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Abstract

The American Society of Civil Engineers (ASCE) standard ASCE7-05 defines
progressive collapse as the spread of an initial local failure from element to element that
eventually results in the collapse of an entire structure or a disproportionately large part of it.
There are two reasons for causing the progressive collapse event, including human factors and
natural factors. Usually, structure collapse will result in serious personal injury and property
damage. With the number of progressive collapse events increases in recent years, the study
on progressive collapse has become a hot issue. With the wider use of concrete-filled steel
tubular (CFST) structures in the field of architecture, CFST frame structure was used in some
complex structures such as high rise and super high rise buildings, but it still lack of research
on progressive collapse resistance of CFST frame structure. In this paper, non-linear dynamic
analysis is carried out for a typical 12 stories CFST frame structure based on the alternate path
method. The main achievements can be summarized as follows:

(1) Reasonable constitutive model and failure criteria were selected and used, and a planar
composite frame model with CFST columns was built in ABAQUS. The column removal
conditions include the side column removal, the middie column removal, two adjacent side
columns removal, and two adjacent middle columns removal. The joint displacement variation
tendencies above the removing column and other components internal force around the removed
column were investigated.

(2) A FEA model of spatial composite frame with CFST columns was built in ABAQUS,
removing the longitudinal middle CFST column, transverse middle CFST column, corner
column, and internal column at the ground story, respectively. Nonlinear dynamic analysis was
carried out for the sudden loss of columns for different conditions of column removal. The joint
displacement variation tendencies above the removing column and other components internal
force around the removed column were investigated, and comparative analysis with plane frame
was developed.

(3) Multi-scale finite element modeling of planar composite frame with CFST columns
was built. The analysis on progressive collapse based on alternate path method was performed,
and the stress distribution of the local micro model was also analyzed. The measures for
preventing the composite frame structure collapse were presented based on the evaluation for
the ability of progressive collapse resistance. The analysis results indicated that the spatial
composite frame with CFST columns has better ability on progressive collapse resistance than

the plane frame. The composite slabs can greatly improve the progressive collapse resistance

II
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of frame structures. In addition, the load was transferred to the adjacent columns under a
proximity principle after removing the columns.

Key Words: concrete-filled steel tubular frame; planar composite frame; spatial
composite frame; the alternate path method; non-linear dynamic analysis; progressive

collapse; multi-scale finite element modeling
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FRL LB T30, NIRUEA BR e R (A R S nT AT 1, AR H 20l AL 1 2 RO A5
ZERREAY) . BRSO 7 SR B TR R = R AR Y, S b i A I 2 R AR
A LB IER R S AR, I90E T 2 R e, AU R B AR bR B AT
Ja 2 FBUN RS FHEARMBOK, HIAERIEE S~ WIS FE ) B 25-A% 38 25 RE R RN S5 44 51 77 i
L) EZ R E

M ETREZA AT LS . H RIS HE 2R 45 #4) i) T S 1 (3] Bk 7 A 2 B4 rh e S 7 VR
Ut T HEZR R AN SR E5 K 5 T » B0 R ot - ME SR A5 A 2 [X D) 5 B 5 ) K A S ¥R e 1 25 ¥ )
— ML, AN TR EE AL ) S PR RS AN [R] TN 45 AL BN i VR e A AR o
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PERE, H B ATEEH AN E RS A S HE A BT ER RE B AR D, BT ARG 15t
P& TR - LRI ER RE 1 AT D IR T

1.4 Z54E S EER R i A R

H AT SC THESR S5 M OB B B0 it SRR 2D, I HR 2 Bl 3 258 rh A 04 A YR it
ZERECE AL T T . HEE R NE T — IR R A, P aliese 5k & 51
“RBTEMEIREER SRR AR, A s AR A S BB R I R
BB I o X RESRSE AL 1 P SR (B bRk Ba iF 78 £ B 4 RO, LA R
6 U 2 SR HAT S AT 1, BA R & B A AR TSR 45 #4 F (2  ik B F 7 -

1.4.1 R

Karns 252006, 2007)P" *U5Efh T ZEBRMERTRAE I T, PIRmERIE R AANHELE T
FIERae /1, W E W TE 1.12 Prx, WAHEREEFE: (D)EENHIEEZEA; (2)
05 3% 2 A0 M T AR I BT E R T 2R B 1.13 ATR) o iRES I — DN B AE 4R & 10 =
S B AT T AR E A TR BRI, I R R T U RE SR 88 A A T P E I A
M, FE R NG RAET SR, CA R R E . WM A BA
TEIAAE T T S U, 222 AE il BB AR 2% 1A R IR A0 1, iR KNG
RN R 5E Ao

Bl 112 R E Kl 1.13 PiffiEseTr =

Fujikura%:(2007)21% 25 B 8 B0 AOMFOEAT T VR RS, 02 Fh ZARAEHES T
RRIIHFIE, B FEANE TRAE AT . S P A A VR LA By AN T S A M o VR g A
2RI UE B T B AE BT 12T P S P B 5 Vg A B 2 A T A S A i VR AT
PRIERT R T IRA R RIFHEN:, JF H AR 2 B R B V18R 51 iy, mA
72 45 M IR IR  AHEC T, AN TR S LA AR BRI B E A T BB J7 20 M ZE P AR
4, FujikurafliBruneau(2008)! bk 46 B 5 $0 B /0 M 5 i EAT X EE, IR AR
TR E LA AR ARG BV E FH R B ARG 1t 3h 77 B AR e SR 72 40 AT, A TS S BB 3 i
(S b T R A A P B R A VR A TR R 2R

Sasani f1Kropelnicki(2008)PY &+ — R F LU 3. 84X A Vi 1 - HE 22 22 1) 45 R A
A, AT R, A S K IR AT H M 20 TR . E R R
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7P R A8ORE 7 e o 2 L 5 1 PR A 2, R H KO T R T AR R N BRI B
iNEWA Pt NI VAT A ey SRR Ty ol e SN CilbE 2 N 87 N

Yi%5 (2008) 5 — A Eb 51 S 1:3 11 DU 5 = J2 - T 600 55 T gk ME 2 485 W R R 0L 0
VAT S BRI T, R 7 SN 5 SO AUL AN 5 Vi e LA AR E A I R 0
P2, BRI b7 e S VR R AR R S M TE A DE S BIRL RRP 2 ) T =AM B
SAVERY BL . AV BB RN B, RIRER 48 BB NG, BRIMIERE —
SE MIARERE ST, DRGSR FH S8 LA 5 A7 Ak - A VR g SR S (BB e ) =2 T 22 4
i

SuZ(2009) 014 124N 249 B Al 171 A2 T (A 400 797 Vi gt EHE SR80 4T 7 R REE, MR T1E
HAERAE A T EMPUESEEIRNEE T, W E WEN 4R, AR5 R DUE R B AT
BAERT, T m AR TR L0 5] T ) e 46 L R0 B S 0 T HEZR SR A il AR, TR
FE 5 1% P 1Y) LU R T 35 5650 i $E 0SR-GBS s A Je 2 O AR AR T
2, WRIR AT 70 R I FE IR AT N A B A i ) 20 SR AR A B2 1 T 50% 21 160% (145
NS TP

E1.14 RIBEE 1.15 AR
TEAHE K 20110 — M3 J2 385 1:2 L A 5 VR g A SR HEAT 1 30U 0 (313836 4T 3%
%, I AT AR a8 T A MBI O (&l 1.16), ATt in%d /1 K/ M 163kN,
FER N4 71326kN, K-FJ7 [ e AnAE 2 i, el ad TH RS LR PIIINAE 22 5 BY - T s
BRI [R50 R 2k, BEAMA IR FEZEIEFEAT 10 i TR A L HE SR AT B2 5 RO ABh S g 23 ik
B (Ul 1.17), kXS A A A HEZR S R (e b, SOk A i ) H B AR R
BT 56 35 B A 5 ) PR B A
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BI1.16 o Ektahn Kl i fr B i ] BI1.17 HEZEREROTIEE ik b0 B ]
1.4.2 Iz E RitLG

% [E] 2 2 Sasani® (2007) 5t B 15 €8 K 2 B2 7 Hh O — 4 102400 55 TR ik = 45 #4011
SMEAEREAT TRBBARER, PRI Bum T AR AR TR K& BB A T il
&, FFHBERITELS RS REEIREIT .

BT B ARG B 7T R WA I R AR A PR AT, T4 Sasani(2008) 1
SasaniFllSagiroglu(2008)!" " I%F San Diegoii 1 ¥ — Mk 2 T 19144F (116 /2 40 77 VR it - HE 22 34F
AT DL HF PR SR Bl s, FRAARER 1 R 77 170 A 28 P AR AH &R B A+ DAE T8 7t |
RGN AR HURER SRR A, 50 s A A b T SRS . R S R AT DA S
FAEMNT TieF, RIS RS Ll H R 2E L 25 B2,

Songf1Sezen(2009)! Ik 22 MM M ST K 22 222 S KAREAT T BI85, @M
195145, HPUEZMPUSHEL, 1 2edRbrKia Ty m PR 7, BEEIRER A,
Ak T 4% 25 A AT BAH ABAE (AN B 118 7R ), kAR A A #1 A& MR 0 T 38 S Jec 05 17) o - ik
B, RIRILEEMIEMR U 2 DUAREE T R 8 R A B3, 5 /L GSA2003 H 4514 A Kk AR T
RV I R

FI1LI8 2 PR R AT
1.5 S fm ot Rt 7m0

1.5.1 GHinES B R G ES SR E
FEXT SR AT B TRDE SR (B BR o0 AT iy, 305 SR (0 77 725 A2 46 FH i 28k S AV (R Pl A

), AHRTHR AR R T 10 8 mOF SO R AERIR, B 1,19 P MR BRI 5 1)

£ fal 1 o

YV VY VvV Vv yvy ) VYV VYV VYV YV Y

YV VYUV Y I v VY YV VIWvvivddvY oy

EREEIEEEERERR VY IV YI Y YV y

<
d—

<

<

YV VIVVII v v by VYV YYIYYY VI Y
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B 1.19 SEREERRAE T ) 45 40 T
IRAE LB 2 M489 GSA(2003)!' AT UFC4-023-03(2010)! SRy v 5 1) 46 P 1 3
BRI (RIHhARE ) AT S0 0T, $8 R R R R B IR BR G A I — AU LA R A,
Bt 25K PRI B DR R B s TR AE SR A A VR (K 1B N, 8 e R e 1 IE A 7 =0 R 1.20
PR, ASCEMATHAE TR, R BT S E KAEBIN, RAHTBERE KR

ORIGINAL STRUCTURAL

CONF [IGURATION \

INCDRRECT APPROACH TO
REMDVING A COLUMN

& 1.20 GSA2003" 7RI UFC4-023-03" 17 15 15 1E b )7 20

NEZR G M HUIE LB 30 W F W vk R B A LM F 1t ik, SRS & 15t 7
i MEEh A TR AR ES) 190 W U5 i (Blvira, 200681,

2P &R 7150 M1 7775 (Linear Elastic Static Analysis) & H B X T HEZL 25 ) P 21835 7
T fe B A I B (BT R IR A0 AT 7, RXBH OV R S F R I R R R, RSN T 3)
D3R R A B AH B (FH 3 0 TBOR R B0 Aar BCHEATIBOR ) o IR A 93 B 75 200 131 B i A Ak 34
PO B, TR, K5 S, SRS IE T A BB 18N, Flansh 180K &
. BHJE. W TI LM R AE S AT N, i & RS TRSE, JTHAEH T — 8 R
[R5 R ik R BB RE ST 20 A

et 150 M )51 (Nonlinear Static Analysis) % FH £ 12 51 ZE 201 1 “push-ove
oA, BRI, B A P A i s s AR o TR S S A I B B S e
7353 P SR F B A i) “pushover™ 70 8T, X FIITVEF IS T M BHEZM:, SZMEsE 107
VRS f2 18 I 2% R BN S TBOR R B R A5 B3N 71808

288 713 M1 7712 (Linear Elastic Dynamic Analysis)™5 & | HESE &5 M) 13511 8h /1L
R, SRR 9 S, 1207 VEAE S YO ] PN T DABE L S R ASADM ) 1 FE) S B 2R R 72
RIX M43 AT 7V BIAS & 2 A0 AE T HBH Fe X AN PR T3 AR T Bl N BE VR AR T ) S5 M i &
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XPT PR AR BRI AR T (258, XM BRI R A R T Re A S 3L

ek 15l /143 #7177 v2:(Nonlinear Dynamic Analysis) AR IELE ML F2 041722, 2 B /Y
WA R N GBI BRI AR A 7, (B sE R T7E, B 1 2
PORHEEZE RN LT AR £, 28G5 18 T HESR S5 M SEBR MBI 3R i 80 J1e i, nsh 21780k #44
V= RS AL [P S

T HE SR 25 M E AR B AR il S B — e R A% e KPR T, HLAE SR 4544 1) S Bn 31 3 i
BR—ANELLMNEN I RE, B AE BR i ik, SR AES S 1 5 T e s AR A
RIS HDUNE Z2 45 40 1) L S B B 2

1.5.2 EHnEE IR A

HESR SE M PUE LB B0 )R T Tk EEAFE W ORSE, R R THE S BEEwihiE, )
B THE F EAEM SRt SR AR R THE . MWt EE NS EANE EE.
TURBE . BRI R S S MBS, SRECGESSWPLEIEREIRE ), (HEMS
Wit Raess H— et rfs 2, ELLEAAEN, Mt TR SRS XA K.
o1 235 78 P TR VI A o 5 R AT ) 88 ) () 285 TR U SR v 46 A B AA 1, 0 A A 2 T
(IR e AT B0 AR, (S LR 45 9 B 2 — 8 IR, NS M it o 22 1K i A% i B A
Fe b g5 AL B A AT o AN R 4 . R 4G . A i 5 DR R e 4 45 DY Fh 2
B, BREBOHE T EARE RS & & AR . BB /1% (Specific Local
Resistance Method) B FR“TCHEM) 15 11V, 2B B AR 1n7 2% BL 724 A B M) 44 b s
AT, b bR R A, H RS (o O B A T I AR AR AT A IS AN UK
AR, ABIXFNTTIEANRE AR 40 S R SRR AT (R 5, TR 45 44 B PRI RE Tl — A58
w= VAL . & F A 121 (Alternate Path Method) 3 I HifiAE v (RI<APE), J248 4451
REF— R, @i A2 R e A SN BB, K B XA 7 1 RE % %
MEZREE M I PLBIERRE A — D EMVHE, 75 HATPUELL BRI, & gk
e BT TTSER 7, &G TARFME AT 28 E T S50 BRI 04, A SCRPR X 7
VR AN TR A L HE SR A5 M R 4T RS R B S B R 40 AT

1.6 AXMRNEZBHWRAS

HAT, X550 TR AR ZR S50 O PUEIRAT SRR D, ASCHERE TN TRt - 45 4
SR GERE ISR 1 B BRIR R b, XA TR I A 2R S5 ) B T SR S B T — TR
b

(1) X F 609 A9 7 o 5 S AN 5 ) ) T SR (R Bt ST BILIR AR 1 B T D 2R 3E
R T AR ST R R Mt T HE SR A5 AL BURE SR 38 1) 0 M s K et D ik

(2) W& BRI AR J2 SR RCAE N, S ST AN TR ok 1 T ME SR G Sk (31 85 7
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BRAL, IrmlsRIAAE . R AHATPILAE R AR AT P AR SE DU R o0, KA ARE S 715>
BroTis, BT 25 R SHAR IR AN TR Bt L P T HE SR N T SV B PEREHEAT VP04, JF
BERIE L R, RIEIR . PIRR AR AN G A 3 B A TR it - AT
W34

(3) LA HEAR AOANE TR A - 2 (B A S AR 2R AT BR TR Y, il B Kl A AEid
AL AR SRR AL DR O, SR ARE B F3 70 M T3 10 2 18] 2 A A 2R AT i R 45
o, BERRAE LR SR, KRZ. TEE ARG A S84 &
RN T1AR AL

(4) FEIANE RGP IR 2 RO BRTAE A, 4% I far B AR VA HL AT
BAEBIER BT, 5B RS R IT A I RN A BT mAALAR AR, X IS
Btk REHEAT PPAN .

(5) F:T T =FXH N E TR - A SHERPUES B VEREVAAY, R HVNE R LA &
HEZRTIE SRR 5 58 77 52 e A It
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EE WERRTTEERGHES ARSI

2.1 #E&R

FH T 45 44 AR (B B R 2B R TRVl A T, 1o L PR ik 6 48 3R AR K A R k6 2%
PERIFTIR , 5o FHE 22 45 44 (3% 2 1 (3 SR B0 AFF 72 H AT IR IR G IR, I BR 2 H0 ko th 2
BT EHRZHE LB SR R . BAT, ETRE LEREW R EZH T2 mESE
SRR R ZR 0T A VR U A B 4 M i S M (5 A R IT A0 A A AR R f33
RE WA g R —

H R TANE TR AR SR 454 P LB SR M R IO T IR IR D, TN TR e L 2 4 = 2
RE—SmZE R EEE R RGN, A RABMETES, BAE TR, HE
R 22 KR PRI B E A S, PRI A SR ABAQUS A 2R B CEEE, TEYG UFISEAY
HRHERAE b, B SRR, S EE SO O TR S AN TR B RO 2R S R £
B M AR S S K. A1 R 2% e B AR Y e A VR T T ME 2 3R AT R S
BT, IR AR A DY FP o3 00, VPAR AN TR % A S8 45 4 1 BRI 3R 58 71 904 M i 24
R RYEE Y buk AL I DAk
2.2 SEIRENE T
22.1 ®itEH

(D)EAE R ASCH R PKPM Bt — 12 2 P05 540 55 TR A - AN R AE B 4 44,
SERFHAER 2.1 WFFR, SHERBAN 3.6m, HIREN 120mm, JRE - HEESE
Kl oC30, WERBREEZOLBEBRLBESZ XA C40, HWER
450mmx300mmx11mmx18mm( > TE x AR JExF ZJ5), WH 73 nlisH Q345, ikt
N 2.06x10°MPa, #FEN 7850kg/m’. T RMABMWERE L, 14 ZHA
Dx=550mmx15mm, 5~8 JZ#E A Dx=450mmx12mm, 9~12 2~ Dx=400mmx10mm-.

Q) E R HEEZE N 5.0kN/m®, J§EN 2.0kN/m*; R IEEN SkN/m®, &%
N 0.5kN/m?. R 22 A KU A wo=0.45kN/m?, HuTEPHLREFE N € 24

QMEFEE: BB DK, HUBRBIZIE Y 8 B, Wil AxHh 7= inid B (4
N 0.20g, WitHIFE T HNE—H, ERTIEEFI AL,
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®r 1l 1l 1l O
(=]
g
o0
m m [l [l O m [
QD>’r un} u1} o =2 o ua} =
(=]
g
X
Oy B—HB—HB—H—H#—1H H—H o
= &
= n
) 2
| m ul m m ul m 3
V T mn) ma| ma) o mn) un) I3
[=)
g
@‘"’,r m M M
| 6000 | 6000 [6000 L6000 L6000 6000 | 6000 |
@ 78100778100 778100 8100”7

® & 0 0 0
el 2.1 BRI BEL ARG A

23 WERELTTFEHERGRTER

RICR A R TH AT ABAQUS6.10, SRR HEICEMN, —4e-F e B ouki N
B21, XFETESRA SR VFBY IR, HFHRE 1 AT BRI N AL o X b 3R~ A B 1 s
FhZe 1 AbPrrE KOS LA PRSI, G 1 2.2 P

B 2.2 ~FHHES R & A

2.3.1 MRS
(1) WEREE LA O IR E AR C R

£ ABAQUS HH H 7 FVR &t L AR BB B A: Concrete Smeared Cracking Al
Concrete Damaged Plasticity. %t T-4% 0B &+ 2 K478, R smHEE2005)M d i3 (1)
& T AR AL ORI N - &, BAR AT

X T [ AW T e -

y=2e-x (<D (2.1a)
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I+gq-(x™ 1) E>1.12
= . (x>1) (2.1b)
ﬂ-(x—1)2+x E<1.12
X
g c
X =— y:_a
€y Oy

o, = {1+(—0.054-§2 +o.4-§)-(%)°-“]f;;

£ =&, + [1400 +800- (L — 1)} (£
24 (ue);
£ =1300+12.5- . (ue);

50.745
T2+

q

B =(2.36x107%)02097] 2 3 51510,

Xt 5P E TR L.

y=2x—-x (x<1) (2.22)
pox
B-(x=1)"+x (x>1) (2.2b)
2
£ o)
X =— y:_a
€ Oy

o, = {1 +(<0.0135-£2+0.1- &) (%)0‘45}%'?

C

£y =&, + [1330 +760- (;—Z — 1)} LE?

(ue);
£, =1300+12.5- 1.  (ue);
n=16+1.5/x
(ﬂ')o.l
5o 1.35 1+9'30.1 (£<3.0)
(/)

1.35{1+&-($~2)° (&>3.0)
ot TR 2 R AL ERE R E X, ABAQUS AL T =Hrik: O TREL
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2 N - AR G 2 il 2R (strain); @3 TR EE 1N J)-25% T8 i 9K R (displacement); 3
TREE N - Wi B O R(GF). X T Widd e GeHUE, C20 REE-HUEN 40N/m, C40
VREELBUE AN 120N/m, FRIMHREE R . TN i FGHE

o, =026x(1.25f)*" (2.3)

ST HAL T S HEUE, SR HE2009)! IR 3R S5 .

RS H P T AN R A AR R B I A A A Y, S PR AR T DA (1 2% EE R e - 1
IAVEYERE . (EUR TR 2 (RN VR EAE AT PR OT AR, IR AN EE A
HHAE T R USSR 22, TR AR SO AR B VR 2 ) A A SR FH SR BB 8 A Y
(2) M AR R

Xt Q235 49, Q345 HXAI Q390 HX&EH FI MmN, KB MIE(2005) ! Hb i) — 7k
AR, Wil 2.3 BN R 3-8 Rt 2k — M N AN B, A AR B
SRIAVERL. BEMERL. SRALBY N IRIBIRB . BT R AR SERR R 7T - AR G R £k
SLEATIGE I R ML . o, £y £ A fo o0 BN LLBIAR PR e AR5 B R 7
FERBR .

St F R, — R R AR, ] 2.4 o, LR 7-RiAR % £ 25 A
AN B SRR B (0a) FISRALEY Br(ab). SRALEY BB EEUE A 0.01E,, Es NI 155
P,

@ b
o
A t
a
0 & & & Ee3 :g 0 & :8
K 2.3 @M N - AR5 R 2 K 2.4 msmeN A N - AR e R 2k

Vo2 T BE T 4K SR F AR (2005)! b v B TEBEAN A A K R R, A 2.5 R, Bk
RIEAN A~ 2.4,

i A o g 4 —
S = e Ea
Joi =
s1 TR A AA _
ffy [
- E
e Eo 3 E=206000MPa
S s E,=103000MPa
E,=20600MPa
s Es=1030MPa
0 & & &

K 2.5 WM 0-c KRATRE
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ke (£<s,)

o fp"'Esl(g_ge) (6,<e<¢g,)
fym + Esz(g - gel) (6,<€<¢,) &)
fy+Es3(5_5e2) (6, <€)

X, £70.75% fim=0.875f; €=0.75f,/Es» €e1=€c+0.125£/Esi> £r=€e1+0.125f/Eso
232 PWESZOCERIHRE/ERA R SAIE

1% U IR 5055 2 [0SR “Tie” ki sk, B F1ER R LA X R P O 4 %8
T AR R 2O SRR, TR SR 3k v T LA R AN A 5 TR e L 1] O ZE A
o BT RRIRE B R P NI AL B, 01 Ak 2 R RIS Fr s

2.4 1RBIGOE

REUE R R n @ LN E R B L H S ERG R oA B s, A SO R
(2006)! P THANHELE K2 Han(2008)! G2~ 5 FEAR B YR ok A BeL J2 A P T ME 22 78 5T
ARG, FR@EEX IR s R 5 RN, WUk B BIA & B AOE M

2.4.1 JFHENHEZLFERILGIE

AR AT T 22(2006)! V& BT 4T THARHE SR E R B 42 B AR R MR B BT I0AIE, %
WHEZERA 1: 2 B4 RECFIEAT R, N—BWEFIHESE, BN 2.4m, HE 1.4m.
HAZE A 200mmx100mmx6mmx8mm, #KA] 150mmx>150mmx7mmx10mm, #{#4K
F1 Q235 H, ANAAASHIR A BB . Bon3e iy B2, ES 5 EIGHER R~ —3
A BR TR, HRET AR, )RR E e R AR . & 2.6 A AR A

£ ABAQUS B M dil, 58— 20 AEAE SR Tl [ BsF 3] 20 Tt n e e i 2 28—
R A2 28 7 QA A 24 T 508 2% i ot o7 B8 A ALK~ Amr 88, SRS B e 1 540 4% (1 9%
7R, 1238 P-4 KAWL WE 2.7 i, FitESRERRESRETHHATLDEL, =
SR B AR, R AR B IR DR AT R A B 23 B R T RS AN L B v 1) 55 S R FE
AR

200

100

Zol oo o
SH
100 _ I i
----- R
-200
-12 8 4 A/O 4 8 12
cm
K 2.6 1R K K 2.7 P-4 % &£
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242 NERELTFHAESHIESRIERIGUE

O B UE AR SC AR R A 5 R e i ST AN TR Bk R AR A PR AR R IR R 1, AR SCRE
Han(2008)" ™ FT il 499 22 77 T4 5 VER gt A oL o2 P 5 1 T 28 A il g Bk S A B4
AN BRI #AT IR E, 2S5 % 1 SEhr TR T AR AR T, ol TR 5
KB TREMTELGION 12 3, B S A s fil B0 LR B PSHE SOV IR X B, JF5 08 T A&
RGBS RNIE R TTEk, i 2.8 NIk B R, B 2.9 Froaa vER T ERE.
PEEAR RS KZHAN TR 2.1 fos . GHUATEH 6 Atk ZE-J5 908 TRkt LA I iESE, R
F R A VE LA R CIE A,  H P-ARR R B R LM HAS R SRS R,
S IE bR A VR I IR R 1

%N %N
N —
2
E
i ——
L L=2500 Jh
Y ol
K 2.8 Ik E K 2.9 HEZE L E K
*x21 AER~T—R&R
2 ii Ik TR
W A (mm) 4 (mm) REL mmw o N,
= . v_ |
i AT KR W K RUEHR 7 (kN)
SF-11 0-120%3.46 1450 160x80x3.44x3 44 2500 0.62 0.05 50
SF-12 0-120%3.46 1450 160x80x%3.44x3 44 2500 0.62 0.3 285
SF-13 0-120%3.46 1450 140x70%3.44x3 44 2500 041 0.6 570
SF-21 0-140%4.00 1450 180%80%4.34x4 34 2500 055  0.04 50
SF-22 0-140%4.00 1450 180x80x4.34x4 .34 2500 0.55 0.3 375
SF-23 0-140%4.00 1450 160x80%3.44%3.44 2500 0.34 0.6 750

TRIG R A S RN, AR RN, RGO R 1) 1S RE S U
% 2.2, KM 5RMEH RS R &A= FIARHE VR e 577 IR B 28 RIR AN, IS
SERTURSREE foi=42.7N/mm”, R A3 7 AP R SR EE N fo,=52.6N/mm”®, #ii A
HN E=33800MPa, A-5iR56H Frill4h Bk B4, AR SCR ARG ATl .

TEA FRITE A ABAQUS H 37 5156 R ~F — B 52 S s AN e R Bt HHEZE A TR T
ZERA U, WA 2.10. J9REBCATF BRI HAEZE T AT I SR 8, 5 FEHEZE T 2 )
A OISR AL, 7 et Ak RIS B 2 v AR B P — 20, A R FB R A B 9 s e =
P 211 FioR o 10 VIE - AN 5 22 R FH A T IOt 7 5 VR 8 - 2 S AR A Y, b A
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PR VR 5 BEANAAT AR OC &R o N7 & S e B [ [RI NN 4 15 77 No, HIRAEIKF
T3 TR AR N7 3 Aniak s QRN RS , SRS PR [ 715 TRER AL 1) ok 2 i 28,
IS RIG AT LE .

222 MM A F MRS H— TR

s Egem  EBEEL O B MEBEL L

(N/mm?) (N/mm?) (N/mm?) Us
. 3.46 404.0 510.5 2.064x10° 0.278
I 5
4.00 361.0 433.8 2.062x10 0.261
3.44 303.0 440.9 2.061x10° 0.262
4.34 361.6 495.5 2.042x10° 0.262
o =

A A

Bl 2.10 HEZEAT BR oA faf B B 2,11 MEZRTY AL RN = 1
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