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Abstract
The research described in this thesis deals with the use of cement-based car-

bon fibre reinforced composites for strengthening of existing structural concrete.

There is a large world-wide need for simple and reliable methods to repair
and strengthen aging infrastructure and buildings. The use of cementitious fi-
bre composites offers several advantages over the existing methods. No other
work on strengthening of structural concrete with cementitious composites re-
inforced with continuous high strength fibres was identified when the present
work started in 1998. At present time, 2003, it still is a new technique and very
little research has been internationally reported. This work includes a literature
survey describing the state of the art of the strengthening of structural concrete
with cement based fibre reinforced composites.

Due to the novelty of this technique no specially adapted materials are avail-
able and ready for use in cementitious composites. In order to make many small
scale tests to optimize the composite, a new test beam has been developed. Sev-
eral parameter studies have been done in this work to determine how different
parameters, for example fineness of grading of the cement, additives, and fibre
configuration affect the composite.

Large scale tests of ordinary concrete beams strengthened with a cementi-
tious fibre composite are reported. The composite used was made of a polymer
modified mortar and a unidirectional sheet of continuous carbon fibres, applied
by hand. Both flexural strengthening and shear strengthening were tested. A
relatively new method for measuring strains with digital cameras was used on
the shear strengthenings with a good result. It is concluded that the large scale
tests have proven that this method works and has great potential for future use.

Design methods for strengthenings were studied and evaluated. It is con-
cluded that design methods formulated for strengthening of structural concrete
with carbon fibre reinforced polymers can be adapted also to cementitious com-
posites by introducing an efficiency factor.
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Sammanfattning
Inledning

Denna doktorsavhandling handlar om förstärkning av befintliga, bärande be-
tongkonstruktioner med cementbaserade kolfiberkompositer. Den är ett resultat
av författarens arbete i ämnet Betongbyggnad på Kungliga Tekniska Högskolan
under perioden 1998 till 2003. Arbetet initierades av professor Jonas Holmgren
tekn.dr. Åke Skarendahloch har finansierats av Banverket, Cementa, Tyréns
och Vägverket genom Centrum för Drift och Underhåll på KTH.

Bakgrund

Det föreligger ett behov av att kunna öka infrastrukturkonstruktioners bär-
förmåga. Till detta finns flera skäl: Broar för såväl väg- som järnvägstrafik
behöver graderas upp till större bärförmåga. Detta ger möjligheter att öka
transportarbetet utan att fordonsmängden behöver öka. Vissa befintliga kon-
struktioner förlorar bärförmåga successivt och behöver därför återställas. In-
förandet av europeiska normer kommer att öka dimensionerande laster. Även
inom andra områden såsom anläggningar och husbyggnader uppkommer be-
hov av förstärkningar vid exempelvis ändrad användning som kräver ökad bär-
förmåga, t.ex. omplacering eller nyinstallation av maskinutrustning, eller vid
ombyggnad och tillbyggnad som ändrar funktionen hos byggnadselement, t.ex.
håltagningar i balkar och bjälklag.

Det finns många metoder för att förstärka konstruktionselement i betong.
T.ex. ökning av tvärsnittsarean, efterspänning med både in- och utvändiga
kablar, epoxilimmade stålplattor eller kolfiberkompositer och pågjutning med
ny armering. Dessa metoder visar i allmänhet att förstärkning och repara-
tion är både genomförbart och ekonomiskt. Det svenska standardverket för
konventionella metoder för betongförstärkning är “Förstärkning av betongkon-
struktioner” utgiven 1978 av Statens råd för byggforskning. Där ingår dock inte
pålimning av stålplåtar eller polymerbaserade kolfiberkompositer på grund av
det tidiga utgivningsåret.

En av de mest framgångsrika förstärkningsmetoderna idag är pålimning av
kontinuerliga kolfibrer med epoxilim. Denna metod har använts i över 15 år
i många olika applikationer. Studeras denna metod närmare upptäcks en rad
nackdelar. För det första är epoxin hälsovådlig i ohärdat tillstånd varför den
är en nackdel för arbetsmiljön. För det andra är epoxin helt tät, d.v.s. den
släpper inte igenom vare sig fukt eller ånga vilket kan leda till snabb nedbryt-
ning av betongen. Epoxi går dessutom inte att applicera på fuktiga ytor eller i
temperaturer under +10 ◦C. Dessa problem skulle lösas om det är möjligt att
använda en cementbaserad matris istället för epoxi. En cementbaserad matris
släpper igenom fukt och är inte hälsovådlig. Den kan appliceras på fuktiga ytor
och har god möjligheter att anpassas för både höga och låga temperaturer. I en
litteraturstudie som redovisades i författarens licentiatavhandling [74] kartlades
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tänkbara material och tekniker för reparationer och förstärkning av betongkon-
struktioner med cementbaserade material. Denna resulterade i valet att gå
vidare med kompositer med kontinuerliga kolfiber som armering i en polymer-
modifierad cementmatris.

Svårigheten med att byta ut en polymer som epoxi mot en cementbaserad
matris beror på den avgörande skillnaden att polymeren är en vätska och ce-
mentbruk är en partikelsuspension. Detta gör att cementmatrisen inte kan väta,
utan i bästa fall omsluta fibrerna. Kolfibern tillverkas i buntar om tusentals
tunna fibrer med en diameter på 7—15 µm, vilket även gör det svårt för ce-
mentmatrisen att tränga ända in i mitten av bunten för att omsluta de innersta
fibrerna. Detta fenomen med ofullständig penetration gör att ett förhållandevis
segt utdragsbrott på grund av “teleskopeffekt” kan erhållas, vilket skulle kunna
vara en fördel om det kan kontrolleras och styras.

Litteraturstudie
Avhandlingen innehåller en litteraturstudie som beskriver dagsläget vad

gäller förstärkning av bärande betongkonstruktioner med cementbaserade, fib-
erarmerade kompositer samt relevant forskning inom materialområdet.

Pilotförsök
Det första försöket i detta projekt gjordes i april 1999 med en komposit

av kontinuerliga kolfibrer och cementbaserad matris som förstärkning av ett
betongelement. Detta var det första försöket i Sverige med denna teknik. Syftet
var att göra en preliminär utvärdering av tekniken samt att få erfarenheter
till fortsatta försök. Försöket gjordes i laboratoriet på Väg och Vatten vid
Luleå Tekniska Universitet där kraftigt böjarmerade balkar samt kolfibrer och
en cementbaserad matris redan fanns på plats. En balk förstärktes för tvärkraft
och en behölls som oförstärkt referensbalk. Den förstärkta balken fick 30% högre
brottlast än den oförstärkta. Tekniken bedömdes som lovande och fortsatta
materialprovningar för att utveckla en cementbaserad komposit planerades.

Småskaliga materialförsök
För att utveckla en ny förstärkningskomposit behövs en testmetod att utvär-

dera vidhäftningshållfasthet i skjuvning, samt kompositens egen lastkapacitet
och beteende till brott. whest-balken (Wiberg-Holmgren Evaluation of STren
gthening materials) är resultatet av sökandet efter en liten, billig testbalk som
är lätt att gjuta. Detta sökande har skett i svenska (SS), europeiska (CEN) och
amerikanska (ASTM) normen utan resultat varför denna nya provningskropp
tagits fram. whest-balken beskrivs i detalj i avhandlingen.

En rad laboratorieförsök med whest-balkar förstärkta med olika fiberkom-
positer har genomförts. Till att börja med, inledande försök, vilkas syfte var
att studera beteendet hos en komposit av denna typ och att få en ungefärlig
uppfattning om hur mycket polymerer den bör innehålla. Fortsättningsvis har
parameterstudier av matrisen gjorts där matrisen har ändrats med avseende på

viii



polymerinnehåll och grad av finmalning av cementet samt en parameterstudie
av fiberkonfigurationen där olika fiberkonfigurationer har använts. Försöken
visar att det går att uppnå en vidhäftning mellan matris och kolfibrer som är
tillräckligt bra för att en enskild, omsluten fiber ska gå till brott istället för att
dras ut ur matrisen, när den belastas.

Förstärkning av betongbalkar

I början av 2002 provades 11 armerade betongbalkar, förstärkta med ce-
mentbaserad kolfiberkomposit. Både förstärkning för böjande moment och för
tvärkraft provades. Storleken på balkarna valdes för att motsvara realistiska
förstärkningar av betongkonstruktioner. På så sätt möjliggjordes studier av
storlekseffekter och ett underlag för teoretiska studier av beräkningsmodeller
erhölls. Balkarnas spännvidder var 3,6 m för momentförstärkta balkar respek-
tive 4,0 m för de tvärkraftsförstärkta. Både belastade och spruckna balkar och
tidigare obelastade balkar förstärktes och provades. Förstärkningskompositen
bestod av en kolfibermatta med raka, kontinuerliga fibrer i en riktning och
vägde 300 g/m2. Matrisen var ett kommersiellt tillgängligt polymermodifierat
bruk. Kompositen applicerades för hand med s.k. handuppläggningsmetod på
sandblästrad betongyta. En relativt ny metod för töjningsmätning med hjälp
av digitalkamera användes för att få töjningsfältets utseende på sidan av de
tvärkraftsförstärkta balkarna. Metoden bedömdes som lovande.

Dessa försök visade att förstärkningsmetoden fungerar bra och att den har
stor framtida användningspotential. Den förstärkta balkens spricksystem påver-
kar förstärkningens effektivitet. Fina och välfördelade sprickor beroende på
befintlig armering eller små tidigare laster är fördelaktigt jämfört med enstaka
större sprickor.

Beräkningsmetoder

Befintliga beräkningsmodeller för FRP-kompositer kan modifieras med hjälp
av en effektivitetsfaktor som tar hänsyn till en rad faktorer, som t.ex. ofull-
ständig penetration av fiberbuntar och fibrernas och underlagets krökning. Ef-
fektivitetsfaktorn har beräknats från försök med whest-balken, momentför-
stärkning och tvärkraftsförstärkning och jämförts. Man ser att försök med wh-
est-balken ger en låg effektivitetsfaktor jämfört med de storskaliga försöken,
d.v.s. på den säkra sidan. Detta beror troligen på att whest-balken i någon
mån motsvarar ett fall med en, stor spricka.

Momentkapaciteten hos en förstärkt balk beräknas med hjälp av enkla och
korrekta mekaniska modeller som bygger på den traditionella linjära töjnings-
fördelningen och jämviktsekvationer. När det gäller tvärkraftskapacitet är en
additionsmodell att föredra vid beräkning av förstärkningar av balkar utan
eller med så lite tvärkraftsarmering som balkarna i försöken i detta arbete.
Förstärkningens bidrag kan beräknas med fackverksmodell. De modeller som
använts i detta arbete baseras på vissa principer men är inte genomarbetade i
detalj. För att uppnå en fullständig beräkningsmodell för cementbaserade kom-
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positer krävs mer laboratorieförsök och hänsyn till speciella brottkriterier som
delaminering och förankringsbrott.

Slutsatser och fortsatt forskning
Den viktigaste slutsatsen av detta arbete är att förstärkningsmetoden fun-

gerar och att den har stor potential. När detta arbete påbörjades var tekniken
ny och nu fem år senare är det bara detta och Pareeks [59] arbete som rapporter-
ats om förstärkning av bärande betongkonstruktioner med cementbaserad kom-
posit. På grund av att metoden är så ny finns inga specialanpassade kolfibervä-
var eller matrismaterial för detta syfte. Sådana material skulle troligen höja
effektiviteten på detta system betydligt.

Förutom de positiva egenskaper ett cementbaserat förstärkningssystem har,
som gjorde att detta arbete initierades, har följande egenskaper verifierats i
denna avhandling.

• Förstärkningen blir inte tjockare än några millimeter vilket gör att den
extra höjd och egenvikt förstärkningen orsakar är försumbar.

• Ofullständig penetration av fiberbuntarna orsakar ett förhållandevis segt
utdragsbrott i jämförelse med det spröda fiberbrottet.

• Delkomponenterna i en cementbaserad kolfiberkomposit är enkla och säkra
att arbeta med. Utförandet går snabbt och möjligheten att uppnå ett
jämn kvalitet är därför god. Fibrernas ringa vikt, de få nödvändiga verk-
tygen samt möjligheten att tillsätta vattnet på arbetsplatsen gör att sys-
temet är lätt att transportera.

• Det polymermodifierade cementbruket som använts i dessa försök härdar
relativt snabbt. Man kan räkna med 75—85% av den slutliga hållfastheten
efter 72 timmar, beroende på kompositens tjocklek.

Svagheterna hos en cementbaserad komposit jämfört med en FRP-komposit
är att den inte utnyttjar fibrerna lika effektivt och att härdningstiden är betyd-
ligt längre.

Den fortsatta forskningen inom detta område bör delas upp i tre disci-
pliner. Den första med inriktning på materialteknik för att utveckla och op-
timera en cementbaserad komposit ytterligare. Den andra med fokus på mate-
rialets mekaniska egenskaper och beräkningsmodeller och det tredje med syfte
att utveckla produktionsteknik och kontrollmetoder. Förutom dessa tre vore en
ekonomisk utvärdering värdefull.
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Chapter 1

Introduction

There are many reasons why a structure does not perform up to desired standard
or does not survive its full design life. For example:

• Need to increase the load carrying capacity due to changes in utilization
or increased loads.

• Rapid (early) deterioration due to environmental factors.

• Shortcomings in execution or design.

Every time something of the above happens the owner of the structure faces
the decision whether she should tear down and rebuild the structure or upgrade
it.

There are at least two reasons for repair and upgrading of old concrete
structures. Firstly economical reasons–considering the deteriorating state of
a large volume of the infrastructure world-wide, it is incentive enough to find
effective and economical techniques to maintain the aging infrastructure and
buildings. Secondly, environmental reasons–if we can preserve structures by
lengthening their life the natural resources will last longer.

Upgrading can mean several different actions. The most economical alter-
native is to verify a higher strength of the material than it was designed for by
testing of the actual structure or to modify the calculation models or methods.
The modification could for example involve an optimization of the safety fac-
tors or dynamic load factors that would affect the calculations, provided that
new or more data is available. It could also mean that modern computer aided
calculation methods like FEM are used on old structures that were designed by
hand, which in some cases can lead to more optimized load capacities.
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If these theoretical upgrading methods are not enough a physical strength-
ening or repair has to be considered. Traditionally the meaning of the word
“repair” is to block deterioration from proceeding but nowadays the sense has
often changed to include a restoration to the original load carrying capacity. The
meaning of “strengthen” a structure is to increase the load carrying capacity to
a higher level.

A number of strengthening techniques have been used in the past. In the case
of concrete structures, these include: section enlargement including additional
reinforcement, prestressing either internally or externally, and epoxy bonded
steel plates or fibre reinforced polymer plates. These methods have, in gen-
eral, established that addition of strengthenings can be successfully achieved
and is usually feasible and economical [21, 34]. The Swedish standard work
concerning conventional methods to strengthen concrete is “Förstärkning av
betongkonstruktioner” published 1978 by Statens råd för byggforskning, Stock-
holm, Sweden [66]. However, the year of publication means that plate bonding
and the use of fibre reinforced polymers are not included.

When looking at one of the most successful strengthening methods today,
the use of continuous carbon fibres in epoxy matrix bonded to structural con-
crete, some major drawbacks are evident. First, the use of epoxy is hazardous
for the manual worker. Secondly, but important to the construction itself, is
that epoxy based composites do not let any vapour through, which can be a
durability problem. In addition, the application of epoxy is not possible on a
wet or moist surface nor is it possible if the temperature is below +10◦C. These
problems could be solved if a cement based matrix instead of an epoxy matrix
could be used, and that is the idea that gave birth to this project. Consequently,
if it is possible to use a cement based matrix instead of an epoxy matrix, cemen-
titious composites could be used wherever fibre reinforced polymers are used for
concrete strengthening today.

In the licentiate thesis [74] an extensive survey of possible materials and
techniques for structural strengthening of concrete was performed, concerning
both different fibres and matrix materials. As far as the fibres are concerned
several types are strong enough. A few of them are stiff enough but only carbon
fibres are proven to be durable enough. Irrespective of the choice of fibre, the
matrix has to be adapted to fit the fibre material and its structure. A polymer
modified mortar combined with carbon fibres is, to judge from the literature on
cementitious composites, a reasonable choice for preliminary testing.

In this thesis the literature survey that was performed in the licentiate thesis
[74] will not be repeated, but some essential points will be briefly reviewed to
keep the consistency of the thesis from idea to large scale strengthening.
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1.1. AIM AND SCOPE

1.1 Aim and Scope

The main goal of this thesis is to determine if it is possible to strengthen struc-
tural concrete with a cementitious carbon fibre reinforced composite, and, if that
is the case, give a detailed specification of that composite as far as possible. To
map the structural performance of such a composite is also an important task
in this thesis. Since this work is characterized by pioneering the chapter with
suggestions and guide lines for further research in this area is of extraordinary
importance.

The first chapter, “Introduction”, aims at giving a background, defining
problems, summarize the literature studies, and introducing the materials used.
The aim of the following chapter is to give a picture of what work has been done
in this area before and during this project to put it in an international perspec-
tive. The laboratory work, presented in chapters 3 and 4, aims at gathering
information on how a cementitious carbon fibre composite works and determin-
ing how different parameters, i.e. fineness of the cement, grading, additives,
fibre configuration affect the composite. The purpose of chapter 5 is to pro-
pose a mechanical model or a design model for strengthenings of carbon fibre
reinforced cementitious composites.

The scope of this thesis is limited to short time mechanical behaviour of
cementitious carbon fibre reinforced composites and concrete beams strength-
ened by composites of this type. This means that important durability issues
such as fatigue, freeze and thaw resistance are not covered by the scope. Also
optimization of the materials, execution and production as well as economical
issues are outside the scope of this thesis.

1.2 Requirements on Strengthening Composites

1.2.1 Compatibility

Compatibility between strengthening materials and existing concrete is a nec-
essary condition for durable strengthenings. It is also of great importance for
the structural performance. Compatibility is a harmony of physical, chemical
and electrochemical properties between the strengthening material and the ex-
isting concrete. It ensures that the resulting system of composites can endure
the stresses caused by volume changes, loads, and chemical and electrochemical
effects without distress and deterioration over its design life.

Dimensional compatibility

As one can see in Figure 1.1 one of the major problems is the dimensional com-
patibility, i.e. the phenomenon of volume instability [32]. There are several ways
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Figure 1.1: Factors affecting compatibility of strengthening materials and ex-
isting concrete, after [32].

in which these volume changes can occur. If one chooses to do the strengthening
with a cement based material the drying shrinkage has to be considered [28].
The drying shrinkage is the contraction of the material when the moisture in it
is removed. This creates internal stress and possibly shrinkage cracks. It has to
be judged if the material can withstand shrinkage, what happens if the material
shrinks, if it is harmful, and most important, if the shrinkage is restraint. It is
possible that the shrinkage of the matrix can cause curl of thin fibres that do
not shrink themselves. Therefore matrix materials that does not shrink or has
a minimal shrinkage value is desirable.

Another volume property to consider is the thermal expansion. This makes
the bond a weak link in the system where cracks or delamination can occur,
caused by shear stress.

Differences in modulus of elasticity influence the stress distribution in a
structural element by transferring load to the higher modulus material. This is
especially important when the force in the strengthening is parallel to the bond
line, which is the case in most strengthening situations.

If the old concrete has reached a stable creep volume and creep occurs in
the new strengthening material the loads carried by the new material will be
reduced.

In addition, all phenomena mentioned above have one thing in common.
They cause shear stresses in the bonding.

Chemical and Electrochemical Compatibility

Chemical compatibility properties to consider are for example alkali content,
C3A content and chloride content. For instance, if the old concrete contains re-
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1.2. REQUIREMENTS ON STRENGTHENING COMPOSITES

active aggregates a strengthening material with low alkalinity should be chosen.

Electrochemical compatibility properties include electrical resistivity, pH,
etc. For example, the pH value is important if the strengthening is also meant
to protect steel reinforcement in the existing structure. There is controversy in
this area among different researchers regarding the most appropriate materials
and methods for structural repair of concrete [54].

Permeability Compatibility

Concrete is a permeable material. This means that vapour migrates in the
material. Therefore strengthening materials with low permeability can lead to
incompatibility problems and possible failure [33]. If the concrete is encapsu-
lated it can result in freeze-thaw damage at the edge of the vapour barrier.

1.2.2 Durability

A durable strengthening should maintain its intended performance during its
whole designed life. It has already been stated that compatibility of materials
is very important to achieve a durable strengthening. This is, however, not the
only criterion. As it appears from Figure 1.2 design details, choice of methods
and the production also play important parts. The figure deals with concrete
repair, but is also valid for strengthenings.

About production it is worth mentioning the workmanship. Even if all other
criteria are fulfilled the slightest neglect in construction practices will lead to a
less durable strengthening. Therefore it is important to ensure that the design
makes the strengthening reasonably easy to carry out.

1.2.3 Special demands

There are also some special demands on a strengthening that may vary from
case to case. For example: All structural concrete indoors has fire requirements.
Many structures have to sustain accidental loads (earthquakes, collisions etc.).
The demand of environmental acceptability is also very important. Finally, and
unfortunately, vandalism has to be considered in most urban regions.

1.2.4 Desirable mechanical properties of the composite

The modulus of elasticity (E) describes the relation between the stress and the
strain in a material in the elastic state, i.e. the stiffness of the material. In
uniaxial tension Hooke’s law becomes σ = εE.
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Figure 1.2: Flow chart of a total repair system after [31] Note that Figure 1.1
fits into the flow chart on selection of compatible materials

To strengthen a structure the strengthening material has to be stiff enough
to take load. The reinforcement in existing concrete is steel with a modulus
of elasticity of 210 GPa. Considering that yielding in the steel is not accepted
under service conditions and that the structure can be loaded at the time of
strengthening with for example its own weight it is realized that there is a limited
strain left for the strengthening material to use. Therefore the strengthening
has to be stiff to take load. On the other hand, if the stiffness of the composite is
too large the existing steel reinforcement is risked to be inactive since it needs
certain strain to take further load. As a result the composite would have to
take more than necessary load, which is uneconomical. The conclusion of this
reasoning is that the composite should preferably have a modulus of elasticity
that is greater than 210 GPa but not so much greater.

To be competitive against other strengthening methods and to be practically
useful the composite has to have a certain ultimate strength beside the stiffness.
For structural reasons it should be possible to fabricate a composite with a
strength comparable to at least some extra reinforcement bars. For economical
and practical reasons this composite can not be allowed to contain too much
fibres since neither the thickness of, or cost for, the fibres are desirable. An
upper limit for the strength is easily regulated with the fibre content and not a
real problem.

The desired mechanical properties of the composite are different from case
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to case depending on the structure that is strengthened. In the present stage
of development it is hard to predict the properties entirely by theory or to
design a cementitious composite with some specific properties, or as a German
researcher expressed it: “The question of the optimal combination of matrix
and reinforcement–the correct choice of materials for the overlay–can only be
precisely answered today technologically (by specific testing) and not entirely
by theory.” [47].

1.2.5 Requirements for the matrix material

The following requirements were stated by Kolsch [47] for an overlay system for
strengthening of masonry and are very much valid for a strengthening system
for structural concrete, too.

• Sufficient mechanical properties for load transfer.

• Correct consistency, good penetration of the fabrics, and good bond char-
acteristics for embedding of the fabrics.

• Thermal and chemical compatibility of the fibres and the substrate and
thermal and fire resistance.

• Workability on the site (applicability to large vertical surfaces, open-ended
time period for application).

• The demand of environmental acceptability.

In addition the following requirements should be made:

• Good adhesion to a sand blasted concrete surface.

• A limited shrinkage to prevent tensions between the surface of the strength-
ened structure and the composite.

In order to determine the right mechanical properties, it is important to
look at a system that is proven to work well: a conventionally reinforced con-
crete element strengthened with carbon fibre reinforced polymer (epoxy). The
properties are listed in table 1.1. Even though it might not be possible or even
desirable to copy the properties of epoxy the fact that the epoxy-carbon fibre
system works makes it interesting in the first attempt to design a cement based
matrix. This is because the matrixes serve the same purpose–to transfer the
load between the fibres and to protect the fibres from damage.

It is also known, from the field of plate bonding with epoxy, that large
differences between the modulus of elasticity of the adherent materials and the
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Property Con- Steel Carbon Epoxy
crete rebars Fibre

Compressive
strength [MPa] 25—150 240—690 – 55—130
Tensile
strength [MPa] 1—4 240—690 2200—4500 9—30
Modulus of elasti-
city (tension) [GPa] 20—50 200—210 230—600 0,5—20
Thermal coef-
ficient [10−6/◦C] 8—16 10—15 7-12 25—30
Density [kg/m3] 2350 7800 1750—1950 1100—1300
Poisson’s ratio (υ) 0,2 0,3 – 0,3—0,4a
aData obtained from [67]

Table 1.1: Typical mechanical properties of concrete, steel, carbon fibre and
epoxy.

adhesive can create stress concentrations [67]. To avoid this the elastic modulus
of the matrix should be in the same region as that of the strengthened concrete.

The consistency should be as soft as possible to enclose the fibres and the
adhesive capacity should be good enough for application to vertical and over
head surfaces.

1.2.6 Requirements for the fibres

The fibres in a cementitious strengthening composite should fulfil the following
requirements.

• Alkali resistant.

• Not a corroding material.

• High strength.

• At least as stiff as steel (E = 210 GPa).

All the requirements stated above are fulfilled by carbon fibres.

1.2.7 Configuration of the fibres

It seems advantageous to use fibres in the form of weaves (also denominated
fabrics or textiles in the literature) due to the easier handling of the fibres and
better bonding between concrete and fibres, to judge from the work of Peled
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Figure 1.3: Relative stress-strain relations of fibres and matrix. a) Fibres of
lower failure strain. b) Matrix of lower failure strain.

[60—62]. The better bonding of weaves compared to straight fibres originates
in mechanical bonding due to the curled geometry of a weave. If the fibres are
in the form of weaves, they have to be dense in order to achieve a high-volume
fraction of reinforcing material within the composite but, on the other hand,
the weaves have to be penetrated by the matrix material as much as possible
to achieve both the desired monolithic behaviour of the composite and the
chemical bond between fibres and matrix. Chemical bond between cement and
carbon fibres is not possible unless the fibres have a special surface treatment.
Furthermore, the fabrics have to retain their shape and be workable to enable
an easy and even application on the substrate.

1.2.8 Safety aspects

A brittle failure of the composite is not desirable. Unfortunately that is unavoid-
able if cement matrix and a high modulus fibre is used. Then a clear warning
of the coming failure is the second best alternative. One way to achieve this
would be to design the composite so that visible cracks in the matrix will appear
before a failure. This could be done by using a matrix of lower failure strain
than the fibre, as shown in Figure 1.3 b). In the literature study it is however
shown that microcracks are likely to appear first.

1.3 Carbon Fibre

Carbon fibre was developed in 1963-64 at the Royal Aircraft Establishment,
Farnborough, UK, as the result of deliberate search for a material that was
stiff, light and strong [71]. Carbon fibres are made in the form of bundles,
called strands or tows containing, usually, 104 discrete filaments, which are 7 to
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Figure 1.4: Structure of carbon fibres. (a) Arrangement of carbon atoms in
graphite layer; (b) a schematic description of the structure of car-
bon fibres based on X-ray diffraction and electron microscopy. Re-
produced from [13]

15 µm in diameter [17]. The filaments consist of planes of crystallites of graphite
which must be aligned parallel to the fibre axis, as illustrated in Figure 1.4.
The properties of carbon fibres can vary over a wide range, depending of how
well the crystallites are aligned.

There are two main processes for making carbon fibres. Both involve heat
treatments, stretching and oxidation, but differ in starting materials. The start-
ing materials are polyacrylonitrile, which leads to the stronger but more expen-
sive PAN carbon fibre, or petroleum and coal tar pitch, which leads to the
weaker but cheaper pitch carbon fibre [13]. Typical properties of carbon fibres
are presented in Table 1.2.

Despite their high cost, carbon fibres are an attractive choice as reinforce-
ment for reactive matrices such as cement because of their chemical inertness
at ambient temperatures [5].

1.4 Polymer Modified Mortars

By adding polymers to a cement matrix it is possible to change the strength,
modulus of elasticity, and the fibre-matrix bond. These are all properties that
the mechanics of the composite is very much dependent on. There are two ways
the polymers can be incorporated with a composite. (1) By impregnation of the
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Fibre type PAN HT PAN HM Pitch HT Pitch HM
Tensile strength
/MPa

3500—6000 2500—4000 780—1000 3000—3500

Modulus of
elasticity /GPa

200—240 350—650 200—400 400—800

Elongation
at break /%

1,3—2,3 0,4—0,8 2,1—2,5 0,2—1,5

Density /kg/m3 1700—1800 1800—2000 1600—1700 1900—2100
Diameter /µm 5—8 5—8 9—18 9—18

Table 1.2: Properties of carbon fibres, based on [29,43,68] and fib, TG 4.2, 1998.
HT and HM stands for high tension and high modulus respectively.

hardened composite–polymer impregnated concrete (PIC) or (2) by adding a
polymer during mixing–polymer modified concrete (PMC) [13].

To impregnate a concrete with polymers is feasible but quite inconvenient
and expensive. Therefore is this technique not used in this work.

Polymer modified concrete differs from polymer impregnated concrete in one
important aspect except for the way it is produced. In the PIC, the matrix has
a higher modulus of elasticity and becomes more brittle, while in PMC the
matrix will be more ductile with lower modulus of elasticity.

There are several types of polymer and monomers used to modify cements
and mortars, a survey of these is made in the licentiate thesis [74]. Of these, the
polymer latexes are by far the most widely used cement modifiers [57]. There
are also several types of polymer latexes.

The properties of a polymer-modified mortar in both fresh and hardened
state depend on several factors such as polymer type, polymer-cement ratio,
water-cement ratio, air content, and curing conditions.

The mix proportions of most polymer-modified mortars are in the range of
the cement-fine aggregate ratio = 1:2 to 1:3 (by weight), the polymer-cement
ratio of 5 to 20% and the water-cement ratio of 0,3 to 0,6, depending on the
required workability.

The most widely used cement for these applications is ordinary Portland
cement [57]. Other types of Portland cement are also employed, according to
their applications.

There are limitations as to the temperatures in which polymer-modified
cements and mortars can be placed. Latex-modified mortar should for exam-
ple be placed in temperatures between +5◦C and +30◦C. For applications in
wintertime or cold climates, the use of high-early-strength cement, ultra-rapid-
hardening cement and high alumina cement can be used [57].

The addition of latex to cement significantly reduces the permeability of
cement. This is why this kind of product is often used for waterproofing and
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chloride protection of concrete. The durability of a mortar can be improved by
polymers. The resistance to freeze and thaw cycles and to UV-radiation can be
increased [50].

A comprehensive and recent paper on polymer-based admixtures in general
is written in 1998 by Yoshihiko Ohama [58].

Several tests on the effects of addition of polymers to fibre reinforced cements
and concretes have been done. The mechanical properties and the bond to
different fibres have been evaluated. Generally the bond between matrix and
fibres increases with the addition of polymers to the cement [39, 76]. This
is applicable to carbon-, polyethylene-, steel-, [20, 38] and glass fibres. The
durability of glass fibre reinforced concrete can also be improved by the addition
of polymers [14]. Larson [49] has made an investigation, which verifies that the
addition of latex to a simple cement mix dramatically increases the carbon
fibre-cement bond strength. This is also valid in bond between cement with
silica added and carbon fibres according to Soroushian [65]. The compressive,
flexural, and tensile strength of carbon fibre reinforced concrete can be increased
with the addition of polymers [20,76].

1.5 Fibre and Mortar Interaction

No matter how good the components in a composite are, they have to stay
together to work as a composite. In general, in any concrete or mortar, it exists
an interfacial transition zone, ITZ, between the different components of the
concrete or mortar. The different components in this context are aggregates,
cement paste, and fibres. The ITZ has different properties than the bulk cement
paste. Since, in a fibre reinforced composite, the specific surface area of the fibres
is large, the properties of the ITZ plays an important role for the mechanical
behaviour of the composite. The ITZ consists of three layers [4], which are:

1. The reaction at the aggregate surface that forms a chemical bond (size less
than 1 µm). Due to the small size this effect is not described in detail in
the literature, but it is widely accepted that some surface reaction occurs
with limestone aggregates. A surface reaction with carbon fibres is not
imaginable, however.

2. The region affected by the wall effect due to packing of the cement parti-
cles against the much larger aggregate particles. Size not generally more
than 100 µm. This is the length scale most widely studied.

3. Larger scale heterogeneities, due to phenomena such as microbleeding and
void formation. The size varies much with the type of aggregate, from the
individual phenomena of less than 100 µm up to 1 mm or more.
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Before having a look at fibre reinforced cements and concretes (FRC) in par-
ticular it is practical to introduce a classification of FRC composites according
to [4]. The composites are divided in three types, namely: a) Composites rein-
forced with macro-fibres b) Composites reinforced with dispersed micro-fibres.
c) Composites reinforced with bundled micro-fibres. A possible addition to this
classification would be to extract a group, d) Composites reinforced with weaves
of bundled micro-fibres, from group c).

The following description of these types of composites is partly a rather
detailed literature survey. It is nevertheless motivated in this introduction for
the understanding of the nature of cementitious composites.

1.5.1 Composites reinforced with macro-fibres

Macro-fibres include practically all steel fibres and fibres with a diameter larger
than 0,1 mm, which is much larger than the cement grains. Therefore the
microstructure of the ITZ resembles that of concrete, where the aggregates are
larger than the cement grains as well and a wall effect can be expected.

Concerning macro-fibres it is known from the literature that the ITZ can be
improved, and thereby the pullout resistance is increased. This improvement of
the interfacial mechanical behaviour can be achieved in five ways [4], (1) curing,
(2) composition of the paste (w/c ratio), (3) modification of the cementitious
binder with silica fume, (4) modification of the production of the composite
and, (5) surface treatment of the fibres.

1.5.2 Composites reinforced with dispersed micro-fibres

Micro-fibres include thin filaments, which have typically diameters of 5 to 20
µm. They are often made of glass, carbon, or aramid and sometimes of steel
with a rectangular cross section. The interfacial microstructure around micro-
fibres is usually quite different from that around macro-fibres. It is usually
very dense, and no gradient of microstructure can be observed between the
bulk matrix and the matrix in the vicinity of the fibre. Thus, around these
fibres the ITZ is essentially eliminated. This dense microstructure can be the
result of two effects [4]: First, the size of the fibre, which is of the same order
of magnitude as the cement particles, leading to the elimination of the wall
effect and to promotion of a dense packing of the cement particles around the
fibres. The second influence is processing, which can be much more intensive
in the production of composites with micro-fibres, where the special production
means usually provide greater shear during processing of the fresh composite.
This dense microstructure might be expected to lead to higher bond, although
the data of the pullout tests does not always indicate this to be the case.
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1.5.3 Composites reinforced with bundled micro-fibres

Most of the micro-fibres are fabricated in the form of bundles that contain, in
the case of carbon fibres, several thousands individual filaments. The filaments
in the bundle are normally kept together with a size, which is a thin polymeric
treatment applied on the filaments during their production process.

Tows consisting of bundled filaments do not necessarily disperse into the
individual filaments during the production of the composite. If the tow is sep-
arated into filaments or remain bundled when it is used to form a composite
depends mostly on the production process, i.e. the shear rate to break the bun-
dle. Another factor is the ability of the sizing to dissolve in the water of the
mortar during the application of the composite. As a result, the reinforcing unit
is not a single filament dispersed in a matrix, but rather a bundle with each
filament having a considerable freedom of movement relative to the others.

The size of the spaces between the filaments does not exceed a few µm and
therefore it is difficult for the larger cement grains to penetrate these spaces.
Accordingly the overall bond of the bundle will depend on the extent to which
cement grains can penetrate into the bundle. Some stress transfer into the inner
filaments may be probable through frictional effects aided by the point contacts
formed by hydration products and the sizing. The stress transfer in a bun-
dled reinforcement can therefore not be described in simple terms of interfacial
stresses. Bartos [10] proposed a bonding mechanism involving “telescopic” be-
haviour, in which the external filaments in the bundle are tightly bonded to the
matrix and may fracture, while internal ones may be sliding. He suggested that
this mode of pullout may provide unique advantages, if it is controlled, as it can
induce at the same time high bonding and enhanced strength due to external
filaments, as well as energy absorption and ductility due to slippage of the inner
filaments. The principle of this pullout behaviour is illustrated in Figure 1.5.

In the case of glass fibres the spaces between the filaments can gradually
be filled with hydration products if the composite is kept in wet environment.
This process involves nucleation and growth stages, and the filament surface
can serve as nucleation sites [11]. But Bentur also demonstrates in [11] that
the effect of the fibre surface on the microstructure developed in its vicinity
is very dependent of the type of fibre and the surface treatment of the fibre.
As a complement to this discussion it should once again be mentioned that it
is not beneficial for the polymer to cure a polymer modified mortar in a wet
environment since the film formation needs dry conditions.

But even in dry conditions it seems possible to benefit by the gradual fill of
hydration products between the filaments. Badanoiu showed in [7] that after
14 days of curing in air, in a carbon fibre composite without polymers in the
matrix, even the filaments in the centre of the strand were covered with cement
hydrate compounds. On the contrary, in a sample with a polymer modified
mortar only the external carbon filaments were covered with hydrates, which
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a) Load is transmitted to the fibres. Interfaces are intact.

b) Matrix cracks, partial debonding occurs.

c) Outer fibres fracture, core fibres pull out.

d) Further fibres fracture but the inner core pulls out.

Figure 1.5: Principle of combined fibre pullout and fibre fracture in a bundle
reinforced cement (after Bartos [10]).

15



CHAPTER 1. INTRODUCTION

indicates that the polymer can retard or block the penetration of hydration
products.

Li et al [51] formulated the penetration of a fibre bundle mathematically by
calculating the exposed surface area of filaments in the bundle relative to the
total surface area, assuming hexagonal close packing. The calculation indicated
that the fraction of exposed area is 0,08 for a bundle with 200 filaments, and it
reduces to 0,04 for a bundle with 2000 filaments. Experimental data of pullout
resistance of a single filament and a filament in a bundle is given in [4] for
nylon, Kevlar, polyethylene, and glass fibres. The data show that the average
bundle bond strength is considerably smaller than that of the single filament,
but in most cases it was in the range of 0,3 to 0,4, which is substantially greater
than the calculated value of 0,04 to 0,08. This confirms that in practice the
bundle is opened up and allows some penetration of cement grains and hydration
products, which is also supported by microscope observations of carbon fibre
reinforced cementitious composites [7].

If the composite contains expensive fibres such as carbon fibres it could be
argued that they should be used as efficiently as possible in a load carrying per-
spective. To achieve this it is of great importance that the individual filaments
are totally embedded by matrix material. This requirement is, as explained
above, particularly difficult to meet when the matrix is in particle form and the
particles have to be infiltrated between the fibres. If a monolithic behaviour of
the composite is desired, i.e. full embedment of the fibres by a matrix, there are
at least two imaginable solutions. One could be to use smaller particles in the
matrix. Possible components are for example finely ground cements and silica
fume. Another solution could be manipulation of the fibres, either by separation
of the fibres in the tow to allow penetration of cement particles or impregnation
of the fibre tow with a liquid matrix to avoid the difficulty of opening up spaces
between filaments.

Briggs [17] tested a special arrangement to open up spaces between the
filaments with compressed air in combination with filament winding. This ap-
proach is possible for prefabrication of composite elements or even winding of
columns. Another way to separate the fibres could be to impregnate the tows
with a water soluble material that will be dissolved by the water in the mortar
at the time of application and change places with cement particles. Grids made
of fibre reinforced polymers are examples of impregnated tows. The polymer
serves as an intermediate medium for achieving effective stress transfer between
the filaments of a tow.

Other attempts to improve bond and to compensate for potentially poor
dispersion have also been based on polymer impregnation of the composite [13].

The bundle structure may also provide a reinforcing unit which is flexible and
can be engaged in some local bending as it bridges a crack. Such local bending
in a brittle matrix composite may produce premature fracture when the fibre
is brittle; but with a bundled reinforcement, even with brittle filaments, local
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bending capacity can be provided by the inner filament that are only loosely
bonded to the matrix and can slide one relative to the other [12].

1.6 Pilot Test

This was the first test in Sweden on strengthening of structural concrete with an
advanced cementitious composite made of polymer modified mortar reinforced
with continuous carbon fibres. It was as far as the author knows the first shear
test with this system in the world.

The experiments were carried out in April 1999 in Luleå as a pilot test for
the further research in the Swedish Structural Concrete Upgrading Network
(SSCUN).

The motivation for the pilot test was to get acquainted with this type of
material and strengthening technique as soon as possible. It would give valuable
information about the potential of the technique with hand lay-up of continuous
carbon fibres in a polymer modified mortar. In addition the personal hands-on
experience would later become useful in the preparation of further tests.

The materials used in this preliminary test were not the optimum choices,
but the best that were available in the laboratory at the time.

The reinforcement of the strengthening composite in this test was a 200 g/m2

carbon fibre mat. It was purchased from the company Svenska Tanso AB who
bought it from Heinsco Ltd in the UK. The commercial name of the product
is Unifibre. The Unifibre product consist of a sheet of parallel reinforcement
filaments supplied in roll form. The standard width of the roll is 300 mm. The
filaments are held in position by fine bonding threads, which lie across, but do
not interlace with, the filament sheet. The thread is a high tenacity polyester
type which binds to the reinforcement filaments by means of an epoxy adhesive
resin. The mat is made of Grafil-fibres which are manufactured by Mitsubishi.
The fibres had a diameter of 6,9 µm and a modulus of elasticity of 234 GPa.
The tensile strength is 4500 MPa and the elongation at break is 1,9%.

The matrix used was a commercially available product from Sto Scandinavia
AB called StoCrete ES, which is a polymer modified mortar containing micro
fibres. It is developed for elastic priming on mineral materials or crack treatment
of concrete structures.

For this particular purpose a mortar without micro fibres probably had
been preferable since the micro fibres might made it harder for the mortar to
penetrate the fibre mat.

The test beams, see Figure 1.6, were so called “shear beams”. They were
heavily reinforced for bending so that a shear failure was ensured. The dimen-
sions and the reinforcement are shown in Figure 1.6.
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Figure 1.6: Dimensions and reinforcement of the test beam. (Ks 500 is the
Swedish denomination of a steel reinforcement bar with yield stress
500 MPa.)
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Figure 1.7: Test setup. The strengthened areas are shaded.

Before application of the composite the surfaces had to be clean. In this case
the beam was sand blasted to remove the laitance layer. After that compressed
air was used to remove the dust.

A primer was then applied to impregnate the surfaces and make them water
repelling to avoid dehydration of the mortar. This procedure was recommended
by the supplier of the polymer modified mortar, Sto Scandinavia AB, who also
supplied the primer accessory to the mortar, called StoCryl HP Plus.

The first layer of mortar was applied to the surface of the beam with a
limewashing brush. Subsequently, the carbon fibre mat was pressed into the
fresh mortar. Finally a covering layer of the mortar was applied with the brush.

The strengthened beam was then left in the laboratory to cure in normal
room temperature for seven weeks.

The shear test was carried out with the strengthened test beam simply
supported and with two concentrated loads acting on it. The test setup and
dimensions are shown in Figure 1.7.

The deflection over both supports and on each side of the midpoint of the
beam was measured. From these test data the deflection of the midpoint of the
beam was calculated. The load was also monitored and saved as test data.

Two beams were tested. One unstrengthened reference beam and one beam
strengthened with the described system. The corresponding load-deflection dia-
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Figure 1.8: Load-deformation curves of the shear strengthened concrete beam
and an unstrengthened reference beam.

grams are presented in Figure 1.8. The reference beam exhibited a typical shear
failure, Figure 1.9. The relatively ductile behaviour after the first failure with
the recurrent recovery of the load capacity can be explained by the Ω-shaped
lifting device. It was made of a steel reinforcing bar which crossed the shear
crack and therefore contributed to the shear capacity. The maximum load on
the reference beam before failure was 250,9 kN. The corresponding midpoint-
deflection was 8,1 mm.

The strengthened beam exhibited a more brittle failure even though it was
not explosive. The crack pattern on the concrete beam was of the same type as
of the reference beam and the failure mode was delamination of the composite
between the inner cementitious layer and the carbon fibre mat, Figure 1.10. As
Figure 1.8 shows the maximum load of the strengthened beam before failure
was 346,1 kN with a corresponding midpoint-deflection of 13,0 mm.

In comparison with the reference beam the failure of the strengthened beam
occurred at 38% higher load and 60% increased deflection at the midpoint.

This pilot test indicated that a strengthening system for structural concrete
using a composite of carbon fibres and cementitious matrix can be effective.
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Figure 1.9: Shear crack of the reference beam after failure.

Figure 1.10: Shear crack and delamination of the composite on the strength-
ened beam.

20



1.7. COMPARISON WITH FRP

1.7 Comparison with FRP

The physical difference between a fibre reinforced polymer composite, FRP, and
a cementitious fibre reinforced composite is the matrix, i.e. epoxy vs. cement
mortar. The most important difference is that the polymer, an epoxy, is a
liquid, while a mortar is a particle suspension of cement particles and aggregates
dispersed in water and additives like for example polymers. This single, but
important, difference might be the major disadvantage of the mortar compared
to epoxy as a matrix in a carbon fibre composite. Another possible advantage
of epoxy is the curing time, which is shorter compared to that of mortar. All
mechanical properties of both a polymer and a cement mortar can in one way
or another be adapted to fit the demands put on them and the curing time for
a thin layer of polymer modified mortar can also be designed to be short.

A consequence of the granularity of the mortar compared to a liquid as epoxy
is the difficulty to penetrate a fibre bundle. Furthermore a mortar can never wet
the individual filaments in a carbon fibre bundle unlike a liquid. The problem
with penetration can possibly be solved but not the wetting problem. The
fact that the epoxy is able to penetrate and wet the fibres results in very good
bond and tight interaction between fibres and matrix. The FRP is therefore a
true composite with predictable properties according to composite theory. As a
result of the monolitic behaviour of a FRP the carbon fibres are used in a very
efficient way. Even though a cementitious composite might not reach the same
performance, it is reasonable to believe that it can be designed to be efficient
enough to compensate the disadvantage of using more fibres.

The fact that the fibre bundle is not fully penetrated is also one reason for
a possible “telescopic” behaviour or pullout behaviour. This can be turned into
an advantage for the cementitious composite if it can be assured that it will not
fail in a brittle manner.

The lower price of a cementitious matrix compared to epoxy is of course
another advantage. On the other hand more carbon fibres might have to be
used in a cementitious composite than in a FRP composite. To do a further
economical evaluation of the two alternatives is outside the scope of this thesis
but interesting.

Another way to compare FRP and cementitious composites is to look at the
disadvantages of FRP composites, which a cementitious composite would not
have. These are as mentioned before;

• hazards for the manual worker, even though modern epoxy gradually be-
comes less hazardous due to a smaller solvent content,

• lack of vapour permeability, which can cause damage to the concrete struc-
ture,
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• that application of FRP on wet surfaces or at low temperatures is not
possible.

Comparisons with FRP strengthenings as benchmark has continuously been
done throughout this project and are reported in the thesis in connection with
the tests with corresponding cementitious composites.
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Chapter 2

Previous Work

An extensive overview of possible materials and techniques for structural strength-
ening of concrete was performed in the licentiate thesis [74] and will not be
repeated here. This literature survey is concentrated to textile reinforced con-
crete, which was judged to be the most promising material for strengthening
of structural concrete. A very limited amount of work has been done in this
area, especially concerning strengthening, while slightly more materials research
has been reported. Important issues that possibly could be illuminated by the
survey were the questions about the best configuration of fibres, matrix mater-
ial specifications, and application technique. Specifications of matrix materials
turned out to be the most difficult information to collect.

2.1 Textile Reinforced Concrete, TRC

The term textile reinforced concrete or the abbreviation, TRC, is often and in-
ternationally used for composites made of a cementitious matrix and continuous
fibres as reinforcement. The fibres can be in the form of a weave or be unidi-
rectional and just stitched together with a yarn in the perpendicular direction.

During the second half of 2002 a technical committee called “Textile Rein-
forced Concrete” (TC TRC) has been established by RILEM1. The committee
work will have a duration of five years and the first task is to write a state-of-
the-art report, which is scheduled to year 1—2.

1 International Union of Laboratories and Experts in Construction Materials, Systems and
Structures. http://www.rilem.org
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2.1.1 Israel

At Israel Institute of Technology several experiments with woven fabric as re-
inforcement have been made [61—63]. These experiments deal with different
structures of the weaves and their behaviour in normal concrete. The weaves
are made of different materials, but often glass fibres. In an experiment with
concrete reinforced with a two dimensional plane weave [60] it was concluded:
“The crimping, which is inherent to the geometry of woven fabric, leads to
enhanced bonding. This improved bonding more than compensates for the
weakening effect of the non-reinforcing weft yarns”.

The choice to work with weaves to a large extent in the present project have
mainly been influenced by the above Israeli references.

2.1.2 Germany

In a German status report on current engineering developments of textile con-
crete [23] some investigations at the Technical University of Dresden and the
Technical College of the RWTH in Aachen are listed. For example bending
tests on precast products such as strip specimens, hollow bodies and U-shaped
profiles.

Other German investigations have studied the influence of the fibre orienta-
tion on mechanical properties in thin fabric reinforced sheets [15,41].

The use of weaves in precast products in Germany confirmed the decision
to try weaves as reinforcement in strengthening composites in this work.

2.1.3 Japan and the USA

Three dimensional carbon fibre weaves have been fabricated in Japan by, for
example, Arisawa Manufacturing Co. Ltd, Tokyo. Tests of flexural, shear and
punching shear behaviour of concrete elements reinforced with this kind of 3D-
textile have been made at the North Carolina State University, Raleigh, North
Carolina, USA [3, 77, 78]. The fabric was manufactured from the fibres by
three-dimensional weaving. It was made of PAN-type fibres containing 48 000
filaments. To maintain the structure of the fabric 3-dimensional, each carbon
fibre tow was encased in epoxy coating, thus forming a rigid fabric.

Also at the Kajima Technical Research Institute, Tokyo, Japan, a 3D-fabric
with epoxy resin impregnated into rowings was tested to reinforce concrete
[55, 56]. The impregnated epoxy made the textile structure stiff enough to
retain its shape when mortar was added. Carbon (PAN-type), aramid, vinylon,
and AR-glass fibres were used. Flexural behaviour tests were performed on
plates 400×1400 mm and 45 mm thick. At a fibre volume content of 1,5% both
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carbon and aramid reinforced plates reached a flexural stress of 16,5 MPa. The
plate with aramid fabric deflected approximately twice as much as the one with
carbon fabric.

Due to the difficulties to manufacture or access 3D-weaves they have not
been evaluated in this work. The reports have however contributed to the idea
of using FRP-grids embedded in mortar as strengthening. Small scale tests with
grids are reported in chapter 3.

2.2 Strengthening with TRC

2.2.1 Technical University of Dresden, Germany

In tests reported first by Curbach in 1998, 10 cm thick steel-reinforced concrete
slabs were strengthened on the soffit by a layer of mortar measuring between
only 1 cm and 1,5 cm in thickness. The mortar was reinforced with six layers
of alkali resistant glass fibre textile structures. The test setup and the resulting
force-deflection plot are illustrated in Figure 2.1 and 2.2 respectively [22,24—26].

100800

1800

800100

F

400

400
10 - 15

[mm]

Six layers of mortar and alkali
resistant glass fibre textile structures

Figure 2.1: Geometry of the slabs. Redrawn from [26]

As seen in Figure 2.1 the strengthening was extended through the support.
This could lead to an over-optimistic interpretation of the test if the extra
anchoring capacity this leads to is not considered. In addition glass fibres have
been used, which is a more known material in combination with cement mortar
than carbon fibres. Curbach’s work is however an indication on the potential
of the system with continuous fibres in cementitious matrix.
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Figure 2.2: Relationship between force and deflection of the slabs. Reproduced
from [26]

2.2.2 Hochtief AG, Frankfurt am Main, Germany

German experiments on strengthening with carbon fibre and cement matrix
have been reported by Kolsch in 1998 [46,47]. Those experiments aimed at an
overlay system for masonry strengthening. Preliminary bending tests on small
scale concrete beams were however carried out. The test setup and resulting
load-deformation curves are shown in Figure 2.3. The materials used were
140 g/m2, unidirectional, carbon fibre fabrics and a polymer-modified cement
matrix. The modulus of elasticity of this composite was determined from test
specimens in tension and was 10 GPa. Various combinations of matrix and
reinforcement were investigated as it appears in Figure 2.3. Each strengthening
consists of four layers of fabrics. The observed failure modes for the carbon-
cement composite were interlaminar failure in the composite and in some beams
shear failure of the concrete beam at the edge of the strengthened area. The
conclusions drawn by Kolsch from this experiment was that a strengthening
system with cementitious matrix is capable of achieving results competitive
to systems with a polymer matrix. It was also pointed out that the bond
strength of the surface of the member is one essential limiting parameter for the
strengthening effect of an overlay.

The work by Kolsch is the only test of a strengthening with a similar com-
posite to the ones used in the present work that is done before 2000. It is not an
extensive work but the conclusions were encouraging and have influenced the
choice of strengthening materials in this project.
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Figure 2.3: Top: Test setup. Bending load for strengthened concrete beams.
Dimensions in mm. Bottom: Load-deformation curves of strength-
ened concrete beams; each overlay comprises four fabrics. Repro-
duced from [47].
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2.2.3 Nihon University, Koriyama, Japan

In a study, reported by Pareek et al. 2001 [59], “the epoxy resin have been
replaced with polymer-cement pastes as bonding agents for continuous fibre
sheets to reinforced concrete (RC) structures due to their low cost and high fire
resistance properties. Experiments have been conducted to obtain fundamental
data on flexural strengthening of RC beams by carbon and aramid fibre sheets
and also the influence of bonding methods of continuous fibre sheets have been
examined. Polymer-cement pastes with polymer-cement ratios of 10 and 20%
respectively were used.” In the study it is concluded that “Satisfactory results
have been accomplished by using polymer-cement pastes as bonding agents for
reinforcing RC beams with continuous fibre sheets.”

The details of some test specimens are shown in Figure 2.4. Two differ-
ent strengthening processes have been used and compared. These two bonding
methods are described by Figure 2.5, and the resulting load and deflection
diagrams are displayed in Figure 2.6. In the load and deflection plots a signif-
icant strengthening effect can be observed. They are also a good illustration
of the difference between aramid fibres and carbon fibres. The aramid fibres
(denominated A-10 and A-20) show a greater ductility than the carbon fibres
(denominated C-10 and C-20) whereas the carbon fibres can carry a heavier load
due to their stiffness. The number in the denominations refers to the polymer
content. There is no significant difference in the load and deflection diagrams
between the two bonding methods, described in Figure 2.5, even though the
“PC method” gives a slightly larger load capacity of the beam.

The good result in Pareek’s work is one important contributing factor to the
choice of sheets instead of weaves as reinforcement material in the large scale
tests. Also unpublished tests of reference beams strengthened with FRP have
been done according to oral communication. Pareek does not report any pre-
liminary tests or hypothesises behind the materials choice, however. It should
be noted that there also is a more extensive report in Japanese.
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Figure 2.4: Dimensions, reinforcement and strengthening of the RC beams. Re-
produced from [59].
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PC bonding method PCP bonding method

Coating of polymer dispersion
to concrete substrate

Coating of polymer-cement paste to concrete

Finishing and curing

Coating of polymer dispersion
to bonded CF sheet

Finish coating of polymer-cement paste to CF sheet

Bonding of CF sheet

Figure 2.5: The strengthening processes “PC and PCP bonding method” used
by Pareek et al. Redrawn from [59].
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Figure 2.6: Load and deflection curves of strengthened RC beams. Re-
produced from [59]. a) 1 layer of a 350 g/m2 aramid fi-
bre sheet (A-10, A-20) and 300 g/m2 carbon fibre sheet (C-
10, C-20) respectively. The number in the denominations
refers to the polymer content. The strengthening compos-
ite of beam A-20 in “F-PC Series” contained 50% more fibres
than the others, which explains the remarkable load capacity.
b) A different method of application have been used (PCP).
c) 2 layers of the fibre sheets (FII).
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Chapter 3

Materials Testing

3.1 Introduction

Most of the tests in laboratory during this project have been materials testing
made in a relatively small scale. One reason is that the first task was to develop
a new material, which demands extensive testing. This would have been to
expensive and time consuming to do in large scale. Another reason is that a
small-scale test can give a picture of the mechanical properties of the strength-
ening composite itself, which is important to be able to calculate the behaviour
of a full scale strengthening.

In this chapter all small-scale materials testings are reported. From the
development of a new test method, specially adapted for this project, and pre-
liminary testing to specific testing of certain parameters. Some of the test are
only summarized here because they were reported in detail in the licentiate the-
sis [74] or performed within this project by Dr. Alina Badanoiu and reported
in two technical reports [7, 8]. The conclusions from all the summarized tests
are however newly revised by the author and presented here.

3.2 Review of Existing Test Methods

In the field of plate bonding there are several test methods in the literature that
have been used to evaluate the adhesion and anchor length of plates glued to
concrete members. Ladner [48] and Ranisch [64] have tested steel plates glued
to concrete members to determine the minimum anchor length. They have
used different test specimens, showed in Figure 3.1 and Figure 3.2, for almost
the same calculation model. Täljsten [67] put the results together in a load-
anchor diagram for a simple comparison. The results matched each other well
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disregarding the dissimilarities between the test specimens and showed that
there seems to be an optimal anchor length of roughly 300 mm. Additional
anchor length does not contribute to the load bearing capacity, according to
Täljsten [67]. Some of these test methods could possibly be modified and used
for testing cementitious fibre composites as well. They also show that it is
possible to obtain similar results even though the test specimens are not the
same.

A test program performed by Dolan et al. [30] has examined the bond be-
tween CFRP and concrete with the push-apart bond test, and evaluated differ-
ent shear-friction tests. These could also be accurate for a fibre composite with
cement based matrix. The push apart test, see Figure 3.3, is a conventional bond
test and is very similar to the test arrangement used by Ranisch. Two CFRPs
are glued to two concrete blocks that are pushed apart by a hydraulic actuator.
The bond strength is easy calculated in the elastic state. Once one of the CFRP
loses its bond to the concrete the forces become eccentric and further testing
is influenced by an undesired moment. The Mast/Mattlock shear-friction test,
described by Figure 3.4, was evaluated by Dolan et al. [30]. In all cases, the
ends of the shear test block failed in bending at the notch prior to obtaining
a shear failure. The reinforcement was too light to provide sufficient bending
restraint. Additional reinforcement adjacent to the shear plane could affect the
test data by producing restraint in the contiguous concrete. A second drawback
with the Mast/Mattlock test is that the length of the composite can not eas-
ily be varied. To overcome these problems Dolan et al. [30] tried another test
method, the Iosipescu shear test (Figure 3.5). The test uses a solid concrete
block and an eccentric loading to create a zone of pure shear in the centre of
the sample. The Iosipescu sample has the benefit that the composite extension
beyond the loading area is easily varied so identical loads can be applied with
a variable bond length outside the loaded area.

As earlier mentioned all the above used test methods have been used to
evaluate the adhesion and anchor length of plates glued to concrete members. To
evaluate the mechanical properties of a composite itself many obvious methods
can be used, for example pure tension of a test specimen. However, in the case
of strengthening composites, it is also of great importance to find out how the
composite works in the real strengthening situation. In the literature it is found
that the most common way to test this is to strengthen an ordinary concrete
beam or plate, unreinforced or reinforced with steel bars.

In 2001 De Lorenzis et al. published an article [27] where a test beam was
used to evaluate bond of FRP laminates to concrete. The test beam had all
significant features in common with the whest-beam, which is introduced in
the next section, but was slightly larger (1219 mm long), see Figure 3.6. The
beam was reported to give adequate results.

During the spring of 1999 a search for standards was performed. Swedish
(SS), European (CEN) and American (ASTM) standards were studied. No
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Figure 3.2: Test arrangement and model for calculation by Ranisch [64].
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Figure 3.5: Iosipescu shear test.
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Figure 3.6: Test beam used by De Lorenzis to evaluate bond of FRP laminates
to concrete. Reproduced from [27]. 1 in = 25,4 mm

standard test methods for strengthenings with composites were found.

3.3 A New Test Beam

No suitable or adaptable test method for cementitious strengthening composites
was found in the literature 1999. This section describes the motivation and the
result of the development of a suitable test beam for the first laboratory testings.

The desired general properties of the test specimens were that they should
be small, cheap, easy to cast, and provide relevant data. This would make it
possible to do a large number of tests with different matrices, fibres, and fibre
configurations to develop an adequate composite in a relatively short time.

The objectives of these small scale testings were to compare bond strength,
strain, stress and failure mode of different composite configurations. The liter-
ature, and the pilot test with the shear strengthened beam, indicated that the
main problem to overcome was the adhesion between the fibres and the matrix
and the bond between the composite and the concrete. Therefore the test beam
should primarily give a picture of these two factors. To achieve that it was
necessary to be able to calculate the axial force applied to the composite and
to measure the bond area. It was also desirable to follow the whole collapse of
the strengthening to determine whether it was a brittle or ductile failure.

The development of a test beam for different composite configurations and
materials resulted in a standard beam for flexural testing, according to Swedish
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Standard SS 13 72 12 [18], equipped with some special devices, see Figure 3.7.
The beam was named the whest-beam, which is an abbreviation of Wiberg-
Holmgren Evaluating of Strengthenings-beam. The advantages of using this
standard beam were that its dimensions were small, and there was prefabricated
steel form work ready for use in the laboratory.

Thewhest-beam method is a test of the strength in tension of the composite
but if the strength in tension exceeds the bond strength it becomes a test of
bond strength in shear. The composite is applied on the bottom side of the
beam and subjected to axial tension when the beam is loaded in four point
bending. A fabricated crack, i.e. a saw cut, in the midpoint of the span makes
the composite take all tensional stress in the cross section. The bond length on
each side of the saw cut can be varied between 0—300 mm. The width of the
cut can be varied by means of the thickness of the saw. All whest-beams that
have been used in this work had a 4 mm wide saw cut. A steel joint (Figure 3.8)
ensures a well defined length of the inner lever which is necessary to calculate the
force, stress and deformation in the composite. Since the rotation takes place
around the steel cylinder the inner lever is the distance between the centre of
the cylinder and the composite, which is 85 mm. The 20 mm of uncut concrete
below the steel joint is needed to stabilize the beam during application of the
composite and while the test arrangement is set up. The additional moment
capacity because of this can be calculated to approximately 225 Nm. Tests
confirmed that the unstrengthened moment capacity was less than 250 Nm, see
Figure 3.9. The alternative position of the load points, shown as dashed load
arrows in Figure 3.7, is useful for testing a composite that is so strong that the
test beam would fail by shear if the normal position is used. By moving the load
points towards the middle of the beam a higher moment is obtained without
increasing the shear stress level. Because of the variable load positions the load
on the beam is defined as the moment, M , between the two load points and can
be calculated as

M = 0, 1 · P (3.1)

for the normal load position. For the alternative load position the moment M
is

M = 0, 1375 · P (3.2)

and since the inner lever is 85 mm the corresponding force in the composite Ff

is

Ff =
M

0, 085
(3.3)

The whest-beam was officially introduced and discussed for the first time dur-
ing an oral presentation at the Nordic Concrete Research meeting in Reykjavik,
Iceland 1999. After appearing on a poster presented at the conference on Ad-
vances in Cement and Concrete by UEF in Mont-Tremblant, Quebec, Canada
2000, the whest-beam was published in the proceedings of the Third Interna-
tional Conference on Concrete under Severe Conditions in Vancouver, Canada,
2001 [75].
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Figure 3.9: Load and deflection diagram of three unstrengthened whest-
beams.

3.4 Introductory Tests

A test series of 18 whest-beams strengthened with composites with different
commercially available polymer modified mortars as matrices and the same
carbon fibre weave were loaded to failure. Included in the 18 test beams were
three reference beams strengthened with the same carbon fibre weave as the
others but with epoxy as matrix.

The aim of these tests was to get a preliminary picture of how a composite
of this type with a cementitious matrix works and to compare them to the
epoxy case. It also aimed at finding out an approximate amount of polymers in
the mortar to achieve good result. The motivation for the use of only polymer
modified mortars was firstly, that the literature review indicated that polymers
are needed in this type of composites and secondly, the promising result from
the pilot test.

All the matrices used in this test series are commercially available. The
products are not manufactured to fit this special application and serve only as
examples of different compositions of polymer modified mortars. Therefore the
product names will not be used here.

The details about these tests can be found in the licentiate thesis [74].
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Conclusions

From the tests it was possible to see that the composites with higher polymer
content in the matrix worked better than the composites made from matrices
with lower polymer content. Reasons are better bonding between matrix and
carbon fibres and increased flexibility of the matrix. Even though several com-
posites made of different matrices sustained approximately the same maximum
load the poorer bonding and earlier delamination of the matrices with less poly-
mer content showed as increased ductility in the load and deflection diagrams.
In addition it was clear that mortars made of two components, a dry part with
cement and fillers etc. and a wet part of polymer suspension, performed better
and was easier to work with than mortar made from dry powder mixed in water.

3.5 Matrix

3.5.1 Parameter Study of Polymer Content and Cement
Particle Size

It was clear from the tests with commercially available mortars that the poly-
mer content affects the performance of the composite. But since the polymer
content was not known in those mortars the influence can only be qualitatively
evaluated. In these tests the contents was controlled and a more exact answer
to the question of the optimum polymer content could be expected.

From the earlier laboratory work it is discovered that one of the weak spots
in this strengthening system is the adhesion between matrix and fibres. It is
therefore desirable to increase that bond. According to [52,53] there are experi-
mental results that support the hypothesis that fine ground cement enhances the
bond by penetrating the pores of the substrat. Fine ground cement is therefore
likely to penetrate the carbon fibre tows better than normally ground cement.
To answer that question three different gradings were tested in this parameter
study.

The aim of these tests, which were reported in detail in the licentiate thesis
[74], was to get a preliminary picture of how the behaviour of a composite of
this type with a cementitious matrix depends on the polymer content and the
fineness of the grinding of the cement in the matrix.

Fine-ground cement

Fine-ground cement can be made from any regular cement by changing the
fineness of grinding to obtain a smaller particle size of the cement. The grinding
can be made dry or wet. Wet grinding has to be made at the same time as the
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Cement type Polymer-cement ratio
(Cementa AB) 0 0,25 0,50 0,75
Anläggning – – AN50-1—3 –
Injektering 30 IN00-1—3 IN25-1—3 IN50-1—3 IN75-1—3
Ultrafint 12 – – UF50-1—3 –

Table 3.1: The used matrices and names of test beams.

concrete mixing while dry mixing results in a powder that can be used later.
The characteristic properties of fine-ground cement are accentuated with wet
grinding.

Fine-ground cement increases the strength of concrete. It also accelerates the
development of strength in the fresh concrete. There is a tendency of enhanced
adhesive bond to hardened concrete, possibly due to better penetration in small
pores [52,53].

Fine-ground cement is used primarily in injection of rock and in production
of high strength concrete.

Test set-up

whest-beams were strengthened and loaded to failure. The reinforcement of
the strengthening composite in this test was a 170 g/m2 carbon fibre fabric.
Six different matrices with different polymer content and fineness of grinding
of the cement were used. To find these six final recipes over twenty recipes
were mixed and rheologically tested to correspond to the rheology of the most
successful commercial mortar from the introductory tests. The recipes for the
six different matrices are found in Table 3.2. The polymer used in this test was
Acronal S 430 P manufactured by BASF AG. It is a powder copolymer based on
n-butyl acrylate and styrene. To eliminate foam the defoamer Agitan P 830 from
Münzing Chemie GmbH was used with the polymer. The cements were obtained
from Cementa AB with the product names “Anläggningscement”, “Injektering
30”, and “Ultrafin 12”. They all have different fineness of grinding. The filler
and superplasticizer also from Cementa AB have the names “Minifiller” and
“HPM” respectively. 18 test beams were named after their respective matrices
and numbered from 1 to 3. The matrices and test beams are listed in Table 3.1.

Conclusions

The most certain conclusion from these tests is that a polymer improves matrices
of the type used here. The polymer gives the matrix the necessary flexibility to
transfer forces between fibres. It also improves the bond between matrix and
fibre. Polymer/cement ratio of 0,50 seems to be appropriate since there is no
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Component IN00 IN25 IN50 IN75 AN50 UF50
Minifiller 1000 1000 1000 1000 1000 1000
Anläggning 400 400 400 400 1000 500
Injektering 30 600 600 600 600 – 200
Ultrafint 12 – – – – – 300
Water 600 500 500 500 500 500
Acronal S 430 P – 250 500 750 500 500
Agitan P 830 – 6 12 18 12 12
HPM 8 8 8 8 5 13

Table 3.2: Recipes for the six different matrices. Parts in weight.

obvious improvement of the composite when the p/c-ratio was increased to 0,75.
In Figure 3.10 different polymer contents are compared in the same graph.

It is harder to conclude something about the importance of the fineness
of grading of the cement. The increased ductility of series IN50 and UF50
compared to series AN50 could be explained by better bond in the pull-out
phase due to finer grading of the cement. The maximum load is on the other
hand registered in series AN50, which is a sign of more efficient use of the fibres.

3.5.2 Development of a polymer mortar based on ultra
fine cement

The parameter study of the matrix described in section 3.5.1 did not result in a
polymer modified mortar that was better suited for strengthening purposes than
the best commercial mortar. The primary reason was the difficulties to obtain
the right rheology and workability of the mortar. Since it is necessary to have
control over the composition of the matrix to be able to continue a parameter
study an external expert was engaged in the project, Dr. Alina Badanoiu.
In collaboration with the author, her task was to develop a new product, a
polymer mortar based on ultra fine cement (UF12, produced by Cementa AB).
The author’s contribution were the specifications for the mortar according to
earlier experiences and to be a speaking partner in mainly structural engineering
issues while Dr. Badanoiu contributed with chemical expertise and laboratory
work, which included more than 50 mortar compositions. The work, results, and
conclusions were reported in detail by Dr. Badanoiu in the Technical Report
2002:2 from Concrete Structures at KTH [8].

The desired properties of the new mortar were, above all, satisfactory work-
ability and rheological properties in fresh state. In addition the mortar should
have high tensile strength in the hardened state to permit the transfer of the
load to the carbon fibre weave.

During the work a benchmark for the new mortar, a reference mortar, was
continuously used, which was the most successful commercial mortar for this
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Figure 3.10: Load and deflection diagram of whest-beams strengthened with
composites made of carbon fibres and matrices with different poly-
mer content.
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application in the introductory tests described in section 3.4. The work followed
the three steps below.

1. To find a mortar composition, a recipe, with similar or better rheolog-
ical properties than the reference. More than 50 mortar compositions
were tested in the attempt to find a new matrix material with adequate
properties in the fresh state.

2. To test the mechanical properties of these compositions and choose those
with good tensile and compressive strengths.

3. To use these mortars for casting a carbon fibre composite and perform
whest-beam tests. With this test of the mechanical behaviour under
load assessment of the efficiency of the reinforcement could be made.

Results and Discussion

The program resulted in a matrix named A30 and the following observations
were made. The comments presented here are a selection from the report of Dr.
Badanoiu [8] and are revised by the author. Therefore the comments represent
the opinion of the author.

• The composition of A30 based on ultra fine cement with 30% polymer
addition had a very similar rheology compared with the reference.

• The mechanical strengths of samples based on ultra fine cement and poly-
mer were superior to those of the reference.

• The mortars based on ultra fine cement showed a higher speed of the
hardening process at early ages (1—14 days) compared with the reference
mortar. At longer hardening periods (28 and 90 days) the strength gain
seemed to be more important for the reference mainly due to its lower
speed of the hydration and hardening processes.

• The curing conditions have an important influence on the mechanical
properties. The polymer mortars cured in humid atmosphere exhibited
a loss of flexural and compressive strength, a greater loss for those with
higher polymer content. These tests indicate that curing in air is benefi-
cent for the strength development of these materials.

• The whest-beams strengthened with the studied matrices (the reference
and A30) failed in fibre rupture for both curing ages considered (3 and
28 days). In both cases some fibres presented a telescopic failure, i.e.
a gradual fracture of the outer filaments and the pull out of the inner
core filaments. For the fibre tow to fail in a telescopic manner, a high
bond at the fibre-matrix interface and a descending value of fibre-fibre
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bond (adhesive or frictional) within the tow with the lowest bond value
at the centre of the tow is necessary. This behaviour confirms a partial
penetration of both cementitious matrices (A30 and the reference) in the
core of the fibre bundles of the weave.

• The beams strengthened with A30 matrix did not succeed to exceed the
maximum load strength of the cementitious composite with the reference
matrix. This unexpected behaviour, considering the similar properties in
fresh state and better properties in hardened state of A30 matrix com-
pared with the reference, could be the consequence of different factors (for
example grain agglomeration tendency of some batches of UF12 cement)
involved in the preparation of the whest-beams.

3.6 Fibre Configuration

This section is a compilation of whest-beam tests with different configurations
of the reinforcing carbon fibres. The emphasis is put on weaves and the closely
related configuration “sheets” where the fibre bundles are not weaved together
but straight. This emphasis is done since these two fibre configuration represent
the main hypothesis in this work. The tests of tows were studied in the beginning
of this work as a special case of weaves to isolate the penetration issue. The
tests with grids and NSMR (near surface mounted reinforcement) should be
regarded as alternative testings motivated by the character of the pioneer work
presented in this thesis, in which several configurations and methods that could
not be excluded by literature studies were considered and evaluated.

3.6.1 Weaves

In the licentiate thesis [74] tests with whest-beams strengthened with one, two,
and three layers of a 95 g/m2 bidirectional carbon fibre weave were made. This
particular weave was chosen since it was the thinnest available weave at the
time. A linearity was then observed between the number of weaves and the
ultimate load, which indicated a possible addition of load capacity for every
new added layer. That test series is here continued for up to ten layers of the
carbon fibre weave. The purpose was to examine how strong it is possible to
make the composite before there is a change in the failure mode from rupture
of the composite to delamination or bond loss, and if that strength is enough
to strengthen a real concrete structure.

Test Beams and Test Set-up

The composites with one to five layers of carbon fibre weave were tested on wh-
est-beams with the normal load point placement. The composites containing
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six or more layers were tested with the alternative load point placement, i.e.
150 mm between the load points, see Figure 3.7.

The strengthening composites were laminated by hand lay-up technique in
the following manner. First the surface of the substrate was cleaned with com-
pressed air and then the surface where the strengthening was to be applied was
moistened with water. The first layer of mortar was then applied to the surface
of the beam with a small round notched trowel. Subsequently, the carbon fibre
weave or tows were pressed into the fresh mortar. Finally a covering layer of the
mortar was applied with a spatula. In the multi-layer composites this procedure
was repeated up to ten times. The amount of mortar between the weaves was
controlled by using the same volume mortar each time. The strengthened beam
was then left in the laboratory to cure in normal room temperature for at least
28 days.

Materials

The weaves used in these tests are a 95 g/m2 weave, purchased from the com-
pany Svenska Tanso AB who is the Swedish retailer of products from Porcher
Industries in France where the fibres are weaved. The commercial name of the
product is Porcher 3607. The Porcher 3607 is a plain weave consisting of par-
allel reinforcement fibres in two perpendicular directions. In the warp direction
there are carbon fibres corresponding to 50% of the total weight of the fabric.
The fabric is supplied in roll form. The standard width of the roll is 1000 mm.
The weave is made of T300-fibres which are manufactured by Toray. The fibres
have a diameter of 7µm and a modulus of elasticity of 233 GPa. The tensile
strength is 3700 MPa and the elongation at break is 1,5%. The density of the
T300-carbon fibre is 1750 kg/m3.

Results and Discussion

The anticipated linearity between maximum load and number of weaves con-
tinued to 5 layers of weave where the failure mode changed to an anchorage
failure, illustrated in Figure 3.11. The anchorage failure was characterized by
delamination between the CF weave and the matrix layer on the concrete sur-
face. This means that the limiting parameter for higher ultimate load is the
adhesion between the carbon fibres and the matrix. The results are summarized
in Table 3.3, which contains maximum loads and failure modes. In Figure 3.12
load and deflection curves of the strengthened whest-beams are plotted.

The whest-beams strengthened with 6—10 layers of CF weave exhibited a
small increase of load capacity in spite of the fact that the failure mode was bond
loss of the anchorage. A possible explanation might be that the delamination
occurs when a certain critical strain is reached. The added stiffness by each
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No. of CF
weaves

Af

/mm2
Mmax

/kNm
Ff

/kN
Failure mode

1 4,07 0,48* 5,65* Fibre rupture
2 8,14 0,90* 10,59* Fibre rupture
3 12,21 1,34* 15,76* Fibre rupture
4 16,29 1,57 18,49 Fibre rupture
5 20,36 2,20 25,92 Delamination
6 24,43 2,04 23,94 Delamination
7 28,50 2,20 25,91 Delamination
8 32,57 2,37 27,89 Delamination
9 36,64 2,40 28,24 Delamination
10 40,71 2,58 30,36 Delamination

*average value of three specimens

Table 3.3: Summary of the tests with whest-beams strengthened with one to
ten layers of CF weave

extra layer of weave would in that case permit the composite to take a greater
load before the critical strain is hit.

As a complement to the table of results, Table 3.3, it can be mentioned that
reinforcing bars made of steel with a yield strength of 500 MPa has a maximum
load of 14 kN if the diameter is 6 mm and 40 kN if the diameter is 10 mm.
As as result, if maximum loads are compared, a 150 mm wide composite with
three layers of this type of weave would replace one 6 mm steel bar. In Figure
3.13 the load and deflection is plotted for the whest-beam strengthened with
three weaves together with a whest-beam with one 6 mm steel reinforcing bar
as strengthening, and a whest-beam strengthened with one weave with epoxy
matrix. Similar maximum loads and different ductilities can be observed. The
steel bar is the most ductile strengthening and the FRP composite is the stiffest.

3.6.2 Tows

Carbon fibres are fabricated as tows, i.e. a bundle of several thousands of indi-
vidual filaments. Some whest-beams have been strengthened with composites
reinforced with carbon fibre tows. The two used types of tows contained 12000
and 48000 filaments, called 12k tows and 48k tows The test showed the diffi-
culties for the matrix to penetrate a thick 48k tow and a more effective use of
the fibres in the case of the 12k tow. The 48k tow did show a greater ductility
due to a telescopic pull-out behaviour. A 12k tow is still too thick to be used
with a cementitious matrix in an efficient way. The details of these tests and
the results can be found in the licentiate thesis [74].
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Figure 3.11: The relationship between the number of weaves in the composite
and the force taken by the composite.
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Figure 3.12: Load and deflection diagram of whest-beams strengthened with
composites made of one to ten layers of CF weave and a cementi-
tious matrix.
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Figure 3.13: Load and deflection diagram of whest-beams strengthened with
different materials.

3.6.3 Grids

The principal difference between a grid and a fabric or textile is that the grid is
not woven. Grids are also called meshes and nets and are made from continuous
fibres. The fibres are braided or bundled and then impregnated with a resin.
Grids are manufactured in a large varieties of sizes and styles [42], from very
dense meshes for reinforcing boards and panels [69, 70] to reinforcing nets for
slabs [9,35—37].

In these tests grids were made of the same type of tows that were described in
the previous section 3.6.2. They were impregnated with epoxy resin by vacuum
technique. The purpose was to overcome the problem of the matrix to penetrate
the whole tow by letting the epoxy resin hold the tow together and use the tows
as extra reinforcement bars. The perpendicular tows serve as distances between
the load carrying tows and possibly as extra anchoring. Grids made of four
and eight tows in the load direction were tested, see photo the in Figure 3.14,
and both types were tested with smooth surface and with a sanded surface, see
Table 3.4. The sand was glued to the grids after the impregnation with the
same epoxy as impregnated in the tows.

The results, presented in Figure 3.15—3.16 as load and deflection diagrams,
and in Table 3.4, shows that the application of sand on the surface of the grids is
an efficient way to increase the bond between the grid and the mortar. Another
clear result is how much more effective the fibres are used in an impregnated
tow compared to an as-recieved tow, see Table 3.4. The most important con-
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Figure 3.14: The FRP grids before strengthening.

Strengthening
Af

/mm2
Mmax

/kNm
Ff

/kN
four non-impregnated tows* 1,78 0,25 2,94
four impregnated tows, smooth surface* 1,78 0,95 11,2
four impregnated tows, sanded surface* 1,78 1,38 16,2
eight impregnated tows, smooth surface* 3,55 2,02 23,8
eight impregnated tows, sanded surface* 3,55 1,73 20,4
*average values of three specimens

Table 3.4: Summary of the tests with whest-beams strengthened with FRP-
grids

clusion is however that the polymer modified mortar can not transfer such large
concentrated forces as the case is when 12000 filaments are bundled together
as a small bar. The longitudal bars were drawn out of the matrix even if they
had a sanded surface. Perhaps a stiffer mortar would have worked better, but
with the stiffness comes a risk of cracking and therefore possibly bond loss. In
Figure 3.17 the type of failure with pulled-out grids is illustrated. The grids
with eight tows were so strong that new cracks arouse in the whest-beam with
too short anchorage as a result.

3.6.4 Near Surface Mounted Reinforcement (NSMR)

NSMR, an abbreviation of near surface mounted reinforcement, is FRP-bars
that is inserted and fixed in mill cut or sawn slits in the covering concrete layer
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Figure 3.15: Load and deflection diagram of whest-beams strengthened with
one grid made of four 12k tows with different surfaces and a ce-
mentitious matrix.
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Figure 3.16: Load and deflection diagram of whest-beams strengthened with
one grid made of eight 12k tows with different surfaces and a
cementitious matrix.
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Figure 3.17: Three different anchorage failures of the whest-beams strength-
ened with sanded FRP-grids containing eight 12k tows.

of a concrete structure. Advantages compared to surface mounted composites
are, the more protected situation, and that the problem with penetration of
fibre tows is solved. Also, a quite large amount of extra reinforcement can be
added in this way.

In the present tests nine whest-beams were strengthened with one FRP-bar
each by the NSMR-technique. Six of the FRP-bars were fixed in the slits with
a high strength mortar and three were fixed with epoxy glue. Three of the bars
that were fixed with mortar had sand glued on the surface to achieve good bond
to the mortar. The bars were quadratic with a cross sectional area of 100 mm2.

The most obvious result was that a smooth FRP surface did bond badly to
the mortar. But if sand was glued to the surface a very good bond was achieved,
which could compete and in some cases beat the performance of epoxy fixed
bars. The load and deflection diagrams from the tests are displayed in Figure
3.18. The failures of the strengthened whest-beams were failure of the concrete
specimens rather than in the strengthenings themselves, except for the smooth
bars in mortar where the bars were pulled out of its slots. In the case of the
six stronger strengthenings the force in the FRP-bar caused fish bone shaped
cracks on the bottom of the beam, see Figure 3.19. The failure looked the same
whether it was a mortar fixed or epoxy glued bar in the slit. This means that
the bar is over strong and that the concrete is the limiting parameter in this
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Figure 3.18: Load and deflection diagram of whest-beams strengthened with
NSMR.

case. A load of 4 kNm corresponds to a force in the bar of 50 kN calculated
with a 80 mm inner lever, which means a stress of only 500 MPa in the bar.

3.6.5 Sheets

These tests were the last small scale tests in the PhD project. The purpose
was to examine if the use of a thick unidirectional carbon fibre (CF) sheet is
possible in spite of the penetration problem, and also if the penetration problem
partly could be solved by wetting the CF sheet with the polymer solution before
applying it.

Test Beams and Test Set-up

The composites were tested on a whest-beam with the alternative load point
placement, i.e. 150 mm between the load points. The load was governed by
deformation at a speed of 0,005 mm/s ( =0,3 mm/minute). Composites made
of one and two layers of CF sheets were tested. The strengthening was made in
three different ways according to the descriptions of the strengthening processes
below. The properties of the tested composites are summarized in Table 3.5.
Three samples of each type of specimen were tested, which sums up in 15
strengthened and tested whest-beams.
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Figure 3.19: The failure of a whest-beam strengthened with a NSMR-bar with
sanded surface. a) side view b) the soffit with fishbone shaped
cracks
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1. The strengthening process used for beam 1X300 and 2X300 included the
following steps:

(a) Moistening of the concrete surface to prevent the concrete from ab-
sorbing the water in the mortar.

(b) Coating of the concrete substrate with a 2 mm thick layer of the
polymer modified mortar.

(c) Applying the CF sheet.

(d) Pressing the CF sheet by hand into the mortar.

(e) Coating of the CF sheet with the polymer modified mortar.

(f) Finishing with a rubber spatula.

(g) Curing for 28 days.

2. The strengthening process for 1X300P, 2X300P:

(a) Moistening of the concrete surface.

(b) Coating of the concrete substrate with a 2 mm thick layer of the
polymer modified mortar.

(c) Pulling the CF sheet through a bath with the polymer dispersion.

(d) Applying the CF sheet.

(e) Coating of the CF sheet with the polymer modified mortar.

(f) Finishing with a rubber spatula.

(g) Curing for 28 days.

3. Beam 1X300PS was strengthened by the following process:

(a) Moistening of the concrete surface.

(b) Coating of the concrete substrate with a 2 mm thick layer of the
polymer modified mortar.

(c) Applying the CF sheet.

(d) Pressing the CF sheet by hand to remove entrapped air and press
the CF sheet into the mortar.

(e) Spraying polymer dispersion on the CF sheet (100 g/m2).

(f) Coating of the CF sheet with the polymer modified mortar.

(g) Finishing with a rubber spatula.

(h) Curing for 28 days.
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Beam Strengthening process
Number of
CF sheets

1X300 1—3 1. No polymer on CF sheet 1
2X300 1—3 1. No polymer on CF sheet 2
1X300P 1—3 2. Polymer bath of CF sheet 1
2X300P 1—3 2. Polymer bath of CF sheet 2
1X300PS 1,3 3. Polymer sprayed on CF sheet 1

Table 3.5: Test scheme for the CF sheet composites

Materials

The CF sheet used in these tests were Porcher Industries’ product Unifibre
300/300. It is a unidirectional CF sheet that weighs 300 g/m2, made of the
carbon fibre T600 produced by Toray Industries, Inc. It has an elastic modulus
of 230 GPa and a tensile strength of 4300 MPa. The CF sheets were purchased
from the Swedish retailer Svenska Tanso AB.

Results and Discussion

All three samples of the 1X300-composite failed by delamination in the CF
sheet. This was expected since the matrix was unable to penetrate the thick CF
sheet and therefore left a sliding plane in the middle of the sheet. The 1X300P
samples failed by delamination in the inner matrix layer. A possible explanation
is that the extra amount of polymer dispersion, which was added by wetting
the CF sheet, weakened the mortar. As seen in Figure 3.20 the composite
with a pre-wetted CF sheet, 1X300P, showed a slightly more ductile behaviour
but did not reach a significant higher ultimate load. The samples where the CF
sheets were sprayed with polymer dispersion, 1X300PS, exhibited partly a third
type of delamination as failure mode. On over 50% of the delaminated surface
debonding occurred between the concrete surface and the inner matrix layer.
On the other 50% there was delamination in the matrix layer. In combination
with the slightly lower maximum loads it is close to the conclusion that the
concrete surfaces of these samples had worse conditions for good adhesion than
the other whest-beams. This is possible since these tests were made some
months later and the whest-beams were stored and the surfaces might have
been contaminated with for example grease. No degreaser has been used for
cleaning the concrete surfaces in any tests, only compressed air and water.

The same observations that were made for 1X300 and 1X300P were also
made in case of the two layered composites, 2X300 and 2X300P, even though
also delamination between the CF sheet and the inner matrix was found on the
polymer wetted samples, 2X300P. The load and deflection diagram from the
tests of the two layered composites is found in Figure 3.21. As an illustration
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Beam
Mmax

/kNm
Ff

/kN
Failure mode

1X300-1 2,03 23,9 Delamination in the CF sheet
1X300-2 2,12 24,9 as above
1X300-3 2,54 29,9 as above
2X300-1 3,07 36,1 as above
2X300-2 2,81 33,1 as above
2X300-3 3,04 35,8 as above
1X300P-1 2,17 25,5 Fibre rupture
1X300P-2 2,26 26,6 Delamination in the inner matrix layer
1X300P-3 2,35 27,6 as above

2X300P-1 2,12 24,9
Delamination mostly in the inner
matrix layer, but also between CF
sheet and the inner matrix layer

2X300P-2 2,75 32,4 as above
2X300P-3 3,33 39,2 Failure of beam under point load

1X300PS-1 1,84 21,6
Both delamination in the inner
matrix layer and debonding from
the concrete surface

1X300PS-3 1,91 22,5 as above

Table 3.6: Summary of the tests with whest-beams strengthened with carbon
fibre sheets

of the failure mode fibre rupture a photo of beam 1X300P-1 can be found in
Figure 3.22.

3.7 Improvement of the Bond between Carbon
Fibres and Cementitious Matrices

In the earlier small scale tests it has shown that when a composite contain
enough fibres to withstand fibre rupture the weak spot is the bond between
carbon fibres and the matrix. In order to improve the bond between carbon
fibres and cementitious matrices a cement chemist, Dr. Alina Badanoiu, was
commissioned to start an investigation in the framework of this project. The
work, results, and conclusions are reported in detail by Dr. Badanoiu in the
Technical Report 2001:6 from Concrete Structures at KTH [7].

The investigation started with a literature review on some aspects of the
interfacial transition zone (ITZ) and the use of different mineral and organic
admixtures in concrete to increase the bond strength between concrete and
fibres, and finally on the technique of improving the bond strength between
carbon fibres and concrete by surface treatments of carbon fibres.
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Figure 3.20: Load and deflection diagram of whest-beams strengthened with
one layer of CF sheet applied by three different processes.
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Figure 3.21: Load and deflection diagram of whest-beams strengthened with
two layers of CF sheet applied by three different processes.
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Figure 3.22: A failure by fibre rupture in the 300 g/m2 CF sheet.

From the literature Dr. Badanoiu found that the ITZ between cement paste
and aggregates or fibres in reinforced materials plays a major role in the mechan-
ical behaviour of a composite, which in this case refers to a mortar or concrete.
Very often the ITZ is a weak zone due to its high porosity and particular crys-
talline structure. The use of fine mineral additions improve ITZ microstructure
by decreasing the porosity and increasing the material homogeneity. The bond
strength between fibres or aggregate particles and cementitious matrix can be
improved when mineral admixtures, such as silica fume, and organic admixtures
such as polymers are added in the binder mix. An other possible way to im-
prove the bond properties between the carbon fibres and cementitious matrix
is surface treatment of fibres or of mineral additions, i.e. silica fume. Different
types of surface treatment can be applied. According to certain references in [7]
the most effective and less toxic surface treatment, which could be applied both
for the carbon fibres and the silica fume is silane treatment.

As the objective of this work was to improve the bond between the carbon
fibres and the cementitious matrix, two possible ways were investigated. (1)
The design of a complex binder based on Portland cement with polymer and
silica fume additions and (2) surface treatment of the carbon fibres prior to their
casting in the cementitious composite. Details on the silane treatment used in
this investigation can be found in [7].

The bond was evaluated with a pull-out test and the adequacy for strength-
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ening purpose was evaluated with the whest-beam test.

3.7.1 Results and Discussion

Based on the results obtained in this research by Badanoiu [7], the following
observations and conclusions can be made. The points below have been selected
from the report of Dr. Badanoiu [7] and revised by the author. Therefore the
comments represent the opinion of the author.

• In pull-out tests, an improvement of the bond properties of carbon fibres
was observed in cementitious matrices containing silica fume and high
amounts of polymer. The silane treatment of the carbon fibres prior to
their casting in the cementitious matrix also led to a major improvement
of the bond properties. The highest bond was obtained with a cement
matrix with 10% silica fume and without polymer. This could be the
consequence of good penetration of this type of matrix in the centre of
the carbon fibre tow.

• The curing conditions also have an important influence on the bond prop-
erties of carbon fibres in polymer modified cement matrices. The samples
with a small amount of polymer (20%) develop good bond properties when
they are first cured in humid conditions. On the contrary, for the samples
with high amounts of polymer (50%) the best bond properties were ob-
tained when the curing was made in air. This phenomenon is explained by
the fact that polymer modification of mortar is governed by both cement
hydration and polymer film formation processes. The Portland cement
hydration process generally precedes the polymer formation process [57]
and is favoured by a humid environment while the polymer film formation
process needs a dry environment. Accordingly it is more important for
a mortar with low polymer content with a humid curing condition and a
mortar with high polymer content is favoured by dry conditions.

The whest-beam tests provided more complex information about the me-
chanical behaviour and the bond properties of the investigated cementitious
composites.

• The beams strengthened with polymer modified cement matrices failed at
higher loads compared with beams strengthened with the cement matrix
with 10% silica fume and without polymer, which reached the highest
pull-out load. The better mechanical behaviour of the polymer mortars
is due to the decrease of the elastic modulus when the polymer is added,
thereby increasing the flexibility of mortar.
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• For thewhest-beams strengthened with silane treated carbon fibres weaves,
an increase of the maximum load capacity was observed compared to non-
treated carbon fibre weave and the same cement matrix. The increase is
more important after shorter hydration periods (3 days).

• The silane treatment of carbon fibre weaves seems to modify the failure
mode of the whest-beams. In this case the fibre fracture was very sharp
and no pull-out of the inner tow’s fibres was visible. The silane treatment
certainly improves the bond strength between fibre-cement matrix and
fibre-fibre but the maximum load capacity has lower values compared
with the composites with as-received carbon fibre weaves. A possible
explanation of this result could be some structural damage of the carbon
fibres during the silane treatment.

• Despite the fact that some polymer modified mortars, which were mixed
in the laboratory had both higher compressive strength and higher bond
strength in the pull-out tests the maximum load capacity of the wh-
est-beams strengthened with these mortars is slightly lower than those
strengthened with the reference mortar. This behaviour is probably due to
the thixotropic behaviour of the laboratory mixed mortars, i.e. a viscos-
ity decrease under constant shear stress and a gradual viscosity increase
when the stress is removed. Even if the workability for these mortars,
determined by flow table method, was the same as the workability of the
reference mortar, a gradual increase of the viscosity of the fresh mortars
was observed, with negative consequences on the workability. The limit-
ing parameter in this stage of the research is the rheological behaviour of
the fresh mortars. If satisfactory workability could be obtained the addi-
tion of silica and the surface treatment of the fibres would contribute to
a superior matrix for strengthening purposes.

• The need for future research in order to develop a composite with satis-
factory properties is obvious. First of all, much attention should be paid
to the rheological behaviour of fresh mortars. The silane treatment of
the carbon fibre tows or weaves present also some attractive aspects. Re-
search should be made concerning the different parameters involved in the
treatment such as: the concentration of silane solutions, mixing rapport,
temperature and most of all treatment effectiveness versus keeping time.

3.8 Supplementary Conclusions

3.8.1 Strength Growth

The speed of the strength growth in the cementitious matrix during curing of
the strengthening composite is crucial for the use in practice. The benchmark,
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FRP strengthenings, can sometimes be applied even while the construction is in
service. Traditionally a FRP strengthening has been considered to reach its full
strength after 7 days. In resent research from Luleå University of Technology
it is indicated from experimental results that a FRP strengthening could reach
its final strength already after 6—8 hours [40].

No separate study on strength growth or on how to increase the speed of
the hardening process has been done in this project. However, in the consider-
able amount of small scale tests within the project, it can be found tests that
have been made after different curing periods, which are enough to give an
approximate idea of how fast a cementitious matrix of this type cures.

In all the referred tests in this section the same 95 g/m2 bidirectional carbon
fibre weave has been used. The specifications of the weave are described in
section 3.6.1 on page 47.

In all the tests made with one layer of CF weave the ultimate load has
reached 80—85% after three days of curing and the stiffness is not fully developed.
These observations can be seen in the load and deflection diagrams in Figure
3.23.

Conclusions

If the mortar is based on ultra fine cement the speed of the strength growth
seems to be higher. In the load and deflection diagrams from tests with wh-
est-beams strengthened with a composite of this type the difference between
composites cured for three and 28 days is not visible, see Figure 3.24.

Composites made of six layers of CF weave resisted 75—80% of the ultimate
load when cured three days compared to 28 days. Here, the delayed stiffness
development was more significant than in the tests with one layer of CF weave.
The load and deflection diagrams from the tests with six layers of CF weave are
displayed in Figures 3.25 and 3.26.
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Figure 3.23: Load and deflection diagram of whest-beams strengthened with
one layer of CF weave and cured in air for 3 and 28 days. The
graphs are redrawn from [7]. a) Commercial polymer mortar, b)
mortar with 30% polymer, c) mortar with 50% polymer
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Figure 3.24: Load and deflection diagram of whest-beams strengthened with
one layer of CF weave and cured in air for 3 and 28 days. The
matrix was based on ultra fine cement. The test data is collected
from the work of Dr. Badanoiu [8].
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Figure 3.25: Load and deflection diagram of whest-beams strengthened with
six layers of CF weave and cured in air for 3 and 28 days.
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Figure 3.26: Load and deflection diagram of whest-beams strengthened with
six layers of silane treated CF weave and cured in air for 3 and 28
days.
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Chapter 4

Tests of Strengthened
Concrete Beams

During the beginning of 2002 tests with 11 large scale beams of steel bar rein-
forced concrete were carried out. The dimensions of the beams were chosen to
correspond to realistic concrete structures that may have to be strengthened.
Large scale tests also made it possible to study size effects and form a foundation
for theoretical studies and design models.

The beams were cast, cured, strengthened, and loaded in the former Lab-
oratory of Structural Engineering at KTH. The strengthening material was a
cement based carbon fibre composite, which is described below. Both strength-
ening for bending moment and for shear were tested and results are reported in
this chapter.

4.1 Test Beams and Test Set-up

The reference beam philosophy was applied, which means that an unstrength-
ened reference beam was loaded to failure to isolate the effect of a strength-
ening on an identical but strengthened beam. For beams intended for flexural
strengthening the failure load was defined as the load when the reinforcement
yielded in the beams. They were then unloaded and strengthened before they
were loaded to failure again (these beams have names that end with a C). Also
identical beams that never were loaded were strengthened and loaded to failure
(beams with names that end with an A) and beams loaded only in service state
before they were strengthened (beams with names that end with a B). The
beams with names ending with an R are reference beams without strengthen-
ing, which were loaded to failure. The E in the end of a beam name stands for a
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Name Dim. & reinf. History before loaded to failure
M0A Fig. 4.1 strengthened without previous loading
M0B Fig. 4.1 loaded to service state—unloaded—strengthened
M0C Fig. 4.1 loaded to yielding—unloaded—strengthened
M0E Fig. 4.1 strengthened with FRP
M1A Fig. 4.2 strengthened without previous loading
M1B Fig. 4.2 loaded to service state—unloaded—strengthened
M1C Fig. 4.2 loaded to yielding—unloaded—strengthened
T0A Fig. 4.3 strengthened without previous loading
T0E Fig. 4.3 strengthened with FRP
T0R Fig. 4.3 none
T1A Fig. 4.4 strengthened without previous loading
T1B Fig. 4.4 loaded to service state—unloaded—strengthened
T1R Fig. 4.4 none

Table 4.1: List of tested beams with names, dimensions, reinforcement, and
load history.

FRP strengthening, in this case an epoxy based composite. These beams have
been used as benchmarks for the beams strengthened with the cementitious
composite. The denominations of the tested beams are also explained in Table
4.1.

The beams strengthened for bending were 4000x200x300 mm3 and denoted
M as first letter in the names. The beams strengthened for shear were 4500x
180x500 mm3 and denoted T. The M0-beams had two 16 mm reinforcement
bars in both the bottom and the top and heavily reinforced with stirrups, while
the M1-beams had two extra 16 mm bars in the bottom. The T0-beams had
no shear reinforcement, while the T1-beams were reinforced with 6 mm stirrups
with spacing 200 mm.

The purpose of the more heavily reinforced beams, M1 and T1, was to study
how the strengthening composite interacted with steel bar reinforcement. The
M1 and T1-beams also corresponded better to realistic beams than the pure
test beams M0 and T0, which were intended to isolate the behaviour of the
strengthening. The dimensions of the test beams and the reinforcement of the
M0 and T0-beams were also chosen because tests of identical beams with FRP
strengthenings had already been performed at Luleå University of Technology.
This made a direct comparison with a corresponding FRP strengthened beam
possible, which was one of the aims of the present study.

The beams were loaded in four point bending with a deformation speed of
0,03 mm/s. The M-beams have a span of 3600 mm and 1000 mm between
the point loads, The T-beams 4000 mm and 1500 mm respectively. Deflection
gauges were mounted at the midpoint on each side of the beams. The beams
that were going to be strengthened for bending moment, the M-beams, were
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Figure 4.1: M0 — Test beam for moment strengthening. Stirrups ®10s75. Lon-
gitudinal bars 2®16 in top layer and 2®16 in bottom layer.

equipped with strain gauges on the reinforcing bars in both the bottom layer
and the top layer. This was made to be able to make an early detection of
yielding and, of course, monitor the strain. In order to follow the strains in
the composites applied to the webs of the beams strengthened for shear, the
T-beams, a contact free measuring method was used. This method is based on
analysis of digital images and FEM, and is described in a following subsection.

The test beams and the test set-up is displayed in Figures 4.1—4.4.

4.1.1 Contact Free Strain Measurement

Introduction

The most common way to measure strain in concrete is to use metal foil or
LVDT type of strain gauges. The measured strains are then local and in pre-
defined directions. If a rosette strain gauge is used the strain in three directions
can be measured. In cracked concrete the strains are localised to the cracks.
To measure the global strains of a beam it is necessary to use long gauges that
can bridge over one or several cracks. This means that the positions of the
expected cracks have to be predicted, which can be difficult to do. In addition
various problems can occur in connection to the physical mounting of LVDT’s
and gauges. To overcome these problems it is possible to use a contact free
strain measurement method, which gives a displacement or strain field of the
beam as a result. The method has proven to be very flexible for measurement
of strains on concrete beams since no prior knowledge of the crack pattern is
needed and no extraordinary actions are needed during casting. The method
has previously been used on rubber [6], wood [45], paper [16], and to monitor
cracked concrete beams [44].
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Figure 4.2: M1 — Test beam for moment strengthening. Stirrups ®10s75. Lon-
gitudinal bars 2®16 in top layer and 4®16 in bottom layer.
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Figure 4.3: T0 — Test beam for shear strengthening. Stirrups 3®10s100 over
support. Longitudinal bars 2®16 in top layer and 12®16 in bottom
layer.
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Figure 4.4: T1 — Test beam for shear strengthening. Stirrups ®6s200. Longi-
tudinal bars 2®16 in top layer and 12®16 in bottom layer.

Method

The strains are measured with a contact free technique, using a digital camera as
measuring device. The method is based on image processing of digital pictures
and on finite element analysis to calculate the strain field and directions of the
principal strains.

A two-dimensional grid pattern of white dots as markers is applied on the
side faces of the beam, where the failure is likely to occur. The areas with the
grids are photographed during the loading to failure of the beam. The digital
images are then processed in a commercial computer program, matlab, with
an image process application developed by associate professor Anders Heyden,
Dept. of Mathematics at Lund University [6]. With this application the posi-
tions of the markers is determined in the following way. The user points out
the markers manually with the computer mouse and the program then scans
an area, which includes a certain number of pixels outside the white marker. A
limit intensity between black and white is used by the program. The area of
the marker is defined where the intensity is greater than or equal to the limit.
The position of the centroid of the marker area is calculated with each pixel
weighted with respect to its output intensity. The use of centroids makes it
possible to find the same position on the beam for each picture after trans-
lations and rotations. The coordinates of the centroids is saved in a matrix.
The coordinates of the nodes in the different pictures of a series taken during
the loading is then compared. The changes in positions of the nodes are used
to calculate strains. The strains can be calculated using the strain tensor or
a finite element solution. A complete displacement or strain field can then be
obtained. The method is insensitive to cracks; which means that it is possible
to follow the behaviour of the beam in the cracked state.
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Figure 4.5: Test set-up for contact free strain measurement. a) The shear beam
and the camera positions seen from above. b) Photo of one of
the beam ends with digital camera. c) Photo taken by the digital
camera of the grid.

In the present application the areas of interest were the side faces of the
beams where shear cracks were likely to appear. Two cameras were used to
photograph the areas that were marked with the grid pattern in each end of
the beam. The grid was formed by 11 markers in the horizontal direction and
six markers in the vertical direction. The spacing was 80 mm in each direction,
which gived a monitored area of 800×400 mm2. The whole test set-up with
camera positions and the grid is illustrated in Figure 4.5.

Camera Equipment and Accuracy of Measurement

Two digital reflex cameras were used. One Nikon F5 equipped with a digital
sensor from Kodak giving pictures with a resolution of 2036×3060 pixels, i.e.
6,23 megapixels, and a Nikon D1X giving a resolution of 1960×3008 pixels. The
lenses had normal focal lengths, since a wide-angle lens would cause a distorted
picture. The pictures were taken in colour and stored in the memory of the
camera. For all photos the light, shutter time, and diaphragm were the same.

The precision of the measurements depends on the resolution of the picture,
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i.e. the number of pixels in the picture corresponding to a millimetre on the
beam. This depends on three factors, namely the resolution of the camera’s
digital sensor, the size of the photographed area, and the distance between
the nodal points. In the present application the resolution is 3,4 pixels per
millimetre. Theoretically it is possible to determine the position of the markers
with a precision of a 1/256 of a pixel since there are 256 shades of gray from
black to white. According to Austrell et al. [6] it is more reasonable to believe
that the precision is 0,01—0,1 of a pixel. This means that a specific length
between two nodal points in the picture in worst case has a precision of 0,02—
0,2 of a pixel. Jönsson [45] made an own investigation of the precision, using a
reference length, and found in that case the error to be normal distributed with
a standard deviation of approximately 0,1 pixel. In the present case the average
distance between the nodal points is 270 pixels. Assuming an error of 0,1 pixel
the corresponding error of strain is 0,00037, i.e. 0,037%. As a comparison
normal concrete in tension cracks at a strain of 0,01—0,02%, which means that
the resolution is not sufficient for measuring the elastic behaviour of concrete.

Finite Element Analysis

The finite element analysis was made with calfem, an open finite element
toolbox for matlab, developed at Lund Institute of Technology. The calculation
can be described by the following steps.

1. The co-ordinates of the nodes that are obtained from the image process
application are assembled into two 3-dimensional matrices in accordance
tomatlab definition. XTP gives the co-ordinate in horizontal direction for
each node in the grid andYTP for the vertical direction. The indices in the
matrix refers to the node’s row, column, and picture number respectively.

XTP =

 x1,1,k .. x1,11,k

: :
x6,1,k .. x6,11,k


YTP =

 y1,1,k .. y1,11,k

: :
y6,1,k .. y6,11,k


2. From XTP and YTP the lengths Lx(i, j, k) and Ly(i, j, k) between the

nodal points are calculated. The top left point (1, 1, k) is used as refer-
ence point. This is done to adjust for possible camera movements and
to make only movements relative the reference point influence the strain
calculation.

Lx(i, j, k) = XTP(i, j, k)−XTP(1, 1, k)

Ly(i, j, k) = YTP(i, j, k)−YTP(1, 1, k)
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3. Lx(i, j, k) and Ly(i, j, k) are then used to calculate the displacements u
and v of every nodal point compared to the first picture, i.e. the unloaded
beam.

u(i, j, k) = Lx(i, j, k)− Lx(i, j, 1)

v(i, j, k) = Ly(i, j, k)− Ly(i, j, 1)

4. The surface is divided into triangular elements with nodes at centroids of
the markers as illustrated in Figure 4.6. The mesh consists of 100 solid
triangular plane strain elements, see Figure 4.7.

Figure 4.6: Finite element mesh attached to the centroids of the markers.

5. The element displacement vector for each element, see Figure 4.7, can be
identified as

d = [u1 v1 u2 v2 u3 v3]
T

1

3

2

v1

u1

v2

u2

u3

v3

y,v

x,u

Figure 4.7: Triangular element and nodal displacement.
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6. The strain matrix ε =
£
εx εy γxy

¤T
is calculated for each triangular el-

ement by the matrix operation ε = Bd where the strain-displacement
matrix B is 3 by 6 and contains only constants, which depend on the x
and y co-ordinates of the three nodes.

B =

 0 1 0 0 0 0
0 0 0 0 0 1
0 0 1 0 1 0




1 x1 y1 0 0 0
0 0 0 1 x1 y1
1 x2 y2 0 0 0
0 0 0 1 x2 y2
1 x3 y3 0 0 0
0 0 0 1 x3 y3



−1

7. Step 5 to 6 are repeated for each picture giving the time variation of the
strain.

8. calfem also contains functions for presentation of the results. The princi-
pal strains and their directions are calculated and graphically represented
with arrows in the centroid of the triangular elements.

To verify the choice of element type the FEM calculations were also done
using a quadrilateral element based on four triangular constant strain elements.
The strains were in the same magnitude, but more sparsely represented since
the number of elements was halved from 100 to 50. The sparser representation
made it hard to localize the local strains over cracks in the strain field. There-
fore the triangular element was chosen. In a comparison between the four-node
quadrilateral element and a four-node iso-parametric element with 2×2 Gauss
points, concerning calculation of strain fields of concrete beams, it was shown
that the strains in x- and y-direction differed but were reduced to a large ex-
tent when principal strains were compared [44]. The resulting strains over a
crack in the present application, which are reported in section 4.4.2, were in
the same magnitude as strains measured on shear strengthenings of FRP with
conventional strain gauges [19], which implies a certain reliability.

4.2 Materials

The cementitious composite consisted of a commercially available polymer mod-
ified mortar and a unidirectional carbon fibre (CF). The same type of CF sheet
was used in a small scale test and is a product of Porcher Industries named
Unifibre 300/300. It is a unidirectional CF sheet that weighs 300 g/m2, made
of the carbon fibre T600 produced by Toray Industries, Inc. It has an elastic
modulus of 230 GPa, a tensile strength of 4300 MPa, and the elongation at
break is 1,9%. The mortar was a product from Sto Scandinavia AB named
StoCrete Betoflex, which is supposed to be used as surface coating on concrete.
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Figure 4.8: Stress and strain diagrammes for tested samples of the reinforce-
ment bars used in the test beams. a) ∅10 mm reinforcement bar.
b) ∅16 mm reinforcement bar.

The test beams were made of a concrete that has a water to binder ratio
of 0,47. The compressive cube strength (fc,cube) was tested according to the
Swedish standard SS 13 72 10 after 28 days. The mean value of three samples
was 56,3 MPa. Also the splitting strength (fc,sp) was tested after 28 days
according to the Swedish standard SS 13 72 13. The mean value of three cubes
was 4,1 MPa with a standard deviation of 0,3 MPa. The relation between
splitting strength and strength in tension (ft) is ft = A · fc,sp where A is 0,7—
1,0 [1]. In Swedish standard BKR 94 A = 0, 8 is used. When all the tests with
the large scale beams were terminated after 68 days, three cubes were again
tested for compressive strength. Now the mean value had become 60,2 MPa.

The steel reinforcement in the beams were Swedish B500BT bars supplied
by Fundia Bygg AB. The reinforcement bars that were used in the beams were
tested in tension. The stress and strain diagrams from test samples are displayed
in Figure 4.8. The tests showed a yield stress of approx. 510 MPa.

4.3 Strengthening

4.3.1 Strengthening Process

The composite is applied with hand lay-up technique on a sand blasted concrete
surface. On the beams for moment strengthening the composite, which contains
one layer of the carbon fibre (CF) sheet, is applied on the bottom side of the
beam. On the beams for shear strengthening the same composite is applied
on both sides of the beam at an angle of 45◦ (see Figure 4.3 and 4.4). The
strengthening process includes the following steps:
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1. Moistening of the concrete surface to prevent the concrete to absorb the
water in the mortar.

2. Coating of the concrete substrate with a 2 mm thick layer of the polymer
modified mortar.

3. Applying the CF sheet.

4. Pressing the CF sheet by hand (could also be done with a roller) to remove
entrapped air and press the CF sheet into the mortar.

5. Spraying polymer dispersion on the CF sheet (100 g/m2).

6. Coating of the CF sheet with the polymer modified mortar.

7. Finishing with a rubber spatula.

8. Curing for 28 days in laboratory climate.

The long curing time was chosen to eliminate the curing time as a variable
in these tests. Earlier tests show that a cementitious composite only needs 3
days of curing to reach over 80% of the maximum capacity [8].

4.3.2 Choice of Strengthening Process

The process described above was chosen with guidance from the results and
experiences from the small scale tests with different strengthening processes,
used in combination with a 300 g/m2 unidirectional CF sheet. In the small
scale tests better results were obtained when the CF sheet was drawn through a
bath of polymer dispersion instead of being sprayed by it. Despite this fact the
spray technique was used because of its simplicity. Another major contributing
factor to the present choice are the results from 2001 at Nihon University in
Koriyama, Japan presented in [59], where a strengthening process similar to the
chosen one was successfully used.

An unfulfilled desire was a thinner CF sheet of about 100 g/m2, which
could have been laminated in for example three layers. Such a composite would
probably perform better than the composite made of one 300 g/m2 sheet, to
judge from previous results from the small scale tests. Unfortunately no such
sheet was available at the time of the laboratory work.

4.4 Results

The results of the tests of the beams strengthened for bending moment and for
shear are presented graphically in load and deflection diagrams, and in sketches
of crack patterns and failure modes. Maximum loads, and relative and absolute
comparisons are presented in Table 4.2 and 4.3.
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4.4.1 Bending Tests

To give an overall picture of the bending tests, full load and deflection diagrams
from the tests with M0-beams and M1-beams are shown in Figure 4.9 and 4.10
respectively. These plots include the load history of the beams that were loaded
before strengthening and the whole fibre pull-out phase. In general the loading
was stopped when the concrete in the compression zone was crushed. To give
a more detailed view, selected parts of the load and deflection curves including
the elastic part, the multiple cracking part, and fibre rupture are plotted in
Figures 4.11 and 4.12.

In the present case, i.e. beams strengthened for bending, the load and
deflection curves show a clear change of directions in the transition from the
elastic state to the multiple cracking phase. This point is referred to as yield
point in the text below, and the corresponding load is called yield load. The
carbon fibre itself can not yield since it exhibits elastic behaviour until it fails
but the composite shows a strain hardening during the multiple cracking phase
similar to that of steel that has reached its yield load. Therefore it could be
said in some sense that the composite yields.

Unfortunately no data from the strain gauges on the reinforcement bars
in the bottom layer was available after yielding occurred in the steel, which
indicates that the yielding started right where the gauges were mounted. This
applies to all strain gauges on the beams strengthened for bending moment.
Data about the strain at the failure load would have given valuable information
on which strain the composite had been subjected to.

M0A

Beam M0A, which was strengthened with no prior load history, failed by fibre
rupture in all fibres with a 1,0 m long zone of delamination between the load
points. The delamination occurred between the inner matrix layer and the CF
sheet and the rupture came about slightly inside one of the load points, see
Figure 4.13. The ultimate load was registered at 93,3 kN and the yield load at
85,4 kN.

M0B

Before strengthening beam M0B was loaded to 41 kN, which represents a service
load with crack widths of approx. 0,2 mm. At this point the strain measured by
the strain gauges on the bottom reinforcement was εs = 0, 14%. The cracking
pattern is sketched in Figure 4.14. Then the beam was unloaded and strength-
ened before it was loaded to failure. The composite failed by fibre rupture in
the middle between the load points at 85,0 kN. The yield load of the beam was
79,8 kN. A 50—60 cm long zone of delamination between the inner matrix layer
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and the CF sheet occurred around the fibre rupture, see Figure 4.15. The cracks
originating from the preloading continued to grow and new cracks also formed
during the second loading, compare Figure 4.14 and 4.15.

M0C

Beam M0C was loaded to 70,5 kN before strengthening. The loading was
stopped when the strain gauges on the reinforcement bars in the bottom of
the beam first showed yielding of the steel at εs = 0, 26%. The crack pattern
after this preloading is displayed in Figure 4.16. After unloading the beam was
strengthened. In the strengthening process, step 5, spraying of the CF sheet
with the polymer suspension was neglected. This resulted in failure due to de-
lamination of the CF sheet over a large area since the mortar was unable to
penetrate the thick 300 g/m2 sheet, see Figure 4.17. The registered ultimate
and yield loads were 88,6 kN and 77,6 kN respectively.

M0E

Beam M0E was a part of a test program performed at Luleå University of
Technology. It was strengthened with four layers of the 300 g/m2 CF sheet and
applied with epoxy as matrix. The details can be found in [2]. The beam failed
at a load of 149 kN and a midpoint deflection of 42 mm. The failure mode
was peeling failure at the end of the composite, i.e. delamination between the
laminate and the concrete, which means that the full capacity of the composite
was not used. To be able to compare more than the ultimate load with the
cementitious composite a yield load of 122 kN was defined also in the case of
beam M0E, see Table 4.2. Like the load and deflection curves of the rest of
the M-beams the curve of beam M0E showed a clear change of direction in
the transition from the elastic state to a strain hardening phase. This point
is referred to as yield point. The yielding occurred when the deflection at the
midpoint of the beam was approx. 26 mm.

M1A

Beam M1A was strengthened without previous loading. The failure mode was
fibre rupture with a small area of delamination between the inner matrix layer
and the CF sheet around the rupture, see Figure 4.18. The rupture occurred
under one load point. The ultimate load was 170 kN and the yield load was 160
kN.

M1B

Prior to strengthening, beam M0B was loaded to 89 kN, which represents a
service load with crack widths of approx. 0,2 mm. The strain in the bottom
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Beam name: M0A M0B M0C M0E(1) M1A M1B M1C
Yield load /kN 85,4 79,8 77,6 122(2) 160 156 157
Ultimate load /kN 93,3 85,0 88,6 149(3) 170 163 165
Increase of
ultimate load/kN

22,8 14,5 18,1 78,5(4) 30,4 23,4 25,4

Increase of
yield load /kN

14,9 9,3 7,1 51,5 20,4 16,4 17,4

Relative increase
of yield load

21% 13% 10% 73% 15% 12% 13%

(1) Note! 4 layers of CF sheet in the FRP strengthening and peeling failure.

(2) estimated from a load and deflection plot in [2]

(3) data from tests at LTU [2]

(4) ultimate load compared to yield load of unstrengthened M0C

Table 4.2: Results from the tests of beams strengthened for bending. The
increases is compared to an unstrengthened beam.

reinforcement was at this time measured as εs = 0, 16%. The cracks appeared
according to Figure 4.19. After strengthening M0B was reloaded to failure at
an ultimate load of 163 kN. The yield load was 156 kN. The failure, caused by
fibre rupture under a large main crack, appeared slightly inside one of the load
points with only a 20 cm long area of delamination between the inner matrix
layer and the CF sheet on one side of the rupture, see Figure 4.20. The cracks
from the preloading continued to grow and new cracks also formed during the
second loading, compare Figure 4.19 and 4.20.

M1C

Before strengthening, beam M0C was loaded to 149,7 kN. The loading was
stopped when the reinforcement bars in the bottom of the beam yielded at
εs = 0, 24%. A sketch of the cracks in the unstrengthened beam is found in
Figure 4.21. After unloading and strengthening M1C was loaded to failure. As
shown in Figure 4.22 the failure mode was fibre rupture below a larger main
crack. An approximately 30 cm long zone of delamination between the inner
matrix layer and the CF sheet appeared around the crack.

4.4.2 Shear Tests

T0R

The unstrengthened reference beam T0R was loaded to a failure that is typical
for this kind of beam without any shear reinforcement. The failure was brittle
and sudden and came at a load of 225 kN. The characteristic shear crack formed
at an angle of 22◦, as sketched in Figure 4.33.
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Figure 4.9: Full load and deflection diagrams from the tests with M0-beams.
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Figure 4.10: Full load and deflection diagrams from the tests with M1-beams.
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Figure 4.11: Selected part of the load and deflection curve of the M0-beams in-
cluding the elastic part, multiple cracking part, and fibre rupture.
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Figure 4.12: Selected part of the load and deflection curve of the M1-beams in-
cluding the elastic part, multiple cracking part, and fibre rupture.
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Delamination

Fibre rupture

Bottom face

Side face

Figure 4.13: Cracking pattern and failure mode of test beam M0A.

Side face

Figure 4.14: Cracking pattern of test beam M0B after loading to service state
before strengthening.

Delamination

Fibre rupture

Bottom face

Side face

Figure 4.15: Cracking pattern and failure mode of test beam M0B.

Side face

Figure 4.16: Cracking pattern of test beam M0C after loading to reinforcement
yielding before strengthening.
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Figure 4.17: Cracking pattern and failure mode of test beam M0C.
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Figure 4.18: Cracking pattern and failure mode of test beam M1A.

Side face

Figure 4.19: Cracking pattern of test beam M1B after loading to service state
before strengthening.
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Figure 4.20: Cracking pattern and failure mode of test beam M1B.

Side face

Figure 4.21: Cracking pattern of test beam M1C after loading to reinforcement
yielding before strengthening.
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Figure 4.22: Cracking pattern and failure mode of test beam M1C.
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T0A

Beam T1A exhibited a sudden and brittle failure at an ultimate load of 417
kN and a midpoint deflection of 17,3 mm. There was fibre rupture along the
shear crack, which had a very typical appearance for a concrete beam in shear
failure. The rupturing of the composite was very similar to a rupture in a FRP
composite. Pieces of concrete were ripped out from the beam around the shear
crack, see the photos in Figure 4.27 A load and deflection diagram can be found
in Figure 4.23, together with the curve for the unstrengthened reference beam
T0R for comparison. The strain field around the main shear crack can be seen
for two different time steps in Figures 4.25 and 4.26 respectively. The positions
of the strain monitored areas are displayed in Figure 4.24. The crack pattern is
shown in Figure 4.34.

T0E

The data for beam T0E is collected from tests at Luleå University of Technology
[19]. The layout of the beam is the same as beam T0R. It was strengthened
with one layer of 300 g/m2 carbon fibre sheets in 45◦ direction by hand lay-
up method, exactly like T0A, but with epoxy resin as matrix. T0E failed in a
brittle manner very similar to T0A at an ultimate load of 668 kN. The midpoint
deflection at the ultimate load was approx. 25 mm, and at 417 kN (the ultimate
load of T0A) it was 12,5 mm.

T1R

T1R, an unstrengthened reference beam with shear reinforcement, failed at an
ultimate load of 598 kN. Several shear cracks formed, see Figure 4.35. According
to the addition model used in the Swedish construction code BBK94 the shear
capacity of this beam can be calculated as the capacity of the concrete Vc plus
the capacity of the stirrups Vs. This would mean that the added shear capacity
of the ®6s200 stirrups is 187 kN since the test beam T0R without stirrups failed
at 225 kN. A Vs ≈ 55 kN was expected according to BBK94. This is further
investigated in the next chapter.

T1A and T1B

The test beams T1A and T1B were strengthened for shear. T1B had previ-
ously been loaded to 505 kN, as shown in the load and deflection diagram in
Figure 4.29. The cracking pattern of the unstrengthened T1B is illustrated in
Figure 4.37. Beam T1A had no previous load history. The both strengthened
beams failed by concrete crushing in the compression zone. This means that the
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Beam name: T0A T0R T0E T1A T1B T1R
Ultimate load /kN 417 225 668* 722** 711** 598
Increase compared to
unstrengthened beam /kN

192 – 417* 124** 113** –

Relative increase compared
to unstrengthened beam

85% – 166% 21%** 19%** –

*data from tests at LTU [19]

**failure in the compression zone (change of failure mode)

Table 4.3: Results from the tests of beams strengthened for shear
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Figure 4.23: Load and deflection diagrams from the tests with T0-beams.

strengthening changed the failure mode from shear failure to failure in the com-
pression zone. Plots of the load and deflections of both T1A and T1B together
with the unstrengthened reference beam T1R are displayed in Figure 4.28. The
strain fields around the shear cracks of both T1A and T1B in the last time step
can be seen for in Figures 4.25 and 4.26 respectively. The positions of the strain
monitored areas are displayed in Figure 4.30.
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Figure 4.24: The position of the strain monitored area on beam T0A.

Figure 4.25: Principal strains and directions on beam T0A at a load of 233 kN.
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Figure 4.26: Principal strains and directions on beam T0A at a load of 334 kN.

Figure 4.27: Photos of the failure of beam T0A taken from two different angles.
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Figure 4.28: Load and deflection diagrams from the tests with T1-beams.
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Figure 4.29: Load and deflection diagrams from the tests with beam T1B.
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Figure 4.30: Position of the strain monitored area on beams T1A and T1B.

Figure 4.31: Principal strains and directions on beam T1A at a load of 704 kN.
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Figure 4.32: Principal strains and directions on beam T1B at a load of 706 kN.

22˚

Figure 4.33: Cracking pattern and failure mode of reference beam T0R.

Shear crack

Delamination

Fibre rupture

Figure 4.34: Cracking pattern and failure mode of test beam T0A.
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Figure 4.35: Cracking pattern and failure mode of reference beam T1R.

Failure in the
compression zone

Figure 4.36: Cracking pattern and failure mode of test beam T1A.

Figure 4.37: Cracking pattern and failure mode of test beam T1B after loading
unstrengthened beam.

Failure in the
compression zone

Figure 4.38: Cracking pattern and failure mode of test beam T1B.

94



4.5. SUMMARY AND DISCUSSION

4.5 Summary and Discussion

4.5.1 Generally

The beams, which were strengthened for bending, obtained only a slight increase
of the failure load (10—20 %) compared to the reference beam. Beams strength-
ened for shear, obtained a considerable increase (85 %) compared to the refer-
ence beam without stirrups. A comparison with shear reinforced beams can not
be done since the strengthening changed the failure mode of the beams. When
epoxy is used as matrix the failure load of a corresponding shear strengthened
beam is increased with more than 150 %. This means that, in this case, the
cementitious composite reaches around 50 % of the capacity of a corresponding
FRP composite.

4.5.2 Strength

If relative increases are compared the strengthenings for shear give a larger con-
tribution to the load capacities of the beams compared to the moment strength-
enings. A rough estimation of the contributing forces by the composites gives a
somewhat other picture. The small relative increase of the load capacity by the
moment strengthenings is explained by the strength relation between the Ø16
mm bars and the 200 mm wide strengthening compared to the substantially
larger fibre area on the shear beams and the weaker Ø6 mm stirrups or just the
shear capacity of concrete in the case of T0A.

The strengthening effect was better on the beams without load history
(M0A, M1A, T0A, and T1A) than on the beams that were previously cracked
when they were strengthened (M0B, M0C, M1B, M1C, and T1B).

The strengthening effect was also better on the more heavily reinforced flex-
ural beams (M1A, M1B, and M1C) compared to the less reinforced flexural
beams with same dimensions (M0A,M0B, and M0C).

An imaginable explanation to the better effect of the strengthenings on the
M1-beams than the M0-beams is that the cracks are more distributed due to the
heavier reinforcement and therefore the strain in the composite is distributed
over a larger area. This would also explain why the strengthenings give a better
effect on previously uncracked beams since the strengthenings themselves make
the crack distribution finer with smaller cracks.

4.5.3 Ductility

The load and deflection diagrams of the beams strengthened for moment, in
Figure 4.9 and 4.10, clearly show that the strengthening does not increase the
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stiffness of the beams. The angle of the unloading curves for the unstrengthened
beams are the same as for the elastic part of the loading curve for the strength-
ened beams. In the case of shear strengthenings an increase of the stiffness can
be detected when the load and deflection curves for the unstrengthened T1R
and for the strengthened T1A are compared, see Figure 4.28.

The ductility of the beams strengthened for bending moment was mainly
governed by the steel reinforcement, but as can be seen in Figure 4.9 and 4.10
the fibre composite keeps the beem on a higher load level until they break at a
deflection of the beam of approximately 50 mm. This behaviour is due to the
fibre pull-out from the matrix, since the elongation at break for the carbon fibre
is 1,9%, which is exceeded by far.

In Figure 4.28 a ductile behaviour can be observed for beams T1A and T1B
after strengthening, but this is a consequence of the change of failure mode.
The shear beam without stirrups did not get a better ductility by strengthening
but failed suddenly and in a brittle way by fibre rupture over a shear crack.
This points out the opportunity to get a ductile failure by changing the failure
mode from shear failure to flexural failure with a shear strengthening.

A cementitious carbon fibre reinforced composite with a thin and relatively
well penetrated weave breaks at approximately a strain of 0,5% according to
small scale tests reported in the licentiate thesis [74]. This elongation at break
is advantageous since reinforcement steel yields at 0,2—0,3% and it is desirable
to use as much as possible of the carbon fibre’s capacity within this span of
strain. From the contact free strain measurements strains up to 2,6% was
recorded on T1A and 1,7% on T0A both in element 44, see Figures 4.26 and 4.31
respectively. According to the manufacturer of the carbon fibre the elongation
at break of the fibres alone is 1,9%. Strains on the surface of the composite
exceeding this value can be explained by fibre pullout.

4.5.4 Practical point of view

All practical work with the strengthening and the contact free strain measure-
ment were done by the author alone. The strengthening system proved to be
easy to work with and the application to vertical surfaces on the shear beams
was done with great ease without problems or difficulties.

The contact free measurement also turned out to be an excellent method
with respect to user friendliness. Considering that the experience of the method
is limited it would have been valuable to establish the validity of the method in
some way. Now the accuracy has to rely on earlier investigations and judgement
of the reasonableness of the results, which in this case seems acceptable. As
the digital cameras on the market becomes better with higher resolution this
method will increase its area of use to also be able to follow elastic strains on
large concrete surfaces. In the present case, in the beginning of 2002, a camera
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with a resolution of 6 megapixels was available and used. One year later cameras
with a resolution of 14 megapixels are available, which indicates the speed of
the development.
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Chapter 5

Design Models

5.1 Introduction

The purpose of this chapter is to propose a mechanical model or design model
for strengthenings of carbon fibre reinforced cementitious composites. This
is of course of great importance in future design situations but also during
the development of this technique for comparisons between different laboratory
tests.

The basis for this theory is the extensive research in the field of FRP
strengthening, which in many respects is applicable also on cementitious com-
posites. The differences regarding the fracture process and the mechanical prop-
erties of the matrix materials do not affect the mechanical models and design
models used here.

5.2 Efficiency Factor, η

The simplest estimation of the maximum force taken by a fibre reinforced
strengthening composite, Ffu , would be the ultimate stress of the fibres times
the cross-sectional fibre area (ffuAf), which are two well-known parameters. If
ffu is replaced with a permissible stress, ffd , the corresponding expression to
be used for the design of a strengthening is obtained. However, the tests in
the previous chapters and composite theory show that this estimation is not
accurate for a cementitious carbon fibre reinforced composite.

The fact that the fibres are enclosed in a matrix, i.e. forming a composite,
means that the composite has other mechanical properties than the fibres alone.
There are several reasons for that. Probably the most important reason is that
every single filament of the carbon fibres is not enclosed by the matrix. The

99



CHAPTER 5. DESIGN MODELS

overall strength of the composite is dependent on the extent to which the matrix
has penetrated the fibre bundles. Only the external fibres are entirely enclosed
and can be used to their full extent in the elastic state. In this part of the
composite micromechanic theories are applicable to predict the behaviour of
an on-axis unidirectional lamina based on fibre and matrix properties and the
proportion of each. The simplest and most common micromechanical model,
which uses the mechanics of materials approach, is the well known Rule of
Mixtures, which defines the elastic modulus of a composite, Ec , as:

Ec = EfVf +EmVm (5.1)

where Vf and Vm are the volume fractions of fibres and matrix respectively.
This model presumes that the strains parallel to the fibre direction are equal in
the fibre and in the matrix. If the fibres are not unidirectional, as for example
in a weave, it is possible to introduce reinforcement efficiency factors, αi. The
efficiency factor is simply the fraction of the fibres acting in the studied direction.
The rule of mixtures then becomes:

Ec =
X
i

αiViEi (5.2)

where the efficiency factor α is the fraction of the fibres acting in the studied
direction. In a woven fabric the fibres have to bend around each other within
the weave. The curvature of the fibres and the interaction between them also
affects the elastic properties of the composite. A curvature caused by the hand
lay-up method is also inevitable as well as possible curvatures due to roughness
of the concrete surface.

For the above reasons the estimation Ffu = Afffu = AfεfuEf of the maxi-
mum force taken by the strengthening is an overestimation. To obtain accurate
values of the mechanical properties of the composite it is necessary to intro-
duce a factor of reduction. Factors compensating for incomplete penetration,
the rule of mixtures, curvatures, and possibly other factors could be introduced
as η1 η2...ηn to deal with each one of them separately. At this stage it is how-
ever convenient to combine them into one, since there is not enough information
available to quantify each factor. Therefore an efficiency factor, η, is introduced
and is defined as

η =
Ff,test

Afffu
(5.3)

where Ff,test is the tested ultimate force taken by the composite
ffu is the rupture stress of the carbon fibre

ffu = εfuEf

Af is the cross section area of the carbon fibres

When the efficiency factor is known, the maximum force taken by the com-
posite can be calculated as

Ffu = ηAfffu (5.4)

100



5.3. FLEXURAL STRENGTHENING

5.3 Flexural Strengthening

The maximum capacity of a strengthened cross section is governed by a number
of failure modes. Which failure mode that occurs depends on the properties of
the strengthening material such as stiffness and strength of the composite, on
system parameters like bond strength between beam and composite and the
properties of the existing concrete beam such as concrete quality and amount
of reinforcement. The possible failure modes for a member strengthened for
bending are:

(a) Failure of the concrete in the compressive zone by concrete crushing.

(b) Shear failure of the concrete beam.

(c) Debonding at the interface between concrete and strengthening composite,
can be anchorage failure in the bond zone or peeling failure at the end of
the composite (adhesive failure).

(d) Interlaminar shear failure in the composite, i.e. debonding inside the com-
posite (cohesive failure).

(e) Rupture of the composite (tensile failure).

(f) Yielding of the compression reinforcement followed by concrete crushing.

(g) Yielding of the tension reinforcement followed by concrete crushing.

These failure patterns, except for yielding of reinforcement, are illustrated
with examples in Figure 5.1. In the design of a strengthening it is important to
have these in mind. After strengthening with respect to a certain failure mode,
some other failure mode may become critical.

5.3.1 Calculation of Moment Capacity

The models, methods, and notations for the calculation of moment capacity
described here are conventional and widely accepted in the design of reinforced
concrete and FRP-strengthened concrete structures. For FRP strengthenings
they are used and verified in design recommendations by for example Westerberg
[72] and Täljsten [68] among others. Here, applicable expressions are modified
with the efficiency factor, η, as an adaptation to cementitious composites.
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a) b)

c) d)

e)

Figure 5.1: Failure modes of strengthened concrete beams. a) Compression
failure of beam. b) Shear failure of beam. c) Debonding of com-
posite and beam. d) Interlaminar failure of composite. e) Rupture
of composite.
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Figure 5.2: Rectangular beam strengthened for bending with notations. a)
cross-section b) strain distribution c) cross-sectional forces d) cross-
sectional forces with simplified stress block

Rough estimation

The moment capacity in the ultimate limit state can be roughly estimated with
the following simple engineering expression derived from equilibrium equations
with notations according to Figure 5.2.

MR ≈ 0, 9 (Asfstd+ ηAfffuh) (5.5)

As long as the strain limit of the fibres, εfd , can be reached without exceeding
the ultimate compressive strain of the concrete, εcu , the estimation of moment
capacity from equation 5.5 gives a satisfactory accuracy. This condition means
that the mechanical reinforcement content, ω, does not exceed the value for
balanced reinforcement, ωbal:

ω =
Asfst + ηAfffu

bhfcc
(5.6)

ωbal =
αεcu,red

εcu,red + εfd
(5.7)

where b according to Figure 5.2
α coefficient that depends on the shape of the stress block

in the compression zone i.a.; in this situation α = 0, 8
is adequate

εcu,red = εcu − εc0

εcu the formal ultimate compressive strain of concrete,
usually 0,35%

εc0 compressive strain caused by load before strengthening

If ω > ωbal, the compressive strain is the limiting factor and equation 5.5 can
overestimate the moment capacity since the strength of the composite is not used
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to its full extent. In this case the compressive strain before the strengthening,
εc0 , also matters and a more accurate calculation is necessary.

More Accurate Calculation

A more accurate calculation of the moment capacity in the ultimate limit state
can be based on the conventional model for a cracked reinforced concrete cross-
section with a linear strain distribution in concrete, reinforcement, and com-
posite according to Figure 5.2.

If ω < ωbal it is possible to make a simple calculation, however more accurate
than equation 5.5, using the simplified stress block in Figure 5.2 d. The method
for calculation of required fibre area and moment capacity respectively then
becomes as follows. If the fibre area is not known it can be estimated using
equation 5.5. Then the height of the compression zone, x, is calculated and
finally the moment capacity, MR, or the fibre area, Af , is given by equation 5.9
and 5.10 respectively.

x =
Asfst + ηAfffd

αbfcc
(5.8)

MR = ηAfffu (h− βx) +Asfst (d− βx) (5.9)

Af =
MS −Asfst (d− βx)

ηffu (h− βx)
(5.10)

If the required fibre area is calculated with equation 5.10 it might be nec-
essary to step back to recalculate the height of the compression zone, x, if the
area is considerably changed. Alternatively the expression for x in equation 5.8
can be inserted in equation 5.10 and the resulting second order equation can be
directly solved with respect to Af .

If ω > ωbal, or a complete calculation is desired, the strain conditions before
and after strengthening have to be taken into account, i.e. εc0 and εu0 in Figure
5.2. Also special consideration has to be given to the bond between the concrete
and the strengthening composite. The calculation then becomes quite long-
winded but is feasible and follows well-established procedures. The method for
FRP strengthenings is described in detail and exemplified by Westerberg [72],
Täljsten [68], and by fib1 [43].

1 fédération internationale du béton (International Federation for Structural Concrete)
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Beam
Ff,test

/kN
Af

/mm2 η

1X300-1 23,9 25 0,222
1X300-2 24,9 25 0,232
1X300-3 29,9 25 0,278
2X300-1 36,1 50 0,168
2X300-2 33,1 50 0,154
2X300-3 35,8 50 0,167
1X300P-1 25,5 25 0,237
1X300P-2 26,6 25 0,247
1X300P-3 27,6 25 0,257
2X300P-1 24,9 50 0,116
2X300P-2 32,4 50 0,151
2X300P-3 39,2 50 0,182
1X300PS-1 21,6 25 0,201
1X300PS-3 22,5 25 0,209

Table 5.1: Efficiency factor for composites made of 1—2 layers of 300 g/m2

unidirectional carbon fibre sheet with an ultimate stress ffu = 4300
MPa. Based on WHEST-beam tests.

5.3.2 η from WHEST-Beam Tests

The efficiency factor, η, is calculated from a selection of the small scale tests
using equations 3.1, 3.2 and 3.3. Composites made of the 300 g/m2 carbon fibre
sheet used in the large scale tests are selected for comparison with those tests.
The composites made of carbon fibre weaves are also selected to give a picture
of how a the use of thin weaves affects the efficiency. Relevant FRP composites
are also included for comparison. In Tables 5.1 (sheets) and 5.2 (weaves) the
calculations of efficiency factors from small scale tests with the whest-beam
are summarized.

5.3.3 η from Large Scale Tests

To estimate the coefficient of efficiency, η, from the large scale tests the following
procedure is used.

1. The additional load capacities, Padd, of the test beams provided by the
strengthening are calculated as the ultimate load minus the yield load of
the unstrengthened reference beam.

2. The additional load is transformed to an additional moment, Madd , by
the relation between load and moment that is

Madd =
1, 3Padd

2
(5.11)
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Beam
Ff,test

/kN
Af

/mm2 η

1x95g/m2 5,65* 4,07 0,375
2x95g/m2 10,59* 8,14 0,352
3x95g/m2 15,76* 12,21 0,349
4x95g/m2 18,49 16,29 0,308
5x95g/m2 25,92 20,36 0,344
1x95g/m2

and epoxy
13,37* 4,07 0,888

1x170 g/m2 13,43* 12,1 0,300
1x170 g/m2

and epoxy
24,62* 12,1 0,550

*average value of three specimens

Table 5.2: Efficiency factor for composites made of 1—5 layers of 95 g/m2 bidi-
rectional carbon fibre weave with an ultimate stress ffu = 3700 MPa.
Based on WHEST-beam tests.

3. Then the force taken by the composite, Ff,test , is calculated using an
internal lever arm of 0, 9h according to the rough estimation equation
5.5. This estimation is used since the uncertainty is relatively small.

4. The efficiency factor is calculated as before with equation 5.3 andAf = tfbf ,
where tf = 0, 167 mm for a 300 g/m2 sheet and bf = 190 mm as the effective
width of the composite.

The results from the calculation of the efficiency factor from the large scale
tests are presented in Table 5.3.

In the results it can be observed that the coefficient of efficiency is lower when
the composite is tested on the whest-beam than on the large scale beams. The
coefficient of efficiency is also lower when it is used on the M0-beams compared
to the more heavily reinforced M1-beams. A possible explanation to the better
performance on the M1-beams than the M0-beams is that the cracks are more
finely distributed due to the heavier reinforcement and therefore the strain in
the composite is distributed over a larger area. In the whest-beam, the strain
is concentrated around the saw cut, corresponding to one single crack, which in
agreement with this hypothesis would have a negative effect on the efficiency
factor and therefore gives the lowest measured values.

5.4 Shear Strengthening

By adding a composite on the side of a concrete member the shear force capacity
is increased. Obviously the strengthening takes a part of the load or partly
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Beam
Ultimate
Load
/kN

Ref.
Beam
/kN

Padd

/kN
Madd

/kNm
Ff,test

/kN
η

M0A 93,3 70,5 22,8 14,8 54,8 0,403
M0B 85,0 70,5 14,5 9,4 34,8 0,256
M0C 88,6 70,5 18,1 11,8 43,7 0,321
M1A 170 139,6 30,4 19,8 73,3 0,539
M1B 163 139,6 23,4 15,2 56,3 0,413
M1C 165 139,6 25,4 16,5 61,1 0,449

Table 5.3: Efficiency factor for composites made of a 300 g/m2 unidirectional
carbon fibre sheet with an ultimate stress ffu = 4300 MPa. Based
on large scale tests.

redistributes internal forces in a favourable way. There are different ways to
physically design a shear strengthening made of a fibre reinforced composite.
The design is often governed by the possibility to anchor the fibres. It is clear
that full wrapping, Figure 5.3 a), is more effective than partial jacketing, i.e. a
U-shaped strengthening that encloses the tensile zone, Figure 5.3 b), due to the
better anchorage of the fibres. When full wrapping is not feasible, for instance
when the top side of a T-beam is not accessible or an inclined strengthening is
chosen, sheets or fabrics can be bonded to both sides of the web with limited
anchoring as result, see Figure 5.3 b) and c).

To calculate the shear force capacity of a reinforced concrete member dif-
ferent design models can be used. Also to calculate the shear force capacity
of a strengthened member a design model is needed. In the design situation
of a strengthening it is desirable to be able to calculate the contribution from
the shear strengthening and just add it to the present capacity. How large this
contribution, and the stress in the strengthening, is theoretically, depends on
the design model that is used for the calculation.

5.4.1 Design Models for Unstrengthened Beams

For the design of unstrengthened reinforced concrete members several models
exist. Two of them are briefly described and evaluated here.

Truss model

In the truss model the assumption is made that only shear reinforcement carries
the shear force. With notations according to Figure 5.4 the contribution from
steel reinforcement is expressed as

Vs =
Asv

s
fsvz (cot θ + cotβs) sinβs (5.12)
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a)

b)

c)

Figure 5.3: Schematic illustration of reinforced concrete beam strengthened in
shear with CF sheets: a) wrapped sheet or fabric b) U-shaped
jacketing c) sheets or fabrics bonded to both sides of the web
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βf

z cotθ

z
θ

VR

b

Vc

Vs

Vf

d

βs

s

Figure 5.4: Design model for contributions to shear capacity.

where Asv cross sectional area of one reinforcing unit
s spacing between reinforcing units
fsv strength of the reinforcing units
z inner lever, here ≈ 0, 9d
θ angle of a imaginary shear crack and of inclined compression

members in the concrete
β angle between the shear reinforcement and the beam axis

In the European code EC2 θ is limited to 1 ≤ cot θ ≤ 2, 5, which is also applica-
ble here.

Since all the shear force is taken by shear reinforcement according to the
truss model, this model is not useful for calculations of the shear capacity of
concrete beams without shear reinforcement. The truss model is adopted in
EC2.

Addition model

The addition model is used in among others the Swedish recommendations for
concrete structures, BBK 94, and is also used for design of FRP strengthenings
by [43] and [68]. It assumes that the shear force capacity can be calculated as
the sum of contributing forces from the concrete, Vc , steel shear reinforcement,
Vs , axial forces, Vp , and other contributions such as for example a strengthening
system, Vf , see Figure 5.4. The expression for shear force capacity has in general
the following appearance

VR = Vc + Vs + Vp + Vf

According to the Swedish recommendations for concrete structures, BBK
94, Vc can be calculated as:

Vc = bdfv (5.13)
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where b width of cross section
d effective depth of cross section
fv concrete formal shear stress

fv = ξ (1 + 50ρ) 0, 30fct (5.14)

where ξ = 1, 4 when the depth d ≤ 0, 2 m
ξ = 1, 6− d 0, 2 m < d ≤ 0, 5 m
ξ = 1, 3− 0, 4d 0, 5 m < d ≤ 1, 0 m
ξ = 0, 9 1, 0 m < d

and

ρ =
As

bd
where ρ 6 0, 02 (5.15)

where As bending reinforcement area in the tensile zone

and Vs can be calculated as:

Vs = Asvfsv
0, 9d

s
(sinβ + cosβ) (5.16)

where Asv cross sectional area of one reinforcing unit
fsv strength of the reinforcing units
s spacing between reinforcing units
β angle between the shear reinforcement and the beam axis

Equation 5.16 is identical to the expression for Vs in the truss model, eq 5.12,
if θ = 45◦ and z = 0, 9d.

Shear Capacity of Beams without Shear Reinforcement

As stated above in connection to the description of the truss model, this model
can not be used for calculation of shear capacity of beams without shear rein-
forcement. The existing theoretical models for shear capacity of beams without
stirrups are often complex and more or less generally applicable. In practice
empirical engineering expressions is used. One possibility is to use the expres-
sion for concrete shear capacity, Vc , used in BBK 94 described in the previous
section. Another way is to use the expression for shear strength given in CEB-
FIP’s Model Code 90, MC90 and in the European Code, EC2, which is

fv,EC2 = 0, 12ξ(100ρf cyl
ck )1/3 (5.17)

where ξ = 1 +
p

200/d coefficient that involves influence
of depth of beam

ρ reinforcement content, see equation 5.15
f cyl

ck characteristic cylinder compression strength of concrete /MPa
d effective depth of beam /mm
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Beam
Pu, test

/kN
Pu,BBK

/kN
Pu,EC2

/kN
Pu,truss

/kN
T0R 225 260 207 –
T1R 598 369 – 274

Table 5.4: Summary of the calculation of shear capacities of the unstrengthened
reference beams T0R and T1R

The coefficient 0,12 for concrete strength includes EC2’s safety factor γc=1,5.
If the safety factor is neglected the coefficient for comparison with test results
should be 0,12·1,5=0,18. The shear capacity is then calculated as

Vc = bdfv,EC2 (5.18)

Both BBK94, MC90, and EC2 have additional rules, although different, for the
effects of prestress and of loads acting near supports.

5.4.2 Shear Capacities of Unstrengthened Beams

One way to calculate the measured contribution to the load capacity of a
strengthening is to subtract the calculated capacity of the unstrengthened beam
from the measured total capacity. Here the shear capacities of the unstrength-
ened beams T0R and T1R are calculated and compared with test results. The
results are summarized in Table 5.4.

T0R

The tested ultimate load of beam T0R, Pu, test , was 225 kN.

If the shear capacity of the concrete is calculated according to BBK94, see
the previous clause, with a shear strength derived from the tested cube com-
pressive strength (f cube

ck =56,3 MPa) according to BBK94, Vc becomes 130 kN
and accordingly Pu = 260 kN, which is 16% higher than the test result.

As an alternative calculation method equation 5.17 and 5.18 is proposed in
CEB-FIP’s Model Code 90, MC90 and in the European Code, EC2. Without the
safety factor on the characteristic value of the compressive strength of concrete,
the coefficient in equation 5.17 is 0,18, which results in shear and load capacities
of 103 kN and 207 kN respectively, which is 8% less than the test result.

T1R

Beam T1R contains stirrups as shear reinforcement, hence the shear capacity
can be calculated with either the truss model or the addition model. The tested
ultimate load of beam T1R, Pu, test , was 598 kN.
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Figure 5.5: Shear capacity as function of shear reinforcement area according to
BBK94 (Addition model) and EN2 (Truss model) for beams T0R
and T1R.

When shear and load capacities are calculated using the addition model ac-
cording to BBK94 they become 314 and 627 kN respectively. Here the concrete
contribution Vc = 260 kN and the contribution from the reinforcement Vs =
53,7 kN. The difference between the measured ultimate load and the calculated
is in this case small (5%).

The truss model gives another answer. If the inclination of the shear crack is
chosen at cot θ = 2, 5 equation 5.12 gives a shear capacity of 134 kN and a load
capacity of 269 kN. This significant difference between the measured ultimate
load and the calculated indicates that the beam contains a too small amount of
reinforcement to be modelled as a truss.

The difference between the truss model and the addition model is illustrated
by Figure 5.5. The point of intersection where the truss model starts to give a
higher value of shear capacity than the addition model is in this case when the
shear reinforcement area exceeds 450 mm2/m.

5.4.3 Design Model for Strengthened Beams

As shown in the above sections, the isolated contributions from concrete and
reinforcement is hard to calculate since the total load capacity also is the result
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of an interaction between the these two factors, and possibly also other factors.
The important thing in the design situation is however that the total load
capacity is accurate. In a design guideline for FRP strengthenings Westerberg
[73] has shown that the addition model generally gives better agreement with
tests than the truss model. Not enough tests with cementitious composites as
strengthening have been done to be able to make a similar comparison. In the
present tests with cementitious composites as strengthening, the reinforcement
ratio is so low that a contribution from the concrete has to be added to obtain
accurate results, see Figure 5.5. Therefore the addition model is proposed here
as design model.

Contribution from Shear Strengthening

Generally, the contribution from a strengthening that is applied on both sides of
a beam, Vf , can be expressed as follows, regardless of the physical design of the
strengthening or whether the addition model or the truss model is used. The
expressions are consistent with the model and notations used by Westerberg in
a design guideline for FRP strengthenings [73]. Here the efficiency factor, η, is
added as an adaptation to cementitious composites, see section 5.2.

Vf = 2ηtfxefσf sinβf (5.19)

where η efficiency factor, see section 5.2
tf thickness of the sheet
xef effective strengthening length
σf utilized stress in strengthening
βf angle between the principal fibre direction and the beam axis,

see Figure 5.6

The effective strengthening length, xef, is

xef = hef (cot θ + cotβf) (5.20)

where hef is the effective height of the strengthening.

hef = min

½
z
d1 + d2 − 2ha

¾
(5.21)

with notations according to Figure 5.6. The parameter ha is the height where
the strengthening is assumed to be ineffective with regard to anchoring length.
In the photo of the rupture of the strengthening on beam T0A, see Figure 4.27
the phenomena and the depth of ha are clearly illustrated. Westerberg [73]
suggests

ha = 0, 5la sinβf (5.22)

where la is the required anchoring length for the utilized stress in the strength-
ening, which can be calculated for a FRP strengthening [67]. If la was known
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Figure 5.6: Beam strengthened for shear with sheets bonded to both sides of
the web.

for a cementitious composite the expression could possibly be used to calculate
ha in the cementitious case too.

The utilized stress in the strengthening, σf , is an important parameter. If the
strain distribution on the strengthening, obtained from the contact free strain
measurement, is studied in Figure 4.26 and 4.25 it is obvious that σf can not be
considered to be equal to the ultimate stress since the stress distribution over
xef is not constant. Tests at Luleå University of Technology [19] show that for
FRP strengthenings on rectangular beams in this size, σf = 0,6ffu gives a good
estimation of the shear capacity. In general that expression might be coarse.
fib among others gives expressions that depend on the relative stiffness of the
strengthening, ρfEf . In the cementitious case a similar factor of reduction is
hard to separate from the efficiency factor, η, in the present situation.

5.4.4 Shear Capacities of Strengthened Beams

T0A

With guidance from the photo of the rupture of the strengthening on beam T0A,
see Figure 4.27 ha can be estimated to 120 mm. With the following input data

ha = 120 mm
hef = 260 mm
xef = 520 mm
βf = 45◦

θ = 45◦

σf = ffu= 4300 MPa
Vf = 96 kN
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in equation 5.19 rewritten as

η =
Vf

2tfxefσf sinβf

the efficiency factor becomes 0,182. The contribution of the strengthening, Vf ,
is estimated as the ultimate shear capacity minus the tested shear capacity of
the reference beam T0R. If the utilized strength from FRP research is adopted
here, i.e. σf = 0,6ffu , the efficiency factor is 0,303, which is in agreement with
the results from the bending tests.

T1A and T1B

Beams T1A and T1B failed by concrete crushing in the compression zone. The
composite did therefore not reach its ultimate load. The efficiency factor can
accordingly not be calculated for these two strengthenings.

5.5 Summary and Discussion

The theoretical study in this chapter partly fulfils the purpose, to propose a
mechanical model or design model for strengthenings of carbon fibre reinforced
cementitious composites. The proposed design models are based on certain
principles, but are not elaborated in all details. To deal with these details, for
examle special failure criteria like delamination and anchoring, more laboratory
work and testing is necessary.

The efficiency factor is derived in order to take the nature of a cementitious
composite into consideration in design models for different strengthenings, i.e.
compensating for incomplete penetration, the rule of mixtures, and curvatures.
Typical values of the efficiency factor for the specific tested composite on wh-
est-beams vary between 0,20—0,28. On large scale test beams strengthened for
bending, the composite proved to be more effective and accordingly the tested
efficiency factor reached up to 0,54. Efficiency factors obtained from whest-
beam tests then give a conservative value of the load capacity in design of a full
scale strengthening, i.e. a design on the safe side. The accuracy of the efficiency
factor obtained from whest-beam tests is dependent on that test method and
obviously the factor changes with the field of application for the composite. The
precision of whest-beam tests is on the other hand satisfactory since repeated
tests of the same composite give the same efficiency factor.

The efficiency factor is an individual property for each different composite
design and strengthening process. This implies that the efficiency factor has
to be evaluated for every new composite. It also means that models that in-
clude the efficiency factor are very useful and can be used during the further
development of cementitious strengthening composites.
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Flexural strengthening can be treated with simple and accurate mechani-
cal models, based on the traditional linear strain distribution. The tests have
shown that the distribution of cracks on the concrete beam is important for
the efficiency of the composite, i.e. the value of the efficiency factor. A finer
distribution with closely spaced fine cracks is more favourable than a few large
cracks. The strengthening itself affects the crack distribution in a favourable
way, especially if they are applied to a previously uncracked beam.

The complexity of shear theory makes it hard to rely on anything else than
an empirical model in the design situation. The lack of tests with strengthen-
ings made of cementitious composites prevents a compilation of an empirical
model for cementitious shear strengthenings. With a reliable efficiency factor
the proposed model is very likely to be accurate. Because of the difficulties
separating the reduction for utilized stress in the composite from the efficiency
factor, η, in these tests it is impossible to give a certain value of η. It is however
likely to be 0,2—0,3 for this specific mix of fibre and matrix.

A more analytical analysis with for example a FEM calculation is compli-
cated since the mechanical properties and the mode of action of the composite
are not sufficiently verified.
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Chapter 6

Conclusions and Further
Research

6.1 Conclusions

6.1.1 In General

There is a large world-wide need for simple and reliable methods to repair
and strengthen aging infrastructure and buildings. The use of cementitious fi-
bre composites offers several advantages over the existing methods. No other
work on strengthening of structural concrete with cementitious composites re-
inforced with continuous high strength fibres was identified when the present
work started in 1998. At present time, 2003, it still is a new technique and very
little research has been internationally reported. In the last five years only this
work and the work of Pareek [59] have been reported in this particular area of
research.

Due to the novelty of this technique no specially adapted materials are avail-
able and ready for use in cementitious composites.

The large scale tests in this project and the work of Pareek [59] have proven
that this method works and has great potential for future use.

6.1.2 Cementitious Carbon Fibre Composites as Strength-
ening Material

Characteristic Properties

In the first chapter the obvious and presumed advantages of a cementitious
strengthening composite, which were the reasons to initiate this work, were
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listed. Besides these the following characteristic properties have been verified
in this work.

• A carbon fibre reinforced cementitious strengthening composite is very
thin (approx. 5 mm), which means that it adds a negligible depth and
weight to the strengthened structure.

• Incomplete penetration causes a less effective use of the fibres than in
a fibre reinforced polymer. In the tests with the whest-beam the best
cementitious composites achieved 65% of the effectiveness of a fibre re-
inforced polymer with the same carbon fibre content. In the large scale
tests, reported in chapter 4, the corresponding value was approximately
50%. However, a complete penetration might not be desirable since the
ductility due to the pullout behaviour is a result of incomplete penetration.

• The ductility accompanying the pullout failure due to the incomplete pen-
etration of the fibre bundles is a desirable property of a strengthening
material.

• The material of the strengthening composite is easy and safe to work with.
The execution of a strengthening of this type is fast and the possibility
of achieving an even quality is good. The lightness of the fibres, the few
tools necessary, and the possibility of adding the water to the matrix on
site makes the system easy to transport, which can be of importance when
accessing, for example, a railroad bridge in an area without roads.

• The polymer modified mortar used in this work has proved to harden
relatively fast. The composite can be estimated to reach 75—85% of its
final strength after 72 hours, depending on the thickness of the composite.
However, the curing time is long compared to the curing time of fibre
reinforced polymers.

Opportunities

Some favourable properties, which have not been verified by this work, are listed
below to be regarded as opportunities of a cementitious carbon fibre reinforced
composite as strengthening material.

• With components like carbon fibres and cement mortar the possibilities
of achieving a durable product are very good.

• The possibility of strengthening large concrete areas with a moisture per-
meable material.

• A cementitious strengthening composite is likely to be more environmen-
tally friendly than, for example, fibre reinforced polymers composites or
plate bonding with epoxy.
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• The fire resistance has not been studied in this work but it is likely to be
better than that of a fibre reinforced polymer.

Uncertainties

The following aspects have not been investigated in this work and could be con-
sidered as possible threats to the further development and use of cementitious
carbon fibre reinforced composites as strengthening material if they turn out in
an unfavourable way.

• Long-term behaviour and durability.

• An upper limit for the possible load capacity of a cementitious composite
regarding the interlaminar bond or the anchorage has not been identified.

The future of this strengthening technique will also depend on economic
resources for further research, and on the development of specially adapted
materials.

6.1.3 Design Methods

The principles of the design methods formulated for strengthening of structural
concrete with fibre reinforced polymer composites can be used also for cementi-
tious composites. The methods can be adapted for cementitious composites by
introducing an efficiency factor.

Flexural strengthening can be treated with simple and accurate mechani-
cal models, based on the traditional linear strain distribution and equilibrium
equations of a plane cross section.

Shear strengthenings of concrete beams with no or little shear reinforcement
can be based on an addition model. Truss models can also be used.

The design models in this thesis are based on certain principles, but are
not elaborated in all details and are therefore mentioned below under “Further
Research”.

6.1.4 The WHEST-beam as Test Method

The whest-beam was found to be an adequate and practicable test method for
the type of composites used in this work. It can be used for further material
testing of cementitious composites.

Thewhest-beam was found to represent an extreme strengthening situation
with large strains over one single crack. Accordingly the efficiency factors,
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η, obtained from these tests were clearly on the safe side compared to those
calculated from the large scale tests reported in chapter 4.

A limitation of the whest-beam is that only composites with limited fibre
contents can be adequately tested. If a too strong composite is applied, the
whest-beam fails in shear. The whest-beam could possibly be strengthened
for shear to a certain extent or cast with stronger concrete to expand this
limitation.

6.1.5 Contact Free Strain Monitoring

The relatively new technique of contact free strain monitoring that was used in
the large scale tests seems promising and is likely to be used more in the future.

6.2 Further research

The further research in this area would benefit by a division into three dis-
ciplines. The first with the emphasis on material issues, a second, as a con-
tinuation of this work, concentrated on structural aspects, and a third aiming
at developing production processes and related questions. Besides these three
technical disciplines an economic evaluation would be valuable. Suggestions for
further research within the first three areas respectively are listed below.

6.2.1 Materials Research and Development

Improved Efficiency

The main purpose of further material research is to develop the cementitious
matrix to increase the efficiency factor of the composite. This could be done in
three ways:

• By development of the matrix itself regarding optimized workability, abil-
ity to penetrate fibre bundles, and mechanical properties. The use of fine
ground cement, silica fume, and different types of polymers and additives
should be further investigated. A suitable rheological behaviour of the
matrix will lead to good penetration of the carbon fibre bundles.

• By adaptation of a carbon fibre weave for use in cementitious matrices,
aiming at enhanced penetration followed by an increased efficiency factor.
The adapted weave should be thin, probably between 50 and 100 g/m2

and more or less unidirectional. The sizing should be water soluble so the
filaments in the fibre bundle can easily be separated and enclosed by the
matrix.
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• By improvement of the bond between fibres and matrix. The silane treat-
ment reported in chapter 3 was promising and should be further investi-
gated regarding different parameters involved in the treatment, see [7].

Durability

Some durability issues that can be classified as material research are freeze and
thaw resistance, fire resistance, permeability, and abrasive resistance.

6.2.2 Mechanical and Structural Aspects

Mechanical properties

Test methods and standards to evaluate and determine mechanical properties
of the strengthening composite have to be established. These properties are
important input to, for example, finite element models of strengthenings. In
particular, a test method to obtain the modulus of elasticity of a cementitious
composite is wanted. Possibly the deflection of the whest-beam could be re-
lated to the elastic modulus.

Long-term Behaviour

Important issues concerning the long-term behaviour of a cementitious compos-
ite such as fatigue and creep have to be investigated.

Design

Perhaps the most extensive research programme in the field of mechanical and
structural aspects on cementitious composites is the further development of
design models. The following topics have to be addressed.

• The range of application for cementitious composites and the standard
specifications, rules, and regulations that should be used for the design.
Formalities like notation could also be addressed.

• The material properties to be used for design purposes have to be defined,
both concerning the composite itself and the existing structure. Much
work has been done on the assessment of existing structures and could
possibly be used here.

• General rules and design models for both flexural and shear strengthening
in the ultimate limit state should be settled. Further areas of research are
torsional strengthening, the effect of confinement in compression members,
etc.
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• The design of cementitious composites in the serviceability limit state is a
hitherto unexplored, but very important area.

• Some special failure criteria have to be studied to achieve a complete
design guide for cementitious composites. These are the determination of
the anchorage length of a composite, the influence of shear force on the
anchorage length, failure between concrete and composite (for example
shear delamination and peeling), failure in the concrete in the tensile
zone.

6.2.3 Production Engineering and Control of Working

The Preparation of the Concrete Surface

Before the execution of a strengthening on site, a number of demands and
check points have to be fulfilled. The task in this research area is among other
things to specify these regarding definitions, test methods and limiting values.
Examples are

• The quality and strength of the existing concrete.

• The roughness of the concrete surface.

• The permissible curvature of the concrete surface.

Methods and verification for the removal of the laitance layer and possible
special pre-treatments of the surface can also be included in the work.

Weather and Environmental Conditions

Limitations and recommendations for acceptable weather and environmental
conditions for use of cementitious composites must be formulated. Possibly
suggestions on actions to expand the admissible limits are also necessary.

Technique

An important task is to try out methods and possible machine equipment for
the application of matrix and fibres. Spraying of the matrix should, for example,
be evaluated.

A manual of instruction for the workers has to be produced and possibly
instructions for certification of the labour force. Security and environmental
aspects should be dealt with as well.

122



6.2. FURTHER RESEARCH

Supervision and Quality Assurance

Methods for the quality verification of the completed strengthening regarding
widely differing quantities such as, for example, bond and craftsmanship, have
to be prepared.
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