose with
the primer is twofold. The primer enhances the bond for the adhesive and also
prevents the epoxy from being absorbed by the concrete instead of wetting the
fibres. The primer is diffusion open and can be applied to damp surfaces. The
primer is not used by all hand lay-up systems and the recommendations from
the manufacturer of each system should always be followed. If laminates are
used, they are bonded to the surface with an adhesive with higher viscosity and
therefor is the primer treatment not needed. If bigger irregularities exist should
these be levelled out before the strengthening starts. In the next step, the
composite is applied in one or many layers to build up the desired thickness.

In hand lay-up the strengthening work starts with applying adhesive to the
prepared surface with a roller. Then the composite material is put in place.
Applying another layer of adhesive follows this step. A roller that also is used to
get the voids out of the resin straightens the fibres and the strengthening is
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finished after the resin has cured. If necessary a finishing layer, for example
paint, can be used to protect or to increase the aesthete properties of the
strengthened structure. The paint mainly protects the matrix of the composite
from being deteriorated by UV-radiation.

Täljsten and Elfgren (2000) have investigated different application methods
for strengthening with carbon fibre sheets. They tested two hand lay-up
systems, one pre-preg system and one system with vacuum-injection. Pre-preg
systems are systems where the composite is impregnated with the adhesive but
kept under conditions, i.e. low temperature, that prevents it from curing. When
the system is applied to a structure it is put under vacuum and heat so that the
curing starts and the composite obtains a good bond to the surface. By vacuum-
injection the fibres are placed on the structure with a bag covering the
strengthening area. The resin is then forced by vacuum to infiltrate the
composite from one end to the other by holes in the bag where the resin and
the vacuum pump are connected. Täljsten and Elfgren (2000) found that the
easiest way to apply the fibres was the hand lay-up method. This technique gave
the lowest fibre content in the composite but this can be taken care of in the
design. The most environmentally friendly method is the system with the
vacuum injection.

In addition to the described methods, advanced composites can be used for
strengthening by confinement, which will be briefly described. Confining of
columns can be done by use of pre-fabricated composite shells or by fibre
winding. Fibre winding can be done with a dry or wet system. Column
wrapping has been extensively used, especially in earthquake regions, Seible et
al (1997). When pre-fabricated shells are used these are designed for a typical
structure such as columns. The composite action is achieved with a medium
viscosity adhesive. For the wet- and dry-winding methods a robot is used. In
case of dry winding the fibre is pre-impregnated with a resin, a filament of fibres
are winded round a column and the curing process is taken care of by an outer
heat source, for example an transportable oven. For wet winding also a robot is
used, however the filament passes a resin bath before it is winded around the
column.

The plates will carry high loads; therefore it is important that a good bond
between the plate and the concrete is created. It is also important that the
concrete has a certain tensile strength to be able to transfer the shear stresses in
the bond region. The needed tensile strength depends on place of anchorage,
material properties of the plate and the adhesive. Many, like Täljsten (1994),
Garden et al (1998) and Khalifa et al (1999) have studied anchorage and
transferring length. Considerations must also be given to peeling and
delamination. Täljsten (1994) found that there exists a critical maximum length
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of anchorage. If the forces in the plate are high and they can�t be transferred on
this critical length then mechanical anchorage is needed. A disadvantage with
the method is that the added reinforcement is unprotected since it is placed on
the surface of the structure. Furthermore, designers and contractors have limited
experience in this method. The composites are sensitive to elevated
temperatures and need in some cases, depending on structure type and
strengthening reason, to be protected from fire loads.

Most of the research and therefore also most of the undertaken projects have
been done with flexural strengthening, see Figure 2.4 and column wrapping.
Flexural strengthening is well reported in the literature, see for example Täljsten
and Carolin, (1999). Design equations for strengthening in bending together
with calculation examples can be found in Täljsten (2000a). Leung (1998) and
Buyukozturk et al (1998) have studied bonded plates with use of fracture
mechanics. Confining of Columns have been studied by Karbhari and Seible
(1999).

Figure 2.4: Flexure strengthening with SIKA laminates of a ceiling.
Photo: Anders Carolin

For shear, the FRP plate can be bonded to the web of the beam throughout
its entire length, or it can be bonded to the areas where the highest shear is
expected, Malek and Saadatmanesh (1998a). Since fibre composites are
anisotropic the effectiveness of the plate primarily depends on the orientation of
the fibres, and the effectiveness will be different if the beam was cracked or not
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prior to strengthening. Also, the inclination of a crack will be different if it arises
before or after the fibres are applied, Malek and Saadatmanesh (1998a).

Advantages and Disadvantages

Advantages

• The method can in some cases be used without any restrictions of the traffic
on the bridge, Täljsten and Carolin (1999).

• The method has excellent fatigue properties, Mattsson (1999).
• A low weight of the fibres makes it easy to handle without lifting equipment

at the site
• No changes of cross-section or free height.
• Quick to apply.

Disadvantages

• Without protection is the reinforcement fire- and impact-sensitive.
• Design consultants, contractors and clients have limited experience.

Laboratory tests and Examples
From recent years, many examples of this strengthening technique can be
found. The first application of strengthening with carbon fibre sheets in
Scandinavia was upgrading of a chimney in 1996. The same year were 18
concrete columns on a bridge outside Sundsvall strengthened, Aboudrar and
Johansson (1998). The bridge was built in 1939 and the columns had a shortage
of stirrups. The repair work started with rebuilding of the concrete cover of the
column, which had spalled of due to corrosion of the reinforcement. Figure 2.5
shows the deteriorated column and the final result.

Many concrete columns have been retrofitted in the USA and Japan, Horii
et al (1998), Karbahari (1996) and Katsumata et al (1998). The columns are
often strengthened in order to withstand higher earthquake loads.

It is important to have the fibres anchored in the tension and compression
zone. Even though the �transfer length� is small for composites bonded to
concrete with epoxy, the anchoring is often the problem especially for T-
beams. How this can be done is shown in Figure 2.6 where the work of shear
strengthening of a T-beam is portrayed. The example shows how sheets can be
bundled and taken through holes to be able to get good confinement and
anchorage around the compression zone.
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Figure 2.5: Columns strengthened with CFRP to the left and one column with
uncovered corroded steel reinforcement to the right, Photo: Skanska AB,
Sweden.

Fibers spread 
for anchorage

Rounded corners

Drilled holes with 
fibers in bundles

Carbon fibers

Figure 2.6: Strengthening of T-beams with CFRP sheets. Holes are made in the
slab to wrap the beam with the fibres. Job partially finished. Photo:
Skanska AB, Sweden.

The Swedish Road Administration has undertaken a pilot project under
1998. A small frame bridge from the 40-ties over Marens outlet outside Kalmar
has been strengthened. Approximately 320 m of carbon fibre sheets with the
width 0.3 m were used.

Other structures that recently have been strengthened by bonding of carbon
fibres in Sweden are silos, two crane beams in Hojum, several systems of joists
in Stockholm, and a railroad bridge in Luleå.

Bonding of carbon fibre has strengthened a bridge in Devonshire, Lane et al
(1998). The bridge needed strengthening because of some damaged prestressing
tendons and the new higher European design loads. The bridge were
strengthened in one day and remained fully open during the work.
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In Germany near Dresden, three 70-year-old frame bridges were
strengthened by use of CFRP-plates, Neubauer and Rostásy (1997b). Before
strengthening the bridges were deteriorated and had load restrictions. CRFP
was chosen from the owner because of corrosion resistance and long-term
durability.

The Ibach Bridge in Switzerland was built in 1969. During drilling for
installation of new traffic lights in 1991, a number of prestressed tendons were
damaged. Before the bridge was strengthened the allowed maximum load was
decreased, Meier (1994) and Meier et al (1993). The work was undertaken at
night since it was preferred to minimise disturbance on the traffic.

An impact from a truck damaged the outer girder of a bridge on the
Southbound Interstate 95 highway in West Palm Beach, Florida. The truck
caused a longitudinal twist in the concrete beam. The owners considered that
except for replacement the only alternative was strengthening with carbon fibre
due to the twisted shape of the beam. Replacement was not an acceptable
alternative since it had required closing of one lane of the bridge at least a
month, Busel (1995). Therefore carbon fibre was used and the work was
undertaken in three five hour long night shifts.

The deck of Hiyoshikura Bridge in Japan was strengthened 1994 because of
demands for higher design loads. Measurements that were undertaken showed
that the stresses in the old steel reinforcement decreased with 30�40 % after
strengthening, Aboudrar and Johansson (1998). In Japan have also many
chimneys, Kobatake et al (1993), and bridges, Busel (1995), been retrofitted
with CFRP.

2.3.2 Adding material
This is the oldest technique for strengthening and the principle works for almost
every material. The method has been used for almost just as long as structures
have been built. By adding extra material to critical parts of the structure, the
cross-sectional areas are increased as well as the moments of inertia. The added
material should be designed to fit the requirements of the improved structure.
The technique is often used to strengthen chosen parts of a structure but can
also be used to unload old parts of the structure by adding new elements. This
technique also includes insertion of extra beams and elements. Bonding
prefabricated panels to the structure with an epoxy resin, Matsushima et al
(1998), can give increased capacity in compression. This can give a load-bearing
capacity for new beams to a level as high as newly constructed beams of the
same depth as the strengthened one.

If the problem is lack of reinforcement it is natural to solve this by adding
new bars or stirrups on the outside of the structure, see Figure 2.7. To transfer
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forces into the new steel and to give protection for corrosion, the new
reinforcement is covered with concrete. The development length for steel bars
embedded in concrete is quite long and mechanical anchorage by bending of
the steel bars is necessary. It can be difficult to ensure good bond between the
old and the new concrete. In some cases the strengthening system is designed to
carry the loads itself and the old concrete will serve more as formwork or extra
safety against failure. This �extra� safety must be thoroughly studied because the
ductility can be dramatically changed for the new structure. If the new and old
concrete will be used with composite action then it must be fully understood
where the limits are for the strength and strain for the bond surface between the
two materials.

Before the new cross-section can built, poor or chlorine affected concrete
must be removed. Concrete can be removed by chipping, blasting, milling and
grinding, Raina (1994) and Al-Aieshy (1997). If the reinforcement have started
to corrode it must be taken care of. After that, the additional reinforcement can
be placed. If the strengthened structure is a T-beam, holes need to be made in
the slab to anchor the stirrups in the compression zone shown in Figure 2.7.

Grout /shotcrete
Existing beam

New stirrup

Locally removed  
concrete and filled 
with grout

Figure 2.7: Typical cross-section of a strengthened beam, after Raina (1994)

Then the cross-section should be restored and the concrete cover for the
new reinforcement built up. For the cover and rebuilding of the cross-section,
ordinary concrete or shotcrete can be used see e.g. Figure 2.8.

Demands on the new concrete are high and some suggestions together with
a description of shotcrete can be found in Raina (1994). The most advantageous
feature with shotcrete is that it can be applied to big areas in a short time.
Because the skill of the nozzleman is all-important it is recommended to use
experienced specialist contractors, Mallet (1994).
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Figure 2.8: Bridge strengthening with supplementing reinforcement covered by
shotcrete, Raina (1994)

By choosing this strengthening method several concerns arise. By adding
material to the structure the dead weight of the structure is increased with
change of natural frequency as a consequence. There can be uncertainties about
the bond between the old concrete and the new concrete, Wittman (1998),
Kono et al (1998), Lim and Li (1998) and Li (1998). Granju (1998) has studied
debonding and peeling and found that the tensile stresses perpendicular to the
interface are critical in contrast to shear stresses for bonded plates. With
temperatures due to hydration of cement and shrinkage in combination with
restraint from the old concrete, cracks can arise in the new concrete, Nilsson
(1995), Decter et al (1996) and Kunieda (1998). Dristos (1996) has found that
the behaviour of a beam strengthened by using a non-shrinking grout can be
better predicted than a beam where conventional concrete is used. Özturan and
Cecen (1996) have studied some aspects on freeze and thaw. The effects of load
during strengthening and hardening of the concrete must be investigated
because of the long hardening time. An advantage with the method is that the
used materials are well known. The upper side of bridge decks is quite easy to
repair by this method since form works only need to be built along the edges of
the cast area.

The mortars can also contain fibres of steel or polymer materials. By adding
fibres to the concrete several positive qualities can be achieved, Al-Aieshy
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(1997). The fibres give functions as stretchability, crack control and increased
tensile strength, Betonghandboken (1992). Norberg (1990) presents test on T-
beams strengthened with steel fibre reinforced shotcrete.

Advantages and Disadvantages

Advantages

• This method is cheap for large horizontal upper areas.
• The used material and method is quite similar to current execution of normal

concrete works.

Disadvantages

• Require careful execution with vibration of concrete and applying of
shotcrete.

• The work is time consuming, Al-Aieshy (1997).
• Changes of cross-section influence the aesthetic appearance. The surface will

be different, especially when shotcrete is used.
• The increase in dimensions and the weight of the retrofitted part are not

negligible.
• Change of the natural frequency of the bridge, Kobatake et al (1993).
• Restricted traffic load at the time for concrete hardening.
• Heavy and large amount of material is used.

Executed Projects
The Tam-Shui River Bridge in Taiwan was built in 1975 and was strengthened
in 1996 due to heavier traffic loads, Lu and Wu (1996). The bridge was
strengthened by insertion of two posttensioned diaphragms in the bridge cross
direction and with a casting of 7 cm steel fibre reinforcement concrete on the
top-slab. The new concrete layer covered some new steel bars and was
anchored with dowels.

South Muskoka River Bridge, a two-span deck type steel bridge, was
strengthened by insertion of a new truss beam besides the two old ones, Farago
(1990). This method was selected on preliminary cost-estimation in comparison
with prestressing and replacement of the bridge. In hindsight, perhaps the
bridge should have been replaced considering the long time for the project
when the traffic had to detour.

An old arch bridge in Burton, UK required strengthening to meet the new
Euro vehicle weight limit of 40 tonnes, Fellows (1998). A reinforcement grid of
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high-tensile steel bars were mounted underneath the arches and then covered
with 8 � 9 cm of shotcrete. The mortar used was a single-component polymer
modified designed for dry spraying. The reinforcement grid was anchored with
dowels.

The columns of Öland Bridge have been strengthened with a surround
casting with thickness of approximately 45 cm that alone will carry the loads,
Nilsson (1995). A lot of effort where invested to make the new construction
free from cracks. This means slipping interfaces and cooling of the young
concrete. Figure 2.9 shows a model of how the work was undertaken.

Figure 2.9 Strengthening of the columns of Ölands Bridge was done under dry
conditions inside a caisson, Nilsson (1995).

Other structures that have successfully been strengthened with fibre
reinforced shotcrete are for example a lighthouse and a chimney (Sweden), a
stormwater drain (Australia) and some marine structures (Canada), Balaguru and
Shah (1992).
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2.3.3 Post-tensioning
In many cases concrete improve its compressive strength over time. Sometimes
it can be used to raise the allowable loads. Unfortunately the tension capacity
doesn�t follow the same �maturing� process, Rådman (1998). Instead, the
tension capacity tends to be almost constant and the steel tension reinforcement
can deteriorate, e.g. corrode. This makes post-tensioning a suitable candidate for
strengthening. In bending the method works in the same way as prestressed or
post-tensioned concrete except that the tensioning is done afterwards when it is
time to strengthen the structure. Prestressing and post-tensioning are outlined in
Collins and Mitchell (1997). Strengthening of prestressed concrete beams by
external post-tensioning is presented in Ionel (1996). Former, tendons consisted
of steel or steel wires but advanced composites as carbon fibres can also be used
for this purpose, Nakai et al (1994) and Meier et al (1993), Leeming (1997) and
Ando et al (1998). Post tensioning can increase bending capacity, Mallet (1994),
and shear capacity, Shehata et al (1996). Post-tensioning with longitudinal
strands, i.e. flexural strengthening, increases the shear bearing capacity of a beam
by changing the stress and strain situations. The shear crack inclination angle
will be smaller for a post-tensioned member, Rahal (2000a). If the tendons are
inclined towards the supports, then it will work as direct shear reinforcement.
Post tensioning for shear strengthening is most effective if the strands are placed
perpendicular to the direction of the biggest principle strain. In many cases is it
most practical to mount the strands for shear reinforcement in the vertical
direction. The prestressed tendons can be placed externally or internally in
drilled holes, see Figure 2.10.

Box Beam

Internal

External

Figure 2.10: Inserted and prestressed reinforcement, after Xanthakos (1996)

For all techniques of post-tensioning the tension forces must be transferred
into the concrete. This can be done over the whole length, at the end of the
strands, or a combination thereof. The high transferring forces must be
considered and securely anchored. Anchoring with split cone wedges at the
ends can give splitting forces and different techniques can show other problems.
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Sometimes it is necessary to cast anchorage blocks and diaphragms for the
tendons. Those blocks can be quite big and sometimes problematic to make
because of limited space. When the work with the anchorage arrangement is
done the tensioning work starts. The strands are prestressed with hydraulic jacks
and then anchored in place. When the anchorage is effective the jacks are
released and the strengthening is complete.

The method is limited by the compressive strength of the concrete. If the
tendons have a lever arm to the neutral axis and they are stressed too much they
can give flexure cracks in concrete due to induced moments. One important
consideration is to prevent corrosion on the new strands. Many examples of
strengthened structures showing problems with corrosion on the new strands
can be found in Mallet (1994). Another consideration concerns indeterminate
structures in which the effects of secondary moments and induced reactions due
to post-tensioning can give problems, Collins and Roper (1990). The work
needs to be done by skilled workers to ensure quality and to prevent damaging
of the structure. Post-tensioning with external cables means that the cables are
unprotected from vandalism and accidents like vehicle impact on a bridge. On
the other hand, internal post-tensioning in new holes weakens the structure
locally when the hole is made. If the tendons are made of steel then they are
corrosion sensitive. If the tendons are made of carbon fibres then there is a
problem with the anchorage.

The advantage of this method is that the post tensioning can be a fast
procedure with only small interruptions in the traffic and that there exists
methods for quality assurance. The method is also very good on structures with
high dead load present during strengthening.

A variant of post tensioning for increased bearing capacity can be called
clamping. Bolts and plates are used to form a shear reinforcement that clamps
the beam, see Figure 2.11. The bolts are prestressed from tightening of the nuts.

Bolts

Figure 2.11: Clamping around the beam and on three sides, after Xanthakos (1996).
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Advantages and Disadvantages

Advantages

• Well-known and tested method.
• Calculation models exist.
• Can be used with only small restrictions of the traffic.
• Effective for structures subjected to high dead load during strengthening.

Disadvantages

• Special devises for prestressing are required.
• Steel tendons are corrosion sensitive.
• Sensitive for impact when externally mounted.
• Need very stiff and powerful anchorage.
• Induce moments that can make strengthening of other parts necessary.

Laboratory tests and Examples
Collins and Roper (1990) did a small investigation of post tensioning as vertical
reinforcement. They tested 1800 mm beams, insufficient in shear, in four point
bending. They strengthened the beams by drilling holes vertically into the shear
span, inserted bars, pre-tensioned them and then anchored with split cone
wedges to a steel plate. The failure mode changed from shear to flexure. The
beams were preloaded before strengthening until a crack arose. The post-
tensioning also reduced the crack width.

Kondo et al (1994) tested four T-beams with a 2.7 m span that were post
tensioned with inclined strands towards the supports. One of the beams was
pre-cracked before strengthening. The ultimate shear capacity increased by
13 % and the shear-cracking load was increased by 68 %.

Pang et al (1996) tested 18 prestressed and non-prestressed beams to failure.
They strengthened the beams with clamping and then retested them to failure.
They found that the strength can be fully restored to the original design but the
stiffness of the strengthened beam was about 85 % of the original beam. In the
beams where compressive failure occurred in the concrete struts it wasn�t
possible to restore the capacity.

In Nottingham a concrete box girder bridge has been strengthened with
external prestress during 24 weeks in 1997, Driver and Haynes (1998). The
bridge needed strengthening for bearing of the support moments. Roughly 1 m3

of concrete were used for each anchorage block. Traffic ran on the bridge deck
continually throughout the project.
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A bridge Southwest of London, the A3/A31 flyover, was built with post-
tensioning between 1973 and 1976. The bridge showed in 1978 growing cracks
and therefore a need for strengthening. The bridge was externally re-post-
tensioned and showed problems again in 1994, Robson et al (1997). This time
it was found that two strands had completely failed and there were a lot of wire
failures in many other strands. The failures were due to corrosion and traffic
restrictions were taken. In the 1996 the bridge were strengthened by
replacement of the tendons during use of temporary prestressing devices.

Burlington Skyway bridge, a steel truss bridge located in Canada, needed to
be strengthened due to an increased number of lanes and heavier design loads.
The bridge was strengthened in 1990 by external post tensioning using
Dywidag bars, Farago (1990). The method was chosen after investigation of
prestressing, individual replacements, addition of new elements and replacement
of whole beams. Some vertical and diagonal members were also strengthened
due to local prestress forces from the strengthening system.

A bridge over Mosel in Germany was built in 1963. At the beginning of the
1980s, the bridge showed a heavily corrosion of an anchorage link and
deflection of the hinge at centre of the main span. The bridge was repaired in
1986 by supplementary prestress, closing of the hinge and removal of the
defected anchorage, Mallet (1994).

Hythe Bridge was constructed 1874. The decks comprise 8 inverted tee
section cast iron beams. Three of the beams were found badly cracked. 1998 it
was decided to strengthen the bridge. The cracks were first stitched together by
the �Metalock� system and additional plating was then applied to do local
strengthening. Prestressed carbon fibre laminates were used to strengthen the
beam globally, Darby et al (1999).

For further examples of strengthening by post-tensioning see Slater (1997),
Klaiber et al (1990), Fuzier (1990) Mallet (1994) and Bennet (1999).

2.3.4 Other methods
Insertion of extra stirrups
One technique for shear strengthening of concrete is to drill holes, fill them
with adhesive and then insert reinforcement rods, see Figure 2.12. The
technique can also involve prestressing of the rods. This method is probably the
only method for shear strengthening of slabs. An advantage for the method is
that the concrete protects the reinforcement. A disadvantage is that the method
can weaken the structure when the holes are drilled especially if the drilling
damages the existing steel reinforcement. Another problem is that it is difficult
to check that there are no voids in the bonding layer. The length and size of the
holes are limited by available drilling equipment. The rods can be made of steel
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or carbon fibres. Hassanzadeh and Sundqvist (1999) have used the method for
shear strengthening of slabs with steel rods and they found the method effective,
fast and non-expensive. If carbon fibres are used, then eventually larger cracks
must first be repaired to prevent slipping of the crack that can damage the fibres.

Crack

Support

Device

Drilled holes with 
adhesive and rebar

Figure 2.12: Insertion if extra reinforcement, after Raina (1994)

Stitching
A crack in concrete can be sewed together to be able to transfer tension forces,
see Figure 2.13. The stitches are made of hooked steel bars placed preferably
perpendicular to the crack. Normally the stitches are not anchored in the
compression zone or the outside of the tension reinforcement. This means that
the tensile forces will be moved to the end of the stitch and if all stitches are
anchored along one line it can give a new crack. The stitches should instead be
placed in different angles and in different lengths to provide anchorage over a
larger area. This method tends to stiffen the structure locally and cause the crack
to migrate elsewhere in the structure, Raina (1994). The method can be used to
strengthen a live crack that has occurred due to a temporary overload or a local
weakness.

Stiching dogs

Holes are made and 
filled with non-shrink 
grout or epoxy

Crack

Figure 2.13: Stitching of a crack, after Raina (1994)
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2.4 Summary
There is a lack in understanding of all strengthening techniques, which results in
non-optimised design equations. Scientifically significant calculation models for
the strengthening effect need to be developed for all methods. For post-
tensioning with carbon fibre tendons the anchorage must be determined. The
anchorage issue for Plate Bonding should also be further studied, especially for
shear strengthening. Furthermore, detailed codes for strengthening are needed
to give a standpoint for further developing and research. The different methods
are graded in Table 2.1. The grading is very subjective and will furthermore
vary with the type of studied strengthening object.

Table 2.1: Comparison of the different methods

Aspect

Plate Bonding
with CFRP

Adding material Post-tensioning

Experience + ++ ++
Environment + 0 +
Durability + ++ -
Flexibility ++ + 0
Production methods + ++ ++

++ very good grade
+ good grade
0 neutral grade
- bad grade
-- very bad grade

The grading is based upon a correct execution, published material and own
experience. Table 2.1 should not be used as basis for choice of strengthening
method, but can be used as an overall comparison. It is also important to point
out that one or many methods for some cases not are suitable to use.
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3 Fibre reinforced polymers

3.1 General

Fibre reinforced polymers, FRP, is what many people referred to as composites.
The word composite comes from the Latin word componere, which means put
together. A composite is a material formed from two or more separate parts
with a distinguished phase between them. Consequently, there are plenty of
composites around us. Composite will in the following stand for fibre
reinforced polymers. This is a composite where a polymer matrix is reinforced
with many relatively thin and long fibres. These composites are to be found in
sports equipment, aircraft, and spacecraft industry. Although composites have
been used for non-structural applications for quite a time in the building
industry they have to be considered as new materials when used for structural
purposes. Today the major applications of composites in civil engineering are
for repair and strengthening of structurally inadequate concrete structures.
However, they are also used as reinforcement bars, pre-stresses reinforcement or
tendons, stay cables, and even for structures mainly made of composites.

3.2 Fibres

The composite�s properties are mainly influenced by the choice of fibres. In
civil engineering three types of fibres dominates. These are carbon, glass, and
aramid fibres. They have different properties, including price, which make one
more suitable then the other for different purposes. For strengthening purposes
carbon fibres are the most suitable and will therefore get focus in the following.
All fibres have generally higher stress capacity than ordinary steel and are linear
elastic until failure. The most important properties that differ between the fibre
types are stiffness and tensile strain. The three fibre types are schematically
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presented in Figure 3.1 in comparison with an ordinary steel bar and a steel
tendon.
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Figure 3.1: Properties of different fibres and Ks500 steel. After ACI Committé
440 (1996) and Dejke (2000).

In Table 3.1 some material data for the most common materials are
presented. Further information about materials can be found in
Betonghandboken (1994), Andersson et al (1992) and Hull and Clyne (1996).

Table 3.1 Mechanical properties of common strengthening material

Material

Modulus of
elasticity
[GPa]

Compressive
strength
[MPa]

Tensile
strength
[MPa]

Density

[kg/m3]
Concrete 20-40 5-60 1-3 2400

Steel 200-210 240-690 240-690 7800

Carbon fibre* 200-800 NA** 2500-7500 1750-1950
*) Given values are for plain carbon fibre. The characteristics of the composite

will vary with amount and property of the used matrix.
**) Not applicable. Fibres should only be used in tension.



3. Fibre reinforced polymers

29

3.2.1 Carbon fibres

Carbon fibres have the highest modulus of elasticity, 200 � 800 GPa. The
ultimate elongation is 0.4 � 2.5 % where the lower elongation corresponds to
the higher stiffness and vice versa. Some selected material properties for carbon
fibres are presented in Table 3.2.

Table 3.2: Properties for carbon fibres.

Material

Density

[kg/m3]

Tensile
strength
[MPa]

Tensile
modulus
[GPa]

Failure strain

[%]
Carbon 1600-2100 700-7500 200-800 0.4-2.5

Carbon fibres do not absorb water and are resistant to many chemical
solutions. They withstand fatigue excellent, do not stress corrode and do not
show any creep or relaxation. Carbon fibre is electrical conductive and,
therefore, might give galvanic corrosion in contact with steel. Carbon fibre do
not show any signs of stress corrosion and have less relaxation then very low
relaxation high tensile prestressing steel strands

3.2.2 Glass fibres

Glass fibres are cheaper than carbon fibres and aramid fibres. Therefore have
glass fibre composites become popular in many applications, boat industry for
instance. Glass fibres can be found for example as E-glass (electric isolating), S-
glass (high strength) and AR-glass (alkali resistant). The modulus of the fibres
are 70 � 85 GPa with ultimate elongation of 2 � 5 % depending on fibre type,
see Table 3.3. E-glass is the most commonly used.

Table 3.3: Properties for glass fibres.

Material

Density

[kg/m3]

Tensile
strength
[MPa]

Tensile
modulus
[GPa]

Failure strain

[%]
E-glass 2520-2600 3400-3700 72-77 3,3-4,8

AR-glass 2680-2700 3000-3500 21-74 2,0-4,3

S-glass 2450-2550 4300-4900 75-88 4,2-5,4
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For higher stresses glass fibres are susceptible to stress corrosion. Further are
the fibres sensitive for moisture and alkali except for AR-glas. Glass fibres are
sensitive to stress corrosion and have problems with relaxation.

3.2.3 Aramid fibres

Aramid is short for aromatic polyamid. A well-known trademark of aramid
fibres is Kevlar but there exists other brands to, i.e. Twaron, Technora, and
SVM. The properties of Aramid fibres are presented in Table 3.4

Table 3.4: Properties for aramid fibres.

Material

Density

[kg/m3]

Tensile
strength
[MPa]

Tensile
modulus
[GPa]

Failure strain

[%]
Aramid 1390-1470 2700-4100 70-200 1,5-4,6

Aramid have high fracture energy and is therefor used for helmets and
bullet-proof garments. Aramid fibres are sensitive for elevated temperatures,
moisture and ultra violet radiation and is therefor not widely used in civil
engineering applications. Further, aramid fibres do have problems with
relaxation and stress corrosion.

3.3 Matrices

The matrix should transfer forces between the fibres and protect the fibres from
the environment. In civil engineering, thermosetting resins, thermosets, are
almost exclusively used. Of the thermosets is polyester and epoxy the most
common matrices. Epoxy is mostly in advantage of polyester but is also more
costly. Epoxy has a pot life around 30 minutes at 20 °C but can be changed
with different formulations. The curing goes faster with increased temperature.
Material properties for polyester and epoxy are shown in Table 3.5. Epoxies
have good strength, bond, creep properties, and chemical resistance.

Table 3.5: Properties for matrix materials.

Material

Density

[kg/m3]

Tensile
strength
[MPa]

Tensile
modulus
[GPa]

Failure strain

[%]
Polyester 1000-1450 20-100 2,1-4,1 1,0-6,5

Epoxy 1100-1300 55-130 2,5-4,1 1,5-9,0
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3.4 Composites

When the fibre and the matrix is combined into a new material it becomes a
composite. The manufacturing of composites can be made by a number of
different methods. Hand lay-up, pultrusion, filament winding, and molding.
Composites are objects for research all over the world and it is easy to find
literature about different subjects. This research cannot be applied directly to
strengthening of structures since the interaction with concrete must also be
considered.

The composites mechanical properties are dependent on the fibres, matrix,
fibre amount, and fibre direction. Also the volume or size of the composite will
affect the mechanical properties. The fibre content by volume, fV , is normally

45 � 60 %, depending on materials, manufacturing process, and wanted
properties. Fibre content is defined by Equation 3.1.

cv

fv
fV = (Eq. 3.1)

Similar expression can be written for the matrix content, mV . For non-porous
composites is Equation 3.2 valid.

1mVfV =+ (Eq. 3.2)

Experimentally is it more convenient to use fibre content by mass, fW ,

Equation 3.3. If the densities are known Equation 3.4 can be used for
conversion to fibre content by volume.

cm

fm
fW = (Eq. 3.3)

fV
c

f
fW

ρ

ρ
= (Eq. 3.4)

A rough value of a composite modulus in fibre direction is the fibre modulus
multiplied by the volume fibre fraction. A more precise value can be calculated
by the �rule of mixture�, Equation 3.5.

mVmEfVfELE += (Eq. 3.5)

CFRP has a thermal coefficient (in fibre direction) around 1·10-6 °C-1. The
thermal coefficient for reinforced concrete is normally assumed to 10·10-6 °C-1.
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This implies that restraint effects can occur in a structure when the temperature
changes. This effect should be considered during design of a strengthening.

If different fibres are mixed, the composite can get yield behaviour when
loaded. These kind of composites are called hybrid composites but are not
commonly used.

3.4.1 Anisotropy

When the contribution from the strengthening is going to be calculated it is
important to consider the anisotropic behavior of the composite material. The
composites have their high strength and high stiffness in the fiber direction and
are weak in the perpendicular direction. Since the material is highly anisotropic
the consequences can be devastating if the material is placed in the wrong
direction. When plate bonding is used for flexural strengthening the direction of
the principal stresses are easy to predict and the fibers can be placed in the most
effective direction. When it comes to shear the principal strains and stresses will
just in exceptional cases coincide with the fiber direction. It is therefore
necessary to understand how the composite will behave when it is loaded by
shear or tensioning in a direction other than that of the fibers. From this point
on this will be referred to as the composite theory and the fiber direction will
be defined as the angle between the longitudinal direction of the fibers and the
longitudinal direction of the beam. Stresses can be transformed to the angle θ
from one direction to the other using the following relationship, Agarwal and
Broutman (1990), where L and T  are subscripts for the fibers longitudinal
respective transverse axes. x  and y  are arbitrary perpendicular axes.
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where [ ]T  is the transformation matrix which equals
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with )cos(θ=m  and )sin(θ=n . For the strains the following relation is valid;
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Compared to Hook�s law for isotropic materials the stress-strain relation
becomes more complicated for composites. The following relation is valid for
transforming principal strains into principal stresses:

{ } [ ]{ }εσ Q= (Eq. 3.9)

where [ ]Q  is the matrix of stiffness and consists of:
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and for stresses into strains the relation becomes
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All the needed properties can be found from tensile tests, Sichelschmidt
(2001). He used the ASTM standard as far as possible to determine the
properties for two CFRP systems and one AFRP system by tensile tests.
Specimens need to be tested in the fibers� axial direction, transverse direction
and in an off-axis direction.

3.4.2 Durability

Carbon fibre polymers are very durable in most aspects. One of the biggest
advantages is that the composite does not corrode. The durability problems that
can be identified are mostly connected to the matrix. Epoxy is a good polymer
that withstands deterioration very good in most aspects. Epoxy does not absorb
water significantly contrary to what other polymers do. However, the matrix
can be damaged by ultra violet radiation. With special additives the epoxy can
withstand also UV. If the composite is painted, satisfactory protection is also
achieved.

The matrix is also sensitive to elevated temperatures. If there is a risk for fire
the composite should be protected by special arrangements. Plate Bonding with
composites withstands fire a longer time than Plate Bonding with steel plates
due to the lower thermal conductivity for the composite.
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If plate bonding is used in a wrong way so that humidity is trapped under a
tight layer then it might be problems with freeze and thaw, Gangarao and Vijay
(1997). However, tests have shown that plate bonding withstands temperature
cycles very well if the moisture is considered during design, Tysl et al (1998)
and Täljsten (2000).

If the pure carbon fibres get in contact with steel there is a risk for galvanic
corrosion. As long as the matrix is intact there are no problems with contact
between the composite and steel. The electrical conductivity also gives a
theoretical risk for being destroyed by lightening. This is not probable event
since a strengthening system is never earthen. This type of �deterioration� has
furthermore never been reported.

More issues regarding durability for composites can be found in Dejke
(2001), and Benmokrane and Rahman (1998).
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4 Theories for strengthening with composites

4.1 General

To ensure safety and adequate warning before failure, structures should be
designed to fail in a ductile mode. For this reason, existing structures have been
limited by its flexural capacity. Therefore the need has been to increase the
flexure bearing capacity. Strengthening methods are well developed when it
concerns flexural strengthening and they have therefore been used quite widely.
When increasing flexure capacity, the structure will be loaded closer to its
maximum shear capacity. Work has been done on many structures to restore or
upgrade the flexural capacity while the shear capacity has not been addressed in
the same extent, Al-Sulaimani et al (1994).

4.2 Strengthening for increased flexure capacity

A member strengthened in bending with Plate Bonding is limited in capacity by
a number of failure modes. In Figure 4.1 the different failure modes are to be
found.

For strengthening in bending it is possible to do analytical calculations.
Equations derived for strengthening in bending with CFRP sheets and
laminates can be found in Täljsten (2000a) together with examples. The
derivation is extensive and will not be presented here. However, the way of
thinking for strengthening in bending will be explained.
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The analytical equations are based on the following assumptions:

• Bernoulli�s hypothesis is valid. Plane cross-sections remain plane after
deformation, which means that the strain is linearly distributed over the
cross-section and implies complete composite action between the materials.

• Cracked concrete has no tensile strength.

• The composite is linear elastic up to failure.

P P

F F

F

Figure 4.1: Failure modes of a strengthened beam. !: Concrete crushing. ":
Yielding of tension reinforcement. #: Yielding of tension reinforcement.
$: Fibre fractures. % and &: Peeling. ': Delamination. Täljsten
(2000a)

The main difference with normal calculations is the actual strain distribution
in the structure when the strengthening material is applied. Strengthening of a
bridge for instance is normally made without scaffolding which means that the
cross-section is subjected to a bending moment from gravitational forces. This is
illustrated in Figure 4.2 where 0sε  is the initial strain in the existing steel. This

means that in service limit can the composite only be loaded, fε , before the

steel reaches sε , which can be the yield limit. Regardless amount steel
reinforcement, the existing steel is not allowed to yield in the service limit state.

For the special case when the composite fails by fibre fracture meanwhile the
compression steel reinforcement is yielding can the moment capacity can be
calculated as Equation 4.1, Täljsten (2000).
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Figure 4.2 Strains on a strengthened cross-section

( ) ( ) ( )xhAExdfAdxfAM fffusys
'
s

'
y

'
s βεββ −+−+−= (Eq. 4.1)

Except for peeling and delamination failure, the additional failures can be
described in similar way. Which failure mode that is critical can be found with a
comparing parameter that considers the total amount of reinforcement. Peeling
and delamination are not described here but can be found in Täljsten (1994,
2000).

4.3 Existing shear theories

4.3.1 General

One of the main subjects in this thesis is shear strengthening. However, the
thesis does not aim to fully cover all aspects of existing theories for shear. Good
general descriptions of shear theories can for example be found in e.g. ASCE-
ACI (1998), Gabrielsson (1999) and Jansze (1997). Nevertheless, some of the
existing theories are needed for understanding and for later discussions. The
regions where shear cracks can development due to shear forces are shown in
Figure 4.3. If the compression stresses shown in the figure become too high the
concrete will fail in crushing. If the tension stresses become too high the beam
will fail by a shear crack, often by yielding in the steel shear reinforcement.
Otherwise the beam will fail in flexure or a combination of shear and flexure,
the shear-bend failure mode.

Essentially there exists two accepted models for predicting the shear capacity
of reinforced concrete beams; the truss model by Ritter (1899), Mörsch, (1909)
and the modified compression field theory by Vecchio and Collins (1986,
1988). These theories will be presented and described in the following text.
Finite element models can also be utilised to describe the behaviour for
strengthened structures. However they will not be investigated here since they
are time-consuming and sometimes complicated to use, the result depends
largely on the users understanding, and they are not suitable for codes.
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Figure 4.3: Schematic sketch of some possible failure modes for a reinforced concrete
beam.

4.3.2 Truss Model

The truss model is also known as the strut and tie model and was derived in the
end of 19th century. Many researchers considered the truss model to give
conservative but good results and the model has therefore become the basis for
many codes such as Eurocode, ENV 1992-1-1:1991 (1991), the code by ACI
(1987) and the Swedish BBK94 (1994). This model assumes that after cracking
of the concrete, the behavior of a reinforced concrete beam becomes analogous
to that of a truss with a top longitudinal compression cord, a bottom
longitudinal tension cord, vertical steel ties and diagonal concrete struts, Figure
4.4.

Tension cord 

45 ° 

Compression strut 

Tension tie 

Loads 
Compression cord 

Figure 4.4: The truss model with struts and ties

The original truss model assumes that only the steel stirrups carry the shear
forces. When the model is used in codes an empirical term is added to the shear
capacity to consider what has been called the concrete contribution. There are
also terms to involve axial forces, longitudinal reinforcement and so on. The
total shear capacity, tV , can be calculated as the sum of all the terms as shown in
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Equation 4.2. Equation 4.2 can have different guise but it looks more or less the
same in different codes.

ipsct VVVVV +++= (Eq. 4.2)

where; sV  is the contribution from steel calculated by the truss model, pV  is

contribution from axial forces and iV  represents other contributions such as

strengthening systems. cV  is the concrete contribution, which often includes the
dowel action, and is determined by empirically found relationships. One of the
easier ways, but not the most accurate, is based on the compression capacity as
in Equation 4.3.

6

f
bdV cc

c = (Eq. 4.3)

It would have been more realistic to have an equation based on tension
capacity, but for normal strength concrete Equation 4.3 gives good result. One
of the drawbacks is that it is unit dependent and only works for (MPa).
Equation 4.4 is one way to calculate the contribution from vertical steel stirrups
by using the truss theory.

s

dfA
V ys

s

9.0
= (Eq. 4.4)

where; sA  is the total area of the cross-section of the stirrup (two shears), d  is

the effective depth of the beam, yf  is the yield stress of the steel and s  is

vertical spacing between the stirrups. Equation 4.4 is derived for 45 degrees
crack inclination and is conservative for smaller angles. The often-assumed crack
angle of 45 degrees has been discussed and there exists other assumptions for
prestressed concrete. The complexity of the modified truss model are likely to
increase with the fast advances in the production of ultra-high-strength
concrete, fiber-reinforced concrete and modified concrete such as resin
modified concrete, Rahal (2000b).

By assuming that the shear forces are carried by stirrups and shear friction in
concrete cracks the truss model has developed into the shear friction model,
ASCE-ACI (1998). Loov (1998) presented a model that gives the shear capacity
for the weakest plane for all possible crack angles. The model is easy to use but
Loov states that further work is needed to determine the limits of applicability
of the method.
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4.3.3 Modified Compression Field Theory, MCFT

The tension field theory derived for steel by Wagner (1929) assumes that after
web buckling, of a typical steel beam, the steel cannot take any compressive
forces and therefore a field of diagonal tension carries the forces. Similarly, the
compression field theory for reinforced concrete beams derived by Michael
Collins and Denis Mitchell in the 70s assumes that the concrete cannot take any
tension forces after cracking, Mitchell and Collins (1974). Then diagonal
compression fields in the concrete carry the forces. The stresses in the
longitudinal reinforcement, sxf , stirrups, syf , and in the concrete struts, 2f ,

are calculated by Equation 4.7 which are derived from equilibrium of a
rectangular cracked concrete element, and Mohr�s circle for concrete stresses
seen in Figure 4.5.
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Figure 4.5: Mohr�s circle for average concrete stresses used in compression field theory,
after Vecchio and Collins (1986)
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( ))cot()tan(2 θθ += vf (Eq. 4.7)

The crack inclination angle θ is perpendicular to the maximum principle
stress and is calculated by Equation 4.8, which is derived from the ordinary
Mohr�s circle of average strains.
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Before this Equation can be used to determine the direction of the principal
stress, stress-strain relationships for the reinforcement and the concrete are
required. This is considered to differ from the relationship found by cylinder
tests and nowadays many different proposals can be found. The first relationship
to be proposed by Collins in 1978 was
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where; '
cε  is the strain at which the concrete in a cylinder test reaches the peak

stress '
cf . For values of 2f less than max2f
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The method becomes iterative but it does agree well with tests. Vecchio and
Collins (1986) developed the theory further into the modified compression field
theory (MCFT), which also takes the tension stresses in the uncracked part of
the concrete into account. A similar model is the rotating-angle softened-truss
model, Pang and Hsu (1996). Vecchio and Collins (1988) stated, by themselves,
that the MCFT is superior to the empirical formulations as are developed from
the truss model and currently are used in many codes. When saying that, they
allude among other things to the agreement to tests and the method�s
possibilities, not to simplicity of use. The method is iterative with many steps,
however with computer programs it is possible to perform calculations to obtain
the whole response of a beam. In an appendix to their paper a solution
technique for determining the response of a biaxially stressed element is also
given. Since the MCFT was developed it has been criticised for not being
adequate for lightly reinforced or non reinforced concrete members. Therefore
Vecchio (2000) re-examined the theory and introduced a crack width limit and
a residual tension term. The MCFT is now the basis for the general method,
Collins et al (1996), that is used in the Canadian code, CSA-A23.2, and as an
alternative in AASHTO LRFD Specification, Rahal, (2000a). The general
method is as conservative as the ACI 45-degree method but gives a narrower
scatter relative to experimental results. The general method involves
assumptions and considerations to simplify calculations compared to MCFT but
it is still iterative. Rahal (2000a,b) propose a procedure without iteration as a
simplification for the MCFT. Rahal�s method consists of two equations and the
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curves in Figure 4.6. The two equations are expressions for the amount of
reinforcement in both directions written in a dimensionless form. The diagram
would be possible to transform into an equation so that the theory consisted of
three equations, but that is not done within this study. The nondimensional
indexes are:

'
c

yLL
L f

fρ
ω =  (Eq. 4.11)

and

'
c

ytt
t f

fρ
ω =  (Eq. 4.12)

where ρ are the ratio of reinforcement in symmetrical cross-sections and t and
L represent the longitudinal and transverse directions. In typical beams the
reinforcement is not symmetrical but the method is still possible to use if the
unsymmetrical conditions are considered. It can by done if the normal forces in
the reinforcement are known. According to Rahal it is a good approximation to
assume that the longitudinal reinforcement is yielding.
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Figure 4.6: The diagram used in the method by Rahal (2000b)
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4.4 Strengthening for increased shear capacity

4.4.1 General

Although not the only problem facing structures today, shear deficiencies are
becoming more and more prevalent. One of the chief concerns is that shear
failures are often very brittle with no, or only small warnings preceding an
eventual collapse. A beam must have a certain safety margin against shear failure
since it is more dangerous and less predictable than flexural failure, Al-Sulaimani
et al (1994). Many structures have been found to be insufficient in shear. Even
though the equations in the codes that design the structure are conservative in
most cases, for shear they can overestimate the shear capacity in shear-moment
and shear-moment-torsion interaction. Also, the design equations that were
used when the existing structures were built were much less stringent. Further
Jansze (1997) shows that a flexural strengthening can induce a shear failure. In
his doctoral thesis, the shear-flexure interaction for beams strengthened in
flexure have been comprehensively studied. There are also a number of
structures that are critical in shear for numerous reasons. All of this has led to an
increased interest in development of shear strengthening methods.

Since there is no good and simple analytical model for shear capacity of
concrete is it unreasonable to derive good and simple analytical equations for
the capacity of a strengthened structure. There is also questions about if a
bonded reinforcement is carrying a great part of the load itself or if it mainly
helps the concrete to hold together to carry the loads. When strengthening a
structure in shear with CFRP there exist some alternatives. The strengthening
system can be mounted in strips or with complete coverage of the surface.
Furthermore, the angle can be altered to give the most effective strengthening
system, the best anchorage, or the easiest system to apply. When a structure is
strengthened in shear, three additional failure modes are possible. The first one
is fibre fracture that occurs when the anchorage is satisfactory. The second is
debonding or delamination. Debonding means that the composite debonds
from the structure, typically due to failure of the concrete. Concrete pieces are
often found on the debonded composite. The third is compression failure in the
concrete.

4.4.2 Derived theory for shear strengthening

The theory presented in this thesis has been derived at the division of Structural
Engineering at Luleå University of Technology by the author.

Equations describing the contribution from a strengthening system do not
have to predict the capacity of the concrete or the existing structure. In many
cases is the capacity of the existing structure, 0V , known if strengthening is
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prescribed. Therefore, the expression for the contribution from the
strengthening, fV , should be as simple as possible and added to the capacity of

the existing structure. The capacity of the strengthened structure, AV , is then as
shown in Equation 4.13.

f0A VVV += (Eq. 4.13)

This model of calculating the strengthened structures capacity is only valid
for strain levels were the original structures contribution is still active. ACI
Committee 440 (2000) prescribe a maximum allowed fibre strain of 0.4 %, to
preclude risk for loss of aggregate interlocking in the concrete. Equations are
derived from with truss theory as a base and will here be presented. The
limitation for the following equations are that the composite only has stiffness in
the fibre direction. For the following deriving three angles is needed, see Figure
4.7. The angles are α  for crack inclination, β for fibre direction in relation to
the beams longitudinal axis, and θ  for the angle between principal tensile stress
and fibre direction, i.e. 90−+= βαθ .

Figure 4.7: Fibre and crack angle.

The contribution from the composite can be described as:

)sin(FV ff β=
(Eq. 4.14)

where:

ffef AF σ= (Eq. 4.15)

since )cos()cos( θθ −=  and )90cos()90cos( −+=−− βαβα  then we can
define
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βαθ −−= 90

for 90),(0 ≤≤ βα .

In Equation 4.15 the effective stress, feσ , in the composites have to be used.

The effectiveness will, due to anisotropy, depend of the angle to the normal to
the crack plane. By only considering stiffness in fibre direction, the effective
stress can be written as, see further Chapter 3:

)(cos2ffe θσσ = (Eq. 4.16)

and with use of Hook�s law and an stiffness only in fibre direction:

)(cosE 2
fffe θεσ = (Eq. 4.17)

Eq 4.15, 4.16, and 4.17 in Eq. 4.14 gives

)sin()(cosAEV 2
ffff βθε= (Eq. 4.18)

Depending on what system that is used, the fibre area for one side, fA , is

calculated by one of the following;

• For whole coverage:

)sin(

)cos(
ztA ff α

θ= (Eq. 4.19)

• and for composite strips:

)sin(

)cos(

s

b
ztA

f

f
ff α

θ= (Eq. 4.20)

where z  with perfect bond would be the height of the member but normally is
the internal lever arm or d9.0  used. It would be natural to use the thickness of
the composite but that greatly depend on the fibre fraction. Instead should a
fictive thickness of a plate consisting of homogenous carbon corresponding to
the system that is used. The laminate thickness can be used if fE  is changed to

the modulus of the lamina. When composite theory is taken into account the
contribution from the fibres, fV , can be calculated by analogy to the truss

model as proposed by Täljsten (2000a). These equations are complicated to use
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and a lot of material characteristics are needed. For all models is it important
that the composite has secure anchorage.

In Equation 4.17 and 4.18 the factor fε  is to be noticed. The ultimate fibre

fracture strain can not be used in the same way as the yield strain for steel
stirrups. This is explained by the non-uniform distribution of shear forces that
act on a cross-section, see Figure 4.8. For a rectangular cross section the shear
stresses can be described as, Popov (1990):

( )
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= 2
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h
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V
yτ (Eq. 4.21)

The maximum shear strain will occur in the middle of the hight, 0y = , and
have the magnitude:

( )
A2

V3
0 =τ (Eq. 4.22)

These strains can be projected on a shear crack and transformed to maximum
principal stresses as shown in Figure 4.8.

τ(y)

y

ε(y)

Figure 4.8: Shear strains over a rectangular cross-section and projected and converted
to maximum principal strains on a crack.

When steel stirrups are used to reinforce a concrete beam the yielding of
steel distribute the strains over all stirrups crossed by the crack as the
deformations increase. When a shear crack forms and widens, the most stressed
stirrup starts to yield. If the crack continues to widen the �neighbour� stirrups
reaches its yield limit and starts to deform and so on until all stirrups in the crack
have started to yield. The strains in each stirrup over a crack are schematically
shown in Figure 4.9.
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Figure 4.9: Principle of work for steel stirrups

This is the reason why yield strain can be used for all stirrups that are crossed
by a crack. When a beam is strengthened with CFRP the mechanism is
somewhat different, since the composite is linear elastic until failure. This means
that when the ultimate strain is reach in the most stressed fibre, yielding is not
possible and the fibres will fail, if the anchor is sufficient. However, the ultimate
stress of a fibre is between 2500 MPa and 7500 MPa, which should be
compared to approximately 500 MPa for yielding of steel, and therefore a
significant contribution from the composite is possible and realistic to expect.
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Figure 4.10: Principle of work for CFRP shear strengthening.

One way to consider the non-uniform strain field is to use a reduction factor
for the strain in Equation 4.18. The maximum strain in the composite can also
be limited by insufficient anchor close to a crack, Figure 4.11. The most right
illustration in Figure 4.11 shows how the shear forces in the adhesive are
transferred to the concrete close to a crack.
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Figure 4.11: Critical anchorage regions on a shear strengthened beam and
schematically drawn shear stresses in the interface between composite and
concrete.

4.4.3 Work by others

In 1986 Vanek (1986) performed shear tests on 9 beams. Three were control
beams, three were strengthened with steel plates glued to the concrete and three
were glued and anchored with bolts. The beams were 1500 mm long, 150 mm
high, 100 mm wide and two metal strips on each side in each shear span were
bonded with a 45-degree angle. The test showed an increase in shear capacity of
approximately 150 % for both strengthening types. The use of bolts gave only a
slight increase in capacity. One conclusion from the tests was that plate bonding
might be considered as one possible alternative for shear strengthening.

Also Collins and Roper (1990) conducted some testing with bonding steel
for shear strengthening. They used ordinary 4 mm steel bars to make U-shaped
stirrups that snugly fit the beam. The stirrups were then bonded to the beam
with an epoxy resin. They called the method bar bonding but in this review it is
called plate bonding. Before the bars were bonded, the beams were loaded until
a major diagonal crack was achieved. Then the beams were unloaded to
different degrees before the strengthening system was applied. For the beams
totally unloaded the failure load was approximately 64 % higher than the load
for the major diagonal crack. For a beam loaded with 88.6 % of the crack load
the load for ultimate failure was 72 % higher than the crack load. For the
stitching technique, described earlier, Collins and Roper explained this by
pointing on that the damage of the crack surface was larger when the beams
were unloaded more. With a more damaged crack the concrete contribution
from aggregate interlocking will become less compared to an intact crack. The
beams failed in shear after debonding of the stirrups.

Meier et al. (1992), presented research and applications in Switzerland
regarding strengthening with CFRP laminates. This happened at the first
�Advanced composite materials in bridges and structures�-conference. They
had used composite laminates for shear strengthening of T-beams where they
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had anchored the composite in the compression zone of the girder. Anchoring
in the compression zone has later been used in a full-scale application with
sheets and hand lay-up on a parking deck in Sweden, see Chapter 2.

Täljsten (1993, 1994) presented tests where he had strengthened beams with
lengths of 0.84 m - 4.5 m with external bonding of steel in different
configurations. His tests also showed a change of failure mode from shear to
flexure when the beams were strengthened in shear. When the bonded strips
were inclined in 45 degrees the strengthening was more effective. Like the case
for T-beams, some of the beams were strengthening with plates that ended
before the compression zone. Those beams had 20 % lower capacity then beam
strengthened over the whole beam height. When the plates did not cover the
whole side the final shear crack developed around the plates.

Another research team Al-Sulaimani et al (1994) investigated the
strengthening effect of Plate bonding with glass fibre reinforced polymers,
GFRPs. Sixteen beams 1250x150x150 mm with span of 1.2 m were tested in
four point bending, four of the beams were control beams. The beams had a
flexural capacity approximately 1.5 times the shear capacity. The beams were
strengthened in shear in three different ways. The GFRP was woven with
thickness 1.5 mm and elastic behaviour up to failure at 200 MPa. In one test
group the beams were strengthened with vertical stirrup-plates 150x20 mm at
50 mm spacing. The second group was strengthened with wings 420x120 mm
on the sides of the beams. The third group was strengthened by a U-shaped
confinement covering both sides and the tension side. To investigate and
prevent possible flexural failure, half of the number of beams were also
strengthened in flexure. All beams were loaded until a crack formed and then
completely unloaded before strengthening or for the control beams, loading to
ultimate failure. The beams with external stirrups and wings showed the same
behaviour. They increased the stiffness of the damaged beam and increased the
ultimate load with 25-30 % and then failed by peeling at the lower end of the
strengthening. The beams strengthened with U-shaped jackets had better
anchorage at the tension side of the beam. The beam strengthened only in shear
failed by flexure at a load 45 % higher then the control beams. The beam
strengthened in both shear and flexure increased its ultimate bearing capacity by
90 % before failing in flexure. All methods restored the stiffness that was
degraded during the preloading stage.

Eight under-reinforced beams have been strengthened in different ways with
different materials and tested by Chajes et al (1995). For comparison, four
additional beams served as control beams. None of the beams had ordinary steel
stirrups. The composites were woven fabrics of aramid, glass and carbon fibres
with strengths per width of 210, 22, respective 88 kN/m. The beams were
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strengthened with vertical aramid, glass and carbon fibre and with carbon fibres
in 45 degree and 135 degree angle to the beams longitudinal axis. They also
tested the anchor length of the different fibres when they were bonded to the
concrete with epoxy. In 25 mm the glass and carbon fibres had built up full
anchorage. For the aramid fibres the corresponding length was 75 mm. The
tests show an increase in shear strength of 83 %, 88 % and 91 % for the aramid,
glass and carbon fibres respectively. For the beams strengthened with fibres in
the 45/135 degrees to the longitudinal axis the increase in strength was 125 %.
For some of the beams they had strain gauges mounted. From the test they saw
that the composite is slightly loaded before the concrete cracks and when the
concrete starts cracking the strains in the composite increases rapidly. Aboudrar
and Johansson (1998) have also found this behaviour. Chajes et al (1995) also
suggests an equation for design of composite strengthening. The equation,
which is based on 45 degrees truss model, is an additional term to other
equations that describe the steel and concrete.

Sato et al (1996) suggested a reduction factor for the strengthening effect of
the composites. The reduction is based upon distribution of the strain in the
composite along the shear span, location of the shear crack and the bond length
for the composite, see Figure 4.12. They didn�t succeed in predicting the shear
capacity of the test beams with their model. However, the model was an
attempt to include effective composite strains.
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Figure 4.12: Effective composite strains in carbon fibre sheets, after Sato et al (1996)

Norris et al (1997) presented the results of an experimental and analytical
study on shear strengthening of beams with CFRP sheets. The analytical model
is based on the truss model with a crack inclination of 45 degrees. The model
does not consider composite theories. The experimental part consisted of six
beams, one control beam, four pre-cracked strengthened beams and one
uncracked strengthened beam. The beams had the length of 1.22 m and the
strengthening was applied in two different directions with three different CFRP
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systems. For the beams with vertical fibres the failure mode changed from shear
to yielding in the flexural reinforcement and peeling off of the fibres. The beam
with 45/135 degrees fibres the failure load was higher but the failure was more
brittle. They noted that the magnitude of the increase was directly related to the
development length of the fibres on both sides of the cracks.

Izumo et al (1997, 1998) has strengthened T-beams with biaxial sheets of
carbon and aramid fibres. The sheets were applied to the side of the web and
prestressed to different levels in the beams longitudinal direction. In their two
papers they give two similar empirical equations for estimating the contribution
of the fibres to the shear bearing capacity. The equations are based on truss
model and consider �effective bond area�. The contribution from the
prestressed biaxial sheets varied. For low prestressing the shear capacity increased
with the prestressing force. For prestressing over a critical level the fibres
decreased the beams capacity to below the capacity of the control beam.

With composite theory Malek and Saadatmanesh (1998a) have studied the
shear bearing contribution from web-bonded composites. They found that the
anisotropic behaviour of the plate gives a contribution in shear bearing capacity
when the beam is subjected to pure bending. This contribution should be added
to the contribution from the laminate when longitudinal gradient in the
moment, i.e. shear, and bending are acting at the same time.

In another paper Malek and Saadatmanesh (1998b) presented how the crack
inclination angle depends on external reinforcement. They have derived
equations to calculate the angle with composite theory and compression field
theory. When the angle is known they use a truss model to predict the ultimate
load. They conclude that the truss model with 45-degree cracks is only
conservative when you have a normally reinforced beam without plates bonded
to the surface. With plates with thickness over 1mm, 0.5 mm on each side,
bonded with fibre direction -±45 ° angle the crack inclination angle becomes
greater than 45 °. Their model is limited by the assumptions that the composite
will have its ultimate strength together with yielding of the steel stirrups and
that the model doesn�t consider delamination or the anchorage problem.

Triantafillou (1998a) presented a variant of a truss model with limited
anchorage. The effective strain in the composite was based on tests and the
assumptions illustrated in Figure 4.13. The size of the variables in the figures
depends both on �development� length and axial rigidity of the composite. The
effective strain is lower than the ultimate strain of the fibres because of
debonding of the composite, concrete failure, stress concentrations due to
edges, and local delamination.
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Figure 4.13: Effective strengthening due to anchorage limitations, Triantafillou
(1998a).

The idea of effective strain reduction due to debonding is good.
Unfortunately Triantafillou (1998a) makes conclusions that are too general for
two different bonding schemes. However, this paper is one of the few that
considered several tests from different researchers.

Khalifa et al (1998) suggested a modification to Triantafillou�s model where
they introduced a strain limitation due to the shear crack width and loss of
aggregate interlocking. They concluded that more research is needed to get the
effective strains for different fibre angles and configuration. Based on a 45-
degree truss model they proposed a design approach that considers the
anchorage problem. Some drawbacks of this model are that it is empirical and
include a dimension dependent factor.

Challal et al (1998a) tested eight beams with four of them strengthened. The
beams were tested in four-point bending with a span of 1200 mm. All beams
had the same flexural reinforcement. Two of the beams had full shear capacity
from stirrups and the other six beams had insufficient shear capacity. Four of the
weaker beams were strengthened. They were strengthened with CFRP
laminates in 90-degree and 45-degree angle to the longitudinal axle of the
beams. The yield load increased by 40 % and the failure load by 80 %. All of the
strengthened beams failed by debonding of the strips. In another paper Challal
et al (1998b) give a suggestion for design equations. Their equations are based
on the truss theory and do not consider the composite theory. Their equations
consider reduced anchorage due to plate bonding in a rough way. The size of
the reduction is dependent on fibre arrangement.

Gendron et al (1999) has derived an analytical model that considers loads
during strengthening for determination of the ultimate shear capacity. The
analysis involves three steps. The first step is to evaluate the members� structural
response prior to strengthening and is evaluated by the compression field theory
or the modified compression field theory. Then the amount of reinforcement is
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calculated from a desired shear capacity and lastly the shear-moment interaction
is checked. The method seems very iterative with many sub steps but it can be
programmed for neat use. The paper gives a condensed description of the
method but a more comprehensive description could be found in Guérin
(1998). The reference is not checked because limited knowledge in French.
The analytical model is not compared with any experimental data and the
model doesn�t consider anchorage problems. The method is derived for
arbitrary angles of the composite but doesn�t include the composite theory.

Grace et al (1999) has tested 14 beams strengthened with five different
systems. CFRP and GFRP have been studied. All beams were strengthened in
flexure and some of the beams were also strengthened in shear. All beams failed
in flexure but the vertical reinforcement increased the stiffness of the beams.

ACI Committee 440 (2000) suggests a model based on a 45-degree truss.
They also suggest that a reduction factor should be used for the contribution of
the FRP system. Depending on if the strengthened member is totally wrapped
or not the proposed factors are 0.95 and 0.85 respectively. ACI also proposes a
limitation on the maximum amount of contribution from the bonded plate by
the criteria given for ordinary shear reinforcement.

De Lorenzis et al (2000), have tested a variant of plate bonding for shear
strengthening. The method is called near surface mounted reinforcement,
NSMR, and means that the reinforcement is placed and bonded in sawed
grooves. They advantage with NSMR is that the method need less
pre-treatment which make it cheaper to use. With 10 mm round composite
bars placed in grooves they investigated the shear capacity of both non-
reinforced and reinforced T-beams. The influence of 45-degree rods was
compared to vertical rods. On some of the beams the rods were anchored in the
flange in drilled holes. They concluded that the use of NSMR FRP rods is an
effective technique to enhance shear capacity for concrete structures.
Unfortunately, they do not describe how they made the grooves.

Deniaud and Cheng (2000) have compared the results from 16 tested beams
with some of the models that have been proposed of the researchers above and
a model of their own. They found good agreement for their own model and
not so good agreement for the others. Their model is unfortunately not yet
published but it is based on the shear friction model. A term for the effective
composite stress is added in the shear friction model. The effective stress in the
fibres is calculated from a maximum allowable strain calculated for strips of the
composite, based on geometry and anchorage length. The method does not
consider orthotropic material and it is unclear, regarding anchorage, how the
stress-situation in the concrete is considered.
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4.5 Remarks

The anchorage of the composites is still not fully understood and explained. In
addition the strain distribution over a shear crack is a complicated situation. This
becomes even more complicated when a structure is strengthened for shear. To
understand this behaviour additional studies and research is needed.
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5 Shear tests

5.1 General

Beam tests have been carried out to create an understanding of shear failure of
CFRP strengthened beams. The fibre direction has been varied as well as the
thickness of the fibre sheets. Some of the beams were pre-cracked before
strengthening was applied. Also the possibility to use a cement mortar as
bonding agent have been examined. All beams have been tested to failure.
Some of the beams were subjected to 1 000 000 load cycles before they were
taken to failure.

5.2 Tests

5.2.1 Specimens

In this thesis 20 shear tests are reported. Of these tests, 17 are without steel
stirrups and 3 with steel stirrups. The beams were designed to have extra
strength in flexure to ensure shear failure even after strengthening. The beams
and theirs strengthening scheme is presented in Figure 5.1, Figure 5.2, Table
5.1 and Table 5.2. The naming convention is:

• R for reference beam,
• A for strengthening with 200 g/m2 in ±45 °,
• B for strengthening with 300 g/m2 in ±45 °,
• C for strengthening with 125 g/m2 in ±45 °,
• D for strengthening with 200 g/m2 in 0 °,
• E for strengthening with 200 g/m2 in 90 °,
• F for fatigue loading before loading up to failure,
• M for cement mortar as matrix material, and
• S for stirrups in the shear spans.
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Figure 5.1: Strengthening scheme for tests without stirrups in the shear span.

Table 5.1: Tested beams without stirrups
Strengthening scheme
(type/weight/fibre direction)
([-],[g/m2],[°])

Fatigue
history

Repaired Repaired

Fatigue
history

Repaired

Cement
matrix

Reference beam/-/- R1 R2 R3 R4

A/200/45 A1, A2 AF R2A R3A R4AF

B/300/45 B BF

C/125/45 C CF

D/200/0 D

E/200/90 E EM
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Figure 5.2: Strengthening scheme for tests with stirrups

Table 5.2: Tested beams with stirrups
Strengthening scheme
(Type/weight/fibre direction)
([-],[g/m2],[°])

Beam name

Reference beam/-/- RS

S/200/90 S2

S/300/90 S3

For strengthening the wrap system BPE Composites has been used. All
beams have been strengthened with hand lay-up in laboratory conditions. In
Table 5.3 and Table 5.4 the most important properties of the used material are
presented.

Table 5.3: Material properties for steel and carbon fibre
Property Average value

Steel tension capacity 500 MPa

Fibre tension capacity 4500 MPa

Fibre modulus 234 GPa

Tensile strain 1.9 %
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Table 5.4: Material properties for the concrete at time for testing Values are
averages from a minimum of three 150 mm cubes.

Beam Concrete compression capacity

[MPa]

Concrete tension capacity

[MPa]

R1, EM 65 3.6
R2, R2A, C 67 3.5
R3, R3A 47 3.5
R4, R4AF 53 3.5
A1, B 71 3.8
A2 53 3.5
AF 49 3.5
BF 54 3.6
CF 49 3.5
D, E 59 3.5
RS 45 2.9
S2 46 3.0
S3 46 2.8

For strengthening with the cement mortar a polymer modified mortar from
STO Scandinavia AB was used. It was troublesome and laborious to apply the
cement matrix and fibre bundles become more embedded then wetted with this
technique. The test and similar tests in bending are reported in Wiberg (2000).

5.2.2 Test set-up

The beams have been subjected to four-point bending as shown in Figure 5.3
with measures as in Figure 5.1 and Figure 5.2.

Beams AF, R4AF, BF, and CF were subjected 1 000 000 load cycles before
loading to failure. The load varied from 40 % to 60 % of the failure load of
beams not subjected to fatigue. The fatigue loading was carried out for ten days
with a frequency of 1.2 Hz.

For all beams load, midpoint deflection and support settlement have been
registered. For beam A1 and C have also the strains in the composite been
registered in points shown in Figure 5.4. The direction of the measurements has
been done in the fibre direction, L, perpendicular to the fibre direction, T, and
in 90 ° to the longitudinal direction of the beam.
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Figure 5.3: Test set-up for four-point bending

Figure 5.4: Points for measurements of strains.
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5.3 Results

Within the minute just before the beam failed a clicking sound was emitted
from the beams. Except to this no significant warning signals proceeded the
failure. A typical failure can be seen in Figure 5.5.

Figure 5.5: Typical shear failure of a strengthened beam. Fibre fractures where the
anchorage is good and debonding closer to the edges.

The maximum loads from all the tests are shown in Table 5.6 and Table 5.5.

Table 5.5: Maximum loads from test on beams with stirrups
Beam Fibre thickness

[gr/m2]
Fibre direction
[°]

Ultimate Load
[kN]

RS - 473

S2 200 90 595

S3 300 90 595
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Table 5.6: Maximum loads from test on beams without stirrups
Beam Fibre thickness

[gr/m2]
Fibre direction
[°]

Ultimate Load
[kN]

R1 - 251*

R2 - 248*

R3 - 205*

R4 - 237

A1 200 45 514

A2 200 45 609

AF 200 45 638

R2A 200 45 612

R3A 200 45 502

R4AF 200 45 582

B 300 45 668

BF 300 45 687

C 125 45 493

CF 125 45 675

D 200 0 308

E 200 90 512

EM 200 90 346
*) Loading cancelled when shear crack arose.

5.3.1 All reference beams

The results from the tests of the reference beams are presented in Figure 5.6.

The loading of beam R2, R3, and R4 was cancelled when a shear crack
suddenly arose. This was done because these beams were going to be
strengthened after being damaged. However, this can be considered as the
ultimate capacity since the shear capacity only consisted of dowel action from
the longitudinal rebars. Beam R1 was constructed in a wrong way with a lifting
device that crossed the shear crack. Therefore this beam was loaded longer but
the lifting device did not increase the load bearing capacity. The ductile
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behaviour can be from the lifting device but is more probably due dowel action
to the heavily bending reinforcement.
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Figure 5.6: All reference beams

In the following figures will beam R2 be used as reference. This is done
because there is negligible difference between the reference beams and the
figures will be clearer without the other curves.

5.3.2 Fibre direction

The test results from the tests with different alignment of the fibres are
summarised in Figure 5.7
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Figure 5.7: The effect of different fibre direction
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The first thing to be noted is that a significant strengthening effect can be
achieved if the fibres are placed in the correct direction in relation to the shear
crack. It is also obvious that strengthening scheme D (0 °) did not contribute
significantly to the load bearing capacity. The small increase can be that the
flexural cracks are limited by the longitudinal fibres and therefore making it
harder for the shear crack to develop. The fact that the ±45 ° strengthening
were not more efficient than the 90 ° are due to that the fibres was not used
until failure. Instead was debonding with failure in the concrete the critical
failure mode.

5.3.3 Fibre amount

How the fibre amount, i.e. thickness of the composite affects the strengthening
contribution can be found in Figure 5.8.
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Figure 5.8: Results from tests with different composite thickness.

The best strengthening effect was achieved with the thickest composite. This
is easy to believe. The reason why the differences are not larger is that
debonding is influencing the results. Beam C (125 g/m2) failed with complete
fibre failure and the load was therefore controlled by the amount of fibres. The
�A-beams� (200 g/m2) failed with a combination of debonding and fibre failure.
It was not possible to determine which failure that was primary. Beam B (300
g/m2) failed by complete debonding and an even thicker composite should most
likely not give any higher load bearing capacity.
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5.3.4 Pre-cracking

The results from the tests of the beams that were damaged before strengthening
are presented in Figure 5.9
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Figure 5.9: Pre-cracked and repaired beams

Figure 5.9 shows that a damaged beam can be repaired and strengthened to a
level comparable to a strengthened beam that was not damaged before it was
strengthened. The differences between the beams come from the failure mode.
The beams failed in a combination of fibre fracture and debonding. The
different ratio of debonding contra fibre fracture gives the different loads.

5.3.5 Fatigue

Measurements were undertaken during all load cycles, Mattsson (1999). Here is
only the ramp to failure presented, Figure 5.10. The plots of load-deflection for
the beams with a to fatigue load history in the following have an initial
deformation. This deformation comes from the fatigue loading and is included
in the plots to show that the curves match above the level of the fatigue load.

Unfortunately the displacement gauges for beam CF were damaged during
fatigue loading and therefore is no load-deflection plot presented for this beam.
However the CF beam was loaded to 675 kN before failure. This is the highest
load for all test and kind of unexpected since it has the thinnest composite.
However, the failure mode followed the expected pattern. Beam CF (125
g/m2) failed by fibre fracture, BF (300 g/m2) by debonding, and AF (200 g/m2)
failed by a combination of the two failure modes.
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Figure 5.10: Fatigue load on strengthened beams

During fatigue loading of beam R4AF started the matrix to crack. This
happened during the first 10 000 cycles and was detected by that the colour of
the matrix just at the crack changed from transparent to a more white frosted
colour.

5.3.6 Matrix material

The results from the tests with cementitious matrix is shown in Figure
5.11together with the similar beam strengthened with epoxy matrix.
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Figure 5.11: The differences between epoxy and cement as bonding agent
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It was possible to increase the load bearing capacity with carbon fibres and a
cementitious matrix. After failure it was obvious that the fibres were not �wet�
by the matrix. The technique does probably not work well in fatigue loading.
The cementitious composite strengthened the beam with 40 %, which should
be compared to 106 % for the epoxy composite. This means that the
cementitious matrix only gave 37 % of the strengthening effect achieved with
epoxy.

5.3.7 Tests with stirrups

The results from the tests with the smaller beams with stirrups in the shear span
are presented in Figure 5.12
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Figure 5.12: Load-deflection plots for tested beams with stirrups.

Both of the strengthened beams failed with complete debonding of the
composite. This happened at the same load for both of the beams. The reason
for the thinner composite (200 g/m2) to debond in this case but not in the case
without stirrups must be due to the different heights of the beams. The drop in
stiffness, for the non-strengthened beam at 230 kN, comes from forming of the
first shear crack. This is not found on the strengthened beams because the
composite holds the cracks together.

5.3.8 Strains

In Figure 5.13 are the measured strains for beam C (125 g/m2) presented. In the
figure the strain in the fibre direction for a load of 95 % of the failure load is also
presented. The cross-section plot shows the measured strain in fibre direction
for all five gauges. Zero values have been plotted at both ends of the crack. The
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points give an idea of how the strains are distributed over the cross-section. It is
to be noted that the fibres are not stressed until the concrete starts to crack.
However, when the strains were measured over the crack on a pre-cracked
beam the composite was stressed from the beginning of the load ramp.
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Figure 5.13: Measured strains on beam C, 125 g/m2. Cross-section strains at load of
95 % of failure load.

For the other beam is only the strain field in the fibre direction presented.
This is done in Table 5.7 and plotted in Figure 5.14. In Figure 5.14 straight
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lines are used to connect the measured values. This is only done to make the
figure easier to read. To get the strain distribution, more data is needed.

Table 5.7: Measured strains in fibre direction at 95 % of failure load.
Beam Load

[kN]

Gauge 1 Gauge 2

[micro

Gauge 3

strain]

Gauge 4 Gauge 5

A1 463 2945 2625 4218 3476 -109

C 444 2820 6562 6375 5484 -125
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Figure 5.14: Strains in fibre direction at 95 % of failure load.

5.4 Comparison with theory

The shear cracks that formed are all different. Some are quite straight and some
are curved with one radius or many radii. Some shear failures were formed by
two connected shear cracks. When comparison between tests and theory it is
not reasonable to model the crack in detail and further, this would never be
possible in a design phase. However, the overall shear crack inclinations for all
the beams were 35 °. This value will be used for calculation of the theoretical
contribution.

The used strengthening system, BPE Composite HS, have the properties
presented in Table 5.8. The fibre properties are used together with the thickness
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of a fictive homogenous fibre. The fictive thickness for the sheet types 125
g/m2, 200 g/m2 and 300 g/m2 are 0.0704 mm, 0.1126 mm respectively 0.1689
mm. The contribution calculated by Equation 4.17, with z equals to the beam
height and ultimate fibre strain for all fibres, becomes as in Table 5.9 for the
beams without stirrups. Observe that Equation 4.17 only gives the contribution
on one side, the values in Table 5.9 have therefore been doubled.

Table 5.8: Material properties for BPE HS fibres
Property Value

Young�s module 234 GPa

Ultimate tensile strain 19 �

Ultimate tensile stress 4500 MPa

Table 5.9: Calculated improvement [kN] of the shear capacity. Crack angle 35 °.
Fibre �thickness�

[g/m2]
Fibre direction [°] 125 200 300

45 368 590 884

90 480

This can be compared to the improvements measured in the tests. Observe
that the measured loads in the tests have to be halved since the load is
distributed into the two supports by two shear spans. The improvement of the
shear capacity in the tests is shown in Table 5.10.

Table 5.10: Measured improvement [kN] of the shear capacity. Crack angle 35 °.
Average values for each strengthening configuration are presented

Fibre �thickness�
[gr/m2]

Fibre direction [°] 125 200 300

45 167 163 214

90 131
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The reason why Equation 4.17 does not give a good estimation is, as been
discussed in Chapter 4, that the strain distribution is not uniformly distributed.
This is also confirmed by the measurements presented above. Further, the
anchorage of the fibres limits the strains and forces in the fibres. If the measured
strains are modelled as in Figure 5.15 and used in Equation 4.17 then the
estimated load become as in Table 5.11
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Figure 5.15: Model of strain distribution

Table 5.11: Contribution [kN] to the shear capacity from strengthening system at
95 % of failure load. Crack angle 35 °.

     Contribution from strengthening

Beam

Calculated load
from strain

measurements
[kN]

Measured load
improvement

[kN]

Ratio
Measured/calculated

A1 82.4 120 1.46

C 82.3 110 1.34

Table 5.11 shows that the theory underestimates the bearing capacity. The
model is based on truss model and for the studied crack angle, the convention is
that the truss model gives conservative results.
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In addition to the non-uniform strain for the crack, debonding of the
composite can limit the strengthening effect. The effective fibre strain must be
reduced if the fibres cannot be securely anchored. A thinner composite is used
to a higher degree if debonding is the dimensioning failure mode. Beams with
lower cross-section gives less anchorage for the composite and debonding for
lower fibre strains. The concrete�s capacity to deform and still carry shear forces
can also control the failure. For large deformations, the concrete�s contribution
is reduced and the load on the fibres is increased. From the tests, it is not
possible to determine which is primarily the failure. Either is the failure
controlled by debonding of the composite or the by concrete�s capacity to carry
loads while it is deformed or
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6 Full-scale tests

6.1 General

Many researchers have shown that it is possible to strengthen structures with
bonded composites. This has mostly been done in laboratory, often on scale-
sized beams that are simply supported and loaded in three or four point
bending. These idealised conditions are far away from the conditions prevailing
for a real structure. Therefore it is of most importance to make full-scale tests
and to carefully undertake field applications. Field applications combined with
measurements should be used to verify the real function of a structure. When a
structure is changed, for example, by means of strengthening is it important to
understand in which way the modification will affect the whole structure. This
can be achieved by measurements. In this chapter three field measurements
involving CFRP strengthening will be presented. The purpose of the
measurements in these particular cases are to investigate the function of the
carbon composites, the structural function of the strengthened structure and to
know what strengthening effects that have been achieved. The three studied
cases are a bridge, two silos and two beams. The reasons for strengthening are;
increased design loads; design and construction faults; respectively change of the
structural system. Before the applications are presented, the practice of carrying
out plate bonding will be discussed.

6.2 Application in field

Strengthening concrete structures with carbon fibre composites involves in
rough outline three main moments; preparing work, strengthening and finishing
work. In the following focus will be placed at plate bonding with hand lay-up.
The reason for this is that this application method has been used for the studied
cases.
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6.2.1 Preparing work

To ensure sufficient bond between the carbon fibre composite and the concrete
structure there are some demands on the concrete surface that must be fulfilled,
i.e. low quality concrete must be removed and the aggregates must be
uncovered. For structural reasons there are some demands of the maximum
roughness as well. The concrete surface must be even so that the carbon fibre
will not be bonded in a buckled or non-straight position. These two demands
together imply that the surface must be sand blasted and sometimes ground
before the strengthening work can commence. When strengthening in field,
there can also be damages from vehicle impacts and from mistakes during
constriction that needs to be considered. Figure 6.1 shows how minor holes and
cavities have been repaired with putty and then being ground.

Figure 6.1 Grinding of putty repair of an old damage from vehicle impact
Photo: Anders Carolin

Compressed air or vacuum cleaning must be used to remove dust and debris
from the surface after sand blasting or grinding.

6.2.2 Strengthening

To distribute the forces between the fibres and to make full composite action
with the concrete, a low-viscosity epoxy resin should be used. To prevent the
epoxy to penetrate into the concrete without wetting the fibres sufficiently a
primer must first be applied to the concrete surface. The primer penetrates the
concrete and increases the adhesion for the epoxy adhesive, Augustsson (1995).
However it is important that the pores are diffusion open for water vapour. The
primer is fast and easy applied to the concrete with a soft roller, see Figure 6.2.
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Figure 6.2 Application of primer to the clean and smooth concrete surface.
Photo: Anders Carolin

When the primer has cured can the strengthening system be applied. The
fibres are pre-cut into desired lengths. This can be done with ordinary scissors
or by help of a cutting board, see Figure 6.3.

Figure 6.3 Cutting of carbon fibre sheets with a cutting board.
Photo: Anders Carolin
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First a layer of epoxy is applied on the primed surface. Then the fibres are
put in place. A roller is used to straighten the fibres and to get out all bigger gas
voids. Normally is there a paper cover on the fibres to make the handling easier.
If this is the case, the cover is removed before another layer of epoxy is applied.
In case that many layers are needed the last steps are repeated until desired
thickness is achieved.

6.2.3 Completing work

The completing work starts after the epoxy has hardened. Paint or a thin layer
of plastic could be used for protection against UV-radiation. The colour can be
chosen to camouflage the strengthening on the structure, camouflage the
structure in its surroundings or to give a more colourful appearance in the
environment. If a rougher surface is desired, sand can be placed in the last layer
of epoxy. If there is a need to protect the composite from fire loads, special fibre
protection should cover the strengthening.

6.2.4 Environmental aspects

All materials can be harmful to man if used in the wrong way or for wrong
purpose. This is also valid for washing detergent and other chemical products
that are daily used, but in those cases there is a good knowledge of how the
materials should be handled, Augustsson (1995). Epoxy is a thermosetting plastic
that consists of two parts, a resin and a hardener. The fully cured product
involve no environmental or health problems and can be found around us every
day. On the other hand if the two compounds are improperly handled they can
cause allergy and irritations. If the advises from supplier and the labour welfare
act is followed there are no problems with epoxy or the components. However,
epoxy has to be handled with care. The right protection equipment with
respect to the nature of the work should always be used. For example should
work above the head always be done with and face protection as a complement
to, protection gloves and disposal overall. Special bounded station should be
used for mixing and cleaning of the equipment when the work is done in the
field.

6.2.5 Control of the strengthening work

The reaction of the epoxy will not be satisfactory if the temperature is too low
or if the relative humidity is too high. Both relative humidities in the air and in
the concrete have certain critical levels. The demands that must be full filled are,
Augustsson (1995):
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• The relative humidity on the concrete surface must not be over 80 % at
time for application of primer, epoxy and paint

• The temperature in the air must be at least 3 °C over actual dew point

• Temperature in the air should not be below 10 °C.

If the demands for curing are not fulfilled special arrangements are necessary.
How this can be solved with a hot air fan and some shelters is shown in Figure
6.4.

Figure 6.4 With a hot air fan and shelters it is possible to achieve needed
conditions Photo: Anders Carolin

Similar types of tents can be built almost everywhere since the materials are
lightweight, cheap and very flexible.

6.3 The Kallkällan Bridge

Outside the centre of Luleå in the northern part of Sweden there is a bridge
called The Kallkällan Bridge, see Figure 6.5.

Figure 6.5 The Kallkällan Bridge during winter season, Täljsten and Carolin
(1999)
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The bridge is a part of Malmbanan, which is the railroad between Luleå in
Sweden and Narvik in Norway. On Malmbanan the maximum allowed axle
load are going to be increase from today�s 25 tons up to 30 tons, Banverket
(1996). Because of the higher load the bridge needed in 1998 to be replaced,
monitored or strengthened. To investigate the method of plate bonding with
CFRP, the Swedish Rail Administration decided to strengthen the bridge.
Other strengthening methods were discussed as well but since the bridge is low
with regard to the road underneath, those methods were considered not to be
an alternative. When the strengthening method was chosen it was decided to
investigate the influence of traffic movements on the bridge during the time of
the strengthening work. Furthermore was an investigation of the work
environment considered as an important parameter for study. The project is
described in Täljsten and Carolin (1999). In total 3200 m carbon fibre sheets,
0.3 m wide, were used. In average the thickness of the composite was
approximately 1.0 mm. The bridge was painted with a �concrete grey� polymer
paint after the strengthening work was done.

The bridge is a three span trough bridge that was built in the sixties.
Calculations made by Swedish Road Administration for the higher axle load
had shown that the bridge had a lack of bearing capacity across the bridge
between the two main girders. How the bridge was strengthened could be
found in Figure 6.6.

Figure 6.6 Strengthening scheme for the bridge

6.3.1 Bridge condition

Before a bridge is modified it is of outermost importance to analyse the
condition of the bridge. As many as possible of the parameters that can effect



6. Full-scale tests

79

the strengthening result should be covered. This is because old defects can be
reasons to �surprises� that can occur in the future for the strengthened structure.
One important thing can be cracks in the concrete from the time before
strengthening. Therefore a survey of cracks has been made. Since most of the
strengthening is at the bottom face of the bridge, mapping has been focused to
this area. The cracks had only been detected visibly with the naked eye and
position has been estimated approximately. The crack widths were estimated
between 0.3 � 1.0 mm. Some cracks were not visible before the sand blasting
was completed. However after sand blasting it was hard to estimate the width of
the cracks because the sandblasting rounded off the edges of the cracks. All the
detected cracks are shown in Figure 6.8.

The underlying reasons of the cracks are not investigated in this report.
Nevertheless it seems like a most of the cracks come from plastic shrinkage at
the time just after casting. One example of plastic shrinkage cracks is shown in
Figure 6.7. Those cracks are on the upper face of the bridge and become visibly
after the surface had been ground.

Figure 6.7 Cracks are caused by shrinkage after casting. Picture is taken at the
bridge upper face after grinding. Photo: Anders Carolin

The bridge also has some defects from the time of casting. There are some
places that are not properly filled with concrete. These areas are shown in
Figure 6.8 by a cross in a rectangle. Furthermore the bridge is also damaged by
vehicle impact. Some of these damages can be seen in Figure 6.9. If one should
have given a rough opinion of the bridge status, it could have been stated that
the bridge was in fairly good condition.
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Figure 6.9 Damages after vehicle impact

Material parameters

When the visual inspection of the bridge was undertaken the next step was to
investigate the material parameters, however in this case only the concrete has
been examined. The tension strength of the concrete surface is of certain
interest since the concrete has to transfer high stresses into the composite. Only
a short summary of the result from concrete testing will be presented here. For
further information see Täljsten and Carolin (1999). Drill cores have been taken
from which Young�s module and the compressive strength have been tested,
according to BST (1991). �Pull-Off tests� have been done for the tensile
strength. The results from these tests are presented in Table 6.1. It has been
assumed that the tested samples are valid for the whole bridge.

Table 6.1 Result from concrete testing
Property Average
Young�s module [GPa] 31.2
Compressive strength [MPa] 61.3
Surface strength [MPa] 3.0

The strengthening system used was BPE Composites. This carbon fibre
wrap system consists of epoxy primer, putty, adhesive and unidirectional carbon
fibre sheets. In this particular case BPE Composites 200S was used. The figures
stands for a weight of 200 gr/m2 and S the standard quality. The composite used
for strengthening has been tested. Good documentation how this was done can
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be found in Sichelschmidt (2001). On the bridge, the amount of resin will vary
and the fibre volume fraction and the mechanical properties of the composite
with it. However, the design of the strengthening only prescribes an amount of
fibres and the mechanical properties of the fibres are presented in, Table 6.2.

Table 6.2 Mechanical properties for the carbon fibres
Property Average
Young�s module [GPa] 234
Tensile strength [MPa] 4500
Ultimate tensile strain [�] 19

In Table 6.3 the data on the adhesive used is presented.

Table 6.3 Mechanical properties for the adhesive
Property Average
Young�s module, (bending test) [GPa] 2.6
Bending Tensile strength [MPa] 90
Ultimate tensile strain [�] 30

6.3.2 Strains and deformations

The best way to investigate whether the strengthening work gives the desired
effect is to do field measurements. By measuring deformations and strains before
and after strengthening it is possible evaluate the strengthening effect. Since the
method is novel there is a lack of understanding of long-term behaviour. Of
that reason the measurements has been repeated two years after the second
measurement. The strain measurements also serve as a guide to the level of
composite action between concrete and carbon fibre composite. Deformation
measurements are necessary for structural understanding of the bridge and they
also contribute with information of the strengthening effect. The loads on the
bridge have also been measured. The loads, i.e. train weight, are essential for the
evaluation of the strains and deformations. An extensive measurement program
was formed. A quite large system of steel beams was mounted on the top of the
columns under the bridge. This was done to support the deformation gauges
and minimise the interference from ground movement and column
deformations. Due to resonance the beams needed to be considerable large. To
ensure the measurements and to avoid resonance in the bridge itself, different
train speeds were studied. Different trains can be compared because the mass of
each wagon is known. Because of interference from cracks should the registered
values of strains not be taken as absolute values. They should instead be used in
a comparison between values before respectively after strengthening.
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Strains

The Strains have been recorded in the points indicated with arrows in Figure
6.10. The direction of the arrow indicates in what direction the measurements
have been performed.

Figure 6.10 Locations of strain gauges

At Point 1 in Figure 6.10 have strains been measured both in the bridge
longitudinal and transverse direction. After the strengthening, also the strains in
the composite were measured in this point. Strains in the composite were
measured with a rosette gauge in 0 °, 45 ° and 90 °directions of the fibres. At
Point 2, 3 and 4 the strains are only measured in the bridge longitudinal
direction. The strains have been measured with strain gauges welded to the old
steel reinforcement except for Point 4 were the strain gauge was bonded to the
concrete surface with an epoxy resin.

Deformations

The deformations have been recorded in the points shown in Figure 6.11. It is
only the vertical deformations that have been measured.

Figure 6.11 Locations on the bridge of deformation measurements
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Figure 6.12 Locations on the cross section of deformation measurements

By reducing measured values with the deformation of the longitudinal beams
it is possible to isolate the deformation of the trough, which is most interesting
since it is only the trough that have been strengthened.

Measurements before strengthening

All measurements before the bridge was strengthened were taken out at July the
13th. Three ore trains were measured with the speeds 53 km/h, 30 km/h and 10
km/h. Except for these three trains, three other trains were measured. Those
trains were passenger trains and are not presented in this study. They were used
for controlling and calibrating the measurement equipment.

The evaluation of the measurements showed unfortunately that the
measurements of the first train (53 km/h) had failed. The strain level in the cross
direction seemed to be to low in comparison with the others, i.e. with the other
two trains and the five trains that were measured directly after strengthening.
Therefore the first train should be denounced and the conclusions should be
evaluated from the other two trains. The reason for the non-succeeded measure
is not ensured.

Measurements after strengthening

After the carbon composite strengthening system was applied the second
measurement was done. The program was extended with one strain gauge,
placed on the carbon fibre in the middle of the end span, i.e. Point 1 in Figure
6.10. The purpose of this was to see if the strain deformations were transferred
to the carbon fibres. This time, five trains were measured instead of the earlier
three. The speeds of the trains were 10, 30, 30, 50, 50 km/h. To see whether
the strengthening effect was constant over time another measuring was done
two years after the second measurement. The same measurement program was
undertaken with the exception that the deformations in the midspan were not
measured. Since the strengthening system is only 2 years old it is not possible to
make any long-term durability predictions. The results can give an idea of the



6. Full-scale tests

85

short-term durability; after all it has been exposed to climate and real loads for
two years.

Results

In the following will mainly the measurements in the bridge cross direction be
reported. The measurements taken in the longitudinal direction didn�t show any
significant differences before and after strengthening depending on the fact that
no strengthening was placed in this direction. For evaluation of the strains,
averages for each train passing were formed. It were calculated as arithmetic
mean value over the intervals shown in Figure 6.13 which show an example for
a train with the speed 30 km/h. On �Malmbanan� between Gällivare and Luleå
the wagons chassis are almost identical. The divergences between single wagon
baskets are insignificant in most cases and will in extreme cases not affect the
average because the large amount (52) of measured wagons in each train. For
comparison are the measured values normalised from their weight to a 100 ton
wagon weight.

Figure 6.13 Method for calculating average strains. Measured strain in the old steel
reinforcement in the transverse direction before strengthening. The train
speed is 30 km/h, Täljsten and Carolin (1999)

The general appearance of this and the following figures will here be
explained. Depending on where the train wheels are with respect to the
measured point it will cause deformations and strains represented by either a dip
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or a top on the curve. The small registering at the beginning of each train set is
the locomotive that runs over the bridge. The discontinuous parts of the graphs
are due to the used equipment and should not be seemed as an error. It was a
sacrifice to be able to achieve the desired accuracy. At the time for the last
measuring the available computer power had increased to a level where the
sacrifice was no longer necessary. The measurements of deformations have
greater precision at lower train speed due to smaller vibrations but the average
value is not affected of the train speed.

Table 6-4 presents the deflection values for the train speed 10 km/h before
and after strengthening. The values are adjusted for different weights. These
deflections are also plotted in Figure 6.14. The thin layer of carbon fibre
decreased the deflections of the trough in the cross direction with 16 %. After
two years the same deformations as immediately after strengthening was
measured.

Table 6-4 Measured and normalised values of deflection

Measuring
point

Deflection before
[mm]

Deflection after
[mm]

Decrease in deflection
[%]

0 0 0 ---
1 0.15 0.12 18
2 0.27 0.23 13
3 0.34 0.28 17
Average --- --- 16
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Figure 6.14 Measured deflections before and after strengthening, Täljsten and
Carolin (1999)

The measured strains from before strengthening, after strengthening and two
years after strengthening are shown in Table 6.5, Table 6.6 respectively Table
6.7.

Table 6.5 Measured strains before strengthening
Train
number

Velocity
[km/h]

Weight
[ton/wagon]

Average strain
[µs]

Adjusted average strain
[µs]

A1 53 96.5 56.67 58.7
A2 30 95.1 64.37 67.7
A3 10 96 65.88 68.6
Average 68.2*

*) Train A1 is not included in the evaluation, see text above

Table 6.6 Measured strains immediately after strengthening

Train
number

Velocity

[km/h]

Weight

[ton/wagon]

Average
strain
[µs]

Adjusted
average strain
[µs]

Adjusted average
strain in composite
[µs]

B1 50 93.73 52.57 56.1 101
B2 30 97.5 54.82 56.2 99
B3 10 96.8 57.43 59.3 107
B4 30 93.25 55.02 59.0 105
B5 50 97.3 57.39 59.0 103
Average 57.9 103
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Table 6.7 Measured strains two years after strengthening.

Train
number

Velocity

[km/h]

Weight

[ton/wagon]

Average
strain
[µs]

Adjusted
average strain
[µs]

Adjusted average
strain in composite
[µs]

C1 50* 98.3 56.2 57.2 76.2
C2 50* 94.9 55.4 58.4 80.2
C3 50* 98.1 57.0 58.1 79.2
C4 50* 98 56.2 57.4 78.4
C5 50* 99.1 56.97 57.5 78.1
Average 57.7 78.4

*) The velocity is not prescribed, measured or evaluated. The normal velocity is
assumed.

In Figure 6.15 are the strain level for the three cases illustrated graphically. A
decrease in strains of 15 % was achieved. The strengthening effect measured
immediately after strengthening remained after two years.
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Figure 6.15 Effect of strengthening on strain in the old steel reinforcement. The
different masses of the trains have been considered to give comparable
results.

The measurements on the carbon showed that the fibres have good
composite action with the concrete and take a great part of the load. The reason
for the differences in strain levels between the two last measurements is not
analysed in detail. It can be due to temperature changes and deterioration of the
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gauge. The measurements were undertaken at similar conditions but since the
gauges are placed on the outside they are sensitive for differences in temperature
distribution over the cross-section.

Non strengthened parts

The measurements showed that no forces are taken by the steel reinforcement
in the longitudinal direction. This means that the model for the bridge, that the
forces on the slab are transferred to the beams and then transferred to the
columns, is valid. Further, the strengthening of the slab in the cross direction
did not effect the strains over the column.

6.3.3 Comparison with theoretical calculations

It is complicated to compare the theoretical calculations of the strain levels and
the deformations with the ones measured from the test. The reasons for this are
many. One such reason is the degree of clamping in the primary load bearing
beams. Another reason is the difficulties to distribute the axial load from the
iron ore train correctly together with the influence of the ballast. A third reason
is the difficulty to calculate the moment of inertia. Here the contribution from
concrete that is not fully cracked will have a big influence of the result. How
the theoretical strains and deflections are calculated will not be presented here.
Detailed presentation how this has been done can be found in Täljsten and
Carolin (1999). How the degree of clamping and cracking affects the theoretical
deformations is shown in Figure 6.16, where the measured values also are
presented.
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Figure 6.16 Comparison between tests and theory for the deflections in the cross
direction, Täljsten and Carolin (1999).

From the diagrams in Figure 6.16 and the plotted deflections from tests, two
possible cases can be discerned. The slab seems to be clamped in the
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longitudinal beams and cracked or to be simply supported and uncracked.
However, it seems unlikely that the cross section is fully clamped in the beams
and the cross section should not be fully cracked for the service load.
Nevertheless, there is a possibility that the studied mid cross section is cracked
to some degree and the supports are clamped to some degree. The decrease in
deflection of 16 % is in accordance to theoretical calculations.

The first thing to be noted regarding the strains are that they seems very low.
Before strengthening the maximum strains were approximately 80 micro strain.
With Hook�s law and a modulus of elasticity for the steel of 210 GPa the
stresses become around 17 MPa. This is very low for steel with yield stress of
400 MPa and could be interpreted as that the bridge did not need any
strengthening. The strains are measured on a rebar embedded in concrete and
the measured strains are greatly affected of eventual cracks close to the gauge�s
location. This is probably not the complete explanation to the difference
between measured values and expected values. Another reason could be
friendlier load transfer in the trough and influences from the ballast. However,
for the evaluation of the strengthening effect it is most interesting to compare
the strains before and after strengthening. Also, the strengthening effect that was
measured is in accordance to the calculations. For determination of degree of
usage for a bridge capacity, a measurement program with that purpose must be
conducted.

The strains in the fibres should be higher than the strains in the steel
reinforcement due to longer lever to neutral axis. Also, the fibre reinforcement
works more efficient than the old steel reinforcement due to different direction
to the beams. The carbon fibres are oriented perpendicular to the beams in
difference to the steel reinforcement that are oriented in an angle of 82.5 ° to
the beams. The levels of the measured values in the composite from the last
measurement are good in relation to the strains in the steel. The strains
measured over the column show no difference between before and after
strengthening. This was also the case for the measurements at the longitudinal
steel reinforcement in the beams and in the slab. This is quite apparent since
nothing, or only a small part, of the strengthening system were bonded in place
or direction that would have decreased these strains. The fact that no difference
was found validates the accuracy of the measurements.

6.4 Silos

6.4.1 General

There are a large number of concrete silos in bad condition all over the world.
Many silos were built in the 60-ties based on present codes. At that time it was
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assumed that the highest pressure arises during filling of the silos. Increased
knowledge of the flow and the structural behaviour has shown that the highest
pressures can arise during emptying. In the summer of 1999 four concrete grain
silos were strengthened with CFRP sheets. Two of the silos, located in Kvänum
some 150 km east of Gothenburg in Sweden, will be described in the following
text. The silo battery is shown in Figure 6.17. The height of the silos are 48.9
m. Each silo has a diameter of 9.5 m and a wall thickness of 200 mm.

Figure 6.17: Silo battery in Kvänum, Sweden. Täljsten et al (2000)

During instrumentation of the structure it was discovered that the prescribed
reinforcement had not been placed in the form. It was also found that the
reinforcement, that actual were in the structure, was joined incorrect. The
wrong design and the wrong construction work had made the silos too weak to
carry the loads, with cracking and in some cases local failures as a consequence,
Täljsten et al (2000). Another problem was related to carbonisation of the
concrete, which had resulted in corrosion of the steel reinforcement

6.4.2 Strengthening

For the particular silos, the problem existed mainly on two of the corner silos in
the battery. BPE Composite 200S and 300S was used as strengthening system.
The owner of the silo preferred to place the strengthening system on the
outside of the silo. The reason for this was mainly to avoid extra work by doing
strengthening on the inside. A protection system to prevent the future
carbonisation and to remove weak concrete and restore corroded reinforcement
was to be applied on the outside. It would therefore have been convenient if
the strengthening system could be applied in connection to this work.
However, strengthening from the outside has two disadvantages. It is not be
possible to wrap the CFRP sheet around the silo and the sheets must be
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anchored with sufficient anchor lengths. Another disadvantage is the weather
dependency that does not exist when work is done on the inside. From the
structural point of view it is also preferable to strengthen the silo on its inside
surface. If the silo is strengthen on the inside, the load will almost uniformly be
carried by the composite and the stress in the structure will be more uniformly
distributed. To investigate application technique and strengthening effect it was
decided to strengthen one of the silos on the outside and one on the inside. To
avoid problems with moisture in the concrete, the silo strengthen on the
outside was strengthened in strips with open areas in between. After the
strengthening and carbonisation protection was completed a bright colour was
chosen to increase the aesthetic performance together with a decoration, see
Figure 6.18. Since the silos are almost 50 m high and 10 m in diameter they are
spotted from a large area. (It has been heard through the grapevine that the
people in the surroundings like the new look of the silos.) For the silo
strengthened on the inside, a rougher surface with a good abrasion resistance
than pure epoxy was wanted. Shooting quartz sand with low pressure onto the
uncured epoxy solved this.

Figure 6.18 The silos before strengthening (after sandblasting) to the left and after
strengthening on the right. Photo: Skanska AB, Sweden
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6.4.3 Measurements

Unfortunately, it was not possible to do measurements before strengthening.
That would have been wishful because that would have given the level of
strain, unloaded from the steel. On the other hand, it is easy to believe that the
old steel reinforcement was yielding for the largest loads and close to yielding in
the normal case. This is very likely since many of the cracks exceeded 2 mm.
However, the measurements showed that the composite was subjected to large
tension strains. The load corresponding to the strains was earlier loading the
steel. The measurements showed that the fibres placed on the outside were
securely anchored at the end of the outer wall without any special arrangement.

6.4.4 Conclusion

The project was considered successful but more research and measurements are
needed to fully understand the silo structures and the loads from the grain
material. Therefore, some other silos that are in need of upgrading are being
monitored. Pressure gauges have been mounted at different levels together with
strain gauges. These measurements are studied from distance with use of
telephone modem. The silos are emptied and filled with predestined schemes.
The silo complex will be strengthened in stages and loaded in between to
understand how the structure works.

6.5 Concrete overhead crane main girders

6.5.1 General

Strengthening can also be addressed by a change in a structural system. In this
case the mid-supports for two two-span beams were took away. The beams are
main girders for an overhead crane and have 1 m times 2.3 m cross-sections. All
steel reinforcement in the middle of the beams was placed in the upper part of
the cross-section due to the original design. In the lower part were only a few
bars for assembly. After the mid-supports were removed, the spans of the two
beams become 14.4 m and 16.8 m. The reinforcement and the change in
structural system are shown in Figure 6.19.
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Figure 6.19: Schematic sketch of the reinforcement and change in structural system.

6.5.2 Strengthening

The beam had a large strengthening need, in both flexure, 12.5 MNm, and in
shear, 1 MN. A great advantage with this kind of change is that there are no
initial tension strains in the most critical cross-section. The initial strains are
instead in compression due to dead load. The middle support was first partially
removed. Then the beam was strengthened for the dead load. 24 layers,
approximately 10 mm, were bonded as flexural reinforcement for each beam. 4
layers, 300 g/m2 was used for shear strengthening on each side. The
strengthening system BPE Composite was used throughout the work. After
strengthening were beams painted with a grey colour, see Figure 6.20.

Figure 6.20: Finishing work on one of the beams
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6.5.3 Measurements

The beams were loaded with 4.85 MN. Asymmetrical loading gave both beams
63 % of this load at different times. The load corresponds to 90 % of the service
load. Naturally, it was not possible to do measurements on the new structural
system before the strengthening was done. However, the measurements were
done to see how the beams behave when they are subjected to loads. The
measurements will also be used to verify numerical calculations that will be
undertaken. However, the results from the measurements showed that the
beams were close to cracking. The maximum deformation of the beam with
longer span was measured to 7.9 mm.

6.6 Experiences

The full-scale tests show that it is possible to strengthen structures with plate
bonding with CFRP and it is rather easy to apply the strengthening system. The
pre-treatment work can be work intensive and therefore costly. This is much
due to the fact that there are uncertainties about the critical level for the
roughness. A lot of time and work could probably be saved if more research
have been conducted with this as subject. At the underpass for Kallkällevägen
the concrete was of high quality and the sand blasting was not enough to
uncover the aggregates in the concrete. Furthermore, the surface was rough and
grinding was necessary to achieve the desired smoothness. The roughness was
due to the use of wooden form work. The grinding was hard manual work and
time consuming. This part of the preparing works needs development the
equipment. Afterwards it has been noticed that an external reinforcement can
be damaged from vehicle impacts. This must be considered during design.

The experiences from the performed full-scale tests can be summarised as
follows.

• A significant strengthening effect is possible to achieve.

• The full-scale tests showed that the method is possible to use even under
harsh conditions with use of simple shelters.

• Even though, there have not been any problems with the epoxy, different
methods like vacuum infusion should be studied.

• The most important conclusion from the full-scale tests is that the method
can be used instead of the so-called conventional methods.
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7 Discussion

7.1 Conclusions

7.1.1 Strengthening with CFRP
Upgrading of concrete structures is a fast growing area. In the future it will
probably be even more common with strengthening as new repair and
upgrading methods develops and the knowledge of environmental aspects and
life cycle cost increases. The loads on the infrastructure have steadily increased
and in recent decades quite rapidly.

Repairing and strengthening are often more complicated than building new
structures. Many parameters are already fixed and the materials are often in a
deteriorated state. Problems that can arise for strengthened structures are that
the failure can be moved from the strengthened building part to another or that
the failure mode changes from ductile to brittle. The development length for
fibres bonded to concrete is quite short. Nevertheless, debonding problems
often limit the strengthening effect if the fibres are not anchored properly.

Many T-beams have been tested for shear strengthening but they have been
simply supported with compression in the flange. For real structures the T-
beams sometimes continues over a support. This means that the beams are
subjected to moments that give tensile strains in the flange for the regions where
high shear forces are acting. Tests have shown that debonding, in the most
cases, starts from a free edge with tension strains. Considering that the
anchorage of the fibres is of outmost importance, the undertaken tests are not
applicable to T-beams with tensioning in the flange.

Many researchers have done tests on small laboratory specimens. The
behaviour of real structures can show other behaviours then scale specimens.
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Therefore, more full-scale tests or tests on large-scale specimens should be
undertaken to verify existing theories.

7.1.2 Theories
Models and equations regarding strengthening for increased flexural capacity
exist, and there is quite good agreement between theory and test. Even though
there are still some disagreement regarding anchorage and anchorage lengths.

Many researchers have showed that structures also can be strengthened for
shear, but few have presented valid and general theories. The simple truss model
as a base has been used in absence of other models. The truss model has started
to get complicated with many special cases. The compression field theory seems
to be less complicated when considering these cases. With simplifications, like
the general method or the method presented by Rahal (2000b), it is possible to
use the modified compression field theory in design codes. The shear friction
model is quite new and needs to be discussed and tested more before it can be
used in codes. For plate bonding there are many design equations formulated.
Most of them are based on a truss model and only a few consider the problems
with delamination and premature failures. Except for bending, three possible
failure modes exist for concrete beams strengthening in shear with CFRP.
These failure modes are tensile failure of the fibres, anchorage failure in the
concrete and compressive failure of the concrete struts.

In order to choose the best strengthening method good theoretical models
must be derived for all methods and failure modes. Design codes that satisfy
demands on safety, accuracy and simplicity must be improved. For structures
strengthened with CFRPs, theories that consider debonding should be
improved and generalised. The anchorage for different stress situations and crack
patterns must be fully understood to make it able to optimise the calculation
models. If it is not possible to anchor the composite satisfactory, then it is
necessary to limit the strengthening effect.

The truss model, as it is used with steel stirrups, is not directly applicable for
CFRP strengthening. However, the truss model can be used as a base when
equations for shear strengthening with CFRP are derived. For shear
strengthening, a good analytical model, maybe with the composite theory in
mind, should be derived for research purposes. This model should consider
effective strains in the composite at failure and anchorage limitations. It is easy
to believe that this analytical model will be complicated and maybe iterative,
but would still be possible to program. The purpose of such equations is to
increase the knowledge and understanding of shear and to give good values to
compare with tests. For design codes, the engineering equations that exist must
be improved.
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7.1.3 Laboratory results
The tests show that it is possible to increase the shear load bearing capacity of a
concrete member strengthened in shear with more than 175 %. The tests also
show that a strengthened beam withstands fatigue loads excellent even if the
beam is pre-cracked prior to strengthening. Test results, compared to theoretical
calculation based on truss model with perfect bond and uniformly distributed
shear strains, show that calculations can overestimate the load bearing capacity.
This overestimation is much due to anchor failure and non-uniformly
distributed shear strains. This must be further studied and generally described to
give a better estimation of the contribution from the fibres.

7.1.4 Full-scale testing
The full-scale tests show that the method is possible to use for strengthening of
real structures. Structures can be strengthened to: meet new demands; supply a
deficiency from design and construction errors; and to compensate for supports
when a structural system is changed. Measurements can be used to increase the
knowledge of a structure and to validate a strengthening effect. Measurements
to investigate the bearing capacity must however be used together with a
detailed analysis of the structure.

The pre-treatment of the surface can be time consuming and costly. Vehicle
impacts have shown that fibres bonded to a structure surface can be damaged.
Two years studies show no signs of declining strengthening effect. It has also
been found that it can be possible to achieve a significant strengthening effect
even with live loads acting during the strengthening work.

7.1.5 Summary of conclusions
First and most important is that strengthening with CFRP is possible to use
both for flexural strengthening as well as for shear strengthening. The method
can in many cases replace the traditional strengthening methods such as for
example post-tensioning. There exist good analytical models for strengthening
in bending. For shear strengthening the strain field over a shear crack together
with anchorage must be further studied.

7.2 Further research

7.2.1 General
Some research subjects have been identified and will here be presented. Further
suggestions for research regarding upgrading of concrete bridges can be found in
Elfgren et al (1999) and Carolin (1999).

7.2.2 Anchorage
The anchor situation must be fully understood. If a secure anchorage is not
possible to achieve, then reliable calculation models must be used in order to
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estimate maximum allowable strain. A large number of tests can be the base to
determine the anchorage for laminates and sheets. Such test have already been
undertaken and reported. These results should be evaluated with a model that
can give comparison to the strain situation for a real structure. When applying
shear strengthening, the anchorage will be in regions with high tensile and
compression strains aligned to the fibre direction. Models that consider
anchorage in different strain fields should be derived for both sheets and
laminates.

7.2.3 Dynamic loads during strengthening
When strengthening for increased flexure capacity there are equations that
consider loads on the structure. This is necessary since in most cases the
structure is subjected to dead load. Many owners of structures want to continue
with their service or activity during the strengthening period. The influence of
dynamic loads during curing should therefore be studied. It would be very
useful if the relation between dynamical movements and strengthening effect
could be clearly stated. If dynamic loads are limiting the strengthening effect,
then the existing equations should be revised to include this limitation.

7.2.4 Near surface mounted reinforcement
One way to minimise the pre-treatment of the concrete surface can be to use
near surface mounted reinforcement, NSMR. The idea of Near Surface
Mounted Reinforcement is to insert the added reinforcement into sawed
grooves in the concrete cover, see Figure 7.1.

P la te  B ond ing N S M R
Figure 7.1: Plate bonding and near surface mounted reinforcement, NSMR.

Täljsten and Carolin (2001)

The sawing of grooves, shown in Figure 7.2, is only possible on structures
with enough concrete cover to the reinforcement. One should remember that
the thickness of the concrete cover is depending of the workmanship when the
structure was built rather then the code that the design was based upon.
Anyhow, it is easy to believe that the method is more suitable for outdoor
structures such as bridges then for indoor structures with normally less concrete
cover.
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Concrete Saw

Supporting Rail Depth of Groove

Figure 7.2: Sawing of grooves for NSMR

The technique should vouch for better protection of the composite. The
mode of action and anchorage lengths of this application needs to be
investigated. Probably the anchorage will be stronger with this technique
compared to traditional plate bonding. A beam strengthened with NSMR is
shown in Figure 7.3.

Figure 7.3 Beam strengthening with NSMR. Slot with epoxy to the left and
the complete strengthening to the right.

7.2.5 Climate conditions
The strengthening work is in most cases done at a site where the temperature
and humidity is different from normal laboratory environment. There is good
knowledge about what conditions that are needed to achieve good composite
action between the fibres and the structure. The development of �pre-preg�
products that are placed on the structure and treated with heat can give new
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possibilities for application under harsh climate conditions. Such systems exist
but need further studies and development if they are going to be used in cold
climate for instance.

Not only the climate condition during strengthening is important. The
behaviour of a strengthened structure in cold climate should also be object for
an investigation. It is important to study if the strengthening effect is the same at
�35 °C as at +20 °C. The mode of failure may also differ with the temperature.

7.2.6 Summary of further research
The identified areas presented above and in previous chapters that can be
objects for further research are summarised as follows:

• Anchor situation, especially when it comes to shear strengthening need
further research.

• Dynamic loads during curing, laboratory tests are a minimum to conduct but
full-scale tests would be preferable.

• Near Surface Mounted Reinforcement, NSMR, is a promising technique
that should be well worth deeper studies.

• Climate conditions, both regarding production as well as structural behaviour
in cold climate can be further studied.

• Silos, there is a large need for strengthening of these structures but there is
limited experience.

• Shear, the presented theory should be further studied and result in reliable
design equations. Especially the validity of the truss model should be
investigated.



References

103

References

Aboudrar, A. and Johansson, A. (1998) �Betongbalkar förstärkta med
kolfiberkomposit: en undersökning av böj- och tvärkraftskapacitet� (Conrete beams
strengthened with carbon fibre composite, In Swedish), Master Thesis
1998:341, Luleå: Luleå University of Technology, Structural Engineering.
169 pp

ACI Comitte 318 (1987): �Building code requirements for reinforced concrete�.
American Concrete Institute.

ACI Comitte 440 (2000): �Guide for the design and construction of externally bonded
frp systems for strengthening concrete structures�. 24 January 2000.

ACI Committee 440 (1996) �State-of-the-Art Report on Fiber Reinforced Plastic
Reinforcement for Concrete Structures�, American Concrete Institute,
Farmington Hills, Michigan, February 1996, p 68.

Agarwal B.D. and Broutman L.J., 1990, �Analysis and Performance of Fibre
Composites�, 2nd edition John Wiley & Sons Inc., ISBN 0-471-51152-8,
1990, p 449.

Al-Aieshy, F (1997): �Reparation av betongkonstruktioner�. (Repair of concrete
structures, In Swedish). Stockholm: Royal Institute of Technology, Master
thesis ISSN 1103-4297, 85pp.

Al-Sulaimani, G. J., Sharif, A., Basunbul, I. A., Baluch, M. H. and Ghaleb, B.
N. (1994): �Shear Repair for Reinforced Concrete by Fiberglass Plate
Bonding�, ACI Structural Journal, July-August, pp. 458-464



Strenthening of concrete structures with CFRP

104

Alexander, J. G. S. and Cheng, J. J. R. (1996): �Field application and studies of
using CFRP sheets to strengthen concrete bridge girders� Advanced
Composite Materials in Bridges and Structures, El-Badry, M. M., Ed., pp 465-
472

Allen, R T L, Edwards, S C, Shaw, J D N (1993): �The Repair of Concrete
Structures�, Second edition, Glasgow: Chapman & Hall, ISBN 0 7514 0086
6, 212pp

Ando, N et al (1998): �Experimental studies on the LONG-term Tensile Properties of
FRP Tendons�, Proceedings of FRAMCOS-3 conference on Fracture
Mechanics of Concrete Structures. Freiburg: AEDIFICATO Germany. Vol.
3 pp 1893- 1902. ISBN 3-931681-24-6.

ASCE-ACI 445 (1998): �Recent Approaches to Shear Design of Concrete
Structures� Journal of Structural Engineering. Vol. 124, No. 12, December
1998, pp 1375-1417.

Augustsson, C. (1995), Nils Malmgren AB �NM Epoxi handbok�, Rollsbo:
Tryck & Reklam AB, In Swedish.

Balaguru, N, Shah, S P (1992): �Fiber reinforced cement composites�, New York:
McGraw-Hill Inc., ISBN 0-07-056400-0, 530pp

Banverket (1996): �30 ton på malmbanan�, Banverket: Luleå. (in Swedish)

BBK 94 (1994): �Bestämmelser för betongkonstruktioner, BBK 94. Band 1
Konstruktion�, Solna: Svensk Byggtjänst (in Swedish), 185 pp.

Benmokrane, B and Rahman, H (1998): �Durability of fibre reinforced
polymer (FRP) composites for construction�, Montreal: Avantage Inc.
Procedings of the International Conference CDCC�98. 692 pp.

Bennet, K J (1999): �Bridge strengthening by post-tensioning�. Proceedings of the
Structural faults and repair ´99, London, 1998, 8 pp. ISBN 0-947644-41-5.

Betonghandboken (1992): �Arbetsutförande�, (Handbook for Concrete -
Working instructions, In Swedish), Second edition, Solna: AB Svensk
Byggtjänst. 837 pp.

Betonghandboken (1994): �Material�, (Handbook for Concrete - Material, In
Swedish), Second edition, Solna: AB Svensk Byggtjänst. 1127 pp.

Bresson J., (1971), �Nouvelles reshershes et applications concernant lútilisation des
collages dan les structures�, Beton plaque annales de línstitute technicue, No.
278, 1971.



References

105

Bro 94:4 (1994), �Allmän teknisk beskrivning för broar 4.Betongkonstruktioner�,
(General technical description for bridges. 4.Concrete structures. In
Swedish) Borlänge: Vägverkets tryckeri. Publ. 1994:4. 84pp.

Bro 94:7 (1994), �Allmän teknisk beskrivning för broar 7.Brounderhåll�, (General
technical description for bridges. 7.Bridge Maintenance. In Swedish)
Borlänge: Vägverkets tryckeri. Publ. 1994:7. 47pp.

BST Byggstandardiseringen �Betongprovning med svensk standard�, 1991, BST
Hb12 6th Edition. Lidköping: Grunditz & Forsberg tryckeri ab, ISBN 91-
7162-325-6. In Swedish.

Burgoyne, C. J. (1999): �Advanced Composites in Civil Engineering in
Europe� Structural Engineering International, Journal of the IABSE, V. 9 No. 4,
November pp.267-273.

Busel, J (1995): �FRP Composites in Construction Applications � a profile in progress�
New York: SPI Composites Institute 91 pp.

Buyukozturk, O et al (1998): �Delamination Criterion for Concrete Beams
Retrofitted With FRP Laminates�, Proceedings of FRAMCOS-3 conference
on Fracture Mechanics of Concrete Structures. Freiburg: AEDIFICATO,
Germany. Vol. 3 pp 1771- 1782. ISBN 3-931681-24-6.

Carolin, A. (1999): �Improvement of the Load-Bearing Capacity of Existing Bridges:
A review of literature� Technical report 1999:19, Luleå: Luleå University of
Technology. 31 pp.

Carolin A. (1999), �Improvement of Load-Bearing Capacity of Existing Bridges-
Litterature review�, Luleå: Luleå University of Technology. ISSN 1402-1532.

Chaallal, O., Nollet, M.-J., and Perraton, D. (1998a): �Shear Strengthening of
RC Beams by Externally Bonded Side CFRP Strips�, Journal of composites for
construction, May, pp. 111-113

Chaallal, O., Nollet, M.-J., and Perraton, D. (1998b): �Strengthening of
reinforced concrete beams with externally bonded fiber-reinforced-plastic
plates: Design guidelines for shear and flexure�, Candian Journal of Civil
Engineering, pp. 692-704

Chajes, M. J., Januszka, T. F., Mertz, D. R., Thomson, T. A. Jr. and Finch, W.
W. Jr. (1995): �Shear strengthening of Reinforced concrete beams Using
Externally Applied Composite Fabrics� ACI Structural Journal V.92, No.3.
pp. 295-303



Strenthening of concrete structures with CFRP

106

Collins, F and Roper, H (1990): �Laboratory Investigation of Shear Repair of
Reinforced Concrete Beams Loaded in Flexure� ACI Materials Journal, V.
97, No. 2, March-April, pp. 149-159.

Collins, M. P., Mitchell, D., Adebar, P., Vecchio, F. J. (1996): �A general
Shear Design Method�, ACI Structural Journal, V. 93, No. 1, Januari-
February, pp 36-45

Collins, M. P. and Mitchell, D. (1997): �Prestressed concrete structures�
Ontario, Response publications. ISBN 0-9681958-0-6. 766 pp.

Darby, J et al (1999): �Pre-Stressed Advanced Composite Plates for the Repair and
Strengthening of Structures�. Proceedings of the Structural faults and repair
´99, London, 1998, 7 pp. ISBN 0-947644-41-5.

De Lorenzis, L., Nanni, A. and La Tegola, A. (2000): �Flexural and Shear
Strengthening of Reinforced Concrete Structures with Near Surface
Mounted FRP Rods� Advanced Composite Materials in Bridges and
Structures, Proc. of 3rd Int. Conf., Ed. Humar, J.L. and Razaqpur, A.G.
Ottowa, ISBN: 0-7709-0447-5, pp. 521-528.

Decter, M H, Feng, Q L, Keeley, C (1996): �Fluid microconcrete for compatible
concrete repairs to large areas�. Proceedings of the International Conference on
Concrete Repair, Rehabilitation and Protection, Scotland. London:
Chapman & Hall. pp 293-302. ISBN 0 419 21490 9.

Dejke, V. (2001): �Durability of FRP Reinforcement in Concrete. Literature Review
and Experiments.� Licentiate thesis, Chalmers. 211 pp.

Deniaud, C. and Cheng, R.J.J. (2000): �Evaluation of Shear Design Methods of
Reinforced Concrete Beams Strengthened with FRP Sheets� Advanced
Composite Materials in Bridges and Structures, Proc. of 3rd Int. Conf., Ed. Humar,
J.L. and Razaqpur, A.G. Ottowa, ISBN: 0-7709-0447-5, pp. 307-314.

Dhir, R K, Jones, M R (1996): �Concrete In The Service Of Mankind�.
Proceedings of the International Conference on Concrete Repair,
Rehabilitation and Protection, Scotland. London: Chapman & Hall.  ISBN
0 419 21490 9. pp 885.

Dristos, S E (1996): �Strengthening of RC beams by new cement based layers�.
Proceedings of the International Conference on Concrete Repair,
Rehabilitation and Protection, Scotland. London: Chapman & Hall.  pp
515-526. ISBN 0 419 21490 9.



References

107

Driver, R. and Haynes, M. (1998): �External prestressing for Nottingham bridge�.
Concrete Vol 32 No 1 pp 9-11.

Dussek I.J., (1974), �Strengthening of bridge beams and similar structures by means of
epoxy-resin-bonded external reinforcement�, Transport and research record 785,
Whasington, USA, 1974, pp 21-24.

Elfgren, L et. al. (1999): �Uppgradering av järnvägsbroar i betong -Forskningsbehov�.
In Swedish. Luleå: Luleå tekniska universitet Skrift 99:02. 43 pp.

Erki, M.-A. (1999): �Fibre-Reinforced Polymers for Structural Engineering in
Canada� Structural Engineering International, Journal of the IABSE, V. 9 No. 4,
November pp.278-280.

Eurocode 2, ENV 1992-1-1:1991 (1991): �Eurocode 2: Design of Concrete
Structures � Part 1: General Rules and Rules for Buildings�, CEN (Comité
Européen de Normalisation), European Committee for Standardisation,
Central Secretariat, Brussels

Farago, B (1990): �Rehabilitation of steel truss bridge in Ontario�. Nato Advanced
Research Workshop on Bridge Evaluation, Repair and Rehabilitation,
Editor Nowak, A. Baltimore: Kluwer Academic Publishers pp 555-566.
ISBN 0-7923-0999-5.

Fellows, C (1998): �Underneath the arches�, Concrete, Vol 32 No 1, pp 16-17.

Fleuriot, E de et al, (1996): �Remedial measures required to repair concrete bridges in
Taiwan based on assessment of structural defects�. Proceedings of the
International Conference on Concrete Repair, Rehabilitation and
Protection, Scotland. London: Chapman & Hall. pp 503-513. ISBN 0 419
21490 9.

Forde, M C (1999): �Extending the Life of Bridges, Civil + Building Structures�.
Proceedings of Structural Faults + Repair -99. Edingburgh: Engineering
Technics Press. ISBN 0-947644-40-7.

Fukuyama, H. (1999): �Fibre-Reinforced Polymers in Japan� Structural
Engineering International, Journal of the IABSE, V. 9 No. 4, November
pp.263-266.

Fuzier, J-P (1990): �Reinforcement of N9 motorway bridges over the Lutrive valley
near Lausanne - Switzerland�. Nato Advanced Research Workshop on Bridge
Evaluation, Repair and Rehabilitation, Editor Nowak, A. Baltimore:
Kluwer Academic Publishers pp 567-577 ISBN 0-7923-0999-5



Strenthening of concrete structures with CFRP

108

Gabrielsson, H. (1999): �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, Luleå University of
Technology.

Gangarao H. V. S. and Vijay P. V. (1997): �Aging of Structural Composites
under Varying Environmental Conditions.� Non-Metallic (FRP)
Reinforcement for Concrete Structures: Proceedings of the Third
International Symposium, Vol 2, Sapporo, Oct. 1997, pp. 91-98.

Garden, H N, Quantrill, R J, Hollaway, L C, Thorne, A M, Parke, G A R
(1998) �An experimental study of the anchorage length of carbon fibre
composite plates used to strengthen reinforced concrete beams� Construction
and Building Materials, Elsevier #12 1998.

Gemert, D van (1996): �Design applications and durability of plate bonding
technique�. Proceedings of the International Conference on Concrete
Repair, Rehabilitation and Protection, Scotland. London: Chapman & Hall.
pp 559-569. ISBN 0 419 21490 9.

Gendron, G., Picard, A. and Guérin, M.-C. (1999): �A theoretical study on
shear strengthening of reinforced concrete beams using composite plates�,
Composite Structures 45, pp.303-309.

Geopier (1998): � Seismologists Destroy, Rebuild Utah Bridge�.
http://www.geopier.com /UTCENEWS.html

Grace, N. F., Sayed, G. A., Soliman, A. K. and Saleh, K. R. (1999):
�Strengthening Reinforced Concrete Beams Using Fiber Reinforced
Polymer (FRP) Laminates� ACI Structural Journal, September-October, pp.
865-874

Granju, J-L (1998): �About the Debonding of Thin Cement-based Overlays�,
Proceedings of FRAMCOS-3 conference on Fracture Mechanics of
Concrete Structures. Freiburg: AEDIFICATO, Germany. Vol. 3 pp 1751-
1760. ISBN 3-931681-24-6.

Guérin, M. C. (1998): �Renforcement à l�effort trenchant de pouters en béton
armé� (Shear strengthening of reinforcement concrete beams). Master thesis,
Départment de genie civil, Université Laval, Sainte-Foy, Canada. (in
French)



References

109

Hassanzadeh, G. and Sundqvist, H. (1999): �Strengthening of bridge slabs on
columns� Part of Proceedings for Nordic Concrete Research No.21, Reykavik
12pp.

Horii, H, Kabele, P, Takeuchi, S (1998): �On the Prediction Method for the
Structural Performance of Repaired/Retrofitted Structures�, Proceedings of
FRAMCOS-3 conference on Fracture Mechanics of Concrete Structures.
Freiburg: AEDIFICATO, Germany. Vol. 3 pp 1739- 1750. ISBN 3-
931681-24-6.

Hull, D, Clyne, T, W (1996): �An Introduction to Composite Materials�.
Cambridge: Cambridge University Press, ISBN 0-521-38855-4. 326 pp.

Ionel, G (1996): �Two strengthening methods for prestressed damaged beams�.
Proceedings of the International Conference on Concrete Repair,
Rehabilitation and Protection, Scotland. London: Chapman & Hall. pp
571-581. ISBN 0 419 21490 9.

Iyer S.L., Sivaramakrishnan C. and Amaram S., (1989), �Testing of reinforced
concrete bridges for external reinforcement�, Proceedings Relating to Structural
Materials, Structures Conference, ASCE New York, May 1989, pp 116-
122.

Izumo, K., Asamizu, T., Saeki, N. and Shimura, K. (1997): �Shear
strengthening of PRC members by fiber sheets�, Transactions of the Japan
concrete institute, V. 19, pp.105-112

Izumo, K., Saeki, N., Horiguchi, T. and Shimura, K. (1998): �Study on shear
strengthening of RC beams by prestressed fiber sheets�, Transactions of the
Japan concrete institute, V. 20, pp.279-286

Jansze W (1997) �Strengthening of reinforced concrete members in bending by externally
bonded steel plate. Design for Beam Shear and Plate Anchorage�, Doctoral thesis,
Delft.

Jasienko J. and Leszczynski J., (1990), �Examination of ferro-concrete beams
strengthen with externally bonded reinforcement in compressed zone�, Int. Seminar
Structural Repairs/Strengthening by the Plate Bonding Technique,
University of Sheffield, sept. 1990, p. 6.



Strenthening of concrete structures with CFRP

110

Karbahari, V M (1996): �Advanced Composites for Civil Engineering Applications in
the United States�. Proceedings of the Conference on Fiber Composites in
Infrastructure, 1996, Edited by Saadatmanesh, H, and Ehsani, M R, pp 21-
37.

Karbhari, V. and Seible, F. (1999): �Fibre-Reinforced Polymer Composites for
Civil Infrastructure in the USA�, Structural Engineering International, Journal of
the IABSE, V. 9 No. 4, November pp.274-277.

Katsumata, H, Kimura, K, Kobatake, Y (1998): �Seismic Retrofitting Technique
using Carbon Fibres for Reinforced Concrete Buildings�, Proceedings of
FRAMCOS-3 conference on Fracture Mechanics of Concrete Structures.
Freiburg: AEDIFICATO, Germany. Vol. 3 pp 1727- 1738. ISBN 3-
931681-24-6.

Khalifa, A., Gold, W., Nanni, A. and Abel-Aziz, M. (1998): �Contribution of
externally Bonded FRP to the Shear Capacity of RC Flexural Members�,
Journal of Composites for Construction, V. 2, No. 4 pp. 195-202.

Khalifa, A., Alkhrdaji, T., Nanni, A. and Lansburg, S. (1999): �Anchorage of
Surface Mounted FRP Reinforcement�, Concrete International, V. 21, No.
10 pp. 49-54.

Klaiber F.W., Dunker K.F., Wipf T.J. and Sanders JR W.W:, (1987), �Methods
of strengthening existing highway bridges�, Transportation Research Board,
Washington D.C., Sept. 1987, p. 16.

Klaiber, F W, Dunker, K F, Planck, S M (1990): �Strengthening of a three-span
continuous bridge by post-tensioning�. Nato Advanced Research Workshop on
Bridge Evaluation, Repair and Rehabilitation, Editor Nowak, A Baltimore:
Kluwer Academic Publishers pp 525-538. ISBN 0-7923-0999-5

Kobatake, Y Kimura, K, Katsumata, H (1993): �A retrofitting method for reinforced
concrete structures using carbon fiber�. Editor Nanni, A, Amsterdam: Elsevier pp
435-450 ISBN 0 444 82063 9

Kondo, E., Mutsuyoshi, H., Takahashi, H. and Sano, M. (1994): �Influence of
external prestressing force on shear strength of PC beams�, Transactions of the
Japan concrete institute, V. 16, pp.395-402

Kono, S, Tsuruda, S, Kaku, T (1998): �Evaluation of Bond Behavior at the interface
Between two Different Concretes�, Proceedings of FRAMCOS-3 conference
on Fracture Mechanics of Concrete Structures. Freiburg: AEDIFICATO,
Germany. Vol. 3 pp 1851- 1862. ISBN 3-931681-24-6.



References

111

Kunieda, M (1998): �Shrinking and Crackning Behavior of Repair Materials for
Concrete Structures�, Proceedings of FRAMCOS-3 conference on Fracture
Mechanics of Concrete Structures. Freiburg: AEDIFICATO, Germany.
Vol. 3 pp 1841- 1850. ISBN 3-931681-24-6.

L´Hermite, (1967), �Lápplication des colles et resines dans la construction�, La betong
a coffrage portant, Annales línstitute technique, No. 239, 1967.

Ladner M. und Flueler P., (1974), �Versuche an Stahlbetonbauteilen mit geklebter
Armierung�, Schweizerische Bauzeitung, Heft 19, Mai 1974, pp 9-16.

Lane, J, Fashole-Luke, S, Skwarski, A (1998): �Strengthening with carbon fibre�,
Concrete, Vol32 No1, pp 14- 15.

Leeming, M B (1997): �The strengthening of deteriorated RC and PC beams with
bonded advanced composite plates�. Proceedings of the international Conference
on Bridge Modification. Part 2. London: Thomas Telford pp 131-141.
ISBN 0 7277 2589 0.

Lerchental H., (1967), �Bonded sheet metal reinforcement for concrete slabs�,
Bullentin in RILEM, No. 37, December 1967, pp 263-269.

Leung, C K Y (1998): �Delamination Failure in Concrete Beams Retrofitted With a
Bonded Plate�, Proceedings of FRAMCOS-3 conference on Fracture
Mechanics of Concrete Structures. Freiburg: AEDIFICATO, Germany.
Vol. 3 pp 1783- 1792. ISBN 3-931681-24-6.

Li, V C (1998): �Repair and Retrofit with Engineered Cementitious Composites�,
Proceedings of FRAMCOS-3 conference on Fracture Mechanics of
Concrete Structures. Freiburg: AEDIFICATO, Germany. Vol. 3 pp 1715-
1726. ISBN 3-931681-24-6.

Lim, Y M, Li, V C (1998): �Characterization of Interface Fracture Behavior in
Repaired Concrete Infrastructures�, Proceedings of FRAMCOS-3 conference
on Fracture Mechanics of Concrete Structures. Freiburg: AEDIFICATO,
Germany. Vol. 3 pp 1817- 1828. ISBN 3-931681-24-6.

Loov, R. E. (1998): �Review of A23.3-94 simplified method of shear design
and comparision with results using shear friction� Canadian Journal of Civil
Engineering, V.25 pp.437-450.

Lu, C, Wu, L (1996): �An inroduction to Tam-Shui river bridge deck repair and
strengthening project�. Proceedings of the International Conference on
Concrete Repair, Rehabilitation and Protection, Scotland. London:
Chapman & Hall. pp 527-537. ISBN 0 419 21490 9.



Strenthening of concrete structures with CFRP

112

Malek, A. M., Saadatmanesh, H (1998a): �Analytical Study of Reinforced
Concrete Beams Strengthened with Web-Bonded Fiber Reinforced Plastic
Plates or Fabrics� ACI Structural Journal, May-June 1998, pp. 343-352.

Malek, A. M., Saadatmanesh, H (1998b): �Ultimate Shear Capacity of
Reinforced Concrete Beams Strengthened with Web-Bonded Fiber-
Reinforced Plastic Plates� ACI Structural Journal, July-August 1998, pp. 391-
399.

Mallet, G P (1994), �Repair of concrete bridges�, London: Thomas Telford, ISBN
0 7277 2007 4. 194 pp.

Mallet, G. P. (1994): �Repair of concrete Bridges� London: Tomas Telford. 194
pp.

Matsushima, H et al (1998): �Fracture and Fatigue Strength of Slabs Repaired with
D-RAP Method�, Proceedings of FRAMCOS-3 conference on Fracture
Mechanics of Concrete Structures. Freiburg: AEDIFICATO, Germany.
Vol. 3 pp 1873- 1882. ISBN 3-931681-24-6.

Mattsson, P. (1999): �Betongbalkar förstärkta med kolfiberkomposit: tvärkraftskapacitet
vid utmattningslast� Master Thesis1999:165, Luleå: Luleå University of
Technology, Structural Engineering IDNR: 992995613, 89 pp. (in
Swedish).

Meier U., Deuring M., Meier H. and Schwegler G.(1992), �Strengthening of
Structures with CFRP laminates, Research and Applications in Switzerland�,
Advanced Composite Materials in Bridges and Structures, Proceedings
ACMBS 1, des K. Neal and P. Labossière, Canadian Society for Civil
Engineering, 1992, pp 243-251.

Meier, U, Deuring, M, Meier, H, Schwegler, G (1992) �Strengthening of
structures with CFRP laminates: research and applications in Switzerland�
ACMBS Advanced composite materials in bridges and structures, Neale, K. W.
and Labossière, P. Ed., pp. 243-251

Meier, U et al (1993): �CFRP bonded sheets�. Editor Nanni, A., Amsterdam:
Elsevier. pp 423-434. ISBN 0-444-89689-9.

Meier, U (1994): �Rehabilitation and Retrofitting of Existing Structures through
External Bonding of Thin Fibre Sheets�. Proceedings of the Centenary Year
Bridge Conference, Cardiff Amsterdam: Elsevier pp 373-378. ISBN 0-444-
82063-9



References

113

Meier, U. (1999): �Structural Tensile Elements made of Advanced Composite
Materials� Structural Engineering International, Journal of the IABSE, V. 9 No.
4, November pp.281-285.

Mihashi, H, Rokugo, K (1998): �Fracture Mechanics of Concrete Structures Volume
III�, Proceedings of FRAMCOS-3 conference on Fracture Mechanics of
Concrete Structures. Freiburg: AEDIFICATO, Germany. Vol. 3, pp 1463-
2130. ISBN 3-931681-24-6.

Mitchell, D. and Collins, M. P. (1974) �Diagonal Compression Field Theory �
A rational Model for Structural Concrete in Pure Torsion�, ACI Journal, V.
71, Aug. 1974, pp. 396-408.

Mörsch, E. (1909): �Concrete-Steel Construction� McGraw-Hill Book Company
1909, 368 pp.

Nakai, H et al (1994): �Studies on characteristics of beams using Aramid Tendons�.
Proceedings of the Centenary Year Bridge Conference Cardiff. Amsterdam:
Elsevier. pp 489-494. ISBN 0-444-82063-9.

Neubauer, U, Rostásy, F S (1997b): �Strengthening of bridges with Externally
Bonded CFRP-plates�. Braunschwieg: Technical Univesity Braunschweig,
Institute for Building Materials. 6pp.

Nilsson, I (1995): �Sprickfri kringgjutning vid reparation av Ölandsbrons pelare�. In
Swedish. Stockholm: Svenska Byggbranschens Utvecklingsfond (SBUF),
1995, 70 pp.

Norberg, J. (1990): �Ökning av skjuvkapaciteten med stålfiberarmerad sprutbetong�,
KTH, Brobyggnad. 51 pp. (in Swedish).

Nordic Concrete Research (1999): Proceedings Nordic Concrete Research
Meeting Reykjavik, Island 1999, Oslo: Norsk Betongforening. 421 pp.

Norris, T., Saadatmanesh, H. and Ehsani, M. R. (1997) �Shear and flexural
strengthening of R/C Beams with Carbon Fiber Sheets� Journal of structural
engineering, V123, No. 7 pp. 903-911

Okorowski, B et al (1996): �Numerical simulation of concrete repair methodology
based on fibre reinforced cover sheets�. Proceedings of the International
Conference on Concrete Repair, Rehabilitation and Protection, Scotland.
London: Chapman & Hall. pp 467-472. ISBN 0 419 21490 9.



Strenthening of concrete structures with CFRP

114

Palmer P.M., (1979), �Repair and maintenance of concrete bridges with particular
reference to the use of epoxies�, Tech. Report No. 14, Main Roads Dept.,
Perth, Western Australia, august 1979.

Pang, X.-B. and Hsu, T. T. C. (1996): �Fixed Angle Softened Truss Model for
Reinforced Concrete� ACI Structural Journal, V. 93, No. 2, March-April,
pp. 197-207

Popov, E. P. (1990): �Engineering Mechanics of Solids� New Jersey: Prentice Hall.
ISBN 0-13-279258-3. 780 pp.

Rahal, K. N., (2000a): �Shear strength of Reinforced Concrete: Part 1-
Membrane Elements Subjected to pure Shear� ACI Structural Journal V. 97,
No. 1, January-February, pp.86-93.

Rahal, K. N., (2000b): �Shear strength of Reinforced Concrete: Part II-Beams
Subjected to Shear Bending Moment, and Axial Load� ACI Structural
Journal, V. 97, No. 2, March-April, pp. 219-224.

Raina, V. K. (1994): �Concrete Bridges; Inspection, Repair, Strengthening, Testing
and Load Capacity Evaluation� New York: McGraw-Hill. ISBN 0-07-
462349-4. 493 pp.

Raithby K.D., (1980), �External strengthening of bridges with bonded steel plates�,
Transport and road research laboratory, Report 612, Crowthorne,
Berkshire, 1980, p 21.

Ritter, W. (1899): �Die Bauweise Hennebique, Schweiserische Bauzeitung�, V. 33
Switzerland

Robson, A et al (1997): �The strengthening of an externally post-tensioned structure�.
Proceedings of the international Conference on Bridge Modification. Part 2
London: Thomas Telford. pp 79-92. ISBN 0 7277 2589 0.

Rådman J (1998): �Development of Concrete Compressive Strength�, Luleå: Luleå
University of Technology, Division of Structural Engineering. Master�s
thesis 1998:258 CIV.

Rådman, J. (1998): �Development of concrete compressive strength: a study of Swedish
bridges constructed during the 20th century�, Luleå: Luleå University of
Technology, Master Thesis 1998:258, IDNR: 992861308.



References

115

Sato, Y., Ueda, T., Kakuta, Y. and Tanaka, T. (1996) �Shear Reinforcing
Effect of Carbon Fiber Sheet Attached to Side of Reinforced Concrete
Beams� Advanced Composite Materials in Bridges and Structures, El-Badry, M.
M., Ed., pp 621-628

Seible, F., Priestley, M. J. N., Hegemier, G. A. and Innamorato, D. (1997):
�Seismic Retrofit of RC Columns with Continuous Fiber Jackets�, Journal
of Composites for Construction, No. 1, pp.52-62.

Sharif, A., Al-Sulaimani, G. J., Basunbul, I. A., Baluch, M. H. and Ghaleb, B.
N. (1994): �Strengthening of Initially Loaded Reinforcement Concrete
Beams Using FRP Plates�, ACI Structural Journal, March-April, pp. 160-168

Shehata, I et al (1996): �Structural repair of RC beams in shear�. Proceedings of the
International Conference on Concrete Repair, Rehabilitation and
Protection, Scotland. London: Chapman & Hall pp 615-622. ISBN 0 419
21490 9.

Sichelschmidt, J. (2001): �Mechanical properties of composites�, Luleå: Luleå
University of Technology, Structural Engineering, Technical Report, under
printing

Slater, D (1997): �M90 Friarton Bridge Improvement�. Proceedings of the
International Conference on Bridge Modification. Part 2. London: Thomas
Telford pp 109-121. ISBN 0 7277 2589 0.

Swamy R.N. and Jones R., (1980), �Technical notes � Behaviour of plated reinforced
concrete beams subjected to cyclic loading during glue hardening�, The int. Journal
of Cement Composites, Vol. 2, No. 4, Nov. 1980, pp 741-755.

Thun, H. (2001): �Evaluation of concrete structures. Strength development and fatigue
capacity� Licentiate thesis 2001:25 Luleå: Luleå University of Technology.
ISBN 91-89580-08-2, 164 pp

Timoshenko, S. P. (1953): �History of strength of materials� New York: McGraw-
Hill, 451 pp.

Triantafillou, T. C. (1998): �Shear Strengthening of Reinforced Concrete
Beams Using Epoxy-Bonded FRP Composites� ACI Strucural Journal, V.
95, No. 2, March-April, pp. 107-115



Strenthening of concrete structures with CFRP

116

Tysl S. R., Imbrogno M. and Miller B. D. (1998): �Effects of Surface
delamination on the Freeze/Thaw Durability of CFRP-Reinforced
Concrete Beams.� Proceedings from the First International Conference on
Durability of Fibre Reinforced Polymer (FRP) Composites for
Construction, Sherbrooke, August, 1998, pp. 317-324.

Täljsten B., (1990), �Förstärkning av betongkonstruktioner genom pålimning av
stålplåtar� (Strengthening of concrete structures by bonded steel plates, In
Swedish), Tekniska Högskolan i Luleå, Avdelningen för
konstruktionsteknik, Licentiatuppsats 1990:06L, p 212.

Täljsten, B. (1993): �Tvärkraftsförstärkning med pålimmade stålplåtar, En pilotstudie�
(Shear strengthening by means of bonded steel plates, Apilot studie)
Technical report 1993:37, Luleå: Luleå University of Technology,
Structural Engineering, 48 pp, (in Swedish).

Täljsten, B. (1994): �Plate bonding, Strengthening of existing concrete structures with
epoxy bonded plates of steel or fibre reinforced plastics� Doctoral Thesis, Luleå
University of Technology, August 1994.

Täljsten, B (1994): �Plate Bonding�, Luleå: Luleå University of Technology,
Division of Structural Engineering. Doctoral thesis 1994:152 D. 190 pp.

Täljsten, B (1996): �Strengthening of existing concrete structures by epoxy bonded steel
plates of steel or fibre reinforced plastics�. Proceedings of the International
Conference on Concrete Repair, Rehabilitation and Protection, Scotland.
London: Chapman & Hall. pp 623-632. ISBN 0 419 21490 9.

Täljsten B., (1997), �Strengthening of concrete structures for shear with bonded CFRP-
fabrics�, Recent advances in bridge engineering, Advanced rehabilitation,
durable materials, nondestructive evaluation and mangement, Eds. U. Meier
and R. Bettid, Dubendorf  July 1997, pp 57-64.

Täljsten, B (1998): �Förstärkning av betongkonstruktioner med stålplåt och avancerade
kompositmaterial utsatta för vridning� (Strengthening of concrete structures
steel plates and advanced composite materials subjected to torsion. In
Swedish), Luleå: Luleå University of Technology, Research report 1998:01.
39 pp

Täljsten, B, Carolin, A (1999) �Bridge Strengthening with CFRP � Railroad Bridge
in Luleå�, Luleå: Luleå University of Technology, Division of Structural
Engineering. Technical Report 1999:18. 61pp.



References

117

Täljsten, B. and Carolin, A (1999): �Strengthening of a concrete railway bridge in
Luleå with carbon fibre reinforced polymers - CFRP: load bearing capacity before and
after strengthenin�, Technical Report 1999:18, Luleå: Luleå University of
Technology, Structural Engineering. 61 pp

Täljsten, B. (2000a): �Förstärkning av befintliga betongkonstruktioner med kolfiberväv
eller kolfiberlaminat: Dimensionering, material och utförande�,(Strengthening of
existing concrete structures with carbon fibre sheets or laminates. In
Swedish). Technical Report 2000:16, 2nd edition, Luleå University of
Technology, Structural Engineering. (in Swedish) 119 pp

Täljsten, B. (2000b): �Strengthening of Concrete Structures with CFRP-Sheets.
Applications and Full Scale Test in Sweden� Advanced Composite Materials
in Bridges and Structures, Proc. of 3rd Int. Conf., Ed. Humar, J.L. and
Razaqpur, A.G. Ottowa, ISBN: 0-7709-0447-5, pp. 513-520.

Täljsten, B. and Elfgren, L. (2000): �Strengthening concrete beams for shear
using CFRP-materials: evaluation of different application methods�
Composites PartB: engineering, pp. 87-96

Täljsten, B., Aboudrar, A., Burghauser, A. and Carolin, A. (2000):
�Fullskaleförsök på silor förstärkta med kolfiberväv� Technical Report 2000:13,
Luleå: Luleå University of Technology. 64 pp. (In Swedish)

Täljsten, B. and Carolin, A. (2001) �CFRP � Strengthening. Concrete Beams
Strengthened with Near Surface Mounted CFRP Laminates� To be
presented.

Wagner, H. (1929): �Ebene Blechwand trager mit sehr dunnem Stegblech�,
Zeitschrift fur Flugtechnik und Motorlufschiffahr, V. 20, No. 8-12, Berlin, (in
German)

Vanek, T. (1986): �Shear strengthening of old concrete beams� Batim Int Build
Res Pract, V. 14, No. 5, Sep-Oct ISSN 0182-3329, pp. 311-316

Vecchio, F. J,. and Collins, M. P. (1986): �The modified compression Field
Theory for Reinforced Concrete Element Subjected to Shear� ACI
Structural Journal, V.83, No. 2, 1986, pp. 219-231

Vecchio, F. J,. and Collins, M. P. (1988): �Predicting the response of
Reinforced Concrete Beams Subjected to Shear Using Modified
Compression Field Theory� ACI Structural Journal, V.85, No. 3, May-June
1988, pp. 258-268



Strenthening of concrete structures with CFRP

118

Vecchio, F. J. (2000): �Analysis of Shear-Critical Reinforced Concrete Beams�,
ACI Structural Journal V. 97, No. 1, January-February, pp.102-110.

Wiberg, A (2000): �Strengthening and repair of structural concrete with advanced,
cementitious composites�, Stockholm, Royal Institute of Technology,
Licentiate thesis. 124 pp

Wittman, F H (1998): �Application of Fracture Mechanics to Optimize Repair
Systems and Protective Coatings for Reinforced Concrete Structures�, Proceedings
of FRAMCOS-3 conference on Fracture Mechanics of Concrete
Structures. Freiburg: AEDIFICATO, Germany. Vol. 3 pp 1707- 1714.
ISBN 3-931681-24-6.

Vägverket (1994): �Handbok för broinspektion� (Bridge inspection manual, In
Swedish. Also available in English. 1996:36K), Borlänge: Svensk Byggtjänst.
VV 1994:34. 158 pp.

Xanthakos, P (1995): �Bridge substructure and foundation design�, New Jersey:
Prentice Hall. ISBN 0-13-300617-4. 844 pp.

Xanthakos, P. P. (1996): �Bridge strengthening and rehabilitation� Prentice Hall,
New Jersey, 966 pp.

Özturan, T, Cecen, C (1996): �Mechanical properties and durability of modified
portland cement repair mortars�. Proceedings of the International Conference
on Concrete Repair, Rehabilitation and Protection, Scotland. London:
Chapman & Hall. pp 331-341. ISBN 0 419 21490 9.



DOCTORAL AND LICENTIATE THESES

Division of Structural Engineering, Luleå University of Technology

Doctoral Theses

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

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

Thomas Olofsson (1985): Mathematical Modelling of Jointed Rock Masses. Doctoral Thesis
1985:42D.

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

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

Lars Stehn (1993): Tensile fracture of ice. Test methods and fracture mechanics analysis. Doc-
toral Thesis 1993:129D, September 1993, 136 pp.

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

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

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

Keivan Noghabai (1998): Effect of Tension Softening on the Performance of Concrete Struc-
tures.
Doctoral Thesis 1998:21, August 1998, 150 pp.

Gustaf Westman (1999): Concrete Creep and Thermal Stresses. New creep models and their
effects on stress development. Doctoral Thesis 1999:10, May 1999, 301 pp. ISSN 1402-
1544.

Henrik Gabrielsson (1999): Ductility in High Performance Concrete Structures. An experimen-
tal investigation and a theoretical study of prestressed hollow core slabs and prestressed cylin-
drical pole elements. Doctoral Thesis 1999:15, December 1998 (May 1999), 283 pp. ISSN
1402-1544.

Groth, Patrik (2000): Fibre Reinforced Concrete - Fracture Mechanics Methods Applied on
Self-Compacting Concrete and Energetically Modified Binders. Doctoral Thesis 2000:04,
January 2000, 214 pp (ISSN 1402-1544).

Hans Hedlund (2000): Hardening concrete. Measurements and evaluation of non-elastic defor-
mation and associated restraint stresses. Doctoral Thesis 2000:25, December 2000, 394 pp
(ISSN 1402-1544, ISBN 91-89580-00-1).



Licentiate Theses

Lennart Fransson (1984): Bärförmåga hos ett flytande istäcke. Beräkningsmodeller och experi-
mentella studier av naturlig is och av is förstärkt med armering. Licentiate Thesis 1984:012L.

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

Christer Hjalmarsson (1987): Effektbehov i bostadshus. Experimentell bestämning av effektbe-
hov i små- och flerbostadshus. Licentiate Thesis 1987:009L, October 1987, 72 p.

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

Ulf Ohlsson (1990): Fracture Mechanics Studies of Concrete Structures. Licentiate Thesis
1990:07L, May 1990, 8+12+18+7+21 pp.

Lars Stehn (1991): Fracture Toughness of sea ice. Development of a test system based on chev-
ron notched specimens. Licentiate Thesis 1991:11L, September 1990, 88 pp.

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

Henrik Gabrielsson (1993): Shear capacity of beams of reinforced high performance concrete.
Licentiate Thesis 1993:21L, May 1993, 109 pp. Seminar 18 June.

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

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

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

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

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

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

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

Martin Nilsson (2000): Thermal Cracking of young concrete. Partial coefficients, restraint effects
and influences of casting joints. Licentiate Thesis 2000:27, October 2000, ISSN 1402-1757,
267 pp.

Erik Nordström (2000): Steel Fibre Corrosion in Cracks. Durability of sprayed concrete. Licen-
tiate Thesis 2000:49, December 2000, 103 pp.

Håkan Thun (2001): �Evaluation of concrete structures. Strength development and fatigue ca-
pacity� Licentiate thesis 2001:25 Luleå: Luleå University of Technology. ISBN 91-89580-
08-2, 164 pp


