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Summary

The increasingly faster changing demands to existing buildings and ongoing deterioration
of buildings and infrastructure have increased the need to strengthen existing structures.
One of developments during the last two decades is the use of externally bonded Carbon
Fiber Reinforced Polymer (CFRP) reinforcement to strengthen existing concrete structures.
Failure of CFRP strengthened concrete structures is generally initiated by debonding of the
CFRP reinforcement from the concrete surface. It can be expected that the debonding is
affected by temperature, due to the significant difference in the coefficient of thermal
expansion between concrete (o = 10 x 10°® /°C) and CFRP (os = -1 x 10°® /°C in the fiber
direction) and due to the change in material properties at elevated temperatures,
especially those of the adhesive.

So far, only a limited amount of research has been carried out into the effect of
temperature on the debonding behavior of externally bonded CFRP. Moreover, the
available research has mainly been carried out with small scale test setups, while full scale
CFRP strengthened structures could be affected by temperature in a different way. In this
research project, the effect of temperature on the CFRP strengthening of concrete
structures has been investigated both with small scale bond tests and with full scale
beams, strengthened in flexure. Experimental results have been verified by numerical
simulations of the tests by means of finite element analyses.

First the effect of temperature was investigated with small scale bond tests, for which two
different types of test setups were used; the double-lap shear test and the three-point
bending test. With both test setups, the capacity of the joint initially increased with
increasing temperatures up to the glass transition temperature of the adhesive (T, = 62°C).
Above this temperature, the type of failure changed from cracking in the concrete
adjacent to the concrete-adhesive interface, leaving a small layer of concrete remaining
attached to the adhesive, to failure exactly in between the concrete and the adhesive. This
was accompanied by a significantly reduced, but also scattering bond strength.

The results of the numerical simulations confirmed the experimental results and showed
that the increasing failure load with increasing temperature, up to the glass transition
temperature, was mainly related to the difference in coefficient of thermal expansion
between concrete and CFRP. This can be explained with the development of thermal shear
stresses that are mainly concentrated at the plate-ends. These shear stresses acted at
elevated temperature in the opposite direction as the shear stresses due to loading. Other
observed effects of temperature were a reduced Young’s modulus and creep of the
adhesive, especially close to and above the glass transition temperature of the adhesive.
Both effects caused a decrease in the peak in thermal shear stresses close to the plate-
end, but did not have a significant effect on the failure load.




Additionally to the small scale bond tests, an experimental test program was set up to
investigate the influence of temperature on full scale beams that were strengthened in
flexure with externally bonded CFRP reinforcement. Four different beam configurations
were investigated, each at three different temperatures, 20°C, 50°C and 70°C. Test results
showed that the type of bond failure and the capacity of the beams that were tested at
50°C were not significantly affected by the temperature increase. At 70°C, the type of
failure did not change or changed only partly, from failure in the concrete to failure
exactly in the concrete-adhesive interface. This can be explained by the temperature cycle
that was applied during heating of the beam to 70°C. A temperature cycle increases the
glass transition temperature of the adhesive. Hence, the load capacity was not
significantly affected at 70°C, except for the beam with a relatively short laminate length.
This beam was designed to fail after debonding in the end anchorage zone. It turned out
that the beams where failure initiated after cracking exactly at the plate-end or debonding
close to the plate-end were more sensitive to the effects of temperature compared to the
beams that failed after debonding further away from the plate-end. This can be explained
by the fact that most effects of temperature, like the development of thermal stresses and
the lower Young’s modulus and creep of the adhesive at elevated temperatures, mainly
affect the (shear) stress distributions close to the plate-end, and not significantly further
away from the plate-end.

Finite element analyses of the full scale tests confirmed the findings of the experiments
and were able to simulate the experiments both qualitatively and quantitatively. The
performed full scale experiments and nonlinear numerical analyses, that can be regarded
to be unique, provided a good insight in the effects of temperature on the strengthening
of concrete structures with externally bonded CFRP, but also provided insight in the
debonding behavior in general. The most important conclusion of the research is that the
influence of temperature can safely be neglected up to about 10°C below the glass
transition temperature of the adhesive. CFRP strengthened concrete structures should not
be exposed to higher temperatures, as the capacity can suddenly drop above the glass
transition temperature. Higher temperatures can be allowed by applying an adhesive with
a higher glass transition temperature.




Samenvatting

De vraag om constructies te versterken is de afgelopen decennia sterkt toegenomen door
de steeds sneller veranderende eisen aan bestaande gebouwen en de achteruitgang van
bestaande bouwkundige en civiele constructies. Een van de meest recente ontwikkelingen
op dit gebied is het gebruik van uitwendig opgelijmde koolstofvezelwapening ter
versterking van bestaande betonnen constructies. Het bezwijken van met
koolstofvezelwapening versterkte betonnen constructies wordt over het algemeen
voorafgegaan door het onthechten van de koolstofvezelwapening van het
betonoppervlak. Het valt te verwachten dat het (ont)hechtgedrag wordt beinvioed door
temperatuur, gezien het significante verschil in uitzettingscoéfficiént tussen beton
(0 =10 x 10° /°C) en koolstofvezelwapening (as = -1 x 10° /°C in vezelrichting) en de
verandering van verschillende materiaaleigenschappen bij verhoogde temperatuur,
voornamelijk die van de lijm.

Tot nog toe is er slechts een beperkte hoeveelheid onderzoek uitgevoerd naar de invioed
van temperatuur op het onthechten van uitwendig opgelijmde koolstofvezelwapening.
Bovendien zijn de onderzoeken die zijn uitgevoerd hoofdzakelijk onderzoeken met kleine
verschaalde proefstukken, terwijl koolstofvezelversterkte betonconstructies van normale
grootte mogelijk op een andere manier door temperatuur worden beinvloed. Het effect
van temperatuur op de versterking van betonconstructies met uitwendig opgelijmde
koolstofvezelversterkte is in dit onderzoeksproject zowel met kleine proefstukken als met
grote, op buiging versterkte, balken onderzocht. De resultaten van de experimenten zijn
geverifieerd met numerieke simulaties op basis van de eindige elementen methode.

Als eerste is de invloed van temperatuur met kleine hechtproeven in twee verschillende
testopstellingen onderzocht, de ‘double-lap shear test’ en de drie-punts-buigproef. In
beide testopstellingen bleek dat de capaciteit toenam met toenemende temperatuur, tot
aan de glas-rubberovergangstemperatuur van de lijm (T, = 62°C). Boven deze temperatuur
veranderde het onthechtingsgedrag, van onthechten door het scheuren van het beton
evenwijdig aan de beton-lijm interface, waarbij een dunne laag beton op de lijmlaag
achterbleef, naar het onthechten precies tussen het beton en de lijmlaag in. Deze
verandering ging gepaard met een significante afname, maar ook grotere spreiding van de
hechtsterkte.

De resultaten van de numerieke simulaties bevestigden de experimentele resultaten en
lieten zien dat de toenemende bezwijklast met toenemende temperaturen, tot aan de
glas-rubberovergangstemperatuur, voornamelijk veroorzaakt werd door het verschil in
uitzettingscoéfficiént tussen beton en koolstofvezelwapening. Dit verschil resulteerde in
thermische schuifspanningen in het beton, evenwijdig aan de lijmlaag, die zich
voornamelijk aan het einde van de koolstofvezelwapening concentreerden. Deze
schuifspanningen werken in de tegenovergestelde richting als de schuifspanningen door
het belasten van de proefstukken, wat de toenemende bezwijklast met toenemende
temperatuur (tot T,) verklaart.




Andere effecten van temperatuur die werden waargenomen tijdens de proeven waren
een afnemende stijfheid en kruip van de lijm bij verhoogde temperaturen, vooral vlak voor
en boven de glas-rubberovergangstemperatuur. Beide effecten veroorzaakten een afname
van de (thermische) schuifspanningspieken aan het einde van de koolstofvezelwapening,
maar hadden geen significant effect op de bezwijkbelastingen.

Na de hechtproeven werd een testprogramma opgezet om de invloed van temperatuur
op, met uitwendig opgelijmde koolstofvezelwapening versterkte, betonnen balken van
normale grootte te onderzoeken. Vier verschillende balkconfiguraties zijn onderzocht, elk
bij drie verschillende temperaturen, te weten 20°C, 50°C en 70°C. De resultaten lieten zien
dat bij 50°C de wijze van onthechten en de capaciteit van de balken niet significant
beinvlioed werden door de temperatuur. Bij 70°C veranderde het type onthechten niet of
slechts gedeeltelijk, van onthechten in het beton naar onthechten precies tussen de lijm
en het beton in. Dit kan waarschijnlijk verklaard worden door de temperatuurscyclus die
was toegepast gedurende het verwarmen van de balk naar 70°C. Een temperatuurscyclus
verhoogt namelijk de glas-rubberoverganstemperatuur van de lijm. De bezwijkbelasting
was daardoor ook niet significant beinvloed op 70°C, met uitzondering van de balk met
een relatief korte koolstofvezelwapeningsstrip. Deze balk was ontworpen om te bezwijken
na onthechten in de eindverankeringszone. Het bleek dat de balken waarbij het bezwijken
geinitieerd werd door een scheur precies aan het einde of onthechten vlak bij het einde
van de koolstofvezelwapening gevoeliger waren voor de invloed van temperatuur dan de
balken waarbij het onthechten op een plaats verder weg van het einde begon. Dit kan
worden verklaard door het feit dat de meeste temperatuurseffecten, zoals het ontstaan
van thermische spanningen en een lagere stijfheid en kruip van de lijm bij verhoogde
temperaturen, voornamelijk de spanningsverdeling vlak bij de einden van de
koolstofvezelwapening beinvioeden, en niet verder weg van de einden.

De eindige elementen analyses van de balken bevestigden de bevindingen van de
experimenten en waren in staat om het onthechten zowel kwalitatief als kwantitatief te
simuleren. De uitgevoerde proeven en niet-lineaire analyses, welke als uniek kunnen
worden beschouwd, gaven een goed inzicht in de effecten van verhoogde temperatuur op
de versterking van betonconstructies op buiging met uitwendig opgelijmde
koolstofvezelwapening, maar gaven ook inzicht in het onthechtingsgedrag in het
algemeen. De belangrijkste conclusie van het onderzoek is dat, tot ongeveer 10°C onder
de glas-rubberovergangstemperatuur, de invloed van temperatuur kan worden
verwaarloosd. Het blootstellen van een met koolstofvezelwapening versterkte
betonconstructies aan hogere temperturen moet worden voorkomen, omdat de capaciteit
plotseling sterk terug kan lopen. Door het toepassen van een lijm met een hogere glas-
rubberovergangstemperatuur kunnen hogere temperaturen toegelaten worden.
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1 Introduction

1.1 General

Strengthening of existing structures has become increasingly important in the
construction industry nowadays and is being applied more and more often due to several
reasons. First of all, ongoing deterioration of structures and a rise in the number of faults
in design and execution has increased the need for structural upgrading of existing
structures. Furthermore, our demands to buildings are changing faster and faster,
resulting in an increased need to adjust existing structures far before the end of their
initially intended life span. Moreover, many civil structures are in the need of upgrading
due to a traffic load increase. These developments have led to a significant growth in the
number of repair and strengthening applications worldwide.

From an environmental and economical point of view, it is generally preferred to
strengthen an existing structure instead of demolishing it and subsequently rebuilding it.
Strengthening of a structure is in most cases less expensive and less interfering compared
to rebuilding. Moreover, it is generally faster than rebuilding, which reduces closure of
bridges and buildings to a minimum.

One of the recent developments in the strengthening industry is the use of externally
bonded Fiber Reinforced Polymer (FRP) reinforcement for strengthening of existing
structures, such as reinforced concrete, steel, timber and masonry structures. Last decade
FRP has become increasingly popular as a strengthening material given the increasing
number of FRP strengthening applications worldwide.

Design guidelines for the application and use of externally bonded FRP for strengthening
of concrete structures, like fib-Bulletin 14 (fib 2001) in Europe and ACI 440.2R-02 (ACI
2002) in the USA, have been published in the beginning of this century. In these
guidelines, available knowledge at the time of publishing was gathered and design rules
for a safe application are given. The availability of these design guidelines has contributed
to the rapid increase in the number of applications. These guidelines are, however, still
conservative and restricted in their field of application, as they mainly deal with the
subjects that were sufficiently investigated at the time of publishing. Most guidelines will
be updated in the future, as various topics related to the FRP strengthening technique are
subject of ongoing research and development.

The main property governing the design of a FRP strengthening application is the
debonding of the externally bonded FRP, which is generally initiated well before the
tensile strength of the FRP reinforcement is reached. An extensive amount of research
into this debonding behavior has led to the development of various analytical models of
which some are incorporated in the current design guidelines. Although these guidelines
provide reliable models taking into account the debonding of the FRP, there is still no
complete agreement amongst international experts on the debonding mechanisms that
represent the actual behavior the best.




Despite the amount of research that has been carried out so far, there are still some
research needs in the field of externally bonded FRP. One of these research needs, which
so far has received only little attention, is the effect of temperature on the FRP
strengthening of concrete structures.

1.2 Scope of the research

The acceptance of the FRP strengthening technique in the construction industry is closely
related to the level of confidence of structural engineers, building authorities and owners
in this technique. A sufficient level of confidence can be reached by good experience with
and understanding of the behavior of FRP strengthened structures in various
circumstances. A good understanding of the behavior at normal, but also at low and
elevated temperatures is therefore essential for the acceptance of the technique.

Harries et al. (2003) conducted a survey into the research needs in the field of FRP
materials in concrete applications amongst the members of ACI subcommittee 440-D (FRP
research). It turned out that ‘durability’ and ‘fire resistance’ were perceived as the most
important research needs. One of the durability aspects in this survey, which is also closely
related to fire resistance, was the effect of temperature on the behavior of a FRP
strengthened structure. Karbhari et al. (2003) carried out a study in which critical gaps in
the available data on the durability of both externally bonded and internal FRP
reinforcement were identified and prioritized. It was concluded that, amongst others,
there is a lack of available data about the behavior of FRP strengthened structures in the
case of fire and when subjected to thermal effects, like elevated temperatures and freeze-
thaw cycling.

In the current design guidelines, the effect of fire on a FRP strengthened concrete
structure is taken into account as an accidental load case, in which the contribution of the
FRP is neglected. This means that after loss of the FRP, the structure should be able to
resist the loads with safety factors (load and material factors) equal to 1.0. In this way,
sudden collapse of the FRP strengthened structure after accidental loss of the bond
between FRP and concrete, for example due to fire or vandalism, is prevented. This
restriction limits the maximum possible strengthening ratio to the difference in the safety
factors between the accidental load case and the ultimate load case.

Deuring (1994), Meier (1995), Blontrock (2003), Bisby et al. (2005), Williams et al. (2006),
Gamage et al. (2006), Kodur et al. (2006) and others have investigated the response to fire
of concrete structures that are strengthened with externally bonded FRP. The bond
between concrete and FRP was found to be lost at temperatures close to or above the
glass transition temperature of the adhesive (T,). It was concluded that fire protection has
to be designed such that the adhesive temperature stays below the glass transition
temperature of the adhesive (with a certain tolerance) for a sufficient long period, to
allow for the evacuation of people from the building.




The effect of changes in the ambient temperature on the behavior of the FRP
strengthening of a concrete structure is currently assumed to be negligible within a certain
temperature range. This temperature range is given in the design guidelines and/or by the
manufacturer of the FRP/adhesive system. fib-Bulletin 14 (fib 2001) , for example, defines
an upper limit for the maximum shade air temperature in service, which is equal to the
glass transition temperature of the adhesive according to EN 12614 (CEN 2004a) minus
20°C. Below this temperature, the effect of temperature can be neglected. This
assumption has however never been investigated thoroughly.

The behavior of the FRP strengthening could possibly be affected by an ambient
temperature change, given the significant difference in the coefficient of thermal
expansion between concrete (o = 10 x 10° /°C) and for example Carbon Fiber Reinforced
Polymer reinforcement (CFRP) (o = -1 x 10°® /°C in the longitudinal direction). This thermal
mismatch will induce thermal stresses in the concrete-adhesive-FRP joint, which may
affect the structural behavior. Moreover, the material properties of concrete, adhesive
and FRP and the bond between these materials are likely to be affected by changes in
temperature. Increasing the temperature especially has a negative effect on the adhesive
properties, even below the glass transition temperature (Plecnik et al. 1980). For this
research project, it was decided to focus on the effect of ambient temperature (changes)
on the behavior of the FRP strengthening of (reinforced) concrete structures.

1.3 Research objective

Many FRP strengthening applications are being applied in outdoor situations and are being
exposed to various temperature conditions during their life span (Figure 1-1). The ambient
temperature in Western Europe for example ranges from about -20°C up to about 40°C in
extreme conditions. In specific applications, temperatures could even reach higher
temperatures, due to direct or indirect (for example under a layer of asphalt) exposure of
the FRP to the sun (Figure 1-2).

{ A v Eor T & 4
Figure 1-1: Abplication of CFRP laminates in cold  Figure 1-2: CFRP laminates that are, after
weather conditions (Busel and White 2003) applying asphalt, indirectly exposed to the sun

(Busel and White 2003)




Even in the moderate climate of the Netherlands, asphalt can reach temperatures up to
65°C in the summer. For a safe application of externally bonded FRP reinforcement, the
behavior of the FRP strengthening in these extreme temperature conditions should be
known. It was decided to adopt an ambient temperature range between -20°C and +80°C
in this research project, which will cover the outdoor temperature conditions for a large
part of the world.

So far, only a limited amount of research into the effect of ambient temperature has been
carried out (Tadeu and Branco 2000; Di Tommaso et al. 2001; Blontrock 2003; Wu et al.
2005; Gamage, Al-Mahaidi, and Wong 2006; Leone, Aiello, and Matthys 2006). These
investigations have shown that the failure load and the type of failure are affected by
temperature changes, although contradictory results have been reported (Chapter 3).
Moreover, these investigations only have been carried out with small scale bond tests,
while debonding in full scale structures is much more complex and cannot fully be
understood by the bond behavior in these small scale tests. It was therefore decided to
investigate the effect of temperature on both small scale specimens and full scale beams
that are strengthened in flexure with externally bonded CFRP. Only CFRP reinforcement
(based on carbon fibers) is investigated, as this is the most common type of FRP
reinforcement in the construction industry at the moment.

The objective of this research project is to investigate the influence of ambient
temperature on the strengthening of concrete structures in flexure with externally bonded
CFRP.

1.4 Outline

In this first chapter, a brief overview of the scope and objective of the research project is
given. In Chapter 2, the basics of the FRP strengthening technique and the different types
of debonding that can be distinguished in literature for FRP strengthened concrete
structures are discussed. Chapter 3 deals with the state of the art with respect to the
effect of ambient temperature on FRP strengthened concrete structures.

In Chapter 4, the effects of temperature on the material properties of concrete, internal
steel reinforcement, adhesive and FRP are discussed, while in Chapter 5 the effects of
temperature on the bond behavior of the concrete-adhesive-CFRP joint are described,
including the results of the bond tests that have been carried out. In order to get a better
insight in the bond behavior of the joint at low and elevated temperatures, finite element
analyses with the FE-code DIANA were performed. The results of these analyses are
presented in Chapter 6.

The behavior of flexural CFRP strengthened concrete beams, which were designed to fail
by different types of debonding, was studied at various temperatures by full scale
experiments as well as by FE-analyses. The results are presented in, respectively, Chapters
7 and 8. In Chapter 9, the gathered knowledge is summarized and discussed. In Chapter
10, finally, the conclusions and recommendations are given.
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2 Strengthening of structures with externally bonded FRP

2.1 Introduction

In this chapter a brief overview of the FRP strengthening technique for concrete structures
is given. The properties of the involved materials, like the adhesive and the FRP are
discussed, as well as the available strengthening techniques. In Section 2.4, an overview of
the different failure modes that can be distinguished in literature for FRP strengthened
structures is given. The focus will be on the debonding of externally bonded FRP, as the
design of a FRP strengthened structure is generally governed by this type of failure.

2.2 FRP reinforcement

2.2.1 General

Fiber Reinforced Polymer (FRP) materials are widely used in many industries nowadays,
like the airline industry, the car industry and the construction industry. Important
application fields in the construction industry are the strengthening of existing structures
with externally bonded FRP reinforcement and the reinforcement of concrete structures
with internal FRP bars (fib 2001). Another upcoming application field is the application of
FRP composite bridge decks (Zureick, Shih, and Muley 1995).

FRP reinforcement is a composite that is composed of small fibers (J 5-20 um) embedded
in a polymer matrix (fib 2001). The most commonly used high performance fibers for FRP
reinforcement are carbon, aramid and glass fibers. The main differences between these
types of fibers are the resistance against (aggressive) environmental influences and the
mechanical properties (Feldman 1989; Kim 1995; fib 2001). Carbon fibers are in most
cases preferred in the construction industry, as they have excellent resistance against UV-
light, moisture and chemical influences and they have good mechanical properties, like a
high strength and high Young’s modulus (Table 2-1). Glass fibers are generally cheaper
compared to carbon fibers, while aramid fibers have a better impact resistance and a
lower density (NetComposites 2006).

Table 2-1: Mechanical properties of fibers (fib 2001)

Young’s modulus Tensile strength Ultimate tensile strain
[IN/mm’] [IN/mm’] [%]
Aramid 70,000 - 130,000 3500 - 4100 2.5-5.0
Carbon 215,000 - 700,000 2100 - 6000 0.2-23
Glass 70,000 - 90,000 1900 - 4800 3.0-5.5




The fibers in FRP reinforcement are generally embedded in a polymer matrix. The main
function of the polymer matrix is to spread the load between the individual fibers and to
protect the fibers against environmental influences, like moisture, corrosion and wear
(NetComposites 2006). Polymers are formed from a non-reversible chemical reaction by
mixing a resin with a hardener or catalyst. The polymer matrix is usually a polyester,
vinylester or epoxy, which are all thermosetting polymers, also referred to as thermosets
(Table 2-2) (Morgan 2005). The major property of thermosetting polymers is that they,
once cured, will not become liquid anymore when heated, although the mechanical
properties will change from a glass-like material to a more rubber-like material at a certain
temperature. This temperature is generally referred to as the glass transition temperature
(Tg). Around this temperature, the mechanical properties, like the Young’s modulus and
strength, will drop significantly. Cooling down from a temperature above T, to a
temperature below T, will reverse the change in mechanical properties back to the
original properties. The glass transition temperature can vary significantly amongst the
various available polymer matrix materials (Table 2-2).

Table 2-2: Mechanical properties of polymer matrix materials (Morgan 2005)

Young’s modulus  Tensile strength Ultimate tensile Glass transition

[N/mm?] [N/mm?] strain [%] temperature [°C]
Polyester 3200 -3500 60 -85 2-5 100 -140
Vinylester 3300 70-80 5-6 210-340
Epoxy 2000 - 4000 80-150 1-8 50 -260

FRP reinforcement, both as internal reinforcement bar and as externally bonded laminate,
is fabricated in a pultrusion process, by pulling fibers from a creel through a polymer
matrix (NetComposites 2006) (Figure 2-1). The polymer matrix and fibers are then pulled
through a heated die, where the fibers are impregnated and the material is cured and
shaped. At the end of the process the reinforcement is cut to length.

Creel Cloth
racks Material Cut off saw Finished product

A guides Heated Pulling mechanisms
\Q / \ die  engaged disengaged

\

L —

o4

Preforming Polymer Hydraulic rams
guides Preheater jnjection Pressurised resin tank

Figure 2-1: Pultrusion process for FRP laminates (NetComposites 2006)




The stress-strain relation of FRP reinforcement is linear elastic up to failure, which implies
that it fails brittle. Figure 2-2 shows the variation in the stress-strain relations for different
types of FRP reinforcement that are produced with carbon, aramid and glass fibers, as well
as for steel.

6000

5000
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2000

Stress [N/mm?]

1000

e

O T T T T

0 0,01 0,02 0,03 0,04
Strain [-]

Figure 2-2: Uni-axial stress-strain relations in tension for uni-directional FRPs and steel (fib 2001)

2.2.2 Internal FRP reinforcement

Internal FRP reinforcement is produced as a bar (Figure 2-3), also referred to as a rod,
which can be used as replacement for traditional steel reinforcement (Figure 2-4). Due to
the relative high costs of FRP reinforcement, applications are still limited to specific
situations, e.g. to avoid corrosion in highly aggressive environments, like in marine
environments and in the chemical industry, and in situations where electromagnetic
neutrality is required, like for magnetic railway systems and scanning facilities in hospitals
(Pilakoutas 2000).

Figure : GFRP reinforcéh)en bars Figure 2-4: Application of GFRP reinforcement bars in
(Schéck 2004) a bridge deck in Canada (Hughes Brothers 2007)
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2.2.3  Externally bonded FRP reinforcement

The focus in this thesis is on externally bonded FRP reinforcement for strengthening of
(concrete) structures. Extensive information about externally bonded FRP reinforcement
can be found in fib-Bulletin 14 (fib 2001). Strengthening of concrete structures was
traditionally being carried out with externally bonded steel strips. Applying steel strips has
however several disadvantages, like the need for protection against corrosion, the heavy
weight, resulting in the need for scaffolding during the curing process, and the limitation
in the plate length. Applying FRP reinforcement instead of steel strips eliminates these
disadvantages, due to its non-corrosiveness, low weight, high strength and the possibility
to produce the FRP reinforcement in basically any length. FRP reinforcement is, however,
more expensive than steel. For every strengthening application, it should be evaluated
which material is the best for that specific situation. The two most important types of
externally bonded FRP reinforcement are the prefabricated FRP laminates and the FRP
fabrics, which are used for the so called wet lay-up system (Matthys 2000).

2.2.3.1 Externally bonded FRP laminates

The majority of FRP strengthening applications is carried out by bonding prefabricated FRP
laminates to a concrete structure. Most prefabricated laminates are produced with carbon
fibers that are oriented in one direction and are therefore referred to as uni-directional
CFRP laminates (fib 2001). The mechanical properties of these laminates in the fiber
direction are different from those in the direction perpendicular to the fiber direction.
Table 2-3 shows the typical properties of uni-directional CFRP laminates in the fiber
direction. It is also possible to produce multi-directional FRP laminates, with fibers in more
than one direction, by using fabrics in the pultrusion process.

Table 2-3: Typical mechanical properties of CFRP laminates in the fiber direction (fib 2001)

Young’s modulus Tensile Ultimate Glass transition
strength tensile strain temperature
[N/mm’] [%] [°c]
[N/mm’]
Low Young’s modulus 170,000 2800 1.6 100 -140
High Young’s modulus 300,000 1300 0.5 210-340

FRP laminates can be used for strengthening of a concrete structure in flexure but also in
shear. Before applying a FRP laminate, one has to make sure that large unevenness of the
concrete surface is removed. The concrete surface also has to be roughened, for example
by sandblasting, and cleaned, to provide a good bond surface. After applying the adhesive
(Section 2.3) (Figure 2-5), the laminate can be applied to the concrete surface by hand
(Figure 2-6). Air in between the concrete and FRP laminate has to be removed, e.g. by
applying pressure to the FRP laminate by hand or a roller. Most polymer adhesives, like
epoxy, are cold curing. It is however possible to accelerate the curing process by applying
heat.




i
Figure 2-5: Applying the adhesive with a special ~ Figure 2-6: Externally bonded CFRP laminates
device (Sika 2004) under a bridge (Sika 2004)

2.2.3.2  Externally bonded FRP fabrics

The second type of FRP strengthening system is the so called wet or hand lay-up system
(fib 2001) (Figure 2-7). For this system, the FRP reinforcement is produced as woven,
knitted, stitched or bonded fabrics (fib 2001; NetComposites 2006) (Figure 2-8). A fabric is
generally composed of several layers of fibers. Fabrics can be uni-axial, woven (0° and
90°C fiber direction) or multi-axial (multiple fiber directions). In uni-axial fabrics the
majority of the fibers are oriented in one direction, while a small amount of fibers is
applied in the perpendicular direction to keep the fibers in place. It is also possible to use
different types of fibers in one fabric, like carbon/aramid fabrics, which combines the high
impact resistance and tensile strength of aramid fibers with the high compressive and
tensile strength of carbon, or carbon/glass fabrics, where the glass fibers reduce the costs
of the fabric (NetComposites 2006).

Figure 2-7: Applying the wet lay-up fabrics igue 2-8: Dlerent types of wet lay-up fabrics
(Mapei 2001) (Sika 2006)
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The flexible fabrics are bonded to the concrete surface with a polymer adhesive that takes
care of both the impregnation and the bonding. A roller or a brush can be used to apply
the adhesive. Generally more than one layer of fabric has to be applied to obtain the
required capacity. An advantage of the wet lay-up system is that it can be applied in
different shapes and that the surface does not need to be straight, but can, for example,
also be curved. Strengthening over sharp corners should however be avoided in order to
prevent damage to the fibers. A disadvantage of the wet lay-up system is the fact that the
quality of the end product highly depends on the skills of the laborer (fib 2001). The fiber
volume fraction (volume of fibers divided by the total volume of fibers and matrix
material) is also significant lower (£ 30%) compared to prefabricated laminates (+ 70%),
which results in a larger cross-sectional area in order to obtain the same strength, and
therefore in higher costs.

2.2.3.3  Special systems

The FRP strengthening technique by bonding prefabricated laminates or fabrics to a
concrete structure has become more and more accepted nowadays and new
developments are continuously going on. One of the more recent developments is the
mechanical anchoring and prestressing of FRP laminates, which makes it possible to take
more advantage of the FRP strength (Garden and Hollaway 1998; Stepanek, Svarickova,
and Adamek 2004).

The most important advantage of anchorage is the fact that most types of debonding
(Section 2.4.3) can be prevented. A mechanical anchorage can be obtained by applying
specially designed anchors that are fixed to the structure (Figure 2-10) or by steel bolts
that are drilled through a FRP laminate into the concrete (Figure 2-9a), where in the latter
case a multi-directional FRP laminate has to be used to avoid splitting of the FRP laminate.
It is also possible to use externally bonded U- or L-shaped profiles (Figure 2-9b and c) or
fabrics (Figure 2-9d) to anchor the ends of a laminate (Ritchie et al. 1991).

rbolt
FRP B [RP E— FRP FRP
steel plat U-shaped L-shaped FRP fabric

(b) anchor (©) anchor (d)

Figure 2-9: Mechanical anchorage with a (a) bolt, (b) U-shaped profile, (c) L-shaped profile and (d)
FRP fabric
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Prestressed FRP systems (Figure 2-10) have several advantages over non-prestressed
systems (El-Hacha, Wight, and Green 2001), like the reduction of the crack width and the
delay in onset of cracking. Moreover, the tensile strains in the steel reinforcement and the
deflection of the beam are reduced, while the load capacity can be increased. A
disadvantage of anchored and pre-stressed FRP systems is the fact that these systems are
more expensive compared to externally bonded FRP systems, due to the need of
anchorage and extra labor.

(a) (b)
Figure 2-10: Fixed (a) and movable (b) end anchor with hydraulic jack to apply the prestress to the
FRP (SIKA Stress-Head system)

Another recent development is the application of Near Surface Mounted (NSM) FRP
reinforcement that can be used as an alternative to externally bonded FRP laminates
(Figure 2-11) (De Lorenzis and Nanni 2002; El-Hacha and Rizkalla 2004). In the NSM
strengthening technique, FRP laminates (Figure 2-12a) or rods (Figure 2-12b) are
embedded in a slit in the concrete that is filled with an adhesive.

\adhesive \\adhesive

FRP laminate FRP rod
2 2 (a) (b)

Figure 2-11: Application of NSM FRP laminates Figure 2-12: NSM FRP application with a (a)

into the slit (Hughes Brothers 2002) FRP laminate and (b) FRP rod
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Like for externally bonded FRP reinforcement, this technique was originally being
developed for steel reinforcement bars, but has been replaced by FRP reinforcement, due
to its non-corrosiveness, low weight and high strength. The high strength of FRP makes it
possible to use a smaller cross-sectional area compared to steel for the same capacity,
which reduces the size of the slit. NSM applications have the advantage that the FRP is
better protected against environmental influences and vandalism. Moreover, it has a
larger bond area compared to the externally bonded FRP and thus the potential for a
higher capacity. Because of the need to make a slit, this technique requires more
preparation work and is therefore more expensive compared to externally bonded FRP
application. Moreover, the existing structure should have sufficient cover, to be able to
make the slit in the concrete.

The last special strengthening technique worth mentioning is the confinement of columns
by wrapping FRP fabrics around a column (fib 2001) (Figure 2-13). This technique was first
developed in the early 90’s in Japan and increases the axial load and impact capacity of
columns. The process of wrapping can be automated by means of a robot (Figure 2-14).

Figure 2-13: Wrapping of a column (Fortius Figure 2-14: Automated FRP wrapping (fib 2001)

2004)

2.3 Adhesive

The aim of the adhesive is to transfer the stresses from the FRP reinforcement to the
concrete and vice versa. Just as for matrix materials, most commonly used adhesives are
polymers, like epoxy, vinylester and polyester (fib 2001). Polymer adhesives are composed
of a resin and a hardener, which are mixed together just before the application, and are
therefore referred to as two-component adhesives. Especially epoxy adhesives have good
mechanical properties and a high resistance against environmental degradation (Morgan
2005) and are therefore preferred in the construction industry, despite the relatively high
costs. One of the other major advantages of epoxy is the low shrinkage during cure.
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Table 2-4 shows the material properties of commercially available epoxy adhesives that
are used for externally bonded FRP reinforcement. Most adhesives are, just like the matrix
materials, thermosetting materials. It can however be seen that the glass transition
temperature of commercially available epoxy adhesives is relatively low compared to the
glass transition temperature of matrix materials (Table 2-2).

Table 2-4: Typical material properties of epoxy adhesives (fib 2001)

Properties
Density 1100 — 1700 kg/m®
Young’s modulus 500 — 20,000 N/mm’
Shear modulus 200 — 8000 N/mm?
Poisson ratio 0.3-04
Tensile strength 9-30 N/mm?
Shear strength 10 - 30 N/mm?
Compressive strength 55-110 N/mm2
Strain at failure 05-5%
Fracture energy 200 - 1000 J/m?
Coefficient of thermal expansion 25-100x% 10°® /°C
Water absorption 0.1-3%
Glass transition temperature 45-80°C

2.4 Failure of flexural FRP strengthened concrete structures

To be able to investigate the effect of temperature on the FRP strengthening of concrete
structures, one first must have a good understanding of the possible failure modes of a
FRP strengthened structure at room temperature. The failure modes described in this
section are for externally bonded FRP reinforcement in general. It has however to be kept
in mind that externally bonded FRP reinforcement is mainly produced as CFRP laminates.
The main focus of this research project is therefore on the strengthening of reinforced
concrete structures with externally bonded CFRP reinforcement.

Three major categories of failure modes can be distinguished that are governing the
design of a FRP strengthened structure; flexural failure, shear failure and debonding of the
externally bonded FRP reinforcement. Flexural and shear failure of a beam are common
failure modes similar to those for Reinforced Concrete (RC) structures. The design of a FRP
strengthened structure is, however, in most cases governed by debonding of the FRP
reinforcement (Triantafillou and Plevris 1992; Matthys 2000; Teng et al. 2002).
Nevertheless, flexural and shear failure of a FRP strengthened beam are also briefly
discussed to provide a complete overview of all possible failure modes.

13



24.1 Flexural failure of a beam

Three types of flexural failure of a FRP strengthened structure can be distinguished in
literature (Matthys 2000; fib 2001), yielding of the internal steel reinforcement followed
by FRP rupture (Figure 2-15a), yielding of the internal steel reinforcement followed by
concrete crushing, or concrete crushing without yielding of the steel reinforcement (Figure
2-15b). FRP rupture is generally governing the design when anchorage or relatively low
steel and FRP reinforcement ratios are applied. Concrete crushing without steel yielding
could be governing for relatively high reinforcement ratios. This last type of flexural failure
is undesirable, due to the brittle behavior.

In the design of a FRP strengthened beam, it should be verified that flexural failure will not
occur. This can be done by performing a cross-sectional analysis, taken the FRP
reinforcement as additional reinforcement into account. Initial strains in the structure as a
result of loads that are present at the time of strengthening should be taken into account.

FRP rupture

(a)

Concrete crushing —»/]|[{]]I\

(b)

Figure 2-15: Flexural failure due to (a) FRP rupture and (b) concrete crushing

2.4.2 Shear failure of a beam

The shear capacity of a structure that is strengthened by FRP in flexure is not significantly
increased by the FRP reinforcement, opposite to the flexural capacity. In the design of a
FRP strengthened beam it should be verified that shear capacity is sufficient, as shear
failure could be governing over flexural failure. If the shear capacity turns out to be
insufficient, it is possible to strengthen the beam in shear with externally bonded FRP.
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2.4.3 Debonding of the externally bonded FRP

As mentioned before, the design of the FRP strengthening of a concrete structure is in
most cases governed by the debonding of the externally bonded FRP. Debonding can, in
theory, be caused by interfacial failure in the concrete-adhesive interface or in the
adhesive-FRP interface, or by cohesive failure in one of the materials of the joint
(concrete, adhesive or FRP) (Figure 2-16). When applied correctly, debonding is governed
by the failure of the concrete (at room temperature), as concrete is the weakest
component in the joint.

debonding

- in the concrete

- in the concrete-adhesive interface
- in the adhesive

- in the adhesive-FRP interface
-inthe FRP

Figure 2-16: Different interfaces for bond failure (fib 2001)

Debonding can initiate at several places along the length of a beam (Figure 2-17 (1, 2, 3, 4
and 7)) (fib 2001). The FRP reinforcement is generally ended at some distance from the
support, which results in stress concentrations in the concrete at the end of the FRP
reinforcement. These stress concentrations could result in a vertical crack that propagates
further as a shear crack or along the level of the internal steel reinforcement, ripping of
the concrete cover (Figure 2-17 (5 and 6)). These types of failure are not related to
debonding failure of the concrete-adhesive-FRP joint, as the bond between the materials
stays intact. They can however also lead to premature failure of the beam. The failure
modes that can be distinguished in literature (Matthys 2000; fib 2001) are;

Debonding at flexural cracks

Debonding due to high shear stresses

Debonding at shear cracks

Debonding at the end anchorage

Plate-end shear failure

Concrete cover rip-off

Debonding due to the unevenness of the concrete surface

Nou,rwwN e

Steel reinforcement
i

4 3 2 1 5,6
Figure 2-17: Failure modes of a RC beam with externally bonded FRP (partial from (fib 2001))
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2.4.3.1 Debonding at flexural cracks

This debonding mechanism is described by Matthys (2000) as flexural crack bridging.
When concrete cracks, tensile stresses in the concrete have to be taken over by the FRP
and steel reinforcement and will result in a peak in the tensile stress in the steel and FRP
reinforcement at the intersection with the crack (Figure 2-18). The peak in the tensile
stress in the FRP will be transferred to the concrete at both sides of the crack tip (end of
the crack at the FRP reinforcement) by interfacial shear stresses. Most researchers believe
that these stresses will only lead to local debonding close to the crack tips (microcracking),
as the peak in tensile stress in the FRP reinforcement, and consequently the shear stresses
in the concrete, will drop after debonding over a small distance (Figure 2-18). It is
therefore unlikely that this type of debonding will lead to progressive debonding, and thus
failure of the beam.

+¢—p! microcracking
1

— - --— theoretical stresses

| Bt

| y\ ¢,max (above Tc,max)

| (VAN

™/ real stresses
i \/{; (after microcracking)
Tc

Figure 2-18. Local debonding near flexural cracks (Matthys 2000)

2.4.3.2 Debonding due to high shear stresses

A change in bending moment along the length of the beam will result in a change in the
FRP force along the length of the laminate (Figure 2-19). The difference in FRP force over a
small length Ax has to be transferred to the concrete by means of shear stresses. These
shear stresses could lead to the initiation of debonding, when the bond capacity over the
length Ax is insufficient (Matthys 2000; Niedermeier and Zilch 2001; Teng et al. 2003). One
has to keep in mind that these shear stresses are accompanied by local stress peaks at the
tips of the cracks in the concrete, as described in the previous section.
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Figure 2-19: Shear stresses in the concrete due to the FRP force distribution

fib-Bulletin 14 (2001) offers three approaches to deal with debonding due to high shear
stresses. One simple way to ensure that bond failure due to high shear stresses is
prevented, is limiting the FRP strain to a certain value (gm) in the Ultimate Limit State
(ULS). Although this is a very crude simplification of the actual behavior, the method is
used in quite a number of design guidelines because of its simplicity (Concrete Society
2004). The limitation of & is generally ranging from 6.5%o to 8.5%o. (fib 2001). The actual
bond failure will depend on a series of parameters, like the moment-shear relation, the
strain in the tensile steel reinforcement and the crack spacing. This strain limitation
procedure could lead to a non-economical use of FRP reinforcement, especially in
structures with a large span (fib 2001).

Another way to deal with debonding due to high shear stresses is limiting the shear stress
(tc) in the concrete at the interface with the FRP. The model proposed by Matthys (2000)
is considering two cross-sections at a distance Ax, subjected to a moment My and My +
AMy (Figure 2-20).

]
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Figure 2-20: Shear stresses in the concrete at the interface with the FRP (Matthys 2000)
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The shear stress that has to be transferred over Ax is;

AN

fd
T, =——<1, (2.1)
b, - Ax >

where
ANy is the difference in FRP axial force over the length Ax
Tebd is the bond strength in shear

~1 S'fC—tk

Ye

fetk is the characteristic concrete tensile strength, preferably determined by pull-

off tensile tests
Ye is the material safety factor for the concrete

Equation (2.1) can be simplified by using N4 = Nty + Ngg. Depending on whether the steel
reinforcement is yielding or not, the total capacity of steel and FRP reinforcement (N,q)
can be approximated with;

AS 'ES.SS AS.ES H
g <€,4: Ny=Ng- 1+m ANy - 1+ A E (assuming g, /€, 1) (2.2)
f f f f f

€ 28, N =Ny +A, f, (2.3)

Based on AN,q = AMy/z, the increase in FRP force (ANsy) can be expressed with;

g <€4: ANy~ (2.4)

& 2841 AN, =—2* (2.5)

With AMy/Ax = Vg4 and z = (z, + z;)/2 = 0.95d, the following design equations can be given;
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A third way to deal with debonding due to high shear stresses, but also with debonding at
the end anchorage (Section 2.4.3.4), is proposed by Niedermeier (2001). In his approach,
the maximum possible increase in tensile stress of the FRP reinforcement that can be
transferred by shear stresses to the concrete in between two cracks is determined. Crack
spacing has an important influence on the stresses that can be transferred, so first of all, a
prediction of the most unfavorable crack spacing has to be made. Then the change in
tensile force in the FRP reinforcement between two subsequent cracks has to be
determined. This should be smaller than the maximum possible increase in tensile stress
in the FRP reinforcement. The advantage of this model is that it deals with two debonding
mechanisms at once. The main disadvantage of this model is however its complexity.

2.4.3.3 Debonding at shear cracks

Debonding can also initiate at the crack tip of a shear crack (Triantafillou and Plevris 1992;
Matthys 2000). Because of the slanting shape of shear cracks, both a difference in
horizontal (w) and in vertical (v) displacement will occur between the two sides of the
crack (Figure 2-21). The difference in vertical displacement will induce tensile stresses
perpendicular to the concrete surface at one side of the crack, which could, in
combination with the shear stresses in the concrete as described in the previous sections,
lead to the initiation of debonding of the FRP reinforcement. This generally occurs in the
areas with a combination of a high shear force and a high bending moment, as the shear
cracks in this region are less inclined. This implies that the shear crack is crossed by no or
only a small number of stirrups, which results in a larger vertical displacement (v).

shear crack

I
/ concrete
I
I

adhesive
FRP

! VY i L # L
normal stresses
Figure 2-21: Debonding at shear cracks (fib 2001)

There are several models available in literature, but most of them are not directly related
to the stress concentrations at the crack tip or the geometry of the shear crack. Most
models relate debonding at shear cracks to the shear capacity of a cracked beam cross-
section.

Deuring (1993) proposed a shear capacity based model in which the horizontal and
vertical crack displacements were taken into account. It turned out that this model was
too complex for use in guidelines.
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A simpler model is proposed by Blaschko (1997) and has about the same approach as
Eurocode 2 part 1-1 (CEN 1997a) for computing the shear resistance. An even simpler
model is proposed by Matthys (2000), which is based on experimental data fitting of test
results of FRP strengthened RC beams (C25/30 and C30/37). This model resulted in the
following simple design guide rule;

Vsa = Vapd (2.8)
where
Vsq is the acting shear force
Vipd is the design shear capacity for debonding at shear cracks
= Tppa *d-b,
TRpd is the design shear strength
Tde = TRpk /YC
TRok is the characteristic shear strength
=0.38+151-p,,
E
A +A -—F
— ES
peq bc -d

2.4.3.4 Debonding at the end anchorage

FRP reinforcement is generally ended at some distance from the support. At the end of
the FRP reinforcement, the FRP force has to be reduced to zero, which can only be done
by transferring the force from the FRP to the concrete (and subsequently to the tensile
reinforcement) by means of shear stresses (Figure 2-22) (Holzenkampfer 1997; Neubauer
and Rostasy 1999; Matthys 2000; Maalej and Bian 2001; Niedermeier and Zilch 2001). In
this case, the shear stresses are not only a result of the difference in bending moment, as
was seen in the second debonding mechanism, but also a result of the sudden ending of
the FRP reinforcement. It should be ensured that sufficient anchorage length (&;,) is
available to be able to transfer the tensile force in the FRP to the concrete.

The difficulty is to indicate where the anchorage length can start. The common approach
(Matthys 2000; CUR 2007) is to start with a check at the location where the internal steel
reinforcement starts yielding, taking the shifted moment line into account (Figure 2-22).
From this cross-section, towards the end of the FRP reinforcement, the internal steel
reinforcement is capable of carrying the load by itself, which allows the FRP to transfer its
tensile force to the concrete. If the FRP tensile force in this cross-section is smaller than
the maximum anchorage force (N max), and the distance till the plate-end (anchorage
length) is longer than the required anchorage length, the design can be assumed to be
safe. If the FRP force in this cross-section is larger, then the anchorage length should be
verified at the cross-section where the FRP tensile force is equal to the maximum
anchorage force.

20



M Moment
yd
v My
Ng Steel force
Nsyd
N¢g FRP force
A

Shear stress
distribution

Tc

Figure 2-22: Moment, force and shear stress distributions in a FRP strengthened beam

Note that, besides shear stresses, also normal stresses perpendicular to the bonded area
will develop, due to the distance between the FRP and the concrete surface. The effect of
these stresses is generally indirectly incorporated in the models, e.g. in the calibration
factors.

Several models have been developed to describe the debonding behavior in the end
anchorage zone (Holzenkdmpfer 1997; Neubauer and Rostasy 1999; Nakaba et al. 2001;
Savoia, Ferracuti, and Mazzotti 2003; Neto et al. 2004; Lu et al. 2005). Some of these
models are based on the calculation of a mean (bond) shear stress in between the
concrete and the FRP, others on a linear elastic bond—slip (t-s) relation. It turned out that
both models underestimate the actual capacity of the anchorage zone, as the bond-slip
behavior in reality is non-linear (Matthys 2000).

Fracture mechanics based models turn out to describe the actual bond behavior in the
end anchorage zone better, as they also take the cracking of concrete, adjacent to the
adhesive layer, into account. The most widely used fracture mechanics based model is the
model of Holzenkdmpfer (1997), modified by Neubauer and Rostasy (1999), because of its
relative simplicity. This model is based on a bilinear bond-slip (t-s) relation (Figure 2-23)
and relates the maximum FRP anchorage force (N¢,max) to the mode Il fracture energy of
concrete (G'), which corresponds to the area enclosed by the t-s diagram.
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Figure 2-23: Bond-slip relation according to Holzenkdmpfer (1997)

The maximum anchorage force (N max) and corresponding maximum anchorage length

(efa,max) are,

N =

C1
C
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by
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E¢

fctm

a-C 'kc 'kb 'bf : Ef t 'fctm (2.9)
Bt (2.10)
C2 .fctm

is the reduction factor accounting for the influence of inclined cracks on the
bond strength

~0.9

= 0.64 mm"? (for CFRP)

=2 mm’ (for CFRP)

is the factor accounting for the state of compaction of concrete

=~ 1.0

is the geometry factor

=1.06

is the width of the FRP [in mm]

is the thickness of the FRP [in mm]

is the Young’s modulus of the FRP [in N/mm?]

is the mean tensile strength of concrete [in N/mm?]

22



For anchorage lengths (€,) smaller than the maximum anchorage length (€, max), @ smaller
FRP anchorage force will be found (Figure 2-24), which can be calculated with equation
(2.11). Increasing the anchorage length above £, max Will however not result in a higher
anchorage force, due to the limitation of the maximum anchorage force (Nf,max) @s a result
of the mode Il fracture energy of concrete (G;').

‘, ‘,
Nfa :Nfa,max : f . 2——€ 2 (211)
fa,max fa,max
600
. 500 Nfa,max .
£ / |
£ 400
< |
2 /
= 300 1
£ / l
&m 200 / 1
Z 100 :
L efa,max
O T T 1
0 200 400 600

Anchorage length [mm]
Figure 2-24: Anchorage force related to the anchorage length (Holzenkdmpfer 1997)

2.4.3.5 Plate-end shear failure and concrete cover rip-off

Stress concentrations in the concrete at the end of the laminate could lead to the
initiation of a vertical crack from the end of the laminate to the internal steel
reinforcement. This crack could propagate further along the level of the internal steel
reinforcement towards midspan, ripping-off the concrete cover (Figure 2-25a), or as a
shear crack (Figure 2-25b).

Steel reinforcement Shear crack at the plate end

— Crack propagation

(a) (b)
Figure 2-25: Concrete cover rip-off (a) and plate-end shear failure (b)
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Whether concrete cover rip-off or plate-end shear failure occurs mainly depends on the
amount of shear reinforcement. Large amounts of shear reinforcement generally lead to
concrete cover rip-off, while low amounts lead to plate-end shear failure. These types of
failure have been investigated by many researchers (Jones, Swamy, and Charif 1988;
Roberts 1989; Oehlers 1992; Jansze 1997; Raoof and Zhang 1997; Taljsten 1997; Malek,
Saadatmanesh, and Ehsani 1998; Smith and Teng 2001; Teng and Yao 2007).

Three different approaches are proposed in literature to evaluate plate-end shear failure.
These are the concrete tooth models, the interfacial stress based models and the shear
capacity based models (Smith and Teng 2002). Concrete tooth models (Raoof and Zhang
1997) assume that there is a “concrete tooth” between two subsequent cracks (Figure
2-26). This tooth tends to bend under the influence of shear stresses at the concrete-FRP
interface at the end of the tooth. Concrete cover rip-off or plate-end shear failure is
assumed to initiate when the tensile strength in point A is exceeded.

Japplied load
reinforcement b ? |
S | — steel reinforcement
I, T T T R R ) IPD) BED)
RCbeam — ‘ '
—rv-v
| |
soffit plate m min

(a) cracked beam (b) concrete tooth between

two adjacent flexural cracks
Figure 2-26: Concrete tooth model (Zhang, Raoof, and Wood 1995)

Another way to deal with concrete cover rip-off and plate-end shear failure is to
determine the normal stress concentrations perpendicular to the bonded area and the
shear stress concentrations parallel to the bonded area at the plate-end (Figure 2-27)
(Roberts 1989; Taljsten 1997; Malek, Saadatmanesh, and Ehsani 1998). Exceeding the
normal and/or shear strength (combination) could lead to the initiation of concrete cover-
rip-off or plate-end shear failure, but also to debonding. These models can therefore also
be used for debonding in the end anchorage. These models are, however, generally too
complex for the use in design guidelines (fib 2001).
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Figure 2-27: Shear and normal stresses in the concrete close to the FRP end (Roberts 1989)
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The third way to deal with concrete cover rip-off and plate-end shear failure are the shear
capacity based models, which are relatively easy to use compared to the concrete tooth
models and interfacial stress models, and are therefore preferred in the design guidelines.
Shear capacity based models (Oehlers 1992; Jansze 1997) relate the debonding load to the
load when shear cracks are expected to initiate at the plate-end. Because concrete cover
rip-off is initiated at the same location and in the same way as plate-end shear failure,
Jansze (1997) suggested that both types of failure can be dealt with in the same way.
Jansze proposed a model that is based on the analogy between a non-strengthened and a
strengthened beam (Figure 2-28). The model for the non-strengthened beam has been
developed by Kim and White (1991).
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Figure 2-28: Modeling analogy of end-shear failure (fib 2001)
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The shear resistance at the plate-end can be calculated using a fictitious shear span and
the Model Code 1990 (CEB 1993) expression for the shear force (Vgqi) causing shear
cracking (all units in N and mm);

Vyy SV =Tgy b, -d (2.12)
where
TRd the design value of the nominal maximum shear stress at debonding

=0.15 3/3~i.(1+ %].3/100.& £, (2.13)
aL

a, (2.14)
e is the characteristic concrete compressive strength
L is the distance between the support and the end of the FRP reinforcement

The model is only applicable within certain limits, for a > L + d and a_ < a (Figure 2-28). The
first restriction is a limitation where the original model was derived for. The second
restriction is proposed by Jansze, because the model is only developed for situations in
which a shear crack develops at the plate-end between the support and the load
introduction. The model has been evaluated by Jansze for both externally bonded steel
and CFRP reinforcement. It was concluded that the model is an accurate lower bound
model for the prediction of plate-end shear failure and concrete cover rip-off.
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2.4.3.6 Debonding due to the unevenness of the concrete surface

Unevenness of the concrete surface may also result in (local) debonding of the FRP
reinforcement (Figure 2-29), although it is unlikely that it causes complete FRP debonding.
Most guidelines provide values for the maximum permissible unevenness of the concrete
surface over a certain length (Table 2-5). Larger unevenness of the concrete surface has to
be removed, for example by applying a primer before applying the FRP reinforcement (fib
2001).

lF

W/

Debonding
Figure 2-29: Debonding due to the unevenness of the concrete surface

Table 2-5: Permissible unevenness of the concrete surface (fib 2001)

Type of FRP-EBR
concrete s;rface : : i I
unevenness

Permissible unevenness Permissible unevenness
on a 2.0 m base [mm] on a 0.3 m base [mm]
“Prefab”, thickness > 1 mm 10 4
“Prefab”, thickness <1 mm 6 2
“Cured in situ” 4 2
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3 Effect of temperature on FRP strengthened structures -
state of the art

3.1 Introduction

The amount of research into the effect of temperature on the FRP strengthening of
concrete structures turns out to be limited. Furthermore, research in this field has mainly
been carried out with small scale specimens, like double-lap shear tests and flexural tests,
which can only be used to investigate the local bond behavior of the concrete-adhesive-
FRP joint. Most debonding mechanisms, as described in the previous chapter, are however
related to this bond behavior.

This chapter provides a brief overview of previous research projects by other researchers
in which the effect of temperature (changes) on FRP strengthened concrete structures has
been investigated. Comparison of the results between the different investigations is
however difficult, as different types of adhesive with different temperature characteristics
have been used amongst the different investigations. Note that this chapter only focuses
on ambient temperature changes, and not on the effect of fire, which is outside the scope
of this research project.

3.2 Double-lap shear tests

3.2.1 Externally bonded steel strips

The most widely used bond test setup to investigate the bond behavior of a concrete-
adhesive-FRP joint subjected to loading in shear is the double-lap shear test (Figure 3-1).
This test has been used by Tadeu and Branco (2000) to investigate the influence of
temperature on concrete specimens strengthened with externally bonded steel strips. The
bond behavior of three different concrete grades was investigated at 20°C, 30°C, 60°C,
90°C and 120°C. Steel and concrete have approximately the same coefficient of thermal
expansion, which implies that the development of thermal stresses when heating the
specimens was not an issue for these tests.

)| |‘ 150 mm )| s;ﬁstrip (5 mm)

=P |0ad
adhesive

100 mm

support

concrete

100 mm

—p- l0ad

80 mm 100 mm steel strip (5 mm)
Figure 3-1: Double-lap shear test (Tadeu and Branco 2000)
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The experimental results obtained in this study showed a reduction of the failure load
with an increase in temperature (Figure 3-2), which was, at low temperatures, more
pronounced for the high strength concrete. It was expected by Tadeu and Branco that the
decreasing failure load with increasing temperatures was a result of a change in the type
of failure at elevated temperatures.

120

100

80

60 Bf e =27.9 N/mm?
f

cm,cube

40 uf

cm,cube

=44.4 N/mm?

Failure load [kN]

=74.1 N/mm?

20

20 30 60 90 120

Temperature [°C]
Figure 3-2: Temperature-failure load relation (Tadeu and Branco 2000)

At 20°C and 30°C, failure initiated in the concrete at about 30 mm from the bonded
surface, while for higher temperatures, cohesive failure of the adhesive was found. Based
on this difference in type of failure, it is likely that the glass transition temperature of the
adhesive was somewhere in between 30°C and 60°C. For the specimens tested at 120°C,
an additional phenomenon was observed. Besides deterioration of the adhesive, also a
film of water was observed on the surface of the concrete, due to the evaporation of free
water above 100°C.

3.2.2 Externally bonded FRP

Double-lap shear tests have also been carried out with concrete specimens strengthened
with externally bonded CFRP laminates (Blontrock 2003), although in a slightly different
test setup (Figure 3-3). The concrete specimens (fcm cube = 40 N/mm?) were tested at 20°C,
40°C, 55°C and 70°C (Figure 3-4). Steel clamps were applied at one side to make sure that
debonding occurred at the other side, where the strain distribution was recorded by
means of strain gauges. The glass transition temperature of the adhesive was 62°C.
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Figure 3-3: Double-lap shear test (Blontrock 2003)
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Figure 3-4: Temperature-failure load relation (Blontrock 2003)

The experimental results were different from the results of Tadeu and Branco for steel
plates. Increasing the temperature from 20°C to 40°C resulted in a significant higher
failure load (41%) instead of a lower failure load. Further increasing the temperature to
55°C and 70°C resulted in a decreasing failure load, although at 55°C, still higher than the
initial failure load at 20°C. Blontrock mentioned two possible causes for the different
results compared to those of Tadeu and Branco:
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1. The dimensions of the specimens: A significant larger bonded surface (300 x
100 mm? (CFRP) vs. 100 x 80 mm? (steel)) resulted in a different failure mode.
Failure occurred in the concrete adjacent to the bonded surface at a depth of
approximately 0-1 mm, whereas Tadeu and Branco found failure of the concrete
at a depth of 30 mm from the bonded surface.

2. The difference in coefficient of thermal expansion. For steel and concrete, the
coefficient of thermal expansion is about the same, whereas it is significantly
different in case of CFRP and concrete. This difference induced thermal stresses
in the CFRP and concrete, which could have affected the load capacity.

The experiments of Blontrock were continued by Leone et al. (2006) for CFRP- and GFRP
fabrics (wet lay-up) and prefabricated CFRP laminates. The same test setup was used as
for the experiments by Blontrock, with slightly longer FRP fabrics/laminates (700 mm).
Two different adhesives were applied, one for the fabrics and one for the laminate, both
with a lower glass transition temperature (55°C) compared to the one used by Blontrock
(62°C).

FRP laminate/fabric

A/ precrack /
load i%

adhesive

h 3
cIamps< "_“—’I_k
S =1 50 300 mm 50 . .
# % y i 8 g
3 3

o

Figure 3-5: Double-lap shear test (Leone, Aiello, and Matthys 2006)

For the CFRP fabrics (t; = 0.117 mm), increasing the temperature resulted first in an
increasing failure load, which was followed by a decreasing failure load at higher
temperatures (Figure 3-6). The GFRP fabrics (t; = 0.300 mm) were only tested at 20°C and
80°C, with the lowest failure load at 80°C. For the CFRP laminates (t; = 1.0 mm), an
opposite tendency was observed. At 50°C, a lower failure load was found compared to
room temperature, while at 80°C a higher failure load was found. It was expected by
Leone et al. that this different behavior of the CFRP laminates, compared to the CFRP
fabrics, could possibly be explained by the lower concrete quality of these specimens and
the eccentricities that were observed in the tests. Failure changed for all types of FRP
reinforcement from failure in the concrete, adjacent to the concrete-adhesive interface at
20°C and 50°C to failure of the adhesive-FRP interface at 80°C. At 65°C, both types of
failure were found for the CFRP fabrics.
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Figure 3-6: Temperature-failure load relation (Leone, Aiello, and Matthys 2006)

B GFRP fabrics

Double-lap shear tests with externally bonded CFRP fabrics have also been carried out by
Wu et al. (2005). The CFRP fabrics were applied in two steps. First an epoxy primer was
applied to the concrete surface, followed by an epoxy adhesive for bonding the CFRP to
the primer. Both the primer and adhesive were applied in an ordinary and a thermo-
resistant variant (primer: T, = 34°C and 55°C respectively, adhesive: T, = 34°C and 40°C
respectively) (Figure 3-7). The specimens were tested with the ordinary primer and
adhesive at 26°C, 30°C, 40°C and 50°C and with the thermo-resistant primer and adhesive
at 26°C, 40°C, 50°C and 60°C.

FRP fabrics (0.111 mm)
anchorage fabric
precrack adhesive

.............................. primer
l0ad < load I
Sl e e
4 170 mm > < 200 mm >

200 mm »>< 250 mm
Figure 3-7: Double-lap shear test (Wu et al. 2005)
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Test results showed a decreasing failure load with increasing temperatures for both types
of primer/adhesive (Figure 3-8). The decrease in failure load turned out to be more
significant at a certain temperature for the ordinary epoxy adhesive, as expected. It also
turned out that the failure mode changed from a mixed type of failure in the concrete and
in the primer-adhesive interface at 26°C to failure in the primer-adhesive interface alone
at 30°C and above. The reduction in the failure load with increasing temperature is
therefore mainly related to a reduced bond capacity of the primer-adhesive interface at
elevated temperatures. From the test results, it was concluded that the specially
developed thermo-resistant primer/adhesive was more resistant to temperature
influences than the normal primer/adhesive.
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26 30 40 50 60

Temperature [°C]
Figure 3-8: Temperature-failure load relation (Wu et al. 2005)

Failure load [kN]

3.3 Small scale flexural tests

3.3.1 Externally bonded FRP

In the double-lap shear test setup, the concrete-adhesive-FRP joint is loaded in almost
pure shear. In a flexural test, the joint is still mainly loaded in shear, but curvature of the
specimen will also cause normal stresses perpendicular to the bonded surface. Curvature
of a structure will also occur in most strengthened structures in practice, like beams and
slabs. Three-point bending tests have been carried out by Di Tommaso et al. (2001) on
small scale concrete specimens (100 x 100 x 800 mma) without internal steel
reinforcement (Figure 3-9). The specimens were strengthened at room temperature with
two different types of CFRP laminates (normal and high Young’s modulus laminates) of 20
x 590 mm?2. The laminates had a thickness of 1.24 mm and 1.4 mm respectively and were
tested at four different temperatures, -100°C, -30°C, 20°C and 40°C. The applied adhesive
had a glass transition temperature of about 60°C.
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In the experiments, three different types of failure (Figure 3-9 and Table 3-1) were
observed. For low temperatures CFRP delamination was found after the initiation of a
crack in the concrete. For moderate temperatures, concrete failure adjacent to the
concrete-adhesive interface was found, while at 40°C cohesive failure in the adhesive layer
was found due to the softening of the adhesive.

crFrRp  Adhesive Failure surface

(a) CFRP delamination
F

Failure surface

(b) Failure of the concrete
F

Failure surface

(c) Failure of the adhesive
Figure 3-9: Test setup and types of failure in the CFRP strengthened beams (Di Tommaso et al. 2001)

Table 3-1: Type of failure at different temperatures (Di Tommaso et al. 2001)

Temperature Young’s modulus CFRP laminate

170,000 N/mm? 300,000 N/mm?
-100°C CFRP delamination CFRP delamination
-30°C Concrete failure CFRP delamination
20°C Concrete failure Concrete failure
40°C Concrete and Adhesive failure Adhesive failure

The results showed that the load capacity decreased when increasing the temperature
from 20°C to 40°C (Figure 3-10). This effect was explained by the reduced bond strength
due to the changed type of failure. Decreasing the temperature to -30°C and -100°C also
resulted in a decreasing failure load, except for the specimen with the normal modulus
CFRP (Ef = 170,000 N/mm?) that was tested at -100°C. No sound explanation was given for
this behavior at low temperatures. It appeared that the behavior was less ductile at low
temperatures.
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Figure 3-10: Failure load of the specimens for two different Young’s moduli of CFRP at different
temperatures (Di Tommaso et al. 2001)

3.4 Full scale FRP strengthened concrete structures

3.4.1 General

Research into the effect of temperature on full scale FRP strengthened concrete structures
is rather limited. Only three research projects are known to the author. These are an
(experimental) investigation into concrete beams with externally bonded CFRP fabrics at
room and low temperature (Section 3.4.2), a (numerical) investigation into the behavior of
a CFRP strengthened bridge deck at elevated temperatures (Section 3.4.2) and an
(experimental) investigation into the behavior of reinforced concrete beams with
externally bonded prestressed CFRP fabrics at low and room temperatures (Section 3.4.4).
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3.4.2  Externally bonded CFRP

Baumert et al. (1996) tested both small and large scale concrete beams that were
strengthened with three layers of externally bonded CFRP fabrics. Twelve non-reinforced
concrete beams (150 x 150 x 1000 mm?®) and six reinforced concrete beams (150 x 300 x
2000 mm®) were investigated (Figure 3-11) at room (21°C) and low temperature (-27°C) in
four point bending.

concrete F F
N | .
wv
\ S
I :
__ T
JA Y FRP fabrics AN A =77 mm?
< 850 >
< mm > 150 mm
1000 mm
(a) non-reinforced concrete beam
reinforced concrete lF 1F
w
\ 8
) 3
— 3
JA Y FRP fabrics AN A; = 64 mm?
< > p—<«
2000 mm 150 mm

(b) reinforced concrete beam
Figure 3-11: Test setup of non-reinforced (a) and reinforced (b) concrete specimens (Baumert, Green,
and Erki 1996)

In the non-reinforced concrete beams shear failure of the beam was followed by
debonding of the CFRP fabrics, while in the reinforced concrete beams debonding initiated
first, just outside the constant moment region. After debonding outside the constant
moment region, debonding extended in the constant moment region along the level of
the internal steel reinforcement. No difference in type of failure was found between the
specimens tested at low and room temperature. Also the failure load was not significantly
affected by the low temperature, as can be seen in Figure 3-12.

36



300

250

200

150

m20°C

Failure load [kN]

100 m-27°C

50

non-reinforced concrete reinforced concrete

Temperature [°C]

Figure 3-12: Failure load of non-reinforced and reinforced concrete specimens at low and room
temperature

3.4.3  CFRP strengthened bridge deck at elevated temperature

Nigro et al. (2006) have investigated the performance of a CFRP strengthened reinforced
concrete bridge at elevated temperature. In this research project, the elevated
temperature was a result of the maintenance of the bituminous paving, which was cast in
place on a bridge deck. The bituminous paving had a temperature of 180°C (Nigro et al.
2006). Two situation were evaluated, CFRP applied at the soffit of the bridge deck (Figure
3-13a) and CFRP applied at the top of the bridge deck (Figure 3-13b). Nigro et al. also
investigated the effect of fire, but this is outside the scope of this thesis.

CFRP (t =1 mm)
(bf =50 mm /100 mm)

y bituminous pavement (180°C) , {bituminous pavement (180°C) ‘

HE) (-3 L] ] o ] L]

| i 150 mm/
fo o/ o & o o o ofo | i o fo o & o oo ofo | 200 mm
i  —> i i ——> i

500 mm \ 500 mm

CFRP (=1 mm)
(bs =50 mm / 100 mm)

(a) FRP at the soffit of the bridge deck (b) FRP at the top of the bridge deck

Figure 3-13: Bituminous paving of a bridge deck with FRP at the soffit (a) and at the top (b) of the
deck (Nigro et al. 2006)
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The structural safety of the bridge deck was only verified by thermal finite element
analyses, in which the temperature distribution in the structure was determined over
time. The structure was assumed to be safe when the strains in the different materials did
not exceed the ultimate limit strains of these materials within a certain amount of time.
These ultimate limit strains for the different materials were assumed to be temperature
dependent. The ultimate limit strain of the internal steel reinforcement and concrete were
taken according to Eurocode 2 (part 1-2) (CEN 2004b). The ultimate limit strain of the
CFRP was taken according to the Italian code for FRP strengthening, CNR-DT 200/2004
(Italian National Research Council 2004), in which a FRP strain limit is given for “debonding
due to high shear stresses” (at room temperature) (Section 2.4.3.2). The strain limit was
modified for elevated temperature according to a specific fracture energy reduction as
was found by Wu et al. (2005). Note however that using a FRP strain limit is a very crude
simplification of the actual debonding behavior and does not cover all types of debonding
as discussed in Chapter 2.
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Figure 3-14: Temperature dependent specific fracture energy of normal and heat resistant adhesives
(Nigro et al. 2006)

The results of the safety analyses unfortunately haven’t been verified with experimental
results, which make the results of limited value. Main conclusions were that in the case
where the CFRP reinforcement was applied to the soffit of the bridge deck (Figure 3-13a),
the ultimate limit strains were not exceeded and the level of safety was sufficient during
the application of the bituminous pavement. When the CFRP was applied on top of the
bridge deck with a normal adhesive (Figure 3-13b), a concrete protective layer of at least 4
cm had to be applied on top of the CFRP to keep the temperature of the adhesive below
the glass transition temperature. Moreover, the safety of the structure became
insufficient during the application of the bituminous pavement. The thermal analyses of
the structure with the heat resistant adhesive however showed that the safety of the
structure could be guaranteed during the application of the pavement with a heat
resistant adhesive.
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3.4.4 Externally bonded prestressed CFRP

El-Hacha et al. (2004) investigated the flexural behavior of RC beams strengthened with
prestressed CFRP fabrics at room temperature (+22°C) and at low temperature (-28°C).
The CFRP fabrics were anchored with a specially designed fixed anchor at one side and a
movable anchor at the other side, where the prestress was applied to the fabrics. The T-
beams spanned 4 m. Failure in the prestressed FRP strengthened beams occurred due to
failure of the FRP fabrics, as debonding was prevented by the anchorage. It turned out
that the behavior of the beam was not adversely affected by the low temperature,
although some loss in prestress was found at low temperatures. These tests unfortunately
do not provide insight into the effect on temperature on the debonding of externally
bonded CFRP, as no debonding occurred during the tests.

3.5 Theoretical stress development due to thermal mismatch

The difference in the coefficient of thermal expansion between concrete (o, = 10 x 10°®
/°C) and e.g. CFRP (o = 0 & -1 x 10® /°C in the fiber direction) will result in the
development of thermal stresses in concrete and FRP when changing the temperature. A
kinematic model (theoretical beam model) was introduced by Di Tommaso et al. (2001) to
compute the shear stresses in the concrete and the normal stresses in the FRP (Appendix
A). The model is used throughout this research project and is therefore explained in this
section. The model only takes linear elastic material behavior of the concrete and the FRP
into account, as thermal stresses can be expected to be small. It also neglects the adhesive
layer in between the concrete and FRP, which implies that the concrete is assumed to be
directly connected to the FRP (Figure 3-15).

FRP FRP
— 2 . — 2 .

Figure 3-15: Theoretical beam model (Di Tommaso et al. 2001)
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The normal stresses in the FRP and shear stresses in the concrete along the length of the
laminate can be determined with;

Giar (x)=

TCAT (

where
Es

Eat

(o

AT

hc,ef

t

X)=—

—Ef-{L-cosh(wx)—sM}

cosh(w-¢/2)

E € AT

to- sinh(c-x)
cosh(w-¢/2)

is the Young’s modulus of the FRP reinforcement
=a AT

is the coefficient of thermal expansion of concrete
is the change in temperature

S 2:(1+v.)-h,

is the Young’s modulus of concrete
is the Poisson ratio of concrete

=~ 50 mm or two times the maximum aggregate size (both definitions are used in

literature)
is the thickness of the FRP
is the bonded length

is the distance from the middle of the bonded length

(3.1)

(3.2)

Figure 3-16 shows the normal (a) and shear (b) stress distributions for a low and high
Young’s modulus CFRP laminate of 300 mm (E; = 170,000 N/mm? and E; = 300,000 N/mm?
respectively) after an increase in temperature from 20°C to 50°C. A positive value of c,7in
Equation 3.1 and Figure 3-16a corresponds to tension. For the computation, the Young’s
modulus of concrete was taken equal to E. = 30,000 N/mm? and the coefficients of
thermal expansion equal to o =0 x 10° /°C, a.. =10 x 10° /°C. It can be seen that a higher
Young’s modulus of the CFRP results in higher normal stresses in the CFRP and shear
stresses in the concrete-CFRP interface. In Section 6.4.4, this model is modified in such

way that the properties of the adhesive layer are included in the model.
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Figure 3-16: Normal (a) and shear (b) stresses at 50°C for two typical CFRP laminates

3.6 Summary

Experimental research into the effect of ambient temperature on the FRP strengthening of
concrete structures has so far mainly been carried out with small scale specimens. It turns
out that contradictory results were found between the different research projects. For
example, both increasing as well as decreasing failure loads were found with increasing
temperatures, even for similar test setups. The different results could possibly be
explained by the fact that the material and geometry properties varied between the
different investigations. Especially the material properties of the adhesive, like the glass
transition temperature, were different for each type of adhesive, which makes
comparison of the test results rather difficult.

Some similarities can however be distinguished. In general, the type of failure changed
from failure in the concrete at moderate temperatures to failure in the adhesive or failure
exactly in one of the interfaces (concrete-adhesive or adhesive-FRP) at temperatures near
or above the glass transition temperature of the adhesive. This change in type of failure
was generally accompanied by a decrease in the bond capacity. The number of test results
at temperatures below room temperature was rather limited, which makes it difficult to
draw conclusions for this temperature range yet.

The effect of the difference in the coefficient of thermal expansion between concrete and
FRP on the behavior of the strengthened specimens has not been investigated by most of
the researchers. This could, however, possibly explain some of the differences between
the various investigations. Moreover, to the knowledge of the author, no experimental
research has been carried out so far in which the effect of elevated temperature is
investigated for full scale FRP strengthened beams. For full scale beams, other types of
debonding could occur (Section 2.4) as for small scale specimens, which could be affected
by temperature in a different way. It is important to investigate the effect of temperature
on all possible debonding mechanisms. Chapter 7 and 8 will therefore describe the results
of the investigation into the effect of temperature on the behavior of full scale CFRP
strengthened beams that were designed to fail by different types of debonding.

41



4 Effect of temperature on the material properties

4.1 Introduction

A FRP strengthened reinforced concrete structure is composed out of the materials
concrete, steel reinforcement, FRP and adhesive. The effect of temperature on the
material properties of each of these materials will be discussed in this chapter, as they are
all likely to be affected by temperature. Some of them are, however, affected more than
others. Especially the material properties of the adhesive change significantly around the
glass transition temperature.

For concrete and steel reinforcement, reference will be made to literature, while for the
adhesive and FRP also experiments have been carried out, of which the results will be
presented. Main focus will be on the effect of temperature within the temperature range
from -20°C to +80°C, although the effects of higher temperatures are also discussed
briefly.

4.2 Concrete

42.1 General

The effect of temperature on the material properties of concrete has been investigated
extensively by many researchers in the last century. Bazant and Kaplan (1996) gathered
the results of many of these investigations. They concluded that the effect of temperature
on the concrete material properties is mainly related to the evaporation of water from the
concrete and to changes in the chemical composition and physical structure of the
concrete. These effects turned out to occur for the most part in the cement paste, while
the aggregates stay more or less unaffected. The temperature effects that can be
distinguished with increasing temperature are (Bazant and Kaplan 1996);

e  Expulsion of evaporable water from hardened cement paste and aggregates
(+100°C);

e Dehydration of the cement gel (£180°C);

e  Decomposition of calcium hydroxide (+500°C);

e Transformation of o-quart to B-quartz in quartzite and basalt aggregate
concretes (£570°C);

e Decomposition of calcium silicate hydrates (£700°C);

e Decarbonation of calcium carbonate in limestone aggregate concretes (+800°C);

e  Melting of the cement paste and aggregates (between 1150°C and 1200°C).

Other effects of an increase in temperature are the change in pore structure and the
development of high-water vapor pressure in the concrete pores, which could result in
thermal spalling of the concrete. Also localized heating could result in spalling, especially
when the thermal expansion is restricted by surrounding cool concrete, which results in
high compressive stresses in the heated concrete.
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4.2.2 Compressive strength

Figure 4-1 shows the effect of temperature on the compressive strength of ordinary
Portland cement concretes with different conventional aggregates (Bazant and Kaplan
1996). At 90°C, the compressive strength is reduced to about 65% to 90% of the initial
strength. The reduction is mainly caused by evaporation of free water, microcracking of
the concrete and loss of bond between the cement paste and the aggregates due to the
difference in the coefficient of thermal expansion between these materials.
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Figure 4-1: Influence of temperature on the compressive strength of concrete

Further increasing the temperature up to 200°C resulted in an increase of the compressive
strength, mainly due to the rapid drying of the concrete and the change in pore structure.
The residual strength at 200°C is about 85% to 110% of the initial strength at room
temperature. Above this temperature, the compressive strength is almost linear
decreasing with increasing temperatures.

Eurocode 2 part 1-2 (CEN 2004b), Model Code 1990 (CEB 1993) and CEB Bulletin 174/208
(CEB 1987; CEB 1991) all provide different relations between the temperature and the
concrete compressive strength (Figure 4-1). Eurocode 2 part 1-2, CEB 174 and CEB 208
were originally developed for fire design of concrete structures, for which it is allowed to
simplify the behavior at moderate temperatures. These guidelines neglect the effects of
temperature in the temperature range in between 0°C and 100°C. Model Code 1990 only
provides a relation for moderate temperatures (< 80°C) and fits the experimental results
in this temperature range the best;
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Model Code 1990 (CEB 1993): f.(T)=f_ (1.06—MJ
0
where
fen(T) is the mean concrete compressive strength at the temperature T
T is the temperature in (°C)
fem is the mean concrete compressive strength at 20°C
To =1°C

4.2.3 Tensile strength

(4.1)

The tensile strength of concrete turned out to be more sensitive to temperature than the
compressive strength (Bazant and Kaplan 1996). Figure 4-2 shows the effect of
temperature on the tensile splitting strength of concrete with ordinary aggregate
materials. Similar results were found for the flexural strength of concrete. It can be seen
that increasing the temperature resulted in a degradation of the tensile strength, but also
in a large scatter in results. The loss of tensile strength turned out to be irreversible.
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Figure 4-2: Influence of temperature on the tensile splitting strength of concrete
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In the temperature range from 0°C to 80°C, no influence of temperature has to be taken
into account according to Eurocode 2 part 1-2 (CEN 2004b). Model Code 1990 (CEB 1993)
only takes an effect of temperature on the flexural strength into account for dry concrete
(equation (4.2)), while the effect of temperature is neglected for wet concrete. For wet
concrete, the decrease in tensile strength due to the temperature increase is assumed to
be compensated by the increase in tensile strength due to drying of the concrete. The two
relations seem to be corresponding to the lower and upper limits found by BaZzant and
Kaplan, as can be seen in Figure 4-2.

Model Code 1990, dry concrete (CEB 1993): f, (T)=f, [1.1 —()()_(r)i] (4.2)
0
where
feen(T) is the flexural strength of concrete at the temperature T
T is the temperature in °C
feen is the flexural strength of concrete at 20°C
To =1°C

4.2.4  Fracture energy

In tensile experiments, fracture energy is defined as the amount of energy that is required
to create one unit area of crack and is expressed in J/mz. In fracture tests the amount of
energy required for fracturing is generally represented by the area under the load-
deformation diagram. The fracture energy of concrete is also affected by temperature.
Test results (Bazant and Prat 1988) have shown that the relation between temperature
and fracture energy depends on the moisture content, as can be seen in Figure 4-3.
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Figure 4-3: Influence of temperature on the fracture energy of concrete
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For wet concrete, the effect of temperature on the fracture energy turned out to be more
pronounced than for dry concrete, due to the additional water vapor pressure in the
concrete pores. Only Model Code 1990 (CEB 1993) provides equations that take the effect
of temperature on the fracture energy into account. Equation (4.3) and (4.4) can be used
for dry concrete and wet concrete respectively. It can however be seen that this relation
does not fit the results found by Bazant and Prat, possibly due to other factors that have
not been taken into account in either the tests or the formulas.

0.003-T
Model Code 1990, dry concrete (CEB 1993): G.(T) =G, (1.06 ——J (4.3)
0
0.006-T
Model Code 1990, wet concrete (CEB 1993): G.(T)=G;| 1.12——— (4.4)
0
where
GR(T) is the fracture energy of concrete at temperature T
T is the temperature in °C
Gr is the fracture energy of concrete at 20°C
To =1°C

4.2.5 Creep and shrinkage

The total strain in the concrete at a certain load and temperature can be divided in the
mechanical strain (due to the load), the creep strain (due to creep effects), the thermal
strain (due to the thermal expansion), and the hygral strain (due to a humidity change
(shrinkage/swelling)). The creep of concrete increases with increasing temperature
(Bazant and Kaplan 1996). Up to 100°C, creep is expected to be caused by the breaking
and reformation of bonds in the cement gel. This process is accelerated by the moisture
diffusion between micropores of cement gel and the relatively high diffusion through
larger (capillary) pores, which occurs when concrete is drying (or wetting). Another effect
of temperature on the creep is the acceleration of the hydration (ageing) at moderate
elevated temperatures. Above 105°C, the reverse effect takes place, dehydration in a
loaded concrete specimen, which probably also accelerates creep. Shrinkage of the
concrete also increases with increasing temperature, due to the faster loss of the water in
the concrete at elevated temperature.
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4.2.6  Young’s modulus

The Young’s modulus of concrete decreases with increasing temperature, due to the loss
of bond in the microstructure of the cement paste (Bazant and Kaplan 1996). At the same
time, an apparent decrease of the Young’s modulus can be observed due to the increase
of creep caused by the temperature increase. Bazant and Kaplan concluded that it was
difficult to make a fair comparison between the results of different investigations, due to
the fact that the moisture state, the drying of concrete, the initial loading and the heating
rate were all affecting the Young’s modulus. Figure 4-4 shows the relation between the
temperature and the Young’s modulus of concrete with different types of aggregates
according to BaZzant and Kaplan (1996).
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Figure 4-4: Influence of temperature on the Young’s modulus of Portland cement concretes

The relations between temperature and Young’s modulus according to Eurocode 2 part 1-
2 (CEN 2004b), Model Code 1990 (CEB 1993) and CEB Bulletin 174/208 (CEB 1987; CEB
1991) are also shown in Figure 4-4. The Young’s modulus according to Eurocode 2 part 1-2
is indirectly calculated from the relation between f. and €, (strain at f.). Eurocode 2 part 1-
2 and Model Code 1990 provide the following equations to take the effect of temperature
between 20°C and 80°C into account;
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0.004-T
Eurocode 2 part 1-2 (CEN 2004b): E.(T)=E, (1.08——} (4.5)
0
0.003-T
Model Code 1990 (CEB 1993): E.(T)=E, (1.06——) (4.6)
0
where
E.(T) is the Young’s modulus of concrete at the temperature T
T is the temperature in °C
E. is the Young’s modulus of concrete at 20°C
To = 1°C

Especially the temperature-Young’s modulus relation according to Eurocode 2 part 1-2
seems to be different compared to the relations that represent the experimental results
according to BaZant and Kaplan (1996). This can be explained by the fact that Eurocode 2
part 1-2 indirectly takes the higher creep of concrete at elevated temperature into
account, which results in lower values for the Young’s modules (Blontrock 2003).

4.2.7 Coefficient of thermal expansion

The coefficient of thermal expansion of concrete is mainly governed by the type of
aggregate that has been used (Table 4-1) (BaZant and Kaplan 1996). It can be seen that the
coefficient of thermal expansion is higher for aggregates with a higher weight percentage
of silica. The coefficient of thermal expansion can be assumed to be constant up to about
100°C, while at higher temperatures, it will slightly increase with increasing temperature
(CEB 1987; CEB 1991).

Table 4-1: Coefficient of thermal expansion of concrete for different aggregates (BaZant and Kaplan
1996)

Aggregate Typical silica content in Coefficient of thermal expansion [10'6 /°C]
the aggregate by weight Range Average
[%]
Chertz 94 11.4-12.2" 13.2M
Quartzite 94 11.7-14.6 12.1
Sandstone 84 9.2-13.3 11.4
Marble Negligible 4.1-17.4 10.7
Siliceous limestone 45 8.1-11.0 10.7
Granite 66 8.1-10.3 9.6
Dolerite 50 - 9.6
Basalt 51 7.9-10.4 9.3
Limestone Negligible 4.3-10.3 8.6

[1] Note that the average does not fall in this range. Probably one of the numbers is wrong
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4.3 Steel reinforcement

4.3.1 Tensile strength

The tensile strength of steel reinforcement is not significantly affected up to 150°C (Figure
4-5) (FIP 1975; CEB 1978; CEB 1987; CEB 1991; CEN 2004b). At higher temperatures, the
effect of temperature on the tensile strength is mainly related to the chemical
composition and the mechanical treatments that have been carried out on the steel
reinforcement during production (CUR 1994). Reinforcement with a high initial strength at
room temperature is more subjected to degradation of the tensile strength at elevated
temperature than reinforcement with a low initial strength. The reduced tensile strength
is partially recovered after cooling down of the steel reinforcement.
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Figure 4-5: Influence of temperature on the tensile strength of steel reinforcement

4.3.2 Young’s modulus

For the Young’s modulus of the steel reinforcement, a similar tendency as for the tensile
strength can be observed (Figure 4-6). It is more or less unaffected up to 150°C, while for
higher temperatures an almost linear decreasing Young’s modulus is found with increasing
temperature (CEB 1978; CEB 1987; CEB 1991; CUR 1994; CEN 2004b).
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Figure 4-6: Influence of temperature on the Young's modulus of steel reinforcement

4.3.3 Coefficient of thermal expansion

The coefficient of thermal expansion of steel reinforcement (o ~ 8-12-10° /°C) can be
assumed to be equal to the coefficient of thermal expansion of concrete, according to
most guidelines (CEB 1978; CEB 1987; CEB 1991; CUR 1994; CEN 2004b). This assumption
is valid for ordinary concrete up to about 400°C, although in some occasions a slightly
higher coefficient is found for steel reinforcement (CEN 1997a). For temperatures higher
than 400°C, the coefficient of thermal expansion of concrete increases faster with
increasing temperature than that of steel reinforcement.

4.4 Fiber Reinforced Polymers

44.1 General

The available data on the material properties of FRP reinforcement at elevated
temperatures is limited. Furthermore, the effect of temperature on the material
properties may vary between the various products, as FRP can be composed of several
types of fibers (glass, aramid and carbon) and matrix materials (polyester, vinylester,
epoxy). Especially the properties of the matrix will change at elevated temperatures,
which will affect the material properties of the FRP. In each of the following sections, first
the effect of temperature on the material properties of the fibers and matrix materials is
discussed, followed by the effect of temperature on the material properties of the
composed product, FRP reinforcement.
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4.4.2 Tensile strength and Young’s modulus

4.4.2.1 Fibers

Blontrock (2003) gathered the available experimental data from different researchers
(Figure 4-7). Rehm and Franke (1974) and Sen (1993) both investigated the effect of
temperature on the tensile strength of different types of glass fibers, while Rostasy (1992)
has investigated the effect of temperature on the tensile strength of glass, aramid and
carbon fibers.
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Figure 4-7: Influence of temperature on the tensile strength of different types of fibers (Blontrock
2003)

It can be seen that aramid fibers showed the largest reduction in tensile strength with
increasing temperature. The different types of glass fibers showed a similar reduction in
tensile strength with increasing temperature compared to each other. The tensile strength
of the carbon fibers was more or less unaffected, even up to 800°C.
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4.4.2.2 Matrix material

Polymer matrix materials, like epoxy, vinylester and polyester, are thermosetting
polymers. The mechanical properties of thermosetting polymers will change from a glass-
like material to a more rubber-like material around the glass transition temperature (Tg)
(Section 2.2). This change is accompanied with a significant drop in strength and Young's
modulus. The glass transition temperature and the corresponding effect of temperature
on the material properties is mainly related to the specific composition and the properties
of the constituents (Saafi 2002) and is therefore different for each type of matrix material.
Even within the group of, for example, epoxies, significant differences can be found in the
glass transition temperature (Table 4-2). It is therefore impossible to define the effect of
temperature on the matrix material in a general way.

Table 4-2: Mechanical properties of polymer matrix materials (Morgan 2005)

Young’s modulus  Tensile strength Ultimate tensile Glass transition

[N/mm?] [N/mm?] strain [%] temperature [°C]
Polyester 3200 -3500 60 -85 2-5 100 - 140
Vinylester 3300 70-80 5-6 210-340
Epoxy 2000 - 4000 80—-150 1-8 50-260

Figure 4-8 shows the typical effects of temperature on, respectively, the tensile strength
(a) and the Young’s modulus (b) of (two different) epoxy matrices (Plecnik et al. 1980;
Miwa et al. 1998). Both will suddenly drop around the glass transition temperature.
Cooling down from a temperature above T, to a temperature below T, will reverse the
material properties back to the original properties.
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Figure 4-8: Influence of temperature on the tensile strength (Plecnik et al. 1980) (a) and the Young’s
modulus (Miwa et al. 1998) (b) of epoxy
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4.4.2.3

Tensile strength of FRP reinforcement

The effect of temperature on the tensile strength of the composed FRP reinforcement is
related to the effect of temperature on the tensile strength of both the matrix material
and the fibers and has mainly been investigated for FRP reinforcement bars (rods). Test
results for CFRP, GFRP and AFRP are shown in Figure 4-9 till Figure 4-11 (Blontrock 2003).

Relative tensile strength f,(T)/f;,(20°C) [%]

120

100

80

60

40

20

Temperature [°C]

& Kumahara B Kumahara
Proposed relation by Saafi (2002) ®
/
('"7"‘ ~7 ° A Kumahara @ Kumahara
X S -
B X l .‘\ ] M Kumahara X Fujisaki
x ~ ]
A ' N 4 A Tanano ® Tanano
= o
X X 7 N
XX S K~
$
N
N4 n
S e S °
N
® N~ ©
AN
N
N
N
N
T L] T L 1
0 100 200 300 400 500

Figure 4-9: Influence of temperature on the tensile strength of Carbon FRP bars (Blontrock 2003)
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Figure 4-10: Influence of temperature on the tensile strength of Glass FRP bars (Blontrock 2003)
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Figure 4-11: Influence of temperature on the tensile strength of Aramid FRP bars (Blontrock 2003)

All types of FRP reinforcement showed a decreasing tensile strength with increasing
temperature. The reduction in tensile strength of the FRP reinforcement was more
significant compared to the reduction in strength of the fibers alone (Figure 4-7), due to
the matrix material that is used to embed the fibers. It can however also be seen that the
FRP still has some capacity left at temperatures far beyond the glass transition
temperature of the matrix material.

Saafi (2002) proposed a relation between temperature for each type of FRP, as can be
seen in Figure 4-9 - Figure 4-11. According to these relations, the tensile strength of CFRP
and AFRP is unaffected up to 100°C, while the tensile strength of GFRP starts to decrease
immediately, starting from room temperature.

Kumahara (1993) also investigated the effect of temperature on the tensile strength of
FRP reinforcement bars with different fiber configurations (straight fibers, braided fibers,
bundles of fibers). The tensile strength of FRP reinforcement with straight fibers was more
or less unaffected up to 400°C, while the FRPs with other fiber configurations showed a
larger reduction and scatter in the tensile strength at elevated temperature.
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4.4.2.4 Young’s modulus of FRP reinforcement

Saafi (2002) also proposed two relationships between the temperature and the Young’s
modulus of FRP, one for CFRP (Figure 4-12) and one for GFRP and AFRP together (Figure
4-13). The experimental results for CFRP and AFRP showed a reduction of the Young’s
modulus with increasing temperatures (Blontrock 2003), although up to 100°C, the
Young’s modulus of these types of FRP was hardly affected. GFRP even showed an initial
increase in Young’s modulus, although it should be remarked that the test results are
based on only one type of GFRP.
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Figure 4-12: Influence of temperature on the Young's modulus of Carbon FRP bars (Blontrock 2003)
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Figure 4-13: Influence of temperature on the Young's modulus of Aramid FRP and Glass FRP bars
(Blontrock 2003)

443 Coefficient of thermal expansion

4.4.3.1 Fibers and matrix material

The coefficient of thermal expansion of FRP highly depends on the composition of the FRP
(fibers and matrix), the orientation of the fibers and the fiber content. Table 4-3 shows the
coefficient of thermal expansion of commonly used fibers and matrix materials in FRP. It
can be seen that carbon and aramid fibers are orthotropic materials, while glass fibers are
isotropic, like the matrix materials. Carbon and aramid fibers have a negative value for the
coefficient of thermal expansion in longitudinal direction, which means that the fibers
shorten with increasing temperature.

Table 4-3: Coefficient of thermal expansion of common fibers and matrix materials (Rostdsy 1992;
Blontrock 2003; Stormcable 2009)

Qongitudinal ['10—6 /oc] Olyerpendicular ['10-6 /oc]

Carbon fiber -0.5--0.6 5.5-10
Glass fiber 4-55 4-55
Aramid fiber -2--35 60
Epoxy 40- 120 40- 120
Polyester 60 - 180 60 - 180
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4.4.3.2  FRP reinforcement

The coefficient of thermal expansion of a FRP composite can be determined from the
coefficients of the fibers and the matrix material with (Blontrock 2003);

af — a’ﬂb ) Eéb ) V\f;a + a’matrix i Emam’x ) Vmamx (4.7)
fib : fib + Ematrix : Vmatrix

where

Oiby Omatrix is the coefficient of thermal expansion of respectively the fibers and the matrix

Efiby Ematrix is the Young’s modulus of respectively the fibers and the matrix

Viib, Vinatrix is the volume fraction of respectively the fibers and the matrix

Table 4-4 shows some typical values of the coefficient of thermal expansion in the
longitudinal direction of different FRP materials, all composed with an epoxy adhesive and
a fiber volume fraction of 60%.

Table 4-4: Typical values of the coefficient of thermal expansion of FRP materials (Stormcable 2009)

alongitudinal ['10-6 /OC] upergendicular ['10-6 /OC]

CFRP -0.5 32
GFRP 6.6 30
AFRP -4 70

In the Pieter van Musschenbroek Laboratory of Eindhoven University of Technology, the
coefficient of thermal expansion has been experimentally determined for CarboDur CFRP
laminates (Sika 2005). These laminates are used in the various experiments throughout
this research project. The material properties of these CFRP laminates at room
temperature are given in Table 4-5, both according to the datasheet of the manufacturer
(Sika 2005) and according to the test results.

Table 4-5: Material properties in the fiber direction of CarboDur CFRP laminates

Tested According to datasheet
at +20°C / R.H. 60% (Sika 2005)
at +23°C / R.H. 50%

Tensile strength at failure (f;) -

Tensile strength (5% fraction value) (ff;sy)
Tensile strength (95% fraction value) (ff, gs%)
Mean tensile strength (f,)

Young’s modulus (minimum value) (E;)
Young’s modulus (5% fraction value) (Eg sy)
Young’s modulus (95% fraction value) (E gse)
Mean Young’s modulus (Ey,)

Strain at failure (&)

Density (ps)

> 2,800 N/mm?
- 3,000 N/mm?
- 3,600 N/mm?’
3,200 N/mm? 14 -
- > 165,000 N/mm?
- 162.000 N/mm?
- 180.000 N/mm?
165,800 N/mm? -
19.3 %o > 17 %o
1670 kg/m’ 1600 kg/m?

[1] Tested according to EN-ISO 527 (CEN 1997b)

57



A testing method called ESPI was used to measure the coefficient of thermal expansion of
CFRP. ESPI stands for Electronic Speckle Pattern Interferometry and is a non-destructive
optoelectronic technique to measure full-field surface deformations (Spagnolo and
Ambrosini 2001). An advantage of this technique is that very small deformations can be
measured. The measurement equipment was not affected by the elevated temperature,
as it was placed outside the box (with a window) in which the specimen was heated in
approximately 45 minutes from room temperature to the elevated temperature.

For measuring the deformation in one direction, two coherent lasers are needed to
illuminate the (diffuse) surface of the FRP (Figure 4-14). Consequently, for measuring in
two directions, four lasers are needed. A digital (CCD) camera records the scattered wave
front from the illuminated area (approximately 50 x 25 mm?2) simultaneously with a
reference wave front, which can be transformed to a speckle pattern by the help of the
interfering properties of electromagnetic waves. The speckle pattern is then converted
into a corresponding video signal, which is electronically processed through a so called
frame grabber, which converts texture variations of the speckle pattern into brightness
variations.

Material
Laser light

llluminated
area

ESPI
CcD

Figure 4-14: Basic principle of ESPI measurements (Spagnolo and Ambrosini 2001)

Finally, a speckle interferogram can be generated by subtracting two digitized speckle
patterns. The number of lines over a certain length in an interferogram is a size for the
elongation. The interference pattern clearly shows the relatively small elongation in the
longitudinal direction (Figure 4-15a) (only a few lines) and the relatively large elongation in
the direction perpendicular to the fiber direction (Figure 4-15b) (a large number of lines).

Figure 4-15: Interferogram of the CFRP deformation in fiber direction (a) and direction perpendicular
to the fiber direction (b)
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From the number of lines in the interferogram, the relative displacements in the CFPR
laminate in the two directions can be computed by choosing an arbitrary origin on the
surface as a reference (Figure 4-16). The coefficient of thermal expansion can then be
determined from the calculated deformations. The coefficient of thermal expansion was
determined for two temperature ranges, from 20°C to 40°C and from 20°C to 60°C. No
significant differences were found between these two temperature ranges (Table 4-6) and
the values correspond quite well to the values as found in literature (Table 4-4).
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Figure 4-16: Relative displacements from an arbitrary chosen origin in fiber direction (a) and in the
direction perpendicular to the fiber direction (b)

Table 4-6: Coefficient of thermal expansion of CarboDur CFRP laminates

20°C till 40°C 20°C till 60°C
Parallel to the fiber direction (0 jong) -1.6x10°/°C -0.3x10°/°C
Perpendicular to the fiber direction (ot pery) 32x10°/°C 33x10°/°C

4.5 Adhesive

4.5.1 General

For adhesives that are used to bond FRP reinforcement to the concrete, similar effects of
temperature can be expected as for the matrix materials (Section 4.4.2.2), as these are
basically the same materials. Again, each type of adhesive is affected differently by
temperature and has a different glass transition temperature. The glass transition
temperature of adhesives is however generally lower than for matrix materials (45-80°C
for epoxy adhesives).

Epoxy adhesive is the most commonly used adhesive for CFRP strengthening applications.
It was decided to investigate the effect of temperature on the material properties of one
specific adhesive, SikaDur-30 (Sika 2009). This is a two component epoxy adhesive that is
used throughout this research project. The material properties at room temperature are
shown in Table 4-7, both according to the manufacturer and according to experimental
results.
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Table 4-7: Sikadur-30 material properties

Tested According to the manufacturer
at +20°C / R.H. 60% (Sika 2009)
at +23°C / R.H. 50%

Compressive strength (f,) - +70a 95 N/mm?’
Shear strength (f,sm) - +14a 19 N/mm?
Tensile strength (f,m) - +24 331 N/mm?’
Flexural tensile strength (fm ) 48.5 N/mm? w -
E-modulus (E,) 12,700 N/mm? @ 12,800 N/mm?
Density (p,) 1770 kg/m® 1650 kg/m®
Shrinkage - 0.04 %
Glass transition temperature (T,) - >62°C

[1] According to EN 196-1 (CEN 1994), [2] According to EN 13412 (CEN 2002)

4.5.2  Flexural strength

The effect of temperature on the tensile strength of the adhesive was investigated with
flexural tests according to EN 196-1 (CEN 1994). EN 196-1 was originally developed for the
determination of the (flexural) strength of cement, but it can also be used for epoxy
adhesives. Prisms (40 x 40 x 160 mm®) were tested in a three-point bending test with a
span of 150 mm. The specimens were heated in an oven for approximately 1 hour. After
heating, the specimens were packed in an insulation material and loaded in the testing
machine outside the oven within 3 minutes after being taken out of the oven.
Temperature was measured at the surface of the specimen and only changed with a
maximum of 5°C after being taken out of the oven. The tests were performed at several
temperatures in the range from -20°C up to 80°C (Figure 4-17) and took approximately 5
minutes per test. It turned out that increasing the temperature resulted in a decreasing
tensile strength, as expected. At 80°C, only 20% of the initial strength was left. Decreasing
the temperature to -20°C did not seem to affect the tensile strength.
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Figure 4-17: Influence of temperature on the flexural strength of SikaDur-30

4.5.3  Young’s modulus

The Young’s modulus of the adhesive was also expected to be temperature related and
therefore determined experimentally according to EN 13412 (CEN 2002). Epoxy prisms (40
x 40 x 160 mm®) were loaded in compression at several temperatures in the range from
20°C to 80°C (Figure 4-18). The Young’s modulus was determined between the load levels
F, and F,, where F; is the load at a strain of €, = 0.002 and F, is 10% of F;.

The effect of an initial heating cycle was also investigated. Three tests per temperature
were performed on prisms that were stored at 20°C and 60% R.H. for 14 days and which
were then heated up to the test temperature in 1 hour and subsequently tested. Three
other prisms per temperature were stored at 20°C and 60% R.H. for 10 days, then stored
at 80°C for 2 days, and subsequently stored at 20°C for another 2 days. These prisms were
then heated up to the desired test temperature in 1 hour and tested at the elevated
temperature. All specimens were packed with insulation material after heating in the oven
and loaded in the testing machine within 3 minutes after being taken out of the oven.
Figure 4-18 shows the relation between the temperature and the Young’s modulus of the
adhesive for both types of tests.

61



14000

& 14dat 20°C
12000 A 10d at 20°C, 2d at 80°C, 2d at 20°C

t Average (14d at 20°C)
E 10000 Average (10d at 20°C, 2d at 80°C, 2d at 20°C)
> \
uw’ 8000
2 A
g 6000
2 \ A
iy \d
@ 4000 \ \
3
o
>

2000

0 ; ; . \;’g—\

10 20 30 40 50 60 70 80 90
Temperature [ °C]

Figure 4-18: Influence of temperature on the Young’s modulus of SikaDur-30

It can be seen that the Young’s modulus was significantly reduced at elevated
temperatures. It can also be seen that the reduction of the Young’s modulus occurred at a
higher temperature for the prisms that were stored at 80°C for two days prior to testing.
Heating the specimens for two days at 80°C, did however not affect the Young’s modulus
at room temperature. This seems to suggest that the glass transition temperature (Tg) can
be increased by applying a temperature cycle. This effect was also found by Leone et al.
(2006), who showed that the glass transition temperature was increased from 62°C to
81°C by applying one heating cycle from -50°C to 200°C before determining the glass
transition temperature.

4.5.4  Glass transition temperature

As shown in the previous two sections, the material properties of a thermosetting polymer
become more rubber-like above the glass transition temperature, with a sudden drop in
strength and Young’s modulus. This change in material behavior is related to a change in
the behavior of the atoms in the material, which get more degrees of freedom above the
glass transition temperature. Cooling down from a temperature above T, to a temperature
below T, will reverse the change in mechanical properties back to the original properties.
The glass transition temperature of adhesives is generally lower than that of the matrix
materials. For most commonly used epoxy adhesives for FRP strengthening applications,
the glass transition temperature is ranging from 45°C till 80°C (fib 2001), although
adhesives with higher glass transition temperatures are available.
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The glass transition temperature of SikaDur-30 was not explicitly tested in this
investigation, as it has been determined by other researchers. In Figure 4-17, it can be
seen that the glass transition temperature is approximately 60°C, as the strength suddenly
drops around this temperature. Values of 56°C (Ambtliche Materialprifanstalt fir das
Bauwesen 1994) and 62°C (Sika 2009) (determined by Fédération Internationale de la
Précontrainte) have been reported in literature for T,. The specimens of the last
investigation were cured for 7 days at 45°C, which could explain the higher T,.
Unfortunately, the curing time and temperature of the first investigation are not known to
the author. Throughout this research project, the glass transition temperature of SikaDur-
30 will be taken equal to 62°C, as given by the manufacturer.

4.5.5 Coefficient of thermal expansion

The coefficient of thermal expansion was experimentally determined with two different
techniques. Firstly, according to EN 1770 (CEN 1998), by measuring the difference in
length of 40 x 40 x 160 mm® prisms between -20°C and 40°C. The coefficient of thermal
expansion that was determined in this way was equal to 26 x 10° /°C, which is almost
equal to the value as given by the manufacturer (25 x 10 /°C) (Sika 2009).

It was decided to determine the coefficient of thermal expansion with the same technique
as has been used for CFRP laminates, Electronic Speckle Pattern Interferometry (ESPI)
(Figure 4-19 and Figure 4-20).
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Figure 4-19: Speckle interferogram of the horizontal (a) and vertical (b) deformation of the adhesive

t

Displacement x [mm] 0.0348 Displacement y [mm] 0.0586
0.0271 0.0503

1 0.0193 0.0420

0.0116 0.0335

0.0039 0.0253

-0.0038 0.0170

-0.0115 0.0087

-0.0192 = 0.0004

(a) -0.0270 (b) -0.0079

Figure 4-20: Displacements of the adhesive from an arbitrary chosen origin in the horizontal (a) and
vertical (b) direction
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The specimens were again placed in a box with a window, while the measurement
equipment was placed outside the box. The coefficient of thermal expansion was
measured on a surface of 40 x 40 mm2 Temperature was increased from room
temperature to elevated temperature in approximately 1.5 hours and was first measured
for the range from 20°C till 40°C. It turned out that the coefficient of thermal expansion
was almost similar to the coefficient of thermal expansion according to EN 1770, 29 x 10°®
/°C. The coefficient of thermal expansion was also determined for the temperature range
from 20°C till 60°C. Between these two temperatures, a higher coefficient of thermal
expansion was found, 45 x 10° /°C, probably due to the changing material properties of
the adhesive at temperatures near the glass transition temperature.

4.6 Summary

In this chapter, an overview of the effect of temperature on the different material
properties of concrete, internal steel reinforcement, FRP and adhesive has been given. It
has been shown that, within the ambient temperature range from -20°C till 80°C, the
material properties of concrete and steel reinforcement are not significantly affected. The
effect of temperature on the material properties of the FRP reinforcement is also
relatively small in this temperature range, as the glass transition temperature of the
matrix material is generally above 100°C (Table 4-2).

More important for the behavior of a FRP strengthened structure in this temperature
range is the effect of temperature on the material properties of the adhesive. Polymer
adhesives show a significant reduction in tensile strength and Young’s modulus around the
glass transition temperature, which is likely to affect the bond behavior between FRP and
concrete (Chapter 5). The glass transition temperature of most commonly used epoxy
adhesives for FRP strengthening applications is somewhere in between 45°C and 80°C.
Another important aspect is the significant difference in the coefficient of thermal
expansion between concrete and CFRP, as has also been discussed in Section 2.2. This
difference will induce thermal stresses in the concrete-adhesive-FRP joint, which could
affect the behavior of the FRP strengthened structure.
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5 Effect of temperature on the bond behavior

5.1 Introduction

Temperature does not only affect the individual material properties (Chapter 4), but also
the bond properties between the different materials in the concrete-adhesive-FRP joint.
Three different modes can be distinguished to describe bond failure (fracture) of this joint
(Figure 5-1).

Mode | is the bond fracture in the direction perpendicular to the bonded area. Mode Il is
the shear fracture in the longitudinal direction of the joint, while mode Il is the shear
fracture perpendicular to the longitudinal direction. In FRP strengthened structures, the
concrete-adhesive-FRP joint is mainly loaded in the longitudinal shear direction (mode ll),
although stresses perpendicular to the bonded area (mode 1) also occur, e.g. due to the
unevenness of the concrete surface (Section 2.4.3.6), at the tip of a shear crack (Section
2.4.3.3) and/or at the plate-end (Section 2.4.3.5). Mode Il bond fracture is, in general, not
relevant for FRP strengthened structures.

‘\ -
e G

Mode | Mode Il Mode IlI
Figure 5-1: Different fracture modes that can be distinguished

Both mode | (Section 5.2) and mode Il bond fracture are experimentally investigated in
this research project. Mode Il bond fracture was investigated with two types of test
setups, the double-lap shear test (Section 5.3) and the three-point bending test (Section
5.4).
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5.2 Mode |l bond fracture

5.2.1 General

Mode | bond fracture of a concrete-adhesive-FRP joint can occur in one of the materials
(cohesive failure) or in one of the two interfaces (interfacial failure), as described in
Section 2.4. A concrete-adhesive-FRP joint is actually composed of two joints, the
concrete-adhesive joint (Section 5.2.2) and the adhesive-FRP joint (Section 5.2.3). The
bond behavior of each of these joints is likely to be affected by temperature, as the
properties of the materials and interfaces can change with changing temperatures. Both
joints will be investigated individually.

5.2.2  Concrete-adhesive joint

The mode | bond strength of the concrete-adhesive joint was determined according to
CUR Recommendation 20 (CUR 1990), by gluing steel cylinders (50 mm to a sand-blasted
concrete surface of a concrete cube (formworked side) (150 x 150 x 150 mm?®) and pulling
them off with a hydraulic jack (Figure 5-2). The steel cylinders were glued to the concrete
with a £ 1.5 mm thick epoxy adhesive (Sikadur-30) (see Section 4.5 for the material
properties), after curing of the concrete for at least 28 days (at 20°C and 60% R.H.).

The tests were carried out after storing the specimens for another 14 days under the same
conditions. The bond strength was determined at several temperatures in the range
from -20°C up to 80°C, for two different concrete grades with a mean cubic compressive
strength of 41.1 N/mm’ and 70.8 N/mm?’ respectively. The other concrete material
properties are given in Appendix B.1.
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Figure 5-2: Measured bond strength of the concrete-adhesive joint as function of temperature
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The specimens were heated or cooled in approximately 3 hours and tested within 3
minutes after being taken out of the oven. The bond strength of the higher strength
concrete was about twice as high compared to that of the lower strength concrete. For
both concrete grades, starting from room temperature, bond strength decreased with an
increase in temperature, especially between 50°C and 60°C. For temperatures up to 50°C,
failure occurred in the concrete, leaving a small layer of concrete attached to the adhesive
(cohesive failure) (Figure 5-3a). At higher temperatures, failure occurred exactly in
between the concrete and the adhesive (interfacial failure), without leaving any concrete
attached to the adhesive (Figure 5-3b).

() (b)
Figure 5-3: Typical failure pattern of the concrete surface for T < 50°C (a) and of the concrete-
adhesive interface for T > 60°C (b)

Additional tests were carried out to investigate the effect of an initial heat cycle on the
bond strength at 20°C (fumcube = 41.1 N/mm?). Four bond tests were carried out after
curing of the adhesive at 20°C and 60% R.H. for 14 days, while four other tests were
carried out after curing of the adhesive under the same conditions for 13 days,
subsequently at 50°C for 8 hours and finally at 20°C again for 16 hours. It turned out that
the heat cycle did not affect the bond strength at room temperature. In both cases, the
mean bond strength was 2.3 N/mm?,

5.2.3  Adhesive-CFRP joint

The mode | bond strength of the adhesive-CFRP joint was investigated in a similar way as
for the concrete-adhesive joint. A CFRP laminate (Sika CarboDur) was first bonded to a
concrete surface, to avoid bending of the thin CFRP laminate during testing. Subsequently,
a steel cylinder @50 mm was glued to the CFRP laminate and cured for 14 days at 20°C
and 60% R.H.. The specimens were then heated or cooled down in approximately 3 hours
to the required test temperature, which was in the range from -20°C up to 80°C. The
specimens were tested within 3 minutes after being taken out of the oven. The results of
the bond tests are shown in Figure 5-4.
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Figure 5-4: Relation between temperature and the bond strength of the adhesive-CFRP interface

The test results showed an almost linear decreasing bond strength with increasing
temperature. Two types of failure were observed in the tests. At moderate temperatures,
up to 50°C, failure occurred in the adhesive-CFRP interface (Figure 5-5a). A thin layer of
fibers remained attached to some parts of the adhesive surface. At higher temperatures,
failure occurred in the adhesive-steel interface (Figure 5-5b). The higher the temperature,
the less adhesive remained attached to the steel cylinder. It may be obvious that the latter
failure pattern (bond failure in the adhesive-steel interface) is not relevant for this
investigation, apart from the fact that it can be stated that the bond strength of the
adhesive-CFRP interface was higher than the bond strength of the adhesive-steel
interface.

(a) (b)
Figure 5-5: Typical failure pattern of the adhesive-CFRP interface for T < 50°C (a) and the steel-
adhesive interface for T >60°C (b)
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Again, additional tests were carried out to investigate the effect of an initial heat cycle on
the bond strength of the adhesive-CFRP interface at 20°C in the same way as for the
concrete-adhesive interface. A mean bond strength (fem) of 3.4 N/mm? was found for
these specimens, which is lower than the mean bond strength of the specimens that were
tested at 20°C without an initial heat cycle (foom = 4.2 N/mm?).

5.3 Mode Il bond fracture — Double-lap shear test

5.3.1 Test setup

The most widely used bond tests to investigate the bond behavior of a concrete-adhesive-
FRP joint in the longitudinal shear direction (mode II) are the single- and double-lap shear
test (Niu and Wu 2004). The double-lap shear test (Figure 5-6) is generally preferred over
the single-lap shear test, due to symmetry of the specimen. The influence of temperature
on the bond behavior in shear was investigated with the same lower and higher strength
concrete as was used for the mode | fracture tests (fom,cupe = 41.1 N/mm2 and 70.8 N/mmz)
(Appendix B.1).

N N
threaded rod
\H _ 150mm
A /% adhesive
1

% % -
S| 3 1 50 mm

o
g 3 %t unbonded

3 not connected

clamps

CFRP

Figure 5-6: Double-lap shear test setup

Twelve specimens (150x150x800 mm3) of each concrete grade were casted with a steel
threaded rod in the center (M20 for the lower and M24 for the higher strength concrete
specimens) (Figure 5-6). The threaded rod of 1 meter length was applied to transfer the
load from the tensile test machine to the specimen. The specimens, including the rod,
were cut in two parts after curing of the concrete for at least 21 days at 60% R.H..
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After sandblasting of the concrete surface, two CFRP laminates (Sika CarboDur S512) of
50x1.2 mm’ and a length of 650 mm were glued to two opposite (formworked) concrete
surfaces with an epoxy adhesive (Sikadur-30) (thickness t, ® 1.5 mm). The material
properties of the CFRP and adhesive were given in Section 4.4 and 4.5 respectively. At
each side of the saw cut, 25 mm was kept unbonded to prevent local stress concentrations
near the saw cut.

Ten specimens were equipped with five strain gauges (measuring length 6 mm and 10
mm) on each CFRP laminate at 20 mm, 150 mm, 200 mm, 240 mm and 280 mm from the
plate-end (Figure 5-7). Four specimens were also equipped with strain gauges on a
concrete surface where no CFRP was applied and on the concrete surface right under the
adhesive layer (measuring length 30 mm). The strain gauges at these three locations (on
CFRP, on concrete and under the adhesive) were applied in the same cross-sections of the
specimen. The strain gauges under the adhesive layer were applied after sandblasting of
the concrete surface and before applying the epoxy adhesive. The properties of the strain
gauges and the effect of temperature on them are given in Appendix B.2. Two LVDTs,
placed symmetrically to the center of the cross-section of the specimen, were applied to
measure the displacement between the two concrete parts during loading.

steel clamps

saw cut

strain gauges

Figure 5-7: Measurement equipment on the double-lap shear test specimen

The specimens were heated in an oven or cooled down in a freezer for approximately 16
hours and subsequently tested within 15 minutes. Steel clamps were applied at one part
of the specimen, to make sure that debonding failure initiated in the other part (Figure
5-8a). In this way, strain gauges only had to be applied on one part. All specimens that
were tested at low or elevated temperature were packed with insulation during testing
(Figure 5-8b). The temperature of the concrete surface and the adhesive was measured
with thermocouples (Figure 5-7) and was, within a range of 3°C, constant during the test.
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(a) (b)
Figure 5-8: Double-lap shear test setup at room temperature (a) and at low and elevated
temperature (b)

5.3.2  Failure load as function of temperature

The specimens were loaded (displacement controlled) in a 250 kN tensile testing machine.
The measured failure loads as function of the applied temperature are shown in Figure 5-9
for both concrete grades. The load-displacement curves are plotted in Appendix B.3 and in
Section 6.4.3, for the comparison with the results of the finite element analyses.
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Figure 5-9: Failure load of the double-lap shear tests as function of temperature
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At 20°C, there was no significant difference in failure load between the two concrete
grades, which was not expected, given the difference in concrete properties. No clear
explanation can be given for this behavior. For temperatures up to the glass transition
temperature of the adhesive (T, = 62°C), the tendency turned out to be an increasing
failure load with increasing temperature, while for higher temperatures, a decreasing
failure load with increasing temperature was found.

It is expected that the decreasing failure load was caused by the changed type of bond
failure above 50°C, as will be discussed in the next section, and the corresponding
decreasing bond strength of the concrete-adhesive interface with increasing temperature
(Section 5.2). The tendency of an increasing failure load with increasing temperatures up
to T, could have been related to the reduced Young’s modulus of the adhesive and/or the
difference in coefficient of thermal expansion between concrete and CFRP. These effects
will be further discussed in Section 5.3.4 and 5.3.5.

5.3.3 Type of failure

The specimens that were tested at temperatures from -20°C up to +50°C failed in an
explosive way by failure in the concrete adjacent to the interface with the adhesive,
leaving a small layer of concrete attached to the adhesive (Figure 5-10a). The specimens
that were tested at temperatures of 70°C and higher failed exactly in the interface in
between the concrete and adhesive, without leaving any concrete attached to the
adhesive (Figure 5-10b). This relation between the temperature and the type of failure is
similar to what was found for the mode | fracture tests of the concrete-adhesive joint. The
temperature, at which the type of failure changes, is also roughly the same in both types
of tests.

(b)
Figure 5-10: Failure in the concrete at 20°C (a) and in the adhesive at 70°C (b)
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5.3.4 Thermal strain development

Four specimens were used to investigate the development of strains in the specimens
during heating. Two specimens were heated in an oven up to 50°C, then cooled down to
room temperature and heated up again to 50°C. The development of (thermal) strains in
time in the CFRP laminate (a), the concrete-adhesive interface (b) and the concrete (c) is
shown in Figure 5-11 for the lower strength concrete specimen. The strain in Figure 5-11
corresponds to the strain in the middle of the bonded length, at 150 mm from the plate-
end. For the higher strength concrete specimen similar results were found (Appendix
B.4.1). The strain measurements had to be corrected to be able to measure the correct
thermal strains. The strain measurements were calibrated in such way that the strain in
point ¢ corresponded to the thermal expansion of concrete (10.2-10°/°C and 11.3-10° /°C
for the lower and higher strength concrete respectively).
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Figure 5-11: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating and cooling down of a double-lap shear test specimen

The highest strains developed at the concrete surface that was not strengthened with the
CFRP laminate (c). The strains in the concrete-adhesive interface (b) were slightly lower
due to the fact that the CFRP laminate gives resistance to the thermal expansion of the
concrete, due to its significant lower coefficient of thermal expansion. The strain in the
CFRP laminate (a) initially followed to a large extent the expansion of the concrete, but,
after about 1.5 h, started to decrease in time, while the temperature stayed constant. It is
expected that this was caused by time dependent behavior of the adhesive (creep), which
becomes more significant at elevated temperatures.
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Thermal strains in the concrete and concrete-adhesive interface disappeared after cooling
the specimen down to room temperature again. The CFRP laminate followed the shrinking
of the concrete, which resulted in a negative residual strain after cooling down. This strain
did not disappear in time, as was seen at elevated temperatures, probably because the
adhesive regained its original material properties, including a high Young’s modulus and
low time dependent creep behavior. Heating the specimen up again till 50°C resulted in
similar strains as just before cooling down.

Two other specimens, one of each concrete grade, were heated up in three steps, first to
40°C, then to 50°C and finally up to 70°C. The strain development during heating in the
oven is shown in Figure 5-12 for the lower strength concrete specimen. Similar results
were found for the higher strength concrete specimen (Appendix B.4.2). It can be seen
that the CFRP strain did not decrease significantly in time at 40°C, after initially having
followed the expansion of the concrete to a certain extent (+ 60%), while at 50°C and
70°C, it did decrease in time.
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Figure 5-12: Strain development due to heating of the double-lap shear test specimen up to 40°C,
50°C and 70°C

Based on the strain measurements, it can be concluded that the strain in the CFRP
laminate to a large extent follows the expansion of the concrete. The strain in the CFRP
laminates does however decrease in time, due to the time dependent creep behavior of
the adhesive. This behavior starts to become significant at 50°C and higher and results in
residual stresses in the CFRP laminate after cooling down the specimens back to room
temperature.
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5.3.5  Strain development during loading

The strain distribution in the CFRP laminate due to loading of the specimens is shown in
Figure 5-13 for the lower and higher strength concrete specimen at 20°C. The strain at 300
mm from the plate-end corresponds to the strain in the non-bonded part, which is not
measured, but calculated from the applied load by;

Sf — Fext
2.t -b; -E;
where
Fext is the applied load
t is the thickness of the CFRP laminate
b is the width of the CFRP laminate
E¢ is the Young’s modulus of CFRP

(5.1)

The strain measurements were connected with straight lines to visualize the tendency of
the strain distribution. It should however be realized that the actual strain distribution is
not necessarily linear distributed between two points.
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Figure 5-13: CFRP strain distribution at 20°C for the lower (a) and higher (b) strength concrete

specimen at 20°C
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At low load levels, the highest strains were concentrated in the first approximately 100
mm, measured from the end of the bonded length closest to the middle of the specimen
(=300 mm from the plate-end). This means that the CFRP force is mainly transferred to
the concrete in this area, which implies that the shear (and normal) stresses in the
concrete adjacent to the concrete-adhesive interface are concentrated in this area. Only
just before reaching the failure load, strains start to increase in the rest of the laminate. At
the failure load, debonding occurs in a very explosive way, which made it difficult to
record the strain distribution exactly at the maximum load. This might explain the
differences in the last recorded strain distributions between both concrete grades.

Figure 5-14 shows the mechanical strain distribution in the CFRP at 30 kN for the lower
and higher strength concrete specimens at 20°C, 50°C and 70°C. The strain measurement
just before applying the load was taken as reference, to make a clear distinction between
the mechanical and thermal strains. At 20°C, strains were concentrated in the first
approximately 100 mm of the bonded laminate closest to the middle of the specimen. At
higher temperatures, strains were distributed more linear over the length of the laminate,
which implies that the shear stresses in the concrete are more equally distributed,
especially at 70°C. It is expected that this behavior was caused by the reduced Young’s
modulus of the adhesive at elevated temperatures. This is further investigated by means
of finite element analyses in Chapter 6.
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Figure 5-14: CFRP strain distribution at 30 kN for the lower (a) and higher (b) strength concrete
specimen
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5.4 Mode Il bond fracture — Three-point bending test

5.4.1 Testsetup

The mode Il bond behavior of the concrete-adhesive-CFRP interface can also be
investigated with flexural tests. Curvature of a beam in a flexural test causes small
additional stresses perpendicular to the bonded area, which means that fracture of the
concrete-adhesive-FRP joint is not pure mode Il fracture. An advantage of flexural tests is
that the load situation of the joint is more comparable to the load situation in normal
structures like beams and slabs. It was therefore decided to also investigate the bond
behavior in the longitudinal shear direction with three-point bending tests (Figure 5-15).

The specimens were produced in two series of twelve specimens, one of each concrete
grade. The same concrete grades as for the double-lap shear tests were used. The
specimens spanned 750 mm, were supported at one fixed hinge support and one roller
support and were loaded at midspan. The specimens were cut in at midspan till half the
height of the beam after curing of the concrete for 21 days (at 20°C and 60% R.H.). This
was done to make sure that it breaks in two parts at that location. No internal
reinforcement was applied. One CFRP laminate (25x1.2 mmz) with a length of 650 mm
was applied after 28 days to the sandblasted soffit of the specimen (formworked side). At
each side of the saw cut, 25 mm remained unbonded to avoid local stress concentrations
at the saw cut.
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Figure 5-15: Three-point bending test setup
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The specimens were tested in a 100 kN testing machine (Figure 5-16a) after being stored
at 20°C and 60% R.H. for, on average, 63 days. They were not insulated during the tests, in
order to have a clear view on the specimen during debonding. The temperature, which
varied with a maximum of 5°C during the tests, was measured on the concrete surface and
under the adhesive (Figure 5-15).

The vertical displacement was measured at midspan with LVDTs. Initially, one LVDT was
used, but during the test program it was decided to use an extra LVDT, as some of the
specimens showed some rotation over their longitudinal axis, which resulted in variations
in displacement measurements (Appendix C.1). Strains in the CFRP laminate were again
measured with strain gauges (measuring length 6 mm and 10 mm) at 20 mm, 150 mm 200
mm, 240 mm and 280 mm from the plate-end, similar to the double-lap shear tests, and at
midspan, directly under the saw cut. Four specimens were supplied with additional strain
gauges in the concrete-adhesive interface (measuring length 30 mm), also similar to the
double-lap shear tests. Steel clamps were applied to make sure debonding occurred at the
side with the strain gauges (Figure 5-16b).

support

(b)
Figure 5-16: Non-clamped (a) and clamped (b) side of the three-point bending test specimen in the
test setup
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5.4.2 Failure load as function of temperature

The specimens were loaded by displacement controlled loading in approximately 10
minutes. All specimens failed by debonding of the CFRP, immediately followed by flexural
failure of the concrete at midspan (Section 5.4.3). The corresponding failure loads as
function of the applied temperature are plotted in Figure 5-17. The load-displacement
curves are given in Appendix C.1 and Section 6.5.3, for the comparison with the results of
the finite element analyses. For both concrete grades, a similar tendency was found.
Again, the failure load first increased with increasing temperature, followed by a decrease
while further increasing temperature. The transition between these two tendencies was at
a temperature close to the glass transition temperature of the adhesive (T,) for the lower
strength concrete specimens. For the higher strength concrete specimens, the transition
was around 50°C.
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Figure 5-17: Failure load of the three-point bending tests as function of temperature

At temperatures above the glass transition temperature, the failure load of the higher
strength concrete specimens was even lower than that of the lower strength concrete
specimens. Moreover, two higher strength concrete specimens that were heated up to
90°C could not be tested, as the bond between the concrete and CFRP failed right after
getting them out of the oven, even before applying a load. The lower strength concrete
specimens could reach, at the same temperature, a load that was even higher than that at
room temperature. No sound explanation can be given for this behavior, although Tadeu
and Branco (2000) also showed that the effect of temperature was more significant for
higher strength concrete (Section 3.2.1).
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It is again expected that the decreasing failure load was caused by the changed type of
failure at elevated temperatures and by the corresponding decreasing bond strength of
the concrete-adhesive joint with increasing temperature (Section 5.2.2). The reduced
Young’s modulus and/or the differences in coefficient of thermal expansion could have
caused the initial increasing failure load at moderate temperatures. This is further
investigated by means of finite element analyses (Chapter 6).

5.4.3 Type of failure

The type of failure was affected by temperature in a similar way as for the double-lap
shear tests. Up to about 50°C, bond failure was caused by failure of the concrete adjacent
to the concrete-adhesive interface, leaving a thin layer of concrete attached to the
adhesive (Figure 5-18a). At higher temperatures debonding occurred in the concrete-
adhesive interface, leaving hardly any concrete attached to the adhesive (Figure 5-18b).

(b)

Figure 5-18: Cohesive failure in the concrete (a) and failure in the concrete-adhesive interface (b)

Debonding propagated from the saw cut towards the end of the laminate (Figure 5-19).
The beam collapsed after cracking of the concrete above the saw cut, immediately after
debonding of the CFRP laminate. In most cases, a small concrete corner broke off above
the non-bonded part of the laminate.

flexural failure

O

aebonding propaga}iﬁn

concrete corner
that broke off

I after debonding
non-bonded part

Figure 5-19: Debonding propagation in the three-point bending test
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5.4.4

The strai

Thermal strain development

n development was again measured during heating in the oven. Two specimens,

one of each concrete grade, were heated up to 50°C, then cooled down to room
temperature and heated up again to 50°C, similar as for the double-lap shear tests. The
surface with the CFRP laminate was faced upwards during heating in the oven and the
specimens were supported over the entire length with rollers (Figure 5-20), which allowed
the concrete to expand and bend freely. Figure 5-20 shows the strain development in time

for the |

ower strength concrete specimen. For the higher strength concrete specimen,

similar results were found (Appendix C.2.1). The strain measurements were corrected for
temperature influences in the same way as for the double-lap shear test and correspond

to;

350

300

250

200

150

100

Strain [um/m]

50

-50

-100

the strain in the non-bonded part of the CFRP laminate directly above the saw
cut,

the strain in the middle of the bonded part of the CFRP laminate, 150 mm from
the plate-end,

the strain in the bonded part of the CFRP laminate, 20 mm from the plate-end,
the strain in the concrete at the interface with the adhesive, at the middle of the
bonded length.
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Figure 5-20: Strain development due to heating and cooling of the three-point bending test specimen
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Strains developed in an almost similar way as for the double-lap shear tests (Section
5.3.4). The strain in the concrete-adhesive interface (d) followed the expansion of the
concrete. The strain in the CFRP in the middle of the bonded (b) and non-bonded (a) part
followed this expansion and even showed a slightly higher strain compared to the
concrete-adhesive interface (d), which is opposite to what was shown in the double-lap
shear tests. No sound explanation can be given for this difference, but is possibly an error
in the measurement.

The strain in the non-bonded part above the saw cut (a) was slightly lower than the strain
in the middle of the bonded part (b). It is expected that this is caused by curvature of the
beam, which partly closes the saw cut and therefore reduces the strain in the non-bonded
part. The strain in the CFRP laminate at 20 mm from the plate-end (c) initially also
followed the expansion of concrete, but after a while started to decrease. This time
dependent behavior was not observed in the middle of the bonded length (b), which is
different compared to the double-lap shear tests. It is expected that this is related to the
fact that the two bonded parts are connected to each other by the concrete below the
saw cut at midspan, which is not the case for the double-lap shear tests. The two bonded
parts of the CFRP laminate are pushed away from each other, due to the expansion of
concrete, which results in a higher strain at the end of the bonded length near the saw
cut, compared to the strain at the end of the bonded length near the middle of the
specimen in the double-lap shear tests. This is further investigated by means of FE-
analyses (Section 6.5.4).

Most thermal strains disappeared after cooling down the specimen back to room
temperature, although the cooling down period was too short for the strains to
completely return to zero. The strain in the CFRP at 20 mm from the end decreased (a) to
a negative residual strain. Again, heating to 50°C resulted in similar strains as just before
cooling down.
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Two other specimens, one of each concrete grade, were heated up in three steps till 40°C,
50°C and finally till 70°C. Figure 5-21 shows the strain distribution for the lower strength
concrete specimen. The higher strength concrete specimen again showed a similar
behavior (Appendix C.2.2).
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Figure 5-21: Strain development due to heating to 40°C, 50°C and 70°C of the three-point bending
test specimen

The thermal strain development up to 50°C was almost similar as in Figure 5-20, although
the CFRP strains were now lower than the strains in the concrete-adhesive interface, as
could be expected. The strains in the middle of the bonded part (b) followed the
expansion of the concrete-adhesive interface (d) at 40°C and 50°C. After increasing the
temperature to 70°C, it showed a sudden reduction of the strain in time, although not as
significant as at the end of the CFRP laminate (c). It can also be seen that the decrease in
strain in time at 20 mm from the plate-end starts faster and is more significant with
increasing temperature. It is expected that the time dependent behavior of the adhesive is
mainly affecting the CFRP strain distribution at the end of the CFRP laminate at 40° and
50°C, while at 70°C, the strain distribution becomes affected over a longer length, seen
from the plate-end, due to both the time dependent creep behavior and the reduced
Young’s modulus of the adhesive.
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5.4.5 Strain development during loading

The strain development in the CFRP laminate due to loading of the specimens was
measured at several temperatures. Only the mechanical strain due to the external loading
is shown in this section, similar as was done for the double-lap shear tests. Figure 5-22a
shows the strain distribution over the length of the CFRP laminate for the lower strength
concrete specimen that was tested at room temperature.

For all load steps up to the maximum load (18.3 kN) strains were concentrated in the first
approximately 100 mm of the bonded part, measured from the end near the saw cut. The
two load steps indicated with a * are load steps in the post peak branch of the load-
displacement curve (Figure 5-22b). In these load steps, strains start to increase
significantly in the part towards the plate-end as well. This indicates that debonding has
started at the end of the bonded length closest to the saw cut and has propagated
towards the plate-end.
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Figure 5-22: Strain distributions in the CFRP at different loads (a) and the corresponding load-
displacement curve (b) of the lower strength concrete specimen at 20°C
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Figure 5-23 shows the strain distribution at 10 kN for the lower strength concrete
specimens at different temperatures. Note that some of the strain gauges under the saw
cut malfunctioned. It can be seen that, at 70°C and 90°C, strains were more linear
distributed over the length of the laminate, which can be explained by the reduced
Young’s modulus at elevated temperatures. This will result in more equally distributed
shear stresses over the length of the CFRP laminate.
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Figure 5-23: Strain distributions in the CFRP at
10 kN at different temperatures for the lower
strength concrete specimen

An important difference compared to the double-lap shear tests is the fact that, at the
same external load level, the CFRP strain in the non-bonded part directly under the saw
cut, was not the same for each temperature. This effect is further investigated by means
of finite element analyses in Chapter 6.

5.5 Effect of the angle of loading on the debonding of externally
bonded CFRP

5.5.1 Test setup

During the research project, it was decided to investigate the effect of the angle of loading
on the debonding of the externally bonded CFRP (see also Schetters (2004)). At the tip of a
shear crack, a CFRP laminate is loaded under a certain angle with the concrete surface,
due to the difference in vertical displacement between the two sides of the crack (Figure
5-24). Investigating the effect of the angle of loading on the debonding of externally
bonded CFRP could increase the insight in the debonding at shear cracks.
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shear crack

concrete

adhesive
FRP

normal stresses
Figure 5-24: Peeling angle at a shear crack (fib 2001)

For the tests, concrete specimens were casted with a dimension of 400x100x100 mm3,
equal to one half of the double-lap shear test specimens. Two CFRP laminates (Sika
CarboDur S812, 80x1.2 mm?) were bonded to the concrete over 300 mm, starting at 25
mm from the corner (Figure 5-25a), again similar as in the original double-lap shear tests.
The other end of the CFRP laminate was clamped on a 100 mm wide steel profile. By using
filling plates in between the CFRP and the steel profile, it was possible to vary the angle of
loading (o) (Figure 5-25b and c).
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Figure 5-25: Test setup to determine the relation between the angle of loading and the debonding
load (Schetters 2004)
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The concrete specimens had a mean compressive strength of 46.5 N/mm?, a mean tensile
splitting strength of 3.1 N/mm? and a mean concrete surface bond strength of 3.4 N/mm?2.
The individual results of the compressive, tensile splitting and bond tests are given in
Appendix D.1.

The steel profile was pulled away from the concrete specimen with a hydraulic jack that
reacted against an external reaction frame (Figure 5-26a). A load cell was applied in
between the jack and the steel profile to measure the load. The threaded rod in the
concrete specimen was connected to the reaction frame with a hinged connection. The
steel profile was aligned with the concrete profile, before fixing the CFRP laminates to the
steel profile, to make sure that the two angles of loading were the same. These angles
were measured and checked after applying a small initial load (Figure 5-26b).

Hydraulic jack

Load cell

Steel profile

Filling plates

CFRP

Concrete

Figure 5-26: Test setup (a) and detail of the connection between the concrete specimen and the steel
profile (b)

5.5.2  Failure load as function of the angle of loading

The relation between the failure load and the angle of loading has been plotted in Figure
5-27. It turned out that for an angle of loading of 1.5° and lower, the specimen
immediately failed after initiation of the debonding, while the load was able to further
increase for higher angles of loading. This is further explained in Section 5.5.3. Two
(exponential) trend lines have been plotted to show the tendency of the failure and
debonding load. A distinction has been made between angles of loading lower and higher
than 1.5°.
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Figure 5-27: Relation between the angle of loading and the debonding/failure load

The results showed that the load at which debonding initiated decreased with an
increasing angle of loading. This behavior can be explained by the higher concentrated
stresses acting normal to the bonded concrete surface at the plate-end (o, in Figure 5-25)
with an increasing angle of loading. At +7° hardly any capacity was left.

5.5.3  Type of failure

The specimens loaded under a small angle (< 1.5°) failed explosively, by failure of the
concrete adjacent to the concrete-adhesive interface, similar as in the double-lap shear
tests in Section 5.3.3. Again, a small corner broke off from the concrete at the non-bonded
part of the CFRP laminate (Figure 5-28a).

The specimens that were loaded under a relatively large angle (> 1.5°) failed by debonding
in between the adhesive and the CFRP (Figure 5-28b and c). Debonding propagated in
most of these specimens slowly, while the load was able to further increase with
increasing debonded length. It is expected that this is caused by the reduction of the angle
of loading after debonding over a certain length. Some of the specimens debonded in
several steps, where, after each step, a line of the adhesive was left on the CFRP laminate
at the locations where it had stopped (Figure 5-28c).
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(a) (b) (c)
Figure 5-28: Debonding in the concrete, adjacent to the adhesive for angles < 1.5° (a) and debonding
in the adhesive-CFRP interface for angles > 1.5° (b and c)

5.6 Summary

The bond tests have shown that temperature is affecting the bond behavior of a concrete-
adhesive-CFRP joint in more than one way. Changing the temperature results in the
development of thermal strains and stresses in the different materials, due to the
difference in the coefficient of thermal expansion between concrete and CFRP. Time
dependent creep behavior of the adhesive seems to reduce these thermal strains,
especially at the plate-ends. This behavior becomes more significant and occurs over a
longer length with increasing temperatures.

The strain distribution in the CFRP is also significantly affected by temperature, which is
probably related to the reduced Young’s modulus of the adhesive at temperatures above
T,. This results in a more linear strain distribution in the CFRP and more equally distributed
shear stresses in the concrete adjacent to the concrete-adhesive interface, which could
have affected the bond capacity.

Both types of bond tests in shear showed an increasing failure load with increasing
temperature up to T, which is expected to be related to one or more of these effects.
Close to the glass transition temperature of the adhesive, bond failure changes from
failure in the concrete to failure in the concrete-adhesive interface. This change is
accompanied by a significant reduction of the bond strength of the joint and consequently
results in a decreasing failure load with increasing temperature above T,.
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6 Finite element analyses of bond shear tests

6.1 Introduction

A change in temperature affects the bond behavior of the CFRP strengthening in different
ways, as has been shown in the previous chapters. A temperature increase reduces the
Young’s modulus of the adhesive and the bond strength of the concrete-adhesive
interface, but also results in the development of thermal stresses due to the thermal
mismatch between concrete and CFRP. In experiments, these effects generally occur
simultaneously, due to the nature of an experiment.

The effect of temperature on the bond behavior can also be investigated numerically.
Numerical analyses of structural engineering problems are often based on the finite
element method. With finite element (FE) analyses, different effects of temperature can
be investigated individually. Moreover, it becomes possible to compute, for example, the
shear stresses in the concrete-adhesive interface, which cannot be measured easily in an
experiment. It has, of course, to be kept in mind that the results of finite element analyses
are in general an approximation of the reality and highly depend on a correct modeling of
the problem. The finite element analyses in this section are carried out with DIANA 9.1
(TNO DIANA B.V. 2005). DIANA is a FE program that is widely used for numerical analyses
of concrete structures, although other materials can be analyzed as well.

In the next section, first a short description of the finite element method is given. The
approach that has been followed in the numerical simulations of the bond (shear) tests is
explained in Section 6.3, followed by a description of the finite element analyses of the
double-lap shear tests (Section 6.4) and the three-point bending tests (Section 6.5). In
Section 6.6, the effect of temperature on the concrete-adhesive-CFRP joint in the direction
perpendicular to the longitudinal direction is investigated.

6.2 Finite element method

The finite element method is a widely accepted and well documented method that can be
used to analyze structural engineering problems (Cook, Malkus, and Plesha 1989; Bathe
1996). Structural engineering problems, like for example the calculation of stresses in a
(strengthened) beam subjected to external loading, can, in theory, be solved exactly by
setting up a set of differential equations. These equations have to cover the actual
behavior of the structure (continuum), like the behavior of the materials, external loading,
supports, etc. In most cases this leads to a very complex set of equations, which cannot be
solved easily without significant simplification of the problem.

The finite element method is a method to approximate the solution of the differential
equations by discretization of the continuous problem into a limited number of finite
elements. For these elements the solution can be defined by a set of algebraic equations,
which can be solved with the help of a computer. Extensive information about the finite
element method can, for example, be found in Zienkiewicz (2000).
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6.3 Modeling approach

The bond shear tests (Mode Il fracture) that were used to investigate the debonding of
the CFRP laminate from the concrete surface in the previous chapter were carried out in
two steps. Firstly, the specimens were heated in the oven or cooled in the freezer to the
required temperature, and secondly, the specimens were loaded in the testing machine.
This sequence will also be adopted for the finite element analyses of the bond tests.

Heating and cooling of the specimens

In the finite element analyses, the temperature was first increased in a number of steps
from room temperature (20°C) up to the required temperature. Temperature dependent
material properties and coefficients of thermal expansion were applied for the different
materials, to simulate the effect of a temperature change. The time-dependent behavior
of the adhesive (creep) was neglected in the FE-analyses, as the time-dependent
properties of the adhesive at different temperatures are not exactly known. Possible
effects of this behavior on the results of the finite element analyses will however be
explained when the numerical results are discussed.

Loading of the specimens

The stress state after heating or cooling will be the starting point in the second step of the
analyses. The loading in the model was displacement controlled, which has the advantage
that the post peak branch in the load-displacement curve can be found. The temperature
remained constant during loading, which implies that the temperature dependent
material properties were also kept constant in this second step.

6.4 Double-lap shear tests

6.4.1 Finite element model

The finite element model of the double-lap shear tests is shown in Figure 6-1. Only half
the specimen was modeled because of symmetry. Although possible, it was decided not to
use the other symmetry line, as the threaded rod, two supports and the external load
were all located on the symmetry line. The model was vertically supported at the end of
the bonded length of the CFRP laminates near the saw cut, which implies that the non-
bonded part of the CFRP laminate till the symmetry line was not modeled, as it gave some
numerical problems. The CFRP force in this part will however be constant and equal to the
reaction force in the support. The elongation of this part, due to the external load, is
indirectly taken into account, when computing the displacement between the two
concrete parts (Section 6.4.3). The model was horizontally supported at both ends of the
(embedded) reinforcement bar. The external load was applied at the top end of the
reinforcement bar.
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Figure 6-1: Finite element model of the double-lap shear test specimen (a) test setup, (b) finite
element model and (c) detail of finite element model

The concrete, CFRP and adhesive were modeled with plane stress elements, which were
eight-node quadrilateral isoparametric elements (TNO DIANA B.V. 2005). The default 2x2
Gauss integration scheme was used for these elements, with a quadratic interpolation.
The element has sixteen degrees of freedom; two displacements in each node (u, and u,).

The threaded rod was modeled as an embedded reinforcement bar, which adds stiffness
to the concrete elements in which it is embedded. This implies that perfect bond is
assumed between the bar and the concrete elements, which is, for the purpose of this
analysis, assumed to be adequate.

Perfect bond cannot be used for the interface between the concrete and the adhesive, as
failure is expected to occur in the concrete, adjacent to this interface, or exactly in this
interface. This bond behavior is modeled with interface elements with non-linear bond-
slip properties, representing the mode Il fracture of the concrete adjacent to the adhesive
layer or of the concrete-adhesive interface. The interface elements had a dummy
thickness of 0.1 mm.
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An interface element consists of two lines with on each line three nodes (Figure 6-2a).
These nodes are connected to the adjacent plane stress elements. The element describes
the relation between the stresses t, en t; (also called tractions) and the relative
displacements Auy en Au, (Figure 6-2b). The normal stress (t,) is defined in the direction
perpendicular to the x-axis of the interface element, while the shear stress (t;) is defined
parallel to x-axis of the interface element (Figure 6-2c). These stresses are not coupled.
Stresses in the one direction do not affect the behavior in the other direction. The
interface element is based on a quadratic interpolation. The default integration scheme
was applied, which is a 4 point Newton-Cotes integration scheme (TNO DIANA B.V. 2005).
Comparisons were made with the nodal lumping integration scheme, which is
recommended for interface elements with a large dummy stiffness, but no significant
differences were found in the results.

(a) (b) (c)
Figure 6-2: The topology (a), the displacements (b) and the tractions (c) of the applied interface
element (TNO DIANA B.V. 2005)

6.4.2  Applied material properties

In the double-lap shear tests, no cracking, crushing or yielding was observed except for the
concrete adjacent to the adhesive layer. It was therefore decided to apply linear elastic
material properties to all plane stress elements and the reinforcement bar (Table 6-1),
while non-linear material properties were applied to the interface elements in the bond
layer in between the concrete and adhesive elements.

The Young’s modulus and the coefficient of thermal expansion were determined
experimentally for the concrete (Appendix B.1), adhesive (Section 4.5.4) and CFRP (Section
4.4.3), while the Poisson ratios of the adhesive and CFRP were taken according to the
manufacturer’s datasheets (Sika 2005; Sika 2009). The material properties of the steel
reinforcement were taken according to Eurocode 2 (CEN 1997a), while the coefficient of
thermal expansion was taken equal to that of concrete.

Table 6-1: Applied material properties of the plane stress elements and reinforcement bar at 20°C

Material property Lower Higher Adhesive CFRP Reinforce-
strength strength ment bar
concrete concrete

Young’s modulus (E,,) [N/mm?] 26,800 31,100 12,800 165,000 210,000

Poisson ratio v [-] 0.2 0.2 0.3 0.35 -

Coefficient of thermal expansion 10.2 11.3 26 -0.3 10.2/11.3

a [10°/°C)
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The applied temperature dependent material properties are shown in Figure 6-3. For the
concrete elements, the relation between the Young’s modulus and temperature according
to Model Code 1990 (CEB 1993) was used. For the adhesive, the experimentally
determined relation as given in Section 4.5.3 was used. The Young’s modulus of the CFRP
was assumed not to be affected by temperatures up to 100°C (Section 4.4.2.4) and
therefore kept constant in the FE-analyses.

For the interface elements in between the concrete and adhesive, a non-linear bond-slip
relation was applied to simulate the debonding behavior. One of the most widely used
models to describe this debonding behavior is the fracture mechanics based model of
Holzenkdampfer (1997), modified by Neubauer and Rostasy (1999). The model is based on
a bilinear bond-slip (t-s) relation (Figure 2-23) and relates the maximum FRP anchorage
force (Nt,,max) to the mode Il fracture energy (G¢") of concrete, which corresponds to the
area under the bond-slip relation. Note that this model has been developed to describe
the debonding due to bond shear failure (mode Il fracture) of the concrete adjacent to the
concrete-adhesive interface and not due to failure exactly in the concrete-adhesive
interface, as was found in the experiment for temperatures above 60°C. Whether the
model has to be replaced at these temperatures will be discussed later.

26 3
S CFRP 8 k
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Figure 6-3: Young’s modulus as function of Figure 6-4: Bond slip relation according to
temperature for the concrete, adhesive and CFRP  Holzenkémpfer

The bond-slip relation in Figure 2-23 was used in the finite element analyses and is defined
by three parameters, the mode Il fracture energy (G"F), the shear strength (Tma) and the
slip at the shear strength (ss;) (Holzenkdmpfer 1997);

Gy =k k> ¢ -f,, (6.1)

1., =k, -k -1.8-f (6.2)
T

Sfl :ﬂ (6.3)
k




where

fetm is the mean tensile strength of concrete

Cr is a calibration factor

ke is the factor accounting for the state of compaction of concrete
~1.0

kp is the geometry factor

=1.06

b, bs is the width of the concrete and CFRP [in mm]
___EM .

Kee —m (Section 3.5)

E((T) is the Young’s modulus of concrete at temperature T

Ve is the Poisson ratio of concrete

heef is the effective height of concrete

= 50 mm or two times the maximum aggregate size

Based on calibrations with test results, values of ¢; = 0.092 mm (Holzenkdmpfer 1997) and
¢ = 0.202 mm (Neubauer and Rostasy 1999) have been reported in literature for CFRP.
The effect of stresses perpendicular to the bonded area, due to the distance between the
CFRP and the concrete surface, are indirectly included in this calibration factor. The
effective concrete height (h.f) is similar as was defined in the model of Di Tommaso et al.
(Section 3.5) and represents the height of the concrete that is contributing to the slip at
the interface with the CFRP. In the FE-model, the behavior of the concrete is modeled with
linear elastic plane stress elements, while the fracture behavior is concentrated in the
interface elements. To compute the slip at T, (Sr1) in the interface element, the effective
height of the concrete had to be replaced with the thickness of the interface element.

The ascending branch of the bond-slip relation is temperature dependent as it is related to
the Young’s modulus of the concrete. The shear strength 1.« and the mode Il fracture
energy at 20°C are taken as starting point for the analyses, also for elevated temperature.
Whether this is a correct assumption will be discussed later. The factor k. was used to fit
the finite element model to the experimental results at 20°C, where needed (Table 6-2).
This factor was kept constant for all other temperatures. Linear elastic properties were
applied to the interface elements in the direction perpendicular to the concrete surface.
An overview of the applied material properties of the interface elements is shown in Table
6-2.
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Table 6-2: Material properties of the interface element

Material properties

Lower strength concrete

Higher strength concrete

Tensile strength (fim) 3.07 N/mm? 3.79 N/mm?
Compaction factor (k.) 1.0 0.925
Calibration factor (c¢) 0.092 mm 0.092 mm
Young’s modulus (E.) (at 20°C) 26,800 N/mm? 31,100 N/mm?
Poisson’s ratio (v.) 0.2 0.2

Coefficient of thermal expansion (o)

10.2 x 10° /°C

11.3x 10° /°C

6.4.3

Load-displacement curves

The experimental and numerical load-displacement curves of the double-lap shear tests
(fem,cube = 41.1 N/mm?) are plotted in Figure 6-5 for -20°C, 20°C, 50°C and 70°C. Similar
results were found for the higher strength concrete specimens (Appendix E.1.2). The
displacement on the horizontal axis corresponds to the displacement between the two
concrete parts (see LVDT in Figure 5-7) and is computed from the results of the FE-
analyses and the elongation of the non-bonded part of the CFRP laminate.
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Figure 6-5: Load-displacement curves from the experiments and the FE-analyses for -20°C (a), 20°C
(b), 50°C (c) and 70°C (d) for the lower strength concrete specimens
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The displacement of the experiment in Figure 6-5 is the mean value of the two LVDT's. It
can be seen that, up to 50°C, the load-displacement curves as well as the failure loads
found with the FE-analyses corresponded remarkably well with the experimental results,
by only applying temperature dependent material properties, without any fitting (k. = 1.0).
The main difference is the horizontal branch after reaching the maximum load, which is
significantly longer for the FE-analyses. It is expected that this is caused by the explosive
type of failure in the experiment, which made it impossible to measure these large
displacements, as measurements were only recorded at certain time intervals.

The results of the finite element analyses showed an increasing failure load with
increasing temperature, which is similar as the experimental results. At 70°C, the
numerical load-displacement curve was different from the experimental load-
displacement curves, especially for the higher strength concrete specimens (Appendix
E.1.2). At this temperature, bond failure changed, in the experiments, from failure in the
concrete to failure exactly in between the concrete and the adhesive. It can therefore be
concluded that the applied bond-slip relation according to Holzenkampfer (1997) was not
valid anymore at this temperature. This is not a surprise, as the applied bond-slip relation
was only developed for concrete bond failure.

To simulate the behavior of the specimens at 70°C, it was decided to apply a different
bond-slip relation that describes the bond failure of the concrete-adhesive interface (at
elevated temperature) rather than that of the concrete adjacent to the concrete-adhesive
interface. By applying the bond-slip relation of Dorr (1980) (Figure 6-6) to the interface
elements, it turned out that the results of the experiments were better approximated,
especially for the higher strength concrete specimens (Figure 6-5).
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Figure 6-6: Bond slip relation according Dérr (1980)
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The main variable in this model is the shear strength (t...,), Which is assumed to be related
to the tensile strength. Initially, the tensile strength was taken equal to tensile strength of
the adhesive at 70°C (f,y(70°C) = 0.5-f3m,a(70°C) = 7.7 N/mm?), but this did not result in
accurate results. Also taking the tensile strength equal to the bond strength of the
concrete-adhesive interface at 70°C (fum(70°C) = 1.13 N/mm? and 2.73 N/mm? for
respectively the lower and higher strength concrete grade) (Section 5.2.2) did not provide
accurate results.

It was therefore decided to determine the shear strength by fitting the numerical results
to the experimental results. This resulted in a shear strength of 1.7 N/mm?® and 1.4 N/mm?
for respectively the lower and higher strength concrete specimens at 70°C. The slip at the
shear strength (s¢1) was taken equal to the default value, 0.06 mm. It is expected that the
fact that no clear relation was found between the shear strength on the one hand and the
tensile and/or bond strength of the concrete-adhesive interface on the other hand was
related to the wider scatter in bond strength at this temperature and possible effects of
the heating curve before testing. The heating curve could have affected the glass
transition temperature, and consequently the (bond) strength.

6.4.4 Heating and cooling of the specimens

Applying a temperature change to the finite element model resulted in thermal strains
and stresses in the different materials. These strains were compared to the thermal
strains as measured in the experiment (Figure 6-7). Note that the plotted experimental
strain measurements correspond to the strain measurements just before increasing the
temperature to the next temperature level (Figure 5-12), what implies that possible time
dependent effects had occurred in the experiment. The thermal strains were also
determined analytically with the model of Di Tommaso et al. (2001), as discussed in
Section 3.5.
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Figure 6-7: CFRP strain distributions for -20°C (a), 40°C (b), 50°C (c) and 70°C (d) for the lower
strength concrete specimens

It can be seen that the analytical and numerical strain distributions were more or less the
same for all temperatures up to 50°C. At 70°C, the numerical distribution was determined
twice, once with the bond-slip relation according to Holzenkdmpfer and once with the
bond-slip relation according to Dorr, as has been explained in the previous section. Both
distributions were significantly lower compared to the analytical distribution. This can be
explained by the effect of the reduced Young’s modulus of the adhesive layer, which was
not taken into account in the analytical model. In order to take this effect into account, it
was needed to modify the model by Di Tommaso et al. (2001) by adding the stiffness of
the adhesive (kg,) to the stiffness of the concrete (kg.);

1.1 (6.4)
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_ E.(T)
kec T2.@+vo)h,,

__ EM
kea 2-(1+v,)t,
E.(T) is the Young’s modulus of concrete at temperature T
A is the Poisson ratio of concrete
he e is the effective height of concrete

=50 mm or two times the maximum aggregate size
E,(T) is the Young’s modulus of adhesive at temperature T
A is the Poisson ratio of the adhesive
t, is the thickness of the adhesive

This modified analytical distribution is also plotted in Figure 6-7 (analytical incl kg,) and is,
up to 50°C, almost similar to the original analytical distribution. For these temperatures, it
is therefore allowed to neglect the adhesive layer. At 70°C, the modified analytical strain
distribution becomes significantly lower than the original analytical distribution and is
almost similar to the numerical distribution found with the finite element analysis with the
bond-slip relation according to Holzenkdamper. The results of the finite element analysis
with the model of Dorr showed even lower strains in the CFRP laminate, but still
overestimate the experimental strain measurements. It is expected that this is mainly due
to the fact that the time-dependent behavior of the adhesive is not taken into account.
The experimental strain measurements during heating showed that the strain in the CFRP
decreased over time, especially at high temperatures.
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The shear stress distributions in the concrete interface elements are plotted in Figure 6-8
for -20°C, 50°C and 70°C, according to the different analytical and numerical models. Shear
stresses mainly developed at the ends of the bonded length, as expected, where the CFRP
force is transferred to the concrete.
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Figure 6-8: Shear stress distributions in the interface elements at -20°C (a), 50°C (b) and 70°C (c)

Up to 50°C, there is no significant difference between the analytical and numerical shear
stress distributions. At 70°C, it was again significantly affected by the reduced Young’s
modulus of the adhesive, as can be seen by the difference between the two analytical
shear stress distributions. The peak in shear stress at the end even became lower at 70°C
compared to that at 50°C.
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It can be concluded that the differences in the coefficient of thermal expansion of the
different materials resulted in the development of thermal strains and stresses in the
concrete and CFRP. Up to 50°C, there is no significant effect of the reduced Young’s
modulus of the adhesive on these strains and stresses. At 70°C, however, the reduction of
Young’s modulus of the adhesive results in lower strains and stresses in the CFRP and
lower peaks in shear stresses in the concrete adjacent to the concrete-adhesive interface
at the ends of the bonded length. The FE-analyses however still overestimate the thermal
strains and stresses due to the time dependent behavior of the adhesive, which was not
taken into account. Note however that shortly after increasing the temperature, thermal
strains are significantly higher, as was shown in Section 5.3.4.

6.4.5 Loading of the specimens

After the change in temperature in the first part of the finite element analysis, load was
applied on the model in several steps in the second part. The strain distribution in the
CFRP laminate at an arbitrary chosen external load of 30 kN is plotted in Figure 6-9a for
four different temperatures. The strain distribution at 70°C has been determined with the
bond-slip relation of Dérr (1980), as bond failure was governed by bond failure in the
concrete-adhesive interface and not in the concrete adjacent to the concrete-adhesive
interface at this temperature. The strain distributions in Figure 6-9a include both the
thermal strains due to the temperature change and the mechanical strains due to the
external loading. To compare the experimental results (strain measurements were reset
just before the start of the test) with the finite element analyses, it was needed to
compute the mechanical strains (Figure 6-9b) by subtracting the thermal strain
distribution (Figure 6-7) from the total strain distribution (Figure 6-9a). Note that the time-
dependent material properties of the adhesive were less important during loading of the
specimens, as the test was carried out in about 15 minutes.
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Figure 6-9: Total (a) and mechanical (b) CFRP strain distributions at 30 kN for the lower strength
concrete specimens

102



The numerical strain distributions corresponded quite well to the experimental results. It
can be seen that, at 20°C and 50°C, the strains due to loading of the specimen were mainly
concentrated at the end of the bonded length near the middle of the specimen (between
200 mm and 300 mm). This means that the stresses in the CFRP are mainly transferred to
the concrete by means of shear stresses in this area. In the remaining part of the CFRP,
strains are almost equal to the initial thermal strains caused by the temperature in- or
decrease. At 70°C, the mechanical strain is more linear distributed over the bonded
length, due to the reduced Young’s modulus of the adhesive. The corresponding shear
stress distributions are plotted in Figure 6-10 for 0 kN, 10 kN, 30 kN and the maximum
load.
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Figure 6-10: Shear stresses in the interface elements at 0 kN (a), 10 kN (b), 30 kN (c) and the failure
load (d)
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It can be seen that, at the end of the bonded length near the middle of the specimen
(300 mm), the direction of the shear stress due to a temperature increase (Figure 6-10a) is
opposite to the direction of the shear stress due to loading (Figure 6-10b and c). Shear
stresses due to loading will first have to compensate the thermal shear stresses at this
end. As a result, the peak in shear stress is lower at this end with increasing temperature
(Figure 6-10b), which explains the increasing failure load with increasing temperature
(Figure 6-10d). For the specimen at -20°C, the initial thermal stress is acting in the same
direction as the shear stress due to loading, resulting in the highest peak at 10 kN.

6.4.6  Effects of temperature on the failure load

As mentioned before, one of the advantages of finite element analyses is that different
effects of temperature can be investigated individually. Figure 6-11 shows the effect of
(separately) changing the Young’s modulus of the adhesive (E,) and the concrete (E.) on
the failure load. With the relation between temperature and the Young’s moduli (Figure
6-3), the effect of the change in Young’s moduli of the adhesive and the concrete on the
failure load can be given individually at different temperatures (E, and E. in Figure 6-12).

It can be seen that changing the Young’s modulus of concrete (E.) did not significantly
affect the failure load in the temperature range from -20°C to 80°C. The decreasing
Young’s modulus of the adhesive (E,) with increasing temperature resulted in a slowly
decreasing failure load, although at 60°C, the failure load suddenly started to increase
with increasing temperature. At this temperature, the Young’s modulus was about 8% of
the Young’s modulus at 20°C. For lower Young’s moduli, an increasing load was found
(Figure 6-11), due to the change in shear stress distribution in the concrete adjacent to the
concrete-adhesive interface.
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It turned out however that the failure load was affected the most by the differences in the
coefficient of thermal expansion between concrete and CFRP (o), as can be seen in Figure
6-12. The effect of temperature on the failure load, taking all effects into account, is also
plotted in Figure 6-12 (a+E,+E.) and compared with the experimental failure loads. It can
be seen that the results of the finite element analyses approximate the average
experimental failure loads rather well for temperatures up to 50°C, except at 40°C. At this
temperature, the failure load was unfortunately determined with only one specimen. At
70°C and higher, large differences were found, as the results of the finite element analyses
were determined with the bond-slip model of Holzenkampfer.

6.4.7 Summary

Based on the analyses, it can be concluded that the increasing failure load with increasing
temperatures up to 50°C is mainly due to the effect of the differences in the coefficient of
thermal expansion between concrete and CFRP (Figure 6-12). Above this temperature, a
different type of failure occurs, for which the applied bond-slip relation according to
Holzenkdmpfer is not valid anymore. It is expected that the failure load highly depends on
the (bond) properties of the concrete-adhesive interface at these temperatures. It was
however not possible to find a direct relation between the failure load and the (reduced)
bond strength of the concrete-adhesive interface or the (reduced) tensile strength of the
adhesive at elevated temperature. Nevertheless, the overall tendency above the glass
transition temperature of the adhesive is a decreasing bond strength and decreasing
failure load with increasing temperature.
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6.5 Three-point bending tests

6.5.1 Finite element model

The three-point bending tests were analyzed in a similar way as the double-lap shear tests.
The finite element model of the tests is shown in Figure 6-13. For the analyses, a fixed
hinge support (left) and a roller support (right) were modeled at the soffit of the beam and
a load was applied at midspan on top of the beam. There were no elements over the
lower half of the midspan cross-section, in order to model the saw cut at this location. The
non-bonded part between the concrete and the CFRP, 25 mm at each side of the saw cut,
was modeled in the same way (Figure 6-13). The concrete, adhesive, CFRP and bond layer
were modeled with the same elements as have been used in the double-lap shear tests
(Section 6.4.1). Interface elements were used at the upper half of the midspan cross-
section to model the (discrete) cracking of the concrete at this location.
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Figure 6-13: Finite element model for loading of the three-point bending test specimen

For the simulation of the heating of the specimen, the FE-model was slightly changed. It
was turned up-side-down and supported over the entire length of the specimen with
springs (Figure 6-14), similar as the situation in the oven in the experiment. A very high
stiffness was applied to the springs in compression, while no stiffness was applied in
tension. In this way, the specimen was able to bend upwards, e.g. due to the difference in
coefficient of thermal expansion between the concrete and CFRP.

75 mm 650 mm 75 mm

250 mm

_ssprings

Figure 6-14: Finite element model for heating of the three-point bending test specimen
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6.5.2  Applied material properties

For the plane stress elements and the interface elements of the bond layer, the same
material properties were applied as for the elements in the double-lap shear tests. The
factor k., which was a parameter in the bond-slip relation according to Holzenkdampfer,
was adjusted for the higher strength concrete specimens, to fit the experimental results at
20°C. This factor turned out to be 1.35 for the higher strength concrete specimens, which
is probably caused by the higher age at testing, compared to the double lap shear tests. It
was kept constant for all temperatures up to 50°C. At 70°C, the bond-slip model of Dorr
was used, which was expected to describe the bond-slip behavior of the concrete-
adhesive interface at this temperature better, similar as in the double-slap shear tests.

For the interface elements of the discrete crack in the concrete at midspan above the saw
cut, a brittle stress-relative displacement relation (strain divided by the thickness of the
element) was defined to simulate the cracking at this location (Figure 6-15). The shear
stiffness of these elements was reduced to zero when the normal stress in the interface
element reached the tensile strength of concrete (f.m,). The material properties in
compression were kept linear elastic, as the compressive stress was not expected to reach
the compressive strength of concrete.
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Figure 6-15: Stress-relative displacement relations of the discrete crack representing the concrete at
midspan in tension

6.5.3  Load-displacement curves

The load-displacement curves of the higher strength concrete specimens are plotted in
Figure 6-16 for -20°C, 20°C, 40°C and 70°C (see Appendix E.2.1 for the lower strength
concrete specimens). The displacement on the horizontal axis corresponds to the vertical
displacement at midspan. It was decided to use the load-displacement curves of the
higher strength concrete specimens as the displacement of these specimens were
measured with two LVDTs in the experiment (Section 5.4.1). The displacement in Figure
6-16 corresponds to the mean value of these two measurements.
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Figure 6-16: Load-displacement curves from the experiments and FE-analyses for -20°C (a), 20°C (b),
40°C (c), and 70°C (d) for the lower strength concrete specimens

The tendency in the results is similar to the results of the double-lap shear tests. Up to
40°C, the numerical results showed good similarity with the experimental results. In this
temperature range, an increasing failure load was found with increasing temperatures,
similar as in the experiments.

At 70°C, the results of the FE-analysis with the bond-slip model of Holzenkdmpfer did not
correspond to the experimental results, as expected, because (bond) failure had changed
in the experiment from failure in the concrete adjacent to the concrete-adhesive interface
to failure exactly in the concrete-adhesive interface. Again, the bond-slip relation
according to Dorr (1980) gave better results at this temperature, although the shear
strength had to be adjusted to fit the numerical results with the experimental results
(Figure 6-16d).
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A shear strength of 1.3 N/mm? was used for the lower strength concrete and 0.5 N/mm?
(FE-analysis Dorr a) and 0.9 N/mm? (FE-analysis Dérr b) for the higher strength concrete.
Again, no clear relation was found between the shear strength and the tensile strength of
the adhesive or the bond strength of the concrete-adhesive interface at 70°C. The shear
strength was however significantly lower than the shear strength that was used in the
model of Holzenkdmper for concrete bond failure (tma = 7.7 N/mm? and 12.3 N/mm? for
the lower and higher strength concrete).

6.5.4 Heating and cooling of the specimens

The three-point bending test specimens were heated in the experiment with the CFRP
faced upwards (Figure 6-14). The strain distribution in the CFRP laminate after changing
the temperature to -20°C, 50°C and 70°C is plotted in Figure 6-17a, both according to the
finite element analyses and as was measured in the experiment. The experimental strain
measurements showed good correspondence with the numerical results at 50°C but are
overestimated by the numerical analyses at 70°C, probably due to time-dependent
behavior of the adhesive.

It can be seen that the bond-slip relations according to Holzenkdmpfer and Dérr resulted
in a similar strain in the CFRP laminate near midspan. The strain was not decreasing to
zero at the end of the bonded length near midspan (at 300 mm), as was seen in the
double-lap shear tests, because the two bonded parts of the laminate were connected to
each other by the concrete below the saw cut and, as a result, moved away from each
other due to the expansion of concrete. The strains in the non-bonded part of the CFRP
laminate at midspan were slightly lower than in the bonded part, probably due to
curvature of the beam.
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Figure 6-17: Thermal strains in the CFRP (a) and shear stresses in the interface elements (b) for the
lower strenght concrete specimens
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The shear stresses in the concrete at the end of the bonded length near the support were
similar to those found for the double lap shear tests (Figure 6-17b). However, at the end
of the bonded length near midspan, significantly lower shear stresses were found, due to
the fact that similar strains developed in the bonded and non-bonded part of the CFRP.

6.5.5 Loading of the specimens

The specimens were loaded with the CFRP laminate faced downwards (Figure 6-13).
Turning the specimen from the position during heating (CFRP upwards) to this position
(CFRP downwards) slightly affected the thermal strains in the non-bonded part at midspan
(Figure 6-18a). The strain distribution due to the temperature change and due to loading
(10 kN) is shown in Figure 6-18b for four different temperatures. The mechanical strain
distribution (Figure 6-18c), which was needed to make a comparison with the
experimental strain measurements, was determined in the same way as for the double-lap
shear tests. The strain distributions at 70°C have been calculated with the bond-slip
relation according to Dorr.
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Figure 6-18: Thermal (a), total (b) and mechanical (c) strain distributions for different temperatures
for the lower strength concrete specimens
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It can be seen that, at a certain load level, the strain (Figure 6-18b) in the non-bonded part
was not the same for the different temperatures, as was also observed in the
experiments. Due to the lower Young’s modulus of the adhesive at elevated
temperatures, less stresses were transferred to the CFRP laminate, which resulted in a
different equilibrium in the midspan cross-section with more tensile stresses in the
concrete, above the saw cut. The corresponding shear stress distributions in the concrete
adjacent to the concrete-adhesive interface are plotted in Figure 6-19 for O kN, 5 kN,
10 kN and 15 kN.
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Figure 6-19: Shear stresses in the concrete adjacent to the concrete-adhesive interface at 0 kN (a), 5
kN (b), 10 kN (c) and 15 kN (d) at different temperatures for the lower strength concrete specimens

It can be seen that debonding initiated at the end of the bonded length near midspan. At
this location, the shear strength (tmax = 7.7 N/mm?) was first reached at about 5 kN for the
specimen at -20°C (Figure 6-19b), while the specimen at 50°C reached the shear strength
at about 10 kN (Figure 6-19c). At 70°C, significant lower peaks and more equally
distributed shear stresses were found due to the reduced Young’s modulus of the
adhesive. The shear strength is, however, also significantly reduced, due to the changed
type of bond failure, as has been explained before.
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6.5.6 Temperature effects on the failure load

Again, additional calculations have been made to investigate the different effects of
temperature, like the change in Young’s moduli (E,+E.) and the differences in the
coefficient of thermal expansion (o), individually and combined (o+E,+E.). Figure 6-20
shows the results for the lower (a) and higher (b) strength concrete specimens, as well as
the mean experimental failure loads. All numerical calculations in these figures, also for
70°C, were based on the bond-slip according to Holzenkdmpfer.
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Figure 6-20: Effects of the reduced Young’s moduli and the differences in coefficient of thermal
expansion on the failure load for the lower (a) and higher (a) strength concrete specimens

The tendency in the numerical results up to 50°C corresponded to the tendency in the
experimental data, although some small differences were found, for example at -20°C for
the lower strength concrete specimens. Again, the increase in failure load up to 50°C can
mainly be subscribed to the difference in the coefficient of thermal expansion between
concrete and CFRP. At higher temperatures, the results of the finite element analyses did
not correspond to the experimental results anymore, as the type of bond failure had
changed in the experiment.

6.6 Bond behavior in the perpendicular shear direction

6.6.1 General

A temperature change also causes thermal strains and stresses in the concrete-adhesive-
CFRP joint in the (shear) direction perpendicular to the longitudinal laminate direction
(further called perpendicular direction). In the experiments, changing the temperature did
not lead to debonding or cracking of the concrete at the sides of the CFRP laminate.
Nevertheless, it was decided to investigate the effect of temperature on the development
of thermal stresses in this direction by means of finite element analyses.
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CFRP has a positive coefficient of thermal expansion in the perpendicular direction (o =
33.10°° /°C for Sika Carbodur), which is higher than that of concrete (o, ~ 10-10° /°C). The
bonded length is relatively small and the Young’s modulus of the CFRP is significantly
lower in this direction, compared to the longitudinal direction. It is expected that the
development of thermal stresses in the perpendicular direction are lower compared to the
longitudinal direction, due to these aspects. Moreover, time dependent creep behavior of
the adhesive also reduces the effects of the thermal mismatch, as it mainly decreases the
thermal strains in the CFRP close to the plate-ends, in the anchorage zones. As the
anchorage zones are overlapping due to the short bonded length in the perpendicular
direction, thermal strains are expected to reduce over the entire width due to the creep of
the adhesive.

6.6.2 Finite element model

The development of thermal stresses in the perpendicular direction was analyzed with a
finite element analysis of the cross-section of the three-point bending test specimen. The
FE analysis has been carried out for a CFRP laminate with a width of respectively 25 mm
and 100 mm (Figure 6-21). Time dependent behavior of the adhesive as well as the effect
of loading in the longitudinal direction on the stresses in the perpendicular direction have
been neglected, but will be taken into account when discussing the results of the finite
element analyses.

The finite element model was modeled in the same way as in the previous analyses,
although plane strain elements have been used instead of plane stress elements, as
recommended for the analysis of a cross-section of a (long) beam (TNO DIANA B.V. 2005).
The strengthened side was faced upwards, in the same position as in the experiment
during heating in the oven, and was supported on springs, in the same way as for the
three-point bending tests.
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Figure 6-21: Finite element model of the beam cross-section
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6.6.3  Material properties

For the concrete and adhesive elements, the same (temperature dependent) material
properties were applied as in the previous analyses. For CFRP, different properties had to
be applied as it is an orthotropic material. The CFRP laminates that were used in the
experiments have a Young’s modulus of 3000 N/mm? (Sika 2007) and a coefficient of
thermal expansion of 33-10° /°C in the direction perpendicular to the fiber direction
(Table 4-6). The CFRP properties were taken as temperature independent for the analyses,
although it is likely that the Young’s modulus will decrease with increasing temperature,
due to the effect of temperature on the matrix material properties. This is a conservative
approach, as thermal stresses are smaller for a reduced CFRP Young’s modulus. For the
interface elements, linear elastic material properties were applied in the normal and shear
direction as it was expected that the shear strength will not be exceeded.

6.6.4 Thermal strains and stresses

The normal stress in the CFRP laminate over its width (a) and the shear stress in the
concrete adjacent to the concrete-adhesive interface (b) are plotted in Figure 6-22, after
increasing the temperature up to 50°C and 70°C.
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Figure 6-22: Normal stress in the CFRP (a) and shear stress in the concrete at the interface with the
adhesive (b) at 50°C and 70°C

The temperature increase up to 50°C resulted in a compressive stress in the CFRP laminate
of about 3 N/mm?2. At 70°C, a slightly lower compressive stress was found for the CFRP
laminate of 25 mm width, while for the 100 mm wide CFRP laminate, a higher compressive
stress was found. This can be explained as follows. Seen from the sides of the laminate,
stresses are building up faster at 50°C, compared to 70°C, due to the higher Young’s
modulus of the adhesive. In the small CFRP laminate, stresses cannot fully develop to their
maximum (=E¢aAT), as the two anchorage lengths are overlapping each other, resulting
in lower stresses in the middle at 70°C, compared to 50°C. In the wide CFRP laminate,
stresses can (almost) fully develop, resulting in higher stresses in the middle at 70°C.
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The reduced Young’s modulus of the adhesive at 70°C resulted in lower shear stresses
near the sides of the laminate, compared to 50°C, similar as in the previous analyses. No
significant differences were found for the 25 mm and 100 mm wide CFRP laminate. The
shear stresses at 50°C were still below the shear strength of the concrete (6 a 8 N/mm?). It
could, however, be possible that the additional thermal shear stresses in the
perpendicular direction affect the debonding behavior in the longitudinal direction.
However, based on the fact that thermal stresses will reduce due to creep and the
reduced Young’s modulus of the adhesive, especially in the end anchorage zone (Section
5.3 and 5.4) and the fact that the laminate length is very short in the perpendicular
direction (overlapping anchorage zones), it can be expected that the thermal stresses will
almost completely disappear. It is therefore expected that the effect of the thermal
mismatch in the perpendicular direction will not (significantly) affect the debonding
behavior in the longitudinal direction.

6.7 Summary

The bond behavior of the concrete-adhesive-CFRP joint in the longitudinal shear direction
has been analyzed with finite element simulations of both the double-lap shear test and
the three-point bending test. The bond behavior is affected by temperature in a similar
way in both tests. Two tendencies can be distinguished. Up to around the glass transition
temperature of the adhesive, an increasing failure load was found with increasing
temperature. This was mainly caused by the differences in the coefficient of thermal
expansion between concrete and CFRP. The bond-slip relation according to
Holzenkdampfer can be applied for this temperature range to simulate the bond behavior
of the concrete adjacent to the concrete-adhesive interface. The effect of the reduced
Young’s moduli of concrete and adhesive on the bond behavior up to 50°C is negligible.

Above the glass transition temperature, a decreasing failure load was found with
increasing temperature in the experiments. It turned out that the bond-slip relation
according to Holzenkdmpfer was not valid anymore in this temperature range, as the type
of failure had changed, in the experiment, from failure in the concrete adjacent to the
concrete-adhesive interface to failure exactly in between the concrete and adhesive. Both
a different bond-slip relation and the reduced Young’s modulus of the adhesive had to be
taken into account to simulate the tests in this temperature range. With the bond-slip
relation according to Dorr it was possible to simulate the load-displacement behavior,
although the shear strength in this model had to be adjusted to fit the numerical results to
the experimental results. It turned out that, above the glass transition temperature, there
was no clear relation between the shear strength in the model and the strength of the
adhesive or (mode I) bond strength of the concrete-adhesive interface at elevated
temperature. The overall tendency is however a decreasing shear strength with increasing
temperature.
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7 Effect of temperature on full scale CFRP strengthened
beams

7.1 Test program

Experimental research into the effect of elevated temperature on CFRP strengthened
concrete structures has so far only been carried out with small scale bond tests. In these
tests, failure is generally governed by mode Il fracture (debonding) of the concrete
adjacent to the adhesive layer. In full scale flexural CFRP strengthened structures, like
beams and slabs, failure can be initiated by different debonding mechanisms, as has been
discussed in Section 2.4. Debonding can initiate at different locations along the length of
the CFRP laminate and is affected by cracks in the concrete perpendicular to the bonded
area, which generally do not occur in small scale bond tests. Moreover, failure can also
initiate at the plate-end by the development of a vertical crack that propagates further
along the level of the internal steel reinforcement or as a shear crack. These types of
(debonding) failure may all be affected by temperature in a different way. It was therefore
decided to set up a test program in which the influence of temperature is investigated on
full scale beams that are strengthened with externally bonded CFRP (Hermes (2006)).

Four different beams were designed in such way that the four most important debonding
mechanisms were most probably covered at room temperature (Figure 7-1 and Table 7-1).
‘Debonding at flexural cracks’ and ‘debonding due to the unevenness of the concrete
surface’ were not investigated due to the fact that the first only leads to local debonding
(Section 2.4.3.1), while the second can easily be prevented by removing the unevenness
before applying the CFRP laminate (Section 2.4.3.6). Concrete cover rip-off and plate-end
shear failure are expected to initiate in the same way, and are therefore investigated with
only one beam. Given the amount of shear reinforcement, it was expected that beam D
would fail by concrete cover rip-off.

It was decided to only vary the concrete grade and the CFRP dimensions, which had the
advantage that the same test setup could be used for all tests. The design of the beams
was based on the models in the Dutch CUR Recommendation 91 (first edition (CUR 2002)),
which is mainly based on fib-Bulletin 14 (fib 2001). Note that this CUR Recommendation
has been replaced with the second edition in 2007 (CUR 2007).

Steel reinforcement

Figure 7-1: The debonding mechanisms that were investigated with the full scale experiments
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Table 7-1: Experimental full scale test program

Beam Designed debonding mechanism at Concrete Width of Distance plate-
room temperature grade CFRP (by) end-support (L)

A Debonding due to high shear stresses C20/25 50 mm 100 mm

B Debonding at shear cracks C45/55 80 mm 100 mm

C Debonding at the end anchorage C45/55 80 mm 300 mm

D Concrete cover rip-off C20/25 150 mm 100 mm

For each debonding mechanism, three similar beams were made that were tested at three
different temperatures; 20°C, being the reference beam, and 50°C and 70°C, which is
respectively just below and just above the glass transition temperature of the adhesive (T,

= 62°C).

7.2 Test setup

The beams were loaded in four point bending (Figure 7-2) with two loading points at
650 mm from midspan. The beams measured 200 x 450 x 4000 mm’> and spanned
3800 mm. The same reinforcement was applied for all beams. Four bars @12 mm (Feb 500
HWL, HK) were applied in the tensile zone and two bars @8 mm in the compressive zone.
Stirrups @8 mm were applied at a 100 mm centre-to-centre distance, except for the part

at midspan.
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Figure 7-2: Dimensions of the full scale beams
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After sandblasting and cleaning of the concrete surface, a CFRP laminate (SIKA Carbodur)
of 1.2 mm thickness was glued to the soffit of the beam. The applied width and length of
the laminates are given in Table 7-1. A 2-component epoxy adhesive (SikaDur 30) with a
thickness of approximately 1.5 mm was used to glue the CFRP laminates to the concrete
surface. Both the CFRP and the adhesive were the same as the ones that were used for
the small scale bond tests (Chapter 5).

A temporary isolated chamber was designed for testing of the beams at elevated
temperature (Figure 7-3a). Small windows were applied to be able to inspect the beams
during the tests. The isolated chamber could be opened and closed after each test for
removing and replacing of the beams and the measurement equipment (Figure 7-3b).
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Figure 7-3: Test setup of the full scale beams

t setup
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The isolated chamber was part of a closed air circuit, in which the air was circulated by
means of an air-fan. The air was circulated through an air-heating unit (6.6 kW) (Figure
7-3c) and subsequently through the isolated chamber. Additional small fans were placed
in the isolated chamber to make sure that the temperature was the same between the
bottom and the top of the beam. Air temperature and pressure were measured by a
climate control system (Figure 7-3d), while the concrete temperature was measured by
thermocouples at various locations, including in the core of the beam (Figure 7-4).

The vertical displacement of the beam was measured with LVDTs at five different points.
This was at the supports to measure any accidental displacement of the supports, at the
cross-section were the loads were applied, and at midspan. Eleven strain gauges were
applied on the CFRP laminate to measure the strain distribution in the CFRP laminate,
both during heating and during loading of the beam (Figure 7-4).
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Figure 7-4: Location of the thermocouples and the strain gauges on the CFRP laminate for L=100 mm
and L=300 mm

The beam was first heated in the isolated chamber until the entire beam reached the
required temperature. This took about 6 hours for the beams tested at 50°C and 30 hours
for the beams tested at 70°C. The significant difference in heating time was caused by the
fact that heating of the specimens was not allowed during night, because of safety
regulations. After heating of the beams, the maximum temperature variation between the
core and the surface of the concrete was approximately 5°C, which was regarded
acceptable. After heating, the beams were loaded by two hydraulic jacks at a rate of
6.6 kN/min until yielding of the internal steel reinforcement occurred. This was
determined by the slope of the load-deflection diagram. From that point on, the loading
rate was reduced to 3.3 kN/min until failure of the beam occurred.

119



7.3 Material properties

Due to the relatively long preparation time that was needed for each test, it was decided
to cast the beams at different points in time. In this way it was possible to have, on
average, an almost similar age at testing (49 days on average) (Table 7-2). One of the
beams B and D were produced from another concrete cast as the other two in the series,
due to problems with the delivery of the concrete (Table 7-3). The differences in the
material properties between the two casts are rather small for C20/25 and negligible for
C45/55 (Appendix F).

Table 7-2: Concrete grade of the tested beams and (age at test date)

Beam 20°C 50°C 70°C

A €20/25a (56 d) €20/25a (51 d) €20/25a (59 d)
B C45/55b (41 d) C45/55a (43 d) C45/55b (49 d)
C C45/55a (46 d) C45/55a (49 d) C45/55a (48 d)
D €20/25b (40 d) €20/25a (66 d) €20/25b (44 d)

Table 7-3: Mean values of the measured concrete material properties at room temperature

Material properties C20/25a C20/25b C45/55a C45/55b
[N/mm?] [N/mm?] [N/mm?] [N/mm?]

Cube compressive strength (fem, cube) 27.7 36.0 51.2 52.3

Tensile splitting strength (feim <p) 2.3 3.0 3.7 3.6

The bond strength of the concrete surface in the direction perpendicular to the bonded
area was experimentally determined by pulling-off a glued steel cylinder 350 mm from
the concrete surface according to CUR Recommendation 20 (CUR 1990), similar as
described in Section 5.2.2. The bond strength was determined at 20°C, 50°C and 70°C
(Appendix F). The mean values are shown in Table 7-4. The individual test results are
plotted in Figure 7-5. The material properties of the CFRP laminates (SIKA Carbodur) and
the adhesive (SikaDur-30) have been given in Section 4.4 and 4.5.

Table 7-4: Mean concrete surface bond strength (f.,) at different temperatures

Temperature C20/25a C20/25b C40/45a C40/45b
[N/mm?] [N/mm?] [N/mm?] [N/mm?]
20°C 2.6 2.8 4.5 4.8
50°C 1.8 2.2 3.9 3.8
70°C n/a 1.3 2.4 2.9
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Figure 7-5: Test results of the concrete surface bond tests at 20°C, 50°C and 70°C for the different
concrete grades

7.4 Heating of the beams

The measured strains along the length of the CFRP laminate after heating of beams A and
D (C20/25) are shown in Figure 7-6. Similar results were found for beams B and C (C45/55)
(Appendix G.1). Indication (I) represent the measurements on the beams that were tested
50°C, while indication (ll) represents the measurements at 50°C on the beams that were
later heated up to 70°C. The strain distributions according to the modified model of Di
Tommaso et al. (Section 6.4.4) are also given in Figure 7-6 for comparison. The coefficient
of thermal expansion of concrete was taken equal to 10-10° /°C and the effective concrete
height equal to 50 mm. Note that the analytical model neglects the time-dependent creep
behavior of the adhesive, but also the effect of curvature of the beam, due to the
difference in thermal expansion between concrete and CFRP.
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Figure 7-6: Thermal strains in the CFRP laminate after heating of beams A and D up to 50°C and 70°C
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It can be seen that there is a similar tendency for the analytical and experimental strain
distributions. The CFRP strain is approaching to zero close to the plate-end and is almost
equal to the thermal expansion of concrete further away from the end, as could be
expected. However, starting from the plate-end, the CFRP strains build up in a faster way
in the analytical model compared to what was measured in the experiments, despite the
fact that the reduced Young’s modulus of the adhesive was taken into account in the
analytical model. It is expected that this was caused by the time-dependent behavior of
the adhesive, which reduced the thermal strains in the anchorage zone in time. This time-
dependent behavior can clearly be seen in Figure 7-7. The strains at 100 mm from the
plate-ends initially followed the expansion of the concrete, but after about 1 hour started
to decrease in time. Also at 600 mm from the plate-end, strains decreased in time,
although the reduction was significantly smaller. Further away from the plate-end, no
reduction in time was found. The decreasing strains at the plate-ends implied that the
anchorage length, over which the stresses were transferred from the concrete to the
CFRP, increased in time.
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Figure 7-7: Thermal strain development in time for beam A during heating up to 50°C

The strain in the middle of the beam (1800 mm) was slightly lower compared to the strain
further away from the middle (see also Figure 7-6). This behavior was observed for all
beams (Appendix G.1) (Hermes 2006) and is expected to be related to curvature of the
beams due to the lower thermal expansion of the CFRP laminate compared to that of the
concrete.
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The shear stress distribution in the concrete adjacent to the concrete-adhesive interface,
can also be calculated with the modified model of Di Tommaso et al. (2001) (equation 3.2)
(assuming that no non-linear bond-slip behavior has occurred). Note however, that it is
likely that these shear stresses initially will develop, but will decrease in time, due to the
time dependent behavior of the adhesive. Figure 7-8 shows the analytical shear stress
distributions in the concrete adjacent to the concrete-adhesive interface of beam A over
the length of the CFRP laminate and, in detail, at the plate-end for 50°C and 70°C. For the
other beams, similar results were found (Appendix G.2).
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Figure 7-8: Analytical thermal shear stresses in the concrete adjacent to the concrete-adhesive
interface over the length of the CFRP laminate (a) and, in detail, at the plate-end (b) for beam A

It can be seen that shear stresses mainly develop in the end anchorage zone. The peak in
shear stress at the plate-end turned out to be lower at 70°C, compared to 50°C, despite
the higher temperature, due to the reduced Young’s modulus of the adhesive. Compared
to the bond (shear) strength (+ 4 38 5 N/mm? for beam A), the shear stress is still relatively
low, which indicates that it is not likely that non-linear bond-slip behavior has occurred.
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7.5 Loading of the beams

7.5.1 Beam A

The beams A that were designed to fail by ‘debonding due to high shear stresses’ showed
hardly any differences in the load-displacement response between the different applied
temperatures (Figure 7-9). The failure load was also similar (102 — 104 kN) for all tested
temperatures.
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Figure 7-9: Load-displacement curves for beam A at 20°C, 50°C and 70°C

For comparison, the load-displacement behavior was also analytically determined with a
cross-sectional analysis according to Eurocode 2 (CEN 1997a) (Appendix H). In the cross-
section analysis, the load and corresponding displacement are determined at cracking,
yielding and failure (concrete, steel or CFRP failure). These points are connected with
straight lines. The analysis has been performed for both a strengthened beam (at 20°C)
and for a non-strengthened beam (with the same material properties as the strengthened
beam). It can be seen that some small differences were found between the analytical and
experimental load-displacement curves of the strengthened beam. This is related to the
simplifications that were made in the analysis (CFRP over entire length beam, no tension
in concrete after cracking, etc., see Appendix H). Moreover, the material properties after
28 days were used in the analysis, while the beam was tested after 56 days. The overall
tendency of both load-displacement curves is, nevertheless, similar.

124



The beams that were tested at 20°C and 50°C showed a few load steps after failure at
about 80 kN, which indicates that the capacity of the non-strengthened beam (76 kN) is
predicted well. Compared to the non-strengthened beam, an increase in capacity of 34%
was achieved by strengthening of the beam.

The load at which debonding was expected to occur is also indicated in Figure 7-9 and is
based on the model for ‘debonding due to high shear stresses’ by Matthys (2000), as
described in Section 2.4.3.2. The analytical debonding load has been computed by
applying mean material properties (at 28 days) and safety and material factors equal to
1.0 (Appendix 1.1). The failure load in the experiment was about 10% higher than the
analytical debonding load according to the model by Matthys (2000).

Based on the observations during the tests, it seemed that debonding of the externally
bonded CFRP initiated, at all temperatures, in the region away from the plate-end, just
outside the constant moment region, and propagated towards the plate-end. It was
however difficult to indicate the exact location due to the explosive behavior of the
debonding. Outside the constant moment region, cracks were mainly inclined, which
might have negatively affected the debonding load due to the differences in vertical
displacement between the two sides of an inclined (shear) crack. No significant differences
were found in the crack patterns of the beams after failure between the different
temperatures (Figure 7-10). Visual inspections of the specimens during the tests did also
not show significant differences in the crack patterns just before failure. It can be seen
that cracks had not developed over the entire bonded length of the CFRP laminate.
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Figure 7-10: Crack patterns after failure of beam A at 20°C, 50°C and 70°C
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At 20°C and 50°C, debonding propagated in the concrete, leaving a small layer of concrete
remaining attached to the adhesive after debonding (Figure 7-11). Also at 70°C, concrete
remained attached to the adhesive after debonding at several parts along the length of
the CFRP laminate, while in the other parts, no concrete remained attached (Figure 7-11).
This seems to indicate that debonding was shifting from concrete bond failure to
interfacial failure exactly in between the concrete and the adhesive. This debonding
behavior was different compared to what was found in the small scale bond tests at 70°C,
where no concrete remained attached to the adhesive after debonding.
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Figure 7-11: Failure surface after debonding of beam A at 20°C (bottom) and 70°C (top)

The strain distributions in the CFRP laminate at 50 kN and 100 kN are plotted in Figure
7-12 for 20°C, 50°C and 70°C. The strain in the CFRP laminate corresponds to the strains
due to heating plus the strain due to loading of the beam. It can be seen that there is, at
the same external load, a tendency of slightly higher strains with increasing temperature.
This can be explained by the initial thermal strains that had developed in the CFRP after
heating of the beams (Section 7.4) and that acted in the same direction as the mechanical
strains due to loading of the beam.
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Figure 7-12: Normal strains in the CFRP laminate of beams A at 50 kN and 100 kN

In the small bond tests, the strain distribution was significantly affected by the reduced
Young’s modulus of the adhesive at 70°C. This was not observed in the full scale beam at
70°C. It is expected that the reduced Young’s modulus mainly affects the distribution close
to the ends of the laminate, while it has no significant effect on the strain distribution
further away from the plate-end. Only one strain gauge was applied in the anchorage
zone, so the strain distribution in the anchorage zone itself was not determined. It can
however be concluded that, at all temperatures, strains could build up to the same level
due to the relatively long available anchorage length.

The effect of the thermal mismatch between concrete and CFRP, which was affecting the
failure load of the small scale tests, turned out to be negligible for the full scale beams.
This can be explained by the fact that shear stresses in the concrete due to the thermal
mismatch between concrete and CFRP mainly develop near the plate-end, as was shown
in Figure 7-8a, and not at the location where debonding was expected to have initiated. It
can therefore be concluded that both the reduced Young’s modulus and the thermal
stresses did not significantly affect this debonding mechanism.

The failure load of the beam at 70°C was also not affected by the expected reduced bond
strength of the concrete-adhesive-CFRP joint at this temperature. This might be related to
the fact that the beam was heated up to 70°C with a heating cycle, as heating was not
allowed during the night. This could have increased the glass transition temperature of the
adhesive (Section 4.5.3) and therefore have increased the bond strength at 70°C. This
might also explain the fact that significant more concrete remained attached to the
adhesive at this temperature, compared to the small scale bond tests.
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7.5.2 Beam B

The beams B were strengthened with a wider CFRP laminate (80 mm) and produced with a
higher concrete grade (C45/55) compared to beams A (50 mm and C20/25 respectively).
The beams were designed to fail by ‘debonding at shear cracks’ and showed almost similar
load-displacement curves at 20°C, 50°C and 70°C (Figure 7-13), similar as beam A.
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Figure 7-13: Load-displacement curves for beam B at 20°C, 50°C and 70°C

A slightly decreasing stiffness was observed with increasing temperature, which can be
explained by the reduced Young’s modulus of the concrete and the adhesive at elevated
temperature. The failure load at 50°C was about 10% higher compared to 20°C and 70°C.
This is possibly related to the concrete type that was used for the beam at 50°C, which
was different compared to what was used for the beams that were tested at 20°C and
70°C. Moreover, the thermal stresses will result in a “pretensioned” beam at elevated
temperature, which could explain a part of the higher failure load (+ 1.5 kN according to
calculations). All failure loads were higher compared to beam A, as expected, due to the
wider CFRP laminate and higher concrete grade.

Again, small differences were found between the analytical and experimental load-
displacement curves, due to the same reasons as for beam A. The failure load of the
strengthened beam at 20°C (120 kN) was 52% higher compared to the (analytical) failure
load of a similar non-strengthened beam (79 kN) (Appendix H.4). The debonding load was
also analytically determined according to the model for ‘debonding at shear cracks’ by
Matthys (2000) (Section 2.4.3.3 and Appendix 1.2) and turned out to be slightly higher (125
kN) compared to the failure load in the experiment (120 kN).
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Based on the observations during the test, it seemed that debonding of the externally
bonded CFRP initiated at about the same location as for beam A, away from the plate-end,
but outside the constant moment region. Debonding seemed to have propagated in the
concrete adjacent to the concrete-adhesive interface towards the plate-end. A thin layer
of concrete remained attached to the adhesive after debonding, also at 70°C. Again, it was
difficult to indicate the exact location where debonding had initiated due to the explosive
debonding behavior. It was therefore not possible to indicate whether the beam failed
due to ‘debonding at shear cracks’ or ‘debonding due to high shear stresses’. In both
debonding mechanisms, debonding is expected to be mainly related to high shear stresses
in the concrete adjacent to the concrete-adhesive interface, as explained in Section
2.4.3.2. Normal stresses due to the difference in vertical displacement between the two
sides of a shear crack will, most likely, have negatively affected the debonding load.

Similar crack patterns were observed for the three beams after failure (Figure 7-14).
Compared to beam A, cracking had occurred over a wider part of the beam, although the
end anchorage zone still remained uncracked.
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Figure 7-14: Crack patterns after failure of beam B at 20°C, 50°C and 70°C
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The normal strain distribution in the CFRP laminate at 50 kN and 100 kN is shown in Figure
7-15 for the different temperatures. Again, the tendency was a slightly higher strain
distribution with increasing temperature, which is expected to be a result of the initial
thermal strains in the CFRP laminate. Strains in the CFRP laminate were lower compared
to those in beam A at the same load, due to the wider CFRP laminate that has been used
for beam B.
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Figure 7-15: Normal strains in the CFRP laminate of beam B at 50 kN and 100 kN

It can be concluded that beam B was not significantly affected by temperature, due to the
same reasons as for beam A. Debonding in both beam A and B is expected to be mainly
related to high shear stresses in the concrete adjacent to the concrete-adhesive interface.
Like for beam A, thermal stresses in the CFRP laminate and the reduced Young’s modulus
of the adhesive are mainly affecting the shear stresses in the anchorage zone, and not
(significantly) further away from the plate-end, where debonding seemed to have
initiated. Moreover, the type of bond failure was not significantly affected at elevated
temperature and was still governed by failure of the concrete at 70°C, possibly due to an
increase of T, due to the heating cycle during heating of the beam.
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7.5.3 Beam C

Beam C was designed to fail by ‘debonding at the end anchorage’ and was therefore
strengthened with a shorter CFRP laminate compared to beam B. At 20°C, the beam failed
at 132 kN, which was about 69% higher than the (analytical) failure load of a similar non-
strengthened beam (78 kN) (Figure 7-16). The failure load was also higher than that of
beam B at 20°C (120 kN), despite the shorter laminate length. It was however similar to
the failure load of beam B at 50°C (133 kN), which was produced with the same concrete
as beams C. This might indicate that the bond strength of this type of concrete (C45/55a)
was slightly higher compared to that of beam B at 20°C and 70°C (C45/55b). This was,
however, not observed in the concrete surface bond tests (Table 7-4).
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Figure 7-16: Load-displacement curves for beam C at 20°C, 50°C and 70°C

The load-displacement curves at 50°C and 70°C showed a slightly less stiff behavior
compared to room temperature, similar to what was observed for beam A and B. The
failure load at 50°C (131 kN) was about the same as the failure load at 20°C (132 kN). The
beam that was tested at 70°C failed at a significant lower failure load (91 kN), just after
the internal steel reinforcement started to yield at midspan. A possible explanation for
this lower failure load will be given at the end of this section.
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The analytical debonding load that has been determined according to the model for
‘debonding at the end anchorage’ by Holzenkampfer (1997), modified by Neubauer and
Rostasy (1999) (Appendix 1.3) turned out to result is a relatively high failure load (168 kN),
compared to the experimental failure load (132 kN), when using mean material properties
and safety factors equal to 1.0. The design value according to this analytical model (116
kN) was, however, lower than the actual experimental failure load and therefore on the
safe side (Appendix 1.3).

The crack pattern of beam C was different compared to beam A and B. Cracks had

developed over the entire bonded length of the CFRP laminate, also in the end anchorage
zone and at the end of the CFRP laminate (Figure 7-17).
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Figure 7-17: Crack patterns of beam C after failure at 20°C, 50°C and 70°C
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At 20°C and 50°C, debonding initiated at the end of the CFRP laminate and propagated in
the concrete adjacent to the concrete-adhesive interface towards midspan, which is in the
other direction as was seen in beam A and B. At 70°C, debonding initiated in a similar way,
but, after debonding over about 500 mm, started to rip-off parts from the concrete cover,
leaving large pieces of concrete attached to the adhesive after debonding (Figure 7-18).

Debonding turned out to be less explosive compared to what was seen during debonding
in beam A and B.

Debonding in the Partial concrete
concrete surface cover rip-off
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Figure 7-18: Large pieces of concrete remained attached to the adhesive after debonding at 70°C

The normal strains at 50 kN and 100 kN have been plotted in Figure 7-19. The strain
distribution at 100 kN has not been plotted for 70°C as the beam already failed at 91 kN.
Again, the same tendency of larger strains with increasing temperature can be seen.

5000
——20°C
4000 100 kN —=50°C |
—4—70°C

2000 M

Strain [um/m]

0 T

T T 1
0 800 1600 2400 3200
Distance from plate end [mm]
Figure 7-19: Normal strains in the CFRP laminate of beam C at 50 kN and 100 kN
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Failure of this beam is closely related to the capacity of the end anchorage zone. It is
expected that the capacity of this end anchorage zone is affected by temperature in three
different ways at 70°C. First of all, the capacity of the anchorage zone is likely to reduce
due to the reduced bond strength of the concrete-adhesive-CFRP joint at elevated
temperatures, as was shown with the small scale bond test (Chapter 5). However, bond
failure is still mainly governed by failure of the concrete adjacent to the concrete-adhesive
interface at 70°C in the experiment and not by failure exactly in the concrete-adhesive
interface. It is therefore expected that this aspect will only result in a small reduction in
bond capacity of the anchorage zone.

The second aspect is the reduced Young’s modulus of the adhesive at elevated
temperature, which is expected to have two different effects. The first effect is a more
linear strain distribution in the end anchorage zone, which reduces the peak in shear
stresses at the end of the laminate and therefore affects the anchorage capacity
positively. The second effect is an increase in the (needed) anchorage length. If this
anchorage length is not available, the capacity of the anchorage zone will reduce. These
effects will be further investigated by means of finite element analyses in Chapter 8.

The third aspect is the difference in the coefficient of thermal expansion between
concrete and CFRP. This results in the development of thermal stresses in the CFRP and
shear stresses in the concrete adjacent to the concrete-adhesive interface in the end
anchorage zone. It is expected that these stresses reduce the capacity of the end
anchorage zone, as they act in the same direction as the stresses due to loading. Based on
the difference in failure load between 20°C and 50°C, it is however expected that this
effect is only small.

Based on the experimental results, it is expected that the reduced failure load at 70°C is
caused by a combination of aspects; the reduced bond strength of the concrete-adhesive-
CFRP joint, the increased anchorage length and the development of thermal stresses.
Another possible explanation could be a difference in the roughness of concrete surface
between the beam at 70°C and the beams at 20°C and 50°C. The contribution of each of
the thermal aspects to the reduction in failure load will be investigated by means of finite
element analyses of the beams in Chapter 8.
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7.5.4 Beam D

Beam D was strengthened with a 150 mm wide CFRP laminate and was designed to fail by
‘concrete cover rip-off’ or ‘plate-end shear failure’. The beam that was tested at 20°C was
unloaded and reloaded at +50 kN (Figure 7-20), as one of the measurement devices was
not working correctly. Again, some differences were found between the analytical and
experimental load-displacement curves, due to the same reasons as for the other beams.

160 =
150 kN (20°C) ~& _ .-
140 -
¥\142 kN (50°C)
120 135 kN (70°C)
86 kN (analytical
100
debonding load)
2 =0 p——y
- | M A -
3
= 60 s+ 70°C (experiment) [—
= 50°C (experiment
40 (exp ) |
e« 20°C (experiment)
20 = = =20°C (analytical, non-strengthened beam) |—
= « = 20°C (analytical, strengthened beam)
0 T T T T T 1

0 -5 -10 -15 -20 -25 -30 -35 -40 -45

Displacement [mm]
Figure 7-20: Load-displacement curves for beam D at 20°C, 50°C and 70°C

The failure load decreased by 5% at 50°C and 10% at 70°C, both compared to that at 20°C.
Beam D failed at the highest load compared to the other beams, despite the lower
concrete strength, due to the wide (150 mm) CFRP laminate that was applied. Compared
to the (analytical) failure load of a non-strengthened beam (77 kN), an increase of 94% in
failure load was achieved by strengthening of the beam (150 kN). Again, some load steps
were found in the experiment after failure of the strengthened beam (* 79 kN), which
were all close to the analytical failure load of the non-strengthened beam (77 kN).

The analytical failure load of the strengthened beam was also predicted with the model of
Jansze (1997) for ‘concrete cover rip-off’ and ‘plate-end shear failure’ (Appendix 1.4) and
turned out to be relatively low (86 kN) compared to the actual failure load in the
experiment (150 kN). Also for the other beams, the model of Jansze tuned out to result in
relatively low values for the debonding load, while these beams didn’t even fail by this
type of debonding.
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All beams D showed significant more cracks at the failure load than the previous beams
(Figure 7-21), due to the higher failure load. All beams failed after concrete cover rip-off
had occurred. This is not clearly visible in Figure 7-21, as the concrete cover was, at some
places, not ripped-off over the entire width of the beam, but only over the width where
the CFRP was bonded to the concrete.
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Figure 7-21: Crack patterns of beam D after failure at 20°C, 50°C and 70°C

Figure 7-22, however, clearly shows the internal steel reinforcement that was visible after
failure of the beam. This different type of failure can be explained with the wider CFRP
laminate (150 mm) compared to the other beams. The wide CFRP laminate results in
relatively small (shear) stresses in the concrete at the interface with the adhesive, which
makes concrete cover rip-off the governing type of failure over the debonding
mechanisms that are related to bond failure.

Figure 7-22: Internal steel reinforcement is clearly visible after concrete cover rip-off
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The normal strain distributions in the CFRP laminate at 50 kN and 100 kN (Figure 7-23)
showed similar results as for the previous beams, increasing strains with increasing
temperature due to the initial thermal strains after heating of the beams. Strains in the
CFRP laminate were again lower compared to the other beams, as a wider CFRP laminate
was applied.
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Figure 7-23: Normal strains in the CFRP laminate of beam D at 50 kN and 100 kN

The normal strain distributions due to heating and due to loading of the beam acted in the
same direction, as can be seen by comparing Figure 7-6 and Figure 7-23. It can therefore
be concluded that the stress concentrations at the plate-end due to heating also act in the
same direction as the stress concentrations due to loading. Failure is initiated at the plate-
end and is therefore expected to be negatively affected by the thermal stresses.

The effect on the failure load turned out to be small, as can be seen in Figure 7-20. This is
also related to the fact that reduced Young’s modulus and the time dependent creep
behavior of the adhesive at elevated temperature reduce the stress concentrations at the
plate-end and therefore reduce the negative effect of the thermal mismatch. This is
further investigated by means of finite element analyses in Chapter 8.

The reduced bond strength will not affect the failure load of this debonding mechanism,
as failure is governed by cracking of the concrete at the end of the laminate and not by
bond failure of the concrete adjacent to the concrete-adhesive interface. Based on the
experimental results, it can be concluded that the bond strength at 70°C was still sufficient
to prevent one of the other debonding mechanisms to occur.
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7.6 Conclusions

In the full scale experiments, four different debonding mechanisms have been
investigated at 20°C, 50°C and 70°C. For all the beams tested at 50°C, no change in the
type of bond failure was observed, compared to that of the beams tested at 20°C. The
failure load was also not significantly affected at 50°C. Only the failure load of beam D was
slightly reduced, probably due to the development of thermal stresses in the concrete at
the plate-end, which acted in the same direction as the stresses at the plate-end due to
loading of the beam. The effect on the failure load was however small, both at 50°C (-5%)
and 70°C (-10%).

At 70°C, the type of bond failure of the concrete-adhesive-CFRP joint only changed for
beam A from concrete bond failure to a mixed type of failure, in which less concrete
remained attached to the adhesive. Debonding in beam A and B seemed to have initiated
away from the plate-end and propagated towards the plate-end. The failure loads of these
beams were not significantly affected at 70°C, because thermal shear stresses in the
concrete adjacent to the concrete-adhesive interface mainly developed in the anchorage
zone and not at the location where debonding initiated. The bond strength is expected not
to be significantly reduced at 70°C, as bond failure was still, to a large extent, governed by
concrete bond failure, and not by failure exactly in the concrete adhesive-interface. This is
probably related to an increase in T, as a result of the heating cycle during heating of the
beam.

The failure load of beam C at 70°C was significantly lower compared to that at room
temperature. For this beam, which had a short laminate length, debonding was closely
related to the capacity of the anchorage zone. The reduction of the anchorage capacity is
expected to be related to the increased required anchorage length, due to the reduced
Young’s modulus of the adhesive, and the development of thermal (shear) stresses in the
anchorage zone, which acted in the same direction as the shear stresses due to loading.
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8 Finite element analyses of the full scale experiments

8.1 Introduction

To gain better insight into the effect of temperature on the debonding of externally
bonded CFRP in full scale concrete structures, it was decided to simulate the full scale
experiments by means of finite element analyses. Simulating the full scale beams is more
complicated than simulating the small scale bond tests, as more aspects have to be taken
into account, like cracking of the concrete and yielding of the internal steel reinforcement.
It was therefore needed to apply a slightly different modeling approach (Section 8.2) and
modified material properties (Section 8.3), compared to what was used in the simulations
of the small scale bond tests.

8.2 Finite element model

The finite element model, as shown in Figure 8-1, was used for all beams. The only
differences between the beams A to D were the material and geometry properties of the
elements and the length L (Table 8-1). Only half of the beam was modeled because of
symmetry. For the concrete, six-node triangular plane stress elements (CT12M) were
used, which are based on quadratic interpolation and area integration. The default three-
point integration scheme was applied for these elements.
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Figure 8-1: Finite element model and (schematic) cross-section of the model
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Table 8-1: Concrete grade and geometrical properties of the CFRP for the different beams

Beam Designed debonding mechanism at Concrete Width of Distance plate-
room temperature grade CFRP (by) end-support (L)

A Debonding due to high shear stresses C20/25 50 mm 100 mm

B Debonding at shear cracks C45/55 80 mm 100 mm

C Debonding at the end anchorage C45/55 80 mm 300 mm

D Concrete cover rip-off C20/25 150 mm 100 mm

The bond layer in between the concrete and the adhesive was first modeled with
interface-elements, in the same way as for the finite element models of the small scale
bond tests (Figure 8-2). It turned out, however, that the analyses with these elements did
not provide adequate results, as the computation most of the times stopped far before
yielding of the internal steel reinforcement. It is expected that this was due to numerical
problems with the interface elements. This is possibly related to the fact that non-linear
material behavior in the interface elements can only be defined in the normal direction,
perpendicular to the bonded area, or in the shear direction, parallel to the bonded area,
and not as a combination of both.

In the full scale beams, the concrete-adhesive interface is subjected to loading in both the
normal and the shear direction. Normal stresses, for example, develop at the tip of a shear
crack, due to the difference in vertical displacement between the two sides of the crack
(2.4.3.3), while shear stresses develop due to a change in the CFRP force along the length
of the CFRP laminate (Section 2.4.3.2) and in the end anchorage zone, where stresses have
to be transferred from the CFRP to the concrete (Section 2.4.3.4). It was therefore decided
to apply plane-stress elements for the bond layer in between the concrete and the
adhesive. In plane stress elements, normal and shear stresses are coupled, resulting in
principle stresses.

stirrup J8 mm

=A== — - —

reinforcement A, = 452 mm? (412 mm)

N

/i/bond layer (0.1 mm)

| _-adhesive (1.5 mm)
= CrRp (1.2 mm)

B
i ——

20.5 mm

+“—>
20 mm

Figure 8-2: Detail of FE-model at the end of the CFRP laminate
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Applying plane stress elements in the bond layer between the concrete and the adhesive
introduces the question what height should be used for these elements. Unlike interface
elements, plane stress elements should have an aspect ratio (shortest side divided by the
longest side) that is not too small. Applying elements with small aspects ratios could result
in deviations of the result from the theoretical ideal (TNO DIANA B.V. 2005). Applying a
large height for these elements results, however, in a large distance between the CFRP
and concrete, which does not correspond with reality. An option is applying a smaller
element width, but this has the disadvantage that significantly more elements are needed,
which strongly increases the computation time. All options therefore have their
drawbacks.

Finally, it was decided to apply a height of 0.1 mm to the elements in the bond layer
(Figure 8-2), similar to the height applied in the analyses of the small scale bond tests.
Increasing the height to, for example, 1 mm did not result in significant different results.
The small aspect ratio was therefore regarded to be acceptable for the purpose of the
analyses. The depth (width in the direction perpendicular to the beam axis) of the bond
layer was taken equal to the depth of the CFRP laminate and of the adhesive. The
adhesive and CFRP elements were modeled with 8-node plane stress elements (CQ16M),
similar as in the small scale bond tests.

8.3 Material properties

8.3.1 Concrete and bond layer

There are several ways to model cracking of concrete. Generally, distinction is made
between the smeared crack approach and the discrete crack approach (Feenstra 1993; De
Borst and Sluys 2002). For the discrete crack approach, it is required that the locations of
the cracks are known in advance. The discrete crack approach was, for example, applied in
the small scale three-point bending tests (Section 6.5), as it was known in advance that a
crack will develop in the cross-section above the saw cut. For the full scale beams, the
locations of the cracks are not known in advance. It was therefore decided to adopt the
smeared crack approach.

Two crack models are generally distinguished within the smeared crack approach, the
fixed and rotating crack model (De Borst and Sluys 2002). The fixed crack model can be
subdivided into the “Total Strain Fixed crack model” and the “Multi-directional Fixed crack
model”. In the first, the direction of the normal to the crack is fixed when a crack is
initiated and is the same as the direction of the principle stress in the load step when
cracking initiates. This direction does not change with further loading.

141



The direction of the principle stress will, in reality, change after the initiation of a crack,
e.g. due to increased shear stresses in a crack. This can result in violation of a failure
criterion in a new direction. A second fixed crack model was therefore introduced in which
the total strain is decomposed into an elastic part and a cracking part. Each load step can
contribute to the cracking strain, even if the direction of the principle stress has changed.
This model is referred to as the “Multi-directional Fixed crack model”. Both fixed crack
models apply a shear retention factor that defines the reduction of the shear stiffness
after cracking. It turns out that it is quite complicated to find a suitable shear retention
factor, as the shear stiffness of cracked concrete highly depends on the crack opening (De
Borst and Sluys 2002).

In the rotating crack model, the normal to the crack is allowed to rotate during the
fracture process. This means that in every new load step, a new crack will arise, while the
old existing crack is erased from memory. Only the damage (degradation of the tensile
strength) is transferred to the new crack. So, the normal to the crack stays aligned to the
major principle stress in every load step. This model is referred to as the “Total Strain
Rotating crack model” and has the advantage that it eliminates the difficulty of choosing a
proper shear retention factor, as the stress only has to be evaluated in the direction of the
principle stress. It was decided to apply the Total Strain Rotating crack model for the
analyses of the full scale beams.

Figure 8-3 shows the stress-strain relations that were applied to the concrete elements in
tension (a) and in compression (b). In tension, the applied linear softening relation was
defined by the mean tensile strength (f..,), the mean Young’s modulus (E.,), the fracture
energy (G%) and the crack band width (h). In compression, a bi-linear compressive stress-
strain relation was applied that is defined by the mean compressive strength (f.,) and the
mean Young’s modulus (E.n).

RENAN /] 3
AN /] 3
HE RN [ 13
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/. AN [ ],
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(a) (b)

Figure 8-3: Linear tension-softening (a) and ideal compressive (b) behavior of concrete
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The mean (uni-axial) tensile strength was determined from the experimental tensile
splitting strength (Appendix F) with fy = 0.9+fm o, according to Eurocode 2 part 1-1 (CEN
1997a). The mean (uni-axial) compressive strength was taken equal to f.,, = 0.8-fcy, cupe With
femcuve being the experimental mean cube compressive strength, also according to
Eurocode 2 part 1-1. The mean Young’s modulus and the fracture energy were computed
with the relations as given by Bazant (1992).

G, =58,400-f, -d, /E,, (G in J/m?) (8.1)
E, =4733-f, (Ecm in N/mm?) (8.2)
where
fetm is the mean tensile strength of concrete (in N/mm?)
d, is the maximum aggregate size (in mm)

=16 mm
fem is the mean compressive strength of concrete (in N/mm?)

The relation between the temperature and the material properties of concrete was taken
into account with the relations as given in Model Code 1990 (CEB 1993) for dry concrete,
(equation 4.1, 4.2, 4.3 and 4.6). The crack band width (h) represents the width over which
the fracture energy is smeared out. This value is determined automatically by DIANA and
is equal to a width of the square root of the surface area of an element. For the triangular
concrete element in the FE-model, this is approximately %V2 times the width of the
element. It turned out that applying the default value was appropriate for the concrete
elements.

For the bond layer, the same material properties as for the concrete elements were
applied, except for the crack band width. Due to the high aspect ratio, it was not possible
to use the default value of DIANA, as this would result in a relatively high value for the
crack band width. The crack most likely propagates horizontally in the bond layer. The
fracture energy therefore had to be smeared out over one integration point over the
height of the element. This is equal to half the height of the element (0.05 mm). Small
variations in the crack band width did not result in significant different results. The
material properties of the concrete and interface elements have been summarized in
Table 8-2 for the different beams.

Table 8-2: Concrete material properties applied to the concrete and interface elements

Beam A Beam B Beam C Beam D
Density (o) [ke/m"] 2400 2400 2400 2400
Young’s modulus (E) (€q. 8.2) [N/mm?] 22,300 30,600 30,300 25,400
Poison ratio (v.) [-] 0.2 0.2 0.2 0.2
Tensile strength (fom) [N/mm?] 2.11 3.27 3.33 2.70
Fracture energy (G'f) (eq. 8.1) [J/m?] 88,3 99.7 102,7 99,3
Compressive strength (f.,,) [N/mm?] 22.2 41.8 41.0 28.8
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8.3.2  Steel reinforcement, adhesive and CFRP

The material properties of the steel reinforcement, the adhesive and the CFRP were taken
almost equal to the material properties applied for the small scale bond tests (Table 8-3).
The only difference was that, for the adhesive and the steel reinforcement, bi-linear
stress-strain relations were applied instead of linear-elastic relations. The yield strength of
the steel reinforcement was taken equal to 560 N/mm? (Figure 8-4a) while that of the
adhesive was taken equal to 28 N/mm? (at 20°C), according to the datasheet of the
manufacturer (Sika 2009). The reduction of the tensile strength with increasing
temperature was taken proportional to the reduction in the flexural strength with
increasing temperature, as described in Section 4.5.2 (Figure 8-4b and Table 8-3). The
temperature dependent Young’s modulus of the adhesive was taken similar as in the
analyses of the small scale bond tests. The stress-strain relation of the CFRP laminate was
assumed to be temperature independent and linear elastic up to the tensile strength
(2800 N/mm?).
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Figure 8-4: Applied stress-strain relation of steel reinforcement (a), adhesive (b) and CFRP (c)

Table 8-3: Applied material properties of the reinforcement, adhesive and CFRP

Property Reinforcement Adhesive CFRP
Density (p) [kg/m°] 7600 1650 1600
Mean Young’s modulus (E,,)

- 20°C [N/mm?] 200,000 12,800 165,000

- 50°C [N/mm?] 200,000 6565 165,000

- 70°C [N/mm?] 200,000 230 165,000
Poison ratio (v) [-] 0.3 0.3 0.35
Mean tensile stress (f,,)

- 20°C [N/mm?] 560 28.0 2800

- 50°C [N/mm?] 560 20.8 2800

- 70°C [N/mm?] 560 8.8 2800
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8.3.3  Coefficient of thermal expansion

A disadvantage of applying the Total Strain Rotating crack model to the concrete elements
is the fact that, in DIANA version 9.1, it was not possible to combine it with environmental
effects, like a temperature change. As a result, a temperature change cannot be applied to
the concrete elements. In order to be able to simulate the development of thermal
stresses due to thermal mismatch between the different materials, it was decided to
adopt the following approach. The development of thermal stresses is not defined by the
thermal expansion of the different materials in an absolute sense, but by the differences
in expansion between the different materials. A temperature change results in the same
thermal stresses, as long as the differences between the coefficients of thermal expansion
are kept the same. By using zero for the coefficient of thermal expansion of the concrete
elements, and adjusting it for the other materials such that the differences stay the same,
it becomes possible to apply a temperature change to the model, without having to apply
a temperature change to the concrete elements. In this way, the thermal stresses can be
computed. The modified coefficients of thermal expansion are shown in Table 8-4.

Table 8-4: Actual and modified coefficient of thermal expansion

Material Actual coefficient of Modified coefficient of
thermal expansion thermal expansion
[10°/°C] [10°/°C]
Concrete (o) 10 0
Reinforcement (o) 10 0
Adhesive (o) 26 16
CFRP (o) (longitudinal direction) -0.3 -10.3

Unlike the thermal stresses, thermal strains are not represented correctly by this
approach. These strains are, however, small compared to the strains due to loading. The
effect of the deviation in the thermal strains on the results of the analyses can therefore
be neglected.
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8.4 Results of the finite element analyses

8.4.1 General

The finite element model was first loaded by the dead weight of the beam. Then, a
temperature change was applied to simulate the heating of the beam to 50°C and 70°C.
Finally, the model was loaded until failure. In the small scale bond tests, a displacement
controlled solution procedure (Figure 8-5b) was used. It turned out that this was not
possible for the full scale experiments, as convergence could not be reached when
cracking of the concrete occurred. Also with load-control (Figure 8-5a) it was not possible
to reach convergence, which made it necessary to apply the arc-length method (Figure
8-5c). The arc-length method is a modification of load control loading that can be used in
situations where neither load- nor displacement-control can be used, for example when
snap back behavior occurs. This technique is also referred to as the path following
technique and can compute the correct solution even if there are two or more solutions at
one load- or displacement step. Extensive information about the arc-length method can
be found in Zienkiewicz and Taylor (2000) and De Borst and Sluys (2002). The applied
convergence criterion for the analyses is based on energy.
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Figure 8-5: Load-control (a), displacement-control (b) and arc-length control (c) (TNO DIANA B.V.

2005)

The simulations of the beams were carried out for 20°C, 50°C and 70°C, the same
temperatures as in the experiments. The results of these simulations will be discussed for
each beam configuration individually in the following sections. In each section, first,
detailed results of the simulation at 50°C will be presented, to show the effect of heating
and loading of the beam, followed by a comparison of the results at the different
temperatures and a comparison with the experiments.
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8.4.2 Beam A

8.4.2.1 Results of the analysis at 50°C

Beam A was strengthened with a 50 mm wide CFRP laminate that ended at 100 mm from
the support. The numerical and experimental load-displacement curves of this beam are
plotted in Figure 8-6 for 50°C. It can be seen that there is a good agreement between the
load-displacement curves, although a slightly higher maximum load was found in the FE-
analysis (111 kN), compared to the experimental failure load (102 kN). Cracking of the
concrete (at + 20 kN) and yielding of the steel reinforcement (at £ 90 kN) occurred at
about the same load as in the experiments.

160

50°C FE-analysis (111 kN)
140
120 Experiment (102 kN) \

100
80

Load [kN]

60
40
20

Displacement [mm]
Figure 8-6: Numerical and experimental load-displacement curves of beam A at 50°C

The beam slightly bended upwards after increasing the temperature, but this effect was
very small. According to the FE-analysis, the displacement at midspan was 0.03 mm
(upwards) after increasing the temperature to 50°C. The maximum load turned out to be
slightly dependent on the size of the applied load steps. Applying a different step size
sometimes resulted in a slightly different crack pattern, which caused small variations in
the maximum load (+/- 5 kN). After the maximum load, the FE-analysis was able to
continue for eight more load steps in which the load decreased. These load steps will be
indicated as “post peak” throughout this chapter. The last plotted load step at 99 kN did
not converge within the applied maximum number of iterations. Whether these
decreasing load steps and non-converged load step are indeed related to (debonding)
failure of the beam or are only the result of numerical problems will be discussed later.
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The crack pattern at the maximum load is shown in Figure 8-7, by plotting the crack strains
as vectors. For the sake of clarity, only crack strains in the concrete elements have been
plotted and not in the elements in the bond layer. Cracks in the concrete occurred over
almost the entire length of the CFRP at the maximum load. The flexural cracks in and close
to the constant moment region showed significant larger crack strains compared to the
shear cracks closer to the support, due to the higher bending moment and yielding of the
internal steel reinforcement in this region.

111 kN
(max. load)

A

Figure 8-7: Crack pattern of beam A at 50°C at the maximum load
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Figure 8-8 shows the crack strains, again plotted as vectors, but now in both the concrete
and the bond layer together. A different scale was used for this figure, as the crack strains
in the bond layer were significantly larger than the crack strains in the concrete after the
maximum load. The latter are therefore (almost) invisible.

2

111 kN
(max. load)

106 kN

7§Debc nding (post peak)

105 kN

Debonding pr bpagatjon (post peak)

‘ Tl TN
e TV o i

Debonding propagation
< \ 99 kN

\\ (post peak)
AR

A

Figure 8-8: Debonding of the CFRP laminate of beam A at 50°C

It can be seen that, in the first load step after the maximum load (106 kN), significant crack
strains developed in the bond layer, just outside the constant moment region, which can
be regarded as the initiation of debonding. In the following load steps (105 kN) crack
strains increased further but also developed in more elements at the left side of the
location where debonding was initiated first. This indicates that debonding is propagating
towards the plate-end.
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In the last load step (99 kN), the analysis did not converge anymore within the maximum
number of iterations. The crack strains do however clearly show that debonding has
propagated until the plate-end, which probably explains why the analysis did not converge
anymore. Debonding initiated at about the same location as it was thought to have
initiated in the experiment and also propagated in the same direction. Based on these
findings, it is assumed that the debonding mechanism has been simulated correctly and
so, the maximum load (111 kN) can be regarded as the failure load found by the numerical
analysis.

Figure 8-9 shows the normal stress distribution in the CFRP laminate and the shear
stresses in the concrete adjacent to the concrete-adhesive interface (in the bond layer)
after loading the beam with the dead weight and after increasing the temperature to
50°C. The stress distribution corresponds to the average normal stresses in the elements
along the length of the laminate. It can be seen that both the dead weight and the
temperature increase resulted in a tensile stress in the CFRP laminate, as expected. The
maximum normal stress in the CFRP laminate due to the temperature increase is equal to
the analytical thermal stress (o;ar= Ef- a- AT = 50 N/mm?), which confirms that the
thermal stresses are computed correctly with the modified coefficients of thermal
expansion (Section 8.3.3). Shear stresses in the concrete bond layer are mainly
concentrated at the plate-end, as the normal stresses in the CFRP are transferred to the
concrete in this area, similar as in the small scale bond tests.
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Figure 8-9: Normal stresses in the CFRP (a) and shear stresses in the concrete adjacent to the
concrete-adhesive interface (b) due to the dead weight and the temperature increase to 50°C for
beam A
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The development of the normal stress distribution in the CFRP laminate during loading is
plotted in Figure 8-10 for every load step of 10 kN and for the failure load. Loading of the
beam resulted, just like heating of the beam (AT), in the development of tensile stresses in
the CFRP laminate. Up to 20 kN, the tensile stresses in the CFRP laminate remain rather
small, because the concrete is not cracked. Above 30 kN, after cracking of the concrete at
midspan, CFRP stresses are increasing faster with increasing loads. The contribution of
cracked concrete to the tensile component in the equilibrium in the beam cross-section is
significantly lower compared to that in uncracked concrete, which implies that the
contribution of the CFRP and steel reinforcement had to increase. Above 90 kN, the tensile
stress in the CFRP increased even faster, due to yielding of the internal steel
reinforcement. For these loads, the increase in the tensile component as a result of the
increased bending moment is almost solely taken by the CFRP laminate.
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Figure 8-10: Normal stress distributions in the CFRP laminate of beam A at 50°C

The change in normal stress in the CFRP laminate per unit length is a size for the shear
stress in the concrete bond layer. So, a higher tangent to the normal stress distribution in
Figure 8-10 corresponds to higher shear stresses in the concrete bond layer. In the
constant moment region, the normal stress is more or less constant, which implies that
shear stresses in the concrete bond layer are relatively small. Outside the constant
moment region, normal stresses in the CFRP laminate are decreasing towards the plate-
end. After yielding of the internal steel reinforcement, the tangent to the normal stress
distribution first starts to increase significantly in the area just outside the constant
moment region.
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At the failure load (111 kN), the area with a high tangent has expanded further to the left
(between 800 mm and 1200 mm from the left end of the beam). The tangent in this area
corresponds, at the failure load, to a shear stress of approximately t= Ac't/Ax =~
4 N/mm?, which is almost equal to the shear strength of concrete (Tmax & 1.8fm = 3.8
N/mm?2). In the next load step, large crack strains developed in the bond layer, which
propagate to the plate-end (progressive debonding). This confirms that the beam has
failed due to the debonding mechanism ‘debonding due to high shear stresses’.

The normal stress distribution in the tensile steel reinforcement is plotted in Figure 8-11.
Cracks in the concrete caused an irregular stress distribution, similar as in the CFRP
laminate. The steel reinforcement started to yield in the constant moment region (f,, =
560 N/mm?) at about 90 kN.
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Figure 8-11: Normal stress distributions in the tensile reinforcement of beam A at 50°C

8.4.2.2 Comparison of the analyses at the different temperatures

The numerical and experimental load-displacement curves for beam A are plotted in
Figure 8-12 for the different temperatures. The numerical load-displacement curve of a
non-strengthened beam with the same material properties as the strengthened beam at
20°C is also plotted, for comparison. The experimental and numerical failure loads are
given in Table 8-5.
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Figure 8-12: Load-displacement curves from the experiments and FE-analyses of beam A at 20°C (a),
50°C (b) and 70°C (c) and a comparison of the numerical load-displacement curves (d)

Table 8-5: Maximum load found for beam A in the numerical analyses and the experiments

Strengthening Temperature Experimental FE-analysis
[°c] [kN] [kN]
non-strengthened 20 +80 75
strengthened 20 102 114
strengthened 50 102 111
strengthened 70 104 109

The load-displacement curves corresponded well to the experimental ones, although, at
all temperatures, the numerical failure loads were slightly higher than the experimental
ones. In the comparison of the numerical load-displacement curves (Figure 8-12d), it can
be seen that the stiffness slightly reduced with increasing temperature. The reduction is
however very small and only visible in the part of the load-displacement curve after
yielding.
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With separate analyses, in which the Young’s modulus of the adhesive and concrete were
varied individually, it was found that the reduction in stiffness is mainly related to the
reduced Young’s modulus of the adhesive at elevated temperatures. Only a small
reduction in failure load was observed in the FE-analyses with increasing temperature,
probably due to the slightly lower concrete strength and fracture energy at elevated
temperature. The numerical failure load of the non-strengthened beam (75 kN) was
significantly lower, as expected, and similar to the analytical failure load (+ 80 kN) (Section
7.5.1).

The crack patterns of the beam at the different temperatures (Figure 8-13) did not show
significant differences, as they failed at almost the same load.

20°C

(114 kN)
A
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(111 kN)
A

70°C
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A

Figure 8-13: Crack pattern of beams A at the failure load for 20°C, 50°C and 70°C

All beams failed in a similar way as the beam at 50°C, due to debonding of the CFRP
laminate. Debonding initiated in all beams just outside the constant moment region and
propagated towards the plate-end (Figure 8-14). Note that the figures cannot be
compared directly, as the load in the last, non-converged, load step was not the same for
the different temperatures. It does however show that the type of failure was the same
for the different beams.
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Figure 8-14: Debonding of the CFRP laminate of beams A at 20°C, 50°C and 70°C

Figure 8-15 shows a comparison of the numerical and experimental normal stresses in the
CFRP laminate at the different temperatures. The stresses have been plotted after
applying the temperature increase (AT), and for 50 kN and 100 kN. To make a comparison
between the experimental and numerical stress distributions in the CFRP laminate, some
modifications had to be made. The experimental stresses were calculated from the strain
measurements in the experiment (Section 7.4). The numerical stresses had to be
corrected, as they include the stresses due to the dead weight of the beam, which were
not included in the strain measurements in the experiment. The numerical stresses in
Figure 8-15 were therefore determined by subtracting the stresses due to the dead weight
from the total computed stresses.

155



1600

W 20°C (experiment) 100 kN
1400 H

@ 50°C (experiment) 70°C

50°C

"*E 1200 H A 70°C (experiment) 20°C
£
Z 1000
A
()
5 800
"
=
§ 600
z 70°C
400 3838
200
, 70°C
. . : : $ so°C

0 400 800 1200 1600 2000

Distance from left end beam [mm]

Figure 8-15: Comparison of the experimental and numerical normal stress distributions in the CFRP
laminate of beam A at 20°C, 50°C and 70°C

It can be seen that there is a good agreement between the experimental and numerical
stress distributions. Higher temperatures resulted in the analyses in a higher normal stress
in the CFRP laminate due to the initial thermal stresses (AT), similar as in the experiment.
No significant effects of the reduced Young’s modulus were observed. In the constant
moment region, the stresses according to the FE-analyses were slightly higher compared
to the experimental stresses at 100 kN. It turned out that the CFRP stresses at this load
highly depended on the load at which yielding of the internal reinforcement had started
(see also Section 8.4.2.1 and Figure 8-10).

It can be concluded that debonding of the CFRP in beam A is initiated at a location away
from the plate-end, just outside the constant moment region. At this location, the tangent
to the normal stress distribution was relatively high at the failure load, which resulted in
high shear stresses in the concrete adjacent to the concrete-adhesive interface. The
temperature increase did result in higher normal stresses in the CFRP laminate, but did
not significantly affect the slope of the normal stress distribution in the area where
debonding was initiated. This means that the shear stresses were not (significantly)
affected by the thermal mismatch between concrete and CFRP. Note that time dependent
material properties of the adhesive were not taken into account in the analyses. However,
based on the fact that the experiment was carried out in about half an hour, it can be
expected that the effect on the mechanical strains is negligible, as it takes several hours
before strains were significantly reduced (see e.g. Figure 5-12 and Figure 5-21).
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The reduced Young’s modulus of the adhesive did also not significantly affect the slope of
the normal stress distribution in this area. The small reduction in failure load with
increasing temperature is therefore probably related to the small reduction in concrete
strength, which was included in the FE-model. It can be concluded that a temperature
increase does not significantly affect this type of debonding. Note however that, in the
analyses, it was assumed that bond failure is governed by concrete failure and not by
failure of the adhesive or the concrete-adhesive interface. The experiments have shown
that even at 70°C, bond failure was still to a large extent related to failure of the concrete
surface. It can however be expected that further increasing the temperature will result in
a different type of bond failure, with corresponding reduced bond strength.

8.4.3 Beam B

8.4.3.1 Results of the analysis at 50°C

Beam B was strengthened with a wider CFRP laminate (80 mm versus 50 mm) and
produced with concrete of a higher concrete grade (C45/55 versus C20/25) compared to
beam A. The heating and loading of this beam was simulated in the same way as for beam
A. The numerical and experimental load-displacement curves are plotted in Figure 8-16 for
50°C.
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Figure 8-16: Numerical and experimental load-displacement curves of beam B at 50°C

The load-displacement curves showed a similar tendency, although the maximum load
and the load at which the internal steel reinforcement started to yield were both slightly
lower in the FE-analysis. The maximum load was again slightly dependent (£ 5 kN) on the
size of the applied load steps, due to the same reasons as for beam A.
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Cracks in the concrete occurred over a smaller part of the CFRP laminate at the failure
load (Figure 8-17 (127 kN)), compared to beam A, despite the higher maximum load. This
is probably related to the higher concrete grade and the wider CFRP laminate of beam B.
Large crack strains had developed in the bond layer at the tips of several flexural cracks in
the constant moment region. These crack strains were initiated at a lower load level and
did not lead to failure of the beam. This seems to confirm that debonding at flexural
cracks only leads to local debonding close to the crack tip and not to complete debonding
and failure of the beam, as discussed in Section 2.4.4.2 (Matthys 2000).

In the load steps after the maximum load, large crack strains developed in the bond layer,
just outside the constant moment region, which can be regarded as the initiation of
debonding (Figure 8-17 (113 kN)). In the last, non-converged, load step, debonding had
propagated over the entire length from the crack tip till the plate-end (Figure 8-17

(83 kN)).
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(max. load)

E B, .,

Local debonding

113 kN
(post peak)

83 kN
(post peak)

Debonding \

Figure 8-17: Debonding of the CFRP laminate of beam B at 50°C
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Figure 8-18 shows the normal stress distribution in the CFRP laminate after heating (AT)
and after loading of the beam. The temperature increase resulted in tensile stresses in the
CFRP laminate, similar as in beam A. Again, stresses started to increase faster with
increasing loads after cracking of the concrete and after yielding of the internal steel
reinforcement. Yielding started in the constant moment region at about 100 kN, which
was slightly higher compared to beam A. The normal stresses in the CFRP laminate at an
arbitrary external load were smaller compared to beam A. Both are the result of the wider
CFRP laminate that has been applied for beam B.
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Figure 8-18: Normal stress distributions in the CFRP laminate of beam B at 50°C

The slope of the normal stress distribution is relatively high in the region where debonding
was expected to have initiated, resulting in relatively high shear stresses in the concrete
bond layer in this region. However, opposite to beam A, the shear stress in this region (t =
Ac-t/Ax = 3 N/mm?) has not reached the shear strength (Tmax ® 1.8:Tcem = 5.9 N/mm?) at
the failure load. Possibly, debonding initiated before the shear strength was reached due
to the negative effect of the vertical displacement between the two sides of a shear crack.
It can unfortunately not be seen to what extent the difference in vertical displacement
between the two sides of the shear cracks has affected this type of debonding. The
adopted smeared crack approach implied that the “crack” and thus the vertical
displacements between both sides of a crack are “smeared out” over the crack band
width. This, most likely, results in different stress concentrations at both sides of the crack
tip compared to reality.
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8.4.3.2

Comparison of the analyses at the different temperatures

The experimental and numerical load-displacement curves are plotted in Figure 8-19 for
20°C, 50°C and 70°C. Again, also the numerical load-displacement curve of a non-
strengthened beam with the same material properties as the strengthened beam at 20°C
has been plotted for comparison.
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Figure 8-19: Load-displacement curves from the experiments and FE-analyses of beam B at 20°C (a),
50°C (b) and 70°C (c) and a comparison of the numerical load-displacement curves (d)

Table 8-6: Maximum load found for beam B in the numerical analyses and the experiments

Strengthening Temperature Experimental FE-analysis
[°c] [kN] [kN]
non-strengthened 20 +80 77
strengthened 20 120 129
strengthened 50 133 127
strengthened 70 122 130
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No significant difference in failure load was found in the FE-analyses between the
different temperatures (Table 8-6). At 20°C and 70°C, the numerical failure loads were
slightly higher compared to the experimental failure load, while at 50°C, it was slightly
lower. For all beams, yielding started at a slightly lower load in the FE-analyses, compared
to the experiment. Compared to the (numerical) failure load of the non-strengthened

beam (77 kN) a significant higher failure load was reached at all temperatures by
strengthening of the beam.

The crack strains in the last, non-converged, load step are plotted in Figure 8-20. Note that
this load step is not necessarily the load step when complete debonding has occurred.
Especially at 20°C, the finite element analysis was not able to continue until complete
debonding until the plate-end has occurred, probably due to numerical problems. It is
therefore not possible to directly compare the crack patterns, but it does give an
indication of the type of (debonding) failure that has occurred.
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Figure 8-20: Debonding of the CFRP laminate of beams B at 20°C, 50°C and 70°C
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At 20°C, in the last, non-converged, load step, suddenly large crack strains developed in
the bond layer at three locations outside the constant moment region. Also smaller crack
strains developed in the bond layer in between these locations. This seems to indicate
that debonding initiated in a similar way as in the beam at 50°C. Again, large crack strains
had also developed at the tips of several flexural cracks in the constant moment region at
a lower load level, but only resulted in local debonding just next to the crack tip. At 70°C,
large crack strains suddenly developed in the bond layer in the load step after the
maximum load at about the same location as in the beam at 50°C, but also at the plate-
end. At the plate-end, an inclined crack developed from the plate-end towards the
internal steel reinforcement and then further towards midspan, along the level of the
internal steel reinforcement. This seems to indicate that both debonding as well as (the
initiation of) concrete cover rip-off occurred in the same load step. This is probably related
to the additional thermal stresses at the plate-end, due to heating of the beam.

In Figure 8-21, the comparison of the experimental and numerical stress distributions in
the CFRP laminate is plotted for 20°C, 50°C and 70°C. The comparison has been made after
the temperature increase (AT) and at 50 kN and 100 kN, in a similar way as for beam A.
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Figure 8-21: Comparison of the experimental and numerical normal stress distributions in the CFRP
laminate of beam B at 20°C, 50°C and 70°C
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The numerical and experimental stress distributions correspond quite well, although again
slightly higher stresses were found in the constant moment region at 100 kN, due to the
same reason as for beam A. Again, higher stresses were found with increasing
temperatures. The slope to the normal stress distribution in the region where debonding
initiated, was however not significantly affected by these additional thermal stresses
and/or the reduced Young’s modulus of the adhesive, similar as for beam A. It can also be
seen that the higher normal stresses at 70°C resulted in a higher slope at the plate-end,
especially compared to 20°C. This could explain, in combination with the (slightly) reduced
concrete strength at elevated temperature, the initiation of concrete cover rip-off at this
temperature. It can however be concluded that the effect of temperature is small for
beam B.

8.4.4 Beam C

8.4.4.1 Results of the analysis at 50°C

Beam C was strengthened with an 80 mm wide CFRP laminate, similar as beam B, but was
ended at a larger distance (300 mm) from the support. The experimental and numerical
load-displacement curves at 50°C were in good agreement with each other (Figure 8-22).
The maximum load according to the FE-analysis (127 kN) also corresponded well to the
experimental failure load (127 kN).
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Figure 8-22: Numerical and experimental load-displacement curve of beam C at 50°C

At the failure load, cracks had developed over the entire length of the CFRP laminate, due
to the shorter laminate length (Figure 8-23). A large shear crack developed exactly at the
plate-end at 90 kN, which seems to correspond to the initiation of ‘plate-end shear
failure’. The load was, however, able to further increase to 127 kN, where after
convergence could not be reached anymore.
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Figure 8-23: Crack pattern at the failure load of beam C

In the last, non-converged, load step (Figure 8-24, 117 kN) significant crack strains
developed in the bond layer close to the plate-end. This corresponds to “debonding in the
end anchorage zone”, which is the same type of (debonding) failure that was observed in
the experiment. This seems to confirm that the finite element analysis has simulated the
type of failure correctly. The maximum load (127 kN) can therefore be regarded as the
failure load of the beam.
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Figure 8-24: Debonding of the CFRP laminate of beam C at 50°C
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The normal stresses in the CFRP laminate are plotted in Figure 8-25. The normal stresses
in the constant moment region are similar as for beam B, as the same CFRP width and
concrete grade have been applied. Yielding of the internal steel reinforcement also started
at about the same load (+100 kN) at midspan.
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Figure 8-25: Normal stress distributions in the CFRP laminate of beam C at 50°C

At the failure load, the tangent to the normal stress distribution is the highest at the plate-
end, although the difference with the tangent in the region just outside the constant
moment region is small. The high tangent at the plate-end caused high shear stresses in
the bond layer near the plate-end, which has resulted in the initiation of debonding in the
anchorage zone. The high tangent to the normal distribution at the plate-end can be
explained by the shorter CFRP length that has been applied. As a result, CFRP stresses had
to be transferred to the concrete over a shorter (anchorage) length.

8.4.4.2 Comparison of the analyses at the different temperatures

The experimental and numerical load-displacement curves are plotted in Figure 8-26 for
the different temperatures. At 20°C and 50°C, similar maximum loads were found in the
FE-analysis and the experiment. The maximum load according to the FE-analyses was, at
70°C, similar as at 20°C and 50°C, while in the experiment, the beam failed right after the
start of yielding of the internal steel reinforcement at midspan (Table 8-7).
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Figure 8-26: Load-displacement curves from the experiments and FE-analyses for beam C at 20°C (a),
50°C (b) and 70°C (c) and a comparison of the numerical load-displacement curves (d)

Table 8-7: Maximum load found for beam C in the numerical analyses and the experiments

Strengthening Temperature Experimental FE-analysis
Y [kN] [kN]
non-strengthened 20 +80 77
strengthened 20 132 128
strengthened 50 127 127
strengthened 70 91 126
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The beams failed, at all temperatures, by debonding in the end anchorage zone, as can be
seen in Figure 8-27. Large crack strains developed in the bond layer in the end anchorage
zone in the load steps after the maximum load. This is the same type of failure as was
observed in the experiment.
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Figure 8-27: Debonding of the CFRP laminate of beams C at 20°C, 50°C and 70°C

The comparison of the experimental and numerical stress distributions in the CFRP
laminate, after heating (AT) and after loading of the beams to 50 kN and 90 kN, is plotted
in Figure 8-28 for the different temperatures. Like for beam A and B, there is a good
agreement between the experimental and numerical stress distributions. Again, higher
stresses were found with increasing temperatures, due to the initial thermal stresses.
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Figure 8-28: Comparison of the experimental and numerical normal stress distributions in the CFRP
laminate of beam C at 20°C, 50°C and 70°C

The short laminate length resulted in a relatively high tangent to the normal stress
distribution at the plate-end, and consequently in high shear stresses in the anchorage
zone, which explains why the beam failed by “debonding at the end anchorage”. The
additional thermal stresses due to the temperature increase resulted in a higher tangent
to the normal stress distribution at the plate-end. This did however not result in a
significant reduction of the failure load with increasing temperature, possibly due to the
effect of the reduced Young’s modulus of the adhesive at this temperature. It is expected
that the reduced Young’s modulus will decrease the tangent to the normal stress
distribution in the anchorage zone, as was observed in the finite element analyses of the
small scale tests. However, this effect was not clearly visible in the finite element analysis
of beam C. Also note that, in reality, the tangent to the normal stress distribution at the
plate-end will also reduce as a result of the time-dependent material properties of the
adhesive.
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8.4.5 Beam D

8.4.5.1  Results of the analysis at 50°C

Beam D had a lower concrete quality (C20/25) compared to beam B and C and was
strengthened with a wider CFRP laminate (150 mm) that ended at 100 mm from the
support. The numerical and experimental load-displacement curves at 50°C are plotted in
Figure 8-29. The numerical load-displacement curve again corresponded well to the
experimental one, although the maximum load found with the FE-analysis (130 kN) was
slightly lower compared to the experimental failure load (142 kN).
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Figure 8-29: Load-displacement curve of beam D at 50°C
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It turned out that the maximum load of this beam was highly dependent on the applied
fracture energy of concrete, probably because failure of this beam was related to failure in
the concrete (concrete cover rip-off), as can be seen in Figure 8-30. In the last, non-
converged, load step (121 kN), crack strains suddenly increased significantly in the
concrete elements in between the plate-end and the internal steel reinforcement and
then towards midspan along the level of the internal steel reinforcement. This type of
failure is the same as in the experiment. At the same time, also debonding initiated in the
bond layer. Both initiated in the same load step, after the maximum load, which makes it
difficult to indicate which one has caused the failure of the beam, or whether one is the
result of the other.
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Figure 8-30: Concrete cover rip-off/debonding in beam D at 50°C

Figure 8-31 shows the normal stress distributions in the CFRP laminate at 50°C, again after
increasing the temperature (AT) and after loading of the beam.
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Figure 8-31: Normal stress distributions in the CFRP laminate of beam D at 50°C
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The normal stresses in the CFRP laminate due to loading of the beam were lower
compared to the other beams, due to the wider CFRP laminate (150 mm). Yielding of the
internal steel reinforcement also started at a higher load. The tangent to the normal stress
distribution at the failure load turned out to be relatively high at the plate-end. High stress
concentrations are therefore expected to develop at this location, similar as for beam C,
and are expected to have resulted in the initiation of concrete cover rip-off at this
location.

8.4.5.2 Comparison of the analyses at the different temperatures

Figure 8-32 shows the comparison of the numerical and experimental load-displacement
curves for 20°C, 50°C and 70°C. Like for the other beams, the load-displacement curve of a
non-strengthened beam, with the same material properties as the strengthened beam at
20°C, has also been plotted.
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Figure 8-32: Load-displacement curves from the experiments and FE-analyses of beam D at 20°C (a),
50°C (b) and 70°C (c) and a comparison of the numerical load-displacement curves (d)
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Table 8-8: Maximum load found for beam D in the numerical analyses and the experiments

Strengthening Temperature Experimental FE-analysis
[°cl [kN] [kN]
non-strengthened 20 +80 76
strengthened 20 150 138
strengthened 50 142 130
strengthened 70 135 124

The beam was slightly bended upwards due to the temperature increase. The
displacement at midspan was 0.16 mm upwards after increasing the temperature to 70°C.
In the FE-analyses, a slightly reducing maximum load was found with increasing
temperature, which was also found in the experiment (Table 8-8). The beams at 20°C and
50°C showed both concrete cover rip-off and debonding in the last, non-converged, load
step (Figure 8-33). At 70°C, only concrete cover rip-off was found, probably due to the
higher stress concentrations at the plate-end due to the thermal mismatch. Again, local
debonding occurred at the tips of several flexural cracks, but this did not lead to complete

debonding or failure of the beam.
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Figure 8-33: Concrete cover rip-off in beam D at 20°C, 50°C and 70°C
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Like for the other beams, a comparison of the numerical and experimental normal stress
distributions has been made after heating (AT) and after loading of the beam (50 kN and
100 kN) (Figure 8-34). Again, the numerical and experimental distributions corresponded
quite well to each other.
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Figure 8-34: Comparison of the experimental and numerical normal stress distributions in the CFRP
laminate of beam D

It can also again be seen that increasing the temperature to 50°C and 70°C resulted in the
development of thermal stresses in the CFRP laminate. These thermal stresses resulted, as
expected, in higher normal stresses in the CFRP laminate with increasing temperature. As
a result, more stresses have to be transferred from the CFRP to the concrete at the plate-
end, which causes higher shear stresses in the bond layer in the anchorage zone at
elevated temperatures, but also in higher stress concentrations at the plate-end. It is
expected that the reduced Young’s modulus of the adhesive will reduce the tangent to the
normal stress distribution at the plate-end, similar as in the small scale bond tests, but this
is not clearly visible in Figure 8-34. Note that, in reality, the thermal stresses at the plate-
end will further decrease, due to the time-dependent behavior of the adhesive. Separate
analyses, in which only the reduced concrete strength and reduced fracture energy of
concrete at elevated temperatures have been taken into account, and not the difference
in the thermal expansion between concrete and CFRP, have shown that the reduction in
the failure load with increasing temperature is mainly related to the reduction of the
concrete material properties.
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8.5 Summary

All full scale beams that were investigated experimentally, as described in Chapter 7, were
numerically simulated by means of finite element analyses at three different
temperatures, 20°C, 50°C and 70°C. The simulations have shown that, for beams that are
strengthened with a relatively small and long CFRP laminate, failure is governed by
debonding of the CFRP laminate that initiates just outside the constant moment region
and propagates towards the plate-end. Applying a relatively short laminate resulted in a
change in the type of failure. For these beams, failure was governed by debonding in the
end anchorage zone. Applying a relatively wide CFRP laminate resulted in concrete cover
rip-off, although two of the beams also showed debonding of the CFRP laminate in the
same load step. The numerical load-displacement curves of all beams corresponded well
to the experimental load-displacement curves. The CFRP stress distributions were also
computed accurately with the analyses for all beams at all temperatures.

The finite element analyses have shown that there are different effects of an increasing
temperature on the CFRP strengthened structure. First important effect of a temperature
change is the development of thermal stresses in the CFRP laminate due to the difference
in the coefficient of thermal expansion between concrete and CFRP. This results, at an
arbitrary load level, in higher normal stresses in the CFRP laminate with increasing
temperature, which causes a higher tangent to the normal stress distribution at the plate-
ends. This causes higher shear stresses in the bond layer in the anchorage zone and higher
stress concentrations at the plate-end. Both the debonding mechanisms ‘debonding in the
end anchorage zone’ and ‘concrete cover rip-off’ are therefore expected to be affected
negatively by these thermal stresses, although it turned out that the effect was relatively
small (less than 1% reduction). The debonding mechanisms that initiated away from the
plate-end were not significantly affected by the additional thermal stresses, as the tangent
to the normal stress distribution, and thus the shear stresses in the concrete bond layer,
did not significantly change at the location where debonding was initiated.

It turned out that the reduction of the failure load of beam D was mainly related to the
applied reduced strength and fracture energy of the concrete at elevated temperatures.
This effect was significantly smaller for the other beams, which all failed by debonding. It
is expected that this is related to the fact that failure of beam D occurred in the concrete
and not in the bond layer, as was the case for the other beams. The failure load of beam D
was therefore more related to the concrete material properties, while the failure load of
the other beams was more related to the shear stress distribution in the bond layer.

The third effect of temperature is the reduced Young’s modulus of the adhesive at
elevated temperature, especially at 70°C. This affects the tangent to the normal stress
distribution and therefore reduces the stress concentrations and shear stresses in the
bond layer at the plate-end. The effect on the failure load was however small.
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Note that the finite element model has been developed for concrete (bond) failure only
and not for failure of the adhesive or failure of the concrete-adhesive interface. The
concrete (bond) properties were only slightly reduced with increasing temperature in the
model. It is however likely that further increasing the temperature above 70°C will result
in adhesive or interfacial failure, which is accompanied by a significant reduction in bond
strength, but also in a wider scatter of bond strength. The latter makes it difficult to
correctly simulate the behavior of a beam that fails by one of these changed types of bond
failure. The experimental research on the full scale beams has however shown that, at
70°C, failure was still mainly governed by concrete bond failure.
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9 Discussion

9.1 Introduction

The design of a CFRP strengthened structure at room temperature is generally governed
by the debonding of the externally bonded CFRP (Chapter 2). So far, only a limited amount
of research has been carried out into the effect of temperature on the debonding
behavior (Chapter 3). It was therefore decided to carry out small scale bond tests at both
low and elevated temperatures (Chapter 5). The tests gave a better insight in the bond
behavior of the concrete-adhesive-CFRP joint in these temperature ranges. Additional
finite element analyses were carried out to further increase the insight in the bond
behavior (Chapter 6).

Full scale CFRP strengthened beams can, however, fail after initiation of different types of
debonding, which can all be affected by temperature in a different way. Prior to this
investigation, to the author’s knowledge, no experimental research was carried out into
the effect of elevated temperatures on full scale CFRP strengthened beams. In this
research project four different beam configurations were investigated at three different
temperatures, 20°C, 50°C and 70°C (Chapter 7). These experiments were also simulated by
finite element analyses to further increase the insight in the debonding behavior at room
and elevated temperatures (Chapter 8).

The findings of the experiments and analyses are summarized and discussed in this
chapter. Based on the results, the following five effects of temperature on the behavior of
a flexural CFRP strengthened (reinforced) concrete structure can be distinguished:

a. The development of thermal stresses in the concrete-adhesive-CFRP joint due to
the difference in the coefficient of thermal expansion between concrete and
CFRP (Section 9.2).

b. The reduced Young’s modulus of the adhesive at elevated temperature (Section
9.3).

c. Theincreased creep of the adhesive at elevated temperature (Section 9.4).

d. The reduced bond strength with an increased scatter at elevated temperatures,
especially when the type of bond failure changes (Section 9.5).

e. The decreased tensile strength and fracture energy of concrete at elevated
temperatures (Section 9.6).

In each of the following sections, one of these temperature effects is discussed. In reality,
of course, these effects occur simultaneously. However, for the sake of clarity, they are
discussed individually. The effects a. and e. occur gradually with increasing temperature,
while the effects b., c. and d. suddenly become significant around the glass transition
temperature of the adhesive.
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In Section 2.4.3, the following debonding mechanisms were distinguished (Figure 9-1).

Debonding at flexural cracks

Debonding due to high shear stresses

Debonding at shear cracks

Debonding at the end anchorage

Plate-end shear failure

Concrete cover rip-off

Debonding due to the unevenness of the concrete surface

Nouhkwn e

It turned out that a certain temperature effect could affect certain debonding
mechanisms, while others were more or less unaffected. Based on the experimental and
numerical results, it was decided to make a distinction in this chapter between the
debonding mechanisms that are expected to initiate;

- inzone A, the end anchorage zone (‘debonding at the end anchorage’ (4)),

- at point B, exactly at the plate-end (‘plate-end shear failure’ (5) and ‘concrete
cover rip-off’ (6))

- in zone C, outside the end anchorage zone in areas with high shear stresses
between concrete and CFRP (‘debonding due to high shear stresses’ (2) and
‘debonding at shear cracks’ (3)).

Debonding at flexural cracks (1) and debonding due to the unevenness of the concrete
surface (7) are not discussed in this chapter, as the first is expected only to lead to local
debonding (Section 2.4.3.1), while the second can easily be prevented by removing the
unevenness before applying the CFRP laminate (Section 2.4.3.6).

Steel reinforcement
A

zone A zone C f
point B

Figure 9-1: Debonding in the end anchorage zone (zone A), exactly at the plate-end (point B) and
outside the end anchorage zone in areas with high shear stresses (zone C)
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9.2 The development of thermal stresses

9.2.1 General

One of the effects of temperature is the development of thermal stresses due to the
thermal mismatch between concrete and CFRP. A (reinforced) concrete structure expands
with increasing temperature due to the positive coefficient of thermal expansion of
concrete and steel (o, ~ o ~ 10-10° /°C) (Figure 9-2a). CFRP, however, has a significant
lower, even negative, coefficient of thermal expansion (os~0to -1-10° /°C) (Section
4.4.3). The experiments showed that an externally bonded CFRP laminate, to a large
extent, follows the expansion of the reinforced concrete (Figure 7-7), despite its significant
lower coefficient of thermal expansion. The beam will also bend upwards with a
temperature increase, due to the externally bonded CFRP, but this effect is very small.
Both can be explained by the relatively small cross-section of the CFRP laminate,
compared to that of the concrete structure to which it is bonded.

_____________________ 1 thermal expansion
________ < — — — —

///_/’L/_{_/’/concrete
———

T adhesive
T
——————————————————————— I CrRP

i X C¢

(a) (b)
Figure 9-2: Thermal expansion of a CFRP strengthened structure (a) and the corresponding thermal
shear stresses at the plate-end (b)

The imposed extension of the CFRP laminate due to a temperature increase causes tensile
stresses in the CFRP laminate (Figure 9-3a). These tensile stresses are transferred to the
concrete by means of shear stresses in the concrete adjacent to the concrete-adhesive
interface (Figure 9-2b and Figure 9-3b).
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Figure 9-3: Experimental (dots) and analytical (lines) normal stress in an externally bonded CFRP
laminate (a) and corresponding analytical shear stress in the concrete adjacent to the concrete-
adhesive interface in the end anchorage zone (b) at 50°C and 70°C

It can be seen that thermal shear stresses are mainly concentrated in the anchorage zone
close to the plate-end. It can therefore be expected that only the debonding mechanisms
that are initiated in the end anchorage zone (zone A) (Section 9.2.2) and/or at the plate-
end (point B) (Section 9.2.3) are possibly affected by the thermal mismatch between
concrete and CFRP. The debonding mechanisms that are initiated outside the end
anchorage zone (zone C) are not significantly affected by the thermal mismatch, as will be
shown in Section 9.2.4.

9.2.2 Zone A: The end anchorage zone

Both loading and heating of a CFRP strengthened structure results in the development of
tensile stresses in the CFRP laminate. This implies that the shear stresses due to a
temperature increase act in the same way as the shear stresses due to loading of a beam.
This could theoretically lead to a reduced failure load, as part of the anchorage capacity
has to be used for anchoring of the thermal stresses.

The experimental results of the full scale beams showed however that the reduction of
the failure load at 50°C is negligible for a beam that failed by debonding in the end
anchorage zone (beam C), due to the positive effects of the reduced Young’s modulus and
creep behavior of the adhesive on the shear stress distribution in the end anchorage zone,
as will be explained in Section 9.3 and Section 9.4.

At 70°C, beam C failed at a significant lower failure load. It is unlikely that this can be
solely explained by the thermal mismatch between concrete and CFRP, but it is probably
related to a combination of temperature effects, like the increased anchorage length
(Section 9.3) and the reduced bond strength (Section 9.5) at elevated temperatures.
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9.2.3  Point B: At the plate-end

Failure of a CFRP strengthened structure can also initiate at the plate-end (point B in
Figure 9-1). Both ‘concrete cover rip-off’ and ‘plate-end shear failure’ are preceded by the
initiation of a crack in the concrete in between the end of the CFRP laminate and the
internal steel reinforcement, which can propagate further along the level of the internal
steel reinforcement (‘concrete cover rip-off’) or as a shear crack (‘plate-end shear failure’)
(Figure 9-4). Which of these two types of failure is governing mainly depends on the
amount of shear reinforcement (Section 2.4.3.5).

Plate end shear failure

Initiation of the crack

Concrete cover rip-off

Figure 9-4: Plate-end shear failure and concrete cover rip-off

Failure is in this case not a result of bond failure of the concrete-adhesive-CFRP joint, but a
result of cracking of the concrete at the plate-end. These mechanisms are therefore
mainly related to the concrete properties and the stress concentrations in the concrete at
the plate-end (Figure 9-5).

shear stress

stress

\
1
\
\ tension

\ normal stress
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*<~--7  distance along the plate
compression

Figure 9-5: Shear stresses and normal stresses perpendicular to the bonded area in the concrete close
to the FRP end (Roberts 1989)

180



Thermal shear stresses are also concentrated at the plate-end and act in the same way as
the stresses due to loading, as has been explained in the previous section. They could
therefore negatively affect the failure load of a beam that fails by one of these debonding
mechanisms. As mentioned before, the reduced Young’s modulus (Section 9.3) and the
creep behavior (Section 9.4) of the adhesive at elevated temperature will cause a
reduction of the stress concentrations at the plate-end and will therefore (partly) undo
the negative effect of the thermal mismatch.

Both the full scale experiments (Section 7.5.4) and the finite element analyses (Section
8.4.4) showed that the failure load of a beam (beam D) that failed by ‘concrete cover rip-
off’ decreased with about 5% at 50°C and 10% at 70°C (Table 8-8), both compared to room
temperature. With additional analyses, in which the different effects of temperature were
investigated individually, it was concluded that this reduction was mainly related to the
reduction of the tensile strength and fracture energy of concrete at elevated temperature
(Section 9.6), and not related to the additional thermal stresses. Hence, it can be
concluded that the effect of thermal stresses on this mechanism is negligible within the
tested temperature range.

9.2.4  Zone C: Outside the anchorage zone

The experiments and finite element analyses have shown that the debonding mechanisms
that are initiated outside the anchorage zone, in areas with high shear stresses in the
concrete adjacent to the concrete-adhesive interface (‘debonding due to high shear
stresses’ and ‘debonding at shear cracks’) (Figure 9-6) are not significantly affected by the
thermal stresses.

iF

—
A .

Debonding at Debonding due to

shear cracks high shear stresses

Figure 9-6: Thermal shear stresses in zone C after a temperature increase
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Shear stresses are directly related to the difference in CFRP force (AN¢) over a certain
length (Ax) (Figure 9-7). The CFRP force due to a temperature change (N¢ar) is constant in
zone C (Figure 7-8). The difference in the normal force over a short length Ax will
therefore not change at low or elevated temperatures, as the thermal force (N¢7) is the
same at both sides of Ax in Figure 9-7. Shear stresses in zone C are, as a result, not
affected by the additional thermal stresses in the CFRP laminate. The effect of the thermal
mismatch between concrete and CFRP can therefore be neglected for these debonding
mechanisms.
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Figure 9-7: Shear stresses in the concrete at the interface with the FRP
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9.3 The reduced Young’s modulus of the adhesive at elevated
temperatures

9.3.1 General

The second effect of temperature that was observed in the experiments is the reduction
of the Young’s modulus of the adhesive at elevated temperature, especially above the
glass transition temperature of the adhesive (Figure 9-8). Note however that the glass
transition temperature is increased after applying a temperature cycle, as can be seen in
Figure 9-8.

14000
¢ 14dat20°C
12000 A 10d at 20°C, 2d at 80°C, 2d at 20°C
Average (14d at 20°C)
10000 Average (10d at 20°C, 2d at 80°C, 2d at 20°C)
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Figure 9-8: Influence of temperature on the Young’s modulus of the applied adhesive

Young's Modulus E, [ N/mm? ]

The results of the FE-analyses of the small scale bond tests showed that the reduced
Young’s modulus results in more linear distributed normal stresses in the CFRP laminate
(Figure 9-9a) and lower peaks in shear stresses at the plate-end (Figure 9-9b).
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Figure 9-9: (a) The (mechanical) strain distribution in a CFRP laminate at 30 kN and the shear stresses
in the concrete adjacent to the adhesive after the temperature change for 20°C, 50°C and 70°C

The reduced Young’s modulus mainly affects the stress distributions at the plate-end and
could therefore affect the debonding mechanisms that initiate in the end anchorage zone
(zone A) (Section 9.3.2) and/or at the plate-end (point B) (Section 9.3.3). The experiments
and finite element analyses also showed that the reduced Young’s modulus of the
adhesive did not have a significant effect on the stress distribution further away from the
anchorage zone (zone C (Figure 9-1)) and does therefore not significantly affect the
debonding mechanisms that are initiated in zone C (Section 9.3.4).

9.3.2  Zone A: The end anchorage zone

The reduced Young’s modulus of the adhesive at elevated temperature reduces the shear
stresses at the plate-end and could therefore have a positive influence on the failure load.
The finite element analyses of the small scale bond tests showed however that the effect
of the reduced Young’s modulus of the adhesive on the anchorage capacity is negligible
(Figure 6-12 and Figure 6-20b). The finite element analyses also showed that the
anchorage length is increased by the reduced Young’s modulus (Figure 9-9a) and could
theoretically result in a situation that the available anchorage length is sufficient at room
temperature, but becomes insufficient at elevated temperature.

The effect of the reduced Young’s modulus of the adhesive on the anchorage length (8,)
can also be determined analytically with the model of Yuan et al. (2004) (Appendix J). This
model is, unlike most other analytical models for ‘debonding at the end anchorage’, able
to take the (reduced) Young’s modulus of the adhesive into account by applying a bi-linear
bond-slip relation for the concrete-adhesive-CFRP interface in which the slip of the
adhesive layer can be included. The full derivation is given in Appendix J.
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The relation between the Young’s modulus of the adhesive and the anchorage length of a
CFRP laminate (E; = 165,000 N/mm?) according to this model is plotted in Figure 9-10.
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It can be seen that for a very low Young’s modulus of the adhesive a relatively large
increase in anchorage length is found. When combined with the temperature-Young's
modulus relation for SikaDur-30 (Figure 4-18), a temperature-anchorage length relation
can be given for this specific adhesive (Figure 9-11). Up to the glass transition
temperature, the anchorage length is not significantly affected, while above this
temperature, it increases faster. It can however be seen that the increase in anchorage
length is only 40 mm between 20°C and 80°C. For normal sized CFRP strengthened beams,
the available anchorage length is generally significantly longer, which makes it unlikely
that the increased anchorage length will affect the (design) failure load.

9.3.3  Point B: At the plate-end

The reduced Young’s modulus of the adhesive will reduce the stress concentrations at the
plate-end and could therefore have a positive effect on the failure load of beams that fail
by ‘concrete cover rip-off’ or ‘plate-end shear failure’. As has been explained in Section
9.2.3, the results from the experiments and the FE-analyses have however shown that the
effect of temperature on the failure load is small (-5% at 50°C and -10% at 70°C) and is
mainly related to the reduced tensile strength and fracture energy of concrete at elevated
temperature (Section 9.6), while the effect of the additional thermal stresses and the
reduced Young’s modulus turned out to be negligible.
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9.3.4  Zone C: Outside the anchorage zone

The experimental results have shown that the reduced Young’s modulus of the adhesive is
not affecting the stress distribution further away from the plate-end. This implies that the
shear stress in the concrete adjacent to the concrete-adhesive interface is also not
affected. Although not measured in the experiments, a reduced Young’s modulus would
probably affect local stress concentrations close to the crack tips. Based on the strain
measurements in the full scale experiment, it is however expected that debonding in zone
C is mainly related to the mean shear stress over a longer length, and only slightly to the
(shear) stress concentrations near crack tips.

9.4 The increased creep of the adhesive at elevated temperatures

The third temperature effect that was distinguished in the experiments is the time-
dependent creep behavior of the adhesive. The experimental results have shown that the
thermal stresses in the end anchorage zone of a CFRP laminate partly disappear over time
(Figure 7-7, Figure 9-12). Note that the points in Figure 9-12 where the stresses have been
determined are connected by straight lines to show the tendency of the thermal stress
distribution in the CFRP. In reality, the thermal strain distribution between two points will
not be linear. Visual inspection during the tests did not show any cracking or debonding at
the plate-end during heating of the beams. It is therefore expected that this behavior is
related to the reduction of the Young’s modulus and to short term creep of the applied
epoxy adhesive.
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Figure 9-12: Reduction of thermal stresses over time in the full scale experiments at 50°C
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Creep of the adhesive is relatively small at room temperature but becomes significantly
higher at temperatures close to and above the glass transition temperature of the
adhesive (Tg). The higher the temperature, the faster the thermal stresses disappeared
(Figure 5-21). A reduction of the normal stresses in the anchorage zone of the CFRP
laminate results in a reduction of the peak in shear stress in the concrete adjacent to the
concrete-adhesive interface at the plate-end. The creep behavior of the adhesive will
therefore reduce the effect of the thermal mismatch between CFRP and concrete.

Creep of the adhesive will not only affect the thermal stress distribution, but also the CFRP
stress distribution due to (sustained) loads (e.g. dead weight). CFRP strengthening is,
however, in most cases, applied for strengthening of existing structures, which implies
that the level of sustained load carried by the CFRP is small. Moreover, at 50°C, it still
takes about 5 hours till the stress distribution reaches its final distribution, as can be seen
in Figure 9-12. The stress distribution due to short term loads is therefore not significantly
affected by the creep behavior of the adhesive, while the stress distribution due to long
term loading will be affected.

9.5 The reduced bond strength at elevated temperatures

9.5.1 General

The fourth effect of temperature observed in the experiments is the reduction of the bond
strength with increasing temperature, especially around the glass transition temperature
of the adhesive (T, = 62°C (Sika 2009)) (Figure 9-13, Chapter 5.2).
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At around this temperature, a change in the type of bond failure was observed in the small
scale bond tests. At temperatures up to about the glass transition temperature of the
adhesive, debonding is caused by bond failure in the concrete adjacent to the concrete-
adhesive interface, leaving a small layer of concrete remaining attached to the adhesive
after debonding (A in Figure 9-14). At higher temperatures, the type of failure changes to
bond failure exactly in the concrete-adhesive interface, without leaving any concrete
remaining attached to the CFRP (B in Figure 9-14).

Figure 9-14: Bond failure in the concrete (T<T,) (A) and in the concrete-adhesive interface (T>T,) (B)

The change in type of bond failure is accompanied by a significant reduction in bond
strength, which explains the reduced failure load of the small scale bond tests at
temperatures above T, (Section 5.3.2 and 5.4.2). Furthermore, a wider scatter in bond
(shear) strength is observed above T,, which makes it difficult to predict the reduction of
the failure load at these temperatures.

The full scale beams (Chapter 7) that failed by debonding in the concrete adjacent to the
concrete-adhesive interface (zone A and C) at room temperature did not show a
significant change in the type of bond failure at 70°C, opposite to the small scale bond
tests (Chapter 5). This is probably related to the applied temperature cycle during heating
of the beams. A temperature cycle increases the glass transition temperature of the
adhesive (Section 4.5.3).

9.5.2  Zone A: The end anchorage zone

In the full scale experiments, beam C was expected to have failed by debonding in the end
anchorage zone (Section 7.5.3). The beam that was tested at 70°C showed a significantly
lower failure load (91 kN) compared to the ones that were tested at 20°C and 50°C
(£ 130 kN). The change in type of bond failure was however not observed at 70°C,
probably due to the temperature cycle, as mentioned before. There is no clear
explanation for the large reduction of the failure load, without having a change in the type
of bond failure. Probably a combination of thermal effects (thermal mismatch, increased
anchorage length, reduced bond strength) and/or other effects, like a difference in the
roughness of the concrete surface, has lead to the reduced failure load at 70°C.
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Based on the results of the small scale bond tests, it can be expected that the type of bond
failure will change when further increasing the temperature of the full scale beams. It is
also likely that further increasing the temperature will result in a sudden decrease the
bond strength and, as a result, the anchorage capacity. The small scale bond tests even
showed that heating up to 90°C resulted in bond failure, even before the actual loading
was applied (Section 5.4.2).

9.5.3  Point B: At the plate-end

Failure in the debonding mechanisms ‘concrete cover rip-off’ and ‘plate-end shear failure’
is not caused by bond failure of the concrete-adhesive-CFRP joint, but by cracking of the
concrete exactly at the plate-end. These debonding mechanisms themselves are therefore
not affected directly by the reduction in bond strength. It is, however, likely that one of
the bond related debonding mechanisms in zone A or C becomes governing over failure at
point B at temperatures above T, given the significant reduction in bond strength at these
temperatures. This was however not observed in the full scale experiments at 70°C (beam
D), again probably due to the increased glass transition temperature due to the applied
temperature cycle.

9.5.4  Zone C: Outside the anchorage zone

Debonding in zone C is, like in zone A, related to bond failure of the concrete-adhesive-
CFRP interface, mainly due to high shear stresses. Both beam A and beam B were
expected to have failed after the initiation of debonding in zone C. Only beam A showed a
partial change in the type of bond failure at 70°C (Figure 9-15).
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Figure 9-15: Failure surface after debonding of beam A at 20°C (bottom) and 70°C (top)
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It was expected that the type of debonding had not completely changed to failure in
between the concrete and the adhesive due to the temperature cycle during heating to
70°C, as explained before. Both beam A and beam B did also not show a significant change
in failure load between 20°C and 70°C, again probably due to the same reason. It is
however expected that further increasing temperature will soon lead to bond failure
exactly in the concrete-adhesive interface and not in the concrete. It is likely that this will
result in a lower failure load.

9.6 The reduced tensile strength and fracture energy of concrete
at elevated temperatures

9.6.1 General

The tensile strength and the fracture energy of concrete are both reduced by a
temperature increase. The reduction of the tensile strength, when increasing the
temperature from 20°C to 70°C, is, according to Model Code 1990 (CEB 1993), between
0% and 25%, depending on the moisture content (Figure 4-2). The reduction of the
fracture energy is, according to Model Code 1990, between 15% and 30%, also depending
on the moisture content (Figure 4-3). It turned out that this reduction of the concrete
properties is affecting the debonding mechanism ‘concrete cover rip-off’ (Section 9.6.2).
The reduction of the concrete properties for the bond related debonding mechanisms in
zone A and C is already described in Section 9.5, as the bond strength, up to the change in
the type of failure, is related to the concrete strength.

9.6.2 Point B: At the plate-end

‘Concrete cover rip-off’ (Section 7.5.4), is initiated after cracking of the concrete exactly at
the plate-end and is therefore directly related to the concrete properties in tension. Both
the experiment and the finite element analyses showed that the failure load of a beam
that failed after concrete cover rip-off (beam D) decreased with increasing temperature
(5% at 50°C and 10 % at 70°C). The finite element analyses showed that the failure load of
this beam was depending on the (applied) tensile strength and fracture energy of the
concrete, as expected. Based on the analyses, it is expected that the reduction of the
failure load of this beam in the experiment was mainly related to the reduction in tensile
strength and fracture energy of concrete at elevated temperature. Nevertheless, the
reduction in failure load was only small.
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9.7 Summary

A temperature increase is affecting the behavior of a CFRP strengthened structure in
different ways, as a temperature increase has different effects, like a change in material
properties and the development of thermal stresses. The development of thermal stresses
due to the thermal mismatch between concrete and CFRP mainly affects the debonding
mechanisms that are expected to initiate in the end anchorage zone (zone A) and at the
plate-end (point B), as thermal shear stresses in the concrete, adjacent to the concrete-
adhesive interface mainly develop at the plate-end. The effect on the failure load is
however small. The debonding mechanisms that are initiated outside the anchorage zone
(zone C) are not affected by the thermal mismatch between concrete and CFRP.

A temperature increase also reduces the Young’s modulus of the adhesive. This results in
more equally distributed stresses in the end anchorage zone of the CFRP laminate and, as
a result, in a reduction of the shear stress concentrations at the plate-end. The negative
effect of the thermal mismatch between concrete and CFRP is therefore reduced by the
reduced Young’s modulus of the adhesive. It turned out that the reduced Young’s modulus
did not have a significant effect on the debonding mechanisms that initiated outside the
anchorage zone.

The effect of the thermal mismatch between concrete and CFRP is also partly reversed by
the creep behavior of the adhesive. Creep of the adhesive reduces the stresses in the end
anchorage zone of the CFRP laminate and therefore reduces the shear stresses at the
plate-end. It turned out that creep is significantly higher at temperatures close to and
above the glass transition temperature of the adhesive.

Above the glass transition temperature of the adhesive, a different effect becomes
governing, the change in the type of debonding. Debonding of the concrete-adhesive-
CFRP joint changes from bond failure in the concrete, leaving a small layer of concrete
remaining attached to the adhesive to bond failure exactly in the concrete-adhesive
interface. This change in type of bond failure is accompanied by a significant reduction in
bond strength. Moreover, the bond strength becomes wider scattered, which makes it
difficult to make predictions of the failure load above the glass transition temperature of
the adhesive.

A smaller effect of temperature is the change in the concrete properties, like the tensile
strength and fracture energy. Although this change is relatively small in the temperature
range up to the glass transition temperature of the adhesive, it is affecting the failure load
of a beam that fails by ‘concrete cover rip-off’. The reduction of the failure load is however
small, as long as other debonding mechanisms do not become governing.
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As explained, all the described effects of temperature are affecting the capacity of a CFRP
strengthening of a concrete structure. Some of them reduce the capacity of a
strengthened structure, while others have a positive effect. In general, it can be said that a
temperature increase results in higher shear stresses at the plate-ends, due to the thermal
mismatch, but the development of these stresses is partly reversed due to the creep and
the reduced Young’s modulus of the adhesive. The overall effect on the capacity therefore
depends on which effect is the most governing effect. In the full scale experiments, there
was no or only a small influence of temperature on the capacity of most CFRP
strengthened beams, even above the glass transition temperature of the adhesive. The
latter is probably due to the applied temperature cycle, which had increased the glass
transition temperature, and the fact that the temperature at which the beam was tested
(70°C) was only slightly higher that the glass transition temperature (62°C).

In general, it can be concluded that there is no significant influence of temperature on the
capacity of a CFRP strengthened beam up to the glass transition temperature of the
adhesive, when it is designed to fail by one of the debonding mechanisms where
debonding initiates outside the end anchorage zone. The debonding mechanisms where
failure is initiated after concrete cover rip-off or debonding close to the plate-end are
more sensitive to temperature effects, although up to 50°C, the effect of temperature is
still relatively small. However, close to the glass transition temperature, the capacity can
suddenly drop. It is therefore recommended to design a CFRP strengthened structure such
that the governing debonding mechanism is one of the debonding mechanisms where
debonding initiates outside the anchorage zone, for example by applying a CFRP laminate
with sufficient length.

192



10 Conclusions and recommendations

10.1 Conclusions

10.1.1 General

Up till now, only a limited amount of research has been carried out into the effect of
temperature on CFRP strengthened concrete structures, despite the significant difference
in the coefficient of thermal expansion between concrete and CFRP and the temperature
dependent material properties of adhesives. Although it is generally assumed that the
effectiveness of a CFRP strengthening application is not significantly affected at
temperatures up to about 20°C below the glass transition temperature of the adhesive (fib
2001), no sound evidence has been available for this assumption. So far, only a limited
number of test results at low and elevated temperature are available. Moreover, these
test results are mainly based on small scale bond tests, while full scale CFRP strengthened
structures can fail in a different way and can therefore also be affected by temperature in
a different way.

10.1.2 Small scale bond tests

In this research project, the effect of temperature on CFRP strengthened structures was
investigated with both small scale bond tests and full scale CFRP strengthened reinforced
concrete beams. The bond behavior of the concrete-adhesive-CFRP joint was investigated
with the small scale bond tests, both in the perpendicular (normal) and longitudinal
(shear) direction of the bonded area (Section 5). The tests were carried out within the
temperature range from -20°C till +80°C, which covers the outdoor circumstances of a
large part of the world, including the circumstances of sun exposure. The tests were
simulated by means of finite element analyses (Section 6), which further increased the
knowledge of the bond behavior of the joint at low and elevated temperatures.

The results of the experiments and finite element analyses showed that the thermal
mismatch between concrete and CFRP causes the development of thermal stresses in the
CFRP and the adjacent concrete. Thermal shear stresses mainly develop near the plate-
ends, where the thermal stresses are transferred from the CFRP to the concrete and vice
versa. In the applied test setups, these shear stresses acted at elevated temperatures in
the opposite direction as the shear stresses due to loading, which explains the observed
(slowly) increasing failure load of the bond shear tests when increasing the temperature.
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The experiments, however, also showed that thermal stresses partly disappear over time,
due to creep of the adhesive. It turned out that creep is significantly higher at elevated
temperatures, especially close to and above the glass transition temperature of the
adhesive. Moreover, at around this temperature, the stiffness of the adhesive suddenly
drops, which also results in a decrease of the shear stress concentrations at the plate-
ends. Around the glass transition temperature, the type of bond failure changes from
failure in the concrete, adjacent to the concrete-adhesive interface, leaving a small layer
of concrete remaining attached to the adhesive and CFRP, to failure exactly in the
concrete-adhesive interface, leaving no concrete remaining attached. This change in type
of bond failure is accompanied by a significantly decreasing bond strength. Furthermore,
the scatter in bond strength values also becomes much higher.

10.1.3 Full scale experiments

Unique full scale experiments were carried out on 4 meter long CFRP strengthened beams
(Section 7). Full scale beams can fail in a different way compared to the small scale bond
shear tests, because of additional influencing circumstances, like cracking of the beam,
yielding of the internal steel reinforcement and the different loading configuration. All
circumstances affect the debonding behavior. The beams were designed such that, at
room temperature, most probably the four most commonly observed types of debonding
would occur. The experiments showed that the debonding mechanisms that were initiated
at or close to the plate-end (‘debonding at the end anchorage zone’ and ‘concrete-cover
rip-off’) are affected more than the debonding mechanisms that were initiated outside the
anchorage zone (‘debonding due to high shear stresses’ and ‘debonding at shear cracks’).
This is related to the fact that most thermal effects mainly affect the (shear) stress
distribution in the anchorage zone and not (significantly) further away from the end
anchorage zone.

Where in the small scale bond tests the thermal shear stresses at the plate-end acted
opposite to the shear stresses due to mechanical loading, in the full scale experiments
they acted in the same direction. Similar as in the small scale tests, it was found that these
shear stress concentrations were partly reduced in time due to the reduced Young’s
modulus and the creep behavior of the adhesive at elevated temperature.

Most of the beams that were tested at 70°C did not show a change in the type of bond
failure, as was found for the small scale bond tests. This was probably related to the
temperature cycle that was applied during heating of the beams, which increases the glass
transition temperature of the adhesive. This also explains why the failure load of most
beams was not significantly affected at 70°C. Only the failure load of the beam that failed
by debonding at the end anchorage zone showed a significant lower failure load at 70°C,
probably due to a combination of various temperature effects in the anchorage zone. At
50°C, the effect of temperature on the failure load was relatively small for all beams.
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The full scale experiments were also simulated by means of finite element analyses
(Chapter 8). With the analyses, it was possible to simulate the different types of
debonding that were observed in the experiments, both qualitatively and quantitatively.
The analyses showed that the debonding behavior and the failure load of the full scale
CFRP strengthened beams are not significantly affected by temperature, as long as the
type of bond failure does not change. The small reduction of the failure load of the beam
that failed by ‘concrete cover rip-off’ turned out to be mainly related to the reduction in
the tensile strength and fracture energy of concrete at elevated temperature, and not to
the additional thermal stresses at the plate-end.

10.2 Recommendations

10.2.1 General recommendations

Based on the results of the experiments and finite element analyses, it can be concluded
that the effect of temperature is relatively small up to about the glass transition
temperature of the adhesive (Ty). It is however recommended to avoid the structure being
exposed to temperatures close to or above T, as the capacity can suddenly drop with a
small temperature increase, as has been observed with the small scale bond tests and the
full scale beam that failed by ‘debonding at the end anchorage zone’.

The current approach in fib-Bulletin 14 (fib 2001) to deal with the effect of temperature is
to apply a lower boundary for the glass transition temperature of the applied adhesive
(determined according to EN 12614 (CEN 2004a)). The glass transition temperature (T,)
should be higher than 45°C or the maximum shade air temperature plus 20°C, whichever
is higher. For a CFRP strengthened structure that is strengthened with the epoxy adhesive
that was used throughout this research project (SikaDur-30), this corresponds to a
maximum shade air temperature of 42°C (T, = 62°C). However, based on the results of the
experiments and the finite element analyses, it is recommended that the currently used
value of 20°C for the difference between the maximum shade air temperature and Ty is
decreased. Although only one adhesive is used in this investigation, it is likely that this
difference can be decreased to approximately 10°C.

It is also recommended to design a CFRP strengthened concrete structure such that one of
the debonding mechanisms where debonding initiates outside the end anchorage zone
(‘debonding due to high shear stresses’ or ‘debonding at shear cracks’) is the governing
debonding mechanism. The other debonding mechanisms where debonding/failure
initiates close to the plate-end (‘debonding in the end anchorage zone’ or ‘concrete cover
rip-off’) are more sensitive to temperature changes and should therefore be avoided, for
example by applying a longer CFRP laminate.
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In case the CFRP is exposed to higher temperatures, for example when being applied on a
surface that is directly exposed to the sun, it is advised to apply an adhesive with a high
glass transition temperature. Note that the glass transition temperature will also increase
due to a temperature cycle or during life span, when subjected to natural temperature
variations.

10.2.2 Recommendations for future research

Experimental research into the effect of temperature on full scale CFRP strengthened
reinforced concrete structures is still rather limited and has only been investigated for one
type of CFRP laminate and (epoxy) adhesive in this investigation. It is therefore
recommended to investigate more full scale CFRP strengthened concrete structures at low
and elevated temperatures to increase the amount of experimental data and to verify the
findings of this research. Moreover, it is also recommended to investigate concrete
structures that are strengthened with different types of FRPs (GFRP, AFRP, fabrics (wet
lay-up)) and adhesives (polyester, vinylester, other epoxies), although similar results can
be expected.

Another aspects that needs further research is a more detailed investigation into the time-
dependent creep behavior of the adhesive at elevated temperatures, as it will affect the
stress distributions in the anchorage zone of the CFRP laminate, and hence the stress
concentrations at the plate-end. Although this effect is generally a positive effect for full
scale beams, as it reduces the shear stress concentrations in the end anchorage zone,
further research is recommended.

It is also recommended to investigate the effect of temperature on CFRP strengthened
structures with adhesives with a relatively high T,. Especially for temperatures above
100°C, additional phenomena do occur, like the evaporation of water from the concrete.

A last aspect that needs further research is the increase in the glass transition
temperature of the adhesive due to temperature cycling. Although this effect did occur in
the experiments, it was not investigated extensively in this research project.
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Appendix A. Development of thermal stresses

Seen from the FRP laminate, the (shear) stiffness of concrete can be represented by
springs with a linear elastic stiffness of kg, (Figure A-1).

FRP FRP

H L/2 [ '|_> L/2 |

Figure A-1: Theoretical beam model (Di Tommaso et al. 2001)

The increase in normal force (N) in the CFRP over a small length dx has to be transferred
via shear stresses to the concrete. Assuming a linear relation (ks.) between the shear
stress (t(x)) and the elastic bond slip (u(x)) (Figure A-2), the following equation can be
found;

dN
=1(x) =kg, -u(x) (A.1)
b, -dx ¢
where
b¢ is the width of the FRP

() = kgcu(x)
— — — — — -
N N+dN

< dx > u(x) u
Figure A-2: Equilibrium of a small element and the idealized bond slip law (Di Tommaso et al. 2001)

Note that the model neglects the adhesive layer in between the concrete and CFRP. It also
neglects the normal stresses perpendicular to the bonded area, due to the (small) distance
between the FRP laminate and the concrete.
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The strain in the FRP (&) is divided into two parts, the strain due to the expansion of the
concrete due to temperature variation (g,71) and the strain in the CFRP itself, due to the
(corresponding) CFRP force (& ext);

& = ﬂ =& e T84T (A2)
dx

where

EAT =0 AT

Ol is the coefficient of thermal expansion of concrete

AT is the variation in temperature

The CFRP force (N) can be expressed as;

du

N=E -t -b;-| ——¢&, (A.3)
dx

where

Ef is the Young’s modulus of the CFRP

t is the thickness of CFRP

Differentiating equation (A.3) with respect to dx and rewriting equation (A.1) gives two
expressions for dN/dx;

dN d’u(x)
—=E -t -b,——— A4
x 0T dx? (A4)
dN
— =kg. u(x)-b; (A.5)
dx
Substituting equation (A.4) into equation (A.5) gives;
dulx) ® -u(x)=0 (A.6)
dx’ '
where
(,02 — ch
Ef tf
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The general solution of equation (A.6) is;

u(x) = Ccosh(wx)+Dsinh(w@x) (A.7)

C and D can be determined by using the boundary conditions, assuming that the
displacement at midspan is zero and the CFRP force at the end of the laminate is zero;

x=0=u(0)=0 = C=0 (A.8)

x=0/2=N(/2)=0= g, =0 :%/Z):EM (A.9)
X

D can be determined by substituting equation (A.9) in equation (A.7);

u(¢/2)=D-sinh(®-¢/2) = M/Z)=0)-D-cosh(co-£/2)=.°,AT
dx (A.10)
o-cosh(w-7£/2)
u(x), of(x) and t(x) can then be expresses as;
Ear . .
u(x)—msmh(a) X) (All)
NG o fdu NI X)—
Gf(x)_tf-bf =E, LX sm}—Ef Losh(w-!@/z) cosh(w-x) Sm} (A.12)
_ONK) e e B .
T(X)_dx-bf =& t-o cosh(m-f/z)smh(m X) (A.13)

The normal stress in the FRP and the shear stress in the interface between the concrete
and FRP can be calculated with equation (3.1) and (3.2) respectively. The only unknown is
the stiffness kg, which is incorporated in . To determine kg, a linear elastic bond-slip
behavior is assumed, which is related to the shear deformation of the concrete over an
effective depth h s (Figure A-3).
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concrete

/

FRP ulx)

Figure A-3: Idealization of bond-slip behavior (Di Tommaso et al. 2001)

hcr depends on the aggregate size and can be taken 50 mm (about twice the dimension of
the greatest aggregate) (Neubauer and Rostasy 1999). For small specimens, a smaller
effective depth will have to be taken into account. Before cracking occurs, the behavior
can be satisfactorily predicted by using Hooke’s law;

y = _ T (A.14)
hc,ef Gc
where
G, is the shear modulus of concrete
— EC
C2-(1+v,)

With equation (A.13) and (A.14), the elastic slip (u(x)) can be calculated with;

2-(1+v,)-t(x)-h,

u(x) = (A.15)

c

Finally, with equation (A.15) and kg, = t(x)/u(x) (Figure A-2), the following expression for kg
can be given

B (A.16)

21 +v,)-h
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Appendix B. Double-lap shear tests

B.1 Material properties

Table B-1: Test results of concrete cubic compressive tests (halfway during test program)

Cubic compressive strength A (50d) B(63d)
[N/mm?] [N/mm?]
Test 1 41.2 70.8
Test 2 41.9 71.0
Test 3 404 70.7
Mean value 41.1 70.8

Table B-2: Test results of concrete tensile splitting tests (halfway during test program)

Tensile splitting strength A (50d) B(63d)
[N/mm?] [N/mm?]
Test 1 3.20 3.47
Test 2 2.94 3.77
Test 3 - 4.12
Mean value 3.07 3.79

Table B-3: Test results of concrete Young’s modulus tests (halfway during test program)

Young’s modulus A (50d) B(63d)
[N/mm?] [N/mm?]
Test 1 26,428 31,410
Test 2 25,969 31,143
Test 3 28,131 30,793
Mean value 26,800 31,000

B.2 Strain gauge properties

Table B-4: Properties of the applied strain gauges

Strain gauge type TML PFL-6-11 TML PFL-10-11 TML PFL-30-11
Location on CFRP on CFRP on concrete
Gauge factor 2.13+1% 213+ 1% 213 +1%
Coefficient of thermal expansion [-10'6 /°C] 11.8 11.8 11.8
Temperature coefficient of gauge factor [/10°C] +0.1 £+0.05% +0.1+0.05%  +0.15+0.05%
Tolerance [um/m /°C] +0.85 +0.85 +0.85
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B.3 Load-displacement curves
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Figure B-1: Load-displacement curves of the double-lap shear tests (foy, cupe = 41.1 N/mm?)

NB. The displacement corresponds to the mean value of the measurements of the two LVDTs.
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Figure B-2: Load-displacement curves of the double-lap shear tests (foy, cupe = 70.8 N/mm?)

NB. The displacement corresponds to the mean value of the measurements of the two LVDTs.
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B.4 Thermal strains

B.4.1 Thermal strains after heating to 50°C, cooling to 20°C and heating to 50°C
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Figure B-3: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating and cooling down of a double-lap shear test specimen (fey, cupe = 41.1 N/mm?)
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Figure B-4: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating and cooling down of a double-lap shear test specimen (foy, cupe = 70.8 N/mm?)
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B.4.2 Thermal strains after heating to 40°C, 50°C and 70°C
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Figure B-5: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating of a double-lap shear test specimen up to 40°C, 50°C and 70°C (fe, cube = 41.1 N/mm?)
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Figure B-6: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating of a double-lap shear test specimen up to 40°C, 50°C and 70°C (f.m, cupe = 70.8 N/mm?)
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Appendix C. Three-point bending tests

C.1 Load-displacement curves
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Figure C-1: Load-displacement curves of the three-point bending tests (f.y, cupe = 41.1 N/mm?)
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Figure C-2: Load-displacement curves of the three-point bending tests (fum cupe = 70.8 N/mm?)

NB. The displacement corresponds to the mean value of the measurements of the two LVDTs, when
two LVDTs have been used.
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C.2 Thermal strains

C.2.1 Thermal strains after heating to 50°C, cooling to 20°C and heating to 50°C
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Figure C-3: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating and cooling down of a three-point bending test specimen (fuy cupe = 41.1 N/mm?)
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Figure C-4: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due

to heating and cooling down of a three-point bending test specimen (f.y cube = 70.8 N/mm?)
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C.2.2 Thermal strains after heating to 40°C, 50°C and 70°C
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Figure C-5: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating of a three-point bending test specimen up to 40°C, 50°C and 70°C (fom cupe = 41.1 N/mm?)
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Figure C-6: Strain development in the CFRP (a), concrete-adhesive interface (b) and concrete (c) due
to heating of a three-point bending test specimen up to 40°C, 50°C and 70°C (fum, cuve = 70.8 N/mm?)
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Appendix D. Loading angle tests

D.1 Material properties

Table D-1: Test results of concrete cubic compressive tests (halfway during test program)

Cubic compressive strength A (11-12-2003) B (12-12-2003) C(18-12-2003) D (6-1-2004)

[N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 44,9 45,8 53,3 44,5
Test 2 43,9 45,2 51,5 41,0
Test 3 43,5 46,6 52,3 45,3
Mean value (46.5 N/mm?) 44.1 459 52.4 43.6

Table D-2: Test results of concrete tensile splitting tests (halfway during test program)

Tensile splitting strength A(11-12-2003) B (12-12-2003) C(18-12-2003) D (6-1-2004)
[N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 2.66 3.27 3.55 3.33
Test 2 3.03 2.90 3.20 3.14
Test 3 3.10 1.71 3.97 3.18
Mean value (3.1 N/mm?) 2.93 2.63 3,57 3.22

Table D-3: Test results of concrete surface bond tests (halfway during test program)

Young’s modulus A (11-12-2003) B (12-12-2003) C(18-12-2003) D (6-1-2004)
[N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 4.20 3.80 3.33 3.07
Test 2 3.08 3.68 3.27 3.04
Mean value (3.4 N/mm?) 3.64 3.74 3.30 3.06
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Appendix E. Finite element analyses

E.1 Double-lap shear tests
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Figure E-1: Load-displacement curve of the double-lap shear tests from experiments and FE-analyses
for -20°C (a), 20°C (b), 50°C (c) and 70°C (d) (fem,cupe = 41.1 N/mm?)
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Figure E-2: Load-displacement curve of the double-lap shear tests from experiments and FE-analyses
for -20°C (a), 20°C (b), 50°C (c), and 70°C (d) (fm,cube = 70.8 N/mm?)
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E.2 Three-point bending tests
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Figure E-3: Load-displacement curve of the three-point bending test from experiments and FE-
analyses for -20°C (a), 20°C (b), 40°C (c), 50°C (d) and 70°C (e) (fm,cuve = 41.1 N/mm?)
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E.2.2 Higher strength concrete specimens
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Figure E-4: Load-displacement curve of the three-point bending test from experiments and FE-
analyses for -20°C (a), 20°C (b), 40°C (c), 50°C (d) and 70°C (€) (fem,cube = 70.8 N/mm?)
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Appendix F. Material properties full scale experiments

F.1 Concrete material properties

Table F-1: Test results of concrete cubic compressive tests

Cubic compressive strength (28d) C20/25a C20/25b C45/55a C45/55b
[N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 27.6 35.5 50.7 51.7
Test 2 28.1 36.7 51.0 52.3
Test 3 27.4 35.8 51.8 52.9
Mean value 27.7 36.0 51.2 52.3

Table F-2: Test results of concrete tensile splitting tests

Tensile splitting strength (28d) C20/25a C20/25b C45/55a C45/55b
[N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 2.36 3.11 3.67 3.10
Test 2 2.35 3.17 3.51 4.22
Test 3 2.31 2.71 3.93 3.57
Mean value 2.34 3.00 3.70 3.63

Table F-3: Test results of concrete Young’s modulus tests

Young’s modulus (28d) C20/25a C20/25b C45/55a C45/55b
[N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 20,875 19,486 24,906 25,858
Test 2 22,117 19,346 24,186 24,880
Test 3 21,762 - 24,583 24,811
Mean value 21,600 19,400 24,600 25,200

Table F-4: Test results of concrete surface bond tests at 20°C

Concrete bond strength (28d) C20/25a C20/25b C45/55a C45/55b
20°C [N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 2.60 3.36 5.09 4.63
Test 2 - 3.87 3.87 4.94
Mean value 2.60 2.78 448 4.79

Table F-5: Test results of concrete surface bond tests at 50°C

Concrete bond strength (28d) C20/25a C20/25b C45/55a C45/55b
50°C [N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 1.88 2.04 3.72 3.56
Test 2 1.78 2.29 4.02 3.97
Mean value 1.83 2.17 3.87 3.77

228



Table F-6: Test results of concrete surface bond tests at 70°C

Concrete bond strength (28d) C20/25a C20/25b C45/55a C45/55b
70°C [N/mm?] [N/mm?] [N/mm?] [N/mm?]
Test 1 - 1.27 2.44 2.70
Test 2 - - - 3.00
Mean value n/a 1.27 2.44 2.85
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Appendix G. Full scale experiments

G.1 Thermal strains CFRP
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Figure G-1: Thermal strains in the CFRP at 50°C and 70°C for C20/25
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Figure G-2: Thermal strains in the CFRP at 50°C and 70°C for C45/55 and L=100 mm
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Figure G-3: Thermal strains in the CFRP at 50°C and 70°C for C45/55 and L=300 mm
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G.2 Thermal shear stresses in the concrete-adhesive interface
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Figure G-4: Analytical thermal shear stresses in the concrete adjacent to the concrete-adhesive
interface of beam A (a), B (b), C (c) and D (d) at 50°C and 70°C
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Appendix H. Analytical calculations full scale beams

H.1 Introduction

The load-displacement curves have been determined with a cross-section analysis of the
beam in Mathcad. For the stress-strain relation of concrete in compression, the parabola-
rectangle diagram for concrete under compression was applied according to Eurocode 2
part 1-1 (CEN 1997a). Concrete compressive failure is assumed to occur at a strain of €., =
3.5 x 10°. Cracking is assumed to occur at when the concrete reaches the flexural strength
of concrete. The contribution of concrete in tension is neglected at yielding of the tensile
steel reinforcement and at failure.

For the steel reinforcement, an ideal plastic stress-strain relation has been taken into
account, with f,,, = 560 N/mm?, both in tension and compression. The maximum strain of
the tensile reinforcement is taken equal to 32.5 x 10, CFRP is assumed to be linear elastic
up to failure (fgm = 2800 N/mm?) and the adhesive layer is neglected in the cross-section
analyses. Debonding of the CFRP is not taken into account, and is calculated separately in
Appendix I.

The displacement at midspan is approximated by assuming that the CFRP laminate is
continuous over the entire length of the beam (Figure H-1). Cracking, yielding and/or
crushing is also assumed to occur over the entire length of the beam, although in reality,
this is not the case. Nevertheless, this approximation is reasonably accurate for the
purpose of estimating the (analytical) load-displacement curves.

“E‘- = aT
A 5000q

F+2000q F+1900q

11
T 1 1 T 1
100 mm 1250 mm 650 mm 1250 mm 650 mm
Figure H-1: Calculation of the displacement at midspan
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The displacement at midspan is computed with the mechanical scheme of a half beam, as

shown in Figure H-1. The external load (F) and the displacement (u) at midspan are
approximated with;

— Mtotal - Mq (Fl)
1250 mm
_ F-650° F-650° 1250 q-1900* . (F+1900-q)-1900° 5000 -q-1900°
3-E 2-E 8-ElI 3-El 2-El
1,9%10° -F+2,7x10" -
u==-2% S/x20 9 (F.2)
El
where
F Is the external load
q Is the dead weight of the beam
u Is the displacement
Miotal Is the total bending moment in the beam
M, Is the bending moment due to the dead weight
EI* — Mtotal
K
K Is the curvature of the beam

H.2 Cracking of the concrete

&c Gc +
I el 6, N — | 37MM
N. -—
X
374 mm
th_>
€1 Gs1 N51—> T 39 mm
Eet = & fctm,fl Gf Nf —P

Figure H-2: Stresses and strains in the cross-section at cracking
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Assumptions

0= fumn #0.9-(1.6—h)-f, €,= fgm'”
cm

where
fetm,f Is the mean flexural strength of concrete
fetmsp Is the mean tensile splitting strength of concrete
h Is the height of the beam
€t Is the tensile strain in the concrete
Ecm Is the mean Young’s modulus of concrete

Table H-1: Results of the cross-section analyses at cracking of the non-strengthened beam

Beam A Beam B Beam C Beam D
fotmn = 2.4 N/mm? 3.8 N/mm? 3.8 N/mm? 3.1 N/mm?
€ = 1.1-10" 1.49-10™ 1.56-10™ 1.60-10™
Miotal = 19 kNm 32 kNm 33 kNm 27 kNm
M, = 4 kNm 4 kNm 4 kNm 4 kNm
M; = 15 kNm 28 kNm 29 kNm 23 kNm
K= 0.50-10° m™ 0.60-10° m™ 0.63-10° m* 0.67-10°m™
F, = 11.6 kN 22.3 kN 22.9 kN 18.1 kN
El* = 37.0-10°kNm?>  52.9-10°kNm®?  51.8-10°kNm?  39.8-10° kNm?
u= -0.8 mm -0.9 mm -1.0 mm -1.0 mm
Ug = -0.6 mm -0.8 mm -0.9 mm -0.9 mm
F, Is the external load at cracking

U Isthe displacement due to the external load

Table H-2: Results of the cross-section analyses at cracking of the strengthened beam

Beam A Beam B Beam C Beam D
Miotal = 19 kNm 33 kNm 34 kNm 28 kNm
M, = 4 kNm 4 kNm 4 kNm 4 kNm
Mg = 15 kNm 29 kNm 29 kNm 24 kNm
= 0.51-10% m™ 0.61-10%m™ 0.63-10%m™ 0.68-10% m™
F = 11.9kN 22.9kN 23.5kN 19.3 kN
El* = 37.4-10° kNm? 53.9-10° kNm’ 52.8-10° kNm’ 41.5-10° kNm’
us= -0.8 mm -0.9 mm -1.0 mm -1.0 mm
Ug = -0.6 mm -0.8 mm -0.9 mm -0.9 mm
F, Is the external load at cracking

U Isthe displacement due to the external load
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H.3 Yielding of the tensile steel reinforcement
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Figure H-3: Cross-section analyses of the strengthened beam at the yielding

Assumptions

o, =f,, =560 N/mm?

where
Os1 Is the stress in the tensile steel reinforcement
fym Is the Yield strength of steel

6y Ny<€— + 37 mm

374 mm

[ 39 mm

Table H-3: Results of the cross-section analyses at yielding of the non-strengthened beam

Beam A Beam B Beam C Beam D
Miotal = 96 kNm 98 kNm 98 kNm 97 kNm
M, = 4 kNm 4 kNm 4 kNm 4 kNm
M = 92 kNm 94 kNm 94 kN 93 kNm
K = 9.3-10%m™ 8.5-10%m™* 8510°m* 8.9-10°m™
Fo= 73.4 kN 75.5 kN 75.4 kN 74.3 kN
El* = 10.3-10% kNm? 11.6-10° kNm? 11.6-10° kNm? 10.9-10% kNm?
u= -14 mm -13 mm -13 mm -14 mm
Up = -14 mm -13 mm -13 mm -13 mm

Fe Is the external load at yielding of the internal steel reinforcement

Table H-4: Results of the cross-section analyses at cracking of the non-strengthened beam

Beam A Beam B Beam C Beam D
Migtal = 108 kNm 118 kNm 118 kNm 133 kNm
M, = 4 kNm 4 kNm 4 kNm 4 kNm
M = 104 kNm 114 kNm 114 kN 129 kNm
K= 9.5:10%m™ 8.7:10%m* 8.7:10%m™* 9.410%m*
Fo= 82.9 kN 91.3 kN 91.2 kN 103 kN
El* = 11.3-10% kNm? 13.6-10° kNm? 13.6-10° kNm? 14.2:10% kNm?
u= -15 mm -13 mm -13 mm -15 mm
Up = -14 mm -13 mm -13 mm -14 mm

Fe Is the external load at yielding of the internal steel reinforcement
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H.4 Failure of the beam
7 I — e e

374 mm

&1 fym N 1_> <4
. O — N J39mm

Figure H-4: Cross-section analyses of the strengthened beam at concrete compressive failure
Assumptions

Failure by concrete compressive failure, steel rupture or FRP rupture (assuming that
compressive steel reinforcement is not yielding);

Concrete compressive failure ¢, =3.5-107

Steel failure €, =32.5-10"
Concrete compressive failure o, =f, =2800N/mm?
where
Ecu2 Is the strain at compressive failure of concrete
€61 Is the strain at failure of steel
Ot Is the stress in the FRP
frim Is the mean FRP tensile strength
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Table H-5: Results of the cross-section analyses at failure of the non-strengthened beam

Beam A Beam B Beam C Beam D
Failure mode Concrete failure Steel failure Steel failure Concrete failure
Miotal = 100 kNm 102 kNm 102 kNm 101 kNm
M, = 4 kNm 4 kNm 4 kNm 4 kNm
Mg = 96 kNm 98 kNm 98 kNm 97 kNm
K= 57.9-10° m™ 85.0-10° m™ 85.0-10° m™ 72.0-10° m™
0gy = 364 N/mm? 129 N/mm? 137 N/mm? 280 N/mm?
s, < 560 N/mm? Yes Yes Yes Yes
€= 21107 32.5.10° 32.5.10° 26.9-10°
£ < 32.510° Yes Failure Failure Yes
€eus = 3.510° 3.1-10° 3.2.10° 3.5.10°
€2 < 3.5.10° Failure Yes Yes Failure
F,= 76.4 kN 78.5 kN 78.4 kN 77.4 kN
El* = 1.72-10° kNm® 1.20-10% kNm? 1.20-10% kNm? 1.39-10% kNm?
us= -89 mm -131 mm -131 mm -112 mm
Up = -86 mm -126 mm -126 mm -107 mm
Os1 Is the stress in the compressive steel reinforcement
€ Is the strain in the tensile steel reinforcement
€w2 Isthe strain in the concrete at the top (compression)
Fu Is the failure load
Table H-6: Results of the cross-section analyses at failure of the strengthened beam

Beam A Beam B Beam C Beam D

Failure mode Concrete failure FRP rupture FRP rupture Concrete failure
Miotal = 151 kNm 212 kNm 212 kNm 224 kNm
M, = 4 kNm 4 kNm 4 kNm 4 kNm
Mg = 147 kNm 208 kNm 208 kNm 220 kNm
K= 37.310° m™ 45.0-10° m™ 45.0-10° m™ 31.410° m™
£ = 3.50-10° 3.25.10° 3.30-10° 3.50-10°
£.< 3.5.10° Failure Yes Yes Failure
Og = 484 N/mm? 390 N/mm? 401 N/mm? 518 N/mm?
g1 < 560 N/mm? Yes Yes Yes Yes
€= 12-10° 15-10° 15.10° 9.7.10°
£ < 32.5.10° Yes Yes Yes Yes
o; = 2200 N/mm? 2800 N/mm? 2800 N/mm? 1770 N/mm?
or < 2800 N/mm? Yes Failure Failure Yes
F,= 118 kN 166 kN 166 kN 176 kN
El* = 1.72-10% kNm® 4.74-10° kNm®>  4.73-10° kNm’ 7.14-10° kNm?
u= -58 mm -69 mm -69 mm -48.5 mm
Up = -56 mm -68 mm -68 mm -47.7 mm

O Is the stress in the compressive steel reinforcement
g, Isthe strainin the tensile steel reinforcement
€ Is the strain in the concrete at the top (compression)

Fu Is the failure load
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Appendix I. Analytical calculation debonding mechanisms

.1 Debonding due to high shear stresses
Matthys (2000) provides the following two equations for ‘debonding due to high shear
stresses’;
Vv
€, <Ey: g Tt <t (1.1)
b, ~(0.95~d)-[1+ S J
[t
Y
g 26,0 ————<1T,, (1.2)
b, -(0.95-d)

Assuming that steel is yielding, using mean values and safety factors equal to 1, this results

in;

V, <b,-(0.95-d)-t,,, (1.3)
where
Tebm is the mean bond strength in shear
~1.8-f,,
fetm is the mean bond strength in tension

Table I-1: Applied values and results for the computation of debonding due to high shear stresses

Beam A Beam B Beam C Beam D
b 50 mm 80 mm 80 mm 150 mm
d 419 mm 419 mm 419 mm 419 mm
fiom 2.60 N/mm? 4.79 N/mm? 4.48 N/mm? 2.78 N/mm?
Teom 4.68 N/mm? 8.64 N/mm’ 8.06 N/mm’ 5.00 N/mm’
Vi max 93 kN 275 kN 257 kN 299 kN
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.2 Debonding at shear cracks

Matthys (2000) provides the following equation for ‘debonding at shear cracks’;

Vg < Vipa (1.4)
where
Vsg is the acting shear force
Virpd is the design shear capacity for debonding at shear cracks
= Tde d ) bc
TRod is the design shear strength
Trod = Trpk /v,
TRpk is the characteristic shear strength

=0.38+151p

Using mean values and safety and material factors equal to 1.0, the following equation can
be given;

VSm S VRpm (IS)
where

Vsm is the acting shear force

Viom = Tppm "d b,

Toom =0.54+151-p,,

Table I-2: Applied values and results for the computation of debonding at shear cracks

Beam A Beam B Beam C Beam D
Peq 0.0060 0.0063 0.0063 0.0071
TRpm 1.44 N/mm? 1.49 N/mm? 1.49 kN 1.61 N/mm?
Vsm max 121 kN 125 kN 125 kN 135 kN
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1.3 Debonding at the end anchorage

i |

X

Figure I-1: Definition of x

In fib-Bulletin 14 (fib 2001), the approach according to Holzenkampfer (1997), modified by
Neubauer and Rostasy (1999), is given for ‘debonding at the end anchorage’. The
maximum anchorage force and corresponding length can be determined with;

N

fa,max

Es
tf

fctm

=o-c, -k, -k, b, - E, -, -, (1.6)

(1.7)

=1.06

=165,000 N/mm?
=1.2mm
is the tensile strength of concrete

The location where the anchorage length can start has been determined based on the
approach as given in Matthys (2000), and corresponds to the location where the internal
steel starts yielding according to the shifted moment line (shifted over z/2).

s'ym

Nfad(x):— (1.8)
[1+A5 'Esj

A; -E
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For an anchorage length smaller than €, max, the anchorage force can be determined with;

Nfa(x):Nfa,max.E_b.(z_ gb J (|9)

L l

“ b,max “ b,max

The maximum force has been computed in an iterative procedure in Mathcad, as the
maximum load depends on several parameters (anchorage length, moment distribution,
location where steel starts yielding). The results are given in Table I-3. For beam C, the
design value has also been computed (with fig = fem / 2).

Table I-3: Applied values and results for the computation of debonding at the end anchorage

Beam A Beam B Beam C Beam C Beam D
(design
value)
b¢ 50 mm 80 mm 80 mm 80 mm 150 mm
kg, 1.32 1.22 1.22 1.22 1.01
fetmsp 2.34 N/mm? 3.63 N/mm? 3.70 N/mm? 3.70 N/mm? 3.00 N/mm?
fetm 2.11 N/mm? 3.27 N/mm? 3.33 N/mm? 1.67 N/mm? 2.70 N/mm?
Nea max 24.6 kN 45.4 kN 45.8 kN 32.4 kN 63.8 kN
€fa max 217 mm 174 mm 172 mm 244 mm 191 mm
Nfaa(X) 25.0 kN 37.7 kN 37.7 kN 37.7 kN 62.6 kN
Nfad(X) < N¢a max No Yes Yes No Yes
Frax* 192 kN 251 kN 168 kN 116 kN 217 kN
x* 317 mm 203 mm 400 mm 545 mm 265 mm
Nea(X)* 24.6 kN - - 32.4 kN -
€, * 217 mm 103 mm 100 mm 244 mm 165 mm
Nta(X) £ Nea max Yes Yes Yes Yes Yes
B2 2 Bra max Yes Yes Yes Yes Yes

* Determined in an iterative procedure in Mathcad
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1.4 Concrete cover rip-off/plate-end shear failure

According to Jansze (1997), the following design equations can be used for ‘concrete cover
rip-off’ / ‘plate-end shear failure’;

Vyy <Vpy =Tg, b, -d (.10)
where
Trd the characteristic value of the nominal maximum shear stress at debonding

:0.15-3/31.[“ /%]ﬁmo.ps-ﬁk
aL

is the characteristic concrete compressive strength
is the distance between the support and the end of the FRP reinforcement

The mean value can be found with;

me

b d (.11)

the mean value of the nominal maximum shear stress at debonding

=0.18-3/3'i-[1+ %]-3/100-;354cm
aL

is the mean concrete compressive strength

Table I-4: Applied values and results for the computation of concrete cover rip-off/plate-end peeling

Beam A Beam B Beam C Beam D
L 100 mm 100 mm 300 mm 100 mm
Ps 0.0054 0.0054 0.0054 0.0054
aL 508 mm 508 mm 1158 mm 508 mm
fom,cube 27.7 N/mm? 52.3 N/mm? 51.2 N/mm? 36.0 N/mm?
fem 22.2 N/mm? 41.84 N/mm? 40.96 N/mm? 28.8 N/mm?
Trm 0.94 N/mm? 1.16 N/mm? 0.87 N/mm? 1.02 N/mm?
Vsm,max 79 kN 98 kN 73 kN 86 kN
a>L+d yes yes yes yes
a<a yes yes yes yes
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1.5 Overview

Table I-5: Maximum load according to the different models

Beam A Beam B Beam C Beam D
Debonding due to high shear stresses 93 kN 275 kN 257 kN 299 kN
Debonding at shear cracks 121 kN 125 kN 125 kN 135 kN
Debonding at the end anchorage 192 kN 251 kN 168 kN 217 kN
Concrete cover rip-off 79 kN 98 kN 73 kN 86 kN
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Appendix J. Modified model of Yuan et al.

J.1 Young’s modulus of the adhesive - anchorage length relation

To determine the relation between the Young’s modulus of the adhesive and the
anchorage length, it is needed to know the definition of the anchorage length. Most
fracture mechanics based models define the anchorage length (£, max) as the bond length
over which the shear stresses offers a total resistance of 97% of the applied load,
assuming a joint with an infinite length (Holzenkdmpfer 1997; Yuan et al. 2004) (Figure
J-1).

eb.max

& »
<« »

) | L
\ A=97% / SA=3%
\ /

\ /

\_J
/
/

Shear stress

\
N\

v

Distance from plate end
Figure J-1: Definition of the anchorage length for a bi-linear bond-slip model

For the bi-linear bond-slip relation according to Holzenkdampfer (1997), which is used in
fib-Bulletin 14, the anchorage length can be computed with (Yuan et al. 2004);

1 o+o,tan(n,a)

Uy e =@a+—In (J.1)
bim 20 o-0,tan(o,a)
where
1 —
a —arcsin| 0.97. |20 "%
®, Sto
) ks
E -t
1 Tmax
@ = , L_max
Bty spo—Sp
Sto is the slip at end of the bond-slip diagram
Sy is the slip at Tax
_ 1
ks 1.1
ch kGa
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Note that this definition of the anchorage length is different compared to the one in fib-
Bulletin 14. The definition in fib-Bulletin 14 was simplified for the use in the design
guideline and is a design value. It neglects the properties of the adhesive layer, which
makes it unsuitable for the analysis of the relation between the anchorage length and the
Young’s modulus of the adhesive.

To compute the anchorage length at elevated temperature, the bond-slip relation has to
be determined at a certain temperature. The bond-slip relation can be composed of the
individual contribution of respectively the concrete and the adhesive layer (Figure J-2a and
b). For the purpose of the analysis, it is assumed that bond failure is governed by the
concrete and that the adhesive acts as a linear elastic material, also above the glass
transition temperature. In reality, this is not the case.

7 7
20 - 60°C

Td,méx— \ Concrete 6 ‘b / Adhesive
E s E s /,
£, Ne¢—20°c-80°C £, /
Z \ = 4—— 70°C
ﬁ 3 § 3 /;
s, Modell N\ £, | [e——s0c
§ fracture §
£ 1 energy (G, £ 1 |~

O T T \Sfo 1 O ) ) Sfo 1

0 0,1 0,2 0,3 0 0,1 0,2 0,3
Slip s; [mm] Slip s; [mm]
(a) (b)

7
rd,mé,x_ 20-60°C 70°C 80°C
E

5 £ £ N\
§ 4 N
§ 3 /- N\
b=
5 2 \\
£ 1
7] \

O T T 1 1

So
0 0,1 0,2 0,3
Slip s; [mm]
(c)

Figure J-2: Bond-slip behavior of the concrete (a), the adhesive (SikaDur-30) (b) and combined (c)
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The mode Il fracture energy and the shear strength of concrete are assumed to be
constant with increasing temperature, similar as in the finite element analyses of the small
scale bond tests (Chapter 6). The Young’s modulus of concrete will slightly reduce with
increasing temperature, due to the reduction of the Young’s modulus at elevated
temperature. This only slightly affects the slip at tn.x (Figure J-2a). Taking the
temperature-Young’s modulus relation of SikaDur 30 (section 4.5.3) into account, it can be
seen that the slip at T.. is negligible at temperatures up to 60°C, but becomes
significantly higher the contribution of the concrete at 70°C and 80°C (Figure J-2b). Note
again that the actual shear strength will be lower in reality, due to bond failure of the
concrete-adhesive interface.

Figure J-2c shows the combined bond-slip relation. It can be seen that up to 60°C, the
bond-slip relation is mainly governed by the concrete properties, while at 70°C and above,
it is significantly affected by the adhesive properties. Note that the maximum slip (s¢)
does not increase, as the fracture energy is assumed to be constant. The slip at Ty (Sf1)
and at the end of the bond-slip relation (s¢) can be computed with (Holzenkdmpfer 1997);

Spp=2-— (.2)
Tmax
T

$;, (T) =12 (.3)

kG

where

GF“ = kl:|2 .kcz .CF .fctm

Trmax = 18kb 'kc 'fctm

Ko =106 —< >

ke =1.0
Cr =0.202 (value used in fib-Bulletin 14, according to Neubauer and Rostasy (1999))
fetm is the tensile strength of concrete
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Where innovation starts

Influence of temperature on concrete beams strengthened in flexure

with CFRP

This thesis provides the results of a PhD research project into the effect of
temperature on concrete structures strengthened with externally bonded
Carbon Fiber Reinforced Polymer (CFRP). Temperature can possibly affect
the behavior of a CFRP strengthened structure, due to the significant
difference in the coefficient of thermal expansion between concrete and
CFRP and the change in the material properties of the adhesive at
elevated temperatures, especially above the glass transition temperature.

Several small scale bond tests were carried out at different temperatures
in the range from -20°C to +80°C, in order to investigate the effect of
temperature on the bond between concrete and CFRP. Additionally, twelve
full scale experiments were carried out on 4 meter long CFRP strength-
ened beams at 20°C, 50°C and 70°C. With these experiments, the effect of
temperature on different debonding mechanisms was investigated. Both
types of experiments were numerically simulated by means of finite
element analyses. Based on the results, it is concluded that, for the
design of a CFRP strengthened structure, the effect of temperature can
safely be neglected up to about10°C below the glasstransition tempera-
ture of the adhesive.
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