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Abstract

The deterioration of buildings and infrastructuned athe changing demands to
existing buildings are some of the most pressingcems facing today’s civil

engineering community. Demolishing and rebuildifgese structures is not an
economically viable option. Strengthening of a ctiee is in most cases less
expensive and less interfering compared to remgldOne of the developments
during the last decade is the use of fiber reirddrpolymer (FRPs) bars and strips,
as near surface mounted (NSM) reinforcement tongthen existing concrete
structures.

Despite the increasing success in applying the EREngthening system in
reinforced concrete structures during the pastdiecihe weak performance of this
strengthening technique under elevated temperatasemight be experienced in a
fire, has hindered their application in some cas€he main concerns in
implementing FRP materials in buildings, for whiate risk is not negligible, is the
deterioration of mechanical properties of FRPswa#l as a reduction of bond
strength at the concrete-adhesive interface untierated temperatures and fire
exposure. The deterioration of the mechanical ptaseof the FRP is primarily due
to deterioration of the polymer matrix. Indeed hs temperature of the polymer
matrix approaches the glass transition temperaflyethe matrix transforms to a
soft, rubbery material with reduced strength arifinsss. Thus for epoxy resins
often used as primer, adhesive and matrix for RiRFhgthening systems the degree
of reduction of the mechanical properties at terapges close to theirgthe glass
transition temperature of ambient cured epoxiassislly in the range of 50-90°C)
is of relevant importance for the strengthenedcstmes, mostly in relation to the
bond performance. Indeed the overall performancethef FRP strengthened
members depends on the properties of the FRP-aghasd the adhesive-concrete
bond interface.

With these issues in mind and considering thatfasplimited research has been
carried out on the behavior of NSM FRP strengthgnsiystems at elevated
temperatures, this doctoral research program has fmeus on two aspects: 1) the
influence of elevated temperatures on the debondetwaviour at the NSM FRP-
concrete bond interface; 2) the performance of NBRIP strengthened and
insulated members (beams ad slabs) under andfiaftexposure, trying to develop
practical methods for protecting FRP during fire ander to achieve a wider
acceptance of these polymer based strengthenitensys$n buildings.

XIX



First the effect of elevated service temperatureshe bond behavior of NSM FRP
strengthening systems is investigated with bonts.td% that extent a series of 20
double bond shear tests at different temperatuasdben performed. Four different
temperatures are used: 50°C, 65°C, 80°C and 10Uh@. temperature level is
chosen in relation to the glass transition tempeeabf the utilized epoxy resin
which equals 65°C, based on DSC (differential soanmralorimetry). From the
experimental outcomes it is observed that increptire temperature up to 50°C
resulted in an increase of failure load and bomesses, while further increase of
temperature (up to 100°C for the presented resgaadram) resulted in a decrease
of failure load and change of failure mode. At amddbove the adhesive glass
transition temperature, the type of failure changedm debonding at the
concrete/resin interface with varying degrees afccete damage, depending on the
FRP bar surface configuration, to debonding of #®RP NSM bars at the
adhesive/bar interface (pull-out of the bar). TWas accompanied by reduced bond
strength, although no complete degradation of mtrehgth is observed upto 1.5 T
for all the tested specimens. It is moreover, okexbrthat the transfer length
increased by increasing the temperature, with @exurent more linear distribution
of strains over the FRP bond length. Based on tiadysis of the shear stresses it
was concluded that the increasing failure loadC5was mainly due to thermal
shear stresses, induced by the difference of oierfi of thermal expansion
between the FRP and the concrete. Above this teahper the softening and
strength reduction of the adhesive are governirgr avpossible positive effect of
thermal stresses induced by heating of the specmen

Before investigating the performance of near serfawounted FRP strengthened
elements under fire exposure, their behaviour abiamh temperature has been
investigated. The experiments have been conduatedear surface mounted FRP
strengthened beams and slabs, varying several paemwith respect to the type of
FRP bars, the FRP’s shape, the FRP surface coafignrand the type of adhesive
used to embed the FRPs into the grooves. This $tuths the basis for studying the
behaviour at and after fire exposure. Based ore#perimental work, an insight is
obtained in the structural behaviour of the neafase mounted FRP strengthened
members. The feasibility and efficiency of neafate mounted FRP reinforcement
to strengthen concrete structures is clearly detratesl. By means of an analytical
study, existing models have been verified to ptetlie influence of near surface
mounted FRP reinforcement. These calculation modiedd with both the ultimate
state and serviceability behaviour. It appears thatstructural behaviour of the
strengthened concrete members can be predictedancurate way.

Following these reference tests, the performancenesr surface mounted FRP
strengthened and insulated members (beams and alader and after fire exposure
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has been investigated. The complete fire testingnam consists in 4 fire test series
and involved the design and fabrication of 20 fdkle NSM FRP strengthened and
insulated beams and 4 full-scale NSM FRP strengith@md insulated slabs. All the
specimens have been pre-loaded to the servicedoddsubsequently exposed to a
standard fire. A time exposure of two hours and boar has been chosen. The
performance of the NSM FRP strengthened and irsdilaéams and slabs under fire
exposure is investigated varying several parametéts respect to insulation
materials type and thickness, insulation configamatand type of adhesive for
embedding the FRP bars/strips into the grooves.€ffeet of bond degradation at
temperatures moderately higher than the adhesissdrransition temperature is
also investigated (in order to do this a time df df fire exposure was choose to
avoid loss of composite action due to an excessigating of the adhesive).
Moreover, the fire resistance effectiveness of FRP strengthening system after
fire exposure has been investigated by structueating up to failure. The
experimental results have demonstrated the fewgitf providing 2h of fire
endurance rating under service load, even afteratifeesive temperature exceeds
excessively the glass transition temperature assl & the FRP reinforcement can
be assumed. No obvious dysfunction of the FRPrimdeof stress transfer between
the FRP and the RC member during and after ficb&erved if adequate protection
against fire is provided. The residual strengthstémve demonstrated that, if the
insulation is able to maintain the adhesive tenpegaat relatively low temperature
(Tadhesive100 °C to 130°C and Tghesive167 °C for epoxy resin and expansive
mortar respectively) the FRP is able to retain bsindngth to the concrete and the
beams and slabs are still able to retain consitiept (up to 84% and up to 92%
for 2h and 1 h of fire exposure respectively) of flexural capacity of the FRP
strengthened beam at room condition.

Finally a numerical model, for evaluating the that&and structural behaviour of the
NSM FRP strengthened beams and slabs exposed ep ifirdeveloped. The
predicted behaviour is compared with experimentiadand predictions of the
model are presented and discussed. The model ascfmurtemperature dependent
thermal and mechanical properties of the constitueaterials (concrete, steel FRP
and insulation system) as well as for the effediaid degradation at FRP/adhesive
interface with increasing temperature. By modelitige combined effects of
temperature dependent adhesive strength and ssffneduction with the
distribution of shear stresses at the FRP/adhesteeface the analysis tentatively
predicts the time of FRP loss of composite actibonfl failure) during fire
exposure. It appears that the model is able to lateuthe experiments both
qualitatively and quantitatively. Moreover resultsm this study demonstrated that
for FRP strengthened and insulated members, i§s#sein the FRP are low (as is
generally the case for service load levels) dufing exposure, no debonding is
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experienced at the FRP/adhesive interface evdwriflass transition temperature is
moderately exceeded. This is valid since the bdwdisstresses along the FRP bond

length, given the applied load and the fire insatatprotection, are below the
temperature-dependent adhesive bond strength.
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Samenvatting

De veroudering van gebouwen en infrastructuur evedanderlijke eisen die gesteld
worden aan het bestaande patrimonium vormen vandaadag een belangrijke
uitdaging voor de bouwindustrie. Het slopen en bewen van constructies is
immers in de meeste gevallen geen economisch haatipie. Het herstellen en/of
versterking van constructies zal daarentegen nlemsteder duur zijn en minder

verstorend dan bij wederopbouw. Eén van de ontditkgen van de laatste tien
jaar, met betrekking tot het versterken van bestaabnetonconstructies, is het
gebruik van vezelcomposietstaven of strippen aefgrapening. Vezelcomposieten
worden gangbaar aangeduid met de afkorting FRRe(fieinforced polymer).

Groefwapening wordt in de internationale literatlaangegeven als NSM (near
surface mounted) wapening.

Ondanks het toenemende succes van FRP verstenstgsen voor gewapend
beton, wordt de inzetbaarheid van deze verstertéobgiek voor een stuk
belemmerd door de zwakke prestaties van FRP of kadijming bij hoge
temperaturen of brand. Dit is het gevolg van deamim in mechanische
eigenschappen van FRP materialen, evenals de afima@enhechtsterkte van de
FRP-lijm-beton interface, bij verhoogde temperatui2e oorzaak ligt in hoofdzaak
bij de polymeermatrix gebruikt voor FRP materiatdéivoor de verlijmingsinterface.
Immers, als de temperatuur van de polymeermatridgldsovergangstemperatuur
(Ty benadert, dan transformeert deze tot een zaohberachtig materiaal met
verminderde sterkte en stijfheid. De mate waarith zilit voordoet voor epoxy,
gangbaar toegepast als primer, lijm of matrix v&®PR/ersterkingssystemen, is van
groot belang bij toepassing van FRP groefwapenfrandere versterkingssystemen
met een gelijmde verbinding. Immers, de glasoveygggmperatuur van epoxy (die
verwerkt wordt bij omgevingstemperatuur) heeft egootteorde van 50-90°C.
Aangezien het gedrag van betonconstructies vetsterkFRP groefwapening mede
bepaald wordt door de FRP-lijm-beton interface,vaoral de invioed op het
aanhechtingsgedrag van belang.

Vanuit deze problematiek en gezien het feit dat n@inig onderzoek gedaan is
naar het gedrag van FRP groefwapening bij verhoagdeperaturen, is in dit
doctoraatsonderzoek ingegaan op twee aspectene lindloed van hoge
temperaturen op het aanhechtingsgedrag tusseretoet &n de FRP groefwapening,
2) het gedrag van gewapend betonbalken en platstevie met FRP groefwapening
en voorzien van een brandbescherming, tijdens eblo@stelling aan brand. Dit
vanuit het oogpunt om praktische methoden voor ekeliierming van FRP tijdens
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brand te ontwikkelen, en zodoende een brederebaadieid te bereiken van deze
polymeer gebaseerde versterkingstechniek.

Het aanhechtingsgedrag tussen FRP groefwapeningetm is onderzocht door
middel van hechtproeven. Proeven zijn uitgevoerd 2ip proefstukken bij
verschillende temperaturen: 50°C, 65°C, 80°C erf@0De temperatuur is gekozen
in functie van de glasovergangstemperatuur varodgepaste epoxy. Deze laatste
bedraagt 65°C, bepaald via DSC (differential scagrialorimetrie). Op basis van
de experimentele resultaten is vastgesteld davédrdiogen van de temperatuur tot
50°C resulteert in een toename van breuklast ernt$teckte, terwijl verdere
verhoging van de temperatuur (tot 100°C voor hettgewioerde
onderzoeksprogramma) resulteerde in een afnameledmechtsterkte, evenals in
een wijziging van het breukaspect. Waar het brepdas gekenmerkt is door
onthechting ter hoogte van de beton/epoxy interfacet een zekere graad van
schade aan het beton, afhankelijk van het type éfifferviaktetextuur, wijzigt het
breukaspect bij verhoogde temperatuur in onthegtign hoogte van de FRP/epoxy
interface. Dit gaat gepaard met een verminderdéatherkte, hoewel geen volledig
verlies van de hechtcapaciteit wordt waargenomef,®T; (voor het uitgevoerde
onderzoeksprogramma). Tevens is waargenomen datetdrachtslengte toeneemt
met stijgende temperatuur, met als gevolg een fimesgire verdeling van de rekken
langsheen de FRP overdrachtslengte. Gebaseerd op aealyse van de
schuifspanningen is geconcludeerd dat de sterltiegérg bij 50°C kan verklaard
worden aan de hand van de thermische schuifspaamingeroorzaakt door het
verschil in thermische uitzettingscoéfficiént tusske FRP en het beton. Bij hogere
temperaturen is de degradatie van de sterkte estijfleeid van de epoxy meer
bepalend t.o.v. de positieve invloed van de therth@schuifspanningen.

Voorafgaand aan de studie van de brandveiligheid gewapend betonelementen
versterkt met FRP groefwapening is eerst hun bgggedrag bij
omgevingstemperatuur onderzocht. De proeven zigeuoerd op gewapend beton
balken en platen versterkt met FRP groefwapening, waarbij verschillende
parameters onderzocht zijn: het type FRP, de voran e staaf, de
oppervlaktetextuur van de staaf en het type veirigrgebruikt om de FRP in de
groeven aan te brengen. Op basis van de buigingepnois inzicht opgebouwd in
het constructief gedrag van de betonelementenerktstnet FRP groefwapening.
De haalbaarheid van deze versterkingstechniek esffidé&ntie ervan zijn duidelijk
aangetoond. Tevens is een analytische verificatgewoerd van de experimentele
resultaten aan de hand van bestaande modellerdedoezwijktoestand en voor het
gedrag bij gebruiksbelasting. Het constructief ggdvan de versterkte elementen
kan op goede wijze voorspeld worden.
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Vervolgens is het buigingsgedrag bestudeerd varagemd betonbalken en platen
versterkt met FRP groefwapening en voorzien vanbeandbescherming, tijdens en
na blootstelling aan een standaardbrand. Het progf@mma bestond uit een serie
van 4 brandproeven op in het totaal 24 grootschdigtonelementen (20 balken en
4 platen). Alle proefstukken worden belast tot lyetruiksbelasting, dewelke dan
aangehouden wordt tijdens de één of twee uur derbrehdproef. Binnen het kader
van dit proefprogramma zijn de volgende parametensierzocht: het type
brandbeschermingsisolatie, de dikte ervan, de gordiie van de
brandbescherming, en het type verlijming gebruiktde FRP in de groeven aan te
brengen. De invloed van de verhoogde temperatuuteopanhechting tussen beton
en FRP is hierbij eveneens bestudeerd (hierbij itgegaan van een 1 uur
brandblootstelling om de temperatuur in de lijmladgt bovenmatig hoog te laten
oplopen). Verder is ook de residuele sterkte nadksestudeerd, door buigproeven
tot breuk na het beéindigen van de brandproef. Xpermentele resultaten hebben
aangetoond dat het haalbaar is een brandweerstgan@ uur te bekomen, zelfs als
de temperatuur in de lijm de glasovergangstemperaiverschrijdt en onthechting
kan verondersteld worden. Echter, geen significaaries in aanhechting kon
vastgesteld worden tussen de FRP groefwapeningeegdwapend beton, indien
voldoende brandbescherming voor handen is. Residstrkteproeven hebben
aangetoond dat bij beperkte temperatuursverhogiragilijm (Tognesive= 100°C tot
130°C voor epoxyhars enghesive= 167°C voor lijmmortel), de FRP in staat is om
zZijn hechting met het beton in belangrijke matdétouden (residuele buigsterkte
tot 84% en tot 92% voor een brandduur van respeijie 2 uur en 1 uur).

Tot slot is een numeriek model ontwikkeld, om tetrimisch en constructief gedrag
te voorspellen van de gewapend beton balken ererplaersterkt met FRP
groefwapening blootgesteld aan brand. Een vergafjjkkussen het voorspelde
gedrag en de proefresultaten wordt uitgebreid loésgpr. Het model houdt rekening
met de temperatuursafhankelijke thermische en nmstize eigenschappen van de
samenstellende materialen (beton, staal, FRP endisatie), evenals met de
temperatuursinvioed op de aanhechting in de FR®P/lipterface. Door het
modelleren van de gecombineerde effecten van teahpesafhankelijke reductie
van de sterkte en stijfheid van de lijm en wijziden distributie van
schuifspanningen in de FRP/lijm interface, laat heidel toe een afschattende
voorspelling te doen van de brandduur waarop \edan composietwerking tussen
de FRP groefwapening en het gewapend beton optreletitmodel is in staat de
experimentele resultaten zowel kwalitatief als kititatief te simuleren. Bovendien
tonen de resultaten van deze studie aan dat vo®r \Rsterkte betonelementen
voorzien van een goede brandbescherming, indietrakspanningen in de FRP
voldoende laag zijn (zoals meestal het geval is dapruiksbelasting), geen
onthechting wordt waargenomen tijdens brand, zels$ indien de temperatuur in
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de lijmlaag de glasovergangstemperatuur licht aeislt. Dit is te verklaren omdat
de aanhechtingsschuifspanningen langsheen de FRiengeeratuursafhankelijke
hechtsterkte van de lijm niet overschrijdt, voor d&an toepassing zijnde
gebruiksbelasting en toegepaste brandisolatie.
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Chapter 1

INTRODUCTION

1.1 General

Strengthening of existing structures has becomeeasingly important in the
construction industry nowadays and is being appiremte and more often due to
several reasons, such as durability problems (bey.corrosion of the embedded
steel reinforcement), or the need for increasing skructural capacity due to a
change in the use and function of the structurenay be due to the increased load
requirements, among other factors. Demolishing retiilding these structures is
not economically a viable option. Strengtheningadftructure is in most cases less
expensive and less interfering compared to remgldi

In recent years, strengthening technologies fonfReied Concrete (RC) structures
using Fiber Reinforced Polymer (FRP) compositeseshiagen gaining widespread
interest and growing acceptance in the civil engjimg industry. FRP materials
consist of high strength fibers (typically carbghass, aramid or basalt) embedded
in a polymer matrix (typically epoxy or vinylesterIhe favorable intrinsic
properties possessed by these materials (extrehigly strength to weight ratio,
good corrosion resistance, electromagnetic netyiyalan be successfully exploited
for strengthening and/or rehabilitation of concrete well as steel, masonry and
timber structures, emerging as an alternative owarentional materials (e.g. steel)
and systems. Furthermore, the decreasing matesalduie to the market expansion
is making FRP-based construction or strengthenewhrtiques more and more
economically competitive.

Nowadays use of FRP composites to strengthen megisteinforced concrete

structures can be distinguished in two main caiego(1) the Externally Bonded
Reinforcement (EBR) technique, that consist of egdwith an high strength

adhesive, an FRP laminate/textile onto the surtddbe concrete element, and (2)
the Near Surface Mounted (NSM) technique, that isbms grooving the surface of
the member and embedding the FRP bars into thevgsowith a high strength

adhesive.

Whereas the first technique is well known [1-2] awdlely used in practical
applications, the use of FRP bars as near surfaest®d reinforcement is, in the
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last decade, emerging as a promising and altematiengthening technique with
respect to the more common EBR technique [3-17]e NSM technique is
relatively simple and considerably enhances thedbointhe FRP reinforcement,
thereby using the material more efficiently. MoregvNSM reinforcement is
particularly attractive for the flexural strengtlirem in negative moment regions of
slabs and decks, where external reinforcement wbeldubjected to mechanical
and environmental damage and would require pretectver.

However, concerns around the performance of FREéhgthening systems in fire
and/or under elevated service temperatures stididri their application in those
situations, where structural fire resistance ratige required by regulators and
building officials.

1.2 Problem statement

When designing structural members in buildingse fisafety is taken into
consideration by providing protective steps to eashat fire and smoke do not
spread, and to prevent structural collapse. Thegectives can be achieved in part
by providing adequate fire resistance to the bagdiomponents. Fire resistance has
been defined as the time to failure of a (fire lagad) structural member when
subjected to a standard fire. Failure of an elersedefined as loss of load bearing
capacity, loss of fire separation characteristirsunacceptable temperature rise at
the unexposed surface of floors and walls [18].

Despite the increasing success in applying FRHaiimg materials in reinforced
concrete structures during the past decade, thepawtively poor mechanical
properties of FRPs and adhesives as well as thectied of bond strength at the
concrete-adhesive interface at elevated tempemtasemight be experienced in a
fire, have hindered their application in buildingehis gives potential concerns
regarding the structural integrity of FRP streng#tk concrete structures during fire
exposure. As the temperature of the polymer matpproaches its glass transition
temperature, J the matrix transforms to a soft, rubbery materigth reduced
strength and stiffness. Thus for epoxy resins,eruly used as primer, adhesive and
matrix for FRP strengthening systems the reduatiothe mechanical properties at
temperatures close to theiy {the Ty of ambient cured epoxies is usually in the
range of 50-90C) is of relevant importance for the strengthentedctures, mostly
in relation to the bond performance [19-22]. Indetheé overall performance of the
FRP strengthened member significantly depends enpttoperties of the FRP-
adhesive-concrete bond interface.
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Due to the degradation of FRP materials at highptrature, guidelines for design
of FRP strengthened structures [1-2] required taistrength of the FRP is ignored
unless a fire-protection system is used that caintaia the FRP temperature below
its critical temperature (defined as the lowegbflits components). Thus, the use of
FRP strengthening systems is mainly limited to impfibns where fire aspects are
not critical or where loss of the FRP under serléels in fire can be shown not to
be critical for the structural integrity [2].

A number of research projects around the world hiavestigated the influence of
elevated service temperature on the bond betweenFRP EBR strengthening
system and the concrete [23-28]. These investigatitave shown that the failure
load and type of failure are affected by tempermtahanges (see Chapter 2).
Researchers [29-33] have also shown that with gmogpiate insulation, concrete
structures strengthened with FRPs (EBR and/or N8&hgthening technique) can
achieve a satisfactory fire endurance rating thoaghtribution of the FRP is
generally assumed as lost during fire exposure Gdeter 2). This occurs because
an insulation system can improve the overall fagng of the reinforced concrete
member by providing protection to the concrete @rareinforcing steel. Kodur et
al. [34] have presented a numerical model for eatalg the fire performance of
EBR FRP RC strengthened beams under fire condit@mmd concluded that
supplemental fire insulation is often needed t&Bafire resistance requirements.

However, the performance of FRP strengthening mystamong which NSM
reinforcement under elevated temperature and/erdikposure has yet to be fully
addressed and more research is required in théstarquantify the degree of FRP
bond loss and/or adhesive bond degradation at teypes higher than the
adhesive’s glass transition temperature.

1.3 Aim of thethesis and resear ch objectives

Related to the problem statement given in the previsection the aim of this
research project is to obtain a better insight he behaviour of NSM FRP
strengthened systems at elevated temperaturesrafiid/oexposure in order to
achieve a wider acceptance of these polymers basedgthening systems in
buildings and infrastructure. The research progoajectives are defined as follows.
To investigate:

- the bond behaviour of the NSM FRP strengthenedesystnder elevated
service temperature , at or beyond the glass transemperature;
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- the fire endurance of NSM FRP strengthened andlates reinforced
concrete members under fire exposure;

- the fire insulation system configuration, matetigle and thickness which
is more optimal in order to develop practical methdor protecting FRPs
during fire exposure;

- the adhesive bond degradation at temperatures ritifam the glass
transition temperature for members under fire enpss

- the influence of using, an expansive mortar, altéve to epoxy based
adhesive;

- the residual strength of the FRP NSM strengthersiystem during and
after fire exposure

- the modeling of the thermal and structural behaviolithe NSM FRP
strengthened and insulated beams and slabs exfmes

1.4 Outline of thethesis

Following the first chapter in which a brief oveswi of the scope and objective of
the research project is given, in Chapter 2 a dgagmn is given of FRP materials,

including properties of the constituent materialsd atechniques for flexural

strengthening with externally bonded reinforcemand near surface mounted
reinforcement. A discussion then follows on theaans of the FRP during fire and
a detailed overview is given of previous reseatcidiss on the behaviour of FRP
strengthened members at elevated temperature aled fire exposure.

In Chapter 3 the effects of temperature on thenthéand mechanical properties of
the concrete, internal steel reinforcement, polymetrix, FRP reinforcement and
fire insulation system is given with reference le literature. Details on the glass
transition temperature and an overview of the bdedradation of the polymer
matrix is also given.

The influence of temperature at/or beyond the adbagass transition temperature,
on the bond behaviour of the FRP-adhesive-condrégeface for the NSM FRP
strengthening technique is described in Chaptdrest results of the experimental
work are presented and discussed together witmalytacally study.

In Chapter 5 the flexural behaviour of NSM FRP msithened beams and slabs at
ambient temperature have been investigated. Thidysforms the basis for
investigating the behaviour of NSM FRP strengthebedms at and after fire
exposure. The increase of flexural strength capafailure mode, load-deflection
response and cracking of the tested specimenesemied and discussed in details.
Moreover experimental results have been, also,ytcally verified based on
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existing models for the structural behaviour of FRRengthened RC members.
These calculation models deal with both the ultersttite and serviceability state.

The experimental program of the full-scale firetdgserformed in order to analyze

the fire endurance of NSM FRP strengthened andldtesi beams and slabs is

described in Chapter 6. A detailed description la# testing program is given,

including test set-up, instrumentation and parareeétevestigated. The results of the

full-scale fire tests are presented and discussedetails. The fire resistance

effectiveness of the FRP strengthening system ditter exposure, obtained by

residual strength testing at ambient temperatsraJdo presented and discussed in
Chapter 6.

In Chapter 7 a numerical model, for evaluatingttrermal and structural behaviour
of the NSM FRP strengthened and insulated beampegented. This chapter begins
with the development of the analytical model, foléad by comparison between the
experimental data and predictions. The effect ohdbadegradation at the

FRP/adhesive interface with increasing temperatua¢so analyzed in Chapter 7.

Finally in Chapter 8 the main conclusions of theeggch project are summarized
and recommendations for future research are given.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

In this chapter a brief overview is given of FRPtenals, including properties of

the constituent materials, and the techniques leotufal strengthening with FRP

EBR and FRP NSM. A discussion then follows on tbacerns of the use of FRP

during fire. Finally a detailed overview is givehmrevious research studies on the
behavior of FRP strengthened members at elevategeti@ture and under fire

exposure.

2.2 Fibres Reinforced Polymer (FRP) Materials

From military applications in the 1940s to the isttial and manufacturing
industries in the 1950s, the use of fibre reinfdrgelymer (FRP) composites
became an important material group in several seaib the industry, including
aerospace, marine, automotive, recreation and remtisin [1-2]. FRP evolved into
architectural applications, starting with the reation of historical buildings in the
late 1950s [3]. The technology entered the infea$tire markets in Europe, Japan
and United States in the 1970s and 1980s, witlmethabilitation of bridge columns,
decks and beams as well as tunnel and marine pgairs [2-3]. Due to the
technological evolution in the different industriead the decreasing cost of the
materials, FRP continues to grow for retrofittingdastrengthening of reinforced
concrete buildings and bridge structures.

FRPs are a subgroup of the class of materialsresféo as composites. Composites
are defined as materials created by the combinatidwo or more materials on a
macroscopic scale, to form a new and useful méatefth enhanced properties that
are superior to those of its constituents [4]. HRR two component material and
consists of a high number of small, continuouseationalized, non-metallic fibres
(with diameter between 5-2fm) with advanced characteristics, embedded in a
polymer matrix. The latter guarantees the unionvben the fibres, allows transfer
and distribution of the stresses as well as a smwansfer of load from a broken
fibre to nearby intact fibres to prevent failuretbé overall FRP composite. In case
of bonded reinforcements, a polymer is also usednaadhesive. In addition, the
matrix protects the fibres to a certain extent agfaimechanical damage and
environmental attack. The fibres confer strengtld atiffness to the composite
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material. Therefore, the mechanical propertiesRIP Fnaterials depend strongly on
the orientation and amount of fibres embedded énntiatrix (fibre volume fractions
up to about 60% to 70% are common). In the follgntine constituent materials of
FRP are briefly discussed, more information cafobed in [4-6].

2.2.1 Fibres

The most commonly fibres used as structural reg&forent for concrete are: glass
fibores (GFRP), carbon fibres (CFRP) and aramid ebfAFRP). The main
differences between these types of fibres are #séstance against aggressive
environments and the mechanical properties. Depgndin their chemical
composition glass fibres are classified for the isaged applications into three
types: E-glass fibres, S-glass fibres and AR-gfdses. E-glass fibres, which are
based on calcium-aluminoborosilicate glass aredost fibres (with respect to other
fibre composite materials), they have a good elmdtresistance and strength but a
low alkali resistance. S-glass (which is based @agmasium-aluminosilicate glass)
fibres have higher strength, stiffness and thermstability than E-glass, but still not
resistant to alkali. To prevent glass fibre fromingeeroded by cement alkali, a
considerable amount of zircon is added to produkaliaresistance (AR) glass
fibres; such fibres have mechanical properties laimio E-glass. Although
characterized by high tensile strength, good etsdtrresistivity, good thermal
resistance and low price, glass fibres are knowdegrade to some extent in the
presence of water, acid and alkaline solutionsoAtkey exhibit a considerable
creep and stress rupture behavior, meaning thattehsile strength gradually
decreases under high constant stress.

Carbon fibres are produced from polyacrylnitrileAM, pitch or rayon. Isotropic
pitch and rayon are used to produce low modulusarafibres. High modulus/high
strength carbon fibres are made from PAN or liqeiystalline pitch. More
information about the carbon fibres composition d&nfound in [5-6]. Carbon
fibres are in most cases preferred in the construahdustry, as they have excellent
mechanical properties (carbon fibres are the stiffed strongest reinforcing fibres
for polymer composites), good resistance to cremgp fatigue and an excellent
resistance against UVlight, moisture and chemicfluénces. As the fibres are
electrically conducting, they can give galvanicrosion in contact with metals.

Aramid fibres show high tensile strength, high gyesibsorption and toughness (as
no other fibres), good vibration damping and fatigtesistance, low thermal

conductivity, good thermal stability and moderatemical resistance. With respect
to durability, aramid fibres generally exhibit aMamr moderate resistance against
acids, a moderate resistance against alkalis andeansitive to moisture. Because of
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these aspects, the fibres should be embedded atraxwhich is carefully chosen to
provide additional protection.

In addition to the type of fibres described abdvasalt fibres are recently gaining
increasing interest to apply in concrete constouc{i7]. Basalt is a volcanic rock,
from which fibres can be manufactured in a singgge process by melting (melting
point above 140T) crushed basalt stone. Basalt fibres are noresive, non-
magnetic, have good resistance against corros@sgegs resistance against low and
high temperatures and are superior to others fibreerms of thermal stability.
They possess high insulating characteristics, titmaresistance and durability.
Additionally, basalt fibres are naturally resistamultraviolet (UV) light and have a
good resistance against high energy electromagrediation and acids. They offer
also the opportunity to modulate the mechanicalperiies over a wide range
modifying the chemical composition. In this wayist possible to develop fibres
having an elastic modulus higher than conventigiedsy ones and a very high bio-
solubility. Basalt fibres have high fire resistarm® are cheaper than carbon fibres
(yet more expensive than E-glass). The use of bBR& reinforcement is currently
in the research and development phase.

FRP fibres have a tensile strength which is highan that of steel and are linear
elastic up to tensile failure. The physical and Ihasical properties vary

considerably between the different fibre types anay vary significantly for a given

type of fibre as well. Some typical properties gireen in Table 2.1. The tensile
stress-strain behavior of the fibres is shown guFe 2.1.

Table 2.1 —Typical properties of fibres [5]

Tensile Modulus of Ultimate Density Fibre

Fibre type strength elasticity strain diam.
[N/mm?] [KN/mm?] [%] [kg/m’] [mm]
E-glass 1800-2700 70-75 3.0-45 2550-2600 5-25

S-glass/AR-glass  3400-4800 85-100 4.5-5.5 2550-2600 5-25

Carbon-Pitch HM  3000-3500 400-800 0.4-1.5 1900-210(®-18
Carbon-PAN HM  2500-4000  350-700 0.4-0.8 1800-2000 5-8
Carbon-PAN HT  3500-5000  200-260 1.2-1.8 1700-1800 5-8

Aramid-IM 2700-4500 60-80 4.0-4.8 1400-1450 12-15
Aramid-HM 2700-4500 115-130 2.5-35 1400-1450 12-15
Basalt 1600-4840 70-100 2.2-35 2700-2800 9-23
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Figure 2.1 —Stress-strain behavior of reinforcing fibers [5]
2.2.2 Matrix

Polymer matrix materials for FRPs can be groupetivin categories: thermosetting
resins and thermoplastic resins. Thermosettingiseaie the most commonly used
matrix materials for production of FRP materialfiey are usually available in a
partially polymerized state with fluid or pasty sistency at room temperature.
When mixed with a proper reagent, they polymerizebécome a solid, vitreous
material irreversibly. Thermosetting resins haws iascosity that allow for a good
fibre wet-out without applying high pressure or pamrature, good adhesive
properties, good thermal stability and chemicalistasce. Disadvantages are a
limited range of operating temperatures, with tipgpar bound limit given by the
glass transition temperature, brittle behavior aedsitivity to moisture during
applications. Thermosetting resins include epox@syesters and vinyl esters.
Epoxy resins are more expensive than polyestersvanyd esters, but are largely
used in high-performance composites as they gdwndralve the best mechanical
properties, good adhesion properties and excellesistance to chemicals and
solvents.

The thermoplastic resins include such polymer camge as polyethylene, nylon
and polyamides. These resins are characterizeddog limear macromolecules and
can be repeatedly softened when heated and harddmed cooled. The shape of
each component may be modified by simply heating iaterial at a suitable
temperature (hot forming). Because thermoplastiyrpers are more ductile and
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tough, they have higher impact strength, fractusistance and microcrackil
resistance than thermosetting polymers. Other adyges are the shorter fabrication
time, better resistance to environmental fac and the long storage life. However,
as they are very viscous, incorporation continuous fibres to thermoplastic
matrices and hence mposite production is difficult and reges complex and
costly working equipment.

2.3 FRP as construction materials

FRP materials are used in the civil engineeringiétig as strengthening materials
in a variety of forms, such dsars, laminatesfabrics, grids and ropes (see Figure
2.2).

&

Figure 2.2 —Type of FRP reinforcemer [9]

Several manufacturing methods exist for the pradoadf FRP composites, amol
which lay-up techniques, mouldingchniques (e.g. injection, compression, ri
transfer, vacuum bag and autoclave moulding), psiltin, braiding, weang and
filament winding. FRP reinforcemeist commonly fabricated in a pultrusion proc
(see Figure 2.3)The bundled fibers or rovings or mats are putledugh a resi
bath and through a heated shaping die. The disually tapered to achieve sol
compaction. As the element erges from the shiing die, it passes through a curing
chamber where the resin is allowed to harden. Thkrusion process allown
considerable latitude in the selection of a stmadtahape: rods, strips, profi, etc.
Longitudinal rovings are necessatty provide sufficient strength for pulling tl
material through the die, although mats and fabwiitls fibre angles between 0 a
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90 degrees are frequently added to obtain somevease stiffness and strength.
The pultrusion process is compatible with all theghhmodulus fibres and with a
wide variety of resins. Pultrusion is one of thesmeconomical manufacturing
processes for fibre composites. Also grids are peed (by filament winding

technique), which are made of continuous impreghditgres alternating in two

directions to form a cross laminate grid structuvkare information about other
manufacturing methods can be found in [5].

racks Material Finished product
guides Heatad Pulling mechanisms
die  anpaped disengaged

Hydraulic rams
Pressurised resin tank

./.creel Clath cut off saw

Preforming Polymer
guides Prefeater injection

Figure 2.3 —Pultrusion process for laminates [10]

The use of FRPs in civil engineering applicatiorss emerged over the past 20
years and FRPs have gradually emerged as a posdibtaative to conventional

materials (e.g. concrete and steel) in both newstcoction, and particularly for

repair and strengthening of existing structurean&mf the advantages of using
FRPs as strengthening materials for reinforced mec members can be
summarized as follows. The light weight of FRP alofor their quick installation

on the structure without the need for heavy equigiroe extensive labor. Due to this
low weight, the dead weight of the structure isdharincreased. No additional

fixation of the FRP is required during hardeningtteé structural epoxy. The FRPs
are non corrosive, have a very good resistancenstgaggressive environments,
electrochemical attack and they do not posses niagpeoperties. FRP can be
manufactured with no limitations concerning thegttn Hence no overlap between
different strips is necessary if long lengths af thinforcement are required. There
are however, a number of disadvantages in usingsFB®me of the most pressing
concerns include the high material costs in conspariwith steel (nevertheless,
taking into account the more simple applicationshmés and efficiency of use, the
overall costs is often lower than alternative teghas); low strain at failure;

extremely low lateral load capacity due to thetreddy poor mechanical properties
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of the matrix; excessive creep and relaxation mes@ases, particularly for aramid
FRPs; the potential of ultra-violet (UV) degradatiof polymer matrices in external

applications; although FRPs are not susceptibtmtoosion and are inert to various
aggressive solutions, they may be negatively aftedby some environmental

conditions (e.g. aramid FRPs appear to be moistansitive and glass FRPs are
sensible to alkaline environments); reduced meda&nproperties and bond

properties at elevated temperatures, as would pected in the case of fire.

The advantages of FRP materials have, howevetpl#teir increasing use both for
reinforcing new concrete structures (FRP bars Hmen used for internal flexural
reinforcement replacing the use of steel reinfayddars to avoid corrosion in highly
aggressive environments, like marine environments ia the chemical industry,
and in situations where electromagnetic neutrabtyequired, like for magnetic
railway systems and scanning facilities in hosp)taind for strengthening existing
reinforced concrete (RC) and prestressed concRg §tructures, such as beams,
slabs, columns and walls. The main FRP strengtigeténhniques are externally
bonded reinforcement (EBR) and near-surface mourggdorcement (NSM). In
the following a brief description of these two taifues is given.

2.3.1 Externally Bonded Reinforcement (EBR)

The Externally Bonded Reinforcement (EBR) techniqassists of bonding, with a
high strength adhesive (usually an epoxy), a lataitextile onto the surface of the
concrete element. FRP EBR can be applied for thengthening of existing
structures, enhancing the flexural capacity andaisleapacity or to strengthen by
means of confinement. To obtain a good bonding éetwthe FRP EBR and the
substrate, specific preparations of both the sthmming material and concrete
surface are needed. The concrete surface needs tmughened by means of
gritblasting or grinding with special equipment.eThurface of the FRP material
needs to be degreased before the application. rBiffeFRP EBR systems exist
related to the constituent materials, the form dhd technique of the FRP
strengthening. In general these can be groupecetray-up system and prefab or
pre-cured system. Typical applications of the vegtup and prefabricated systems
are illustrated in Figure 2.4 and Figure 2.5. Wat-Up systems consist of dry
unidirectional or multidirectional fiber sheetsfabrics that are impregnated with a
saturating resin on-site. The saturating resinn@lwith the compatible primer or
putty, is used to bond the sheets to the concrnatiace. Pre-preg FRP systems
consist of uncured unidirectional or multidirectidriiber sheets or fabrics that are
pre-impregnated with a saturating resin off-sitetle supplier’'s facility. Such
systems are bonded to the concrete surface withvithout an additional resin
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application depending upon specific system requér@m Pre-preg systems are
saturated off site and, like wet lay-up systemsedun place.

Pre-cured FRP systems consist of a wide varietoofposites shapes manufactured
off-site in the system supplier’s facility and gbéu to the job site. Typically, a
thixotropic adhesive along with the primer and phty is used to bond pre-cured
shapes to the concrete surface. Three common typgse-cured systems are:
unidirectional laminate sheets, typically delivetedhe site in the form of large flat
stock or as thin ribbon strips coiled in a rolldashells, typically delivered to the
site in the form of shell segments cut longitudinab they can be opened and fitted
around colums or other elements.

Figure 2.5 —Application of a wet lay-up FRP EBR system [5]
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In the case of concrete beams and slabs strengtherfiexure or shear with FRP
EBR, the FRP materials are bonded to the tensiom f{flexural strengthening
applications) or side faces (shear strengtheningiGgtions) in such a way to
supplement the tensile reinforcement provided lyittiernal reinforcing steel. In
the case of concrete columns, FRP sheets are dgplithe exterior of reinforced
concrete columns in either the longitudinal direws (to provide additional flexural
capacity) or in the circumferential direction (tcopide additional confining
reinforcement which increases both the ductilitgl #re compressive strength).

The mechanical behavior of EBR systems dependsigifrcon the bond stress

transfer at the reinforcement-concrete interfadee @lesign of a FRP strengthened
structure is, in most cases, governed by debondinghe FRP reinforcement.

Debonding failure can occur within the concretetwleen the concrete and the
adhesive, in the adhesive, at the FRP reinforcemdimesive interface or even
within the FRP reinforcement [6]. Figure 2.6 shothe different types of bond

failure.

Debonding: L A
in concrete | e PR &y | concrete
R ] ’
concrete-adhesive b r : . “ a '/.J
_— 4
T N .
4 — 2 J adhesive
in adhesive W / / / /
; ' S AP
adhesive-FRP. reinforcement

Figure 2.6 —Different types of bond failure [6]

Debonding can initiate at several places alongléhgth of a beam as shown in
Figure 2.7 (1-7). The failure modes that can bérdjsished in literature are [5-6]:
1) debonding at flexural cracks; 2) debonding doehigh shear stresses; 3)
debonding at shear cracks; 4) debonding at theaeetiorage; 5) plate end shear
failure; 6) concrete cover rip off; 7) debondingedo the unevenness of the concrete
surface. The FRP reinforcement is generally endedoae distance from the
support, which results in stress concentratiorthénconcrete at the end of the FRP
reinforcement. Besides anchorage failure, thesesstconcentrations could also
result in a vertical crack that propagates furtieen shear crack or along the level of
the internal steel reinforcement, ripping of th@a®te cover (Figure 2.7 (5 and 6)).
These types of failure are not related to the ddimonfailure of the concrete-
adhesive-FRP joint, as the bond between the misaiizys intact.
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Steel reinforcement
L

Figure 2.7 —Bond failure modes of a concrete member with EBR [1

In addition to the above mentioned bond failuresies in RC beams strengthened
by EBR systems two other failure modes can ocdael yielding/concrete crushing
(in this failure mode, the concrete reaches itstung strain, at the top of the beam,
prior to either FRP rupture or some form of bonitufa) and the steel yielding/FRP
rupture (in this failure mode the member strengtidewith FRP EBR can fail due to
the rupture of the reinforcement when the geomistguch that concrete crushing is
prevented and the strengthening system has pragegth to delay the debonding
failure). More information regarding the failurgpgs of EBR strengthened members
and the analytical calculation can be found in[5-6

Despite the popularity of the FRP EBR strengthemanipnique, they have a number
of important limitations in practice. The main latiion is that the bond between the
concrete and the FRP, which is critical for adeguarformance in most cases, is
often unable to develop the full tensile strengthhe FRP, resulting in premature
debonding failures. The result is that design pidoces for these systems often
impose strain limits that can make use of FRPsama&wmical. Also because the FRP
strengthening system is located on the externdaseirof the members in these
applications, the FRP and epoxy adhesive are egpgosenvironmental effects, fire

and possibly vandalism.

2.3.2 Near Surface Mounted reinforcement (NSM)

In the recent years the use of FRP bars as nedacsumounted (NSM)

reinforcement is emerging as a promising and atera strengthening technique
with respect to the more common EBR strengthenieghrtique [11-30].

Embedment of the FRP bars is achieved by grooviegstirface of the member to
be strengthened along the desired direction andetalesired depth and width. The
groove is filled half-way with a high strength adh@ (epoxy or cementitious
mortar), the FRP bars is then placed into the graand lightly pressed, so forcing
the adhesive to flow around the bar and complditlyhe space between the bar
and the sides of the groove. The groove is théedfilvith more adhesive if needed
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and the surface is leveled. ppical application of FRP bz as NSM strengthening
is shown in Figure 2.8.

Figure 2.8 —Application of NSM strengthening syste 31]

Similar to externalf bonded FRP reinforcement, the N technique has been
originally developed for steel reinforcement bars embeddeu seitnent mortar (th
earliest reference that could be foundhe literature dates back 1949 [32]) but
has been replaced by FRP reinforcement and epaky. rfEhe advantages of usi
FRP are primarily the better resistance to corrgsithe ease and speed
applicationdue to the lightweight properties, and the optinidaof the grooving
process. Due to the high tensile strength of thE, rods with smaller diameters can
be used for a given required tensile force, whafuces the groove size needed
embedment. Brther reduction in depth is due to the better @sion resistance ar
possibly to the better bond behavior of ribbed F&ds with respect to steel rebe

In existing research on NSM FRP reinforcement, R of various shapes he
been used, includg round, square, or rectangular bars as well agwastrips In
particular, the latter have been shown to be thstlprone to debonding from t
concrete substrate [18-19]2f8r two main reasons: 1) they maximize the ratfc
suface to cross sectional area, which minimizeshitved stresses associated wit
given tensile force in the FRP reinforcement andh2) normal stresses, which
case of NSM round bars tend to split the epoxy cewel the surrounding surfa
layer of oncrete, act in this case mainly towards the thitdral concretel1,22] so
that splitting failure becomes less like
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Compared to the FRP EBR strengthening techniqueNtBM system can resolve
some drawbacks discussed above. For instance tiv $ii®ngthening technique
enhances the bond of the FRP reinforcements, themslng the material more
efficiently (debonding typically occurs at 70-80%tbe FRP ultimate strain, which
is at higher strain levels than typically obtairfedexternally bonded reinforcement
[16,24]). NSM bars can be more easily anchored aaliacent members to prevent
debonding failures; this feature is particularliradtive in the flexural strengthening
of beams and columns in RC frames, where the marimments typically occur
at the ends of the member. Moreover NSM is paditylattractive for the flexural
strengthening in negative moment regions of slabd decks, where external
reinforcement would be subjected to mechanical eamdronmental damage and
would require protective cover. The aesthetic of ®trengthened structure is
virtually unchanged. Finally it has been suggesiediterature that the NSM
strengthening technique offers a better fire penforce if compared to externally
bonded laminates, due to the protection providethbyembedment in the concrete
cover.

Although the NSM FRP strengthening technique is lsegsceptible to debonding
than the externally bonded systems, the strengRCobeams with NSM FRP is still
likely to be governed by debonding mechanism. R@nmzestrengthened with NSM
FRP bars in general exhibit similar failure modssoéserved in RC beams with
externally bonded FRP, including concrete crushimgiure of the FRP bars and
debonding of the FRP strengthening system. Prevétudies [11-14,18,19,21,27-
30] have shown that a large number of parametdestathe bond behavior of the
NSM systems such as: the mechanical propertiesh@fnaterials, the surface
properties of FRP reinforcement and the groove, thernal NSM FRP
reinforcement ratio, the geometry of the strengtihgrsystem (rods or strips), the
tensile strengths of both the epoxy and the coectleé dimension of the groove and
the depth of the FRP reinforcement into the grooWé® current understanding of
the mechanism of debonding is however still limitd&&ased on the available
experimental evidence, the possible bond failuredeso of beams flexurally
strengthened with NSM FRP reinforcement can be mgduin: 1) interfacial
debonding between the NSM bar and the epoxy adiangs8417,24] and 2) concrete
cover separation. For the latter case, in mang,tbsind cracks formed on the soffit
of the beam inclined at approximately 45 degreethéobeam axis. Upon reaching
the edges of the beam soffit, these cracks mayag@tp upwards on the beam sides
maintaining a 45-degree inclination within the cotlEickness, and then propagate
horizontally at the level of the internal steelnfercement. Therefore, debonding
may occur, depending on the subsequent evolutiothefcrack pattern, in the
following modes:
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- Bar end cover separation: If the NSM FRP reinforeetris terminated at a
significant distance from the supports, separatibrthe concrete cover
typically starts from the cut-off section and prgates inwards
[20,22,23,24,28]. This mode is similar to the cetercover separation
failure mode observed in RC beams strengthenedRiRth EBR.

- Localized cover separation: Bond cracks within lise to the maximum
moment region joined with pre-existing flexural #&od flexural-shear
cracks may isolate triangular or trapezoidal cotecveedges, of which one
or more are eventually split off [28].

- Flexural crack-induced cover separation: Separatiothe concrete cover
can occur in correspondence of flexural cracks atrsomultaneously over
a long portion of the NSM reinforcement, often ilving one of the shear
spans and the maximum moment region [13,17,25F frtdde is similar to
the failure induced by an intermediate crack olesgrin RC beams with
and externally bonded FRP laminate.

- Flexural-shear crack induced cover separation: krikidhe EBR technique,
the shear sliding and the crack opening movemehts flexural shear
critical crack promotes the concrete cover sepamndf9].

- Beam edge cover separation: When the FRP NSM batlseated near the
edges, the detachment of the concrete cover alengdges can occur.

2.4 Concerns of FRP in fire

Despite the increasing success in applying the EREngthening system in

reinforced concrete structures during the pastdische weak performance of this
strengthening technique under elevated temperatund@or fire exposure has

hindered their application in buildings. The maioncern in implementing FRP

materials in buildings for which fire risk is noegligible is the deterioration of

mechanical properties of FRPs, as well as a remtuatf bond strength at the

concrete-adhesive interface under elevated temperaind fire exposure [33-38].

The deterioration of the mechanical properties lid FRP is primarily due to

deterioration of the polymer matrix. Indeed ast#raperature of the polymer matrix
approaches its glass transition temperatuig,tfie matrix transforms to a soft,
rubbery material with reduced strength and stiffneShus for epoxy resins,

currently used as primer, adhesive and matrix feP Fstrengthening systems the
degree of reduction of the mechanical propertiete@mperatures close to theig T

(the glass transition temperature of ambient ceakies is usually in the range of
50-9C°C) is of relevant importance for the strengthertedcsures, mostly in relation

to the bond performance. Indeed the overall perdmee of the FRP strengthened
member depends on the properties of the FRP-adhesigt the adhesive-concrete
bond interface.
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A second possible concern related to the use of §iRfAgthening materials, under
fire exposure, is the combustion of the polymerrimaiMany polymer composites
ignite when exposed to high heat flux, releasingathéhat can, in some
circumstances, contribute to the growth of the. fBagnificant quantities of smoke
and toxic fumes may also be released limiting thebility and posing a health
hazard. Smoke toxicity is obviously most criticaldases where the FRP is installed
on the exterior of the concrete member. Flame spremoke generation and
toxicity considerations, while important are notdegssed in detail in the current
thesis, which focuses on the structural fire endegaof FRP strengthened concrete
members under elevated temperature and fire expoblare information about the
effect of heat release, smoke generation and tgxiein be found in [39-41]. It has
to be noted that in [39,41] it was found that flaspgead and smoke generation can
be reduced, therefore increasing the performanceR® under fire exposure, by
applying different type of intumescent coatingsod barrier treatments.

While the effect of elevated temperature on thentia and mechanical properties of
FRPs and polymer matrix materials will be discuséadher in chapter 3, in the

following sections the effect of elevated temperdunn the bond behavior of the FRP
strengthening system and the endurance of FRP g#esming systems under fire
exposure, are discussed based on a literaturenreltibas to be noted that, although this
thesis is mainly focused on the NSM FRP strengtlgenécthnique, due to the few
number of research projects on NSM FRP systems Uirtdezxposure, the behavior of
EBR strengthened members under elevated tempesaand fire exposure is also
reviewed.

2.5 Bond properties at elevated temperature: state ofra

The main aspect governing the design of an FRmgitnening application is the
debonding of the FRP. External application of FRBuires them to develop and
transfer shear forces through the bond interfaced®n the FRP and the concrete.
The bond performance of the FRP strengthening syitdikely to be affected with
increasing temperature, which will eventually l¢ada loss of interaction between
FRP and concrete. Knowledge about the decrease dfand properties of the FRP-
concrete interface at elevated temperatures igthyrlimited.

2.5.1 Bonded steel plates at elevated temperature

In [42] the influence of elevated service tempamton the bonding of steel plates
to concrete by means of epoxy resin was studie& Bdond behavior of three
different concrete grades (concrete cube compressiength equal to 27.9 MPa,
44.4 MPa and 74.0 MPa) was investigated 4C2@C0°C, 60°C, 90°C and 120C. It

has to be noted that no information about the glemssition temperature of the
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epoxy resin was reported. The authors, performiogbté shear tests (see Figure
2.9) observed a relevant decrease of failure lganhdreasing the temperature. The
double bond shear tests indicated that the bondtexfl plates to high-strength
concrete by means of epoxy resin was more sengiiwariations in temperature
than such a bond with lower-strength concrete Sgare 2.10). Referring to the
specimens tested at room temperature the reductitdre bond strength was in the
range of 0.9-31.7% at 30, 48.6-55.3% at 6C, 72.2-75.7% at 9C and 91.1-
92.7% for the specimens tested at°120

100 mm

20 mm steel strip (5 mm)

100 mm

Figure 2.9 —Bond shear test set-up (Tadeu and Branco 200]) [11
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Figure 2.10 —-Normalized load as a function of temperature [42]

The authors observed, moreover, a change in the bfpfailure mode with

increasing temperature. For temperatures up to ,3@Csteel concrete bond failed
through rupture of the concrete, while for highemperatures failure at the interface
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between adhesive and steel plate was observed?R€1film water was observed
on the surface of the concrete, in addition todégerioration of the resin. This was
caused by release of free water present withirctimerete by evaporation at @
The migration of water caused the appearance sspres on the bond, contributing
to the failure.

2.5.2 Bonded FRP strips at elevated temperature

A different trend of failure load was obtained 48], performing double bond shear
tests on concrete elements strengthened with ettetmonded CFRP laminates at
different temperature values (ZD, 40°C, 55C and 70C). The specimen (nominal
dimensions 150 x 150 x 800 mm) was composed ofcvrete blocks (150 x 150
x 400 mm) as shown in Figure 2.11. Only one blackhe test region, with a bond
length of 300 mm. To prevent bond failure in theos®l concrete block extra clamp
anchorages were used. The glass transition tenuperat the epoxy adhesive was
62°C, as reported by the manufacturers.

STEEL CLAMFS

s -
— 7 . /ne.mul.
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== i LI
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STEH. REBARS
+ E[ —:: ::::’/

Figure 2.11 -Double bond shear test set-up [43]

Experimental outcomes showed that, consideringeheat 20°C as reference, the
ultimate load increased for the test at 40°C antC5&1% and 24% respectively)
while it decreased at 70°C (19%) as shown in Figud®. The author concluded
that no complete degradation of bond strength whsemed increasing the
temperature up to 1.12 times. Trherefore, although the bond behavior is clearly
affected by increasing the temperature, it stiltails some strength even at
temperatures higher than the adhesive glass ti@ms#mperature. Moreover the
author mentioned two possible causes for the inigad strength increase (which
differs compared to [42], section 2.5.1). A firgason relates to the different
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dimensions of the specimens with a significantdatgond surface (300 x 100 m
for [43] compared to [42] (100 x 80 i This resulted in a different failure mode.
For the EBR FRP strengthening system the failuael lwas due to debonding of the
FRP with a concrete layer with approximately 1 nirnictkness, while in case of
externally bonded steel plates, failure of concrei@s observed with a depth
approximately equal to 30 mm from the bonded serfathe second reason is the
difference in coefficient of thermal expansion be#én the FRP and concrete (for
steel and concrete the coefficient of thermal esgmanis almost the same). This
induced thermal stresses between the CFRP andotiherete which could have
affected the load capacity. These stresses hadgitivpoeffect on the load capacity
up to 55C. Further increase of temperature up t6C7@esulted in a decrease of
failure load, caused by the softening of the adleesi
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Figure 2.12 —-Normalized load as a function of temperature [43]

A similar test set-up was adopted in [44] for tegtCFRP and GFRP fabrics (wet
lay-up) and prefabricated CFRP laminates at varitersperatures up to and
including 8GC. The glass transition temperature of the adhesa® equal to 5%.

The glass transition temperature was experimentigluated, on three epoxy
samples, using a Differential Scanning Calorimg®5C) method. Each sample
was held for 1.0 minute at’6 and subsequently heated in a nitrogen atmosphere
from 5°C to 200C at 10C/min. The trend of the recorded failure load vias
agreement with the experimental results reportefd3j for the CFRP fabrics. For
instance, increasing the temperature t6C5@nd 63C the failure load increased
(24% and 7% respectively) while it decreased alC8(1%) as shown in Figure
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2.13. The GFRP fabrics were tested only at amiiemiperature and at 80, at
which temperature a decrease of failure load, egqu&l0% with respect to that at
ambient temperature, was observed (see Figure.Zb8)the CFRP laminates, at
50°C a lower failure load was observed with respecthttt at room temperature,
while at 80C a higher failure load was observed. The authorgloded that the
different behavior of CFRP laminates with respecthiat of CFRP fabrics could be
explained considering the lower concrete quality tbése specimens and the
eccentricities that were observed in the tests.

The bond stress-slip curves with increasing sertécaperature showed that the
stiffness at the FRP-concrete interface decreassidds the decay of the maximum
bond stress (see Figure 2.14 as reference).
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Figure 2.13 —-Normalized load as a function of temperature [44]
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Figure 2.14 —Bond stress-slip curves at different temperatuwe£FRP laminates
[44]

The type of failure changed with increasing testgeratures. Specimens tested at
50°C showed cohesion failure within the concrethilavincreasing the temperature
an adhesion failure at the adhesive-FRP interfea® abserved. The transfer length
(assumed as the distance from the loaded end tpdim where the strain reaches
almost zero) increases with the test temperaturiée e maximum forces remain
almost constant. In particular the transfer lerajtiBCC increased 2.5-3 times with
respect to that at 2G. Finally, as in [43], experimental outcomes shdwe
complete bond degradation by increasing the tenperap to 1.5].

Double bond shear tests (see Figure 2.15) have temeied out also in [45]. The
influence of temperature on the bond behavior betw@FRP fabrics and concrete
has been investigated, making use of both ordimgyxy and a new developed
thermo-resistant epoxy (with a higher glass tramsitemperature). First an epoxy
primer was applied to the concrete surface, foltbviiy the epoxy adhesive for
bonding the CFRP. The glass transition temperdturéhe two epoxies was equal
to 34°C for ordinary epoxy and 40°C for thermo-seant epoxy, according to ISO
11359-2 [46]. The specimens were tested under &atl a temperature ranging
between 26°C and 60°C.
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100
Anchoring with CFRP sheets CFRP sheets %
(Circumferential direction) Pre-crack / -
= \
Steel rod \ K <——>> Fiber direction
m o | |u
: %
Bond length 200mm Steel rod
Concrete block k b A = !
200 250

Concrete block

Figure 2.15 -Double bond shear test set-up [45]

The authors in [45] observed a decreasing failoael Iwith increasing temperatures
for both types of epoxy adhesives (see Figure 2.1IbB¢ decrease of failure load
was more significant for the ordinary epoxy redmart for the thermo-resistant
epoxy. The different trend of results for incregstamperature, in terms of failure
load, with respect to [43-44] could be related lte teduced bond capacity of the
primer-adhesive interface at elevated temperatattger than that of the adhesive-
FRP interface. For instance it was observed that,bbth epoxy adhesives the
failure mode changed from a mixed type of failuréhe concrete and in the primer-
adhesive interface at 26 and 30C to failure in the primer-adhesive interface at
40°C and above. Moreover, in accordance with the éxpartal results obtained in
[44], it was observed that the transfer length éased with the test temperature.
Figure 2.17 shows the variation of transfer lenagha function of temperature for
the two different epoxy adhesives.
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Figure 2.16 —-Normalized load as a function of temperature [45]
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Figure 2.17 —Transfer length as a function of temperature [45]

In Klamer [11] the influence of increasing the teargture on the bond strength of
the epoxy adhesive was investigated through twterdint test set-ups: a double
bond shear test set-up (Figure 2.18) and a thrée pending test set up (Figure
2.19).

adhesive CFRP 1§ﬂ.m
F F I%
-« 77 (274 —» 3
s 3
50 mm ( uﬁBonded) _ 50 'mm
. 650 mm .
800 mm
threaded rod saw cut clamps
F F
-— N : ".’ Jlj—» 4

Figure 2.18 —Double bond shear test set-up [11]
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Figure 2.19 —Three point bending test set-up [11]

The double bond shear test set-up was similar ab ddopted in [43-44] with a
difference in the CFRP laminate dimensions (halthef width was adopted for the
CFRP laminate) and only one threaded rod was wsethke the connection of the
specimen to the loading device. Moreover for thredlpoint bending test set-up the
width of the CFRP laminate was half that used amdbuble bond shear test set-up.
The influence of temperature on the bond behawioshear was investigated at
several temperatures (in the range from -20°C &5 C for the double bond shear
test set up and from -20°C up to 90°C for the tlpemt bending test set-up), for
two different concrete grades with a mean cubic massive strength of 41.1 MPa
and 70.8 MPa respectively. The experimental testlt®in terms of failure load as a
function of the temperatures are given in Figu0Zor the double bond shear test
set-up and Figure 2.21for the three point bendistyset-up respectively.

The trend of the recorded failure load was in age® with previous research
studies. For instance, for both test set-ups,doperatures up to the glass transition
temperature of the adhesive £T62°C, as reported by the manufacturer), the
tendency turned out to be an increasing failurel ledgth increasing temperature,
while for higher temperatures than thg & decreasing failure load with increasing
temperature was found. As demonstrated in prevstudies [42], the experimental
results indicate that bond of FRP strips to higksgjth concrete was more sensitive
to variations in temperature than for with lowenesfgth concrete.
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Figure 2.20 —Failure load of double bond shear test as a funatfdemperature
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Figure 2.21 —Failure load of three point bending test as a fionabf temperature
[11]

It was concluded that the decreasing failure load waused by the changed type of
bond failure above BC (specimens tested up to °8B0 showed failure in the
concrete adjacent to the interface, leaving a skagér of concrete attached to the
adhesive; while increasing the temperature, delmgndiccurred in the concrete-
adhesive interface without leaving any concretachitd to the adhesive) and the
corresponding decreased bond strength of the denadhesive interface with
increasing temperature. It was also demonstralied at higher temperatures strains
were distributed more linear over the length of ldminate, which implies that the

31



Chapter 2

shear stresses in the concrete are more equaltsibdied. Moreover, it was
analytically and numerically demonstrated thattdredency of an increasing failure
load with increasing temperatures up tg Was related to the difference in
coefficient of thermal expansion between concretd &FRP and/or the reduced
Young’'s modulus of the adhesive. For instance ffferdnce in the coefficient of
thermal expansion between the concrete (L0x10° /°C) and the CFRPog= 0x10
¢/°C in the fiber direction) will result in the develment of strains and thermal
stresses in the FRP and concrete when changingethperature. In [11] these
thermally induced strains and stresses were datedmnalytically according to a
kinematic model developed by Di Tommaso et al. [4#jfe model was modified
considering also the shear stiffness of the adbdaiyer, which was not included in
[47], in order to take the effect of the reducedug@'s modulus of the adhesive at
elevated temperature into account. The CFRP thestnains,&(x), and thermal
shear stressegy(x), in the concrete were determined by the eqoatihl and 2.2:

ATy coshw (k) - 8AT] (2.1)

e = [cos ) D%
Te(x) = Ef O [ %EKEJUBmMMR (2.2)

Where:

- E;is the Young’'s modulus of the FRP reinforcement
- &ar = 0AT is the thermal strain of the concrete
- 0 is the coefficient of thermal expansion of coneret

_ 2 _ kg
1 1 1
- _= +
ke  Kac Kea
- Kge - B () is the shear stiffness of the concrete
2 [(1 tv ) |:hc,(-:‘f
E.(T)

- kgy = =———5—"Is the shear stiffness of the adhesive
2 [(1+ v )

- E(T) is the young modulus of the concrete at temntpeeal

- heer is the effective height equal to 50 mm or two tirties maximum
aggregate size

- E4T) is the Young modulus of the adhesive at tentpeeal
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t,is the thickness of the adhesive layer

t; is the thickness of the FRP laminate

V. andv, are the Poisson ratio of the concrete and thesinthe
| is the bonded length
x is the distance from the middle of the bondedtlen

The shear stress distributions along the bond kerigt the double bond shear test
set-up, are plotted in Figure 2.22 for differenadolevels (similar behavior was
observed for the three point bending test setdtipyas observed that, at the end of
the bonded length (loaded end) the direction ofstiear stress due to a temperature
increase (thermal shear stresses; Figure 2.22&) epposite to the direction of the
shear stress due to the loading (Figure 2.22 bandhear stresses due to the
loading had first to compensate the thermal steesdethis end. The increasing
failure load with increasing temperature was relatethe lower shear stress at the
loaded end with increasing temperature (Figure B)22
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Figure 2.22 —Shear stresses at the interface at a) 0 kN, b) 16k8D kN and d) the
failure load for double bond shear test set-up [11]
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For temperatures higher thag the reduction of the bond strencof the adhesive
governed over the beneficial effect induced bydHference of thermal expansic
and resulted in a reduction of faildobads and change in failure modes.

2.5.3 Residual bond strength after exposure to elevate@mperature

In [48] the residulabond properties of externalbonded CFRP (wet lay-up) after
exposure to elevated temperat(up to 25(°C) were investigated. The double bond
shear test set-up is shown kigure 223. The CFRP strips were applied to the
opposite sides of the blocks with bonded length@# mm. Tcpromote debonding
at the predetermined location, additional 102 mmasg patches of FRP we
applied laterally on the top of the longitudinal FFRtrips on the other side of t
concrete block.The glass transition temperature of the epoxy adbesvas
experimentally evaluated by Differential Scanning @2ahetry (DSC) according t
ASTM D3418 [49] and was equal tg78°C.

Masking Tape - No bond
/present at this location

6 mm
} 102 mm ,r L 23 mm Strain Gouges 102 mm
e IR SO Coupling
o e L0 | res mm Nut
o |||||| || f 102
‘ I 102 mm !‘ H 102 mm | F—+25 mm
f 127 mm 1 127 mm | End View

Side View
Figure 2.23 —Double bond shear test -up [48]

The residual bond properties of the CFRP systene vierestigated at differel
temperatures: 20°C, 100°C, 140°C, 180°C, C and 250°C. Thermal exposures
were accomplished by placing the specimens in grpromable electric furnace a
heating to the predetermined temperature at aaftgpproximately 10°C/min,
soak time of 3h and slow natu@oling to ambient conditions afterating. After
cooling, the specimens were tested in tension ugilore. Experimentaresults in
terms of normalized residual bond strength at diffié temperatures are shown
Figure 2.24.
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An average bond strength reduction of less than 2@8 observed for specimens
exposed to 10@ (1.28 T) and 140C (1.80 Ty), while almost complete loss of
average bond strength was observed at higher temupes. Changes in failure
mode also occurred for increasing exposure temy@mt Specimens tested at room
temperature and up to 14Q failed by shear/tensile failure of the subst@trcrete
beneath the FRP-concrete interface, indicatingttfebond strength was limited by
the strength of the substrate concrete as opposhe tidhesive. Specimens exposed
to 180C, 195C and 250C exhibited bond failure in the adhesive at FRP¢cete
interface due to the decrease of the adhesive Istnethgth. The author in [38]
concluded that the retention of bond strength iremhear failure is highly affected
by temperature exposure due mainly to the degmuadf the adhesive bond
strength properties. Moreover, it was concluded ¢oatribution to the loss of bond
shear strength may be, also, due to the moistuapogation from the concrete
substrate, which is known to occur at temperatales/e 100C, causing damage to
the adhesive layer.

2.5.4 Conclusions on bond strength at elevated temperater

Bond tests at elevated temperatures have shownthibabond behavior of FRP
strengthening systems is clearly affected by teatpees close to the adhesive glass
transition temperature; although no complete boegradation was observed for all
the reviewed research projects. The failure modé @ansfer length are also
affected by increasing temperature. Moreover fanesmf the reviewed tests an
initial increase of load capacity is observed femperatures below or/at the
adhesive glass transition temperature. This behasiattributed to the beneficial
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effect of induced thermal stresses, due to theewiffce in thermal expansion
between the CFRP and the concrete and the redwftafhesive Young’s modulus.
Both effects have been experimentally and analjgicavestigated in [11].
However, for temperatures higher than the glasssitian temperature, the
reduction of bond strength of the adhesive goveraeer the beneficial effect
induced by the difference in thermal expansion @sdlted in a reduction of failure
loads and a change in failure mode. Finally, thedeal CFRP to concrete bond
properties after exposure to elevated temperatase lshown the possibility to
retain a high percentage of the room temperatunel Istrength up to an exposure to
140°C (equal to 1.80f for the reviewed research). Increasing the tentpera
further a drastic reduction on bond strength inepshear was observed. This
behavior is attributed not only to the strengthrdédgtion of the adhesive but also to
the influence of the moisture evaporation from ¢bacrete substrate, which occurs
at temperatures above @) causing damage to the adhesive layer.

2.6 Fire endurance of FRP strengthened concrete structes: state of art

Figure 2.25 shows, schematically, the interactiebwieen fire resistance, strength
and service load with increasing temperature ofF&® strengthened reinforced
concrete structure and un-strengthened concretetste. During a fire, the specific

performance of the FRP system is not critical & gtrengthened structural member
can resist failure, for the required duration o€ fiunder the acting service load of
the strengthened structure under fire (failurehaf tnember would occur when the
ultimate strength drops below the acting load).

N
Resistance
Es~Rq
Ultimate " - : -~ :
limit state i i Fire Resistance
o RaiZEgi=NiEq
Serviceability Temperature
limit state
= Resistance strengthened member
== » Resistance unstrengthened member
5
: : i -
H H Resistance
Unstrengthened® Strengthened Period Time

Figure 2.25- Interactions between fire resistance, strengthtemperature for an
FRP strengthened member [50]
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2.6.1 Fire endurance of FRP EBR RC members strengthenedh iflexure

A limited number of research projects have showat,tlwith an appropriate
insulation, concrete structures strengthened wRR$-can achieve a satisfactory fire
endurance rating though contribution of the FRBeigerally assumed as lost during
fire exposure. In [51] six fire tests were executedetermine the behaviour of FRP
externally strengthened beams under fire expodure.configurations of the tested
beams (dimensions 300 mm x 400 mm x 5.3 m) werkeam without external
reinforcement (reference beam), one strengthendd avibonded steel plate, and
four strengthened with CFRP sheets. For these GitiRRgthened beams two were
protected with calcium silicate insulating platéghe insulation material was
mechanically fixed (screws type M6 each 250 mnmhatunderside of the beams for
their entire length. Two different insulation thidsses (40 mm and 60 mm) were
tested. The longitudinal lower reinforcement of twntrol beam consisted of six
steel rebars with diameter 12 mm for a length etm&.3 m and three steel rebars
with diameter 12 mm for a length equal to 5.05milevthe longitudinal lower steel
reinforcement of the others beams consisted oftsi@l rebars with diameter 12 mm
for a length equal to 5.3 m. The longitudinal uppenforcement consisted, for all
the beams, of four steel rebars with diameter 10foma length equal to 5.2 m. All
the beams were pre-loaded, in four point-bending tonstant load equal to 2 x 47
kN which was kept constant during the fire testl the beams were heated, in a
furnace, according to the ISO 834 [52] standarel ¢urve. Experimental outcomes
showed that, during the fire test, interaction testw steel plates and concrete was
lost approximately at 10 minutes into the test, l&hinteraction between CFRP
laminates and the concrete was lost within 20 meimdbr the unprotected beams.
The higher number of longitudinal steel reinforcamef the control beam with
respect to the unprotected beams strengthenedbwitled steel plate and bonded
CFRP lead to a smaller increase of deflection witheasing temperature. Insulated
beams experienced loss of interaction between tRBFCand the concrete after
approximately 1 h of fire exposure, at which tirhe temperature of the CFRP was
approximately 83C for the beams insulated with 60 mm of calciuncate board
and 85C for the beams insulated with 40 mm of calciuritate board. Figure 2.26
shows the time-deflection curves during the fitgdor all the tested beams.

It was concluded that composites sheets withoueption behave better than steel
plates without protection because of the much loleat conduction in the fibre
direction and their smaller weight. Moreover theules demonstrated the need for
thermal insulation of the FRP plates in order tacre a sufficient fire resisting
capacity.
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Figure 2.26— Time-deflections curves fire tests in [51]

Furnace tests in [43] investigated the performapic&RP strengthened concrete
beams and slabs, to evaluate their fire endurahdetal of 8 beams and 16 slabs
were tested including: unstrengthened versus dtnengd and unprotected versus
protected specimens. The configurations of theetebeams (200 mm x 300 mm x
3150 mm) were: two unprotected and unstrengthemaanb and six strengthened
and protected beams. The protection schemes wéezedit for all six protected
beams and consisted of gypsum board/rock wool coatibbns. The parameters
investigated were the different insulation boardkhess, the location (protection at
the bottom side of the beam or U-shaped form),tlefiigr one beam the protection
board was installed only at the FRP anchorage zané)bonding method (for one
beam the insulation was anchored only by adhesigle all the others were
mechanically fixed by screws). All the beams hawe tame geometry, longitudinal
steel reinforcement and FRP reinforcement. Figue& 2hows some details of the
strengthened beam and some insulation schemeeasnee. The configurations of
the tested slabs (400 mm x 150 mm x 3150 mm) weve: unprotected and
unstrengthened slabs and 14 strengthened and fewtetabs. The protection
schemes were different for all 14 protected slaté eonsisted of gypsum board
with or without rock wool. The parameters investigh were the type of fire
protection board (two different type of gypsum fiprotection boards were
investigated), the board thickness and the lenfitheofire protection boards. All the
slabs have the same geometry and longitudinal sté@orcement. Two different
type of FRP reinforcements were used to strengthéme slabs as shown in Figure
2.28, in which some details of the strengthenelissknd the different insulation
scheme are also reported. All the specimens (beamisslabs) were pre-loaded in
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four points bending to their unstrengthened anéngtthened service loads, as
calculated according to Eurocode 2 [53] for thettamgthened/unprotected and
strengthened/protected beams and slabs respectiteyload was kept constant for
all the duration of the fire test. A maximum of tiour of fire exposure was chosen
for all the tests. The fire endurance tests werelaoted in accordance to EN 1363-
1 [54] standard fire testing; the furnace tempesatwas controlled to follow the

standard ISO 834 [52] curve.
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Figure 2.28 —Details of slabs specimens [43]

As for previous research studies the loss of iotera between the concrete and the
FRP strengthened system was recorded by monitdhiegsudden increase of
deflection. Experimental outcomes in terms of timdncrease of deflection at
midspan are reported in Figure 2.29 and Figure.2t3@as concluded that all the
tested elements achieved satisfactory fire enderagepending on the applied fire
protection scheme, although temperature and deffeaneasurements indicated
reduced bond integrity (lost of composite actioft¢ral0-60 min for the beams and
24-56 min for the slabs. The temperature in theeaidle, when interaction between
FRP and concrete was lost, was in the range of 6&ICC for the beams and 47°C-
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69°C for the slabs. Thermal protection is requiiedorder to maintain the
interaction between the FRP plates and the concrieever, all the insulations
schemes were able to limiting the increase of teatpee of the concrete and
longitudinal steel reinforcement, thus improving fire endurance of the beams and
slabs even in combination with loss of FRP boncermttion. The U-shaped
protection performed better than that applied @ilthe underside of the beam, due
to the additional protection of the internal reimiog steel. The performance of the
partial protection of the FRP strengthening sys{protection applied only at the
anchorage zone) was observed to be similar toithathich the protection was
applied for the entire length of the beams andsslabis showed that protecting the
anchorage zones of the FRP would be able to maimtgraction between the FRP
and concrete.
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In [55-56] full scale fire tests were conductedTohbeams strengthened with CFRP
sheets. A total of 4 T-beams with a length of 3.9vare investigated; Figure 2.31
shows the cross section of the beams. Prior to tésts, beams 1 and 2 were
strengthened in flexure with a single layer of @ wide CFRP system and beams
3 and 4 with a single layer of 200 mm wide CFRReyson the soffit of the beams’
web. In addition, for anchorage of the flexural efiseat their ends, GFRP U-wraps
were provided at the ends of beams 1 and 2, andPCBRvraps at the ends of
beams 3 and 4, over a distance of 600 mm in batbscdore information about the
FRP strengthened systems can be found in [55-3@] fife protection system for all
four beams was a patented two-component systenagpedk specifically for these
applications by an industrial partner and was a&gpis shown in Figure 2.31. The
fire protection system of beam 1 and 2 consiste#5ofnm and 38 mm thick spray-
applied gypsum based mortar along with an imperteesrface-hardening topcoat,
with a thickness of 0.13 mm. Beams 3 and 4 wer¢epted with a spray-applied
mortar insulation of 38 mm and 25 mm thickness eesipely. All the beams were
pre-loaded to their service load, calculated frdva wtltimate capacity of the FRP
strengthened beams in accordance to ACI 440-2R4gbd@d]assuming a dead to live
load ratio of 1.0. Based on these calculationgistatned uniformly distributed load
of 34 kNm and 35 kNm was applied to beams 1 andn@ lzeams 3 and 4
respectively.

610 610

" Beams 3 & 4 '| Beams 1 &2 "

X : :

S Spaced at 150mm o/c longitudinally

400

i |~ 20mm® bars
St Insulation
FRP System

All bars10mme unless
otherwise specified

All dmensions are in milimetres

Figure 2.3% Cross — sectional dimensions of T-beams [55-§6¢rted in [58]

Figure 2.32 shows the experimental results in tesfrisme-temperature curves at
various locations in the four beams including tihexposed face, the primary steel
longitudinal rebars and the FRP temperatures. fikelation system applied over
the FRP of beams 1 and 2 stayed attached to timasbiea all the duration of the 4 h
of fire exposure (although some cracks were obsediging the tests), while that
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applied over the FRP of beams 3 and 4 debondedlylaezar 80 min into the fire
tests (see Figure 2.32). The temperature in the &Rieeded the glass transition
temperature, Jof 93°C (beams 1 and 2) ang df 71°C (beams 3 and 4) at 36 min
into the test for beam 1, 79 min into the testlfeam 2 and 20 min into the test for
beams 3 and 4. The FRP started to lose strengtlitabdnd to the concrete when
the glass transition temperature was exceededwasdorobably ineffective during
the fire test. The experimental outcomes showetdalhthe four beams were able to
carry the applied load for more than 4 h of expesarthe standard fire, and all four
beams achieved the 4 h of fire endurance ratingsn eafter the adhesive
temperatures exceeded the glass transition tenuperat approximately 4 h of fire
exposure, the load applied to the beams was iredetmsalmost twice the original
intensity (the maximum capacity of the test fraraell no impending failure was
observed.

The authors concluded that the insulation systemogigied good thermal protection
and were effective in increasing the fire enduramiceeinforced concrete members
strengthened with FRP by keeping the temperaturetheé internal longitudinal
reinforcement and unexposed side of the concrdtavbeitical levels (these critical
levels were assumed to be equal {@.fF 593°C and o< 139°C in accordance to
[59] for the longitudinal steel reinforcement am@ tconcrete at the unexposed side
respectively) so that the strength of the preexgsthnembers could be relied upon to
carry the loads even when the FRP-strengtheningesysmay be rendered
ineffective. After fire exposure, since the beand ot fail under the increased
load, they were tested to failure at room tempeeaf60]. The residual strength of
the beams was found to be close to the strengtedfeams without the FRP. Once
again, the insulation systems were demonstrateloeteffective in protecting the
original strength of the reinforced concrete member

In addition to the testing program, numerical h&ansfer models have been
developed to predict temperatures at various paiitsin the cross section of an
FRP-strengthened and insulated beam [55-56]. Thdememployed an explicit

finite difference formulation that discretizes thmeam into nodal points and
subsequently applies thermal equilibrium equatitmeach node to determine the
temperature at each successive time step. Compatbstween the predicted
temperatures and experimental data resulted to tmasonably agreement.
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[60]

A numerical model, initially developed for predidi the behavior of RC beams
under fire exposure [61], has been extended in6f2{o evaluating the fire
performance of FRP RC strengthened beams undecdinditions up to collapse
under fire. In a first stage [62] the behavior &HF strengthened beams under fire
exposure was modeled considering perfect bond lesttiee FRP and concrete. In a
second stage [63], the model was improved by cernisig also the effect of bond
degradation between the FRP and the concrete étmd model is an extension of
the first one). An overview of the model developed63], is given in the following
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focusing mainly in the analysis of the bond degtiatiabetween the FRP and the
concrete.

This fire resistance model takes into account thepgrties of the constituent
materials as a function of the temperature, to Eae moment-curvature
relationships for different beams segments at uariime steps. In the analysis, the
total fire exposure time is divided into a numbétime steps and at each time step,
the response of the beam is evaluated. The beaeatized by dividing it into a
number of segments along its length (see Figur8 B)3and the middle of each
segment is assumed to represent the overall beha¥ithe segment. The mid-
section is further discretized into a number ofeats (see Figure 2.33 e). At each
time step, thermal analysis was carried out tordete the temperature distribution
within the cross-section of each segment, from kiiome-temperature curves for
standard or any other specific design fire scenauiitizing thermal properties of
constituent materials (concrete, steel, FRP, itisulp Detailed information about
the thermal analysis can be found in [62-63].

The computed cross sectional temperatures forninghe for the strength analysis
wherein time dependant moment-curvature relatigrsstdre generated for each
beam segment. To generate the moment-curvaturgoredhip the strains of each
constituent material (concrete, steel and FRPYafimed as follows (equations 2.3-
2.5):

€co = Ectot ~Ecth ~ Eccr ~ Ectr (for concrete) (2.3)
€s5 = Estot ~ Esth ~ Eser (for steel) (2.4)
€t T Eftot ~Efth ~Efer T Efbi T Eslip (for frp) (2.5)

Whereg; o is the total straing;y, is the thermal strairg, ; is the mechanical strain,

& or IS the creep strairg, is the transient straimy,; is the initial strain at the soffit of
the beam at the time of retrofitting with FRP agg is the strain slip that takes into
account the bond degradation at the interface Fdterete during fire exposure
(more information regarding these different straias be found in chapter 3). The
subscript ‘c’, 's’ and ‘frp’ represent the concretiee steel and the FRP respectively.
At each time step, the total straggy, in each element of concrete, steel and FRP is
computed for an assumed value of the concretensdtathe top most fibekd) and
curvature (1/r) by equation 2.6:

Etot = € +%y (2.6)
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whereg,, is the total straing is the strain at the top most concrete fiber,idthe
curvature and y is the distance from the uppermostrete fiber to the center of the
considered discretized element (see Figure 2.34).

In equations 2.3-2.5, creep strains for both cdeca@d steel and transient strain in
concrete are computed based on the models propbgefb4-65] and [66]
respectively. For FRP, creep strain can be consitlaegligible and therefore not
accounted for the analysis and the initial strajf) €an be evaluated based on dead
loads at time of retrofitting. For computing thenbloslip-strain due to the bond
degradation at the FRP-concrete interface the Vidig assumptions are made.
Considering a small elemental length “dx” of thehesive (see Figure 2.33 c) the
displacement (du) due to the slip is determineédpyation 2.7:

du :étg 2.7

whereT is the shear stress, G is the shear modulusgndhe adhesive thickness.
For each beam segment i, the average shear stresisthe FRP concrete interface
is determined by equation 2.8 (see Figure 2.33 b):

T = I:)frp(i+1) - I:)frp(i) (2.8)
L;b

where Ry is the force in the FRP reinforcement for segmenf is the length of
the segment i and b is the width of the beam.

With increasing temperature due to the fire, theesd/e softens and experiences a
significant reduction in its shear modulus (G). STisoftening effect results in a
relative slip i) between the FRP and the concrete. In the modeblihein a
segment i is calculated with equation 2.9 (seeréi@u33 c).

dsipi = Vily (2.9)

where § is the adhesive thickness apds the shear strain in segment i, calculated
by equation 2.10

19)

_T
Yi —E
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Substitutingy; in equation 2.9 and considering the relative stamithe ratio between

the change in length and the original segment fertge bond slip straigy;, can be
computed, at each exposure time, by equation 2.11:

apy = Bsiip; _ Pfrp(i+1)2_ Prog) to 2.11)
L; L<b G

The variation of the adhesive shear modulus (G &snction of the temperature
was evaluated based on experimental results onl@dnand shear tests at elevated
temperatures performed in [44] (see section 2.9.Bg variation of shear stresses
(see equation 2.8) is a function of the distancenfiFRP plate ends (peak shear
stresses occurs near FRP plate end and varies enadly towards center of the
beam). The beam segment with peak shear stressasgsned to be a critical
segment of the FRP strengthened beam, since deltanrof FRP was assumed to
start at this segment. For simplification the autla@sumed the shear stress,
evaluated in the critical segment, consistent irbehm segments for a given time

step.
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Figure 2.33- Layout of typical FRP strengthened RC beamdiglization,
development of shear stresses and bond slip adédeetization [63]

Once the mechanical strains are calculated, stresses in each of the

concrete, steel and FRP elements are obtained through temperature
dependent stress-strain relationships and thereafter also the respective
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forces. As shown in Figure 2.34at each me step the computed forces are used to
check the force equilibrium. For instance, for aauaned total stin at the top layer

of concretet',, the curvature is iterated until force equilibrium is satisfied. Tt
iterative procedure igepeated till equilibrium, compatibiy and convergence
criterion are satisfiedOnce these condiins are satisfied, moment and curvature
corresponding to that straineacomputedGiven the calculated moment curvature
relationships,deflections of the beam at each time step are erihroug an
iterative procedure described in [@¥} evaluating thaverage stiffness of the beam.
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Figure 2.34— Variations of strains, stresses and internal foncesbeam cro-
section exposed to fir63]

The model was validated by comparing predictiwith experimental data of FRP
strengthened beams under fire exposure teste43, 64]. The authors concluded
that the model wasapable to predict tl overall thermal and structural response of
FRP-strengthened beamBredicted temperatures and deflections in compa
with experimerdl data of the beam tested i43] are reported in Figure 2.35 as
reference. Moreover the studgncluded that in computing moment capaof a
fire exposed insulated FRfrengthened RC beam, a perfect bond can be as:

till the temperature at the FR®ncrete interface (adhesive) reachg, after which
point the FRP contribign can be taken as zero the moment capacity.
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Figure 2.35— Measured and predicted temperatiand deflection of beam tested in
Blontrock 2003 63]

2.6.2 Fire endurance ofFRP NSM RC members strengthened in flexur

In [69] the flexural performance oNSM FRP strengthened concrete slabs at
elevated temperature was investigated. A total2Blabs were test, 2 of which
were not strengthene@ontrol specimen and 11 of which were strengthened in
flexure with a single strip of CFRP NSM strengtimgnkystem (see Figure 2.36).
The slabs were tested either at room temperatureoufrilure (two control
specimens and four NSM FRP strengthened ¢, or under sustained load with
increasing surface temperature up to fa (seven NSM FRP strengthened slabs).
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Figure 2.36 —Details slab specimen69]
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Two different adhesives, an epoxy adhesivg<151°C) and a cementious grout,
were used to embed the NSM FRP strengthening systém the grooves.
Differential Scanning Calorimetry (DSC) was usedi&termine the glass transition
temperature of the epoxy resin according to ASTMBE6L[70]. Both epoxy and
grout adhesive were tested to examine their differbehavior at elevated
temperature. The NSM FRP strengthened slabs werbaded to a sustained load
of 20 kN. This load was based on results at roanptrature and was selected to be
higher than the failure load of the unstrengthesled) (the average failure load of
the two unstrengthened slab was equal to 12 kN§eQhe load was achieved the
slabs were heated, by a heating blanket, up tereltB0GC or 200C keeping the
load constant. The temperature was held constatt fgilure of the specimens. The
temperature of 10C and 200C were selected based on FRP EBR surface thermal
histories recorded during full scale fire testsimfulated FRP EBR strengthened
members conducted in [71]. The temperature of°@0&as also the maximum
temperature reachable by the heating blanket.

Experimental results in terms of time-midspan dgften curves (including the

midspan deflection recorded during initial loadimg to 20 kN, before turning on

the heating system) are shown in Figure 2.37 agdr€i2.38 for slabs tested at
100°C and 200C respectively.
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Figure 2.37 —Midspan deflection time curves specimens testdd&C [69]
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Figure 2.38 —Midspan deflection time curves specimens test@D&C [69]

The main conclusions were that specimens in whieh NSM FRP strip was
embedded with cementious grout performed considlerabtter than otherwise
identical epoxy-bonded specimens. For instance yepaged specimens tested at
100°C (E-6-100-1) and at 20Q (E-6-200-1 and E-6-200-2) failed under the 20kN
sustained load at 44 min, 11 min and 12 min of ihgatespectively. The grout
specimen tested at 10D (G-6-100-1) held the sustained load for more thdnof
heating, at which time the load was increased doge the failure (failure occurred
at approximately 27 kN). Thus, the authors conduttat heating of 10€ has no
considerably effect on the performance of the glmged specimens. Grout-based
specimens tested at 2@ (G-6-200-1 and G-6-200-2) failed under the applaad

at 73 min and 76 min of heating respectively. Merrothe failure mode of the
specimens embedded with epoxy resin was debondlitig anterface resin/concrete
with a smooth and distinct failure plane induced ttwg deterioration of the
mechanical properties of the epoxy adhesive atasdeltemperature (the failure
mode of epoxy-based specimens tested at room tatopemwas bond failure 1 mm
into the concrete substrate). Grout-based specirfalesl by bond failure at the
FRP strip-grout interface, again along a smoothlurfa plane. The authors
concluded that this type of failure was likely icgd by loss of strength and
stiffness in the polymer matrix resin, used to picathe preformed CFRP strips, at
temperatures approaching its glass transition tesmtyes.

In [72] a real compartment fire test was perforntedstudy the performance of
insulated FRP strengthened members under fire expo3he investigation took
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place inside a compartment of a casted building vatnforced concrete floor slabs
nominally 150 mm thick. Figure 2.39 shows the cortipant prior of testing, with
the FRP strengthening and insulated systems iedtalh the ceiling. The fire load
consisted of office furnishings, arranged so thastof the fuel was towards the
east, on the opposite side of the compartment éowtimdow. More information
about fire parameters can be found in [72].

o
3
2
[=]
=
o
(=
2

insulated system [72]

In this study, externally bonded CFRP plates (100.4 mm) and near surface
mounted CFRP bars (diameter 12 mm) were applieth¢oconcrete ceiling (see
Figure 2.39). Both FRP strengthening systems wenbedded with an epoxy
adhesive (§ = 60°C, experimentally evaluated using dynamic mechariwrmal

analysis, DMA, after 7 days of ambient curing)fa bottom of the concrete ceiling
and into 15 mm deep grooves for the EBR and NSMngthening technique
respectively. The FRP was protected using eitheéntaimescent coating or gypsum
boards (12 mm thick), alongside FRP that was Iefiratected as shown in Figure
2.39. The test demonstrated the vulnerability oPFRrengthening during a real
compartment fire. The glass transition temperatues rapidly exceeded in the
bonding adhesive for all samples. The unprotectetliatumescent protected plate
strengthening debonded from the ceiling around lrfutes after the start of the fire.
The test confirmed that the intumescent protectieas ineffective due to an
inappropriate activation temperature, as was egpleey the authors prior to testing.
The epoxy adhesive and the FRP matrix polymer hamhtbaway (FRP fibres

forming the FRP EBR plate were exposed to fire)e Blathors concluded that the
NSM strengthening system performed better thanBBR strengthening system.
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For instance the NSM strengthening system stayeubgition and there was less
visible degradation of the bonding adhesive. Thesgyn board protected the FRP
strengthening from visible damage, but did not prévthe glass transition
temperature from being exceeded, which may haeet&d its ability to strengthen
the slab.

2.6.3 Conclusions fire endurance of FRP strengthened menels

The literature review on fire endurance of FRPrgitkened members has clearly
demonstrated that fire insulation is generally mekedo satisfy fire resistance
requirements by providing additional protectiontte concrete and longitudinal
steel reinforcement. For instance the findings iffedent research projects showed
that the beams strengthened in flexure with FRPacdneve a fire endurance of 2
and/or 4 h even after the adhesive temperatureedscexcessively the glass
transition temperature, if the insulation systenalide to keep the temperatures of
the concrete in compression and the steel longialdieinforcement below critical
levels. Moreover a numerical model for predictifge tthermal and structural
behavior of FRP strengthened and insulated membwtsr fire behavior has been
reviewed, focusing mainly in the calculation of tledfect of adhesive bond
degradation with increasing temperature.

The performance of FRP NSM flexural strengthenirtigekevated temperature
(100°C and 200C) has been also reviewed. The experimental teste wainly
based in comparing two different type of bondingpegive: an epoxy and a grout
adhesive. The findings of the reviewed researcieptehowed that the grout-based
specimens experienced a better performance atI@8fC and 200C with respect
to epoxy-based specimens. Finally, a research giraj@ the performance of
insulated FRP strengthened members under fire erpdsas showed that NSM
FRP strengthening system perform better than FRR Eigstem, for a similar
insulation adopted.

2.7 Summary

Based on the overview of previous research stufi&RP strengthened members at
elevated temperature and under fire exposure, aiewling conclusions can be
summarized.

Bond tests at elevated temperatures have shownthlitbabond behavior of FRP
strengthening systems is clearly affected by teatpees close to the adhesive glass
transition temperature; although no complete boegradation was observed for all
the reviewed research projects. The failure modé @ansfer length are also
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affected by increasing temperature. Moreover fanesmf the reviewed tests an
initial increase of load capacity is observed femperatures below or/at the
adhesive glass transition temperature. This behasiattributed to the beneficial
effect of induced thermal stresses, due to theewdiffce in thermal expansion
between the CFRP and the concrete and the redwftedhesive Young's modulus.
Both effects have been experimentally and analgicavestigated in [11].
However, for temperatures higher than the glasssitian temperature, the
reduction of bond strength of the adhesive goveraeer the beneficial effect
induced by the difference in thermal expansion r@sdilted in a reduction of failure
loads and a change in failure mode. Finally, th&dweal CFRP to concrete bond
properties after exposure to elevated temperatare tshown the possibility to
retain a high percentage of the room temperatunel Istrength up to an exposure to
140°C (equal to 1.80f for the reviewed research). Increasing the tentpera
further a drastic reduction on bond strength inepshear was observed. This
behavior is attributed not only to the strengthrdédgtion of the adhesive but also to
the influence of the moisture evaporation fromabacrete substrate, which occur at
temperatures above 1D, causing damage to the adhesive layer.

The literature review on fire endurance of FRPrgjthkened members has clearly
demonstrated that fire insulation is generally mekedo satisfy fire resistance

requirements by providing additional protectiontte concrete and longitudinal

steel reinforcement. For instance the findings ifedent research projects showed
that beams strengthened in flexure with FRP careaeha fire endurance of 2h

and/or 4h even after the adhesive temperature dgcescessively the glass
transition temperature, if the insulation systenalide to keep the temperatures of
the concrete in compression and the steel longialdieinforcement below critical

levels. Moreover a numerical model for predictifte tthermal and structural

behavior of FRP strengthened and insulated membwter fire behavior has been
reviewed, focusing mainly in the calculation of tledfect of adhesive bond

degradation with increasing temperature.

The performance of FRP NSM flexural strengtheningekvated temperature
(10C°C and 200C) has also been reviewed. The experimental testsséd on
comparing two different types of bonding adhesese:epoxy and a grout adhesive.
The findings of the reviewed research project shlbwkat the grout-based
specimens experienced a better performance atl@gftC and 200C with respect
to epoxy-based specimens. Finally, a research giraja the performance of
insulated FRP strengthened members under fire expdgs shown that NSM FRP
strengthening systems perform better than FRP EBRems, for a similar
insulation adopted.
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Chapter 3

MATERIALS PROPERTIES AT ELEVATED
TEMPERATURES

3.1 Introduction

The performance of FRP strengthened and insulaiadrete structures under fire
exposure is dependent on the fire load at whichsthacture is exposed and the
thermal and mechanical properties of the constitueraterials such as the concrete,
the reinforcement steel, the FRP reinforcement, atikesive and the insulation
materials. In this chapter an overview of the défea stages of a real fire and a
comparison with the standard fire curve ISO 83diven. Moreover the effects on
the thermal and mechanical properties of the comstt materials of FRP
strengthened RC members are discussed with refetertbe literature review. The
materials thermal and mechanical properties wilfuréher used (see chapter 7) for
the analytical simulations of the FRP strengtheared insulated beams and slabs
under fire exposure.

3.2 Fire temperatures: specifications of fire testing

Figure 3.1 shows the idealized stages of the dpuedmt of a real fire [1] as a
temperature-time relationship. The distinct stagedire are [2]: the ignition, the
growth phase, the flashover, the fully developethimg phase (indicated in Figure
3.1 as heating) and the cooling phase.

Fire ignition is the period during which the firedins. It is, usually, a localized
phenomenon (e.g. can be piloted by a spark, matother sources) and will cause
local overheating of combustible materials. The bostion is restricted to local
areas near the ignition source, temperatures afdh#ustion gases are low and the
influence on the structural elements of the considle&ompartment is at this stage
negligible. The ignition is always preceded by anipient phase, which is when
heating and gasification of a combustible is odogerThe incipient phase depends
on the fuel, ambient conditions and many otheralde factors required for ignition
of a fuel. Smouldering type combustion may occuterafignition. This is a
particularly slow fire development, in which enenglease rates and temperatures
are relative low. This type of combustion is synmays with the production of high
quantities of toxic gases and products of inconeptetmbustion, which present an
extreme hazard to life.
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Following ignition the fire initially grows (growtlphase) by direct contact of the
flames with combustible materials or by indirechtazt though radiation to the
nearby combustible materials. There are basicalty possibilities: 1) if there is
inadequate ventilation, the fire may self-extinue continue to burn at a very
slow rate dictated by the availability of oxygen3rif there is sufficient fuel and
ventilation the fire may progress to full room itw@ment in which all exposed
combustible items are burning (flashover). Duridge tgrowth period, the fire
increases in size, to and beyond the point in whitdraction with the compartment
boundaries becomes significant. The transitiorhéofully developed fire is referred
to as ‘flashover’ and involves a rapid spread fitbmarea of localized burning to all
combustible surfaces within the compartment. Thasition is normally short in
comparison with the duration of the main stagefiref(see Figure 3.1). During the
fully developed stage of a fire, the temperatures the rate of heat release reach a
maximum and the threat to neighbouring compartmentnd perhaps adjacent
buildings- is the greatest. Flames may emerge famg ventilation opening,
spreading fire to the rest of the building, eitigernally (through open doorways)
or externally (through windows). It is during thé¢age, when temperature rises
above 300 — 600C, that structural elements begin to weaken andraefiue to the
heating, perhaps leading to partial or total caliapf the building. Fully developed
burning will continue as long as there are suffitiquantities of fuel and
ventilation. The last stage is the cooling phadenoidentified as the stage of the
fire after the average temperature has fallen @ &9 its peak value. Decay will
continue until fuel is consumed and/or the firegoat.

Temperature o
= “Standard” fire
(=}
I
oy
S /"—
[T
Real fire
{ome of many possible)
a00eC
Ignitionismouldering +=—  Heating Cooling Phase Time
 Life Safety Structural damage, risk of collapse, efe.

Figure 3.1 —Stages of real fire vs standard fire curve [1]
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Simulating an exact fire event in an experimentakstigation is very complicated
due of the numerous variables involved such asg#wmetrical characteristics of
the compartment (length, width, height); thermabgarties of the walls, floors,

ceiling of the compartment; the ventilation coratis during the fire; the fuel load
in the compartment. Although some parametric teatpee time-curves have been
widely accepted [3], it's clear that as more parngeare involved in the modeling
of the fire, it corresponds better to a realisiitaion but the complexity of the

calculation will increase significantly. Existingiégwledge on the various models for
a compartment based real fire has been extensiesigwed previously in other

research studies [4] and will not be presentedihere

Guidelines and standard fire tests have been dasélall over the world to evaluate
the capability of the structural elements to refiistevents. Although they may not
represent a real fire event, standard fire testsbearegarded as a general procedure
to conduct fire tests regardless of the tested maateHereby, the fire event is
simulated using a predetermined time-temperaturgecurigure 3.1 shows that a
real fire differs in several important aspects witkpect to the standard fires curves
(e.g. ASTM E119 and ISO 834) that are generallyumesl for structural fire
resistance design. The most important differenddaspresence of a cooling phase
in a real fire, as opposite to the infinite heatiriga standard fire which is physically
unrealistic (though a conservative assumption).ufholSO 834 and ASTM E119
are generally used for fire testing in relationbtaildings, it should be noted that
these fire standard curves are considered as bmngild for fire scenario’s such as
petrochemical industries and tunnels for which memeere standard fire curves (eg.
Hydrocarbon, RWS and RABT-curves) have become cdsopu[5].

For the uniformity of assessment in the testingstfictural elements, in the
presented research program all the fire testedegitsr(beams and slabs) have been
exposed to a EN 1363-1 [6] standard fire test Ardtiémperature was controlled to
follow the standard-time temperature curve accagrdinlSO 834 [7]. The standard
ISO 834 curve was also used for the thermal aralsishulation. This normalized
time/temperature curve is the fire curve which @mally used for the test in
accordance with the resistance function (criterig)y the separating function
(criterion E) and/or the insulating function (critn 1) of structural elements in case
of fire [8]. This standard curve is used as a mdadetepresenting a fully developed
fire in a compartment and is given by the followiguation:

Tgas = To +345l0g,(8t +1) (3.1)
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Where: Ty is the temperature of the combustion gas€y; [T, is the ambient
temperature [20°C]J; t is the time in minutes [min]. Figure 3.2 showhe time-
temperature curve of ISO 834.
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800
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0 20 40 60 80 100 120 14cC
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Figure 3.2 —Time-temperature curve 1SO 834
3.3 Effect of temperature on material properties

The effect of temperature on the thermal and mdchbproperties of concrete and
steel has been investigated extensively [10-13thim last century and is well
explained in structural Eurocodes [8]. The therarad physical properties (such as
the thermal conductivity, the specific heat, thegity, etc..) as well as the reduction
of mechanical properties (such as the reductiowashpressive strength, tensile
strength and E-modulus) of concrete and steel dgnetion of the increasing
temperatures have been extensively reviewed prslyidn other research studies
[4;14-16]. A brief explanation of their thermal antechanicals properties, further
adopted in the analytical simulations (see chapyeis presented in the following.

3.3.1 Concrete

Concrete is composed of aggregates and hydratedntgmaste, and contains free
water as well as chemically and physically boundewaln [10] the influence of

temperatures on material properties of concrete een investigated. It was
concluded that the effect of temperature on thecka material properties is
mainly related to the evaporation of water from tleecrete and to changes in the
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chemical composition and physical structure of ¢bacrete. These effects turned
out to occur for the most part in the cement pastdemperature of about 100
water expulsion from hardened cement paste andggtgs occurs and at 80the
first stage of dehydration in the form of the brdakn of calcium silicate hydrates
(CSH) gel (release of chemically bound water widtamposition of hydrates) can
be observed. The decomposition of calcium hydroxédtes place at 500 and the
transformation of quartz at 57€. The complete decomposition of calcium silicate
hydrates take place at 70C and the decarbonation of calcium carbonate in
limestone aggregate concretes at 8@ The melting of cement paste and
aggregates (in limestone aggregates concretey atat150-1200C. Other effects
of an increase of temperature are the change i gtloncture and the development
of high-water vapor pressure in the concrete pondsch can result in thermal
spalling of concrete. Also localized heating corddult in spalling, especially when
the thermal expansion is restricted by surroundiogl concrete which results in
high compressive stresses in heated concrete.

3.3.1.1 Thermal properties of concrete

The thermal conductivity of concretk,, is the rate of heat transferred through a
unit thickness of the material per unit temperatdifeerence [W/mC]. There are
three principal factors influencing the thermal doctivity of concrete: 1) the
aggregate type, 2) the aggregate volume (aggrepate a higher thermal
conductivity than both cement and water) and 3)ntleésture content — as concrete
hydrates and dries, the space previously occupigdwater empties and the
conductivity reduces. In accordance to [8] the ir@rconductivity,A., of concrete
may be determined between lower and upper limitegby using the equations 3.2
and 3.3 respectively.

A (6)=2-0.245{6/100) + 0.01076/100)? for 20°C < 6 < 1200C [W/m°C] (3.2)
A (0)=1.36-0.13¢6/100 + 0.0051/109? for 20°C < 8 < 1200C [W/m°C] (3.3)

where8 is the concrete temperature.

The average value of the upper and lower limitpagposed by Eurocode 2 [8], is
adopted for the analytical simulations of beamsslads under fire exposure:

A (0) =1.68-0.1905/100 + 0.008%/100*for 20°C < 6 < 1200°C [W/m°C] (3.4)
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The variation of the upper limit and lower limit d¢fiermal conductivity with
temperature, as well as the adopted curve ardrdhbesl in Figure 3.3.
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Figure 3.3 —Thermal conductivity — temperature curves concrete

In addition to the thermal conductivity of the coete, it is important to define both
the densityp((6), and the specific heat,(6), of the material. The variation of the
concrete density and specific heat are obtainet@ordance to [8]. The product of
the density and the specific heat is called voluimédteat capacity, £8), and it
represents the ability of the material to storertis energy:

cy(0)=pc(0)c,(0)  [/mieC (3.5)

The variation of the volumetric heat capacity asuaction of the temperature,
adopted for the analytical simulations, is illugthin Figure 3.4. Average moisture
content in the range of 4-6 vol. % (obtained experitally for each batch in
accordance to [9], for beams tested in the firgt fest a value of moisture content
equal to 6% was obtained while for all the othee fiests a value of 4% was
obtained) and a value of density at room tempegagqual to 2400 kg/frhave been
considered for the calculation of the volumetri@atheapacity, ¢ In order to take
into account the moisture variation from the warmene to the coldest one, in
accordance to [8] a variation of the concrete dgras a function of the temperature
has been considered according to [8]. Moreover rdtarding influence of the
moisture on the temperature increase is takendntmunt by a peak value in the
volumetric heat capacity, situated between°@@nd 113C with linear decrease
between 115C and 200C (see Figure 3.4).
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The thermal diffusivity indicates the rate at whitdmperature changes can take
place in a material. Diffusivity can be calculafesin equation 3.6:

azxc(e%p Oolo) 7S] (3.6)

WhereA(0) is the thermal conductivity,,(®) is the specific heat anpk(6) is the
density of the concrete as a function of the tewruoee [8]. It is a measure of the
rate of temperature rise at a certain depth ofcitrecrete with large diffusivities
leading to faster temperature rises at a given hdepphe thermal diffusivity
decreases with increase in temperature due to ¢émergl decrease of thermal
conductivity and increase in the specific heatletated temperatures.

N
o
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o
o
S

¢, [1083/m3°C]
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Figure 3.4— Volumetric specific heat concrete as functionesfiperature

The free thermal expansion of the concrete isedlab the free thermal expansion
of the type of granulate and of the cement makoc¢. the analytical simulations the

thermal straing.(6), has been calculated for the case of siliceous ggtge (as
used in this research project) by using equati@dr3:

£cn(0)=-1.8110* + 9100 + 2.31100° for 20°C<B <700°C 3.7)
£enl0) =14010° fBPC < 0 < 1200C
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3.3.1.2 Mechanical properties of concrete

The behavior of concrete at elevated temperaturdda a given load level can be
formulated with reference to several strains. EiguaB8.8 presents the total strain,
€01, as the sum of the free thermal straip, the instantaneous-stress-related strain
€4, the creep straig,, and the transient straig,.

8C,tOt = Scih(e) + 8C,(S( ’e) + 8C,CI’(G’ e’ t) + 8C,tl'( ’e) (38)

The different strains are a function of temperafyrthe stresg, and the time t. The
thermal straing. s, is a simple function of the temperature, whichkesait easy to
model and is assumed in the analytical simulatignefjuation 3.7 (see section
3.3.1.1). The instantaneous-stress-related straips,are dependent on the
temperature and on the stresses as defined byréss-strain curve of Eurocode 2
[8]. This curve is given by equation 3.9 for theeawling branch and by equation
3.10 for the descending branch (a linear or noedindescending branch is
permitted by Eurocode 2 [8]).

GC — 3SCGfCG
= — O0<e.. <g, (0 3.9
f.(20°0) .V co < €c19(0) (3.9)

24|t

8cl,e

Gc €co ~ Eculp

- Sgg, < 3.10
fo(200Q)  ec1p ~&cu1p €c10 = €co = Eoulp (3.10)

Where {gis the strength of concrete as a function of thapteratureg.p is the
peak strain corresponding tgsind e, is the ultimate strain. Values ef; g and
€cu1p are taken in accordance to table 3.1 of Euroco@. Figure 3.5 illustrates the
degradation of stress-strain curve as a functionteofperature for a siliceous
concrete [7].
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0 0005 001 0015 002 0025 003 0035
&[]
Figure 3.5 —Stress-strain relationship of ordinary siliceounaete without
external loading [EN 1992-1-2- Table 4.2]

The creep strairg,,, depends on the concrete, the load, the temperatut the time.
Equation 3.11 has been proposed in [11] to desthibereep for ordinary siliceous
concrete at constant temperature and constans stres

0.5
gcyc,:—O.SﬂO"S&{lJ €0.003040-20) (3.11)
cH r

Where t is the timeg is the stress,.§ is the concrete strength at the considered
temperature and is the reference loading duration time (180 migute

Anderberg [11] states that only above 400°C thegmay have some significance,
as shown in Figure 3.6 where the creep vs timendwBih is shown for a stress level
equal to 22.5% as a function of different tempeeguevels. Blontrock [4] has
demonstrated that the stress-strain curve propioseédrocode 2 [8] takes implicitly
into account the effect of the creep strain. This be observed as follows. In Figure
3.7 the relation between the temperature and theay's modulus of concrete with
siliceous aggregates [8,10,13,17-20] is presenteldcampared to Eurocode 2 [8].
The Young’'s modulus according to Eurocode 2 [8fadculated from the stress-
strain relationship presented above (see Figurg Bfm Figure 3.7 it can be
observed that Eurocode 2 [8] indirectly takes tighér creep of concrete at elevated
temperature into account, which results in lowduss for the Young’'s modulus.
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Therefore in the analysis of the beams and slabtiendire exposure the contribution
of creep strain of equation 3.8 will be neglectsek(chapter 7).

| CREEP LOAD: 22.5%
Yo

Ci4B, 790°C

-39 a,b, BE0C

-C 31, 510°C

. 130-400°C

_," CE. 15.22. Z6 TIME
0 1 2 3 HRS

Figure 3.6 —Strain creep vs time for a stress level equalté% as a function of
temperatures [11]
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Figure 3.7 —Influence of temperature on the Young’'s modulusafcrete with
siliceous aggregates [4]
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The transient straing.y, is the hindered part of thermal expansion fordézh
concrete structures exposed to heating. Anderlddiigdefines the transient creep as
that part of the total strain obtained in stressmucrete under heating that cannot be
accounted for otherwise. It accounts for the eféddemperature change, which will
produce failure of the material and activate thactiens responsible for the
decomposition. It is an irreversible process antliceonly during the first heating.
Transient strains develop rapidly above Owhen unsealed cement paste
experiences considerable shrinkage and the aggeegaintinue to expand; it is
assumed to be temperature-dependent (not time-depgnand stress-dependent.
The transient strain is found to be proportionathe thermal expansion and to the
ratio between the compressive stress and streh@h @ [11] as shown in equation
3.12. However the relationship seems to be tooawasive at temperatures above
about 500C. Therefore Anderberg [12] proposed a second @mquafor
temperatures above 5T (see equation 3.13).

fo = —2.35—— e fol® < 500°C (3.12)
c,20C
Aggy =~0.00008 — for 500C <6 < 80C°C (3.13)
c,20C

It has to be noted that, even though several mddele been proposed in literature
[11] the transient creep has been incorporated tiitoEurocode model (value of
€1p IN equation 3.9 and 3.10) in an implicit manner2l4. A limitation of
considering the implicit model may be that the naagbal strain given by implicit
models for a given stress-temperature state isdinge, whether concrete has been
heated and then loaded at control temperature adeld and then heated under
constant stress and this is known not to corresporekperimental evidence [13].
More information can be found in [4,16,21].

3.3.2 Steel
3.3.2.1 Thermal properties of steel

Steel reinforcement is not specifically consideirethe thermal analysis because it
does not significantly influence temperature disttion in the element cross-section
unless a very dense reinforcement arrangement sdtteral reinforcements and
short spacing range between the bars is providéukiicross section. Measurements
at various locations during fire testing showed tha difference in temperature in
the rebars and related concrete sections are §22al13]. Nevertheless the thermal
properties of the steel as a function of the terupee will be briefly commented in
this section.
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The main thermal properties that influence the ®maure rise in the steel are the
thermal conductivity and the specific heat (ofteqpressed as heat capacity). The

thermal conductivity of steehy(0), according to Eurocode 3 [24] can be calculated
by the following equations:

As(6) =54-3.331020 for 20C<0<800°C  [W/n?C] (3.14)
a(0)=27.3 for@C <0 <1200C [W/nfC]

The variation of steel thermal conductivity withrieerature is illustrated in Figure
3.8.
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Figure 3.8 —Thermal conductivity — temperature curve steel

The specific heat of steely(8), is independent of the composition of the stasl. |

variation with temperature is shown in Figure 3 fie steel specific heat increases
with temperature, showing a peak at around 780 This increase is due to

individual atoms in steel moving further apart,stachieving a higher energy state.
This process absorbs considerable energy (heafy, dbcounting for the peak at
approximately 750C. The specific heat of steel(@), according to Eurocode 3 [24]

can be calculated according to equations 3.15:
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2 3
c(0) = 425+ 7732 01662 | +220109 2| re<os< 600C[J/kg°C]
10 10 10

13002
738-0
c,(0) = 545+ ellfgol 735C <0 < 900°C [Ikg°C]

cs(0) = 650 900°C < 6 <1200C[J/kg°C]

c.(0) = 666+ 600°C < 0 < 735°C [J/kgPC]

(3.15)

6000
5000

4000

Specific heat [J/KPC]

3000

2000

1000 // \

0 T ‘
0 250 500 750 1000 1250
Temperature[°C]

Figure 3.9— Specific heat of steel as function of temperature

As shown in Figure 3.10 the free thermal straintloé steel increases with
temperature up to nearly 75C, at which point a phase change takes place (as
discussed above) and the thermal strain becomely meastant up to 86€C, after
which the thermal strain starts to increase adgaim.the analytical simulations, in

accordance to [8] the thermal straigy{0), has been calculated according to
equation 3.16:

egn(0) = —2.4160107* +1.2(107°6 + 0.4(10°6? 20°C <0 < 750°C [%]
egn(0) =11107 750°C < 0 < 860°C [%o] (3.16)
£ (6) = ~6.20107° + 210750 860C <6 <1200C [%o]
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Figure 3.10 —Thermal strain steel as function of temperature

3.3.2.2 Mechanical properties of steel

A review of the literature indicated that there éddeen more studies on the high-
temperature mechanical properties of steel thanthmrmal properties. Tests
regarding the high temperature strength propewi®s conducted in mainly two
ways: transient and steady-state tests [25]. In tthesient-state tests the test
specimen is subjected to a constant load and theosed to uniformly increasing
temperature, in the steady-state tests the tedstilspe is heated to a specific
temperature and after that a tensile test is choig. The variations in test methods
resulted in variations in the reported mechanicapprties, which in turn resulted in
variations in the constitutive models specified dodes and standards. More
information can be found in [4,25-26]. However, fas the concrete, the steel
behavior at elevated temperature can be expressdddeasum of several strains.
Equation 3.17 gives the total straf,,, as the sum of the free thermal straipy,
the stress-related stragg, and the creep stragy,

8s;,tot = 8s,’[h(e) + 8S,(s(cs' 9) + Ss,cr(G' 9, t) (3-17)

The different strains are a function of temperafyrthe stresg, and the time t. The
thermal straings (0), is a simple function of the temperature, whicakes it easy
to model and can be obtained by using equation 8elgribed above. The stress-
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related straires(6), is function of the temperature and the actingssesgs. It is
determined on the basis of transient tests undew $leating rates. Figure 3.11
shows schematically the stress-strain relationabgording to [8]. In Table 3.1 the
parameters of the stress-strain relationship gqrerted.

(o)
fsy,e

fspe

Es,e

8sp,9 8sy,e €su0 &

Figure 3.11- Stress-strain relationship for steel [8]

Table 3.1- Functions for the steel stress-strain relatign§si

Range Stresso(0)
0<e<egqysg €Esp
2 2[05
Espp< € < Esyp fopp —C+ (b/a)[a - (ssyﬁ - s) ]
Esy,ef €< Est,e fsv‘e
Estp< € < Egup fsy,e |_1_ (8 “&stp )/(Ssue ~ &gt )]
€>Egup 0.00
Parameter €0 =Tspo/ Esp €5y =0.02 €49 =0.15 €4,6=10.20
2 _
a” = Esyd ~ Espp Nesyp ~ Espp + C/Es,e
b? = C(SS 0 — € )E +c?
. { 0 s
Functions Y P

_ (f syd fSpﬁ )2
Cc=1 ) / \
(esy,e ~Espp )Es,e - Z(f sy — fspﬁ )
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It can be seen that Eurocode 2 [8] distinguisheawsden two limits for the steel
strength, § the proportionality limit, §p and the yield limit §e. The
proportionality limit is the end of the linear port of the stress-strain curve, after
which point the stress-strain relation remains telasut becomes nonlinear. The
yield limit is the point after which the stressadtr behavior becomes both non-
linear and inelastic. The concept of introducingpartionality limit in stress-strain
curves at elevated temperatures is to captureifomelastic behavior that is partly
due to the creep effect. The non-linearity afterphoportionality limit indicates that
stress causes more strain after this point thathén linear-elastic range. This
simplification enables the stress-strain curveBubcode 2 [8] to partly account for
creep strain at elevated temperature. Hence, thesssstrain relationship in
accordance to Eurocode 2 can be defined by thresaders as a function of the
steel temperature: the slope of the linear elaatige Eg, the proportional limitg,g
and the yield limit (maximum stress level)q Figure 3.12 and Figure 3.13 show
the strength and modulus of elasticity of steehdanction of temperature [8, 26-
30]. Both the strength and elastic modulus decraagemperature increases.
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< ¢ ﬁ\\(:n . 1:\ + Chen et al 2006
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Figure 3.12 —Strength of steel as a function of the temperature
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Figure 3.13 —Elastic modulus of steel as a function of the terapees

Creep is defined as the time-dependent plastidnstrader constant stress and
temperature. At room temperature and under selvalevels, creep deformations
of steel are insignificant, however, at temperatwaieove 40TC creep deformations,

€ become noticeable and may affect the global mespmf structures. More

information about modeling the creep strain belag® a function of temperature
can be found in [31].

3.33 FRP

An understanding of FRP material behavior, in temhghermal properties and
deterioration of mechanical properties at high terafures is essential to
experimentally or/and analytically investigate tHe&e endurance of FRP
strengthened structural members. The thermal anchamécal properties of FRPs
depend on the type of fiber and the polymer resatrim the fiber volume ratio and
the modulus of elasticity of both the fibers ané tmatrix materials. Based on
literature review, the thermal and mechanical prige are discussed in the
following sections in terms of fibers and polymeatnix materials followed by the
effect of temperature on the material propertiethefFRP reinforcement.

3.3.3.1 Fibre behaviour

As reported in [4, 32-33], studies have shown taabon fibers experience little to
no change to their tensile strength up to tempezataf more than 1000 [34-35],
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thus demonstrating more resistance to high temperahan glass fibers which
(similar to steel reinforcement) lose 50% of thaiginal tensile strength above 550
°C [36-37]. Figure 3.14 shows the variation in tenstrength of various fibers as a
function of the temperature as reported in sestalies.

1.20 ® Rostasy 1992 (carbon)
A Sumida 2001 (carbon)

—carbon fibers
° A Rostasy 1992 (aramid)
° A Sumida 2001 (aramid)
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Figure 3.14— Tensile strength FRP fibers as a function of terafure

Moreover, in [38] a series of tests on a varietyddferent glass fibers at high
temperatures were performed. It was concludedcamralance to other studies (see
Figure 3.14), that the strength of glass fibers veaticed to about half of the room
temperature value at about 550°C, and that the ctiestu of strength was
independent of the type of glass fibers being used35] the tensile strength of
both carbon and aramid fibers at different tempeest was investigated (see Figure
3.14). It was concluded that while carbon fibees amaffected by temperatures up to
300°C, aramid fibers experience an almost linear deeremn strength at
temperatures above 8D with a strength reduction of 50% at 3G0 More
information about the decrease of tensile strenftifferent fibers can be found in
[4,33]. In [33,39] it is stated that the type andaqtity of the fiber will significantly
influence the fire performance of an FRP composi#ass and carbon FRPs
generally smoke less, and give off less heat thaset with organic fibers such as
aramid fiber. The fiber type also significantlylugnces the thermal conductivity of
FRP, with carbon FRPs having higher thermal conditictthan glass (particularly
in the fiber direction). Finally Table 3.2 shows tboefficient of thermal expansion
(CTE) of common FRP fibers [34]. It can be seer gtass fibers have an isotropic
behavior in terms of thermal expansion while carlaow aramid fibers have an
orthotropic behavior with a negative value for twefficient of thermal expansion
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in longitudinal direction, which means that theefi shorten with increasing
temperature.

Table 3.2— Coefficient of thermal expansion (CTE) fibers

. CTE Longitudinal CTE Transversal
Fibers

[10°/°C] [10°/°C]

Glass 4-55 4-55
Carbon -0.5 55
Aramid -3.5 60

3.3.3.2 Polymer matrix behaviour

The main concerns related to the behaviour of thignper matrix with elevated
temperatures are related to the glass transitimpeeature, I As the temperature
of the polymer matrix approaches its glass tramsittemperature, the matrix
transforms to a soft, rubbery material with reduséngth and stiffness. The glass
transition temperature and the corresponding efié¢emperature on the material
properties is mainly related to the specific coniims and the properties of the
constituents [40] and is therefore different forcleaype of matrix material. A
further discussion on the determination gfi§given in section 3.3.3.2.1.

For epoxy resins, currently used as primer, adeesind matrix for the FRP
strengthening systems the degree of reduction otharécal properties at
temperatures close to theiy Tthe Ty of ambient cured epoxies is usually in the
range of 50-90C [4,33]) is of relevant importance for the stréregted structures,
mostly in relation to the bond performance. As réggbin [4, 33], a study conducted
by Plecnik et al [41] investigated the fire behavad epoxy resins commonly used
for the FRP strengthening systems. A series ofstesre performed (tensile,
compressive and shear tests) to evaluate the @igpdrature mechanical properties
of the resins. The results indicated that the gtienf these materials dropped off
very rapidly at temperatures neag, Tand that the strength was negligible at
temperatures 100°C larger thap The tensile strength reduction of the epoxy resin
as a function of temperature, tested in [41], {gorted in Figure 3.15. The other
mechanical properties exhibit similar temperatuepahdence. In [37] a series of
tests have been conducted in order to determinthémmo-mechanical properties of
a variety of matrix materials. These testes onexifip epoxy material, which is not
described in details, indicated a reduction in ¢hestic modulus of about 50% at
150°C and about 90% at about 300°C. Moreover it wasidothat the rates of
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reduction in strength depend on the heating rate,veas larger for higher rates of
heating.
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Figure 3.15- Influence of temperature on the tensile strenfgpoxy resin [41]

In [42] flexural and compressive test at differtathperatures have been performed
on an epoxy resin (F 62°C as reported by the manufacturer). The flexurstste
indicated a reduction of the initial strength obab80% at 80C. The effect of an
initial heating cycle was also investigated for #iastic modulus of the epoxy resin.
Three compressive tests per temperature (up toC3Qvere performed on prisms
that were stored at 20 and 60% R.H. for 14 days and which were thendukap

to test temperature in 1 hour and subsequenthgdest compression. Three other
prisms per temperature were stored afQ@&nd 60% R.H. for 10 days, then stored
at 80°C for 2 days, and subsequently stored at@@or another 2 days. Figure 3.16
shows the experimental results in terms of Youngisdulus. Experimental
outcomes of this study showed that the Young’'s redwas significantly reduced
at elevated temperatures. The reduction of the Ysumodulus occurred at a higher
temperature for the prisms that were stored at@@or two days prior to testing.
Heating the specimens for two days at°8) did however not affect the Young’s
modulus at room temperature. The author concluded the glass transition
temperature, § can be increased by applying a temperature cyties. effect was
also found in [43] demonstrating that the glassdition temperature could be
increased from 62C to 81°C by applying one heating cycle from “&Dto 200°C
before determining the glass transition temperature
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Figure 3.16— Influence of temperature on the Young’'s moduliuspmxy resin [42]
3.3.3.2.1Methods for determining the glass transition tempgature

To investigate the thermal behavior of a polymetrimand the T, two techniques
are often utilized: the differential scanning catwetry (DSC) [44] and the dynamic
mechanical analysis (DMA) [45-46]. DSC assigns glhess transition temperature
on changes in specific heat capacity (DSC is amhbégrrather than physical, test
method) while DMA assigns the glass transition terapire by measuring changes
in the dynamic stress-strain behavior (physicdl testhod). DMA tests can be used
to determine not only the glass transition tempeeatout also the decrease of
Young’s modulus as a function of the temperature.

A third test that can be conducted on the polynesinris the thermogravimetic
analysis (TGA) [47-48] to observe the mass lossparse with increasing
temperature. The TGA allows determining temperatued which thermal
decomposition of the constituent materials occisre information about these
tests can be found in Bakis 2008 [49], in which¥h&ous methods of assigning the
glass transition temperature and the variabilitythe assigned value of,Tare
discussed.

In [51] DSC and TGA tests have been performedvar different epoxy resins. The
DSC tests determined the values of the glass tramsemperature, that were equal
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to 78°C and 85°C for Epoxy 1 and Epoxy 2 respectively. The TGAteshowed
that both epoxy resin systems lost 90% of theirgr@800°C, 80-90% of this loss
occurring between 300 and 40C. This mass loss was associated with thermal
decomposition and volatilization of the polymerstlis temperature range. Figure
3.17 shows the TGA curves for Epoxy 1 and EpoxyERpoxy 1 experienced
virtually zero mass loss before 30Q, whereas Epoxy 2 (with agvalue 7°C
higher than Epoxy 1) experienced a gradual massdbabout 10% between 2D
and 300C. The authors demonstrated that this differenc@G@M behavior had a
noticeably influence in retention of epoxy mechaalmproperty, as explained in the
following.
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Figure 3.17 —Thermogravimetric (TGA) curves epoxy resins [51]

Moreover in [51] the residual performance of epaggin after high temperature
exposure has been investigated. The specimens teated to the desired
temperatures at a rate of approximatelyQ/@nin and held constant for 3 h, after
which the specimens were allowed to cool slowlyrémm temperature. Two
different epoxy systems were investigated. Figufi8 3and Figure 3.19 show the
normalized tensile strength after exposure to éézl/demperature. Experimental
outcomes indicated that Epoxy 1 retained essenidlllof its tensile strength up to
exposure temperatures of at least 200 but experienced major reduction (> 40%)
in strength at 250C (at least 50C below the temperature at which it began to
experience significant mass loss). Epoxy 2 appe@ar@ttrease in strength, by about
8% on average, up to exposure temperatures of@F0kely resulting from a post-
curing phenomenon of the epoxy at these tempesjtimg subsequently lost 90%
of its strength between 15 and 200°C. The authors attributed this different
behaviour to the different chemical formulationstbé respective epoxies. They
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noticed that even small losses in mass (5%) casecanajor reduction (90%) in the
residual tensile strength of epoxy resins. Nevégt® it has to be noted that the last
conclusion should be related also to the diffetené dependent temperature effects
(e.g. epoxy samples were heated at the same heaate@f the TGA test but the
temperature has been held constant for 3h).
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Figure 3.18 —Results direct tension tests on Epoxy 1 coupaotes ekposure to
increasing elevated temperature [51]
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Figure 3.19 —Results direct tension tests on Epoxy 2 coupaotes ekposure to
increasing elevated temperature [51]
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In the current research study, in order to investighe thermal decomposition and
the glass transition temperature of the epoxy sesidopted to embed the FRP
strengthening systems, thermogravimetric (TGA) aBifferential scanning
calorimetry (DSC) tests were performed. TGA and DiB&ts were performed in
accordance to 1ISO 11358 [47] and ISO 11357-2 [44pectively for two adhesives
(type Fortresin CFL, supplied by Fortius/Hughes tBeo and type Sikadur-30,
supplied by Sika). TGA tests have been performedmsn sample of each epoxy
resin, after curing for at least 7 days under amtb@®nditions. Each sample was
heated in a helium atmosphere at a heating rat®°@/min in a temperature range
from about room temperature (&) to 1000C. Figure 3.20 shows the TGA curves
for the two epoxy resin adhesives. From TGA, thexgpresins began to lose their
initial room temperature mass at approximately 282and 122°C for Sikadur-30
and Fortresin CFL respectively. Both resins losiwl?6% and 40% of their mass at
approximately 700°C. The reason of the lower thermal decompositiorbath
epoxy resins with respect of that obtained in o#ftadies [50-51] is not known but
is suspected to be related to their different ckafiomposition.

3 120 1% weight loss : 242.4C
=3 1% We\ght loss - 122.2C —Sikadur 30
B 100 — ---Fortresin CFL
N\
& 80 \\\~\
%) =g
s 60
Residue: 73.6 %
40 Residue: 60.0%
20
0 T T T T 1
0 200 400 600 800 1000

Temperature [°C]

Figure 3.20— Thermogravimetric (TGA) curves epoxy resins

The glass transition temperaturg, ®f the two utilized epoxy resins was analyzed
using a Differential Scanning Calorimetry (DSC).eTénalysis has been performed
on three samples of each epoxy resin, after cwofrat least 7 days under ambient
conditions. Each sample was held for 3 min &C0and subsequently heated in a
nitrogen atmosphere fronfO to 120C at 10C/min. Two heating cycles have been
performed. The glass transition temperature wasragted on the 2 heating cycle
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for both the specimens. Figure 3.21 and Figure 3t&2v the DSC curves of the
second heating cycle for Sikadur-30 and Fortredth @spectively. The average
glass transition temperature on three sampleséoh adhesive type isg362.7C
for epoxy type Sikadur-30 andT66.3°C for epoxy type Fortresin CFL.
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Figure 3.2% Heat flux—temperature curves Sikadur-30
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Figure 3.22- Heat flux—temperature curves Fortresin CFL
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3.3.3.2.2Conclusions polymer matrix behaviour at elevateddmperatures

The most important property of the polymer matas, far as fire behavior in FRP
strengthened concrete applications is concernetigiglass transition temperature,
T, Experimental tests at elevated temperatures Saven a reduction of strength
and stiffness properties of the polymer matrixemperatures close tq,Talthough,
no complete degradation of strength and stiffness @bserved for all the reviewed
research projects. Moreover it was found that #tesr of reduction in strength and
stiffness depend on the chemical composition ad a&lthe heating rate (the
reduction is larger for higher rates of heatingyl @hat the adhesiveg Tcan be
increased by applying a temperature cycle.

The residual performance of epoxy resin after enpo#o elevated temperature have
shown the possibility to retain a high percenta§¢he room temperature tensile

strength up to an exposure to 160- 200C. It was observed moreover that even
small losses in mass (5%) can cause drastic resuétip to 90%) in the residual

tensile strength of the epoxy resins.

Finally it has to be noted that, in the presentsarch, thermal properties of epoxy
resin are not a primary consideration because theuat of epoxy resin on the
concrete member is small in comparison to the amofinoncrete and will have a
negligible influence in the thermal analysis. Hoe structural analysis the effect of
degradation of the mechanical properties of the xgpoesin with elevated
temperature is a main concern and was taken inuatcoonsidering the bond
degradation of the epoxy resin as a function oftémeperature. This aspect will be
extensively explained in chapter 7.

3.3.3.3 FRP behavior

As stated above, the thermal and mechanical piepest FRPs depend on the type
of fibers and the polymer matrix, the fiber volumadio and the way in which the
FRP is loaded. For instance if the FRP is mainhdkd in tension the fiber thermo-
mechanical properties will govern the FRP behastoelevated temperature, while
in case of flexural or shear strengthening, in WhikRP requires to develop and
transfer high shear stresses through the interfetereen the adhesive and the
concrete substrate, the thermo-mechanical propediethe polymer matrix will
govern the FRP bond interaction at elevated tenipes The thermal behavior of
FRP strengthening systems has been reviewed ex¢ngi [33]. As for the epoxy
resin, the thermal conductivity of FRPs is not anarry consideration because the
amount of FRP in a concrete member will be smalldmparison to the amount of
concrete. Hence, the FRP’s contribution to the aVereat transfer within the
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member will be negligible. Nevertheless, when uasdxternal reinforcement, the
effect of wrapping or plating may play a role givivat the low transverse thermal
conductivity of FRPs may act to insulate the swtstconcrete from fire [33]. The
thermal conductivity of an FRP depends on the régpe, the fiber type and
orientation and the fiber volume fraction. Thern@nductivities of FRPs are
generally low with the exception of CFRPs in thigefi direction (due to the high
thermal conductivity of carbon fibers themselveSdr unidirectional composites
used in civil engineering applications, the fibi@mntrol the longitudinal thermal
conductivity and the matrix controls the transveisermal conductivity. Table 3.3
[33] shows typical thermal conductivity values abm temperature for various FRP
materials in comparison steel reinforcement badscamcrete reported in [8].

Table 3.3 —Thermal conductivities of FRPs (based on [8,33]

Thermal conductivity [W/ifC]

Materials Longitudinal Transversal
Glass/Epoxy 3.46 0.35
Aramid/Epoxy 1.73 0.73
High Modulus Carbon/Epoxy 48.4-60.5 0.87
Steel 54 54
Concrete 1.36-2 1.36-2

Another important aspect is the significant diffeze in the coefficient of thermal
expansion (CTE) between the concrete and the FR# wiermal action occurs. In
the longitudinal direction of FRP the CTE is strhnglependent on fiber
characteristics, but in transversal direction igg@verned by the epoxy matrix. Table
3.4 shows typical CTEs for various FRP materialsomparison with that of steel
reinforcement bars and concrete. Only GFRP, initadmal direction, has a nearly
identical CTE to that of concrete. In transversiagation the CTE is higher than
concrete for all the type of fibers. Therefore winégh temperature variation takes
place the large difference between transversal €arEcause radial pressure on the
surface of the FRP bars with possible cracking ofrainding concrete and
longitudinal splitting of concrete cover. Moreovéhne difference in CTE in
longitudinal direction can, also, induce thermadl ahear stresses in the concrete-
adhesive-FRP interface, which could affect theinddehavior and/or induce the
bonding failure of the FRP strengthening system.
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Table 3.4 —CTEs of various unidirectional FRPs and steel

CTE Longitudinal CTE Transversal

Materials [10°%°C] [10°%°C]
Glass/Epoxy 6.0t010.0 19.8 10 23.0
Aramid/Epoxy -2to0 -6 54.0 to 80.0
High Modulus Carbon/Epoxy -1.441t00 22.0t050.0
Steel 10.8t0 18 10.8t0 18
Concrete 61013 6to 13

In [52] the coefficient of thermal expansion of twdifferent glass/vinyl ester
composite rods has been experimentally determithedas found that the CTE, in
the temperature range from 0°C and 60°C, was d@quaBx10°/°C and 8.2x16/°C

in the longitudinal direction and 38xf0C and 32x16/°C in the transverse
direction, highlighting the high directional depende of the CTE. In [53] the effect
of temperature variation on glass and aramid FRHeneed concrete elements was
evaluated. Their study confirmed the influenceenfiperature variations on the state
of thermal strain and stress within FRP-reinforcedcrete, and the necessity of a
minimum concrete cover to prevent cracking. Mordorimation about the
coefficient of thermal expansion can be found i8]]3

Bisby (2003) [32] and Williams (2004) [15] have foemed finite difference heat
transfer analyses of FRP strengthened structuraitraes. They achieve satisfactory
accurate temperature predictions using the mathemha¢lationships given in [22]
for both concrete and steel and using the mathealaglationship given in [32] for
the FRP. Further in [32] a mathematical model fa@rinal and physical properties
of FRP based on limited research work presentg¢fdhhas been presented. Figure
3.23 shows the thermal conductivity and thermabcip of CFRP as a function of
the temperature as modeled in [32]. Thermal comdtictof CFRP decreases with
increasing temperature. The plateau in the highnbE capacity of CFRP in the
range of 340 °C to 510°C is due to additional taeiorbed during decomposition of
the resin matrix.

90



Materials properties at elevated temperatures

__0.0016 9.00
9 --Thermal conductivity 0O
g 0-0014 R e T -+Thermal capacity = * r?E
S 0.0012 \ I \ S T00E
> . 6.002
2 0.001 6-008
g \ I \ - 5003
S 0.0008 z
: .

Q.
§0.0006 / \ \ 200f
CU —
£ 0.0004 \\k — 2008
D 0.0002 b Ay ey LooB

0 ‘ 0.00

0 200 400 600 800 1000 1200 1400
Temperature [°C]

Figure 3.23— Thermal properties of CFRP as a function of terafure [32]

As for the steel, the FRP mechanical behavior avaded temperature can be
expressed as the sum of several strains. Equatidh@esents the total straiy,

as the sum of the free thermal straip, the stress-related stragg, and the creep
straingg,.

€t tot = Efth (6) + Sf,c(c’ 9) + 8f,cr(61 6, t) (3.18)

The different strains are a function of temperafiréne acting stress, and the time
t. The thermal strairg,(0), is directly dependent on the temperature inefleenent
and can be obtained by knowing the temperaturetladhermal expansion of the
FRP by using equation 3.19.

&rn(0) = 0r A0 @)1

whereaq; is the longitudinal coefficient of thermal expansiandAS is the increase
of temperature in the FRP bar. It has to be ndted for the analytical calculation
only the effect of the longitudinal coefficient tfermal expansion has been taken
into account.

The stress-related straig,s, is function of the temperature and the actingsstes,

0. An extensive literature review of test results dwe tstrength and stiffness
properties of various fiber and FRP types as ation®f the temperature increase
has been reported in [4,33]. The temperature deperzbhavior of carbon and glass
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fiber FRPs strengthening systems is shown in Fi§u2d and Figure 3.25 in terms
of tensile strength and elastic modulus. For @ltdsted specimens a decrease of the
mechanical properties with increasing temperatuas wabserved, although, due to
the different range of possible polymer matrix,efiborientations, fiber volume
fractions and surface configurations experimergabits showed a large scatter.
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The effect of high temperature on the properties-RP bars was also studied in
[55]. In this test program, the fiber reinforcememinsisted in carbon, glass and
aramid fiber. The matrix materials consisted in »xgpaesin, vinylester and

polyphenylene sulfide (PPS). Also the surface apmfition (smooth bars, ribbed
bars and spirally wound bars) was investigated.yTdileserved a tensile strength
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reduction of up to 25% at about 10C@ and 50% at 250C for carbon/epoxy
reinforcing bars, and a tensile strength reduatibap to 20% at 100C and 40% at
250°C for glass/vinylester FRP bars. No significantuebn in the elastic modulus
was observed for the FRP bars up to a temperafuappsoximately 25¢C. In [56]
the influence of the geometric properties of thdPBRvas investigated. The tested
rods consisted of straight fibers, braided fiberd atrands of fibers bundles. As for
previous tests, the decrease of the modulus ofi@tgswas less pronounced than
that observed for the tensile strength of the FRIRB.tMoreover it was observed that
the decrease of the modulus of elasticity follothe trend of other studies for bars
with straight fibers, while a large dispersion ebults was observed for rods with
braided fibers and strands of fibers bundles. ] fae temperature dependence of
the tensile strength for a hybrid carbon/glassrfiréd during and after heating was
investigated. Experimental results indicated a cédn of tensile strength of about
40 % at 100°C and 60% at 250C. It has to be noted that the anchorages zones of
the FRPs were insulated during testing. In [37]hb6FRP and GFRP displayed
strength and stiffness reductions of 20% at°@08nd about 40% at 2%0. Similar
results in terms of tensile strength reduction vwdrgserved in [58] for CFRP. In [59]
the reduction of mechanical properties of sandembaGFRP reinforcing bars
subjected to elevated temperatures (ranging frofC2® 315°C) was investigated.
They observed that the tensile strength startetoedse at about 12C (the T, of
the polymer matrix). At high temperature (3C3 due to the thermal degradation of
the polymer matrix a reduction of tensile strengt60% was observed. As shown
in Figure 3.24 b) the test results were in accordato previous tests. In [32] an
analytical model to predict the reduction of medbah properties of CFRP
materials at elevated temperatures has been peesésge Figure 3.24 and Figure
3.25). The following relationships for the tensikeength and modulus of elasticity
have been proposed:

f
% = 0.45tank 5.8310°(0 - 339.54|+ 0.45 3.20
(3.20)
f,20°C
E
0 = 0.475tanh 8.6810°(0 - 367.4)| + 0.475 (3.21)
f,20°C

Where f,oc and fq are the tensile strength of FRP bars at@nd at different
temperatures, respectively, andizyc and kg are the modulus of elasticity of FRP
bars at 20C and at different temperaturés respectively.
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Based on the experimental results collected in $&afi (2002) [60] proposed the
following temperature-dependant relationship fag thnsile strength and modulus
of elasticity of CFRP, GFRP and AFRP bars.

f
=k 22)
f,20°C

E

= ke 372
Ef,20°C

Where k and k are temperature reduction factors for the tersiilength and the
modulus of elasticity. The proposed reduction fextas a function of the FRP
temperature are shown in Figure 3.24- Figure 3r2baae given by equations 3.24-
3.27 for CFRP and GFRP respectively.

For CFRP bars:

k1 for@<6<100°C
kK 1.267-0.00268 for 100C <6<475C (3.24)
%0 fob > 475C
ge 1 for€<08<100°C
gk 1.175-0.00176 for 100C <6< 30C0°C
gk 1.625-0.00326 for 300C <0 <50C0°C (3.25)
k0 f@>500°C

For GFRP rebars:
1k 1-0.00259 for0C<0<400C
&0 f@>400°C (3.26)
ge 1 forr€ <6< 100°C
gk 1.25-0.002% for 100C <6 < 300°C (3.27)
gk 2-0.0050 for 300C <8< 400°C
k0 for6>400°C
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According to these relations, the tensile stremft8 FRP is unaffected up to 10D,
and decreases with increasing temperature, whilégihsile strength of GFRP starts
to decrease consistently with increase of temperafthe modulus of elasticity of
both FRP bars is constant up to 100, and then decreases with increasing
temperature. The relations proposed by Saafi (208@) have been used in the
analytical simulations to determine the reductidrstoength and stiffness of FRP
bars materials at elevated temperature (see chapter

Finally in [61] tension tests on CFRP and GFRP baase been performed.
Experimental results from the strength tests wesexluo show that temperatures of
about 328C and 250C appear to be critical (based on a 50% strengihctéon
criterion) for GFRP and CFRP reinforcing bars, extjvely. The modulus of
elasticity of both FRP bars was constant up to 4D0at which point it decreased
rapidly.

The third strain componeagt.(0,0,t) in equation 3.16 is the creep effect. In gehera
the creep strain of FRPs increases with increasamgperature and is largely
dependent on the matrix material. Fiber orientatigreatly influences the
temperature dependence of the creep characteridtitee FRP. The creep effects
are minimal both at room and elevated temperattoeshe direction of loading
coinciding with the fiber direction since the fisedominate the creep in the
composites, and it has been observed that comrtgraiailable carbon and glass
fibers do not creep significantly. Therefore cresins,e,, is negligible and is not
accounted in the analysis since fiber directiomcigies with loading direction [33].
Moreover it was demonstrated in [62] that the iaseein creep strain is particularly
large above 156C for an off-axis CFRP composites.

3.3.4 Insulation materials

Fire protection is crucial for structural elememtgh a low fire resistance rating.
The applied protection extends the time before egpeing any major structural
collapse during a fire event. Different type ofefimsulations are tested in this
research project: 3 board systems (type Promat-¢H Riomat-L500 supplied by
Promatect and type Aestuver supplied by Xella) @n@dpry-applied insulation

materials (type WR-APP type C supplied by Fyfe @&l type Hot Pipe Coating
and Omega Fire supplied by Superior Product EuropE)e insulation

configurations were designed to limit the adhes@raperature during fire exposure,
such to avoid significant dysfunction of the FRRidlg or after fire (see chapter 6).
The thermal properties in terms of thermal conditgtiand thermal capacity, used
for the heat transfer analysis to determine theptgature distribution in the beams
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and slabs cross sections will be discussed insétsion for the different insulation
systems.

Promat H and Promat L 500 are medium and light itleeslcium silicate boards
with a density at 26C of 870 kg/m and 500 kg/mrespectively. Equations 3.28 and
3.29, proposed in [4] are used, for the heat tenahalysis, to determine the
temperature distribution of Promat-H:

2
hpry = 0.196- 0207102 -L +0.131m072[ L [W/ntC] (3.28)
' 100 100
0 0 ) 0 )
C,y =561+101.1—-224— | +2.5— Jk 3.29
prH 100 {100} 100) LAEC] (3.29)

where Ay 4 is the thermal conductivity, Gy is the heat capacity anflis the
temperature during fire exposure. Equation 3.30 usksl to model the variation of
thermal conductivity of Promat-L500 as a functidntemperature, while the same
equation used for Promat-H (see equation 3.29)usad to model the variation of
the specific heat with increasing temperature.

2
_ 3 6 -3( 0
%prt-s00 = 0.0804- 0.58910 ﬂﬁ*L&”ﬂo[ﬂﬁ] WinfC]  (3.30)

Figure 3.26 and Figure 3.27 show the variation loérmal conductivity and
volumetric heat capacity,,c(given by the product of the density and the heat
capacity) as a function of the temperature fortthe insulation systems.
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Aestuver is a glass-fiber reinforced lightweighhceete board with a density at 20
°C equal to 680 kg/t Figure 3.28 shows the variation of thermal cotiditg,

Aaest, @nd volumetric heat capacity,g«(given by the product of the density and the
heat capacityys a function of the temperature, according tcstpstformed by the
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manufacturers. The thermal conductivity was obthibg the hotwire method in
accordance to [63] and the specific heat by Difieéed Scanning calorimetry (DSC)
in accordance to [64]. Equations 3.31 and 3.32 wwed for the heat transfer
analysis, to determine the temperature distribubibAestuver:

3
Mgt = 2.21010" - 8.0010°3 9 _o0m09-L| erc<o<726C [W/m°C]
' 100 100

Mpest = 4.20101 - 21072 9 726°C < 0 < 944°C [W/m°C]

100 (3.31)
Agest = 6.110" —9.171072 %) 94%C <6< 1000°C [W/m°C]
Mpest=1.211- 1.5&0‘1%) 100€C <8 < 1200C [W/m°C]
Caest=1740 0°C <0< 400C [J/kg°C]

(1740-1330)
Caest, = 1740~ “(a01=400) 401-400)  400C <6< 401°C [J/kg°C
aest. 401_ 400 ( ) [ g ]

Caest.=1330 4@1< 0 < 700°C [J/kg°C]
Coest =1330~ (1330- 479 (701-700) 700C <0 < 701°C [J/kg°C]
(701-700
3.32
Caest =1470 7L< 0 < 900°C [J/kg°C] ( )
Caest = 1470- (L470- 629 (901- 900 900C <8 < 901°C [J/kg°C]
(901-900
Caest = 625 9@ <6 < 1100C [J/kg°C]
Caest = 625— (625-1109 (1101-1100  1100C < 6 < 1107°C [J/kg°C]

(1101-1100
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Experimental tests showed (see Figure 3.28) thatthilermal conductivity of the
Aestuver board increases up to 725 after which it decreases till approximately
926 °C and then continued increasing with increase teatpee. The volumetric
heat capacity remained nearly constant up to “@0at which point a decrease of
thermal capacity was observed likely due to chelmicaaction in the insulation
material. A second drop in the volumetric heat c#gawas observed at
approximately 900C. At that point the volumetric heat capacity remeal nearly
constant up to 110€C, at which point it started to increase againsTiehavior is
related to several chemical reactions inside tlsal&tion materials that have not
been investigated in details in the present rebgamagram.

WR-type C is a vermiculite/gypsum fire resistarghtiveight cementious plaster
with a density at 20C of 269 kg/m. The thermal properties in terms of thermal
conductivity and volumetric heat capacity basedaosemi-empirical relationship
suggested in [32] (see equation 3.5, 3.33 and $184¢ been incorporated into the
thermal analysis. Figure 3.29 shows the thermabugotivity and the volumetric
heat capacity of WR-type C as a function of thepgerature. According to [32] the
thermal conductivity decreased up to 20premained nearly constant till 5@
and then increased with temperature. The pealkh®roblumetric heat capacity was
at about 108C and was due to evaporation of entrapped watérctsumed most
of the heat energy.
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(3.34)
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The second spry-applied fire protection system istmsin two ceramic based
materials: Hot Pipe Coating (HPC) and Omega Firg].[61ot pipe coating is
designed to control heat transfer on surface teatpess. It is a unique combination
of a specially designed resin blend with specifieramic compounds (seven
different ceramic compounds) added to provide acwnductive block against heat
transfer. It is water-borne and lightweight in ap@ace; the density at 20 °C is 599
kg/m®. This coating will dry slowly by evaporation anarche aided in the dry down
by adding heat to the environment. The Omega Fostains eight different
ceramics mixed with glazing materials and will glaand harden to stop flame,
smoke and gas penetration. Its density at 20°Qusleto 1138.5 kg/fh

Figure 3.30 shows the thermal conductivity and tYwdumetric heat capacity
(obtained multiplying the density with the heat aeipy) of the HPC insulation

system as a function of the temperature. The thHeomaductivity was obtained

experimentally, by manufacturers, according to [68] which the thermal

conductivity of the HPC at different temperature top500C was experimentally

tested. Based on experimental outcomes the equat®® was proposed by the
manufacturers.

Aypc = 0.059+ 0.000118 [W/AC] (3.35)

WhereAypc is the thermal conductivity of HPC afds the temperature.
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The heat capacity of the Hot Pipe Coating was abthi experimentally by
Modulated Differential Scanning Calorimetry (MDSQO)ests were carried out at
Ghent University. MDSC measurements were carrigdisimg a Q2000 Modulated
DSC equipped with a refrigerated cooling systeny hitrogen at a flow rate of 50
ml/min was used to purge the DSC cell. The ampéitatithe temperature was 0.5
°C, the period was 100s and the underlying heatatg was 2C/min. Three
samples were tested. The heat capacity was evdluaten CC to 380C.
Experimental outcomes showed a peak of the heacigpat about 100C, at
which point the heat capacity stayed approximatelgstant up to 27C, then a
decrease was observed. For temperatures higheB8tB@, a constant value of heat
capacity was considered. Based on the experimgndalicomes equation 3.36 is
proposed for the heat capacity as a function optaature:

Cpnpc =1890 0°C<0<100°C [J/kg°C]
(5510-1890)
c =1890+ - — ——"7(9 -100 o
D HPC A10-100 ( ) 100°C <0< 11C°C [I/kg°C]
(4500-1890)
c = 5510+ ~— (9 -110 o
D HPC i20-110 ( ) 110°C <6< 120°C [J/kg°C]
(4610- 4550) (3.36)
c = 4500+ — > (9 -120 °
BHPC f70-120 (0-1200  120°C <6< 170°C [Ikg°C]
Cphpc = 4610 170°C <8 < 240°C [J/kg°C]
(1890- 4610)
c = 4610+ —— "~ (0 - 240 o
bHPC (260~ 240) ( ) 240°C <8< 260°C [I/kg°C]
Cprpc = 1890 260°C <8 < 1200C [J/kg°C]

The volumetric heat capacity, g used in the heat transfer analysis, was obtained
according to equation 3.5.
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The thermal conductivity of Omega Fire was obtaigdthe hotwire method in
accordance to [67]. Experimental tests were camig¢idat the Department of flow,
heat and combustion mechanics of university of GhEne sample was positioned
in an oven to measure the thermal conductivityoahr temperature, 106G, 200C,
300°C, 400°C, 500C and 600C. However, between 200 and 300C the sample
expanded and the test had to be stopped. Conséquenily results for the first
three measurements were available. It has to bedntitat a similar behavior
(expansion of Omega Fire with considerably crasks} observed also during the
fire tests (see chapter 6). No further tests wemedacted on the Omega fire for
investigating its thermal conductivity. The averaigermal conductivity up to 20QC
was equal tdomegarie 0.24 W/niC.

The heat capacity of the Omega fire was experintigrtested following the same
procedure adopted for the thermal capacity of tR€Hoating. As stated before, for
temperature higher than 38D the heat capacity was assumed constant with
increasing temperature. Based on the experimegdalts equation 3.37 is proposed
for the heat capacity as a function of temperature:
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*’C<B8<9*C [J/kg°C]
(6-90) 9PC <0< 110°C [J/kg°C]

(6-110) 110°C< 0 < 25C°C [J/kg°C] (3.37)

(6-250) 250°C <6< 330°C [J/kg°C]

330°C < 6 < 1200C [J/kg°C]

The volumetric heat capacity, v, used in the heat transfer analysis, was obtained
according to equation 3.5. In Figure 3.31 the vatrin heat capacity of Omega
Fire as a function of the temperature is shown.

Volu,etric heat capacity [16J/m¥C]

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0.00

0

200 400 600 800 1000 1200
Temperature [°C]

Figure 3.31Volumetric heat capacity as a function of tempeetDmega Fire

3.4 Conclusions

In this chapter an overview on the effect of terapgre on the thermal and
mechanical properties of concrete, steel reinfoem@adhesive, FRP and insulation
materials has been given. It has been shown thaglifthe constituent materials of
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an FRP strengthened member, the mechanical prepatégrade with increasing
temperature. There are many available studies @riitta behavior of conventional
concrete and steel structural members. These stddimonstrated that the behavior
of constituent materials at elevated temperaturk fan a given load level can be
formulated with reference to several strains asnatfon of the temperatur®)( the
acting stresses} and the time of exposure (t). Also an understagdif FRP and
polymer matrix behavior, in terms of thermal prdjger and deterioration of
mechanical properties at elevated temperaturesssngéial to experimentally or/and
analytically investigate the fire endurance of FRfengthened structural members.
Fibers exhibit a good resistance to elevated teatpes, while for FRP composites,
the rate of degradation of strength and stiffneseperties is faster than concrete and
steel due to the low tolerance of the polymer mdtrielevated temperatures.

The most important property of the polymer matras far as fire behavior in
reinforced concrete applications is concernedhésgiass transition temperaturg, T
Reduction of strength and stiffness properties haf polymer matrix have been
observed, in several research studies, at tempesatlose to J In the reviewed
literature, strength of epoxy is completely lost¥alues of temperatures higher than
2-2.5 Ty. At 1.5 Ty strength and stiffness are reduced; yet limitedsstrtransfer
remains possible asl5% of the original strength ane8% of the original stiffness
remain available. Although the reduced stiffnesstloé adhesive at elevated
temperature can have a positive influence on a BRéhgthened member (the
reduced stiffness of the adhesive can reduce thar dtresses at the FRP/concrete
interface), as will be discussed further in thddfeing chapters (see chapter 4,
section 4.5 and chapter 7 section 7.4).

Moreover it was found that the rates of reductiostrength and stiffness depend on
the heating rate (the reduction of mechanical pittaseis larger for higher rates of
heating) and that the adhesivgchn be increased by applying a temperature cycle.
The residual performance of epoxy resin after enpo#o elevated temperature have
shown the possibility to retain essentially all stsength up to exposure of 8D
(~2Ty). From experimental results on tensile tests afh Tesults it looks that
considerable reductions of epoxy resin tensilengtie are observed at temperatures
close to that at which epoxy resins have experigrgignificant mass lost. For
instance even small losses in mass (5%) can caaséadreduction (up to 90%) in
the residual tensile strength of the epoxy resins.

The thermal and mechanical properties as a funcidhe temperature of concrete,
steel reinforcement, FRP strengthened system andhiton materials, described in
this chapter, will be used in chapter 7 for thethesnsfer and structural analysis of
the tested beams and slabs under fire exposure.
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Chapter 4

BOND OF NSM FRP BARS UNDER ELEVATED
SERVICE TEMPERATURE: EXPERIMENTAL AND
ANALYTICAL INVESTIGATION

4.1 Introduction

The deterioration of mechanical properties in imlial materials is not the only
concern related to FRP strengthened elements eteleated temperature and/or fire
exposure. Indeed a temperature rise also affeetdotind behaviour between the
FRP-adhesive and adhesive-concrete interface. Expetal results, from literature
review (see chapter 2), have shown a decrease md behaviour at the FRP-
adhesive or the adhesive-concrete interface for ERf@ngthening systems at
elevated temperatures. Temperatures, at or beyendlass transition temperature,
significantly influence the stress transfer mecbkami especially in terms of
maximum bond stress, transfer length and bondréslmodes.

While the bond behavior of NSM FRP strengtheningteayns, at ambient
temperature, has been investigated quite extegdited] focusing on the effects of
various system parameters (e.g. groove charadtsristdhesive type, FRP shape,
FRP surface configuration, bond length, etc..)thi® knowledge of the author, no
information is apparently available in literatune e influence of elevated service
temperatures on the debonding behaviour of neafacr mounted FRP
strengthening systems.

Therefore, to investigate the effect of servicederature in terms of failure load,
strain distribution, bond strength and failure a$p@0 double bond shear tests at
different temperatures (up to 100°C) have been wrec[6-7]. A comparison
between un-conditioned (20°C) and conditioned spens was performed to
evaluate the degradation due to thermal exposure.

4.2 Description of specimens and test matrix
The double bond test is schematically represente#igure 4.1. The specimen
(nominal dimensions 150 mm x 150 mm x 800 mm) isygosed of two concrete

blocks (150 mm x 150 mm x 400 mm) with a squaré#mgular groove in the
middle at both sides for embedment of the NSM midps. A thin metal plate
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separates the two concrete blocks. The heightisfolate is taken 135 mm (15 mm
less than the height of the prisms) so that boiemm remain aligned during

hardening of the adhesive, specimen manipulatiahFRP application. Two steel

rebars, with a diameter of 16 mm, are embedde@ddh @rism. These internal steel
bars do not connect the two concrete parts, whiegans that the two blocks are only
joined through the NSM FRP bars. The FRP reinfoemranis left un-bonded over a
central zone of 100 mm (where the two concreteksl@onnect to each other). Only
one block is the test region, and for which a béemgth of 300 mm has been
applied for all the test specimens. To prevent bfaildre in the second concrete
block a bond length of 350 mm and an extra clangharage are used.

The influence of the FRP reinforcement shape (xa&asus strips), the type of fibers
(carbon and glass fibers) as well as the type dhse configuration (sand coated
and spirally wound bars) are evaluated. The NSM E&Rforcement comprises
CFRP rods and strips, and GFRP rods. The matendglepties are given in section
4.3. Four different levels of temperature have besed: 50, 65, 80 and 100 °C. The
temperature level was chosen in relation to thesgteansition temperature gTof
the utilized epoxy resin which equals 66°C. Thesglaansition temperature of the
epoxy resins was experimentally determined on tasisbof DSC (differential
scanning calorimetry), according to 1ISO 11357-2d8]specified in chapter 3. The
tests conducted at elevated temperatures are cethpaith those at room
temperature (20 °C).

Side A-A 1100 Cross Section
800 -4
150 150 350 5050 300 50 150 5 1®
b 1 ] \7 I
IN‘{ [ - \ < ‘ ‘\ in] —
— 35 ERP bar TO0 d‘/i 35 "Extra Clamps
~~ unbond r
LVDT unzg:ee ) Steel Platé
Side B-B Strain Gauges 135 x 150 mm .
— B | o
= =
<=1 Test Region

Il

Figure 4.1- Double face bond shear test set up (dimensionmi
An overview of the different test specimens and rir@n test parameters (type of

fiber, surface configuration, bar/strip dimensiogspove dimension, temperature
and batch number) are given in Table.4The specimens are listed using the
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following designation: the first letter C or G iedies carbon fibers or glass fibers,
respectively; the second notation, SC, SW and Sh&cates the type of
reinforcement: sand coated rods, spirally wounds kar smooth strips; the third
notation indicates the test temperature: 20, 50,885and 100 °C. The last letter
indicates the test sequence of the two similar ispets tested for each analyzed

parameter.
Table 4.1- NSM FRP properties
Dimen Groove Temp
Specimens Fiber  Surface " dimension - Batch
[mm] [°C] no
[mm]
C_SC_20_a Sand
CsC20b C3PON oateq 953 15 x15 20 5
C_SC_50_a Sand
C sC50 b CaPoOn Coateq 993 15x15 50 )
C_SC_65_a Sand
CsC 65 b CaMPON Coateq 993 15x15 65 )
C_SC_SO_a Sand
C sC 80 b CaMPON Coateq 993 15x15 80 3
C_SC_100_a Sand
CSC 100 b CAMON coared 953 15XIS 100 3
G_SW_20_a Spirally
G SW 20 b ©BSS oy 100 15x15 20 1
G_SW_65_a Spirally
G SW6sb OB \woug 100 15x15 65 1
G_SW_100_a Spirally
G sw 100 b C®SS \young 100  15x15 100 1
C_STR_20_a
C_STR 20 b Carbon Smooth 2x16 8x25 20 3
C_STR_100_a
C_STR 100 b Caon Smooth  2x16  8x25 100 3
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4.3 Material properties

Three different concrete batches with the sameredmcomposition were used. The
concrete composition (per Jnis given in Table 4.2. The maximum size of
aggregates was 16 mm. For each batch extra specinae been cast, to determine
the properties of the hardened concrete: threenadsits (height 300 mm and
diameter 150 mm) for compressive strength testi@ythree prisms 150 mm x 150
mm x 600 mm for the bending tensile strength tegstihese tests have been
conducted according to Belgium standard [9-10].e Tiean cylinder compressive
strength, § at 28 days equals 43.7 N/fm45.1 N/mm and 45.5 N/mr
respectively and the tensile strength, (fhe tensile strength was determined by
splitting tests on the remaining halves of themsdgor the bending test) equals 3.2
N/mn?, 3.2 N/mnf and 3.3 N/mrfrespectively.

Table 4.2 —Concrete composition

Material Composition
Fine sand 0/4 655.0 Kg
Fine aggregate 2/8 190.0 Kg
Coarse aggregate 8/16 1120.0 Kg
Cement CEM | 52.5 300.0 Kg
Water 165.0 Kg

The FRP reinforcement consisted of: CFRP rods ampss(type Aslan 200 and
Aslan 500, supplied by Fortius/Hughes Brothershwtnominal diameter of 9.53
mm and dimension of 2 mm x 16 mm respectively, @rdRP rods (type Aslan 100
supplied by Fortius/ Hughes Brothers) with a normidiameter of 10 mm. The
CFRP rods, as reported by manufactures, have 1928 ténsile strength and 126
GPa Young's modulus, the CFRP strips 2068 MPa ltessiength and 124 GPa
Young’s modulus and the GFRP rods 760 MPa tensikength and 40.8 GPa

Young’s modulus. An overview of the FRP reinforcerngroperties is also given in
Table 4.3.

Table 4.3 —Properties FRP reinforcements

Dim. ff Ef €ty
[mm] [MPa] [10°MPa] [%]
Aslan 200 CFRP  9.53 1900 126 1.6
Aslan 100 GFRP 10.0 760 40.8 1.8
Aslan500 CFRP 2x16 2068 124 1.7

FRP Type
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All the NSM FRP reinforcements were embedded ihtodrooves by means of an
epoxy resin (type Fortresin CFL supplied by Foitidshe epoxy resin had a direct
tensile strength of 27 MPa, an elastic modulus ppreximately 4000 MPa,
evaluated according to EN 1SO 527-2 [11], and agtaansition temperature equal
to 66 °C evaluated according to 1ISO 11357-2 [8].

4.4 Specimen preparation and test procedure

The FRP NSM rods/strips were applied accordindnéoprocedures specified by the
manufacturers. After hardening of the concrete,giftmves were saw-cut and then
air-blasted to remove the powdered concrete pratuog the cutting. The
dimensions of the grooves (Table 4.1) were definearder to be at least 1.5 times
the diameter, ¢l of the NSM FRP bars and at least 3 times thehnaaiid 1.5 times
the height of the NSM FRP strips. The grooves wigled half way with epoxy
resin and the bars were then positioned and ligbtgssed. More material was
applied if needed and the surface was leveled.ngwf the FRP NSM was allowed
for at least 7 days under laboratory environmeimt.pkessing devices were applied
during curing.

Specimens were equipped with five strain gaugegawmh NSM FRP rod/strip to

measure the strains along the bonded length. Thgegawere applied at 10, 80,
150, 220 and 290 mm from the loaded end of the &dmdd/strip (see Figure 4.2).
The spacing (70 mm) between each strain gauge kas loonsidered as a
compromise in order to limit the influence on th@ mechanism [12] and to have
a local measure of the bond shear stress. Théveetdisplacement between the FRP
reinforcement and the concrete, at the loaded emg, recorded with two linear

variable differential transducers (LVDTSs), one pite face of the monitored prism.
LVDTs are fixed to the concrete by means of a métter and are directly

connected to the reinforcement (see Figure 4.1).
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‘ Unbonded
Zory SG: Strain Gauges

Position SG
Gl SG2 SG3 SG4 SG5 ‘
1 = = = = =7 ]

1|

L sG ! 80 , 150 , 220 , 290 i ]\
107 300
‘ Unbonded T: thermocouples in the resin
Zory Ts: thermocouples on the resin surface
/1T T 0
® @ vz, [ ]
]
50, 60 180 60 50

Figure 4.2- Position of strain gauges and thermocouples

For the tests at elevated temperatures an eldchridlow furnace was used. The
oven was placed around the specimen in the zorn®uitclamps (monitored side).
All gaps between the furnace and the specimen filkzeé with mineral wool. The
temperature in the furnace (by measuring the aip&rature inside the furnace) and
the temperature within the test region of the sped were controlled by
thermocouples (type K). Two thermocouples were gilainside the epoxy resin at
respectively 60 and 240 mm from the end of the stoigf (see Figure 4.2). The
specimens were heated in the oven for at leastoli8stbefore testing. Hereby, the
defined testing temperature (Table 4.1) is obtai@iethe measuring locations. The
temperature was kept constant during testing. hIgpecimens were axially loaded
up to failure in a 1000kN universal axial testingahine. Testing was conducted in
displacement control mode with a 1 mm/min crossddhdigplacement rate. In Figure
4.3 a view of the test set up with and withoutaken is given.
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Figure 4.3—Position of strain gauges and thermocot
4.5 Test results
4.5.1 Behavior at ultimate load

The main tests results are reported @&ble 44 where F is the ultimate load of one
bar/strip (half of the load applied on the specijratrbond failure;  +/F, 2o the ratio
between the ultimate load at different temperatares the uimate load at ambient
temperature (26C), T.~F.J/Wl, is the average bond shear stress obtained astit
between the ultimate load of one bar/strip andptteeluct of the perimeter of the k
and the bond length,, TaxiS the peak values of the local shear stress eteal Uy
the strains recorded lgauges 1 and 2 (sFigure 4.2) andyax 1 /Tmax201S the ratio
between the maximum local shear strestemperature T and that at ambient
temperature. In Table 4.dlso the observed failure mode eported, using the
following abbreviationDB R/C is the debonding at resin/concrete interfand PC
is the pull out of the bar.

Bond stresses have been evaluated by utilizing rerpatally recorded strair
along the FRP.The equilibrium of an infinitsimal length dx of an FRP
reinforcement bar/strip (Figure 4.dan be expressed equation 4.1:

GfAf + Ts Uf dx = (Gf + de )Af (41)
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Figure 4.4— Equilibrium FRP bar

Therefore referring to two consecutive strain gaugangingAxi= 70 mm, the
equilibrium equation, assuming uniform distributiafi the bond stress in the
analyzed discrete interval gives equation 4.2:

1, = E Ar Ag 4.7)
u; AX;

With 1, the bond stress in the FRP reinforcement betweencomsecutive strain
gauges, Ethe elastic modulus of the FRP reinforcementth® cross-section area,
w the perimeter of the FRP reinforcement aglthe measured strain difference
between the two considered strain gaudeslable 4.4 reference is made (unless
stated otherwise) to the average test results raddtaby the two equivalent
specimens tested for each parameter combinatiom.sfdndard deviation for each
parameter is shown in brackets.

From experimental outcomes, an increase of loadhaigp equal to 21% was
observed by heating the specimen C_SC to a temyperatjual to 50°C. Further
increases of temperature {65 8°C and 10€C) resulted in a decrease of failure
load for all the type of specimens tested, thoughdxtent of reduction of failure
load differs significantly. As demonstrated in [138} for EBR strengthening, the
tendency of an increasing failure load with inciegstemperatures up to %0
(specimen C_SC 50) can be related to the differenceoefficient of thermal
expansion between concrete and CFRP and/or theeddtoung’s modulus of the
adhesive.
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Table 4.4—-Test results

Specimens Fo Fut/Fuo  Tav Tmax  TmaxTTmax20 Failure

kN [ MPal (vpa ] mode
C_SC_20 (507_'3 100 64 (102_'3 1.00 22
C_SC_50 (72992) 121 78 (114'72) 111 22
C_SC_65 (532_3; 090 58 (g:g) 0.77 PO
C_SC_80 (3’51"2% 055 35 (; '958) 0.58 PO
C_SC_100 (20‘%(; 042 27 4('_‘;5 0.34 PO
G_SW_20 (529'2? 1.00 56 (83;1) 1.00 o
G_SW 65 (411"2(; 081 46 (gzg) 0.75 PO
G_SW_100 (10‘T'27) 029 16 %_')6 0.31 PO
C_STR 20 (466"7?; 1.00 52 (g:g) 1.00 o
C_STR_100 (26253; 048 24 (éfs) 0.49 PO

(-) data of one specimen

Moreover it was observed that, considering thathel NSM FRP rods/strips were
embedded with the same adhesive, specimens stezrgthwith CFRP rods/strips
show a lower decrease of failure load with respecGFRP rods with increasing
temperature (e.g. the decrease of load at 100°@l®gespectively 58% and 52% for
NSM FRP carbon rods and strips with respect to NERP glass rods that was
equal to 71%). This difference disappears whennthgimum bond shear stresses
are compared. This can be justified consideringdidereasing of bond strength of
the concrete/adhesive interface with increasingotature and the change of type
of bond failure by increasing the temperature (seetion 4.5.2). The smaller
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decrease of ultimate load found for specimens gthemed with CFRP strips

compared to specimens strengthened with CFRP radsbe related to several
aspects: the smaller width of the groove (see tdll in which the NSM strip is

embedded, the higher confinement effect of the mamn NSM strips (induced by
a larger bond surface), the different stress thigtion, the bond stiffness and the
surface configuration. It was, also, observed #ipgicimens strengthened with NSM
FRP strips have a higher standard deviation thamothers specimens.

Increasing the temperature at and beyond the glassition temperature g Tof the
adhesive results in a reduction of the maximum b&treksy,.., (caused mainly by
the decreasing of bond strength of the concretekidé interface with increasing
temperature) and in a change of the type of bordréa(see section 4.5.2). The
reduction of peak bond stress as function of teatpegs is also plotted in Figure
4.5. The small impact on peak bond stress at eddvegmperature (10Q) of the
NSM strip [max ¥ Tmax,2-0.49)is mainly related to its relatively low cross seotl
area/perimeter ratio with respect to round barSu{/Tmax20-0.34 and
Tmax, ¥ Tmax,26=0.31 for CFRP and GFRP rods respectively), whettleasemperature
influence mainly acts on the bond interface.

No complete bond degradation at the FRP-concreterfate is observed by
increasing the temperature up to 15T

18

E 16 i = C_SC
£ : i -4- G_SW
Z14 B--— o -e-C_STR
012 u i
S N
‘5 A =\ < | |
8 R — .
@ 6 - T \:'.:-‘:\l\ <.

4 bty

2 - ; 2

O T T : 1

0 20 40 60 80 100 120

Temperature [°C]

Figure 4.5— Bond shear stresses as a function of temperature
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4.5.2 Failure modes

Two different types of failure modes were obse. Debonding at the
concrete/epoxy interface (DB C/Ryith varying degrees of concrete damage,
depending orthe bar/strip surface configurat, was the predominant failure mode
observed forspecimen tested at 20°C and°C (the failure of specimen C_SC_20
and G_SW_20 is reported in Figuré 4-b as reference). For GFRP specimens the
higher deformed area spirally wound rods let to a more brittle failuré&wrespec

of that observed in specimens strengthened sand coated rods and smooth strips.
Indeed for specimenstrengthened with GFRP rods, once the longitudimatks
had developed along the bond lénghe epoxy cover spalled toget with a layer

of concrete surrounding the groovseeFigure 4.6b).

Increasing the temperature at or beyond the adbésansition temperature leads
a change in failure mode. Indkat temperatus higher than 50°C the failure mode
changes from debonding at thencrete/epoxy interface to debonding the
FRP/epoxy interface (PO) with a pull out of the FRR/strip (seeFigure 4.6c).
This type of failure mode occurs agpare interfacial failure and is identified by t
absence of adhesive attached to the bar surfasefaiure. This change in failu
mode is a clear indication of deterioration of methal properties of the epo:
adhesive at elvated temperatures; indeed at temperatures hitjan 50°C the
failure aspect becomes similar for all the specsnem matter which was the
surface configuration, as in this condition therdase of the adhesive’s mechan
property is always governing.

a)

Figure 4.6—Debonding concrete/epoxy interface at 20 °C focspen C_SC (a
and G_SW (b) and pull out of bat 65 °C for specimen C_SC (c)
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4.5.3 Strain distribution

The bond behavior along the bond length is reftbdig the strain readings at
different load levels. Figures 4.7- 4.9 show thaistdistribution (average strain of
two sides) along the bar bonded length for specintested at 2&. Each curve is
corresponding to a specific load represented aareeptage of the ultimate load (it
has to be noted that for some of the specimenstthin gauges get damaged before
reaching the failure load). The x-axis starts frivm loaded end of the FRP rod/strip
and ends at the end of the concrete block (freg. @itk first point for each load
level is the theoretical straia, computed as equation 4.3

R 4.3)
ErA¢

g =

Where F is the load of one FRP bar/strip; i& the elastic modulus of the FRP
bar/strip and Ais the cross section area.

The strain measurements were connected with strdighs to visualize the

tendency of the strain distribution. It should heeebe realized that the actual
strain distribution is not necessarily linear disited between two points. From the
strain distribution diagrams the load transfer nagi$m can be observed. The strain
distribution along the bond length is characteribgdin almost exponential trend of
strains at lower load levels and the strain gadigeom the loaded end do not read
strains. The distance required for the strain sxihealmost zero (the strain value is
defined negligible at 1% of the strain measuretth@tioaded end for each load level,
%F,) in the stage of linear elastic material behaisdhe so-called transfer length.

At lower load levels (a load value equal to 20kMu& to almost 40% of the
ultimate load of specimens tested at room temperatwas chosen for all the
specimens) and at ambient temperature°@20the strains are concentrated
respectively in the first 150 mm from the loaded @f the FRP reinforcement for
specimens strengthened with carbon bars (C_SCyksd bars (G_SW) and 100
mm for specimens strengthened with carbon stripsS{@R). This means that the
FRP shear and normal stresses are mainly trandfarrihis area. Once debonding
starts at the loaded end, a further increase id tpadually displaces the transfer
region towards the unloaded end and the straimilulision gradually approaches a
linear shape (see Figure 4.7-4.9). It has to bechtitat specimens strengthened with
glass bars evidenced a more concentrated strdibdison along the bond length
(around 220 mm at 80% of failure load, as showifrigure 4.8) with respect to
specimens strengthened with carbon bars and gtripghich, at loads close to
failure, the full available bond length of 300 msdeveloped. Considering that, at
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20°C, the glass bars achieved a failure load companaith that achieved by the
carbon bar/strips, the different behavior in strdistribution may be related to the
surface configuration of the glass bar as wellaathé different Young’s modulus
(126 GPa for CFRP rods, 124 GPa for CFRP strips4en@ GPa for GFRP rods)
whereas smaller transfer length is expected ftfestinaterial behaviour.

0.80

e[%] +-20%
0.70 /4 -40% |

060 TN\ —50% |
0.50 5[ 7%

’ /\ --80%
0.40 ]A\\ \ ~Failure]
0.30 -

B

o2 X NN e

L S

200 300 400
liranst.= 150 Bond Length [mm]

Figure 4.7— Strain distribution specimen C_SC_20
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Figure 4.8— Strain distribution specimen G_SW_20
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Figure 4.9— Strain distribution specimen C_STR_20

In Figure 4.10- 4.13 the mechanical strain distidou(strain average values of two
specimens) of specimens strengthened with carbo (ia SC) tested at different
service temperatures are reported. The strainumeaent just before applying the
load was taken as reference, to make a clear distmbetween the mechanical and
thermal strain. The transfer length was evaluabedifchosen load level equal to 20
kN (equal to almost 40% of the ultimate load of dpens tested at room
temperature), which belongs to the elastic stagespEcimens tested at room
temperature. It has to be noted that for specirastedl at 80C and 100C the load
level of 20 kN is no longer corresponding to thesét stage of the specimens.
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Figure 4.10- Strain distribution of specimen C_SC_50
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Figure 4.1% Strain distribution of specimen C_SC_65
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Figure 4.12— Strain distribution of specimen C_SC_80
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Figure 4.13— Strain distribution of specimen C_SC_100

It was observed that the transfer length at roanptrature increased by increasing
the temperature, with a consequent more linearildigion of strains over the FRP
bond length. In particular for specimens teste8i0&€C and 100C the transfer length
increased with a factor of 2.0 with respect t6Q0Similar behavior was observed
for specimens strengthened with GFRP rods and CERIPps. The strain

distributions at different temperatures
(section A.3). An overview of the i
temperature is given in Table 4.5.

for all gpeens are reported in Appendix A
ncrease of tf@nslength with increasing

Table 4.5—Evaluated transfer length at 20 kN as a functiothe temperature

20°C 50C 65C 8CUC 100C
LCSC 150 220 270 >300 > 300
[mm]
LG SW 459 . 270 - >300
[mm]
LCSTR 900 . = . 300
[mm]
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4.5.4 Shear Stresses

The double bond shear tests were carried out indifferent steps: (1) heating of
the specimens and (2) loading of the specimensrettant temperature. During both
steps shear stresses are transferred from the FSRP dttengthened systems to the
concrete. Applying a load to the NSM FRP strengdlderbars will result in
mechanical shear stresses at the concrete/FRRaggeMoreover it has to be noted
that, during the heating of the specimen, the difiee in coefficient of thermal
expansion between the concrete10x10°%°C) and the FRP (e.gy= -1 to 0 x10
¢/°C in the fiber direction for CFRP) will, also, résin the development of shear
thermal stresses at the concrete/FRP interfacecamgsponding normal thermal
stresses in the FRP with increasing temperature.

The shear thermal stresses at the concrete/FRRfaree were determined
analytically according to a kinematic model develdpn [15]. The model only takes
linear elastic material behavior of the concretd &RP into account as thermal
stresses can be expected to be small. The modatcordance to previous studies
[14] was modified considering also the shear st of the adhesive layer, which
was not included in [15], in order to take into @aat the effect of the reduced
Young’s modulus of the adhesive at elevated teniperaThe model is described in
details in Appendix A (section A.1). The shear thal stresses are determined by
equations 4.4 and 4.5 for round bars and strigzecely:

4.4
(%) = jmsmh (DX (4.4)
T.(X) = EftmeSIHh oX) (4.5)

where:

- Esis the Young’'s modulus of the FRP reinforcement
- &ar = 0AT is the thermal strain of the concrete
- 0 is the coefficient of thermal expansion of coneret

2k .
= for round bars and? = —2- for strips
tdp Eits

1 1 1
- —= +

kG ch kGa
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- kge = _ E(M is the stiffness of the concrete
2 [(1+ Vc) |:hc,(-:‘f
E.(T
- Kga = __E( is the stiffness of the adhesive
2L+v,)0,

- E(T) is the young modulus of the concrete at temntpeeal

- heer is the effective height equal to 50 mm or two tirties maximum
aggregate size

- ELT) is the Young modulus of the adhesive at tenpeeal

- t,is the thickness of the adhesive layer

- dpis the diameter of the FRP bar

-t is the thickness of the FRP strip

- V¢ andv, are the Poisson ratio of the concrete and thesaghassumed
equal tov=0.2 andv= 0.3 respectively

- listhe bonded length

- Xxisthe distance from the middle of the bondedjtlen

The analytical shear stresses for specimen C_Si#fatent temperatures are given
in Figure 4.14.
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— —50°C
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B
= 4.00
[J]
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T
£ 0.00 4
Q -
£ -2.00 7
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Bond Length [mm]

Figure 4.14— Thermal shear stresses specimen C_SC at diffeneperatures and
at OkN

The mechanical shear stresses, induced by loadittged-RP strengthened systems

were determined from experimental data by usingaggn 4.2 (see section 4.5.1).
The shear stress distributions are plotted in FEgdrl5 - 4.17 for specimen

130



Bond of NSM FRP bars under elevated service temperature:
experimental and analytical investigation

C_SC 20, C_SC 50, C_SC 65 and C_SC_80 at difféadinte load. Note that
shear stresses are calculated in the midpoint leetweo strain gauges and
considering the strain at the loaded end (seemsedtb.3 and equation 4.3). Shear
stresses build up from zero at bond length 0 mee(furface of the adhesive at the
loaded end), as can be observed from Figure 4.d@ldY. This is also the case for
low load levels (Figure 4.15), yet not visible fratre calculated points, as in this
case the peak shear stress is located very cldbe toaded end.

12.00
10 kN
10.00 - \ P
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6.00 \\ —65°C

---80°C
4.00 \\\
2.00-
0.00 M --------
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Figure 4.15— Total shear stresses specimen C_SC at diffezergdratures and at

10kN
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Figure 4.16— Total shear stresses specimen C_SC at diffeeemteratures and at
25kN
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Figure 4.17— Total shear stresses specimen C_SC at diffezengdratures and at
90% of the failure load

It was observed that the shear thermal stresseslemeloped at the ends of the
bonded length, where the FRP force is transfewatié concrete (see Figure 4.14).
Increasing the temperature from°80to 65C and 80C a reduction of the peak
thermal shear stress is observed, mainly due taettheced Young modulus of the
adhesive. Moreover, in accordance to previous studi3-14], it is observed that at
the loaded end of the FRP bar (0 mm), the direaifdhermal shear stresses (Figure
4.14) is opposite to the direction of the sheagsstrinduced by the loading (Figure
4.15). Therefore shear stresses due to the loadihdirst have to compensate the
thermal shear stresses at the loaded end, resintiadower shear stress peak with
increasing temperature (see Figure 4.15 - 4.16¢hlwkan explain the increasing
failure load with increasing temperature up t6G(@see Figure 4.17). Nevertheless,
increasing the temperature to and/or beyond thesdi@nsition temperature g
66°C for the adopted epoxy resin) a reduction of thedbstrength of the adhesive
governed over a possible positive influence indusgdhe shear thermal stresses.
Indeed, as shown in Figure 4.16 - 4.17, increafiagemperature to 866 and 80C
resulted in a more uniform distribution of streskasin a significantly lower failure
load.

455 Local bond stress — slip behaviour
The effect of bond strength degradation with insieg temperatures can be better

understood by comparing the bond shear stressliyes with increasing
temperatures. The slip, s(x), corresponding tostiesar stresg(x), is calculated by
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integrating the experimental strain along the FRBdtrip. In the discrete field one
obtains:

s(x) = Zn: &l (4.6)
i=1

It has to be noted that the slip between the FRForeement and the concrete can
be also directly measured by the LVDT's during test. However as observed by
other researchers, due to the poor accuracy ofxtperimental measurement of the
slip in particular with increasing temperatureyds preferred to derive the slip from
experimental strain readings rather than using &meuracy slip readings. The
experimental slip measurements were used as aajeneasure to evaluate possible
eccentricities in loading during the test. In Fig4.18 - 4.20 the bond stress-slip
relationships of all the tested specimens at difietemperature are reported. In
these curves the bond shear stresses and the alip evaluated considering the
distance between the first and the second strailgegaas dx; therefore the shear
bond stresses as well as the slip were evaluateddidtance equal to x= 45 mm
from the loaded end. It has been observed, asstisduabove, that increasing the
temperature the stiffness of the adhesive is ratiuger temperatures up to D
(see Figure 4.18) the stiffness of the adhesive mesignificantly reduced so that
the beneficial effect of the thermal stresses weélthe higher bond stresses and
failure load. Further increasing the temperaturp {o 100 °C for this testing
program) resulted in a decrease of shear stressesgltémate load mainly governed
by the softening of the adhesive.

18 -
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16 4 S

C_SC 56C_a

14
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C_SC_86C_b
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'_\
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Figure 4.18— Bond stress-slip curves specimen C_SC at diffeéeamperatures
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Figure 4.19— Bond stress-slip curves specimen G_SW at diffdmmperatures
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Figure 4.20— Bond stress-slip curves specimen C_STR at diftsiemperatures

For a temperature at/or beyond the glass trandiéimperature, a change in the bond

shear-slip relationship is observed. For instafaretemperatures equal to 80 and

100°C, the bond shear-slip relationship is charactdribg an ascending branch
followed by an almost horizontal plateau (with @den drop in shear stress at the
end of this plateau). This different behavior wigispect to that of specimens tested

at temperature below the, Tan be, once again, related to the softening aadgth
reduction of the adhesive, also resulting in a gean failure mode.
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4.6 Conclusions

A series of 20 double bond shear tests at diffei@mperatures (up to 10C) have
been conducted in order to investigate the infleeat temperature on the bond
behavior of the FRP-adhesive-concrete interfacetfier NSM FRP strengthening
technique. Based on the experimental outcomes abgerved that increasing the
temperature up to 3C resulted in an increase of failure load and bstdsses,
while further increase of temperature (up to “ID@or the presented test program)
resulted in a decrease of failure load and charfgéaiture mode. This is in
accordance with previous studies [13-14]. For teampees below the glass
transition temperature the failure mode is chariamd by debonding at the
concrete/resin interface with varying degrees afccete damage, as a function of
the FRP bar surface configuration, while increashegtemperature at/or beyond the
adhesive T resulted in a debonding of the FRP NSM bars atatikesive/bar
interface (pull-out of the bar). However the deseeaf the failure load at an
elevated temperature equal tg B equal to approximately 10% and 18% for
specimens strengthened with CFRP (C_SC) and GFRP (8a SW) respectively
and no complete degradation of bond strength igrebsd for temperatures up to
1.5T, for all the tested specimens. It is, moreovereolEd that the transfer length
increased by increasing the temperature, with @exurent more linear distribution
of strains over the FRP bond length. In particular specimens tested at a
temperature higher than, The initial transfer length increased with a fac2oto 3
with respect to the transfer length at@0

Based on the analysis of the shear stresses ibeaoncluded that the increasing
failure load at 50C is mainly due to thermal shear stresses, indunedhe
difference of coefficient of thermal expansion be¢w the FRP and the concrete.
Above this temperature the softening and strengtlugtion of the adhesive are
governing over a possible positive effect of thdrsteesses induced by heating of
the specimens.

Based on the tests, the local bond stress-slip iimh@ould be characterized
experimentally. At elevated temperatures beyogdh€é bond stress-slip behavior
becomes elasto-plastic.
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Chapter 5

STRUCTURAL BEHAVIOUR OF RC MEMBERS
STRENGTHENED IN FLEXURE WITH NSM FRP

5.1 Introduction

Before studying the behaviour of NSM FRP strengtderlements under fire
exposure, their behaviour at ambient temperatusebkan investigated. Five beams
(one unstrengthened and four beams strengthendldxiare with different NSM
FRP systems and/or bonding adhesives) and thrés étme unstrengthened and
two slabs strengthened with different types of NERIP) are tested in four-point
bending at room temperature. This study of the Wielna at ambient conditions
forms the basis for studying the behaviour at dtet éire exposure (see chapter 6).
The experimental tests aim to investigate the sirat performance of the NSM
FRP strengthened beams and slabs. In this chadpemtrease of flexural load
carrying capacity, failure mode, load-deflectiospense and cracking of the tested
specimens is presented and discussed. Moreoveriegmeal results have been,
also, analytically verified based on existing madfer the structural behaviour of
FRP strengthened RC members. Analytical modelsuseel to predict the failure
load, failure mode, load-strain behaviour of thastduent materials (concrete, steel
and FRP), load deflection-curve and service loadjoAd correspondence between
the experimental and analytical results is observed

5.2 Description of specimens and material properties

Tests specimens comprised 5 steel reinforced cnbeams with rectangular cross
section (width 200 mm and height 300 mm), one ofctvhwas the reference
specimen and the others were strengthened in #ewith different NSM FRP
systems. Furthermore, 3 steel reinforced concribsswith rectangular cross
section (width 400 mm and height 150 mm), one ofctvhwas the reference
specimen and the others were strengthened in #ieXure dimensions of the beams
and slabs are given in Figure 5.1-Figure 5.2. Rerlieams internal reinforcement
deformed steel bars S500 were used; two steelgeatitdr diameter 16 mm and two
steel rebars with diameter 10 mm were used as lamer upper longitudinal
reinforcement respectively. The beams shear reiafoent consisted of steel
stirrups with 8 mm diameter, spaced every 100 mthénshear span and every 150
mm in the constant moment region. The concretercaas 30 mm. For the internal
reinforcement of the slabs 4 deformed steel ba®9 Stth a diameter 8 mm in the
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longitudinal direction and deformed steel bars S&A diameter 6 mm, spaced at a
distance of 200 mm, in the transversal directiomemesed. The reinforcing bars
were tied together at their junction points witbedtbinders. The concrete cover was
25 mm. The FRP reinforcement of the NSM FRP stierggd beams consisted of
CFRP sand-coated rods (type Aslan 200, supplied=dagius/Hughes Brother),
GFRP ribbed rods (type Combar supplied by Schoe#)@RP smooth strips (type
Aslan 500 supplied by Hughes Brothers). The FRRfeeiement of the NSM FRP
strengthened slabs consisted of GFRP spirally woadd (type Aslan 100, supplied
by Fortius/Hughes Brothers) and BFRP sand coatésl (type Rockbar supplied by
Magmatech). The length of the FRP NSM was takenaliche specimens, as 2800
mm. Two commercial epoxy resins (type Sikadur-3@pdied by Sika and Fortresin
CFL, supplied by Fortius/Hughes Brothers) were use@mbedding adhesive, as a
function of the type of FRP bar/strip as requestgdhe manufacturers. For beam
B4 the embedding adhesive consisted in an expar®waentious mortar (type
Sikagrout-212, supplied by Sika). Figure 5.1 armguFé 5.2 show the strengthening
scheme of the beams and slabs and the detailedyomtfon of the strengthened
section. Specimen details are also indicated inerab.
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2800
3000
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2016 2916
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5718501857 6015501560 %Z?%AQ
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Figure 5.1 —-Beam specimens
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Figure 5.2 —Slab specimens

The concrete mix design was identical for all thenments (beams and slabs) and
incorporates siliceous aggregates with a maximwameter of 16 mm. The concrete
composition (per M) is given in Table 5.1. Three different batchesrave
manufactured in the laboratory. Tested propertieshe fresh concrete included
slump, flow test and density (see Table 5.2). Anga of 28 days and at the age of
testing the beams and slabs, the properties dfidhgened concrete are determined
by means of Belgium standard tests [1-2]. The nwdinder compression strength,
f., determined on cylinders with a diameter of 150 amd a height of 300 mm (at
an age of 28 days and at the age of testing of bims/slabs), the mean
compression strength, £, determined on cubes with side length 150 mmdatat
testing), the flexural tensile strengthy, determined by means of 3-point bending
tests on prisms 150 mnx 150 mm x 600 mm and a span of 500 mm (at age of
testing), the splitting tensile strengthy, fdetermined by splitting tests on the
remaining halves of the prisms for the bending (asage of testing) and the Young
modulus, E, determined on cylinders with a diameter of 150 ammd a height of
300 mm (at age of testing) are given in Table 5.3.

Table 5.1- Concrete composition beams and slabs testeaat temperature

Material Composition
Fine sand 0/4 655.0 kg
Fine aggregate 2/8 190.0 kg
Coarse aggregate 8/16 1120.0 kg
Cement CEM 1 52.5 300.0 kg
Water 165.0 kg
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Table 5.2- Properties fresh concrete

Batch Slump Flow test Density

[mm] [kg/m?]
RT 1 45 222 2350
RT 2 50 1.67 2388
RT_ 3 55 1.74 2394

Table 5.3-Properties hardened concrete

At 28 days At age of testing
Batch fc 1:c fc,cub fc,tb fc,ts Ec
[N/mm?] IN/mm?  [N/mm?  [N/mm?  [N/mm?  [N/mm?
RT_ 1 41.5 42.1 48.6 5.8 3.8 30653
RT_2 44.2 45.1 51.6 5.1 3.7 36309
RT_3 44.2 46.2 52.5 4.8 3.6 33801

For the internal steel reinforcement, deformed %480 were used with guaranteed
characteristic yield strength of 500 N/rhrProperties of the steel were determined
by means of tensile tests according to [3]. Theperties are given in Table 5.4.

Properties of the FRP NSM strengthening systems, rgsorted by the
manufacturers, in terms of type of material, FRP dmension, tensile strength, f
ultimate straingg, and elastic modulus,Eare given in Table 5.5. An overview of
the test matrix in terms of specimen designati@¢ch number and age of testing is
also given in Table 5.5.

Table 5.4-Properties steel reinforcements

Steel Diameter fs, f €su Es

s,u
[mm]  [N/mm?]  [N/mm?7  [%] [N/mm?]
¢l6 16 570 660  10.5 205000
@10 10 575 650  10.9 205330
©8 8 560 639 11.2 208000
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Table 5.5-Test matrix of beams and slabs tested at roomdeatyre

. Age at
Spec FRP [?r; 2] [Mflga] [G%a] [‘;'/f;‘] Adhesive Batch : JZ;L]
=5 - g y — ; RT 1 109
B1 ng‘é’sr 120 1350 60 1.8 S“;%d“r RT 1 110
B2 AZ'TQEZF?O 953 1900 126 16 Focrtéel_sm RT 2 120
B3 Agi';i?o 2x16 2068 124 17 Focrtéel_sm RT 2 121
B4 A0 953 1000 126 16 TKEYM RT3 120
S0 : : : N : RT 1 111
s1 Agi‘ggo 100 760 408 18 Focrtéel_sm RT 3 121
S2 Ré’g'ébpar 100 1170 590 2.0 Sig"’(‘)d“r RT 3 122

5.3 Specimens preparation and test procedure

During the first 7 days after casting the specimemsained covered with a plastic
foil. The formwork (side faces) was removed aftedaly. At an age of 7 days, the
beams were placed on supports and stored (uncqvérethe laboratory until
testing. The NSM FRP reinforcement was appliedhi beams at least 14 days
before testing, according to the following procedunstallation of the NSM FRP
reinforcing bars/strips begins by making the spedifjrooves in the concrete cover
on the tension surface of the beams/slabs with exiab concrete saw with a
diamond blade (see Figure 5.3 a). The dimensiotiseofrooves (see Figure 5.1 and
Figure 5.2) were defined in order to be at leaSttimes the diameter;,dof the
NSM FRP bars and at least 3 times the width andith&s the height of the NSM
FRP strips. Each of the strengthened beams and slas turned upside-down
during the groove cutting operations to allow tmeaye to be easily and precisely
cut into the concrete cover. After cutting, the ayres were air-blasted to remove
debris and fine particles to ensure proper bondide the epoxy adhesive and the
concrete. The grooves were filled over half wayhwite adhesive (epoxy or mortar)
as shown in Figure 5.3b (in between the groovesése of cleaning, the soffit of
the element was temporarily covered with tape). N&M FRP bars/strips were
inserted into the grooves and lightly pressed kowathe adhesive to flow around
the bars/strips (see Figure 5.3c). Finally moreeadle was applied if needed and
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the surface was leveled (see Figure 5.3d). 7 dftgsiastallation of the FRP NSM
bars/strip the specimens were turned upside-dowinet@riginal position and stored
in the laboratory until testing.

Figure 5.3 —Specimens preparation (a) cutting of the groovgél(ing of the
grooves with epoxy (c) installation FRP bars andi(al view bottom side.

The specimens were tested in 4-point bending awrshio Figure 5.1 and Figure
5.2. The load was applied by means of two hydrgaliks with a capacity of 500
kN. The load was increased stepwise (to allow f@moal measurements) until
yielding of the internal steel, after which the dowas gradually increased until
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failure. Point load increments of 3kN and 2kN weised until first cracking for
beams and slabs respectively, while thereafterements of 10kN and 4kN were
applied. An unloading-reloading cycle was incorpedain the loading scheme of
the unstrengthened beam BO ad unstrengthened dPakatS30kN and 8kN
respectively and at 40kN and 10kN for the stremgtlddebeams and strengthened
slabs respectively. During the tests, both manodlelectronic measurements were
taken (see Figure 5.4 and Figure 5.5).
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Figure 5.4—Measurement equipment beams tested at room teraperat
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Figure 5.5 —Measurement equipment slabs tested at room temperat

The deflection of the specimens was measured apaig under the point loads and
at the supports, using dial gauges (manual measumtsinand linear variable
displacement transducers, LVDTs (electronic measarts). Mechanical

deformeters with a gauge length of 200 mm were usedneasure manually

concrete deformations in the central zone of thecispens, according to the
arrangement shown in Figure 5.4 and Figure 5.5 aangement allows to take an
average of ten measurements (two side faces) ataldevels over the specimen
depth. The strains were also measured electropibglimeans of strain stirrups (U-
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shaped stirrups instrumented with strain gaugeg)st&in stirrups were applied on
one side of the specimen. Three of them are mewgthie strain of the concrete as
close as possible to the level of the fibre with thaximum compressive strain and
the other three were applied on a side face ofspeeimen to record the concrete
strain at the level of the internal steel reinfonemt. Strains of the FRP were
recorded by means of strain gauges positioned rag tllifferent locations (at
midspan, at 800 mm and 1200 mm from the midspaonenFRP bar). The limited
number of strain gauges was considered in ordimibtheir influence on the bond
mechanism. Moreover, at each load interval, theeagmce and development of
cracks were indicated after visual inspection aratlk widths were recorded by
means of a crack microscope.

5.4 Experimental results
5.4.1 Failure mode

The reference beam and slab failed by yieldinghef steel followed by concrete
crushing. Beams B1 and B3 failed by FRP debondiitly letached concrete cover
below the steel rebars as shown in Figure 5.6 agar€& 5.7. The debonding of the
NSM bars/strips was preceded by a typical for fiexwertical cracking of the beam
in the pure bending region. The debonding was, owa@e preceded by a cracking
noise indicating the internal cracking of the epdgilowed by the formation of

inclined and longitudinal cracks in the concreteraunding the grooves. These
splitting longitudinal cracks led to the loss ofnidoof the NSM FRP reinforcement
followed by a loss of the concrete cover likelyrsta in the maximum moment

region and moving to one of the supports. The NSi/strips debonded from the
beam with the concrete remaining attached to tinasei of the reinforcement over
the whole depth of the groove. Failure of beam B@& B4, strengthened with sand
coated CFRP bars embedded with epoxy resin (beanmam®? grout mortar (beam
B4), was due to splitting of the epoxy cover in tireove followed by complete

debonding of the FRP reinforcing bars at the CFRIReaive interface as shown in
Figure 5.8. Initiation of the cracking in the epowsas accompanied by a distinct
noise followed by progressive cracking of the eppagte. Longitudinal splitting

cracks, which developed in the epoxy cover, ledht loss of bond of the NSM

CFRP reinforcing bars. The steel yielding/FRP béaitlire was, except for beam
B4, directly followed by concrete crushing. Thisdicates that the premature
debonding occurred (for most of the beams) closthaoexpected failure assuming
full composite action between FRP and concrete.
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Figure 5.7 —Failure mode beam B3
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Figure 5.8 —Failure mode beam (a) B1 and (b) B4

Failure of slab S1 was due to steel yielding fobbowby concrete crushing and
debonding of the FRP reinforcing bars due to thittig of the epoxy cover in the
groove as shown in Figure 5.9 a. Failure of slalw&g governed by flexure failure
mode with yielding of the steel reinforcement folled by concrete crushing. No
debonding of the FRP basalt bars were observed fgilare.

Figure 5.9 —Failure mode slab (a) S1 and (b) S2
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5.4.2 Behavior at ultimate load

The main tests results are reported in Table 5.6revtQ) is the ultimate load,
Qu/Qu ref the ratio between the ultimate load of the strieegéd beam/slab and the
ultimate load of the unstrengthened beam/slsb,s the ultimate deflection at
midspan,A/A. is the ratio between the ultimate deflection atdspan of the
strengthened beam/slab and that of the unstrengthbeam/slabgiq, the FRP
strain recorded at the ultimate loag, /5, the ratio between the strain recorded at
ultimate load and the ultimate tensile strain af #RP bar/strip. In Table 5.6 also
the observed failure aspect is repeated, usindaltmving designation: YS/CC is
yielding of steel followed by concrete crushing, DBC is debonding at the

adhesive/concrete interface and DB FRP/A is debmndit the FRP/adhesive
interface.

Table 5.6— Test results at ultimate load

Qu Qu/Qref A, Dy Dres €qQu EfQu/ &ty Failure mode

SPEC Nl [ [mml [ 6 [ [
BO 57.3 1.00 85.8 1.00 - YS/CC
Bl 96.9 1.69 64.6 0.75 1.30 0.73 DB A/C
B2 101.5 1.77 48.7 0.56 1.07 0.67 DB FRP/A
B3 102.2 1.78 63.3 0.74 1.18 0.69 DB A/C
B4 73.3 1.27 27.8 0.32 0.36 0.25 DB FRP/A
SO 14.6 1.00 117.4 1.00 - YS/CC

S1 28.6 195 1270 108 130 0.72 YS/CC-DBFRP/A
S2 31.0 212 1240 105 142 0.71 YS/CC

Strength increases between 1.7 and 1.8 were obtafoe the NSM FRP
strengthened beams in which the FRP bars/stripe veenbedded with epoxy
adhesive. The lower strength increase of the gadbesive NSM FRP strengthened
beams (strength increase equal to 1.27 with regpeitte unstrengthened beam) is
thought to have resulted from the lower tensile ahdar strength of the grout
adhesive as compared to that of the epoxy adhe¥illeereas the strengthened
beams show a considerable increase of failure khéglcorresponds to a decrease in
ductility. Decrease of deflectiond,, between 25% and 68% were obtained for the
NSM FRP strengthened beams. Table 5.6 providestladsmaximum tensile strain
recorded in the NSM FRP bar/strip and its ratidht® ultimate tensile strain which
indicates the efficiency of utilization of the sigghening system. The efficiency of
the NSM FRP bar/strip ranged between 69% - 73%h@ibeams in which the NSM
FRP bars/strip are embedded with epoxy resin arddegaal to 25% for beam B4 in
which the CFRP bars are embedded with grout adbesnainly due to the
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premature debonding of the NSM FRP strengthenirsfesy, as discussed above.
Remark that full utilization of the NSM FRP reindf@ment (i.e. failure by tensile
rupture of the FRP) was not expected for any ofttb@ms as the design concept of
the beams was steellyielding and concrete cruskwen if the possibility of
debonding is excluded.

The strengthened slabs experienced a strengthasemrqual to 1.95 and 2.12. Due
to the significant increase of the slab load cagytapacity, provided by the NSM
strengthening technique, the slabs failed in a uflak mode with steel
yielding/concrete crushing followed, in the caselab S1, by NSM FRP debonding
but for a deflection that was higher than that olese for the unstrengthened slab.
As observed previously for the strengthened beam,elevated efficiency of
utilization of the NSM FRP reinforcing bars is obgal with FRP strains values
equal to 72% and 71% for slab S1 and S2 respegtivel

For all the specimens, the level of strengthenitgjeved for the NSM strengthened
specimens is larger than the levels generally epble for design of real FRP

strengthening applications, which would normally ipethe range of 50% for

realistic live to dead ratios [4-5]. This unreatisievel of strengthening was

intentional, however, in order to obtain a considie increase of the service load of
the strengthened member, at which the specimensbwiloaded during the fire

tests. The increase of service load is in the raofg20%-35% with respect to the

unstrengthened element.

A comparison of the load-midspan deflection behawibthe strengthened beams
and slabs with that of the unstrengthened specingesiown in Figure 5.10 and
Figure 5.11. Prior to cracking, the load-deflectlmrhavior for all the strengthened
specimens is similar to that of the respective rengtthened element. This behavior
indicates that using NSM FRP reinforcement did cattribute to increasing the
stiffness and strength of the RC members in thetielaange. After cracking,
however, the flexural stiffness and strength of $ivengthened beams and slabs
were significantly improved with respect to thattbé unstrengthened beams and
slabs. As a result of the FRP strengthening thielivig load increased appreciably
(an increase of yielding load equal te25% with respect to that of the
unstrengthened specimen was observed for bothirtregshened beams and slabs).
Moreover, after cracking, a nonlinear behavior bftlae strengthened specimens
was observed up to failure, indeed yielding of $keel rebars led to a reduction in
slope, but the NSM FRP bars/strips allowed the isperts to take additional load up
to failure. Comparing the grout adhesive NSM FRErgjthened beam with respect
to the epoxy resin NSM FRP strengthened beamsbg.gneans of load-midspan
deflection of beams B1 and B4 (see Figure 5.1Q)reanature debonding of the
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NSM FRP bars is observed for beam B4, after whigh lbad dropped to a load
equivalent to that of an unstrengthened beam aadd#flection increased until
failure occurred due to concrete crushing. It loalset noted that the test on beam B4
was stopped as soon as first indications of coaaeishing were appearing in order
to avoid any possible damage to the instrumentatidghe beam soffit.
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Figure 5.10 —Load-midspan deflection beams
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Figure 5.11 —Load-midspan deflection slabs
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5.4.3 Cracking behaviour

All the beams started cracking at about the sameé level Q= 11.0 kN and all the
slabs around &= 5.0 kN. The recorded mean crack width of the beandsslabs are
compared in Figure 5.12 and Figure 5.13 respegtivetom these figures, the
restraining effect of the FRP strengthening oncttaek width is noted.
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Figure 5.12— Mean crack width of tested beams
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Figure 5.13— Mean crack width of tested slabs
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5.5 Analytical verifications

The behavior of the RC members (beams and slabdg@runcreasing load was
evaluated based on strain compatibility and equilib of forces following well-
established procedures for RC concrete struct@ieprpviding the contribution of
the FRP strengthening system. Figure 5.14 showgrtheiple of calculation.

Figure 5.14— Principle of calculation

The stress-strain relationship of the constitutivaterials (concrete, steel and FRP)
are modeled as shown in Figure 5.15. For the sstea® relation of concrete in
compression, the parabola-rectangle diagram wasnmesb [6-7]. The maximum
strain ofe, = 3.5%0 was chosen based on the strain limit for concecetishing in
design of reinforced concrete structures [6]. Ciraghks assumed to occur when the
concrete reached the tensile streng#0f9f; ;s (values of s for each concrete batch
are reported in Table 5.3). The steel rebars amdBRP bars/strips were modeled as
elastic-plastic and linearly elastic up to failuespectively.

e 1 concrete o4 FRP
f, fe
steel
f, 7
2%o0 35% e gy &ty Esu £

Figure 5.15— Stress strain model of constituent materials
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The following assumptions are made:

- Bernoulli's hypothesis applies, i.e. strains acrt®s cross section vary
rectilinearly. This implies that linear strain ihet concrete, steel and FRP
reinforcement that occur at the same level is ef shme size. No slip
between the longitudinal reinforcement and the oetecis assumed to
occur.

- The contribution of concrete in tension is negldcte

- The epoxy in the grooves is neglected and all caatjmns are made as if
the NSM bars are embedded in the concrete.

Taking the concrete straig. at the top fibre as parameter, the strain in the
longitudinal bottom and upper steel, and €., the strain in the FRR; and the
moment M, were derived as follows. Defining thegraeterA, equal to:

_0.002
€

A (5.1)

C

The following coefficients related to the concrstess block can be defined [7]:

_a-1 4H -1
A2y =S 8 = ————
3 430 -1) (5.2)
A2 -0 +6

A
A1 =1-— 6, =
V=273 %6 T ko

with ¢ the ratio of the average over the maximum concoet@pressive stress
(stress block area coefficient) adg the distance from the compression face to the
compression force divided by the depth of the casgion zone (stress block
centroid coefficient).

The neutral axis depth x and the straigse s and g are evaluated based on the
equilibrium of forces¥F=0) and strain compatibility:

ybxf, + AEe, = AEceg + AfEqgy (5.3)

where:
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- f
€ = & dsx X with € < E_y (5.4)
S
6 =g 'de (E€s not to exceed,¥ (5.5)
h-x
€ =g, < - &g (5.6)

And with ggthe initial strain at the extreme tension fibredsefstrengthening. From
the equilibrium of moment£{M=0), the bending moment is obtained as:

M = ybxf, (dg —3X) + ALEes(ds —di) +A(Eree (h-dg)  (5.7)

The effect of initial load prior to strengtheninde@d load) should be considered in
the calculation of the strengthened member. Bedtrengthening equations 5.3 and
5.7 were applied with &0. When reaching the moment, st which the FRP was
applied, the straig, follows from:

h-x (5.8)

€0 =8¢0

with e.=¢.o the concrete strain at the top fibre correspontbng,.

According to the above equations the behavior efibams and slabs was verified
analytically. The concrete stram (and hence M) was increased step wise until
reaching the failure load. It was assumed thatsicemning full composite action
between the FRP and concrete, failure occurred vwéititrer the concrete strain
reached the maximum strain value assumed equalto3.5%. (steel yielding
followed by concrete crushing) or the FRP barg/stdttained their ultimate strain,
& (steel yielding followed by FRP rupture).

Moreover, considering that there is still limitedderstanding of the mechanism of
debonding in members strengthened in flexure wiBMNsystems and that the
likeliness of a debonding failure in a RC membeergjthened in bending with
NSM reinforcement depends on several parametersn@which the internal steel
reinforcement ratio, the external NSM FRP reinfoneet ratio, the cross-sectional
shape, the surface configuration of the NSM recd#arent and the tensile strength
of both the epoxy and the concrete), the failuréhefRC members is modeled also
by limiting the NSM FRP ultimate strain in orderttke into account failure mode
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governed by debonding. Based on the experimengaltseand on design guidelines
[4-5] the strain of the FRP was limited as follows:

Sf’"m = 0'7€fu (59)

Analytical results of the above mentioned calcolagiin terms of failure load for
the tested elements are reported in Table 5.7.ir8sVerification the failure load,
Qu1, Was obtained assuming full composite action betwkerRP and the concrete.
For the calculations all the material safety fastere taken equal to one. As second
verification the failure load, &, was obtained by limiting the ultimate strain bét
NSM FRP by using equation 5.9. Considering that,afbthe specimens, the NSM
FRP reinforcement was extended as close as prhctiasssible to the support and
that no anchorage failure was experimentally olegkim any of the test specimens,
the anchorage failure was not analytically verifiether.

Table 5.7 Analytical failure load

. Analytical full Analytical NSM FRP
Experimental composite action strain limitation
Failure Failure Failure
Qu Qul Qu/Qul Qu2 Qu/QuZ
Spec. mode mode mode
P [kN] [_] [kN] ['] [_] [kN] ['] [_]
BO 57.3 YSI/CC 57.9 1.01 YS/CC - - YS/CC
DB DB
Bl 96.9 A/C 109.3 0.89 YS/CC 100.1 0.97 FRP
DB DB
B2 1015 FRP/A 118.0 0.86 YS/CC 103.6 0.98 FRP
DB DB
B3 102.2 AIC 116.7 0.88 YS/CC 1075 0.95 FRP
DB DB
B4 73.3 FRP/A 118.0 0.62 YS/CC 103.6 0.71 FRP
S0 14.6 YS/CC 14.3 1.02 YS/CC - - YS/CC
YS/CC DB
S1 28.6 -DB 29.6 0.96 YS/FF 25.5 1.12 FRP
FRP/A
DB

S2 31.0 YS/CC 38.1 0.82 YS/FF 30.9 1.00 FRP

From this table it is noted that the FRP bond failuexperimentally obtained,
happened close to the expected failure load asgufuihcomposite action, (except
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for beam B4). Results of the analytical verificaticonsidering the FRP strain
limitation equal to 0.8, and experimental failure loads are also in goadetation.
For beam B4, for which the NSM rods are embeddel sigrout adhesive, a large
difference of results between analytical and expental loads is observed, due
mainly to the fact that assuming an FRP straintéitiin equal to 0&, seems to
give poor agreement in predicting debonding at gneut interface. A refined
calculation in which the reduced tensile strendtthe grout mortar with respect to
that of the adhesive is taken into account wow @i better prediction.

Results of the calculation in terms of predicteddistrain curves in the concrete,
steel reinforcement and FRP bars/strips, compari#u tive measured strains, are
given in Appendix B as well as in Figure 5.16 anguFe 5.17 for beam BO and B1.
Comparing the measured and predicted load-straimesua good agreement is
noticed.
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Figure 5.16— Load-strains curves beam BO
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Figure 5.17— Load-strains curves beam B1
5.5.1 Load- deflection

The load-deflection behavior has been predictedguaivirtual work approach. The
deflection at midspan of the beam was calculated by

a= J(l/r)ﬁdx (5.10)

With, M the moment line of a beam with a point load Q=miatspan and 1/r is the
curvature along the length of the beam. In the TiECtion analysis, the moment
and corresponding curvature has been determineuiaaking (= 0.9%.), steel
yielding and failure (concrete or FRP failure). Tvature was obtained as:

1. % (5.11)

Where 1/ris the curvature at cracking, steel yielding aaitlife; €. is the concrete
strain at the top fibek; is the FRP strain (for the unstrengthened beanskixthe
steel straines was used). Results of the load-deflection preslictiare given in
Figure 5.18 and Figure 5.19 for the beams and dlefgsectively. Analytical and
experimental curves (except for beam B4) are indgagreement up to the point in
which debonding start, at which moment the expemtadecurves becomes less stiff
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than the predicted ones. This can be explainedtalike bond degradation at the
interface between the adhesive and the FRP, whih mot accounted for in the

model.
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0 X Debonding

0O 10 20 30 40 50 60 70 80 90 100 110
Midspan deflection [mm)]

Figure 5.18— Load-midspan deflection beams
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Figure 5.19— Load-midspan deflection slabs
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5.6 Serviceability limit state

5.6.1 Basis of calculation
Calculations to verify the serviceability limit g8 were carried out considering all
materials having a linear-elastic behavior for bath-cracked and cracked

transformed sections conditions. As reported in7Jj4-assuming linear elastic
material behavior and that the concrete does rgtagutension, the cracked section

analysis can be based on Figure 5.20.
NN €co & P
7T ; s
; 2 AL -
SR | e / *F
ds v/ /) /
h 1
d ,
A e
S [ s - — Fs
N M | / F
< — T f
A¢ €t €9

Figure 5.20- Linear elastic analysis of cracked section

From the equilibrium of forces and strain compéitipthe depth of the neutral axis
Xe IS given as:

1/2bx,2 +(0g ~1)AL (X —d3) = 0. AL (dg —Xo) + 0 A (h —(l+8—OJXeJ (5.12)
80

where, €, is the initial concrete strain at the extreme immsfibre determined

according to equation 5.8=EJE. andos=E{/E. the modular ratios with EE; and
E; the modulus of elasticity of the concrete, thelséand the FRP respectively. For

small values ot,, the term (1#y/c.) equals about 1, so that equation 5.12 can be

directly solved. For large values ©f compared to the acting concrete stigiat the
extreme compression fibre, the neutral axis depthshould be solved from

equations 5.8, 5.12 and 5.13:
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M,

l/2b>g(h —X?fj + (g —1)A XET-% (h-d,) - aAq

e e

Ecgc -

(5.13)

ds ~Xe

(h- ds)

Once the depth of the neutral axis is obtained rbenent of inertia of the cracked
section can be determined as given by equation 5.14

|5 = bXg/3+ (ag ~1)A(Xe = ) + agA(ds = X¢)* +agAr (h=x.)*  (5.14)
and depends, similar as fag »n the acting moment M

The un-cracked section analysis can be performea $imilar way as the above
mentioned cracked section analysis. However, asidMmostly larger than the
cracking moment M and as the influence of the FRP reinforcementinstdd
anyway, the geometrical characteristics of the natled section before
strengthening apply. Neglecting also the contridoutf the steel reinforcement, the
moment of inertia can be approximated as:

bh®
= — 5.15
1575 (5.15)
And the cracking moment pas:
bh?
M o = fctm T (516)

where according to [6], reference is made to thameoncrete tensile strength,f
5.6.2 Service load

In Table 5.8 the service load of the tested spetsn®eams and slabs) is given
based on verification in the ultimate limit statéLS) and the serviceability limit
states (SLS). The service loadsQequals the smallest value of:

- Qi ULS calculation. The calculation is based on Eopiim of forces and
strain compatibility as described in section 5.&kirtg into account
appropriate partial safety factors [4, 6].

- Qa2 SLS calculation with respect to the stress litiotzs. The calculation
is carried out for the rare load combination byiting the tensile stresses
of concrete, steel and FRP as following:
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O < 0'6ka ) Og < 0'8fyk ) Of < I’]ffk (517)

where the stress limitation coefficiemiwas assumed to be equalts 0.8
for carbon bars and strips and e 0.3 for glass and basalt bars.

- Qs SLS calculation with respect to an allowable kragdth w,= 0.3
mm. As also noted from section 5.4.3,,\is not reached for Q <,Q

- Qs SLS calculation with respect to an allowable eletfbn ., = /250 [6].
The calculation was carried out as described itiges.5.1

Table 5.8— Service load tested specimens

Spec. Qu le Qk2 Qk3 Qk4 Qserv Qu/Qserv Qu,ref/Qserv

[KN] [KN] [KN] [kN] [KN] [KN] [kN] [kN]
BO 573 30.7 395 >545 423 30.7 1.86 1.86
Bl 969 540 360 >64.8 503 36.0 2.69 1.59
B2 1015 56.2 405 >67.1 582 405 250 141
B3 102.2 551 410 >66.9 503 41.0 249 1.40
B4 73.3 56.2 405 >67.1 582 405 1.80 1.41
SO 146 75 91 >129 85 75 1.94 1.94
S1 286 176 112 >155 10.1 101 291 1.49
S2 31.0 178 124 >16.9 10.2 102 3.16 1.49

Results of calculations (see Table 5.8) showed ttmatservice load, Q. of the
reference specimens (beams and slabs) was govémmethe ULS. For the
strengthened beams the service load was restricjedhe allowable concrete
compressive stress in the SLS. For the strengthslabg the service loadsQ, was
restricted by the allowable deflectiog,a= 1/250.

In Table 5.8 the safety of the specimens againstvarloading situation is reported
by means of the ratio of the ultimate to the serWmd. A ratio QQserbetween 1.8

and 2.69 is found for all the beams and betweend ard 3.16 for all the slabs.
Furthermore, it can be noted (see Table 5.8) that service loads of the
strengthened specimens in this test program reamaller than the ultimate load of
the reference beam and slab. Hence in case ofeataldloss of the NSM FRP

reinforcement under service load, the specimeriswilcollapse. The safety against
overloading in case of accidental situation is gitg the ratio between the ultimate

load of the reference specimens, & and the service load of the strengthened
specimens, Q.
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5.7 Conclusions

Based on the experimental and analytically studjN&M FRP strengthened beams
and slabs presented herein the following conclgs@aam be made.

Experimental results demonstrate that using NSM FétRforcing bars and strips
significantly improves the stiffness and increa$e fflexural capacity of the
strengthened members.

For the beams tested in this test program, a dtreéngrease between 1.7 and 1.8
has been obtained for beams in which the FRP waseéded into the grooves with
epoxy adhesive. Beam B4 experienced a strengtkdnerequal to 1.27 mainly due
to the lower tensile and shear strength of the tgadhesive as compared to that of
epoxy resin. Two different types of failure moderevebserved. Beams B1 and B4
strengthened with ribbed GFRP bars and CFRP steggectively failed by FRP
debonding with detached concrete cover below thgitodinal steel reinforcement.
Beams B2 and B4 strengthened with sand coated GfeRPfailed by splitting of
the adhesive. This different trend of failure swgigean influence of the FRP surface
configuration on the failure mode. Debonding of M@M FRP rods/strips occurred
at tensile strains ranging between 69% - 73% ofultienate tensile strain of the
FRP bars/strips, confirming the higher efficiency the NSM strengthening
technique compared to FRP EBR strengthening systéfitls similar axial stiffness
the latter usually has tensile stresses which sbgeveen 35% - 45% (e.g. see [7]).
The ductility of the strengthened beams decreastalden 25% - 68%.

For the slabs tested in this test program, a stineingrease between 1.95 and 2.12
has been obtained. Due to the considerable incifdsdure load both slabs failed
by concrete crushing, although for slab S1 debandirthe FRP bars was observed
as well. Similar as for the strengthened beamslavated efficiency of utilization
of the NSM FRP reinforcing bars is observed wittré@sed strain values equal to
72% and 71% for slab S1 and S2 respectively.

As the FRP NSM increases the stiffness of the spmts and as a denser crack
pattern with smaller crack widths is obtained, dls®service load was increased for
all the specimens. An increase of service loachérainge of 20%-36% depending
of the type of the FRP strengthening systems wésradd for all the specimens.

The structural behavior of the specimens in termsiliimate load, failure type,

strains and deflection could be predicted in arugte way. An exception is the
beam B4 in which the FRP is embedded with cemesitipaut, and poor agreement
between the experimental and analytical result®bserved by using the FRP
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limitation equal to (Zeg,. Finally the service load of strengthened beanmpeared to
be governed by the allowable concrete compresdnasssin the SLS. For the
strengthened slabs the service loagd.Qvas restricted by the allowable deflection
Aim = 1/250.

5.8 References

1. NBN-B15-220 (1990). “Proeven op beton- Bepaling dardruksterke”.
NBN-B15-214 (1990). “Proven op beton-buigproef @pdmprisma’s”.

3. NBN EN 10002-1 (2002). “Metallic Materials — TersilTests-Part 1: Method
of Test At Ambient Temperature”.

4. fib Task Group 9.3 (2001). “Externally bonded FRP feeirement for RC
structures” International Federation for Sructural Concrete, fib Bulletin 14.

5. American Concrete Institute (ACI) (2008). “Guiderfdhe design and
construction of externally bonded FRP systems foengthening concrete
structures” ACI 440.2R-08, ACI Committee 440, 80 pp.

6. EN 1992-1-1 (2004). “Eurocode 2- Design of concratreictures — Part 1-1:
General rules and rules for buildings”"European Committee for
Sandardization.

7. Matthys S. (2000). “Structural Behaviour and Des@nConcrete Members
Strengthened with Externally Bonded FRP Reinforaafne PhD-thesis,
Faculty of Engineering, Department of Structural giBeering, Ghent
University, Belgium, pp. 367.

164



Chapter 6

FIRE ENDURANCE OF INSULATED NSM
STRENGTHNED CONCRETE MEMBERS:
EXPERIMENTAL INVESTIGATION

6.1 Introduction

In this chapter, experimental results on 4 firesagries conducted on 20 full-scale
NSM FRP strengthened and insulated beams and 4sdalék NSM FRP
strengthened and insulated slabs subjected to $heiice load and under standard
fire exposure are reported.

In the first two fire test series [1] 12 full-scddeams, including two unstrengthened
and unprotected reference beams, were exposedtof Zire exposure. These two
fire test series aim to carefully document the genance of NSM FRP
strengthened and insulated beams under fire exposesting different material
aspects and examining and optimizing the insulationfiguration, the insulation
material type and dimensions in order to develagctical methods for protecting
FRP during fire exposure. Hereafter structuralingsto failure at room temperature
of the fire tested beams has been carried out deroto evaluate their residual
strength after 2 h of fire exposure.

In the third fire test series [2] 6 additional coete beams, with the same
configuration and mechanical properties and usheggihsulation materials which
gave the best results in the preceding fire testeviested under fire in order to: (1)
investigate the reliability of the previous testsults; (2) investigate if the NSM
FRP strengthened system is active during fire biirtg one of the beams till failure
at 1 hour of fire exposure; (3) investigate the emie bond degradation at
temperatures moderately higher than the adhesa®s gransition temperature (in
order to do this, different insulation thickness/éadeen investigated in order to
achieve different temperatures into the adhesivkatime of 1 h of fire exposure
was choose to avoid loss of composite action duant@xcessive heating of the
adhesive); (4) investigate the influence of usingeapansive mortar, alternative to
the epoxy based adhesive. In view of point (3)cétmal testing to failure at room
temperature of the fire tested beams was carrigdtmievaluate their residual
strength after fire exposure.
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In the fourth fire test series 2 NSM FRP strengdiebeams and 4 NSM FRP
strengthened slabs have been tested for 2 h ofefmosure. The parameters
investigated in the two additionally tested beaneseathe effectiveness of a partial
insulation along the length of the beam and théuémfce of using an expansive
mortar as alternative to an epoxy based adhesive fb of fire exposure. The

performance of the NSM FRP strengthened system®rufice exposure was,

moreover, investigated for 4 additional NSM FRResgthened and insulated RC
slabs. As for the previous fire test series stmattiesting at room temperature of the
fire tested beams and slabs was carried out taiateatheir residual strength after
fire exposure.

6.2 Description of specimens and material properties

The complete fire testing program consists of & fiest series and involved the
design and fabrication of 20 steel reinforced cetecbeams with rectangular cross
section (width 200 mm and height 300 mm) and 4l s&iaforced concrete slabs
with rectangular cross section (width 400 mm aniglite150 mm). The beam and
slab overall dimensions equal those given in Chidptend are given in Figure 6.1 a-
b. The experimental investigation involved standfarel tests (see section 6.4) on
simply supported beams and slabs tested in fourt pp@nding. The dimensions of
the specimens were chosen based on the dimendid¢ims fboor furnace, which is a
chamber of 6000 mm long and 3000 mm wide, in otdenaximize the number of
tests for each fire test series as shown in se&idnThe amount and position of
internal steel reinforcement as well as the coraretver equals that given in chapter
5.

Q. 1000 Q

25
(40}
30
Furnace 200
3000
a) 315C
Q 1000 Q
400
7
)
| o)
Furnace b
498
3000
3150

b)
Figure 6.1 —Specimens dimensions a) beams b) slabs (dimenisions)
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The concrete composition (pef)is given in Table 6.1. Nine different batches ever
manufactured in the laboratory. The average cytirempressive strength,, fat
time of testing was respectively 48.0 N/mn50.0 N/mm, 49.0 N/mm, 42.0
N/mn?, 44.0 N/mni, 41.3 N/mm, 42.0 N/mm, 44.3 N/mnd and 43.4 N/mhfor
concrete batch 1 to 9 respectively. Detailed infation on materials properties of
fresh and hardened concrete can be found in Appéhdi

The FRP reinforcement of the NSM FRP strengtherestimis consisted of: CFRP
sand-coated rods and smooth strips (type Aslan&@DAslan 500, supplied by
Fortius/Hughes Brothers) with a nominal diamete® &3 mm and dimension of 2x
16 mm respectively and GFRP rods (type Combar segppddy Schoek) with a

nominal diameter of 12 mm. The FRP reinforcemerthefNSM FRP strengthened
slabs consisted of GFRP spirally wound rods (tygéaa 100 supplied by Fortius/
Hughes Brothers) with a nominal diameter of 10 mmd 8FRP sand coated rods
(type Rockbar supplied by Magmatech) with a nomitiaimeter of 10 mm. The

main characteristics of the NSM FRP reinforcemerds, reported by the

manufacturer, are summarized in Table 6.2. Givenlaélck of data of mechanical
properties of BFRP rods, tensile tests in accorelaodSO 10406-1 2008 [3] have
been performed.

Table 6.1 —Concrete composition

Material Composition
Fine sand 0/4 655.0 kg
Fine aggregate 2/8 190.0 kg
Coarse aggregate 8/16 1120.0 kg
Cement CEM 1 52.5 300.0 kg
Water 165.0 kg

Table 6.2 —Properties NSM FRP reinforcement

Dim. fe E¢ €y
FRP TYP® [mm]  [Nimm3  [10°Nimn?]  [%]
Aslan 200 CFRP _ 9.53 1900 126 16
Combar GFRP 12.0 1350 60 1.8
Aslan500 CFRP 2x16 _ 2068 124 1.7
Aslan 100 GFRP 100 __ 760 408 18
Rockbar BFRP _10.0 1170 59 1.9
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Four different adhesives were used to embed the/dtdps into the elements. For
most of the elements two commercial epoxy resipse(tSikadur-30, supplied by
Sika and Fortersin CFL, supplied by Fortius/Hugh&®thers) were used as
embedding adhesive, as a function of the type ¢ BRrs/strips as requested by the
manufacturer (see Table 6.4). These two epoxy adehave a glass transition
temperature equal to 6Z (epoxy type Sikadur 30) and 66 (epoxy type Fortresin
CFL) as has been experimentally evaluated by [fféal Scanning Calorimetry,
DSC, according to 1SO 11357-2 [4]. In Table 6.3 #poxy adhesive mechanical
properties (experimentally evaluated according b IBEO 527-2 [5]) in terms of
tensile strength,,f and Young’'s modulus, ;Eare reported. The influence of the
adhesive on the performance of the NSM FRP strength beams under fire
exposure was evaluated by using also an epoxy (egwe High T, supplied by
Fyfe) with a high glass transition temperaturg €gual to 82C as reported by the
manufacturer) and an expansive cementious mostae (bikagrout-212 supplied by
Sika). The mechanical properties of the last twhesilies are also given in Table
6.3, as reported by the manufacturers.

Table 6.3 —Adhesive properties

Adhesive Type 4 E.
[N/mm?  [10°N/mn]
Sikadur-30 Epoxy 27.0 3.78
Fortresin CFL  Epoxy 26.5 3.65
High T, Epoxy 30.0 3.18

Sikagrout 212 Mortar 4.1 -

An overview of the test matrix in terms of fire teseries, specimen designation,
FRP reinforcement, FRP bars/strips dimension, adhdgpe, batch number, and
age of testing is given in Table 6.4. The mentiospdcimen designation refers to
the following parameters: reference beam — fird sgies — test sequence of
specimen with similar NSM FRP strengthening systested. As an example B1-
F1-1 refers to: the strengthened beam that is gitnened such as the reference

beam B1 - the first fire test - first specimen df $trengthened as reference beam
B1.

168



Fire endurance of insulated NSM strengthened concrete members:
experimental investigation

Table 6.4 —Test matrix fire tests

Fire Specimen FRP  Dim. FRP Adhesive Batch Age of

series [mm] no testing
[days]
. BO-F1 - - - 1 111
sFeILSets BIFL1 GFRP __ 12.0 Sikadur 30 2 109
@h B1-F1-2 GFRP 12.0 S|kadpr 30 2 109
exposure) B2-F1-1 CFRP 9.5 Fortres!n CFL 1 111
B2-F1-2 CFRP 9.5 Fortresin CFL 3 105
B3-F1-1 CFRP 2x16 Fortresin CFL 3 105
BO-F2 - - - 4 186
Second B1-F2-1 GFRP 12.0 Sikadur 30 5 192
series B1-F2-2 GFRP 12.0 Sikadur 30 5 192
(2h B1-F2-3 GFRP 12.0 Sikadur 30 5 192
exposure) B2-F2-1 CFRP 9.5 Highgl 4 186
B2-F2-2 CFRP 9.5 High g 4 186
B1-F3-1 GFRP 12.0 Sikadur 30 6 186
Third B1-F3-2 GFRP 12.0 Sikadur 30 6 186
series B1-F3-3 GFRP 12.0 Sikadur 30 6 186
1h B1-F3-4 GFRP 12.0 Sikadur 30 7 192
exposure) B2-F3-1 CFRP 9.5 Fortresin CFL 7 192
B4-F3-1 CFRP 9.5 Sikagrout 7 192
B2-F4-1 CFRP 9.5 Fortresin CFL 8 186
Fourth B4-F4-1 CFRP 9.5 Sikagrout 8 186
series SO0-F4 - - - 8 186
(2h S1-F4-1 GFRP 10.0 Fortresin CFL 9 192
exposure) S2-F4-1 BFRP 10.0 Sikadur 30 9 192
S2-F4-2 BFRP 10.0 Sikadur 30 9 192

All the specimens were casted in the Magnel Lalboyator Concrete Research.
During the first 7 days after casting the specimemsained covered with a plastic
foil. The formwork (side faces) was removed aftedaly. At an age of 7 days, the
beams were placed on supports and stored (uncqverdie laboratory. The NSM

FRP reinforcement was applied to the beams at lehstays before testing over a
length of 2800 mm with the same grooves size, alggrto the procedures
specified in Chapter 5 for the reference beams.
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6.3 Insulation materials

Five fire insulation systems were investigated:lasgHfiber cement fire protection
board (type Aestuver supplied by Xella), two tymdscalcium silicate protection
board (type Promatect- H and Promatect L-500 sagplby Promat), a two
component system under development (type WR-APRppled by Fyfe Co) and
one insulation system composed of two ceramic basedings (type Hot Pipe
Coating and Omega Fire supplied by Superior ProBucbpe). The fire insulation
systems were applied to the beams over a totatHesfg2900 mm in order to avoid
any damages of the fire protection by touchingftireace wall during the increase
of beams deflection. The small gap (approximatédynsm) between the furnace
walls and the insulation was filled with ceramicok@attached to the concrete and
the surface wall with silicate glue (Promakol — K&4pplied by Promat). Figure 6.2
shows, as reference, the layout of one of the adojstsulation systems along the
beam length. Table 6.5 shows the thermal propeosti¢se different fire protection
systems in terms of density and thermal condugtadt discussed in chapter 3.

Ceramic wool Insulation Thickness boftom
/7@ insulation
2900
3000

Figure 6.2— Layout insulation along the specimen’s length

Table 6.5 —Thermal properties insulation materials

Insulation Density Thermal Conductivity

[Kg/m?] [W/mK]

Aestuver 680 0.22

Promatect H 870 0.19

Promatect L-500 500 0.08
WR-APP type C 269 0.12
Hot Pipe Coating 599 0.06
Omega Fire 1138 0.25
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In the following sections (6.3.1-6.3.4) a detaildekcription of the fire insulation
systems, applied for each specimen, will be madmiggd per fire test series
performed (see Table 6.4). The layout of the insuesystem over the length of the
specimens is also reported in Appendix C.

6.3.1 Insulation details of first fire test series

Figure 6.3 till Figure 6.7 show the layout of thiéfetent fire protection systems
applied to the beams for the first fire test. BeB®F1 was unprotected and
unstrengthened.

Beam B1-F1-1 (see Figure 6.3) was protected widmatect H fixed in a U shaped
form. The width of the bottom plates was equah® width of the beam (200 mm),
the total thickness was equal to 40 mm (composesvofplates Promatect H with

respectively thickness 25 and 15 mm, stapled tegptnd the length equal to 2900
mm. The bottom protection was not directly conngédi@ the bottom side of the

beam. The side plates consist of Promatect-H wit¥idth equal to 120 mm and a
thickness equal to 15 mm. Staples, to create thhdped insulation form, are
provided each 200 mm for the connection betweensithe plates and the bottom
plates. Screws, each 250 mm, were provided to nmécdily fix the side plates to

the concrete beam.

WR-APP type C was manually applied (toweled) onnb&dl-F1-2 (see Figure 6.4)
with a thickness of 30 mm on the bottom and 15 mithé sides. A topcoat material
consisting of a fire-resistant sandstone textuegiog was applied in a thin layer of
a nominal thickness of 0.1 mm.

Beam B2-F1-1 was protected with Aestuver fixed it &haped form (see Figure
6.5). The width of the bottom plate was equal t® 20m and the thickness was
equal to 30 mm. The bottom protection was compdietivo boards of 1400 mm

length joined by an extra board of 100 mm lengtthenmiddle to cover the desired
length of 2900 mm of fire protection. The jointsreelosed by an intumescent strip
(type Aestuver band BSD). The sides plates con$igestuver with a width equal

to 110 mm and a thickness equal to 15 mm. Screws;reate the U-shaped
insulation form, are provided each 250 mm for tlarection between the side
plates and the bottom plates as well as to mecéalfynifix the side plates to the

concrete beam (Figure 6.5).

The bottom fire insulation system of beam B2-Fléhgists of a plate, type

Aestuver, with a width of 200 mm and a thicknesg@fmm. Screws, each 250 mm,
were mechanically fixed to the bottom of the beaee(Figure 6.6). As for beam
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B2-F1-1, the insulation system was composed by lhaards of 1400 mm length
joined by an extra board of 100 mm length in thddta. The joints in between the
three boards were closed by an extra board witidéhvequal to 200 mm, thickness
of 15 mm and a length of 300 mm.

Beam B3-F1-1 has the same fire insulation systenbedm B2-F1-1 but the
thickness of the bottom protection was increasethf80 mm to 40 mm (see Figure

6.7).

B1-F1-1
200
e
Sarews
€
= § 5/1m
[Te]
—
T
g Ll N
[
g [0l [o]
S gl - ;! 60 I =

Steel nails 1/ 150 mm
Promatech H 25 mm + 15 mm

Figure 6.3 —Insulation layout beam B1-F1-1
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B1-F1-2
200
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IS
Eo
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O =
@ 2
o =1
2 8
a O =
o
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@
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Topcoat 0.1 mm
WR-APP type C 30 mm

Figure 6.4 —Insulation layout beam B1-F1-2

B2-F1-1

n
S

rews

[N
3

lan 200-9\ >

FortResin

N

I
[0l [0l

— o

Screws 4/ m
Aestuver 30 mm

Figure 6.5 —Insulation layout beam B2-F1-1
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300
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lan 200-9~

FortResin

40
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Aestuver 40 mr
ol
S
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Extra board
200 x 300 x 15 mm

Figure 6.6 —Insulation layout beam B2-F1-2

300

40
i
]

E

Aestuver 15 mm
=
=

Screws 4/ m
Aestuver 40 mm

Figure 6.7 —Insulation layout beam B3-F1-1
6.3.2 Insulation details of second fire test series
Figure 6.8 till Figure 6.14 show the layout of tthiéferent fire protection systems
applied to the beams for the second fire test. B&1F2 was unprotected and

unstrengthened. Beam B1-F2-1 (see Figure 6.8) vaegied with Promatect L-500
fixed in a U shaped form. The thickness of the elat the bottom was 100 mm,
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composed of Promat L-500 200 mm wide plates witthiekness of 50 mm, as
indicated in Figure 6.8The first 50 mm length of protection has been cosepoof
two plates with a length of 1450 mm joint togetirethe longitudinal direction by
means of silicate glue (type Promacol k84 suppbigdPromat), so to achieve a total
length of 2900 mm. These two plates have beenhathto the beam soffit by
means of silicate glue. At the bottom of the flegter, two additionally plates with
the same geometry have been mechanically fixed sditbw placed at a distance of
200 mm in longitudinal direction (silicate glue watso added in between the
plates). The insulation at the side faces has lseemposed of Promat L-500 180
mm wide with a thickness of 20 mm (the first fiest series has shown that a side
thickness of 20 mm was enough to delay the incred#séemperature in the
longitudinal steel reinforcement and FRP bars)ayel of silicate glue has been also
provided at the inner surface of the side plateshasvn in Figure 6.8. Screws, to
create the U-shaped insulation form, are providethel50 mm for the connection
between the side plates and bottom plates and 22@hmm for the connection of
the side plates to the beam. The screws were addily protected with silicate glue
in order to minimize the effect of screws on heansfer.

B1-F2-1
200

300

08T

Promatect L 500 20 mm

25
A

Promatect };500 50+50 mm
Extra board
200 x 180 x 20 mm

Figure 6.8 —Insulation layout beam B1-F2-1

Beams B1-F2-2 and B1-F2-3 were insulated with HpeRCoating (HPC), which

has been spray applied with a thickness of 25mranfbig1-F2-2) and 40 mm (beam
B1-F2-2) to the bottom, and 20 mm to the sides (Sgare 6.9 and Figure 6.10).
The total thickness is built up in different lay@msa range of 0.2-1 mm each (Figure
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6.11 shows the application of the fire protectigatem). On top of the HPC a layer
of Omega Fire has been spray applied with a thiekieé 20 mm for both beams.

B1-F2-2
200
I
. | -
\
S \
o
° |
33
£ 53
a1 lo %8 d
5 N
0 o H =8
T

HPC 40 mm
Omega Fire 20 mm

Figure 6.9 —Insulation layout beam B1-F2-2

B1-F2-3
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© Bl _| @l N
T

HPC 25 mm
Omega Fire 20 mm

Figure 6.10 —Insulation layout beam B1-F2-3
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Figure 6.11 —Application HPC + Omega Fire

Beams B2-F2-1 and B2-F2-2 were insulated with WRRARpe C, which has been
spray applied with a thickness of 30 mm (beam B2t 2nd 40 mm (beam B2-F2-
2) to the bottom, and 20 mm to the sides for betinhs (see Figure 6.12 and Figure
6.13). The total thickness is built up in differdayers in a range of 5 mm each
(Figure 6.12 shows the application of the fire potibn system).

300

ype C 15

lan 200-9

:

FortResin

1T

WR-APP t
mm

|WR-APP type C 30 mm
Figure 6.12 —Insulation layout beam B2-F2-1
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B2-F2-2
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LWR APP type C 40 mm

R = ar

Figure 6.14 -—-Ap-plication WR-APP type
6.3.3 Insulation details of third fire test series
Figure 6.15 till Figure 6.20 show the layout of tiferent fire protection systems
applied to the beams for the third fire test. BeBinF3-1 and B2-F3-1 (see Figure

6.15 and Figure 6.16) were protected with Promates00 fixed in a U shaped
form. The thickness of the plate at the bottom @ Inm for beam B1-F3-1,
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composed of Promat L- 500 200 mm wide plates witthiekness of 50 mm, as
indicated in Figure 6.15The first 50 mm layer of insulation has been coreposf
two plates with a length of 1450 mm joint togetirethe longitudinal direction by
means of silicate glue (type Promacol k84 suppbigdPromat), so to achieve a total
length of 2900 mm. These two plates have beenhathto the beam soffit by
means of silicate glue. At the bottom of the flegter, two additionally plates with
the same geometry were mechanically fixed withwsrplaced at a distance of 200
mm in longitudinal direction. In between the twgdas of 50 mm an extra layer of
silicate glue has been also provided (Figure 6. IBg configuration of the bottom
protection of beam B2-F3-1 was taken the same m®dam B1-F3-1, but plates
with a thickness of 30 mm were used (see Figuré)6.The insulation at the side
faces has been composed of Promat L-500 180 mm (biekem B1-F3-1) and 140
mm wide (beam B2-F3-1) with a thickness of 20 mrore$#ss, to create the U-
shaped insulation form, are provided each 150 mmihfe connection between the
side plates and bottom plates and each 200 mninéocdnnection of the side plates
to the beam. An extra layer of silicate glue hasnberovided at the inner surface of
the side plates. The screws were additionally ptetewith silicate glue in order to
minimize the effect of screws on heat transfer.

Beams B1-F3-2, B1-F3-3 and B1-F3-4 were insulati#d ot Pipe Coating (HPC),
which has been spray applied with a thickness afi@5beam B1-F3-2), 35 mm
(beam B1-F3-3) and 20 mm (beam B1-F3-4) to thedomtiand 10 mm to the sides.
The total thickness is built up in different layarsa range of 0.2-1 mm each. On top
of the HPC a layer of Omega Fire has been spralegppith a thickness of 20 mm
(beams B1-F3-2 and B1-F3-3) and 15 mm (beam B1)R®-4he bottom, and 10
mm to the sides (see Figure 6.17 till Figure 6.19).

For beam B4-F3-1, in which the NSM FRP bars werbedded with an expansive

mortar, a layer of HPC and Omega Fire (10 mm + 10 at the bottom and the
sides) was provided for the insulation (see Figug®).
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B1-F3-1
200

300

Promatect L 500 20 mm

25
A

Promatect L 500 50+50 mm

Figure 6.15 —Insulation layout beam B1-F3-1
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Figure 6.16 —Insulation layout beam B2-F3-1
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B1-F3-2
200
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Omega Fire 10 mm
HPC l(P
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experimental investigation

Figure 6.17 —Insulation layout beam B1-F3-2

B1-F3-3
200

Sikadur-30

Combar 12

t*HPC 35mm
Omega Fire 20 mm

SET

Figure 6.18 —Insulation layout beam B1-F3-3
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B1-F3-4
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Sikadur-30
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Combar 12

Omega Fire 10 mm
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HPC 1q)

L*HPC 20 mm
Omega Fire 15 mm

Figure 6.19 —Insulation layout beam B1-F3-4
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Figure 6.20 —Insulation layout beam B4-F3-1
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6.3.4 Insulation details of fourth fire test series

Figure 6.21 till Figure 6.25 show the layout of tiferent fire protection systems
applied to the beams/slabs for the fourth fire.tBsam B2-F4-1 (see Figure 6.21),
in which the NSM FRP bars were embedded into tloegs for a length equal to
500 mm from the free end of the FRP at both sides (Appendix C), has been
insulated with Hot Pipe Coating (HPC) and Omega.Fiihe insulation system has
been applied only at the bonded length of the FFRMNkeeping the unbounded
side unprotected. HPC fire insulation system hanispry-applied with a thickness
of 25 mm to the bottom and 10 mm to the side. @ntdip of HPC a layer of Omega
Fire has been spry-applied with a thickness of 20 tm the bottom and 10 mm to
the side.

For beam B4-F4-1, in which the NSM FRP bars werbedded with an expansive
mortar, a layer of HPC and Omega Fire (20 mm + 1) tmas been provided at the
bottom for the insulation (see Figure 6.22). Thaulation thickness at the side was
equal to 10 mm for both HPC and Omega Fire.

One slab (specimen S0) was tested under fire exposuprotected and
unstrengthened as reference. All the insulatedssiare exposed to fire only at the
soffit, therefore the fire insulation was providexly at the soffit of the slabs. Slab
S1-F4-1 has been insulated with Hot Pipe coatirig sithickness of 25 mm. On the
top of the HPC insulation a layer of Omega firehnat thickness of 20 mm has been
provided (see Figure 6.23). As for the beams, thal tthickness is built up in
different layers in a range of 0.2-1 mm each.

B2-F4-1
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L*HPC 25 mm
Omega Fire 20 mm

Figure 6.21 —Insulation layout beam B2-F4-1
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Figure 6.22 —Insulation layout beam B4-F4-1

S1-F4-1
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Omega Fire 20 mm

Figure 6.23 —Insulation layout beam S1-F4-1

Slabs S2-F4-1 and S2-F4-2 (see Figure 6.24 andd-ig25) have been protected
with Promatect L-500. The thickness of the platthatbottom was taken 80 mm for
slab S2-F4-1, composed of Promat L- 500 400 mm wldees with a thickness of
50 mm and 30 mm, as indicated in Figure 64e first 50 mm layer of protection
was composed of two plates with a length of 1450 joint together in the
longitudinal direction by means of silicate glugpg@ Promacol k84 supplied by
Promat), so to achieve a total length of 2900 mmayer of silicate glue at the
beam soffit has been also provided. Additionalhese two plates were mechanical
fixed to the bottom surface by mean of screws wittlistance of 250 mm. At the
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bottom of the first layer, two additional platestiwia thickness of 30 mm were
mechanically fixed with screws placed at a distan€€200 mm in longitudinal
direction. In order to fill any possible gap in Wwetn the board layers, silicate glue
has been also provided at the inner surface ofitedansulation plates of 30 mm
(see Figure 6.24). The configuration of the bottmmtection of slab S2-F4-2 was
the same adopted in slab S2-F4-1, but plates wittickness of 30 mm were used

(see Figure 6.25). The screws were additionallygmted with silicate glue in order
to minimize the effect of screws on heat transfer.

S2-F4-1
400
ol

‘:"% Screws

3| |50 mm 85 4/1m
L ~x|T
O ©

o @’ o 1 |Screws
B & &

|
\gmm L*Promat— L500 50 mm
Promat-L500 30 mm

Figure 6.24 —Insulation layout beam S2-F4-1
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S2-F4-2
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30 mm “Promat- L500 30 mm
Promat-L500 30 mm

Figure 6.25 —Insulation layout beam S2-F4-2

6.4 Test setup and test procedure

The specimens were tested simultaneously in a drtar furnace of 6000 mm long

by 3000 mm wide. The specimens were lifted andgaaan the top of a steel ring
frame that is placed on the top of the furnace dfanisee Figure 6.26). No axial
restraints were provided during the fire tests. Hpecimens are placed in the
transverse direction of the furnace (the clear sfahe specimens being 3000 mm).
The openings on both sides of the test specimems been closed with 150 mm
thick aerated concrete slabs. In between the akretecrete slabs and the test
specimens, ceramic wool (20 mm thick) has beeneplad hereafter, the beams
were exposed to fire from three sides (bottom efltleams and lateral sides for a
height equal to 150 mm) and the top surface wassegto ambient temperature as
shown in Figure 6.27. The tested slabs were expmsécke only from the soffit and

the top surface was exposed to ambient temperatusbown in Figure 6.28. Figure
6.27 shows the test set-up of fire test seriestiinthree, in which 6 beams are

placed on the top of the furnace. Figure 6.28 shioves similar way the fourth fire
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test series with a combination of beams and slBhs.test set-up of all the fire test
series is shown more into detail in Appendix C.

Aerated
concrete slabs|

Figure 6.26 —Furnace chamber

Fire testing standards [9,11] require that struadtalements need to resist the service
loads during the fire test. Thus, before starting fire test all the test specimens
were loaded to their service load (as calculate€lapter 5, section 5.6.2). The
applied service loads (at each point load).Qthe percentage of the ultimate
capacity of the reference NSM FRP strengthened Istain Q../Qu s and the
percentage of the ultimate capacity of the refezenastrengthened beam/slab,
Qsen/QuunstiS given in Table 6.6.

Table 6.6 —Applied service loads during fire exposure

Qserv Qser\/Qu,str. Qser\/Qu,unst

Fire Series Specimens [kN] [%)] [%]
First fire BO-F1 30.5 - 54.0
test series B1-F1-1, B1-F1-2 36.0 37.0 63.0
B2-F1-2, B2-F1-2, B3-F1-1 40.5 40.0 71.0
Second fire BO-F2 30.5 - 54.0
test series B1-F2-1, B1-F2-2, B1-F2-3 36.0 37.0 63.0
B2-F2-1, B2-F2-2 40.5 40.0 71.0
R B1-F3-1, B1-F3-2
;I'ehsltr(iélrrizs B1-F3-3 B1-F3-4 36.0 37.0 63.0
B2-F3-1, B4-F3-1 40.5 40.0 71.0
Fourth fire B2-F4-1, B4-F4-1 40.5 40.0 71.0
test series SO0-F4 7.5 - 52.0
S1-F4-1, S2-F4-1, S2-F4-2 10.0 30.0 68.0
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Figure 6.27 —Test setup first tilthird fire test serie (6 beams per fire test, figure
shows beams of third fire test seri
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Figure 6.28 —Test setup fourth fire test seri(2 beams and 4 slabs)

The service load has been applda separate hydraulic unit a function of the
required load, so that specimewith the same FRP strengthened reinforcement
system where loaded in groufyuring the fire test all the specimens were loaide

4 point bending in a purpose built loading frameshown in Figure 6.29. The load
was applied by means of a hydraulic jack, with a maximoapacity of 200 kN
controlled by a load cellThe load wa applied approximately 30 min prior to the
start of the fire, so that steady condition (no increase in deflection wiithe) is
reached. The load ikept constant dung the fire test. A maximum of 2 h fire
exposure was chosdor fire test series one, two and four while a maxn of 1 h
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of fire exposure was chosen for fire test seriesethAfter reaching the desired time
of fire exposure the tests were stopped and spesimemained on top of the
furnace during an ambient cooling (with open fumaly removing the aereated
concrete slabs) of about 48 hours.

e

— >

! ) &
.1;:-1[’

o Hydraulic [
® ack

Figure 6.29 —Loading equipment during fire

All the beams and slabs were exposed to a EN 13683<tandard fire. This means
that the furnace temperature is controlled to felithe standard time-temperature
curve according to 1ISO 834 [10]. This standard qibss the heating by the
combustion gases as function of time and is giweaduation 6.1:

Tg

< =T, +345log,(8t + 1) (6.1)
Where Ts = the temperature of the combustion gases [°G],=Tthe initial
temperature [°C] and t = the time [min]. The tengteres recorded in the furnace
for the 4 test series are shown in Appendix C.

6.5 Instrumentations

The specimens were instrumented to measure temperdistributions throughout

the cross section. Twenty thermocouples, type Kevpdaced inside the concrete at
two different cross-sections of the member (eachdistance equal to 375 mm from
the middle of the specimen). For the beams, in eaelasurement section ten
thermocouples are placed as indicated in Figur@: @8e is placed at the soffit of
the concrete, one at the interface between thesaghand the FRP reinforcement,
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two at the lower steel reinforcement, one at thexposed upper concrete surface
and the remaining thermocouples in the concretéiosecFor the slabs in each
concrete section nine thermocouples per measugogos are placed in a similar
way as for the beams. This is illustrated in Figbu&l.
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Figure 6.30 —Location thermocouples into the beams
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Figure 6.31 —Location thermocouples into the slabs
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In addition a displacement transducer (LVDT) wasrezrted to the unexposed
surface of each specimen to measure the defleatiaridspan in the pre-load phase
and during fire testing. To avoid any damage ofdisplacement transducers, it was
decided to place the LVDTSs outside the furnace @mhect them to the midspan of
the elements through a system of wires and rolessshown in Figure 6.32. The
midspan deflection of the specimens was also recbnsanually by means of a ruler
against a reference wire, as shown in Figure @&8ing the fire tests, also visual
observations were made trough view ports in thadce to record the progression
of possible cracks or/and localized burning in theulation as well as possible
delamination of the insulation or/and FRP reinfoneat system.

Manual measuremggg

i ) syste
Weight Steel wire Y 18%

d

L

A ., . |
a< s o
Lol |
Y T
|

Z |
]

I

I

I

o

Figure 6.33 —Midspan deflection manual measurement system
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6.6 Test results in terms of main observations
The overall performance of the different insulatisystems under standard fire
exposure, in terms of time at which a detachmenheffire insulation system was

observed () is given in Table 6.7. A summary of the visuabetvations during
each fire test series is presented and discuss#etai in the following sections.

Table 6.7 —Performance of fire insulation system

Thickness Thickness

Fire Specimen Insulation bottom side Ldetach
series system [min]
[mm] [mm]
BO-F1 - -
First B1-F1-1 Promat H 25+15 15 N.D.
series B1-F1-2 WR-APP type C 30 15 -*
B2-F1-1 Aestuver 30 15 70
B2-F1-2 Aestuver 40 - 34
B3-F1-1 Aestuver 40 15 105
BO-F2 - -
S d B1-F2-1 Promatect L-500 50+50 20 N.D.
S‘Z‘i:’er; B1-F2-2  HPC/Omega Fire  25/20 15/- N.D./ 20
B1-F2-3 HPC/Omega Fire 25/20 15 N.D. /20
B2-F2-1 WR-APP type C 30 15 N.D.
B2-F2-2 WR-APP type C 40 15 100
B1-F3-1 Promatect L-500 50+50 20 N.D.
Third B1-F3-2 HPC/Omega Fire 25/20 10/10 N.D./ 18

B1-F3-3 HPC/Omega Fire 35/20 10/10 N.D./ 18

SCNeS TB1.F34 HPC/Omega Fire 20/15  10/10 _ N.D./18
B2-F3-1 Promatect L-500 30+30 20 N.D.
B4-F3-1 HPC/Omega Fire 10/10 10/10 N.D. / N.D.
B2-F4-1 HPC/Omega Fire 25/20 10/10 N.D. /30
B4-F4-1 HPC/Omega Fire 20/10 10/10 N.D. /30

Fourth

series —20-14 ~ . -
S1-F4-1 HPC/Omega Fire  25/20 - N.D./75
S2-F4-1  Promatect L-500 50+30 - N.D.
S2-F4-2  Promatect L-500 30+30 - N.D.

N.D.: No detachment
* improper application of the insulation material
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6.6.1 First fire test

At 65 min of fire exposure a sudden increase ofledébn was observed for
reference beam BO-F1. The load was removed at aippately 105 min of fire
exposure to avoid collapse of the beam into thesce.

Except for some discoloration and small crackh@lower bottom protection board
of beam B1-F1-1 insulated with Promat-H, the finsulation board system was
intact and few signs of deterioration were obser{g=k Figure 6.34a). After fire

exposure the boards were carefully removed andgms ®f damage were observed
to the adhesive.

The fire protection of board B1-F1-2 delaminatedrpaturely within 5 minutes of
fire exposure for the entire length of the beamisTimexpected behaviour was
diagnosed to improper application of the insulatioaterial. It is likely that during
application the insulation did not bond well witietsoffit of the beam resulting in
debonding of the insulation off of the substratearete prematurely during fire
exposure. For this reason test results of beamB2-Will not be discussed further.

At approximately 70 minutes into the test, for beB&F1-1, a partial detachment
of one of the two insulation boards was observee (Sigure 6.34b), allowing heat
to be transferred more rapidly into the beam sactit the end of the 2 h of fire
exposure the epoxy resin was partially burned off.

At 34 min. of fire exposure the protection platebaelam B2-F1-2 started to detach
from the underside of the beam. Within 10 min. tinsulation system felt
completely into the test furnace. This resulteduimning of the bonding agent. At
the end of the 2h of fire exposure the NSM FRP foeaement stayed into the
grooves, although the adhesive had extensivelytimifiisee Figure 6.34c).

Also for beam B3-F1-1 one of the two bottom plattadh completely from the
beam at approximately 105 min into the test. Indategiround 90 min into the test a
detachment of the intumescent strip, in betweenhbard joint, was observed
followed by progressive cracks around the scregsshawn in Figure 6.34d.
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a)

<)

Figure 6.34 -Beams a) B1-F1; b) Bz-F1-1, c¢) B2-F1-2 and d) B3-F1-1 after fire
exposur

6.6.2 Second fire test

Despite the different insulation types and/or thiegs all the insulated beams of
second fire tesseries could withstand the 2 hours fire test, whilbmitted to thei
service load. It should be obseruwbdt, while for the first fire test series the sids#

the beams were exposed directly to the fire foh@ight equal to 70 mm (free spe
betweerthe fire protection system and taerated concrete slabs) in the second fire
test series the ceramigool (utilized to insulate thgoints between the aerated
concrete slabs and the specimemssaccidentally not removed from the surface of
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the beams as for the first fire test series, alhgwa beneficial effect due to the
additional insulation (see Figure 6.35a).

At 100 min of fire exposure, as observed during ftret fire test series, a sudden
increase of the deflection was observed for theresice beam B0-F2 and continued
increasing till 110 min into the test, when thedoaas removed to avoid the

collapse of the beam into the furnace. Severalksrand discoloration of the

concrete surface were observed (see Figure 6.35a).

The fire insulation of beam B1-F2-1 (insulated witomat —L 500) showed a single
crack, for the lower bottom insulation board asvamdn Figure 6.35b. The top
bottom protection board was fully intact after thet. After fire exposure the boards
were carefully removed and no signs of damage wiaserved to the adhesive.

Within 3 min of initiation of the fire test, surfadlaming of the Omega fire coating
of beams B1-F2-2 and B1-F2-3 was observed anddldeteapproximately 7 min.
At approximately 20 min into the tests, for bothabes, the layer of Omega Fire
detached from the layer of HPC. At 40 min flamingswobserved at the outer few
millimetres of the layer of HPC for both beams éamted for approximately 20 min
into the test. For Beam B1-F2-2, after detachmétihe Omega layer (20 min. into
the test), the layer of HPC was consumed in postmfithe exposed face, presenting
several cracks in proximity of the FRP anchorageezgalthough the precise
consumption of a certain amount of insulation osgilole cracks could not be
observed). These cracks widen as test progresgaddataalmost 110 min. of fire
exposure, for beam B1-F2-2, part of the HPC coaffog a length approximately
equal to 500 mm) clearly detached from the bottanfase of the beam with
consequently an increase of recorded temperatsideirthe adhesive. Due to the
direct fire exposure, flaming of the bonding agesmss observed. Observation after
fire exposure revealed that the HPC protectioningatas consumed (the outer few
millimetres of the layer burned away) in portiorigite exposed face for beam B1-
F2-3 as shown in Figure 6.35c. After fire expostire HPC layer was carefully
removed and no signs of damage were observed tadthesive for beam B1-F2-3.
For beam B1-F2-2, after visual inspection, the iparbf adhesive directly exposed
to the fire was obviously burned away as showniguie 6.35d.

At 20 min into the fire tests, for both beams B2F2and B2-F2-2, transversal
cracks on the surface of the insulation were oleskrisee Figure 6.36a-b) with
consequently flaming of the surface. The crack omegradually increased as the
test progressed, likely due to thermally-inducednétage of the insulation. The
flaming was thought to be associated with localizegrning of the epoxy

adhesive/matrix beneath the insulation at the ionabf cracks. Despite the large
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amount of cracksthe insulation system of beam -F2-1 remained attached to the
beam for the complete fire exposure time (Figure 6.36a). For beam B2-F2-2 the
insulation system detached locally (for a lengtipragimately equal to 500 mi
near 100 min. into the fire test with consequebtiyning of the epoxy adhes (see
Figure 6.36f) After fire exposure the insulation system of beB2-F2-1 was
carefully removed and was observed that the epoxy adhesive locally burnt off.

c)

Figure 6.35 -Beams a) BO-F2, b) BF2-1, ¢) B1-F2-3 and d) B1-F2-2 after fire
exposur
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Figure 6.36 —-Beams a) B2-F4 and b) B2-F2-2 after fire exposure

6.6.3 Third fire test

For the third fire testall the beams were exposed to one hour of fire &xm@o /s

for the first fire test serigshe beams were exposed to the fire from threessithe
bottom sideand the two lateral sides fo height equal to 150 mm. For the latter, 80
mm was insulated witldifferent insulation systes (see section 6.3.3) and 70 mm
was without any insulation.

Except for some discoloration and small crackdh@lower bottom protection boa
of beams insulated with PromatecttD0 (beams B-F3-1 and B2-F3-2), the fire
insulation board system was intact and few signdetérioration werebserved, as
shown in Figure 6.37a-lAfter fire exposure the boards were carefully reethanc
no signs of dange were observed to the adhes

At approximatelyl8 min into the tests fcheams B1-F3-2, B1-F3-3 and B1-F3-4,
insulated with HPC and Omega fire system, sevemtks were observed for t
outer layer of Omega Fire (the temperature in thhedce waspproximately equal
to 770 °C at that time) with surface flaming of fm®duct.These cracks appear to
rapidly widen as the test progresséd.approximately 30 min into the test, in t
two lateral sides of the beams, the Omega Fireldtisn started to detach (see
Figure 6.37c-d and Figure 6.38#t the same time cracks, at the bottom appe
to widen as the test progresséhnsidering the considerable cracks observed
the partial detachment, & iikely that Omega fire was ineffective at approately
30 min into the fire exposurét 50 min into the test the layer of Omega F
detached from the HPC layer at the bottom of trenise(temperature in the furne
was approximately 900°C). By obsetion, the HPC fire insulation system
performed well for all the duration of fire exposubservations after fire exposi
revealed that the HPC protection coating was comslu(the outer few millimetre
of the layer burned away) in portions of the exd face, presenting cracks for
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some of thdbeams in the outer layers (although the preconsumption of a certain
amount of insulatioror possible cracks could not be obse; see Figure 6.37¢c-d
and Figure 6.38a).

Different behaviour was observed for bean-F3-1, for which, due maybe to the
less thickness of the insulation with respect ® dthers beams insulated with
same materialpo cracks were observed during the fire exposubse€vation aer
fire exposure revealed that Omega fire was consuimgubrtions of the expose
face (see Figure 6.38blMore investigations are needed for clearly undeus the
behaviour of Omega fire at fire exposuAfter fire exposure, for all the beams
insulated with HPC and Omega f the fire insulation system was carefully
removed and no signs of damage were observed tdthesive (resin or morte

Figure 6.37 —-Beams a) B1-F3;1b) B2-F3-2, c) B1-F3-2 and d) B1-F3-3 after fire
exposur
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Figure 6.38 —-Beams a) B1-F3 and b) B4-F3-1 after fire exposure
6.6.4  Fourth fire test

For beam B2-F4L, for which the FRP was partially bonded and péytinsuiated,
the fast increase of temperatures into the unpiedearea led to a fast increase
temperature into the longitudinal steel (the cotecmmver was around 15 mm clc
to the grooves) witltonsequently failure of the beam under the apgted. The
beam felt into the oven around approximately 118 diifire exposure. At that tinm
for security reason the fire test was haliVisual observations during fire show an
early detachment of Omega fire at around 30 mio the tests with flaming of tt
product, as shown in Figure 6.39a.

At approximately 15 mirinto the test several cracks were observedthe outer
layer of Omega Fire for beam B4-B4with surface flaming of the product. The
flaming lasted for approximately 3fin into the test and crack width increased as
the test progressed. At 64 min into the test the oldager of Omega fire wa
consumed in portion due to the flaming of the puid(aelthough the precis
description of consumption of a certain amounthgiicion could not be observed).
By observations after fire exposutbe Omega fire layer was completely consui
and the HPC fire insulimn was still intact alonthe length of the beam showing
some cracks in the outer layexrs shown irFigure 6.39b. After fire exposure the
insulation was carefully removed and significant signs of damage were observed
to the adhesive.

At 34 min of fire exposure, several cracks wereeolsd at the concrete bottc
surface of slab SO. A fast irease of deflection ehe test progressed was observed.
At approximately 50 min into the test the increaééeflection was aroid 70 mm,
and the load was removed avoid the collapse of the slab into the furn By
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observations, after fire exposure,vem cracks, concrete cover spalling and
discoloraion of the concrete surface have t observed (see Figure 6.40a).

At approximately 15 min into the test several csagkere observed for the ou
layer of Omega Fire of slab S1-B4with surface flaming of the produ The
flaming lasted for approximately 40 min into thesttend cracks widen as t
progressed. At 75 miimto the tests the Omega Fire detached from thieimoof the
beam and only thelPC layer stayed attachell along the length of the beam, as
shown in Figure 6.4QbAt that time a slightly increase of the FRP terapgre as
well as deflection was observedfter fire exposure the HPC layer was carefi
removed and no signs of damamgere observed to the adhesi

Except for some discoloration and some crackserdtver bottom protection boa
of slabs insulated with Promatect900 (slabs S-F4-1 and S2-F4-2), the fire
insulation board system was intact and few sigrdetérioraions were observed, as
shown in Figure 6.40c-dAfter fire exposure the boards were carefully oged anc
no signs of damage were observed to the adh

Cracks HPC
outer layer

a) b)

Figure 6.39 —Specimens a) B84-1 and b) B4-F4-1 after fire exposure
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c)

Figure 6.40 —Specimens a) S0-F4) B1-F4-1, c) S2-F4-1 and d) S2-F4-2 after fire
exposur

6.7 Thermal performance of the FRP strengthened members under fire
exposure

The themal response of the FRP strengthened members (baagnslabs) unde
fire exposure can be studied by comparing the teatpes increase into the
monitored sections. The performance of the insufagilayed a key role in limitin
the temperatures in the aoete, steel rebars, FRP reinforcement and adh
(epoxy ormortar). The fire endurance (with respect to thé &r/and 1 h fire
duration of this research program) was definedhasaimount of time th: (1) the
structural members must sustain the ad load without structural failure
(according to the EN 1363-1])9 (2) the unexposed average temperatures o
concrete should not increase the initial averagg&zature by more than 140 °C
the temperate at any location of the unexposed concrete aotild not increas
above the initial average temperature by more #&07fC (if the specimen should
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fulfil a separating function during fire, in accamte to EN 1363-1 [9]) and (3) the
temperature in the reinforcing steel should notréaase more than a critical
temperature assumed equal to 593 °C (this critemlperature, according to table
3.2a of Eurocode 2 [7], ASTM E119 [11] and as régmbin previous work of Kodur

et al. 2010 [12], can be assumed as the temperatheze the steel has lost
approximately 50% of its yield strength at room pemature).

It has to be noted that the fire resistance ofcgipiFRP-strengthened flexural
members is mainly influenced by the strength ariiness properties of the
adhesive and longitudinal steel reinforcement, esitite temperatures in concrete,
for insulated beams and slabs, remain low for nebsghe fire duration (see Table
6.8). Indeed, as the rate of degradation of thesidh is expected to be faster with
respect to the steel due to its lower tolerandaigh temperatures, the temperatures
in the longitudinal steel reinforcements, in paméc in case of FRP loss of
composite action due to high temperature at thesidb/FRP interface, become an
important indicator of the fire performance of thRP-strengthened RC elements.
For this reason comments about the increase ofdmnpes of longitudinal steel
reinforcement and at the FRP/adhesive will be dised in the following sections
for each fire test series. A summary of temperaturecorded at the bottom
longitudinal steel reinforcement and at the FRPéadfe interface is given in Table
6.8 section 6.8. A complete overview of the temperincrease in the beams/slabs
sections is given in Appendix C.

6.7.1 First fire test

Figure 6.41 shows the increase of temperature dedoby the thermocouples
(average values of four thermocouples) at the todgial steel reinforcements. As
expected, the test results show that supplememtsiilation influences the
temperature increase at the longitudinal steelfasiement. Beam BO-F1 did not
satisfy the thermal criteria, described in the isectabove, for which the steel
temperature should be lower than 593 °C.

The bottom longitudinal steel rebars in beams BitFB2-F1-1 and B3-F1-1
experienced a steady rise in temperature for thieeetest duration. This is due to
the presence of insulation, which played a key molémiting the temperature of the
longitudinal steel reinforcement for the entireation of the fire test. For beam B2-
F1-1 a change in the slope of the time-temperaturee was observed at around 70
min into the test. At that time part of the insidatdetached from the beam.

The recorded rebars temperatures of beam B2-Fg&-Bigher than recorded for the
three others insulated beams since the beam watated only at the bottom

203



Chapter 6

surface. Moreover, due to the detachment of thelatisn at approximately 34 min
of fire exposure, the increase of temperature imimaqual to the unprotected beam

(the average longitudinal steel temperature afteth 2of fire exposure was
approximately 570 °C).

700
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100 =-B2_F1_1
- -B2-F1-2
---B3-F1-1
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0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
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Figure 6.41— Increase of temperatures longitudinal steel reaggment first fire test

The temperature increase at FRP/epoxy interfaggven in Figure 6.42. For most
beams, temperatures recorded at the two measureseetibns (see Figure 6.30)
were very similar. Hence, the average value is shdwr beams B2-F1-1 and B3-
F1-1, due to the partial detachment of the firagurtion, temperature measurements
in the 2 sections differs significantly and indival curves are given.

For beam B1-F1-1, the temperature increased toQ®dthin 30 min., followed by
a constant plateau lasting until approximately 58, maused by the evaporation of
the free water into the concrete and the insulatiaterial. Thereby the temperature
increases slightly with fire exposure time. The imaxn recorded temperature at
the FRP/epoxy interface after 2 h of fire exposwes approximately 300°C. The
epoxy resin started to lose strength and stiffnegen the glass transition
temperature was exceeded and can be ineffectitleebgnd of the fire test.
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Figure 6.42 —Increase of temperatures at FRP/epoxy interfadiestfire test

For beam B2-F1-1, due to the partial detachmethefnsulation material, a sudden
increase of temperature was recorded in one ofwleemonitored sections. This
sudden increase of temperature is attributed tdthmeing of the adhesive and FRP
bars matrix. In a similar way, at 34 min into theeftest the detachment of fire
protection system was the cause of the suddenaseref temperature recorded at
the interface between the adhesive and the FRPefam B2-F1-2. At the end of the
fire exposure the epoxy adhesive was completelgeglaand ineffective. The fire
board protection of beam B3-F1-1 is the same adéam B2-F1-2 but additional
boards with a thickness of 15 mm were providedoth Bides along the entire length
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of the beam. The temperature at the FRP/epoxyfaeincreased to 100 °C within
approximately 35 min, followed by a constant platésesting until 60 min, after that
the temperature continued to increase with fireosype. The intumescent strip,
used to close the joints between the boards, peednwell for a time equal to 105
min of fire exposure. At that time a sudden incesaStemperature was observed in
one of the two monitored sections due to the pbrtidetachment of the fire
protection. After 2 h of fire exposure, the maximuacorded temperature (on the
side where the fire protection board was still lace) was approximately 330 °C
while for the un-protected side approximately 7@ The epoxy adhesive was
burned and no strength contribution of the bondeB Was expected.

6.7.2 Second fire test

Figure 6.43 shows the increase of temperature dedoby the thermocouples
(average values of four thermocouples) at the todgial steel reinforcements of
the second fire test. It can be seen that the todigial steel reinforcement in the
control beam reaches a high temperature value grbapmately 590 °C in 120 min

of fire exposure. The bottom longitudinal steel aebin the insulated beams
experience a steady rise in temperature for th@eet#st duration. For all the
insulated beams the steel temperature remained belbw 593 °C. This

temperature trend can be attributed to the lowntlaéiconductivity of the different

insulation materials applied, that helps to keep lingitudinal steel reinforcement
temperatures low.

Despite the higher insulation thickness, the reedrdlongitudinal steel
reinforcement temperatures of beam B1-F2-2 areehigh compared to beam B1-
F2-3. This can be related to the early developnoérdracks in the insulation, as
discussed in section 6.6.2 or/and can be explainedidering that part of the HPC
layer was detached with the Omega fire layer (algfiothe precise description of
detachment of a certain amount of insulation cowitlbe observed).

It has to be noted that for beam B2-F2-2 no sudderease of longitudinal steel
temperature was observed during fire exposure. ddmsbe related to the fact that,
as discussed in the above section, the crackseinntulation mainly developed
close to the FRP anchorage zone; therefore far fr@ntwo monitored sections.
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Figure 6.43— Increase of temperatures longitudinal steel reagiment second fire
test

The temperature increase at the FRP/adhesive aoterfaverage values of two
thermocouples) for the second fire test is givefrigure 6.44. For beam B1-F2-1
the temperature increased slightly with fire expesime. The temperature reached
the epoxy glass transition temperaturg ¥162°C) at approximately 60 min of fire

exposure and the rate of increase of temperatunained steady during the fire

exposure time without showing any abrupt increddter 2 h of fire exposure the

maximum recorded temperature at the FRP/epoxyfaterwas equal to 115°C

(1.85Ty.

Also for beam B1-F2-2 and B1-F2-3 the temperaturereiases slightly with
increasing fire temperature exposure time. As olegkrfor the longitudinal steel,
despite the higher insulation thickness the devatg of cracks at the bottom
surface of the insulation layer results in a higieenperature for beam B1-F2-2 with
respect to beam B1-F2-3. It has to be noted tlatamperatures of beam B1-F2-2
are higher than recorded in beam B1-F2-3 startiognf20 min into the test. At that
time the Omega Fire detached from the layer of HEd several cracks were
observed close to the FRP anchorage zone. The tgéasstion temperature of the
epoxy adhesive was reached at about 50 min intéiretnéest. An abrupt increase of
temperature was recorded at almost 110 min intditheest for beam B1-F2-2, due
to the partial detachment of the insulation materiam the bottom surface of the
beam. After 2 h of fire exposure the maximum reedrdemperature at the
FRP/adhesive interface was equal to 281°C ()%iid 160°C (2.6 J respectively
for beam B1-F2-2 and B1-F2-3.
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Figure 6.44— Increase of temperatures at FRP/epoxy interfapenskfire test series

The data in Figure 6.44 shows a slightly higherease of temperature at the
adhesive/FRP interface for beam B2-F2-1 and bearrB2 with respect to the

other insulated beams. This increase can be atdbto widening cracks in the
insulation. For beam B2-F2-1 the glass transit@ngerature (J= 82°C) is reached

at around 44 min of exposure and the rate of isereaf temperature remained
steady until 78 min after which point a changetie slope of the time-temperature
curve was observed. This can be related to thelalawent of cracks within the

insulation. The final recorded temperature was a@xiprately 210°C (2.52 gJ. For
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beam B2-F2-2 the adhesive glass transition temperly, = 82°C) was reached at
approximately 58 min of exposure and no abrupteiase of temperature was
recorded during fire exposure (it has to be nothdt tthe position of the

thermocouples were far from the portion of inswlatithat detached and were
therefore not able to record the increase of teatper due to the burning of the
adhesive and FRP matrix). The final recorded teatpeg in the protected portion
of adhesive was approximately 140 °C (1.7). The recorded temperatures within
beam B2-F2-1 are higher than that recorded witleianh B2-F2-2. This difference
of temperatures is likely due to the 10 mm diffex@in thickness of fire protection.

6.7.3 Third fire test

Figure 6.45 shows the increase of temperature dedoby the thermocouples
(average values of four thermocouples) at the todgial steel reinforcements of
the third fire test. For all the beams the recortidperatures of the longitudinal
bottom steel reinforcement, after 1 hour of firgp@sure remained well below the
critical temperatures of 598. This can be expected (as verified in previous
reference fire tests), given the 30 mm concreteecawnd the beam geometry. The
insulation only limited the temperatures even mugkow the critical temperature.

700
Ter e 593°C
1]
500
O
o,
£ 400
3
[
8300 -
g —B1-F3-1
(0]
2 - B2-F3-1
200
- -B1-F3-2
---B1-F3-3
100 ' —B1-F3-4
~~~~~ B4-F3-1

O T T T T T T
0 10 20 30 40 50 60 70 80 90 100110 120130140
Time [min]

Figure 6.45 —Increase of temperatures longitudinal steel reag@ment third fire
test

The temperature increase at the FRP/adhesive doterfaverage values of two
thermocouples) for the third fire test series igegiin Figure 6.46.
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Figure 6.46— Increase of temperatures at FRP/adhesive intetff@wkefire test

The experimental data demonstrates that, for b&rs3-1 and B2-F3-1 insulated
with Promatect L-500, despite the different thickne both beams performed
similarly (more investigations are needed to cjettifis aspect). For both beams the
temperature increased slightly with fire exposuraet The temperature in the
adhesive reached its glass transition temperalyre@2 °C and J= 65 °C for beam

B1-F3-1 and B2-F3-1 respectively) at around 39 ofirexposure and the rate of
increase of temperature remained steady duringfitbeexposure time without

showing any abrupt increase. After 1 h of fire esqge the maximum recorded
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temperature into the adhesive was equal to 1%® for beam B1-F3-1 and 111°C
for beam B2-F3-1 corresponding to 1.87amd 1.70 T respectively.

A different behaviour was observed for the beanssilated with HPC and Omega
fire, in which the thermal performance of the irdign depends heavily on its
overall thickness. For instance for beams B1-FBR2F3-3 and B1-F3-4 for which
the FRP bars were embedded with the same adhesivevare insulated with the
same material, increasing the thickness from 20ahPC and 15 mm of Omega
fire to 35 mm of HPC and 20 mm of Omega fire re=lilin an increasing of
reaching the glass transition temperature from &t881 min to 49 min. The
temperature increase for beams B1-F3-2 and B1-FRak equal up to
approximately 30 min into the fire. At that moméimé increase of temperature into
the adhesive of beam B1-F3-4, despite the lowakiigiss of insulation, became
lower than that of beam B1-F3-2. This can be rdlatea different deterioration or
crack propagation of the inner layer of HPC alolhg beams. After 1 hour of fire
exposure the maximum recorded temperature intadhesive for beams B1-F3-2,
B1-F3-3 and B1-F3-4 was 13C (2.1 Ty, 101.5°C (1.63 T) and 101.C°C (1.63
Ty) respectively. Beam B4-F3-1 with an insulatiorckiiess of 10 mm of HPC and
10 mm of Omega fire, obtained the highest recordetase of temperature into the
bonding agent. After 1 h of fire exposure the terapge into the expansive mortar
was about 163C.

6.7.4 Fourth fire test

Figure 6.47 shows the increase of temperature dedoby the thermocouples
(average values of four thermocouples) at the todgial steel reinforcements for
the two beams tested in the fourth fire test seimetuding the reference beam BO-
F1 tested in the first fire test series. It hadH¢onoted that for the partially bonded
and partially insulated beam B2-F4-1 the recordehperatures at the bottom
longitudinal steel refers to the unprotected aBsam B2-F4-1 did not satisfy the
thermal criteria for which the steel temperatureutth be lower than 593C; the
recorded temperature reached a high temperatune edlapproximately 63€C in
118 min of fire exposure.

In beam B2-F4-1, the longitudinal steel reinforcatrgisplayed higher temperatures
as compared to the reference beam BO-F1, due terttadler concrete cover in
proximity of the grooves where the CFRP are inskrtellowing heat to be
transferred more rapidly into the beam section. Bogom longitudinal steel rebars
in the beam B4-F4-1 experienced a steady rise mpégature for the entire test
duration; the steel rebars temperature was appsiglgn 300°C after 2 h of fire
exposure.
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The temperature increase at the FRP/adhesive aoterfaverage values of two
thermocouples) for the beams tested in the fourghtdst is given in Figure 6.48.
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Figure 6.47— Increase of temperatures longitudinal steel reag@ment beams
fourth fire test
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Figure 6.48- Increase of temperatures at FRP/adhesive intebleams fourth fire
test

For beam B2-F4-1, the recorded temperatures &Riadhesive interface refers to
the insulated area (see Appendix C). The temperatgreased to 10C within 50
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min, followed by an almost constant plateau lastimgil approximately 65 min.
Thereby the temperature increased slightly with ékposure time. The temperature
reached the epoxy glass transition temperatuye @5 °C) at approximately 40 min
of fire exposure. After 2 h of fire exposure thexmaum recorded temperature at
the FRP/epoxy interface was equal to ZZD (3.4 Ty). Beam B4-F4-1 with an
insulation thickness of 20 mm of HPC and 10 mm ofdga Fire, presented a
higher recorded increase of temperature at the &fRigsive interface with respect
of beam B2-F4-1. After 2 h of fire exposure the pemature into the expansive
mortar was about 28WC. The cementious mortar likely started to losersith and
stiffness, considering the high temperatures resmhréind was possibly ineffective
by the end of the fire test.

Figure 6.49 shows the increase of temperature dedoby the thermocouples at the
longitudinal steel reinforcements for the four sldbsted in the fourth fire test. For
the insulated slabs temperature measurements ofntbeal and external steel
rebars differs significantly and individual curv@serage of two thermocouples) are
given.
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Figure 6.49— Increase of temperatures longitudinal steel reagment slabs fourth
fire test

It can be seen that the longitudinal steel reirdorent (average temperature of 4
thermocouples) in the control slab reached a higimperature value of
approximately 580°C in 120 min of fire exposure. It has to be notédttat
approximately 50 min into the fire test the slabF30was unloaded to avoid any
collapse into the furnace. The bottom longitudistakel rebars in the insulated slabs
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experience a steady rise in temperature for th@eetdst duration. For all the
insulated slabs the steel temperature remainedbskdiv 593°C.

The temperature increase at the FRP/adhesive aoterfaverage values of two
thermocouples) for the third fire test series igegiin Figure 6.50.
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Figure 6.50 —Increase of temperatures at FRP/adhesive intesfabs fourth fire
test

The experimental data demonstrates that, for slal-4&1, the temperature at
adhesive/FRP interface increased slightly with éxposure time. At approximately
75 min into the fire test a change in the slopehef time-temperature curve was
observed, maybe induced by local cracks of the HR@ction layer combined with
the complete detachment of Omega fire from the obottof the slab. The
temperature in the adhesive reached its glassitimngemperature (J= 62 °C) at
approximately 90 min of fire exposure. After 2 hfak exposure the maximum
recorded temperature at the FRP/adhesive interfaes equal to 96°C
corresponding to 1.54 4T For the two slabs S2-F4-1 and S2-F4-2 insulatétd w
Promatect L-500, the thermal performance of thelat®n depends on the overall
thickness. For instance increasing the thickness f60 mm (slab S2-F4-2) to 80
mm (slab S2-F4-1) resulted in an increasing of hiwgc the glass transition
temperature from approximately 83 min to 105 mior Both slabs the temperature
increased slightly with fire exposure time withaftowing any abrupt increase.
After 2 h of fire exposure the maximum recordedgerature into the adhesive was
equal to 70C for slab S2-F4-1 and 8 for slab S2-F4-2 corresponding to 1.11 T
and 1.30 T respectively.
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6.8 Fire endurance of the FRP strengthened members undéire exposure

The failure criteria adopted to determine the éinglurance with respect to 2h or/and
1h fire duration of this research program were inetl in section 6.7. The
experimental data, discussed in the above sectidemonstrated that all the
insulated beams and slabs, excluding beam B2-FBtdined the fire endurance
ratings of 2h or/and 1h by satisfying both therarad load bearing criteria described
in section 6.7. A summary of the temperatures abrat the unexposed concrete
surface, at the bottom longitudinal steel reinfoneat and at the adhesive/FRP
(epoxy or mortar) interface is reported in Tabl8.6lhe time when the adhesive
reached the ¢ for the beams and slabs strengthened with FR/dbaps embedded
with the epoxy resin, is also reported in Table. @Be unstrengthened and un-
protected beams did not achieve a 2h fire endurasieg because they failed to
satisfy the thermal criterion for the longitudirstkel reinforcement. The reference
slab (slab S0-F4) achieved the 2 h fire enduraimume she average temperature at
the bottom longitudinal steel reinforcement wasraginately 580 °C after 2 hours
of fire exposure. Nevertheless it has to be ndtatlaround 50 min into the test, the
slab was unloaded and the fire test was continmetth® reference slab without any
load applied. For all the insulated beams and sleksluding beam B1-F4-2, the
longitudinal steel bottom reinforcement is well uteted. Therefore the recorded
temperatures remained, after 2 h and/or 1 h of fidl below the before mentioned
critical temperature of 593 °C. This can be attiéoito the low thermal conductivity
of the insulation materials that play a key rol&ké&eping low the temperature of the
steel rebars for the entire duration of the firpasure. It has to be noted that the
geometry of the beams and slabs are designed ér trdt the average temperature
of the unexposed concrete side is, for all the ispems, below the critical
temperature of 140 °C. The thermal criterion fog #RP or adhesive temperature
during fire exposure, is currently limited in dasiguidance document§il{ bulletin

14 [8] and ACI 440.2R-2008 [13]) by consideringaB limiting value. The obtained
experimental results demonstrate that even if ¢dicended temperature of the epoxy
resin, exceed the glass transition temperatureimerange between 20 min and 60
min for the insulated beams and 80 min and 105 fointhe insulated slabs,
depending on the type of fire insulation and theds) no impending failure of the
insulated beams and slabs was observed duringeBteand all the insulated beams
(excluding beam B2-F4-1) and slabs were able tbstaind the acting service load
of the strengthened beams and slabs for the ehtriagion of fire exposure.

Considering that for most of the beams and slabsctincrete temperature at the
unexposed side and the bottom longitudinal stemperatures are well below their
respective critical temperatures, it has to beifaddr that the presented research
program focuses on the aspect of critical FRP kaaittesive temperature in relation
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to the adhesive glass transition temperature aadrsulations were designed to
limit the adhesive temperature, such to avoid ficamt dysfunctions in terms of

strength compatibilities between the FRP and thenf@nbers during or after fire.

Therefore to know if the FRP strengthening is stiltive in some degree during or
after fire exposure, deflection curves during fivere observed (next section) and
residual strength testing has been performed asslied in section 6.10

Table 6.8 —Recorded temperatures

Fire SpeCimen Ioncr Tsteel Tadh. tTadh:Tg.
series [°C] [°C] [°C] [min]
. BO F1 100.0 597.0 - -
S'Z:isets BIFL1 720 _ 310.0 305.0 22
2h B2-F1-1 88.0 392.0 631.0 20
exposure) B2-F1-2 94.0 570.0 644.0 20
B3-F1-1 77.0 318.0 546.0 22
BO-F2 81.0 590.0 - -
Second B1-F2-1 48.0 135.8 115.7 60
series B1-F2-2 60.0 201.0 282.0 45
2h B1-F2-3 51.0 163.0 158.0 50
exposure) B2-F2-1 54.0 223.0 207.0 44
B2-F2-2 53.0 147.0 137.0 58
B1-F3-1 34.6 126.4 116.5 39
Third B1-F3-2 33.9 127.4 131.0 33
series B1-F3-3 33.8 1354 101.5 49
@dh B1-F3-4 34.6 122.0 101.0 37
exposure) B2-F3-1 39.2 135.1 111.0 38
B4-F3-1 45.0 160.0 163.0 -
B2-F4-1 167.0 630.0 220.0 40
Fourth B4-F4-1 77.0 310.0 278.0 -
series S0-F4 108.0 580.0 - -
2h S1-F4-1 35.0 88.0 96.0 87
exposure) S2-F4-1 32.0 77.0 69.0 105
S2-F4-2 35.0 85.0 80.0 83
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6.9 Structural performance at fire exposure

All the specimens were loaded to their service laad this load was kept constant
during the entire fire exposure time. The strudtteaponse of the beams and slabs
can be observed through deflection progression firghexposure time. A sudden
increase in deflection during fire exposure carctesidered as the loss of bond at
FRP/concrete interface due to the weakening oéfitxy adhesive. An overview of
the time at which the loss of bond at FRP/conciatierface was observedyed is
given in Table 6.9. The deflections of each spenimvere measured in the pre-load
phase and during fire testing. The time-increasdsp@n deflections during fire
exposure will be discussed in the following sedifor each fire test series.

Table 6.9 —Loss of composite action FRP/concrete interface

Fir_e Specimen Insulation tdek?,exp
series system [min]
Fi BO-F1 -- -
Se':fets BLF1-1 Promat H 90
B2-F1-1 Aestuver 70
B2-F1-2 Aestuver 34
B3-F1-1 Aestuver 90
BO-F2 - -
B1-F2-1 Promatect L-500 > 120
Second

B1-F2-2 HPC/Omega Fire 100

SENeS TB1.F2.3 HPC/Omega Fire > 120
B2-F2-1 WR-APP type C 25
B2-F2-2 WR-APP type C 30
B1-F3-1 Promatect L-500 > 60
Third B1-F3-2 HPC/Omega F?re > 60
series B1-F3-3 HPC/Omega F!re > 60
B1-F3-4 HPC/Omega Fire > 60
B2-F3-1 Promatect L-500 > 60
B4-F3-1 HPC/Omega Fire > 60
B2-F4-1 HPC/Omega Fire 50
Fourth B4-F4-1 HPC/Omega Fire > 120
. S0-F4 -
series

S1-F4-1 HPC/Omega Fire > 120
S2-F4-1  Promatect L-500 > 120
S2-F4-2  Promatect L-500 > 120
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6.9.1 First fire test

Figure 6.51 shows the increase of midspan deflestas function of time for the
beams of the first fire test series (the initiafleigtion at the start of the fire test is
not shown in the graphs).
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Figure 6.51— Increase of midspan deflections as function oétfirst fire test

Beam BO-F1 was unloaded at approximately 105 mifirefexposure due to the
rapid increase of deflection observed. Under fine, midspan deflection increased
gradually for the entire fire exposure time for lmeB1-F1-1. A slight change in the
slope of the curve was observed at approximatelyn@®into the test due to the
high temperature reached at the FRP/epoxy integateat time.

For beam B2-F1-1, the midspan deflection increagedually with fire exposure
time till 70 min into the test. At that time, due the partial detachment of the fire
protection, the adhesive lost strength and its bmnthe concrete, resulting in a
sharp increase of deflection.

For beam B2-F1-2 a sudden increase of deflectios etmserved at 34 min of fire

exposure. At that time the insulation system detdatompletely from the soffit of

the beam and it may be assumed that the interaloiitweeen the FRP reinforcement
and the concrete is lost due to the weakening efefhoxy adhesive. From 34 min
into the fire test the beam behave as an unstrength and unprotected beam.
Moreover, due to the higher applied service lo&@, final recorded increase of
deflection was higher than the unstrengthened bB@sR1. A sudden increase of
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deflection was observed also at approximately 90 ahifire exposure for beam B3-
F1-1. However, it is interesting to note that detilens in beams B1-F1-1, B2-F1-1
and B3-F1-1 are lower as compared to the unstrength and unprotected beam
BO-F1. This is because the different insulations, the time in which it remained
attached to the beams, contributed effectivelydntml the rise of temperature in
the adhesive and in the longitudinal reinforcen{&RP bars and steel) and thus the
loss of strength with temperature is gradual.

6.9.2 Second fire test
Figure 6.52 shows the increase of midspan deflestas function of time for the

beams of the second fire test series. Beam BO-F2 umtoaded at approximately
110 min of fire exposure due to the sharp incredisieflection observed.
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Figure 6.52 —Increase of midspan deflections as function oétgacond fire test

Under fire exposure, the midspan deflection inadagradually for the entire fire
exposure time for beam B1-F2-1 and B1-F2-3. Noifgant changes, in terms of
sudden increase of deflection or rate of deflectionthe slope of the time deflection
curves were observed for both beams.

For beam B1-F2-3, the midspan deflection increagadually with fire exposure
time till approximately 100 min. into the test. fiat time, due to the progressive
cracks, the insulation partially detached from biottom of the beam resulting in a
sharp increase of deflection.
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The midspan deflection increased gradually withe fiexposure time till
approximately 25 min and 30 min for respectivelaineB2-F2-1 and B2-F2-2. At
that time the measured deflection showed a sudugease, due to the bond loss at
the FRP/concrete interface with temperature inatea were cracks were mainly
located (it has to be noted that the thermocoupks® far from the anchorage zone
and therefore not able to record the rise of adkdasimperatures due to the opening
of cracks with fire exposure). This sudden increaisdeflection at respectively 25
min (beam B2-F2-1) and 30 min (beam B2-F2-2) wi# bonfirmed through
deflection calculations discussed in chapter 7.

6.9.3 Third fire test

Figure 6.53 shows the increase of midspan deflestas function of time for the
beams of the third fire test series.
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Figure 6.53 —Increase of midspan deflections as function oétthird fire test

From experimental outcomes it is clear that all iteulated beams were able to
support the service load of the strengthened bémaughout the 1 hour fire tests
without any signs of impending failure. No sign#fi¢ changes, in terms of sudden
increase of deflection or rate of deflection, ie #lope of the time deflection curves
were observed for all of the tested beams.

At the end of the 60 min, the fire was halted alhthe beams were unloaded except

for beam B1-F3-2, for which the applied load wasré@ased up to failure. At that
moment the temperature at the adhesive/FRP intemas about Fhesve= 130 °C

220



Fire endurance of insulated NSM strengthened concrete members:
experimental investigation

equal to 2.1 Tand was constant during the increase of the ltediicrease of load
took approximately 10 min up to the point of beaitufe). Figure 6.54 shows the
load deflection curve of beam B1-F3-2 in the thpbases of pre-loading up to its
service load (curve A-B), fire exposure (curve Bat) increase of loading after
fire exposure (curve C-D). A comparison with theFFRrengthened reference beam

B1 and the unstrengthened beam BO tested at antbimperature is also reported in
Figure 6.54.
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Figure 6.54 —Load - deflection curve beam B1-F3-2

When the load was increased, at 60 min of fire eyp® (point C of Figure 6.54),
the deflection increased accordingly up to the patnwhich debonding of the bars
occurred (at that moment the load was aligpt75.2 kN); after debonding the load
dropped to approximately that of the correspondingtrengthened bear®(=55.0
kN) and the deflection increased until the concoeteshed. The failure of the beam
was preceded by extended flexural vertical crachkifnte beam in the pure bending
region that led to the yielding of steel and logsbond of the NSM FRP bars
followed by concrete crushing. This test clearlymdastrates that the adhesive
likely started to lose strength and stiffness asdbond to the concrete when the
glass transition temperature was reached, but & stidl effective to some degree
and therefore able to transfer stresses from the f&Rthe concrete surface. For
instance, the recorded failure load=@5.2 kN was equal to 131% of that of the
unstrengthened beam (Qsy= 57.3 kN) and equal to 77% of that of the same
strengthened beam tested at ambient condition tailtme (Q,sirengi= 96.9 kN).
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6.9.4 Fourth fire test

Figure 6.54 shows the increase of midspan deflestes function of time for the
two beams tested in the fourth fire test seriesdlutting the reference beam B0O-F1
tested in the first fire test.
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Figure 6.55 —Increase of midspan deflections as function of tirmams B2-F4-1,
B4-F4-1 and BO-F1.

For beam B2-F4-1 (partially bonded and partiallyulated) the midspan deflection
increased gradually with fire exposure time tilbagximately 50 min into the test

and was lower than that observed for the unprodeatel unstrengthened beam. This
is because, up to 50 min into the test, the inguladt the anchorage zone (length
equal to 500 mm) contributed effectively to conttio¢ rise of temperature at the
FRP/adhesive interface along the protected anckorage. After 50 min of fire

exposure the interaction between the FRP reinfoec¢rand the concrete was lost
resulting in a fast increase of deflection withefexposure time. At that time the
temperature into the oven was approximately 915 and therefore in the

unprotected area the FRP matrix was already coglplatelted and only the carbon
fibers were contributing to flexural strength oketbeam. The temperature at the
insulated area was approximately 1UD. Therefore the weakening of the epoxy
resin at the insulated area and/or the possibleleR®slip, due to the melting of the
epoxy resin at the transition point between thelated and unprotected area of the
beam (more investigations are needed to clarifg #gpect) resulted in a fast
increase of deflection with increasing fire expesurhe beam failed under the
service load at approximately 118 min into the,tdsk to the loss of strength and
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stiffness of the longitudinal steel reinforcemeim, addition to almost zero
contribution of the FRP towards the capacity oftibam.

For beam B4-F4-1, the midspan deflection increasmmbrdingly with the rise of
temperature at the longitudinal steel reinforcememd FRP bars. No significant
changes in the slope of the time — increase otd&din curve were observed for the
duration of fire exposure. Figure 6.56 shows tledase of midspan deflections as
function of time for the four slabs tested in tberth fire test series.
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Figure 6.56 —Increase of midspan deflections as function of tiareslabs tested in
the fourth fire test

Due to the fast increase of deflection observeapptoximately 50 min into the test,

slab S0-F4 was unloaded and the test was contifiwediis reference slab without

any load applied. From experimental outcomes desar that all the insulated slabs
were able to support the service load of the strerged slab throughout the 2 hour
fire tests without any signs of impending failukg significant changes, in terms of
sudden increase of deflection or rate of deflectionthe slope of the time deflection

curves were observed for all of the insulated slabs

6.10 Specimens’ residual strength

Another potentially important aspect of fire perfmance of FRP strengthened
concrete structures is their residual behaviouerafire exposure. The post-fire
residual behavior of RC members depends on thenaitéeemperatures attained in
fire, the load experienced by the members in fine, cooling method (air cooled
method for this test program) and the strengthweitog time following the cooling
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period. The fire damaged beams and slabs weredstoreapproximately one month
at laboratory ambient temperature and then tespetb failure to determine their
residual strength. The test set-up was the samptedidor the fire test and to test
the reference beams at ambient temperature (seéecti.

The fire damaged beams and slabs were all testtdldce in 4 point bending, and
were instrumented with LVDTs and dial gauges ineortb measure electronically
and manually the deflection at midspan, under thiatgoads and at both supports.
The experimental results in terms of residual sgftiercapacity of the tests elements
and load — midspan deflection for the residualngitie tests will be discussed in the
following sections for each fire test series. Beathe beams were pre-cracked
from the service load applied during the fire erahge tests, none of the curves for
the residual strength testing demonstrate a crgdkid.

6.10.1 First fire test

Experimental load - midspan deflections curvestfa residual strength tests of
beam tested in the first fire test series are shiowkigure 6.57-6.59, in which each
fire damaged beam is compared with the respectferance strengthened and
unstrengthened beam tested at ambient conditicemB#&2-F1-2 was not tested for
the residual strength due to the large amount ofadges observed after the fire test.
As expected beam BO-F1 experienced a 15% decrdabe flexural strength and
stiffness due to the increase of temperature in dbmpressive concrete and
longitudinal bottom steel reinforcement during fine test (see Figure 6.57).

The experimental load-midspan deflection curveexdrh B1-F1-1 (see Figure 6.58)
is initially in close agreement with that of theestgthened beam B1 until the
reinforcement started yielding. The observed stgBand yield load was higher
than that of the unstrengthened beam BO testechbiemt condition. After yielding
of the steel no more contribution of the FRP waseobed and failure was due to
steel yielding followed by concrete crushing. Thishaviour can be explained
considering that after 2 h of fire exposure thailaton board was effectively able
to maintain relatively low temperatures in the coagsive concrete zone and the
longitudinal steel reinforcement but the recordedngerature of the adhesive
(Tagnesve 305 °C) was well beyond its glass transition temperatakie (T= 62
°C).

The experimental load-midspan deflection curvebedms B2-F1-1 and B3-F1-1

(see Figure 6.59-Figure 6.60), in which the firetpction detached at 70 min and 90
min respectively, clearly showed no residual sttierg the adhesive after 2 h of fire

exposure. Indeed the load-midspan deflection curpesfectly match the
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unstrengthened beam BO. This is because the diffénsulations, for the time
during which they remained attached to the beamgributed effectively to control
the rise of temperature in the compressive conaete and in the longitudinal
reinforcement. Thus they retained almost fully thenstrengthened flexural
strength. Both beams failed by steel yielding fakal by concrete crushing.
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Figure 6.57 —Load — midspan deflection curve residual strengsh beam BO-F1 vs
reference beam
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Figure 6.58 —Load — midspan deflection curve residual strengsh beam B1-F1-1
vs reference beams
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Figure 6.59 —Load — midspan deflection curve residual strengg beam B2-F1-1
vs reference beams
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Figure 6.60 —Load — midspan deflection curve residual strenggh beam B3-F1-1
vs reference beams

6.10.2 Second fire test

Beam BO-F2 experienced a 15% decrease of the #éstrength and stiffness due
to the increase of temperature in the compressiverete and longitudinal bottom
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steel reinforcement during the fire test (see Fegiib1). The failure mode was steel
yielding followed by concrete crushing.
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Figure 6.61 —Load — midspan deflection curve residual strengsh heam BO-F2 vs
reference beam
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The experimental load-midspan deflection curvebedms B1-F2-1 and B1-F2-3
were in close agreement with that of the FRP stresmged beam B1 tested at
ambient condition until they start failing undeethpplied loads (see Figure 6.62).
The two insulation systems were able to keep, dutie fire exposure, the adhesive
at relatively low temperature {desve 115 °C and Tgnesive= 159 °C respectively for
beam B1-F2-1 and B1-F2-3) so that they retainej@fecant part of their original
strength at room temperature. Despite the highkrevaf the adhesive temperature
(Tadnesive 1.86 Ty and Tagnesive 2.56 Ty, respectively for beam B2-F2-1 and B1-F2-
3) with respect to the glass transition temperafilitge= 62 °C), the adhesive was
still able to transfer stresses from the FRP tactivcrete surface; clearly its strength
and stiffness was reduced. For instance, even 2afteof fire exposure, beams B1-
F2-1 and B1-F2-3 were able to increase their flakatrength up to 41% (failure
load equal t0 Qresiqusr 81 KN) and to 34 % (failure load equal tQ,Qquar 77 kN)

in comparison to that of the unstrengthened beanff@lire load value equal to,Q
= 57.3 kN). Their residual strength was equal t&8hd 79% in comparison to the
FRP strengthened beam tested at ambient tempei@daiitee load equal to &
96.8 kN). The failure of both beams (see Figure3pwas yielding of the steel
followed by debonding of the NSM FRP bars. The delimy failure was
characterized by lost of the concrete cover fomb&i-F2-1 and debonding at the
FRP/adhesive interface without any concrete ripfaff beam B1-F2-3. This
demonstrated that the different temperatures rebdheng the fire test of these two
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beams lead to a different failure mode, mainly ttuthe higher epoxy weakening of
strength and stiffness for beam B1-F2-3.
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Figure 6.62—-Load — midspan deflection curve residual strengsh heam B1-F2-1,
B1-F2-2 and B1-F2-3 vs reference beams

Figure 6.63 —Failure mode beams a) B1-F2-1 and b) B1-F2-3

Due to the partial detachment of the HPC insulasigstem and the local burning of
the epoxy during fire test no residual strength whserved for the adhesive of
beam B1-F2-2. Nevertheless, the beam was ablddim rthe original strength of the
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unstrengthened beam tested at ambient conditiom Fsgure 6.62). The failure
mode was yielding of the steel followed by conciateshing.

In the same way the experimental load- midsparedtdin curves of beams B2-F2-
1 and B2-F2-2 clearly showed no residual strendtth@ adhesive after 2 h of fire
exposure. Indeed whereas relatively low temperahmeases of the adhesive were
recorded (at the two measurement sections), r@gpBCtT ghesve 207 °C and
Tadhesivee 138 °C for beam B2-F2-1 and B2-F2-2, the tendexidpe insulation layer
to crack during fire exposure allow rapid heat g at localized areas (close to the
FRP anchorage zone) resulting in local burninghefépoxy adhesive. Despite this
cracking of the insulation the system was abledepkthe temperatures low of the
longitudinal steel reinforcement and they were dablaetain the strength of the
unstrengthened beam tested at ambient conditienHggire 6.64). For both beams
the failure mode was due to steel yielding follovgdconcrete crushing.
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Figure 6.64 — Load — midspan deflection curve residual strengsh beam B2-F2-
1, and B2-F2-2 vs reference beams

6.10.3 Third fire test

For the third fire test the internal temperaturéthe concrete compression zone and
tension steel were well below the critical tempeamatof 140 °C and 593 °C
respectively. The beams were expected to recoMeast all of their unstrengthened
flexural strength after the recovery time. This wadeed observed for all the tested
beams. Moreover, for all the beams in which the &P were embedded with an
epoxy adhesive, the insulation systems were ableép the adhesive temperature
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at relatively low temperatures (in the range betw&@0 °C and 130 °C) so that they
retained almost completely their original strengtlioom temperature. For instance,
even after 1h of fire exposure, all the tested leavere able to increase their
flexural strength up to 56% in comparison to thiithe unstrengthened beam BO.
Their residual strength was in a range between 866692% in comparison to the
FRP strengthened beams tested at ambient tempeyatur

Table 6.10 summarizes the experimental resultddiveg that of the beams tested
at room temperature, in terms of ultimate load capa Q,resiquas iNCrease of
flexural strength with respect to that of the uesgthened beams at room
temperature, QesiaudQuunstn Percentage of residual strength with respecthef t
strengthened beam tested at room temperatuhgsiddQu s, failure mode (YY/CC
for yielding of steel reinforcement followed by @pate crushing, DB for debonding
at the adhesive/concrete interface) and temperattithe adhesive after 1h fire
exposure as a function of the adhesive dlagssition temperature, for the beams in
which the FRP reinforcement was embedded with epesiyn.

Table 6.10— Experimental results residual strength teshiéltfire test

SpeCimen Qresidual Qu,residuaAQu,unstr Qu,residua{{Qu,str. Tadhesive Fa”ure

[kN] [-] [kN] [-] mode
BO 57.3 1.00 - - YyicC
B1 96.9 1.69 - - DB
B2 1015 1.77 - - DB
B4 73.3 1.27 - - DB
B1-F3-1  85.0 1.48 0.87 1.8¢T DB
*B1-F3-2 752 1.31 0.77 2.1QT DB
B1-F3-3  89.7 1.56 0.92 1.63T DB
B1-F3-4 887 1.54 0.91 1.63T DB
B2-F3-1 877 1.53 0.86 1.78T DB
B4-F3-1  67.3 1.17 0.91 - Yyicc

* Tested immediately after fire exposure without cooling

Also beam B4-F3-1, for which the FRP bars were afdbd with an expansive
mortar, retained a great portion (91%) of its aradi strength. The primary
beneficial effect of using expansive mortar as badhesive, instead of using epoxy
resin, is that the mortar does not experience fsgmt loss of mechanical and bond
properties in the range of the epoxy glass trasigémperature (usually in the range
between 50-9CC for ambient cured epoxies) [12]. Indeed experialenesults
demonstrated that despite the lower insulationkttéss of beam B4-F3-1 with
respect to that of all the other beams and consglgube relatively higher adhesive
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temperature value (Jnesive 167 C) recorded after 1h of fire exposure, beam B4-F3-
1 was able to increase the flexural strength up7% in comparison to that of the
unstrengthened beam B0 showing a residual streegtial to 91% of the FRP
strengthened beam tested at room temperature. foherewith respect to the
adhesive temperature reached during the 1 h offiposure for this test program,
using expansive mortar as bond adhesive can bédeoed a good alternative to the
epoxy resin for strengthening concrete structumeswhich moderate flexural
strength increase is needed, and this is in agmetewi¢h the findings of previous
research [12].

The recorded load-midspan deflection curves ofrdmdual strength tests of the
beams of the third fire test series are shown guie 6.65 till Figure 6.68. The
experimental curves were in close agreement wittt ti the FRP strengthened
beams tested at ambient condition until they siafidding under the applied loads.
In the final stage the midspan deflection indicaelémited reduction in the bond
adhesive (epoxy or mortar) strength and stiffness.

120 4
z
élOO i 84 kN concrete
o crush started 88.7 kN Debonding
FRP bar
80 1 85 kN Debonding
83 kN concrete FRP bar
60 crush started
e T O e - _".“\M":
1
40 | /”' Il,
/
/ / -=-BO
4
20 4/ Bl
/ y —B1-F3-1
0 ‘:'A /' —B1-F3-4

0O 10 20 30 40 50 60 70 80 90 100 110
midspan deflection [mm’

Figure 6.65 —Load — midspan deflection curve residual strengsh beam B1-F3-1,
and B1-F3-4 vs reference beams
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Figure 6.66 —Load — midspan deflection curve residual stretgshbeam B1-F3-3,
and B1-F3-4 vs reference beams
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Figure 6.67 —Load — midspan deflection curve residual strenggh beam B2-F3-1,
vs reference beams
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Figure 6.68 —Load —midspan deflection curve reual strength test beam B4-F3-1
vs reference bear

Figure 6.69 and Figure 6.70 shale failure mode of the beams tested in the 1
fire test series. lhas to be noted that all the beams in which the NGRP was
embedded with epoxy resin failed by FRP debondiity Wess of concrete cove
For beam B4-F3-1, in which the FRBrb were embedded with cementitious m,
the failure of thebeam was preceded by extended flexural crackinhebeam ir
the pure bending region that led to the yieldingref steel followed by concre
crushing. This behaviour can be explained consideai possible slip of the bar d
to the extensive flexutaracks in combination witlower strength and stiffness of
the expansive mortar.

Figure 6.69 —Failure mode beams B1-F3-1 and b) B1-F3-4
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Figure 6.70 —Failure mode beams a) B1-F3-3 b) B2-F3-1 and c4}B-1 residual
strength tests

6.10.4 Fourth fire test

Figure 6.71 shows the load-midspan deflection coivine residual strength test of
beam B4-F4-1 tested in the fourth fire test seilirging the 2 h of fire exposure the
beam, under the service applied load, did not éxpee any abrupt increase of
deflection. Despite this observation, the resicitegéngth test revealed no residual
strength of the mortar after the recovery time sTdan be explained considering the
moderate capacity of flexural strength increas¢éhefexpansive mortar in addition
to the high temperature recorded into the mortaiinduthe two hours of fire

exposure (Tgnesive 278.0°C). At this temperature the cementious mortar feeted

to loose a considerable part of its strength aifthass (more investigations are
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needed to clarify this aspect) as well as the NSARE bars. The failure mode (see
figure 6.70) indeed was preceded by extended fehamacking of the beam in the

pure bending region that led to the yielding of tteel followed by concrete

crushing. This behaviour can be explained consideslip of the bar due to the

extensive flexural cracks in combination with tbevér strength and stiffness of the
expansive mortar after fire.

120 -
z
=
C>,100 b
80 - 55 kN concrete
crush started
60 - J—
a
/
40 /
/
4
4
20 - s ~BO
,/ —B4
/ —B4-F4-1

0 10 20 30 40 50 60 70 80 90 100 110
midspan deflection [mm’

Figure 6.71 -Load—midspan deflection curve residual strengthieam B4-F4-1
vs reference beams.

, .
N Al = L)
Sy et % L W Y

Figure 6.72 —Failure mode beams B4-F4-1 residual strength test
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The unprotected and unstrengthened slab S0-F4 ierped a decrease of the
flexural strength and stiffness due to the incregfssemperature in the compressive
concrete and longitudinal bottom steel reinforcentming the fire test (see Figure
6.71). The residual strength of the fire damaged §0-F4 was 73% of that of the
reference slab tested at ambient condition. Thiir&aimode was steel yielding
followed by concrete crushing.
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Figure 6.73 —Load—midspan deflection curve residual strengthdia® SO-F4 vs
reference slabs

For the insulated slabs tested in the fourth fs,tthe insulation systems were able
to keep the adhesive temperature at relativelytemperatures (in a range between
70 °C and 96°C) so they retained essentially their original mith at room
temperature. For instance, even after 2 h of figgosure, all the insulated slabs
were able to increase their flexural strength wighto 102% in comparison to the
unstrengthened slab SO. Their residual strengthiwasrange between 88% and
95% in comparison to the FRP strengthened slaledtes ambient temperatures.
Table 6.11 summarizes the experimental result$ydimg the slabs tested at room
temperature, in terms of ultimate load capacity,Gua increase of flexural
strength with respect to that of the unstrengthesletbs at room temperature,
Qu.resiaudd Qu.unstn Percentage of residual strength with respecthef strengthened
beam tested at room temperaturg,«QiudQu.str, failure mode (YY/CC for yielding
of steel reinforcement followed by concrete crughibB for debonding at
adhesive/concrete interface) and temperatureenittihesive after 2h fire exposure
as a function of the adhesive glassisition temperature.
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Table 6.11 Experimental results residual strength test dlainth fire test

SpeCimen Qresidual Qu,residua{Qu,unstr Qu,residuJQu,str. Tadhesive Failure

[kN] [-] [kN] [-] mode
S0 14.6 1.00 - - Yvicc
S1 28.6 1.95 - - DB
S2 31.0 2.12 - - Yvicc
SO-F4 10.7 0.73 - - -
S1-F4-1 253 1.73 0.88 1.54T7 DB
S2-F4-1 295 2.02 0.95 1.1T YY/CC
S2-F4-2 296 2.02 0.91 1.29T YY/CC

The recorded load-midspan deflection curves ofrdmdual strength tests of the
insulated slabs tested in the fourth fire testesedare shown in Figure 6.74 and
Figure 6.75. The experimental curves were in chgeement with that of the FRP
strengthened beams tested at ambient conditiohthel started failing under the
applied loads. Given the relatively low values emperature recorded at the

adhesive/FRP interface the midspan deflection atdi a small reduction in the
bond adhesive stiffness.
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Figure 6.74 —Load—midspan deflection curve residual strengthdled S1-F4-1 vs
reference slabs
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Figure 6.75 —Load—midspan deflection curve residual strengthsiabs S2-F4-1
and S2-F4-2 vs reference slabs

Figure 6.76 shows the failure mode of slab S1-F4He slab failed by FRP
debonding with rupture of the FRP GFRP bars faraal lof 25.6 kN.

Figure 6.76 —Failure mode slab S1-F4-1 residual strength test

Due to the significant increase of the slab loadryiag capacity and slab
deflections, provided by the NSM strengthening pbosh slabs S2-F4-1 and S2-F4-
2 failed in flexural failure mode (see Figure 6.7&jth a deflection that was higher
than that of the unstrengthened slab tested atearhlgondition. At the time of
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failure cracking observations (see Figure 6.77 htthe soffit of the slabs indicate a
significant improvement in the cracking behaviofiR& slabs, in the pure bending
region. No debonding of the basalt FRP bars wasrobd.

Figure 6.77 —Failure mode slabs a) S2-F4-1 b-c) S2-F4-2 resistwahgth test

6.11 Conclusions

Based on the results of large-scale fire endurdests on NSM FRP strengthened
and insulated beams and slabs presented hereifoltbeing conclusions can be
made.

In line with previous works the findings of thesfirand second fire test series
showed that the beams can achieve 2h of fire endaraatings even after the
adhesive temperature exceeds excessively the tgiasstion temperature, although
FRP loss of composite action after 20-110 min, ddp® on the applied insulation
scheme and its thermal performance, was observedoime of the beams. This
relates to the fact that, considering the highdingcservice load than for an
unstrengthened beam, in case of loss of FRP comapastions the low thermal
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conductivity of the insulation materials play a keje in keeping the temperature of
the longitudinal steel reinforcement well below tirétical temperatures of 59

for the entire duration of fire exposure. As thmperature of the concrete (at the
compression side) and the longitudinal bottom steigliforcement were below the
critical temperatures, even in case of accidengb dut of FRP, the beams will not
collapse for the acting service load. However, deasi flexural strength tests on
these fire tested beams have demonstrated thaime sases the FRP seems to be
able to retain bond strength to the concrete fer leams where the adhesive
temperature remained less than about 2.5 tigesd the the beams are still able to
retain considerably part of their strength (up 488for 2h of fire exposure in this
test program). The experimental research presdmesgin focuses in this aspect of
critical FRP bond adhesive temperature in relatiothe glass transition temperature
and the insulation materials were designed to lihtadhesive temperature, such to
avoid significant dysfunctions in terms of strengdmpatibilities between the FRP
and the RC members during or after fire.

For the third fire test series, despite the higgewice load applied to the fire tested
beams, the experimental results have clearly demmaded the feasibility of
providing 1h fire endurance rating under servicadl®f the strengthened beams,
without significant loss of bond integrity of th&P during or after fire, if adequate
protection against fire is provided. For none af #trengthened beams FRP NSM
detached visibly. The insulation systems evaluatpgear to have effectively
protected the NSM FRP strengthened beams fromgesegtration during 1 hour of
fire exposure. The adhesive temperature was magdaito low temperatures
(Tadhesive130°C and Tgnesive167 °C for epoxy resin and expansive mortar) and no
impending failure was observed during the 1h firpasure. The fire resistance
effectiveness of the FRP strengthening system &feeiexposure was evaluated in
two different ways. For one of the tested beam FB312) the load was increased
immediately after the 1h of fire exposure, keepihg high temperature constant.
This beam B1-F3-2 achieved a residual strengthagpequal to 77% with respect
to that tested at room temperature, yet 127% ofutierengthened beam. All the
other fire damaged beams were tested up to fadlfiex been air cooled and stored
in the laboratory for approximately one month. The®sidual strength tests
demonstrate that, if the insulation is able to nsmthe adhesive temperature at
relatively low temperature (dhesive=100°C to 130°C and Tghesiva167 °C for epoxy
resin and expansive mortar) the FRP is able tarrdétand strength to the concrete
(in agreement with previous work on double bondastiest by Foster and Bisby
2008) and the beam is still able to retain consiblgrpart (in this test program up to
92% for 1h of fire exposure) of the flexural capaaf the FRP strengthened beam
at ambient condition.
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In the fourth fire test the experimental outcomesseh shown that the partial
insulation of the NSM FRP strengthened system gftength equal to 500 mm for
this test program) was effective for a fire endaenf approximately 50 min into
the fire test. At that time loss of composite actiietween the FRP and concrete was
observed. The influence of the adhesive used toedniite NSM FRP bars in the
grooves was also investigated for 2h of fire exp@gime. Experimental outcomes
showed that the expansive mortar, despite the higgmeperature reached into the
adhesive, was able to withstand the applied seridad during the 2 h of fire
exposure. Nevertheless residual strength test iexpedd no contribution of the
NSM FRP strengthened system after the recovenng.tirhis can be related to the
decreased strength of the expansive mortar ativelaigh temperature Gnesve
280°C) experienced during the 2 h of fire exposure.

For all the strengthened and insulated slabs, degte the fourth fire test,
experimental results have demonstrated the feagitof providing 2h of fire
endurance ratings under the applied service Idatjaquate protection against fire
is provided. The insulation systems appear to leffectively protected the NSM
FRP strengthened slabs from heat penetration dutieg2h of fire exposure,
keeping the adhesive temperature really low (iargge between 78C and 96°C).
Residual strength tests demonstrated that, if tismlation is able to keep the
adhesive at relatively low temperature .flsv= 70 °C to 96C) the FRP
strengthened slab is able to retain almost its fielkure capacity of the FRP
strengthened slab at ambient condition (in thisgesgram up to 95% for 2h of fire
exposure).
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Chapter 7

THERMAL AND STRUCTURAL ANALYSIS OF NSM
FRP STRENGTHENED AND INSULATED RC
MEMBERS UNDER FIRE EXPOSURE

7.1 Introduction

In this chapter a numerical model, for evaluatiig toehavior of NSM FRP
strengthened and insulated beams and slabs expodad, is presented. A heat
transfer model and a structural response modebhppdied using a finite element
program (Diana TNO 9.4.3) and a two dimensionaksisection layered model
(excel visual basic) respectively, to investigdte thermal and structural behavior
of NSM FRP strengthened and insulated beams abd siader fire exposure. The
predicted behavior is compared with experimentsh discussed in chapter 6. The
model accounts for temperature dependent thernilnagchanical constituent’s
materials properties (concrete, steel, FRP andatisn system). The spalling of
concrete is not specifically considered in the nhosiace, given the appropriate fire
insulation systems provided to all the specimens;ancrete spalling was observed
for all the insulated specimens. Moreover the dial model incorporates an
elastic analysis for predicting the NSM FRP bonéashstresses along the FRP
bonded length with increasing temperature, assumingndition of pure shear. By
modeling the combined effects of temperature dependdhesive strength and
stiffness reduction with the distribution of shestresses at the FRP/adhesive
interface the analysis tentatively predicts theetiof FRP loss of composite action
(bond failure) during fire exposure. Loss of comfmsction at the FRP/adhesive
interface is assumed if, given the applied load, ghedicted shear stresses exceed
the temperature dependent bond strength resistdrtbe FRP/adhesive interface.

7.2 Analytical model

7.2.1 Thermal analysis

The fire temperatures were calculated by assuntiag) the exposed sides of the
specimens (three sides for the beams and bottoenfgidthe slabs as reported in
chapter 6) are exposed to heat of fire, whose teshyre follows the standard time-

temperature curves according to [1] (see chapteeqBation 3.1). Once the
temperature-time relationship of the fire is detiewd, the next step is to calculate
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the temperatures within the beam cross sectionsél bemperatures are calculated
by means of a 2D heat flow analysis with the fimtement package DIANA. The
specimens are idealized in the longitudinal dimectdy dividing the member into a
number of segments along its length. The midseafaach segment is assumed to
represent the overall behavior of the segment. Wgsy that the temperature is
uniform along the length of the segment, the ceextional area of each segment is
divided in a number of elements as illustratediguFe 7.1. Due to the symmetry of
the materials and boundary conditions half of thesg section was modeled. As
explained in chapter 3, only the concrete and iiselation system are modeled for
the thermal analysis. Element types Q4HT (four-nqdeadrilateral isoparametric
element for general potential flow analysis) wesedi for the concrete and the
insulation systems. Element types B2HT (two nodssparametric boundary
element for general potential flow analysis) wesedifor the heat transfer at the
boundaries. A mesh size of 10x10 mm and 5x10 mmbkas used for predicting
temperatures inside the concrete of the beamslahd sespectively. A finer mesh,
as a function of the geometry, was used for pradjdhe temperatures within the
insulation system. The temperature at the centéhefteel reinforcement and the
FRP reinforcement is approximated by the tempegattithe location of the center
of the bar cross-section (in the concrete).

i

1
1
1
A
1

Concrete

0

Concrete

1 Insulation
= -—>
b) o 1

Figure 7.1— Discretization of the cross sectional area: anmeb) slabs

Calculating temperatures in a structural memberoseg to fire involves heat
transfer analysis. There are three basic mechanigntgeat transfer: conduction,
convection and radiation. In conduction, energyheft is exchanged within the
solid body. Convection refers to heat transfehatihterface between a fluid and a
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solid surface, while radiation is the exchange ridrgy by electromagnetic waves,
like visible light, which can be absorbed, transeditor reflected at a surface. In the
context of structural fire exposure, the heat catidn describes the heat transfer
process inside the structural member (e.g. withendoncrete or from insulation to
concrete) and heat transfer from fire to the boup@dements (either the exposed
side, or unexposed side) is through convectionradition. In the following a brief
introduction of the governing equation of the heansfer analysis and how it is
considered into the finite element model is givéore information about the
solution of transfer heat analysis can be foun@jn

The governing equation for transient heat condactithin the specimen cross
section, based on the law of conservation of endigyan element dV (see Figure
7.2) is given by equation 7.1;

i(x@j+i x@ +i(k@]:pcﬁ (7.2)
ox\ ox) oyl ody) o0z\ oz ot

- X,y,z are the coordinates [m]

- Bisthe temperature [°C]

- MAis the thermal conductivity [W/m°C]
- cisthe thermal capacity [J/kg°C]

- pis the density [kg/r

- tisthe time [s]

qY+qu

q,=-2d8 a5tda
& m@ X X

dt

a,~ -x%%

Figure 7.2— Draft of heat transfer equation [3]

If no thermal gradient occurs in the longitudinakdtion z of an exposed element,
this term may be omitted in the above equation.
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Temperature dependent thermal properties of theeladdmaterials (concrete and

fire insulations) were applied into the finite elem program as described in chapter
3. These properties account for the variation afsitg, volumetric heat capacity and

thermal conductivity as a function of the tempemtut has to be noted that the
model does not consider the transport of moistireugh the concrete during

heating. The retarding influence of the moisturetiom temperature increase was
only taken into account by means of a peak in geeific heat curve (see chapter 3
section 3.3.1.1).

The governing equation of heat transfer by coneeds given by equation 7.2:

Qc = h(Tgas - Ts) Wim?  (7.2)

where:

- his the convection coefficient [WAC]
- Tgasis the compartment gas temperatufE] [
- Tsis the surface temperature of the elemé@t [

In the analysis a convection coefficient equal §0\@/nf°C and 9 W/rf*'C was
assumed for the exposed surfaces and unexposedutégce of the elements
respectively.

The heat transfer by radiation describes the enengihange that takes place
between the solid and its environment by thermdiatéon or, in other words, the
exchange of radiant energy between the test elemueastthe combustion gases
(radiation from the flame and the combustion gases)vell as the exchange of
radiant energy between the test element and ther imalls of the furnace. The
governing equation of the heat transfer by radmeitsogiven in equation 7.3:

qr = ke F{Ts — T4) Wim?]  (7.3)
where:

- kis the constant of Stefan-Boltzman: 5.67%]®/m*C"]

- gisthe relative emissivity [-]

- F is a geometrical parameter, depending on the miimas and relative
positions of the objects [-]

- Tgasis the compartment gas temperati@] |

- Tsis the surface temperature of the elemé@i [

In the analysis a constant value of relative emigsiequal to 0.56 (product of
emissivity of 0.8 for compartments and 0.7 for aete surfaces) was adopted. The
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geometrical parameter, F, was assumed equal tor lthio lower side of the

specimens. For the irradiated side surfaces osfleeimens a smaller value of F,
equal to 0.8 [3], was adopted. These side facesnaleed also irradiated by the
other cover plates of the oven that are at a ldemperature than the furnace walls.

It has to be noted that the finite element packalgfeNA, for the heat transfer from
fire to the boundary, works only with convection DIANA: CONVEC, CONVTT)
[2]. However, in order to take into account both tonvection and radiation effect,
a fictitious convection coefficient was adopted described in the following
equations:

g=9. *q, = h(Tgas -Tg) +ke F(T;as - Ts4) = Niictitious (Tgas - Ts) (Wim?] (7.4)
where:

(ree-1¢)

gas s

hfictitious =h +keF (7-5)
A comparison between the predicted temperature itite specimens and
experimental values is given in section 7.3. Therrttal model gives a fairly
accurate prediction of the measured temperaturesrdge errorAT=15-10°C).
Figure 7.3 shows, as an example, the temperatatebdition in the cross section of
beam B1-F2-1 after 2h of fire exposure.

+3.600587e+002
+3.01 57 2e+002
+3.43057e+002
+7 84542e+002
+7 26027e+002
+3.67512e+002
+3.08987e+002
+3.50482e+002
+4.91967e+002
+4.33452e+002
+3.74937e+002
+3.16422e+002
+2.57907e+002

|
Concrete

bl Il el e
iofig [k | = iy i

TIT
- il
il

% M

wi| |
Sle| |

T T T
FIEAE RRE
| L

1 Insulation EH < o 19992002
1

a +1.40577e+002

87%
1

+3.23624e+001
10.5%
+2.38474e+001

Figure 7.3 —Cross section temperature distribution (numbef<in
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7.2.2 Structural analysis

The computed cross sectional temperatures gendratedthe thermal analysis are
used to develop moment-curvatuedationships at various time steps. For the
generations of moment-curvature relationshipsfahewing assumptions are made:

- plane sections remain plane;

- the total strain in the reinforcement is equal e total strain in the
concrete at the same location (i.e. quasi perfentitbetween the concrete
and steel reinforcement);

- the tensile strength of the concrete is negligévid can be ignored;

- the FRP has a linear stress-strain relationship.

The strength calculations, at elevated tempergtamescarried out using the same
mesh as used for the thermal analysis. Each notteeaflement used for the thermal
calculation, is considered the center of a squaith area a (to simulate the
experimental results, the cross section of beardsskats is divided into squares or
rectangles with sides 10 x 10 mm and 10 x 5 mmewsgly). Therefore the
deformations and stresses in each element aresesytesl by the corresponding
values at the center of the element.

As already discussed in chapter 3 section 3.3tieotal strain of the concrete for a
member exposed to elevated temperatures and foivem doad level can be
formulated as the sum of different strains. For tiwerent research project, the
concrete total strairg. o, is expressed as the sum of the thermal straépg.erma
and the strains induced by the external loags.s

€ tot = € ¢ thermal + €¢ load (7-6)

Considering the temperature gradient over the cgeston of the concrete element
exposed to elevated temperature, the thermal stican be divided in two more
components:

- the free thermal strair., which is a simple function of the temperature
(see equation 3.7) and which is the thermal eléogaf no restraining
effect would occur.

- the restraint thermal straigg st Which is induced because, given plain
sections remain plain, the thermal elongation az@roocur in a completely
free way.

Therefore equation 7.6 can be re-written as follBigure 7.4):
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8c,tot = 8c,’[h + 8c,’[h,res’[ + gc,load (7-7)

Considering the mechanical strairgs, as the sum of the internally thermal
restraint straing mrest @and the strains induced by the external l@gad,s the total
strain, & o, Can be expressed as follow (Figure 7.4):

€ctot = €cth + €co (7-8)
€c tot €cth € th restr €¢ load Ecth €c,6=Ec th,restr T€c load
= + + = +

Figure 7.4— Graphical representation of strain componentBiwitoncrete

Based on the same assumptions the total strainhef steel and the FRP
reinforcements can be expressed as follow:

€stot = €sth + €so (7-9)

Eftot = Efth T €16 (7.10)

In equations 7.8, 7.9 and 7.10 the thermal strmireach element of concrete, steel
reinforcement and FRP reinforcement are computedlissussed in chapter 3.
Moreover, at any fire exposure time, the total istré;) in each element of
concrete, steel reinforcement and FRP reinforcemmamtbe expressed as a function
of the concrete strain at top most fib&f,,, and the curvature (1/r) by the following
expression:

1
€itot — Ecitop +?yi (7.11)

where y is the distance from the uppermost concrete filbethe center of the
considered element with aregsee Figure 7.5).
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With this approach all strain components in equeti@.8, 7.9 and 7.10 except
mechanical straingg, are known and thus the mechanical strains in ebaghent is
computed by rearranging equations 7.8, 7.9 and as6llows:

€co = Ectot ~ Ecith (7.12)
€s0 = Estot T Esth (7.13)
€6 = Eftot ~ Efith (7.14)

Once the mechanical strains are calculated, sgéssach of the concrete, steel and
FRP elements are obtained through temperature depeastress-strain relationships
(see chapter 3) and thereafter also the respéctiges can be computed. As shown
in Figure 7.5 at each time step the computed foezesused to check the force
equilibrium. For instance, for an assumed totahistrat the uppermost concrete
fibre, e.0p the curvature is iterated until force equilibriimsatisfied. Once this
condition is satisfied, the moment-curvature cqroegling to that strairg; g, is
computed. Through this approach various pointhiefrhoment-curvature curve are
generated for each segment in longitudinal directbthe member (beam or slab)
and for each time step with given temperature itistion.

€
c,top Oci
’ < ’ FC
o S F S
Yi
ENEEEE NN
=
- —0s —_'s
| B N —> O —F
Cross-section Totalstrain diagram Stress Internal
diagram forces

Figure 7.5 —Variations of strains, stresses and internal e beam cross
section exposed to fire

It has to be noted that, based on equations 7.13,ahd 7.14, the overall behavior
of the beam/slab under fire exposure will primadigpend on the properties of the
concrete, steel reinforcement and FRP reinforcenmantelevated temperature
neglecting the reduction in the adhesive strength stiffness through the increase
of temperature. As already demonstrated in chaptexperimental and analytical
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results have shown a decrease of bond interactiorthe@ FRP/adhesive or
adhesive/concrete interface with increasing tentpegaTemperatures at or beyond
the glass transition temperature significantly uefice the stress transfer
mechanism; especially in terms of maximum bond sstreat the
FRP/adhesive/concrete interface. Thus, bond detjpadawith increasing
temperature is to be properly accounted for redigsdsessment of the fire resistance
in FRP strengthened RC members. In this study ffieeteof bond degradation with
increasing temperature is taken into account censig the decrease of shear
strength and stiffness of the adhesive with inédngpemperature as described in the
following section.

7.2.2.1 Effect of adhesive bond degradation

Bond failure occurs if the bond stresses exceedit@at value (related to the
temperature dependent bond shear strength of theriedg). Given the high shear
strength of the structural adhesives, at ambianpégature debonding will normally
occur in the concrete. However with increasing témperature, failure in the
adhesive is governing.

The beams and slabs are (as for the structuraysigpidealized into a number of
segments along their length (see Figure 7.6a)ekon beam segment i, considering
two cross-sections at a distandg subjected to a moment M and KM
respectively (see Figure 7.6d), the average shesssgsy;, along the FRP NSM
bond length can be expressed as:

T = — [N/mm?  (7.15)

where:

- AN is the difference in FRP axial forces, over thegtermy,, computed
given the FRP mechanical strains obtained by eguatil4.
- U is the perimeter of the NSM FRP bar/strip

The FRP reinforcement is generally ended at sostarie from the support. At the
end of the FRP reinforcement, the theoretical F&tBef N, in Figure 7.6b (value as
if the FRP would be ended at the support) is alst@ajual to zero. This is achieved
by transferring the force from the FRP to the ceter(and subsequently to the
tensile reinforcement) by means of additional sh&egsses along the anchorage
length. In other words, starting from the free et force in the NSM has to be
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built up. Hereby, extra bond shear streségs,are introduced at the FRP/concrete
interface (Figure 7.6c).

Segmenti l Qserv

4

A,

Tt |

At 7

c)

v T

Figure 7.6 -NSM FRP forces and shear stress distribution irs&NFRP
strengthened beam

Assuming that the NSM FRP bar is subjected to phear and considering only the
ascending branch of a bi-linearslip relation of the NSM FRP bar/strip, the
following relationship for the extra bond shearstesAt;, has been derived by
several authors [4-6] (the model is described taitkein Appendix D):

At _ o Na costlafl, )] [N/'mn?]  (7.16)

Us sinh(alt)

where:

- o= f};e'% with kg the stiffness of the NSM FRBslip relationship; u
f=f

is the bar/strip perimeter, ;Als the cross-sectional area angd i€ the

Young’'s modulus of the FRP bar/strip reinforcememhe adhesive
stiffness, k, reduces with temperature and is determined frow t
experimental bond shear stress-slip relationshithefdouble bond shear
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tests at elevated service temperature discusselthjpter 4. This is further
elaborated in section 7.2.2.2.

- Ny is the theoretical FRP force at the end of the NBRP bar/strip
reinforcement.

- Xxis the distance along the NSM FRP bar/strip (with the free end of the
FRP)

- lyis the transfer length

For a given transfer length, the peak shear streAs =At,,. is obtained for x=0 in
equation 7.16:

A u
Ny :%tanr(alt) (7.17)

Equation 7.17 is maximized for large values ofttamsfer length:

- ATmaxuf

N (7.18)
o
From equation 7.18 the peak shear stfass.«can be derived as follow:
N
Aty = L (7.19)
Uy

The transfer lengthy according to equation 7.16 correspondsitg=0, which is
theoretically obtained folk=w. For practical calculationAt:(0) = Z, ~ 0 can be
assumed, or based on equations 7.16 and 7.18sinttul) ~ €'/ 2 :

A
I, =1|n[MJ (7.20)
a &

where a boundary conditidi equal to 0.005 N/mfris proposed.

Once the transfer lengthis determined the extra bond shear strefAgesan be
determined with equation 7.16. From equation 7rid A16 the shear stresses along
the NSM FRP bond length are calculated with theofwithg equation:

T =14 + Aty IN/mm?  (7.21)

wheret; depends on (1) the adhesive stiffness, which deesewith temperature

and (2) the force in the FRP which in turn dependstloe temperature and
curvature.
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From the bond shear stresseg, the mechanical FRP strains were calculated as
follows. Equation 7.15, with the assumption of &rg elastic behavior of the
bar/strip, can be expressed as follows:

A; Ag;
Ty = Ef 7fi Zz)

where, assuming=1;, the increase of strain&g;, along the NSM FRP bond length
can be obtained as follows:

.U
ASi = ikl AXi Zz)
Ei A

Oncelg; is obtained the mechanical strains along the teariehgth can be obtained
as:

Eio = & + Ag 13)
where at the end of the NSM FRP bar/strip (x=0) BfRP straingy;,, is zero.

Figure 7.7 shows the distribution of the mechanstiadin along the NSM FRP bond
length.

/Seg ment i l Qserv.
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Figure 7.7 —=NSM FRP strains and shear stress distributionNis® FRP
strengthened beam
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These effective mechanical straing,,, which also take into consideration the bond
degradation can be used to calculate stressesasiletforces in the FRP bar/strip
reinforcement. Therefore considering equation aid@ 7.13 for concrete and steel
respectively and equation 7.23 for the FRP reirgorent a new curvature is iterated
until force equilibrium is satisfied and the momentvature corresponding to these
strains is computed for each beam segment andhttiese step.

7.2.2.2 Prediction of deflection

Following the generation of the moment curvaturatienship, the increase of
deflection at midspan with increasing temperatoreefich time stefd), is obtained
with the following equation:

Agy =&y ~arc (7.24)

where:

L
- @y = I(}{)eﬁdxis the deflection at midspan at each time step & as
0

function of the temperature increa$e Where (1/rj is the curvature as a
function of the temperature obtained by the equilitn of forces for each
beam segment and is the bending moment due to a unit load applied a
midspan.

L
- Ayyc = I(}{)ﬂdxis the deflection at midspan before starting the tést.
0

7.2.2.3 Failure criteria

The following failure criteria have been adoptetbithe model to determine the
failure of the NSM FRP strengthened and insulat€dniembers exposed to fire:

- Strength limit state, defined as the time whenstinectural member cannot
resist the applied load due to the failure of ohthe constituent materials
(concrete, steel and FRP).

- The temperature of the bottom steel reinforcemen/a the average
temperature of the unexposed concrete exceedatrigmperature values
(see chapter 6 section 6.7).

- The deflection of the beam exceeds L/20, where thaslength of the RC
member.
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The rate of deflection exceeds the limf#f9000d (mm/min) where L is the
length of the RC member and d the effective depth@RC member

The calculated bond shear stress, exceeds the decreasing bond shear
strength capacity with increasing temperature.his tase debonding of
the NSM FRP strengthening system is assumed.

Regarding the last point, the reduction of bondash&trength with increasing
temperature is obtained from the experimental tesflthe double bond shear tests
at elevated temperature discussed in chapter 4.v@hation of stiffness of the
adhesive and the bond shear strength with incrgasimperature is shown in Figure
7.8-Figure 7.11 for each type of NSM FRP bar/striied to strengthen the tested
beams and slabs. It has to be noted that for abtpthese values extra double bond
shear tests have been carried out for NSM GFRPQ@gmabar 12. More information
about the test results are reported in Appendix B.
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with NSM CFRP rods type Aslan 200 adopted for betymps B2
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Figure 7.9 —a) Adhesive stiffness and b) bond strength of spexistrengthened
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Figure 7.11 —a) Adhesive stiffness and b) bond strength of spenistrengthened
with NSM GFRP rods type Aslan 100 adopted for stgipe S1-S2

It has to be noted that, for adhesive temperatateeg higher than tested with the
double bond shear tests, the adhesive stiffnes®amd strength were calibrated by
best fitting through comparison between experinleatad predicted results of
midspan deflection of beams and slabs exposedeto fi

7.3 Temperature predictions

The thermal analysis described in section 7.2vkidied by comparing temperature
predictions from the model with measured test datdoeams and slabs exposed to
fire.

As already mentioned in chapter 6, the fire reaittaof typical FRP-strengthened

flexural members is mainly influenced by the sttbrand stiffness properties of the

adhesive and by the longitudinal steel reinforceimeince the temperatures in the
concrete for insulated beams and slabs remain downbst of the fire duration (see

chapter 6). For this reason, in the following theassured (test data) and predicted
(from thermal analysis) temperatures in the lordiital steel reinforcement and in

the adhesive will be discussed. A complete overvidéwredicted temperatures vs

experimental one in the beams/slabs cross sedi@igen in Appendix C.

7.3.1 First fire test
A comparison between the predicted vs experimer(@lerage of four

thermocouples) temperatures of the bottom steefamiement are shown in Figure
7.12. An analogous comparison of temperatureseatittihesive/FRP reinforcement
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interface (average value of two thermocouplesh®as in Figure 7.13 and Figure

7.14. The thermal analysis of beams B2-F1-1, B2Fdnrd B3-F1-1 has been

carried out in two parts. In a first part the potedl temperatures are calculated
considering the fire protection system attachethtobeams up to the moment in
which a complete or partial detachment was obserVhdreafter, in a second part,
the predicted increase of temperature was cal@uatean un-protected beam under
fire exposure. The moment at which the fire pratecsystem detached was derived
on the basis of experimental results (temperataréhermocouples attached to the
soffit of the beams). For the prediction of the pematures at the adhesive/FRP
reinforcement interface both calculations, considgethe fire protection attached to

the beams for the entire fire exposure time andsidening the detachment of the
fire protection system are shown (see Figure 7rtBrRagure 7.14).

The heat transfer model is able to predict the tatpres increase in the bottom
longitudinal steel reinforcement and at the adlBiRP interface with reasonable
accuracy with a scatter between predicted and ewpatal values between +15-
20°C. This limited deviation between the predicéed experimental results may be
mostly due to the fact that the thermal induced stoboé migration within the
concrete is not taken into account in the thermalysis. The experimental increase
of temperature of the longitudinal bottom steelnfa@icement, for example,
increases faster in the first 30 min than the mtedi one due to the moisture
migration (see Figure 7.12) followed by an almostizontal threshold due to
evaporation of water at approximately 100°C. Inttiermal analysis, as specified in
section 7.2 only the evaporation of water into¢bacrete was taken into account by
considering a peak value in the specific heat. &loee the model tends to under-
predict the increase of temperature within thet f88 min of fire exposure with
closer agreement at later stages.
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Figure 7.12— Predicted vs experimental temperatures at lodigial steel
reinforcement of beams of first fire test
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Figure 7.13— Predicted vs experimental temperatures at adi/&P interface of
beams B1-F1-1 and B2-F1-1 of first fire test
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Figure 7.14— Predicted vs experimental temperatures at adi/&R\P interface of
beams B2-F1-2 and B3-F1-10f first fire test

7.3.2 Second fire test

A comparison between the predicted vs experimer(@lerage of four
thermocouples) temperatures of the bottom steafaiement is shown in Figure
7.15 and Figure 7.16. An analogous comparison cfperatures at the
adhesive/FRP reinforcement interface (average valuéwo thermocouples) is
shown in Figure 7.17 and Figure 7.18.

As discussed in the previous section, for the bBrk2 the predicted temperatures
of the bottom steel reinforcement are lower thandkperimental ones for the first
40 min of fire exposure with closer agreement tdrlatages (see Figure 7.16). The
heat transfer model was able to predict the tentperancrease at the bottom
longitudinal steel reinforcement and at adhesiv&RRerface with good accuracy
for beam B1-F2-1 for all the duration of fire expos (see Figure 7.15 and Figure
7.17).
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Figure 7.15— Predicted vs experimental temperature at longitldteel
reinforcement of beams B1-F2-1; B1-F2-2 and B1-F#-8econd fire test
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Figure 7.16— Predicted vs experimental temperature at longitldteel
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Figure 7.17— Predicted vs experimental temperatures at adi/&P interface of
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Figure 7.18— Predicted vs experimental temperatures at adi/&\P interface of
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Considering that, within 3 min of initiation of tHee test, surface flaming of the
Omega fire coating of beam B1-F2-2 and B1-F2-3 elzserved and that it detached
within 20 min into the tests it was decided to mdaeth beams considering only the
HPC insulation system. Comparison between expetahemnd predicted
temperatures (see Figure 7.15 and Figure 7.17) slkeogood agreement for both
temperatures at the bottom steel reinforcementaatite adhesive/FRP interface for
beam B1-F2-3. However the model tends to underigiréte temperatures of beam
B1-F2-2. This can be explained considering the &ifom of cracks and/or partial
detachment of the HPC layer of beam B1-F2-2 dufireg exposure. It has to be
noted that, in the model, no cracks in the fireulason system were taken into
account. This can leads to an underestimation eftémperature increase in the
beam cross section. While this result shows thatking of the insulation may be
important for predicting the heat transfer in imgatl FRP strengthened beams, such
detailed modeling of the insulation material is dwey the scope of the current
project.

Although, as discussed previously in chapter Gsivarsal cracks on the surface of
the insulation system of beam B2-F2-2 were obsewitiin 20 min into the fire
test with consequently partial detachment of tisailiztion system at around 100 min
into the test the analytical model (in which nook are taken into account) was
able to predict with good accuracy the temperaditithe bottom steel reinforcement
and at adhesive/FRP interface (see Figure 7.16Fagdre 7.18). This may be
related to the fact that cracks in the insulatioainly developed far from the two
monitored sections. In the following section tlisconfirmed further by comparing
the experimental and analytical increase of dafleaduring fire exposure.

Different behaviour was observed for beam B2-F®i which a variation between
the predicted and experimental temperatures is rebdeat the bottom steel
reinforcement. It has to be noted that, opposiielyeam B2-F2-2, in beam B2-F2-1
the cracks formation on the surface of the insofatsystem has influenced the
experimentally recorded steel temperatures duriirg £xposure. Indeed a
significant variability is observed in the experime data at the monitored sections,
likely due to the formation of cracks. For a bettederstanding in Figure 7.19 the
experimental temperature-time curves of the fowrniocouples attached to the
steel and the average value is compared to thécpeddime-temperature curve at
the bottom steel reinforcement. It can be notedtti@predicted temperatures are in
good agreement with experimental values for sestionwhich cracks might not
have been developed during fire exposure (tempestecorded by thermocouples
3 and 4).
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Figure 7.19- Predicted vs experimental temperatures at bosterl reinforcement
of beam B2-F2-1

7.3.3 Third fire test

A comparison between the predicted vs experimer(@lerage of four
thermocouples) temperatures of the bottom steefamiement are shown in Figure
7.19, Figure 7.20 and Figure 7.21. An analogouspasison of temperatures at the
adhesive/FRP reinforcement interface (average valuéwo thermocouples) is
shown in Figure 7.23 and Figure 7.24.

The numerical model was able to predict the tenpera at the bottom longitudinal
steel reinforcement of beams B1-F3-1 and B2-F3@&selto the temperatures
observed during the fire tests (see Figure 7.28)s Tesult shows that, given the
geometry of the fire insulation (same thicknesshat beam sides and different
thickness at the bottom of the beam), the steepéeature increase seems to be
governed more by the insulation system appliech¢oside of the beam rather than
the one at the bottom of the beam. Regarding thee&se of temperature at the
adhesive/FRP interface (see Figure 7.23), the naedemodel, while predicting
with good accuracy the temperature increase of bBarr3-1, it tends to under-
predict the temperature increase at FRP/adhesiggfane of beam B1-F3-1, given
the higher thickness of the fire protection boasith respect to beam B2-F3-1. The
unexpected experimental behavior of beam B1-F34 loa related to possible
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cracks formation at the bottom of the fire protector a possible gap between the
fire insulation boards that were not taken intooart into the model.

Based on experimental observation (see chapteit 8as decided to model the
beams B1-F3-2, B1-F3-3 and B1-F3-4 considering ¢iyHPC insulation system.
Overall it is clear from Figure 7.21, Figure 7.2 igure 7.24 that there is a good
agreement between the experimental and predictaget@tures for all the beams
protected with HPC fire insulation system. Althoudgased on the hypothesis of
considering only the HPC fire insulation materitde numerical model slightly

overpredicts the temperatures at the steel reiafoents for some of the beams.
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Figure 7.20— Predicted vs experimental temperature at longitldteel
reinforcement of beams B1-F3-1and B2-F3-1 of tfineltest
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Figure 7.21— Predicted vs experimental temperature at longitldteel
reinforcement of beams B1-F3-2and B1-F3-2 of tfinel test
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Figure 7.22— Predicted vs experimental temperature at longitldteel
reinforcement of beams B1-F3-4and B4-F4-1 of tfineltest
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Figure 7.23— Predicted vs experimental temperatures at adi/&\P interface of
beams B1-F3-1 and B2-F3-1 of third fire test
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Figure 7.24— Predicted vs experimental temperatures at adi/&\P interface of
beams B1-F3-2, B1-F3-3, B1-F3-4 and B4-F3-1 ofitffiire test
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7.3.4 Fourth fire test

A comparison between the predicted vs experimer(@lerage of four
thermocouples) temperatures of the bottom steafa@ement is shown in Figure
7.25 and Figure 7.26. An analogous comparison cfiptratures at the
adhesive/FRP reinforcement interface (average valuéwo thermocouples) is
shown in Figure 7.27 and Figure 7.28. For the m=al slabs, temperature
measurements of the steel rebars at the cornatiegted with number 1 in Figure
7.26) and at the inner steel rebars (indicated wittmber 2 in Figure 7.26) differs

significantly and individual curves (average of twfeermocouples) are given for
both experimental and analytical results.
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Figure 7.25— Predicted vs experimental temperature at longialdteel
reinforcement of beams B4-F4-1and B1-F4-1 of fofirthtest
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Figure 7.26 —Predicted vs experimental temperature at longitalditeel
reinforcement of slabs SO0-F4, S1-F4-1, S2-F4-1%4-2 of fourth fire test
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Figure 7.27 —Predicted vs experimental temperatures at adh&gWreinterface of
beams B4-F4-1 and B1-F4-1of fourth fire test
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Figure 7.28 —Predicted vs experimental temperatures at adh&gWreinterface of
slabs S1-F4-1, S2-F4-2 and S2-F4-20f fourth figt te

The heat transfer model is able to predict the tatpres increase in the bottom
steel longitudinal reinforcement and at adhesiv®FRterface with reasonably
accuracy for both beams B1-F4-1 and B4-F4-1 althdtigends to overpredict the
temperature increase at the later stage of firesxg. A good agreement between
the predicted and experimental temperatures inerefs the longitudinal
reinforcement and at FRP/adhesive interface was a@itained for all the slabs for
the entire duration of fire exposure.

7.4 Predicted increase of deflection and bond failure

The structural analysis described in section 7.B.2verified by comparing
predictions of the increase of midspan deflectimmfthe model with measured test
data for each fire test series. Moreover the armipsorporates an elastic analysis
for predicting the FRP bond shear stresses alorgFRP bonded length with
increasing temperature. By modeling the combinédelcef of adhesive strength and
stiffness reduction with increasing temperature,dasussed in section 7.2, the
analysis yields bond failure if the shear stregseged a critical bond strength value
(see section 7.2.2.2). The predicted bond failsi@impared with experimental data,
in which a sudden increase of deflection during éxposure was considered as loss
of bond at the FRP/concrete interface. A comparibetween predicted and

271



Chapter 7

experimental increase of deflection at midsparise ahown in Appendix C for all
the tested beams and slabs under fire exposure.

7.4.1 First fire test

A comparison between the predicted and experimeimntelease of midspan

deflection is shown in Figure 7.29 and Figure 7.B0r the control beam (BO-F1)

the predicted increase of midspan deflection ghdly underestimated with respect
to the experimental one (see Figure 7.29). Thikedihce can be attributed to the
discrepancy between the predicted and measuredetatapes of the bottom steel
reinforcement, as discussed in section 7.3.1. Tiedytical model predicts the

failure at 110 min into the fire test (based ongtrength limit state) as compared to
105 min measured during the test. The strengtht latsite is defined as the time
when the structural member cannot resist the apghevice load.
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Figure 7.29 —Predicted vs experimental increase of deflectiomidspan of beams
BO-F1, B1-F1-1 and B2-F1-2 of first fire test
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Figure 7.30 —Predicted vs experimental increase of deflectiamidspan of beams
B2-F1-1 and B3-F1-1of first fire test

A good agreement between the measured and prediatezhse of deflection at
midspan is observed for beams B1-F1-1, B2-F1-2B8wF1-1 for all the duration
of fire exposure. For beam B2-F1-1 a close agreerbetween predicted and
experimental results is observed in the first 5Gutés into the fire test, after which
point the predicted deflection overestimates tloeeiase of deflection at midspan. It
has to be noted that for beam B2-F1-1, at the mbmithe partial detachment of
the fire insulation system, the deflection was medeonsidering an un-protected
beam under fire exposure for the complete lengtthefspecimen. This assumption
can lead to an overestimation of the increase fiécteon at midspan.

To illustrate the effect of bond degradation atRRP/adhesive interface on the fire
response, the variation of the bond shear stresshdition over a distance from the
NSM FRP bar/strip end up to the loading point (x&9@m), for different fire
exposure times, is shown in Figure 7.31 for beanFB4l and in Figure 7.32 (bond
shear stresses of the strips at the corner) andd=ig33 (bond shear stresses of the
inner strips) for beam B3-F1-1. The calculated atish of bond shear stress
distribution for all the specimens of the firsefitest series is given in Appendix D.
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Figure 7.31 —Variation of shear stress distribution as a fuorcof the fire exposure
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Figure 7.33 —Variation of shear stress distribution inner srgs a function of the
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At low temperatures the shear stresses are coatestat the end of the FRP
bar/strip. Away from the FRP bar/strip end, the ashstresses distribution is
predicted by simply beam theory, with a peak iraststress at the loading point (x=
900 mm). Increasing the temperature at and beyloadlass transition temperature
resulted in an increase of the transfer lenfjthwith a consequent reduction of the
peak shear stresses and a more uniform distriboficsihear stresses over the FRP
bond length. This effect can be attributed to #duction in stiffness of the adhesive
with temperature increasing. These results arein@ Wwith experimental results
obtained for double bond shear tests at elevategdeature (see chapter 4). On the
other hand increasing the temperature, at and loeYgmnesults in a reduction of the
bond strength at the FRP/adhesive interfagg; (see section 7.2.2.2). When the
calculated shear stresses exceed the decreasiag capacity at the FRP/adhesive
interface, loss of composite action at the NSM FERRérete interface is assumed.
The model is able to predict the experimental olesrtime in which FRP
debonding occurs, although a premature predictidailoire is observed for some of
the beams. A summary of the time of loss of comntposgiction observed
experimentally, dpexp the analytical assumed time of loss of compoaitgon,
ten.anal the calculated bond shear stresﬁ}e$at time of loss of composite action at
the NSM FRP/concrete interface) and the bond strersg the FRP/adhesive
interfacet;,; (at the analytical assumed time of loss of compoaction at NSM
FRP/concrete interface) is reported in Table 7.1.
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Table 7.1 —Results of structural analysis for beams of th&t fire test

Specimen o{eb,exp tdeb,anal Tf* Tlimit
[min] [min] [N/mm?  [N/mm?
B1-F1-1 90 75 0.95 0.75
B2-F1-1 70 55 3.00 1.70
B2-F1-2 34 35 4.58* 5.20*
B3-F1-1 90 90 1.34 0.98

* Values prior to detachment of firsulation system

It has to be noted that given the nature of thdyaisof bond shear stresses along
the NSM FRP bond length (elastic analysis), the ehagnds to calculate a
concentration of high shear stresses at the NSM &RP In reality although these
shear stresses exceed the bond strength at theditiRBive interface, they will not
cause an immediate debonding of the NSM FRP bdrkehld to an increase of slip
at the FRP/adhesive interface that occurs priofatore (FRP debonding). It is
likely possible that, under the acting load, arstelplastic model of the adhesive
behavior will lead to a plateau in the shear saesa the NSM FRP end (plastic
zones at the NSM FRP end) that spread along thesadhjoint as temperature
increase allowing load transfer over a larger timgngth. However, a bond model
that incorporates the complexities of elastoplazstibesive behavior, given the lack
of data of the adhesive behavior at elevated teatpes attained during the fire
tests, is beyond the scope of the current projestead the aim is to use a simplified
elastic model to explore the influence of elevawdperature beyond the adhesive
T, of the adhesive, for NSM FRP strengthened RC mesniith this scope in
mind the failure criteria was considered consevedyito be reached as soon the
shear stresses exceeds the bond shear strengthFRP/adhesive interface.

For instance, it is interesting to note that fdradlthe tested beams the debonding
failure was obtained for a temperature value highan the adhesive glass transition
temperature. This is because, at a temperaturd emg, the shear stresses at the
FRP/concrete interface induced by the applied Idadsvice loads) are lower than

the bond shear strength. In other words at a teaiyer equal to the glass transition
temperature the adhesive still has enough streagdtstiffness to transfer the shear
stresses, induced by the applied loads, from tHe teRhe concrete.
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7.4.2 Second fire test

A comparison between the predicted and experimemeiease of midspan
deflection of the beams tested in the second dis¢ ¢eries is shown in Figure 7.34
and Figure 7.35. For the control beam (BO-F2) tredigted increase of midspan
deflection is slightly underestimated with respextthe experimental one for the
first 40 min of fire exposure and slightly overesdited in the later stages. However,
overall increase of deflection prediction is in doagreement with experimental
results. The deviation can be attributed to therdjsancy between the predicted and
measured temperatures of the bottom steel reinfeeng as discussed in section
7.3.2. The analytical model predicts the beam ffai(@10 min into the fire test) with
good accuracy, based on the strength limit state.
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Figure 7.34 —Predicted vs experimental increase of deflectiamidspan of beams
BO-F2, B2-F2-1 and B2-F2-2 of second fire test
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Figure 7.35 —Predicted vs experimental increase of deflectiamidspan of beams
B1-F2-1, B1-F2-2 and B1-F2-3 of second fire testese

It has to be noted that for beams B2-F2-1 and B2-Fe time at which loss of

composite action is achieved was determined basexkperimental observation, as
discussed in section 7.3.2. Therefore at a timaldgu25 min and 30 min for beams
B2-F2-1 and B2-F2-2 respectively, the beams werdalted as an unstrengthened
beam with fire protection all along the length bktbeam. A good agreement
between the measured and predicted increase @ctlefi at midspan is observed
for beam B2-F2-2, while a slightly underestimatioh predicted deflection is

observed for beam B2-F2-1 due to the variation betwpredicted and recorded
temperature at the bottom steel reinforcementgeetion 7.3.2).

Good agreement between the measured and predictedase of deflection at
midspan is also observed for beams B1-F2-1 and B2-for all the duration of fire
exposure. A slight underestimation of predictededtion was observed for beam
B2-F2-2. The deviation in prediction can be exptdinfrom the variation in
predicted and measured temperatures of the stdefFBP reinforcement related to
the formation of cracks in the insulation layertthas not taken into account in the
analytical model (see section 7.3.2).

The variation of bond shear stress distributionravelistance from the NSM FRP

bar/strip end up to the loading point (x=900 mroy, different fire exposure time, is
shown in Figure 7.36 and Figure 7.37 for beam BitFand beam B1-F2-3
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respectively. The calculated variation of bond shsteess distribution for all the
specimens of the second fire test series is givéxppendix D.
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Figure 7.36 —Variation of shear stress distribution as a fuorcof the fire exposure

time of beam B1-F2-1
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Figure 7.37 —Variation of shear stress distribution as a fuorctf the fire exposure

time of beam B1-F2-3
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As previously observed for the first fire test seriat low temperatures the shear
stresses are concentrated at the end of the FRhbagasing the temperature at and
beyond the glass transition temperature resulteshimcrease of the transfer length,
I, with a consequent reduction of the peak sheasstis and a more uniform
distribution of shear stresses over the FRP bongthe For both beams the shear
stresses remain in the elastic region of the bdmhrsstress-slip relationship and
moreover the predicted shear stress distributidrelew the reduced bond strength
at the FRP/adhesive interface for all the duratibfire exposure. The model closely
follows the experimental observation for which rignsof debonding failure was
observed for both beams, although the adhesive ampe was well beyond its
glass transition temperature. Again, given the latgan system and the acting
loading level during fire exposure, the adhesives will stiff enough to withstand
the FRP shear stresses. A summary of the timessfdb composite action observed
experimentally, &nexp the analytical assumed time of loss of compoaitéon,
ten.anal the calculated bond shear stresﬁ}e$at time of loss of composite action at
the NSM FRP/concrete interface) and the bond strersg the FRP/adhesive
interfacet;; (at the analytical assumed time of loss of compaoaction at NSM
FRP/concrete interface) is reported in Table 7.2.

Table 7.2 —Results of structural analysis for beams of thesddire test

SpeCimen o{‘eb,exp tdeb,anal T;. Tlimit
[min] [min] IN'mm? [N/mm?]
B1-F2-1 >120 >120 1.00 1.82
B1-F2-2 100 100* 1.77 3.15
B1-F2-3 >120 >120 0.60 0.65
B2-F2-1 25 25* 3.62 13.10
B2-F2-2 30 30* 4.02 13.10

* Values assumed based on experimebistrvation
7.4.3  Third fire test
A comparison between the predicted and experimemeiease of midspan

deflection of the beams tested in the third first tgeries is shown in Figure 7.38,
Figure 7.39 and Figure 7.40.
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Figure 7.38 —Predicted vs experimental increase of deflectiamidspan of beams
B1-F3-1 and B2-F3-1 of third fire test
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Figure 7.39 —Predicted vs experimental increase of deflecttamidspan of beams
B1-F3-2 and B1-F3-3 of third fire test
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Figure 7.40 —Predicted vs experimental increase of deflecttamidspan of beams
B1-F3-4 and B4-F3-1 of third fire test

The model is able to predict with reasonable aaguthe increase of deflection of
beam B2-F3-1 while it underestimates the incredsdeflection at midspan for
beam B1-F3-1. This deviation is due to the diffeemnbetween the predicted and
measured temperature of the adhesive as discusseeciion 7.3.3. From Figure
7.39 and Figure 7.40 it is clear that the modetjots the increase of deflection at
midspan with good accuracy for all the beams inedlavith HPC fire insulation
system, although it tends to slightly overpredin increase of deflection in the
early stages of fire exposure. However it has tonbted that for almost all the
beams insulated with HPC fire insulation systemrmrded increase of deflection
at midspan was almost zero in the first 10-15 nasumto the fire test. It is possible
that the adopted measuring system was not accaretegh to measure the low
values of increase of deflection in the early stafgire exposure.

For beam B4-F3-1 the effect of bond degradation magaken into account due to
lack of data related to the reduction of adhesbsmentious mortar) stiffness and
strength with increasing temperature of the NSM FRRengthening system
embedded in cementious mortar. Therefore full casitpaction between FRP and
mortar was considered for all the duration of &sgosure.

In order to validate the analytical model and thlesumed failure criteria the
variation of bond shear stress distribution ovefistance from the NSM FRP bar
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end up to the loading point (x=900mm) of beam B12H3 shown in Figure 7.41
for different fire exposure times and in FigureZ & a function of the increased
load immediately after fire exposure. It can beedothat the shear stresses do not
exceed the bond strength at the FRP/adhesive anterfor the duration of fire
exposure.

For beam B1-F3-2, after fire exposure the analltistmuctural analysis was
conducted considering the materials temperaturesstant for the duration of
increased load. It is noted that (see Figure 7.BRP shear stresses significantly
increases after yielding of the internal steelRigure 7.42 Q= 50kN is just before
yielding of steel). Indeed once the yield stresstha steel is reached a further
increase of tensile force (and hence bending monemainly related to the NSM
FRP. A shear stress concentration is noted at Rfe €énd and after yielding of the
steel also near the point load. Beam B1-F3-2 ie &dbkesist the increasing load up
to the point in which the shear stresses exceedadiesive bond strength, after
which point debonding of the FRP occurs.

Moreover Figure 7.43 shows the predicted and ewxparial load-deflection curves

of beam B1-F3-2 in the three phases of pre-loadindp its service load (curve A-

B), fire exposure (curve B-C) and increase of lagdafter fire exposure (curve C-

D). It can be noted that the analytical model iledb predict with good accuracy

the experimental load-deflection curves in all theee stages and the residual
strength capacity of the beam.
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Figure 7.41 —Variation of shear stress distribution as a fuorcof the fire exposure
time of beam B1-F3-2
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interface) and the bond strength at the FRP/adadesterfacer;,; (at the analytical
assumed time of loss of composite action at NSM /E&Rrete interface) is
reported in Table 7.3.

Table 7.3 —Results of structural analysis for beams of thaltfire test

Specimen o{eb,exp tdeb,anal Tf* Tlimit
[min] [min] IN'mm? [N/mm?]
B1-F3-1 >60 >60 3.80 4.75
B1-F3-2 >60 >60 1.50 1.80
B1-F3-3 >60 >60 2.82 3.15
B1-F3-4 >60 >60 1.48 1.82
B2-F3-1 >60 >60 4.48 4.52
B4-F3-1 >60 >60 - -

7.4.4 Fourth fire test

A comparison between the predicted and experimeimntelease of midspan
deflection of the beams and slabs tested in thetHdire test series is shown in
Figure 7.44 and Figure 7.45. As previously discdsgeam B4-F4-1 with mortar
instead of epoxy as adhesive is modeled considéuihgomposite action between
the FRP and the adhesive. From Figure 7.44 it seded that, although a slight
overestimation of temperature at the bottom stegihfercement and the
FRP/adhesive interface is obtained (see sectiom)7.the predicted increase of
deflection at midspan for beam B4-F4-1 at lategessaof fire exposure is stiffer than
the experimental one. This is because in the mizdabt taking into account the
bond degradation at the FRP/adhesive interface thadoverall behavior of the

temperature primarily depends on the high tempesgbuoprerties of the FRP bar
reinforcement.

For beam B2-F4-1 the NSM FRP bars are partiallydednand behave as a single
element placed in tension and anchored at the twis ef the beam. An analytical
model that incorporates the complexities of unbaahténsile members combined
with fire exposure is beyond the scope of the dmed model and has not been
further incorporated in the framework of the cutnesearch program.
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Figure 7.44 —Predicted vs experimental increase of deflectiamidspan of beam
B4-F4-1 and slab S0-F4 of fourth fire test
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Figure 7.45 —Predicted vs experimental increase of deflectiamidspan of slabs
S1-F4-1, S2-F4-1 and S2-F4-2 of fourth fire test

For the control slab (S0-F4) the predicted increzsaidspan deflection is slightly
underestimating the experimental results (see Eigut4) for the entire duration of
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the fire test exposure. This deviation can belatted to the discrepancy between
the predicted and measured temperatures of therbaiteel reinforcement. The
behavior of NSM FRP strengthened and insulated sslate predicted with
reasonably accuracy. The deviation between pretlimtel experimental increase of
midspan deflection of slab S2-F4-2 can be relatediricertainty of temperature
dependent mechanical properties of the basalt &adsat FRP/adhesive interface
(given the lack of data the bond degradation atRR®/adhesive interface of slabs
S2-F4-1 and S2-F4-2 has been modeled based onotl&&RP bars similar as
applied for slab S1-F4-1).

The variation of bond shear stress distributionravelistance from the NSM FRP
bar/strip end up to the loading point (x=900 mna}, different fire exposure times,
is shown in Figure 7.46 for slab S1-F4-1. The daled variation of bond shear
stresses distribution for all the specimens of fthath fire test series is given in
Appendix D.
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Figure 7.46 —Variation of shear stres distribution as a funtiid the fire exposure
time of beam S1-F4-1

From Figure 7.46 is clear that, at low temperaturd®e shear stresses are
concentrated at the end of the FRP bar. Incredstemperature at and beyond the
glass transition temperature, results in an ineredsthe transfer length,, with a
consequent reduction of the peak shear stressea amate uniform distribution of
shear stresses over the FRP bond length. The streases remain in the elastic
region of the bond shear stress-slip relationshig the predicted shear stress
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distribution was below the reduced bond strengtRRP/adhesive interface for all
the duration of fire exposure. The model closelflofes the experimental
observation for which no sign of debonding failunas observed during fire
exposure, although the adhesive temperature wa®nbdeyts glass transition
temperature (Jgnesive1.6Tg).

A summary of the time of loss of composite actitiserved experimentallyyeb exp
the analytical assumed time of loss of composit®aClyes anal the calculated bond
shear stresses; (at time of loss of composite action at the NSMPFfncrete

interface) and the bond strength at the FRP/adadesterfacer;,; (at the analytical
assumed time of loss of composite action at NSM /E&Rrete interface) is
reported in Table 7.3.

Table 7.4 —Results of structural analysis for specimen offtheth fire test

Specimen b exp taeb,anal i

) ; : Tlimit
[min] [min] [N/mm?] [N/mm?]
B4-F4-1  >120 >120 - -
S1-F4-1  >120 >120 0.75 2.00
S2-F4-1  >120 >120 1.47 4.98
S2-F4-2  >120 >120 1.06 3.25

7.5 Conclusions

In this chapter an analytical model has been intted to simulate the heat transfer
within the NSM FRP strengthened and insulated beanas slabs using a finite
element program (DIANA TNO 9.4.3) and to simulakeit structural behavior
under fire exposure using a two dimensional cressien layered model. The
model accounts for temperature dependent thermdl raechanical materials
properties (concrete, steel, FRP and insulatioreri@s). Comparing the results
from the analytical model against the experimergalilts discussed in chapter 6, the
numerical model can predict the temperatures withan NSM FRP strengthened
and insulated beams and slabs and their strudiatavior under fire exposure with
reasonably accuracy (with a deviation in a rangesden +5-10%).

Moreover the analytical model incorporates an mlastalysis to predict, given the
applied load, the distribution of NSM FRP bond sh&teesses along the FRP bond
length with increasing temperature. By modelingdbmbined effect of temperature
dependent adhesive strength and stiffness redueiibrthe shear stress distribution
at the FRP/adhesive interface, the analysis teetgtpredicts the time at which the

288



Thermal and structural analysis of NSM FRP strengthened
and insulated RC members under fire exposure

loss of composite action occurs. This type of failis assumed if, given the applied
load, the predicted shear stresses exceed theshead strength at the FRP/adhesive
interface.

Comparing the results from the analytical modelirgiahe experimental results of
the first fire test series (in which the loss ohmabsite action at the FRP/adhesive
interface was considered based on a sudden incoéasperimental time-deflection
curves), the analytical model is able to predicthwgood accuracy the loss of
composite action at the FRP/adhesive interfachpatih these predictions seem to
be conservative for some of the tested beams.

Moreover comparing the results from the analytioaldel against the experimental
results for all the fire test series, the analyticaodel has confirmed the
experimental findings, for which no failure at tieRP/adhesive interface is
observed even after the adhesive temperature excemmberately the glass
transition temperature. This is valid since the bahear stresses along the FRP
bond length, given the applied load and the fisailation protection, are below the
temperature dependent adhesive bond strength. rf&tanice it was analytically
demonstrated that, for all the tested beams arus sta which the FRP loss of
composite action was not observed experimentdily shear stresses remained well
below the adhesive bond strength for all the donatif fire exposure. Moreover for
beam B2-F3-2, it was analytically demonstrated ,thateping the temperature
attained after 60 min of fire exposure constarftirther increase of load leads to an
increase of bond shear stresses at the FRP/adhiedgeréace. Bond failure is
obtained as soon as the predicted shear stressesdethe adhesive bond strength.
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Chapter 8

CONCLUSIONS AND FUTURE RESEARCH

8.1 General

In recent years, strengthening technologies farfeeted concrete (RC) structures
using fiber reinforced polymer (FRP) composites ehdneen gaining widespread
interest and growing acceptance in the civil engiimg industry. Given the
importance of repair and strengthening of concséttectures, the commercial and
research interest in this strengthening technicgueoinsiderable. During the last
decade one of the developments, to strengtherirexisbncrete structures, is the use
of FRP bars/strips as near surface mounted (NSMjoreement, which consists in
grooving the surface of the member and embeddiegRRP bars/strips into the
grooves with a high strength adhesive.

Despite the increasing success in applying the EREngthening system in
reinforced concrete structures, the weak performaric¢his strengthening technique
under elevated temperatures, as might be expedeinca fire, has hindered their
application in buildings and infrastructures. A ferature increase is affecting the
behaviour of FRP in different ways, as a tempeeaincrease has different effects,
like a change in the mechanical properties of tR&$ and reduction of the bond
strength at the FRP/adhesive/concrete interfacth Bffects are primarily related to
the deterioration of the polymer matrix (used asnpr, adhesive and matrix) for
increasing temperature at or beyond its glassitrangemperature.

A limited number of research projects around therldvdiave investigated the
influence of elevated temperature on the bond betwexternally bonded FRP
reinforcement (FRP EBR) and concrete. Furthermexésting researches suggest
that concrete structures strengthened with FRPsacdieve a satisfactory fire
endurance rating, though contribution of the FR&eiserally assumed as lost during
fire exposure, by providing an adequate fire insoitesystem in order to keep the
concrete and internal reinforcing steel temperatuvelow critical temperatures,
which are regulated by fire standards.

This PhD thesis has contributed to obtain a béttgght in the bond behaviour of
NSM FRP strengthening systems at elevated tempematnd fire endurance of
NSM strengthened and insulated reinforced coneretmbers under fire exposure.
Moreover, a valuable contribution to the knowledgethe degree of FRP bond loss
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or/and adhesive bond degradation at temperatugdeehithan the adhesive glass
transition temperature is provided.

8.2 Bond behaviour under elevated service temperature

The bond behaviour at the FRP/adhesive and thesadtieoncrete interface for the
NSM FRP strengthening technique was investigatat double bond shear tests.
The tests were carried out within the temperatargge between 20°C till 100°C.
The temperature level was chosen in relation taythss transition temperatureg(T
of the utilized epoxy resin which equalg=85°C. The glass transition temperature
of the epoxy resin was experimentally determinedhenbasis of DSC (differential
scanning calorimetry), as specified in chapter Be Tests conducted at elevated
temperatures were compared with those at room texpe.

From the conducted experimental work, it followattincreasing the temperature up
to 5C°C resulted in an increase of failure load and belmear stresses, while further
increase of temperature resulted in a decreasailafd load and change of failure
mode. For temperatures below the glass transiimpérature the failure mode was
characterized by debonding at the concrete/reserfate with varying degrees of
concrete damage, as a function of the FRP barcgudanfiguration. Increasing the
temperature at/or beyond the adhesiyeeBulted in a debonding of the FRP NSM
bars at the adhesive/bar interface (pull-out ofltag. However the decrease of the
failure load at an elevated temperature equalgtevds equal to approximately 10%
and 18% for specimens strengthened with CFRP aiPG#ars respectively and no
complete degradation of bond strength was obseiwetemperatures up to 1.5T
for all the tested specimen. It is, moreover, obs@rthat the transfer length
increased by increasing the temperature, with @exurent more linear distribution
of strains over the FRP bond length. In particular specimens tested at a
temperature higher than, The transfer length increased with a factor 2 teith
respect to the transfer length af20

Based on the analysis of the bond shear stresseanitbe concluded that the
increasing failure load at 80 is mainly due to thermal shear stresses, indbged
the difference of coefficient of thermal expansimiween the FRP and the concrete.
In accordance with previous studies, it was obskthiat the shear thermal stresses
mainly develop at the ends of the FRP bond lengthere the FRP force is
transferred to the concrete (Figure 4.14 Chapteard) that the direction of these
thermal shear stresses is opposite to the direofidhe shear stress induced by the
loading (Figure 4.15 Chapter 4). Therefore, shéasses due to the loading will
first have to compensate the thermal shear stregsbe loaded end, resulting in a
lower shear stress peak with increasing temperatuinéch can explain the

292



Conclusions and future research

increasing failure load with increasing temperatuge to 50C. Nevertheless,
increasing the temperature to and/or beyond thesgleansition temperature the
softening and strength reduction of the adhesive governing over a possible
positive effect of thermal stresses induced byhéating of the specimens. Indeed
increasing the temperature resulted in a more umifdistribution of stresses but in
significantly lower failure load.

Finally based on the tests, the local bond-stré§s Isehaviour could be
characterized experimentally. At elevated tempeeabeyond J the bond stress-
slip behaviour becomes elasto-platic. Strength stifthess reduction functions of
the adhesive at increasing temperature have bearde

8.3 Structural behaviour of RC member s strengthened in flexure with NSM
FRP

Before studying the behaviour of NSM FRP strengtderlements under fire
exposure, their behaviour at ambient temperature been investigated. The
influence of the type of FRP bars (carbon and gldésss), the FRP’s shape (rods
versus strips), the surface configuration (sandezharibbed and spirally wound
bars) as well as the type of adhesive used to ented-RPs into the grooves
(epoxy resin versus grout adhesive) were invegityathis study forms the basis for
studying the behaviour at and after fire exposure.

From the conducted experimental work, it followsittistrengthening of existing

concrete members by means of near surface mourf®Rl reinforcement is a

feasible and efficient technique, which allows thehancement of the flexural
capacity of RC beams and slabs. Results have shmatrbeams in which the FRP
was embedded into the grooves with epoxy adhesigerg&enced a higher strength
increase values with respect to beam in which atgadhesive was used. Among
the beams with epoxy resin as adhesive, the differend of failure suggests an
influence of the FRP surface configuration on thidufe mode. Debonding of the
NSM FRP rods/strips occurred at tensile straingiranbetween 69% - 73% of the
ultimate tensile strain of the FRP bars/strips ficoring the higher efficiency of the

NSM strengthening technique compared to FRP EB&gthening systems. With
similar axial stiffness the latter usually has tenstrains which ranges between
35% - 45%. The ductility of the strengthened bedeweased between 25% - 68%.

Due to the considerable increase of failure loathBdSM FRP slabs failed by
concrete crushing, although debonding of the FRB bas observed as well.
Similar as for the strengthened beams, an eleweffi@ency of utilization of the

NSM FRP reinforcing bars is observed with straituga equal to approximately
72%.

293



Chapter 8

From the analytical verifications, it appears tlia structural behaviour of the
strengthened concrete members can be predicted acteurate way. For flexural
strengthening of RC beams, classical calculatiothats still apply as long as full

composite action between the FRP and the concrateb@a assumed. Considering
that there is still limited understanding of theamenism of loss of this composite
action (debonding) for members strengthened withP FRSM and that this

mechanism can be influenced by several parameiersr(g which the internal steel
reinforcement ratio, the NSM FRP reinforcement ojathe shape and surface
configuration of the NSM FRP reinforcement and téwsile strength of both epoxy
and concrete), the debonding of the NSM FRP sthemijhg system was modeled
by limiting the NSM FRP ultimate strain. This methgives good prediction except
for the beam in which the FRP bars were embeddéd grvout adhesive, for which

the adopted method was not able to accurately giréit failure mechanism of the
beam.

8.4 Firebehaviour of NSM FRP strengthened and insulated member s under
fire exposure

The fire behaviour of NSM FRP strengthened andlated members (beams and
sabs) has been experimentally studied by meandudfgcale fire test series. These
full-scale fire tests involved the design and festion of 20 NSM FRP strengthened
and insulated beams and 4 NSM FRP strengthenednanthted slabs. All the
specimens have been pre-loaded to the servicednddubsequently exposed to a
standard fire, while the load was kept constantingurfire exposure. The fire
endurance of the NSM FRP strengthened and insulaadhs and slabs has been
investigated varying several parameters with reasjpeinsulation materials type and
thickness, insulation configuration and type of egllle for embedding the FRP
bars/strips into the grooves. The effect of bongraéation at temperatures higher
than the adhesive glass transition temperaturééas also investigated (in order to
do so a time of 1 h of fire exposure was choosavimid loss of composite action
due to an excessive heating of the adhesive). Eumtbre the fire resistance
effectiveness of the NSM FRP strengthening systéer &ire exposure has been
investigated by structural testing up to failure.

Based on the results of fire endurance tests piedein Chapter 6, it can be
concluded that NSM FRPs can be used in buildingssttengthen reinforced
concrete beams and slabs if supplemental fire giotesystem is provided over the
FRP strengthening system. By providing appropraeeinsulation, the reinforced
concrete beams and slabs that have been strendtimeflexure with NSM FRP can
endure the elevated temperatures of the standardifider the acting service loads
for 2h even after the adhesive temperature excer@ssively the glass transition
temperature and loss of the FPR reinforcement canassumed. No obvious
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dysfunction of the FRP in terms of strength conipkiies between the FRP and the
RC members during and after fire was observed égadte fire insulation system

was provided. The insulation systems evaluatechis research project appear to
have effectively protected the NSM FRP strengthdmesims from heat penetration
during the fire exposure, although FRP loss of cosite action after 20-110 min,

depending on the applied fire insulation scheme iemthermal performance, was
observed for some of the beams. In the latter eaperiments have demonstrated
that as the temperature of the concrete (at comipreside) and the longitudinal

bottom steel reinforcement were below critical tempures, even in case of
accidental drop out of FRP, the beams will notamde immediately under the
acting service load.

Based on residual strength tests , it was obsehatdf the fire insulation system is
able to maintain the adhesive temperature at velsti low temperature
(Tadhesive100 °C to 130 °C and gdhesive167 °C for epoxy resin and grout mortar
respectively) the FRP is able to retain bond stitemg the concrete and the beams
and slabs are still able to retain considerably gy to 84% and up to 92% for 2h
and 1h of fire exposure respectively) of the fletucapacity of the FRP
strengthened beam at room condition.

Finally a numerical model, for simulating the beloav of NSM FRP strengthened
and insulated members under fire exposure, waslaseé A heat transfer model
and structural response model are applied usinigit® felement program (Diana
TNO 9.4.3) and a two dimensional cross-sectionrizyenodel (excel visual basic)
respectively, to investigate the thermal and stmadt behavior of NSM FRP
strengthened and insulated beams and slabs underefposure. The model
accounts for temperature dependent thermal and anézi properties of the
constituent materials (concrete, steel FRP andadtisn system) as well as for the
effect of bond degradation at the FRP/adhesiverfate with increasing
temperature. For instance based on experimentalltse®f Chapter 4, the
temperature dependent reduction of both the adhesiffness and the bond strength
at the FRP/adhesive interface were introduced tihéo model. By combining the
above described temperature effects with the aclwad, the shear stress
distribution along the FRP bond length were caleda

The heat transfer model was able to make reasopabtictions of the temperature
within both un-strengthened and un-insulated andVINERP strengthened and
insulated beams and slabs under fire exposure.

Based on the structural analytical results, it wlaserved that a temperature increase
results in an increase of bond shear stress a8 FRP end, but, with further
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increase of temperature, these stresses are |yar&idistributed due to the reduced
adhesive stiffness. For instance, temperaturesnadtbeyond the glass transition
temperature resulted in an increase of the trankfegth with a consequent
reduction of the peak shear stresses as well agra amiform distribution of these
shear stresses along the FRP bond length. On lilee loand a temperature increase
is accompanied by a significant reduction of theadstrength at the FRP/adhesive
interface. The overall capacity of the FRP streeagd members depends on which
effect is the most governing. For instance the cstmal analysis confirm the
experimental results, demonstrating that if stresgéghe FRP/adhesive interface are
low (as is generally the case for service load I®vduring fire exposure, no
debonding is experienced at the FRP/adhesive ateréven if the glass transition
temperature is moderately exceeded (up to ().6lhis is valid since these bond
shear stresses, given the applied load and thénitdation system, are below the
temperature dependent adhesive bond strength.

Therefore the effectiveness of the FRP strengtlgesiystem under fire exposure
should be defined in terms of time that the streeging system is still active during
fire exposure, rather than the time it takes fa tbmperature to exceed the glass
transition temperature of the adhesive.

8.5 Futureresearch

The research work performed within this thesis, t@astributed to obtain a better
understanding regarding the behaviour of NSM FRfengthening systems at
elevated temperatures and under fire exposurerlZleat all aspects were covered
and further research in this field is needed.

Concerning the bond behaviour at elevated temperdiurther research should
focus on the following aspects:

- Repeatability of the obtained tests results shoelderified by performing
additional tests per test condition (in the curm@search program only two
specimens for test condition have been tested).

- Additional tests on different types of FRP reinfament, surface
configuration and type of embedding adhesive (gradhesive and/or
epoxies with elevated glass transition temperatare)required in order to
have a better understanding on the effect of teatper increase on the
bond behaviour at the FRP/adhesive interface.

- Other test set-ups that allow for a longer embedidegith should be
considered for the characterization of the bondabkietur at elevated
temperature in order to achieve a better understgnoh the increase of
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transfer length, strain and bond shear stressildison with increasing
temperature.

Concerning the fire behaviour further research Ehdaocus on the following
aspects:

Additional full scale fire tests on NSM FRP strdmgting systems
embedded with grout mortar or/and different typeepbxy resins with an
higher glass transition temperature with respethab used in this research
program. Moreover it should be interesting to iniggge concrete members
that are strengthened with different types of FRifthpough similar results
can be expected.

The type of fire exposure. All the tests in thisaarch program have been
carried out for standard fire tests. In Chaptet &as shown that a ‘real’
fire differs in several aspects from the standameksf The most important
difference being the presence of a cooling phaserigal fire. The use of
real fire that accounts for fuel load and ventilaticonditions for the
compartment can, of course, have a high influemcéhe fire resistance of
a NSM FRP strengthened member and on the desithredfre insulation
system.

Loading configuration. It would be interesting tovéstigate also an
uniformly loaded configuration, as this configuoati occurs more
frequently in practice.

Structural analysis under fire exposure. Despite ¢fbtained model is
giving good results, several simplifications hawei introduced in this
model. In order to refine the model, among the ipdessmprovements, it
would be interesting to introduce the elasto-ptadtehaviour of the
adhesive with increasing temperature as well asdhesive creep effect as
they will affect the stress distributions in thecharage zone of the NSM
FRP bar/strip, and hence the stress concentratitredNSM FRP bar end.
Although the creep effect is generally a positiffect for full scale beams
and slabs, as it reduces the shear stress cortgamtia the end of the
anchorage zone, further research is recommended.

Develop design values of critical temperatures, epgto 1.5T,, in relation
to the load level during fire and the requireddaal strength level.

To conclude the NSM FRPs strengthening systembearsed in buildings with fire

endurance requirements to strengthen reinforcedretasn beams and slabs, if an
appropriate fire protection system is provided awer FRP strengthening system. If
stresses at the FRP/adhesive interface are lovs (@snerally the case for service
load levels) during fire exposure, no debondingxperienced at the FRP/adhesive
interface even if the glass transition temperaigrenoderately exceeded. This is
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valid since these stresses, given the applied doaldthe fire insulation system, are
below the temperature dependent adhesive bondgtitrefhis research line is to be
continued in the future to be able to generalizedbtained results.
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APPENDIX A

DOUBLE BOND SHEAR TESTS AT ELEVATED
TEMPERATURES

A.1 Thermal shear stresses model

Based on a kinematic model developed by Di Tommasoal. (2001) and
considering the reduction of the adhesive Youngilntus in accordance to Klamer
(2009), the shear thermal stresses of the NSM HRfhgthening bars can be
calculated as follows. Considering the FRP NSM reisaa linear element restrained
along its length by springs with an elastic constkg (see Figure A.1), the
equilibrium of an infinitesimal length dx of an FRPBinforcement bar (see Figure
A.2) can be expressed as:

dN _
e 1(x) = kgu(x) (A1)

Where N is the normal force in the FRP barisuthe perimeter of the FRP bar,
1(X) is the shear stress, and u(x) is the elastic blynd s

Adhesive
——. | w
I

L X

112

Figure A.1 —Theoretical beam model (Di Tommaso et al. 2001)
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T(X)

T(X)=ksu(x)
N o e e N+dN

ke

dx u(x) u
Figure A.2 —Equilibrium of an infinitesimal element and ide&lizbond slip law
The strain in the FRP bag;, can be divided into two parts, the strain dudhi®
expansion of the concrete due to temperature \@nia,r=aAT, and the strain in

the FRP itself, due to the (corresponding) FRPddrtrain induced by the internal
restrained effectl; ex:

du
& = & =EaT FEfext (AZ)

where:

- SAT:GCAT
- d.is the coefficient of thermal expansion of coneret
- AT is the variation in temperature

The FRP bar force, N, can be expressed as:
ﬁdz du
N =0 [A; = Bf [ o [P = E 4f [__SAT] (A.3)

where:

- Eis the Young modulus of the FRP bar
- d;is the diameter of the FRP bar

Differentiating equation A.3 with respect to dx aegvriting equation Al gives two
expressions for dN/dx:
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dN _ _ ndf d’u(x)

" -E A4
dx | 4 de e
dN
— = kg (x) (&d A5
5 = Ko 109 (A5)
Substituting equation A.4 into equation A.5 gives:
2
%—mzm(x):o (A.6)
X
where:
- (02 = 4kG
Erdy
1 1 1
- - = +
kG ch kGa
- Kge = __ EM is the stiffness of the concrete
2 [(1+ Vc) |:hc,ef
E (T
- Kga = __E( is the stiffness of the adhesive
201+ v, )1,

E.(T) is the young modulus of the concrete at temnpeeal

he e is the effective height equal to 50 mm or two tirtles maximum
aggregate size [Di Tommaso et al. 2011]

EL(T) is the Young modulus of the adhesive at tentpeear

t, is the thickness of the adhesive layer

d; is the diameter of the FRP bar

t; is the thickness of the FRP strip

V. andv, are the Poisson ratio of the concrete and thesinthassumed
equal tov=0.2 andv= 0.3 respectively

| is the bonded length

x is the distance from the middle of the bondedtleri-1/2 < x <I1/2]

The general solution of equation A.6 is:

u(x) = Ccosh@x) + Dsinhux) (A.7)
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C and D can be determined by using the boundarglitons, assuming that the
displacement at midspan is zero and the FRP fdardea&nd of the bar is zero:

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

I
du(/z) e (A9)
X

[ [
x:E:> N(E):0:>ef,ext:0:> r

D can be determined by substituting equation A.8qgoation A.7

|
u(l—) = Dsinhf EL) = M = @ [Dcosh@ II-L) =gy >D=—AT __ (A10)
2 2 dx 2 o Boshe 2)

u(x), o¢(x) andt(x) can then be expressed as:

u()=——AT  sinhp X) (A.11)
o[toshf %)
or (X) = % =E (% -g,1) = [LH [oshp X) —¢e,r]  (A.12)
f X cosh(oE)

2 2
T(X) :—dN(X) =E ﬂid U(X) = fg(D EaT

— AT _ sinhpx) (A.13)
dxuy 4 nd dx® 4 COSh(oEL) e
2

Figure A.3 — A.5 show the shear stress at the Fdrefete interface, the FRP
normal stresses and the slip at the FRP/concreézfane after an increase in
temperature from 20C to 50°C. A positive value ob; in equation A.12 and Figure
A.4 corresponds to tension.
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Figure A.3 - Thermal shear stresses specimen C_SC at%hd at OkN
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Figure A.4 - Thermal normal stresses specimen C_SC 4€5&nd at OkN
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Figure A.5 —Slip interface FRP/concrete specimen C_SC &5and at OkN
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A.2 Load — LVDTs slip curves
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Figure A.6 —Load-LVDTs slip curves specimens C_SC_20
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Figure A.7 —Load-LVDTs slip curves specimens C_SC_50
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Figure A.8 —Load-LVDTs slip curves specimens C_SC_65
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160 - 160 -
2Fu 2F
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Figure A.9 —Load-LVDTs slip curves specimens C_SC_80
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Figure A.10 —Load-LVDTs slip curves specimens C_SC_100
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Figure A.11 —Load-LVDTs slip curves specimens G_SW_20
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Figure A.12 —Load-LVDTs slip curves specimens G_SW_65
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Figure A.13 —Load-LVDTs slip curves specimens G_SW_100
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Figure A.14—Load-LVDTs slip curves specimens C_STR_20
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Figure A.15 —Load-LVDTs slip curves specimens C_STR_100
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A.3 Mechanical strains along the bonded length
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Figure A.16 —Strain distribution specimens C_SC_20
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Figure A.17 — Strain distribution specimens C_SC_50
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Figure A.18 —Strain distribution specimens C_SC_65
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Figure A.19-Strain distribution specimens C_SC_80
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Figure A.20-Strain distribution specimen C_SC_100
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Figure A.21-Strain distribution specimens G_SW_20
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Figure A.22 —Strain distribution specimens G_SW_65
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Figure A.24-Strain distribution specimens C_STR_20
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Figure A.25-Strain distribution specimens C_STR_100
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Double bond shear tests at elevated temperatures

A.4 Experimental results specimens strengthened with GFP ribbed bars

In Figure A.26 the mechanical strain distributiohspecimens strengthened with
glass bars with ribbed surface configuration (G_R&gted at different service
temperatures are reported.
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Figure A.26 —Strain distribution specimens a) G_RB_20, b) G_RBa#id c)
G_RB_120

In Figure A.27 the bond stress-slip relationshipditierent temperature are given.
In these curves the bond shear stresses and tharslievaluated considering the
distance between the first and the second strailgegas dx; therefore the shear
bond stresses as well as the slip were evaluateddidtance equal to x= 45 mm
from the loaded end.
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Figure A.27 — Bond stress-slip curves specimen G_RB at diffemmperatures
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STRAIN VARIATION AS FUNCTION OF THE LOAD
OF MEMBERS TESTED AT AMBIENT

TEMPERATURE

B.1 Strain along the FRP NSM strengthening system

In the following the strain distribution along the length of the FRP is shown for the
tested elements described in Chapter 5. The experimental strains are those recorded
by the strain gauges up to failure. Considering that only three strain gauges are used
to record the FRP strains, it was assumed that the FRP strains were constant in the
pure moment region. In this way the strain distribution is given along half of the
specimen length. Note that the measuring points (symbols in figures) are connected
with straight lines, though this is not necessary an exact representation of the
distribution between the measured data.
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Figure B.1-Strain distribution beams (a) B1 and (b) B2
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B.2 Load —strains curves

Strain variation as function of the load of members
tested at ambient temperature

In the following the measured strains are given as a function of the applied load (Q
represents one point load not the total load), and compared with analytical strain

prediction (see Chapter 5).
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Figure B.4 —Load- strains curves concrete, steel and FRP beam B2
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Figure B.5 —Load- strains curves concrete, steel and FRP beam B3
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Strain variation as function of the load of members
tested at ambient temperature
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Figure B.8 —Load- strains curves concrete, steel and FRP slab S2
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APPENDIX C

EXPERIMENTAL AND ANALYTICAL RESULTS FIRE
TESTS OF FRP STRENGTHENED AND INSULATED
RC MEMBERS

C.1 Concrete properties

For each concrete batch quality control tests vpemformed. Tested properties of
the fresh concrete include slump, flow test andsidgrfsee Table C.1). At an age of
28 days and at the age of testing the beams andldbs, the properties of the
hardened concrete are determined by means of sthtedts [1-2]. For the hardened
concrete (see Table C.2) some or all of the follmproperties were determined:

- Compressive cylinder strengthdn cylinders with a diameter of 150 mm
and a height of 300 mm.

- Compressive strength,,on cubes with side length 150 mm.

- Flexural tensile strengthyf by means of 3-point bending tests on prisms
150 mm x 150 mm x 600 mm and a span of 500 mm.

- Splitting tensile strength.{ by splitting tests on the remaining halves of the
prisms of the bending test.

- Young modulus, E by axial compression tests on a cylinder with a
diameter of 150 mm and a height of 300 mm

Table C.1 —Properties fresh concrete

Batch Slump Flowtest Density

[mm] [kg/m’
1 55 1.75 2387
2 60 1.76 2368
3 55 1.76 2368
4 70 1.87 2406
5 70 1.92 2400
6 95 2.07 2418
7 65 1.85 2400
8 80 1.93 2406
9 40 1.83 2393
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Tests on the hardened concrete were performed spe8imens, except for the
modulus of elasticity which involved one specimen.

Table C.2 —Properties hardened concrete

At 28 days At age of tests
Batch fc fc fc,cub fc,tb fc,ts Ec
[N/mm?] IN/mm?  [N/mm?  [N/mm? [N/mm? [N/mm?]
1 445 48.0 51.4 5.5 3.8 34520
2 47.1 50.0 53.6 5.8 4.1 34893
3 457 49.0 53.9 5.5 3.9 34449
4 415 42.0 48.0 5.2 3.6 35083
5 43.2 44.0 47.8 5.4 3.6 34573
6 39.3 41.3 46.9 5.2 3.6 34217
7 41.3 42.0 48.0 5.2 3.6 34322
8 43.1 443 51.6 5.5 3.9 34672
9 42.2 43.4 49.8 5.7 3.9 34898
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members

C.2 Test set-up fire test series

The tests set-up ofthe four fire test series aishown in Figure C.1-C8. The
horizontal furnace has a top opening 6.0 m longZfdn wide Heat in the furnace
is supplied by 8 gas burners in the longitudwalls of the furnace chamber (4 for
each side). For each fire test series, 6 specimene tested simultaneously. T
specimens were lifted and placed on the top oéel sing frame that was placed
the top of the furnace chamber. The specimens wplaced in the transverse
direction of the furnace (the clear span of thecspens being 3 m). The g
between two adjacent specimens and between thérsgeand the furnace wal
were closed with aerated concrete slabs. These sled 150 mm deep and
insulated on their sides with 20 mm thick ceramaoivThereafter, the beams were
exposed to fire from three sides (bottom of thenteand lateral sides for a hei
equal to 150 mm) and the top surface was exposeaimtuient temperatu. The
slabs wereexposed to fire only from the bottom side and tbp surface wa
exposed to ambient temperature.
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Figure C.1 —Top-view test set-upf thefirst, second and third fire test series
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C.3 Time-Temperature curves furnace
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C.4 Experimental and analytical results specimens exped to fire
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In the following sections an overview of the test-sp, the position of the
thermocouples, the experimental and analytical @atpres within the cross
section and the experimental and analytical deflest for each beam and slab
tested under fire exposure is given.

C.4.1 BeamBO-F1
C.4.1.1 Geometry of the specimen
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Figure C.14 —Position thermocouples specimen B0O-F1
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and insulated RC members

C.4.1.2 Time-temperatures and time- increase of deflectionurves
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Temperature [°C]
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Figure C.17 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.19 —Experimental and analytical temperature-time cutiiesmocouples
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C.4.2 BeamB1-F1-1

C.4.2.1 Geometry of the specimen
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Figure C.22 —Insulation details and position thermocouples b84ni1-1

C.4.2.2 Time-temperatures and time- increase of deflectionurves
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Figure C.25 —Experimental and analytical temperature-time cutiiesmocouples

500
450
400

=350

5300

2200
150
100
50
0

Tempe

S

—M2_exp.
---M1_exp.

—M_anal.
‘

0 10 20 30 40 50 60 70 80 90 100 110 120
Time [min]

Figure C.26 —Experimental and analytical temperature-time cutiiesmocouples
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C.4.3 BeamB2-F1-1

C.4.3.1 Geometry of the specimen
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Figure C.31 —Insulation details and position thermocouples b8&ai1-1

C.4.3.2 Time-temperatures and time- increase of deflectionurves
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Figure C.34 —Experimental and analytical temperature-time cutiiesmocouples
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z

1000
900 et T
800 -

—R1_exp. 1
700 - ---R2_exp. i
600 - —R2_anal.
| =+R1_anal

500
400
300
200 -
100 o s A e

0 T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120
Time [min]

Temperature [°C]

Figure C.37 —Experimental and analytical temperature-time cutiiesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.38 —Experimental and analytical increase of midspatedgbns as a
function of time beam B2-F1-1
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C.4.4 Beam B2-F1-2
C.4.4.1 Geometry of the specimen
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Figure C.40 —Insulation details and position thermocouples b8&ni1-2
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members

C.4.4.2 Time-temperatures and time- increase of deflectionurves
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Figure C.42 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.43 —Experimental and analytical temperature-time cutiiesmocouples

400

300

Temperature [°C]
N
o
o

100

0

S

0

—M1_exp.
-=-M2_exp.
=-=-M_anal.

10 20 30 40 50 60 70 80 90 100 110 120

Time [min]

Figure C.44 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.46 —Experimental and analytical temperature-time cutiiesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.49 —Insulation details and position thermocouples b8&ai-1-1
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C.4.5.2 Time-temperatures and time- increase of deflectionurves
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
800 -

700 -

)]
o
o

[
o
o

Temperature [°C]
N
o
o

0 T T T T T

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time [min]
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Figure C.53 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.55 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.56 —Experimental and analytical increase of midspatedgbns as a
function of time beam B3-F1-1
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C.4.6 BeamBO-F2

C.4.6.1 Geometry of the specimen
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Figure C.58 —Insulation details and position thermocouples b8&ai2
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C.4.6.2 Time-temperatures and time- increase of deflectionurves

Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.59 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.61 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.62 —Experimental and analytical temperature-time cutiiesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members

500 -
—Z1_exp.
| ==-Z2_exp.
400 —
= =Z3_exp.
= e Z4_exp.
g —Z_anal.
o 300 -
E
©
g
EZOOf
@
100
O T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120

Time [min]

Figure C.63 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.64 —Experimental and analytical increase of midspatedgbns as a
function of time beam BO-F2
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C.4.7 BeamB1-F2-1

C.4.7.1 Geometry of the specimen
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Figure C.66 —Insulation details and position thermocouples b84nri2-1
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members

C.4.7.2 Time-temperatures and time- increase of deflectionurves

200

150

Temperature [°C]
o
o

a1
o

0 T T T T T 1
0O 10 20 30 40 50 60 70 80 90 100 110 120
Time [min]
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Figure C.68 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.69 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.70 —Experimental and analytical temperature-time cutiiesmocouples

360

M



Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.71 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.72 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.73 —Experimental and analytical increase of midspatedgbns as a
function of time beam B1-F2-1

362



Experimental and analytical results fire tests of FRP strengthened
and insulated RC members

C.4.8 BeamB1-F2-2
C.4.8.1 Geometry of the specimen

2910 Q 1000 Q . 25
| | |
o \ \
Q 2016
\ 9 | |
ml = 30¢ 00
—Combar GERP 12 mm 200
o Sect.1 Sect.2
@3 — 100 @3 — 150 @38 - 100
2900
3000
Figure C.74 —Geometry beam B1-F2-2
Sect.1 Sect.2
200 290
?1 B2
\
17 \
o X \ X o
S Z1 | 72 S

165

ovT
ovT

HPC 15 mm
HPC 15 mm

Omega Fire 20 mm

Figure C. 75 —Insulation details and position thermocouples b&4nk2-2
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C.4.8.2 Time-temperatures and time- increase of deflectionurves
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Figure C.77 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.82 —Experimental and analytical increase of midspatedgbns as a
function of time beam B1-F2-2
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C.49 BeamB1-F2-3

C.4.9.1 Geometry of the specimen
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Figure C.84 —Insulation details and position thermocouples b84ri2-3



Experimental and analytical results fire tests of FRP strengthened
and insulated RC members

C.4.9.2 Time-temperatures and time- increase of deflectionurves
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Figure C.86 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.91 —Experimental and analytical increase of midspatedgbns as a
function of time beam B1-F2-3

372



Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.93 —Insulation details and position thermocouples b8&ri2-1
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C.4.10.2ZTime-temperatures and time- increase of deflectionurves
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.96 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.98 —Experimental and analytical temperature-time cutiiesmocouples
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Figure C.99 —Experimental and analytical temperature-time cutiiesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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C.4.11 Beam B2-F2-2
C.4.11.1Geometry of the specimen
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Experimental and analytical results fire tests of FRP strengthened

and insulated RC members

C.4.11.ZTime-temperatures and time- increase of deflectionurves
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Figure C.103 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.105 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.106 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.107 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.109 —Experimental and analytical increase of midspafedgbns as a
function of time beam B2-F2-2
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.111 —Insulation details and position thermocouples b&dnk3-1
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C.4.12.2ZTime-temperatures and time- increase of deflectionurves
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Figure C.112 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.113 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.114 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.118 —Experimental and analytical increase of midspafedgbns as a
function of time beam B1-F3-1
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C.4.13 Beam B2-F3-1
C.4.13.1Geometry of the specimen
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Figure C.120 —Insulation details and position thermocouples b&&ak3-1
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and insulated RC members

C.4.13.ZTime-temperatures and time- increase of deflectionurves
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Figure C.122 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened

and insulated RC members
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Figure C.125 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.127 —Experimental and analytical increase of midspafedgbns as a
function of time beam B2-F3-1
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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C.4.14.1Geometry of the specimen
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Figure C.129 —Insulation details and position thermocouples b&dnk3-2

C.4.14.ZTime-temperatures and time- increase of deflectionurves
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Figure C.131 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.133 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.134 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.136 —Experimental and analytical increase of midspatedébns as a
function of time beam B1-F3-2
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C.4.15 Beam B1-F3-3
C.4.15.1Geometry of the specimen
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Figure C.138 —Insulation details and position thermocouples b&dnk3-3

C.4.15.2ZTime-temperatures and time- increase of deflectionurves
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.145 —Experimental and analytical increase of midspafedgbns as a
function of time beam B1-F3-3
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.146 —Geometry beam B1-F3-4
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Figure C.147 —Insulation details and position thermocouples b&dnrk3-4
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C.4.16.2ZTime-temperatures and time- increase of deflectionurves
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Figure C.148 —Experimental and analytical temperature-time cutliesmocouples
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H

404



Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.150 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.151 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.152 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.153 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.154 —Experimental and analytical increase of midspafedgbns as a
function of time beam B1-F3-4
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C.4.17 Beam B4-F3-1
C.4.17.1Geometry of the specimen
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Figure C.156 —Insulation details and position thermocouples b&dnai3-1
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members

C.4.17.2ZTime-temperatures and time- increase of deflectionurves
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Figure C.157 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.158 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.159 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.160 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.162 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.163 —Experimental and analytical increase of midspafedgbns as a
function of time beam B4-F3-1
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.164 —Geometry beam B2-F4-1
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Figure C.165 —Insulation details and position thermocouples b82ai-4-1
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Figure C.166 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.167 —Experimental and analytical temperature-time cutliesmocouples
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Experimental and analytical results fire tests of FRP strengthened
and insulated RC members
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Figure C.169 —Experimental and analytical temperature-time cutliesmocouples
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C.4.19 Beam B4-F4-1
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Figure C.173 —-Geometry beam B4-F4-1
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Figure C.174 —Insulation details and position thermocouples b&dnai-4-1
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C.4.19.2ZTime-temperatures and time- increase of deflectionurves
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Figure C.175 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.181 —Experimental and analytical increase of midspafedgbns as a
function of time beam B4-F4-1
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Figure C.182 —-Geometry beam S0-F4
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Figure C.183 —Insulation details and position thermocouples b&daf-4
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C.4.20.2ZTime-temperatures and time- increase of deflectionurves
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Figure C.184 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.190 -Insulation details and position thermocouples b&4ni4-1
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C.4.21.2ZTime-temperatures and time- increase of deflectionurves
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C.4.22 Beam S2-F4-1
C.4.22.1Geometry of the specimen
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Figure C. 197 -Geometry beam S2-F4-1
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Figure C.198 —Insulation details and position thermocouples b&2ai-4-1
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C.4.22.2ZTime-temperatures and time- increase of deflectionurves
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Figure C.201 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.204 —Experimental and analytical increase of midspafedgbns as a
function of time beam S2-F4-1
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Figure C.205 —Geometry beam S2-F4-2
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Figure C.206 —Insulation details and position thermocouples b&2ai-4-2
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C.4.23.2ZTime-temperatures and time- increase of deflectionurves
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Figure C.207 —Experimental and analytical temperature-time cutliesmocouples
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Figure C.212 —Experimental and analytical increase of midspafedgbns as a
function of time beam S2-F4-2
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APPENDIX D

ANALYSIS OF NSM FRP SHEAR STRESS
DISTRIBUTION OF FIRE TESTED MEMBERS

D.1 Analysis of shear stresses

The differential equation governing bond of a rolmat in a substrate material can
be expressed as follow [1-3]:
2
L(zx)—azr(x) =0 (D.1)
dx
Equation D.1 comes from equilibrium and compatipilexpressions of a finite
element of rod with length dx, along with the asption that the FRP rod is linearly
elastic and that the concrete strain is negligddenpared to the FRP strain. This
will be explained in the following.

The analysis of a bonded joint (see Figure D.1)him linear elastic range can be
conducted by means of a simple “shear-lag approach”

ﬁ N
—
FRP Adhesive ‘
Concrete
4NC_
I X X’ I

< »
< »

Figure D.1 —NSM FRP to concrete joint loaded in pure tension
The increase in normal force §Nn the NSM FRP over a small length dx has to be

transferred via the shear stresses to the con(ge¢eFigure D.2). At moderate load
levels a linear bond-slip behaviour can be adopted:
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i’\:ﬂ; = 1(x) = koS () (D.2)

where:

- 1(x) are the shear stresses

- s(x)is the slip

- ke is the so-called slip modulus or modulus of disptaent
- U is the perimenter of the NSM FRP bar

Ts A

Ttmaq~==------- 1

T(X)=KeS(X)
N, o — <— — N+dNy

dx Kel

Smax S

Figure D.2 —Equilibrium of an infinitesimal element and ide&lizbond slip law

The change in shear stresses over a length dxecdarived as:

dtx) _\ ds(x) (D.3)
dx ° dx '

Considering that the FRP strain can be expressed as

g = 9S)_ N (D.4)
dx  EiA;

where:

- Esis the Young’'s modulus of the FRP
- Ayis the FRP cross-sectional area

Equation D.3 can be rewritten as:

440



Analysis of NSM FRP shear stressdistribution
of fire tested members

dt(x) N;
=k 5
dx  OEA ®

Differentiating equation D.5 with respect to x give

A1) _ ke dNi _ o dNy (D.6)

dx?>  EfA; dx dx

k .
where: ©? = —Z'\ is a constant
FAg

Substituting equation D.2 in equation D.6 the failog equation is obtained:

dzt(;() = 02U, 1(X) (D.7)
dx
Considering:
a® = 0’ (D.8)
Equation D.7 can be written as follows:
dzT(ZX) -a?1(x) =0 (D.9)
dx
or:
0%t =0 .(D)
The solution of equation D.10 can be expressed as:
1(X) = C,e™ +C,e™ (D.11)
dT—(X) =aCe” —aCe™ (D.12)
dx

C; and G can be determined by using the boundary conditiassuming that the
FRP force at x=0 is zero and that the FRP force=hits equal to the acting force.

For X=0=N;(x)=0 (D.13)
equation D.5 gives:
MZO:QZCZ:C (D.14)
X
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For X =1= N;(x)=N;(l) (D.15)
equation D.5 gives:
celx =1) = ac(e"' - ): ®*N; (1) (D.16)
dx
Which gives:
2
c=—p> INf ('_)I (D.17)
ale” —e™
Considering equation D.8 and
e )= 2sinh(a) (D.18)
the constant C can be written as:
o) (D.19)
2uf5|nh(al)
Equation D.19 and D.11 gives the shear stresskdlaws:
’E(X) - aNf (l) (eal +e ) =q Ni (l) C(:)S|’((XX) (D.20)
2ufsmh((xl) Ug smh(al)

And if the x-direction (see Figure D.1) is takearfr the other side:
r(x') — N; (I) cosr(a(l x)) (D.21)

- Ug sinh(al)
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D.2 Shear stress distribution as a function of temperaftre

In the following sections the shear stress distiilouover a distance from the NSM
FRP bar/strip end up to the loading point (x=900)ras a function of fire exposure
time, is given.

The calculated bond shear stressgs, are reported for each tested member up to
the time in which they exceed the decreasing bdmhrsstrength capacity with
increasing temperaturet;,;. At this point loss of composite action at the
FRP/adhesive interface is assumed. The reductioboofl shear strength with
increasing temperature is obtained from experintergsults of the double bond
shear tests at elevated temperature discusseejrect.

A summary of the time of loss of composite actidmsarved experimentallygeb exp
the analytical assumed time of loss of composit®RClye, anal the calculated bond
shear stresses; (at time of loss of composite action at the NSMPF&ncrete
interface) and the bond strength at the FRP/adbdesterfacer;,; (at the analytical
assumed time of loss of composite action at NSM /E&Rrete interface) is
reported in Table D.1.
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Table D.1- Results of structural analysis for members expposdire

SpeCimen Jeb,exp tdeb,anal T; Tlimit
[min]  [min] IN'mm?  [N/mm?]
B1-F1-1 90 75 0.95 0.75
B2-F1-1 70 55 3.00 1.70
B2-F1-2 34 35 4.58* 5.20*
B3-F1-1 90 90 1.34 0.98
B1-F2-1 >120 >120 1.00 1.82
B1-F2-2 100 100** 1.77 3.15
B1-F2-3 >120 >120 0.60 0.65
B2-F2-1 25 25%* 3.62 13.10
B2-F2-2 25 30** 4.02 13.10
B1-F3-1 >60 >60 3.80 4.75
B1-F3-2 >60 >60 1.50 1.80
B1-F3-3 >60 >60 2.82 3.15
B1-F3-4 >60 >60 1.48 1.82
B2-F3-1 >60 >60 4.48 4.52
B4-F3-1 >60 >60 - -
B2-F4-1 - - - -
B4-F4-1  >120  >120 - -
S1-F4-1 >120 >120 0.75 2.00
S2-F4-1 >120 >120 1.47 4.98
S2-F4-2 >120 >120 1.06 3.25

* Values prior to detachment of fire insulation system
**Values assumed based on experimental observation
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D.2.1 First fire test
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Figure D.3— Variation of shear stress distribution as a fiomcof the fire exposure
time of beam B1-F1-1

— 5.0C
% 4.50 3 ——0min
g 4.00 ﬁ ==-10 min
@ 3.50 ==20min
L 3.00 § =¢30min
8 2.50 40min
g 2.00 E _IIT".—I.ZZ.CE:iZ'\.AEE """" =%=50 min
g 1.50 - : =8-55 min
o 1.00 4o ; - == Timit_s5min
" 0.50 - =
0.00 . . . I

0 100 200 300 400 500 600 700 800 900
Distance from the NSM FRP end[mm]

Figure D.4— Variation of shear stress distribution as a fiamcof the fire exposure

time of beam B2-F1-1
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* The shear stresses along the bond length of beam B2-F1-2 were calculated up to the timein
which detachment of the fire insulation system was observed experimentally. At that time the
loss of composite action, due to the fast increase of temperature, is assumed.

Figure D.5— Variation of shear stress distribution as a fiemcof the fire exposure
time of beam B2-F1-2
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Figure D.6 —Variation of shear stress distribution strips@ters as a function of
the fire exposure time of beam B3-F1-1
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Analysis of NSM FRP shear stressdistribution
of fire tested members
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* The shear stresses along the bond length have been calculated up to the time in which a

detachment of the fire insulation system is observed. At time of detachment the loss of

composite action at FRP/concrete interface, due to the fast increase of temperature, is
considered.

Figure D.9 —Variation of shear stress distribution inner s a function of the
fire exposure time of beam B1-F2-2
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Figure D.10 —Variation of shear stress distribution inner sr@s a function of the
fire exposure time of beam B1-F2-3
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*The shear stresses along the bond length have been calculated up to the time in which
cracks of the fireinsulation systemis observed (see chapter 6)

Figure D.11 —Variation of shear stress distribution inner st@s a function of the

fire exposure time of beam B2-F2-1
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Figure D.12- Variation of shear stress distribution inner st@s a function of the
fire exposure time of beam B2-F2-2
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Figure D.14— Variation of shear stress distribution as a fiomcof the fire
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Figure D.16— Variation of shear stress distribution with iresing load after fire
exposure of beam B1-F3-3
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Figure D.17— Variation of shear stress distribution with iresing load after fire
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Figure D.18— Variation of shear stress distribution with i@&sing load after fire
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D.2.3 Fourth fire test
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Figure D.21— Variation of shear stress distribution with iresing load after fire
exposure of beam S2-F4-2
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