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Fibre reinforced polymers (FRPs) have been rapidly gaining popularity across a variety of civil engineering applications.
Over the decades, most of the applications have been for structures where no fire exposure is considered such as bridges and
parking lots. For applications in confined spaces, performance under fire is an important property to be considered for any
material, due to which, FRP strengthening systems in buildings have not seen widespread use. Due to scarce research in the
field, the fibre reinforced polymers do not have sufficient documentation of bond properties and mechanical characteristics

at elevated temperatures required for use in buildings. This review consolidates the existing research on the mechanical and
bond behavior at high temperature of the constituent materials of FRPs. The paper also discusses experimental results and
numerical studies conducted by various researchers for insulated as well uninsulated FRP strengthened concrete members
(beams, columns, slabs) at elevated temperafwasable design guidelines have been discussed. Firelymmendations

for future research are also discussed.
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Introduction The review includes the mechanical
characteristics of different types of FRP materials at

In the last decade,several reseqrches have bee@levated temperatures which are based on

conducted on strengthening of reinforced Concreteexperimental data. Experimental studies for insulated

(EI_S% str;;tgrehs USng fiber-.:j?inforc.ed polymers and uninsulated concrete members strengthened with
( S)- s have been rapidly gaining acceptancg-pp (using two different techniques) including

across a variety of civil engineering applications. respective results from various researchers are

M;’:\Jorlt]}{ of ap}phcatlons_ hav;a_ been fgr st{_ucturesh presented. The measured variation of temperature at
Where liré performance 1S not in consideration SUCN et ot |ocations within the cross-section of the tested

as b_rldgesAIthpugh therg IS a wider market fqr elements and the role of insulation are also discussed.
application in high-rise buildings, garages, factories

and parking lots where fire safety is a key concern Application of FRPs is done by the use of one
(Kodur and Baingo, 1998). of the two prominent techniques for reinforcement,
externally bonded reinforcement (EBR) and near
surface mounted (NSM). Both have several
advantages and disadvantages over each.dther

A wide range of advantages over traditional
rehabilitation methods are provided by this newly

Sevelope(i_tei(cjhnologys 'F prowo(ljels_ egsyélg_stallitlon, externally bonded FRPs, the fabrics or sheets are
aster on-field construction and limited disturbance wrapped around the structural members thus

due to construction. Because of its high resistance t(%ncreasing the confinement and axial strengyto it

CErrosmr_w, _stranséh and_ ollurabllljf[yghht'vv'mght . increases the flexural, shear and torsion strengths of
characteristics, (;r_]fdten?sexp _allnt '(\e/llrlncreasmgthe concrete which leads to efficient design of the
use, contrary to traditional materials (Maraveas concrete members. In NSM method, the

al., 2012).
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reinforcement is embedded in grooves cut on theMaterial Properties at High Temperature

structural member to be strengthened and filled with

a binding agent such as epoxy paste or cement grout. umahareet al. (1_999)_ suggested that two types Of

However during fire, FRRystem (externally-bonded performance aga_lnst _f'r_pf are exf[_r emely important (i)
or NSM) is likely to lose structural integrity after a Perfgrmance aQ""'”?“”'“a' fire. (i) Performa_nce gft(_ar
short time during a standard fire (Foster and Bisby the fire was extinguished. Performance against initial

fire includes: flammabilitywhich is related to smoke
2008). ; : . )

and fume-generating properties, which has a direct
Application Techniques impact on the safe evacuation of the inhabitants’ ability

to safely evacuate a building. For the post fire
Externally Bonded Reinforcement (EBR) performance the heat-insulating, flame resisting, and

smoke barrier properties of separating members play

Composites have found their applications asasignificant role in the safety (Bisby and Green, 2005).

strengthening materials of reinforced concrete (RC)
elements such as beams, slabs, columns etc. where  An important parameter to be considered for
conventional strengthening techniques have failed orFRPs is their glass transition temperature. The Glass
been proved to be disadvantageous. In externallytransition temperature is the temperature above which
bonded reinforcement, the FRP sheets are epoxythe performance of an FRP drops dramatically due to
bonded to the external surfaces (e.g., tension zonespss of its modulus properties. The polymer transitions
of beams and slabs. This technique is simple andfrom a hard, glassy material to a soft rubbery material.
effective as far as both cost and mechanical Glass transition temperaturg ) for anFRP material
performance are concerned and also does not lead tgpically lies between 50-90°C (Foster and Bjsby
any corrosion unlike other alternatives such as steel2008). Thus, for the integrity of any structural
The externally bonded FRPs provide substantial application, it is of paramount importance to make
increase in strength (axial, flexural, shearsional)  sure the design service temperature never reaches
and ductility without much affecting the stiffness and the glass transition temperature. Furthermore, at
incurring any undesirable weight. The range of temperatures above 400°C FRPs are susceptible to
applicability of EBR in RC structures is increasing combustion. Unprotected FRPs may ignite leading to
constantly (Fib bulletin 14, 2001). the spread of flames and evolution of smoke. The
volatile parts produced by decomposition of the
Near Surface Mounted (NSM) polymer matrix may react with available oxygen which

Near surface mounted (NSM) FRP reinforcement May release more heat and increase the temperature
has lately appeared as a promising technology for(Green, 2004)After the fire, the FRFnaterials can
shear and flexure and strengthening of concreteSuffer failures such as delamination, cracking,
structures. Near surface mounted (NSM) FRPs ispharrl_ng, melt!ng, and buckling making its structural
becoming more widely recognized for itfigiency, ~ integrity questionable.
effectiveness, and ease of application. In these :
C : Thermal properties at elevated temperatures
applications, grooves are cut into the concrete cover
of a RC membettypically using a diamond cutting  Thermal Expansion
disc, and an FRBar, strip, or tape is inserted, along ' '
with an epoxy adhesiveAlthough, recently Another deformation property that plays a prominent
cementitious grouts or adhesives have beenrole in the fire behavior of structural members is
attempted to be used in place of the epdmypoth thermal expansion. The coefficient of thermal
cases, the primary objective is to strengthen theéxpansion (CTE) represents the change in unit length
concrete with well anchored tensile reinforcement. of a material due to unit temperature rise or drop.
Shear or flexural strengthening can be provided byDue to differential thermal expansion internal pressure
either of the techniques used for strengthening fordevelops in FRP which leads to spalling of concrete

reinforced concrete members (Barros and Forteswhen FRPs are used as internal reinforceriésio,
2006). the development of shear stresses occur within the

adhesive layer when FRPs are used in external
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applications At room temperature, the CTEs of by fibres and the transverse thermal conductivity is
composites are generally higher than the CTEs ofcontrolled by the matrix. Some typical values of
steel (Mallick, 2007). The transverse thermal thermal conductivities for various FRP materials at
expansion of FRP reinforcements for concrete isroom temperature are givenliable 1. Figure 1 plots
different from that of concrete without FRPs. the thermal conductivity and specific heat of different
Differential expansion can also result in cracking of CFRP materials reported in the literature.

the concrete which can severely limit the structural -

Table 1: Thermal conductivities of various unidirectional
FRPs and building materials (Mallick, 2007)

Material Thermal Conductivity
(W/m-°C)
Longitudinal Transverse
Glass/Epoxy 3.46 0.35
Aramid/Epoxy 1.73 0.73

High Modulus Carbon/Epoxy 48.44-60.55 0.87
Ultra-High Modulus Carbon/Epoxy121.1-129.8  0.04

Boron/Epoxy 1.73 1.04
Aluminum 138.4-216.3
Steel 15.57-46.71
Epoxy 0.346

Table 2: CTEs of various unidirectional FRPs and building
materials (Mallick, 2007)

Material Coefficient of Thermal
Expansion (16/ °C)

Longitudinal Transverse

Glass/Epoxy 6.3 19.8

Aramid/Epoxy -3.6 54

High Modulus Carbon/Epoxy -0.09 27

Ultra-High Modulus Carbon/Epoxy -1.44 30.6

Boron/Epoxy 4.5 14.4

Aluminum 21.6-25.2

Steel 10.8-18

Epoxy 54-96

safety of FRP-reinforced structures in fires.

Thermal Conductivity

—— Specific Heat (kJ/kg.K)
6F | Density (gfc"f’) ]
———Thermal Conductivity (W/m.K)

0 200 400 600 800 1000

Fig. 1: Variation of transverse thermal conductivity, density,
and specific heat with temperature for carbon/epoxy
FRP (Bisby and Green, 2005)

Specific Heat

Specific heat is the rate of heat transfer through a
material. It is extremely difficult to determine the
variability of specific heat with temperature due to
the complex chemical reactions that take place in an
FRP at elevated temperature. Grifftsal. (1984)
reported the variation in specific heat as shown in
Fig. 1 to be used for heat transfer calculations in a
carbon/epoxy FRP

Mechanical Properties at Elevated Temperatures

During the past two decades, many researchers have
studied the effect of high temperature on the
mechanical properties of FRP materials. It is well
established that the strength of materials decreases
with increased temperature. Deterioration in
mechanical properties in the case of FRP
reinforcement for concrete structures is critical to the
fire performance of the material, since decrease in
elastic modulus and strength during a fire could lead

Thermal conductivityrepresents the capacity of a to large deflections, loss of reinforcement, and finally
material to conduct heat. For composite materials, itthe collapse of structure.

is a function of the fibre type, orientation, volume

fraction and laminate configuratioAs, in civil

engineering applications unidirectional composites are
used, the longitudinal thermal conductivity is controlled

Tensile Strength

The tensile strength of FRP materials is important
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when we need to determine the load bearing capacitysensitive to elevated temperatureslijéms et al.,

of FRP reinforced/strengthened members. &ah 2008).

(1993) investigated the tensile strength of various types _

of GFRPs at varying temperatures and concluded that q C?O[\]N d?]uryet Ial. EjZO]l)hcor_\dulcgeg a_detallced
glass fibres lose about 50% of their original tensile study of the thermal and mechanical behaviour of FRP

strength above 550°C. Carbon fibres displayed muchmaterials at high temperz_ature. The resu_lts showed
higher resistance to high temperatures. They do no{hat the epoxy FRP material tested experienced 50%

experience any change in their tensile strength for oss in tensile strength, 30% de(?rease in tensile elastic
temperatures greater 1000°C. modulus, and 60% decrease in FRP to FRP bond
strength at temperatures 15°C below Theof its
Gates (1991) investigated the variation in the resin matrix. The loss of strength was attributed to
longitudinal, transverse, and shear moduli of a carbonthe loss of load-sharing between the individual fibres.
FRP and a carbon thermoset FRP in the temperature ) _
range of 23°C to 200°C. The results suggested that Wanget_ al. (2011)studied the ten_sne strength
changes in the transverse and shear moduli of carbofff CFRP strips at tempoerat_ures ranging from room
FRPs were more visible at elevated temperatures thalt]empgrature up to 700°C, in both ste_ady-state and
those observed for the longitudinal modulus, which tra_n3|ent (_:ondltlons. For both the series the CFR_’P
showed no significant changes up to 200°C. It is strips ret_alned 60 % of the roo:n temperature tensile
important to note that the glass transition temperatureStrength inthe range 20 to 150°C and decreased frqm
quoted in the study was 220°C, which is unusually 45% to less than 10% of the room temperature tensile

high for an FRP composite. Gates (1991) also studieoStrength in the range 450°C to 700°C. Between 150°C

the stress-strain relationship for the CFRPs at elevate&“_]d 450°Ca goradual reduction in str_ength took place,
temperature and found that the tensile strengthw'th about 50% of strength at ambient temperature
reduced by about 40-50% at 125°C and 80-90% aat 300°C. The results obtained from the transient state

series were slightly higher yet similar to those of the

200°C, which indicates very high strength degradation )
steady-state series.

at temperatures lesser than ma1l'r&x

Kodur and Baingo (1998) surveyed the literature Cr€€p
on FRP properties at high temperature, and SUggesteg e o the tendency of a solid material to move slowly
relationships for the change in tensile strength of FRP, . yatorm permanently under the influence of
materials with increasing temperature. Fig,urezshowsmechanical stresses. It occurs as a result of long-
the strength versus temperature relationships agq exposure to stresses that are high yet below

reported in the study as compared with Curves fory,q vie|q strength of the material. Creep can become
concrete and steel, and illustrates that FRP is highly, . iical factor in the design of FRP-reinforced

concrete as excessive long-term deflections can lead

120 —————— T x to unserviceable structures or to the rupture of FRP
Concrete reinforcement. Thermally accelerated creep may be
o - - Steel 1 : .
£ Me—— |esess Wood severe and could lead to large deformations and failure
o 5 === GFRP  |] which may lead to uncertainty over the use of FRPs
P 2\ at high temperatures (Bisby and Green, 2005).
2 60 " ]
é \ \ In general, creep strain of FRPs increases with
" 40 % ] the rise of temperature and is greatly dependent on
;; o ) the matrix materialAlso, the orientation of the fibre
influences the temperature dependence of the creep
0 ; j ; . characteristics of FRPs. (Mallick, 1988) found that
0 200 400 600 800 creep in the fibres governs creep in the composite, if
Temperature (°C) the fibres are in the loading direction.

Fig. 2: Strength-temperature curve for concrete, steel, timber
and FRP (Williams et al., 2008)
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Bond Properties at Elevated Temperature retained almost all of its initial mass till 800°C, while
The bond hb FRP d . _both carbon fiber fabrics had lost about 10% of their
e bond strength between S and concrete IS afyia| mass at those temperatures. None of the fiber

important facto_r because it is the critical parameter ¢, rics lost any notable mass at temperatures below
when concrete is strengthened with FRPs as the bo_ngloooc. Both of the epoxy resin systems lost 90% of

_trarrl]sfers Io_ads thg;]UQh th? sr;ear sttr]esses Whiﬁh aSfheir mass at 800°C, with 80-90% of this loss taking
in the matrix or adhesive laydrom the FRRo the place between 300°C and 400°C.

concrete (Bisby and Green, 2005).
For accomplishing the required fire exposures
. . the specimens were kept in an electric furnace and
temperature on the bond properties of FRP bars Myere heated to a preset maximum temperature at the

concrete at high temperatures by performing pullout rate of 10°C/min. The temperature was held constant
tests with six different types of surface textures. Theyfor 3 hours at the maximum temperature and then

found that up to temperatures of 100°C, thereowas NQallowed to cool to room temperature to simulate the
hotable drop of bond strength, but after 100°C, thefire exposure under a standard fikéter cooling the

bond strength fell rapidlynterestinglyat temperatures required tests were conducted on the specimen.
of 200°C to 220°C, the bond strength dropped to 10%

Katz, (1999) studied the effect of elevated

of the original value. 120

Smoke Toxicity 100 | S e —
During a fire, polymers generally produce large & g ¢

amounts of very dense, sodijack smoke and some g ’ Epoxy 1
components such as carbon monoxide that are toxicg eo f i} T Epoxy 2

to humans. In addition to fire resistance, it may be & | T g:[gz:;
necessary to test FRP products for evolution of smoke & 4 | —— = Bk

and toxins. Smoke toxicity is most critical in cases

where the FRP is applied at the outside of concrete

member While charring of matrix in internally 0 . - . .
reinforced FRP may not be a serious problem due tc 0 200 400 800 900

; Temperature (°C)
the presence of the concrete covérmay generate , o _ _
Fig. 3: Results of thermogravimetric analysis of various

smoke that could escape through cracks which are . .

. . material components for the FRP strengthening
developed in the concrete at high temperatures (Kodur systems (Fosterand Bisby, 2008)
and Baingo, 1998).

residual ultimate tensile strength, failure strain and
elastic modulus of well anchored unidirectional FRP ¢
members. (ii) The residual FRP to FRP bond in pure § poal L i
shear mode Il as it would be important in applications ~ **

where the contact between FRP to FRP lap splices ic ™

critical for performance, e.g., column wrapping and ~ °*F=

(i) The residual FRP-to-concrete bond under direct Time (minutes)

tension Mode | and in pure shear Mode II.

B
2
S

1000

Experimental Sudies 900
EBR Srengthening 3 e e

8 700 e Cantn: PR rwtaca tnunprcecied bam

2 R e ptie
Foster and Bisby (2008) conducted fire tests on £ ax
externally bonded FRP systems to study (i) The %w -----------

§

3

Fig. 4: Cellulosic time/temperature curve adapted from BSI

. . . 1987 compared with temperature measurements at
The Thermograwmetnc anaIySIS (TGA) curves various locations on the specimens (Barnes and Fidell,

provided in Fig. 3 show that the glass fiber fabric 2006)
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The experiment concluded that residual tensile achieved 240 minutes of fire endurance. Howgwuer
strength of externally bonded FRP systems both the cases adhesiifg (quoted as 93°C) was
experienced greater than 50% reductions atexceeded between 16 to 36 minutes in Beam 1 and
temperatures approaching thermal decomposition ofbetween 55 to 57 minutes in Beam 2.
epoxy polymer matrices. For temperatures greater
than 100°C abovﬁg, the FRP systems were able to ; . .
maintain about 80% of their tensile strength. Thus §tudy W'th tests on two addition&beams but W'th.
practically exposure temperature up to 200°C maylnsulanon of4_0 mm cement-based, spray-applied
be permissible. The FRP to FRP bond in mode || angmortar on their lateral and bottom faces and loaded

FRP to concrete bond in mode | retained 80% of theirYP to ,71% of thei'r theorgtical ambient ultimate
strength at 150°C greater thaT‘b, ie. at capacity before being subjected to &&TM E119

; o fire. The results obtained were similar to those by

approximately 250°C. (Williams et al., 2008)despite exceeding the adhesive

Barnes and Fidell (2006) conducted tests to Tg (quoted as 50-60°C) in less than 30 min. None of
investigate the behavior of carbon FRP (CFRP) the beams failed and both beams achieved 240 min
strengthened RC beams under fire exposure. The testf fire endurance. This high fire endurance was
program consisted of a total of 24 RC beams with because of the insulation system maintaining low
across-sectional area of 100x150mm strengthenedemperatures. But flexural strength provided was low
with CFRP plate of 200mm width and 1mm thickness, as the RC beams originally guaranteed that they
then insulated by applying one layer of 15-20 mm thick would not collapse even if the CFRRs lostAxial
cementitious (cement/gypsum) based fire insulation. restraint on the beams’ ends might also have enhanced
To study the usefulness of insulation and mechanicaltheir fire endurance (Firmet al., 2015).
bolting of CFRP plate, testing was done under
standard fire conditions (British Standard Institute BSI Ahmed and Kodur_ (2010) tested 4 loaded R(.:
1987). The beams were exposed to the fire for 1 howbeams strengthened with CFR'_D sheets _due to which
without applying any loads and later exposed to4pointthe flexural strength was predlcted.to increase by
bending loads till the failure of beams was attained. 50%.The beams were exposed to eitherABIM

Figure 4 shows the temperature measured at variou& 119 CUTVe or a design fire dened using Eurocode 1
locations on the specimen. or a typical ofice compartmentll beams were 4-

point loaded upto half of their theoretical capacity

The test results indicated that the adhesive bondThe beams were simply supported at the ends having
between concrete and CFRP plate was destroyed bwan unsupported span of 3.66m. For studying the
the fire due to the loss of resin component of the influence of cooler anchorages, CFRP was retrofitted
CFRP although the carbon fibers were still intact. It along the whole unsupported length of two beams,
was concluded that the fire protection given was notwhereas only the central length (2.44 m)that was
sufficient to keep the temperatures beloyat the directly exposed to fire was retrofitted with CFRP
FRP-concrete interface beyond 30-45 min. The for the remaining two.
matrix in CFRP plate endured temperatures only till

310°C, while the carbon fibers lasted up to 950°C. The results show that insqlated FRP-
strengthened RC beams could sustain both types of

Williams et al. (2008) studied the fire fire exposures for more than 3 hours. This was due
performance of two lge-scale RQ-beams flexurally  to the presence of insulation, which played a vital role
strengthened with CFRP sheets due to which thein keeping the temperature low in the rebars for the
strength(flexural)was predicted to increase by 15%. entire duration of the fire test. The steel reinforcement
The CFRP sheets were protected with vermiculite/ maintained nearly full strength (flexural capacity) for
gypsum cementitious insulation, applied on the bottomthe test duration as rebars do not lose any significant
and lateral faces of the beams with thicknesses of 25trength up to 400°C. The CFRP debonded from the
mm (Beam 1) and 38 mm (Beam 2) respectively concrete between 20 to 25 min of fire exposure when
The beams were loaded to 48% of their predictedthe temperature in the concrete-CFRP interface
ambient strength and the ends of the beams wereeached around the adhes'ﬁée(given as 82°C). The
axially restrained during the tests. Both test specimensaxial restraint forces that were induced by fire,

Adelzadehet al. (2012) further extended this
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reduced the deformability of the strengthened beamset al.,, 2012). Itis identified from Fig. 6 that the bond
None of the beams failed in terms of fire resistancefailure of the CFRP system is seen by a sudden rise
and no differences were reported in terms of time of in mid-span deflection due to the reduction in stiffness.

FRP debonding.

Firmoet al. (2012) performed 6 fire resistance

The strategy for protection leads to a considerable
increase of the fire endurance of the strengthening
system, with the increase varying between 23min and

tests on RC beams with CFRP strengthened strip5167 min for different insulation conditions.

and loaded to half of their theoretical ambient

temperature strength. The soffits of the beams were

insulated with either CS (Calcium Silicate) boards or
vermiculite/perlite cementitious mortd&he thickness

Ahmed and Kodyr(2011) conducted tests to
measure the effect of insulation on FRP reinforced
beams under fire and to address previous shortcomings

of the insulation was 25-40mm while the anchorage in research to gain test data for validating numerical
zones were additionally thermally insulated by the models. For the test, four rectangular RC beams were
furnace walls. Therefore the ends of the strengtheningdesigned as p&Cl 318specifications to represent
systems, were not directly exposed to the ISO 834typical beams in buildings. The RC beams having a
fire. This method of insulation allowed the heated compressive strength of 55 MPa on the day of the
length of the CFRP strip to transform into a “cable” test, were strengthened with FRP sheets (2 mm thick
which was fixed at the anchorage zones, where theand 203 mm width) to increase the flexural strength
CFRP-concrete bond remained relatively undamagedcapacity by 50%A two-component epoxy material
(Fig. 5). having a glass transition temperatufe) (of 82°C

The CFRP system failed when one of the was used. FRP was applied on the entire unsupported

anchorage zones lost its bond strength, and it wasIength on two of the beams to study the influence of

associated with the average temperature in thes%‘v?t%hglgagihzeo;i gngvg}ﬁa?éh;;tg?egegf dfg?r:gtiﬁd
areas crossing the adhesTK/geNhich was quoted as 9

55°C. Fig. 6 shows the mid-span delection plots with FRP'.RCT beams._ The l_:>eams were fapplled with a
time for all beams in the experiment tested by (Firmo vermiculite-based insulation (VG insulation) and epoxy

coating. For the first two beams, the fire comprised
of a growth phase followed by a cooling phase while
other two beams were tested under standard fire.
The beams were subjected to two point loads of
approximately 50% of the strengthened beam’
nominal capacity

Fig. 5: CFRP strip detached from the RC beam only at the

central zone e “cable” behavior (Firmoet al., 2012) The temperature at beam cross sections

increased throughout the test duration for beams B3
and B4 as they were exposed to the standard fire and

e Beam RC
T 50 Beam CFRP in beams B1 and B2 temperatures first increased to a
" = Beam VP25 .

E Beaia C425 maximum value and then started to decrease. The
3 l —— Beam VP40 decrease in temperature can be due to the cooling
. e phase in the fire. Due to development of cracks, the
& % Beam collapse temperature increased in the FRP and resulted in
E 20 - localized burning of epoxy sind‘gforepoxies is low
g (82°C).
B 10 A . .
A Due to the formation of a protective char layer

0 - - _ = = — as a result of the pyrolysis the temperature at the

0 30 60 90 120 150 180 210 FRP concrete interface increased slowlyhe

Time of fire exposure [min] average rebar temperature remained below 400°C

for the complete test duration which resulted in a

Fig. 6: Increase of midspan deflection vs. time, beams tested L .
minimal loss in strength of rebar and thus the steel

by (Firmo et al., 2012)
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reinforcement maintained full strength capacity for

the test. This led to achieving high fire resistance in
these beams. Therefore, the test implied the
conclusion that an effective insulation scheme in FRP-
strengthened RC beams is critical for achieving good
fire resistance.

Time (minutes)

-
E -20 1

Deflection (m

-10 1

Time (min)

@0

120

= “Beaml
Beam 11
= Beam Il

® 07 T Beam IV

= Dwaikat and Kodur 2000
120 180 240 P
. L o = = Ahmed and Kodur 2011

20

40 1 Fig. 8: Comparison of mid-span deflections of NSM FRP

strengthened RC beams with unstrengthened RC
beam and external FRPstrengthened RC beam (Y
and Kodur, 2014)

60 | = BO1RCbeam)

=== D02 (RC beam)

Deflection (mm)

80 1|
100 | ===--

e uniform thicknesses of 20-100 mm applied in a U-

shaped manner along the length of the beams. Initially
the beams were loaded only up to a service load
(which depending on the FRP type varied between
37-54% of their ultimate load) and later were then
subjected to the ISO 834 firkll beams were able to
take the applied load without failure for 2 h under fire
exposure. The adhesiVewas exceeded initially but

it did not have any visible effect on the system

<140

Fig. 7: Time deflection curve for the four beams (Ahmed
and Kodur, 2012)

NSM Strengthening

Yu and Koduy (2014)tested 4 full-scaleNSM
strengthened Rd-beams with CFRBtrips by
exposing it t)ASTM E119 fire, loaded in a 4-point ondin
bending conlguration. The test parameters includeoP g

the load level (50-65% of the predicted ambient Burke, (2008)tested thirteen reinforced concrete
capacity), the presence of a 25 mm thick U-shapedslab specimens,11of which were flexurally
fire insulation system and the effect of the axial strengthened with a single strip of CFRP tape NSM
restraint. The structural performance of the 4 NSM strengthening system with adhesive system (either
FRP strengthened beams, under the given conditionsgpoxy or cementitious grout). Six of the slab strips
is compared in Fig. 7. It was found that the CFRP were tested at room temperature under monotonic
strips debonded from the central zone of the beamload to failure and rest seven under sustained load
instantly during the fire, but continued to transmit with increasing surface temperature till failure. For
tension due to the cool anchoragesa result, NSM  these tests, the beams were loaded at room
FRP system retained its structural effectiveness duringemperature initially under load control at a rate of 2
the full 210 min of Ore exposure in all cases. kN/min till 20kN. After reaching 20 kN load the

Palmierict al. (2012 | dthe ire behavi heating commenced using a heat blanket up to a
almierietal. ( ) evaluated the re behavior temperature of either 100 or 200C.

of twelve beams with a span of 3.15 m, tested under

fire exposure with two fire test series of six beams The test concluded that the epoxy adhesive used
each. Out of the twelve beams two were unprotectedprovided superior bond performance as compared to
and un-strengthened beams and 10 were insulatethe cementitious grout adhesive used for NSM-FRP
and strengthened RC beams. The insulated beamstrengthening systems for RC members. It may be
were strengthened in flexure with NSM-FRP strips possible for NSM strengthened FRP systems to endure
or rods (GFRP/CFRP) bonded to the concrete withfire for several hours even for the cases when the
either epoxy adhesive, wiffi, quoted as between FRP needsenough strength to resist service loads. The
62°C and 65°C, and a higT*b epoxy (82°C). The test implied further conclusions such as the
insulation comprised of five different materials with performance at high temperature of NSM CFRP
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strengthening systems can be improved considerablyThe guidelines which are currently prevalent for fire
by using a cementitious grout adhesive and also thedesign of FRP-strengthened RC beams, which is
grout adhesive used was capable of withstanding 4based on standard fire tests, specifies the use of fire

hours of fire. insulation materials as a method to achieve desired
_ _ fire resistance. Provisions in current codes and
Discussion standards recommend that the FRP strengthening

system should be considered completely ineffective
during the event of a fire. Based on test results and
From various studies, it is seen that the loss ofparametric studies, the following guidelines are

effectiveness of the strengthening system does notecommended for enhancing fire response of FRP-
entirely cause failure of the strengthened memberstrengthened RC beams.

under a sustained service load. Even if the pre-existing ) ) )

structural element is over-designed in terms of (re ceneral Fire Design Recommendations

resistance and lower strength increase is provided byg oth FRP and polymer adhesives lose their

the FRP system, the member may still be able to carrystrengthening properties at elevated temperatures.
the applied load for the required duration (Firelo  Thys, the available guidelines advise special provisions
al., 2015)Also, in most of the investigations described 5re needed for FRP design. If no special provisions
above, the FRP systems provided low-strengthre taken, the strengthening system will quickly lose
increase comparativelyvhich explains the long is contribution to overall strength during a fire. For

duration of fire endurance obtained in many cases.ng fire protection to be applied, the element must meet

When supplementary fire insulation was applied t0 e fire resistance rating required all by itself.
the FRP systems it delayed the loss of effectiveness

of the FRPin some cased\lso, the load-carrying The structural elements which can carry the
capacity of the pre-existing member remained design loads without any FRP strengthening or
preserved for even longer durations of fire exposure.reinforcement can be exempt from load capacity
Note that the fire protection also provides thermal checks in fire design situations. Since, in modern RC
insulation to both concrete as well as the steelconstruction, structures are designed with adequate

reinforcement. redundancy

Fire Resistance of FRP-strengthened RC Members

Relative Performance of EBR and NSM Systems Structural elements which are not critical in the
collapse prevention mechanism of a building should

Firmo et al. (2012)concluded that the NSM be identified and designed for lower fire ratings in
strengthening systems comprising CFRP stripsorder to achieve a cost-efficient structural fire design.
provides superior retention to RC beams under
exposure to Gre. For similar insulation schemes, not
only the critical temperatures in the anchorages but 300 -
also the fire endurance obtained are considerably .. | 239
higher with an NSM system. The credit for this
behavior goes to (i) the thermal insulation provided 200 -
by the NSM$ partial embedment in concrete for the
mechanical confinement conferred by the surrounding
concrete and (ii) the better bonding performaice. 100 -
comparison between the fire performance of EBR
and NSM strengthening systems as given in (Firmo
et al., 2015) is presented in Fig. 9 a) average 0 +{ guEBR "NSM EBR ~NSM EBR "NSM EBR
temperature along the anchorage length; b) Gre 0-0 25.0 25.95  50.25
resistance of the strengthening system. Insulation scheme

219

201

71

Adhesive T,
(47 °C)

Fig. 9A: Average temperature along the anchorage length
versus insulation thickness in mm (Firmoet al.,
2015)

Design Guidelines
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“refined calculation method” which is based on a

] 114 : _
2 thermal analysis and then subsequently by mechanical
100 1 90 analysis. It further recommends that the protection
layer be kept under the required dimensions by keeping
80 - the adhesive within a certain limited temperature like
iy | between 50°C and 100°8&.minimum insulation of
40 25mm thickness to avoid debonding of FRP can be
40 34 used for most applications, as recommendedubyY
g | 18 iE 18 and Koduy (2014).
. = Load Combinations
"NSM EBR ' NSM EBR ' NSM EBR = NSM EBR . _ _ _
0-0 25.0 25.25 50-25 Wheq the fire insulation materials are not used, fib
Insulation scheme bulletin 14, (2001) recommends that the safety of the
Fig. 9B: Average failure time versus insulation thickness unStrengthened element should be verified by takmg

in mm (Firmo et al., 2015) accidental load combination of the strengthened
element. For this verification, only partial material
safety factors = 1.0) are used and the partial load
The insulation/cover thickness should be safety coefficients and combination factors defined
calculated only for structural elements critical in fire in Eurocode are taken into account. Such a
design according to the required fire resistance rating.combination gives
It should account for the minimal rise in the
temperature of FRP materials (up to 100-200°C) as (Riegsing2 1-0OL +0.9LL +0.5TL @)
these will be rendered ineffective during a fire. Where Rn)@(isting is the nominal resistance of
the unstrengthened member at an elevated
temperature, DL is the dead load effect, LL is the
permanent live load effect, and TL is the other
‘transient live load effect on the strengthened structure.

On large scale construction projects where a
sound fire design is important, the insulation/cover
thickness must be obtained by 3D thermal analysis
This method may need longer calculation times but
can lead to an economic design by optimization of the A more restrictive recommendation given by
cover/insulation (Maraveas al., 2012). ACI 440.2R-08 than the one given above (Eurocode),

_ ) is that the nominal strength at high temperature must
FRP Strengthening System and Insulation be higher than the strengthened service load on the

The current fire design philosophy which was proposedMember defined as follows:

by ACI Committee 4402 suggests that the R>1.00L+10LL )
strengthening system should be designed in such a __ _ o
way that the initial (prior to FRP strengthening) Itis recommended by the design codes to limit
nominal strength of the member stand sufficient to the amount of strengthening in order to prevent
carry the load during thefire. This approach exemptsdisastrous failure of the concrete member due to the
the contribution of FRP strengthening at elevated damage of the strengthening systéx@l 440.2R-08
temperatures. In other words, in the event of a fire,recommends that the capacity of the existing member
the influence of the EBR systems should be presumedhat is to be strengthened allows resisting a substantial
to be lost unless it can be established that the FRHraction of the future load defined as follows:
temperature remains below the Iowé'ﬁtof the
> +

components of the strengthening system. (9R,) 2 1.IDL +0.75 LL 3)

Where ¢ is the strength reduction factor for
o ) : ambient conditions. Therefore, only 25% to 100%
situation is accounted only when insulation systems L e

. . . strengthening is permissible for FRP strengthened
are in use. Fib bulletin 14, (2001)recommends that . . :

members depending on the ratio between live loads

the fire resistance should be determined using and dead loads, and the resistance factors used in the

Effect of the FRP strengthening system in a fire
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design. loading conditions. In this study is seen that if the
structural element is over-designed in terms of fire
resistance and the strength increase due to the FRP

][educ(';ion in (Ijoatlj(_levelszt;y Iowiring Iivg lloagl factccl)r system is lowthe structural member may still be able
rom 0.5, and taking 1.2 factor for dead load. Under to carry the service load.

such load levels, an FRP-strengthened beam will have

higher fire resistance since the beam can sustain the  Strengthening of structures with NSM FRP
loads for a longer duration under lower load levels. reinforcement technique offers more significant
Therefore, accounting for relevant and realistic load advantages over the technique of strengthening
factors through rational fire resistance calculations structures with externally bonded FRP reinforcement.
can yield higher fire resistance. Thus, this factor shouldAlso, coating the FRP materials in case of externally
be considered for realistic fire safety assessment obonded systems with fire insulation materials can

The recent edition cASCE 7-05 suggests a

FRP-strengthened RC beams. significantly improve the fire performance of the
_ structure but may lead to increased costs. There is
Conclusions also a need to develop an easier method to calculate

Although many studies have been conducted in thisto design fire resistance and thickness of insulation
area, the information for fire performance of FRP material of FRFstrengthened member
structures is limited, especially under realistic fire and
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