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Abstract. Investigations on Fibre Reinforced Polymers (FRPs)
at ambient temperature have already proved their effectiveness
as an internal reinforcement as an alternative to traditional steel
reinforcement because of their high mechanical performance
and durability. However, their performance at elevated and high
temperatures requires proper understanding to enable safe design
methods, as FRPs are highly vulnerable even to 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 of internally FRP-reinforced concrete
structural elements as well as 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; Fibre Reinforced Polymer; elevated
temperature; fire performance; full-scale tests; reduced-scale
tests.

ibre Reinforced Polymers (FRPs) are gaining interest in

the construction industry owing to their favourable

mechanical properties. However, the application of FRPs

inside buildings is still limited because of their problematic
fire performance which narrows their application potential and has
been an area of extensive research over the last decade. In the
concrete construction industry, they are typically used in one of
three ways: (1) Externally Bonded or (2) Near Surface Mounted
systems, which aim to strengthen existing elements, and (3) internal
reinforcement made of composite instead of steel.

The last trend, which is the subject of this study, involves the
replacement of steel reinforcement bars with non-metallic bars
before casting the structural element. Such an exchange might
be considered advantageous in harsh environments, where high
corrosive resistance is required. Using FRPs as internal rein-
forcements seems to be attractive owing to their beneficial
mechanical performance, high durability, and electrical indif-
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Streszczenie. Badania dotyczace kompozytow z polimerow wzmac-
nianych wtdknem (ang. Fibre Reinforced Polymer) w temperaturze
pokojowej wykazaty ich efektywnos¢ jako wewngtrznego zbrojenia
jako alternatywe dla tradycyjnego zbrojenia stalowego dzigki swo-
im wysokim parametrom mechanicznym i trwatosci. Jednakze, ich
zachowanie w podwyzszonych i wysokich temperaturach wymaga
wciaz odpowiedniego zrozumienia, aby umozliwi¢ bezpieczne me-
tody projektowania, poniewaz FRP sa bardzo wrazliwe nawet na nie-
znacznie podwyzszone temperatury. Ponadto nalezy doktadnie roz-
wazy¢ aspekty zwiazane z przewodnoscia cieplna i palnoscia. Arty-
kul ma na celu przedstawienie aktualnego przegladu stanu wiedzy do-
tyczacego badan w skali zredukowanej oraz petnoskalowych ele-
mentow konstrukcyjnych betonowych z wewnetrznym zbrojeniem
FRP oraz wnioski dotyczace kierunkow dalszych badan. Pod katem
parametrow mechanicznych przeanalizowano wyniki badan po wy-
grzewaniu oraz pod wptywem jednoczesnego obciazenia termome-
chanicznego (W stanach nieustalonym i ustalonym).

Stlowa kluczowe: beton, polimer wzmacniany wldknem;
podwyzszona temperatura; zachowanie w pozarze; badania
petnoskalowe; badania w zredukowane;j skali.

olimery wzmocnione wtdoknami (FRP) ciesza sig¢ co-

raz wigkszym zainteresowaniem w przemysle budow-

lanym ze wzgledu na swoje korzystne wtasciwosci

mechaniczne. Jednak zastosowanie FRP w budownic-
twie jest nadal ograniczone ze wzgledu na problemy zwiaza-
ne z odporno$¢ ogniowa, co zaweza ich potencjat aplikacyjny
1 bylo przedmiotem szeroko zakrojonych badan w ciagu ostat-
niej dekady. W przypadku betonowych elementéw konstruk-
cyjnych kompozyty sa zwykle stosowane na jeden z trzech spo-
sobow: (1) systemy montowane zewngtrznie (ang. Externally
Bonded — EB) lub (2) systemy montowane blisko powierzch-
ni (ang. Near Sufrace Mounted — NSM), ktore maja na celu
wzmocnienie istniejacych elementow, oraz (3) zbrojenie we-
wnetrzne wykonane z kompozytu zamiast stali.

Ostatni trend, ktdry jest przedmiotem niniejszego opracowa-
nia, polega na zastgpowaniu stalowych pretow zbrojeniowych
pretami niemetalowymi przed zabetonowaniem elementu kon-
strukcyjnego. Taka wymiana moze by¢ uwazana za korzystna
w trudnych warunkach, gdzie wymagana jest wysoka odpor-
no$¢ na korozj¢. Stosowanie FRP jako zbrojenia wewngtrzne-
go wydaje si¢ by¢ atrakcyjne ze wzgledu na korzystne para-
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ference. Additionally, the environmental friendliness of FRP
reinforcement remains high compared to that of traditional re-
inforcement [1 —4].

Owing to their high reliability, FRP bars have been widely
used in bridges, viaducts, open-air garages [5 — 7] and other
constructions, in which extensive corrosion resistance is impor-
tant. An increase in construction durability results in a reduc-
tion of necessary renovation work. Usage possibilities for of-
fshore [1] and geotechnical [8] structures have also been repor-
ted. Concrete elements incorporating FRP bars instead of ste-
el bars can be an attractive solution when electrical indifferen-
ce is required. Up-to-date research has also proved that FRP
composites can meet the requirements for tendons in prestres-
sed structural elements [9].

Additionally, the environmental friendliness of FRP reinforce-
ment remains high compared with that of traditional reinforce-
ment. The ease of crushing the structural elements with FRP after
demolition makes them suitable for further reuse (bars do not ne-
ed to be separated before crushing, as in the case of steel reinfor-
cement) [2]. Moreover, the energy and cost consumption rates of
the production processes are significantly lower than those of
iron and stainless steel bars [1]. Lifecycle assessment analyses of
construction with FRPs and their contribution to sustainable de-
velopment have been widely discussed [3, 4].

In this study, the authors discuss results from previous
studies that experimentally and theoretically examined the be-
haviour of concrete structural elements with FRP internal rein-
forcement subjected to elevated and high temperatures. The
need for future research in this area has also been high-lighted.

Concrete structural elements
with internal FRP reinforcement

In the case of thermal analysis of concrete structural elements,
in which traditional steel reinforcement is replaced by FRP bars,
the significance of concrete cover thickness has already been un-
derlined [10] (similar to steel-reinforced structural elements). An
adequate concrete cover may provide appropriate thermal perfor-
mance, resulting in the ability to
sustain service loads during fire
exposure [10]. A few experimen-
tal studies and numerical inve-
stigations have been summari-
sed in [10], most of which per-
tain to beams or slabs rather than
columns. The necessity of con-
sidering the presence of FRP
bars and monitoring the tempe-

metry mechaniczne, wysoka trwato$¢ i obojgtnos¢ elektrycz-
na. Ponadto FRP jest uznawane za material przyjazny dla sro-
dowiska w poréwnaniu z tradycyjnym zbrojeniem [1 —4].

Ze wzgledu na wysoka niezawodnos¢, prety FRP znajduja
szerokie zastosowanie w mostach, wiaduktach, otwartych ga-
razach [5 — 7] i innych konstrukcjach, w ktorych wazna jest
wysoka odpornos¢ na korozjg. Wzrost trwatosci konstrukcji
skutkuje redukcja koniecznych prac remontowych. Znane sa
réwniez mozliwosci wykorzystania FRP w konstrukcjach mor-
skich [1] 1 geotechnicznych [8]. Elementy betonowe zawiera-
jace prety FRP zamiast pretow stalowych moga by¢ atrakcyj-
nym rozwiazaniem, gdy wymagana jest oboje¢tnos¢ elektrycz-
na. Dotychczasowe badania dowiodty rowniez, ze kompozy-
ty FRP moga spetnia¢ wymagania stawiane ciggnom w spre-
zonych elementach konstrukcyjnych [9].

Zbrojenie FRP jest wysoce przyjazne srodowisku w porow-
naniu z tradycyjnym zbrojeniem stalowym. Latwos¢ krusze-
nia elementéw konstrukcyjnych z FRP po rozbiérce sprawia,
ze nadaja si¢ one do dalszego ponownego wykorzystania (pre-
ty nie musza by¢ oddzielane przed skruszeniem, jak w przy-
padku zbrojenia stalowego) [2]. Co wigcej, wskazniki zuzycia
energii i kosztow w procesach produkcyjnych sa znacznie niz-
sze niz w przypadku pretow na bazie zelaza i ze stali nie-
rdzewnej [1]. W publikacjach [3, 4] szeroko omowiono anali-
zy oceny cyklu zycia konstrukcji z wykorzystaniem kompo-
zytow FRP i ich wkladu w zrownowazony rozwdj.

W niniejszej pracy autorzy omawiaja wyniki wczesniej-
szych badan, w ktorych eksperymentalnie i teoretycznie ana-
lizowano zachowanie si¢ betonowych elementéw konstrukcyj-
nych ze zbrojeniem wewngtrznym FRP poddanych dziataniu
podwyzszonych i wysokich temperatur. Zwrdcono rowniez
uwage na potrzebg przysztych badan w tej dziedzinie.

Betonowe elementy konstrukcyjne
z wewnetrznym zbrojeniem FRP

W przypadku analiz termicznych betonowych elementéw
konstrukcyjnych, w ktorych tradycyjne zbrojenie stalowe zosta-
lo zastapione pregtami FRP, podkreslane jest
znaczenie grubos$ci otuliny betonowej [10]
(podobnie jak w przypadku elementow kon-
strukcyjnych zbrojonych stalg). Odpowied-
». nia otulina betonowa moze zapewni¢ wyma-
gane zachowanie w warunkach nagrzewania,
co skutkuje zdolnoscia do wytrzymywania
obciazen eksploatacyjnych podczas naraze-
nia na dziatanie ognia [10]. Kilka badan eks-
perymentalnych i analiz numerycznych zo-

rature through the length of the Schemes of analysed reinforcement arrangements; stato podsumowanych w [10], z ktorych wigk-

element is underlined. Thermal
stresses on FRP bar — concrete

own preparation on the basis of [32]; blue — steel re-
inforcement; red — FRP reinforcement; reinforce-
ment in tension: a) three closed loops; b) two closed

szo$¢ dotyczy belek lub ptyt, nie zostaty jed-
nak uwzglednione stupy. Podkreslono ko-

interfaces, which may result in Joops; ¢) straight bars with 440 mm long splice; Niecznos¢ uwzglednienia obecnosci pretow

additional cracking, should not d) straight rebars

FRP i monitorowania temperatury na catej

be neglected. The summary of Schematy analizowanych ukladéw zbrojenia, opracowanie - dhygoci elementu. Nie nalezy rowniez po-

the latest research on internally
FRP-reinforced concrete element
are presented in table.
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wiasne na podstawie [32]; niebieski — zbrojenie stalowe;
czerwony — zbrojenie FRP; zbrojenie rozciqgane: a) trzy . . i
zamkniete petle; b) dwie zamkniete petle; c) prety proste wierzchni styku pret-beton FRP, ktére moga
z lqczeniem na zaktad o dlugosci 440 mm, d) prety proste powodowac dodatkowe zarysowania (tabela).

mija¢ wpltywu naprezen termicznych na po-
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Summary of the latest research on internally FRP-reinforced concrete elements at/after high-temperature exposure — to be continued

on page 196

Podsumowanie najnowszych badan dotyczqcych elementow betonowych z wewnetrznym zbrojeniem z FRP w czasie/po ekspozycji na wysokq

temperature — cd. na str. 196
Analysed elements
1

— concrete decks doubly reinforced with
GFRP bars

— thin concrete panels (170 cm x 40 cm

x 4 cm) with GFRP unidirectional bars

(7 x 8 mm bars);

— two types of 8 mm bars were examined
(Schock ComBAR® and FiReP® Rebar P)
with two concrete cover thicknesses
—5mm and 10 mm

- 500 mm x 60 mm x 500 mm;
— geopolymer concrete and basalt or
glass 6 mm FRP bars

— 1200 mm x 200 mm x 3900 mm (re-
inforced with 16 mm GFRP bars spaced
by 100 mm);

— 1250 mm x 180 mm x 4000 mm
(reinforced with 12 mm GFRP bars
spaced by 125 or 200 mm)

— the presence of so-called “cold
anchorages” analysed;

—RC slabs reinforced with sand-coated
GFRP bars;

— the influence of concrete cover thick-
ness, presence and length of overlapping
directly exposed to fire and concrete
strength have been taken into account;
— bars continuous or spliced;

—slabs 250 mm x 110 mm x 1100 mm
(width x height x exposed span) — 6 mm
GFRP bars spaced by 160 mm

—slabs 250 mm x 110 mm x 1100 mm
(width x height x exposed span);

— straight or 90 degrees bent bars in the
lap area;

— 8 mm or 12 mm glass FRP bars

Test procedure/methods
2

— a detailed transient thermal analysis — top fire
situation Model developed in ANSYS-Release
Version, validated with the use of up-to-date
literature data [11]

— panels were loaded till the established part of
bending capacity, then the lower surface was
heated up to 210°C (so in bars temperature near
glass transition of the bars was established), then
the temperature was sustained at a constant level
for 65 min;

— finally, mechanical flexural tests were performed
in four-point bending tests at ambient temperature

— specimens heated up to 650°C, then cooled
down and mechanical load applied

— FE simulation conducted for FRP reinforced
one-way RC slabs submitted to simultaneous
thermal and mechanical load;

— two steps (as usual for RC structures): (1) ther-
mal analysis was used in order to determine
values of nodal temperatures resulting from the
heat transfer, (2) stress calculations based on the
previous temperature distribution results;

— validation on experimentally available

data [18, 19]

—ISO 834 [21] standard fire and sustained
mechanical load in four-point bending test

— continuation of [22] research programme exten-
ded for tension lap splices analysis — fire resis-
tance test

Main findings
3

— tables including fire resistance (according to ASTM
E119[12], ASTM 1529 [13], HCM and RWS [14] fire
models) as a function of top concrete cover and critical
design temperature of the bars were proposed;

— loss of mechanical properties of GFRP concers mostly
serviceability issues the increased surface cracks signi-
ficantly increased deflections and does not cause a threat
of deck collapse

— external surface finishing (differing two types of
used bars) appeared to have a significant influence on
the bending response of panels concerning initial
stiffness and local level of strain;

— reduction of initial global stiffness was observed as
a result of the loading heating program performed in
the first phase of the experiment;

—any evidence of bars’ degradation or bar-concrete
interface was noted;

— all specimens failed by concrete crushing in post-
-heating flexural tests with almost intact rebars

— similar performance for slabs tested at ambient
conditions and after exposure to 350°C, while signi-
ficantly different after 550 and 650°C

— direct relation between temperature distribution
within unexposed anchor zones and time till failure
has been confirmed;

— proposed modification of heat transfer parameters
enabled improvement of the thermal analysis accu-
racy in that matter;

— the model appeared to accurately simulate the effect
of “thermal bowing”, which is a rapid increase of def-
lections in mid-span submitted to rapid heating during
a fire;

— more material tests of the thermal expansion
coefficient are recommended, which might result in
better accuracy of the model, as it had the biggest
influence on errors during the analysis

— providing a relatively low temperature in the ancho-
rage zone (up to 108°) can result in providing relati-
vely long fire resistance of the element (from 80 to
150 min);

— as a result of applying “cold anchorages” loss of
resistance occurred long after debonding of FRP in the
midspan;

— the mechanism of failure was tensile rupture of
reinforcement;

— introducing overlapping inside the parts of the ele-
ment exposed to direct heating, resulting in a reduc-
tion of fire resistance to less than 20 min, which under-
lines the importance of proper consideration of this
detail in future design guidelines;

— as assumed, lowering the concrete cover resulted in
a decrease in fire resistance, which was accompanied
by an intensity of the cracking process leading to an
increase in FRP bars’ heating

— beams with straight-ended overlapped bars failed in
19 — 39 mm, while providing 90 degrees curvature re-
sulted in an increase of the failure time to 75 minutes

712025 (nr 635)

Ref.
4

[15] (fire
resistance,
full-scale
RC slabs)

[16] (post-
heat,
non-structural
elements)

[17] (post heat,
reduced scale
RC slabs)

[20] (fire
resistance,
full-scale RC
slab)

[22] (fire
resistance,
full-scale RC
slabs)

[23] (fire
resistance,
full-scale RC
slab)
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Summary of the latest research on internally FRP-reinforced concrete elements at/after high-temperature exposure — continued from
page 195

Podsumowanie najnowszych badan dotyczqcych elementow betonowych z wewnetrznym zbrojeniem z FRP w czasie/po ekspozycji na wysokq
temperature — cd. ze str. 195

Analysed elements Test procedure/methods Main findings Ref.
1 2 3 4

— finishing type of the bar analysed — fire resistance tests; — 55% of the overall — two slabs with 60 mm concrete cover (suggested by  [19] (fire
(sand-coating and sand-coating with two  capacity of slabs at ambient temperature, which ~ CSA S806 [24] to provide 2 hours of fire resistance)  resistance,
fibre helices wound on rebar); was higher than the service load expected to were submitted to standard fire tests according to full-scale RC
— 1200 mm x 200 mm x 3900 mm (rein-  occur in a real situation (based on serviceability = ASTM E119 [12] and sustained over 3 hours; slab)
forced with 16 mm GFRP bars spaced by  design criteria) — the design guidelines given in [24] appeared to be
100 mm); rather conservative;

— although the loss of bond between bars and concrete
in material tests occurred at a temperature close to the
glass transition temperature, in the element’s test 200 mm
length of anchorage zone in an unexposed-to-heat area
appeared to be effective in anchoring the bars;

— although all of the resin got burnt, none of the bars
inside the slab failed in a rupture mode;

— numerical modelling appeared to be effective in
predicting temperature distributions in cross-sections
and could be used to assess loss of FRP strength

— the high-performance concrete slabs — midspan vertical displacement and CFRP — significant differences in through-thickness tempe-  [26] (fire
prestressed with CFRP tendons; draw-in were controlled during the fire exposure; rature distributions for identical specimens observed;  resistance,
— three specimens with dimensions 200 x  — the thermocouples were placed throughout the ~ — identical specimens Slab #2 and Slab #1 failed in full-scale RC
450 x 3360 mm and two specimens 200 x section’s height in the middle of the span, along  various modes (concrete spalling and loss of ancho-  slabs)
600 x 3360 mm were tested simulta- the support area (at unheated length) and close to  rage, respectively) at the different duration of the fire
neously — 6 mm CFRP tendons the support exposure (12 and 42 minutes)

— slabs varying with the dosage of PP fibres (added to

concrete to avoid spalling), the addition of 2 kg/m?

3 mm long fibres appeared to be significantly less

effective in concrete spalling prevention than the

addition of 1.2 kg/m* 6 mm long fibres;

— the available European standard for concrete in fire [25]

suggests a dosage of 2 kg/m? PP fibres to avoid spalling

(without any information on desirable fibre length),

which seems to be contradictory to the presented results;

— the presence of CFRP grids within the anchorage

zones led to the postponement of the failure process in

slabs, for which failure occurred by loss of anchorage;

— loss of anchorage started, when the temperature at the lo-

wer edge of CFRP in the midspan was about 310°, regard-

less of the temperature at the unheated, anchorage zone;

—reasons for such a phenomenon are not clear, howe-

ver, authors suggested that it could be related to pro-

cesses of longitudinal thermal conduction and/or

thermal expansion of the FRP

— unheated and post-heated beams; — beams analysed experimentally and theoreti- — beams with BFRP bars demonstrated the highest re-  [28] (post heat,
— 130 mm x 180 mm x 1200 mm beams  cally (with and without taking into account the duction of initial stiffness due to cracking, followed by reduced
with 2 x 6 mm bars at the top and 2 x 10 bar slippage effect); specimens with GFRP, CFRP and steel reinforcement; scale RC
mm bars at the bottom — the heating process lasted 4 hours and the maxi- - the ultimate load value of control and post-heated ~ beams)
mum value of temperature was close to 500°C specimens calculated using ACI standard [27] without

taking into account slippage of the bars were
overestimated in comparison to measured values;

— however, the method, which included the influence of
FRP-concrete slippage instead of perfect bond assump-
tion, met experimental results with reasonable accuracy

— mounting steel caps at the ends of FRP  — FRP-reinforced beams after exposure to high ~ — applying steel caps at the ends of FRP reinforcement [29] (after

bars with the use of high temperature- temperatures (up to 500°C) increased the following parameters in tested beams: ~ heat, reduced
resistant epoxy adhesive; load-carrying capacity, cracking load, stiffness and scale RC
— the caps were covered with thermal total absorbed energy; beams)
insulation; —however, it resulted in a ductility decrease;
—130 mm x 180 mm x 1200 mm; — the positive influence of the caps was more evident
—2 x 6 mm bars at the top and 2 x 10 mm in the case of previously heated specimens than in the
bars at the bottom case of those undamaged
— GFRP reinforced beams prepared with ~ — subjected to heat exposure up to 600°C (stable — the maximum load value was slightly reduced at [30] (after
the use of steel fibre-reinforced high- temperature sustained for 1 hour) and then loaded 250°C, notably improved at 400°C and significantly  heat, reduced
strength concrete; till failure; — as far as failure load was determi-  decreased severe degradation at 600°C; scale RC
— 150 mm x 150 mm x 1260 mm; ned, the processes of cracking propagation and ~ — a similar trend was observed when analysing the beams)
— 2 x 8 steel reinforcement bars at the top  strain development have been analysed as well;  deformability of the element — the influence of tem-
and 2 x 6 or 8 mm GFRP bars at the — the variables changed within the experiment perature was positive up to 400°C
bottom were fibre volume, reinforcement ratio and
applied temperature

196 712025 (nr 635)
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Summary of the latest research on internally FRP-reinforced concrete elements at/after high-temperature exposure — continued from
page 196
Podsumowanie najnowszych badan dotyczqcych elementow betonowych z wewnetrznym zbrojeniem z FRP w czasie/po ekspozycji na wysokq
temperature — cd. ze str. 196
Analysed elements Test procedure/methods Main findings Ref.
1 2 3 4
— the new arrangement of reinforcement ~ — submitted to flexural tests at ambient tempera- — at ambient temperature specimens with the loops [32] (fire
tension bars (Fig. 1) — overlapping areas  ture and under fire exposure; failed at lower load values due to the shear of the resistance,
analysed; concrete at the overlapping area; redu-
— 150 mm x 160 mm x 1610 mm beams — — the sustained load capacity at elevated temperature  ced scale RC
2 x 6 mm steel reinforcement bars at the in comparison to straight reinforcement bars was beams)
top (none in the midspan) and 2 x (5 mm observed previously in push-off bond tests [31] but
x 5 mm) CFRP at the bottom was prevented by the shear process in overlapping
areas in fire performance tests (similar to ambient
temperature tests)
— various types of FRP: basalt FRP, hybrid — beams loaded to the half of their ultimate — both HFRP and nHFRP revealed atypical beha- [33, 34] (post-
basalt-carbon FRP and nano-hybrid FRP; strength capacity, then unloaded, heated, viour, which was a decrease in deflection after heat, full
— beams 140 mm x 260 mm x 3200 mm  naturally cooled down and tested till flexural gaining a certain value of temperature in the heating scale RC
failure phase; beams)
— the phenomenon might be related to the thermal
expansion coefficient of the carbon fibres;
— the force-deflection behaviour of both post-heated
and unheated beams was similar;
—however, the reduction of the maximum load value
was notable (a reduction of up to 43% when com-
pared to specimens submitted to ambient tempera-
ture only);
— moreover, the mode of failure changed from com-
pression damage for unheated specimens to tension
zone damage in post-heated specimens;
— the above-stated might be related to loss of strength
in FRP reinforcement due to previous heating
—2x10 mm CFRP or 2 x 12 mm GCFRP - after heating up to 600°C; — significant increase in the ultimate capacity, deflec- [35] (post heat,
bars in tension zone of the beam; — four-point bending tests performed tions and crack width after heat exposure (e.g. about reduced
— 150 mm x 200 mm x 1800 mm 40% after 2 hours of 400°C exposure in terms of scale RC
crack width and 100 % and 22% in terms of def- beams)
lections — GFRP and CFRP respectively, same
exposure);
— high accuracy of a proposed numerical model
(differences up to 10% when maximum crack width,
stiffness and residual bearing capacity are analysed)
— 140 mm x 260 mm x 3200 mm beams  — continuation of the research project [33] expan- — BFRP-RC beams appeared to have higher fire [36] (fire
with 2 x 8 mm steel reinforcement bars at ded by behaviour analysis of FRP reinforced resistance (approximately 100 min); resistance,
the top (none in the middle span) and 2 x  beams submitted to simultaneous thermo-me- — failure modes were also different for BFRP and full-scale RC
14 mm BFRP, HFRP or nHFRP bars at  chanical load; HFRP/nHFRP reinforced beams, which were a tensile beams)
the bottom; — beams submitted to 50% of ambient tempera-  rupture and concrete crushing respectively;
— BFRP: Basalt FRP; HFRP: hybrid carbon-  ture bearing load and then heated accordingly to  — as to beams with hybrid reinforcement it was also
-basalt FRP; nHFRP: hybrid carbon-basalt ISO 834 [21] standard fire definition noted after the removal of the concrete cover that the
FRP with nano-modification of the matrix resin of FRP bars evaporated during tests
—200 mm x 300 mm x 2700 mm with —a simplified method for analysing the behaviour — good agreement to experimental results was [38] (during
steel and GFRP bars (2 x 12 mm steel in ~ of hybrid and steel RC beams under thermo-me-  achieved; heating,
compression and 2 x 16- 22 steel and chanical load (both: steady and transient state) — validation with the use of experimental data also appea- ~ full-scale RC
8-20 mm GFRP in tension) proposed; the analytical data was compared to red to be useful in predicting the failure mode of the element; beams)
the available results — load ratios in experiments  — the proposed model, relying on the strain compatibi-
[37]: 0.32-0.51 lity and forces equilibrium of the beam section, might
be a good alternative to more human resources and
time consumptive numerical analyses
Half-scale column height 1 m temperature measurements during heating com-  good accuracy of theoretically derived model in terms  [39] (post hea-
Cross sections from 350 mm x 350 mm  pared with FEM results; post-heating materials  of temperature prediction ting, reduced-
to 450 mm x 450 mm properties tests -scale RC
columns)
Column 3.7 m in height and 300 mm fire resistance test and FEM analysis — fire resistance of above 3h (fire resistance,
in diameter BFRP reinforcement full-scale RC
— 12 mm in diameter columns) [40]
712025 (nr 635) 1 97



198

FIRE SAFETY

Discussion

Fibre Reinforced Polymer (FRP) is a light, high-strength
and durable material. Its electric indifference, high corrosion
resistance, high tensile strength, good damage tolerance,
good fatigue performance, and low energy consumption du-
ring the fabrication of raw materials should also be emphasi-
sed, as these are benefits that enable multiple potential appli-
cations in various industries.

FRP reinforcement bars are considered a good alternative
to steel reinforcement, mainly because of their high tensile
strength and corrosive resistance. Nevertheless, the problems
with serviceability (extended cracks and deflections) and
poor performance at elevated and high temperatures of such
structures still limit their application possibilities within the
concrete industry. Such problems result from the main disa-
dvantages of the bars: low modulus of elasticity and high re-
duction in mechanical properties even at slightly elevated
temperatures. In addition, reducing the compressive strength
(when compared to the tensile strength value) might be
challenging [40 — 42].

Various types of additives can be added to the matrix to limit
the negative influence of temperature on FRP bars. In addition,
the presence of concrete cover, which limits oxygen ingression,
is supposed to prevent bars from burning and increase their
strength at high temperatures. However, this assumption may
only be true before the appearance of concrete cracks. The
mechanical performance of the bar, as well as its interaction
with concrete at high temperatures, is a challenge when
considering fire situations. In this regard, two aspects are
especially important:

e potential cracks resulting from differences between the
thermal expansion of concrete and bar;

e reduction in bond stresses along the anchor length
(necessity of increasing the anchor length of the bar).

The literature review confirmed that there is a lack of
knowledge concerning the incorporation of FRPs and
concrete elements under compression and fire conditions.
With the few aforementioned exceptions, the normative and
experimental investigations concern mostly bent elements
(slabs and beams).

Most analyses for all types of reinforcement systems (inc-
luding internal, EB, and NSM systems) pertain to carbon-ty-
pe FRPs and epoxy adhesives. Although a large experimen-
tal database is already available, enabling good calibration of
numerical models and the use of novel methods of analysis
(e.g. artificial neural networks), the data are still considered
insufficient. Further experimental investigations should be
extended to other types of materials, such as FRPs with bio-
-based fibres [43] or modified matrix FRPs). Moreover, expe-
rimental investigations on various configurations of overlap-
ping areas and bar shapes are essential. In addition, other test
stand configurations are recommended, as in most cases,
four-point bending tests are performed. Shear — or compres-
sive-dominant schemes should be considered along with
fatigue performance analyses.

Several guides, including normative documents [44 — 51].
consider the safe design of concrete elements with FRP
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Dyskusja

Polimer wzmocniony witoknem (ang. FRP) jest lekkim, wytrzy-
matym i trwatym materialem. Nalezy rowniez podkresli¢ jego
obojetnos¢ elektryczna, wysoka odporno$é na korozje, wysoka
wytrzymato$¢ na rozciaganie, dobra tolerancj¢ na uszkodzenia,
wysoka wydajnos¢ zmeczeniowa i niskie zuzycie energii podczas
wytwarzania, poniewaz sa to korzysci, ktore umozliwiaja wiele
potencjalnych zastosowan w roéznych gateziach przemystu.

Prety zbrojeniowe FRP sa uwazane za dobra alternatywe dla
zbrojenia stalowego, gtéwnie ze wzgledu na ich wysoka wytrzy-
malo$¢ na rozciaganie i odpornos¢ na korozj¢. Niemniej jednak
problemy z uzytkowalnoscia (intensywniejsze zarysowanie i ugie-
cia) oraz staba wydajno$¢ tego typu konstrukcji w podwyzszonych
i wysokich temperaturach nadal ograniczaja ich mozliwosci za-
stosowania w konstrukcjach betonowych. Takie problemy wyni-
kaja z gtéwnych wad pretéw: niskiego modutu sprezystosci i du-
zego obnizenia wlasciwosci mechanicznych nawet przy nieznacz-
nie podwyzszonych temperaturach. Ponadto zmniejszenie wytrzy-
malosci na $ciskanie (w poréwnaniu z warto$cia wytrzymatosci
na rozciaganie) moze rowniez stanowi¢ wyzwanie [40 — 42].

Do polimerowej matrycy pretdow mozna dodawaé rdéznego
rodzaju dodatki, aby ograniczy¢ negatywny wplyw tempera-
tury na prety FRP. Dodatkowo obecno$¢ otuliny betonowe;j,
ktora ogranicza przenikanie tlenu, ma zapobiega¢ paleniu sig
pretow i zwigkszad ich wytrzymatos¢ w wysokich temperatu-
rach. Jednak to zatozenie moze by¢ prawdziwe tylko przed po-
jawieniem si¢ zarysowania betonu. Parametry mechaniczne
preta, a takze jego interakcja z betonem w wysokich tempera-
turach, stanowia wyzwanie przy rozpatrywaniu sytuacji poza-
rowych. W zwiazku z tym szczegdlnie wazne sa dwa aspekty:

e potencjalne zarysowania wynikajace z réznic migdzy
rozszerzalnoscia cieplna betonu a pretem;

e zmniejszenie naprgzen przyczepnosci na dlugosci
zakotwienia (konieczno$¢ zwigkszenia dtugosci zakotwienia).

Przeglad literatury potwierdzit, ze brakuje wiedzy na temat
stosowania elementow betonowych z FRP w warunkach
$ciskania i pozaru. Poza nielicznymi wyjatkami rozwazania
normatywne i dos§wiadczalne dotycza gtdéwnie elementow
zginanych (plyt i belek).

Wigkszo$¢ analiz dla wszystkich typow systemdw zbrojenio-
wych (w tym zbrojenia wewngetrznego, EB i NSM) dotyczy we-
glowych FRP i matryc epoksydowych. Chociaz dostgpna jest juz
obszerna eksperymentalna baza danych, umozliwiajaca dobra
kalibracj¢ modeli numerycznych i stosowanie nowatorskich me-
tod analizy (np. sztucznych sieci neuronowych), dane sa nadal
uwazane za niewystarczajace. Dalsze badania powinny zostac¢
rozszerzone na inne rodzaje materiatow, takie jak FRP z wiok-
nami pochodzenia biologicznego [43] lub FRP o zmodyfikowa-
nej matrycy. Ponadto niezbedne sa eksperymenty dotyczace
roznych konfiguracji zakotwien i ksztaltow pretow. Zalecane sa
tez inne konfiguracje stanowisk testowych, poniewaz w wigk-
szosci przypadkow wykonywane sa czteropunktowe proby zgi-
nania. Nalezy rozwazy¢ schematy z dominacja $cinania lub $ci-
skania wraz z analizami wytrzymatosci zmgczeniowe;j.

W przypadku kilku dostgpnych wytycznych projektowania,
w tym w dokumentach normatywnych [44 — 51], rozwaza si¢
bezpieczne wymiarowanie elementéw betonowych ze zbroje-



reinforcement. Issues related to fire resistance remain one of
the biggest challenges to be overcome. Safety in the case of fire
is a basic requirement for building construction according to
Regulation No. 305/2011 of the European Parliament and
Council [52].

To draw proper application areas for FRP internal reinfor-
cement of concrete structural elements, clear recommenda-
tions for the assessment of their fire resistance, toxicity, and
smoke generation should be evaluated and justified. As
already mentioned in the literature, a few methods of fire
performance assessment confirmed high levels of accuracy,
some can be approved for design purposes [53, 54], but
only under clearly underlined assumptions (e.g. necessity
of confirmation of the similar mechanical parameters for
materials).

Concluding remarks

Design guidelines for typical steel internal reinforcement are
complex and address many aspects, such as the shape of the
bar or overlapping areas. These guidelines are based on many
years of investigation and observation of real-scale elements.
Not all of them should be thoughtlessly ,,mirrored” to assess
the performance of FRP bars. In this case, experimental inve-
stigations of various configurations of overlapping areas and
bar shapes are essential. Moreover, other configurations of the
test stand are recommended in addition to the four-point ben-
ding tests which are performed in most cases. Shear or compres-
sive-dominant schemes should be considered, along with fati-
gue performance analyses.

As an alternative to internal steel bars, FRP reinforcement
bars have been included in the latest release of the European
standard for the design of concrete structures. However, fire sa-
fety aspects have not been widely discussed in the current ver-
sion of this document. The potential use of such bars might be
possible only when there is no demand in terms of the fire re-
sistance class, which significantly limits potential application
areas.

In addition, in most numerical and experimental
investigations, the ISO-834 curve is used for temperature-
time dependency determination, whereas in real fire
situations, such a curve may be significantly different,
depending on many variables (e.g. type of used materials or
presence of fire sprinkler systems). A more performance-
based approach can be suggested, including analyses of
various fire scenarios adjusted for particular types of
buildings (e.g. with Computational Fluid Dynamics analyses
in fire included).

When FRP is an internal rein-forcement, the concrete cover
plays a significant role in the protection of the bars from
excessive heating and prevention of burning, as long as oxygen
ingression is limited. However, the cracking process (owing to
both thermal and mechanical loading) can lead to the creation
of exposed, weaker zones of the bars, increasing deformations
of the element and reducing its capacity.

Using thermal insulation in anchorage zones has already
proven to be effective in terms of postponing the process of
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niem FRP. Kwestie zwiazane z odpornoscia ogniowa pozosta-
jajednym z najwigkszych wyzwan, z ktorymi trzeba si¢ zmie-
rzy¢. Bezpieczenstwo w przypadku pozaru jest podstawowym
wymogiem dla budownictwa zgodnie z Rozporzadzeniem Par-
lamentu Europejskiego i Rady nr 305/2011 [52].

Aby nakresli¢ wlasciwe obszary zastosowania zbrojenia we-
wnetrznego FRP betonowych elementow konstrukcyjnych, na-
lezy ustali¢ jasne zalecenia dotyczace oceny ich odpornosci
ogniowej, toksycznosci i wytwarzania dymu. Jak juz wspo-
mniano w literaturze, istnieje kilka metod oceny odpornosci
ogniowej o potwierdzonym wysokim poziomie doktadnosci,
niektore moga by¢ zatwierdzone do celow projektowych
[53, 54], ale tylko przy wyraznie podkre§lonych zatozeniach
(np. konieczno$¢ potwierdzenia podobnych parametrow me-
chanicznych dla materiatow).

Podsumowanie

Wytyczne projektowe dla typowego stalowego zbrojenia we-
wnetrznego sa ztozone i dotycza wielu aspektow, takich jak ksztatt
preta lub strefy zakotwien pretow. Wytyczne te opieraja si¢ na wie-
loletnich badaniach i obserwacjach elementow w skali rzeczywi-
stej. Nie wszystkie z nich powinny by¢ ,,lustrzanie” przekopio-
wane bez wigkszego zastanowienia w celu oceny wydajnosci pre-
tow FRP. Niezbedne sa badania eksperymentalne réznych konfi-
guracji stref zakotwien i ksztaltow pretow. Ponadto oprocz czte-
ropunktowych prob zginania, ktore sa wykonywane w wigkszo-
$ci przypadkow, zalecane sa inne konfiguracje stanowiska testo-
wego. Nalezy rozwazy¢ schematy z dominacja $cinania lub $ci-
skania, wraz z analizami wytrzymalosci zmgczeniowe;.

Jako alternatywa dla wewnetrznych pretéw stalowych, preg-
ty zbrojeniowe FRP zostaly wtaczone do kolejnej wersji euro-
pejskiej normy dotyczacej wymiarowania konstrukcji betono-
wych. Aspekty bezpieczenstwa pozarowego nie zostaly jednak
szeroko omoéwione w obecnej wersji tego dokumentu. Poten-
cjalne zastosowanie takich pretow moze by¢ mozliwe tylko
wtedy, gdy nie ma zapotrzebowania na klasg odpornosci ognio-
wej, co znacznie ogranicza potencjalne obszary zastosowan.

Ponadto w wigkszo$ci badan numerycznych i eksperymen-
talnych krzywa ISO-834 jest wykorzystywana do wyznacza-
nia zalezno$ci temperaturowo-czasowej, podczas gdy w rze-
czywistych sytuacjach pozarowych taka krzywa moze si¢
znacznie r6zni¢, w zaleznosci od wielu zmiennych (np. rodza-
ju uzytych materiatow lub obecnosci przeciwpozarowych in-
stalacji tryskaczowych). Mozna zaproponowa¢ podejscie
w wigkszym stopniu oparte na wydajnosci, w tym analizy r6z-
nych scenariuszy pozarowych dostosowanych do poszczeg6l-
nych typow budynkoéw (np. z uwzglednieniem analiz oblicze-
niowej dynamiki ptynéw w przypadku pozaru).

Gdy FRP stanowi zbrojenie wewngtrzne, otulina betonowa
odgrywa znaczaca rolg w ochronie prgtow przed nadmiernym
nagrzewaniem i zapobieganiu przed spalaniem si¢ preta, o ile
ograniczone jest wnikanie tlenu. Jednak proces zarysowania
betonu (ze wzgledu na obciazenie zarowno termiczne, jak i me-
chaniczne) moze prowadzi¢ do powstawania odstonigtych,
stabszych stref pretow, zwigkszajac odksztatcenia elementu
1 zmniejszajac jego no$nos¢.
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capacity loss due to heating, which is similar to the trends
observed for EB and NSM strengthening systems. Further
tests on various types of insulation materials and locations can
reveal the practical importance of these investigations.

Finishing the bar as far as the material type has a great
impact on bond performance at elevated temperatures and, as
a result, fire performance, so long as new material solutions
have been preliminarily analysed within the constituent
material tests, full-scale structural elements’ tests could
confirm the applicability of these solutions in real elements. It
is also worth mentioning that the available experimental data
in terms of the performance of full-scale elements with FRP
internal reinforcement under fire exposure are still very
limited.

Various numerical models have been developed with good
resemblance to experimental data; however, owing to the com-
plexity of the analysed issues, further experimental tests are
recommended, especially for full-scale experiments.

Finally, before determining the final application areas,
clear recommendations for the assessment of fire resistance,
toxicity, and smoke generation should be introduced to the
available standards.

Received: 10.02.2025
Revised: 04.04.2025
Published: 23.07.2025

Wykazano skutecznos$¢ stosowania dodatkowej izolacji ter-
micznej w strefach zakotwienia w celu opdzniania procesu
utraty no$nosci na skutek ogrzewania, podobnie do trendéw ob-
serwowanych w przypadku systemoéw wzmacniajacych EB
i NSM. Dalsze badania na r6znych rodzajach materiatéw izo-
lacyjnych i lokalizacjach moga ujawni¢ praktyczne znaczenie
tych badan.

Sposdb wykonczenie preta pod katem wykorzystanego ro-
dzaju materiatu ma duzy wpltyw na wydajnos¢ przyczepnosci
w podwyzszonych temperaturach, a w rezultacie na odporno$¢
ogniowg elementu. O ile nowe rozwigzania materialowe zosta-
ty wstepnie przeanalizowane w ramach testow materiatow skta-
dowych, pelnowymiarowe testy elementéw konstrukcyjnych
moga potwierdzi¢ mozliwo$¢ zastosowania tych rozwiazan
w rzeczywistych elementach. Warto rowniez wspomnie¢, ze do-
stgpne dane doswiadczalne w zakresie pelnowymiarowych ele-
mentow ze zbrojeniem wewngtrznym FRP w warunkach eks-
pozycji ogniowej sa nadal bardzo ograniczone.

Opracowano rézne modele numeryczne z dobrym podo-
bienstwem do danych eksperymentalnych; Jednak ze wzglg-
du na ztozono$¢ analizowanych zagadnien zaleca si¢ dalsze ba-
dania eksperymentalne, zwlaszcza w przypadku eksperymen-
tow w pelnej skali.

Podsumowujac, przed okresleniem ostatecznych obszarow
zastosowan, do dostgpnych norm nalezy wprowadzi¢ jasne
zalecenia dotyczace oceny odpornosci ogniowej, toksycznosci
pozarowej 1 wytwarzania dymu.

Artykut wphynagl do redakeji: 10.02.2025 1.
Otrzymano poprawiony po recenzjach: 04.04.2025 r.
Opublikowano: 23.07.2025 r.
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