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Mises [4] & Tokugawa [5]id, I F:72 10 7 < Ml FRE L 72 #E X &, IZIFFRFICEH L 72,
SHTH, 2o oiER L, BHKHEMSE OV GG I I LT 3
Reynolds [6]1%, VU v Zfifi5s &7 ic ﬁbfﬁﬁ'ﬁv v 7T X B AR D 2T %2 E 8 L < g
Bri, FEEEL X BT 2R %G/, MRS [7]1F, Det Norske Veritas AS [8]IC & 2 fili
WYV IBEET S L %@HH*&@Hﬁﬁmﬁ@f%, Timoshenko » [9]iC & » THREI N
7= A o M 7 oo A S i BEHE B Sk L AoA D 2 &ic X Y, U v R B o R R e A
EHEEX L REL 2.

(2) ##5& > DEEINERE

iR Y v 7 oREE R HEE I B 2 g, IR SRR E R & ik L <
#ﬁﬂ@6ﬂ5-KmmmUmﬁ,WWkﬁﬁuV&@&é&ﬁ@li%#%ﬁﬁtt%a
DREE R HEE X 2R L 72, Faulkner [11]1%, T AV ¥ —kicko & #fe % EH
L, It X 2458 Y v 7 o REIH O R E2 G AL EREREFH T2 L 2 REL 72,
ZoRF, VIHHERGTERE cX (I CTw3. Morandi & [12]i%, Adamchack [13]IC
TREINLEE S B v OffiiEif o E R e s EIcEo %, v 70Xk
FExE&EOHERZIRE L2, 2oL, Faulkner [11]IC & o TIRE S N7z LR o IXER
bEFENTWS, RS [711F, Vv riimifEsz o afiim s rx v e B L, fAke v
7Ot IFRE LTeTALT 22 Lic kY, BEEIEREEE O B 5 HiHEE R % i
K L7z., 2oz, HME & HRHRK R 58 o FERIC IS U C AR o di T RIEE 23 ERR I i g 3
2L WIHIRERMBHT 2 2 & T, IREE & BEENEREOMHAMES R EETh T2

() &AREER
SPEIEIC 351 2 A E R IC N LT, AR HEER L LT b2 DA Tokugawa
[5]1DATH 5. Tokugawa [5]1%, FEJEFREE IS T 2K D G55 L #isEY v 7 OF G50 % %



NZhRD, 2o 0EFH%2 2FEEEE L T 20RO EXHEHRL TV 5,
Tokugawa [S]D R & 121X 3 L 72 #EE X% Bryant [14]232 L L Tk 0, T OXWIHARGHE
FEcEICHwONT WS, 7, ZOMthOET#E L T Flugge [15], Sandan [16], Bijlaard
[17], LA [19], Kendrick[18], KI5 [20]DF%E232 T S5, HTdH, Kendrick [18]DHF
FACH D WKL 20D ICOWCEHHT 2 L, ZOWETIE, ZarF—iKickKko
& RPEE R BT A TR 2 S L Cwvw 3 28, IET 2 MBI E LT, e —
Mgz, MR HEAET 2 REBERE— FbFEET 5 2 & cofmBEmEHER 285 L
Twa. %7, G5 21, AREORKEICEH L, #i7e zAREHER Z$2% L, Bryant
(40X ZHR L HERZREL T3,

1.2.2 RARREICBIT SRR

Y v ZHHER M RIS D Bk SR IC B B T b 8% K fAE L, EEEUBRC BUERH R 28 L
T, BB E 2 5 2 kA T ICBIT 2 &P, 150 N 7fhiRic o e X
DFAFESTDON TV 5, AHTE, FEMINCRIGREICR S K E 2B 25 2 2 YIHAAE
(K172 0 2CIREIET]) 8B L, BRACRIEHEE (B3 2 1ERMI T OB E 2 35 5.

(1) #EAFRE

Vv rfisEM AR, VI DR DR E R KE SR T 5 2 LA RINICHION TS, L
oo T, TORBICET 2RI, % HFTET 5. mASREMIT O =912, W7
DAHTGIREAGE ST 2 FTFEICIIREL ST C3HELEH 2. —2HIC, AR EORIEEICHKD
S b A%EZ D F FH 2 /5% (Graham[22], MacKey & [23][24], Cho & [25], Luo
5 [26]), —oHIc, HHMEEEGMEET > OB NZEEE— FE2HERT 2 5% Luo 5
[26], Muttagie & [27]), =2 HIic, HifiZ X itk E € — F 2 {KE 3 % /7% (Guggenberger
[28], Barlag & [29], F)IIS [30]) THD. ZDHFTH, Luo b [26]1%, HRKMEE% KT 1
KPR & — F O R ICHES WM bAa L, 3RE- R 5 RETCOHEEE—FOELRD
RICHEOKYI7-bAEEEL, GINdE— FROFELREL. R LT, BH=E
—FoHELEDRICI Y, RKREZROZHIIZ L 722, RECGBEEHEKIIEL L RvE L
T\ %, Bushnell [31][32]i%, HEBE— FCToOW-bA 2L CET2EMEL 7=, &
HEE-FIZ, #iR) v 272 T ARBREICK > TR I 2BICER I NP2 A D
HREMNRBKRTH S, FRe LT, BHeEe— 1, ) v 2aismsRE vy, WY v 2l
RO, X VEMELEZ 32BN LT. 72771, BRIKREIC E ORLERE
T3 2 EEAICEM L TuvaZe v, Cerik & [33]13, D 0.5%D K & & C 1 KM EE £
— F2WIHH7- DRIk E 32 2 & TRAEEMITZ FEM L T\ 5. Mattagie [27] d [FIERIC,
HPEEE € — F OWIHA7- b A% W TR BT 21T > T Y, FrCRAREEE I L <
i, 1 ROEREIEE— FO R THRDEHBEE—FbM2 52 &<, EFErbiHs
NEZFHEE—FNL T 2L I L EMHMLTCVS. &b, BEMEOTENERCET 2



M TH % PD 5500 [34]TlE, ¥z AHDKE X IcDWT, JANCFEERED 0.5%A0 &
5 X5 v HEEMETR A EE T A LELRH L EEHEL Tn S,

BHEIEIE, RIECBEZKT X280 R0H 2 2 LA RIIcHo T3, U v 7 i
FIfE L, HRAK 2w il dh o cHfERRIC L, 2 olIfIciiig ) v 27 2B 1 2 B i AE
BexFEMmT 5. Flz1E, Faulkner [35]1F, WA WREIHNIFIC X - CTA U 2ERHEICTI28, 2F
JERTRE 2 KE LR TF X422 L 2L T3, L Ladrs, HECEKFHAEME I,
WoKERVIRT L TREVIRLMENMEH L, BEICH OREN PR EZLN, X
D EHI - EERWN R RAOEEHE RO EZ HiF L T 2 K% <ld, REICH OREILE
JEL 72\,

(2) ERBEHT

WEZSZT 2 Y v 7HisE M R o R CBUEE R 2 F e L, A % §Em 3 2 0
FEIIE S S Efix T3 (FFH S [36], Bushnell [31], Miller & [36], B§H & [40],
Yamamoto & [37], #x& 5 [38], Frieze [39], Graham [22], MacKey © [24], Cerik & [33], Cho
5 [25], Muttagie b [27]). T 7z, REHREEHEET 220D WL O DiGEa — F b HFAE
% (PD5500[34], DNV-GL[42], ABS[43], ¥ X X API[44]). Price[45]¢ Temme [46]IZ,
Hata— F RS OO N RAEBEZ KT 2 2 LI X o THREMREEZ 1T > 72.
L2 AT, BREREKREEROHBED =01, Vv 7R M E®% O AR E) o 2EAH
IRHT 208N H 5 b 0D, BEFEOHETIE, 2hBH3iTbNTwE b Did 70,
DD, TR LR o ERCEEHEXORZEISF ViTbhTunhwn, ZD X5k
WD H, Cho & [47]1, FRIRIREE & MR 50 BE 1 B Do 7 i i HEE A e R L T
Wb, ZOROFID 1 2L LT, RBEFER L OBERBIET 27010, /v 7 XU VRE
CEANTONTEANTA— 2R NE LR T LN, T 5IT, Cho b [48]1F, FERIREE &
F SRR (AAREEE, #i7E Y v 7 oEEIEE, B X CREEE) (1[0 7 R
EREFREL 2. BRICEMBI NS OFEERBE» OB/ O N RKRE L LT, 20
RiF, LLOFFa—F IV IEHTH 3 2 BRI TW 5, 7272 LitEici3, B
MAETROZLWERLD ) v 7 X7 MREHREENTEY, /v 7 Xy REEBRR L 7-
HPALAALCl AT & o,

1.3 ERE - BERREFBOMELARXITOLE

BRI AR D AR % F52 U v Z s PR 230N E % % 5 A, Fig. 1.1 1GR3 X 5 7= lA
WEEZEL 5. 2oL, %L OB T, IROBEZEGIGE/T 2 CHimY v 711 d
BEEINEENEL 5. WiEM oSS KREL 2D L, Fig L1 IR TEFENERE2AEL 3.
Fig. 1.1 TIIAROERIZIZ AR ON AL DD, JAREROSA L iddic, Mk v
7 DREEEIGERE T 2 IARE AR O 285450 H Y, AR PEE £ — FIiZ#R



LFEZTR, Fiz, TANREE, BEREE &b I Y v 7o ERIE, 12ITHR
bz, —77, WK WHITEY v 72 A3 25461C1E, Fig L1IGRT X S ICHiEY v
R ITICEET 3 2 EBEAAE L 5. 2 0Ba, Alss#Eikcd i, Afkicd Hir
BIEHEL DL dH 20, ZTOEIE, WREEO X 5 IRk #E7x5 X5 kE—F&
38D, T, BENWAEIEECRONZ bR b, &FEREE— FIcBEL
Ti, thoE—FLoEEEEZ ZHED 5L, BETOMEI et 515, 61T,
WY YDy 2 7R T T v OREEEE L, IR X R Y v 2 2EY AT R R
D, BEEINEBEAEITT 2720E LB, ZRLDT Ehb, AIFFETIE, Wil v 7o
PR E 2 A L, At & iR Y v 7 0 B ZSTY O % B e L 7= Tl s &, s )
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Fig. 1.1 Relationship between local buckling and overall buckling.
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Fig. 1.2 Graphical notation for shell with outside ring-stiffeners.
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Fig. 2.1 Inside ring-stiffened cylindrical shell under external pressure.
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-5 )

+e”(C, cos Bx + C, sin fx)+ e (C, cos fx + C, sin Bx),

(2.2)
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A5 & x=L12,-L2 OiiE (i) v 700i#E, Fig.22 ZR) TrbAIIFLVWO T, LEE
B, C=C, Co=-Cy &b, L7zHBo>T, X 22) 1%, X Q23) oXHicEHTX 3,



w(x) =— PR’ [[ij —%(Rij ] + Acos fxcosh fx + Bsin Sxsinh Sx, (2.3)

m

TIZT, ABIIMEFETETHL. I bic, x=L2 (WBRY v /il TEbArMAIZo LS
BEREHLY, TEER A BOBERA 2RI 24) 2EHTE 3.

B sin(BL/2)cosh(BL/2)—cos(BL/2)sinh(BL/2) y

~sin(BL/2)cosh(BL/2)+cos(AL/2)sinh(BL/2) " (2.4)

Z O, fIE EEDIERT T, IKE v = 7oEANMBEICEL 2 - ERS 72 ) o—Fk
e £ (Fig. 2.1 & Fig.22 #5) Ic X o TIARICEL 22 AKX, x=-L2 DLIET
F=-Fi2 k7%, i, MRO®AWIIZ, X Q5 oLricEKRFLRTE S,

o*w

* ox’

F=-D (2.5)

x=-LR2 CTF=-FiRTH2Z AT, X 23), X 24 XK 25 »oHE
ERABERDZERX 26) DLIITRD.

2 2
A:%A” B=%B', (2.6)
t t

g
Y

e sin(BL/2)cosh(BL/2)+ cos(BL/2)sinh(BL/2)
cosh L —cos SL

B sin(8L/2)cosh(BL/2)—cos(BL/2)sinh(BL/2)
cosh SL —cos L

b

o, RO ETRISE, R Q27) kR TIENTE S [49].

oy =E—+v—22, (2.7)
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R 7)) 1, X 26) ZRALEFEAMENEZRTA 23) 2 RAFT LT, K
oG HHEERXEZR TR 28) 2E BT ENTE S,

_J?+£&ﬂ(

A'cos Bxcosh Bx + B'sin Sxsinh fx). (2.8)

Oy

tb, X (2.8) ZHWTIAKAEREZEH T 2 &, Pulos b [49]25EH L 7= A $hiE &
—T B RERAL TS, LT, HNEEDZ Y O—RME F & FIC2onTl,
233 THICCELT 3,

f A

Fig. 2.2 Coordinate system with origin at midway between two ring-stiffeners.

2.3 f®) T DIEHEER

AKficlx, iRy v 7o)ehiEEROEH FEICOWTEHHT 5. 231 HB X 23271H
T, v BIUO7 7 vyolohittEXoEHIcowTRL, 233 HT, BNEESZY
DK F & F, DEHICOWTRT,

2.3.1 9D A#ER

Fig. 2.1 IR d Xk 51, v=7icid, ARE v = 7oEAMBICEWTHEED - D
—HARATE F e, v 27 7 7 VY DEAMEICE W THMEIRD 72 ) O —KRETE F, 2
ER3 2. AETR, Fit LEBMMEHALEZE ZDOMRE v = 7OEAIES X Y =7 & 7

11



7Y OBANEBICE T2 Y 2 TORFMIC %KD, 20k, Fi i FHOEHDZOICH
W BN R EH T 5. Fig. 23 AN v RIS RO — A ESER T 2 7 =
TDARXA=VHRIRT, T, PEAHFMOLGITMB OB L Tofr & E L, 7, Wi
HICBWTHETE ARV T AIZ—EL L, FHICHKREZEL TS, 20 X5 REA,
ERE ORI RMBEICE T 2 LRGSR, X 29) okrickRFen
TE 2% [50].

R’ R’
o, =% ;2 [(1——;}1{;1?1 —{1—1—3ij21«;} (2.9a)
tw 1 77 77

R’ R’
o, = 12 1+— |R’F, —| 1+ —=~ |R’F, |, (2.9b)
tle 77 77

Fig. 2.3 Web on which distributed load acts: (a) web of inside ring-stiffener and (b) web of outside

ring-stiffener.

xic, Al E 7 = 7DEAMETDO Y = 7ORETAENM 2 RD 2720, ZOfETDY
= 7 OERFFAIGT LRI %KD 5. K (2.9) =R AT 2 LK (2.10) 1Tk
5.

o —+11 (2.10a)

™w 2

t

w

12



Gp =+ IZ(R;E—Qng), (2.10b)

ZZT, RP=Ru’+RATH 5. Hn<, FAAmOTAIE, X 2.11) oXrickFeRnT
%3,

Eou :%((TOW -vo,, ). (2.11)

A (211 ik 2.10) 2RAT B L,

R’ 2R’
PR | WY Yo e o (2.12)
Et, |\ R, R

Eb. Ao, filRE v = TOEAMIETDOY =« 7TORBEITMENZE wn & T 5 &, T
mOoFaE, R 213) DXkd5IcKT LB TE 3,

W (2.13)

L7z23oC, ;£ (212) & (2.13) BZELWwE T3z 7T, itk Y = 7oEAET
DU 7 DREHMEMEFRTR (2.14) 2EHTE 5.

R |(R} 2R?
mn:i—f{{ﬁ%—vjﬂ—{:joﬂ}. (2.14)
1 1

FREICL T, 7= 775y YDA MEICE T2 EETMERMICoWT, R (2.9) 1Ty
=Re ZRAL, RD7BETTMICH & TGN 2 211D AL, BEAROTHEZK
D5, FNEFEAHAOT S cpu=wi/Re BDELWETBILT, Y7L 75V Y OEANE
BT PR MEMERT (2.15) 2EHETE 3,

R.|(2R? R}
wy =t —* "R —-| S +v|F | (2.15)
Et R, R,

13




2.3.2 25 00D NHER
KIETIE, Fig.24 10 X9 WM EAED 720 O—KARMAE L 2AMEHT 2 7 7 v P D fH
Fae &Sk, FEGEN BT 2. 9, RGN (2.16) 0 X ) icke 5.

O :ER—, (2.16)

TTZT, 37 7 vV OEBEHAENTH S, 77 v OWHEEAEL W ERKET 5
&, Fig.24 il 21020050, X 217) 0LHCRTEnTE S,

20, 4; +2R.F, =0, (2.17)

TIT, A X7 I vV oOMERETH S, Lo, &k (217) kX (2.16) ZRAT B C
cickh, 77 vy ERTR (2.18) 2EHTE 3.

__R’F,

Wy =— . (2.18)
EA

f

Oop Ay

Fig. 2.4 Flange on which distributed load acts.

23.3BMNMEARH-YD—HKBREEFN & LOERE

PR 72D O—RAE F & R 28HT 5. 3, =277 7 vV OBAMEI
B 2R AEMERTR (215 &R Q18) BHELWwWE T T, &R OBRRK
#RTHX (2.19) ZEHTE S,

14



2
F, = 2R, A, F. (2.19)

©FRRI+A (R +VR?)

e, ke v = 7oBEMEICE T 3R FMEMER TR 23) &KX (2.14) 28%
Lwed e, FIcBAT3R (220) 2EHcx 3. 72720, X (23) 1%, x=L12 O}
B (Y v IE) BT AR REMNTH B,

(2.20)

_ 1 sinh BL +sin SL
}/_EcoshﬂL—cosﬁL’
o AR’R4,
t,RRF A (R} +VR])

mEic, X (220) 21X 2.19) IKRAT R eTcRBkES. IHICkh e L% ko
HEERITRATNE, BICHED PR TE 5.

2.4 HERREARERBIMEROLE
PSRN 2 FEME L, RER ORI ARG L7z, B T IORS

2.4.1 BERERBHETIL

BEEN R D Y v 7R s DA E % Table 2.1 ISR T, AWFFEIC BT 2 KD ~HE
1%, Yamamoto b [37]3HEIEEAER % FENE L 72 RO FAERIA % S ICIRIE L 72, Yamamoto & (3,
I HoWRY v 7% RHA L7228, EREOEEYICAERIN T2 01d TRE®RY v 27T
HD7D, WiEY v roNER, RS [7OfRASFICL GREL . GFETIE, v
TEE Hy DREAEY v 7 2T 2 HAICH 5720, Z DA% 40 ~ 90 mm DHiH T
Zlex 4, raEML7Z. Yv 27 EIZ206GPa T, K7V vHvIZ03 TH5. i
ICB T BISSIENT X, HEKD FEA = — FT® % MSC. Nastran2017 % W THEST L 7=, Fig.
251%, EATED FEA €7 02", Sfiimiy s VERZ[FHLC, BFFMICHMY ~

15



SRR LD 12+1+12 OHifH, 7=, —Baoze7abL7=. BESENL, FHHIC 360
g R Y NEIC 28R, v I SEEME, 7o v Iic2EEL L.

Table 2.1 Dimensions of the analysis model (unit; mm).

R L t Hy tw Br tr
490.0 163.0 9.0 40.0 3.0 20.0 6.0
(a) (b)

g
e

Fig. 2.5 FE-models for basic dimension: (a) shell with inside ring-stiffeners and (b) shell with outside

ring-stiffeners.

242 RAFH LESY
BRI, ETM (Fig.2.5 DEHIR) OmisE (Fig.2.5 O _E T IS #gett, A
(HEAMEMEZEH &2 2550 KRFAREME ke R 2 5&4F%H L, 35 FmOREF
AR L2, & 500, e v = 7 OEAME O BT AN % — MR L 2. sk,
1.0MPa DAMVEMMEH T % X 5 ic, IRET O &, &% O il ic 5 < 5 FakE (72
7L, £FMbARL) ERT 2EN0 OEMERE (Fig. 2.1 IS8T No) dEET 5.

2. 4.3 FEERREL

FRAILRS SR % Fig. 2.6 1033, ek & L T Det Norske Veritas AS [8] CEZR I N A HEEX &
DIEDHAITH. £/, Atk e v = 7 OEeEAE, WmY v ZhRAE, 53X 07 7 vV
BICET B OH % EM L 72, Fig. 2.6 D, 77 @& & v = 7IREDL, #tl
1%, & FEA SR clEXITb I N-HEETH 5. HlhofE 1.0 23, HEEME L FEA #ER 23—
BTz ezkd. Yloic, ke v = 7OHEAMEICE N T, $25 L 72T R D
DT EICHHEER DAL, FEA fEREIEFHIC—HL T2 2 LR TE 5. fliim)
VI BEET 2YAa QAR O BT IS, MY v SRR EISH 0% X TR0 7
O, V7 mI R b L ENZT 528, REXDOHEIEMIL, FEA R OMEN % IEAEIC

16



2 T3 ZEERTE S, —7F, DetNorske Veritas AS DHEEfE X, FEA FEHE & 0=
DK SWIEETH 5435, WHNY v s s oz nZnics R UfEL 72 5729, FEA
iR DMEAZIEZ 2 Z B TE RV, $7, BOEIRE LR 23 EBMENIREL > T
Wao RIS, fIRY v IR IEIC B W T, IREAOHEEM L, FEA fR L IEFIC—
LT3 ZLWEZETE 5. Det Norske Veritas AS DHEE E X, Litofim) v 7 fi@ElicEs
J B L IRITR LT, AN Wb oD, WY v HisER7 T FEA #iR L D K&
EL, A v AR RS CHEEL Tw B, RRIC, 77 vOMBICELTRER,

IO ZEEETHEE ST 2 2 L3 T, RE I%RERIETH 5. —77, DetNorske Veritas AS
DOHEEMIE, WY v 7 isa i E T FEA R LV K& AR Y, Mo kE kb
I ERAENPKELS o Twad, Lo, RERXIL, Vv 7lisMExRo 2 £ I F 2fE
TGN ZEEETHETE, W) v 7ilis i RoE IO G L2 TH 2 L F R 5.

(@ 1.15- (b) 115

—e— : Conventional formula —e— : Conventional formula
—a— : Proposed formula

1.10 |- 1.10 |-

1.05 |- / 1.05 -
o

—a— : Proposed formula

1.00 fom . . . 1.00 s . - -
OFea OFen \\
0.95 |- 0.95 |-
0.90 |- 0.90 |-
085 1 1 1 1 ] 085 1 1 1 1 ]
10 15 20 25 30 35 10 15 20 25 30 35
H,/t, H,/t,

(1) At a joining point between cylindrical shell and web

17



(@ 115 (b) 145
—e— : Conventional formula —e— : Conventional formula
110k —a— : Proposed formula 110 L —&— : Proposed formula
1.05 |- 1.05 |-
O o
1.00 e et 1.00 - - .
OFea OFen —_— .
0.95 + 0.95 |-
0.90 + 0.90 |-
0.85 1 1 1 1 | 0.85 1 1 1 1 |
10 15 20 25 30 35 10 15 20 25 30 35
H,/t, H,/t,
(2) At center of stiffener spacing
(@ 115 (b) 145
—e— : Conventional formula —e— : Conventional formula
110 —a— : Proposed formula 110 —a— : Proposed formula

1.05 | // 1.05 |-
o——””—.———.
o o

1.00 = = 1.00 3 . . .
OFea OFen
0.95 |- 0.95 |-
0.90 |- 0.90 |-
085 1 1 1 1 ] 085 1 1 1 1 ]
10 15 20 25 30 35 10 15 20 25 30 35
H,/t, H,/t,
(3) At flange

Fig. 2.6 Comparison

of circumferential stresses obtained from proposed formula, conventional

formula, and FEA: (a) shells with inside ring-stiffeners and (b) shells with outside ring-stiffeners.

18



2.5 HEm

RECIE, IVEARZT 2 Y v ZHiEFIEB o U<, A DA o wip MR TR EE 72 & O
RiBEZERMET 21CH 7 ) BE L 4 2 BEAAREROICHHEERZE B L. Vv 7l
BARIREZER, 77, BXOET7 IV ICnEL, KEMicEs T EAE F & B2
TEFT 2 EIEL, b, ZNo#asitz#H s 2 LT, &M@ s oftE=x
R L. UTiIGon-Elsnd.

L RET 2JCHEEXDEIL, FEARTREIFHIC—EL TH Y, FE 1% K THETE
TE3. E7, V=T7mIPRAML L ETOREEMETCE .

2. kA & L T 7z Det Norske Veritas AS DHEER 1L, HI3BERE LSRN 2HEET
E535DD, V7 EIDBKELLBZIZONTERENKELL RS,

3. Det Norske Veritas AS OHEER L, WY v 7HisE AR 0B EZIEL CFHET % 2 & 28
TEVR, IBERL, CbooRIcEw T B2 EECHEETE 3.

19



FIFE HIERMEEREREE

3.1 #E

KBTI, WVEZZ T 3 Y v IR ERR O R (AR B X OR Y v 7 o REE
MR DA ) SREHEE R AR T2 L 2HME LT, 2200 T AEREL TER
bz FEfis 5. 72, ERMECIIERMLOBRICER I NTE 2, v = Z7IET 30670 (E

IR RIGH) OB O OWTHHTET 5.

32HiTIE, BETADERMEAFEICOWTIHRRE, —o2, JAitkE v = 7o%E % 1Fh

Bz, lh)Re LCRELET 7Y V8, 20BRTLHFEhEET L ()R
), b=, il Y = 7 eikE LT #y, mArFRicEo W, XY EE
iR ERT 22T (ETLV) TH 5.

33fiClE, RERDIEE L, FEARER & OHKAZB L CTHEET 2. £72, 32 8ot
BB LT, Y = T ICER T B IR 5 7 5 BB TR 5.

i, RECTHANZHEFMCHD CRERL, 5 5 HORHEEIE % £L 5 Bé ORI
HEEICBNTHW 3

3.2 SRV DR HEE X

AWFZETIE, 2 2DMEEREIRE T 2. —2HE LT, FhckFInzhygerro
T7u—FIcEONWT, HiARERESS. co7Fue—F% [ RETFA, T2
CBM (Curved BeamModel) | L MEXRZ ST 5. I$RTHFF I N2 L CBEJEEE % #E
ET BT 7m—FU%, WiRY v 7 oBEINEEICRET 2k CIA I TE Y, AR
o [TOWIETHOEHHINT V5, ARIFFECRET 2icix, RO OWETITERINT
Wz, PRI L 72 E XL L R Y Wl o Ern &, OB ESWIE, FEA B
LJUHEL DXL DIRIC X - CEHilicE 5. 72, oz, BENERERE D H % HEE
THILNTESL, 2 LT, ZOHIZ, Fujikubo & [S1|OWFE%ESHEICL T, VU v 7 H#li5EM
IO & v = 7o EEEE %, MfEERkEET2RETALL L TERLT 27 70—
FaFZ, SHET Y v 7 s o I8 E 8 EE 35 X ORI U e 58 B o 37 L EE =X
ERET S, TANVF FRICEDSWRENTERZRMN L, BIERIC 082 ZET 5L L

bic, AR & BEEINBER T OB 2 ME L - 2B EFERT 2. co7 7 —F%
(e 7, F721Z FSM (Full Shell Model) | &MERZ LT 5. Z oAk, MbkEEH
I X OREEIN R 2 SREEcHEE TR, PN v oiEs o ic s d 5 2
EINTE D,

20



3.2.2H#AY2EFJ)L (Curved Beam Model)

o REETLICENT, HiE) v 707 7 v EREML R EEET S, fiim) v 7ok
FINERIX, 207 7 vV OROMERE Rixdh, fiigY v 7o v « 7 & AR o il ik
J& Uzl s L O EERITRIC X > CTRFF N2, TREREZ, gABheiiFE—X v+ 28
V7 DR (77 vl OEANE) KFHT 5L EDbALi-bAArbEtHEHT 5.
ZLTC, NEE=AV D20V HWLLEMT 7 v ikt 3 287 2B #EE %8
W32, 2T, MENEREEERE I, MET OV v 7 s &R oA BT 2 T
FIGHAS, ERHFE7 7 v ROMERIGTIGEL - XOBE L ERT S, LT, B
JEIGHHEER &5 2 BCHKE L7 7 v PRI IHEERAREZE L vwe+23 2 T, #
7 s EEE R E X 2 B T 5.

(1) 2YUELK

JEMEISIE, Fig. 3.1 WCRT X9, Rzt 77 v IffHT 2 g, cod
EoBh7 7 vy oEEICH EERET . X (3.1) 1, Fig. 3.2 ICRTES Redd D/
TRICETIWH N T—A v 02V H50WERT. KX GBla) Bz HADOTDOYEVE
. —H, HiFe—2 v RV =2 v ML, BUNEE QST AL E SRR 1 0
T—AvbeERAAOE—A Y iR TE S0, X (G.1b) X, ERAAOE— XV
FoohEWERL, R Gle) I, EHRATMOE—X Y FOD)AEVERT.

2
Lo s o4 5_2”, (3.1a)
R, 00 R’ 00
L(aﬂ—r}p, (3.1b)
R\ 00

2
i(a_T+Mj=k¢¢+O'1; o (f, (3.1¢c)
R\ 00 R’ 00
z T,

EI (0*w
M=-—2=—Z+R¢|
R’ [aez f¢J

T=GJ(6¢ 16wj_EF(63¢ 163Wj

R \00 R 00) R’|\06° R, 06°

I=1+1,

21



]z_ s
12
’ - 2m—1)7zB
J:ﬁ 1_¥t_f Stanh( m—1)7B, ,
3 7 By =" (2m 1) 2,

_ thBfS
144 °

wid z FRZERL, IR A, FIZEAR, MiziiFE—2v b, TEREYE—-XV },
o [ FIVEIC X o THI R Z SN2 AT AEMICH, ke & kglTTEZAL & BIERICEES 2 134
ER, G XRAWBERB TS 2. £z, v 7 F v O ER J OEEREN 3.1) T
i3 3. 2L, B/t DELERII/NI W T F v %N RELTWEEDTH S, T
E—AVEME, FERICK o TRET 2 PENADORAIC X > TH FRZ T3 TR
FHOW b &H, RYE—AV TR, BlLAREFREL T B0 2 LI
Ko THERINBIRY MITHIGT 20 b &0, ZLT, wBXUgIE, XDX 5 IBET
%,

w=w, sinnd, (3.2a)

¢ =¢,sinnd, (3.2b)

n \ZREFAEREEETH S, X 33) 1F, X 32) 2K 3.1 AT I L cEB T
3.

Er
{n“ (Ely + K ]Jr n’GJ + Rk, — anszfO':| w,

f

(3.3a)
_|:n4£+n2(EIy +GJ)Rf}¢O :0,

f

{n“ if]; +n* (EI + GJ):|WD

(3.3b)
—[n4 EL +(El, +nGJ )R, + Rk, —anfloo':|¢0 - 0.

f
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, --_h__ _________________ - \_'\/_/
-
RS
' k¢ uu"!’@e,d.g\g
7R, 1

Fig. 3.1 Circular flange supported by springs under compressive stress.

oM
R:00

M+

R0
Rdo |

Fig. 3.2 Element of length Rid® of circular flange.
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(2) IXhEH

EREB k& kg, 77V LY 2 7OEANMBETOEAMN L 72bA, BIUHT=E
— AV bl bAAOEBRrGERTE. 2o 0BBERIT, RokoicRT LA TE
3.

kow=1, (3.42)

kyp=—m, (3.4b)

ZZT, f&mld, Fig33@TIREE N AN D EHTFE—A Y FTh 3. ITREKIL,
7L —LiEED DAL bAMP LI NS 2 (Fig.3.3(0)), V= 7id F—FYAoH
WTHLENET D, CDOLE, bAhlzbAMIZ, ROXICEKTLBTES,

w=y f—y,m, (3.5a)
P=r.f - 7sm, (3.5b)
ZZT,

¢, :%[qz —(1+ 2logq)],

N | —

¢, =_[(1+v)q (1 —v)l},

q

¢, =

NI

[(1+q2)10gq+1—q2],
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dl

sin’ (ﬁ) +sinh? (ﬁj,
2 2
d, =sinh (ﬁ) cosh(&j + sin(ﬁj cos(ﬁj ,
2 2 2 2

H=|R.—R,|.

Ry~ DEWHE 1 HIZY = 7O 2R L, 62 HIZARKOED 2£ . 1T0EK

X, X G5 ZremicBALTEFL, X B4 KRATEZLICE>oTRD XS ICEE
T3 LNTE S,

1
b =, ~ 8, (.60

o

K, - —¢i(u2wo i), (3.6b)

o
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(b)

Fig. 3.3 Model for formulation of spring constants: (a) assumed tripping buckling deformation of ring-

stiffened cylindrical shell and (b) direction and rotation direction of deflection and deflection angle in
flange.

(3) HEBINEEJE & E H#E
KX 37 1%, X B6) X 33) fRAL, BETHZ 0L T2 L CEBTE 3.

P~ X0 P
£s —Ps T X0

I
L

(3.7)

g
Y
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o= 114(E1y + ii}+n2GJ+,ulRf4,

f

El
p,=n' = n*(EI, +GJ)R; + m,R;’,

f

P =

P
R,

EI
py=n*=——+(EL +n’GJ )R + iR,

f
= anszf’

7, =n'R.,

o

R 38) WRTHEAERECHHEERIZ, X 37) 2 cickoTERE T 3,

Z17(20-2 _(pu% +,04;(1)0+p1,04 - p,p; =0.

(3.8)

ZLC H2ETEBLAAETO ) v i@ mo 7 7 v o o AT e (L

(2.16)) &3 (3.8) DEEICHHEERBFEL WE T3 LT,

mEMEX 2T 5 2 LA TE S,

/'1 =X X2
B=—(px,+P.1),

C= PPy = PP

27
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3.2.34RET)L (Full Shell Model)
e 7ok 3 BRI E R, =0 ¥ — IS E, IR E Y x 7 OERFH %

WoZI L LCiez, @Y R B E2RES 2 2 LTS 5. ZoRi, MR RE
LIRS O (M DyeRmdEk) ZHEETE 5. 2 LT, LidothRET L
52 2A[ReED H 5% K DIRGED T CEH X 23,

B

icHo HEERIZ, ROKEE ICHE
AKIECHHAT ARETADT 70 —FTlE, ZOREDEEFHOT I ENTE, X FEHE

WEWIRRAZEE T L2 TE L X 51Chd. BARIIC, UTD 2 DDRED, RKET NV
TR IS, () ARE Y = 7o Z, 77 v 2T 2 3hRE LTRET %
e, @ MRE Y =« ZICERT 2 RAMIS N 2T 2 2 L. DUMICEEGFEICOWTE

Hs 5.

(1) ZHIEa%k
itk & v =7, B8XU0v27b 77 v YoRloEAGMNE CHEALM M- X 5 ICEN

BB ES 5. 2% Fig 34D XS IRET 5L, RDOXHIICKRFT LB TE S,

u=4 sin 2 cos no, (3.10a)
v=B, cos ™ sin né, (3.10b)
w=|C, 1+cos% +C, cosﬂ—g cosnd, (3.10¢)
L L
(3.10d)

u, = ¥D,(R, =)' + D, (R, 1) % D,(R, ~n)+ D, |cosnd,

2T, u, v, BIWwBETIR, AR, BICEEHARMLEZEL, uy 3V =70

EAVERL KL, 3 REEAXTRET 5. £/, FEFAELM witE T, G5 1IHIZ,
MR & v = 7 DA E CORE L & 2 A 2K L (Fig.3.4(a)), 2 HIFHEMFrL k2

E%#KT (Fig. 3.4(b)).
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z/lW
‘//"\\‘] C +,/’—T;7\3/% G,
L ~—}1L —
n n
L& L -%u
L§

Fig. 3.4 Assumed buckling deformation.

(2) BREHE
UTICRTERSEZ, AR v 27, 3L 278 75 v oA EICEHTT 5.

Z oFE, FfEIIRICIG L 728 L e 3 5.

b1 AR E 7 = T OEANIE IC BT B BRI IEN 0S5

145237::u“¢n:Rm, (3.11a)
2 AR E v = 7T OEEENEIC BT B 72 b A A Ok
owl o _ouy | (3.11b)
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=0, (3.11c)
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El
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D, =4, (3.13d)

Q) EREAREHTEX
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vrowiEARoGe, X (G.14) tREInd. 2ol HFERROMENEEIND. kb,
Y v iR 0gE, X (3.14) OREITROMESHEIFD Ry 2> 5 Ry LZEHICTR 5.
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1
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RJV(:Jﬂ7—K¢U¢—v&ﬂ

b

2R *4
Fzrz 5 m f2 . E/
1%RJ§4nQ(R2+VRI)

AR D J& 7 T N T Nos 13, BFHRMEIC X > TS 228, KIFFECi3mEm) ~ 27
RhdfiiE (¢=0) oficfiEdes. 2L C, mMET V¥ LI AANF —OFHZRD
Lo ICEMT 5.

o _, o on_, on

R _:0, il ,
o4, aC,

= =0. (3.15)
B, aC,

b

A (B15) 2P v 7 AFRICT L ROAPEHTE 5.

@ —P¢, ?, o, - P, @,—Pg,
¢5_P§4 (ps_Pé/s ¢7_P§6

@ — P, @y —PC

Sym. @0 — PCy

(3.16)

DO = x
o o o o

KX (B.16) i LT ffLEAEREZ M E, BRI X (G.10) ©n) JEic P&k
0, N 75 B DA R 5 X OB EAUERE Pay TH 5. K (3.16) OB gi B
LG OFEIE, fHEk A RS

3.3 HERELAREEMFTEROLE

Afficld, HEXDEE LIRS 2 720 ICHEEE & FEA fERZ T 5. R L h 2 H
AFikix, 241 HTOGHHEEROREZBELEL ZBoREAKET AL LRI THY, 22Tl
L, t, Hy, BX U BrDfEi#ZHE L, MSC. Nastran2017 % fii [ U C 5Pk A8 [ A B 3T % i
L7z, NRE L7~E% Table 3.1 1T, FEARSIED Case 1-1 2K T, BHRFMFZFOLKSE
i, 241HEFILTH 5.
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Table 3.1 Dimensions of analysis model for parametric study (unit; mm).

Case R L t Hy tw By te
1-1 490.0 163.0 9.0 40.0 3.0 20.0 6.0
1-2 490.0 163.0 3.0 40.0 3.0 20.0 6.0
1-3 490.0 163.0 6.0 40.0 3.0 20.0 6.0
2-1 490.0 163.0 9.0 50.0 3.0 20.0 6.0
2-2 490.0 163.0 9.0 65.0 3.0 20.0 6.0
2-3 490.0 163.0 9.0 70.0 3.0 20.0 6.0
2-4 490.0 163.0 9.0 75.0 3.0 20.0 6.0
2-5 490.0 163.0 9.0 80.0 3.0 20.0 6.0
2-6 490.0 163.0 9.0 85.0 3.0 20.0 6.0
2-7 490.0 163.0 9.0 90.0 3.0 20.0 6.0
3-1 490.0 163.0 9.0 40.0 3.0 9.0 6.0
3-2 490.0 163.0 9.0 40.0 3.0 30.0 6.0
4 490.0 326.0 9.0 40.0 3.0 20.0 6.0

5 490.0 163.0 9.0 90.0 3.0 9.0 6.0

3.3. 1 HREZMBIM LIFOoNLEEEREE—F

Fig.3.5 1%, FEA IC X o TS b0 25k EEE— FZ /"3, SB, TB, XU LW X, i
JEJEE— F, BEINEEE—F, 53XV = 7OREEEE— FZ/R3. Fig 3.5(a), (b) IR
T XY = 7E S BHEBIR S A, BB E 239617 U CHE4E L, RS (AR A
LKL CHAET S, —J7T, Fig.3.50c),(d)ICRT X 5 I1C Y = 7 SR E WISE, N
U v iR TR — F oM SRR S, WY v AR, FEEERANE O
LEMENERESEMCEL, KELARBZICONTY = 7O [MERERE — F3fHAGb X
3 EDMERTE D, Y v R TR, PR EEDYN & v & E A E 25 R Tk
U, REL h2iconTitEEE— F23fAGDLI D, IHICKEL 2 LHREREL v
= 7 ORI T — FOfflhdbe s, /2, WY v co R, BRI 0
LB E—FBFRETZEPHHL 2. 2 LT, KIFFECTENME L 72 FEA O ~Fk#EIPH <13,
v = 7 D R R A R/ ME & 137 & T b o T2,
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(1) TB (n = 0) (2) TB+LW (n = 7) (3) LW (n = 9)

(1) TB (n = 5) (2) TB+SB (n = 10) (3) SB+LW (n = 15)

Fig. 3.5 Elactic buckling modes obtained by FEA: (a) Case 1-1 with inside ring-stiffeners; (b) Case 1-
1 with outside ring-stiffeners; (c) Case 2-7 with inside ring-stiffeners; and (d) Case 2-7 with outside

ring-stiffeners.
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3.3.2 F5EWREL
AIECIE, FREXDKHEMEEZ T L 2R 2R3, ¥1oic, i RET vickko
ZTAOFERZRIL, RICHRKETMTE D CIRERXDOHEREZ RS

(1) HYEETIL

Rrrrick VERML I Nz RERX e, FRS [7]0BEE 28R 58 L HEE K0 5k 5
iz PRI SR Ot/ IME (B n 2 2L X 2 7256 o/ME) Dk % Fig. 3.6 IR 7.
FED LA L LIRS /NE REEBEIGEL GG ICBESECL L x2Ex DL, £
DIEEZTEL T CEPEEE AL, KX, 7 7EI5650~90.0 mm T, #En
VEJE 25 AR CRAET 2 A DR TH 2. 2 LT, M, Y7 EE 2 Y = TIRECHE
KItfb L 7=, #Ehid, %7 = 78 & T FEA #ER oMl (RIEKEEEHE) T
NiEERT. L72->T, #tflio 1.0 28 FEA fERE2FRT. fRL ok, WY v 74
BITROMFICENTY 2 7EINEL R BICONT, FEA XV b KESBELHEEL T
W3 ZEATERTE 5. WIRAIC, IREKXOKEIX, V=7EmI o2 IcBfRa—ED
FECTHY, MRODOADMEE Y /NI CHEEL T 5. #REX L AR O DK L& DiE T,
MfERICh o728 e 7 7 vV ORIV MEOFZ R B EEN 2 0B TH L7120, i
o DSREEI N RE OHEE IS B 2 G 2, HEEZ/NSI ST 2MREF> L wH T L
L7, 2o, BEBEOHTICEETH B2, WEeEFTricksERbick
WThEFN T L, BZERE, WY v 7aiEi s CERBEICHE 2 #HEE TE 223,
A v ZiEIT TR 10%DREL D 5.

—~
QO
—
(e}
~

2.0 2.0

—o— : lzumi etal. (2015) —eo— : |lzumi etal. (2015)
—m— : Proposed formula (CBM) —&— : Proposed formula (CBM)

1.5

Tripping buckling strength
(non-dimensional value)

Tripping buckling strength
(non-dimensional value)

0.5 05
0.0 ] ] ] 0.0 1 1 ]
20 24 28 32 20 24 28 32
Hw/! tw Hw [ tw

Fig. 3.6 Comparison of predicted tripping buckling strength with that by FEA for each web height: (a)
shells with inside ring-stiffeners; (b) shells with outside ring-stiffeners; and Hy = 65.0-90.0 mm.
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R 3 RS B n 2R U, #iCh 2% FEA #§5 O f/ME CHEXRTTL T 7=l % Fig. 3.7 ITR
T REXEHRSORIL, n=1¢ 2 TIEHICRZCMEZMEL, WY v 7rilimsiR
Ebiin=02,7%5%E—F (Fig.3.5(c)-(1) ZFoREEELHET L LiFTE Rl
DHEBAL 72, L7zpdo €, BETMCED CRENL, 5 0ICHEEVSEE R % #EE 3
52 L ICRTH B, IEMEAHEEIIREECTH 2 L EZ LN D, RENXD FEA R OMH
FARAZDZENTERVEEBD 1 2L LT, AlE Y =72 Ehe LToAERLI L,
INOIERT 3T OFENERINZ 20 EINL S, L2 > T, ME%IEHE
CHEET 27201013, TNOOFELEETILERDL EEZLN, RIZ, TNLDF
Bravie 7 vicE o CIREA DR ERMGEE % EE L 72.

(a) 50 (b) 50
\ © :FEA (TB) | © :FEA (TB)
! < 1|FEA ,(TtB+|S?2)015) | - Izumi et al. (2015)
\ ——llzumietal. | .
o 40 ! — : Proposed formula (CBM) o 40 | — : Proposed formula (CBM)
> >
£ \ £ |
o > ! o > |‘
cC = c =
o g 30 o g 3.0}
® .2 % .9
(2] (2]
IE T TE T
3 3
[ c
2 104 o 2 10f
0.0 1 1 1 ] 0.0 1 1 1 ]
0 2 4 6 8 0 2 4 6 8
n : number of buckling waves n : number of buckling waves

Fig. 3.7 Comparison of predicted buckling strength with that by FEA for each number of buckling
waves: (a) shell with inside ring-stiffeners; (b) shell with outside ring-stiffeners; Case 2-2; R X L x t =
490 x 163 x 9; Hy X tw=65 % 3; and B¢ X tr= 20 x 6 mm.

(2) |wRETIL

e 7 ic ko CREN & ek o b % Fig. 3.8, Fig.3.9, Fig.3.11, Fig.3.12, HX O
Fig.3.13 1284, €k & LT, Faulkner [11]OEEINEEEEHER L, FRS [7]1DMAHK
Jo8 e 7 P A 7E 3 & A B B AR HEE R w7z, s oRd, BB o TR STl 1
WHND T ERS N0, FYREIRE L CGEAR. ok, AIRLORXDfHEIZ, 220D
X oBEONIBED S /NI WEEZRT.

FASHE (Case 1-1) BT B HEE% Fig. 3.8 1IC/R"d. O~ TIE, FEA fER O R/IMHE
X, WHLY v i A RE A B Wi EEE— F2R L. 2 LT, WY v 7lisssa R
T, BEEE =5 U P CBBINEEE— F2R L7z —J, 2 v owisscid,
BN — F & ARER € — F oflAaGbE B EERB n=8 M TREL =, &b, 4
U v g ClE, n=17 TO FEA ICHHEAEZ RO 5 2 LR TE b ol BE
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NIRRT, WILY v 7m0 E I BIfR 7 <, IANREIE I % JEH 1 IEME I HE
ETE B LM TR . —J5, BEEBHEBEICRL T, flR 5 DxH X U Faulkner D
Kk, WY v 7#lisE D FEA fEROMEMARZ 2 2 LR TERWI LR TE S,
i, At e Y = 7DIENTEELZEZERBL T W HTH S eEZ LN, MARIC, E
i, FEAFEROMHEAZ EHICIRA S ENTETCNS, T RTCOERADE n=0 & 72 2
FINEERE AT T3 2 i3 cE v, B#LR3, v = 7IcER T 3 EE mfﬁ@%ﬂ
ERBLTWDE720, n=0 TOMETHAAEEIC KR > 72, 333 HICHHMAERT
ﬁw(,ﬁﬂmn@%wa)@vlfaémxwéwﬁ%Fga9m%?gmA%%®%
/ML, WAED v oaE s il 7 CREI VB — N 2R Lz, Sh Y v sisE Tk, BB
JEHE n=3 LT D5, FEAMRIZADEGMEZRL 2. %7, MENEEE— F O
BNAY v riss T c R Y, WY v IR T TR B R 70 1% & FEA #5 3 1T
INE 720, Y v s Tl oo s R oz, Zhid, v = IR T %
F R DIEEEIGI 2, WY v i A cRr -0 FE2bNE. 2F 0, N) v 7H#
ﬁﬁﬁffﬁﬁfﬁkﬁé@ XL, Y v s 35 lE & 2 % (Fig.3.10). AR L 72
, AV v ATl n=0~3 CHOBEHREL 25 L 2R L TWE, i

X, v ZICHERT 2R A MG D5RICAR 2720 EZ LN TES. Lzio T,
X (3.14) DY = TIERT 2 F BT FICHE Ny # IEL K BET 2 HERH Y, WY v
o i 7 2 77 o B R U ﬁﬁ%%%bfm G, ZOIENERET & TlERw
EEAD. 333HICFHMAER%

(@)
4.0
© :FEA (TB)
o : FEA (SB)
<& FEA (TB+SB)

’%? oL : lzumi et al. (2015)
%c_g — : Proposed formula (FSM)
c .

o = :
2 0 !
® -5 20} .
(@)] c \
£ o
X< E :
(a8}
8 1.0 |-
£
0.0 L ' ' :
0 5 10 15 20

n : number of buckling waves
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P
(o
o ——
N
o
1

O : FEA (SB)
o : FEA (TB+SB)

w
o

— : Proposed formula (FSM)

Buckling strength
(non-dimensional value)
- N
o o
1 1

0.0 1 1 1 I
0 5 10 15 20

n : number of buckling waves

Fig. 3.8 Comparison of predicted buckling strength with that by FEA for each number of buckling
waves: (a) shell with inside ring-stiffeners; (b) shell with outside ring-stiffeners; Case 1-1; R x L x ¢t =
490 x 163 x 9; Hy X tw =40 x 3; and Bf X tr= 20 X 6 mm.

—
)

4.0 ~ .
i © : FEA (TB)
o : FEA (SB)
¢ : FEA (TB+SB)
n vl : lzumi et al. (2015)
C S 30|
= g —: Proposed formula (FSM)
o
17 -%
£
x £
59
m c
]
£
0.0 1 1 1 I
0 5 10 15 20

n : number of buckling waves
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—
(o}
N

4.0 -
© :FEA (TB)
O : FEA (SB)
<& FEA (TB+SB)
) ~ 000000000 T . lzumi et al. (2015)
- S 3.0F )
= <>U ——: Proposed formula (FSM)
5¢E
0 ©
g'a 2.0 |-
c
S o
x £
39
m
g 1.0 |
£
0.0 1 1 1 I
0 5 10 15 20

n : number of buckling waves

Fig. 3.9 Comparison of predicted buckling strength with that by FEA for each number of buckling
waves: (a) shell with inside ring-stiffeners; (b) shell with outside ring-stiffeners; Case 2-2; R X L x t =
490 x 163 x 9; Hy X tw =65 x 3; and Bf X tr=20 x 6 mm.

Outside

Lateral pressure i
< N

Axial pressure Pl

iy

l \\\ E E
: ‘\\ : E
! Inside
n | i
Le ;

Fig. 3.10 Radial stress acting on web before buckling of both inside and outside ring-stiffeners.
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90.0 mm (case 2-7) OV = 7E I ICHIF 3 L% Fig. 3.11 1R, #ENEEET—FO
FEA #5 R OfHERNI, Case2-2 DEALIZIEFR LU TH 55, BHEEB A 2’ KREL DL, Vv
7 DR EIE 2SN Y v SRR R CRAE L. WY v oiEs R s v T, REAX o
fE2S FEA R & —E L T AR TE 5. CORKIE, 7 = 7 DM uy, 25 =
REHEA L LUREEINTEY, ZOBRMCIIBEEAEZIEMICRT LN TELRWZD
EFEZLND. 2L, v 7EE 90.0mm FIEFEICE L, IERENTH Y, Table3.l IT/R
TR OSBRI <X, v = 7 OREREEERE 23/ IME & 1378 & 720> 5 72729, FIIHERE
KEWTINEZEETIHLEIRWEEZONDS, ZOE—FiE, ) v 7 icsy
THREL D, AREEE— F2laaHLE Y, 220, XEWTH o772, IRERITIE
MEICHEE CE T, wic, PANY v 7 iiiE s Ko7 s w e, BEmEHE®R
EEEREICHECE 2 L AERTE 3.

77 v VE9.0mm (Case3-1) DA DHIKE Fig. 3.12 1R T. 77 v VIEAEAR % X
D D ECES, BENEEE— F2RNIY v s oM CXER L o Tl b, Z
DETNADL I, 77V IRPHBHI/NS WA, 72 7EIBZTIEERE LRSS
T, FEA TR LN -m/MAL, MEINEEE—FE2Rd. 2% 0, BEENEEE— PO
B, v EIAFKETSIbOTII AW LT, WG CRERSSLETH B,
Faulkner D3U1%, WY v 7 liiEi X< FEA R X W b RS CHEEL, 4V v i c
JEJE B S HEN T 2 1o TRELCHEE LT3, FRs o, WY v 2 H#lisasT e
fEfhEo FEA FER X 0 d/hX KCHEEL T 5. 2ERg, WY v a5 ©IEfg
ICHEETE T3, ALY v iR y7 U CRE R 10 AT @ & &, FEA TlIEEILEE &
MM PRI & DR E—F &2, TRCOFEEXCTHERCHMEHETE TV,

HAAHRE 25 3.0 mm (Case 1-2) DE DB % Fig. 3.13 1R, JABRIEDS AT L
HHEWIGE (R/t 53 54.4 205 163.3), WAY v Zfing )y il /7 CHABESE € — 1 233 cHy &
o7z, T Tk, PIAREC—MEICfER & Ty % von Mises [4] D AR HE i 5 B o 2 D
BT 2. AR S oL, HEBRE R Tl EESREZHEETE 2 & LT 52, von
Mises DR & & H 1T FEA X0 bf) 16%KCHEE L 2. fonfic, REXOEEIR, WY v 7
iR T 2% K, Y v SRR T S% R TH o 72, TARIRIED E 7B &, ik
L 2 7OBAEMETOERIL, PMERHL D DEEOH L VWAL 7, REXD
ZN BT IXEERTEAE TN T 523, fEkl, ML TEOo A2 EI N TS
W, O ARFERE Lo Ukt ps, RERXT, HOWEEFICECTY BHE
CHEERE A HEET 2N TE L LAHL 2 E o7z, YIS GHCE VY v 7
MR O & EE, AREEE— F23Mttoe— FXDEITLTRET L X ICRER
N5 5, FERNDOIEE CIIIRE % IE L < FHli© % 7\ 720, FRICHRIIIRE 258 W54 1 i3iF
BEIODELD 5.
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(@)

Buckling strength
(non-dimensional value)

—~
(o)
N—"

Buckling strength
(non-dimensional value)

6.0

0.0

6.0

4.5

3.0

1.5

0.0

© :FEA (TB)
A :FEA (LW)
V : FEA (TB+LW)

5 10 15
n : number of buckling waves

© :FEA (TB)

¢ :FEA (TB+SB)

X : FEA (SB+LW)
----- . lzumi et al. (2015)

—: Proposed formula (FSM)

5 10 15
n : number of buckling waves

Fig. 3.11 Comparison of predicted buckling strength with that by FEA for each number of buckling

waves: (a) shell with inside ring-stiffeners; (b) shell with outside ring-stiffeners; Case 2-7; R X L x t =
490 x 163 x 9; Hy X tw =90 x 3; and Bf X tr= 20 X 6 mm.
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@ 40

© :FEA (TB)
----- : lzumi et al. (2015)
g 3oL — : Proposed formula (FSM)
£0c ‘
> >
o2
» -%
£5
x £
39
m c
(@)
£
0.0 1 1 1 1
0 5 10 15 20
n : number of buckling waves
(B) 40
© :FEA (TB)
¢ : FEA (TB+SB)
S — : lzumi et al. (2015)
S s0p
<5 . — : Proposed formula (FSM)
> >
o2
n O
g'a 2.0 |
c
S o
x £
39
m
S 1.0
£
0.0 1 1 1 I
0 5 10 15 20

n : number of buckling waves

Fig. 3.12 Comparison of predicted buckling strength with that by FEA for each number of buckling
waves: (a) shell with inside ring-stiffeners; (b) shell with outside ring-stiffeners; Case 3-1; R X L x t =
490 x 163 x 9; Hy X tw =40 x 3; and Bs X tr= 9 X 6 mm.
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@ 3

O : FEA (SB)
----- . lzumi et al. (2015)
§ — : Proposed formula (FSM)
o=
5 S 20}
o2
» -%
£5
x £
8 -CTJ 1.0 |-
m c
(@)
£
0.0 L L 1
5 10 15 20
n : number of buckling waves
(b) 54
O : FEA (SB)
----- : lzumi et al. (2015)
§ — : Proposed formula (FSM)
£
8) > 20}
o2
» .g
£
x £
8 -5 1.0 |
m c
(@)
£
0.0 1 1 I
5 10 15 20

n : number of buckling waves

Fig. 3.13 Comparison of predicted buckling strength with that by FEA for each number of buckling
waves: (a) shell with inside ring-stiffeners; (b) shell with outside ring-stiffeners; Case 1-2; R X L x t =
490 x 163 x 3; Hy X tw =40 x 3; and Bf X tr= 20 X 6 mm.

44



Table 3.2 1%, WETAMICE DK REXB L OHR S ORIC X o TS B B4 72 PEE I
¥on o com/NERBE L, ZOROBEEEEZ RS, RO OXDMHE (P?) i, Mk
JRE Jee iR BE A E 3K & B B R HEE R OFHRED 9 b, KO/ W OEZERL Tn
3. %72, $TXNTOHEEMIZ, % Case D FEA fR o fz/NEHEE CHEXICL L TWw 3,
Table3.2 (3 X T, FEAIC X o CfGoNzMEE— FdRd. £LY, LT, NY v
fliE 77 Y 2% K DR TR EE A HE CEX 5 L BHERTZ 5,138 A LD Case I
BT, R TREEE D ) B U 72, BEHIREIC DT dh FEA iR & 131X —E L 7228,
V7 EL kb e, RAKKIEEE — F AR € — F 2 SR E R — FIcA
ftd2cea2HEETETIC, HE, Case2-1 TIiE, #EKX L FEA TRIEREEOK % 4k
MR SN, oL, BEEINEEEE & AR EERE 2 EIEFE L &Y, REAXD
/MBI EE € — F 2R L7720 xt LT, FEA OfR/MEIZEENVEEE— F 2R L7,
Lo L7ans o, m/MEBMIE, FEA R & IEHICEMIC—EL T2 720, M RE D b
TORECIDZODELEEZS. 72, V27 EID Case 2-1 L D DT ITE W Case 2-
2B 0T, BRENIC K > TE LN BEEEIL, FEAMRRE —8F 5. —74, Y v 74
R BT, REN OB IEEHEEE & BEREBUE, FEA R EBETc—®L v
5. REAXDREKFAAIIH 6% TH 5203, MR DRATRAN 40% 12 H~TREEE 23 KIE I 1)
ELTw3,

e T MICEED W R R E FEA 1T X » TR L 7z PR EE o i/ MEDHBEIEI% % Fig.
3.4 1R T. TRCOMEIE, FEAIC X o THUGF I N7 Prea (WY v 7 #5877 D Case 3-
2) ciExRTTibI iz, BRERE, WY v iR R oG T, JERICIER ICBERE %
fHEETE 22 LR CE . IREXDHEEMZ FEA 58 T L 72 lEXITiE D V9 2 5t A
Lt zah, WY v7aim/i<c1.001, #Y v 7l Xc1.014 &7 o7z,
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Table 3.2 Comparison of predicted buckling strength and number of buckling waves with those by
FEA.

(a) shells with inside ring-stiffeners

c Buckling strength P, Number of buckling waves n Buckling mode
ase
P PP n® n® nFEA)
1-1 1.003 0.996 10 10 10 SB
1-2 0.984 0.847 15 15 15 SB
1-3 0.979 0.946 12 12 12 SB
2-1 1.009 0.979 10 5 4 TB
2-2 1.007 1.098 2 4 2 TB
2-3 1.006 1.159 2 3 2 B
2-4 1.006 1.165 2 3 2 TB
2-5 1.005 1.183 2 3 2 TB
2-6 1.004 1.218 1 3 1 TB
2-7 1.003 1.272 1 3 1 TB
3-1 1.006 0.880 9 9 9 B
3-2 1.001 0.989 10 10 10 SB
4 0.986 0.990 8 8 8 SB
5 1.016 1.248 4 5 4 TB
(b) shells with outside ring-stiffeners
o Buckling strength P, Number of buckling waves n Buckling mode
ase
P’ Pa® 20 ey 1 (FEA)
1-1 1.004 1.004 10 10 10 SB
1-2 0.956 0.836 15 15 15 SB
1-3 0.976 0.949 12 12 12 SB
2-1 1.003 1.005 10 10 10 SB
2-2 1.031 0.972 6 5 6 TB
2-3 1.032 1.011 6 5 6 TB
2-4 1.035 1.040 6 4 6 TB
2-5 1.033 1.043 5 4 5 TB
2-6 1.034 1.082 5 4 5 TB
2-7 1.036 1.118 5 4 5 TB
3-1 1.015 0.933 10 12 10 TB+SB
3-2 1.001 0.995 10 10 10 SB
4 0.986 0.990 8 8 8 SB
5 1.056 1.396 8 7 8 TB

*Note: (1) and (2) show the proposed formula on FSM and the formula by Izumi et al., respectively.
All the estimated values of the buckling strength are divided by the FEA results in each case.
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Fig. 3.14 Correlation of buckling strengths obtained from proposed formula on FSM and FEA.
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Fig. 3.15 Influence of stress acting on web: (a) shell with inside ring-stiffeners; (b) shell with outside
ring-stiffeners; Case 2-2; R x L x t =490 x 163 x 9; Hy, X t, =65 x 3; and Br X ty=20 x 6 mm.
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Fig. 4.1 Comparison of radial displacement (eigenmode) obtained from FEA, Ohtsubo and Yoshida
[20], and Eq. (4.1c¢).
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Fig. 4.2 Bending stress distribution of curved beam.
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Fig. 4.3 Radius to neutral axis of curved beam on which bending moment acts.
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Table 4.1 Dimensions of basic model (unit: mm).

Rn L t / Hy tw By tr

274.5 100.0 2.5 900.0 25.0 2.5 10.0 2.5

(b)

Fig. 4.4 Whole FE-models: (a) shell with inside ring-stiffeners and (b) shell with outside ring-stiffeners.
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Fig. 4.5 Three types of ring-stiffeners (unit: mm).
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Fig. 4.6 Overall buckling modes obtained from FEA: (a) //Rn = 1.8; (b) /R = 3.3; and (¢) //Rm = 6.2.
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(2) Ohtsubo and Yoshida [20]

60



@ 15, (b) 45.

o
O
o
1.0 - o 1.0 | o
O
PPred. PPred. o
Frea OO Fea ©
0.5 |- 05k 5 28
o
8(9
&
0.0 1 1 | 0.0 1 1 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Prea /PF,EA PFEA /IDF’EA

(3) Yoshikawa and Yoshimura [21]

Fig. 4.7 Correlation of overall buckling strength obtained from formulas and FEA: (a) shells with

inside ring-stiffeners and (b) shells with outside ring-stiffeners.
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Table 4.2 Effect of curved beam and shearing deformation.

(a) shells with inside ring-stiffeners

Number of buckling waves  Effect of curved beam  Effect of shearing deformation

I/Rmm )

n (FEA) % %
1.8 4 4.5 +18.3
33 3 -4.9 +12.7
6.2 2 -4.1 +3.8

"Note: [(Eq. (4.3) without effect of curved beam — Eq. (4.3))/Eq. (4.3)]x100

(b) shells with outside ring-stiffeners

Number of buckling waves  Effect of curved beam  Effect of shearing deformation

7
n (FEA) % %
1.8 4 +3.9 +17.8
3.3 3 +4.5 +10.6
6.2 2 +3.6 +3.1
4.4 i
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Fig. 5.1 Type 1 to Type 3 of ring-stiffeners (unit: mm).
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Fig. 5.2 Initial deflection modes obtained from elastic buckling eigenvalue analysis: (a) shell with
inside ring-stiffeners and (b) shell with outside ring-stiffeners.
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Fig. 5.3 Ultimate strength for magnitude of initial deflection of 0.3%, 0.5%, and 1.5% of mean radius

of cylindrical shell: (a) shells with inside ring-stiffeners and (b) shells with outside ring-stiffeners.
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Fig. 5.4 Ultimate strength when mean radius of cylindrical shell changes from 174.5 to 374.5 mm: (a)

shells with inside ring-stiffeners and (b) shells with outside ring-stiffeners.
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Fig. 5.5 Changes in ultimate strength for magnitude of initial deflection of 0.3% and 0.5% of mean
radius of cylindrical shell with ratio of first-order elastic buckling eigenmode obtained from FEA and
hungry-horse mode. Ratio of the hungry-horse mode contribution increases as k increases: (a) shells

with inside ring-stiffeners and (b) shells with outside ring-stiffeners.
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Fig. 5.6 Deformation and distribution of von Mises stress for collapse mode TB-1 for Type 1 ring-
stiffeners, Rm = 274.5 mm, ¢ = 8.5 mm, and L = 100 mm: (a) shell with inside ring-stiffeners and (b)

shell with outside ring-stiffeners.
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Fig. 5.7 Fluctuation diagram: (a) pressure acting on a model as shown in Fig. 5.6(a) and (b) average

circumferential stress in flange.
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Fig. 5.8 Deformation and distribution of von Mises stress for collapse mode TB-2 for Type 3 ring-
stiffeners, Rm = 314.5 mm, ¢ = 7.5 mm, and L = 100 mm: (a) shell with inside ring-stiffeners and (b)

shell with outside ring-stiffeners.
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Fig. 5.9 Changes in pressure acting on the model shown in Fig. 5.8(b).
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Fig. 5.10 Deformation and distribution of von Mises stress for collapse mode SB-1 for Type 1 ring-
stiffeners, Rm = 274.5 mm, ¢ = 8.5 mm, and L = 180 mm: (a) shell with inside ring-stiffeners and (b)

shell with outside ring-stiffeners.
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Fig. 5.11 Deformation and distribution of von Mises stress for collapse mode SB-2 for Type 1 ring-
stiffeners, Rm = 274.5 mm, ¢ = 2.5 mm, and L = 100 mm: (a) shell with inside ring-stiffeners and (b)

shell with outside ring-stiffeners.
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(Deformation x 20) (Deformation X 2)
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498
374
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Mises stress (MPa)

125

0 At ultimate strength After ultimate strength
(Deformation x 20) (Deformation X 2)

Fig. 5.12 Deformation and distribution of von Mises stress for collapse mode STB for Type 1 ring-
stiffeners, Rm = 354.5 mm, ¢ = 6.5 mm, and L = 100 mm: (a) shell with inside ring-stiffeners and (b)

shell with outside ring-stiffeners.
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Table 5.1 Collapse modes of ring-stiffened cylindrical shells with various dimensions (unit: mm).

Values in parentheses represent L/t (when Ry, is fixed), or R/t (When L is fixed).

(1) Type 1
(a) Shells with inside ring-stiffeners
Rm =274.5
t
I 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
SB-2 SB-2 STB STB
60.0
(40) (24) 17) (13)
SB-2 SB-2 SB-2 STB
100.0
(67) (40) (29) (22)
SB-2 SB-2 SB-2 SB-2
140.0
(93) (56) (40) 31)
SB-2 SB-2 SB-2 SB-2
180.0
(120) (72) (51) (40)
SB-2 SB-2 SB-2 SB-2
220.0
(147) (88) (63) (49)
L=100.0
t
R 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
SB-2 SB-2 SB-2 SB-2
194.5
(130) (78) (56) (43)
SB-2 SB-2 SB-2 STB
234.5
(156) (94) (67) (52)
SB-2 SB-2 SB-2 STB
274.5
(183) (110) (78) (61)
SB-2 SB-2 SB-2 STB
3145
(210) (126) (90) (70)
SB-2 SB-2 SB-2 STB
354.5

(236) (142) (101) (79)
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(b) Shells with outside ring-stiffeners

Rn=274.5
t
I 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
60.0 SB-2 STB STB STB
100.0 SB-2 SB-2 SB-2 SB-2
140.0 SB-2 SB-2 SB-2 SB-2
180.0 SB-2 SB-2 SB-2 SB-2
220.0 SB-2 SB-2 SB-2 SB-2
L=100.0
t
2. 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
194.5 SB-2 SB-2 SB-2 SB-2
234.5 SB-2 SB-2 SB-2 SB-2
274.5 SB-2 SB-2 SB-2 SB-2
314.5 SB-2 SB-2 SB-2 SB-2
354.5 SB-2 SB-2 SB-2 SB-2
(2) Type 2
(a) Shells with inside ring-stiffeners
Rm=274.5
t
I 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
60.0 SB-2 SB-2 STB STB
100.0 SB-2 SB-2 SB-2 SB-2
140.0 SB-2 SB-2 SB-2 SB-2
180.0 SB-2 SB-2 SB-2 SB-2
220.0 SB-2 SB-2 SB-2 SB-2
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L=100.0

2. 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
194.5 SB-2 SB-2 SB-2 STB
234.5 SB-2 SB-2 SB-2 SB-2 STB
274.5 SB-2 SB-2 SB-2 SB-2 STB
314.5 SB-2 SB-2 SB-2 SB-2 STB
354.5 SB-2 SB-2 SB-2 SB-2 STB
(b) Shells with outside ring-stiffeners
Rn=274.5
t
. 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
60.0 SB-2 SB-2 STB STB
100.0 SB-2 SB-2 SB-2 SB-2
140.0 SB-2 SB-2 SB-2 SB-2 STB
180.0 SB-2 SB-2 SB-2 SB-2 STB
220.0 SB-2 SB-2 SB-2 SB-2 STB
L=100.0
t
R 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
194.5 SB-2 SB-2 SB-2 SB-2
234.5 SB-2 SB-2 SB-2 SB-2
274.5 SB-2 SB-2 SB-2 SB-2
314.5 SB-2 SB-2 SB-2 SB-2
354.5 SB-2 SB-2 SB-2 SB-2
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(3) Type 3
(a) Shells with inside ring-stiffeners

Rm=274.5

1.5 25 3.5 4.5 5.5 6.5 1.5 8.5

L=100.0

R 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5

194.5
234.5
274.5
314.5
3545

(b) Shells with outside ring-stiffeners

Rm=274.5

1.5 25 3.5 4.5 5.5 6.5 7.5 8.5
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L=100.0

R
194.5
234.5
274.5
314.5
354.5

1.5

2.5

35

4.5
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0.0 5.0

Ay = \/PY/'Dcr-lb

Fig. 5.13 Relationship between slenderness ratio and ultimate strength with local buckling collapse:

(a) shells with inside ring-stiffeners and (b) shells with outside ring-stiffeners.
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Fig. 5.14 Deflection of ring-stiffener top, uw, and deflection of cylindrical shell at center of stiffener
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Fig. 5.15 Division into Groups 1 and 2 using ratio of Eq. (5.6): (a) shells with inside ring-stiffeners

and (b) shells with outside ring-stiffeners.
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Fig. 5.16 Correlation of ultimate strengths estimated by proposed formula with FEA results: (a) Group

1 with inside ring-stiffeners; (b) Group 1 with outside ring-stiffeners; (c) Group 2 with inside ring-

stiffeners; (d) Group 2 with outside ring-stiffeners; (e) all cases with inside ring-stiffeners; and (f) all

cases with outside ring-stiffeners.
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Fig. 5.17 Relationship between slenderness ratio and ultimate strength with changing magnitude of
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Fig. 6.2 Relationship between applied pressure and analysis step of ring-stiffened cylindrical shells

with various number of buckling waves n of initial deflection.
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Fig. 6.3 Deformation and distribution of von Mises stress when number of buckling waves # of initial
deflection changes: (a) n=2; (b)n=3;(c)n=4; and (d) n =5.
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Fig. 6.4 Fluctuation diagram of pressure, deformation, and distribution of von Mises stress when initial

deflection changes and both shell and overall buckling strengths are almost the same.
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Fig. 6.5 Fluctuation diagram of pressure, deformation, and distribution of von Mises stress when initial

deflection changes and both torsional and overall buckling strengths are almost the same.
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Fig. 6.7 Deformation, and distribution of von Mises stress. When total length of ring-stiffened
cylindrical shell is the shortest, overall buckling collapse occures: (a) //Rm = 1.8; (b) I/Rm = 3.3; (¢)
l/Rn=4.7;(d) /Rm=6.2; and (e) [/Rn="7.7.
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Fig. 6.8 Deformation, and distribution of von Mises stress. When total length of ring-stiffened
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Fig. 6.9 Deformation, and distribution of von Mises stress. When total length of ring-stiffened
cylindrical shell is the shortest, torsional buckling collapse occures: (a) //Rm = 1.8; (b) [/Rm = 3.3; (¢)
l/Rn=4.7;(d) I/Rm=6.2; and (e) l/Rn="1.7.
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Fig. 6.10 Torsional buckling collapse: (a) distribution of von Mises stress after ultimate strength and

(b) deformation before elastic buckling.
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Fig. 6.11 Rate of increase of ultimate strength, deformation, and distribution of von Mises stress when
bulkhead thickness becomes thicker.
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Fig. 6.12 Relationship between slenderness ratio and ultimate strength in case of whole models: (a)

shells with inside ring-stiffeners and (b) shells with outside ring-stiffeners.

107



XY, WAY v 7fliE A Rl g e L, IREC L ICREEBEL Lo b5 T Lo
TS, BRPELS b e 2fRBEEERIRE LY, MiEA/NE KR b0, 2l
WIRJE Z L IR TREE A D BAEICIUR L T\ 3 2 L 2SR C R 5. 2 AU, REREE 20k S
BRASBREDMEICINKR L CW2 720 THh 5. 2 LT, MIREASKE L &2 (SHEEIRED /)
I %m3%) IKoNT, HBEIVLODMICTE LT o T L BMERTE L. LT, H
IR Z P - THIEE T 2 58 2R E, RELAMEREZH VT 74 vy T4 2 %752 LT,
R & ) RACTRIEHEE R 2R T E 5. Fig. 6.13 IC&RMEJE AR L 72 FEA R0 4
x5 (REEEE L EK T 2855050, BBIZONETH ), LNRERRKE
EHERZERTRT. ok xofftEiz, R (61) tEIh 3.

12 -
(a) @ :FEA (t=8.5mm)
1.0 A :FEA (t=6.5mm)
B : FEA (t=4.5mm)
0.8 |- o
PY ' — : Proposed formula
04 |
0.2 |-
0.0 1 1 1 1 I
0.0 0.5 1.0 1.5 20 2.5
/10b = VPY/F)cr-ob
(b) 12
@ : FEA (t=8.5mm)
1.0 A :FEA (t=6.5mm)
H : FEA (t=4.5mm)
0.8 |- o
i 06 L v : FEA (t=2.5mm)
PY — : Proposed formula
04 |-
0.2 |-
0.0 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

/lob = \]PY /Pcr-ob

Fig. 6.13 Relationship between slenderness ratio and ultimate strength with overall buckling collapse:

(a) shells with inside ring-stiffeners and (b) shells with outside ring-stiffeners.
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ZHEET 27200, —HOFRN Z AR CHAT 2. MAEE & BEEUREE 103 5 ik
JEHEE X DFHEE L, 6.4.1 THTRE L =2 EHE I 3 2 s HEE X o FHEE % Hik
L, NEWlEERZ D DR R RREEEL 35,

T ORAEE — FICHIE U 72 i ¥ EEHEE i O 5 R/ 72 550 & HEE RS 2 /R 3R, #loR
Y v 7 OREEAUE N 3 B s EHEE ST IE R N2 5. kT 7L TldEfEn
JEJE 1 5 By, FREE 2 AE U 72 B SEE os28HT X o T Fig. 6.10 ISR X 9 Ikl CHA
e 5., 54 8oREERERIIBEENBERZET - F @R TBECcE VWES)
LT, EREDY v 7S ME R DMK O IG T BSEEIRIEITIET 3 & & OIRE % RALTR
JEELTwa2, ZhzxfGREDY v 7 fEmsmsl o ik o Js et U CRERHENE %
T 2EHi S 2 FEICAE T 5. SR O RIS T A RERISTIICE T 3 & & O R RIEEHE
ERXIE, R (62) TRILBTES, 272U, BiddL7z X 5ic, ZoEHoIIL, ke
DHITEZFIC X > TELT B EZONE 720, B ETH AWM SIE ol 25 B
Lz eicxdaxicchs & xitibl Tkl

Oy

P , (6.2)

o= 2 P — 2
\/Gﬁs _Géso-es +695

i
i
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5 R R
= 2a\R )

{32
R, 2t\ R,

w, =—g, +e”(C cos Bx+C,sin fx)+e " (C,cos fx +C, sin fix),

-pL . . .
C = g€ (hllz + h2l1)+ 8,0
1= .2 .2 s
i+,

G = L(glhzeim -G, )a

1

h, =cos fL —sin L,
h, =cos fL+sin fL,
i, =2(cos BLcosh BL —sin BLsinh SL),

i, = 2(cos P Lcosh SL +sin fLsinh ,BL).

LA B DT % 4T o 72 J R 0 3 2 IS iR EEHEEE &, 6.4.1 THTHRE L 7= M E 1T
X9 % R HEENE & OBIfR % R L 72X % Fig. 6.14 IS/"3. 72721, Ko7 a v kg,
PROHIRY VI DORE I DEHEIC K o TENIZAT 5720, %2745 mm, Type | DHf
WY v 7OEmAEDHE LTwh, MhoACERE (R, B, 8 23R EE Ic 3 5 &
o E X OfETH v, EMRSEEREE NI 2 HEEMTH 2. Fig. 6.14 | O JaER M
FeamEEHEE T, RIS X O RAEEHEE CX 2 2 LR TE 2208, IEAVNE (&
ZLFEADT Yy F XV, bR o/NE CHEEL TW3, 5.4 8o e B s i #e
R, Vv ZHiEEMA RSO Ry (L2+L+L2) %E T AL L CTHEMEL 72 FEA DR
ICHOXEBL Tk Y, AKEDY v 7 iEMEmR O 2T 7 I3 2 A& T < I,
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I E R L T b 2 e bR RET L LIGIIRENE LY, Z o ERRN, 2kET L
DRAKIBEDSTHREL o T B EEZLNS. L2 LADL, ReEflofEifiszt i
7-OREIINIWEEZ S, 72, WY v 7HiiE s XoRIE 8.5 mm @ & % J&f i fx A% 5if
JEHEE R DA KRE VWX HI1CH R 2 525, FEA OFERE 2R T2 L, 2ESRIEL
ETFTNICEVTOEBEAESIREL TS0, Zhbd7uy MMis TR
IREHEE R CHEE T 2 2 L IC 72 3. BfRIIC, Rk IREm Ak sm I HE 1 3 & R S Ak i
JEHERD SEHEINZEO RN Z L, NS W EEORKRE L 55,

192 — : For overallbuckling collapse
(a) “r -— : For local buckling collapse (t= 8.5 mm)
10 Proposed formula | : For local bucklfng collapse (t=6.5 mm)
. - For local buckling collapse (t=4.5 mm)
08k - ----- : For local buckling collapse (t=2.5 mm)
P @ : FEA (t=8.5 mm)
U 06 L . A : FEA (t=6.5mm)
,DY ---------------------------- .. m : FEA (t=4.5mm)
PN °
04 | v : FEA (t=2.5mm)
- .- 4 -
02 F
0.0 1 1 1 1 I
0.0 0.5 1.0 1.5 2.0 25
ﬁ“ob = \/PY/Pcr-ob
(b) 12 _ — : For overall buckling collapse
' -——: For local buckling collapse (= 8.5 mm)
10 Proposed formula | " : For local buckling collapse (t= 6.5 mm)
) : For local buckling collapse (t= 4.5 mm)
0.8 —'___ '___ '___ '___ '_': g -----: For local buckling collapse (t= 2.5 mm)
P o : FEA (= 8.5 mm)
— 06 | A : FEA (t=6.5 mm)
PY ------------------------------------ m : FEA (t=4.5 mm)
o
04 | v : FEA (t=2.5 mm)
0.2 [ s e e e S
0.0 1 1 1 1 I
0.0 0.5 1.0 1.5 2.0 2.5

ﬂ‘ob = \/PY /Pcr-ob

Fig. 6.14 Relationship between proposed formulas and ultimate strength: (a) shells with inside ring-

stiffeners and (b) shells with outside ring-stiffeners.
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6.5 MR

RIHTlE, BiiCmEREXDEERGEL 2R 2R 3. W0, €7 1O FEA f
R DHBZET Y, BRI, ERDTTECRM X N7 EEGUERRT R & D Z1T 5.

6.5.1 ARERMBIHER L DLLE

6.4.2 TR~ 7z i &R EHEE £ D D197 & FEA #iR %2t L 72X % Fig. 6.15 ICR 7.
M OREHHAS FEA #5538, M2 #EMzEzR L, znznkRmE cExonfbl cws, Kk
b, WY v 7RI BV TRENRE, 3L ALDT — R EiRE 10%AK0H CHEE
TETHY, BRI 2 RL TS I EBHERTE L. W20 72y b2 10%
AHZTH3H00, REMOHETEEL-oTE Y, MEII/NIWEEZ S, W4 Y), B
) & R O A E (ME ORA) % F R L 7z s oA L2 L Tl L
TWwizboon, R LCliffERXD/NE W% & D AT, Fig.6.15 D X 5 ict+97k
WEG25 2 EPHETHE, HEHE FEA FEROICBIL T, P & B R % X i
RHEL T2y, ZOfE» LD RIFABE LR O Z L MR T 5.

1.0 - . 10 -
(a) s ()
------- +10% error o =1 £10% error ,
e efe . e
08 I o e 0.8 |- ‘0o -
e/ . ,”.' ':’,,
sl 7" Piv4
8/ N
06 - ,‘ Y 0.6 .0 [
IDu_pred_ ”/ ’," F)u-Pred. ,‘. =
PY 5L Pv A
0.4 59/ 0 04 o
! % -° < e
02+ & Mean = 0.980 02| A Mean = 0.962
Std.Dev = 0.071 i Std.Dev = 0.081
0.0 1 1 I I I 0.0 L L I 1 I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
F>u-FEA PLJ-FEA
PY PY

Fig. 6.15 Correlation of ultimate strengths estimated by proposed formulas with FEA results: (a) shells

with inside ring-stiffeners and (b) shells with outside ring-stiffeners.

6.5.2 EIRHABEDLE

KIS 1, KIEOERAEM &R L LTI bAOKE & RGN ZAEL, 20
RO b & CRACREHEER 2 L T 5, —HC, MECEIE LT % - ERRIRTI,
KRB RA RO b, W bADKE &, WRISS, SERES R, HE
DEKFEMBE T b NB ) v VWM L RTRMEA D 5 L EX bNE, LEoT,
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PRI X 2 HEM E WSR2 EENIC KT 2 2L ETERVWEEZLNE DD,
KREICEEHE DI Z T, EOREDEND 2 D2 &HERT 5. AWFFE O RIGERE T C
ETMEDZEIC L7z Cho & [25]DREER & HEEMZ L L, Z OfEH % Table 6.1 IC/R
T, Ak, ZORBEEDFEE — FIZIAREEFEL 2o TWn 3,

Table 6.1 Comparison between proposed formula and test result by Cho et al. [25]

Model Ring-stiffener Pypred/Py Pukxp/Py Pupred/ Pukxp.
RS-4 outside 0.393 0.300 1.309

FKxv, RENZ, HBRFER AT 30%RERE CREMELHEEL TV 5 2 &3
HTEL, ZNDFRRICONWTEET 5. RG] % Cho b DiERA & [R5 D 288.3 MPa IC
L 25 E1C 2w T, RilEE % ) s EiEE X & FEA #5R % Fig. 6.16 I3, ¥
FAR) w7 RET 4T, BRIETT % 623.0MPa L 3%E L T\ 7228, BRICTZET &2
%L, FEA ORAKBEIFIRER L VKT T2 L2VHHAL /2. Table 6.1 1/~ L 2 HEEH &
REE R oML, co X5, BRIGHICX > THEERENRZLT 3 2 L 3 FRTH % &
S5, 72720, 2FBEAE 560, BIRIST 222728 LCh HEERHE MK
TEa i INTHR,

1.2

10 : SB-1

' ¢ :SB-2

08 L = : Proposed formula
i 0.6 -\
P, © >

04

0.2 |

0.0 1 1 1 1 I

0.0 0.5 1.0 1.5 2.0 25

Ab:VFxﬂ%m

Fig. 6.16 Relationship between slenderness ratio and ultimate strength with yeild stress 288.3 MPa in

case of shells with outside ring-stiffeners.

Lo L7ed s, ZORiHRIE Fig. 6.16 Ofitih, #Hlh72 0 ClIREMELZHEETE R L
FRLTWBZ EICkd2, Fig6le 7 my biE, 1311 2ot EicEToTwsr L
25, BERIGHITIG U CRER I %t 5 Al e Lz ER T hIEMRTcE 2 L& 20
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N5, —HT, ZOMERYHEZOADOKRESOMEE DS VIEZ 22 B TE 5, BRIG
TN W ZEEATICRRRICE 2 20 JER E F L LAERE 2 R g o LT, R
JEN R E WIS, BRATICEE S C 3 720K & Fliic 2 3. P17 bARDOKE X3,
WRIEICHE 9 2 FIC s U RS EIc B 2 RITT & E 2 b, 2 TOWEIIZBERIGH
DRELGEND. FEEE, MIEEDT TR0 b AR E I ZRET 21T, X
AXBHWLNS.

S =aft, (6.3)

3T Smith & [S41IC X o TREI N, o FIWIHHZDAHRDRKE I DIEL DX 2 RITRE, B
IR OMEZRL, pICRERIENBEEN D, Lk O RAEEENT T, #WHzbi D
KEXIAEPUITEED 03%EREL TS, 22T, BRIGHE ST A MY vy 7 22T 4
D 623.0MPa & L T Opax=0.003R,mm D & XD g ZHH L, ZD o &RBDOBEIRIST 288.3
MPa D& DR g # VT, #Ii/-bADKE X% WHET 2 L 0.00139R,mm & 75
EHBAL . 2% 0, NTRAPY v I RET 4 DY DA DK E X 0.003Rmmm X D /)
I mB. WHELEZVZbADKE X % H\WT FEA % Ejii L 72458 % Fig. 6.17 i</ 7.

1.2 ~
10 : SB-1
' o :SB-2
08 | “ = : Proposed formula
P, By
~ 0.6 |- >
P
Y ‘...
04 |- X ¢
02 | R o
0.0 1 ] ] ] ]
0.0 0.5 1.0 1.5 2.0 25

Ay = \/'DY/Pcr-m

Fig. 6.17 Relationship between slenderness ratio and ultimate strength with magnitude of initial

deflection 0.139% of mean radius in case of shells with outside ring-stiffeners.
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M &b, BEHEEIT Fig. 6.16 IRTIEL Y EF L, FEARIIREXD T4 vicESL C
EHMERTE S, 2D eh b, BIRIGH WA D A I AR E % KT TRERICH Y,
PIH7Zz DA L 5T (B2 WIFBERIEIC X >0 13, HEREZEZEL R FLEn s k0,
INLDOWEELYFHMCIEL, VI-bADOKRE I G ZHEXREZART 2LEL D
2b00, KT, REMEHEXOENTELZRT L ICEIRZENTED, 2 b
IS BRI S HOMEL T 5. F7, KDV v IS MRETRICHE T 2D A D
RSP KX I ICOWTIHERBED 720, ZNOLDOTELMLETH Y, FATEKREICH ST
HU Yo HERET L EHEHEEEZ L. & 25T, KT TIEFRICHAG T 21
W7z HDORE I ZMGEL T 525, MEFESECiE (6.3) 1RFT X 5 ICREICH L
THHILAZRKRE SR ZINET EZ D%\, Lizd->T, SHoEE U<, WEICkHIL
TWIMNT= B DREIZZFRB L2 FE ML, wEREZERT 2T EL LTS,

RAZIC, NT APV w7 RET 4 EIEWKE X DRFRISH % Fomik 18l % v 7z, BEH
5 [40], &= D [38], B L UOSFH S [36]0illEfi R &, 2K X 2 #EEH & D ik % Table
6.2 ICRT.

Table 6.2 Estimated ultimate strengths by proposed formula and test results by Yokota et al. [40],
Morihana et al. [38], and Terada and shimamoto [36].

Model Ring-stiffener oy (MPa) Pyprea/Py Pugxp/Py Pupred/ Pu-Esp.
Wi outside 588.0 0.408 0.485 0.84
W3 outside 588.0 0.557 0.582 0.96
A2 inside 413.1 0.492 0.499 0.99
A3 inside 391.3 0.405 0.468 0.86
A4 inside 413.1 0.310 0.364 0.85
D1 outside 416.5 0.226 0.265 0.85
D2 outside 401.8 0.426 0.406 1.05
D3 outside 416.5 0.311 0.357 0.87

RS CRERIG T 3R & 7ok <, IRENXL, 3L A LG ATHBRRER X D /N
CHEELTHY, BEQERKE LT, WI7-bADRE S OE, KEICH DE, inilhd
REMFDOENGZEDREZEZOND. LrLADD, RORELATDH I5S%RETH Y, IR
REFRMEERRZRL T3 EFEZoh, RTTE CORMBEMTIEDZ LRI N
LEZ5.

115



6.6 &

ARETE, WMEZZT 2V v 7 o 2B % 5 56 o s B #E Xz i
KL MAT, %5 ECHFELZREEEZ 5 5a o REmEHER &, KB TORK
WEHEX A2 EDET, Vv 7 HlimMRER D I~ TOREE — FICHIG U 72 s
HEEZRE L7z, {BonAMRZRITRT.

1. JEJ7 R R B 403 B 7 B R IEJE £ — F ORI 72 b ATIR % 5 2 72 B B FaAT D A
Rh o, m/NHEREEE %52 % 1 REHEE— F Oy b s i Hv 856 ok
SRS, fhDE— FE2 G225 ICHRTR /NSRS, Lizhio T, &b
BELT 1 REEE—FELGZBMTICEY, ROZUBRREBELHFLENTE
% & mHERL 2.

2. BEVERERE AR & O R R AT HE L R B Y v iR M AR T, W
TebBHGIRE L CRilEEE — F & 2R EEE— F2HA2rEbE 2 FRIE RS kv
28, AR SR EE DS HRAR PR AR X 0 b /N X Wi, WE OMEEE— FEfAabbe 3
LT, TNZNHEMOGEICH N TREBEMET L, ZYBRKRELZEL 2 LM
AlHEIC T B

3. V) v rHiEM R O 2R E T R W ORISR 2 EiE S 5 &, iR v ok
FINPEE 2SR THRA L, % ORIEIRE L, ERE2(E L 25 &8I TE T T 5.
7720, o, RBEEOHFE LTI O R X Ik o T2 T 2 H[REHELH D, T b7k
LRt AT L T3,

4. BB 5 BECRELZEEMEEZY S SE oS ER , RECRE L 22 EHE
O LA ORKEEHER > SFHEINZEO S B, NI W EEORKIRE &3
DHEETFE RN L7z, #EEME FEARSRE 2T 2 & 10% KO EL o TE
D, KRERENECREEEZE L 2ZYRFIETHL I L RHL LR o7z,

5. BEfr o RBRAE R & A IC X 2 IRBRE 2 HER L 72452R, RIS MR & icmo
D EAIRIE 2 HEE I B & 72 o 7z BRI L W72 0 B DR E 2T IZBAMRIEIC X
2bDLFEZOLNEN, Y7z HDKE JITHT ZEIEICOWTIL, Fi2 b ARG
BRBEEZEZ oD, —T7, KUTFECTHIGE L 72 RIGTT DK & 7k )18l % i o 72 5405%
FERICH L Cid, REATZYREKIREZHETRTH 5.

U v ZHSRMER O BAS L L, YI7eDADORE T L > TET 5. LA >T, &
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e LoxdinitE e 3520103, EEOBKRERFCH oD X5 RIEN
Bl R0 ) v 7N ER O b HIC BT 2R e R0 5 Z L ARE L kD,
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/N

"] =
FIE &

KT, SNEERRZT 5 ) v s R s o e - s mEe A z¥E T s 2 H
e LC, ¥oic, Vv r7a@fEsofk, wmy v rov7, 77 vyoxhZiic
AU 2 EIEFS I X 2 RE L 2. RERE B X e RE & o MERICE T s 26z
RIBIEBET 2 & & bic, BELZICHHEEAZMAHIAT & & CHPERER - 2R3
FEMEE A2 BAFE L 72, AR IS, BAFE L 72 ATIC I HERE 5\ O H © % 2 [RGB & j s
JEBEHEERX 2727 aflRI2ERL, #MIRILZ YT A -2 & L mi&mEHEE
ZREL. AWIEE, ChoDIERRE2ELDbDTHY, UTICHMZRT.

H1ECT, I3 AMIEATORLAESTRICOVWTHRRZ, VT, APFKICEET 2 Y
v P HERR MR 0 T - R IC B A R DRI O WTTHE L 2R A R L. B
I, AWFFED HEY & BERUIC D\ Tl 7z,

FH2ETIE, BEMAEROICTHEAZEN L 2. ) v 7mrfExz Rk, v =7,
BLUO7 7 vPienflL, RLOBEASME LY &2FMIc T 2ICI#EXZFAEL 2. UT
(= XF (0 T L N

1. REAOHEEMIZ, FEA R L CE 1% R CTHETE, v 7EInElbL
72 L CHREZMRITE 5.

2. R, NALNY v R ROE NG T 3 2 LR TE, EbbicBnThIn%
EEECHEETE 5.

FI3ETE, 207 7r —FIc B o ORI 3 X OHHIR Y v 7 O REE
SRR pHEE K 2 R L7z, W3, #h Y RETMICES CIRERX (CBM) LRET L
ICHOKRERX FSM) TH 3. CHEL0T7 7r—FickEWnTd, MFERIRICHIG L 28R
b5 L, FSM Tix, fEkXCIRERINTE =Y = ZICEHT 2 BT mis
DFEERER L. UMW REE2RT.

1 BEENBEBER %2, Tzt A T 5 RIS TR fo) REAE Lok, fimnic

MEEAHECTZ I ELD DD, BEEE n=0~2 CFEAER LY HIEHICKZ
CHEET 22 &0, IEMERBEHTICITEE L I8 2.
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e T D CIREARDHEEEIL, FEA MR EIEFICHE L —&T 5. £/, (K
RCEAHETH o7z n=0 LR 2MENEEE- FOBEDHEEST 22 LB TE 3.
IR, v TIfES 3BT AIC T O E R L 122 LR ERERNTH 5. FF
i, WY v 7 s o v = TISfERIS 2 BT IS 1%, Rl R 1 IR TR
ERAS-7Z- LY EN

AR A Je 12 BE 3 2 ek U, PRIV IEREICHEE 32 & L 3T & % 238, HiRIRIE23/h & <
R BICONTREEIME T L 72, NIa I, L, SR IR SE %2 #EE 3 5
ENTE B,

%4 BT, REBIELI RO RFEREIEALT 2 A &b € 7 LB E 5 2 72 ik

FEE RS E X2 EH L7, 2 OBE, iV RR e Y = 7o AMETE OR2E % Wi 2 XE
— AV MIED DI FEERE L. UTICELNEREZRT.

feZEAL, ERA X VBE AR EL TEY, WY v 7 ifiiE i A oE w2 5HiEis 5 Z &
BTE D,

il BNERIL, WY v RS A CHEEHIC R 7 2 B R KIS, WY v 7 i)
TIRIEEMEZRECL, ) v 7l T E (35, 2 AMREORE L, WHL
Y v 7R i oM THEEM 2 /NS K T2 MIRER D, X AW, WX CRE
ETH2., WINORR S R O HEEREL R LIcHF 53 3.

FHSETIE, RHEEZHE HED Y v 7R MR O e & Bk mZ 2 i L 7.

$70, o 2 BCIRE L R NS HEE AR o 2 BRRIEREER &, % 3 EOREL -
e 7S BRI T 2 o 3 87 MR A ER L, <o 7
WEHER A BSE L 2. DUFIC b i R T

1.

R A 5 e — VL 285G, RUNEEBERERE 525 1 XEEE—FO
7= DA EZH W2 LT, REMERLT LORANE Rb R, —7, EEOWKE
WKELBEEZONDHEEEE— FogZbAalL, 1 KHEREEE — F W7 H &
EHEALZSGAEL Y DREARKBEL G2 5. Led> T, KM oM@ % % 2
Wit W7z baofpRE LT 1 REHE— FE2HWTD ZY &gz s
ETEBLLEEIOLND,

[N R % £ 5 A DT — FiE, XD 52Tk 3. IRBEFE (ZEER
L€ — F SB-1 B L 0¥)—ZfE— I SB-2), HEEINIEEHE (/e — F TB-1
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B X2 EE—F TB-2), BXPEAMHEHAAE STB TH 3.

B2NE % &M ) v 7 oA E < O E T G 3SRERIGITNICE L 72 & & DRk
L, A CRE L 2R EEHEER 227 aMi Rz EL L. 20
MR 2> T FEA # R 28T 3 &, mKEIMRILOB Lm0 —TL %
bW —7 (Group 1 BX U Group2) KK FBTLBTE 3,

Group | DAL Z HEE T 2 7= 0 IR OBIE L 7 2 B2 EH L /2. —75, Group
2122WTE, filiFR Y v ZRR R COIGH BERICH ICE L 72 & 2 ORFRIEEIC KD ¥,
RAEE ZHEE T 2HEAZEH L 2. £72, Groupl & 21, AW CRE L 72 FEEE
RS EX»r oG o2 BEE— V2T 5 2L TX9 9 5. FEA #Re
o OHEEMA LB L 724558, HEXP S OIEE CRAEEZHEEEETH 5 2 &2
O 2L Tn o7z,

FHOFETIE, BREIEZMHE HED Y v 7R MR O REE) & Bk mZ 2 i L 7.

7z, EREIEZME S LA ORICEEMEEAZREL, 5 T oL ZRERBEZH Y

&0

—

EEBEHEXRLDEHAT 2 LT, Vv 7 BMAERo T X CofEE — FIighio L

T AR EHEEE 2R E L 72, o N HR 2 RITRT.

REEIE % D B 6 O RFSREMITIC B W CId, R NREBEEEZ 52 % 1 Xk
JElEE— F oWz b i e VGG, REBES RN 2D, Sz w7z c%
Bl BE 2135 LB TE 5.

ERET VM L 72 RAAEERITIC B W, PRz b AR E L <Rl —
F e RFEEE— FE2HAEGDE b DM T708, RERIICZ Y e iR 2 15
5 ENTES.

RET 2 JRER L % H 5 Bt O ISR 2 & IR %2 HF 5 556 O it SR EEHEE
A2 oitREINZED S B, NI WTOMEZERL THORKIEK L T 2 HEELZR
ZEL7z., #HEEMEE FEARIRZ BT 5 & 10%ARiORAETH Y, HETFERIRE VG
JECIRICBEEIEEZMREL § 5. 72721, BRIGTNIC X o TRARIBIZ 2 R E SHEET 2
Liahnd 5.

A

SROMEL LT, Vv /MRS O RERERL, Iz bADOREIICL o TREL

AT 3720, EREOBKFAEMETH OGNS X5 7%, BENGTEL2ET 2 Y v 7R
MG oW 7= AT 2 EHREED 2 Z L AMETHY, ZnicH X, #HERDBEIE
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T8k A EERERE R E DR RE

323 JHICT, MRE 7 VICHED & B U 72 5 5 AR A e SR P AR A D B AR %2 LU T ISR 7,

o =[22% +n* (1-v)](L/2) + 2{[Rmesl +h(n?GJe} + ElLg) )]/c}
@, =nA(1+v)(L/2),

0, = 2vA(SL/37)+ 2{[Rmes2 +k(n*GJee, + El gz, )]/C}

0, =VAL+ 2{[Rmes3 +h(n*GJe e, + ElLg,s, )]/C}

o, =(1+a)[2n2 +(1—v),12](L/2),

0 = n{4+a[4n2 +vi’ +2(1—V),uﬂ}(4L/3ﬂ),

o, n[1+a(n2 +22)]L,

Dy

2

+vn® (22— u) :l}(4L/37Z')

+ 2{[Rmes5 + k(nzGJ6‘3€5 +Eleg,é&, )}/CS},

@, = {4+ a[(2n2 + uA)

0 = [1 va(n+ 22 )Z}L + 2{[RmDWs6 +h(n*Glel + Elygj)]/cs},
£ =2R, [01 +nF (Rja, + R2ay + 1)2}/cs ,

£, =2R, [02 +n2F/RY (Ryas +a)(Ra, + Rla, + 1)} /cs,

£ =2R, [03 +0°F/R,(Ra, + R, +1)(R,a; + Rya, + a4)} /CS,
¢ =-LpR,F A/cC,,

122

[3 +a (u“ +2n° i’ +3n* )]L + 2{[Rmes4 + k(nzGJe%2 +El s, )]/Cs},

(A.1)

(A.2)

(A3)

(A.4)

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)



¢, =—4nBR F A (4L)37)/C,,

é’6 = _nLﬂRmFi’A'/CS >

$,=2R, {[/f (R/2R,) + (3/2)[(;12 ~1)(R/R,)-n’ ﬂE’A'ﬂL
J{o4 +n°F'R,} (R0a5 +a, )2 ]}/CS ,

£y =2R, {[M(R/sz ) +(n* =1)(R/R,)- nz,b’Fl'A’J(E%L/&r)

—k[o5 +n’F,'R)} (R0a5 +aq, )(R02a6 +R,a, +a, )}}/CS,

¢, =2R. {[,12 (R/2R,) + (1/2)[(;12 ~1)(R/R,)- nz/}Fl'A’ﬂL

+ [06 +n°F/R) (R02a6 +Rya, +a, )2 :l}/CS ,

VG,

g
Y

u=27R, /L,

A=7xR, /L,

a=1/12R ",

& =R’ (2+k)a, + R, (1+k)a, +(I/R,),

& =R’ [3+n’ (k—1)]a, + R,[ 2+ n* (k=1)]a, +(n*/R, ),
& =R’ (2+k)as+R,(1+k)a,

&, =R’ [3+n’ (k=1)]a, + R[2+n’ (k-1)]a,,
es=R’(2+k)a,+R,(1+k)a, +ka,,

g =R’[3+n* (k=1)]as+ R [ 2+n* (k=1)]a, +[1+ 7’ (k-1)]a,,
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(A.15)

(A.16)

(A.17)

(A.18)

(A.19)



a, = —as0y,
a; = —aé,
a, =+0y,

as zi0‘20‘7/&1 >
a, =F(a,05 — ;) J a1y,

a, =F (o, — ;)

5 =% 12f,R, +6f,R>+4f.R’+3f,R + f.logh+ iRy | fﬂﬁefz ’
12 Rme 2Rm Rf

Sin =A4(1=v) (100 + 105710 + T ) +2(10a04 + 10705 )5

o =200=v) 2(m 0 +15,) 1" |+ 207, + 117

Sy = 4(1=v) (16170 + 105700 + 7012 ) + 201,772

Jia =2(1—v)(27767710 +77122)+7722,

fis =4(1=v) (5770 + 1005 + 207, + 105,

Sie = 23104,

fir=2(00=v)ns’ +n.,

S =(1=)[ 2(mWs + o +ThsWia + oW ) + T 15 |+ 1000 + 10 + 150, + 7005,
Foo =(1=9)[ 20 + 10 + 1, ) + 10 + 505 |+ a0, + 30, +

o =(1=V)[ 20005 + ¥ + 100 + Tt )+ 10005 + 71605 |+ 70, + 11,
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Sos =(1=9)[ 205 +ma¥a ) + 1605 |+ 1080

fos =(1=v)[ 2(mt0 + W05 +ThsW11 )+ 105 |+ 7 + 10w + 15,

Jas =5 1,

for =2(1=v)map s + 1y,

Sor =2(1=v) (Ko7, + K1y + KTl + KThg + KisThyy + KigThs ) + KTl + K77, + Kl + K75,
Sr2 =2(1=v) (K11, + KTl + KoTls + Kty + K77y, ) + K105 + K37, + K7,
fos =2(1=v) (Kot + Kghg + Kigls + KsThg + Ky Ty + Kiplhy ) + KiTl, + Ko7,
fos =2(1=v) (K107 + Ko + KiaThy ) + Kol

fos = 2(1=v) (Kot + Ky + Ky 72y + Kislhy ) + K70 + K7l + K375,

Jre = Ky11s + K37,

S =2(1=V) K313 + K470,

S =2(1=v)(wsws +WaWo + 2000 ) + 2(vaws +yys),s
fo=200=v)(waws +wsr +y )+ 20+

Jos =2(1=v) (W + Wy + 200, ) + 200,

fu=2(1=v) vy +v” )+’

fis =2(1=v) (Wi + 2001 ) + 200, + 73

Jis =23,

S :2(1_")‘//132 +'//42=
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[2 KWy + KW + K30 +K12y/13) + KW +K‘7l//5:| + KW, KW, KW, KW,
[2 KW + KW, + KW, ) + KW, +/(51//5] + Ky, KW, F KW,
[2 KW + K oW, + KW, + KW, ) + K +K‘6l//5:| + KW, + KW,
[2 KoWs + KW, +K61//6]+K21//2,

[2 KW +K'le//13 +K‘13(//11 ) +K‘8W5] +K4l//1 +K‘1W4 +K3v/3,

Jse = KWs + W,

S =2(1=v) K30, + K04,

S =4(1=v) (15K, + Kk + Kipkis )+ 2( K5, + KK,

S =2(1=v) 2(k0ym + K, )+ 16,7 |+ 20600, + 17

Jos =4(1=v) (Ko + Ksicyy + Ky Ky ) + 26K,

fu=2(1=v)(2n50 + 55,7 )+ 57,

fis = 4(1=v) (Ko + K K ) + 20K, + K5,

foo = 265K,

fo=2(1-v)x," + &,

v, =—(n" —4)(3R,as +a),

v, =(n"-9)a,,

vy =(n’ —1)(3R,a; + 2a,)R,,

V4= -n’ (Rmas +4q )Rmz»
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vs =2(3R,as +a,),
v, =—bas,

v, =(n"-2)(3R,as +a,),

Vs = —(n2 —3)a5,
Vo =~Ys5,
Vie = Vs

v, = —n(3Rma5 +aq, ),
Vi, = 2nas=
V= n(RmaS +a, )Rmz’

. :_(nz —4)(3Rma6 +a,),

o= )

k, = (n* =1)[(3R,4, +2a,)R, +a, ],

K,=-n" [(Rma6 + az)Rm + a4:|Rm,

Ky =(n’ =2)(3R,a,+a,),
Ko =—(n"=3)a,,

Ky =~

Ky = —K,,

Ky =3R,ag+a,,
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K, = —3a,

Kk, =-n(3R,a,+a,),

Ky, =2nay,

Ky :n[(Rma6 +a,)R, +a4]Rm,
n=—(n" -4)(3R,a, +a,),
m=(n"-9)a,,

n,=(n" -1)(3R,a, +24,)R,,
n,=—n [(Rma7 +a,)R,’ +1],

s :(n2 —2)(3Rma7 +a3),

s =—(n2 —3)a7,
m ==,
Mg = =My

n,=3R_a, +a,,

o = =34,

n, = —n(3Rma7 + a3),
n, =2na,,

M =n[(Rma7 +a,)R,’ +1],
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o _(6Ogi1R0 + 3Ogi2R12 + 20g13R33 + 15gi4R44 + 12gi5R55 + 1Ogi6R66
! 60

+g,, logk +

8k, n gi9R12
R R, 2R ‘'R’

& =1 Ex +& (M 2 — 1)

8o =& (W + 25 )+ & (W 26— 20 )

8 =& (7 10 + 2 )+ & 2ts (07 —6),

8u =& (1 2+ 200 )+ & (7 —9),

g5 =&z (7 +6),

g =& (7 +9),

8 =1 E Xy + & (W i — s)»

s =18 s

8ig = ”zleuoa

& =F(R2R - RF ) [R2

£ = 1[(171’—F2')Rm2Rf2} /Rﬁ,

Yo = mmRm5 + mmRm4 + mmRm3 + mMRm2 +m, R +my,
X = mmRm3 + mmRm2 +my, R, +my,,

X = mBlRm3 + mBsz2 +my R +my,,

Xia = mmRm4 + mmRm3 + mmRm2 +my, R, +mys,

4 3 2
Xis =M R +mg,R " +msR ™ +mg, R +msgs,
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Xis = miGIRm2 +mg R, + g,
Xin = mi71Rm2 + Mg, R, + My,
Xig = Mg R, + Mgy,

Ko = Mgy

6 5 4 3 2
o =My Ry + 1y, R +my g R +my 0 R +my 05 R +my R+ my g,

2 2
my, =—6a,”, my,=-10aa,, m;=-4a,", m,=-6a,, ms=—4a,, m;=0,

2 2
my,, ==20a,”, my, =—20aa,, my,=—4a,", m,, =-2a,,
m.. =-36a’, m. =—36a.a m..=—8a’, m. =0
131 — 7 0 132 — 3%7 > 133 — 3 134 — Y
m, =15a.", m,, =20a.a m . =6a., m, =6a m,,. =2a
141 — 7 142 — 3% 143 — 3 0 144 — 7 145 — 3
m. =9a’°, m., =12a.a m.. =4a.’, m. =0, m.=0
151 — 7 152 — 3¥T7 > 153 — 3 154 — Yo 155 — Yo
m, =15a.", m. =10a.a m..=a.
161 — 7 162 — 3¥T 0 163 — %3 »
m.. =54a’, m., =36a.a m.. =4a.
171 — 7 172 — 3¥T o 173 — 3

2
My, =—6a,”, my, =—2a,a,,

m.. =a’, m,, =2a.a m...=a’, m..,=2a m, .. =2a m,..=0, m.,=1
1101 7 0 1102 3% 1103 3 1104 7 1105 3> 1106 H 1107 H

My, =—6asa;, my, =-50,, m,,=-4aa,, my,=-3a;, my;=-2a,
My, =—20asa;,, my, =—100,, m,, =—4aa;, m,, =—as,
My ==36asa;, my, =—18w,, my; =—8aa;, my, =0,
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my, =15a5a;, my, =100, my; =6a,a,, my, =3a;, mys=a,

Mys, =9asa;, My, =60, my; =4aa;, my, =0, my; =0,

My, =15asa,, my, =50, my; =a,a;,

My, =54asa,, my, =18w,, m,;; =4a,a;,

Mg =—0asa;, My, =— ),

Mye, = dsd;,

Myyoy = A5y, My =@, Myygy =01y, My, =As, My =A;, My =0, My, =0,
my, =—6asa,, my, =-50,, my,=-4w;, my,=-30,, my;=-2a,, mMmy,=-da,,
my,, =-20a.a;, my, =-10w,, my, =-4w,, my, =-o,,

myy, =—-36a.a;, my, =-18w,, my; =-205, my, =-2a,4a,,

my, =15a5a,, my, =100,, my, =60w;, my, =30,, mys=a,,

My =9asa;, My, =60,, My, =05, My, =2a5a,, My =0,

my, =15a5a,, my, =50,, my, =0,

my;, =54asa,, my, =18w,, my; =o;,

My, =—6asa;, my, =—,,

My = dgdy,

My = Agly, My =@, My =@y, My =04, My =dy, My =y, My =0,
my, = —6a52 s my, =—10aay, my,, = _46112 s My, =0, my,s=0, my,,=0,
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2 2
my, =—20a;,", my, =—20a,a;, my=—4a", my, =0,
my, =-36a., m,, =—36aa my. =—8a’, my, =0
31 = 5 30 = 195 5 33 = 1 134 =Y
m,, =15a., my,, =20a.a., m,, =6a’, my, =0, m,. =0
a4 = 1945 4 =V As My =04, My, =V, Mys =Y,
m =9a’, m,, =12aa., m,.=4a’, m.,=0, m.. =0
ast = 20s > Mysy =lzaias, M3 =44, , My, =V, My =0,
m,. =15a.", m,, =10aa m,. =a’
461 = 1945 462 —1UQ 45, 463 =1 >
m, =54a’, m,, =36aa., m,.=4a’
47 = s 5 My, =30a,4s, My =424, ,
My, =—6a., M, =—2aa
481 = 5 482 = 1955
2
Myo) =ds
m,. =a.’, m,, =2aa Mmoo =a’, my., =0, m,..=0, m,, =0
al01 = Gs 5 My =205, My3 =4 5 Myq =V, Mys =Y, My =Y,
mg,, =—6asas, ms, =-S5, mg;=-4w,, ms, =-3aa,, ms;=0,
mgy =—20asa,, msy =—100g, ms,; =—4w,, my, =—aa,,
Mgy, =—36asa,, msy =—18w, ms, =—2w5, my, =-2aa,,
msy, =15asa,, ms, =100, my; =60,, my, =3aa,, msys =0,
mss; =9asag, Mss, =60, Mss; =@, mss, =2a,a,, msss =0,
mse, =15asa,, msg, =50, My =0,
ms;, =54asa,, ms;, =18wg, my; =y,
Mgy, =—6asa,, Mgy, =— @,

Msg) = Asdg,
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Mgy =Asdg, Mgy =g, My =@r, My =A1dy, Mo =0, mg e =0, myg, =0,

2 2

Mg, =—6as", mg, ==10a,a5, mg, =—4w,, my, =—6aa,, mgys=-2a,", my,=0,
2

Mg, =—20as", mg, =—20a,a,, mg; =—4w,, mgy, =-2a,a,,
2

Mg, ==36a, , Mg, =—36a,a,, Mg =—40,, Mgy, =—4a,a,,

2 2
Mg, =15a5", mgy, =20a,a,, my, =60, mgy, =6a,a,, mys=a,,
m. =9, m. =12aa M, =20 m., =4a,a m..=a,

651 — 26 > 652 =Lalylg, Mgs3 =20y, Mgsy =40,04,, 655 — 4 >

2
Mg, =15a,", mg, =10a,a,, mg; =,
2

Mg, =54as, mg, =36a,a,, Mg, =20,
mg. =-6a._, m. =—2aa

681 — 6 > Mgy = 2 dg 5

2

Mgy = ds 5

m.=a’, m.. =2aa M =@y, M0, =200 m...=a,, m,. =0, m,. =0

6101 = 96 > 6102 — <0yl 6103 — @y 6104 — <045 6105 — 94 > 6106 — Vs 6107 — Y
o =aa; +a,ds,
W, =a,a; +a,aq,
oy =a,a; +a,a,
o, =a, +a,a,,
@, =3a,a, +4a,a,,
a)() :a2a5 +a1a6,

w, =a,a; +aa,,
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a, =3a,a, +4aa,,
_ 2
w, =2a,a, +a,”,

_ 2
w,, =3a,a, +2a,",

R’=R’-R’,
R'=R'-R’,
R’=R;-R’,
R=R-R.
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T8k B EER(KEEREHTE DRI

4.2.1 THIT CHEH U 72 S E S R PR B EEHEE 3\ D 2540 802 LU T IR

o =126 +n*(1-v) ]2,
¢s =nel(1+v)/2,
ol =vel,
o} = 2vsk,,
¢! =(z/2)(1+,o)[2n2 +(l—v)52]+w§ (2an/CS)(Ar +1./7)(r./R,),
g, =ni 1+ p(n’+&) ]

+w (2nE/C) A [ [(1/R,) =1 ]+ 1] +n* (1, /72) (R, ).
0, =2n{k,+ p[n*k +vR ky+ (1-v)eR K, ]}
o :l[1+p(n2+82)2}

+W¢(2E/Cs){Ar(Rm/n)["2 [(n/R,)-1]+1] +n* (Ir/nz)(f;/Rm)},
o = 2{kl +p[ R (vt + 8 )+ (n* +ve ) +2(1—v)nzngk4]},
Ol =20k, + p[ R,k +n'k, +20°R 7k, ).
&/ =[1(Ny = R)+w, (20,,4)(r,/R, ) ]/C..
Gy =n[I(N, ~R)+w,(20,4)(r./R,) ]/C..

&y =2nk (N, -R)/C,,
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(B.11)

(B.12)

(B.13)



(B

ki,

54Z[lbﬁpﬂs+”2A%5‘R)+V%(2”ZUHAJ(K/Rm)]/C“

¢ =2 kR Ny, +k (n"N, ~R)][C.,

¢o=2] kR, Ny +k, (0N, —R)] /.,

by

Il

-+
S

b

=
I
[+

N

724(16m4 +24m? +3)
ks = 4°
7’ (4m2 +3)

4] '

b

kg =

k3, ks DEIZ, + IR Y ¥ 7 DEHBMER DG A,
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AW ZIRD DR L BE K OBBELRMEBIZEZH Y £ L7z, JWNKRFERERE LArsehe
e A7 L LAEEY BB SIS HEIcGEA Citlh L g 5,
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L EFET.

FORURFR DT FidIs AR B AR e BB A S B Bh# A fidici,
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FEE FURMEE Bhicit, MEZBD 2 2 o010 EEZRTOEO D% K 2HIE L
WhxEBY F L FHEACHEHILRL LT,

Kgeo—iBix, SMEEAN BAR A2 0 IRFAFER L Hg %%, &
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TICHRT LN TEE L. ZCWCHECEHFL BT,

FUNRER ARG LA Mg A T L LI A RS T el Ey 27 41
IR E DI EDWERICIE, W - BB W TS R AHBNZBY £ L EEHD
BErxRLIET.
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