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Abstract - In this study, fire resistance tests and finite element analyses were conducted to consider the fire conditions reflecting
convection and radiation conditions of the furnace. The fire resistance tests were conducted under load conditions during the fire,
and the three composite beam specimens were classified according to fire protection thickness 0 mm, 10 mm, 20 mm. The finite
element analyses were performed using the ANSYS program and, convection and radiation conditions of Eurocode 1 were clas-
sified to examine the fire conditions suitable for composite beams in thermal analysis. As a result of the fire resistance tests, the
fire resistance according to the fire protection thickness were 20 minutes for UCB_0, 50 minutes for PCB_1, and 100 minutes
for PCB_2. As a result of analysis according to the fire conditions, the convection coefficient of the unexposed side to the fire
has no significant influence on the temperature change of the steel cross section, and it was confirmed that the temperature change
of the steel section appeared according to the application of the emissivity. As a result of comparing the test and analyses, it was
confirmed that the expected temperatures of steel sections can be well estimated by the using of both convection and radiation

conditions of Eurocode 1.
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A= SR AS A H Y 0?"4 AsjA Aoz
T2 9 isdse] tigt A+ A R
t}. Mikeldinen and Mal'''= & EEOLH%_QJ Sl =&
H A8} 25| 2 WA BERol] diF U B4R
A2 WASHAL, 7FE AT whE HHH E oF R d Eof|
3+ 3RS 0151t} Shallal and Al Musawil'?= Q%
g2, AF 2, HAY RIS tfsto] H[AF of
A AR, =& R E 7|20 =2 7HAAIZTl o
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Wong!"12- 34 T2 7391 TASE o]-8-5t0] 31 7FEQl ¢
4 5.0 Eurocode]| W& th FA| 52t 57} 2&of W& &
ARAE A5 AL, AR sfAof W A Tl =
£ v w5}t Sandstrom and Wickstrom!' V-2 2+ 733+
I HY 7} P/ H-E Burocode®} §3t2 A5 A2 S| 2%
EEE TSI A A 9] v 72 S thdste] 23
BINE HSE Fo] FAEEEE Y| WoHr]. Benedetti
and Mangoni®'= %4 SHJHE 7120 & Eurocode2] T
FA} FREA 2} SHE-EHA|of] BARRZR] AR
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E P E AR Aot A A E = A3
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Table 1. Specimen parameters

1791 ANSYS 2019 R2Z AL&311 00, i U 2AL%
A% QLS HF-E Fol Y 22 E g2lst
At A3 9 g4 o] FA2 L5 0]-8510] Eurocode 4(EN
1994-1-2, Annex E)[""lo] w}2} 7}gA|7tol| w2 EP =S
APYSt & 8] wsto] A A Eurocode 1179] SAL A1
£ FA 4 02 HF ok AT-E A=t

211488

Ao A Hstu EFA o w2 g H o] 2 iy
L 1419}*38 S Rl floto] W & A A5kt
S E57)(1)= KS F 2848!"l0f| wh2} 4] (1)} o] A5 g
T 9loH, ¥ Boto] =& Uishx % |ZHFR)T} &
HPFAAT(H /A0l vt Sk & 2 =.0] <4 (ko, ki,
k)E =& 4= St} ol= 85k= WaMdsAlTte] gt
Welul E5AE 4Pg5t7] ote] WalulEA]e] S&4HS
£ mfotsfiofstE 2 oH| W35 AR §lo] Wil E5A
EAFg5H] ol Ht webA] 2 Aol A= Wl EFAE
10 mm, 20 mmZ A &5to] FAIH ] 147, 2417H9] Wish
Y5 o F-E A A o & v wota A} sttt T3 s
Ao T2 W3 5= Hlasr] flote] Rl & FHRE
F7F& 12{5ko] Table 13} Zro] FulE 3/ HE(UCB 0),
10 mm W2kl 55 $/d 2 (PCB_1), 20 mm W3} &5 9
JE(PCB_2)& Z 3719] AAA| = A Es}3dct.

S5 AIZE FR = ko + kit(A/H,) + kot (1)

Fig. 13} Zo] AR AFA 9 A7+ 5mo|d, AR
AYA 9] A2 A X 20k AP A= H-300%150%

6.5x99] ZAAL AL, PEHEEAE 0 mm,

Specimen Protection thickness Heating time Load ratio Steel beam Shear connector | Reinforcement
P (mm) (min) (M./M,) (mm) (mm) (mm)
UCB_0 0 Stop fire test

according to 0.75 H-300x150%6.5%9
PCB_I 10 strain by (197.4 kN) (A36) ©13x110 HD10
PCB 2 20 KS F 2257-11"
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Hﬁ LVDT
Slab top/bottom bar
25 HD10@200 25
J— » e D =A ) il
T 155 S S 5 ) S 4 5 S S 0
25 Stirrup Stud anchor
300 HD10@200 1-013x110@200
N
% Stiffe oA Stiffener
iffener .
@ A-A’ section Steel beam 4
PL-10 mm (1EA) (location: 2,500 mm) H-300%150%6.5x9 PL-10 mm (1EA)
T 1
1,000 (distance between 2-point load)

5,000 (span)

Fig. 1. Section details of specimens

10 mm, 20 mm= ARESIYICH Z38E &£gjH9 =2
1,000 mmo|H, F7= 150 mm<Ql B3-S 2=t} Fig. 29}
o] ZFE W B Lo A S22 D02 A5 &
H2BH T, 2B (h, = 110 mm)©] AE-S @ 1301,
A L3 AR 200 mm 7HE 082 AEY AYS &
wlelsic). . uel A9 At 3 AY 5 52
Aol MPIT 4= 91002 Fig 17} o] AR AA|g
Aol AE IS 2712 WAL

<
T
. e ] J| =
—|
Jo HD10@200
450
Stud Anchor
Te2 013x110 300
Steel Section
res fres  H300x150%6.5%9
\ 425 | 150 | 425 |

| 1,000 |

Fig. 2. Section details of specimens (A-A’ section)

7+ A 71o] whet A A 245 T o] A 2= 2 njet
317] 915t0] Fig. 19A4] S35 A8 4 o] ool A-A'THH
(TrH 9] 991): 2,500 mm)ol] GAHE A5t} A=
Fig. 29} Zro| 73] Koj| Z} 47} A 2|5} st B Ao uh

ELLRES H|wslgloH, AdAE 20 YA Fig. 2
9} =3t Q)] o] A 5}ich B L EA.L 71 X7k

sLIEHR=<E
FESHATC-D), FIE(TC-2), 5

o] &5 =45, A Kol 49
HZ A 2|(TC-3 - TC-4) &

Uro] AthE Axjste] 749 LERES hlshic.
S AR A8 A HEIE S ] A

of JEZEAIES
T EQ] 9 HAY
Monokote Z-146 NPPA| =<

B oH, Z3A 2ol AL A36, =
27} 2 35 MPa, Wshu] BA40] 7
< AM319ct Wk B

Fol wet 24 S4o] 2 EE AAES, 1Y, IS
2 EE519 01, AR20f A 1,000 °C7HA] 100 °C F = Y
ok = 10) 542 2SI 2] AZAHE Table2
o 2ol YEAE, IARE, HHASES St L
of w2 o} A1) A A4S Table 30] el 5t 0.0,
ferasa|so] et Ao Az 5408 Ashqr.

Table 2. Result of material test

Result of material test

Material Yield Tensile Young’s
strength strength modulus
(MPa) (MPa) (GPa)
Steel A36
(thickness: § mm) | 258 462 192

Table 3. Material test results of fire protection at elevated tem-

perature
Result of material test
Temperature Thermal Specific Thermal
0 conductivity heat expansion
(W/m-K) (J/g'K) (mm/mm)
20 0.261 1.156 0
100 0.262 1.250 -0.0008
200 0.202 1.084 -0.0016
300 0.149 0.903 -0.0026
400 0.195 0.908 -0.0032
500 0.207 0.818 -0.0043
600 0.265 0.714 -0.0052
700 0.307 0.647 -0.0073
800 0.256 0.498 -0.0158
900 0.253 0.510 -0.0454
1,000 0.256 0.536 -0.0678
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ol-g-sto] Aot sF o & 7HS AL, RHIFO| =R

7 F= APAS 71D R AlolE Bt 2 o]
AYAE E57220) PR TR wEn], $4 A4S

£ 015H1(03-0.5)2 AHT A ek ol LA o
okeh. b 2 A A 0] HE 58 25l fiste] 5%
Bl 0.752 AgJslE 0 r, AstslE-e 4724 AM)
2 w29 TR 2 Piee AL F A Py
9] 75 %0]] AFg51= 31591 197.4 kN2 & AFF5I9ic Y
shn B0 e AP SUe g doz Q8| 3
e Zonz Asteise YehiE et Aol
S ECE L 2 LR B R E 20
ASTM E119 BZ3AZAS thaw, 712 o] e
£ RESA| T ) )] Ystod 7hd e o s A
A519ick A7l whe A A o] o A0 8l

7] glatol AALVDTIE HAsto] st TR
sieto] 7127} 1Al weh 891 427 AgEn e

Fig. 3. View of fire test with loading

Table 4. Analysis cases of temperature, convection and radiation

Fig. 334 o] 7he1 7)) 119 22 ol A eiAlg st
Jom, N 9 WP KS F 2257-11719] 7] 2-g wishrt.
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AAISHI T FofjA] 9] S} 272 Table 49} o] 5744]
© 2 =0 Eurocode 1(EN 1991-1-2)!'9] 3} 2 A
A5t HEE AASEAT

Mr ox o o

(1) Case I: ot B2 £} 7192 WHO =75
stk 7yl Wt ASTM E119 SRl 419] 2
£ iAotk Wishy] 5l 9/ 1 o] 3¢ st
HEA] HO| 25 st on, FulE Mg H
9] A9 73A A =5 YIS Case 19714
P le 2 HA] 2 O] 2= S ASTIRAL 14°C
NS Aol LS = A] 952 ol A-8-5k3ih

(2) Case 2:Case 3: Eurocode 1(EN 1991-1-2, Section
3.2)!"%0] whet o Al =EE 285 F 90l H, /3t
A3A0lA 4] (2)2F Zo] FAG(} 7T = &
=(Tr)E Aottt R H | SHAjjof| leZH HO
dFAS 25 Wi'KeH 7HE R 255 48513
Sl & =R F2 WO FASE 4 Win'K,
9 W/m’K & £-575t0] Shafjo] ez =] ok o] of
FAol et FF2 vl skl

(3) Case 4:Case 5: Eurocode 1(EN 1991-1-2, Section
3.1)19] B2 7kR0] e = A]el 4] (3)2 e
AR AL S-S 183 F20I, R 7220
Aol 2 2)9] FAT(a) H 7HEZ L5 (Tambient)

Fire condition Analysis case
(EN 1991-1-21%) Case 1 Case 2 | Case 3 Case 4 Case 5

Temprature Exposed side ASTM E119 fire curve X X X x
O Unexposed side 14 X x x x
Exposed side X 25 25 25 25

% Unexposed side X 9 4 9 4

e y y y . 0.7 _ 0.7

(internal steel: 0.4) | (internal steel : 0.4)

Temperature: input fire temperature, a.: coefficient of heat transfer by convection, : emissivity

192 F=7d7-2018] =g A328 A3 2 (Ed Al1662) 20209 62



o} A (4] WARE(e) 2 7R 2E(Tambien) S
ot FAEY] Ao kEH Hol thFAS
25 Wm’KE Jston, AR 0.72 s}
Aot E3E A B Y5 (internal steel)Q] 25 a3t
(kshadow) S L2 5}7] 2I510] 4] (5)0f wheh Ay 3L Al
T A O ARSS ATATA 0.42 A BHATH
SAf ol =4 F2 o] thFAlTE 4 WK,
9 Wm'K 2 E-5510] shajof] le& =] x| k-2 Ho| of
FAl et FF= vl sk}l

hnet,c =a, (TSurface - TAmbient) (2)

1 Ap,i
Ath,t = [Kshadow cp 7 hyes At
aPa i 3)

(hnet = hnet,c + hnet,r)

4 4
hnet r = Gg(TSurface TAmblent) (4)
2 2
{ e+ +0.5by + /2, +025(b; ~ by) ]
kshadow = 09' (5)

hy+b +05b,+e,+ey—e, |

\ )

222 AR o4 nd

B A= QAIAIFE HSE Fo] AR 14 Y
< Fig. 42] &A= 353t s 4 idlo] dsfas &+
yst7] flste] /g oA ARGE A H 2T E A=
=4 AEsfor ot A 2 FHE| Ee 20 wEt A
RO S0l SRR ER A A A= o] EA S
Ydfof et} & =ZolM = 24 Al 2&45
3= AHA13] T ARt Eurocode S 1513 0., A2 E 9]
A2} E4J-2 Eurocode 2(EN 1992-1-2, Section 3)™, 734 9]
92 E4JL2 Eurocode 3(EN 1993-1-2, Section 3)*%of] w}5k
o skl 241 0] A9 SREE 94 4o = EE Alw

i

—

[ Material property (engineering data)
¥

12 12
[ Concrete (Eurocode 2) ] [ Steel (Eurocode 3) ]
I

: 12
Modeling (geometry) ]
1

13 12
Symmetry model ] [ Contact condition ]
I |
¥
Mesh (model) )
]

1
Transient thermal analysis (model)

— — — —

Fig. 4. Flowchart of thermal analysis (ANSYS)

GRLREE TR EE
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o] mhE Ceg WrgsHA] AL A=) B2 HY
sto] AN S AetA o= 5Tt

AAA AR AR 5L 7IRe R
1202 A5, el o3 2 (symmetry model),

R B

in}

HZZ A (contact condition)S 11 &5t T} £ A3 A 9] 7
7HE 5 mo| B2 i 0] BE4dS flot 1/4 27| A=
G2 ARSI S H.O) A Ato] o] HE27E s}
7] ot ZA B 4 AEE FA= ZIYE S B} ]

T=Rlo] ARl 7Ykl o, uiH A& A8
Q= HEZXA(frictional) 2 A B 2 AE & )79} A&
SkQitt. o] W A Heof ZHHE S B Ato] o] mptA|4»
£ 03202, AT PA} ZA Y E S H Ato] Q] ulEtA|
T 022 Attt 2 54 me o] 74 Kol ysto)
EAE F7H= 2-8510] PCB_12t PCB_ 25 53Tt

fRte A Aol A FgH e 3H 7HES 7HYst7] ISt
o] Fig. 5(a)2} o] SHAof] =25 H(exposed side of fire)Z}
SOl leEEA] 22 H(unexposed side of fire) 0. & -5
ST A E O Aol e W2 A Hep 2AYE
S B sHRolH, o] LS = 4| E’IE He %33]15 <
B AFEol|an, shfjo] g Wi =S EA] g2 HoE U
o] S 2 7% Case 1 - Case 55 2-8-5131t. s A2 A
O] FA e} vl wstr] f15to] Fig. S(b)Ad FR-EWA,
B, stE-EX] o AAH A YA L=E(node)E A
Aot 25 S5HAH

Unexposed side
of fire

|

= Exposed side .
offire = }

(a) Modeling for composite beam (UCB_0)

(b) Nodes for measuring temperature of steel section

Fig. 5. FEA modeling for transient thermal analysis
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A AR AE 13 LEEAo] g H n]] = gk

31z 23

Wt 5o wE A
FAol v 7 AR A 9] Yk dsAI7E st S8 5k3 o,
WA golA 712 Y529 &% Fig 63 Zo] ASTM
E119 #2303 YA SHE = 2 8¥stinh. 2 A A9
H2}d5= UCB_02] -5 7FEAIZE 204, PCB_12] 7%
7FGA7E 505, PCB_29] 3% 7FEAIZF 10020 2 YERst
o, Yol B FAYESE I E Y] 5ol
S7Foh= 21 0= SISt Table 5). Fig. 7-2 o] B+
78 (0 mm, 10 mm, 20 mm) A A O] Y F T7 T BG
ojm, Al AA 5 ZHHE ZF 9 A Ho| H=a2 T
AY5HA] ket Wish B o whE A A 9] AT
2R 3= Fig. 83+ 2o, s 5ATtoll A ZF A A 9]
73T H O] 2= Table 63 T} UCB_09] 7% 2}
%AVMVH AFREZR] L5 =467 °C, B =698 °C, 5}

SWA= 701 °CE YEFRLT PCB_19] F-4-AF-E0A
4 L5330 °C, YELE 620 °C, sHE-Z A= 631 °Cib}
BRI PCB_29] A-¢-AHF-EA| ] 2E=371 °C, Yl E=
635 °C, SHLZMA| = 638 °CE el ZF A3 A Ulshg

1,000
900

~ 800 PCB 2

& T | Stop fire test

> 700 : t

2 600 i UCB 0 PCB |

5 Stop fire test Stop fire test

g 500 !

15 : 1
400

a — ASTM EI119
300 —— UCB 0
200 —— PCB_I
100 PCB 2

0

0 10 20 30 40 50 60 70 8 90 100 110 120
Time (min)

Fig. 6. Comparison of furnace temperature with ASTM E119

Table 5. Fire test results of strain and deformation

(c) PCB_2 (20 mm protection composite beam)

Fig. 7. After fire test of specimen

1,200 T T T
1,100 —=— UCB 0, UF —&— UCB_0, UF —e— UCB 0, UF
1.000 —a— PCB_1, UF —a— PCB_I, UF —e— PCB_I, UF
’ —o— PCB 2,UF —a— PCB 2, UF —o— PCB_2, UF
(UF: upper flange, WB: web, BF: bottom flange)

900
800
700
600
500
400
300
200
100 (4

701 °C

1 (UCB_0, BF H
i¢ ) R 631 °C
s  (PCB_I, BF)

: (UCB_0), UB)

1638 °C
3 (PCB 2, BF)

1371°C
: (PCB 2, UF)

Temperature (°C)

0 10 20 30 40 50 60 70 8 90 100 110 120
Time (min)

Fig. 8. Steel section temperature of specimen

Table 6. Steel section temperatures in fire resistance time

Applied | Fire test result | XS F 2257-1 7 Applied Steel section temperature (°C)
Specimen eEiiag Standard Specimen L
time Def. Strain Def. Strain time gpper Web ]?]ottom
(min) | (mm) |(mm/min)| (mm) |(mm/min) (min) 2ies 2088
UCB 0 20 130.0 15.3 UCB 0 20 467 698 701
PCB 1 50 151.3 12.6 239 10.6 PCB 1 50 330 620 631
PCB 2 100 156.9 10.6 PCB 2 100 371 635 638

Def.: deformation

194 7072010 =g A32d A3 2 (Ed Al1662) 20209 62



SAI7ke] SERES v TR H U SPEAA| 0] &
2= 9k 600 °C - 700 °C Afo]of| 9|5t o, 7}oﬂ/q =
QH9JH 9 Sl B WA O] LERTE GAIA LS &
7} Itk (Fig. 8).

PCB_1 9 PCB_29] H|5}o] UCB_0-> 99| 2%

I FAs goelon, Jdel FAT LS
2 QI5to] e WP E e WP o] ekt Bl

S19iet. ok 2ol ishniEAle] 2 wgo] 7] &%
Eht 2o us YW EFATL FAYETE FAHe
Hs}d 5ol 571k ERlskaitt. B AT 2=
SHESRA A 7 =A] Y B2 /-3H] As Ao A
O] 9] XA ATHE Bl Y] fIsto] SHR-EHA| 9
255 8ottt

[
Lo

327198 EREAS7L A= IF

3.2.1 SHAjof| L& E R &2 HO| g FA S

A/ e} o] 39 71l A Ao e EH A b2

9] A F AL A-23fof 5}, Eurocode 1(EN 1991-1-2,
Section 3.1 M & 25X LS HS 1185

o] qltt. oo wheh leEE A 92 WO tiRAG7 A
HO| 25 of n|2|= FFE Felstr] fIsto] Fig. 92F o]
Wistu] A0l wet sHR-EHA| o] =5 A5k
Fig. 9(a)of] @t=2H UCB_0 ¥7Fofy=} PCB 1 € PCB 2
o] A Case 22} Case 39] S|H-Z iR L= =AUSHA A+
Z53hgict. ool ufe} tf R 7S A 83 SR AN 3
Aol E=E = A o2 HO| 7Aool whe} sHE-EHA] 9
L EMsl BSH) 22 Bl

w3t spAfo] w252 S W] oA et gt
1,200 _ i _

1,100 —i— UCB_0 (Case2) —6— UCB_0 (Case 3)
1,000 —+— PCB_I (Case 2) —— PCB_I (Case 3)

’900 i —+— PCB_2(Case2) —o— PCB_2 (Case 3)

800
700
600
500
400
300
200
100

UCB 0
1 C:

Temperature (°C)

100 110 120

0 10 20 30 40 50 60 70 8 90
Time (min)

(a) Comparison of Case 2 and Case 3

GRLREE TR EE

£ 27l502 AR stel OE SR B 2
BALZ AL 83t Case 4-Case 5= V|0 5FSIT) Case 4
Case 59| A& Case 2-Case 39} TAsHA 7FEA|7F &9t

SRBWA LEl FAS A5 IS SISt
(Fig. 9(b)). o1} whe} shAjo] 125 7] ok v A
m¢ﬂ4WMK9wmkW4ﬂﬂﬂﬂ¢64&T§
WA L FAS Lektom, ol SRjo] 12 E A
ore wel oAt gne) 7R o] Lxd] W%
4] 9Fe-2 SIS

o

3.22 A BO| WAk

Eurocode 1(EN 1991-1-2, Section 3.1)!"lo| A= 5 &
BARAY] Y3t FE R ] GHLARE AN 9.0,
S o] wel TRz Tl 9 B AR B
2o} 150] B53p7] o] FREQL AN TRk
e A 83 AR AT o B B AL H eI
9] £ R EE W] 2519t 3ol 1517 o wol
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Fig. 9. Comparison of bottom flange temperature for convection coefficients in unexposed side to fire
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Fig. 10. Comparison of bottom flange temperature
of Case 2 and Case 5
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Table 7. Thermal analysis results of steel section temperature

Steel section temperature (°C)
Analysis cases

UF WB BF

Case 1 774 784 784

Case 2 278 550 543

UCB_0 Case 3 275 549 542
(heating time:

Case 5 483 739 742

Specimen 467 698 701

Case 1 573 796 808

Case 2 324 620 671

PCB_I Case 3 324 620 671
(heating time:

Case 5 482 757 759

Specimen 330 620 631

Case 1 550 835 881

Case 2 372 656 705

PCB_2 Case 3 372 656 705
(heating time:

Case 5 504 777 831

Specimen 371 635 638
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Fig. 11. Steel section temperature of composite beams
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Fig. 12. Tensile force of composite beams
using EN 1994-1-2
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Fig. 13. Bending strength of composite beams
using EN 1994-1-2
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