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Temperature-Dependency Thermal Properties and Transient Thermal
Analysis of Structural Frames Exposed to Fire
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ABSTRACT A research projects is currently being conducted to develop a nonlinear finite element analysis methods for
predicting the structural behavior of reinforced concrete frame structures, exposed to fire. As part of this, teinforced concrete
frames subjected to fire loads were analyzed using the nonlinear finite-element program DIANA. Two numetical steps are
incorporated in this program. The first step camries out the nonlinear transient heat flow analysis associated with fire and the
second step predicts the structural behavior of reinforced concrete frames subjected to the thermal histories predicted by first

step. The complex features of structural behavior in fire conditions,

such as thermal expansion, plasticity, cracking or

crushing, and material properties changing with temperature are considered. A concrete material model based on nonlinear
fracture mechanics to take cracking into account and plasticity models for concrete in compression and reinforcement steel
were used. The material and analytical models developed in this paper are verified against the experimental data on simple
reinforced concrete beams. The changes in thermal parameters are discussed from the point of view of changes of structure
and chemical composition due to the high temperature exposure. Although, this study considers codes standard fire for
reinforced concrete frame, any other time-temperature relationship can be easily incorporated.
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Fig. 1 The variation of density of concrete pcg
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Fig. 7 Analysis procedures (heat transfer and nonlinear finite
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Table 1 List of specimens

. S K Cover depth | Load Heating
Specimett| \oa) | MPa) | mm) | &N) | time min
L4 20 400 40 87.0 60
S-4 20 400 40 87.0 120
F4 20 400 40 87.0 | Up to failure
L5 | 20 | 400 50 87.0 60
S5 | 20 | 400 50 $7.0 120
F-5 20 400 50 87.0 | Up to failure
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Fig. 11 Internal temperature distribution of specimens

Table 2 Verifications-temperature in reinforcement

":5—Analysis
e §=4(60 min)
apyeme L -4(120 min) |

== F-4(Failure)
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Fig. 12 Fire exposed time-deflection curve in specimens

Temperature
Specimen 30 min 60 min 120 min

Exp. Ana. Exp. Ana. Exp. Ana.

€0) 0) Exp./Ana. €0) €0) Exp./Ana. 0) o) Exp./Ana.
L4 1223 1315 093 140.6 17.84 0.95 - - -
S-4 124.5 131.5 0.95 143.1 148.3 0.96 295.8 3022 0.98
F-4 1212 1315 0.92 139.5 148.3 0.94 299.4 3022 0.99
L-5 115.1 122.5 0.94 119.5 1352 0.88 - - -
S-5 112.2 122.5 0.92 118.4 1352 0.88 2373 246.8 0.96
F-5 1134 122.5 0.93 120.1 1352 0.89 240.5 246.8 097

Table 3 Verifications-deflections on temperature step
Deflection
Specimen 30 min 60 min 120 min

Exp. Ana. Exp. Ana. Exp. Ana.

(mm) (mm) Exp./Ana. (mnm) (o) Exp./Ana. (mm) (mm) Exp./Ana.
L4 13.24 14.24 0.93 16.45 17.34 0.95 - - -
S-4 13.21 14.24 0.93 16.05 17.34 0.93 4436 41.45 1.07
F-4 13.54 14.24 0.95 16.61 17.34 0.96 31.75 41.45 0.77
L-5 13.63 12.15 1.12 16.41 15.02 1.09 - - -
S-5 12.69 12.15 1.04 15.94 15.02 1.06 3146 35.54 0.88
F-5 1241 12.15 1.02 15.87 15.02 1.06 28.49 35.54 0.80

Z(FE) 29 785 YeERd Rejth
A T2 77F 8,000mm, F3 6,000 mm® 1737F
S 7 3ke] 4,000x3,000%200mm (1/8)2
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Table 4 Material properties for concrete used in analysis
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o gk B4 9slo] Table 59 o] &
gggo] ARG AL (D), o] 2=EEE
o (I I 281 Y LEENE Ze 7
47140 thate] 14 AAETh A =2
oo 3t} TAPE F5E 3% 57 HF ATE
£3l9c). Fig. 1991 £32gE E¥H 2 50mm 2 °]9]
zo tigt s4 232 Jepdrt. E22E ¥ Fig
199} 7ol GXES 2 I8HY 259E4 {5

2
bt
o

N
fr

V)

flo o

¥
i o
flo D od of oX %d

Case Thermal conductivity
(J/min mm°C)

Thermal capacity
(Ymm*C)

Note

Const.(6.33E-1)

Const. (2.07E-3)

Time dependency

Const. (2.07E-3)

Consider to equivalent convection

Time dependency

coefficients moisture content

no.

I

I

I Const.(6.33E-1)
v Time dependency

Time dependency

by weight u =3.0%

290 | st==mz|Ests| =27 H198 X35 (2007)



900 P
-0 150
~o=DT / OT
~3= Const/DT
~O- DT/ Const
S 600 -~ Const/Const
T
3
3
@
a
£
& 300 Conductivity Capacity
DY/DT Time Dependence [Time Dependence
Const/DT Constant Time Dependerice
73 DT/Const  [Time Dependence Constant
' Const/Const Contstant Constant
0 6 . I 1
0 50 100 150 200 250
Time {min.)
(a) t = Omm (from surface)
a0
Concuctivity | Capacity
a pror Tirve Deperverce|Tirve Depancerce

541)
©
=
30
&
a
1=
L0

8

50

100 150
Time (min.)
(b) t = 50mm (from surface)

250

Fig. 19 Comparison to time dependency of thermal charac-
teristics in concrete

AAGol SAFEE ZHe UYERiAY 28 50 mm ol
o] exo st )4 AT (Fig. 15(b)Ae dolst 4

FE Held 3Es Aot WA 2% ¥ 54
of YAME I, WFH I, V7F FAEE AFE Bolx 9l
5 ¢ F Yt =G 2706 &4 I Ve 2%
FHizb L 09 AR #AT o 1008 °olF FEH=
olgte Withel @S A& & & AU °IF F5
AHEg 2 A8 U 2SS ATt L3
A R HNE Bhe A 27) dEdA SR A

A e Hry e Hos ke
9 Ao

= A

[e3e]
v ges ¢ %

ko)
T

=

H
T
,'__l:'.\.L___E [e]

—

AR

522 HIMY FEA 21

Figs. 20 @ 21& i F=9| H|4% FEA 234 2 &
ol® A& A7 wWE FUE HHL UEhd Aol
Fig. 20(a) @ (b FE, B F2E 494 85 (FIF
100 N/mm) 2H& A= H e 2] Aol wE
ZgH o] Zrkshe AL & & Jdon, ojie] 2x
o o3 #8949 (Fig. 20(c))t S-z1R mAElA 7 =
A Yeptz ek W 29 By S ARe £
A8 BE (Fig 21) €% 815S T8k ¥ Aol
o] A8 4 A} (5.18 mm)dl] B, LEFTE AL

Hats AL A& AZF 10084 32.8mm, 20084
622 mm, 25084 741 mmEM 27+ 719, 12.08, 143
B Z7leke Aoz Jeht 3 dEE At 59
H7o] FAsM F7tete 58S 2 YRl 8
CEEE Eol o8 2 e iz FAe] v 5}
A A (partition damage, L/1,000) B AHE-A LA ALE]
(serviceability limit, L/480)] t& ¥ldlxe s 24
o)% 74z} 13%, 5080l ol T AR A= AL
et AoEage FEA7 AN A e
A% FrE] AZE B3 Aed =2 HeA=

Aoz BT,

1

_I_

HU

e
i
[e]

—

AR

1.
L

80.0

E;-()—Temperamre Loads
" =0—No Temperature Loads|

70.0

60.0
50.0
40.0
30.0

20.0 Servicerability limits L/480

10.0 ng Partition damage L/1000

0.0
0 50 100 150 200 250 300
Time (min.)

21 Comparison to mid-span deflection

Mid-span deflection (mm}

Fig.

(a) deformation shape

Fig. 20 Nonlinear FEA of RC frames (after 250 min)

ecolzy o

E
=

(b) contour plot of the deformation

o

(c) vector plot of the maximum
principle stress

A2 D28t sixfof &= A 7] 291



e |
12 ox

2)

3)

4)

5)

ox I

X o dlo 2 oXx

O, o2 &y
fllo
L

o

N
-

flo r
rlo
ol
2

et
y, dob 4

=
fo
ol
1K
2
o
N
A
il
=,
b
i,

off M M o
of
B

ol
o 2

4
ofl
_OL
X

o 4o

I

o

i

Hd ol
QL
1o
b
r
iy
ik
m
ey

o 1
fru

o

[UR 1L

)

18

o ¢
ot

S

o},“_,r‘
Fﬁ it o

E

k§
A%
TE
o
fi

tio

FEA 914 23 3o

A
Z ) B °J—‘?'— AR A HASH

of =3A ‘ﬂﬂ% 2TE3a

ZdArel 2

B are FFAAY 547129
10348-0)4 202 SR UF YT

Z (R01-2004-000-

I
rok

It

[RRAZSEN A4, “JT oA ZITE Agwds Z=
HER Aol AAE A7, 2aHERy B2, 139 3
3, 2001, pp.275~286.

2. BAE, oAF, “Teg W ATZTAYE B B V¥
By o) AeA st B AFH A7, ARSI =
23, 204, 735, 2004, pp.3~12.

3. Harmathy, T.Z. Fire Safety Design and Concrete, Lingman
Scientific & Technical, 1993.

4, Bz 27— l‘IﬁTﬁzﬁ a2y ) — MEEWITK KL
e B e, 2002.6, pp.95~96.

5. Eurocode2, Design of Concrete Structures Part 1, 2 General
Rules-Structural Fire Design, DO ENV 1992, 1996,

6. Khan, A. A., Cook, W. D., and Mitchell, D., “Thermal
Properties and Transient Thermal Analysis of Structural
Members During Hydration”, ACI Materials Journal, Vol.
No. 1998, pp.293~302.

7. CEB Bulletin D' Information No. 208(RILEM-Committee
44-PHT), “Fire Designing of Concrete Structures”, 1991.

8. Eurocoded, “Design of composite steel and concrete struc-
tures Part 1,2, Structural Fire Design, CEN/TC250/SC4,
N39, prENV 1994-1-2, Second Dratft, 1992,

9. U. Schneider. et al, “Concrete at High Temperatures-A Gen-
eral Review”, Fire Safety Journal, Vol.1, No.l, 1987,
pp.55~68.

sapdsg 1eg Be a2
saasays 2oz ARRt NAR
sz BHa o LS,

Col A £28 dRaA Alel A Ao 2AE TS, O
i]

A4 e BE A5E ANART,

84 7lRg d2gaE @ Qo) o7 2aE B Azl 4348 B4 ¥ RS 2T A4L
30 2] Wl Y U R4S YA & @7 ne B denAE A2 4T MY
sRadaasge Sxo B A2 24 24 0 9o 4% ¥ BA-2E FAS AFEA Qs 1A

292 | BI=223R2|ESE =23 M19H M3S (2007)



