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bars under fire conditions
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Abstract: The FRP reinforcement gained importance due to high tensile strength, high durability
and ecological friendliness [1-7]. Its usefulness as the internal or Near Surface Mounted reinforcement
in bent concrete elements has already been proven. Though, in terms of the compressive behaviour
of the bars and concrete elements incorporating them, there are still few experimental and numerical
considerations, especially when high temperatures are considered. This article contains further con-
siderations on the performance of concrete columns with BFRP main reinforcement in fire resistance
tests on the basis of previously presented authors’ numerical analyses. Comparative analysis in terms of
temperatures, deformations and stresses of concrete columns with BFRP and steel main reinforcement in
fire resistance tests is presented by the example of two columns, for which also experimental investigations
were performed. Also, a comparative analysis of stress-strain relations for BFRP, steel and concrete
at temperatures up to 600°C is presented. It can be concluded that BFRP bars’ properties are strongly
different when compressive and tensile performance is considered, especially at elevated temperatures.
Tensile strength was higher for BFRP than steel at room temperature, but along with temperature growth,
it came the other way (at around 600°C). The compressive strength of the BFRP bars was higher than
the value for concrete, but only for temperatures lower than 200°C.
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1. Introduction

The FRP reinforcement gained popularity due to high tensile strength, high durability and
ecological friendliness. Its usefulness as the internal or Near Surface Mounted reinforcement
in bent concrete elements has already been proven; fire safety considerations are also
available in that matter [8—11]. Though, in terms of the compressive behaviour of the bars
and concrete elements incorporating them, experimental and numerical considerations are
still rather scary, especially when high temperatures are considered.

This article contains further considerations on the performance of concrete columns
with BFRP main reinforcement in fire resistance tests on the basis of previously presented
authors’ numerical analyses [12]. Comparative analysis in terms of temperatures, defor-
mations and stresses of concrete columns with BFRP and steel main reinforcement in fire
resistance tests is presented on the example of two columns, for which also experimental
investigations were performed [12, 13]. Material tests’ results (e.g. Dynamic Mechanical
Analysis, Thermogravimetric Analysis, compressive/tensile mechanical tests at room and
high temperatures) on the BFRP bars have been discussed in [12, 14].

2. Materials and specimens

Table 1 presents used reduction ratios for compressive strength and elasticity modulus
at compression for BFRP, along with temperature growth, determined on the basis of own
studies [12, 14]. The assumptions in terms of material properties for concrete, BFRP bars
and steel bars, as well as parameters of analysed columns, are presented in Table 2.

Table 1. Reduction ratios along with temperature growth — compressive strength and elasticity modulus
at compression, BFRP bars [12, 14]

Reduction of Reduction of elasticity
Temperature .
°C] compressive strength modulus
[e] [e]
20 0 0
50 13 4
100 81 42
200 93 52
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Table 2. Assumptions for numerical modelling [12]

Columns with steel Columns with
Material Properties ,u ) W BFRP main
main reinforcement .
reinforcement
Compressive strength at room temperature 73.7 MPa! 32.0 MPa!
o - &mech dependencies in compression As per European standards [15]
at high temperatures
Tensile strength at room temperature As per European standards [16]
Concrete | 0 — emech dependencies in tension at high As per European standards [15]
temperatures
dilatation angle: 36, eccentricity: 0.1,
CDP parameters fpo/ fe0:1.16, k: 0.667 and viscosity
parameter: SE-05 [17]3
Poisson’s ratio 0.23
Density 2400 kg/m3 12
Changes in density at high temperatures As per European standards [15]
Specific heat As per Europe.an standards [15] (for 3%
moisture content)
As per European standards [15]
Thermal conductivity (medium value from the lower and upper
curve)
Yield strength of stirrups 750 MPa! 500 MPa’
Yield strength of the main bars 446 MPa! Not applicable
Steel O — Emech dependencies at high tempera- As per European standards [15]
tures
Poisson’s ratio 0.3
Density 7850 kg/m?
Specific heat 420 kJ/(kg-K)3
Thermal conductivity 45 W/(m-K) 3
Compressive strength at room temperature 500 MPal
Modulus of f;lasticity at room temperature 35 GPal
in compression
BFRP | Reduction of strength and elasticity mod-| ~ Not applicable Tab, 1

ulus in compression at high temperatures

Poisson’s ratio

Density

Specific heat

Thermal conductivity

0.25 [18-20,213]
2000 kg/m3!
1000 J/(kg-°C)*
0.5 W/(m-K)!

Continued on next page
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Table 2 — Continued from previous page

Columns with steel

Columns with

Material Properties L BFRP main
main reinforcement .
reinforcement
Columns’ height 2900 mm 3700 mm
Columns | Cross section 300 mm in diameter | 300 mm in diameter
Bars’ diameter and quantity 8#16 8#12

Stirrups’ spacing

4 cm (in upper and
lower parts) or 16
cm (the rest)

4 cm (in upper and
lower parts) or 8 cm
(the rest)

lexperimentally determined values [12-14]; 2from European standards [15] or [16];
3on the basis of literature data; “only for room temperature; Jas per grade 500 rebar

3. Methods

3.1. Stress-strain relations analysis

Firstly, the comparative analysis was performed for stress-strain relations of the three
materials (concrete in compression, BFRP in tension/compression and steel) for various
temperature ranges.

Own experiments [12, 14] were used to assume compressive performance at room
and high temperatures of the BFRP and tensile performance at room temperature. Reduction
of tensile strength and elasticity modulus along with the temperature growth was assumed
on the basis of literature data [22]. The FRP bars with similar composition were chosen in
that case (same matrix type: epoxy and similar percentage volume of fibres).

Assumptions for the concrete and steel were according to the European standard [15].
The concrete compressive strength at room temperature was equal to 35 MPa because the
column analysed in the next section was made of similar concrete. Similarly, the yield
strength of steel was assumed as 446 MPa, as the main reinforcement of the column with
steel main bars in the next section was made of such steel.

3.2. Columns with BFRP/steel main reinforcement —
comparative analysis

The analyses presented herein are the continuation of studies presented in [12]. The gen-

eral assumptions for numerical modelling are as follows.

The mesh assemblies consisted of:

— two rigid bodies (upper and lower, r3d4 mesh elements) with reference points, at
which boundary conditions for deformations were identified (lower: no rotation and
movement, upper: enabled movement at Y axis and rotation against X axis);

— three concrete parts (modelled with 15 mm cubic c3d8t coupled temperature-
displacement finite elements), connected with each other by “tie” constraint, one of
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which was heated according to standard curve [23] (lengths of heated part: 3000 mm
for the columns with BFRP main reinforcement and 1800 mm for concrete columns
with main steel reinforcement);

— reinforcement bars (modelled either by truss t3d2t — columns with steel main
reinforcement or 3D ¢3d8t — columns with BFRP main reinforcement, coupled
temperature-displacement finite elements) — columns with main steel reinforcement
as S2 column presented in [13] and columns as per Fig. 1b.

a)

rF

3 | =
Fig. 1. Columns’ numerical representation in Abaqus — specimen with BFRP main reinforcement, a)

concrete mesh (c3d8t finite elements, 15 mm), b) reinforcement bars (c3d8t finite elements, 15 mm),
c) heated part

[

AVAVAVAVAY)

i

Calculations were performed in two steps. The pressure was given through the rigid
body in the first step (static, general). Then, the heating was modelled in the second step
(coupled temp—displacement—transient) with the use of surface radiation interaction with
ambient temperature amplitude created in the form, in which every 300 seconds increment,
there is attributed a value corresponding to temperature according to [23]. The emissivity
coeflicient was assumed as 0.85 [24-26].

4. Results and discussion

4.1. Stress-strain relations’ analysis

The most beneficial advantage for the FRP bars is their high tensile strength (two times
higher than yield strength for steel — Fig. 2), while compressive strength is comparable to
steel at room temperature.

Along with temperature growth up to 100°C or 200°C, the tensile strength of the BFRP
is still much higher than the yield strength for steel, but compressive strength is almost
negligible compared to steel (Figs. 3 and 4).
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1000 steel 20°C

800 BFRP tension 20°C
<
E BFRP compression
w 000 20°C
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2
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Fig. 2. Comparison between stress-strain relationships for steel (European standard [15]) and BFRP
bars during compression (own experiments [13,14]) or tension (own experiments [12, 14] and literature
data [22]): 20°C

1000
steel 100°C
800
g BFRP tension 80°C
i 600 BFRP compression
% 100°C
E=]
o 400
200
0
0 20 40 60 80 100 120

Strain, %o

Fig. 3. Comparison between stress-strain relationships for steel (European standard [15]) and BFRP
bars during compression (own experiments [12,14]) or tension (own experiments [12,14] and literature
data [22]): 80-100°C

However, the BFRP in tension still has a quite high tensile strength, which is higher
than maximum stresses for steel at 300°C and at even 600°C (Fig. 5 and Fig. 6).

As previously mentioned, BFRP in compression has comparable compressive strength
to steel yield strength at room temperature (Fig. 2) and is significantly lower at even
slightly elevated temperatures (up to 100-200°C — Figs. 3 and 4). When comparing BFRP
to concrete, it has much higher compressive strength at room temperature (Fig. 7), but at
200°C, it decreases, and the influence of the bars might not be noticeable in compression at
and over that temperature. Moreover, it may have a negative influence by weakening the
concrete due to the possible ignition and burning of FRP bars, which then cause the internal
heating of the concrete (Fig. 10a).
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Fig. 4. Comparison between stress-strain relationships for steel (European standard [15]) and BFRP
bars during compression (own experiments [12,14]) or tension (own experiments [12,14] and literature
data [22]): 150-200°C
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Fig. 5. Comparison between stress-strain relationships for steel (European standard [15]) and BFRP
bars during tension (own experiments [12, 14] and literature data [22]): 300°C
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Fig. 6. Comparison between stress-strain relationships for steel (European standard [15]) and BFRP
bars during tension (own experiments [12, 14] and literature data [22]): 600°C
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Fig. 7. Comparison between stress-strain relationships for concrete (European standard [15]) and BFRP
bars during compression (own experiments [12, 14]): 20°C
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Fig. 8. Comparison between stress-strain relationships for concrete (European standard [15]) and BFRP
bars during compression (own experiments [12, 14]): 200°C

4.2. Columns with BFRP/steel main reinforcement — comparative
analysis

Firstly, deformations during failure, which are significantly different for each column,
are analysed (Fig. 9). For the steel-reinforced column (Fig. 9b), the formation of the failure
area is restricted to a small array, where the plastic hinge started to create. On the other
hand, the BFRP-reinforced column (Fig. 9a) demonstrated rapid buckling deformation at
some point in the simulation, followed by specimens’ failure. This may be due to the low
elasticity of the main BFRP bars compared to the stiff steel main bars in other columns.

This is also in line with the failure type of these elements in the experimental fire
resistance test (column S2 in [13] and own experiment — Fig. 10). Also, referring to the
experimental behaviour of the columns, a significant difference was that in the case of
a column with BFRP main reinforcement flames started to appear coming outside of the
concrete column (Fig. 10a).
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Fig. 9. Deformations’ map at columns’ failure: a) column with BFRP main reinforcement; b) column
with steel reinforcement

Fig. 10. Fire resistance tests of a concrete column with BFRP internal reinforcement: a) flames coming
outside of the specimen, b) failure mechanism; c) concrete column after the test

Then, temperature distributions are shown in Figs. 11 and 12, which are comparable.
The maximum value of temperature in bars (614.3°C and 649.3°C) differs mostly because
of the differences in time of failure in numerical simulation (168 min and 170 min) and
various concrete cover thicknesses (50 mm and 40 mm).

Despite comparable temperature distributions, stresses in the main bars differ significantly
(Fig. 13). As the stresses in BFRP bars are negligible (36 MPa, and might be even lower,
or the bars might be completely burnt out or destroyed in a real experiment), the steel bars
in most exploited areas still retained considerable level of stresses (204 MPa).

The maximum stresses in steel stirrups in both cases remained high (Fig. 14). They
were also about two times higher for the BFRP-reinforced element (258.2 MPa) than the
steel-reinforced one (114.2 MPa).

In the case of concrete, the maximum stresses in a concrete core are easily visible in the
unheated internal zone of the column, and their values (29.1 MPa for a column with BFRP
main reinforcement bars and 69.18 MPa for a column with steel main reinforcement) are
close to the compressive strength of concrete at room temperature (32 MPa and 73.7 MPa,
respectively — Fig. 15).



380 M. WYDRA, P. TURKOWSKI, J. FANGRAT

a) b)

PIIIN

Rl
B
7

TEMP TEMP

(Avg: 75%) (Avg: 25:{;)3 0
+6.143e+02 e
+5.648e+02 +3.969e+02
+5.1546+02 +5.444e+02
14.6596+02 +4.920e+02
+4029e+02 +4.3966+02
+3.6696+02 138720102
+3.1746+02 e
+2.679e+02 155550105
+2.184e+02 +1.775¢+02
+1.690e+02 +1.251e+02
+1.195e+02 +7.267e+01
+6.998e+01 +2.025e+01
+2.049e+01

Fig. 11. Temperatures in the reinforcement at columns’ failure: a) column with BFRP main reinforce-
ment; b) column with steel reinforcement
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Fig. 12. Temperatures in the concrete at columns’ failure: a) column with BFRP main reinforcement;
b) column with steel reinforcement
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Fig. 13. Stresses’ map in main bars a) column with BFRP main reinforcement; b) column with steel
reinforcement
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Fig. 14. Stresses’ map in transverse bars a) column with BFRP main reinforcement; b) column with

steel reinforcement
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Fig. 15. Stresses’ map in concrete a) column with BFRP main reinforcement; b) column with steel

reinforcement

5. Conclusions

The following conclusions can be drawn from the presented study:

1.

2.

BFRP bars’ properties are strongly different when compressive and tensile perfor-
mance are considered, particularly at elevated temperatures.

In the analysed case, the maximum compressive stresses in the BFRP bars were
comparable to steel at room temperature. Maximum tensile stresses, though, were
higher for BFRP than for steel at room temperature.

. The compressive strength of the BFRP bars was higher than the value for concrete,

but only for temperatures lower than 200°C. Therefore, low utilisation of such bars
in reinforcing the concrete (with 35 MPa compressive strength at room temperature)
may occur at elevated temperatures when compression is considered. This was also
confirmed in the numerical analysis.
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4. Different mode of failure was noted in both — numerical and experimental analyses —

for the columns with steel and BFRP reinforcement, which may be attributed to the
significantly lower stiffness of the BFRP bars.
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Streszczenie:

Zbrojenie FRP zyskalo znaczenie dzigki wysokiej wytrzymaloSci na rozcigganie, wysokiej

trwalosci i matego wptywu na Srodowisko. Wykazano ich przydatnos¢ jako zbrojenia wewnetrznego
lub mocowanego z zastosowaniem systemow NSM (ang. Near Surface Mounted) w betonowych
elementach zginanych, analizujac réwniez ich zachowanie w warunkach pozarowych. Niewiele jest
natomiast opracowari dotyczacych §ciskania pretéw i Sciskanych elementéw betonowych zawierajacych
tego typu zbrojenie, zwlaszcza w warunkach podwyzszonej temperatury. W artykule zaprezentowano
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wyniki uzupetniajacych badan w zakresie oceny odpornosci ogniowej stupa ze zbrojeniem gtéwnym
BFRP (ang. Basalt Fibre Reinforced Polymer), na podstawie przedstawionych wczesniej analiz
numerycznych. Przeprowadzono analiz¢ poréwnawcza pod katem temperatury, odksztalceni i naprezen
stupa ze zbrojeniem gléwnym stalowym lub BFRP w badaniach odpornosci ogniowej. Symulacje
numeryczne odpornosci ogniowej wybranych elementéw majg odzwierciedlenie w przeprowadzonych
wczesniej badaniach. Wyniki badaf materialowych (np. dynamiczna analiza mechaniczna DMA — ang.
Dynamic Mechanical Analysis, analiza termograwimetryczna TGA — ang. Thermogravimetric Analysis,
testy mechaniczne $ciskania/rozciggania w temperaturze pokojowej i w wysokich temperaturach)
na pretach BFRP zostaly oméwione we wcze$niejszych pracach autoréw.W pierwszej kolejnosci
przeprowadzono analize poréwnawczg dla relacji naprezenie-odksztalcenie trzech materiatéw (BFRP,
stal i beton) dla r6znych zakreséw temperatur. Wyniki wcze$niejszych wlasnych badan wykorzystano
do ustalenia wytrzymalosci na §ciskanie w temperaturze pokojowej i podwyzszonej oraz wytrzymatos$ci
na rozcigganie pretéw BFRP w temperaturze pokojowej. Na podstawie danych literaturowych przyjeto
wsp6t czynniki redukcyjne do zmniejszenia wytrzymatosci na rozcigganie i modutu sprezystosci
wraz ze wzrostem temperatury. W tym przypadku wybrano prety FRP o podobnym sktadzie (ten
sam typ matrycy — epoksydowa i zblizona procentowa ilo§¢ widkien). Zalozenia dla betonu i stali
przyjeto zgodnie z Eurokodem. Wytrzymato$¢ betonu na Sciskanie w temperaturze pokojowej
przyjeto jako 35 MPa, poniewaz stup analizowany w symulacji numerycznej (ze zbrojeniem BFRP)
bylwykonany z podobnego betonu. Podobnie granice plastycznosci stali przyjeto jako 446 MPa,
gdyz z takiej stali wykonano gléwne zbrojenie stupa ze stalowymi pretami gtéwnymi w analizach
numerycznych. Obliczenia przeprowadzono w dwoéch etapach. Obciazenie mechaniczne zostalo
przekazane przez sztywny element w pierwszym kroku obliczeniowym (statycznym). Nastepnie
w drugim kroku zamodelowano ogrzewanie stupa z wykorzystaniem oddzialywania powierzchniowego
z amplituda temperatury otoczenia w postaci, w ktérej do kazdego przyrostu czasu o 300 sekund
przypisuje si¢ odpowiednig warto§¢é. Warto§¢ wspélczynnika emisyjnosci przyjeto réwna 0,85.
Najwicksza zaleta pretéw FRP jest ich wysoka wytrzymato$¢ na rozcigganie (dwukrotnie wyzsza niz
granica plastycznosci dla stali). Jednak wytrzymalos¢ na $ciskanie jest poréwnywalna ze stala nawet
w temperaturze pokojowej. Wraz ze wzrostem temperatury do 100-200°C wytrzymato$§é BFRP na
rozcigganie jest nadal znacznie wyzsza niz granica plastycznosci stali, ale wytrzymato$¢ na Sciskanie
jest prawie znikoma w odniesieniu do stali. Poréwnujac wlasciwo$ci mechaniczne BFRP z betonem,
prety niemetaliczne maja znacznie wyzsza wytrzymatosé na $ciskanie w temperaturze pokojowej,
ale w temperaturze 200°C wplyw pretéw moze nie byé zauwazalny przy $ciskaniu, lub nawet moze
spowodowac ostabienie przekroju. W analizie numerycznej, pomimo poréwnywalnych rozktadéw
temperatury, naprezenia w gtéwnych pretach réznia sie znaczaco pomigdzy stupem ze zbrojeniem
BFRP i stalowym. Podczas gdy naprezenia w pretach BFRP sa znikome (36 MPa, a moga by¢ nawet
mniejsze lub prety moga zostaé calkowicie wypalone lub zniszczone w warunkach rzeczywistych
i odzwierciedlajacych je warunkach doswiadczalnych), prety stalowe w wigkszosci wytezonych
obszaréw nadal zachowujg znaczny poziom naprezen (204 MPa).

Na podstawie przedstawionych badafi mozna sformutowac nastgpujace wnioski:

1. Wiasciwosci pretéw BFRP réznig si¢ znacznie poréwnujac ich wytrzymatosé na Sciskanie
i rozciaganie, szczegdlnie w podwyzszonych temperaturach.

2. W analizowanym przypadku maksymalne naprezenia mozliwe do uzyskania w pretach BFRP
podczas Sciskania byly poréwnywalne ze stalg w temperaturze pokojowej, natomiast wytrzy-
mato$¢ na rozcigganie byta wyzsza dla BFRP w temperaturze pokojowe;.

3. Wytrzymatos$¢ pretéw BFRP na Sciskanie byta wyzsza niz dla betonu, ale tylko dla temperatury
ponizej 200°C, dlatego wykorzystanie takich pretéw do zbrojenia betonu (np. o wytrzymatosci
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na $ciskanie 35 MPa w temperaturze pokojowej) moze nie by¢ efektywne w podwyzszonych
temperaturach, gdy rozwaza si¢ Sciskanie. Potwierdzila to réwniez analiza numeryczna.

4. Zaobserwowano inny sposéb zniszczenia obu analizowanych stupéw zaréwno w analizie
numerycznej, jak i do§wiadczalnej. Prawdopodobnie jest to wynik mniejszej sztywnosci
zbrojenia BFRP w poréwnaniu do stali.
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