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ULTIMATE STRENGTH AND RELIABILITY ANALYSIS
OF SPHERICAL SHELL IN 4500 METER HOV

Abstract

Pressure hull of deep submersible is an important component to ensure that the submersibles
normal work and the lives and safety of staff. The merits of its design directly relate to job security
and overall performance. At present, the traditional submersible design is mainly based on the
current submarine structure design criteria. It does not assess the true ultimate limit state and
ultimate strength. In this paper, the author utilizes the non-linear finite element method and
reliability theory to analyze the ultimate strength and its reliability of 4500 meters deep-sea
manned submersibles, and provides a reference for the check or design of the pressure hull.

The FEM software ABAQUS is used in this paper. By comparative analysis between
theoretical formulas and results of FE models, the article reaches the conclusion that the ultimate
strength of the deep submersible pressure hull is mainly decided by its stability. In the analysis of
nonlinear buckling, the ultimate strength of pressure spherical shells under different
thickness-radius ratio is studied. There are lots of factors which could affect the ultimate strength
of pressure hull, and this article picks initial imperfection and welding residual stress of titanium
pressure hull as the content of study. The relation between ultimate strength and magnitude of
initial imperfection, the range of initial imperfection and magnitude of residual stress are also
discussed.

The pressure hull of 4500 meters deep-sea manned submersibles belongs to spherical shell
with opening. And the ultimate strength of opening pressure hull is also discussed in this paper.
Based on the results of spherical shells without opening, the author optimizes the structural
parameters of the openings. Moreover, taking initial imperfection and welding residual stress into
consideration, the author analyzes the ultimate strength sensitivity of these factors.

In the study of reliability, the author adopts and analyzes the dive data of Alvin to get the
probability model for working load distribution of deep submersible, and get other factors’
probability distribution from references. The mean value method, check point method,
Rosenbluthe method and improved Rosenbluthe method are used to calculate and analysis the
reliability index and failure probability of ultimate strength of pressure hull. Influence of related
factors and uncertainty factors on reliability is discussed.

Key words:deep-sea manned submersible, pressure spherical shell, ultimate strength, reliability,
initial imperfection, welding residual stress, Rosenbluthe method
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120 S AR LM 2 ARG P A 45 R 1 B s S B N R AR P T O 5 | A ) e AR 2 L
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A R FH 250 BR TG B 43 B J7 R eI aG SR T 46 B 77 i BEAR S8 B it e 3Kk 5 3k
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3.1 IREERITHESER

3.1.1 M EERFEFR A v 5

SERETN R ER ST EARN Ry BEEA to IRIEAMAGEEE, 7] DIEERFERIE Ry 5 t
PILCAE 2 i ER ST EBR e . — MRl KRR E/DNT 0.05 FI5ek M hEskse,
KT 0.05 WA AEERTE . JEH PRI ER 5T 75 255 51 F FH 3 5 B0 A1 B BR ST HR T 57 45 1 5t
o

(1) #HHEn

WA TR B ST — AN RN, e E SRR AR N 1 RE . e
BEUL U JEL LS5 5] 43 AT B0 AR T S 7 T AN A2 DA JE BE AR A TR 25 il 2 Sk 7k 2 bk, FE b R %
FEFE RN JJ AT S H 8 7o SEHEERSTE I N S 7] A% R F1 A -5
PR,
5 (3-1)

K, o NERFEN JT, BACN MPa; p NI EERGERT 52 MAMNEAE, AL MPas Ry, A
FAr, tNERGRIER, A8 mm.

TSN e RSB RER 5T 0T 22 [P e RN 48, W3R e e ek X mT LA S A

p, = 2 32)
= 3-2
y Rm
42 R v 1000mm, JEFE t 4 50mm [ 5E 8 ERkTE, NI
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o=2 ( Q 1+ (2+%) . (—lsxslj (3-4)
2t, | 12+t 16(1—X/Rm) 2 2

K, o NERSEE MRS, ALK MPas p A EERFEATZ AN EAE, B4 MPa; ty A
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AL N mmo
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3.3.2 it He BR e 3 e il 155
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W ANET N, H HERGMT BRI SRS mFEM, EB 0 LAERE,
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832.4544 0.00423 865.3144 0.01773
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Bt i HAXE RE TN, B B ISR UM RIARZ . Bz B 2 515 2 ) s S 80T 2 i
FTERFEAMNE IO, BIR P 5 36 (O BRFEIL S bR A Skt L (3-2) 1 70%M2. A
b, I AUEAEERTE AR LN i I F) W 5 2 5 R HESR, AE -5 S e AR P s e AT i — 20
PO A5t e BEBR T I B PR 5

3.2 BkRABMRITHIH

3.2.1 M EER A R o A f 4 o7
(1) KR LB 23
BRI 3-2 .

> ~
i
complete sphere

o £ ans 5o

B 32 HRARTRETEE
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B X HAAAE
T SHANGHALJAO TONG UNIVERSITY 4500 SR AR SR ERES IR R 38 S5 AT S S5 AR

B LAY S HLE 3-3,
X33 BRRAMTEAESH

GER=TL XA S
BERTAR - HERTBAR
EES Ry/mm 1000
Ry R t/mm 20~90
SRS B E/Mpa 115000
THRALL u 0.3
JeE A 2 B oy/Mpa 800
Prhr sz on/Mpa 872
fi % S 13%

(2) FER 2% AF

RIRFER KAL) LT RIERBIK R 3T AR, A2 RIE 5% EH, ZRsE IR R
11, R . BER A PR e ABAQUS XA 7Y 147 Ak I Ji i A2 0% 14320
LI A, EFEORE T &N P88 DL 30 B B S BN BN 8 NI #, B 1k vk 5
17

ARV ERFERR ] 3 SR, AR T 6 M. R T &% kb in it
Ay e X Z il LR A L AN A 2 EANAE X FRT Y Sl A g ME— 205, B .

iy =pt, =0

X BT 3 7R Y BRI Z Sl g e i neE— 205, B
py=p, =0

i & 3R 76 A IR 7o A5 A 301 2 R 2 At 1] 3-3

Node 1 Node 2

B 33 ZERRLAFHTEE
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(3) BALMHE
TR W] 3-4 7 o
ARRERE 8 W ST G, WWEE AR S 2 BRI, BoohibiEs 30mm,
40mm. 50mm. 60mm. 70mm FLFPRIRERNEEAT RIS, @i ABAQUS L2 il it 47
THE I LA v h BT R R0 I A . THE S5 R LR 3-4.

£ 3-4  30mm/40mm/50mm/60mm/70mm #1845 B i

ﬁﬁileﬁﬂ% 30mm 40mm 50mm 60mm 70mm
LEpTv 32448 19200 12288 8112 5892
THER /s 13006 8019.6 5212.6 4149.3 3559.6
ﬁii% 82.525 82.381 82.194 82.049 81.907

B AT LLE HUXF 30mm. 40m. 50mm. 60mm. 70mm TN B A% L4 BT
BORZER, FF HARSAR0 A X B8 = 45 RS FE RN B35 . UG 30mm I B e HUK B i
I, S ECT ALY B[R] AR S I e e R T AR 5 A B I SR A B R, AR
(R TR SR 50mm /N R

et
A

e ey
R S
i

by

- l;ﬂ.i‘
N ] L

3-4 TEERFMREL S~ RE
3.2.2 AFEEFIe e BERFe AR5

ATEXSJEELE 20mm F] 90mm 2 [A] (R FEIEL MR #hidt AT A IR e ot B RS
7E 0.02 £ 0.09 Z [H].
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: /AN
7 N
i / \ [ BE B i fmm

50
R —t20

—_—t30

B a0
fMPa / \ t40
30

AN -
JNT——

10

:' T T T T T 1
1] L] 100 150 200 250 300
ift 5230 fmm

B 3-5 SEBEIFTINKINTHH ML

&l 3-5 JEEH 20mm. 30mm. 40mm. 50mm ER5EHIIRK R AE R 2R . B
AR N ERSE T2 (I ST AN, BN MPa; B AR B R R ERSE K 2B T i A I Lok,
By mmo MR LA H 58 BEBRSELE 1B N4 AR A b s R o B gk N 380 5 08 P Y B
R BRI IRE NG, IR ITIE TR

F 3-5 B3 TR 20mm | 90mm FEFHERFE M FE AR, R tRm RoR B AR,
Per FEn 251 i 1 1R I SRR, BART )9 MPa; Arc A4 A4 J IR R I SR K, BARTA mm; e
TR GEMITE IS B s ST I Bk Mises B ME, #4704 MPa.

&35 ANAEEFARUTEBRTEAFBRITITELER

t/mm t/Rm Rm/t Pcr/MPa Arc/mm omax/ MPa
20 0.019802 49.5 31.808 31.591 811.8
30 0.029557 32.83 47.790 48.450 856.6
40 0.039216 24.5 64.012 69.825 858.9
50 0.04878 19.5 82.194 115.825 858.0
60 0.058252 16.17 99.653 160.450 864.7
70 0.067633 13.79 117.407 211.450 870.6
80 0.076923 12 134.544 245.825 869.3
90 0.086124 10.61 149.166 245.825 869.9
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160,000 -

140,000 -

120,000

100,000 +

R (MPa)

200000

0000

T T T T T T T T T 1
o 001 o0z LALVES .04 0.05 0u0E 07 D08 oo o1

EEFEE

Bl 3-6 A [F) B B 12 b 5 B 3R 50 I S A B 4R

MK 3-6 AT A, A BRIe 7T 54T B M S5 A AE Lk i i 7 3 5 )R R A b
ISR REEA EHGE T2k, I Bl 5 8 (B e A 5 B2~ A% bU (0 88 DX Tz R B o %o i 7
B M ABEAT ER ML, R DUARTE R A B AN B R R AR OC R B0A £ 0.99936, %L
T 1.

MEELTFEWT

Per :1800.45RL—5.117 (3-8)
N, po RRBRTEIR AT, A9 MPa;
t ABRSEEE, BN mm;
R NERFEHI AR, BA09 mm.

3.3 B NN SHRITERELI

3.2.1 AT 3.2.2 W 73 A FH AR 22 SRR BRIT TS Se BBk 7e (AR PR 5 B 24T 1 A,
AT LB EEBE S A A R S5 IR TTEE R, 4R DR MU BRTE A R 5 B 1A DG B R 3R DA B 2k
LGB
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SHANGHAI JIAO TONG UNIVERSITY

4500 KN R BRI TR PREE ST R

%36 BERAXEARTERLE

YR Py-thin Py-thick Pcr-FEM Pcr-classic
/MPa /MPa IMPa /MPa
0 0 0 -5.117 0

0.00499 7.98005 7.99987 3.86725 3.46272
0.00995 15.9204 15.99894 12.79748 13.78207
0.01489 23.82134 23.99643 21.6917 30.85595

0.0198 31.68317 31.99155 30.53191 54.5838
0.02469 39.50617 39.98355 39.33611 84.86653
0.02956 47.29064 47.97164 48.1043 121.60654

0.0344 55.03686 55.95509 56.81848 164.70765
0.03922 62.7451 63.93315 65.49665 214.0751
0.04401 70.41565 71.90508 74.1208 269.61553
0.04878 78.04878 79.87016 82.70895 331.23696
0.05353 85.64477 87.82766 91.26109 398.84875
0.05825 93.20388 95.77689 99.75921 472.36158
0.06295 100.7263 103.71715 108.22133 551.68745
0.06763 108.2125 111.64775 116.64743 636.73965
0.07229 115.6627 119.56801 125.03753 727.43271
0.07692 123.0769 127.47727 133.37361 823.68244
0.08153 130.4556 135.37487 141.67369 925.40584
0.08612 137.7990 143.26017 149.93775 1032.52114

%22 71 3 8211
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FRAAY

Pu /MPa

Pu /MPa

—=— Py-thin
1 —— Py-thick
1200 1 —— Por-FEM
1100 + —— Pcr-classic
1000 4
900 Pcr-classic
800 -
700 -
600
500 -
400
300 -
200 1 Pcr-FEM
] . Py-thick
100 7 Py-thin
0 T T T T
0.00 0.04 0.08
YRm
B 3-7 BERAXSHERITIH G R LB &
—— Py-thin
1 —— Py-thick
160 - —— Pcr-FEM
140 ] Pcr-FEM Py-thick
] Py-thin
120 S
100
80
60
40
20
0

UYRm

L e e e I L L A L B
000 001 002 003 004 005 006 007 008 009 0.10

B 3-8 ANEREAAXNNERLRELSHRBAREAKRER
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K] 3-7 H1 Per-classic 7 FH £ S /N T BR 76 2k A A 7X(3-6) 753 2 i s A 27 , 478 MPa;
Py-thin i B8 A X (3-2) 5 BN B I 5 87, #4679 MPa; Py-thick J4/E k5221 it 2 X (3-5)
BB S AT, B8 MPa; Per-FEM A BRTH A v 5045 B I S8k fir, 52478 MPa.

B 3-7 v 0L, A PRI S8 vH 25 RS e ERRGE R T A AR Bk,
B 9t E R e A s /ANETEERGE R A N B PO R &S, T EE A
/NF0.0115 [ 5EREBRFT, HMRPR5EE F 2 /N R R A e .

BTN R E A R IE S T 38, 59050 &8 w22 50K, Bt DAAEBR e AR BR 7 28,
eIt — AR R AN 5—T7H, A EEF AR RS T )RRk, MR
PR/ 0.0115 WIERSE)RE TH5T, AEMAREREAN, BrCAE M A A EEEA
(3-6), FEAHTA PRI FE kv 45 5 8 BRoIRAES R I A 8. Wi 2 8] e R
3-8 fr.

ME 3-8 T LAE H, ARie it H g RS smE A KGR EE. EEEY
RENT 0.25 B A PR TTTHESE BN T FR MY, BRSSPSR rT B PR e iH 3 as R, R
AT 0.25 B, A FRICTHE S R BT A

FAh, JEER SR IS A R S R A IR e B S Ese e g R 8], R
HE A EE R R AN, o RRE s A,

WSR2 FE DRI He 47 5 B AT Dy 5 4 35 R S BRI 0 P AR 97 Y8 5 B 12 15 380 A S P I
Fraga A 2

p, = 2! (3-9)
R

m

N, po RS ) Jet R 1l AT, B2 08 MPa;
op ARMRHKITAL IR, Ay MPa;
t A Ry 73 B2 BRI [ JE EEATR I 442, 6709 mm.
[ AT DA 13 1 UL o 5 A A A st e P /A2 1 s i 28 3K

p_2%t
bi R

(3-10)

K, poi BT AR T G546 S IR (I kA7, 547 h MPas
op FARMEHPURI SR, B4 MPa;
t f Ry 2 B ERSE M B EAERFE N AR, AN mm,
X ERFSHB AN S H R eSS BT i, FR R R RN 0.0 JEH, B
s WAR 3-7.



4500 KN R BRI TR PREE ST R

R 37 FRIuiHE MRS5S E R IE T8 AR

t/Rm Pcr/MPa Pb/MPa Pbi/MPa
0 -5.117 0 0

0.00499 3.867246 8.70256 8.72

0.00995 12.79748 17.3528 17.44
0.01489 21.6917 25.96816 26.16
0.0198 30.53191 34.5312 34.88
0.02469 39.33611 43.05936 43.6

0.02956 48.1043 51.55264 52.32
0.0344 56.81848 59.9936 61.04
0.03922 65.49665 68.39968 69.76
0.04401 74.1208 76.75344 78.48
0.04878 82.70895 85.07232 87.2

0.05353 91.26109 93.35632 95.92
0.05825 99.75921 101.588 104.64
0.06295 108.2213 109.7848 113.36
0.06763 116.6474 117.9467 122.08
0.07229 125.0375 126.0738 130.8
0.07692 133.3736 134.1485 139.52
0.08153 141.6737 142.1883 148.24
0.08612 149.9378 150.1933 156.96
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1 |~ Per Pbi
160  |——
Pb. Pb
1 |[——Pbi
140 -
1204
100 -
©
o 4
§8m
g
60
40
204
Pcr
o+«
000 001 002 003 004 005 006 007 008 009 0.10
/R

B 3-9 7[R R B2 BBk 5 i 57 A EL R

K, Per e VEA BRIC TS AR IR 9 5
Ph g LLBTUA A R Oy 45 #a) 2R 38 FA) A A4 37 e 180 M PR 552 5
Pbi Jy AT IR S5 K I R FI AR - 20 B AR AL PR AR 5 2
A LW 7t Se BEBRFE R PR SR BE RO R 2K o 7T DAt 0 2R DURDRE R TR A BR 9 24
KA FIWT T, WS REFARAE 0.1 Z AREVER BRITTHE 45 REM /N T Pby Phi fH. 2
FEPETTRAR S TR ARV IME R E T ERFC IR ABBE T JFH., P T RE R E
R, WTULR B REERGE M AR L P i i R P A, AT BLIA A BV B N ERSE AR BR 55 e
ERFEMIRE MR AE , BRTEAYARLNE i il JyBk7e 1 E ) R

3.4 KEING

BRECEE ) R RO A PR I 3 BUBENEARTY | 51 i i B AR i il T S A M R R AR
BT T SRR RO R 58 ¥ BRGE AR BR 9 5, £E M b R B R T ERSE R B A 35 Ak
LRV il R, AE TS LR A G R S A IRT it A R RE T, [ 210 F 458

(1) BRFEAMANI AN GH RO A R B, IF B2 i Se8s wF 7 3= W s
RIS AR RE T E L BB MR 2, SO RER % A ST BEER e R PR 5 L 5

(2) 7B A E R B A ARG R PR N T 0.1 BSEH A BON IR,
A DA A 7 o B2 BG4 A N ERTE A 2R R i S AR B AU W A A, O HLX R 1 22 4 195

(3) XHANFJE A4 LEER ST R AR Lt J dh AT BR T ir s 45 R B R ERGE AR PR 9 % 5 5
JERAR L R ERVE R AR, IF LR SR PRGN R G 1, AT DAE U HE A [R5 R 42 ek
e IR B 9 5

(4) HRUWHEARGREARITIH FHERAWEHGE, 7T BUR 5 RS BRTE (AR 2R 1 i 7]
B N ERFEAR PR 5 T T ERSE AR 2 AR E MR E
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BINE ERFEPk TR PREE 77 47

b E PR AR A A2 T 58 3 T BRI AR T, T IS A AR AR
GRPE ARG Y, — e N FO A PR IE B I — S R 22« 78 SEBR IRTE K 2 Bk v i AR il
FErh, FAEE B IHIE BRI, XA SR 2 ERTE A AR BR AR B RE T 7 A5

B KA ERSTPIA B RIR SR A T3 28— MOy — B sk i il BT ke, ok 1 i
oy MBLE MR EVE R R IE 3 58 RO R BB, 5 25 RS e L5 SR e 1 B X A BIR
ARELRET TSR o AR B T B FEIX R Aa SRR TE 2, 0T AT Ak R e X BR e A% BIR 558 J5E (Y 520
PRI S

4.1 — 84 R AR ST B
4.1.1 HkaER

i
g
R

FI777

(a) B8 (b) BE=Fr
B 4-1(a)(b) E—Br /5 —Hr ke f RS R R E

(o) B=Wr (d) FE B
B 4-1(c)(d) H=Fr/5 NUB 3 E RS R EE
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mre</ SHANGHAI JIAO TONG UNIVERSITY 4500 *ﬁkﬁ%fﬁ%ﬁ%*&BE?EEEW%’I&%’I‘E

SR T B RR A 2 T R A AL f AR 0 A T DA — A B AR 2 ik £ SR ) B R
Je AR, BIAr Yoo SR, BREEAIEL AT BH kK 22 Hs b gh i ik 1) BEAR () e 1 g i 52
B, REAEAEE B — R AR AR IR ST AR

B2, VR a A B—, T REE M, 5, N T IR AL H L
2SR, i AR S TR T R AR 2R 1 gt o 2 AT RO BT 463 T L AT SR

AR Lt IR T ) Linear Perturbation 35 H K Buckle 535, AJ L5 H 58 1 Ik
BREESIRE JE AAS, BRI 441 . — ORI, E SIS LA N i 5e
BRATARLR MR i 20 A 45 R A T B SE O, (i T T RS B A B 28 i T A8 A (1) 5 Ml
FEEE, P DAREZ 0] gk A7 — 2 i fl, B 28 888 — B e v i B AS 52 1) Se B 3Rk e AR PR
KR

ARATIE N SE BRI — W IS 2 kb B N B LB, (AT a G, B
HEATARLR A B 20 M7 o IR AR AL FE AT LS v A AR AOL SE BRI I, 15 BB B4 3
4.1.2 A BRIT 531 I 5k fea AL BE 5 1

it Buckle HEW LA EI— RV LA, EHCGE—WSHEATHE— PR, R B
R S R R AR A RN

AR K 2 A E DY, Rk, RE S AR AR IR B R AR R T4 3
1211 0.5%. AR B 25 22 R AR M & SRR 5 LR R 2 R s KRV R

Je 8 7 22 Pl R U

e_ODlg
1+—L—a
RO

(4-1)

K, e NRAIRAERZ, A8 mm;
Ro NERFTAR A LN 42, BALA mm;
La AFEBIE, A8 mm, & TFERSFEAARIE R X REAGIK: 1 R 202 -

L, =4/Rt (4-2)

Az B R RS ST — A, BRI E4228 1000mm, £ B2 20mm £ 90mm 7E
il DL 9Oomm JEFEER 72 B T IH &, nT DUMS tHERSEAR I FERR Ky 1200mm, 3 1 7521 1)
BRyeM R B B A 208 5.45mm,  RIATENANE R B KERBETRAE N 5.45mm, BB RVITHEAT
FEIHAE, BURK A 6mm.

TEIX BLER ST (R FE IR AE N AR 5, S50 I e RS i, A3 T EEAS [ R B i (i 0 &5
Fa N 28K A (1 B0
4.1.3 HIR T E AT

HIRTCHE M SH S MR 55 =SB, VIR 3-2. FEERHE 1mm £ 6mm
O ISR A RS . RV T AR, WIdRI DN 0.2, A ED N 1, RVFHNR
NG 1e-15, RBK A 250 4.

4.2 S84 JEEIIRZS SN T RIKST AR BRAAH RE

4.2.1 FEZ )R thid 2 =
ARt i ok R = i 4-2 Fios
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A%

SHANGHALJIA0 TONG UNIVEISITY 4500 85 N FB B HIRRE ST R 4R

S, Mizes
[Avg: 75%)
+2,
183e+400
1432e+00
1032e+00
J0&Ze+00
024e+00
384400
9442400
.905e+00
JB6Se+00
825400
FBEe+00
\74ge+00

222e+00

Step: Step-1
Increrment

ODE: R_wWith_LI_t50_b3.odb  Abag P opr 10 17:54:50 China Standard Time 2012

1: Arc Length = 0.2000

Prirmary War: 5, Mises
Defarrned Wart U Deformation Scale Fackar: +1.000=400

U, Magnitude

L565e-02
\52Fe-02
.48%e-02
451e-02
413e-02
v 375e-02
\337e-02
,29%e-02
J261e-02
\223e-02
,185e-02
14Fe-02
108e-02

Step: Step-1
Incrernent

Bl 4-2(a) 3 1 BRS04 = B

ODE: R_wWith_LI_t50_b3.0db  Abag ¥ apr 10 17:54:50 China Standard Time 2012

1: Arc Length = 0,2000
Primary Yar: U, Magnitude
Deformed War: ) Deformation Scale Factor: +1,000e+00

B 4-2(b) B 1 HEPNESHFEE

029 T 3k 8211
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A%

SHANGHALJIA0 TONG UNIVEISITY 4500 85 N FB B HIRRE ST R 4R

S, Mises
[Avg: 75%)
+a.
\83%e+02
JEEOe402
480e+02
.301e+402
AZ2Ze+02
.94Ze402
FE3e402
\S83e+02
4042402
\224e+02
.045e+02
\865e+02

01%e+02

Step: Step-1
Incrernent

QDB R_ith_|

LI_t50_b3 odb Abaqd® Apr 10 17:54:50 China Standard Tirme 2012

73 Arc Length = 69,33

Prirmary War: 5, Mises
Defarmed Wart U Deforrmnation Scale Factor: +1,000e+00

U, Magnitude

LFETe400
5942400
.421e+400
248e400
07 Se+00
202e+400
L F28e+00
.555e400
\382e+00
L20%9e400
J036e+00
.862e+400
JEE9e+00

Step: Step-1
Increrment

B 4-2(c) 3B BHEIN A0 MH T E

ODB: R_wWith_LI_t50_b3 odb  Abaqd® Apr 10 17:54:50 China Standard Tirme 2012

73 Arc Length = £5.83
Primary Yar: U, Magnitude
Deformed Yar: ) Deformation Scale Factor: +1,000e+00

K 4-2(d) 28 73 WEP T o B

2030 T 3k 8211



4500 KN R BRI TR PREE ST R

5, Mizas

[Aug: 73%]
+&.71%e+02
+8.10%=+02
+7.49%9=4+02
+6.88%e+02
+&.27%+02
+5.668=+02
+5.058=4+02
+4.448e+02
+32.228e+02
+3.228=402
+2.617=+02
+2.007e+02
+1.397e+02

¥ ODB: R_With_LI_t50_b3.0db  Abaql% # Apr 10 17:54:50 China Standard Tirne 2012

u Step: Step-1
Incrernent  145: Arc Length = 141,58

(4 Prirmary War: 5, Mises
Defarrned Wart U Defarmation Scale Factor: +1.0002+00

B 4-2(e) % 145 WE PN 150 4i = B

U, Magnitude
+5.8237e+01
+5, 364401
+4.890e+01
+4. 417401
+3.944=4+01
+3.470e+01
+2,997e+01
+2.524e+01
+2,051e+01
+1.577e+01
+1.104=+01
+5,308e+00
+1.575e+00

h CDE: R_With_LI_t50_b3.0db  AbagU® = Apr 10 17:54:50 China Standard Time 2012

= Step: Step-1
Incrernent 145 Arc Length =  141.8

Primary War: U, Magnitude
Deformed Yar: U Deformation Scale Factor: +1,000e+00

B 4-2(f) 2 145 W E B N5 = B

3031 T 3k 8211



4500 KN R BRI TR PREE ST R

5, Mises

[Awg: 759%)
+2.71%=+02
+8.037=+02
+7.354=+02
+&. 671e+02
+5.988e+02
+5.306e+02
+4. 623402
+3.%40e+02
+3. 257e+02
+2,575e+02
+1.892=+02
+1.20%=+02
+5. 265e+01

h ODB: R_With_LI_tS0_b3.odb  Abagl® ¥ Apr 10 17:54:50 China Standard Time 2012

= Step! Step-1
Incrernent 2500 Arc Length = 246.8

4 Prirmary YWar: 5, Mises
Defarrned Wart U Defarmation Scale Factor: +1.000e+00

B 4-2(g) 28 250 &P N S50 1 = B

U, Magnitude
+1.23252+02
+1.215=4+02
+1.106=4+02
+5.960e+01
+8.862e4+01
+7.765e+01
+&.668e+01
+5.570=+01
+4.472e+01
+3,375e+01
+2.278e+01
+1.121=+01
+8,.330=e-01

b ODE: R_With_LI_t50_b3. odb  AbagW 2 Apr 10 17:54:50 China Standard Time 2012

w - ! Step: Step-1
Incrernent 250 Arc Length = 2468

c Primary War: U, Magnitude
Deformed Yar: ) Deformation Scale Factor: +1,000e+00

B 4-2(h) 2 250 ¥ & B N5 = B

3032 T 3k 8211
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M_EFE 4-2 HEf LA H

TEER 1 M B DI BRGEAR DA T WIUGERRE , HIUGERRE 70 A1 15 L5 55— B 26 14 i ih i
—E, ARG RIS X I AR BN RS TE s MR IS T, ED ARG, 4k F|
73 BEEIDEERGE R A R E AR, NJELR P M By TERE S Y D R, AR ERE St —
SPYE N B A BIAERFE AR PR AR BOR T, B e R R AR SR, BT R AR E e
422 ARt EER

FR A T 5 R BRI 1 0 2] W FR AR 2R e 0 il S A Iy 2k ] 4-3 B

>l

80

70

60

50

40

Pu/MPa

30

20

10

0 l 50 l 1(I)0 l 1%0 l 2(I)0 I 2é0 l 3(|)0
Arc /mm
B 4-3 I TH S I S8 4%
B Pu FonEkf, B8 MPa; Arc £k, FALA mm.
ih 2 b B AR A AR D R8T, 3R 4-1 Dy — Bt e it SEas s ma R B AR PR AR B RE 1
iR

41— E B R T ARRRAREE

AN J B 55 R B L S B R PR 552 52 /MPa

SR P TR AR
/mm
1.0 2.0 3.0 4.0 5.0 6.0
JEFE/m
20 28.73 24.92 22.73 20.16 17.87 16.03
30 45.50 42.44 39.64 36.71 33.98 31.37
40 62.15 60.22 58.15 56.14 53.88 51.58
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B3k 4-1
SRR R AR
/mm
1.0 2.0 3.0 4.0 5.0 6.0
i
50 78.71 76.78 74.87 72.95 70.95 68.93
60 95.59 93.49 91.50 89.51 87.54 85.52
70 113.70 111.15 109.17 107.17 105.05 102.82
80 131.69 129.00 126.82 124.93 123.07 121.12
90 148.97 146.79 144.49 142.44 140.57 138.73
150 —a—1=20
140 - \\0\*\_ —e—1t=30
I
| =
120 —— =60
100 § —e—1=80
90 - ‘\‘-\4\‘\‘\ —ea—1{=90
n 80 ' -— . (mm)
S 70- ¥ v -—
3 7 A
€ 604 . . .
50 xﬂ
40 '\‘\
30
20 -\‘\'\-\._\_
10 4
1 1 1 ! 1 1 1
0 1 2 3 4 5 6 7

Initial Imperfection /mm

B 4-4 — a8 PR il B SR T AR PR AR 21 A6 ) i 4%

M 4-4 FETLLE H, JEEE A 20mm 2 90mm ] 58 BEER 5T (1 B B 5 P -5 1T 4t e B i L 52

MR AR, IF HEEE SRIGIRE RGN, R A& BRE
o R BB NERFE AT AR BRI

PR 7R 3 A

WS % JLFE 2 R ERGEAT T R 7 L
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g 4500 KN R BRI TR PREE ST R

(L XMFEREN 20mm, AN 1000mm 1) 5E 8 ER 52 -

t=20mm SEFEERFEM PR 55 Pcr=31.808MPa
B FE TR AR
1.0 2.0 3.0 4.0 5.0 6.0
/mm
It - 2 A
5% s 28.73 24.92 22.73 20.16 17.87 16.03
/MPa
PR
AR 3.08 6.89 9.08 11.65 13.94 15.78
/MPa
Aot 10% 22% 29% 37% 44% 50%
(2) XFEEN 30mm, HEA 1000mm ) 5E 8 ER 52 -
t=30mm SEEBRFEAR IR 58 Pcr=47.790 MPa
R\ =R
SRR 1.0 2.0 3.0 4.0 5.0 6.0
/mm
It - 2 A
s 45.50 42.44 39.64 36.71 33.98 31.37
/MPa
2%
By 2.29 5.35 8.15 11.08 13.81 16.42
/MPa
[ERiNE4 5% 11% 17% 23% 29% 34%
(3) XTEEN 40mm, HEA 1000mm ) 5E8EER5E
t=40mm SEEBRFEAR IR 58 Pcr=64.012 MPa
Bl e
1.0 2.0 3.0 4.0 5.0 6.0
/mm
Il S 2 A
5% BT 62.15 60.22 58.15 56.14 53.88 51.58
/MPa
P
HAER 1.86 3.79 5.86 7.87 10.13 12.44
/MPa
[ERi=4 3% 6% 9% 12% 16% 19%
(4) XN 50mm, H4EA 1000mm ) 5EBER 5T
t=50mm SEEERFEM IR 58 E Pcr=82.194 MPa
B RATEE /mm 1.0 2.0 3.0 4.0 5.0 6.0
Il A%k i /MPa 78.71 76.78 74.87 72.95 70.95 68.93
26 5%F Z{H/MPa 3.48 5.42 7.32 9.24 11.24 13.26
Horke 4% 7% 9% 1% 14% 16%
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(5) XFFJEEHN 60mm, H4EA 1000mm ) 5EBEER 5%

t=60mm SEEERFEM IR 58 E Pcr=99.653 MPa
SRFEIE{E/mm 1.0 2.0 3.0 4.0 5.0 6.0
Il A%k i /MPa 95.59 93.49 91.50 89.51 87.54 85.52
it 22 {H/MPa 4.07 6.16 8.15 10.14 12.11 14.13
Horke 4% 6% 8% 10% 12% 14%
(6) XFEE N 70mm, HEA 1000mm 1) 5E 8 ER 52 -
t=70mm SEEERFEAL IR 51 Pcr=117.407 MPa
% A =0
R TRE 1.0 2.0 3.0 4.0 5.0 6.0
/mm
15 5 %8 A
ife S 113.70 111.15 109.17 107.17 105.05 102.82
/MPa
PP
R 3.71 6.26 8.24 10.24 12.35 14.58
/MPa
Aok 3% 5% 7% 9% 11% 12%
(7) XFJEEHN 80mm, WAEA 1000mm )52 FEER 7T .
t=80mm SEFEBRFEAN IR 5% Pcr=134.544 MPa
FRE TR /mm 1.0 2.0 3.0 4.0 5.0 6.0
I i 1
Imfﬂ?ﬁ 131.69 129.00 126.82 124.93 123.07 121.12
a
PP
HAER 2.86 5.55 7.72 9.61 11.48 13.42
/MPa
Aokt 3% 4% 6% 7% 9% 10%
(8) XTFEEHN 90mm, A4 1000mm (1) 5E HEEK 5% -
t=90mm SEEPRTEM R 58 Pcr=149.166 MPa
B PR {E/mm 1.0 2.0 3.0 4.0 5.0 6.0
15 S 24t
Im/ﬁfm 148.97 146.79 144.49 142.44 140.57 138.73
a
PR
HREE 0.20 2.38 4.68 6.72 8.60 10.44
/MPa
ok 0% 2% 3% 5% 6% 7%

X EEBT AT H S A7 LE T AR SR B AR T 1 AR A BIR 5 B AH EE 5 o0 4a B b Bk e A B
T, TERIEEEROIET] 16.42MPa. XTSI 5 BRPRSRZ N [ 16.42MPa, TR
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TR IS B8/ 1642m, - it AT AR i e Sof B PR 55 P2 S0 38 2 LA B A 1

XN EERIERTEAR, WIAGSREE AR IC IR, BUR DY 20mm (UERTEARIAH], 24
BRI IEEL R 6mm I, HRFRABAE /T HERAY 31.8MPa %3] T 16.4MPa, N EEFIHIXHE
CZILE] T 50%. AT BRE BT, MHE— BOR AR LI4ERF/E 15% AN, ATELIA
R FEER S A R R A B 7 B R . X TR BEIRE) 80mm. 90mm [ R 7 R 1,
HXHMEPRFFAE 10% A, W LI JEERSEXS 1M sk e I A+ 73 Bk

4500 KBRS IR Bk 78 T R R ERTE R, T AR MR Se RS I AR RE,  fRAE
TR AR [5] FE0F 58 i BR 52 IO BR AR B A BN BRI R

4.3 FHERERPEAYEIA
4.3.1 GfEIER

& 4-5 REE~sE A

FEM IS ERGEHE MR T, RS E BRI Z, XM R ZAK R SR . 55
—RPEREE L SNSRI AL, BRI A £ =5 0 B P i AN A B ARk B o R B BRI G B R
SR8 M L LA % S o e D A A S AT 3R

K 4-5 JLIERTE RS MR Ak s BB, Hrp R 4 SRR, Bl A
Ry 9 R ke AL P i 0 R A A2, BIREREARs A NBORBRFAIR(E: S 4 (42
5 R AR PR R B o ERIETEE IR o 9N 58 BEERSEAE 12 R B Y A
IREEAE : Ler 9l FRol.

T Ry B R AR I 5 ¥ H 2O T BB AE AR H SR (AT HY I SR KD, (E
XA BRI IE R (R BT i%, AR R I XA A2 RO B B AN SR, A REHER
Hb e W JRy AR R e 1 3

FEATT A BN = K pR HORACES [ IR B R Ak, R BRA i F

y =ax’ +bx* +cx+d (4-3)
N T ORUEBRSEAE BRI A B IS, A7 A 75, RN EURATBAKH av by ¢
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SHANGHAI JIAO TONG UNIVERSITY 4500 KE AN R BB IKENRBESTTEM S

o
%"E;,"‘D m»ﬂ-“’f

d fE. T R R4 SRR, AFRORBRFEIR{E .

LKA
x=0,y=R-A
X=R-sing,y=R-cos¢
x=0,y'=0

x=R-sing,y' =—tang
RAFH R ERIE A
Ao 2R(1—-cosp) —2A—Rtan gsing
Rsin’ g

_ 3R(cosp—-1)+3A+Rtangsing
R%sin’ @

=0

R-A

b

c
d=

I
4?:%;&

SN

7

2 | —

A
B 46 =K 2 e 8 B 5
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4.3.2 R oA ST

FEIX BLEUER 5% (SR FERAE DL S ShIE Y AR &, S5 M I ki A N AR &, A EAN A
B AR V0 Bl 55 A0 I S A8 AT R B

A BR TR R R By 50mm, 4% 1000mm 158 8BRS, HihS s SR e 55
S ERAAE, VEWE 3-2. HZEJEHEE Imm 2 6mm JEE N O BIGEIEE, TEEE 10° 3
40° N IERFETE R . SRR TS, PIgGIb a0 N 0.2, R ED N 1, RFMEK
NN 1e-15, BB KA 250 5.

4.4 J5EBERBESINE T BIBK T ARPR A ERE /1
RS BRI . ST BT A R TE T B, 13t RIRR B 4 R I 4-2.

R 4-2 FERuR R T IR PR A& 888 77

Il 5 8477 /MPa
Almm
T 1.0 2.0 3.0 4.0 5.0 6.0
[/
10 79.14 78.19 77.11 76.02 74.89 73.75
12.5 78.39 77.07 75.68 74.29 72.88 71.48
15 77.47 76.07 74.60 73.10 71.60 70.12
17.5 76.76 75.36 73.88 72.34 70.84 69.31
20 76.29 74.97 73.58 72.12 70.64 69.18
22.5 76.05 74.84 73.60 72.28 70.94 69.56
25 76.03 74.96 73.85 72.74 71.56 70.35
27.5 76.15 75.20 74.24 73.25 72.27 71.25
30 76.36 75.55 74.71 73.86 72.99 72.12
325 76.52 75.86 75.18 74.46 73.72 72.97
35 76.38 75.89 75.38 74.84 74.28 73.69
37.5 76.22 75.84 75.43 74.96 74.48 74.09
40 75.97 75.66 75.32 74.97 74.61 74.26

LR RE R (B R AL AR BRI T AR I, 1 1R SR B IR AR 55 i 38 2 (8] FA 5%
o FUABREE VG D REAR bR . BRFCIR S BT AR IE I, R B Vi 5 1 00 2 TR
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s #/  SHANGHAI JIAO TONG UNIVERSITY

4500 KN R BRI TR PREE ST R

Pu MPa

Pu/MPa

——10
80 - —e—125
] ——15
79
| ——17.5
78 - ——20
77 ] ——225
1 ——25
761 ——275
75 ——30
24 1 ——325
] ——35
73 1 —=—375
72 4 _'_4?
1 )
71
70
69
68
| ! | ! | ! | ! | ! | ! |
0 2 3 4 5 6 7
Imperfection /mm
B 4-7 BRIBEES kARG HXR
80 —
] e >
9] —3
78 1 ——4
77 ] —3
| ——6
76-_ (mm)
75
74
73
72
71
70
694
68
1 ' 1 v 1 ' 1 ' 1 ' 1 ' 1 v 1
5 10 15 20 25 30 35 40 45

Angle (°)

Bl 4-8 BRIETE B 5 i R BRAT IR R
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Fh I 5 16 50 2 0 45 2R M T LA o, 2 G PR 2 O N L W SR
SRR R R, IF ELBEIR (R K R MR 100 1, HZ&E
B MIRIRER, MiA%) 12.5° BUETERIN, BARAGE— BRI, HG R R M R e
FE, B KT 30° B, PR RHUER A

K] 4-8 BN S T Y RN LL, % IRMBUATERITE 10° B 40° 20W, N4
12k 5> IR Imm F) 6mm SRS IE L FIOIG TERATE . AT AR h, A% M4
HAT A, (EORIETER 20° 280, IR FLBHTBWI A, 3 EL T W R e i
BRI R TR, A5 20° ZEAG0, M2 s Faknr A BRI, 7R ) B (4
R AN P, E BB I P 0 B BB 15 s W ST B s BT . 76
30° ~35° ZEATRE, MMARMKIRIE KA . (T HRIEIEEN 1mm mi%, bEki LR
BN RIS, T ELF MR 5 FFUAR AT B 2 % T B (A 6mm (L, 1
G, P % B2 Imm. 6mm Pk M2 B TR . AR,
4 A 0 FEL A 05 K T S 98, T R W2 6] ) 25 S R

SLHE 1776 R S I BB RCAR B 71 15 5 o BB BR A2 01 LR SEETTT 57 S B
SERERRA IR AR IR AR

SEHETANGBG, Iy 50mm (BRI N IR AR B AL /1 % 81.194MPa, F# N5 R
WS R VLR AR 0 5 A% LA

2R 4-3 AR R e X AR R A 2R A8 77 IR

JEJE 50mm JCHRFEERFEAR PR 55 2 Pcr=81.194MPa

Pu/Pcr
sk TR AR
A /mm
1.0 2.0 3.0 4.0 5.0 6.0
SR TE R

10 0.963 0.951 0.938 0.925 0.911 0.897
12.5 0.954 0.938 0.921 0.904 0.887 0.870

15 0.942 0.925 0.908 0.889 0.871 0.853
17.5 0.934 0.917 0.899 0.880 0.862 0.843

20 0.928 0.912 0.895 0.877 0.859 0.842
22.5 0.925 0.910 0.895 0.879 0.863 0.846

25 0.925 0.912 0.899 0.885 0.871 0.856
27.5 0.927 0.915 0.903 0.891 0.879 0.867

30 0.929 0.919 0.909 0.899 0.888 0.877
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B3k 4-3
SRR AR
A/mm
1.0 2.0 3.0 4.0 5.0 6.0
NCEREAEE T

32.5 0.931 0.923 0.915 0.906 0.897 0.888

35 0.929 0.923 0.917 0.910 0.904 0.897

37.5 0.927 0.923 0.918 0.912 0.906 0.901

40 0.924 0.921 0.916 0.912 0.908 0.903

AMERIL, ZERERKMEH 0963, X RIGRIEIRME 1mm, GREGVEHE 10° . RdmAME
N 0.842, X MIERKEAIEME 6mm, BRIEEE 20° o FUMFEEEAE 15.8% LAWY, 15— Wit i h 5
NN ATV R YLV

FTBL, N 7 PRAEBRSEARINA B AR BE J1, AZAE W K S8R T i3 R R v R )
BREEIRAEL, PRmERAIN RS RE: FL—, BRI VE B RS AR IR AR B0RE 0 A O E 4l
xR B 50mm. AR 1000mm FERIA BA TG & 20° JRwkIET, BRESURHIR IR AL
B JEERMEBE TR, T PR B ZE LU BRI E ISR R A5 22, DRl 122388 4 th B JR) 8 i o 105
FEl 50 S O BT o G SR SR o o R SR B 90 R 2 Imm R 10° AP, U JR) St o o ok
FEARHR PR AR (BN T 3.7%, FMAREE N, ATRLZBE A

4.5 WRE NG,

A 5 T2 BN BA S AR AR AR BR AR BRE T AT T A, JF il 5 T AR sk ER 5
e BR AR B RE 77 1 EL AT B X RIS RE S

(1) SRR ER I T 0y — B s P AR S e, 2R sk B RE A HE Bt S IR ER 52
RAGEFE . TFER, JEE 20mm F] 90mm ) 58 B Bk e 1A B 5 5 S5 4 46 B R e 18 5 2%
PEXR AR, JFHBEESREEIRE RGN, WERATRE T E B .

5 IR B AT UL, MR PRAKEAE JT 1K) R BRI S5 B K0 16.42MPa, X B/ JE EEERTE
MMARR IR, W TR BREERTE, T RRIEELE 15% AN, AT LA B BRI S5 ] 1% A
BRI T BONEUR: X T RS, A&

FTBL, 51 o JR P ERSE AR /KGRI IR ER 5, W 12 B /N R o L DA B2 R BR 52 RO A BR
il

(2) 3 R IE O R B BRI , SRS i e e (RN SR B Y B A D T

THEER], FEGRFEVE FE R SO0 T, I 58 5 kP iR E 2 R A PR R, IF HLkE
5 W L PO R B 3 s R SR IRAE — € AOIE DL 5 i SR A80AT it 2 e RO T B, s DR BT
T T8, JFHANF S P i fEL7E S e Vi R BRI Wi S8 Z2 B B o

5 TR ERFEHEAT LU, e R 55 SR Vi B 2500 LR BR 9 AT — e 5, L e
L P 5 5 M P

FITBL, S FE K SRR IS ER5E, SAZJESE mN TAE R, Nk (L S sk Pa v L DS
T Bk T AR PR 5 o

42 T1 3k 8211



- x A o
: ;5 -r‘: ﬁ A :—@ x "j‘g
e/ SHANGHAI JIAO TONG UNIVERSITY 4500 *ﬁkﬁ%fﬁ%ﬁ%*&BE?EEEW%'I&%’I‘E

FHE FFERBRRNNDIKERREE 2

2 ) TR 2 NI ST SRR K . A SRR E R AN, RV TRk Je IR B
WA= A IBVEARTE i RE R S A0 Ja BB T BB 2 V8 2% o A0 SRAN IS ST L 3 P 3 BRUHKD A I 3
FURPRLE e AR R 3 7 {68 Jm 708 DX 3™ AR B AR o T 2 FEEVR R B AR S SRS St
PRI LT o % P LD 1 B 5 50 JE SR B LE A R I, BT AR 2 A A I 8%

TE K AR R BR AL 13 A R 75 BN BR & il AT IR AL B, i TR AR b 1 TR A
ERGEAEIR e 27 A A BLITRAR N g o A 3T IR B3 AR N 0 0 BRTE AR PR 9 P2 F) 52
M o

5.1 RERRNT

5.1.1 BRI 55010

TEIREE R P = A B R B 58T, H A K 83 3R ST R 8 1 R T LLRAE J LA =
HARTE, BT DA B K 5 B AR N TR

T JEFEA KB FUEAE M, FRAR LA @ W), B BT M) BRI RN . 3
YT YAT 2 S ) =N = e e o o NV > O R e a0 02 N 7 = -y [ B S - A Y
- N DINVAEST AR IV P

RN TT, RIEIREETT MRS, oy Fons BRIRIRLT), AEEE TR0 WM /T,
il o, %%

(1) A

TE— Mg, 54 S AR XK IR AR N ) o RN J), FERGE B4 B AR
NJTo WIERAERAER S FEON RN BN B2, TR R N TR B, AT DA [R5 hE
REAE B, JE LR ARG S RN RS oy, BIYIR RS 5046 5 AR A
[, (HY4E GRS B BN, AN T o 50405 AR _ERITRR R )53 A AE R,
nE 5-1 FrstY,

!
[

2Ll alEINITS

[

~
o
B 51 BERARS IR HHREE

N1 P NN S R il AR 1 P S oA A BN NS DA A AN N MR T
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RIGLE SRR, T QTR S0 B R SRR AR L, (HEKS Sxgerh
I S S B KA AR, — AN 0.5~0.8 0, o NTRM R IRIZ IR . X 546E S RIEIK R
BRI PEB AT 5%, W& IR BRI 113 745

(2) MmN

BEFIR T oy AT IUEONE 24, R B T RG] 0 AP AN LR 7y, Hoh— ANl
TR A J L PR (R SR AR T X RGN L4065 RS I, 5 — A Hh T 4 S LB R A T IX (1
[ WT 4 T A TR S A T B AR )

X T PRHSEAR B0, AT LAS B A S ) oy i 5-2 .

-
=y
-
— g
g 4
B =g
Eannd il
k] .
ESS =il
gl

-

B 5-2 “FARBE ) BT o A s = B

MEF BT LAE H, 1R ARIN T, RPN ST BN S35 SR . A 1A
IS I T R4 4T B ST b 20 Ai T 3R 5 R4 S R A ), B 5 4 1 BE B K I8 7 {3 e
€, Fhs% LA o, %T 0.

XTI, MR AR S CHIERAR ) o, 50 5 FHOS RN AR, 7EEEH
R R B 5 TR R AR AR, BRI AR oy AEFUN, N T R 7 8 T L
WNBRFEREIIR ) CRTEIRE 1) A%, BN e 1 57 7 R S0
5.1.2 /KA 3k 50 il i =0

B B EERGEROHIEE =F L E, HRRTIEETE., LIRS Z IR,

TR TS, RAVEE R RIS ER, ARSI TR, S, KA T
SRR NR A WS W CHE” S, SRR VR i S R R O R T BN

HERIN T2, HE5EBERTE N AT ERFE M3, SR KRS AR B0 T T 2 BR,
FIF L RAR B L BRI 4. FIASI “VRME 65007 513 [ il 06k & S 3R 5 R F %
TZ.

LR T, A ERGEEAEBRAN 7 0, IR LT 2 50 7 IR o Bk,
SRIG TR T BROG AR B 2 R 7 . B TS IR A SRR 2 BRI L2, L8 5
BRART T E 2R, (E3% L 20 KU Ak A 4 JE AR L 1 B AN o I B 0 SR AL, AR
fry 2 sk A Ol

KB PR AR T L, BIPIAL BRI ARE IR SR . K2 B I BR 7S 1R
JrRIE R, SRR L S MR T SR, I HAEA R e @ A 5 Se .
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5.2 BERRNNBRTREFEL

5.2.1 BRR M IRtk

I NI, AT RIZERE SRR AR N AT AN R R ) BRI AT, YA
AT 5-1 frw, R EBEFR AR, B RN 1A 0,

T A BRICHB T, SR, BRI R AT — B A R 5-3 BT

o
G

1REE AT 77

B[]

P R 77

Bl 5-3 IR N R = A

Y, QRN AR, JRaE AT A B AF RN 7T, VU RS AL E A
IS A B NWARSE AN AL e PR ST A IR ST
5.2.2 FRARRLITRAN

BRI R NG IREM B 5 IR 8 T A ERRIIRR . W T B, 1580
1B A% IV 3 ()R /I TR IR AR PR, T R MR e e AR B SR e IR PR (1) 50% 76 45 o AR 3
HHER G S AR JE AR A PR 9 800MPa, FIT LART LA\ A KR 4% Ak ()4 . 75 H {8 A 400MPa. 13 3E
RS Ay )< e 52 I Y 89 N/ 5 A B e e b E iV A B N R e S W [R5 N I VA R TP
A (i b oK H 82 B A - 100MPa.
5.2.3 BRI F AT E GG AT

FRA R IS N EEFH ABAQUS # 4+ i Predefined Fields 4>, 5% 4% N it i
fEEAR ot b AR BT 5-3 Fras, KRG R R RI o 128 AN KNS
7 50 X 50mm 155G

TERRAE ) FE Hh 3 = 2 Predefined Fields i 4 223K 5 B G [V AL bRl 7 ] 4 1TE R 7 5
VIR 118, BT N AR A, BT A Zi B X ik B A3 AT 7 I AL . BRI R
IR, P H X, y, 2 NERSERHEARER 2N I =48 B A AL bR Rl

ol1=0

022=%y+%yxcos(7r—2a)
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X EXALY
SHANGHALAD TONG UNIVERSTY 4500 K4 A RSB BIR AR IRIBE ST 4R

=din
ey
o 5
"’AU mﬂ\-‘*

33=2Y 1 TV cos(2a)
2 "2

712=0
713=0

123:%y><sin(2a)

EA% A,

011 9 x JFIERLJ), X FAFIERL, x J5 MR KR BRG], L 011 IR
FERIIBEAR N ST, Bl E AR S8 0;

022 M 033 73RNy JTIAA 2 T3 R RIIER F), P S ELYIR T 728 FRIRITE AR T Bk e
N NCINPSE

o FORHRIRTTRICANR I BER ML, oy FoRFRAR NI HIAE .

e e m e f e e e m e e e e e m fm em e e em s L el D i m i m e et e i e m i m e m e e
1

K 54 BELBE TR RERE

FAERIEEE, 7RSI m e N e 77, N A1 HIARAE N oy 1 1/4.
BRAR N 1053 ATt 5-5 Fis .
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S, Mizses=s

[Avg: 75%)
+4.,000e+02
+32.667e+02
+3.333e+02
+32.000e+02
+2.667a+02
+2.333e+02
+z.000e+02
+1.667e+02
+1.333e+02
+1.000e+02
+E6.667e+01
+32.333e+01
+0.000e+00

QDB OnlyyStress_x0_y400_t52,0db  Abaqus/Standard 6.11-1  Thu May 03 15:36:30 China Standard Time 2012

Step: Step-1
Incrernent 0: Arc Length = 0,000
Prirnary War: 5, Mizes
2 ¥ Deformed Var: U Defarmation Scale Factar: +1.000e+00

B 5-5(a) BR4RLA Mises B4 A

5, 822

[Awg: 759
+3.998e+02
+3.581e+02
+32.165e+02
+2.748e+02
+2.332e+02
+1.916e+02
+1.499%=4+02
+1.083e+02
+6. 663e+01
+2.4982+01
-1.666e+01
-5.830e+01
-9.994e+01

v ODB OnlyYStress_x0_y400_t52,0db Abaqus/Standard 6,11-1  Thu May 03 15:36:30 China Standard Time 2012

Step: Step-1
Increment 0: Arc Length = 0,000
Prirmary YWar: 5, S22

z X Deforrned var: U Deforrnation Scale Factor: +1.0002400

& 5-5(b) FRAK N ST y F7 [ 1IE B F7 4 AR

B 47 T 3k 8211



YHELARE
SHAKGHAL A0 ToNG UNIVERSITY 4500 BN R BIRF AR RSB S AT 547

5, 533

[Auwg: 75%)
+3.998e4+02
+3.581e+02 z "
+32.165e+02
+2. 7482402
+2.332e+02
+1.916e402
+1.499=+02
+1.08Z3e+02
+&. 663e+01
+2.498=4+01
-1.665e+01
-5.830e+01
-9.994e+01

QDB OnlyyStress_w0_w400_t52,0db  AbaqusfStandard 6,11-1 Thu May 032 15:36:30 China Standard Tirne 2012

Step: Step-1
Increment 0: Arc Length = 0,000
Prirmary War: 5, 533
2 % Defarmed Var: U Deformation Scale Factar: +1.000e+00

B 5-5(c) FRARRLAT z Jy ) IE KL 143 AR

S, 523

[Awg: 73%)
+1.998e+02
+1.665e+02 z W
+1.332e+402
+9.988e+01
+6.65%e+01
+3.32%=+01
+0.000e+00
-2.22%=+01
-6, 65%2+01
-9, 9882401
-1.33Ze+02
-1.865e+02
-1.998e+02

QDB OnlyyStress_x0_y400_t52,0db  Abaqus/Standard 6.11-1  Thu May 03 15:36:30 China Standard Time 2012

Step: Step-1
Increrment 0 Arc Length = 0,000
Prirnary War: 5, 523
2 X Deformed Var: U Defarmation Scale Factar: +1.000e+00

& 5-5(d) FRARNLST yz P YIRS 43 AR

3 48 T 3t 8211
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5.3 &k KN HIEKERPR A ERE

N TR AR N A PR B P 1 S e R S 5 RS [RIAR A A AN 1 B AR B 0 R PR AR 3
e )y, TERR AN JJH21H 400Mpa 2. 1N, 4 20Mpa Jy—2H 1T 2 iE, MRS SR 4500 KiE
HREERFTE S, RN 52mm, N4Z 1000mm, FT A/ 50X 50mm, ARSI LE 3-1. K
BUTHRE S R 5-1,

R 5-1 BRARMN A BRFEM R IR E

FREERLN JJ/MPa JE N F1/MPa Il 73 2 fif /MPa
10 -2.5 85.57045
20 -5 85.49506
30 -7.5 85.43374
40 -10 85.37991
50 -12.5 85.3334
60 -15 85.2374
70 -17.5 85.10416
80 -20 84.98338
90 -22.5 84.9184
100 -25 84.81541
110 -27.5 84.71645
120 -30 84.62185
130 -32.5 84.57159
140 -35 84.48429
150 -37.5 84.39923
160 -40 84.31475
170 -42.5 84.27265
180 -45 84.19717
190 -47.5 84.12426
200 -50 84.0634
210 -52.5 84.02546
220 -55 83.96409
230 -57.5 83.90795
240 -60 83.84867

% 49 T 3 8211
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4500 KN R BRI TR PREE ST R

43k 5-1
J&4% 5 N F1/MPa &8 F1IMPa Il S 4k fr/MPa
250 -62.5 83.82014
260 -65 83.76788
270 -67.5 83.7177
280 -70 83.66914
290 -72.5 83.63884
300 -75 83.5918
310 -77.5 83.55036
320 -80 83.50632
330 -82.5 83.47984
340 -85 83.43632
350 -87.5 83.39815
360 -90 83.35445
370 -92.5 83.32549
380 -95 83.28487
390 -97.5 83.24736
400 -100 83.19897
86.00
85.75
85504 "\
4 \\\
85.25 AN
] \
85.00 - \\
' \
84.75 \\
(U .
o ~,
= 84.50 - \\\
S 84.25 ~
Q. ) \\\
.,
84.00 - \\\\
83.75 \_\_\
1 ~.
83.50 TS
o \'\_\.
83.25 ~
8300 1 ' 1 1 ! 1 ! I 1 I ! 1 I
0 50 100 150 200 250 300 350 400

Residual Stress /MPa

B 5-6 A RFEAR N AT K 5 80 i 2
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M 55 AT AT Y, BRI 7 BT BB A R0 R W 0 OB R B8 T B, T R AR
S aTE, (AR RIRIIE . LA R ECN 0.9698, ZEIEALRE AR IR HE
iz

XHEEEDY 52mm, ARy 1000mm [ e BEER AR, A E EIR AN AT IR, A 2 A
ST G G IRARN IR TR B TR TR I 1578 B BRI IR A B AE 1
Pcr=85.6408MPa.

LI HUEE TR N T, 73 W AR AR ISE 6 BR5E AR PR 58 BE R i AR L

R 5-2 FRAR N0 AR PR 55 I

FREERLN 1 /IMPa P ssmnlPCr
10 0.9992
20 0.9983
30 0.9976
40 0.9970
50 0.9964
60 0.9953
70 0.9937
80 0.9923
20 0.9916
100 0.9904
110 0.9892
120 0.9881
130 0.9875
140 0.9865
150 0.9855
160 0.9845
170 0.9840
180 0.9831
190 0.9823
200 0.9816
210 0.9811
220 0.9804
230 0.9798
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B3 5-2
JE4%Hi N J)/MPa P ssmnlPCr
240 0.9791
250 0.9787
260 0.9781
270 0.9775
280 0.9770
290 0.9766
300 0.9761
310 0.9756
320 0.9751
330 0.9748
340 0.9743
350 0.9738
360 0.9733
370 0.9730
380 0.9725
390 0.9721
400 0.9715

® 52 1, FERARRIGREATE Per ZLLHE KB 0.9992, Xf S 5k AR T)
20Mpa; fix/MEN 0.9715, XA /19 400MPa. AHER Y, & AT B N T (R
BRAFHE 7T BRI L i KA 2.85%, 55 A Sk BEAERSEA ELAL, Bl B 7 5B B A B g
(Y2 I 8 B o R AR N7 2 etk R BR £ 1/8 DA P R, BRSEAR SR AR B RE T T B R AN 2 1%,
SN TEE 5 AN 7] 50 R/ A BR TR R 45 FAH TR, 7T LIS AN THIR AR ) 520 o

5.4 AREING

AT FE T T BRI ERTEAR R AR FRE T B, 7315 T AN R RANR AR BT
ERFEHR PR A RE 10N B SRR

THEAREL, BRI PR AR B RE 1 BE AR N7 (88 i B B, SRR ) SRR R iR 2
IR RA 7 WR . 5ICHR N G DLECEL, A IR AR B 70 B B A 3 e 70 i) s A
HIN, B TR RIE X AR PR A R BE T IR K

FIREA,  SAFERCR IR NN, f5 2GR0, T FRIEEAE 3% AN 8RNy
BN, AT LA SR AR AT (S

3 52 T 3t 8211
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ﬁ
i

FFFL Bk AR BR 3R B 50 4

AT FE I 4500 KR &3 LB i Bk 7 AN 58 BRI ERTE, TR A 2 T FLIER IR 454,
REETF AL T BB TEN SINBE AN 1 R0 58 5 3 DA S s MU B o £ R T A
o HlTE bR B R T IS R TE A B aR B AT i, JF HAR A MR A 256 2 SUAT B
4, ASCRA A BR 7T 70 B 75 V200 98 50T FLI S 3R 5 R B R 5

6.1 i E =L ISH

KIR BN KR A Fe AR AR VB K 27 77 10 BRI, [ o9 RN B2 A5
PR EE AR VE R TAEIREE, BT DA He 5% 0 (1) 45 46 B4 QR I PR 2 0P IR T 2% (1) M e e
EEEAINALP

BRIE M e 5 04 2 A fURAE AN 38 R T B 43 X3 AN 7 1l i Hh T 32 B AR AE, I B
TR TR RIFE AR A ER e I — . S 4h, FEAHFEM BT, & AR AR N 52
[ EFIHK R BN, & AR NN IR 25 N TR e AR, kB, FE s
AR T B0 2286 o i T 35k 5 B4 5 JEAT S 49 A L v

H AT b A VR FE RN 7K 38 i i e 4 K 22 5% H IR SRR 524, AR SOl 7 i)
4500 KRN IRV 25 R SR ER R 52 MR i A2 TR . KA S IR Bk 52 ) — Le D BT 4
?EﬁDT[lS]:

(D) ERFFERE:. NN 2m, BE N 52mm;

(2) BRFEIFFLAb LG : BRFEHRATF AL A L ANFL, FLAE N 480mm, FHFLALEEE N
140mm; 200mm MELE 1 4, 6 B4R 200mm, JFFLAL JE FE 4y 205mm, 3538 5 /% 4y 165mm;
120mm WM E A, FEREARN 120mm, HFLALERE N 136mm, 3 H§JEE S 100mm;

(3) #Hiktrl: ZiEMEN TiB0 fil TC4 BFPERA & SIS SR, KEENE
ik5EFELE 780MPa 21| 850MPa 2 [A], SffE5iE 4 110GPa #| 120GPa . [f], k& 4xvHta thiX
0.3.

6.2 FFFLEKTABRT oI

6.2.1 FFFLERFEBL ALK

HRAE 4500 KA GRIE S R Bk 72 28, ke LA YA IFFL, Hds KIFFLA 480mm L
BN ANSL, ZFLEEN 140mm, FRFLAZE % 60mm. A 3= B BRI FL BRSER)
PR RE T RS

I EERFE A B RE N 52mm, 24808 1000mm,  ERFE AT ) 5 R 242 E oy 0.05068,
J& T EERFETE . RS BT SR A C3D8R, Rl 3 4Esifk 8 5 S4B s, JEEE T [k
S RWE, BIGR/NA 50X 50mm. S AR S =T ARG RO L R AR ], BR5EA
% 1HI it i T T~ 3R T PR 350 50 3 A

PR R A A R JE AR A BR & 800MPa, Pt id o 872Mpa, A5 & A 115GPa,
AR 0.3,

FFALI RSN 6-1 s,

%% 53 T 3t 8211



\YFLAAY
) ShaGrA 100 Toxo UswSTY 4500 K4 A RSB BIR AR IRIBE ST 4R

(b)
B 6-1 JFfLER5EH RTiR A

6.2.2 JFLEHISHL

THLERFE AL Z RS, HAE — B REE b 20 S5 K BB SR AR RE 07 2 — € 1
SO o JHALEHTE A ZASHRE, N IR 5 FEERTEIT FLAL S5 S MO BRFEAR BR K 2 fiE
RIS o

AR HUEON R R T LA ML, BB S B 2T ALERSE A AT R LA
SHOREER]: HRGERE t BRFEA AR R, BRFEIFLAL AR Dk, BRFETFALALIEEE tk, BRFOIT
FLALTEFE Bk, ERSEITALINSRALEE Bs. & ZHUR A BAE LA 6-2 .
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. 1

Dk

B 62 REFASHREE

—RUL, BRGERIN AR Ry JFALAAE Dk BLRTTALIEEE Bk #B 2 Hifi 3k 7e ) A B 2
RIFER); ERGTHIELE t B KA IR PRI B R 52 o X T 240 Bs X T FLER TR 5 B2 A P
SN, AR T R AT R R o T 3 BRFETT FLAG H S B A IR A B RE T RS
BEAT I HT
6.2.3 JFALSHOn B PR 5 5 (1 R

RYEHE 6-2 & 6.2.1 TP IERFERE AT A, BRFCJEE t 9 652mm, ERSENFE1E R N
1000mm, ERFEIFALALPIAE Dk=480mm, ERFEIFFLALTERE Bk=60mm. ERFCITFLANGERALE 1
TEE Bs NS4 HADRE KWK 6-3 fis.

438(

B 6-3 BT SH(E A :mm)
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AR Bs 43 HIHL 75mm, 100mm, 125mm F1 150mm P4 s L3470 4
TR I 6-1.
R 6-1 A FE Bs T RIHRIEAEAE S

INBRAL B FE Bs/mm I 5 4847 Pu/MPa
150 80.2689
125 78.7849
100 77.5143
75 75.3591

BEE T LN Ar B 5 FE N, BREE AR A& B /G Frigm, A 75mm F] 150mm,
W N KA SMpa,  IXAH 4T AT DAATE KA I AR RV FE PRI N 500 oK, X TE K AR
QIR AVE S LIRS

TR, M = EEENE AT IE 2R KRR &SR A
86.1339MPa, F] WITFLERSEMLL 5588k 5E, AB AP TR, 24 Bs Jy 75mm i, HRFR 5
FE LUAE & 0 BN 87.49%, T R 12%; 24 Bs iy 150mm B, B FR 58 & LUAE 1 43 $50h 93.19%,
PRI NT 7%, (ET]REA2TEE N

FrUL, ST FLER e FLIN SR AL B 1) 98 FE IR BCA 150mm,  HARBR 5% 80.2689MPa,
PUiZZH FER Ak B2 3 ST W a6 5B S 22 5 B 0 FEFLER e AR B A B RE 71 R §2

6.3 )46 TRBEXTFFFLEKTEAR PR3E E RRZ AT

Bl 6-4 FFFLERTE — B Ji Hh A A o 2

%5 56 Tl 3t 8211
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B)) X FRAAYE
) vl o Toxg Uiy 4500 KA R EHRARIRER ST RN

@®

5
\ég

"

BN TR S B 7 7 ) e A6k FH I R o 2 L — S IR, 35 DU 555 v 2 BRI 5T 1 04
SRRE X 58 BEER TR PR 5 P A RE IR, A5 285 RE — e RS SRR R T e P P A s e B A
XITTALERTEMS PR E M o 53 B3 P Aol sl o 7 S 0f A BR S 2 S , LA 7 Ao o 72 302
1 T X B PR 5 5 (¥ 50 o
6.3.1 5L IR AR5 T A ERSE AR PR AR 2 fE

THALERTE 5 e BEBRTT R e p RS UM, BB IR ILER 4.1.1 7. ATk
P Je AR 5 — RS N IR sk G S N BRI o, SR — BB B UK 6-4 For.

AL 6-4 T LLA HER TR AR S i I 32 B AR RRGETT AL AL S ER SR A B R A
FEEARTE . ATTEEE Imm. 2mm. 3mm. 4mm K/ TER AR (L REAT 20 B, THERAE R LK 6-2.

R 6-2 FME SR W T BT FLERFEAR R 5

BB M L /mm 15 48477 Pu/MPa
1 77.8156
2 76.4203
3 75.1471
4 73.8968

6-5 BR5 R A7 737 o =

3 57 T 3t 8211
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79 =

78

S
" S
§ ~

73

Pu/MPa

72

71 L} I T I T I L]
0 1 2 3 4

Initial Imperfection /mm

B 6-6 JFFLERSEAE — B B JE RS R E F BO AR PR AR B B8 7 il 4%

M EE R 2R 7T UE Y, TR ALERTE AOAK PR A& 2Kt 71 Bt 25 B Fa R A 38 K m s/, P
2R R, XEHENERFHNSE K. 5 6.2 FWitHE B FLERTE IR A8
80.2689MPa HLL, Il A K NE T 6.37TMPa, TFREIRIE )Y 7.94%. M4 DY & 52 %5k
FEAEBRIAIEME A 4mm B, T REIEEEAE 10% A 4. Fbh, ARG, JFFLERFERT— B bt
AR S I U AR B T R %

6.3.2 JREBER AR T ) FLER TR PR A 2 e

FEFLERSE 5 5e BEER T SRy S BB X B S AR ], BT ILEE 4.3 35 . AR o R S R
PEEBRFEIEME Y Imm. 2mm. 3mm. 4mm, B FE T FE A 5 DY B e SRS N d5e /N W PR A 3%
REJIMY 20° o BREARAL B RS T FLA B XK.

THE 4R LK 6-3.

2R 6-3 AR R R T BT FLER AR R 5

B M £ /mm Il 847 Pu/MPa
1 79.6799
2 78.3795
3 76.9636
4 75.4995
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81 4

80—-
79_- \
78—- \
77-

o] T~

75 4

Pui/MPa

74
73

72 4

71 T I T I L)
0 1 2 3 4

Imperfection /mm

B 6-7 JFFLERFELE R 0 R K R T B AR FR AR SR AR T 46

M aE R 28 7T DUE Y, R ALERTE AOAK R 7K 2k B 71 Bt 25 B Fa R A3 K s/, P
ZIAAFEL TR R, X 55 MU &5 R B a e R E 45 10— 8. 5 6.2 WIS H I IFFLERSE
I 4417 80.2689MPa AHLL, I A& AT B K TR T 4.77MPa, FREIREEE A 5.94%. 1fi 5 1Y &
HERFE TG D 20° , GREGTEME Y 4mm i, RERIEEETE 12% /45457 Al L, AR R Ut 5 S B i
X FFFLERSE I RS ME FE I/ T — 2 A2 A, FFFLERFET SR 0 B ek X AU

55 6.3.1 ot B S B R IS AR B, BRFER BN BANF 8 S A 2 B
KRBT B HIUAETE LIRS ER A AL s o s e 2 20y B o B B ey S R S Rl 2 9 o A
LB T2 38 2 0ot 2 R A PR AR AR 70 7 A A R B S ) R o 3 0 R o 5 1 e Ay it 26 10 BT
JEE BN T i A A B S Sk e 26 . BT LA, FEAH R SBRBATRAE 2R T, sk i il A
S o PR e LA KT S S BB PR R

6.3.3 WARBREEILEVE I T T SLER Fe A BR AR 3 RE

AR /N By PRI AR SR T 2O T SLERFE R PR AR B RE 1 IS R R2 R, SR A 1 B 7
A PR TR 2 5 2 AT R o JR B s (0 7 B AE 5 BRTE T LA B A AR XS 6 55—, S
R B4 S T R R R

AR ILE 6-4.
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R 6-4 PATGREERZMD T B9 I FLER e AR PR 28

Il 7 4 A /MPa
S0 5 e L
/mm
P 1.0 2.0 3.0 4.0
RSB
& AE/mm
1 77.7688 77.8945 76.9725 75.486
2 76.4027 76.5081 76.4851 75.4999
3 75.1492 75.2433 75.211 75.0528
4 73.9246 73.9984 73.9608 73.8112

M 6-4 TTLAE L PRPkBE S AR IR BN B . BEE R AR A I EL A S 0,
FRRAT A SRR, T S I D o X S5 RS RIS A IR A . P AR R
TROLI B A e, S o b AR A B 2 DX A R, 1T SRS PR 7 A AR A 1]
SREE, PRPEREE BN 5 2RI — S R H T, A RSB IEAE T A R R R A
BEAR, KA E AT RE R AR R I X I BRI FLIERAL T A 5% R A BT L A i
AN, FECT BATH A RIS

ERFE IR O, GIU0AE PR SR IR E L D9 dmm I, I S0 KR B R 5 22 AT
TR RBONEIL . MR ERHOUT, M T ITLERCIR 78 80.2689Mpa, P ke Ht
[ FH B A PR SR P 1 R A T 1% 1 6.46Mipa, T FRIEFEZ)H 8%, REMBUN .

6.4 1FIRFRAR N IXFFLIK TR BR A RE RIS

S, Mises

[Avg: 75%)
+1.000=+02
+9, 1672401
+8.333=+01
+7.500=+01
+6.667e+01
+5.833=+01
+5.000e+01
+4.167=+01
+2.3322e401
+2.500=+01
+1l.6672401
+8.333=+400
+0.000=+00

¥,
g

s
75
A,

S
§
N

.,.._....
) y
ey

W s

B 6-7 JFFLERFEER AR DL 143 A5 B
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FRALERFE 5 58 BRI TR AR L) 1 B 1EAR ] o FFFLERFE 2 WA LB R, AE R R
J5 77 i) UL B A ) PRI B A% 775 A 38 FE G I 5 2 I8 g BRITT) 17 B 4 2 3 %6 - FLER 52 W PR AR K g
fRsgm . fESREERIE, INIRARILIIRRIN ST, PIRIERL T, OREFN LI P A ikaR
NIRRT R AT o SRR AR B A R e AL an 1 6-7 Bk

TR G IR, TRAR RIS 20 90 K8 IRIRBR Y 50% /i A7, AR Hhoph kLI JE
fRHL PRy 800MPa, FT LLFR A% M 1 %A B 400MPa. T 40 il 4T 5% 42 % J1 A 100MPa,
200MPa, 300MPa, 400MPa i} fLERFEMk PR A B RE T HITH . 1TH R4 R K 6-5.

R 6-5 FRARN AR T B I FLER T2 AR PR 78

YIS A N FIMPa Il 5+ A /MPa
100 80.3408
200 80.1765
300 79.9772
400 79.9702

ML BRI LB Y, FE IR AR S M 100MPa 3] 400MPa LA 2SI, T FLER T2 Y
I L i AR AL IR BE AR 8 /DN, B K ZE{EA N 0.37MPa, RFE T 0.46%. M4k ki, JFALEksE
(1 0% P 8 P58 I 5 7 o I 3 P 3 KT /S 1

HE AR, ek TE 5 I FLERGE I PR 58R BE A AR [R], SR AR AR B
(P38 KT ks o AERR /N MR FE RS AT 22 51, FEGN IR TR AR N J18 400MPa B T, SEREBRFEMK
PSR N FE T 2 3%, 1 FLERFEIMRBR 38 T R 74 0.5%. AJ AL, FFFLER e AR R 38 Xf
FRAR L ST ASGURR

FrLA, ATDAMR SR TR0 R BRSE (A PR SR A 5, (2 ma AR B 3R 10D,
HH BT W16 B B T I i 3K e A PR 5 FEE AR sg i, ] AR AN T s B ik IV 1 0] FLIR 376 14D % i 22
TS0 SR FEBRFE R

6.5 RE /NG

A FE BB I LI BRI BR SR BEREAT 1 At 3l e A 17 IR FLES M S 3. WILRE G
PA S FRAR L SR FE LR e B 9 B2 B 5 . 15 31 R 25148

TEALERFEAHEL TR S5 R . AR e BEBR 7, PR B, NFRRIEE N 7%/ 4 .
BRI SSHOEAT B, v DG — DA R PR AR RE 7T, S8 DN BEKG A SMPa, AR
RENWE, vUFEIFLE IR T AR T H AR BR A AE /7. 4500 KA IR 21
A SN RERFE R N 2m, 24 GERIERE 52mm, A R oo ik 5B Bk IR 58 B2 45 oM
80.2689MPa, N TAEJE ) 45MPa [f] 1.78 fi%, N NEH BB 24

TE T WA SR FE IS, 2558 T — B it Ji S s e A =) S R FE R R o 7 Fh P
AHEE, EEREATRE Y 4mm N, 55— PhEk e T G OO PR G BE T B 1 8% a4, T R Sk f
UL FE T 20 6%, PIRREREETE SO0 T FLER S FR R EE I — e o, 31 i AR AS R 5
Wi A0 S22 o FE PR PRBRFAZE S AE IR, T OLBCN R k. B JR ok B i@ (A B3 n, i 48
WA BRI, TS SE I R RN o SR IO ) 7 A A SRR IR A R LA SR 2R R IX
WA F PTG R o A ERBETRAEEORES, a7 PR SRIEIRAE I 4mm B, I SR80 16 T B
S BT A RO L . AR RE TS OL R, A EL T IFFLER 52 I 5L 407 80.2689Mpa,
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P AR g [R] 41 P IS 000K R 88 B2 W 7380 T B 1 6.46Mipa, TN BRIEEE LN 8%, M W]
o UL, B ER R R T M N RS BE DA RAIEH AR PR A B0 RE

BRAR LIRS IEFLERFERR R 33 L I FEMa AR H el R IR A 0.5% /47, AHELTHI46
SR AR TIT LA K S B m] DL AN T TR N6 T FLER TS RS20 B/ 50 58 B ER 52
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FBLtE WEKTRIREEATEME D

i[5 3R 5E 8 RIR FE BN KA IR A, ToiR MR « G5 K RUBEE A2 34T A B 8
FA — @ MIBEAVRFE, T 25 DR 2 RO i i BR 58 AR BR AR B RE 707 A E LR . O TR T
XL 2R AIANIE VER BRFE R IR SR FE RO RE R, N AZ 5 N T SE MR BEAT AN 2 M i AR
R T FEAE AL T ) — L8 VE X R T AR ER e AR B o B W] FE VR HEAT R AT o

7.1 A EEEAIEL

7.1.1 ShMRT RS

TRRGE R AOREAS H A, A5 R 105 TS0 O PRI B A MO 7 % Fh A 1 F R e
g EFHTAE, SERTIE & FhIhRE . TRRGE R T 5 B ER e s NG I 4L b L
5 FH S AR R85 e T 45 75 T 90 W B A7 ) 2% R BE LA 5 Pk 0 O 24 B By T v
XEEREHUANT E MR AR, [R5 S5 M I 22 4l T SRR R R

SER T REME MR B O TSR, R U, S5 M I ] 5E B R 4R A TE R E IR ] Y
SHUE A RS2 TTE ThRE M
7.1.2 ZERIRIARBRIRES 5 Thae sk 2k

TR CTRREE M SERE VTG T b v ) CO0neh 2 M BRIR 25 (5 SR 24 48 R 40 11
— B R I R R A A B BT B AR — TR TSR I, B e RS iR I RE A
BRRZS . 25 HIBE S 52 R TIUE I ThBERS, BRI S0IRA: A Be s BTTUE I ThRg, i
MR, 007 . R JRJE . RAREE, WIS T RBOIRES, BiEA T ERE. 1
WERS BRI SRS 2 MAEE AN FIR, BLARBRR W TF U R BIIRR &, TR S -

ERI IR PR IR A 7T 2 Al BRI B 0 R BRORZS A IE 3 (8 F AR BRRZS , R RiA5& T 51
k.

(1) ABEESIRFRR A

L MR S MR 3 B B RS /0, BOA BIAE T4k BRI B TARES , TR B
RBROIRAS o 205 MR B 4 Ak DR A A A PO R P T RO, R e A0 T TG A 366 T 44k 88 0
BN GER B — 0 R 2 247, S5 MR IR PR R 55 O . DA LS e 38 B TR 3
B ST BRRZS 1 44 1

(2) IEHFALTH RS

3 ) B MR 32k 80 T A PR i A 92 £ S5 000 2 R 8 PR 20 T 3 o8 PR A BROR 2
SR I 5 (o FFY SN AL T 5 50 L 40 S A Atk R DR BB 5 S0 LE 4P RO 9 30 DA S
HARFR R A . DAL e 8 T 15 5 {1 P AR PR A5 b

K 2 R S BR AR IR AR BB I TSN, T DURR BROIR S e BUR B b 77 W BRIR 5 BEAT BT
5.
TERHAT ST SEVE AT AL T A, G5 AR PRIRES Bl i D RE R AR A IR 1K X T AN
IR i SR 0 TS B 5 L B AR L R BRR 25 7 FR K T A 3 AR, 1 LS R R T g
R 50 B W BRUR 25 7 T 0 B TR 5 22 1R 45 W0 T 5 P8 X K 5 6 ) T Bt A — 7 RIS

TESS I DhRE R, DABENLAR & X RRE5 i A RE LA 2

X =(X, X504 X,) (7-1)
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b X Zon B MoRMERE . UM S E. R AHERRIE . SATEESEER, JF
BOE — MR L TARRESHI s 9(X), FRONEHITHRERREL NS TARRE AT BLA T 30
E A

M =g(X, X, X,) (7-2)

JE SR REERI)T XA )1, S ALERIR)T AT, FTEARMIA R A1 S X /N1 AS Bk R
ISR ThRE AL, MM LM ETRE (BHIIRERED nFRRN:
M =g(R,S)=R-S (7-3)
X T R SC AR R AT FEARAS A AT SRR DA SR FRARAS , mT AR 2 A Rk AT A -
M>0 B}, ZERJALTTERRE: M<0 B, S T AT ERESBURZCRE: M=0, 25kt T
MPRARAS o IRPRARAS M=0 B (1) 77 F2 BRI 45 44 IO B PR S T 7%

M =g(X,, X, X,)=0 (7-4)

S Ty fie oK Bl PR 748 77 R A2 AR &5 74 B 75 58 1 PR T 8 R 25 4] 38 BRI R RS B A
BASII.
7.1.3 Sk REIE 5 R AR
SER ] SEFE S G T SE IR MR P B, 8 SONAE I E I TA] A AR B0 4% A2F T 58 I T )
REMIER, FONGEMPIEERE, DL P, RRoR. DL 7.2 T IRARES A2 00, mT LK P, 3R
TR
R =P(M>0)= [[ -] £ (X;, X5, X, )dX,dX, -+ dX
M>0
o fx ABEAFHIRE R X BIBCE WL 2% T 7 AT BR 4K
[FBE AN S5 AN BRIR B FiE I DIRE, 13 BIAH R B N G5 R e, DL PR, HiI:
P, =P(M <0) = ” j £ (Xp, Xpree X)X, X, - dX (7-6)

M<0
SR AT EE SR BV AR A RIS IR, PS5 R T SERESRE P 5RO P2 B
A, AR

(7-5)

n

n

P+P =1 (7-7)

Hi (7-7) AIRA, SERA ISR R TSR] DU SO S IR R R T 5. IR e 1Y
KL s R e 5 40 A 5 W] 5, BV 45 ) 1) AT 5 IR B 1 TUE (0 K, JRAN RIS S R 4 0 AT 5
HRAE— R L Bk R A s/ B T DL A2 R

85T R S S HIZAF, BB R A S By 1 4ERENIAR &, 17 HAH L M Aar. % R
S BYRE S B A rol M fsesu], MR L B8 B0y 73009 fr(n) A (), T R A1 S (I 2K
R RSE

£(R,S) = f.(r)- f.(s) (7-8)
NG REYE
P =P(R-5<0)= [[ f(RS)RdS= [[ fo(r)-f(s)dRdS  (7-9)
R-S<0 R-S<0

AIUVE . HRERESTU R MEAT S A3 5K 2 A8 o0 A it v] OB AR 70 SR 15
SRR . (HAZ, X —Bait, EfEg il R M S MBS A2 IR INXER), JF
HBERD A AR BONE S, RAEEE R N EESR . TUUREL, Pl A R,
i O I U B T SR 7 SORAS . HET, AATTE R R BN R a7 ik
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B, EAR A S SRS M T S SRR, SRS TSR A ) e O
7.1.4 WEEEIRER

8 R A S A EGeitAlsr, HR 1 RN &, #E—5 8 U X~N(wo)Fx X ML
BN TN o FIESM i e BB R~N(ur,087), S~N(us,05), HEATAAFRAZ He

7, -Rote 5, Rt

(7-10)
OR Oy
ATPAIER, Z,~N(0,1), Z,~N(0,1), H.Z, F1 Z, #HH A7,
¥k (7-100 AR (7-3) g
M =R—-S8 = (g — p15) + (032, —05Z,) (7-11)
A
(7-12)

{,UM = Hr — Hs

ot = ot + o
FH TS 23 A1 0 A) n i J 38 m] DA

M =R-S~N(y,,0%) (7-13)
BET AT DAHE S A BRCRAS 7 R 1) 2R S 2

2
0 1 1im—-u
P.=| ——exp|-—=|—%| [dm (7-14)
f 2oy 2( Owm ]]

R LA AR M B O E IR 0 A A28 Y~N(0,1), TR ZOE =R m] LLBE T AL«

1 —tp oy y2 H
P =~ exp| —2— Id =p(-Mn (7-15)
(Y v J._OO p > y =d( y )

SINTES B, R B RN

My Mg — s
p=tM - LR 5 (7-16)
Oy 4’0',2 +O'S2
FTLL, RN Py n] AR N
P, =®(-p) (7-17)

Hrp, @ RopbrtE IS0 AT B0 AR AL s SONE R AT SEREFR AL

FISEERR R p S SR AT SE S AP AEAE — — XS LR 2R, BISRAS AT SEBEHR UG v LLSE
55 2 ME—XF I R SE RE R RO o BOBOR, UERAGE M TS FEOR, R AN . T SE FE R4
A UAREF R ZE PR A AR LR L5 R ThRE R B, W] DR i i 2%

FIAEPEAREL B AT CARIR B I 25 0 A AR AR 28 AR M D o 20K PR A8 ol T ) o et 8 0 X
B p S ARBRARZS T3 R I SR AN SRR PR B T2 TR B R] — SR 2 83 ] — SR A pE
FRIIAN TR 30 5% R0 o Hin] 43 2 R 10 P 8 E 4

7.2 Al EERWTERA
SIS ST A AT RO o AR P o P 7 VA — Y B A P
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FROME, RGOSR o0 508 BB k. WA ¥ SE A MRS . RS A 5
KR %4, Rosenbluthe 74 UL K 23k ) Rosenbluthe 455 .
721 —IRZBrREE

— IR B AT B ] SEFEFR bR B — FR R BT VK, FETHE R R LA 2 —
e (BB MR (PRdEZE) MIDIRE BB B ZBUR T 20 B R — . TR 4R
PERI D RE 2, WIAESE fUERES S R AT R ) R R I — kX, MR 7T, THE R A

— IR BRI A T SR B e T o A, DR SR B ELUR S AR, O
JEE TARRFCRA . AR RENH— R R R R %, Hol sE RIS B .

(1 b fiiE

HC BV, BT DARRZ N SAME v, FLEER AR t AR 2R 1 ) B R B AE BEATL AR 5 (1) ~F 33
AT R RIF IR — WX, SRS AT 5 Th % R P S R b 22, SR )5 mT LA
X (7-16) BRI ATEEMEAR bR, HETSR B e R,

AR (7-2) EERITHREREONG, Ho Xy, Xo, oo XA n ASEAOT (I BEHLIAS &,
HAPIMEN i (21,2, oo n) ARHEZEN oy (21,2, 205 n). KEEHITHAEER B M EREHLAS
I TFIME R N R PEOIERE — IR, 133

n, 5
M=gwwmﬁuww+2%£ix&ﬂ%) (7-18)
i-1 i
M FIIAE RN T ZEFRAE 22
tha =E(M)=0 (s, 18,11, (7-19)

2
*Jaj (7-20)
M i

aﬁ::E[M-—E(M)]2=§;[§%

PrEL, e RE R SE AR AR AT R T UK

ﬂzﬁ&:gOQngum) (201>

Op Zn: g 2(7 ,
i1 \ OX; Wy

AL, HCs SRS 2 T B, TR RIS AR R (I8 K g 22 RO R AT W] SR FR AR IS B
HA, Wl s A LR B KR M T RE bR ATE B LR B P S R TF A& 3, (T RENLAR
EANTEAR BRUIRAS M b, T ) e VA PRCBR 251 T 7T 8 2t DL R FEE 114 i 25 T A P A PR R
AHNTH ; DR REUERUR R, BRI T EREMEAR PR B AR AR, X — s ol SR FR AR DA &
R (8 7 A AR KIS

(2) 5 Ak

IR, AR — IR Y, SRR T VR LR M T RS R B 2R A AR N
TGRS, FEAER SR S AT BT, I ARk ARG e KBk T ] S VAR bR, FFRAIE T 0]
SEVESE AR B RS R, MRS b vk 7 e ) AEAE £ e Y

PR EII R X (xg Xo, oo 0 X ) MENERIEAL S, BIIRSE &, FEb BT RS
AR AR — KT, 13 B0k A AR M AL AR BRR 25 72
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M=g(X X% , X, )+Z(6—3 X*)(Xi —X) (7-22)
i=1 1

M e AR RO L BT BL AR BRAR S TR £(x*¥)=0, FTLLRAGIIRER B M 1021
AbRHEZE N

n

v (%9
Hwm _Z(axi

i=1

S R BUE R 4 R R i XA B BR 5 M AR EZ 5, REBUE R BN

A =x) (7-23)

2
J o, (7-24)

o9
A= % - (7-25)
B2
i=1 I aXi §
UMb 22 0T LLEUCS
oy =D 4 X.a_g . (7-26)
i=1 |axi X
I, St m St FeHmT AR
o .
2(53 X*)(Xi =X )
p=Eu -k % (7-27)
Tm Ao, 2| .
; Io-Xi 6XI X
H (7-27) "
. 5 O
(11, =% —ﬂ&axi)za—f .= (7-28)
i=1 OX
BT B0 B R R A
X =, —Pho, (7-29)

HARVHER, BT RE SRR AR T, B DCRAEAGEE B TSt 484 K0
DRI

D) IEHUR R AR IME ;

2) X (7-25) THEREUE R s

3) B RBUERBARAR (7-29) 1, B x RIE R ARIRE R, SRS
AIEEMEARAR Bs

4) KA EEMERRS AR (7-29) o, SRIGHTHIIS A, JFEE AT DR 2 3PIR 4,
HEGHR AT SEMEARNR B 5 E— IR E ) B 22N T RVFIRZEAE, E EEAR . 55 sk
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B0 g EUATTSERE 2%, JEATLLE— BRI (7-17) SRR B R

XN 7 SR AS B T SE MR AR R, JF EF S R o W B, DR B vk B it
— IR AR AT SRR T R AR T R
7.1.2 HER D

BE X3, Xg, - Xn A 0 AN EARBST B IE A AT RENLAS &, AT A6 & M 2 55 B 3 A1 R 50T LA
H R AR

f(X17X2"”’Xn):il:{ f(Xi)
X~y ) (7-30)
1 . 2:;2')

2oy

f(Xi):

WU RER X RO 220052 X, T DU EIS 8 15 bl %
F :J._OO“.J.M(Xl'xz’“.’X3)f(Xl’XZ’”"Xn)dX1dX2"'an (7-31)

ot :jjo~~~jM2(x1,x2,---,x3)f (X, Xy, o+, X )X AX, - OX — g1, (7-32)

St F BB E, MM TRE R EUE T R I ARy, BT DA BB R R IR R g b i v
FEEER, AREWR LS TG 4 TR SR .
7.1.3 Monte Carlo 7%

SR RY (Monte Carlo) VEJRERBONTI ., FHORFHBENEUR S, 7242 NS RS
WEZE 25 BE SR B A R BENL R B (X, Xoo oos Xo) @ (j=1, 2, <o NS), 845G —4HBEM
BT R BUE vy, SRS AR T SORIFTHRE R M IR S5 AR HE 22 -

NS
2.
NS
%S: 2
y.
=S

oM TNS—1 NS-—1 M

Hu
(7-33)

2

FRRP RN R EE R, BEEEBUOAIE NS ssn, &5 RS TS,
RS SIS, X g vk BT e T S R
7.1.4 Rosenbluthe 7%

Rosenbluthe 2@ —Fh &8 (1) TH L BEN LA AL ok BOUME SAniE 2177, ERRME S
HEZE 2 Ja BT vh S A5 TSRV AR . FLBLE I SO R SR AR I IS,
T RIS RS, RN FEENY. Rosenbluthe 14774 T :

WE

*

M =g (s, 1,1, ) (7-34)
W FATEAR & X, M AR B R A

M = G (s oo B X o A ) (7-35)
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4500 KN R BRI TR PREE ST R

FE
mi+:g(ﬂxl’ﬂXZ’.‘-’ﬂxifl’ﬂxi +Gxi’ﬂxi+1’...’ﬂxn) (7-36)
M = (g 1y sty s B = O M oo 1, ) (7-37)
= mr+m /2 (7-38)
o, =[mi*—m{]/2 (7-39)
ES)
i _ M gy (7-40)
m m m
2 2 2
52 = 1+[ﬁj 1+[ﬁJ 1+[ﬂ] -1 (7-41)
H Hy Hy
O, = My Oy (7-42)

SR R B AR 1 22 T ST SE MR TR AR B, 19 BIS5 8 R U2 . Rosenbluthe V25X Ff &
SRR IE S bR ZE R, 2 AR B A SAE D ZE B g 2 38 B e R R R O R T P ] R
Rosenbluthe y:ANFi& A, AT LR A Beidt 1) Rosenbluthe v AT 115 o
7.1.5 &t Rosenbluthe 7%

£+ X%t Rosenbluthe 777E (1)1 &, SCRR[46]7 K H T ot J5 1 Rosenbluthe 7%, %77 7445E 5
TUFE ARG, I Bt b T B A e e 0 ). BAR T R

AL ARESR (7-35) ~ (7-39) HilH,

mijJr Zg(lqu”uXZ’...”uXiil”uXi +O—Xi’luxi+1"“’luxi +O—Xi"“’luxn)
My =0 (L Iy st o B, — Oty by =t ) (743D

Ly = [mij* + mij‘]/Z

e
A = g —m’ (7-44)
Aty = gty =M = Ap — Ay, (7-45)
g
o =m +Zn:Ayi (7-46)
i
o? :iaﬁ +22n:(Ayi )+ (A )2 (7-47)
= = i

R B SR A T S P S . SR EIERY Rosenbluthe V2 IR0t R 31\ A A Auy FI T
B, EARET 0,5 A A Ay B9 FR
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7.3 T EIKFHEI T =9

7.3.1 EKE NIBEIENE
Alvin 5 RV B W& 7-1.

R 7-1 ALVIN B4 A EIRFE T HEHHRE

RIEZBUm TR
0-300 161
300-600 99
600-900 227
900-1200 141
1200-1500 202
1500-1800 169
1800-2100 377
2100-2400 595
2400-2700 1311
2700-3000 209
3000-3300 153
3300-3600 137
3600-3900 256
3900-4200 122
4200-4500 38

MR LU Y, KA IR BRR P AR R A s B BEUR ;IR AR DI vt
TVEIREE, RV R 2 S e T AR

AR RS Alvin 524, FIEEREER Y 4500 K, BRI Gumbel 43 4it*hk
A Alvin 5N TEREERI 50 A, DL T R T A RV VR B DL R BT 49 A o

Gumbel 73 A BUARAEL | 4904, H 0 A1 bR ORI 5 5 12 R 420 30

F(x) =1—exp[- exp(x;(pg)] (7-48)

F(x) =2 exp 2 — exp(X=E)] (7-49)
0 0

70 T 3k 8211



w‘; SHANGHAI JIAO TONG UNIVERSITY 4500 *ﬁkiﬁgiﬁ%ﬁﬂ%*&'}ﬁgirﬁgﬁ‘]’%'l‘i ﬁj\*ﬁ'

KH] Gumbel AT A A RN @ =725.23, £=2634.85.
Gumbel #0518 5 L bR R IEHUE LA 7-2.

£ 7-2 Gumbel A TEBEELER

Alvin T 7% Hif Gumbel 43 Ai

REZBUm T FIT 5 EL4511% FIT 5 EL451%
0-300 161.00 3.84 3.91
300-600 99.00 2.36 1.94
600-900 227.00 5.41 2.87
900-1200 141.00 3.36 4.17
1200-1500 202.00 4.81 5.95
1500-1800 169.00 4.03 8.24
1800-2100 377.00 8.98 10.91
2100-2400 595.00 14.18 13.48
2400-2700 1311.00 31.24 15.04
2700-3000 209.00 4,98 14.38
3000-3300 153.00 3.65 10.93
3300-3600 137.00 3.26 5.91
3600-3900 256.00 6.10 1.94
3900-4200 122.00 2.91 0.31
4200-4500 38.00 0.91 0.02

Fe 8 Gumbel 43 Ai & 4R 5 A6 T 98 HE 1 3 W22 0 0.03667, i 221 7 AN
0.04663. FrLL, N ANFIH Gumbel 73 A kKIUA AR O AL
KT 4500 KE AR 2 IR Gumbel BE2 7 Ai bR 0] DLE R R N
F(D)= 1—exp[—exp(%)] (0 <D <4500) (7-50)
H, DR TFEBRE, AN me X T—IR I HEESR A BN &R B 10,
R 75 0 PR BRI AT M EIEA . BTG N R BEIR MWISME 2384.13m, FrifEZEN
742.93m HIIEA /A, 225 RECN 0.31.
T 57 IRAE AL 25 T K S B3 E A
P=0.0101xD (7-51)
Horb P ORISR ERFE T2 TAER /), 84728 MPa. P tHIREIFEIRA D )40 A, F T
IESEI TR RS, v LASRAS TR 9¥1H 24.08MPa, FrifE% 7.50MPa [ 1E#& 4y
fi, A5 ZRH0CN 0.31.
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7.3.2 JUZHEMESE0 A

SRR IR S AT S A S I RENL AR B . BRI R, BRFEEE t, MRIARA
PR E, PAREEMIAEE REL Xy R AT C R Xy MRIESCHR[43], 7T AT HE 5 ANRE
WA B MR AR A, ME. R R LbRIEZ,

Gt H R W3R 7-3,

R 7-3 T ERFTEAZER KGR

A B 4 R GERsTL s il Sl AR 5 R FrifE 2
b2 A e R/mm E&S AR 1000 0.0025 2.5
e EE t/mm &A1 52 0.0105 0.546
SRS E/MPa 1B A 115000 0.03 3450
%1‘@%;&% © X1 &A1 1.0 0.05 0.05
ﬁﬁgﬁ e Xz 1B 741 1.0 0.05 0.05

7.3 Bk R IRBRIBE A M AR

AN R 0 R BRI Rosenbluthe 25 A K B0k 5 1 Rosenbluthe 725546} i
JEBR5E M PR 58 B (1 AT SEVEREAT 0 AT o SRR B 5 5 BEATL AR & (] 0% RECAE 2%, AT AR
BRI E: SR RPRITHED R, TELRM I, BT AEAS  FEFEEA K.
7.3.1 b SETHE AT MR bR S S RO 2

HL VR SR OGS R BRARAS 7 R 0TI e 3R 76 RO AR PR 5, ASA7E 2 Qg A PRCER
BHFE. (B, W5 =2 X AN E R 2 LR BR AR BR SRR 1 4T, 1l LS B BR R
W PR 3R E Ao DU TEREBRFEM BRI A A (3-8) FENERFEMBR 585 (1 i 5 A 0.

T XIS 13 BB BROIR S 7 12

t
R+t/2

G(R,t, X, X,,P) = X1~(1800.45 —5.117j—x2 P (752

o, RONERFEN AR, B0 mm; t AERRIESE, B4 mms o AR JE RIZER ,
AL MPa; Xi NESHAIIE REL: X AN AE R4 P NSNS, HA408 MPa.

MR AL SEAR (7-19) (7-20) FEATIHE, W LS 2550 D e s B3 S hn i 22,
1c=62.05, 06=8.75, T Al LSRG AT SEVESEHE § v 7.088, RALHER Ny 6.8032107°,
7.3.2 WHE pFIt E AT fR bR S R AU R

By sk 2oL, BR O MR PROIR S 2, AT DLRI A B — N AR TS A AT
BPsl (7-52), S ABEALASE 1) A1 WK 7-3.

IO A TR B A R RIS 5 5, 305 SR B R=1000mm, t=50mm,
P=82.71MPa, X;=1, X,=1; SRR AXFATIEMRI AR B 400 2 iER % 0,001 KyA]
SEMESRAR pAE. IEMRGERILE 7-4.
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4500 KN R BRI TR PREE ST R

R 7-4 BEREIERBER

R Fegighr B—Uas BIER BEU0EA BNRER
BRye AR R/mm 1000 1000.39 1000.32 1000.32
Ry JE t/mm 50 51.63 51.71 51.70
AN E R AL Xy 1 0.851 0.857 0.853
AN E AL X; 1 1.149 1.108 1.115

Hh At P/MPa 82.71 64.36 67.09 66.43
A SEE AR B 6.891 6.813 6.814 6.813

HRP AT LAE Y, BB I UGE R AT SE bR p 5 58 = UCRARE D B AT SE R fR bR A 22 /N T
0.001, AT LAIA Al A5 TR . BT AR & W m S8 ME 4R bR £=6.813, FH . [ 2K ROHE R Ny
47792107,

7.3.3 Rosenbluthe 7115 AT FE M FE A5 5 2R RO R

Rosenbluthe 2RI s sl 2 A FH T 50 i 46 44 IO BRARAS T B2, JE I Jeh e 73R 15 Th e
BRECHIIME . ARdEZE . AT FEVEE AR DA S B R I G5 M R O o T AN G, BRAE IR PR 53k
B, AT ORI FZ T AT AT B RO ERSE AR SRR Ms, 25 R 5 H A G B
MU REAERFTII AN LR R, BRGEMERE t, DURAHE R X X,

Al LB AR BRAR A 5 FE U R

G(X)=X,-Mg—X,-P (7-53)

Horb, Xy NERIAHIE R RAEERFERPR B AR AT EVE s Xo BT A E &
e P ONERSEPTRZ I IE R TAREA, A9 MPa; Ms OUBRFC I IR 92E, #4708 MPa,
AR AR

Mg =M (R,t) (7-54)

FIF Rosenbluthe %, EIAZ (7-35) ~ (7-42) 7] LASK H i s BR 5 A% R 5 B T S v b
PR . T EARHIIIEN 1ms=58.05, ovs=8.67, FIHEMEIEAR $=6.695, Xif N )k & HE %
Pi=1.0784x10™",

7.1.4 2% Rosenbluthe 5115 ] SE M F8 b5 5 2R 2N 2

Rosenbluthe V475 3R fif BELAR B3 {H -5 bRitE 22 BT VEA — & SR BR P IF RS FE AN REE AR AIE
B AR H B Rosenbluthe v AT DAR T (8 MR A BE AL R B I GoiH A, 20 B0 IE A %
BB RS . 2t Rosenbluthe R A IR IRIRE TS (7-73) HME, fEi25 Ms
IR PN BEHLAS B [F i ARk s, RIS (7-43) ~ (7-47) ATLAH575 2 BRFE A PR 5
JERTEEMESEAR AR B R . THEAFHIIIME N 1ms=58.05, oms=8.66, FIFEVEFEHR p=6.705, Xf
JS2 1 2 BOME 2 Pe= 1.0070<10™ .

7.1.5 BRBRomEE a] S b

BT H AT E AN A B 11 E 0 IR B K 28 AT S M AR e, A0S (T RS

AT SEPE R GE—bitE) ORI GRS TSR BT G AR P FAR T S TR R
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RT1-5 TREWTERZERUBRER

LA (WA JE R
I I
=ZH(AE) B=27 P, =347x10" B=32 P, =6.87x10"
(™ E) B=32 P =6.87x10" B=37 P, =108x10"
— (R EH) B=37 P, =1.08x10" =42 P, =133x10"°

K75, IR | 2 AT RRA TR SR LA A% BBV R, BRI 1 = Mat ok
o MEIRfE A “—7 RORAERNN R T ITTRENE, 308 A A 4™ & 155 Yo sk
KIEFEIR; “ " R —E@RINRGT. WEBRIR, 80F — & IR Jealii KK
ZUr; Hp “ =97 R RAERD Nz getk.

4500 KER AR #8 TR, HAEMBIA v fE & 5 800 ™ & 1 45 AR
A, B T2 M, nlf I B AR o] SEVERR AR B IR AL 11 2 b e i A
C—g7, KRR ATEEETRBR B ROEA/NT 4.2,

BT PY /N R 43 S0 R F s 9. 3655 459 Rosenbluthe 72 DL 2432 Y Rosenbluthe 2%}
T 7K R BR AR R 5 B2 1R mT SE e An AT 1At 8, b g BT I A i R R R

R 7-6 M 5 ER5E AR BR 55 AT 58 P38 AR

VAR VRPN o Yk U5a= BERFR Rosenbluthe 7% R .
Rosenbluthe %=
nJEEM RS B 7.088 6.814 6.695 6.705
RN Py 6.8032x10™"° 4.7792x10™" 1.0784>10™ 1.0070x<10™

M 7-6 ATLLE W, FIH IR DR EE R AT SRR B ARERUDN, iR DLkt
Rosenbluthe 71T 545 O R HE, B RFHZERIE 7 AN 5.7%. FF H X JUR T 7200 R
FEATDATSH , SO0 AUVE T SORS B Lt ST, 3t Rosenbluthe 325 1 U 5ORS B L LE
Rosenbluthe 7% &, Fir AT BA 32 B0 FH 56 5 s v A1 et Rosenbluthe v AE i He BR 76 41 PR 5 FE
AR FRAR T . IR DL B IR e AT S TR AR B AT 4.2 bRilE, AR
TR RAE 6.7 /i HIGAE 4.2 UL b, WL N BERFE S5 M 1 PR Si FE ] S AL T R SR 1, &5
P 2RI 2R AR H AR

X T AT R 55 vk, AR PIARBRARAS 72 (7-52) Fx Bk se AR BRsE 4T T
AT T H 545 B 5 ek Rosenbluthe 5 (1) 45 B AR H 200, HLAES (RUE R = UK B
FIT AT DA A 2% BRAR S 7 Rk AT A PR 5 B ] SEVE R AR I ALl T H 5

7.4 BENL T =30 MR REZ N
TETE K 25 i R ER 500 FR 5 B AT S Mo v F P 5 T Z BENL AR &, 1X L8 B AT AR & i 8t
RO AT DA AR S RBOS W SEE R AR T R 2 A — s, HEZ AR A — . A5 8
BT — L B 1A B 1 AR 53 AR O BR T2 PR 558 15 P SE PR HR AR 1520
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T R, R 3655 m i AR B AT SRR AR PR B E R ERS T A2 R, BT AR
A 85 320 M 25 BE AL AR B AR S 2R MO P S PEAR AR IR o BB A B AR 7 R AL (E

¥J°5 0.001.
T FERTAN A I S5 A AN 8 R AL Xy B 7 REGEAT MR, AR REUEHCH 0.048 F

0.052 2z [a], THHEAIFEMEIEIRILE 7-7,

R 77T A E R X 7 REON AT M A5 5
AR 0.048 0.049 0.050 0.051 0.052

Al EEME R AR 6.8659 6.8399 6.8136 6.7862 6.7602
PRI R 3.3037x10"%  3.9624x10?  4.7593x10™°  5.7563x10*?  6.8901x10*2

XA [ R B A AN E 2R B X (22 5 R AT T B, A2 7 R AU 0.048 £ 0.052 22 ],
TR T EEVESR bR MR 7-8.

R 7-8 BIMAERE X, B R RECT AT F 1845 W
AR 2 0.048 0.049 0.050 0.051 0.052

GIE 3 EEiz o 6.8449 6.8293 6.8136 6.7978 6.7820
RAMER 3.8265x10™°  4.2665x10%  4.7593x10™°  5.3114x10"?  5.9262x10™°

WEASE I ER 2 )5 t AR S KRBT, AP RBCERCN 0.0085 F 0.0125 28], it
R EEMEFR bR ILER 7-9.

R79 REEE TR ABXT AT REEBRPE M
AR RH 0.0085 0.0095 0.0105 0.0115 0.0125

Al EEME R AR 6.7846 6.7983 6.8136 6.8305 6.8490
PRI R 5.8204x10"% 5203010  4.7593x10™°  4.2310x10*?  3.7184x10™*

MAFRBIERTEA 48 R 9225 R BT T, 225 R 0.0005 £ 0.0045 2 [H],
THE A AT SEVESR FR IR 7-10,

R 7-10 BRFEAFE R AR FRHO IR AR R0

AR 0.0005 0.0015 0.0025 0.0035 0.0045
EIETSEX =07 6.8149 6.8144 6.8136 6.8124 6.8107

LS 4.7165x101%  4.7329x10"*  4.7593x10'?  4.7992x10"?  4.8562x10*?

R 7-7 2232 7-10 fTLAE H, & FEHLAS & 138 7 R 280008 0.001 1), X BR 780 PR 8 B2

AT SEVE ) R AR R AN [ 1) o 8% Bl ML AR 5 (1) 52 e 2, B0 PR 5 B8 mT S M X B AL AR B RO,

R EVNAS A SR AT E REL Xy, BRFEEEt, BATAE RE X, HRFENFERE R BT
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AN RE R BSORT G R T SEPE AR BR R AR XK, BT AR ORAIE TR s 3R 57 A 8 e RN RS 152 A
FeRasE ) LAEPREE o Bk7e )5 BE S AN A T ANl € SR EOIRE I, 12 52 0 m] S8 P b 1) 2 22
SR PLL, ARG IR A R 2R T B CRAERRSE 5L BN RS B, X0 T PRUE T He 52 4544
2V BT BOR

7.5 REING

AR B 3 BT 3R e A R P R AT S AT T A, e R B R R 0 S B
R, Rosenbluthe 2 DL B0 11 Rosenbluthe 235 785 7K 2% 15 BR 72 1% PR 38 15 1 AT S 4R A ik
AT, DL &N BEAL AR 56 JL AT S8 B AR bR g AR AT T, 181 F 4518

FIR AL sE L B85 A%, Rosenbluthe 2 DLK B0k ¥ Rosenbluthe 3255 HH (7T SE 14 48 b
BAHZERN, KA ZERI A AN 5.7%. ATRCRA S (7-52) 1ENRBRIRE 5 #E, F-F] A
0 B s VRN A PR 5 B P S P F R AR AT IR T B TR TSR AR AR S AR 6.7 A4, WEH
PR AT SEPEFRAR SR, M M Z AR /N

XA [R BE AL AR B0 S5 22 000 R 58 BE AR AR IR s2 e g AT 0 78 J5 R, & BE LA B0 FL g e 2
FEAR— SRR KBV R 8 BB Xy, BRSTIEE & i A E REL X, BR
FEN AR Ro AITLL, 3R RSN TRE R, el 4 a3k 5 5 P (VRS PS5 0 ORI 3K 76 45 1) 1) 22
At B IER . thAh, TRUEE KA TAELERSE 1) TAE RS N o0 $2 iy e A ke 31—
TERR
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Mo Bk R B TR 2 A RS AR TR RE - BN S AE AL 2T I 2 ) LT ORIR IR gt AT 1R
by AR AR IR S 77, Bt AL IS Fe i 2 R BRI Se oK AR 524N T 7. AR
TR AR AT BR T VAT T 4500 IR AR NGRS 43 BRSSO BR 98, I BRI A R SE kT
ST AT SRR 5 L R P SE P AR A DL SR RO AR TR A SCHIRT AL, A3 BIEs e T

(1) XN, HARBR R s 7o 45 MR pURE B 5t i K RE T, HAEAMK
AV FH I 32 B4 BR A It 52 21 0 S0 B O T e Bk e A BR A 3 RE /7 o HobR FRR B E 77 32 22 el A
NIV HRSE : SR EREE IR T KA, SR FEAS T AN REAR S Ak 3, S5 A0 Y i B2 T
PRo A5G DL B AR doe /INBART R SE T T T B e Al B A 3 e

(2) X FethraE BT 1 InIBL, JFfa 204 T BRFCRE TP KNSR e i B
KB hfa A 2 7R BT, BOA B RS LT ARZ Ik, BRI T B (i i X
SR, PO BN TR 4 TR 2R e ANE o AR FRIT /T P K — S VA RE RS AR U 3t
FIAESEB ARG E 2 v, SRR RES RIS AR M R b A ST R DA, IER S A 2R
RLR PP AR A R, I BRIV T DAAR S 57 FH 76 5K g it 2R AR A PR IS 0 o AR PR I
G I T AR AR AR, AT DA T2 oKk AT L s 5 A

(3) SEREBRFCHIM IR BRI 70 M ehr,  J2 O Sy o R AR 2 P8 Jt ot b A B 2 5CBL KA
BRICTH A RBEAT 1 BB HEBOR IR TR /NI A NS IR TS A AR ZRCOR, JF A
I Y SEBRRIF 3 W] 52 B (1 45 4 7R B e 0 LE B FIAR B /MR 2, FROREAIE 1 AN ReR FHiZ A
THEERTERBR SR 14518 o Bk FCoR IR A I, E5E A BT BRICTHS 45 RAE )R L F 42
/T 0.1 BUTEOL N ARR L, W AR A BRICTVE R AR 2 1 i i 20 #7475 21 s 2R 52 AR
SR o

(4) FIHARLIEA BRITITIET T 1 AN A LA T AO46 52 Bk & A R e BR7C bl R
AR TR A RR Y e BEBR T AR IR AR BE 1 5 R PR L Z AF AR R 2R MG R, 2Rtk
HSR R H 0.9998, Jf HLFH JE 5 4% EL A DN SR g 1o AT RAA A AUL 5 1) 2 SO0 AN /) B =
2 LU 58 BEBR TR IR ot FEREAT AL AU T 5

(5) FERTFUBREE XS S8 BEERGE I, 28 7 IR okBE o — Bk s s
R BE A JR B o — I o ot A 8 R B P i ot R S 3 e 1) L A8 A D e i s
AFAEIRTOER o, SR B AT DL SE AE A UL SE PR O, A BB OSSR EE R . XA
T ESRG IR E A SR, THERY], B 20mm £ 90mm )58 BEERSE AR IR
S 5 WA SRR (E S A ME S R, JF HLBEH SRIG IR E A3, B FRARERBE 2. 578
SREESERERR AT LLAL, W FR/REBE I T RRIR R0y 16.42MPa, Xt F/NEEEERTE, 52
MR R, X T BB TS, FREMRAEAE 15% AN, W] BLA Y o B REBR 52 45 R0 1% Ak
B 07 sSNBON U X T E R, SUMAAIIR . AT T 4500 KB BRI A i 2R 5E
J& T R REERTE, — B i A A SR FL R R B W R, A2 N R B A AR
BRTE IR BR 95

Jo B R B 2 i B 5 ) e o R v ) 3 RS 0 22 P A6 RS ) » e 70 R 8 225 R e e
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FRPAIEE S ERBETE R, DASR AR R B

(6) 775 SRR AR N R e ER Fe AR SR a8 i, B T AR FIR/INR AR BT Bk
ek PR A ZRE 100 T B S SRR R o A0 b R BB IR D) M AR AR B IR, A £ S
A IR AR N A, T itk S5 RR I, SEBEER T I Rk A it o O i
RILITRIIOT B N, AR S, R AR IR R . 50N L
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Ko FrLL, MAFERCKIRAR RN, TREH B, TR 3% AN HRRN )
B/INEE, AT DL TR AR R B

(7) 4500 K N R 2R 3R 78 TR FLekoe, HAFFLAASS M HARBR 8 E & F —2
SO o FH T3 % T IF AL R BRSEAK PR 5 A AT A, o HAR A M ORI A 30 A T DUE %
KSR A BRICH T 7 20 A0 T B AL R BR 5T 0% PR 5 .« Jl i @ AT ST FLER AR L T
55 JERE PARR e B akot, WIRSREE A FTIES, FRRIERER 7%/t . LSS
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ULTIMATE STRENGTH AND RELIABILITY ANALYSIS
OF SPHERICAL SHELL IN 4500 METER HOV

The deep-sea manned submersibles are the advanced tools for human marine technology
development, and they have been widely used in scientific survey, ocean exploration, sunken
vessel salvage and other material resources exploration. Improving the technology of deep-sea
manned submersibles will promote the ocean competitive capacity of our country.

The submersibles are mainly composed of two parts: pressure hull and external constructions.
Pressure hull of deep submersible is an important component to ensure that the submersibles
normal work and the lives and safety of staff, The merits of its design is directly related to job
security and overall performance. So the pressure hull should be designed to have enough strength
and should be as light as possible. For deep-sea manned submersibles, such as Alvin and Nautile,
spherical pressure hull is the most commonly used type of pressure hull. The material of spherical
pressure hull is titanium alloy which has the advantages of seawater corrosive endurance, low
density.

At present, the traditional submersible design is mainly based on the current submarine
structure design criteria. It does not assess the true ultimate limit state and ultimate strength. In
this paper, the author utilizes the non-linear finite element method and reliability theory to analyze
the ultimate strength and its reliability of 4500 meters deep-sea manned submersibles, and
provides areference for the check or design of the pressure hull.

The ultimate strength can be explained as the ultimate load-carrying capability of spherical
pressure hull, and it means the maximum under external pressure it could carry before the
structural failure. The ultimate strength is mainly decided by two kinds of failure mode. First kind
of failure is the maximum stresses reaching the yield condition which leads to final entire or
partial plastic collapse. The other is the nonlinear elastic-plastic buckling leading to collapse. The
minimum external pressure of the two kinds of failure mode decides the ultimate strength of
pressure hull. In the first section, the author discusses the method of nonlinear finite element. The
FEM has two main methods: iteration method and incremental method. In the introduction of
Newton-Rophson method and arch length method, these methods are very useful in the analysis of
nonlinear finite element stability problems, especially in the extreme value problems, such as
ultimate load-carrying capability. Therefore, this paper uses these methods to calculate and
analyze the critical load of ultimate strength. And the FEM software ABAQUS is used in this
paper.

By comparative analysis between theoretical formulas and results of FE models, the article
reaches the conclusion that the ultimate strength of the deep submersible pressure hull is mainly
decided by its stability. In the analysis of nonlinear buckling, the ultimate strength of pressure
spherical shells under different thickness-radius ratio is studied. It shows that the ultimate
strength’s declining is accompanied by the augment of thickness-radius ratio. And they have an
excellent linear relation. The results can be used to estimate pressure hull’s ultimate strength.
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In the study of perfect spherical pressure hull, the author takes the influence of initial
imperfection into consideration. This paper considers two modes of initial imperfection. The first
one is the modulus of elastic buckling. The elastic buckling modulus imperfection means taking
the result of elastic buckling as initial imperfection and leading in nonlinear finite element model.
It can more accurately simulate the practical situation and get better results. In this kind of
imperfection, the magnitude of imperfection is the only factor which taken into consideration. The
results show that the ultimate strength and magnitude of imperfection have excellent linear
relation when the perfect hull’s thickness is from 20 millimeter to 90millimeter. Comparing with
the results of perfect spherical shell without imperfection, the load-carrying capability decreases
almost 16.42MPa. To the small thickness-radius ratio pressure hull, the influence of elastic
buckling modulus imperfection is more evident; to the middle thickness-radius ratio pressure hull,
the percentage of decrease is in 15% which can be regarded as the influence of elastic buckling
modulus imperfection is evident; to the thick one, the influence is not obvious. The pressure hull
of 4500 meters deep-sea manned submersibles belongs to middle thickness-radius ratio pressure
hull, so it is very effective to decrease magnitude of imperfection for ensuring ultimate strength of
spherical pressure hull.

The other imperfection modus is partial imperfection. The partial imperfection is caused by
partial deviations in the manufacturing operation. The magnitude of imperfection and range of the
imperfection are considered as the factors which could have effects on pressure hull’s ultimate
strength. In this article, the section of imperfection area are simplify to a cubic curve. The cubic
curve can ensure the continuity of the whole structure, and reflect the practical situation. The
results of partial imperfection show that if the range of imperfection does not change, the relation
between the critical load of ultimate strength and magnitude of imperfection are linear, and the
critical load decreases when the imperfection magnitude increases. If the imperfection magnitude
does not change, the curve of critical load decreases fast firstly, and then increases fast, and at last
the curve becomes gentle. In the large imperfection range condition, the critical loads of different
imperfection magnitude narrow the gap. The minimum extreme point appears at the angle of 20<
Comparing with the results of perfect spherical shell without imperfection, both imperfection
magnitude and imperfection range have an impact on ultimate strength. Therefore, improving the
machining accuracy and decreasing imperfection magnitude and range will help to increase the
pressure hull’s ultimate strength.

The welding residual stress is also a very important factor which can impact the ultimate
strength of pressure hull. In the residual stress influence analysis, the residual stress’s magnitude is
the only factor in the study of pressure hull ultimate strength. In the paper, the author takes
tangential residual stress as the initial stress and ignores the influence of axial stress and radial
stress. The distribution form and magnitude is adapted from other reference, and then it is
simplified to a certain extent in order to display in the finite element model. Comparing with the
condition of perfect pressure hull without residual stress, it shows that the effect of residual stress
is very small. When the residual stress is 400MPa, the percentage of decrease is within 3%; when
the residual stress is small, its effect can be ignored.

The pressure hull of 4500 meter deep-sea manned submersibles belongs to a spherical shell
with opening, and the structure of opening has an effect on ultimate strength. The ultimate strength
of opening pressure hull is also discussed in this paper. After improving the structure of opening,
the results show that the ultimate strength increases nearly 5MPa, and the result brings about a
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striking effect. The inside diameter of spherical shell of 4500 meter HOV is 2 meters, and the
thickness of shell is 52 millimeter. The result of ultimate strength is 80.27MPa, which means it is
about 1.78 times than the working load. Therefore, the conclusion is the pressure hull has enough
safety allowance.

In the discussion of initial imperfection’s effect on the pressure hull with opening, the author
analysis two kinds initial imperfection. The tendency of imperfection and ultimate strength curve
is same for pressure hull with and without opening. Comparatively speaking, the effect of elastic
buckling modulus imperfection is a bit bigger than the effect of partial imperfection. When both
imperfections exist in the pressure hull finite element model, the ultimate strength changes little
with the increase of partial imperfection magnitude. The influence of imperfection magnitude is
about 8%, therefore improving the machining precision do a lot for keeping reliable ultimate
strength of HOV. The ultimate strength decreases only about 0.5% when the welding residual
stress is taken into consideration. Therefore, we can ignore residual stress’s effect on the pressure
hull with opening.

In the study of reliability, the author adopts and analyzes the dive data of Alvin to get the
probability model for working load distribution of deep submersible, and get other factors’
probability distribution from references. The mean value method, check point method,
Rosenbluthe method and improved Rosenbluthe method are used to calculate and analysis the
reliability index and failure probability of ultimate strength of pressure hull. The results show that
the reliability index calculated from different method has very little difference. The maximum
relative error is only about 5.7%. Therefore, the paper accepts the formula (7-52) as the limit state
foundation, and then uses check point method to assess the reliability index of ultimate strength
and failure probability. The final result is about 6.7for reliability index, which meets the request in
object of construction production. Influence of related factors and uncertainty factors on reliability
is also discussed. The differentiation coefficient of different random variables has different effects
on structural reliability. Influence degree arrayed in descending: uncertain factor of structure,
thickness of pressure hull, uncertain factor of external applied load, inside diameter of pressure
hull.  Improving the machining precision, especially for thickness of pressure will help to
maintain the structural safety. And keep the HOV in a relatively steady working enrivonment will
also maintain its safety.



