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Abstract

In this paper the thermo-mechanical behaviour of B@lge decks strengthened with

externally bonded FRP laminates is investigatedctysidering environmental conditions

responsible of thermal states different from thenmad ones. A parametric analysis is

performed by varying the slab thickness, the FRffarcing percentage, the type of fibre and
the thickness of the protection layer. The resalts given in terms of ultimate bearing

capacity of the slabs, which allows individuatirige tconditions responsible of premature
FRP-to-concrete debonding or temperature levelatgréhan the glass transition temperature
of the adhesive.
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INTRODUCTION

Fibre reinforced polymers (FRP) are composite nedtesuccessfully applied to repair and/or
strengthen RC structures. For external strengtlgeniimeinforced concrete structures the FRP
laminates are bonded to the exterior of concreteguadhesive resins, like epoxy resins,
phenolic resins and other types, ensuring to temnfsfrces between the concrete and FRP
through shear stresses that develop in theadhlesige However, degradation of mechanical
properties of composites by variousenvironmentalfeot$ such as elevated
temperatures,moisture absorption and cycling laads very importantfactor in durability
predictions of composite materials(Springer, 198uggy et al, 1994). Especially, a critical
condition occurs when the glass transition tempeeatly of the polymer matrix is
achieved,determining shear capacity reduction isinreand the following fibre’s
overloading.Application of FRPs have been limiteanarily to bridges, where fire is not a
primary consideration during design (Bisby et alD20 Nevertheless, in this paper the
thermo-mechanical behaviour of RC bridge decksgtreened with externally bonded FRP
laminates is investigated by considering environiaenonditions responsible of thermal
states different from the normal ones. The examoes®s are: (a) bituminous paving cast in
place on a bridge deck at temperature T=180°Cjrgbexposure over the bridge deck.

1 BEHAVIOUR OF FIBRE-REINFORCED COMPOSITESAT ELEVATED
TEMPERATURE

Several researches on thermal behaviour of FRPrialatere nowadays available in the
scientific literature. In the following the mainstdts are briefly summarised in order to
deduce basic information on the thermo-mechanicgdqrties of the various FRPs types and
the FRP-to-concrete interface behaviour at highpenature.

1.1 Thermo-mechanical behaviour of FRPs

In order to study the behaviour of RC slabs stieemgtd with FRP at high temperatures it is
necessary to know the thermo-mechanical propesfiése constituent materials; Eurocode 2 -
Part 1-2 gives the thermo-mechanical propertiesctmcrete and steel bars, while the main
theoretical and experimental contributions concgynhe behaviour of FRP composite materials



and adhesive resins at elevated temperature armanisad in(Blontrock et al, 1999) and in

(Bisby et al, 2005). Based on experimental dataraked by (Blontrock et al, 1999).Fig. 1show
exponential best-fit curve of the temperature-ddpeh reduction coefficient of the tensile

strength referred to various types composites gathon fibres and epoxy matrix. Temperature-
dependent curves may be still obtained in an anakway for the FRP elastic modulus. Finally,
the assumption of elastic-brittle constitutive lewstill suitable, obviously defined by values of

tensile strength and elastic modulus reduced deketated temperature.

1.2 FRPtoconcretebond at elevated temperature

FRP-to-concrete bond ensures to transfer the atienaforces between RC beam and external
FRP plate or sheet, assuring suitable performaoicése strengthened structural member as a
whole. The interaction forces are transferred thinothe polymer matrix or adhesive, whose
mechanical properties deteriorate as temperatareases. In particular, loss of bond may occur if
the glass transition temperaturgiJ achieved in the adhesive.
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Fig. 1”Temperature-dependent tensile strength Fig. 2Temperature-dependent specific
reduction of various carbon fibre composites.fracture energy of the bond law for normal
and heat-resistant resins.

In accordance with CNR-DT 200/2004 the maximumeddransmitted by the FRP-to-concrete
interface in normal temperature condition is reldteso called “specific fracture enerdyg of

the interface bond law, whose characterizationbmfound in (Wu at al, 2004), that provides
experimental data concerning the reduction of geeific energy fracture with the temperature.
Fig. 2 shows typical temperature-dependent reductivves of the specific energy fracture for
normal and “heat-resistant” resins: it has to bearked the great reduction of the interface
effectiveness, in the case of normal resins (NRhvexhibit glass transition temperatures T
variable in the range (60+80°C), whereas heatieedi®sins (HR) are characterised by greater
values of [, (100+150°C).

1.3 Structural behaviour of FRP-strengthened concrete beams or dabs at elevated
temperature

The bond between external FRP reinforcement andreteanbeam vanishes suddenly if the
member bottom is directly heated by fire, due t® litw glass transition temperature of the
epoxy resins (Deuring, 1994). In the tests a similahaviour has been observed when
conventional steel strengthening is utilised, altffto composite sheets without protection
behave better than steel plates without protedierause of the lower heat conduction in the
fibre direction and their smaller weight. Therefdf®P externally strengthened RC beams or
slabs need the protection with supplemental ingudain order to avoid the debonding
between FRP sheets or laminates and concrete sufpone researches are devoted to study
the performances of FRP strengthened elementscpedidy different insulation systems in
order to individuate the minimum requirements tdaob satisfactory performances in fire



(Bisby et al, 2005). Obviously, if the FRP strerggtimg is not directly heated by fire or other
sources of heat, the performances may be better.

2 SAFETY CHECK AT ELEVATED TEMPERATURE AND DESCRIPTION OF
NUMERICAL MODEL

According to the provisions of European and Itatiades (EN1991 1-2, D.M. 14-02-08), the safety
check of structural members subjected to elevaetgperature may be carried out, in strength
domain, comparing design value of the relevanttffef actions in the fire situation at timest
with the corresponding design value of the resistasf the member in the fire situation at same
time t (Riqy):

Efi,a.<Rid. (1)

Unlike the safety checks in normal temperature itond, in equation(1l)the member resistance
decreases due to material thermal damage andedbis eff actions may vary due to thermal expansions
and deformations.

The relevant effects of actions &for the fire situation are obtainedfor time t=0abhgh the
combination of mechanical actions in accordancé &N 1990 “Basis of structural design”
for accidental design situations.The design rast&eR; q0f a structural member in the fire
situation is evaluated considering the temperati@@endent reduction of the material
mechanical propertiesg%=Kr Xk, and assuming unit partial safety factgvig .

The fire resistance assessment of a structural menmbay be performed through
experimental tests in furnaces or applying anaytapproaches. In both cases conventional
temperature-time laws of the environment may berass.For fires characterized mainly on
burning of oil or other substances with equivalerdte of heat release, the
“hydrocarburecurve”, is suggested by Eurocode lart R-2. The mentioned fire curve
isrepresented inFig. 7.

The assessment of the structural member flexiatarce at elevated temperature is performedr as f
normal temperature, determining the bending momantture law (Mg; N) of the critical cross-
section for the imposed value of the axial forcard the current temperature field within the sectio
The numerical procedure to assess the momentaxaaiy of the cross-section is explained in (Nigro
et al, 2010).

The failure of the FRP strengthened cross-secsoassumed to occur when the ultimate
strain is achievedat least in one material. Thepwature-dependent ultimate strains of
concrete and steel are assumed according to Ewd:6tart 1-2, whereas the ultimate strain
of the FRP strengthening is assumed as the stmainfor intermediate debonding suggested
INCNR-DT 200/2004 and modified according to specénergy fracture reduction shown in
Fig. 2. It has to be remarked that if the tempeeadiu in the adhesive layer exceeds the glass
transition temperaturegTof the epoxy resin, the FRP strengthening maydesidered loss,
but the structural member keeps the residual esgistas a simple RC member.

The hypothesis of decoupling the thermal behawbtite materials from the mechanical behaviour is
the basis of the Fourier equation for the studhefheat propagation within solid bodies and may be
usually accepted.

In most practical cases the thermal field may beswered as uniform along the member axis,
therefore the actual 3D thermal problem can be cedio more manageable 2D or 1D
problems. Due to the variability of the materiakrtmal properties with the temperature
(thermal conductivity, specific heat, density), anmerical solution of the heat transfer
problem has to be performed; in the paper theefieiement method is used by means of
FIRES-T3 computer program in whichthe heat tranefethe boundary may be assumed to
occur through a combination of radiation and cotieec linearly or non-linearly modelled.
According to usual FEM approach, the slab or beryasesection is divided into a sufficient
number of layers or elements and in each one tgdmture is assumed as uniform and
equal to that of its centroid. Each element is atimrised by specific thermal properties,
different from that of other elements and variatépending on its temperature. In particular,



thermal analyses are performed by considering edeahermal proprieties in accordance
with EN1992-1-2, whereas FRP thermal propertiesdafened in (Weidenfeller et al, 2003)

and in (Sweeting et al, 2004).

For the considered time of exposure to prescriletr@nment conditions (fire or others), the
thermal analysis gives the thermal field in thessrsection. A specific stress-strain law
(o—€;Ti), which is a function of the local temperataed takes into account the variation of
the material mechanical properties with the tentpeeacan be linked to every element of the
mesh into which the section has been divided. Qishodifferent types of constitutive law

are employed for concrete, steel rebars and FRRgttrening.

3 PARAMETRIC ANALYSES

The thermo-mechanical behaviour of RC bridge destksngthened with externally bonded
FRP laminates is investigated by considering emwirental conditions responsible of thermal
states different from the normal ones. As already,2he examined cases are:

a) Maintenance of bituminous paving, cast in placa bridge deck at temperature T=180°C;
b) Accidental situation, resulting inile exposure over the bridge deck.

The performed applications concern RC bridge slBbsor 20 cm thick, symmetrically
reinforced with steel bars (the reinforcement petages at top or bottom side are equal to 1%
of the concrete area). The slabs are externalygthened with C-FRP; laminates or fabrics;
positive or negative bending moment strengthenimgy different strengthening amounts. A
typical bituminous paving 8 cm thick is consideraeer the RC slab. The one-dimensional
analysis, carried out through FEM approach, is alsly exact if a continuous FRP
strengthening is used. Due to the slight influeatéhe FRP laminates on the heat transfer,
also when discrete FRP plates or strips are emgI{fyig. 4-Fig. 5), the difference in terms of
temperature at representative points is negligible.
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a) Maintenance of bituminous paving, cast in plaan a bridge deck at temperature
T=180°C

The realization of a bituminous paving on a bridgek represents a periodic maintenance
operation. The cast in situ is carried out at ad®@@°’C, therefore some significant reduction of
safety may arise in the RC slab externally stresrggd with FRP. Two schemes of FRP external
strengthening are considered: bottom side strengthslab in the sagging moment zones of
continuous or simply supported schemes (Fig. 4); dde strengthened slab in the hogging
moment zones of continuous schemes (Fig. 5). F@rtitiermal analysis also the bituminous
paving is modelled with appropriate thermal prapsrt initial temperature conditions
T(t=0)=180°C are assumed within the paving thickneswo situations of environment
temperature are considere@=25°C and #35°C.

Based on the performed thermal analyses, Fig. Gshiwv curves of the time-dependent
temperature which arises in the FRP strengthenmghe slab bottom side after bituminous
paving laid at time t=0. It is possible to remaklattin all the examined cases the maximum
temperature is always lower than the glass transtemperature gflof normal adhesive resins.
Moreover, due to the particular heat transfer,témeperature peak occurs some hours after the



paving realization. The obtained results are guiiedependent on the bituminous mix, which
changes mainly the time of maximum temperature.

The safety check of the strengthened slab consmgletihe temperature variation in the
materials is summarized inTab. 1, whereqVs the design bending moment in the normal
conditions (assumed equal to the “cold” resistaabm@ant Mkq at ULS), Meqfi= ni Meq is the
design bending moment for the considered situadod, Mkq ¢ iS the resistant moment at ULS
of the cross section taking account of the strengtluction due to elevated temperature. The
table shows that the safety controlgdM<Mrqd,) IS always satisfied in the examined cases.If
the design levehs tends to 1, the check control may become criticathe case of small
thickness slab and normal adhesive resin, whiclbésgha greater resistance reduction of the
strengthened slab.
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Fig. 6. Time-dependent temperature in resin and FRP strengng on
the bottom side.

When a bridge slab is strengthened with FRP platsheets on the top side for negative
bending moment (Fig. 5), a protective cover needs/bid damages in the FRP strengthening
during the maintenance operations, as the demoldfahe old road surface. The protective
layer is required to have a good resistance tosadrand concentrated loads and, if possible,
to ensure also some thermal insulation. In the miaaeapplications a protective layer of
concrete is considered. For the purpose of a parananalysis, four different thicknesses
variable from 1 to 4 cm are considered.

The thermal analyses show that the maximum temperatalues in the FRP strengthening
reaches about 85°C in the case of 1cm concretegtivg layer. The maximum temperature
decreases to about 65°C for a thickness of 4 crarefbre, the realization of a bituminous
paving may lead to overcome the glass transitiompggature § of normal adhesive resins.
The safety check of the strengthened slab consugletiie temperature variation in the
materials is not satisfied for the considered c#sasiormal adhesive resin is utilised, due to
the great reduction of the specific fracture eneagg, consequently, of the FRP strain limit
for intermediate debonding (see Fig. 2).

Only in the case of 4-cm thick layer the tempegaimrthe FRP-to-concrete interface is lower than
the expected glass transition temperatwyeofTa normal resin. However, also in this case the
significant reduction of the resistant moment aSllvhen normal resins are utilised, leads to a lack
of safety with reference to the usual design lewvel 0.7 for elevated temperature (see

Tab.2). On the contrary, if a “heat-resistant” resiemsployed, the safety check is satisfied wjth
values greater than 0.7.



Tab. 1: Safety check of the slab in positive montegion
(maintenance of the bituminous paving).

Normal resin High resistant
resin
Thickness| N°lam/m| b laming Nii MEq MEdf MRt MRt
cm \ mm \ kNm kNm kNm kNm
15 2 100 0.7 69.75 48.83 63.62 78.65
20 2 100 0.7 128.32 89.92 142.84 147.86
Tab. 2: Safety check of the slab in negative momegibn
(maintenance of the bituminous paving3em).
Normal resin| High resistantresin
Thickness| N°lam/m| b laming N Meg Meq 5 MRt MRt
cm \ mm \ KNm kNm kNm kNm
15 2 100 0.7 69.75 48.83 37.43 57.94
Tab. 3: Safety check of the slab in negative momegibn
(maintenance of the bituminous paving - s=4cm).
Normal resin| High resistantresin
Thickness| N°lam/m b laming N MEq MEdf MRt MRt
cm \ mm \ KNm kNm kNm kNm
15 2 100 0.7 69.75 48.83 45.64 61.94

In conclusion, for slabs with FRP strengtheningtioa top side the use of “heat resistant”
resins is necessary in order to avoid the achiemeofethe glass transition temperature in the
same resins and satisfy the safety check in theepoe of maintenance operations on
bituminous paving. A protective layer of concretehiowever necessary in order to avoid
damages in the FRP strengthening and reduce thgetatare in the structural materials.

b) Accidental situation, resulting in @re exposure over the bridge deck.

A fire event over the bridge deck may occur becadisevehicular accident. For a bridge slab
strengthened with FRP plate or sheets on the batide the numerical analyses show that
temperature in FRP and resin (Fig. 8) are generallyer than 60°C.When the FRP
strengthening is on the top side of the RC slab,nfaximum temperature at FRP-to-concrete
interface exceeds generally the glass transitionpéeature of normal and heat-resistant resins,
despite the thermal insulation provided by the mathce and the protection layer. The intersection
between the assumed glass transition temperagwétiie adhesive resin and the time-dependent
temperature curves allows determining the maximina éxposure time for the considered
protection thicknesses (see Fig. 9a for normatsesmnd Fig. 9b for heat-resistant resins). It baet
remarked the significant role played by the thidsnef the protection layer, which leads to greater
fire exposure times.
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4 CONCLUSION

The paper focused on performing a parametric analgacerning the behaviour of RC bridge slabs
externally strengthened with FRP in the presencersironmental situations responsible of
elevated temperatures. In the case of bituminousigaealization, the analyses point out that the
use of “heat resistant” adhesive resins is negeggtr the aim of preventing the achievement of
the glass transition temperature, if the strengtigeis located on the top side of the slab. A
protective layer of concrete is moreover requiradorder to avoid damages in the FRP

strengthening. For strengthening on the bottom, sidke design levels tends to 1, the safety

check may become critical in the case of smalktigss slab and normal adhesive resin, which
exhibits a greater resistance reduction of thengtinened slab. In the case of fire event over the
bridge deck and strengthening on the bottom sde;dnclusions are quite similar to the ones of the
previous environmental situation. If the strengthgis located on the top side of the slab, the use
of “heat resistant” resins is recommended in ordencrease the maximum time of fire exposure

which prevents the achievement of the glass transémperature in the adhesive resin.
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