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Abstract. Investigations on Fibre Reinforced Polymers (FRPs)
at ambient temperature have already proven their effectiveness
for strengthening concrete structural elements because of their
high mechanical strength and durability. However, their
performance at elevated and high temperatures requires proper
understanding to enable safe design methods, as the FRPs and
adhesives used to mount them are highly vulnerable to even
remotely elevated temperatures. In addition, aspects related to the
thermal conductivity and combustibility should be carefully
considered. This article aims to present up-to-date research on
reduced-scale and full-scale investigations on Externally Bonded
or Near Surface Mounted FRP-strengthened concrete structural
elements and conclusions on the directions of further research.
In terms of mechanical performance, post-heated tests and
simultaneous thermo-mechanical loading (at transient and steady
states) were analysed.

Keywords: concrete; construction elements; fibre reinforced
polymer reinforcement; fire conditions; critical review.

or the past 50 years, many strengthening or repair
possibilities have been revealed owing to the
advantageous properties of FRP (Fibre Reinforced
Polymer) composites [1 + 4], such as the retrofitting
of masonry walls, seismic retrofitting of buildings
and bridges, repair and strengthening of concrete, metallic
and timber structural elements, and rehabilitation of such
constructions as chimneys, historic monuments, or off-shore
platforms [5]. It is possible owing to the beneficial properties
of FRPs, such as their low weight-to-strength ratio,
electromagnetic indifference, and extensive corrosion
resistance [3 + §].
FRPs are the most commonly used external reinforcements
in the concrete construction industry. The composite can
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Streszczenie. Badania nad polimerami wzmocnionymi wiokna-
mi FRP (ang. Fiber Reinforced Polymer) w temperaturze oto-
czenia dowiodly ich skutecznosci we wzmacnianiu elementow
konstrukcyjnych ze wzgledu na wysoka wytrzymato$¢ i trwa-
os¢. Zachowanie ich w podwyzszonej i wysokiej temperaturze
wymaga jednak dodatkowej analizy w celu zapewnienia prawi-
dtowych metod projektowania, poniewaz FRP i kleje uzywane
do ich montazu sa bardzo podatne na nawet nieznacznie pod-
wyzszona temperaturg. Ponadto analizy wymagaja kwestie
zwiazane z przewodnoscia cieplna i palnoscia. Celem artykutu
jest przedstawienie aktualnego stanu wiedzy na temat badan
wykonanych w petnej lub zredukowanej skali geometrycznej,
ktorych przedmiotem sa betonowe elementy konstrukcyjne,
wzmacniane FRP zewngtrznie lub przypowierzchniowo oraz
whioski dotyczace kierunkow dalszych badan. Przeanalizowa-
no wyniki testow elementow po ogrzewaniu oraz poddanych
jednoczesnemu obciazeniu mechanicznemu i termicznemu
w stanach nieustalonym i ustalonym.

Stowa kluczowe: beton; elementy konstrukcyjne; zbrojenie z po-
limeru wzmocnionego widknem; podwyzszona temperatura;
przeglad badan.

rzez ostatnie 50 lat, dzigki korzystnym wiasciwo-

sciom kompozytow FRP (ang. Fibre Reinforced Po-

lymer) [1 =+ 4], opracowano wiele metod wzmocnie-

nia lub naprawy, obejmujacych modernizacjg $cian
murowanych, modernizacj¢ sejsmiczng budynkéw i mostow,
napraw¢ i wzmacnianie konstrukcyjnych elementéw betono-
wych, metalowych i drewnianych oraz renowacjg takich kon-
strukcji, jak kominy, budowle zabytkowe lub platformy przy-
brzezne [5]. Jest to mozliwe dzigki korzystnym wtasciwo-
sciom FRP, do ktorych zaliczamy maty stosunek masy do wy-
trzymatosci, obojgtnos¢ elektromagnetyczng i duza odpor-
no$¢ na korozje [3 + 8].

FRP jest najczgsciej stosowanym typem zbrojenia ze-
wngtrznego w budownictwie betonowym. Kompozyt ten
moze skutecznie zwigkszy¢ nosnos¢ na $ciskanie, zginanie
i$cinanie lub (rzadko) skrgcanie istniejacych elementéw kon-
strukcyjnych [5]. Procesy zwigkszania no$nosci mozna po-
dzieli¢ na dwie grupy:
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effectively increase the bearing capacity of existing structural
elements in terms of axial, flexural, shear, or (rarely) torsional
strength [5]. Such processes of strength increase can be divided
into two groups:

1) strengthening aims to provide a higher bearing capacity
of the element to fulfil requirements due to increased loadings
or new functionalities (purpose);

2) repairing brings back the load-carrying capacity, ductility,
or stability of the deteriorated structure to the level for which
it was designed [5].

Strengthening composites can be externally mounted on the
surface of an element (e.g., FRP sheets and wraps) or inside
previously drilled grooves (e.g. FRP bars or strips). The first
type of strengthening system is called “externally bonded
FRP” (EB FRP), while the second — “Near Surface Mounted
FRP” (NSM FRP). In both systems, the composite should be
mounted with special adhesives such that the stresses from the
FRP can be effectively transferred to the hardened concrete
element.

Apart from the strengthening of existing or deteriorated
elements, the other trend within the concrete structure industry
that involves FRPs is replacing steel reinforcement bars with
non-metallic bars before casting the structural element [9].
Such an exchange might be considered advantageous in harsh
environments, where high corrosive resistance is required.
This study focused only on strengthening systems (EB and
NSM), while the summary of the investigations concerning
concrete structures with internal FRP reinforcement was
presented in the study [10].

The intent of this study is to provide a thorough review of
the most recent experimental investigations and analytical and
numerical considerations of concrete structural elements
strengthened with FRP composites at elevated and high
temperatures (up to 1200°C), including thermal insulation
techniques. Such considerations might be carried out assuming
various interactions between static and thermal loads and can
be divided into three groups:

1) structural elements are analysed in terms of changes in
heat exposure only, so that the temperature distribution inside
the element can be set up. Such analysis enables determination
of time required to reach the critical temperature in the
strengthening system. Critical temperature can be defined in
material tests (FRPs and/or adhesives tests).

2) changes in the behaviour of the structural elements can
be demonstrated in static tests after heat exposure. Such tests
are crucial for assessment of the necessity of repairing
or strengthening construction after the fire, as they provide
valuable data on the structural safety and serviceability
conditions of the construction after heating. Within this trend,
there could be mentioned tests, where FRP was part of the
structural element during the heat exposure or was used to
strengthen the element after heating (not part of the scope in
this considerations — e.g. [11 — 14]).

3) tests and simulations of structural elements subjected to
simultaneous thermal and static loads have been performed to
simulate the real behaviour during a fire situation [15]. Such
considerations can be analysed in two states steady (first

1) wzmocnienie w celu spetnienia wymagan odpowiadaja-
cych zwigkszonym obciazeniom lub nowym funkcjom (prze-
znaczeniu);

2) naprawa przywracajaca no$nosc, ciagliwos¢ lub statecz-
no$¢ zniszczonej konstrukceji do poziomu, do ktorego zosta-
ta zaprojektowana [5].

Kompozyty wzmacniajace mozna montowa¢ zewngetrznie
na powierzchni elementu (np. maty i owijki FRP) lub we-
whnatrz wezesniej wywierconych rowkow (np. prety lub tasmy
FRP). Pierwszy rodzaj systemu wzmacniajacego nazywa si¢
zewnetrznie klejonym FRP (ang. Externally Bonded FRP
— EB FRP), natomiast drugi — montowanym przypowierzch-
niowo FRP (ang. Near Surface Mounted —NSM FRP). W obu
systemach kompozyt mocuje si¢ za pomoca specjalnych kle-
jow, aby skutecznie przenosit naprezenia z FRP na stwardnia-
ly element betonowy.

Opro6cz wzmacniania istniejacych lub zniszczonych elemen-
tow, innym sposobem wykorzystania FRP w konstrukcjach be-
tonowych jest zastgpowanie stalowych pretow zbrojeniowych
pretami niemetalicznymi przed zabetonowaniem elementu
konstrukcyjnego [9]. Taka wymiana moze by¢ uwazana za ko-
rzystna w trudnych warunkach, gdzie wymagana jest duza od-
porno$¢ na korozjg. Przedstawiona analiza dotyczy tylko syste-
mow wzmacniajacych (EB i NSM), natomiast zestawienie ba-
dan dotyczacych wplywu temperatury na konstrukcje betono-
we z wewngetrznym zbrojeniem FRP przedstawiono w [10].

W artykule przedstawiono przeglad najnowszych badan eks-
perymentalnych oraz rozwazan analitycznych i numerycznych,
dotyczacych elementow konstrukcyjnych wzmacnianych kom-
pozytami FRP w podwyzszonej i wysokiej temperaturze
(do 1200°C), zuwzglednieniem technik zabezpieczajacych ter-
micznie te elementy systemu. Takie rozwazania mozna prze-
prowadzi¢ przy zatozeniu réznych interakcji migdzy obciaze-
niami statycznymi i termicznymi, dzielac je na trzy grupy:

1) elementy konstrukcyjne analizuje si¢ pod katem wytacz-
nie ekspozycji na ciepto, dzigki czemu mozna ustali¢ rozktad
temperatury wewnatrz elementu. Analiza umozliwia okresle-
nie czasu potrzebnego do osiagnigcia krytycznej temperatu-
ry elementu w systemie wzmacniajacym. Krytyczne wartosci
temperatury mozna natomiast wyznaczy¢ przede wszystkim
w testach materiatow (badania FRP i/lub klejow);

2) zmiany w zachowaniu si¢ elementow konstrukcyjnych
mozna wykaza¢ w badaniach statycznych po ekspozycji
na dziatanie ciepta. Sg to badania kluczowe w przypadku oce-
ny koniecznos$ci naprawy lub wzmocnienia konstrukcji po po-
zarze, poniewaz dostarczaja cennych danych na temat bezpie-
czenstwa i warunkow uzytkowalnos$ci konstrukeji po wygrza-
niu. Do tej grupy mozna zaliczy¢: badania, w ktorych system
FRP wchodzit w sklad elementu konstrukcyjnego podczas
ekspozycji na ciepto oraz badania, w ktorych byt on uzyty
do wzmocnienia elementu po ogrzewaniu (zagadnienia te,
np. [11 — 14], wykraczajq poza zakres artykutu);

3) badania i symulacje elementow konstrukcyjnych podda-
nych jednoczesnym obcigzeniom termicznym i statycznym
w celu odtworzenia rzeczywistego zachowania si¢ w pozarze
[15]. Rozwazania te mozna analizowaé w stanie ustalonym
(najpierw elementy sa ogrzewane, a nastgpnie obcigzane az
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elements are heated and then loaded until failure) and transient
(elements are loaded to part of the bearing load and then heated
until failure).

Externally Bonded FRP systems

The fire performance of concrete structural elements
strengthened externally by FRP composites has been
discussed in a few studies [16 + 21], while the conclusions
from more recent studies have been summarized in Table 1.
When considering investigations of externally reinforced bent
elements without additional insulation, the FRP composite
system loses its effectiveness even after a few minutes.
Changes in the properties of FRP strengthening system
materials occur even at remotely elevated temperatures
(corresponding to a glass transition temperature — about
65 — 120°C) [5]. Apart from mechanical properties
degradation, a critical process determining the effectiveness
of an externally bonded FRP system is the debonding of FRP
from concrete. Such debonding occurs mostly because of the
softening of the resin used to attach the FRP to the element.
Various types of additives to the resin have been investigated
in terms of modifying their behaviour under elevated
temperatures (e.g. postponing the processes of resin
softening) [22 — 31], however, their mechanical properties
might decrease in that case. Promising results were observed
in the case of use adhesives based on mineral materials
or with the use of TRM (Textile Reinforced Mortar) sys-
tems [32].

The fire performance of a structural element depends
significantly on the mechanical and thermal properties of the
reinforced concrete element before strengthening. If the
strengthening ratio (the proportion of the load-bearing capacity
increase caused by the FRP composite related to the capacity
of the element before strengthening) is low, it may appear that
even after the loss of the FRP system effectiveness, the
structural element is still able to bear loads for a long time under
fire conditions (even longer than 2 h). The above-mentioned
fact is associated with the reduction of loads under fire
conditions when compared to extreme design loads; therefore,
there is the necessity of proper assessment of loads during a
fire at the design stage [20].

Fire insulation materials can be applied to postpone the FRP
debonding process. Various insulation materials can be used to
increase fire endurance in experimental investigations of EB
FRP systems.

The insulation system not only lengthens the duration of
FRP strengthening effectiveness but also influences the
properties of concrete and steel, as it reduces the temperature
inside the concrete core through the fire duration. Even higher
than 5 h of fire resistance (as per ASTM E119 [33]) was
achieved in the case of an columns confined by FRP tested with
insulation system in a series of experimental investigations
carried out by Kodur, Bisby, Chowdhury et al. [34 — 38].
However, it was not possible to determine the time until the
debonding of the FRP in any of the aforementioned
experimental investigations.
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do uszkodzenia) lub nieustalonym (elementy sa obciazane
do czgs$ciowego wykorzystania nosnosci, a nastgpnie ogrze-
wane az do uszkodzenia).

Systemy FRP do wzmocnienia zewnetrznego

Odporno$¢ ogniowa elementow konstrukcyjnych, wzmoc-
nionych zewngtrznie kompozytami FRP, oméwiono w [16 +21],
a zasadnicze wnioski ptynace z nowszych badan przedsta-
wiono w tabeli 1. Wyniki badan wzmocnionych zewngtrznie
elementow zginanych bez dodatkowej izolacji wskazuja, ze
system kompozytowy FRP traci swoja skuteczno$¢ nawet
po kilku minutach. Zmiany wtasciwo$ci materiatow systemu
wzmacniajacego FRP zachodza nawet przy nieznacznie pod-
wyzszonej temperaturze (odpowiadajacej temperaturze ze-
szklenia, tj. 65 — 120°C) [5]. Oprocz degradacji wlasciwosci
mechanicznych, krytycznym procesem decydujacym o sku-
tecznosci zewngtrznego systemu FRP jest odklejanie si¢ war-
stwy FRP od betonu. Nastepuje to przede wszystkim z powo-
du uplastycznienia zywicy uzywanej do mocowania FRP
do elementu. Celem badan opisanych w [22 — 31] byta ocena
mozliwosci zastosowania dodatkéw do zywic, modyfikuja-
cych ich zachowanie w podwyzszonej temperaturze (np. opoz-
niajacych proces uplastyczniania), ale jednocze$nie moga one
skutkowaé pogorszeniem wlasciwosci mechanicznych zywi-
cy. Dobre wyniki badan uzyskiwano w przypadku wykorzy-
stania klejow na bazie spoiw mineralnych lub zastosowania
tzw. systemow TRM (ang. Textile Reinforced Mortar) [32]

Odpornos¢ ogniowa elementu konstrukcyjnego zalezy
w znacznym stopniu od wilasciwosci mechanicznych i ter-
micznych elementu zelbetowego przed wzmocnieniem. Jeze-
li stopien wzmocnienia (proporcja zwigkszenia no$nosci uzy-
skanej w wyniku zastosowania kompozytu FRP w stosunku
do no$nosci elementu przed wzmocnieniem) jest maly, to mo-
ze okazac sig, ze nawet po utracie skutecznos$ci systemu FRP,
element konstrukcyjny nadal jest w stanie wytrzymac obcig-
zenia przez dhugi czas w warunkach pozaru (nawet dtuzej niz
2 h). Wiaze sig to z redukcja obciazen w warunkach pozaru
w porodwnaniu z maksymalnymi obcigzeniami projektowymi.
W zwiazku z tym na etapie projektownia zachodzi koniecz-
no$¢ wlasciwej oceny obciazen w czasie pozaru [20].

W celu op6znienia procesu odklejania FRP mozna zastoso-
wac wyroby do izolacji przeciwpozarowej. W eksperymental-
nych badaniach systeméw EB FRP stosowano rdzne materia-
ly izolacyjne (np. wermikulitowo-perlitowe, cementowe czy
krzemianowo-wapniowe) w celu zwigkszenia odpornosci
ogniowe;j.

Zastosowanie systemu izolacji nie tylko wydtuza czas trwa-
nia skutecznego wzmocnienia FRP, ale takze wplywa na wia-
Sciwosci betonu i stali przez obnizenie temperatury wewnatrz
elementu podczas pozaru. W przypadku systemu izolacji stu-
péw zewngtrznie wzmocnionych przez FRP, w serii badan
eksperymentalnych wg ASTM E119 [33] przeprowadzonych
przez Kodur, Bisby, Chowdhury i wsp. [34 — 38], osiagnigto
nos$no$¢ ogniowa nawet wigksza niz 5 h. Nie udato sig jednak
okresli¢ czasu do odklejenia FRP w zadnym z wymienionych
badan eksperymentalnych stupow.
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Table 1. Summary of the latest research in investigations on EB strengthened concrete elements at/after high-temperature exposure (continued on page 79)
Tabela 1. Podsumowanie najnowszych badan dotyczqcych elementow wzmocnionych EB w czasie lub po ekspozycji na wysokq temperature (cd. na str. 79)

Analysed elements Test procedure/methods Main findings References
Concrete cylinders (@150 mm x 300 mm) strengthened = compressive strength after heating (up to 300°);  a significant increase of compressive strength [40] post heat,
with carbon fibre sheets attached to concrete with the the failure range and type, load-displacement at elevated temperature; loss of ductility also reduced scale,
use of geopolymer adhesive; specimens with various relations, axial and hoop strains analysed noticed compression
quantities of fibre layers investigated (0, 1, 2 or 3)
CFRP (Carbon Fibre Reinforced Polymer) heating up to 300° for 1, 2 and 3 hours prior the loss of compressive strength due to heating increased  [41] post heat,
and GFRP (Glass Fiber Reinforced Polymer) to compressive tests with the elongation of elevated temperature submission ~ reduced scale,
— confined cylinders (100 mm x 200 mm) time and for 3 hours of heating was equal to approx. 25% compression

for the CFRP system and 38% for the GFRP system

Concrete cylinders (@70 mm x 300 mm) wrapped with heating up to 140° for 3 hours before the presence of concrete shell caused the increase [42] post heat,
BFRP (Basalt Fibre Reinforced Polymer); common compressive tests of maximum force by 14%; adding polypropylene  reduced scale,
and temperature-resistant epoxy adhesives; an fibres to the concrete shell resulted in improved compression
additional external shell was cast for some series, using carrying ability, however, strain values also
of plain and polypropylene-microfiber-reinforced significantly increased
concrete
CFRP and GFRP confined concrete cylinders heating at various levels of temperature insulation systems appeared to be effective [43] post heat,
(@110 mm x 220 mm) with thermal insulation (up to 350°) for 2 hours, prior to compressive at higher values of temperature (e.g. 350°) in terms  reduced scale,

tests (performed after cooling down the cylinders) of the ultimate strength increasing in comparison  compression
to non-insulated cylinders; a gain of ultimate
strength was higher in the case of the plaster
layer (83% for GFRP and 56% for CFRP at 350°)
rather than for mortar (66% and 31%,

respectively)

CFRP strengthened concrete cylinders numerical simulation using Concrete Damage good resemblance to experimental data (difference  [44], [45] post heat,
(@ 4 x 8 “—about @ 100 mm x 200 mm) Plasticity with reference to available experimental ~ up to 27% concerning failure load) reduced scale,

data; after hygrothermal treatment at the tempe- compression

rature of 100° and 180°, compressive strength tests

performed
Circular RC columns, @242 mm x 900 mm; reinforced heating up to 800° for 3 h prior to compressive higher loss of stiffness had been demonstrated [46] post heat,
with 4 10 mm steel main bars and 5 circular 6 mm steel testing rather than loss of capacity; registered load was not  reduced scale RC
stirrups) strengthened with various techniques: below the service load level for insulated columns ~ (Reinforced Concrete)
(1) no strengthening, (2) one layer of CFRP sheet (part submitted to 3 hours long heating at temperature columns, compression
of the specimens with cement-based thermal 800°, which proves the effectiveness of the
insulation), (3) one layer of 5 CFRP strips combined proposed insulation method; efficiency of
with NSM steel bars (part of the specimens with strengthening techniques submitted to heating prior
cement-based thermal insulation), (4) one layer of to compressive tests was highest for GFRP with
GEFRP sheet combined with NSM steel bars, (5) Textile NSM steel bars technique; TRM with NSM steel
Reinforced Mortar (TRM) combined with NSM steel bars system appeared to be most effective in terms
bars; each strengthened column designed to have a of total strain energy per unit volume at ambient
similar bearing capacity at ambient temperature temperature
100 mm x 100 mm x 300 mm RC columns; non- heating (up to 720°) for 3 hours prior to experimental results were compared to the model [48] post heat,
reinforced or with following reinforcement: 4 main ~ compressive strength testing; some of the presented in ACI 440.2R-08 [47], which demon- reduced scale, RC
steel bars — 4.4 mm; and 6 rectangular steel stirrups —  specimens were cured in water for 3 days after strated high deviations from experimental results; columns
4.4 mm; CFRP or GFRP wrapped heating calibration of the model was proposed and differences

up to about 5% were obtained for modified formulas

Thermally insulated full-scale RC columns; fire resistance tests along with numerical if the specimen did not fail until gaining 5 hours [49], [37], [38], [50]
@400 x 3734 mm or 305 mm x 305 mm x 3734 mm  simulations of fire resistance, the mechanical load was fire resistance,
(with rounded corners); column with circular cross increased till failure of the element; a good full-scale,
section: spiral steel transverse reinforcement with agreement between numerical and experimental RC columns
50 mm pitch, 11.3 or 10 mm and 8 main steel bars results; the use of fire insulation resulted in fire
with 19.5 mm or 20 mm diameter; column with resistance increase from 210 min to over 300 min;
rectangular cross section: 10 mm steel ties spaced at shrinkage cracks noted in spray-applied thermal
about 300 mm and 4 25 mm main steel; 1 or 2 layers insulation should be investigated and eliminated
of CFRP for better performance of the system
400 mm x 150 mm x 3000 mm RC slabs; 4 @ 12mm  ISO 834 fire exposure; influence of temperature  the numerical model validated on the basis of [51], [52] fire
bars; 1 or 2 layers of CERP; with or without gypsum  changes on constituent materials’ parameters previous experimental results of fire tests in terms  resistance, full scale,
insulation boards, with or without rockwool and bond degradation due to temperature increase of deflections and temperature distribution; the RC slabs

was considered in the FEM simulation consequences of neglecting bond strength reduction

due to temperature rise were highlighted, as it may
lead to overestimation of overall elements’ fire
resistance; proper use of thermal insulation can lead
to an increase of fire resistance in CFRP EB RC
slabs by 60-90 minutes; achieving T, value

in CFRP did not cause the failure of the element

Concrete beams 16” x 4.3 “x 4.1” (about 406 mm x  after heating up to 180°, 3-point bending tests good agreement with experimental results (max [44], [45] post heat,
109 mm x 104 mm); CFRP at the bottom of the beam  performed, FEM analysis with CDP model discrepancy at the level of 27%); proposed reduced scale,
for concrete was used to visualize the cracking numerical model enabled step-by-step visualization ~concrete beams
process of damage evolution process

1212025 (nr 640) 78
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Table 1. Summary of the latest research in investigations on EB strengthened concrete elements at/after high-temperature exposure (continued from page 78)
Tabela 1. Podsumowanie najnowszych badan dotyczqcych elementow wzmocnionych EB w czasie lub po ekspozycji na wysokq temperature (cd. ze str. 78)

Analysed elements

4 types of beams, designed to achieve typical forms of
failure; 200 mm x 450 mm x 4000 mm beams with 4 main
steel bars (12 mm) and stirrups spaced at 100 mm near
supports and 250 mm in the mid-span; 4 point bending
tests; CFRP strengthened elements

RC beams (150 mm x 300 mm x 3400 mm), 2 x 10 mm
steel main bars on the upper and bottom part of the
beam section, 6 mm steel stirrups spaced at 150 mm;
strengthened with CFRP laminates (50 mm x 1.2 mm,
ended 125 mm before the support); insulated with three
types of materials: sprayed vermiculite-perlite,
expanded clay aggregates and ordinary Portland cement

2 beams 200 mm x 450 mm x 4700 mm (Figure 1a),

L1 and L2 designations, and 2: 200 mm x 500 mm x
5200 mm — L3 and L4; bottom reinforcement bars, steel:
L1and L2 —two 12 mm bars; L3 —2 16 mm;

L4 -2 20 mm; upper bars, steel: L1 and L2 —2 8 mm;
L3 and L4 -2 8 mm; CFRP sheets (200 mm x 0.167 mm),
2 layers; U — wrap anchorages additional insulation;
thermal insulation in various configurations

CFRP reinforced thermally insulated rectangular

RC beams; 200 mm x 300 mm x 3000 mm, 200 mm x
500 mm x 6000 mm, 100 mm x 120 mm x 1500 mm,
200 mm x 500 mm x 5200 mm, 250 mm x 400 mm x
4400 mm

Insulated T-shaped beams; Figure 1b — cross-section
(3900 mm span length); CFRP protected with
vermiculite-gypsum plaster

RC beams with two types of strengthening: CFRP and
CFRP and (Carbon Fibre Reinforced Geopolymer);
dimensions: 250 mm x 400 mm x 5300 mm;
reinforcement: 2 steel longitudinal 22 mm bars in
tension and 2 steel longitudinal 12 mm bars in
compression; 10 mm thick fire insulation at the bottom
of the beam and on 80 mm height parts of sides

Test procedure/methods

failure process analysis of CFRP strengthened
elements (without thermal insulation) submitted
to temperatures up to 70°C during the mechanical

tests

fire resistance tests

fire resistance tests; load ratios: 0.435 or 0.63;
temperature measured at concrete- FRP interface

comparative numerical analysis in reference to five
experimental investigations: [54 — 58] in standard
fire tests; load ratios: 0.36 — 0.63; four- or six-point

bending

parametric FEM study in reference to earlier
experimental data [60], [61]; fire resistance tests

6 point bending test, load ratio 0.5-0.53;

fire resistance tests

Main findings

differences between thermal coefficients of concrete
and FRP caused propagation of thermal stresses, espe-
cially near the plate ends; tests of full-scale beams re-
vealed that failure modes observed closer to the ancho-
rage zone (called in [19] as “debonding at the end
anchorage zone” and “concrete-cover rip-off”’) were
more affected by the temperature influence than those
achieved in other parts of the beam (“debonding due to
high shear stresses” and “deboning at shear cracks”)

vermiculite-perlite insulation material appeared to be
most effective; good mechanical performance of the
mortar and its low thermal conductivity is the reason for
the better performance of element insulated with VP; in
the case of expanded clay aggregates premature loss of
effectiveness was observed despite low thermal
conductivity, which was attributed to its worse
mechanical properties and lower surface adherence

satisfactory level of fire resistance of even 2 hours was
obtained for CFRP-strengthened RC structural elements
with 50 mm thick coating, calcium silicate board and ultra-
thin fireproof coating located on whole span fire enduran-
nee; the T, value in the strengthening system was reached
after only 60 min. of fire without resulting in element’s
failure; the major role of fire insulation was seen in preven-
ting from adhesive failure in an early stage of fire expo-
sure and limiting the reduction of concrete and internal
reinforcement performance due to temperature rise in the
later stage; the location of the anchorage outside the fire-
exposed zone was confirmed to significantly enhance the
fire performance of the strengthened element

neglecting temperature dependence of FRP thermal pro-
perties does not affect predicting of sectional temperatu-
re; there is, however, the necessity of taking into account
alteration of insulation’s thermal parameters due to tem-
perature increase; both — neglecting loss of bond strength
due to temperature increase on FRP/concrete interface

or assuming a complete loss of such strength — leads to
unrealistic results; non-linear bond-slip relations are
suggested to give a better assessment of the fire resistance
of bent FRP EB RC structural elements

good agreement in terms of temperature distribution and
mid-span deflections; although increasing moisture con-
tent appeared to enhance the thermal performance of the
beam, its influence on the structural performance of the
element should not be neglected; nonlinear increase of
mid-span deflections was reported as a result of the
increase of total strain and cracking propagation process

CFRG strengthening system remained fully effective
under high-temperature exposure, thus, CFRG
strengthened structural elements revealed lower
deflections for a longer duration; however, the fire
resistance of CFRG-strengthened elements was not
higher than CFRP CFRP-strengthened beams; applying
a layer of primer between geopolymer and insulation
was proposed as a solution to premature debonding of
thermal insulation of CFRG system cracking
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CFRP strengthened concrete joints of a three-story RC fire resistance after simulated earthquake loads research is particularly significant in relation to real
frame (Figure 2): horizontal element —210.5mmx 210.5mm  (cyclic lateral loads); three performance levels were  situation elements’ performance predictions as
cross-section, 8 steel 10 mm reinforcing bars; vertical analyzed according to FEMA356, which were: earthquakes often are followed by fire; a significant
element — 175 mm x 210.5 mm, 5 steel 10 mm reinforcing immediate occupancy (10), life safety (LS) and increase in PEF (Post Earthquake Fire) resistance was
bars; the length of CFRP- strengthened area: 175 mm (in  collapse prevention (CP) — drift (the ratio of lateral ~ noted for CFRP-strengthened elements at LS and CP
each of three directions) drift to total height of specimen) values 1.0,2.0 and  levels, which was 25% and 35% respectively;
4.0%, respectively relocation of the plastic hinge from the joint face further
out into the beam influences such increase in PEF
resistance value
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10 beams 150 mm x 450 mm x 4700 mm with CFRP fire resistance tests
strips and with insulation made of gypsum boards and
non-insulated

fire resistance rating over 4 h achieved [66] fire resistance,

full scale, RC beams

79 1212025 (nr 640)



SCIENCE IN CONSTRUCTION — SELECTED PROBLEMS

a) RC beam b) 1220 applied load/zadawane obciazenie
50 mm P
o Ommdide 2] | 125 125 | =
coating coatingor40mm 2| — =\ CERP hening/
- calciumsilicate o = — . : strengthening
\\ " boardor ,5mm ;Engg%aénm‘;nnﬂl wzmocnienie CFRP
ultrathin coating ! e | —————
(depending on 100 ——=_X\ | vermiculite/gypsum mortar constatnt load/
the specimen + (25 or 40 mm thick) state obciazenie
300
type)
L2 layers CFRP

CFRP

20 mm thick coating

Fig. 1. Examples of thermal insulation schemes analysed in the studies: a) show halves of
the beams (L1 and L2) — cut in the middle of the span [54]; b) a cross-section of the analysed

beam; dimensions in mm [62]

Rys. 1. Przykladowe schematy izolacji termicznej analizowane w badaniach: a) potéwki belek
(L1 i L2) Sciete w Srodku przesta [54]; b) przekrdj poprzeczny analizowanej belki; wymiary

wmm [62]

In terms of bent elements, insulation systems have also been
proven useful in postponing the loss of effectiveness of FRP
systems. Additionally, applying so-called “cold anchorages”
[20] — thicker insulation layers at the ends of the FRP
composites or locating anchorages of the FRP in zones with
lower temperatures — extends the duration of the FRP
strengthening system effectiveness. After the composite
debonding in a thinner insulation zone, FRP at “the cold
anchorage” remains attached to the element. The FRP
composite works as a cable, attached to the concrete at the ends,
and is still able to transfer part of the loads owing to the
catenary action. In such case sufficient length of the composite
should be insulated thick so the critical temperature in the FRP
is not gained in part of the strengthening system, but such
sufficient length is not promptly defined so far.

Tests of unloaded externally strengthened structural
elements (with or without insulation) aimed to determine the
thermal performance of the element through fire duration and
calibration of the developed numerical models. Determining
the temperature distribution during a fire is crucial in terms
of the assessment of the time when the critical temperature
is supposed to be attained in the strengthening system
materials under fire exposure. Two critical temperatures
should be considered: achieving the first of them in FRP
composite matches the loss of FRP effectiveness under fire
exposure, while the second causes irreparable changes and the
necessity of material replacement after the fire. The relations
between these temperature values and T, values have already
been a matter of concern for up-to-date investigations, but
further research should be carried out due to, amongst other
factors, variability of used material solutions. In some studies
[20] it was pointed out that using the T, value as the
temperature corresponding to the loss of effectiveness of the
FRP system is rather conservative. In addition, some of the
methods and definitions used to obtain T, values remain
controversial.

The importance of the analyses of thermal distribution along
the height or length of the structural element has been
underlined in the article [17]. Various numerical models have
been developed to analyse the thermal and structural

- {

A

Fig. 2. Scheme of CFRP strengthened con-
crete joint, own preparation on the basis
of [65]

Rys. 2. Schemat betonowego polqczenia
wzmocnionego CFRP; opracowanie wlasne
na podstawie [65]

W przypadku elementéw zginanych, systemy izolacji ter-
micznej réwniez okazaly si¢ przydatne w opdznianiu utraty
skutecznosci systeméw FRP. Dodatkowo zastosowanie tzw.
zimnych kotwien [20] — grubszych warstw izolacyjnych
na koncach kompozytéw FRP lub usytuowanie zakotwien FRP
w strefach o nizszej temperaturze — wydtuza czas dzialania sys-
temu wzmacniajacego FRP. Po odspojeniu kompozytu w cien-
szej strefie izolacji, FRP w zimnym zakotwieniu pozostaje
przymocowany do elementu. Kompozyt FRP dziata wowczas
podobnie jak kabel przymocowany do betonu na obu koncach
inadal jest w stanie przenosi¢ czg¢§¢ obciazen dzigki dziataniu
tancuchowemu. W takim przypadku nalezy izolowaé gruba
warstwa odpowiednia dtugo$¢ kompozytu tak, aby temperatu-
ra krytyczna w FRP nie zostata przekroczona jedynie w czg-
$ci systemu wzmacniajacego. Dotychczas nie okreslono jednak
jednoznacznie, ile wynosi odpowiednia dlugoscé.

Celem badan nieobciazonych zewngtrznie wzmocnionych
elementow konstrukcyjnych (z izolacja lub bez) byto okresle-
nie parametrow cieplnych elementu przez czas trwania poza-
ru oraz kalibracja opracowanych modeli numerycznych. Okre-
$lenie rozktadu temperatury w elemencie podczas pozaru ma
kluczowe znaczenie do oceny czasu, w ktérym zostanie osia-
gnigta temperatura krytyczna w materialach systemu wzmac-
niajacego narazonych na dzialanie ognia. Nalezy wziaé
pod uwage dwie krytyczne warto$ci temperatury: pierwsza od-
powiada utracie skuteczno$ci FRP pod wplywem ognia, na-
tomiast druga skutkuje trwaltymi zmianami i konieczno$cia
wymiany materiatu po pozarze. Relacje migdzy tymi warto-
Sciami temperatury a temperatury zeszklenia (Tg) byly juz
wprawdzie celem badan, ale ich kontynuowanie jest koniecz-
ne m.in. ze wzglgdu na réznorodno$¢ stosowanych rozwiazan
materialowych. Niektore wyniki badan sugeruja [20], ze sto-
sowanie wartosci T, jako temperatury odpowiadajacej utracie
skutecznosci systemu FRP ocenia si¢ jako podejscie zbyt kon-
serwatywne. Ponadto nie wszystkie metody i definicje stoso-
wane do okreslania warto$ci T, uznaje si¢ za wlasciwe.

Znaczenie analiz rozktadu temperatury wzdtuz wysokosci
lub dlugosci elementu konstrukcyjnego podkreslono w arty-
kule [17]. Opracowano rézne modele numeryczne do anali-
zy parametrow termicznych i strukturalnych elementoéw oraz
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performance of the elements and their constituent materials.
Notably, the methodology for determining the stress level
obtained in the composite under heat exposure still remains
unclear.

Regarding the numerical models of FRP-strengthened
beams and slabs, the main consideration is related
to the temperature-dependent bond performance of the
FRP-concrete (or epoxy adhesive). Developing and
validating FRP-adhesive-concrete slip models is crucial for
the proper assessment of FRP FRP-strengthened concrete
bent structural elements. At the same time, a limited amount
of data is already available, while some of the results are
contradictory.

Considerations of possible scenarios when designing
CFRP EB strengthened structural elements in a fire situation
were summarised in [39]. These considerations relied on
experimental investigations of full-scale thermally insula-
ted and non-insulated elements with various levels of load
ratios (100 — 163% of their design capacity in fire situations
prior to strengthening). The suggested scenarios were the
following:

e scenario 1 — load level in fire lower than the resistance
of the beam prior to CFRP (Carbon Fibre Reinforced Polymer)
strengthening, thus no fire protection needed,

e scenario 2 — load level in fire lower than the resis-
tance of the beam prior to CFRP strengthening, but higher
than resistance in fire, thus regular fire protection
needed;

e scenario 3 — load level in fire higher than the resistance
of the beam prior to CFRP strengthening, thus extra fire
protection is needed.

Near Surface Mounted
FRP systems

FRP — concrete bond performance is a critical issue in
externally bonded FRP strengthening systems at elevated
temperatures, as debonding occurs relatively soon during
exposure to elevated or high temperatures. Near Surface
Mounted FRP systems (Table 2) partially overcome such
limitations, as the FRP composites are not mounted directly on
the surface of the element but are placed inside the grooves cut
in the cover. As a result, temperature increase is delayed by the
surrounding concrete with high heat capacity, which delays the
debonding process. In this case FRP composites also are
mounted using special adhesives (epoxy or grout). The role of
the adhesive is to provide good anchorage of FRP to concrete
so that the tensile or shear composite reinforcement can act
effectively. Better bonding allows achieving higher level
tensile stresses in FRP during fire [5]. Bisby et al. [20] pointed
out that higher fire resistance of NSM-strengthened concrete
structural elements (when comparing to EB-strengthened
elements) and higher critical temperature values in NSM
systems might be attributed to: thermal insulation caused by
partial embedment in concrete, mechanical confinement
provided by surrounding concrete and better bonding
performance.
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wchodzacych w ich sktad materialéw konstrukcyjnych. Na-
lezy jednak podkresli¢, ze jednoznaczny sposéb okreslania
poziomu naprezen, uzyskiwanego w kompozycie pod wpty-
wem strumienia ciepta, pozostaje nieokreslony.

W odniesieniu do modeli numerycznych belek i ptyt wzmoc-
nionych FRP, gtdwnym przedmiotem analiz jest charakterysty-
ka przyczepnos$ci betonu i FRP (Iub kleju epoksydowego) za-
lezna od temperatury. Opracowanie i walidacja modeli posli-
zgu warstwy kleju w stosunku do betonu ma kluczowe znacze-
nie do prawidlowej oceny zginanych elementow konstrukcyj-
nych z betonu wzmocnionego FRP. Jednoczes$nie dostgpna jest
ograniczona liczba danych, a ponadto niektore sg sprzeczne.

Rozwazania na temat mozliwych scenariuszy podczas pro-
jektowania elementéw konstrukcyjnych wzmocnionych CFRP
EB w sytuacji pozaru podsumowano w [39]. Rozwazania te
opieraty si¢ na badaniach eksperymentalnych pelnowymiaro-
wych elementéw izolowanych termicznie i nieizolowanych
o roznym poziomie wspolczynnikéw obciazenia (100 — 163%
ich no$nosci projektowej w sytuacjach pozarowych przed
wzmocnieniem). Sugerowane scenariusze byty nastgpujace:

e scenariusz 1 — poziom obciqzenia w pozarze nizszy niz
odpornos¢ belki przed wzmocnieniem CFRP (ang. Carbon Fi-
bre Reinforced Geopolymer), a wiec nie jest wymagana
ochrona przeciwpozarowa,

e scenariusz 2 — poziom obciqzenia w pozarze nizszy niz
odpornos¢ belki przed wzmocnieniem CFRP, ale wyzszy niz
odpornos¢ w ogniu, a wiec potrzebna jest regularna ochrona
przeciwpozarowa,

e scenariusz 3 — poziom obciqzenia w poZarze wyzszy niz
odpornos¢ belki przed wzmocnieniem CFRP i w zwiqzku z tym
potrzebna jest dodatkowa ochrona przeciwpozarowa.

Systemy FRP montowane blisko powierzchni

Przyczepnos¢ FRP jest krytycznym zagadnieniem w zewngtrz-
nie montowanych systemach wzmacniajacych FRP w podwyz-
szonej temperaturze, poniewaz ich odklejanie nastepuje dosy¢
szybko ze wzrostem temperatury. Problem ten jest czgsciowo eli-
minowany przez systemy FRP montowane przypowierzchnio-
wo (tabela 2), poniewaz kompozyty FRP nie sa mocowane bez-
posrednio na powierzchni elementu, ale umieszczane wewnatrz
rowkow wycigtych w otulinie. W rezultacie przyrost temperatu-
ry jest spowolniony ze wzglgdu na duza pojemnos¢ cieplng ota-
czajacego betonu, co powoduje opdznienie procesu odklejenia
FRP. W tym przypadku kompozyty FRP rowniez sa montowa-
ne za pomoca specjalnych klejow (epoksydowych lub mineral-
nych), ktorych rola jest zapewnienie dobrego zakotwienia FRP
do betonu, tak aby zbrojenie kompozytowe mogto dziata¢ sku-
tecznie na rozciaganie lub $cinanie. Lepsza przyczepno$¢ pozwa-
la na osiagnigcie wyzszego poziomu naprezen FRP podczas po-
zaru [5]. Bisby i in. [20] zwrocili uwagg, ze wigksza odpornosé
ogniowa elementéw konstrukcyjnych z betonu wzmocnionego
NSM, w poréwnaniu z elementami wzmocnionymi EB, jak row-
niez wigksza temperaturg krytyczng w systemach NSM mozna
przypisac: izolacji cieplnej, zapewnionej w wyniku osadzenia
w betonie, mechanicznemu ograniczeniu przez otaczajacy beton
oraz lepszej przyczepnosci.
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Table 2. Summary of the latest research in investigations on NSM-strengthened concrete elements at/after high-temperature exposure
Tabela 2. Podsumowanie najnowszych badan elementow wzmocnionych NSM w czasie lub po ekspozycji na wysokq temperature

Analysed elements

RC slab: 80 mm x 300 mm x 2000; CFRP mounted with
epoxy resin inside 5 mm x 15 mm grooves; 4 steel 6 mm
reinforcement bars

60 beams strengthened with the NSM method; specimens di-
flered also in terms of epoxy application locations (full, partial
or only at the ends; 150 mm x 150 mm x 750 mm; 2 x 8 mm
steel bars at the top, 2 x 10 mm steel bars at the bottom;
CFRP 12 mm rod mounted with two-part epoxy adhesive

12 flexural tests on reinforced concrete beams un-
strengthened and strengthened with the use of the NSM
technique; 150 mm x 150 mm x 1450 mm; T, values:
160°C —220°C and T, (decomposition temperature):
320°C -360°C

Beams 150 mm x 150 mm x 1450 mm beams with NSM
singular CFRP strengthening bar mounted with cemen-
titious grout; 2 x 6 mm steel bars at top, 2 x 10 mm steel
bars at bottom; 16 mm x16 mm groove, inside which

8 mm CFRP bar mounted

GFRP NSM strengthened beams; 200 mm x 300 mm x
2000 mm; mortar and epoxy adhesives; 2 x 29 mm steel
main reinforcement bars; GFRP with two lap splice areas
with a length of 400 mm each

Beams 140 mm x 180 mm x 2400 mm; 1, 2 or 3 CFRP
strips at the bottom; epoxy adhesive

NSM and EB beams with various thicknesses of thermal
insulation in the anchorage zone and the rest of the span;
100 mm x 120 mm x 1500 mm beams; 2 x 6 mm steel
reinforcement bars at top and 2 x 6 mm bars at the bottom;
fire protection (calcium silicate boards) thickness:
anchorage zone — 0-50 mm; rest of the span — 0-25 mm,;
NSM (two CFRP strips 10 mm x 1.4 mm, epoxy-based
adhesive) or EB (one 20 x 1.4 mm CFRP strip, epoxy
based adhesive)

100 mm x 120 mm x 1500 mm beams; 2 x 6 mm steel rein-
forcement bars at top and 2 x 6 mm bars at the bottom;
strengthened in flexure by CFRP strips; various thicknesses
of insulation were used — from 0 to 25 mm at the midspan of
the beam and 0 to 50 mm at the anchorage zone; the effec-
tiveness of calcium silicate boards as thermal insulation was
also analysed; two types of adhesives: epoxy and grout

RC beams; span: 2 — 5 m; height: 200 — 500 mm;
thickness: 130 mm — 310 mm

250 mm x 110 mm x 1500 mm RC slabs; 3 x 6 mm steel
reinforcement bars at top and 3 x 6mm — at the bottom; EB,
NSM or Continuous Reinforcement Embedded at the Ends
(CREAatE) strengthening techniques; the CREatE method is
about mounting the anchorages of the reinforcement inside
angular holes inside the element (in that case 30°, anchorage
length 194 mm and curve radius 120 mm; calcium silicate
boards fire protection with increased thickness at the ends

Test procedure/methods

four-point bending test under steady and
transient state conditions at the temperature
up to 80°C

after submission to various conditioning
processes: temperature 70-180°C for 1-8 hours
and five weeks of wetting and drying in
freshwater, brine, water and magnesium
sulphate

thermal performance of NSM systems’
materials under heat exposure up to 600°; tests
performed in different configurations
(three-point bending and single cantilever)

flexural loading at ambient temperature
and fire resistance test; experimental and
numerical analysis

after removing specimens from the furnace
and cooling down, flexural tests were
performed

flexural tests during heating up to 85°C

fire resistance — temperature growth as per
ISO 834 [73]; four-point bending test;
numerical model in reference to existing
experimental data ([55], [74])

parallel to the research of EB specimens
described in [55]; ISO 834 [73] standard fire
tests

proposed simplified method of designing EB and
NSM FRP beams submitted to fire with an insu-
lation system; numerical analysis of the beha-
viour of beams with partial debonding of FRP,
which might be used for the design of structural
elements with thicker insulation in FRP ancho-
rage area in a fire situation; the model was cali-
brated with the use of reduced-scale beam results
from available literature [76] (also at ambient
temperature); then numerical parametric study
was performed

fire resistance; four-point bending test; addi-
tional numerical simulations concerning this
research programme (NSM and EB RC slabs)
presented in [78]

Main findings

regarding the results of steady-state tests, the slab submitted to 40°C
demonstrated the highest values of capacity, which was explained by post-
curing processes in an epoxy adhesive; however, for 80°C temperature a
decrease in ultimate load value was observed (by 12% in comparison

to ambient temperature); for transient state tests, a significant increase in
deformations for slabs was observed during the heating phase

severe drop in ultimate load value was observed even after exposure
to 70°C for 1 hour; exposure to temperature 180°C for 2 — 8 hours
resulted in a reduction by about 60 — 65% of ultimate load value,
while 1 hour of exposure to 180°C differed from this trend and
reduction was at the level of about 30% in that case

according to the provided data, loss of bond between CFRP bar and
cementitious grout occurs around the midpoint of the decomposition
temperature

a considerable increase in failure load (17 —25%) and yielding load (32— 36%)
was obtained during ambient temperature flexural tests; providing ancho-
rage in cool regions at lengths not less than 300 mm enabled NSM beams
to sustain the typical service load at temperatures up to 600%; the potential
of prolonging overall system performance by applying thermal insulation at
ends only instead of on all lengths of the beam has been confirmed

the epoxy technique appeared to be more effective in terms of
increasing elements’ carrying flexural loads after heat exposure, while
the use of mortar adhesive appeared to be more beneficial in terms of
deformability of the structural element; the analytical model was
proposed with good resemblance to experimental data in terms

of failure mode, strength and deformation prediction

no significant difference (in reference to ambient temperatures) for
beams tested at temperatures lower than Tg; increase of temperature to
70 and 85 °C caused reduction of load capacity and change of failure
mode (from FRP rupture to FRP debonding and concrete crushing

the 3D models were able to accurately predict temperature distribution
along the FRP-concrete interface, which was marked by a good resem-
blance to experimental data; a significantly longer time of debonding
was noticed for NSM systems when compared to EB ones, which con-
firmed their better performance in a fire situation; CFRP debonding
occur for average temperature along the anchorage zone in the FRP-con-
crete interface at the range from 1.2 T, to 1.4 T, value for the EB sys-
tem, while for NSM it was 2.4 to 4.2 T ; different critical values of
temperature are suggested to be used when designing both streng-
thening systems; for NSM additional insulation along the span resulted
in notable fire resistance improvement, while for EB only thickness of
insulation in the anchorage zone played a significant role

for the NSM technique mechanical contribution of the FRP system
was lost after even 114 min (for 50 mm thick insulation at the
anchorage zone and 25 mm in the central part of the beam), while

for reference EB strengthened specimens it was not more than 40 min;
the average temperature in the adhesive at the moment of effectiveness
loss of the strengthening system was at the level of 2.2-6.6 T, value,
while for EB it was only 1.2-1.5 T,

numerical simulations confirmed better performance of NSM FRP
beams when compared to EB ones; for the detached length of FRP
equal 10% of free span reduction of strength for NSM FRP beams
was in the range from 7 to 22%, while for their EB counterparts it was
20 —40%,; it was confirmed that owing to providing proper insulation,
after debonding of FRP system in the middle part of the element,
while remaining bonded at the ends, FRP will act as a cable, still
being able to transfer part of the loads owing to catenary action

2, 16 and 24 min to loss of effectiveness of strengthening systems

for unprotected EB, NSM and CREatE systems respectively; constant
value of thermal insulation increased these values to: over 90 min
(NSM and CREatE) and less than 30 min (EB); an increase in thermal
insulation thickness caused an increase to over 120 min (NSM and
CREatE) and slightly less than 60 min (EB)
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Summary and conclusions

Experimental and numerical results of up-to-date research
have proven that for un-insulated FRP EB systems, loss
of effectiveness under fire exposure can be observed even
after a very short time because of the softening of the resin
and, as a result, debonding FRP from concrete. Using
proper thermal insulation layers is proposed as a solution to
this problem, and current research on EB FRP structural
elements attempts to identify their influence on the FRP
system and the behaviour of the entire element for various
insulation schemes. Numerical solutions considering
simultaneous thermo-mechanical loading are sought and new
material possibilities for thermal insulation are
experimentally tested.

As full-scale tests might be expensive, reduced-scale tests
can be performed as preliminary investigations. An example
of such tests might be experimental investigations on
confined concrete cylinders or short-span beams. Reduced-
-scale element tests aim to enable an analysis of occurring
processes to conclude preliminary assumptions appropriate
for bigger elements. However, the “scale effect” should not
be neglected.

Accurate assessment of the temperature distribution in
the cross-section and along the concrete structural element
is crucial for determining design rules in fire situations
with a satisfactory level of safety. All the above-described
experimental and numerical investigations aim to deter-
mine proper design guidelines in terms of the fire beha-
viour of structural concrete elements strengthened with
FRPs.

It has been confirmed that providing anchorage of FRP in
the colder zone (e.g. when thicker thermal insulation in that
area is used) might have a positive influence on the overall
behaviour of the concrete elements incorporating FRP
reinforcement. NSM-mounted systems have a beneficial
influence in terms of their high-temperature fire resistance in
reference to EB systems, as the mounting reinforcement inside
the concrete element provides additional thermal insulation.
Providing anchorages inside the concrete element in drilled
holes (CREatE systems) is another promising technique.
However, two main problems may be mentioned in that case:
providing good dispersion of adhesive inside the drilled hole
in order to achieve the highest bonding performance (which
may be especially difficult to achieve at the construction site)
and avoiding existing reinforcement during drilling (which
may be dense in elements planned to be strengthened/repaired
in the close-to-support area owing to intensifications of shear
forces).

The available numerical simulations have demonstrated
high accuracy in EB or NSM strengthened concrete structural
elements’ fire resistance determination. Extended material
tests should always be a source of input data in that case (to
determine material parameters). It is recommended to
determine glass transition temperature (T) and
decomposition temperature (T,) of used FRP, as well as the
influence of temperature on its deformability and strength.
Similar analysis should be carried out for the adhesives,
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Podsumowanie i wnioski

Dotychczasowe wyniki eksperymentalne i numeryczne do-
wiodly, ze w przypadku nieizolowanych systeméw FRP EB
utratg skutecznosci pod wptywem ognia mozna zaobserwo-
waé nawet po bardzo krotkim czasie z powodu zmigkczenia
zywicy 1 w efekcie odklejenia FRP od betonu. Jako rozwia-
zanie tego problemu proponuje si¢ zastosowanie odpowied-
nich warstw izolacji termicznej. Obecne badania nad elemen-
tami konstrukcyjnymi EB FRP sg proba okreslenia wptywu
tych warstw na system FRP oraz zachowania catego elemen-
tu w przypadku réznych schematow izolacji. Poszukiwane sa
rozwiazania numeryczne dotyczace jednoczesnego oddziaty-
wania obciazen termomechanicznych, a takze testuje si¢ do-
$wiadczalnie nowe mozliwo$ci materialowe w zakresie izo-
lacji termiczne;j.

Badania w pelnej skali geometrycznej wymagaja duzych
naktadow finansowych, dlatego tez alternatywe¢ moga stano-
wi¢ badania w skali zredukowanej, jako badania wstgpne.
Przyktadem sa badania eksperymentalne wzmacnianych wal-
cow betonowych lub belek o matej rozpigtosci. Testy elemen-
tow w zmniejszonej skali maja na celu umozliwienie analizy
zachodzacych proces6w w celu sformutowania wstegpnych za-
tozen dotyczacych pelnowymiarowych elementéw. Nalezy
jednak uwzgledniaé ,,efekt skali”.

Doktadna ocena rozktadu temperatury w przekroju i wzdhuz
elementu konstrukcyjnego ma kluczowe znaczenie do okre-
$lenia zasad projektowania w sytuacjach pozarowych, z za-
chowaniem zadowalajacego poziomu bezpieczenstwa. Opisa-
ne badania eksperymentalne i numeryczne w tym zakresie
maja na celu okreslenie wiasciwych wytycznych projekto-
wych dotyczacych odpornosci ogniowej elementow konstruk-
cyjnych z betonéw wzmacnianych FRP.

Potwierdzono, ze zakotwienie FRP w chtodne;j strefie (np.
7 zastosowaniem grubszej izolacji termicznej w tym obszarze)
moze mie¢ pozytywny wpltyw na ogdlne zachowanie sig ele-
mentdw ze zbrojeniem FRP. Systemy montowane przypo-
wierzchniowo (NSM) maja korzystny wptyw na odporno$é
ogniowa takich elementow konstrukcyjnych w wysokiej tem-
peraturze w poréwnaniu z systemem EB, poniewaz umieszcze-
nie kompozytu wewnatrz elementu zapewnia dodatkowa izo-
lacje termiczna. Kolejna obiecujaca technika jest zapewnienie
zakotwien wewnatrz elementu w wywierconych otworach
(systemy CREatE). W tym przypadku mozna jednak wymie-
ni¢ dwa gltéwne problemy: zapewnienie dobrego rozprowadze-
nia kleju wewnatrz wywierconego otworu w celu uzyskania
najlepszych parametrow klejenia (moze to by¢ szczegolnie
trudne do osiagnigcia na budowie) oraz uniknigcie istniejace-
go zbrojenia przy wierceniu (moze ono by¢ geste w elemen-
tach planowanych do wzmocnienia/naprawy w obszarze przy-
podporowym ze wzgledu na intensyfikacjg sit §cinajacych).

Dostegpne symulacje numeryczne wykazaty duza doktad-
no$¢ w okreslaniu odpornosci ogniowej elementéw konstruk-
cyjnych wzmacnianych w systemach EB lub NSM. Zrodtem
danych wejsciowych (tj. parametrow materiatu) zawsze po-
winny by¢ w takim przypadku szerokie badania materiatowe.
Zaleca si¢ okreslanie temperatury szklenia (Tg) oraz dekom-
pozycji (T,) zastosowanego FRP oraz wplywu temperatury
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paying particular attention on bond performance issues and
its reduction at high temperature. In addition, thermal
expansion tests for FRP and adhesives are recommended to
achieve higher accuracy in terms of thermal bowing
assessment and deflection prediction.

It has already been proven that EB FRP strengthened
concrete columns can achieve a satisfactory level of fire
resistance when thermally insulated. More accurate numerical
models might enable a better assessment of the fire
performance of such structural elements, especially in terms
of determining the time when the EB system bond between the
concrete and FRP is lost based on the temperature distribution
in the element.

Most current investigations on FRP-strengthened bent
structural elements (such as beams and slabs) have focused
on thermally insulated systems. The efficiency of such
insulation use in aim to provide sufficient fire performance
in terms of the bearing capacity of the element has been
confirmed. The usefulness of such materials as vermiculate
perlite and calcium silicate boards as insulation layers has
been confirmed. However, the exploration of new material
solutions in that area is still recommended. In such
investigations, apart from the thermal properties of
insulation materials, their mechanical properties, toxicity,
and flame spread parameters should also be considered.
Additionally, not only insulation material type and thickness
account for the determination of fire behaviour of such
structural elements, but also insulation material location
along the element and in its cross-section is important. In the
arca of material solutions, also the adhesives based on
cementitious and geopolymer composites have provided
interesting results.

The potential use of EB FRP concrete structural elements in
regions threatened by earthquakes should be carefully
considered with the use of additional data from post-
earthquake fire resistance tests, as a very limited amount of
data is currently available in that area.

Although NSM systems have already been proven to
demonstrate better performance at elevated temperatures
than EB structural elements, only a limited number of
experimental and numerical investigations are available.
Despite some similarities in both systems, debonding processes
seem to occur at very different temperatures for the NSM and
EB systems (e.g.in relation to the glass transition temperature).
Despite the benefits gained from “hiding” FRP inside groves
cut in concrete covers, NSM also systems require additional
thermal insulation to provide a safe level of their effectiveness
in a fire situation.
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na jego odksztatcalno$¢ i wytrzymatos¢. Podobna analizg
wlasciwosci materiatowych nalezy rowniez przeprowadzié
w przypadku zastosowanego kleju, zwracajac wowczas
szczegblng uwage na kwestie zwiazane z przyczepnoscia
oraz jej redukcja pod wptywem temperatury. Ponadto zale-
ca si¢ prowadzenie dodatkowych testow rozszerzalnosci
cieplnej FRP i kleju w celu uzyskania duzej doktadnosci
w ocenie odksztalcenia termicznego i przewidywanego ugig-
cia. Udowodniono juz, ze stupy betonowe wzmacniane
w systemie EB FRP moga osiagnac¢ zadowalajacy poziom od-
pornosci ogniowej po zastosowaniu izolacji termicznej. Do-
ktadniejsze modele numeryczne umozliwia lepsza oceng od-
pornosci ogniowej takich elementéw konstrukcyjnych, szcze-
gblnie dotyczaca okreslenia czasu, w ktérym przyczepnosé
FRP do betonu zostaje utracona na podstawie wynikow roz-
ktadu temperatury w elemencie.

Wigkszos¢ obecnych badan nad zginanymi elementami kon-
strukcyjnymi wzmocnionymi FRP (np. belki i ptyty) koncen-
truje si¢ na systemach izolowanych termicznie. Potwierdzono
skutecznos$¢ zastosowania takiej izolacji w celu zapewniania
wystarczajacej nosnosci ogniowej. Potwierdzono przydatno$é
takich materiatow, jak ptyty wermikulitowo-gipsowe czy krze-
mianowo-wapniowe, jako warstw izolacyjnych. Nadal jednak
konieczne jest poszukiwanie nowych rozwiazan materiato-
wych. W tego typu badaniach, oprocz wtasciwosci cieplnych
materiatow izolacyjnych (zmiennych wraz ze wzrostem tem-
peratury), nalezy réwniez wzia¢ pod uwage ich wlasciwosci
mechaniczne, toksyczno$¢ oraz parametry rozprzestrzeniania
si¢ ptomienia. Ponadto o zachowaniu sig takich elementow
konstrukcyjnych w warunkach pozaru decyduje nie tylko ro-
dzaj i grubos¢ materiatu izolacyjnego, ale takze rozmieszcze-
nie wzdtuz elementu i w jego przekroju (np. pogrubienie izo-
lacji w strefach kotwienia systemu FRP). W przypadku roz-
wiazan materiatowych roéwniez kleje na bazie kompozytow ce-
mentowych oraz geopolimerowe przyniosty interesujace wy-
niki w odniesieniu do systemow EB i NSM.

Potencjalne zastosowanie elementéw konstrukcyjnych EB
FRP w regionach zagrozonych trzgsieniem ziemi powinno
by¢ starannie rozwazone z wykorzystaniem dodatkowych
danych z badan odpornosci ogniowej po takim zdarzeniu,
poniewaz obecnie dostgpna jest bardzo ograniczona ilos¢ da-
nych w tym obszarze. Udowodniono wprawdzie, ze syste-
my NSM lepiej zachowuja si¢ w podwyzszonej temperatu-
rze niz systemy EB, ale dostgpna jest ograniczona liczba ba-
dan eksperymentalnych i numerycznych. Pomimo pewnych
podobienstw w zachowaniu obu systemow, procesy odspa-
jania zachodza w bardzo réznej temperaturze w przypadku
NSM i EB. Nalezy wigc stosowac rozne wartosci tempera-
tury krytycznej (np. w odniesieniu do temperatury zeszkle-
nia) dla obu systemow. Pomimo korzysci ptynacych z ,,ukry-
cia” FRP, wewnatrz rowkow wycigtych w otulinie betono-
wej, systemy NSM rowniez wymagaja dodatkowej izolacji
termicznej, aby zapewni¢ bezpieczna ich efektywnosé w sy-
tuacji pozaru.
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