WSt X

W-RRLTAERERGEEFSEIBS
ZHtREHENTHLEE
(EBx B4R FEeTE KB, 51378380;

TATEHRERE BELRE L4 B, SLDRCE19-A-03)

% 4 ERA

¥ 5: 1410215
e : T AIR¥KR
FRITEK: I¥
FREY: ATHE
HEHIF: TH #HF

—O=0OFNH



R (% + F

TONGII UNIVERSITY

A dissertation submitted to
Tongji University in conformity with the requirements for

the degree of Doctor of Philosophy

Progressive Collapse Mechanism of Steel-
Concrete Composite Floor System and
Robustness Evaluation Method of Structural

System

(Natural Science Foundation of China No.51378380; State Key Laboratory of
Diaster Reduction in Civil Engineering, SLDRCE19-A-03)

Candidate: Junjie Wang
Student Number: 1410215

School/Department: School of Civil Engineering

Discipline: Civil Engineering
Major: Structural Engineering
Supervisor: Prof. Weit WANG

September, 2020



FIgEHFoEHEHKEYWHKERSET W R EW A3 B4z

H

&

~-

.ﬁm

I 5K AW




FAOL ST IRE A&

ANGEE T FETRARTIESE . R A 608 TR
S, ARSI N AT % IR AR GE S A AL ST B R A AT H
TRRAS s AR BRAT A AL ST BRI AR L R, RS2 ED
AgEN . By s e FERARAR S FRABERM AR
DL S (B AR S (57 98 S 4 S Bl 0 O TR AR 555 S AT A% AT 9
5E 1) B 2 R 1T B LM IR A2 18 SC R B VR AL 7l AEAS B
AN H B EIRTSE T, SRR UIE = = e SOl s fl N s
FARED]

ES VA R LY



EIFRFEFAIC R B 1 RA

ARNFBEFEY: PrEAREAIRI, £ANERIME SN,
W AR IS R o BRCH CIE 5l A B oh, A2 4L
W FERCR A AR N BIER) . AT REE A AT
RARIE i BB o KA SCHT0 A B 98 AR S o ik i) Fe At A
NG, B e ST DLIIRA 7 0hn ] o AR S 87 18 ST B 1 7 T
AR A AN KA.

ES VA R LY






PN e DA

HE

AR 3L DAL A5 REARCEAE 2R 5 4 A R 22 TB) RS ORI e x5, 4RI T AL Sk
RYAEESAR I %A T P AU R E A EUE T T, R G
TRARIMRE, M T A T 2 A R ARCEA HE S 45 ) 1) J70 3 6 10 1 5 e 1 D1l 3R
i, gt AN R VE SR T Tk

HSEHAT 1 4 NG R-RENEE S A s, XFeet s 7Or A
Js B AR ARORT P 10 2 s AR AR OGS 9 i e S R R I RE B S . B R PR A
e RN PF )T S BB e S e ey, (AL SRz, RS
PUIT B 55T P A Y R AR A

Bt 17— AN IR SN SR SR A S Ky, ATl IO AN R S T
gk, AT RGBSR, 38 oo O e N AN A% 42 il (10 S5 288 A fr 8, 93 a3k
1T R BRI TR AN AAE MR AE P AP 00 (IS5 e, faon 7SR e
RERIPU TR LR A BEAAE 20, X EURIEFE 7 /KT A 2Rk A B FE A . B 25
KRB TP T 2RI 132 P AT SR A (A0 PR A AT 36 S A7 7% 73931
PR P32 5 20 R 5 I AT MU AT R ROl 32 7 29.8% A1 203.5%; M 4La+E
W S B T 1) R J 32 KT 1A I AR R AT I B, H RS R 2L K
JEE W] 52 B IKT- I8 FH LR SE AT RIFEN, X AR T 0T AR PR AR B 2 5 (1
TR AR IR 1 2 T R I A S X, AT
AT SRR RO RBA T2 B R P E M IE S R X

ST T A I S M IR A A5 R, R Tl T AL A AR AR
ZREEH 1 R TSR B 22 ROBERUE 0 BT AR 22, REAE NS Bf 3 Se SRy e A 43
IR, RN BA B TR . 2 RESUE ik REHE =D RE
R (1) EH TR 4R R SR foomRg A, (2) STk T
ZERE) SR B 5 - SR B T RE Y s (3D I T A 45 M JE IR I 258 BTG = R
B, fEBL T RIEBUE IR R, S AR RER, 2T LS-DYNA 8
FEIFE VBN Z S H . BT AT S BT S AR, X
B 58 K GRS R AT I ) R A AR DI o 200 S 2 18 ) = Jh B2 A0 5 4 ) 5
Wi o M AR R IR LA R R, PR I WA SR . B s AR AL 5 1
FH B8 s PR R AR 5 FEE R R P 0 ) 35 710 sl AT R L 25 SR T AL S P it 1 45
FIPUESLBIRTERE . SR RZ IR THE A RR W] AT SR 8O 2 2 AT 2%
LU N POE AR AR B AR By s A ARES (A7 AL n] LIS I 1Y 55 7P 1 7
YRR T E5 40 1) S BE LML AT 32 hr AR A, OF H— AR AR ES it 2 USRIt 78
AR AT LR FAT s SRR ERMLE, BN 2 BRI R

I



[FITE R T i S

OUN B EAE DT, RS U s (H A 5 R SR B g, e
BESROA AT, AL T 8 2 PRI K 7 A 3 M 2 A A 32 TR R AR

3 8 U o 1 S5 A I AR S AIUE 20 A P4 7 RO 240 5 A i AR S BB 3R 25
B BRI PLAAHLR], EAL T H A R E SR R T A R AL B A, JF
P FLAE A S EBCINIEZR SR 2 o GBI 5 100 A B AU, T B 45 R T L,
Bk 1 IR o R R )R] SR

BT AR 2 REHUE ik R 0 pT A, Mg 7 E T4l a ik
BRI ZR S5 A0 R SR PTE SR B B AR VE A DPAL SR, JF 45t 17 3k SO R Y oA
SCHEEOACAT BT SR IEIR T 5 JE T SRR VRS SRR B 0 M, AT A5 4
R A AT CURANHESRZE M (I DUESL B E Fe I 2 DR T — 1% W T
TEARGERRUL, AR ER N PUESBIRE R T e, WS A B A B
ZER AN ERRE 5 AR XSS 5 eSO R R DA S SR T AR S A I LI 245 B
B

BeJe, BRI T AT T

REEF: LBy, WHESE, Hei, S8k, WHEN, DI, &%
PEBeit, 2 RIEHUE %

II



Tongji University Doctor of Philosophy Abstract

ABSTRACT

This study takes the spatial effect of the composite slab in the steel frame structures
as the research object. The resistance mechanism, failure mechanism, and numerical
simulation method of the composite floor system under the progressive collapse
scenario have been investigated. Besides, the robustness evaluation strategy for the
composite slab-steel frame structure against progressive collapse has also been
established. Then, robustness enhancement methods based on retrofitted connection
and brace layout are given.

Using the quasi-static experimental method, the effect of the composite slab with
trapezoidal or re-entrant steel deck sections on the progressive collapse behavior of
beam-column rigid joints is first compared. The test results indicate that the specimen
with trapezoidal steel deck exhibits a higher plastic rotation capacity. However, At the
large deformation stage, the separation between the steel deck and concrete slab is more
severe in the specimen with trapezoidal steel deck, which leads to a relatively lower
catenary action than the specimen with re-entrant steel deck.

Then, two single-story composite floor substructure are extracted from a typical
composite slab-steel frame prototype structure, and full-scale test models are
established to simulate the different side column removal scenario. These specimens
are loaded using a load-distribution system, which can distribute the displacement-
controlled actuator force into multiple loading points. The progressive collapse
resistance, failure modes, and the influence of the horizontal boundary constraints are
obtained. Compared with the penultimate edge column removal scenario, the ultimate
resistance and corresponding displacement of the middle edge column removal scenario
are improved by 29.8% and 203.5%, respectively. The development of the slab
resistance is less affected by the horizontal boundary constraints, but the development
of the catenary mechanism is significantly affected by the horizontal boundary
constraints. The failure location of the middle edge column removal scenario is mainly
concentrated in the negative moment region, while that of the penultimate edge column
removal scenario is mainly concentrated in the positive moment region.

Based on the composite floor test results and LS-DYNA software, this study
establishes a multi-scale numerical analysis system for the progressive collapse

simulation of the composite floor-steel frame structure, which can consider the local
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damage failure and has high computing efficiency. This multi-scale numerical analysis
system includes three scale models: (1) high-precision solid element model for beam-
column substructure level; (2) high-fidelity shell-solid element model for floor
substructure level; (3) high-efficiency beam-shell element model of for structural level.

With the help of this multi-scale numerical analysis system, a series of parameter
analysis has been carried out for different structural levels. For the beam-column
substructure level, the results indicate that the stress triaxiality and lode angle must be
considered when performing the numerical simulation of the progressive collapse of
the steel beam-column joint. For the floor substructure level, the simulation results
show that improving the continuity of steel deck, strengthening the composite effect
between beams and slab, increasing the steel deck thickness, and using reduced beam
section connection can significantly improve the progressive collapse resistance of the
composite floor substructure. For the structural level, the simulation results show that:
compared with the single-floor structure, increasing the floor number will only increase
the load-carrying capacity under the corner column removal scenario; the adjacent
spans can enhance the catenary mechanism and tensile membrane action by improving
the horizontal boundary constraints, and one adjacent span is enough to provide
sufficient horizontal boundary constraints; with the increase of the floor number, the
bottom column may be subject to compression failure due to excessive redistribution
load before the floor failure.

Based on the resistance mechanism of the composite floor under progressive
collapse, a simplified theoretical robustness evaluation model for the composite slab-
steel frame structures is established. By comparison with the results of structural tests
and numerical simulations, the reliability of the simplified theoretical analysis model is
verified.

Then, structural robustness evaluation strategy and structural robustness
enhancement method for the composite slab-steel frame structure system are proposed.
In addition, this study proposes a novel steel strand improved beam-column connection,
which can improve the progressive collapse resistance of the structure by strengthening
the catenary mechanism. Based on the structural robustness evaluation strategy, the
following conclusions can be drawn: the composite floor can improve the progressive
robustness of steel framed structure by 114%; the behavior of welded flange-bolted web
connection under progressive collapse scenario is better than that of the full welded

connection; steel braces are not recommended to place at the affected area of the
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exterior columns; the retrofitted beam-column connection can enhance the structural
robustness of the overall structure by 19%.

Finally, a brief discussion on the direction of further work is given.

Key words: progressive collapse, steel frame, composite floor, catenary, membrane

action, ductile fracture, robust design, multi-scale numerical method
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FEH200200 JEtR 7.8 395 546 80 105 31%
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4%, ZEELTEEREAR LERTH 1/3~1/4 JEEAL, ISR AR AT AR TR ),
TEHE T ABARAEAR AT TS HE BK - F23E4% . SEi C1 AR C2 MM T BGHA %
JEm B B SR A, T CO AR S R U i, R R R I RS AR
53 EEGHMUNGE R, BRI T E i I
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IF,  EBUENAR B T IR BS J7 i, X AROKITEISS TR RS 7T, e R R
GER e Rk SR ERE J), R4

(3) M 2G1B-IN FEMNEMTH A JFP G, 24 6 183 380mm I, X

53



RIS TR e A A ik o R G SIS 1R R B R RPN T 1%

PRI IEB] T HE I B RIARKAE (2979 1000kND, R H A X G1-Cl %
PR FHEGMR, FEOMFASIRE NER 770kN. 25, BEE MR
K, EBIFFELET, HZE 51AF) 686mm i}, i 2G1B-IN A 4E X G1-C1 %
B R, [FI A R R ) ok B i KME . 78 G1-Cl EEMK R
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(5) 1EFRAN RUEERME R G, AR RIAS I HER R %
PRpt, R UR SR AR R AL (Y K 170 A R R T TR R Y e S
22 R G AR R G L R s B 0 KR 8 ) o X UiB, 0 T A& ik i
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FET SUEE T B GMWREN PTE I BOs E.

(6) EPARM H LT R OB R G, 2 ER RSB
AR, PN T R EAR R SRt R B IHZEA KR, W 2G1B-IN
N 790kN, i 2G1B-OUT A 730kN. iX¥ilH, XFFXpiMlfEkil, Atk
WS JHAER T R & 52 K A FAR 2 A K, e AR SEREAR N I B
ST FH 50 RE % SR AR B2 R v A P 1) R R BRI SR 08 (R 7K S AT B
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OUT %4 Bl R i BMEE 2. [«=8400mm F1 1,=3600mm FEFEMAE x J7 ]
Ry JF TR RE, 6x=20/Ix A1 Oy=20/ly JEBEN BV S% y SRl x B #4650 £
FE, o /& COFERIE AR . My 1 My F& 1 R-AEERAE IR AR XN Z R IX
RIS AT, Mo 1 MYy RUCR-F 3R (BURR-HER) EIEE
L DCRA A7 S X ) A R B VR PU S 7R T T o ms T msy R IR IX BT 56 FEH &
ARG y TN x Rl A B R PUE AR A T, 10 m's A m sy J2 57025 6 DX BT 5 B
HEMEMRSE y A1 x B ST B AR . DL LS BRI
5757122 B8 Johnson, AR I THEL 45 RT3 3.2 1,
RIEE 3.25, W fF 2GIB-IN AR 2G1B-OUT [N L) Winternal 43751 R 5 28
(3.6) A= (3.7 &, TPIRF RSN D) Wexemat 150 (3.8) THE, AR
M 0 AR (3.9) KB, W 2GIB-IN A 2G1B-OUT HI¥B IR Lk % 1
398 29.6 kN/m?>  (895.1kN) A1 29.1 kN/m?  (880.0kN). i/f 2G1B-IN Flix,
+ 2G1B-OUT TEH1E B B 5 KA #1743 791 9 1000kN A1 893.5kN, Z3 7l b & H
BB AR R 11.7%M 1.5%. BB 2R AT UBLLT (O T P R P 2
BB #E 7T, T 2G1IB-OUT W KRS HIEDUS B, Rtk 28
BEIEATT T VPAk A B4 00 B AR s pUE SR B B AR E T

Wintemar=(2magly +2m L +2M o +2M, ) 0 +(my LAmg L A2M, +3M,) 0, (3.6)
Winterar= (Ml +2mg L+ 2M g +2M, ) O+ (migy b rm L -2 M,y +3M,, ) 6, (3.7)
Wexterna =@l lyo/3 (3.8)
Winternai=Wexternal (3.9)

R 3.2 AR I BB DU KB

2H RS 54 (KN.m) R o 54 (KN.m/m)
M, 178 My 31.1

M, 78.1 m's 113
M, 124.5 My 3.7
M), 17.9 m's, 3.1
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|, 1.=8400mm |,
/I
C3 B
AT
H
S :
S H
,T Bl :
H
L
- o
Cl1 M',

(a) il M4 2G1B-IN

| [.=8400mm |,

3600mm

b

(b) Ik 2G1B-OUT

Kl 3.25 BRI

2. BEEA

WA 3.3.1 TPTIR, W AF 2G1B-IN K & 1= 8 2171 2 S BN f5 A %
NZEMNAFEFF . SEELPTI0T L 254 ) Fo A RaZ 8 MRS 2],
FE R A AL F) 686mm I, 1RF 2G1B-IN A R f K& 1, LA G1-C1 5 A0
G2-C2 i AL i) E R AR ER A T #®Z, W Fo iTH 3.10 k1§, N
680.7KN. fyweb, fy.flange, Aweb, Abottomflange 77 F G E IR 77, F R E L )E IRk
Ry, FRENEHGER R E T B m AR . & 3.26 s, HEREZNLHITR
L9 Feo PTHIR 3.11 3R15, H222.4 kN. W4, & T 936.6 kN N4 &
BERRARHE . PR, 7RI 2G1B-IN 1A KA I, AR AN G BRI DT ik
3N 19.2% F1 80.8%.
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3.26 B FELALH]
F, G:fy’ WebAweb+ y, flange Abottom flange (3 10)
2F o
o= I (3.11)

3.4 ARE I

AR A IR R E S BT T AN B A S AN RE SR SR R A4, I AR
RIGERI PSR N R RRZ 2 < | IS A 450, 0T T BBk i
G 2GIB-IN) FAFEMAE: G 2GIB-OUT) Ffh T~ 1 S8 5
B, 193] 7 AN BT AR, WA 7KL A A R SRR
SR

(1) X1 2G1B-IN FIMRBR AR ER F17E BBk LR BT 178 0 KR 0 e K AR T i B
LB, N ASCE fERF M A G 5.5 f5, HX N ERZE AN
0.163rad; M4 2G1B-OUT AR BR A& % /)75 F 22 B G W 2 AT 9t S i Bk 21,
N ASCE fHARFAF A #H A 130y 4.2 %, HXTRIERZEE AN 0.054rad. R
fF 2G1B-IN (A% R 7 %7 77 B FHooT B B 8 1) AR 7% 43 il Bl 2G1B-OUT &1 29.8%
A1203.5%.

(2) 1E/NBTEBT B, PRS0 ) EE BT HLHISEdt, e KA T M
Bt BRI A R 2GIB-IN K& #7328 i R B L L A A
TR ERE B, ACE — M 3 R R 2G1B-OUT HI&E ) =B i
FRAR TS AR AR 52 e JEE A

(3) R 2GIB-IN ffE G2 HET 5 B M2 S B BUE U X, XA
FRsEHES Sy 0.09rad I, TRAE 2G1B-OUT ) 3 32-KE 45 5 B 24 1 26 Bl
TERFAE TR IEB X, SR F %4 /108 0.054rad, B 5T 2G1B-
IN. 7EF2RLEMART, R 2GIB-IN [ K& # ) ik 4F 2G1B-OUT &
12%.  BRPEAR 232 AT FH SR SR 3 PR AN A 7 3 22 38 2 W R4 i 1) e KR #1077, ik
4 2G1B-IN AT 2G1B-OUT i 5a 8 70 ) e B I AR A i M TR =y 11.7% A4
1.5%.
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(4) X T A F R A SRR T a5k UG, Bt AR 2 1 & R 32K
PO F R KA IR /N, H 32 R B ML 1R i B B 52 BRI R4 R
SAFRIRZI . AN S B AR 2RE 7 b 2 ) 32 R bl R A 32 R R 2R AL
RIEFEFERIZE R 51 .

(5) VR &t 1 R V& F Z A P AE H I3 2T SR AR X, B A
2G1B-IN ZR A5k oy I 1) 470 25 6 DX AT 2G1B-OUT 2R Rk BT ) IEZS AR [X

(6) TEXFE KA, RF 2GIB-IN H 2RI A HAR I Sk EL 51 Ry
19.2% #i1 80.8%.
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£ 45 BRISHRSERGEEFRNBACEERMG A
5885

55 3 Fil R 7T 7 A Sk m T A M PUE S B TERE, (HR2 1SS
R A BEAN B AR v, AEE IR AT I U AN DI SEBR R, TR 5 R 2
(AR T IR R AN FE W T 2 S5 AR . IRAE SR 2 AN 3 Aula nT
DA, AN FE R m AN i 22 S m il e 1 25 R K B RE I A T RE Y
KRB R BB TR, AR IR T PIRZS 2R AN AL (R W 847 0, i
BARE 1 77 IR S TT LI I W 7 = b JEE R0 2 T A7 X A SRR R AL

AT E AR AES 3 BRI 1 RE R =5 RS N /7 =l
JEEAN 8 A7 5 00 RO < e W AR, e EL N T e SR B T vk B AT
ST AR PR B, DU PO AIE T R g = A B2 R 25 A A o R A T 5 S A AL
LRI . ZJF, FeTmos EERAE T S T A A IR, ST T IE A
i P AR IR Fe-SER TR AR, T 55 3 Ebka T IR E R .
T WA, WIRBETT TR B 9B L I UK AR B A 5 1]
PR RARUAARE L . R RUNAGE S R S VERESE SO A Sk R R AT
ELEIRERERIET . W 1.10 PR, AEAEUETT L E 3 BB R
J&, HIREE 6 FIT AR R R AU 73 i 2 i o

4.1 WA RS HHET A

4.1.1 N+ AR A

XA ) W R TN S R PLIE BBl IR RE T i RN R 2 —. 2l &R
IR N BT V) 2 S BOM R E AR i = ZE 5, 4055 F 5 von Mises Ji ke
Q2 JEAREND i B VIN AR ReHE SRR, RIS B E RS ) =5
n MBI 0 JoRIN, K2 B 98 38 #R A FH 2 L i) 28 M ASE Y SRABEHOVEN A4 1) 7
2, BT SN A AR At A Ik B — AN 8 MBS SR R T BR, W Baol'Y),
Kwasniewskil''%! Sadek®71%% . {H 245 5 4 J@ MR IE EWT 2L, B )1 =5l BE o XF
& JE Wi 2T BE RS2 1 e K . McClintock!'#!) Rice I Tracey!'*2li@ il 73 #7125
JAEFKIE ) PRI IRH, BEER =HE » MBER, MMM RNAR o 2
N, FEFR T W R RIS 5 R = R R 2 AR B FR B Re=D e P
Khandelwal'%5% F - Gursont" STy 44 44 151 74 Sfe 452 4006 4 1) I £ 1 R e 8 1 e
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Gurson! IS Y & — AN [N i A2k [A] 23 /I 22 FLEB RO AP RMSE AL . 4NA4 H (1)
B A R A A7 S5 0 A b AR T) B 23 0, 2 0 ROR e 31— o 2 B it vl 5] R 4
M2 . Johnson A1 Cook!**dit — FR A6 iF [ FE FIEk 1 [R5, 57 1 A)
DA IR 25 JE N ) =l R L 5 B A B AR 2 5 i (1) 4 JB T SRR, HERIE S Rice-
Tracey HZAYAHALL, #EE Wi BAR 5 B ) =B BN SRR EOC R . (H2E,
T AR T m B SRS I s KR SR, B
B g =5l B AR AS B Z A0 R BB AR o Jd Ik — R BVAN R B U1 F AR 32 [
FERWr 250, Baol SR AN () W 228 87 A8 TN R ) =4 B2 2 1] I B 1 1) 48 4
KEZ, MeH=THERSB: EmNI=HBEX (57>0.4), Wi NASHIR /)
=ML Z AR I U Rice-Tracey BAYRAEMI L IATEHOC R FEMCN ) =HlEE X
(<-1/3), WMAFREWR; MHEFHZ WX (-1/3<97<0.4), WRNA
FIR 77 =3l FE 2 TR] 0 5% 22 e BT ) M A sl . DL B IR Semff i 8 R B 1 R )
=HIERIFZI . Wilkins!"OV AR & Sl O FL AL AR e 25 1, f2 i 7 — M)
A F8 Al N2 0k W 268 182 3% 5 I ) < @ 4 P A R, T . ) 5 B AR A S A K .
£ Wilkins BAY B =Bl FE AN B8 £ S HOH B . Xuel"I7E Wilkins 154
Befith BREH T AN EHE S P EM S B &R B R, IF H b
SLRIRY Y W 2L T AR 6T T B8 A S RO AR, I RIMBCE B AE SR A2 RS TR 1)
W 247 A E . Bail'“13E T Wierzbicki Mg i F2 45 & 4 i AF R 36 45 3, 7#F
Rice-Tracey f& 4 (35l _F 32 T — AMEXTT 248 A SEAX R B RE R . Bai
B 6 NMEESH, FILTERED 6 MRES A F R PR K84 1
WA AR, XX F LRENMAREFE L. @il A710 400 AR5,
Bail POV I AR Y AE 51 N B 2 [ AH XS T~ %0 48 £ 2 BOG PR AR E e 1 T 45 SR 5 TR
BRI, WiE BRZED BN 3.0%F 4.5%, (HIGHERFESHICHN 44, M
7 TAERLH . Ak, Bail Uy e W 5 Y 2 H50 R FH ) 2 (5 s 5 1 o A i B
g . fESEPRNEE i TREF, @SBRI EHE (<10mm) IR IEH, H
Wr AT N B2 B 5 BT U)W AR S D B A S AU R . (2, BTN LR
AR A B, X AR AR AE D TROE T bR e bR W R () e M, B
RO A B F,  RIVEE Rl A R T AR N, DLEEAT RS B & . H AT R
A br e AR U)W R BRI N vk TR, AR TSI AW R A T2 A S
OO FRAE E S5 1 4L Bai B8, P ARFI S FL P AR AR I (304 R Al 1 [ 4
I 2 G A R PR T S, Bt — o T ERORA R A 1 B 2 I PR A o T
%o
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x G RTO)

€

& (RTL)

n

GANN |
SO\
)

(a) IEXFFR Bai 15 (b) X FK Bai Fi4
Kl 4.1 Bai 584 W 2 R = 1A

HEANFENS (o, o2, 03) AR B AR R, AT LUEEONE (g, om,
O FoRMIEFARPR R, Horb, ST oeq FoRBIMARER RIFEAE, FEIN )
om R AAEAAR R, O R, WIME 1S (lode angle), 4T
JPRSAE il B S5 ERIHRA, BTy 0<6<n/3. NA I 8 IRAT 2 (7]
5 52 B S5 R0 T geq FI-S51 8L ) om HIFENR, AB g 18T TAE N A R o it 5
I A >R FH 2 i X 17 Bt B LA 5 1A 36 03 ) von Mises Ji JIR #4E TSR Fi 38 A1
JEARAT J9, TREDZNE TSR T) om % JE AR TETTEAR BRI SENA o 55T 8044 1 Tt % 11 [F]
PERPRLR UL, HRPREFTUAH =AM AR EELIR . g S N HAZEA
%, B 4. X @42 F 44 "R, NAZHE p MRS NI
BRI ENEE N IAZRE, ERNHREBE =Nk EAZRE, il
(4.5) AlF1, BEMSHE § G ——XRKREKR, Bk, NN PRESRT LU
—Y (oeq, 7,0 WHE . NA=HEE n RACAHNAL BALHI N ST . DHE A
ZAOFAE Z TN PR 5 5l N PRSI R, HARTEED-1<0<1, =it
=1 NS FRPLEVIRE, 0=-1 NRFRELE, 0=0 B 2l BTR 28 51 1 R AR
. AN, s1, 50,8 538K 3D FRN TT.

1
Om= 3 (o1toyt03) 4.1)
1
O-eq\]z [(01'02)2+(02'03)2+(01'03)2] (4.2)
25535 s30) (4.3)
203, '

O-m
n=— 4.4
- (44)
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- 2
6=1- Earccosgr (4.5)

- Il -2 1 -
iD= |5 e rired)| 0 +5 G-l
4.6
1 D D pan] 7 L D D¢\ D o
:[E(Dle‘ 21+ DsePo)-Dye 4"]9 5 (D2 -Dse gDy e

_ i) )
ei(n,0)=[e2-e]0 +el=[D eP21-D3e D410 +D3e P4 (4.7)

Bai & H AN T2 8 M S B X AR T 2B A R A = (4.6), W&
WmE 4.1 () Fin. WWRBERILE 6 NMFES4: D), D,, Dy, Dy, Ds,
Dg. N HIef=De P2, g=DsePe", &l=De P43 HINT HEASHON 1, -1 F1 0
)~ THI -5 W 2R T PRS2 28

L5 N R A T 2 S A 2B EGE R (B 4.1 (b)), XTIk
i, ef=e=e®, M (4.6) WL AR (4.7). RS, BEPREEESEIRDS N 4
A, BIDy, Dy, D3, Dyo B, FHERE LdBA, HFHERM 4 HARR )
IRETH Cer, n, @ BT, Hr e NERNIBYERIRNA . AR T PR
5, JHAEJE SO SEAE T FR A Bai £

BT Bai BB, KRB HLER S Rice-Tracey (RT) UM T Xf L. #4E
X @D W EPEASHMCIHERE, WA N (4.8), WA RTHEA. K
4.1 (b) TP L A e A el AR T RT BALFED = 1 Fll 6= 0 (¥
FEASCH 73 il a4 9 RT1 BAUHD RTO ALY . BRitbz 4k, ARSGEXTEL T TR
FH BRSSO EN A I 24 14 7325, 7 BIVB & SR A 7E I A L D7 IRES TR 1 W 4 80 A8 Ry e
B, JHFBHRZ N CFS A (fHE MR RARAD, HRIAA N (4.9,

er()=ep=D3e™" (4.8)

=D (4.9)

4.1.2 PHETEAER iR

EATES, BUH 3 RERGA E R AN MR B GF F1 GW 48

o GF Al GW #NA A HERAF I JE B2 230008 5.8mm A 5.3mm. W13 4.1 F1[E] 4.2

B, 3t T s ik, SARARRT R R ) =R TP A S 0RES

FIFER 41 Fo b 5 AR EFEEBGAE (No. D, AP (No. 20, FF

FEPHGAE (No. 3D, 90°BY PR (No. 4D, 45°BIIFAALE (No. 5.

N, B 4240 7 SR TR, Hed, Bai AU FR € % (No. 1, No.
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¥4 5 PEHAGHES REESLEISRMEMEEER TS SH
2, No.3, No.4) VUM, RT1ER PR EHE] (No.1,No.2) AN, RTO
bR E 3 (No. 3, No. 4) B4R, CFS BEAMUHE] No. 1 —HlfF.
No. 5 LR K R I8 IE 3 Uiy 24458 7 e 1

o/ 20 20
- L s S—
QI 2 g[ o
O
. 80 .20, 95 20, 80 , 30 20, 40 420, 50
I S 180 l
(a) “FH (b) FHFL A

200 |

[
[20, 80 80 120]

| . o

! 98 41L1L 98

) 200
(c) FFHE-F i1 (d) B5YIFAR R E

K 4.2 BR A R
= 4.1 MR
A RA: 44 FR n )

No. 1 AR ~0.33 ~1
No. 2 FEFL AR >0.33 ~1
No. 3 THAtE AR R A >1A3 ~0
No. 4 90° BY Y HAAF ~0 =0
No. 5 45° BIPHGR 4 >0 0<9<1

WHERH 50mm 51T BB AREE B AT, & AR N s %
0.002/s.

413 EEND-EXNTXR

N2 AR [ TF S AT L BLRE PR i A i B A K Ly v AR HE TS, i K
(4.10), 132044 LA e om o A TS 1R B BLIE HUA D9 51 A 9 40 4a &
&, BRI 50mm. [RIAE, A7 THSRCRT DL AR PR iR 4] an 8 T AR A v 2 1E,
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(41D, BRGS0 m0m o

AL
€nom™ L_O (4.10)
F
Onom™ A_O (4.11)

I, P (4.12) M (4.13) AT LKA SURE ) 0o M1 44 LR AR 00 £
PFPRHIR SR oM SE N AR e o

O-:O-nom( 1 +8n0m) (4' 12)

e=1In(1+e,m) (4.13)

SR, MR R AR, BT AR R, I AR B AR B
1A BE S S SR (X FR) B SIEE Ty RECSE R AR o G W, R e J) -0 88 it 2 B
TRER A7~ TRER AL il 2R N F I B 1R 346 R 45 =

B L, B4 XA FSE R A A S B AR T PGB AL (40140 AT
(4.15) KRG, FHrfr FAT A D[R — I 2045 0 48 0 A s s i AR

Fg (4.14)
SZIH(%) 4.15)

S5 Ji R LS N - LS AR 2 AT AR A — 2R LRI, X B A
il 5 S48 i [ S N g - LS AR e A 7 B A E 1) F A Ao S =R 4l
AP BORAE, KBRS, WE =R TR A, )E,
AR L B 22 BT = ARG T I B R AR 1K) 90% I 15 Bl dl i A=A LA 15
B F A A W] LA 25048 Ja 3 NAFHLRAE T Cojed, AT LURA 2 1l AR 35148 i
HSRN - AR NAR M (A 4.3 Fis).

1000 ——
///
800 =
= ==
—
; 600
= 400 — GW
2 —— GF
200
0 .
0.0 0.2 0.4 0.6 0.8 1.0

B 4.3 ST LS N - AR 5K 2
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4.1.4 R TR S HREZ

F AT A PR TTAAY LA RO AR L S bRl & RIS, Hocii A 8 494K
— M IRE RS> T, BB X EIT RSN 0.5mm, @it LS-DYNA &3 /1K fiE
Pt EUS R R oA B 4.4 Pis. N T IRETHE R, No.1-No.3
MR R R 1/8 1585, 1 No.4 MR BUR 12 88Y . ¥ 2 A fs 2
(1) LS R A R RARN B A IR oA B T, 50 25 b, X bl
SERWME 4.5 B, ¥ 5100 SO R BR TG B O i R 55 20O P B AR 78
AR ST RN A oo WIEE 4.5 FIT7R, BV 20 B K 97 6 67 8 A A 2,
TITRFFURRRAG, B4 M A it nT B A Sl R s, B 4.5 BT iA B a!
HEAMAM RS, XoFHENERSABETREORZR K. Sl fhm)
LR T BN AR e B TR 4.2

1/8 f5i 7Y 1/8 f5i 7

KEEHTT i KR HTT
PR FERE~F- AR A
1/8 A 1/2 F 7Y

R LT XA I

FHLT BRI 90° B iRk

Bl 4.4 A PROTAE A
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50
80
40 1
= 2 30
ot -~
~ 40 A\ -
2 ——— GW (Test) \ #x 20 GW (Test)
iz - —— —  GW (FEM) \ iz GW (FEM)
GF (Test) \ 10 GF (Test)
———— GF(FEM) | | ————— GF (FEM)
0 0 )
0 5 10 15 20 00 05 10 15 20 25 3.0
fi%  (mm) b (mm)
SRR FAPAR R
80 6 —=
_ 5 | - @
60 1 -
— o 4
Z Z
2401 23
:_Ez {{ ———  GW (Test) ;Eg 5 GW (Test)
=20 A /7 — — —  GW (FEM) E GW (FEM)
/ GF (Test) 1 GF (Test)
P A — GF (FEM) 0 GF (FEM)
00 01 02 03 04 05 0 1 2 3 4 5 6
B (mm) e (mm)
FrREPAR R 90°BY Y1 FHR iR 1
Kl 4.5 1A PR oA Y
X 4.2 WA A 2
GF GW
RS
&f Havg éavg &f Havg éavg
AR 1.1764 0.4567 0.6834 1.1064 0.4329 0.7262

FF LT 0.7837 0.7229 0.8754 0.6373 0.6773 0.7766
JFREFERHR 0.1793  0.8295 0.0162 0.2488 0.8517 0.0145

90° BIFHR 0.9267 0.1228 0.1509 0.6943 0.0853 0.1546

PR R oA A AZ O R R AT IR K 77« Mises NJJ. 55 =N 7)
AR B T G RO RIS, HrE B H A B R ) =l B R 2 M 2800, Gl
4.6 Fin. M 4.6 FTLLEH, FEESERCEIENAS IR, A 08 = B
MBS E AW, N T R BUNE e R RPIRES L, #ek R ) =
B En TN BB A S OTE W A RS 5 B A B S5 RS ) =5 npave FNEE
RGBS H Owvg. FRN ] =5 RIS B A SHTH T ET SR A R
(4.16) FIAT (4.17)0 FARME ISR S =1 B AN 28 2 1 A S 50051 T 3%
42, K 4.7 8 No.1-No.4 XS NI (Rave, Oave)  SFE 5-0 “FIH LB A6, W]
WAEAREAE -6 V10 B2 A R AH 2 40 8, 3R 4G T DR UE T 22 100 A 5 07 7 1
P
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1.2 — - 1.2
—— ¥ |
07— — L ———— 504 14
0.8 \ D 0.8
0.6 - S I 0-6 i
L
0.4 0.4 " )|:+.J\|; L
B T )
0.2 1 B o o 0.2 ﬂ{_/\‘/~ =
0.0 += ‘ ‘ ‘ ‘ 0.0 M= ‘ ‘ ‘
00 02 04 06 08 1.0 1.2 00 02 04 06 08 1.0 1.2
S N AR YR N AR
L = 4B EEE 2
Kl 4.6 B =55 DB A S
1.0
® GF L4
0.8 v Gw % v L
0.6 TR
o 0.4
0.2 -
V@ 9001 1) VAR
0.0 . : &7
00 02 04 06 08 1.0
n

B 4.7 FARAE TR S AL ) ave AT Oave

&) Matlab AL TR, WTULHZE 4.2 UL (e, gave, Oave) FIK
(4.16) KirE Bai 8. KX (4.16) MRt ER/ANYTT %, Hb NAERAM
Wi b5 5 BT F T2 05 Ceny ave, Oave) FIZHER. 3R 4.3 B T Bh5 € Ja AN

RSy RN 2
1 N
Minp, p, p,p,(Error)=Min []sz |ef(;1i,(9,-)-eﬁ|] (4.16)
=1
R 4.3 A T LT bR o 25 IR
Wiy A% Y Gy D D Ds D,
B B GF 7.7400 2.8960 1.0710 2.1560
at e GW 6.0890 2.8950 0.6550 1.1380
GF ; - 2.362 1.526
H
RT1 A GW ; ; 2.939 2.257
GF ; ] 1233 2.324
5 7
RTOFA! GW ; ; 0.778 1.339
N GF Do=1.176
F 1]
CFS Al GW Do=1.106

B IR % W AR R b e ) 2 T A N R] 4.4 G PRGBS R BT . B
Fr, AN A PR LS-DYNA F{f) 224 S 4 BHE A (Tabulated Johnson-Cook
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)55 K5 22 18 S -T2 A Mk 5 R G0E SR BB HLT 5 45k REH R PEAS 1%
material), A AY 0] DURE W R0 4% FR SR A% 7 U, AR ) =R S P A
SRR L —ADNWTRRARE . K] 4.8 75 R W 2R I AN A DL 55 e it 2k 1)
XFEC. BhAk, AW REEA SR TII No.5 Al iE 44T 4. Bai #AIA] LA
AR P FL AR A BT 24T . T RT1 AR, RTO 5 ALRT CFS #EAYAN REfE 1
RO 8 FLAR R R A A P T 24T g, 30 5 3L e M PR A il 2R AH 22 1R K
Kl4.8 () FRMRERTIAL, RTOMAYFI CFS 1AL 7R FUAM A B RL 0T 1) 22
RTO #5252 No.3 1 No.4 WM bR e ), HXT M FoEE T 0, 1
No.1, No.2, 1 No. 5 MR FIOETEHIT 1. XTRFER nH, 6=1 &R B
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