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Abstract

In this paper, the bending resistance of three Irgetacrete composite beams was
compared in real car fires in an open car parkelStad concrete composite beams are
often used for the construction of ceilings in mstbrey car parks. The authors made an
attempt to evaluate how the replacement of a nlmy-ateel girder with a stainless steel
or aluminium alloy girder affects the bending remige of a composite beam under fire
conditions. The analysed beams were not fire-ptetecThey consisted of a concrete
slab and a girder made of: non-allayafbor) S235J2 (1.0117) steel, X6CrNiMoTil17-
12-2 (1.4571) stainless steel, and AW-6061 T6 (BM-Al Mg1SiCu) aluminium alloy.

Keywords: composite beams, fire, steel, stainléss saluminium alloy, open car park

1. INTRODUCTION

Steel and concrete composite structures are ofted tor the construction of
open car parks. Composite beams consist of sted¢rgi and concrete slabs.
Girders are connected with the concrete slabs bgrstonnections as presented
in [1-3]. Most often, the girders are made of ndpyasteel and need anti-
corrosion coatings. To reduce the cost of corresgsmstant coatings, the girders
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may be made of stainless steel or aluminium allbg][ These solutions need
thorough analyses.

1.1. A stainlesssted beam asa girder for a composite beam

A stainless steel girder may improve steel-concra&p@structions because
stainless steel has high corrosion resistanceismdesistance compared to non-
alloy steel and does not need any corrosion-resistzating [7]. Chromium and
nickel have the greatest impact on the thermal gntags of stainless steel [8].
Austenitic stainless steel has the best combinadiostrength and oxidation
resistance. Ellobody analysed a composite slimrflstinless steel beam
construction exposed to fires [9]. The study dertratesd that the composite
slim floor stainless steel beam construction presid considerable increase in
fire resistance.

The high cost of stainless steel is an importanblem. However, analysis of
the whole-life cost of constructions with stainlessel can reveal the use of such
steel as more favourable [10].

1.2. Analuminium beam asa girder for a composite beam

Aluminium as a structural material has many adwgegae.g. light weight, high
strength-to-weight ratio, and excellent corrosiesistance [11]. Due to its light
weight, the erection phases are simple [12, 1&elShay become brittle at low
temperatures, whereas aluminium is resistant titlebfailure [14] and can be
used in cold environments [15]. There are many alwm alloys whose

mechanical properties depend on the type of tre#imeelding, and content of
alloying elements [16]. Different kinds of reinfernent may be infused into the
aluminium matrix in order to improve hardness, tougss, stiffness, wear
resistance, fatigue properties, electrical propsstiand thermal stability [17].
The joining of aluminium and concrete in compodigams is not the only
possibility. Chen et al. analysed CFRP strengthermatrete-filled aluminium

alloy CHS tubes [18].

However, aluminium is more expensive than non-adi@gl, e.g., 1 kg of I-beam
made of AW-6060 aluminium alloy cost 3.2 € in 20[®]. This could be

partially offset by lower maintenance costs [20QrtRermore, most of the
aluminium alloys start to lose some strength whgposed to temperatures
exceeding 100 °C [21]. The alloys in an H and Tdeaing state exhibit a
relevant loss of strength with temperature (70-8at%50 °C). The alloys in the
annealed O state show a less significant lossrehgth (30-50 % at 250 °C)
[22]. Moreover, significant stresses evoked by tamperature change may
appear in the aluminium-concrete composite beanausec aluminium and
concrete have different coefficients of thermalangion [23].
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2. PROBLEM FORMULATION

Composite steel-concrete beams are used for atyafigourposes. The use of
composite beams with a girder made of an aluminalioy or stainless steel
instead of a non-alloy steel should be carefullpsidered. The economical,
structural, and fire analyses should be preparéordehe use of non-standard
composite beams. The fire resistance requirementeden car parks based on
the standard ISO 834 curve are rather high. Ferréason, it is worth analysing
the behaviour of structures in real car fires [24je use of natural fire models
may provide for a reduction of the costs of firetpction materials, because the
temperature of structural elements tends to berawe natural fire than in
a standard fire, which was the case for the stelelhmn analysed in [25] or the
composite concrete filled tubular columns analyged26]. The use of the
natural fire approach provides for a more realidésign, which should be both
safe and reliable [27]. Szymkwet al. analysed the performance of concrete
filled tubular columns during ISO and localisecefin an open car park [28]. It
was shown that the maximum temperatures were b&éGfi\C on the steel tube
surface and between 100 and 2G0nside the column.

This paper presents an analysis of the bendingtaesie of metal-concrete
composite beams in a natural fire. The authors ki tarticle used
a performance-based approach [29] with applicatibthe natural fire concept
and analysed an open car park where compositeistesovere used. Based on
car fire tests and research, one scenario was ichogeee cars in a line [30, 31]
(see Fig. 1). The fire started with car no.1 aneag out to the two remaining
cars after 12 minutes [30]. This spread time valsierather conservative.
However, in the case of cars parked 40 and 60 cay &wom each other, the fire
may spread faster [32]. The intensity of the firaswepresented by the rate of
heat release (RHR). The RHR curves were taken fhentests presented in [30]
(see Fig 2).
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Fig. 1. Fire scenario — three cars in a line
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Fig. 2. Rate of heat release for each of the tbage

The authors of this article analysed three compdstams. The beams consisted
of a concrete slab made of C30/37 concrete anda ieder made of non-alloy
steel (5235J2), stainless steel (X6CRNIMOTI17-12123luminium alloy (AW-
6061 T6). The girders were made of metals, whiath $ienilar yield strengths,
and which can be used to prepare I-section beamsanilyse the bending
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resistance of the composite metal-concrete beamdallowing assumptions
were made:

» car fires were used to heat up the composite beams;

* asimplified calculation method presented in Aniex [33] was used to
evaluate the resistance of the member under fimdittons;

* the composite beams were simply supported, subjette bending
(sagging moment) and exposed to fire beneath therete slab;

e there was full-composite connection between theamgrder and the
concrete slab;

* the temperature of the concrete layers in compyesgas below 250 °C;

e the composite beams had class 1 or 2 cross-sections

* the rise in temperature of the unprotected metanbeparts was
determined using the method presented in [33]tithe interval4t was
3 s, and the gas temperature obtained from théirearwas used to heat
up the composite beams.

The cross-section of the analysed composite beardstree model used to

calculate the sagging moment resistance are psgsenfigure 3. This model

was also used by Kruppa and Zhao [34] who demdsstithat the strength of

the steel section had the greatest impact on thedsistance of the composite

beams. The model was prepared for the analysishefsingle structural

element [35]. The fire resistance of the compds&ams may depend on shear

connections [36]. In this paper it was assumed tthette was a full-composite

connection between the metal girder and the comstab.
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Fig. 3. a) The cross-section of the analysed coitgpbsams, b) The model used to
calculate the sagging moment resistance
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3. CALCULATIONSAND RESULTS

The gas temperature was calculated using the Héfiprogram [37]. The gas
temperatures in the fires of one car and three ware compared with the gas
temperature in the standard fire (see Fig. 4).
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Fig. 4. Gas temperatures

The data used to calculate the bending resistainttee @womposite beams under
fire conditions and the calculations of said resist are presented in Tables 1-4.
The specific heat values for analysed metals aegmted in Fig. 5.
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Fig. 5. Specific heat for the analysed metals

The rise in temperature of unprotected metal bgaatswas determined every 3
secondsAt = 3 s). It was assumed that the temperature ofvéiewas equal to
that of the lower flange. This simplification wasegented in [33] and may be
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used if the beam depth does not exceed 500 mm. The reduction factors for
yield strength were taken from [38, 39] and aresented in Figure 6.
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Fig. 6. Reduction factors for yield strength
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Table 1. Data used in the calculations

Parameter Value
Width of the lower flangé, [mm] 190.0
Thickness of the lower flangs [mm] 15.0
Width of the upper flangb, [mm] 190.0
Thickness of the upper flange [mm] 15.0
Height of the welh,, [mm] 420.0
Thickness of the web, [mm] 9.0
Effective width of the concrete sl [mm] 2000.0
Thickness of the concrete slab above the steetiahjdg [mm] 62
Height of the steel sheeting [mm] 58
Height of the girdeh [mm] 450
Design value of the compressive strength of coadggfMPal 21.4
Design value of the yield strength of S235J2 (1) kteeli,q [MPa] 235.0

Design value of the yield strength of X6CrNiMoTi1l2-2 (1.4571) 218.2
steelf,q[MPa]
Design value of the yield strength of AW-6061 T6N(EAW-Al | 181.8
Mg1SiCu) aluminium alloy,q [MPa]

Density of steeb [kg/n’] 7850.0
Density of aluminiunm [kg/m’] 2700.0
Emissivity coefficient of S235J2 (1.0117) stegl-] 0.7
Emissivity coefficient of X6CrNiMoTil7-12-2 (1.457 steeley, [-] 0.4

Emissivity coefficient of AW-6061 T6 (EN AW-Al MgilSu) | 0.3
aluminium alloye,[-]
Emissivity coefficient of the fire;[-] 1.0

Convective heat transfer coefficient[W/(m’K)] 35.0
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Time intervaldt [s] 3.0
Correction factor for the shadow effdGt,qow[-] 0.68
Section factor for the lower flangg/V, [1/m] 143.9
Section factor for the upper flange/\V, [1/m] 77.2

Table 2. Calculations of the bending resistanca ebmposite beam with the S235J2

(1.0117) steel girder

Par ameter Timet[min]

0 10 20 30
Temperature of the lower flange [°C] 20 366.5 | 735.3| 865
Temperature of the upper flange[°C] 20 242 602.2| 744.1
Reduction factors for the yield strength of the dxw\_lLo 10 027 | 008
flangekg [-]
Reduction factors for the yield strength of the ex Ro 10 046 | 030
flangekg [-]
Design value of the yield strength of the uppendia 2350 | 2350| 635 | 188
fayﬂll[MPa] .
Design value of the yield strength of the lowenfe 2350 | 2350| 1081 705
fayf)Z [MPa]
Tensile forceTl [kN] 2227.8|2227.8/728.8 | 325.6
Location of the tensile forog [mm] 225.0 | 225.0| 263.0 323.4
Thickness of the compressive zdnémm] 624 |624 | 204 | 9.1
Location of the compression forge[mm] 480.8 | 480.8| 501.8 507.4
Bending resistanckl; rq [KNmM] 569.9 | 569.9| 174.0, 59.9

Table 3. Calculations of the bending resistancetha composite beam with the

X6CrNiMoTi17-12-2 (1.4571) steel girder

Parameter Timet[min]

0 10 20 30
Temperature of the lower flangg [°C] 20 319.5 | 733.3] 863.7
Temperature of the upper flangg [°C] 20 204.6 | 527.7| 752.4
Reduction factors for the yield strength of the dacw\i_o 076 | 056 | 0.36
flangeky [-]
Reduction factors for the yield strength of the e Ro 083 | 068 | 054
flangeky [-]
Design value of the yield strength of the uppendie 1818 | 1382| 1018 655
favﬂl_[MPa] _
Design value of the yield strength of the lowenfia 1818 | 195.1| 1598 1269
favﬁZ [MPa]
Tensile forcel [kN] 1723.5/1472.0/1130.5/795.6
Location of the tensile forcg [mm] 225.0 | 248.9| 256.8 272.9
Thickness of the compressive zdpémm] 48.3 | 41.2 | 31.7 | 22.3
Location of the compression forge[mm] 487.9 | 491.4| 496.2 500.9
Bending resistanclls rq [KNM] 453.0 | 356.9| 270.6| 181.4
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Table 4. Calculations of the bending resistancéhefcomposite beam with the AW-
6061 T6 (EN AW-Al Mg1SiCu) aluminium alloy girder

Par ameter Timet[min]

0 5 10 15
Temperature of the lower flange [°C] 20 191.4 | 375.8| 580.7
Temperature of the upper flangs [°C] 20 119.7 | 250.3| 410.4
Reduction factors for the yield strength of the éﬂ”\i.o 08l | 009 | 00
flangekg [-]
Reduction factors for the yield strength of the exq Ro 093 | 06 0.1
flangekg [-]
Design value of the yield strength of the uppendia 2182 | 1904| 212 | 00
fayﬂll[MPa] .
Design value of the yield strength of the lowenfe 2182 | 2186 1293 165
fays2 [MPa]
Tensile forceTl [KN] 2068.5/1884.9/508.6 | 46.9
Location of the tensile forcg [mm] 225.0 | 234.3| 356.8 4425
Thickness of the compressive zdpémm] 579 |528 | 142 | 1.3
Location of the compression forge[mm] 483.0 | 485.6| 504.9 511.3
Bending resistancilg rq [KNM] 533.8 | 473.7| 75.3 | 3.2

The comparison of the bending resistance of theposite beams in the car fires
is presented in Figure 7. After 15 minutes, the dbmm resistance of the
aluminium-concrete composite beam decreased by 98,4the bending
resistance of the steel-concrete composite beamthet S235J2 (1.0117) steel
girder decreased by 42.3 %, and the bending resistaf steel-concrete
composite beam with the X6CrNiMoTil7-12-2 (1.45%1¢el girder decreased
by 28.9 %. The strength of the metal section hadgtleatest impact on the fire
resistance of the composite beams. Due to thethattthe AW-6061 T6 (EN
AW-Al Mg1SiCu) aluminium alloy in H hardening staexhibited a relevant
loss of strength as the temperature increasedbdéimeling resistance of the
aluminium-concrete composite beam decreased rapidig X6CrNiMoTil7-
12-2 (1.4571) steel exhibited a slight loss of rajth as the temperature
increased, due to its chemical composition.
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Fig. 7. Bending resistance of the composite beartisd tree-car fire

The X6CrNiMoTil17-12-2 (1.4571) steel is austengtainless steel and can be
used in the marine environment, e.g. in offshorecsires and in pressure
vessels. Designers may use plates, sheets or laals ofi said steel. Bric et al.
investigated the mechanical properties of the X6MIdNi17-12-2 (1.4571)

steel at low and elevated temperatures [40]. Tleyahstrated that the ultimate
tensile strength and the 0.2% offset yield stremdtbaid steel decreased slightly
with a rise in temperature. Table 5 presents tremotal composition of the

analysed steel.

Table 5. Chemical composition of S235J2 and X6Crdlill7-12-2 steel [41, 42]

EN EN .
10027-1 10027-2| © Si Mn P S
S23572 10117 <0.17| - <1.40 | <0025 | <0.025

X6CINiMoTil7-12-2] 1.4571 | <0.08] <1.0 | <2.0 | <0.045 | <0.015
Cu Cr Mo Ni Ti
S23572 10117 <055 - - : -
X6CINIMoTi17-12-2] 1.4571| - | 16.5:18.5 2.0:2.5| 10.5:13.85xC=0.70

The X6CrNiMoTil7-12-2 (1.4571) steel contains malghum, nickel, chrome,
and a small amount of titanium. Steel is heat-tastsat temperature below
650 °C when it contains 5 % chrome and at tempexdialow 1100 °C when it
contains 30 % chrome. Nickel ( > 9%) combined wittrome (about 18 %)

improves creep resistance.

4. CONCLUSIONS

This article discussed the results of the analg$ithe bending resistance of
composite beams in a three-car fire. The authormec#o the following

conclusions:
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The strength of the metal section had the greatgsact on the fire resistance
of the composite beams.
The bending resistance of the aluminium-conatetaposite beam decreased

to 0.0 KNm rapidly in the fire conditions.

The steel-concrete composite beam with the gintkdle of X6CrNiMoTil7-
12-2 (1.4571) steel exhibited a slight loss of legdresistance as the

temperature increased, due to the chemical conposit said steel.
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NOSNOSC NA ZGINANIE BELEK ZESPOLONYCH METALOWO-
BETONOWYCH W PZARZE NATURALNYM

Streszczenie
W artykule poréwnano rmosci na zginanie trzech wybranych belek zespolonych
metalowo-betonowych w warunkachzaou samochodéw w otwartym gaua Autorzy
prébup ocent jaki wptyw na nénos¢ zginanej belki zespolonej ma zamianywibara
ze stali niestopowej na zdigar ze stali nierdzewnej lub stopu aluminium.
Przeanalizowano niezabezpieczone przed ogniem be#ipolone zimone z betonowej
piyty oraz dwigaréw wykonanych z: stali konstrukcyjnej niestogp S235J2 (1.0117),
stali nierdzewnej X6CrNiMoTil7-12-2 (1.4571) lubopti aluminium AW-6061 T6
(EN AW-Al Mg1SiCu).

Stowa kluczowe: belki zespolone,4aw, stal, stal nierdzewna, stop aluminium, gara
otwarty
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