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Abstract - In this paper, the standard fire resistance test under load and associated numerical study were carried out to evaluate
the fire resistance of unprotected partially encased beams and slimfloor beams. The temperature evolution and the deflection
increase of the composite beam specimens were investigated and the effects of the key behavioral parameters including the load
ratio, the reinforcement, and the fire exposure were analyzed. The test results showed that the temperature rise of the partially
encased beams and slimfloor beams is considerably slow compared to the conventional H-shape composite beams. Up to at least
90 minutes, the reinforcements in the partially encased composite beams maintained below the temperature at which the cold
steel strength is sustained. Unprotected partially encased beams and slimfloor beams in the experimental program achieved the
fire resistance more than 2 hours according to the limiting deflection criteria. This implies that unprotected partially encased
beams and slimfloor beams can be very promising alternatives to enhancing the fire resistance of steel beams. This study also
conducted the fully coupled thermal-stress analysis by using the commercial code ABAQUS to the thermal and structural
behaviour of composite beams in fire. The numerical predictions provide acceptable correlations with the experimental results.
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Fig. 1. Conventional H-shape composite beam
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Table 1. Summary of test specimen information

Specimen Steel section Span | Fire exposed Reinforcement Napp Minax M, Load ratio

(mm) (mm)| steel surface (kN) (kNm) (kNm) | Mma/Mp)
HB-UP-L3 H-294x200%x8x12 7700 3 sides - 122.4 126.3 503.8 0.25
HB-PE-L3 H-294x200x8x12 7700 1 side - 122.4 126.3 503.8 0.25
HB-PE-R-L4 H-294x200%x8x12 7700 1 side 4-D25 221.9 228.9 695.9 0.33
HB-PE-R-L6 H-294x200%x8x12 7700 1 side 4-D25 332.8 3433 695.9 0.49
HB-FE-L6 H-294x200x8x12 7700 - - 244.9 252.6 503.8 0.50
SB-L4 AH-350%230x350x12x19 | 7700 1 side - 287.4 296.5 881.0 0.34
SB-R-L4 AH-350%230x350x12x19 | 7700 1 side 4-D25 352.7 363.8 1080.5 0.34
SB-R-L6 AH-350%230x350x12x19 | 7700 1 side 4-D25 529.1 545.7 1080.5 0.51

HB: H-section composite beam, SB: slimfloor beam, AH: asymmetric H-section
UP: unprotected, PE: partially encased, FE: fully encased, R: reinforcement, L: load ratio
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Table 2. Mechanical properties of steel
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Table 3. Mechanical properties

of concrete

. Steel Yield Tensile Design compressive strength | Average cylinder strength
Steel section .
(mm) thickness strength strength (MPa) (MPa)
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8 307.8 450.6
H-294%200%8x%12 o 3157 1582
- - 2.2 Y W
AH-350%230%350 12 311.1 465.0
: o) s = 1= =
x12x19 19 285.0 457.8 Fig, 49} o] 7td= 9fofl ARAE HAlstar Asirtd
Reinforcement (D25) 515.9 708.5 ol go| HE FEEA Yrs At 7MEE Aol E
=] == [e]
Sz BT, 2 Table o] Urehd HELR 2
Stud: @16x2@300 (d=100) Wire mesh: @6@100x100, Depth=30 Stud: F16x2@300 (d=100) Wire mesh: @6@100x100, Depth=30
< A - EE ) a7
y S T 9 - ANE] = " 3
o T [ et M of— [T Ty T A 7 i
8 A Y Bl R 3 PR | fgad ! =
\— Deck plate < 1=} _‘ “ L_ — Deck plate =
Mﬂl l@l (KEM 75, SGCC 1.4T) < B 100 6014 L2 (KEM 75, SGCC 1.4T) ¢
152 3 s | e Swd: 216x2@300 (0575)
© = L] a a
el [Ys TC-2
- H-204x200x8x12 e < ¢ B L H.204x200x8x12
TS-1 i) o aTg-1 frs-
R C el R
50
1 300 | 200 | 300 | 300 [ 200 | 300
I 800 | 800
f r
(a) HB-UP-L3 (b) HB-PE-L3
Stud: @16x2@300 (d=100) Wire mesh: 26@100x100, Depth=30  Stud: &16x2@300 (d=100) Wire mesh: @6@100x100, Depth=30
JaTF3 Vd T S g3 I T
§ e FE Ny 754 N 8 g - oTF.7 ANE] 3
,,,,, Ao eTE R L & I . T F,,,A,Q,,,,,E,, L
Il 1 o o I I 4 w
I lTsafl 1 4 ~ A < L fTss -
100 60 60
—’f;::, ,==’m—4 \— Deck plate Y o u 0 4 60 LEAO_‘I,E \— Deck plate 3
N (KEM 75, SGCC 1.4T) < & (KEM 75, SGGC 1.4T) <
- i fgTsa <+ TS-2 <
8 : i : = m— TR =
Ll == Stud: Z16x2@300 (d=75) & 3 I= Stud: @16x2@300 (d=75) 3
) B s *
MR- i1 @NTR- o TC2
g Tg t— H-204x200x8x12 g B W o ] Hr2e200xex12
[ o e Y L 1
] "50" "
| 300 [50] 100 |s0] 300 ! 250 [s0] 200 !50! 250
| 800 .l 800
(c) HB-PE-R-L4, HB-PE-R-L6 (d) HB-FE-L6
Deep deck (JF-DECK 250) Wire mesh: @6@100x100, Depth=30 Deep deck (JF-DECK 250) Wire mesh: @6@100x100, Depth=30
z . 7 . 14 -
9 19 153 4 a | < ‘19 153 4 |
o ory R 2, . - oTra T 7 -
jt otF2 4 7 @ et oTF-2 4 w©
[ alf-1 g alf:-l
° 70/ 90 | alf ol g 74 1350x230x350 =}
2 , Asy H1350x230x350 2 < 2
8 < TC-3 % %
L] o % < ol
23 B TC.-Z v o
3 2 FlaTs-1 ’
7 r_ 1 W L L
@ o
225 | 350 1 225 - 225 | 350 | 225 -
800 800
(e) SB-L4 (f) SB-R-L4, SB-R-L6
Fig. 3. Section details and location of thermocouples
146 @r=gpzsts) =55 4278 A2E(EW A135%) 20159 49



o] AAE 2P ES} SIS 2Tt g HRAE
7} A3 5ol WSS AP E e, Fig. 2(a)9F &
o] SE 915 84 71SHES soich. o) F AslES A
StHA KS F 2257-19] E3HA=7 ()& wet HE
7rstolt,

T=345log,,(8t+1)+20 4]

o714 T 7tdRO) L& ti= AZHE)olth,
A3t Fof B gho] x5 A9 Lx =
A7} A 2o] ANENE AL WSIAS o] gsto] 25
gt} AES KS F 2257-179] Wahgs7] 2150 834"
o} Sa)el| A AAe sl A g W7ol o Aske] 47
%— oo iw%*m ANEE7} 583k 2 gria) A

AR T Mom R Ry
5 2302 1 SEAAE A A I,
.L2
D= m (mm) (23.)
‘Z_f= QOLOOd (mm/min) (2b)

o714 D APAIS AF, L2 AAA9] B mm), de=

1] Zojole},

Fig. 4. Overall view of test setup

A - o]HE
3. WuAT L 2
3.1 254}
3.1.1 Zxfe| =M}
Fig. 5 AR ol & HP2| sh-E-A(Ts-1), 4l

H(TS-2), AH-ZHA(TS-3) 9] 2=ReE HeERd 2ol
Rlk=

ZAYEES WjYetA] YL HB-UP-L39] s} ==
2=l E%WHJ—H off 2HY =2 Wi, lﬂi

S8 ER 123} HB-FE-162] 7o

—x— HB-UP-L3 —o— HB-PE-L3 —— HB-PE-R-L4
—o— HB-PE-R-L6 —— HB-FE-L6 -8~ SB-L4
1000 —— SB-R-L4 —o— SB-R-L6
800
e
& 600
=
B
2
g 400 g
& )/
200
0
0 30 60 90 120 150 180
Time (min)

(a) TS-1 (bottom flange)

1000 -

—x— HB-UP-L3 —o— HB-PE-L3 —— HB-PE-R-L4
—o— HB-PE-R-L6 —— HB-FE-L6 -o- SB-l4
800 { - SB-R-L4 —o— SB-R-L6

Temperature (C)

0 30 60 90 120 150 180
Time (min)

(b) TS-2 (web)

1000

—x= HB-UP-L3 -o— HB-PE-L3 —— HB-PE-R-L4
—o— HB-PE-R-L6 —— HB-FE-L6 -=- SB-l4
800 —— SB-R-L4 —— SB-R-L6

@
=3
=]

Temperature (T)
Py
8

N
=3
=]

o

0 30 60 90 120 150 180
Time (min)

(c) TS-3 (top flange)

Fig. 5. Temperature evolution in steel

3 =wd A27d ARE(EE A35E) 201549 49 147



s o] Wekdol tiet A% 9 g oy
A7k 73k o] Folok 400°C of) ERFahedch LA A
o] 79-(HB~PE A%, SB A Y) SAA|} 1 Ajo]7} 22
e=2 o] 9] o] LSS fARII,
ok AR A ] LwWEE SHEEWA} vl o

lo

N e e EETE
gel ARV SR Qro $hs] Wl 9] )
ol AREAR Y LEASSEE HB-FE-L6%} FAKE
R U] Sk, MsksEl=e 43 2402 A3k o
FABH A0 Hof gesze

Ao m2g R}

Table 4+= Hlxﬁo}"ﬂﬂ’“bﬁﬂoﬂﬂi A GEl= 7] 3
T2 AFH538C) e Hh 2= ATHgh(649°C)ol 24
H AFA Lﬂﬁwiol‘:} SHE-ZEN A vpg Tt 3RAjjof| 2]
S 74 dHU ] 2= HA A7)
oo A & JWLQE AR g% Agtr]E

LastA Elo] AR WatdsS 4ds] AF7IsHA
22 9 4 qleh. U AYA(HB-FE-L6 % SB A2 9] 3
¢ AQ

Akl ofslf sk AR = AAshe AR =

AABFLEI AR 2w gl ol g
Aol A9 wAsHARe] LwrlE] ofR ek Bt
1000
-o0- HB-PE-L3 —— HB-PE-R-L4 —o= HB-PE-R-L6
—— HB-FE-L6 -a- SB-l4 —— SB-R-L4
800 { —o— SB-RLG

=]
=3
S

Temperature (T)
]
=1

N
1=
S

o

pa— T T T T T 1
0 30 60 90 120 150 180
Time (min)

(a) TR-1(HB-PE-R-L4, HB-PE-R-L6, SB-R-L4, SB-R-L6) and
TC-2(HB-PE-L3, HB-FE-L6, SB-L4)

1000

—x— HB-UP-L3 —o— HB-PE-L3 —— HB-PE-R-L4
—— HB-PE-R-L6 —— HB-FE-L6 —=— SB-L4
800 —— SB-R-L4 —o— SB-R-L6

=3
=3
S

Temperature (C)
s
o

~N
=3
S

o

Time (min)

(c) TF-2
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Table 5. Fire resistance by loadbearing capacity criteria

Fire resistance

by loadbearing capacity criteria (min)

Specimen Limiting rate Limiting Limiting

of deflection | deflection deflection

in ISO 834 | in ISO 834 in BS 476
HB-UP-L3 25 28 30
HB-PE-L3 - 120 135
HB-PE-R-L4 - 146 155
HB-PE-R-L6 - 106 119
HB-FE-L6 - >180 >180
SB-L4 - 61 64
SB-R-L4 - 142 151
SB-R-L6 - 74 80

—— Temperature (Average)
—&— Limiting deflection (ISO 834)

-0 - Temperature (Maximum)

«+Or+ Limiting deflection (BS 476)

180 ~
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Fire resistance (min)
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&
Specimen

Fig. 9. Comparison of fire resistance by temperature and limiting
deflection failure criteria
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Fig. 10. Finite element model for the thermal-stress analysis
(HB-PE-L3, 1/4 model)

A - o] 8E

0.14 §0.14

0.72 40.72

0.14 J0.14
———
1.0

Fig. 11. View factor to consider the shadow effect of H section
in the numerical analysis
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Fig. 12. Comparison of temperature evolution between test and
analysis
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Fig. 13. Example of numerical simulation result of the partially
encased beam (HB-PE-L3, 1/4 model)
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Fig. 14. Comparison of fire resistance between simulation and
test results based on the limiting deflection criteria

3)

4) 9

SR AT vl AR lEe) EaA) Aol o)
YH AR Alste] BAEe] SEAGo] U H
37} 3

g7 Rl sl 3] A ﬂﬂ%ﬂ(ﬂxHia 30+
Z = 712C,

SHEZ0|HO| ¢ 3}
o /b0l FAFSHLY A4
< FEmEy AR HlE] dH cHEA=ZE 60+
0|3 HB-PE A AYAY FHEHA] FHd2E+
158°C, SB AlE AgA| 9] sHEZWA| FHF-2==65C),
:Llﬂjl H7}E e uﬂg ¥ 3}AH o] 7
£YZgo|H o] AL 4 12087 = A
33 4= 9l 400C 0|31 SA|3H3ATY.
7 BEu Y A, 2 B mi s
73‘% Zkzy &}5H] 0,25, 0.33,
O 2 2A|7F o]AF9]
3 ol Wt B E F3 HY
A @*éiﬂ Adk3] lﬂﬂ*é% =% IHPOM Hlmkﬂ A

419_
2T =

i e B
YA W sS Thamvtstel Barael A
2= g2 shlshlnt, T1elm Y g 2
2ol no] 29 @] sEA x| 2] o3 Lﬁw

ol
L
e

l> POOPO

N gt
e N mbl

_‘L“uo}dﬂ.l

o

152 g=77233 =4 A27d A2z(Ed A1353%) 20159 4€



A 2

o] =ES o011¥ % AE(wSslr|sE) ALY o3k
gl tA ekl XY (NRF-2009-0080187) S3f 3
H AFdyek

A 2% (References)

[1] European Committee for Standardization (2005) Eurocode
4: Design of Composite Steel and Concrete Structures,
Part 1.2: General Rules-Structural Fire Design, BSI,
London.

[2] Piloto, P., Gavilan, A., Zipponi, M., Marini, A., Mesquita,
L., and Plizzari, G. (2013) Experimental Investigation of
the Fire Resistance of Partially Encased Beams, Journal of
Constructional Steel Research, Vol.80, pp.121-137.

[3] Ellobody, E. (2011) Nonlinear Behaviour of Unprotected
Composite Slimfloor Steel Beams Exposed to Different
Fire Conditions, Thin-Walled Structures, Vol.49, pp.762-
771.

[4] Z/dH, 252 0172} , A4/844(2006) TSC /g .o ik

dsoll Bt A, = 2ete] =2 A, Al AllE,

pp-113-122.

Kim, S.B. Choi, S.K., Lee, C.N., and Kim, S.S. (2006)

Study on the Fire Resistance Performance of the TSC

Beam, Journal of Korean Society of Steel Construction,

KSSC, Vol.18, No.1, pp.113-122 (in Korean).

ol5AY, 7Y, s, 7HEk 7AH(2006) iTECH 3

AR adsol dieh A, =dEstel =

A, S=7dr=2te], A8, A5 2, pp.643-653.

Lee, S.J. Kang, S.D., Choi, S.K., Kim, M.H., and Kim,

S.D. (2006) Experimental Study on the Fire Resistance of

—
(9,
—

A - o] 8E

the iTECH Composite Beam, Journal of Korean Society
of Steel Construction, KSSC, Vol.18, No.5, pp.643-653
(in Korean).

[6] %1400, A, Sl H5TH013) A4 U Stol s

2= A O] W3] et A, Sl xEls] e
B3, St xsts], AR5 Y, A4S, pp.379-388.
Kim, S.B. Kim, S.S., Ryu, D.S., and Choi, S.K. (2013)
Fire Resistance of U-shape Hybrid Composite Beam,
Journal of Korean Society of Steel Construction, KSSC,
Vol.25, No.4, pp.379-388 (in Korean).

[7] SH=E2E3)(2005) KS F 2257-1: A% 12
Al - AR ALY, R )
Korea Standard Association (2005) KS F' 2257-1: Methods

Fire Resistance Test for Elements of Building Construction-

A sk

General Requirements, KSA (in Korean).

[8] International Standards Organization (1999) ISO 834-1:
Fire Resistance Test-Elements of Building Construction,
1SO, Geneva.

[9] 3=+EZF3)(2006) KS F 2257-6: 1=
A PR o) A2, B
Korea Standard Association (2006) KS F 2257-6: Methods

Fire Resistance Test for Elements of Building Construction-

% 3419 o

Specific Requirements for Beams, KSA (in Korean).

[10] British Standard Institution (1987) BS 476: Fire Tests on
Building Materials and Structures, Part 20: Method for
Determination of the Fire Resistance of Elements of
Construction (General Principles), BSI, London.

[11] ABAQUS (2010) ABAQUS Analysis User’s Manual,
SIMULIA.

[12] Bailey, C.G., Newman, G.M., and Simms, W.I. (1999)
Design of Steel Framed Buildings without Applied Fire
Protection, The Steel Construction Institute, UK.

[13] Incropera, F.P. and DeWitt, D.P. (2002) Fundamental of
Heat and Mass Transfer, John Wiley & Sons, USA.

2 o : i ATolNE YW Fyust uIRolne] WIEWE AT A IAAE R FANIATE FFsAcE 0
shpul, B2 Shes So PR AANSEo] skl A gL v
R CEA T EROR ;

Bh Al AR L 9 AW WEkE Bashn
SR AT Y PRt sYBRo|n 3

SIS ol 5708 A2 Bk VR HEAEE BT 5 2k
3 st sgEzolng] 49 At AT ERoRs 244 o

ojE7} gAY ek dse SXskes TEAQ dickol 2 4 S
aaie R A AR A FE F USR] oSl

s gof

Dol g, SUBRON, AIENE, 97

%OH

i
5

K

_(?L
i 32 o

v

=
el w3 el AABS SHlstel T2 wyE
2|5 AABIIT R Y PN, BIS MR i)
of WS eysk ol uw uiYY GARs suE
ARk 4. AshheAlEol thstol ABAQUSE 83 3k
SN2t A AR AT e o TEske S Slstck

A4, Yshds

dR}F2ors) =2 A27Y A2EEA A1355) 20159 49 153



