NI 2 et 2 DA7S'E

MERK G2 BRI

+ %

5
=7
i

S/REH T R%
20154 3 H

\



d\
ok
d

S

] Py P : V214. 1

NI 2 Rt 2 DA7S'E

W E R K 458 2% BRI A At 52

W+ BRE: £ %

F Iili: GkaRIR
BEFMEH: T+

F M Bk PO KR
Pt & B HUEh TR
E B BH#: 201543 H

BFFEMBNL: M/ RIEIL TR



Classified Index: V214.1

Dissertation for the Master Degree in Engineering

Research on Multiple Sites Damage of the
Win Skin Structure

Candidate: Wang Tao
Supervisor: Zhang Jiazhen
Academic Degree Applied for: Master of Engineering
Specialty: Machine Design and Theory
Date of Oral Examination: March, 2015
: : Harbin University of Science and
University:

Technology



MECEIR TAFMEF AL R eI E AR
KRNI RIS R BIB0 18 30 CHLIR 52 H 45 1) % 3 G4
U)o AT BITIRS F, 7ERS IR TR OB A2 G 31 s it A7
FTAEFFIABII AR . BANFTRL, 13T BR BRI B A A ERE
SRS L OB LR . AR SO 2 A st SR A ARtk 2 RS0 L

R 5 A B . AN RS YRR 45 Bk 58 4 AR AR HH
VEE2% 4. £k HHA: 2015 4203 H 27 H

MEREE T RFEM T Z A X EARNS
(WU SR B G5 h Z LB L) A NAE MG /R VB K B A - 4 46
WA AE S48 T T 58 O 227 10 S AR ST 78 R ARG RV B TR 5
FITE, AW SCHIRTF S A B AAF UL S AL 44 SR . AN TE4 T G IR L
TRZERTORAT M AR SCIIRUE ,  [FIRE AR IR B IR A AR T TR AC 18 3
R FRRA, SO VR SO A B RIS B o AR N2 BUNG R B T K 22 1l LICR B2
L AEENE e B T BRI, AT BLAAT IR SO A BB 70 N
KAWL R T
RO , 7E 5 FMEEE AR,
AMRERD
CGEAELL LA T HE AT V)
TEE%4: £ Hil: 2015 403 H 27 H
FIMEEA . KFER Hi: 2015 4 03 H 27 H



MERK 1 2 TR
m R

A9 5T W AR FE 2 S o B 2 AN AR T AR A R E I Al /N RAL,
XL AR /N S e % 57 B FIVE R R AR, 1 5] 4 R ) 4% 5 A BE 4k
LA AT E SRS R AT ST Ah )T AT LR R,
I A% 57 W45 B AR AE PR AR T KNLSR B2 S5 A I 2K 3 RE 71, PR B 2 KL 22 4
My, JEHEZR KWL A0 9% 57 5455 43 N 22 JCAE 3040 R 22 3 67 45 4 8
T, ANSCE BT AT 5T A I 2 AL ) R, BT LR S A
FIMLFE SR 7 I 2024 8852k, RE 2 584030 15 & 2B Ak R i A2 AL
Z G K AR . 2 AR N 70 P T i) R 22 550 A6 45 497 1) R AR o
B o ARSI FRTHRN T 2 A5 R i e R RIS R B A EE NS E N
8, WA WL I 24wt Mz arvEAl 24t E 1 40Kds, 30 E 1t
2= DL [ B s okt B ORI SE R .

TEREFC 2 AL 4540 & A RE 2R 5 T, 1 S 4 2 0 A 0 40 kAR 1 e A
i, SR JE TEAR R AN 4015 B A A R 57 5 40 A1 7= AR SR S0 Bl L ST 1 1 2% 14
T, WRIEMERIR D) M EYIE RGBS M B G B = S 808
IRGYATERESL T TN 22 40715 25 40 Ak 2 AL B A M 2 (B B A, AR ST T
AT IR IR B R AR Z BB R . e, 18I 2024 56 &R
A1 AN =405 B 57 RIS AR Y ) S B AT IO E . 2RISR, B ] DUAR 4
HE TR 22 20 15 25 A AE — 58 B E I IRE T K AR 2 AL A e, (E Tt &
R TR T

TEME 5T 2 S N I B B 5 T, 8 e X R4 2 R A0 40 40 el kAT
A ab 3, AR 5 UL 3 5 fz 245 K45 21 22 50 A7 452497 25 K4 1 PR A 56 AR ] A A
i, TiEH Abaqus M1 Franc3d 5724 40 FR o R R IF 57 AN A 2 3B A 45
PR eE R I N )58 FE R R S R BB IE R 1, (RS B SEE B IE 7 T i
HAEME I M Ecm B o i 5 EROKEAFAERB SRS R )G,
T8 I XM R O R A AT T A A IR AR A L S R R KR
PR ACELEE, R 5T T 2 3080 W 1 F5 0 Be R AR AL AR . 15 H — 8 3T
TEOLTR, 2 3L 49 45 40 1 N SR AT S AN Wb AT 20 e i), 20 TE )RR 5 5 4
TERRHL M ER ZA RERL T



£ 2 AL B 05 R A s W ST 5 1D, S MR AT SO 22 B A 4R 0 A 0
Fic 1) LRTE e A 518 AN B A v e T 1 P S R Y5 AN [R R S0 03 A (15 47 22 BB AL
Wi, WA EER A 2024 SRE SR @I P 2K 2 AL
5 45 Rk 56 O R A o BE G, TR Tk JE AR SR BT Swift
7R D) P T AR5 9 AN e A 25 A T T 2R 0 S N T B R =R R A 5
PSR T3 1A 22 AL 0 405 45 R e A ot P vE BT T & T . AR AR AR
15 48 5 A [7 28 8003 A Xt 22 B 67 463 0 205 4 990 A% 5 AT RS, 948 T it A vt 4507
A P ST VR SRR

REER MLIES R, 2B KM, NHESE; RIAREE



I RV TR Tl 2 18

Research on Multiple Sites Damage of the Wing
Skin Structure

Abstract

Widespread fatigue damage usually refers to the existence of tiny cracks
either on multiple components or couples of similar details, which will lead to
connecting together under the action of fatigue loading, and the residual strength
of structure will be too weak to bear the load leading to the structure failure
ultimately. Widespread fatigue damage exists in the skin of the aircraft structure
widely, it reduces the carrying capacity of the skin of the aircraft structure and
affect the safety and life of aircraft seriously, especially in aging aircraft.
Widespread fatigue damage includes multiple element damage and multiple site
damage, this paper mainly studies the widespread fatigue damage. Based on the
skin structure and 2024 aluminum alloy material which was commonly used in
the wing skin, according to the general development of multiple site damage,
these problems was studied, including the probability of occurring Multiple Sites
Damage, rule of redistribution of internal forces and residual strength of 2024
aluminum alloy structure. The study has important reference value to the further
understanding of the formation and development process of multiple site damage,
but also provides a powerful reference for safety design and life assessment of
aircraft structure. It also has the significant practical significance to Chinese
aviation and national defense construction.

For the study of occurrence probability of Multiple Sites Damage, firstly,
give the criterion of multiple site damage, under the assumption that each details
have the same fatigue characteristic and the crack occurred randomly and
independently, according to the theory of fracture mechanics equivalent initial
crack distribution and the three parameter Weibull distribution established the
mathematical model to predict the probability of occurrence of multiple site
damage in multi detail structure, specifically established the function relationship
between load cycles and probability of occurrence. Finally, carried out fatigue
test with 2024 aluminum alloy sheet single detail and three detail to verify the
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rationality of the model and draw the conclusion: the model can better predict the
occurrence probability of multiple sites damage of multi detail structure, but the
prediction result is conservative.

As for the internal force redistribution of multiple site damage, firstly,
simplify the complex multiple site damage problem, according to a certain civil
aircraft wing skin structure obtained two basic simplified model of multiple site
damage, and then use Abaqus and Franc3d to establish the finite element crack
model to research structure comprehensive correction factor of structure intensity
factors in the two basic multiple site damage structure, after obtain the
conclusion that there exists function relationship between the combined
correction factor and local load redistribution factor and the main crack length,
through this function relationship study the change rule between combined
correction factor and local load redistribution factor and the main crack length,
and thus study the change rules of internal force redistribution indirectly. With a
certain load, internal load of containing Multiple Sites Damage structure is
distributed continuously, and the distribution is related to the structure and
distribution of cracks, etc.

For the study of residual strength in multiple site damage, firstly, according
to the internal force redistribution conclusions and test standards, designed two
test pieces with similar details and different crack distribution which contains
multiple site damage, the test piece material using 2024 aluminum alloy. Through
the residual strength test of the two types of multiple site damage test piece,
discusses the applicability of three kinds of commonly used residual strength
calculation method in the residual strength calculation of multiple sites damage
structure, the methods are net section yield calculation method, the calculation
method based on Swift connecting standards, and the calculation method under
the condition of linear elastic fracture. Finally draws the conclusion: different
crack distribution with the same details can influence the residual strength and
net section yield calculation method is superior to other methods.

Keywords Win skin, Multiple sites damage, Probability, Internal force
redistribution, Residual strength

-1V -



B B bbbt I
A 0111 - (01 AP RO PP I
FBLE ZEIL e 1
N S = TR 1
1.2 Z A543 B A AMIRIE FEIIAR oo 4
1.2.1 ZHA0 K AR EIHTFEINAR oo 4
1.2.2 ZAI45 W B ER IR FEIIR (oo 5
1.2.3 ZAI AR TR TR L I TR oo 5

1.3 B FUNZR oot 5
1.3.1 ZFALAT KA IREZ s 6
1.3.2 ZEALAT A TJ TR EC I FT oo 6
1.3.3 ZEBAIRI AR BRFEIETT oo, 7
F2E SRR RERIBIE .o 8
2.1 Z LI K AT FDE YT oo 8
2.1.1 WIRRLHA A TRT o 8
2.1.2 ZEIAT KA BRI oo 9

2.2 ZEALAI K AEREZE B AT 9
2.2.1 BERYESTIBEAR FAE R AR o, 9
2.2.2 B ILIE T oo 10
2.3 B EEPE AR IE IR TIE oo 12
2.3.1 ARG AE ST BRI oo 12
2.3.2 AT B RGUT D ATHIRIA oo 14
2.3.3 ZANTIIE 57 A RIS S RYIGUE v 15
24 IRFEIINGE e 17
EIE SEBRBATIETEEIIT oo, 18
3.1 RO TTHRFEDR T oo 18
B L1 IR EDR T o 18
3.1.2 R SRR FED T IITEEL TTVE o 19
3.2 Franc3d B /75 FE R 7T S ER IR I A oo 22

-V -



3.2.1 M-FAZT HRGGK IR B oo, 22
3.2.2 NAJHRIEPRFIENIE IR oo, 22
3.3 WITHEIPECIIHIETE oo 23
3.3.1 PANTAIAEBE TG oo, 23
3.3.2 AEBIEN T 5 R EEATEDEC T e, 25
3.3.3 REUTIRITE AL AT T oo, 27
334 HEARG I oo, 30
B ZRFE/INGE o 45
BAT BRI RIRIBEAITAT oo, 47
4.1 FARGEFEDIHTIERL oo 47
410 FURIBPEFTTE oo 47
4.1.2 FRIEPEH FHITHE TS (o 47
4.2 Z AT AR AR IR EARIG oo, 50
4.2.1 WIRIFZIREIETET o, 50
4.2.2 FURTRFETRIR .ooovoieces s 92
4.3 FARREIRIE ARG T HT oo, 52
4.4 TR PEHEI ARG IV oo, 53
A5 ZRTE/NEE oo 56
BRI s 57
BEZETTRR v s 58
B .o 62

-VI -



1.1 REE=

1988 4 4 F 28 H, FilZ a2 AT IR T~ B BT 1) A i i AR 2 L e B
PR — 20k % 737-200 BN RA S, FEWLE RERAL — SR KL
RACR KB EEANHLE, HLE LSRR B R e, MLk S5HLE B 7] fe
rEE, EHOSWE 1-1 R, FHEA GBI R IR FHRET T IRE,
VA G5 SR B S B DR 2 WL B 5 B S A R AR I 5 B T S B A M R Ak, A
PR IIRD R R ML 5 B B e 65 /) b 8k QB REIIMU/MNE ST L, X8k
RYAE WA #AT B R P B E, (RN B R T R B, RhLEs ik
R XA H ) A 5 4% (widespread fatigue damage, WFD) 5|2 () — > #i 77
H, GRS SO A 57 1A [ RO DG

Bl 1-1 B[ sk 737-200 BY ML IS IR A
Fig.1-1 Aloha Boeing 737-200 aircraft accident scene photograph
J AR 57 45403 S 2 A e ECE 2 AN AL TR AR R R A NREL,
XA /N AUEEI 55 Bt VR R R R ARSI, 1T 5| S 45 ) (X)) 4% o S AN e AR %
AT EH SEE R, i 1-2 s,


http://baike.baidu.com/view/16597.htm
http://baike.baidu.com/view/58901.htm
http://baike.baidu.com/view/482606.htm

= ERMHARE
s (7 /777 - |
: | 6%
FaE Dz |
bbb b b !
D18 1 fe]

B 1-2 ) AR 5 45 ) 45 ) R ) S
Fig.1-2 Influence of WFD on structure strength

KRB TR T AR T iR T, Wil 1-3 Fron. TR T IR
AT D IR R, AR AR AR B BT e B BREE, LR AR i
FER A AT REr AL e Wi 54k, RHUERRSOERE T, R A 7578
7 BERUAIAS M S A A, AR AER T, WAL P2
AR, R BRI A5 0 SRR O SR A0, 1K 8 SR AR B 45 FE 0 57 B AT
RIAREEAE IR 2 A INREUY R A % 57 10 158 o

R
f"_v L == l ’ Sttt
| S
fio | ,

RENS

i T kaﬂpﬁ%‘?— -:m.p ATL for tarates
REFRO MRS -

K 1-3 CAHLER ) A 55 i
Fig.1-3 WFD in aircraft structure

A9 55 10140 68 22 BB AL 545 (multiple sites damage, MSD)AI % so 45145
(multiple elements damage, MED) # # 45 {5 45 2



Z AR R ARAE R — SR (i —He5E B BRI AN [R] AR AU 1) 4
AL AR AR L I B AT 57 R EURFHE I N RGO — R A 57 151 . 1K
SR GO RIS ELBUN, SRR RBL AT AR A2 B BAT (R, ISRl
I3 FEd R 00, FRARELEIB I S 24 BRI REGHIE, e fipLAS,
UATRS: R0 27 N A VA AL T Ll s I a2 Sl I p 2R A e R W DR (SRR R G 2 a4
I3 R LL LR AUy R EE R . BITBL, 53 2 AL 05 A £ f b A 5 B3R
LRI R B RE I 22 . KHLES R TR LR S BB e A S i 5 B 2 B Ar
Wifh, ZA B E R 1-4@ PR . 2R 072 WHLAS A LR
WO, B S AN RSN S R 2 R AR R ER, I R IX e R
or— B, Z5RMARERRE ) R R B, AT AT RE 51 RS e HEPE T

Z TR R Fr 5 TR AR AT R A ClnAR ISR R AR AE 2 AN RaU T
AT 7 R, IR RI AR 57 BT IR T, Z5 P K2R A& SR AT A
PERR RHILE IR b & e 2 oot ZootHRdi g R an i 1-
4o) 7. & H 2 JuF A5 I A5 A (R RE L5 A BRSO S /AR BE 1 22, T
L, Zouffai i & 5l ™ EH L

MWW/ 1111
000 0QCO0 O
000000-
[ [ .
U )

(2) ZEBArits (b) Z o4t

P 1-4 ) A 57 403 P A 2
Fig.1-4 Two models of WFD

JATE 5T A A AE T B AR T KL R AR RE T, R KBLR 454 %
EMFF e, JCHAZR WL K, A0 EX A 57 st AT i T, ASCE
TR TS AR 57 405 T ) 22 BB AR A [ R . ARSI TEXS RN T 2 AR AL 45 AT
WIS R e R R B S5 0ME, B0y CHLAHI A 22 B h A i Al
RMH SNSRI, B AT LU FE B v ik B B B KR S



1.2 ZEMu It E RSN IR

I HME 2 w45 0 07 T I e D LU R, AN & A E AT A A
JNAEARE T A6 % X 5 T W AR AT T 9. botn, SRS AR HAR AR T
B2 AR A RS, PR BOR G A T . TR B R A F
Xt 2 HRALIRPTEAT TR, BRI T 2 ARG R AR RS IR AL,
ARAEHIE FC 5 SRAN DL EE T AT L4 E TRl ek, SEHE B S AR
JR3 AR SIE. [ 977 Ao 2 A3 AR ZH G S8 A 2 FT R BT AL th %o 22 i 57 453 0 A
RN EHEAT T o

FRORF T A, 3R E AR 22 B A5 0 7 T BB S A R . LR NI TR
A, REMPT RN RA TR T 2 5 AL 800 R RN TR BFF N
Xt 2 HRALIRI A 2 RGN A% L R IR 55 75 i 5 ) RLEAT 1 405 [ B
WHHIL, 456 A K0 A R B IE I MR D7 VRN T SE bR Ak, RE
FHITN 5334388 3 6 ) 2 B 22 AL 2 05 AR ¢ i RELEAT T BT 7

1.2.1 ZEPIRG & E BRI

o 50 2 B AR 5 A5 A T T 2 S AR ALY R LR AR SR B T T, 1T
£ 2 S AL 5 A AE R R 0 D TV U . AEIX T T, RS R SR A SRR
IR SEE T SR 1 & AL 2 407 S5 M 2 i O R BB, IR iR T
AR X 2 BRI T A AE B R B RE I, B 2845 [R5 i I 22 67 43 405 ZE
BT ESG I K S5 . Lysak P D 55 H T RS B — 4175 A% 57
i 2 AL A5 00 R AL R A B AR, A St R A B XA R BN 22 B AL 4405 e B
HRATHIICN . FEBRREE 2 T Wi 2 0 52 5 9855 e v A A O BB o 0 i 78 25
RSN 1T A 57 G R BE LAY, 3 I S R O A T B AN T
Mo TR PP S5 AR AR 57 453005 A AR BB AL S S 1T AT 9 5 45 0 O A O A
HRAA, SRRV I 1T A sy i i, Rl S A A AT
Bk kAT NI T HUR MR R 2 AL R A R, e T IR TS
22 BRI R 2R AR 5 2 AL 45 O A AE R TR R &R, FIRIE XA
KA T PR G B2 34000 A AE R B o B )1 46 R TR
W57 o3 BT AR RR A 1 2 A4 O 5 A AR fg AU AR AN 5057, (58
(A DAE



1.2.2 ZEM I A 1B 2 ECRVAR IR

HM IRWIN G R 7£ 1957 “F3& 1 MWy s FERFBR 2 5, W g BER ¥
81732 80 FH T W 45240 i) S RO I e b M T 2 B AL AG A  FE EC IE L 2
KR @ N 75 N AT R, WF AN G 2l i i A R a0 (A A
S SR 70 22 S B 4% P S0 A i) . Kuang J HLZE2Y I8 s IR 7%
TE 2~ TH N 72 A P AT S0 TR R 52 45 B 8 S0 BE 00 (1 R AN S0 it
FIHE M R4S, N FATRECZ A 5 m 528U R R~ A k.
Chen W H %51z Hi4 Lot ot 2 S A4 4 v 2 RSB AE Bs2m A ) 1) 7
SYECia . EARGE W 5T R WS B 2 A 2 R IR,
UE T AR Z /NS 22 SR AT B0 R AL R S TR o T A ) 5 0k 22 S0 Ao 453475 4 )
ITRAY kL, HRE2REUEN NPT R R E RS T B3
QY RHEFERIRZ G, EERE @ J B s s i 4 TR ]
FIAR ELAE A

1.2.3 Z a5 R R R E BO A SR I AR

A HE QTR SR T B TH L 2 S 45 45 A% 57 A i ANVE AL 22 SR A 4% 4
Ve EE N, L, FRDRE R ZHA I A E Az —. fE
X771, Pidaparti R M 5745 & Matlab iz 515 25 BRBS 6 & 2 Bl AL 3545 45 74
()30 A 5 P AT U, FERAE T RIFHHE . Galatolo R 46774 & #1168 550 X)
G Z AR R E AT R R R EE TS . Xiang yang Deng &™ViE & IE
Dugdale #5756} 475 £ RS0 AR RS S/ BH T R R SR W 7T, 3
FLAE RGO R F R R FE B . B RS 2 tH 2 A0 4 S A TR AR R
T %, Z7EIET Irwin BEURI Dugdale FE7Y, FERHEED" 25 F L0305
I X 30 el SR e B T RS, (ERR AR BT SR BN S R RN ),
VA BRI SR S0 2 i 9 A FH %o &85 ) 0 4% T PS5 ) 52

1.3 TEMRAR

AR EF A B AL 52 B A 1 2 w4 0 AT I AT, iRYE 2
AT R A R AN N FH (V) SR BRI A 2 A AR 0 R AR AR . 2 R A A
D3 A 3 773 P e RN 22 3 (57 A 50 A o L 1), ey, 2 B8 0 N 70 0 i
[ A2 AR SCRIE FE K o 0 2 AL 005 A 2B KB (Y A2 D T 2 s oz 463

-5-



IR ARME S, W2 AR5 A 7 50 P iR H 1K) 52 9t 7t 2 B A4t 5 4
W PR ALY A, BET AT 22 B AL G54 I 5 dn SR E 228, WS 2 B AL
PO A5 A B2 N & B S (5 R R s 1R I 5%

1.3.1 ZERIInn L BB E

I HLE 52 SRR B AT (R FE AT R HLAR SO AR o o7 B O /R, HLER SR
B BRI L AN RS, BEM R B A0, DR N AT 8 57 A 1
Ve 2 B At b SR R 2R, B2 MR 05 A e BAT AR R I BE LI, A B A
ARENLIE, KRR RELYE . CHLESA A5 fr 2 i 18] )8, A5 58 2 &1
Pt R AR ARAL R, DX R B W S e R T BT R R, &
TR EAT A R A 2 AL 05, mT DAUEAIE TE AL 5 — I 21 2 40 19 454
KA HRALIR R AT REVEAT 22 K. 15 T AW FE A\ 22 2 T i il B S
AR IR BEAT WY TN, O g AT 2 A 4540 e A ) L AR A AR
Mo PR E PR SCIE, A SCIRYEBER W2 )22 A (PEMA) ™ R i) 2 &
MR ZBURT o3 A R BEAR AN = S50 A R o A S B Gevh RR 2 5L 10000 2 AR A6
PG R A P BCEARRY, A AT ER AAET  5 BEAVEREAT SR UE 18, et ARER
FIMLEL 52 B2 5 I 2024 F5 5 <AL

1.3.2 ZEMLIA A TI B T EC RIS

gt AEZ ARG R, A LN IR BCELR 51 P AR 4
P PR EE o BC, AP AR AR SR ARE TR T34, FEREE L
B] (R AH ELRE R, ZREUIIY A FHBAG BRSO (0 e R, REUNTT e AN
M AR A o X T3 TH] 5 2225 RS LA AN 5 T (R IR AL, R R ) 2 AR A
003 45 K N 73 78 03 B 1) T Bk, RIS BN 0% 1) 2 AN 453 40 5 4 ] FL A Ak
PN R N T3 iU /B0 QU IVE A VA T Al R IS
TR R, BTN 2 A N R A AT AR T, ARSI TN T 5
JE A7 (B30T 78 22 AL 458405 A 0 0 BE ] e AR S SRR A RS R L3R 52 B 4
Xt R I 22 BRAL A A5 M BEAT i Ak, SRR A A BRIC 70 8 Abaqus6.12
FRE /I8 Franc3d #F 78— € #if 1 AR R /g5 A 7,
XF I ) DR 7 AR A R 8 I S IR AT, (RS 3 2 AL 4% Y 70 0 I
AR FEWE O AL BRI AR S 4R A2 2024 405 MRS AL



1.3.3 S EHTIRGRI SR E HORI5

2 WA RSN BT AR T 51 2 BRI T A, B S (AN
YRR, KA Z BN /N RS fe, A I STE I BRSO
J&, 2% S AE F R AR 5 BE SRR/ S EE I e . DRI, 22 AL 45 0 Il
BT A 0 O B ) R A BT AR SR T T o AESS AL TR AR 0 BE THSR ST, BRI
NGzt — it 55k, IR g 3 i e ik BRSOk T
Swift 338 E W ) T 57 95 AR 3 2 55 1k 2 1 T BT 2 00 27 B i ST T LS
%, ARSCAERT FE [R5 AN [F) 2S00 A 1K 2 F8A 40 05 45 A R R s E (R RIS i i
T = e A R P T B A 2 AR AR S R R AR s T SRS A . R R O
58 B8 AR AT 2024 B 5 @ A1kE



F2E SRR ERIBER

2 BRI R R At 2 BRI AR D DL R AT U6, 5 22 AL 1 (R S 7
FERYGREE BATRERLYE, Z5RIFE I 57 AT R, XS BREE T N RSB B
AR, 2B R A MR EARE . NIAERT AR RE . B oEn i 2
P55 R AR AR, AR XA AR e A RER 32 22 T M 2 15 R AE 2 0
Prgsil, ARSI TN 2 M AL HR 05 A LE R R AR 2 iy, DO T oA L,

el
2.1 ZEMuInth & E R E KR

T MR BE WL AR PR, 515 22 AN AR AN 5 10 4 ) 1 5 — I 20 2 7 3
T 15 B — BB VB — 2 51 A2 2 AR o AR R BT SCAUR [ £ SR 455 R A=
TR, SR UG LSO A RN, 3% S S R 0 22 Y A IR
1, FRTEZ G PRI LR BE— 45 0 AR AN 45 4 R 75 R R 2 3 A 45
5. DRI, NS 2 AL A 0 5 A
2.1.1 R RNEFE R

Wk 2-1 flos, SRR T B BE LR . ARSI AT aa i A 1Y
R, REAHITHE IR SO AR NI R A A R, Wil 2-1 Pror .

Y

|
|
|
I S wal I
74N
BIgHEE AL o

i

Kl 2-1 WIanw R R A
Fig.2-1 The initial crack

-8-



KBTS a, R R E RS, WHRRAWIE RS a, I0#E Hi%
KA PR REE 557 75 an K THEL, (BRI E B AT Mo ge—beitE. 7% UL
W5 o BT, 2 R B /N AT R AU s A O T 0 5 S AT U R S0 A
T o ARSI SR 5 DL€ XTI RS0 E RS a, =1.0mm,

2.1.2 ZEMIR & £ BV FI E KR

2 MBI R AE TS A SR A R, AR ARG AR SN BE
PLEAT PR RS 277 A 7 R A0 SR b R4S LR GCRATRER LML, &
AN B AR R R 43 (AR B AT B IR S A BN . B TR — LR
RRAERGCRNER, PrUl T a g et RE, X A AR I A E K
P&, a2 ARG 254 TR AR R P BOM A LB R4S B3R, JF
HAREGU R 2 KT S TR RS0 5 RS I 264, MR FE XA 45 4
KA Z AR o I ADE B AT & SCRR™ A Ok RHLE A E et A H A
Z ATV B 2 A5 3 IR LE

2.2 ZEMIIR & E RN FIRE

221 RBEEITMWEREBELERL

AT AU AR (U KPS B S T A e s HE RO BT 454D I ZRE0
A T3 A AR A R R AN AT R DT 4R 2 B AR BEN LB A F R Y BB AU R 4
[ T A4 20 2B RS I 98 57 48t AR A OB MR SR EU A 75 i 55 B — 4y
(I 57 73 i LA FIr A2 L T I RN Ko T 25 FEALLAR 15 #5222 AR R R4 LA
SN R, Be TR A AR ST i, B DU sce 1B A A F
W TTRE . Ak, FEARZ RGBT B A0S 22 18] [ 2S00 b P 2 A X A
T, BREUR I N D 9 TR T S A RGN LT KT R, T RS TR R
M AR LN o 3K B 5 AMBBE %% AN A 2 TR AN AE N - AR R, RIVEREUHA A=
I BIANFAERGC T AR LA, BB R SUE R RE R, 25T
SUE G HAOL A I, 2 BRI (R A AR ) T LA Y R4 AR
LU A3 A RSP R o



2.2.2 HIFHARESL

2.2.2.1 BYRREHG T (TTCI)

BN RGBT [R19E 8 SR M 57 I ERAETT 46 25— 45 58 I TR R SUR
(RS IR G (R DAE IR 3, AT HEE CATI HOH D, X EHEIEA SN
Foorn™ e BIE CIRAIE— T B FRHIE R 5 R AR RS B BB 5 i o0 A R E
TE B R MBAT JR A3 A IR, I = S 8080 IR 43 A R n Y R 75 iy 5 AT
LE(2-1).

ﬂ(n):P(N'<d):1-wpl(1;2T] (2-1)

X@-DF, n2e, NEBRROEUEBAFGROMOELR, o« R-BIRNSH, p&
ROARENSE,  WERRDAALENSH, BN KI5, BLESHEhiK
B BRI E

2.2.2.2 B—HTHHENBRYR TS (EIFS)

FELE R BV R A — B TR N P AR B N8 55 R 8L, AR ] LA [7]
JHEWT T AR R A ST o0 AT BRI RS0 A PR 2 09 AR R SUR T I
A BEAIGRET 3 SREGE ST A R R AT 2-2 FER I
Fontiok, WE BATAHEE

RO TTCI43 7

EIFSAAR

N
BT KEL

Kl 2-2 MBEAIRRGUR 7341 5RO A5 i 70 A 2R 2
Fig.2-2 EIFS distribution and TTCI distribution

-10-



RTTERB R, e RGRVEEN, Ry gl ns
(2-2).

a(0)=a.exp(-wn) (2-2)

RE2F, o REHAE. HRSHASHILRRE RS, o "REE
BYUR, TR RS R, a(0) HITH R — A4 i Ry
LU RF, 24 TR AL R~ 5 AL 3505 (R G 7T BASR P X 5040 2
HIARAATITR, 1% R = S H AR AT -

U AR Q2-2) 5t n RS-y R  Beplex , AR 24 LT 2440
JRUSF B 5 A1 5 BLEU B fi 1 400 R 25 1 T 30— 25 15 B 24 B A B B0 <
a(0) 111 B

In| = |- we
Fao () =1-Fi (n)=exp1 - % @3)

H(@2-3)H, x =a,exp(-0), RARPIRRSCKER 5.

ZLLUTY 75 i 40 A5 TR B 7T el 2K (2-2) B 4 124 B AT 0R 2L S0 R~ 40 A 3k
Wi, A AQ-3) BT A B AT 15 2 gl = Y m I RSO Bk A A, BT
DATT DA B4 9 55 156 B4R 1R AT I HESRAS AT 46 R SUR ST B9 AR 73 AT FUAE
2.2.2.3 I K EMERNBFER

XA 2 A R ZER, B R A Z A IRy e, IRYERTC
Jividk 22 B 4513 e 2B FR D ot T RAAS 25 (2-4) o
P.=1-P-P, (2-4)
K@), BRI IIVIIR R BN T AR RSO T R, g RoRpT
AMINTIRIIRRE P A — D REU RS R T BT YRR G R
SRR AT IEALL N g RGO N T ha i A R EUR T a, IR
p» WARIEAIIG 2B R A 13 2130(2-5).

In(xuj—a)g
p=p(x<a)=expi— ) (2-5)

{25, o<x<x, Hx =ae™”-

-11 -



WA, S n AT SR P A 2 B AL =R v] 2Ry 3(2-6)
P,=1-p"—np"*(1-p) (2-6)

m

1 20(2-5) F1 2K (2-6) BX 7. A5 70(2-7), RIS =R 1) 22 3047 540 4 A B 1) 8
B

p=p(x<ac)=expy- (2-7)

P,=1-p"—np"*(1-p)
RE-7)F, x, =ae”. BRI YEYIEREON 50 Ai 5 8 i 1181 K6
Ko

2.3 {RB S IR RYIX R B0 IE

2.3.1 BB EYFESHT BRI

RIGIFRAH 2024 H1A G bhRL, bREr S i MY IREFFER, IR
S 23 R, IR 2mm.

280

2-3 P RGEEE ST Reuia it R
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Fig.3-2 The crack tip stress field sketch map
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Hor A2 TEARFRIKET, JREBEm 2B E T B B ERE AL KE MR L
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