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Abstract : Most steel structures in high seismicity regions may continue serving after the occurrence of a non-critical fire event.
In this paper, the low-cycle fatigue properties of Q345 steel after fire damage are systematically studied from macro
and micro levels by the combination of experimental exploration with theoretical analysis. A total of 60 Q345 carbon
steel specimens are examined, which are heated to different temperatures and cooled by different ways, followed by
either incremental-amplitude cyclic loading or constant-amplitude low-cycle/extremely low-cycle fatigue loading. The
typical fracture failure mechanism of the specimens is analyzed by scanning electron microscope (SEM) and
metallurgical microscopy (MM). The test results show that water immersion cooling with a rapid cooling speed
following a medium or large fire (heated to 750 “C or 1 000 “C) has a significant impact on the cyclic behavior of the
Q345 steel. In these cases, the formation of martensite with high strength and poor ductility results in an increase in

the cyclic stress, a decrease in the ductility and a sharp reduction of the fatigue life. These phenomena indicate that the
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seismic performance of steel structures may be significantly compromised after rapid cooling from a medium or large
fire. Other heating-cooling processes have less pronounced effects on the hysteretic and low-cycle fatigue properties of
the material.

Keywords: multi-hazard; fire; low-alloy structural steel low-cycle fatigue (LCF) performance; scanning electron microscope (SEM) ;

metallurgical microscopy (MM) ; hysteretic behavior
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Fig.1 Geometry and dimensions of specimens
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Table 1 Meterial properties of Q345 steel

AT-T25 351 592 23.0
AT-T25-d1 352 613 19.2
AT-T25-d2 348 610 26.6

¥ E 350 605 22.9
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Table 2 Design parameters of test
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Fig. 2 Loading system curves
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Fig.3 Surface appearances of specimens
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Fig.4 Hysteretic curves of specimens under incremental-amplitude cyclic loading
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Fig.5 Skeleton curves of specimens under incremental-amplitude cyclic loading
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Table 3 Fatigue life (N;) of specimens under

constant-amplitude cyclic loading
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Cyclic stress-strain curves of specimens under constant-amplitude cyclic loading
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Fig.7 Cyclic characteristic response curves of specimens under constant-amplitude cyclic loading

B A LE-T1000W-A* 5 %1 2k DL Ah , 48 05 2k i 1R
v 1Y A B R T — 2 I A AR A BE S AL i
K, FEEASBRPRA R RAEARERSE., 1L
BB, 281000 CIR K ¥ A1 i 440 9 0 B0 i 7 4 AiE
AR R TR S Ak 4

WA 3 A R ) 6 B 28 O[] R R A A A R A 0 0
PR 37 AR AIE 112238 1T LR B, SR v HRTIBE 2K V8 A % 4K
A TE A 20 0 48R B4 L T A E — 55 1 R X
IHAEE 1000 “Cry a4 it 2 7 7 B 55 46 o W] . g
o i R K VS AT AR R Y R T R R AR AR T,
JESMARE 750 (CHI 1 000 CHYIR A, 7645 N AR i T 1 76
T 87 A AIE 2R #5380 RO BRI R B P DA L
X — 45 A SRR T T SCXE 750 “CAT 1 000 °C R R 7K
& ER R R ) -0 AR AT N I

3 WM
3.1 BTORERMINT

i 3 R T 1 BEAT 0 A R LA G TR T 2 AT
N B WAL, e o R FH 4 il S B AT A
BY LGNS A o 20 18 S0 8 56 g i Wy 11T Ly S
U2, & 8 Frw o i = 38 i A Wt 1 36 T A7 78 B Y
5593 DX, 2 55 Ao L 0p S A0 e IX (B 40 3 34 119 X )
AR I R IX

S — 2R W 11 2 TRDRDRE | 78T {6 A 120 457, 22 B
W UIE RIE A5 o W3 5 1 0 il 2K A 1) AT T LA

BH S 19 982 95 431X, 22 LUK 11 4%F 65 9 9 1 24 19 SRR AIE . WK
LB 1) 08, PR 32 A I ik e 2 X, 0 R A% 8038 A R 500
T o BT FE B 5T S s Ko 1 4 ) 4 T2 A 550 1 45 24 9
YU, 2 A HE PRI 55 W S B R AR, Bk — 28300 & AR RO B AR
J& T AT 7 55 0K .

SF 2R T 1T T S B R XU T AR 3, G W
A A (R HL 3R T S BORURE RRAE SRV SR 5 1 1 ) %l )
PR I8 57 WD 1A R AIE i BE W6 o o BBUSRE o i 07 6 B 1
HATH WSS R 1 000 /5 K. "TLAE B, BB T 11
TR PR M BT ML TR () YT O A6 RE DL B B A5 B R AR
D SR B W B, IF AR B A /D B 0 2 s Y P AR I | 3 3% I IR
F Y A8 T8 58 ) 0T A5, 2545 0 BT 3 — 2 BB 11 79 98 1 R 52
43 BT 000 °C ey i f5 ¥ /K ¥ 100 3140 87 1A A — 2 1
i

55 = 2R W ) IR B 2 DX v (L RS R X
R TR AL R [ e 3 80 e X pl AR 9% 55 i 48 1 1 A2
Rk I 5T B R — S OB 3R I ) 4R P I S8
(4 o 328 ST THT 30 % X3 A F B R L OSUROR T 30 £ 1
A3 O UL E] A PR R BT D R e S 2 BT 24
92 57 W AR N, B A A JE LR BT 9 R B0, S [ AR
IR 55 REBCH LK 2 A5 1) 1) HpO B R BR 45, e 2008
A e s e 22 X, 2 5 % o0 A T LK 0 1 )R
Z G IE 57 W 11, I B 3 8 22 AN 9 5 BB Y B
i) & e, B 20 T 30Um 24, B ek (22 K & 30 HE 3R
T 2R S5 IR



57

KBTS A A A0 A A % 25 1V RE AL L BR AT 52

101

I S — Z P IR 1R T AR R F A R Y G R DOt
P B UOBR R AL T AT e (T4 AR L% I T 9 S8
2 i H I G TCAT AT AR B o 1 OSE IT ATAT H O B9 7
BT B LSS OSSR e B R R
T3 T AR AR, 255 % WL A5, 290 20 A Wi 4 W 11 5 5
A 0 1 Pk IR, B 28 2k 750 °C o ik IS ¥R K Ve B0 Al 1 I
RBE IR P A 7

by B KRR R
LF-1000W-A7(x1 000)

a) W OARE MR
LF-750A-A3(x500)

©) =M OAREM R d) ZEPOEWr DA R MR
LF-5008-A1(x30) LE-750W-A3(x200)

8 ANREIRMHE ORRSHT
Fig. 8 Fracture appearance analysis of specimens

after fire

Li LR AR BEAT R e A e, X B
) % — 2K T R e DA AR A ) S8 O S By 1 AT 25 T L
SYBT . QNP9 TR, AT A A AT SR . A
ASV WSV 7l 55— 26 (SR 30 i Bh 4 4 i 1 12
PBEAE 1 000~2 000/ YRR , X6 il W 11 4 351 it 47 ik
— P A B RO S I 25 .

a) HARBHRME b) BAKAHRM
LF-750A-A3 LF-750W-A3

9 KHH OBEABNREX S RITNES
Fig. 9 The field view division and corresponding number

of specimen fracture for SEM analysis

R 10 ez , % T 5 — 28 Gl AF W7 11, 437 T B 1 7 2
DAY 1.2, 3 P A 32 A 3 AT S P W SRR Y 2 4
B0, K 4 YR I A ek DAL Jg S ) 8 A A O A W 1A T Ak
JA LT BRI T F 28 370 03 A B 22 TR A AR O i AR
89 IO 7 R, ok R AR A B SIE A 5 T R B L R RS A . A
BT 2GR X 4 5 AR 0 W 11 v, ar LU B 2k
LI R T A0, G 26 1 F 80T 6 B0 i 10 7 1)
HEZ T A, 3 2 82 55 W 101 0 SRR AIE o T LD DB 22 2
U 11 8908 55 24 S0 AT 30 5 1 2 5 1 g8 i o a) 9 R
A ERRAEAT A AR 98 57 S W 2 A1) ORI

a) ASVI. 2. 3% b) ASVAH LB LIS
10 B ASV A (X1000)
Fig. 10 ASV field view from SEM (X1 000)

X F 55 DO 2GR R T O A A S IR 38 T DA 4 )
R BALFRAEREAIE SR, A0 18] 11a) BT 7s | 3 J2 A 21 W7 2
O TRV AR AE , 38 TR 1 BT 10 R A I R IR O B T . A
IX S figp IR 20T A A L At AT LWL B W 1A I SR
T3 IR AT 0 8 W VB 5T A A, A W E A O 7 B 1 45 A0
AT UL B A W 00 S Rl 5 A (8T 11b) Bl s ) | 45
Bl 3 A DX SR DN DAL I 2 P R A S B DL A I
O E HBHEARIE BRI W ZIE R . T I, 255G
WSV A Ik iy WL 52 25 2R | 1B 11 v B A A /0 9 98 4
o3 AR IR AT SR T T M P B 2R 3% W7 1 R PR AR A
Vi R T 2R B0 ROV SRR AIE

@Iﬁ R
& \ ‘wﬁs;%-@.

..f — l().pm N

a) TEIRTERETESI(x1 000) b) WSVAHI & (=2 000)
E 11 EHEEE WSV R
Fig. 11 WSV field view from SEM

3 2o A 1 B T 2 AR ROW A BT L 5 A IR
AP ) 25 A AT DU LF-750A-A3, 75
IR A I B h e i T R A R R I R AR
IR b R SR 2 LI R 9 57 S8 M 3 1 T R A, Dy
U AR JE 98 55 A PR BT 2 R T AE R IR i R T



102 i

W Ayt

527 %

LF-750W-A3, H i I8 1o 4 FE A B A AT AT B0JK , LA 1 1
240077 X e R H R 07, M oRHME MR B T4 W L X —
T DR BT 10 5 300 1 e DT 2 ) ke L A /D i R BB M Dy i
TR o fe TR L S P R

32 =MHEMHSHN
<5 A A DR el e T I b e T L ¢ A?I‘Eéﬂ
E’JJ‘C%EM%E,,ILIEI@!*%TﬁﬁHLL%? G
P o X AS SCHIFSE i >R B9 40 61 2E A7 4T B 9O T,ﬁ\%%
TET {18 00 4 00 B4 i TR T S V8 T #ﬁ’iﬂ%ﬁﬁ’]#ﬂﬂ 1T
KGRI K06 DR S BEAT S AEE o P 12 45 W 1 S AU A BR
JEAR L AN AR 5 IR LU A I ) AT
28 3 AT A7 b R A AR N BE 18] b) S 28 5 N B IR K A
& Mt

~ ‘6‘.}, PR
1‘4!" '\; » } -‘_ _.>
f”l'l ""N.

’:
l 'Jo

.y 3 )
- 'q&" ﬁ‘ e & ;
a) Iﬂb‘ﬁﬁiﬁiiﬂéﬂ(XlOO)

b) ffﬁéﬂkf& EE{ZISQE,A(XSOO)
F12 £HERETAMHARNESHEAR

Fig. 12 Two typical metallographic structures under a

metallographic microscope

T A o 28 1R YR IS VA A Ak B3 v TS A8 BRHE R
5 mm X 10 mm X 10 mm B9 75 IR 4 , 4R0F 55 5
FE4— 3, 3 10N F &M B T g . AR
2 3eb AT AT g IR V2 0 Ak 0 TRLGT TR 6 0 1 4 A L 5
HAIE RN RT, AR R 4 s o R 4 A0 B3
Bax HHEAT WS 15 2 0 AR A N 13~17 s o

x4 BB GHLD

Table 4 Code names of metallographic observation

specimens
B B R A viE K A3 Bk 2p
500°C 500A 5008 500W
750°C 750A 7508 750W
1 000°C 1000A 1000S 1000W

E A B RAIS R AREF W ZREH,

M RT .500A . 5008 1 500W 4 1 000 1 il K 4
FHE AT LLE B A E 500 CR = AR H J7 U A)
(8 1 A A DAY S < R - TGS B A A R P < A
SR, 3 EEORBROE R AL 2L, G R b B S A O B e 1Y
ANHLI Z2 TR, BRIV BR 3R R 4L A i B AR B e TR 1
ZWB R, o BRF TS B AL R BROL AR L U

—— 10 pm

a) WHRT b) XfF500A

--

c) k5008 d) k500w
13 KX RT 500 =5 & HAHAL(X1000)
Fig. 13 Metallographic structure of specimen RT

and 500 series

b) R750A b) 7508
B 14 X1 750A 7508 £HHEL (X1 000)
Fig. 14 Metallographic structure of specimen
750A and 7508

a) RFE750W(x500) b) REE750W(x1 000)
15 K 750W £ HALR
Fig. 15 Metallographic structure of specimen 750W

TR A A A Oy 1) 2 B R IR A RS

MR 750A L 750S1 000 A% K 1 4 A0 B rpoa] DL
F, 2750 “Cra G A SR 51 5 5K v 20 4k P 31k
T 45 AH 3 031 3% B O AN RO AR 5 A A0 BROGAR 2 21, AR
B AR R R (R, 5 A BT 8 AR
AR B A, TR €1 1 AR 40 URL ZROG AR (R IR 41 20) 5 1)
20 R B ' 1A R EC AR 4L 20 T3 9K A7 B 5 1) bR 20 A
[F1) B 22 30 T /N 1

BPE 750W ) <6 AR PRI P A7 3 1 19 < A AT 1 A8



57

KBTS A A A0 A A % 25 1V RE AL L BR AT 52 103

—— 10 pm

b) WAE1000A(x1 000)

a) BAHF1000A(x200)

c) iﬂtlclooosm(i)oi)’ d) #41000S(x1 000)
E 16 X1 1000A .1000S £ #H4H R
Fig. 16 Metallographic structure of specimen
1000A and 1000S

b) R4 1000W(x1 000)
B 17 K4 1000W £HHA LR
Fig. 17 Metallographic structure of specimen 1000W

a) RAF1000W(x500)

AN TR, BT LA B 28 750 “C gy 5 ¥R 7KV Ak 2R A ik
PO B TR O A A AL 4L, A R B SRR TR A O 2R
0 B 250K 5 FR A 2 % 20 40 rl B Y A0 AR A A
HEZI AL B, 40 A 5% 2 8147 76 A /N iy BE 0 7t L AR 2k R 22 ]
AFAEBER WAL 1) 2%, [) B 9 68 A R AR R R AR WY B 4 [ A4
Al AT 4 A R ARATY SR R B R A AR 40 A

M AE T000A 1 1000S #5200, 1 000 4% i K 1) 4 4H
PRl LA 3, 48 1 000 “Cg il e A AR 18 51 5 WK % 204k
B A IR F B RE P9 4 A BT D B R IR R R 414, 1%
2 2P ph R R Y B ER A R A S B R kL P B
TR RR BB R AR NS B A, A AH SR AT SR O Bk B 1 Bk
FM TR BROG IR A ZUR AR S IR 43 A, R B 2RO
K5 KR 8 REIEAANIES .

IAE T000W g 4 AH A H 3004 3 20 21 5344 750W 1
2 FH TR B B AH SRR B, T DA B 20t 1000 °Crss il )R
KA 0 A 3 A 3 PN A A A 1 BT AR AROIR A G A
M), D R AR R R I I, DR R RS
BWRARZGE A Y i 2 5 10 3 B0k DL IR, i F A i B
B B A4 4 A AL SRy SR ER R KR

25 bR, K RT . 500A . 500W , 5008, 750A F
750 114 4 A P 4 28 B R BROG IR 20 25 17 T000A F1 10008
{14 4 AH P i BT /0 (R B EC A 20 (H R AT 9% e B 3R
SR L i 750W F 1000W H i 1 T B 454k 15 [ A 4
L e HE RO HOR . /S Z L BR T4 750 ‘CHI L 000 °C
1o TG R KV E R e i R R 28 2 i A A b
B B PN 4 A 5 R 28 3 AT AT A AL B 1 b R 4
ARARARL , AT 7 HE T A 20 25 B2 425 750 “CFI L 000 “Crey
RJE RS Z R A R = A TR A, kAR T B IR R

AL

4 BEMHETWERERESH

5 4 902 55 T 0 5 AL L OO G T 485 L A 0 0
1 165 9 57 4 B A b 0 DR 0 AT 2
é}ﬁo

41 WUMELHTWL

BbE 7 2% P B AR AR A R DR T P A A 25
M AR AL o 4 ARG AR (1 — A G B R PR 2 5 Zl U m#h &
G AR AR I AL G SR FH B9 B Q3458 8 T T
AT AN, A M AR e L 2o 727 C) o Mt 4 Ml
ARG P A AR P A RO AR A 2 212 T A A A
G B S 3 AR 1 AT Ve H T BB TR A RE PN 25 A B B AR
HE TS 0 LG PR (0 124470 o X R T N A BT AT
25 500 “C o bk A 3 14 AR R 9% 55 M BE 5 R TR B 4
T 9 A R 98 55 P A O T8 R K X, T 43 48 750 'C
1 000 “C o i Ak B 14328 140 00 25 Hh B0 20 10 ) 486 K A R
(3%

— AR K T R 1 e v U R A T 4 A B AR i TR
FE A, B B BR 6 AR 4L BURE T UR 35 40 7 AE o BRLEG A
A, IF HL 23 76 i 4 AH G R W 2 A, (IR Q345B 24
767 °C)J5 SE A LA R WK AR o A A R VA A R A
IR B ARV J0 5 WKV 2 TR A5 2 BROG IR B 20 415 45 R
FHIR KV A, 4 0 7 5% 1 25 1 o B G A8 1 I v
HIHE R Vi, B R RE P 4L 815 AR Ry AR T R R A
AU E 18a) \b) i o AL AR H =Y hsa & H
SAPE 2, (A5 4 RE A 106 P50 2R A B 2 4R T E AR A
HARTERE T 3 B, A& 18¢) ) i .

2 750 “C¥ /K ¥ H IR PR 1 Me o4 58 K, 2 iy T 3R AT
BN AR E] 750 CHEBR G A 41 21 3 AR Ak Sy LI (N
TP SR AT 3k B 9 4k R AEAE Bk 3 MR AE 8 0 1 3 A R 11y
BKEH T IA SR A A, W E 18b) Fr 7w , Bl H i i %
RO L2y 5 B S PR 22 AR SR T [G AR AL 2, [R] B IR
A AH 2 22 1 (0 R ORE AR B AR SRR TR, O ok & 2R R AR Y
BRFEAR X —RRIR Y PR S A AR A 750 CR IRk



104

M A R kR

527 %

10 pm |

Y St R s
a) 1000 °CIZ /KA EIRM- S A0
(x1 000)

— RPFLF-T25-A5

1 500 i
100 F BAELE-T1 000W-AS
900 | ‘
¢ o |
>
oy 0F
E -300 } .
-600 |
-900 | f
-1200 | /
1500 b
“11-9-7-5-3-11 3 5 7 9 11
MR/ %
c) 1000 °CIZ /KA n#k dh 2

E 18

R bl — 1+
b) 750 °Ci& /KA #1441
(%1 000)

1500 r
1200 f

900
600
300
O L
-300 t
-600 t -
-900 f
-1200 +
-1500 b
-11-9-7-5-3-11 3 5 7 911
N /%
d) 750 °CIZ KA HRM 0k #h 2

/) / MPa

— RPFLF-T25-A5
— RHFLF-T750W-AS5

2SS HIXT M ZE 750 CF1 1000 CHik 419 20

Fig. 18 Influence of water cooling on 750 ‘C and 1 000 C heated specimens

A ER A 00 IR AR T AR E 1000 “CR ¥R K EHA 1
{14 e K

X —F 5T 45 R R B, G SR A kg AR Ir 42 T
(14 $5 1o 1R 3 A R A A b 4 AR R A I UURLEE AL (AR
J¥ S 500 °C) AR 2 4 REFE 0GB 0L IR Y R g - R AR
28 56 R UF A 22 & AR AT A8 4k, b RHRY 9 5 1 R A2 4k
A RAAR T % 5& i %t F 0 e B R AR A (TR E S
727 CUL ) WA, SR AE KK BRI R T @ T 5
PRI A I B8 EDEE R Vi OR300 38 (iR K & B sl
Je S ¥ H) 3k B AR DL ), DULAR B 9 S5 M RE T R P T A R
2200 L1 BT e 0 8 4%, 5 12 405 0 7 R Ok T RE A7 7 3 08
AR FH A XU, 0 A IS0 SR JBCHR I B 46 4 it , S R 4k 4k
i H

LRGBS 45 SRR R I, IR AR FE A % 1 000 °C
T R R B ARV B WK A A1 Oy SRR %R
(A1 20 R ) 25 BTG o 3k 2 B R AR M Q3458 1y fk 2 4l 4y
AT CriE 4 @oc %, & T 40 ok 89, 28061 7 i
IR E 8 3 930 “C~950 ‘CZ J& , He Py i B 1 i e AR Bt
F R A R S IR T A /N I e e N 5 R 1Y) 3R T BB
U, 25 2 T AR ARK 200 RS 0 R X 0 b R A7 R e TR0 14 DRI R
S e A KR . TR SRR S KNS
LW HJG IR 4L S0 SR IR SRR /N B O A O, A
#1000 “Crg i T % 4% Sy B G AA A 1) y d 72 , DRR B B
() L FC AR b & A T 35 B G R R A B ER AR A R A A
SRV H T WK A A AR R B8 B TR R I BR O A 4L

20, o B2 AR T AN BROL AR iR 9 38 5 Xt B R B T &
1,000 °C iy i Ja 4R ¥ 40 sl WK v 20 A% 3 1 A ) 5 2
TR

T 45 R R WL, 24 3 d o 1B G 1 R i il 2R
R BE IR (211000 °C) , kRS PFAG 2544 B 5L = 1R BE o
WAL SR RLAE AR BRI A T 56 B A A

42 HftRHE

TR, ¥ 32 S BAAE IR 1 0 A A E . X
T T L P Pl R i 2 K IR K e A
TEAR K Ve 2R 2 A v 2 BN g, D PR A 3R K v 2
i P R T S R, A A i K
e IX A A v 2 32 B R T T 0 Bl A R AR Y T
F 30T 52 A Ve A0 I 2 T A R i A BELRS T O R v A AR
LR I AE R L S8 IR B IS T IR O T8 52 437 1 3% THT 32
FERARZS o SRR K Ve B0 R Ve B0 e v DU 1T 4 2 52
Ve B 28 L3R B g B BN BR 23 A AL, X 0 2 B9
JO7 3 AR 25 R MR AR R B 58 o TN T K Ve A R AR
AR A SE BUK 3 $ S) B R (EORLAR AR K SR A
AT B8 AN T sl G o 1 A 2 S 5 A R e T A
oA Ak PAL S B AR g R 2 SRR ) A A K X S AL
Az B B B A A5 3 BT /DN 10 A2 W B TN 48R B B 7 AR
Z A NS4 T R BGRB8 S R kA % 55 R, LR
FEFER B 22 55052 55 B R4, B2 IR0 55 1B 11 . DA
e BT K I B7 KK Bl B v, diy 7 SR 45 4 1R B



57

KBTS A A A0 A A % 25 1V RE AL L BR AT 52 105

R, WK Ve A0 84 J7 AN AT kA 5 BObE RE A 4L
AR 3 53 A AN 323 5, 33 b e G 435 K A B 7K 3 RE
F I 55 5800 LT 25

5 NRIFWNHERITFHBFTEY

X 28 17 10 Fh AN [a] i 44 0% 20 4k 310 A 1) Q345 5 b 2
Fra ML, 45 & K I Jm A (9 I 0% 55 PR RE , 1R Bh 41
PR S 2 20 o 7 A T A0 0 A R B R D 2 A
N8 T TS BRI AL A 20 I, A

(1) 28 Dy 1 f5e e 98 L AN [R] R FH B ¥ 30 7 3O ) i
KRG 5 R I RE S (P B AR . kY
i 38 ey, 1 2 T AR A S BRI A b TR N B T K
FUA B 7R G2 Sk 22 M A0 A4 2 1 1 85 o 3 o L 3 2 B
G BT AR AT IR K R B A7 8RB 22 3 4 ) B A

(2) XA 3C e iy 6 P SR FH B B9 6 0 5, A 2R e 22
D f) i i i JBE A A ok 0 b < AR P A i IR A (727 °C
PLTR 4 d5e 8 3 B2 A A 500 CRY/NEY JR 38 ok 5 ) L A 1Y
P FRAE S0 2 BE 1 JL-F A 22 R AEARAT AR Ak, K b 4 78
P AT 205 AN T R R 45 A 7 D WL L B e g e
KT AR SR B S BT PUR M RE M . — B
T SR K 9 rp B B PR AR A AR (e g L EE Sy 750 °C
1000 CRy P RS JG) , ASRAE I B K AE R 18 T
Iy BRI AR s 559 03 R Vi 19 ¥ 50 05 5, A 0 00 97 1
AEHE T [ o S IRE B9 AF RT RE AN 96 12 BT 52 SE 1R K, 5 I8 2
AR A5 4548 2R R n] BE AT 7 1 1 3 7= 00 KURS: , B 2 R AT
e, AN AR AT .

(3) B 7 K 9 28 i A e i ik 2 o i A A
Il F 3tk & (24 2 930 “C) B, o 2 4R JE 2 & 06
(RN T P % VAL & NP Rk (O F W £
PRSI A o BRIE LA 7830 8 SRE5 A4 AT 0 B K K, 2R
FHME K ¥ 50 A 7 2203 R b A 7 i S22 g A0 A
303 AT AN T Y A8 IR S B VA L 25 0 I 2 e T LA

6 #it

AT 60 AN RAFHEAT T 0 ARV H RO IR0
BRATF T Wb AE 2 IR S A R 9 5 I # Pk g
(ERCE

(1) 27K H L H MR T 28 77 %5 i Kk 9B (750 °C
F11 000 °C) Ji5 Q345 WA 1Y a1k o XF 1 S8 il 1k 20 47 L B
P H5 50 B o3 b7, 25 R F B T 2R R B 1 O v A S T
AI A T M e 7 2 0 2R R X

(2) oA in #R v 20 4 3865 3 420 498 A0 n 28 1 g 1) 5 T
AR Tt H AR B IR BE (500 “C) Bif, 6 2R B f] Fift v
W7 5, e J R 1 B0 g o AR TR R i

89 3l 3 Wi 82U T B A AT A0 22 Ak B 0120 A R b i
29 2 B A ) S R 55 B IR AR AR, AOR FL 4 B Y
E S 982 55 1 i

(3) Z24d 1 000 “Cmy it J5 12 K ¥ A AL B, Q345 M 44 Y
1 B0 1L g P ST 55 T 28 T e A2 S A1 B AL i
ARG P01 24 TR B0 5 0z g 38 A A5 AT SR 2 81
g P

8% 30k

[1] WEIF,FANG C, WU B.Fire resistance of concrete-filled steel
plate composite (CFSPC) walls[ J].Fire Safety Journal, 2017,
88:26-39.D01:10.1016/j.firesaf.2016.12.008.

[2] ZRIABRAM, 28 w2 K E R E 20w

PERE 23T 5 BT S B S R [T ] A HUL H 2% 3i, 2019,
40(2) :56-69.DOI1:10.14006/].jzjgxb.2019.02.004.
LI Hongnan, ZHENG Xiaowei, LI Chao.Research progress on
life-cycle multihazard-based design theory for high-performance
structures[ J ].Journal of Building Structures, 2019,40(2) : 56-69.
DOI:10.14006/j.jzjgxb.2019.02.004. (in Chinese)

[ 3] SREWI, E, BRI . 2R FEM TR R Ls

WLIT. b 2 B AR, 2018, 31(9) ¢ 7-19.DOI: 10.3969/j.
issn.1001-7372.2018.09.002.
ZHANG Xigang, TIAN Yu, CHEN Airong.Review of bridge
design method for multiple hazards[J].China Journal of Highway
and Transport, 2018, 31(9) : 7-19.DOI: 10.3969/].issn.1001-
7372.2018.09.002.(in Chinese)

[ 4] BEHNAM B. Structural response of vertically irregular tall
moment-resisting steel frames under pre- and post-earthquake
fire[J]. The Structural Design of Tall and Special Buildings,
2016,25(12) :543-557.D0O1:10.1002/tal.1271.

[ 5] SUWONDO R,GILLIE M,CUNNINGHAM L, et al.Effect
of earthquake damage on the behaviour of composite steel frames
in fire[ J].Advances in Structural Engineering, 2018,21(16) :
2589-2604.DOT:10.1177/1369433218761138.

[ 6] BEHNAM B, ABOLGHASEMI S. Post-earthquake fire
performance of a generic fireproofed steel moment resisting
structure[ J].Journal of Earthquake Engineering, 2021,25(13) :
2579-2604.DOT:10.1080/13632469.2019.1628128.

[ 7] FANG C, IZZUDDIN B A, ELGHAZOULI A Y, et al.
Robustness of multi-storey car parks under localised fire:
Towards practical design recommendations [J]. Journal of
Constructional Steel Research,2013,90:193-208.DO1:10.1016/
j.jesr.2013.08.004.

[ 8] FANG C, IZZUDDIN B A, ELGHAZOULI A Y, et al.
Simplified energy-based robustness assessment for steel-
composite car parks under vehicle fire[ J|.Engineering Structures,
2013,49:719-732.DO1:10.1016/j.engstruct.2012.12.036.

[9] WANG W, FANG C, ZHAO Y S, et al. Self-centering

friction spring dampers for seismic resilience [ J]. Earthquake



106

H O R

527 %

[10]

[11]

[12]

[14]

[16]

[18]

[19]

Engineering &. Structural Dynamics, 2019,48(9) : 1045-1065.
DOI1:10.1002/eqe.3174.

FANG C,WANG W, HE C,et al.Self-centering behaviour of
steel and steel-concrete composite connections equipped with
NiTi SMA bolts[ J].Engineering Structures, 2017, 150 : 390-408.
DOI:10.1016/j.engstruct.2017.07.067.

FANG C,YAM M C H,LAM A C C, et al.Cyclic performance
of extended end-plate connections equipped with shape memory
alloy bolts[ J].Journal of Constructional Steel Research,2014,94:
122-136.DOT:10.1016/j.jcsr.2013.11.008.

FANG C, WANG W, SHEN D Y. Development and
experimental study of disc spring - based self-centering devices
for seismic resilience[ J].Journal of Structural Engineering, 2021,
147(7) :04021094.DO1:10.1061/ (asce) st.1943-541x.0003058.
CHEN J B,FANG C,WANG W, et al.Variable-friction self-
centering energy-dissipation braces (VF-SCEDBs) with NiTi
SMA cables for seismic resilience[ J].Journal of Constructional
Steel Research, 2020, 175:106318.DOI:10.1016/j.jcsr.2020.
106318.

WANG W,FANG C,SHEN D Y, et al.Performance assessment
of disc spring-based self-centering braces for seismic hazard
mitigation[ J ] . Engineering Structures, 2021,242:112527.DO1:
10.1016/j.engstruct.2021.112527.

FRIBFF . H R UK AR TR RR B B AU 5 A SR o A (D]
K% K HL T R4, 2009.

ZHANG Xudan.Numerical simulation and optimization strategy
on disaster reliel of post-earthquake fire [ D]. Dalian: Dalian
University of Technology, 2009.(in Chinese)

WRag 2, 2R 0, EARTE, 5 AR TR I A9 A IR BE L W
L BHURSATI] R TR S TR RSN, 2015,35(4)
145-154.D01:10.13197/j.eeev.2015.04.145.chenxw.017.
CHEN Xuanwei, LT Hongnan, WANG Dongsheng, et al.Life-
cycle seismic performance analysis of offshore RC bridge piers
under mainshock and aftershock[ J].Earthquake Engineering and
Engineering Dynamics,2015,35(4) : 145-154.DO1:10.13197/
j.eeev.2015.04.145.chenxw.017.(in Chinese)

WRER SC, 22 5 iR v AR KR B F ST R e [T]. B AR K
#%,2008,17(5) : 120-126.DO1: 10.3969/].issn. 1004-4574.2008.
05.020.

CHEN Suwen, LI Guoqiang.Advance in research on secondary
fire of earthquake[ J].Journal of Natural Disasters, 2008,17(5) :
120-126. DOT: 10.3969/j. issn. 1004-4574.2008.05.020. (in
Chinese)

BRBVEW PR, S LREMAEZREMSIEN T
WEoE Bk [T]. 1R TR 24, 2021, 54(5) : 1-14.DOI: 10.
15951/j.tmgexb.2021.05.001.

LI Hongnan, LI Gang, ZHENG Xiaoweti, et al. Research progress
in engineering structures subject to multiple hazards[J].China
Civil Engineering Journal, 2021,54(5) : 1-14.DOI:10.15951/j.
tmgexb.2021.05.001.(in Chinese)

ZHOU F, LI L.Experimental study on hysteretic behavior of

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

structural stainless steels under cyclic loading [J]. Journal of
Constructional Steel Research, 2016,122:94-109.DOI1:10.1016/
j.jesr.2016.03.006.

WANG M, FAHNESTOCK L A, QIAN F X, et al.
Experimental cyclic behavior and constitutive modeling
of low yield point steels [J]. Construction and Building
Materials, 2017, 131: 696-712. DOI: 10.1016/j. conbuildmat.
2016.11.035.

SHI G, GAO Y, WANG X, et al. Mechanical properties and
constitutive models of low yield point steels[ J].Construction and
Building Materials, 2018, 175: 570-587. DOI: 10.1016/j.
conbuildmat.2018.04.219.

PEER O R MR RN, 55 AR A TR AN R S Bk
A A RERLAT 52 (7], B AR TR 2441, 2019, 52(10) : 67-74.
DOT:10.15951/j.tmgcxb.20190709.001.

BAN Huiyong, ZHU Juncheng, SHI Gang, et al.Study on cyclic
constitutive model of stainless-cladding bimetallic steel with
different cladding ratios[J].China Civil Engineering Journal,
2019,52(10) :67-74.DOI: 10.15951/j.tmgexb.20190709.001. (in
Chinese)

TR, 6 B R, SF Q460D [ 5 B 45 A4 9 B A5 2R 2%
LS B 52 (7], £ AR TR 2% 4, 2012, 45(7) : 48-55.DOI: 10.
15951/j.tmgexb.2012.07.018.

SHI Gang, WANG Fei, DAT Guoxin, et al. Experimental study
of high strength structural steel Q460D under cyclic loading[J].
China Civil Engineering Journal, 2012,45(7) :48-55.DOI: 10.
15951/j.tmgexb.2012.07.018.(in Chinese)
REZAIEE-PAJAND M, SINAIE S.On the calibration of the
Chaboche hardening model and a modified hardening rule for
uniaxial ratcheting prediction[ J].International Journal of Solids
and Structures, 2009, 46 (16) : 3009-3017. DOI: 10.1016/].
1jsolstr.2009.04.002.

CHABOCHE J L.A review of some plasticity and viscoplasticity
constitutive theories[ J].International Journal of Plasticity , 2008,
24(10) :1642-1693.DOI:10.1016/j.ijplas.2008.03.009.
CHEN Z H,LU J,LIU H B, et al. Experimental study on the
post-fire  mechanical properties of high-strength steel tie
rods[J].Journal of Constructional Steel Research, 2016, 121:
311-329.DOT1:10.1016/j.jcsr.2016.03.004.

AR E W, ETCHE 6 BT 24 HTT 458 3 b A 5 5
WG AFZE[T] S B 2242, 2012, 15(3) : 293-300.DOI: 10.
3969/].issn.1007-9629.2012.03.001.

SHI Yongjiu, WANG Meng, WANG Yuanging. Experimental
study of structural steel constitutive relationship under cyclic
loading[ J ] .Journal of Building Materials, 2012,15(3) : 293-300.
DOI:10.3969/].issn.1007-9629.2012.03.001.(in Chinese)
HAIL T,SUNF F,ZHAO C, et al.Experimental cyclic behavior
and constitutive modeling of high strength structural steels[J].
Construction and Building Materials, 2018, 189 :1264-1285.DOT:
10.1016/j.conbuildmat.2018.09.028.

DING F X,ZHANG C,YU Y J, et al.Hysteretic behavior of



57

KBTS A A A0 A A % 25 1V RE AL L BR AT 52

107

[30]

[31]

[32]

[33]

post fire structural steels under cyclic loading [J]. Journal of
Constructional Steel Research, 2020, 167: 105847. DOI: 10.
1016/j.jcsr.2019.105847.

LI W, CHEN H.Hysteretic performance of structural steels after
exposure to elevated temperatures| J]. Thin-Walled Structures,
2023,191:111019.DO1:10.1016/]j.tws.2023.111019.

BEmE P, E3E 00T, 55 KRR Q690 i i IR % 57
REAFSE [T]. d 5 45 M 24 41, 2023, 44 (6) : 119-128.DOI: 10.
14006/j.jzigxb.2022.0631.

XUE Xuanyi, WANG Fei, SHI Yu, et al. Study on post-fire
ultra-low cycle fatigue properties of Q690 high strength steel
post fire[ J].Journal of Building Structures, 2023,44(6) : 119-
128.DOI:10.14006/j.jzjgxb.2022.0631.(in Chinese)

HUA J M, WANG F,XUE X Y, et al.Post-fire ultra-low cycle
fatigue properties of high-strength steel via different cooling
methods[ J].Thin-Walled Structures, 2023,183:110406.DOT:
10.1016/j.tws.2022.110406.

DAISY,LIC B,GU Y Y,et al.Post-fire mechanical behavior
of iron-based shape memory alloy used for structural damping[J].
Journal of Constructional Steel Research, 2024, 221:108920.
DOI1:10.1016/}.jesr.2024.108920.

Bl 22T 37 W B B LR T bR AL T R B 2 B R b
ARG 55 12 - KB T7 % : GB/T 228.1—2021[S].

[35]

[36]

Jemt: b EARAE AR, 2021,

State Administration for Market Regulation, Standardization
Administration of the People’s Republic of China. Metallic
Materials—Tensile Testing—Part 1: Method of Test at Room
Temperature: GB/T 228.1—2021[ S ]. Beijing : Standards Press
of China, 2021.(in Chinese)

rh AR N B S I [ 5 B W G R, o I SR v
B e 17 2% . 4 b A 1) S5 O 1RO 2682 55 1088 07 9 - GB/T
15248—2008[ ST Jtxt : [l 4R E 3 B AL, 2008.

General Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China, Standardization
Administration of China. The Test Method for Axial Loading
Constant-Amplitude Low-Cycle Fatigue of Metallic Materials :
GB/T 15248—2008[ S].Beijing : Standards Press of China, 2008.
(in Chinese)

TREM oo FH, T SRR e A AR R 57 PEREIE E [T ] R
T 24, 2019,52(1) : 20-26, 52.DO1: 10.15951/j. tmgexb.
2019.01.003.

SHI G,GAO Y,WANG X, et al.Low cycle fatigue properties
of low yield point steels[ J].China Civil Engineering Journal,
2019,52(1) :20-26,52.D0O1:10.15951/j.tmgexb.2019.01.003.

(in Chinese)



