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’ Conversion
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Elasto-plastic buckling stress
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___FElastic buckling

__Elasto-plastic
buckling stress

Yield stress

(Thick shell)
X 2-1

R/t (Thin shell)

e
o0

Response reduction factor D,

D, =2 ZPA[S,(T,)

Overview of conversion from elastic buckling stress into elasto-plastic buckling stress

0.6
047 5,(T)/zPA=2 A\I
1 020 SuT)/zPA=2u4 T
Response reduction is not considered if : ;
acceleration amplification factor is low 0 i ] ] I L
due to low-frequency seismic load. 0 1 2 3 4 5 6

Acceleration amplification factor 5,(7,)/ZPA

Response reduction can be
considered if acceleration
amplification factor is high due to
resonance between linear response
of structure and seismic load.

2-2 Response reduction by nonlinear response on elasto-plastic buckling by horizontal seismic

Large cyclic
axial load

load

— Initial
imperfection

— Residual
deformation

€— Increase of
imperfection

at buckling load

2-3 Diagram of geometrical imperfection increase by residual deformation due to cyclic axial

load
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(TS & R AT AV S LT ey, RV IREFH O -« <Pk - frESRA O M
R JE R A2 W 9 5 7o 01 Z1d, WIS O St~ i I 2 A9 2 A0 B
bbH, £ T, 242HITRT LI, B E@OBRIRIN T &2 A3 2 HilfE~ 0 A
At oD A A AT IS & 0 TR Uiz, E 7o, RREHEEIHAN O ~HEA~ O AMEIC DV T
3. 245 HICTEE & T 72,

2.3.2 EREFEME=

AT, ARBRIG I DA — AT F A FRAT L AN H IR 9Cr-1Mo #il7e L1
TRIG T D rE a4l Tl FH Al AR 72 I f 3 0 PR T AR 2225227 S W TR R T 5, 72
$. 2.4.2 T TR R o0 8 FHPEREAR 24T o 7o A ORGP IS AL : 50~400,
m SRR 0 1.0~5.0 TH D08, PRI RL I 7> © SRR £ T O FRE
JE (BEREE R, dF R, SAMER) IS L TR Y I ORFHEFASMI IV T
H245HTELRDOLBY | ARIZITEAREL BEX BN D,

M0y, SEMERE, PR E, SAMRED > bnihs—o E2% T 58
Ao TUE, ROXETRETL25E. BEITECRWE T2 LR TED (EiliER
FHT TR E & BIZOTHPEMT D2 & TRET L7 U —TEBARLS), 723, il
HRMENEOEA, Fo=0 35, £, MMAERD FIRIEAAED 0.5 5%
2 DAL, RQ-18)THEV, JEIEIRE 2 fiET 2,

0 5 M FC 5 ] 5
(Q_} (M——cFJ H @)

I T, BAMEERE Qo 1ZIRNEVED L D ET 5,
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"4
T (2-8)
Q. 5
»
Lo \/_Ta -1 (2-9)
|\ 1278,
5 3
re =380 B 16 0676 £ (2-10)
L Dyt
HE T PR SR GREE M, 13, IRAK VD ED D D ET 5,
M,=a,,Z @-11)
a o
Ilcr + b cr =1 (2_12)
o, \1278,
1 2El‘ 1 |D
. = 1-0.731{1—exp| ——,|—2 -
ber ) { p( 16 2t ]} (2 13)
AR TR Fo lX, RRKVED DD LT 5,
F,=a/, -4 (2-14)
P P 2
a a
Zcr + acr :1 (2-15)
aa cr [ S_y j

_1.2Et 1 (D
¢ = 1-0.90151- - =2
a, . DO [ { eXp[ 16\ 2¢ J}jl (2-16)

HR USSR Cy X, KR ER OB BT, T LVED D
DETDH, TOMDEHIT, CrE 1.0 &35,

c, =1-0011E {0494+ M (2-17)
S D M

y 0 cr

k/x‘ AL

M B O P ARFEED FIRIENAIED 0.5 5522 25515, RX(2-8). (2-11), (2-14)
(ZB T D AWHEIRIRE Qo M FEERIRE M., 3 K OMIIERGEERSRIE Fo (SR O
ERREL Cin Z28BNT 2, 7ods, MHERBOFHERICHW 2 IR R, FETMH 50
MO —U R (WA EEZMET 2BROERERS) H20 OWHIAEED S
H, REWHzEMW5, £z, MO EIR 203 55613, M rEaEs
2 HICHET 5, F—URIE, BRI OW T AWIEE, 5o Cddng
JE S S L OMl AR A2 O PR TR R LA B &2, MER OB EIRIT, #IEIREE win
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2.4
2.4.1

NRHRED 2L+ 5,

1
C, = (2-18)

2w 0
1+0092(im—1J

t

RET SERBFMHIXORH

ERFFEXDBRD Y= 1)

RTEIC RS L7 AP 2, 22-17) Dk U SEBMREL Cp 2B | 1987 42725 1994
FAEPAPEREA OEFE L Z T B PR TSI E ORI L e | IRERS
Db ETITONTE@BEFE DA — AT F A FRAT L AR [ &5k m) T o B R R
AHEEAZER L T 5,

AR, R R ER S S 2 MR R ORI R(2-13). (2-16)1F, 2.2.2 THDH(2-2), (2-
INTRT K 91T, NASASP-80071251, JEAG460127143 I O A AR 2 A DR et ks
RN E TR SN TV D, 7o, AW B I3 2 ML L I O FEAT (2-10) 13,
[FREIZ 222 HOX(2-5)127~5F X 9 (2, Timoshenko D2 U Y JFEJHFEAG 1N | HEJE T
BEDIXHHE L MlT OB X5 BIEMEOKT 2 B8 L 72 AREER$0.8) % 5 Uiz
X TH Y, ASMEN-284281F5 L O ARG 22 O R GGk s a6 U TR S
TV, ZO& DT, RS HRE, BEORGH RS TERHERD & 2 et
LTW5,

WAZ, BRSSO ¥EPEAE EE(2-9), (2-12). 2-15)Z DWW Tik, BMEEE IS 1
DOWT 1 IRT, IS IZ W T2 kS CTHEERRIZEE L7-XQ-60) 28 L T
BO, AL EH SN DHBMEIRIENT, A—AT T A FRAT L AHDIE
W CERRIE=50) 225 LSRR (IS IR EE=400) D250 M &5 o Bk
BROD 95%[EHH FIR KV BIRSTIITH 5122, 70k, PIHIAEEED FRIESAIED 0.5 5
R HHEITIE, PR EICS Ul BRRER T 2B E T 5720, A EEBIOM
FECHADE | KQ-18)DHIIESRIL Cin ZHNT D Z L L LTV D, ZDEROYIIIASEFIC
L AR, #TEER R KO ERE O BRI E A ZE LIS — U RS T2 0 O
AEEEZHWD, LLTWS, F—URIE, BREERERNMNSE L, ZAM I
5 Z LT PR OHMICE T 2 A EE L EMICFHETE 5, SV R
D DOMIAREEZ NS Z L DREMEICHONTIE, 5 ETHRHLTWS, KEIc, &
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(2-8). (2-11). (2-14)iF. BPMEPRIEIG ) 2 PR EICHE L7 b D TH D,

— PO EAEM %25 58 LT BE e 3R R AR 21T © Q-2 >V Tid, 77,
Bl AR & R ) LTI, 224 TSR T K 91, Mok EHEE & RIERICHRIE
OMEERAZRMA LT\ D, —J7, B, fhdRIE & B m 2o LTid s &
O EMERAROZERA LT\, 28U, BROA =271 bRAT v L AOM
TR D PEJERBRAE RO FIRICE S b O TH L8, M2 EBEMICIERT 5729
FAEAEM (RE3k) ERERAOEEE A T A—5 & LT, FEHERAERE RO
T4y b I—=TEROTEE DA, M 244 \RT XS ITHEMERITN 54 BTHDHZ L
DHER T 2B, R LI 5 ROMAFEMANZ, XA M7 4> b U—
TR L CRZELL FOMEBEERZ B8 T 20D THD Z L0 b, RTFIRRIE L 8o
TWD Z LRSI,

VLB R T30, SV IE s K OMR AR RN, FRIS A e rf < . B
RE%E DM LEACARE DS BN A — 2T F A FRAT v L ARO[ 15 55 0 VA I R
RICHESEEMHINIZbDOTHY | EWRRISTARNIN TR AR A A3 5 R FH M
REEM~OBWAMEIIMEER STV Rpo Tz, 2T, 2O LI RS E AT %R
9Cr-1Mo il o> [ 5 D R fifdT 36 K OVaRBR A F2fia L. oo FAPEIC > TRl L7z,
FRATIC X D HEaBAE L% 2.4.2 TR L OV 2.4.3 THIZ BUBRIC K 2 Bl B % 2.5 filo R T,

I, MR U EOEEIZOW TR, £7, fhiEAF M OME LNELZIT 5%

(ZRF LTI, 22,5 BHIDR LT R BRIBEN R 2 B8 L 2 & TERAFRIOFHE & 72 5,
— T ARERERF DT O D MEE & FERO X 512, B MO KE 2R L
o EDNVEIFE CA U S 558 1%, 2.2.5 THIZAR Lz TR ELLT Off R L 0 BEETE
ZHEL, THUDIROMEZZIT L & EOBMOYIAREL 725 Z &12 K L E 7 EO
KT 2BET DMK UREBRE C 28NS 5 Z LT, BEJEME 2 RFAICEHE ¢ &
%o Mk LB Cpy XD HBRRIZ OV T, 244 IR,

B
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2.0

i O Test results (SUS304)
O Test results (316FR)
L | —™Modified equation (Eq. (2-7), fz=1.0, C\=1.0)
1.5 | —Best fit curve of test results 8

Best fit curve of test results:
a Mean value C,,,, = 1.18
O\ 50| Exponent C,.=540
"""" ' o | Coefficient of variation
o =0.0716

€]
b O
O

—_
(=]

L]
-...
.
.

:
:
o]

L .,

M/Mecr + F/Fer

+ Interaction o,
Fin AIJIZ-6] b

O
0.5 j Interaction in % L

| Eq.(2-7) :fifth power “‘ Load : Monotonic
/ Material : SUS304, 316FR

" Interaction K

B . R/t:50.5—428
0.0 in ASME N-284-418 5] L/R:1.0-3.0
0.0 0.5 1.0 1.5 2.0

Shear buckling load of test / that of equations:

Q/Qcr

Test condition(222;

(Bending buckling moment of test / that of equations)
+ (Axial buckling moment of test / that of equations)

2-4  Comparison between modified equations and test results on austenitic stainless steel vessels
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2.4.2

= B AR IS h DM ~ DR FE R 0 AT

2.3 Bl LI UL, @l TR SN DA —AT A FRAT VLA
B PR MERARBAE RIS T EFH IR b0 THY | REMEZIILDE LIz L
D EOBERIS T & T DM~ AR S Wi o Tz, I T, EVRER
IS EETHE4HE LT, HAMBM S0 T 5 58 E MR I akdmiis et - &
RHURG <EF TLAR sdir AR > 2291 (LA, JSME ssfiF k) o 2012 4ERR CiE iR A
SN CTH DR 9Cr-1Mo Hil 4 38 7E L, SPMERENTIC X v A8 R =S oo A
ZERR L7222 BB 9Cr-1Mo #liflL, A —ATF A hRAT v U AHD 2 (FFEE DR
RIENEET D, Fio. BREDOIMTEEE S AT LAME v /hS < JEH—D
FTHBERDT 1 7 7 A ST RAHN ATV

FENTIZIZILAMENT = — K Abaqus Ver.6.8 % 7o, fEHTET VE L O E - FIHS
IR 2.5 IRT B0, HEE S RO Tz s afm U, Biismm iR ey &
L7295 2 °C Bl RSP J51a) (e 5 10) F6 K O EE J7 1) O fif B & A far L7z,
FRIITMAE Y = VEREZEA L, BERHUIEEEE AR TE LX), Es
NDEEE— RONJE R (BENEEEIE - dFEEJE - 4VRe, AW © (1R ) £V
bR & LTz,

FRAT RN D — B2 2 2-1 \R 3, IREPHOMEHEE, ~HE, SilEsE - il - AW
i B RIS 0 U CPR A0 @ FAPE 2 FE 9~ 72D, $l6F & L CIMRRRIRIG I D88}
ThdA—ATFHA MRAT L AHHE LT316FR 8l & | @RISR O A48 &
L CY R 9Cr-1Mo Sl & fppir it Ge & Ui, Fiz, ~HEX, BR/HWER (R 1350 2
5400 &5 2 & TEMERE SRR E T, mS R (LR) 131.0 205 5.0
EF DL TR AMIEE D HEERE - d SRS E T, M E IR LA, dhiE A T
B 3 J OVl T A7 B & BRIE A T IR E O AW E & L, MRS ORGSR &
JEHFPHIZ 7 R— LT B,

FOEHRFEIZIZ, JSME #3808 BUFE 12 #E U C 316FR £ & 2k 2 9Cr-1Mo DI 11— O3
HBAMR CEEIRR) BRORT Y U lE AT Ui, BRG] (0.2%I0 /1) X, 316FR
A3 20°CT 259 MPa, 550°CC 137 MPa, X[ 9Cr-1Mo i3 20°CC 493 MPa, 550°CC
322 MPa Th %, mdF COMEMEMEE TH D 550°CTOIRI-OT HERZ X 2.6
WZR,

F 7o, AREOMHTClE, PIIAREIIR & U Coith i [ A AT ©15 5 2 RAKk
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B REEARLTHZ LT, AR E BRI EEL —B S, RSP JE 58
T2 H B LT, Tl HEEI A WM AR & L7358 O FRE IR R & LT,
JE 77 10 D2 TRRIE S 405 JE 718 O FIAREEIZ RS, dilh 7 1a OFs 1 TRRE S 5t U
b (EH B OWEEITE AWEER RIS SE72) OPIEIRERIRCOMHT b F2hi L
2o TNENOYHIAEET— FOBEK 2-7 1ZRT, -, YA EEIEe LA
JED 1.0 f5ETE L, BEFHE AU I W T AR RS K E < (Q2-18)IC & v i 5#
JERTIES LT & 72 D50 (PIIREEANIED 0.5 f5i#8) £ TE2H =11,

FEMT TR DIV RIRATE &, 2.3 THITR LMD R EO L E 7 2 v K
U7z A B 2-8 1R T, AT CIIR L 0BT E R L TR oo, R LY
BARCO=10 L LTy b LT, o, BB % 1.0 & LIBE ORGHRAH
ZEBT, 1.5 (JSME @ndfF itk Tl b Z 2R/ N S WHEADIREE D) & L723REHR
Rpa mf CENZhuR Uiz, $ifE, Pk, WEEIC»2D LT, 1T & A EDMITHE
T fi=1.0 OFEFHRIHIIH LT 1LO~12 fFRRE L 2> TR Y, £ fi=1.5 OGHR
FRUTK LTI R TOMTRERD D RBEEZ R L TWD 2 enb, @m0V RIS) %
AT D8k LT, HBIEFHNEIC & 0 R R 2 G BRI DRSS T & S
L ERMER LI, ek, PIHIREEN NS WS, 2D WITA— VLR O WA
DR DIEIEE— N LA REIRDN 722 255513, FEJm 38 3B R AR (/3=1.0)
IZXFLC LSRR L | MENRKE o7,
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Cylindrical shell

Constraint condition at top:
Keeping cross-sectional shape

Horizontal load

Axial compressive

\ load

Constraint condition at base: Fixed

2-5 Diagram of FEA model

3 2-1  Analysis condition

Parameter Condition

Material Grade 91 steel, 316FR steel

Dimensions SO0<R/t<400, 1.0<L/R<5.0

Load Monotonic axial compressive load with constant horizontal load on top
of vessel

Temperature 20°C, 550°C

Initial imperfection

Amplitude: 0-1.0t

Shape: Lowest elastic buckling mode,
wrinkle around circumference,
wrinkles in longitudinal direction

(Imperfections are depicted in Fig. 2-7)

17




400

300 —
Py
&
200 -
=200 e
% P
<5 -
= s
»n 100
—Grade 91 steel (550°C)
= =316FR steel  (550°C)
0 l
0.000 0.005 0.010 0.015 0.020
Strain (mm/mm)
2-6 Stress-strain curves according to steel type
Elastic axial compressive Elastic shear Elastic bending

buckling mode buckling mode buckling mode

Wrinkle around Wrinkles in
circumference longitudinal direction

2-7 Examples of imperfection modes
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[—
S

e
W

M/M,, + F/CF,,

Feature of plots :
Color : Dimension (R/t)

Shape : Imperfection
amplitude and mode
With/without fill : Material

0.0 0.5 1.0 1.5

Shear buckling force of FEA / that of equations:
QQu

Modified equations (f = 1.0, C},= 1.0) ( 0 ]5 J{ M . F, ]5 <[ ] js
=== Modified equations (f;= 1.5, C,= 1.0) | 0 M, C,F, - 1
® Grade 91 steel, R/t = 50, Imperfection = 0.5t

Grade 91 steel, R/t = 100, Imperfection = 0.5t

Grade 91 steel, R/t = 400, Imperfection = 0.5t

Grade 91 steel, R/t = 100, Imperfection = 0.1t

Grade 91 steel, R/t = 100, Imperfection = 1.0t

Grade 91 steel, R/t = 100, Imperfection = 0.8-0.9t, Axial wrinkles

Grade 91 steel, R/t = 100, Imperfection = 0.5t, Circumferential wrinkle
316FR steel, R/t = 100, Imperfection = 0.5t

316FR steel, R/t = 150, Imperfection = 0.5t

316FR steel, R/t = 150, Imperfection = 0

316FR steel, R/t = 150, Imperfection = 1.0t

316FR steel, R/t =200, Imperfection = 0.5t

(Bending buckling moment of FEA / that of equations)
+ (Axial buckling load of FEA / that of equations)

O 0O O O O}4d b EH o 0 o

The cases without imperfection mode specifications consider the following imperfections:
0O = 0 (pure axial compression): Lowest elastic axial buckling mode

0O # 0 (axial + horizontal load): Lowest elastic shear and bending buckling mode

2-8 Comparison between modified equations and FEA results on grade 91 steel and austenitic

stainless steel vessels
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2.4.3 MPMFBEOMBEEDIES DENERBEICE X 5B OHE

2.4.2 M L IZfRHTIC X 2 @ RRIG ) DR B~ FAMEREA Tl I — R
SIS LTI AR 2 A3 % 2 & TIRATFRIZRFHIE 2 F2hi L T, AT TIE, #
BHREESCHII A & - I AT — RERTA—H L LIzEr T AR Y I al—Y
RN ZROOELOEINEEBEICKTTRELERELT DL & bIT, FEE
i B D 95%IFHE T AR 69 2 8 R =D 2 e L 722300,

BRI FIEE LTE, £9. EBGHEIEOERE LI18 IZKT & KHEZEID T

R % B U T SR B RS SR AT & FEfE T %, RIS, RSOV R I ARAT 7> D 45
SN JERMT ISR L OSEMETT VEER L, 2 FROESTH Ly 2 b—
Va U THEAT S 2 L CRIBREOIX S D E 2R, JFEIRATED 95%EHE FIRIEZ H
HL7,

fEBTIZ. UM = — B Abaqus Ver.6.8 128 0 i L7-, ffTET LOME « #5
FIEOMZNZ 2-5 LFEERTH Y . AT 500 mm, P RELB L 0w S

BHITEERF D7 7 A 1 FHMAEOTESL LT, £hEh 958, 161 & LT,

Z 2T, ERHER L OWEEE COMEEHRE (550°C) 2B\ T, 2 FEHONR
HO(RE (EUERED HKR, KE @hEA ) BLOSEOEAME) &, 2 FEOM
Bl (SR 9Cr-1Mo i, 316FR #) (Zxf L CHEEIREDIE D >X At Lz, 2T,
AKFB L OSHEMELZ AN T H5A TIE, KERERG COMBREZEL, #HiE
i LKA E O #EA 0.65 1 1.00 & L7z,

ARFCIE, ERREICRE R BE 52 5INT L LT, PIHIREE, YA~ EE
W BLOMEHM: (RIS 6,0 ISME & sE B IC W TR % O 2680 4 8 2%
DIRE K, HEEMELREL E) 2 L. 3 2-2 1R T £ 512 L18 EARRK DKUEEIf+ A 1T
Sfm, KYE ITBIEMMEA/DE | K ITREEMENKE < 72d XISk 2#E
Lize RF-AIZT T2 ThHDH, KT B, C. DILZNZIVEHTANERE — RORE,
BT — R & ACEAR RO 2T A, SAWEEE— K&K FEAR RO T A
EREL, ZNHOEFE— ReEREDED 2 LT, FEROIIAEIROITLS D
TERIL, W EE KT B, C, DICTEEDFX OYMAEKE— N ELE
DEGOR R EETH Y . AKEE (T E2RED 0.1 5, 03 5, 05fF& L
7o MBHRFPEICBE D7 F. G, H Tl /K%E 2 [X JSME A B IS E D H AL 2 fE
CEME) &L, AKHEL LKHE3 IR, TN 30 TIRME L 30 EIRMEAS OE (6
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RS 208 LTz, 7236, MEIOIS -0 % B3R 1T ISME s RS IR S b
BRI, FAKEOKMEERAT L L TRETE S,

WA, Bid, AR OB MFATE 7 ATk U C o i [ A AT 4 92
L. BN HEERE— N2 LIS BEAARICASEMAGOEIIRRZ , #AYHEME
JEJESRAT ORI A HE & U CRRITE T VIS 5,

L18 [ELAZ AT HED < Rt ROMREM 2 b D & LT, R 9Cr-1Mo FHL D I f7%1
ERELIRS KL OVKATE 2 A L7238 a 236 1T 2 SR 1B L i fnf B O ZEIR 0 X 2 [X] 2-9 (TR
T BRI DOWT, AKHE 1 CREEMTEA/NE < KHE 3 THRIEMENRKE <R DD
D WITKIEDENIZ L AV EBENDROWNT N TH Y | AKERERHIZTHI L 728w
EHEG LT, AT QPR EA~OREEE (F/KUET O fif 8 O i KAE & e/ Mo
72t BT DR O TR L7 l) 2l 5 & MBHMER], i E IR
Do ROEEMEICS 2 DREENRE Do TR FITRERIGS (316FR i - SRE
i 55.8%, BCR 9Cr-1Mo # - $REATH : 40.9%. R 9Cr-1Mo #il « $hEds L UVKF
i E 1 37.5%) ToHh V| Fit\ CTHRAYIAHEE (316FR 5 - SHEATHE : 18.4%, B 9Cr-
1Mo il « $RIELRIEL @ 16.2%, B R 9Cr-1Mo ] « $RiELds K OVKEATE 1 10.3%) &7e o7z,

JEJRGREE DX DO ZFHIClE, TR D ORI N LI0EdhmE T V2 H L7z
EBUTHINRY I ab— a3 YEERT DO, BT COREE M E & NE T L
THEIND IR EZ L L, ISEMEE7 LV OREREEL T 5, IE
7 (K (2-19)) X, FRFOKEKIET D (B X) TR, 2 KEORKF A
TIE LKA (f¥ e, = 0) T, 3KEDORETF B NHREF HIEL2 kA TEEIL, R
B P, (kN) ZFET 2,

P, = Z(aixi2 + bX; +¢;) — 7Py (2-19)

T Tan biv cl3RE, Pnld L18 AR TORNTA DG S U7 LT 1 1 O ) fE

(kN) Th 5, fREMRr—2 L LT, &R 9Cr-1Mo FIHL fF5k I CERIE IS K OVKEA
EaAM L2556 OIS Ml O Z R 2-3 12, ISZ i 2 & Kb 72 i 188 i fif 32 A
[ S At D FRATHE e & 3R oD T SRR AR B CRR L. IEBUL L7 2 [ 2-10 1R T, fif
ProRFRKAEIZED B3, JNEIE OS5 5 EEMEORAEIT/N SV, K E -
TEDOFMITIBN T, JREE D D5 DAL 2 FERATEOFRAIL, 316FR Sl E A
FE D7 — AT 1.8%, K 9Cr-1Mo HDFRIE HLAST B D & — A T 1.2%, ti & 9Cr-1Mo
OAKFEL L OEEREE L7 —AT09%THY , ErThHnyrIalb—ray
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WCHWINEEET VOREN 5 Th D 2 LRI,
2HMDEYTANA Y 2 b— 3 OO EBMAE S, 2.3 HIIR LR
JEFEM XD R E (Qere Moy For) O (BJERTEI) 12XV BEEMED 95%(F
TN IR RT3 2 PR RN OB E 2 iR T 5, E T Avr vy Ialb—y 3 0%
Kl DRI IS T DA X 13, A& K CTHE S 2 A REEICIE » o Bl O 3 AT
2%, 2T, HIIAREIIRICBET 587 B, C, D TR/ NS NEEZDL
. Fo, IHAEEICET 2K T E OIS D& XM ORE FIEICEKE L— &
SSARFHEEIREETd 5 7200, Z IS KT O KAET KR T DI X; D F AT =58 B 3 A
AR EET D, — . MEHRRIEIZEE T 21K+ F. G, H OKEETIE, X DI
AW SRS FE AR X M8 2, YRS 30=1 OEMEER A &5, Fio. R
KU X 0 BT E 2 5 2 BT, JISME EdlF B OREBMELREL E B L ORET
RS, Z W,

BT AN YR 2 b= g YDV EIRRTE 2, A =0 R B
(Z2ARH f3=1.0) TIEBUL L TR b5 RIEATE L OMeRS LA KTz,
KAV R & LT SR 9Cr-1Mo S R ShiE s K OVK A E &2 A L7z
— 2T S N MR R A X 2-11 W5, [ 2-11 1% L E S s BV T
Hili i B & KV O BAEANFAET D72, FER MO M (5 3l 12k
0 G AERR R SHIE S, ZOHA T, 0.87 KD /NS WETIREE A U5 & of
ESND, T ThrayIal—yarhbBbniRIIcLd e, EEME~LD
FEIEA 1.23 (fh+ PR E) . 119 (HAWD) . 95%E8E FERMEAS 1.09 (i + ih i
#H), 1.05 (FAW) THY .| BRI 02 RTHEEZ A LT D 2 &R S
72o FE7z. 316FR SR &3 Sl ERME 2 Fr L 72560, dR 9Cr-1Mo S fRimkic
HhERE A2 N 2 72356 OFHIFE R b G TR 2-4 17T, EIEMTELD 95%(E1H MR
fElE, W b IR TR A L HIE SO (BEfE) % ERl-7-2 &2b,
JE R AU BRFH PR R A2 -V CRMR L2 R IR AT B, APRHMEE Z DX 5o &
A U EBRO R ED 95%EHE FTIRE L W bLRMOMEE 2D Z EPREnT, 7
BLOEEMEIZOWTIL 95%EHEH FIME L D B & 512 10%0° 5 20%FEEDOMEEZH LT
W5,
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7% 2-2 Quality engineering allocation

Factor Level 1 Level 2 Level 3
A - - - -
B Axial compressive buckling mode Ist 5th 9th
C Bending buckling mode position 0° 90° 180°
D Shear buckling mode position 90° 45° 0°
E Maximum initial imperfection 0.5¢ 0.3¢ 0.1¢
Yield st 316FR steel 91.64 137.1 182.6
ield stress
F Mod. -1IM
oy (MPa) od. 9Cr -IMo 249.3 321.8 394.3
steel
Constant 316FR steel 206.2 336.9 467.6
onstan
G Mod. -1IM
K (MPa) od. 9Cr -1Mo 237.4 330.9 424.4
steel
16FR steel 149, 156. 162.
; Modulus of M3 d69C S (;clzvl 9.3 56.0 62.7
elasticity E (GPa) od- AT 2IVI0 162.6 174.0 185.4
steel
1,200 |
==A: Null

—B-B: Axial compressive

— / buckling mode
= =—C: Bending buckling
o
= 1,000 mode position
e —==D: Shear buckling mode
™ | . 4: position
£ i T —+—E: Maximum initial
=< imperfection
§ 200 ~o~F: Yield stress
@
é ,‘/ G: Constant K

l H: Modulus of elasticity

600 '
1 2 3
Level

Factor Level | Level Level Influence
1 2 3 coefficient
905.9 - 895.9 -
906.2 | 895.8 900.6 0.6%
897.7 | 905.7 899.2 0.2%
884.1 896.2 922.2 4.2%
854.0 | 902.1 946.4 10.3%
731.8 901.3 | 1069.5 37.5%
914.1 891.4 897.1 1.9%
892.8 905.7 904.0 1.2%
Average | 900.9 - - -

TQm|mg|a|w|»>

2-9 Cause and effect diagram (Mod. 9Cr -1Mo steel, Vertical and horizontal load condition)
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3% 2-3  Coefficient of the response surface (Mod. 9Cr -1Mo steel, Vertical and horizontal load

condition)
Factor
B C D E F G H
Constant
a 7.5979 | -7.2731 | 6.9346 | -1.9197| -0.61344 14.238 | -7.2460
b -5.0018 | -33.172| 29.824 | -8.6944] 53.885 | 171.28 | -65.452| 34.571
C 910.86 | 931.74 | 875.14 | 885.88 | 802.04 | 561.15| 965.31 | 865.52
o 1.10
B
s
a £ 1.05 |
2 i
R
%% R SN NN ISR P N W W Dows D [ W S o X __Afre..l_.w
o 100 +—a—i- - -—0-————————— L L - — D — - — —|
;’ go O P | R AT, et VDR EN3S R e o i o ) Al 5 - e B s = SO N
3
w 3
%f 0.95
1]
u - —
a2
®
z 0.90
1 2 3« 5 & F R 840 %3 14 1535 17 18

Analysis case

2-10 Comparison of axial buckling load obtained from FEM and response surface (Mod. 9Cr

24

-1Mo steel, Vertical and horizontal load condition)



| 1.09

1.23
[TMonte Carlo simulation

--= Normal distribution

— -95% lower confidence limit

- - Average

1.25 1.50 1.75

Kling load by proposed

E=IMonte Carlo simulation
=== Normal distribution

— 95% lower confidence limit

- = Average

600 [ -
Threshold of proposed | |
formula (buckling .
500 occurrence): 0.87 \1 |
e
400 | .
T I !
g 300 ' I
o | .
g I
o I
@ :
& 200 1 1
| .
100 |
I
0 1
0.00 0.25 0.50 0.75 1.00
Axial buckling load by simulation / Axial buckling load by proposed formula +
ding buckling load by / ding b
(a) Axial and bending (Fo/CyFer + M/IM.,, Cy=1.0)
1.05
600 | ¥
Threshold of proposed | |
formula (buckling ;
500 occurrence): 0.87 I
|
400 |
g 300 |
H .
g |
o
@ :
& 200 I
100
0
0.00 0.25 0.50 0.75 1.00

1.25

Shear buckling load by simulation / Shear buckling load by proposed formula

(b) Shear (Q/Q.r)

2-11 Histogram of buckling load evaluation values calculated by (buckling load of Monte

Carlo simulation) / (formulas proposed in section 2.3) (Mod. 9Cr -1Mo steel, Vertical

and horizontal load condition)

7% 2-4  Buckling load evaluation values calculated by (buckling load of Monte Carlo simulation) /

(formulas proposed in section 2.3)

Material 316FR steel Mod. S9tS;-1M0 Mod. 9Cr -1Mo steel
Load condition Vertical load | Vertical load Vertical and horizontal load
Average 1.26 1.26 1.23 (Axial and bending), 1.19 (Shear)
95% lower confidence limit 1.04 1.09 1.09 (Axial and bending), 1.05 (Shear)
Threshold of fi 1

reshold of proposed formula 1.00 1.00 0.87(Axial and bending), 0.87 (Shear)

(buckling occurrence)
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Cylindrical shell

Constraint condition at top:
Keeping cross-sectional shape
Horizontal load

Axial cyclic

\ load

Constraint condition at base: Fixed

2-12 Diagram of FEA model

7% 2-5  Analysis condition

Parameter Condition

Material Grade 91 steel, 316FR steel

Dimensions R/t=50,400, L/R=5.0

Load Cyclic axial compressive load with constant horizontal load on top of vessel
Temperature 550°C

Initial imperfection

Amplitude: 0.5t

Shape: Lowest elastic buckling mode

28




—_
—
(=)

1.05

Approximate line:
¢, =1-0.00523 L L 0400+ M| 7]
S R M,

~1-00nL! [o.49+ﬂj -
S D

é N / -

3
Vi o

/o
V o

y Zo

)%
’
/
™

0.85 ~

0.80 N

0 10 20 30 40 50
E t M
sa (i)

O Grade 91 steel, R/t = 50, Imperfection = 0.5t

Axial buckling load in FEA applying cyclic axial load
/ Axial buckling load in FEA applying monotonic load
Cy

/

A Grade 91 steel, R/t = 400, Imperfection = 0.5t
® 316FR steel, R/t = 50, Imperfection = 0.5t

A 316FR steel, R/t =400, Imperfection = 0.5t

The cases without imperfection mode specifications consider the following imperfections:
Q =0 (pure axial compression): Lowest elastic axial buckling mode

Q # 0 (axial + horizontal load): Lowest elastic shear and bending buckling mode

2-13 Relationship between FEA conditions and reduction of buckling load
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2.5 EERFERIC& 5 EBTHENOREE

2.5.1 FHEROHM
24 HiTIE, 2.3 EIlOR L2 RImREMEUC DWW T R RRRIE ) DR~ 38 1 R
&L G IR OMER LT K 2 FEE R T & B8 L ook L8R3 O OB
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JAE JeE FAT D8 FIPE D RERR . 36 KOV BURATIC K 5 2.4 Hi OfRHT ONE EfERD & St 4

7 [2-25112-32[2-33]

2.5.2 BRAREHOMBEOAERIC & 2 ERAR
2.5.2.1 EESBRASSIUVEE

F 2-6 (22 TR 2 7R3, SR AR I AR H04E 400 mm, PR 2.0 mm,
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% 2-6 Test condition

Vertical
Test Diameter| Thickness | Length|Imperfection| Imperfection | Horizontal
Material load
No. (mm) (mm) | (mm) | Wi, (mm) mode load O (kN)
direction
118
1 Wrinkles in
(Constant)
500 Abt. 1 longitudinal
236
2 direction
(Constant)
300
3 Monotonic
(Constant)
300 Abt. 0 -
350
4 |Grade 91
400 2.0 (Constant)
steel
118
5 Wrinkle
(Constant)
around
6 circumference| Monotonic -
500 Abt. 1
Wrinkles in
118
7 longitudinal Cyclic
(Constant)
direction
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Diameter: 400mm (Thickness center)

| S Thickness:
A A 2.0 mm
) Max. imperfection
Length: amplitude:
500mm about 1 mm
(Imperfection is
v v magnified in
this figure)

Wrinkles in Wrinkle around
longitudinal direction circumference

2-14  Configuration of test vessels

Test vessel

(8 Horizontal

2-15 Buckling test equipment and vessels
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1,000 T Ry .
900 Max. load: 768.8 kN

800 4
700

600 // \
500

400 / \
/ \ Residual load: 169.6 kN

300
100 /
/ /
0.5 0.0 0.5 1.0 1.5 20 25 3.0 35 4.0
Vertical displacement at vessel top (mm)
* Positive value indicates compressive load or compressive displacement.

Vertical load (kN)

0

2-16 Relationship between vertical load and vertical displacement for test vessel 1

Outline of test vessel
(Horizontal load direction)
Elephant foot buckling
(EFB)

Vertical position (mm)

Lower end of test vessel

Horizontal position (mm)

* Horizontal scale (out-of-plane direction) is 10 times the vertical scale.
2-17 Side view of lower part of the test on vessel 1 along the horizontal load direction at

maximum load

2-18 Post-buckling appearance of test vessel 1
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400

+— Max. load: 359.8 kN
350 '\\
Z [\
~2 300 \
= 250
g / ,
= 200 N
8 150 M
=
o 100 \
\
> 50 / \
\
0 A
0.5 0.0 0.5 1.0 15

Vertical displacement at vessel top (mm)

Positive value indicates compressive load or compressive displacement

2-19 Relationship between vertical load and vertical displacement for test vessel 3

\

load

Horizontal load Direction perpendicular to
direction horizontal load

2-20 Post-buckling appearance of test vessel 3
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900

— Test No. 5 (Wrinkle Max. load:
800 around circumference) &7 768.8 kN ]
700 | Test No. 1 (Wrinkles in /f' 4 (TestNo.1) |
2 600 longitudinal direction) | ¢ E J Max. load:
= // 7 466.8 kN
g 500 e . (Test No. 5) 1
= 400 LN
= 7
% 300 //' / \\. v
=200 / / b
// Resi R
100 y esidual loads are close” =~ =~
0 A in post-buckling stage.
-0.5 0.0 0.5 1.0 1.5 2.0

Vertical displacement at vessel top (mm)
* Positive value indicates compressive load or compressive displacement.

2-21 Relationship between vertical load and vertical displacement for test vessel 5

Outline of test vessel
(Horizontal load direction)

Elephant’s foot
buckling (EFB)

SRBulll [ ower end of test
vessel

Vertical position (mm) A
-

Horizontal position (mm)

* Horizontal scale (out-of-plane direction) is 10 times the vertical scale.
2-22  Side view of lower part of the test on vessel 5 along the horizontal load direction at

maximum load

L

— Horizontal load direction

2-23 Post-buckling appearance of test vessel 5
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300 : : ; ‘ ‘
— Test No. 6 Max. horizontal load:

250 226 kN (Test No. 6) "
N
Z 200 Pl
S /
el /
£ 150 /
=
£ 100 ,/
IS
St
< 50
0 Y,

-1.0 -05 0.0 05 1.0 1.5 2.0 25 3.0 35 40

Horizontal displacement at vessel top (mm)

2-24 Relationship between horizontal load and horizontal displacement for test vessel 6

1000
800

Max. load: ] __Max. load:
772.8kN, 16Cycle g5 168.8kN
600 |~ Appearance of EFB: o '.(Test No. 1)

400 - 726.8kN, 13cycle
(Test No. 7)

200

-200
-400

Vertical load (kN)

-600 — TestNo. 7 - (Cyelic load)
800 T T T TestNo.1 (Monotonic load) ||
-1000 I T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Vertical displacement at vessel top (mm)

* Positive value indicates compressive load or compressive displacement.

2-25 Relationship between vertical load and vertical displacement for test vessel 7

| Horizontal load direction

2-26 Post-buckling appearance of test vessel 7
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3% 2-7 Buckling test results

Vertical Axial
Test Imperfection 0 Buckling
Material |L, win (mm) Load buckling load
No. mode (kN) load ratio
direction Fc (kN)
1 Wrinkles in 118 768.8 1.37
500,
longitudinal

1
2 direction 236 160.4 1.31
3 300 Monotonic 359.8 1.33

300,

0

4 | Grade 91 350 195.8 1.41
steel
5 Wrinkle 118 466.8 1.14
around

6 500, circumference| 226 - - 1.24

1

Wrinkles in
7 longitudinal 118 Cyclic 772.8 1.40
direction
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*Horizontal load (green) is applied to front direction.

Contour Plot
Displacement(X)
PART-1-1id = 1
1.244E+00
[9 680E-01
6.919E-01
—4.158E-01
= 1.396E-01
1365601

-4.127E-01

-6.888E-01

-9 B49E-01

-1.241E+00
Max = 1.244E+00
PART-1-1 9030

Min = -1.241E+00
PART-1-1 26042

Magnification:
30 times

EFB

-t

2-27 Out-of-plane deformation contour of test vessel 1 after buckling

*Horizontal load (green) is applied to right direction.

Contour Flot
Displacement(x)
FART1-11d= 1

Shear buckling

ax = 4.9
PART-1-1 15696

Min =-6.3
PART-1-1 11268

.

2-28 Out-of—plané deformation contour of the test vessel 3 after buckling

*Horizontal load (green) is applied to front direction.

Ohplocemenipd 100 I I I
PART-1-1id =1
[ e ’é\ —Initial imperfection
| § Ezg =80 —Shape at Max. load |
: 0.50 E
£ o0 g k
0.30
[ 260
% 2 :\\ 2.2 mm
| .

o
[mm] E 40 H \ (

g /

%0 20 / 36 mm

Q

jas

0
0 2 4 6 8
, Horizontal position (mm)

kL EFB

2-29  Out-of-plane deformation contour and side view of lower part along horizontal load

direction of test vessel 5 at maximum load
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(Bending buckling moment of test or FEA / that of equations)
+ (Axial buckling load of test or FEA / that of equations):

2-31

M/Mcr + F/CyFer

g
o

—_—
(V)]

—_
(=)

.O
9

o
o

*Horizontal load (green) is applied to front direction.

Contour Plot

Displacement(X)

PART-1-1id = 1
1.321E+00
1.058E+00
7.944E-01

—-5.213E-01
-7.B44E-01
[-I 048E+00
-1.311E+00
Max = 1.321E+00
PART-1-1 41830

Min = -1.311E+00
PART-1-1 46080

[mm]

Magnification:

10 times

!

EFB

2-30 Out-of-plane deformation contour of test vessel 7 at maximum load

—Modified equations (fz=1.0)

o Test results (SUS304), Ref[2-22]

o Test results (316FR), Ref[2-22]

® No. 1 (Test) ® No. 5 (Test)

o No

m No

O No

A No

A No

¥ No

vV No

.1 (FEA) ° No
.2 (Test) ®™ No
.2(FEA) " No
.3 (Test) 4 No
.3 (FEA) 2 No
. 4 (Test)

.4 (FEA)

.5 (FEA)
.6 (Test)
.6 (FEA)
.7 (Test)
.7 (FEA)

Y

I I
Buckling load ratio of No.2:
Test: 1.32, FEA: 1.41 (Error: 8%)
Q C)A
o o e, \Wa
° 9o g 0°° OOO
e o
°@D 5 ooé)t;oo
Po © o
¥
--------- ; b
\\\ g o o
“l
1
[}
)
[}
]
]
]
H
0.0 0.5 1.0 1.5 2.0
Shear buckling load of tes/thr FEA / that of equations:
cr

r Grade 91 steel

Comparison between modified equations and buckling test and FEA results of grade 91

steel vessels
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3E TERLYVTHEMICKSARBROEAMERMRIEE

3.1 #E
BTO/EW (HE RN S ) [fEZ T, SiE AR EL 2T 556, ihift—
AV RED BHRICE AR EAKE K 25720, FABERE LL R 58556013%
W ARE T, SRR T ES (Steel Containment Vessel, SCV) Z @l E LT, #fi
SR E DO FIF) 2 B 8 L 72 AW R ORI IS OV TG 5.

3.2 MIRERBLUVEM

SCV &, XLy b, BREHE, AP AZRITIR S, IEAKREE KT (Pressurized Water
Reactor, PWR) O DEE L U CTHIMEME %2 UiAD DB Re 2 RI-THEEW TH Y |
TEREEES, RS R & AR AR S LTV D, SCV IREAEN R E W2
/R LL R/t TIFABT B R OIS & 72 255, fRES 2 MR M B IS xh L C o0 728
JEIREZ AT 2 X D ICREF SN TWD, HAREND SCV OFEEMREREHE, JEAG4601
(1984) BICHLUE S, BT JEAC4601 (2015) B2 5| & kA3 7o e 3 Al =025
WHILTW D, PGS KV E&EFS 72 PWR @ SCV IZDW T, 1982 4726 1983
NS T TRRBRATICR VT, 1/3.7 MR O LA L7 SCV OIERER 2
Feht S Au. ARG BRAHGE (S2 #15R) (2 D MG rE 2N ERE S 7B, S2 #IFR 1
I[HFEEFD JEAG 4601 (1987) B4NZI3WNT THIER ) RLHIZ SO U %G1 A e iR (S1 Hh
=) & ERIZHERICOWT, WEOHEOIARDL, BED OTEKE OMEE I L UM
EHAREE IS & TR RN O OREHIM A, b EEORENVLDEZHET 5
& TEFR SV, FEAEMERED SXA0YEND IXI1054F L 2 HHEME ThH o7, L LR b,
2011 4E 3 A 11 BIZRA L2 PRk 23 45 (2011 ) HARHUS AP IR 2 328612, i1
NFEEHO X bl b etkm ba B e LT, JRFHKZE B S TR Dlaak s x4
2 BT EAED 2013 4RI E 4L, BiATO JEAC4601 (2015) B2TrE, S2 HIFRIZHY
T5H0 L UTEAMEES) Ss HlESNTWND

FEHERREY S BB L S HREI S HER & 07 0 SCV DFEEMRE LTI, U
TR OREDN AN BRIIRO—2LZEZ N TWD, U THiEM 26745 SCV O
Bl & LTI, SMNEICKT 5 B RE 2 Mk 3 2 7212 Y o Z s L DA L
T EEHIEIP IR S A0 L w D SCV DR D 5, b A Ll T, 119 MRET L
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A 15 AR I T il 0 R B R S OV e A i B RRIBR 35 13-013- T A it L A
HhiFEAWEE &b Y o VR L0 IR AN A YD 2 & S2 MR IR oD R Ikt
ToRENE AT D EAMEES Lz, — 5, B¢ PWR O SCV 2B W TIFZE DB N
RFE 72 EOBWEBAET D720, TR E OT WL ERET 121X, U 7l
SR NS E T DN EN D D,

ZDTOAMFETIE, SCV IRER OB 0Bl 72 & & oA [AhiE L 7o Rz U >
TR & T BER SCV 2R 5 Z L AR 5, TORMgHEATL ) v
WA L B iSO A2 RAET 5 720, MR T T L& - B R R BR 2
it U, R IR0 P i3 2 iR R OMERS, do L ONERE L 72 U o ZAlisass & offiiR
RO 21T o, £z, REBRIEIIR 72 & OFBRSA: % SOWE U 7§ 0 38 1 8 e f pfr
ZFEME L. AHIRED SR O RN~ D I A R L 7 BRI,

3.3 @HAEROERHRBEDRE
3.3.1 VYT MEMORE
PWR @ SCV (%, K 3-1 12737 X S ICHFEMRO L2 R & U745
%, SCVITIZ. DB EICHWNSZ L— 2 2R+ 5 v 7 h— 2 N Eipic %
BEINTWD, £o, KGR LIREAT 272D O A RS, EEEOHAY
DEHOTT 1y 77 EOFR IR T b TS, SCV OIFEIMIZERTH Y | f
AT HARE10I3 T2 L 72 WFFE T OIRIE, PRI D IELAS 2R 7% 40 m, IR ¢ 73 45 mm,
ARSI LA 38mEETH Y | BR/AEL Ri=444, MfER SR LIR=19 Tho
7=
AR TG LT DH SCV OMFERSIE, 227 U — MEEA~OMHBRBICHET S
BEM O P b, mWVAEE AT A Y T —F PimETCOREI T 5 &, AHM
OFgEF LT R £ 0 00 < L CER/AR L R/=506, FIfRTR SRR LIR=2.2 L 725,
FRILAB- A3 R 5B A7 (Fast Breeder Reactor, FBR) D1/ a4 F/ektgi L LT
WeRE U 7o B REAUC K 0 20 SCV DPEIEME 2 FHE 92 & A R B 3K
PATEIZ Z DT - HAMBIEWED 45U EH 5, £z, bA Lo TOMFENIR
INDE DT, A7 SCV O-/WE I L O A R S AR ThiuX, HisER:
DOFEAIETNE, SaE R B X 28 ERIG T K0 KEHERMEIC K 2800 - AN
ISR ET D, LLEDZ EE | SCV TITARRF A SR B HIER fif B C IR 73 4= U
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<L AKEHIEERTEIZ K D T - & AW O MR 23 SR CTh D L B2 bivd, £z,

MO FEFER TS | i E A B 2 2 KA EZ SCV IZA M L7ERIZIE, SCV @
MEIZB W TEAMEEAEL D & TRINTWD, TSR L, mifEthB-o3 52
L7V > 7MiM 2 /3 5“0 A Lw”SCV OF T /L% V7= B ERER T, MfEEic

BT Y 7RI K0 iR XN - AT ESREE D W 9D 2 & A3
BT ENTZ, ZhIE, BABEEN Y o SR TR A L, I 0 bR X
IV Zpofe 2 bl ROV & ZHHTEAS O TR ANER 7o o il A R0 1 oD J8 Je 28
FERFRENTZZ ENBEREEZEZ BND, U 7R ORRIIANGETEH, D
< & BETE DX AWEETRE O ERIRDPEIFTE 5, ZOMAND, SCV OF AW
JEJRE Z M ESEHHEE LT, A~ o Z i@t OBRD AR TH D &
bbb,

L L2236, SCV OAMANZIZ, 1%, BB HEEoZ OMEk, Aes 7z &7
RE S, IO ETFWLRNWES U IR 2RET 2 2 L BNELR D, 20
e, bA LD X IITREBERICY VMR T b Ha L B | BT
XM JE TS RSB D D U v 7 R TSRS 5 Z L1278 D, EEEe
EaBE LT, MEEHOIMUNC Y o 7 flissbf 2 5% L7264 X 3-2 1279, SCV IZK
PR E A AM SN GG, A MICKRE e ABWENEL 5720, i
MfhREs & TIPS 1/4 M@ SICBEO Y v 7 sk 2 3@ U, & AWRIES
FEom Lx Biate, £7o, CABIREEOYER L RBEL LORETY v 7 i o
AEFELDAMFEAET D EITIE. ZORNEFHT CEAMEENEL D Z LR TRIND,
D7, U2 TR I AEGE & 72 D 135K T, BIEE O ETFISE IR
[FIBTIE 2 A3 DA A58 L. U o TR O ARG I d6 TR 23R ) A4 72
WE IR T 5, 723, &Y U IHBMICOWTIE, BUEEICEY ., Vo aET

MR 2RO ERC, FEINEER E DY v F RO RS E Ul & 5 72~HEk - il
PEEERT HMER D D, BLME 0D AW JE 14 5 O FPAG R & O TR 1 &
HHET D &L U TR A O ORI K0 S AR E S 1.2 {51072 S48
ESNTo. ARFHETIE, M 32107 EBMAO Y > 7kt & ) o VT — 2 Fim e
XHTEAMEBEAET D B2 6N, ZOXHOEIZMFEES & L,
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3-1 Typical steel containment vessel
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3-2  Net of the cylindrical part of SCV with stiffening rings
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3.3.2 HMERESERENTICEIZHTESFROEREEOZETE

U v ZHETEM AR 72 SCV X, K33 IR T L 910, NEfiiEaaTLoRERDY
TR 36 K OB LIS BN L 72 Ay B A A U o A 2 T T R R
DR SN TERY | xR TRV, 2o, FEHm 45 EY > F (8 M) IZ
IKV-Arf B A BT U 7 PR [ AT AT 2 ATV, feF T AT X 2 P S BB~ 0D R %R % e
L7,

FENTIZIZIUA = — R Abaqus Ver.6.8 & H\\ 7=, fHTE T L& X 3-4 (R, fRITET
MEY = VB (S4R) ZMWTERR L, ZHRHEIX 0.5VR LA L L7z, JSME ¥%E
R Akl s 3at - BBl (2005 4R (2007 AEBMRRET) ) P12 X 0 e
FRELIE 201 GPa, R7T Y 1T 0.3 & LTz, AfE « it & LT, MERO R
THIEICB W TREBEZRR L, U 7 H—F K EF OB EE 5 27,
72¥ . AWIZE T O EDITIANE, KR EIZ K DS E— A > T SCV AHBIZ @
JEMEIS S FAET D T & ER LT,

fEHT TIF DN T RARR DR B A A . 8 FF O The b/ S VVEEJE [E A E CTIER
L L7 B A3 3-1 1R, £/, No S, E. W HICHEZ AR L7ohHe ORE72
JEJEE— RMAZK 3-5 107, F£3-1 L0, V7B —FIKEmEL AR L7k

JE B A AT 55 DA EAEIE, ARARIELTIRE—ELRoTNDH I L
WoynDe FT2K 3-5 1R LIZEIEE— RS 5005 K512, WTILo G Rl KFE
MEAZAMN LIZGEICB TS, HCABEER LBAD Y o I & U v 7 —4
T E COXMETAEL TR, Bl HMANZERIT 725017 U 2 7 Hli58M D30 iy

ICRETE TS Z & 2R L, 723, ik, BEE— RE2gBHI AR e L, SCV
D S HF AT DERE, AKFEFH M OHER B L OA B2 A L 7o M8 i
WaiTo7& 2 A, EFMOREEMESMITE (N. S W) O BE i faf B 2 {852 T =]
Sl Z b, Bz HBERER COMEAR T & L,
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3% 3-1 Normalized lowest eigenvalue of stiffened containment vessel

Loading direction N NE E SE S SW | W

NW

Normalized eigenvalue

1.01 | 1.01 | 1.01 | 1.02 | 1.00 | 1.00 | 1.01
by the lowest eigenvalue

1.02

—F e
o Flange
Hemisphere part | containment "l‘
Vessel
W

“““““““““““ —+ —\ '}

L Ring girder A
£& Cylindrical part

Equipment hatch

Cruwseaiun of
stiffening ring

Penetrations

3-3  Concept image of stiffened containment vessel

o’ Airlock

_I""_"--..Z

Equipment

hatch 270°

/ Equipment
hatch

Airlock

(a) Side view (South) (b) Top view

3-4  Analysis model of stiffened containment vessel
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Horizontal load Horizontal load Horizontal load Horizontal load

= = =2 =

(a) North (b) West (c) East (d) South

3-5 Lowest buckling mode obtained by the eigenvalue analysis
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3.4
3.4.1

FUFEFFRNEBOBRETLERA WV -HBNERSER

REBA S L URBREYS

BRI, X 3-6 IR T XL 51T, SCV DY > 77— T b A Tk TE %
Bl LT, T2, BT U b5 & LT- 528 SCV O FiR (SGV49) LRI UIRFEMTH 5
— B R AESRES (SS400) DR Z BTN L L, FrED#IEZ A5 5O &t
VAR A 3% CRYE L7z, ISME ZEEMIRF sk Bk 35 - da Bk (2005
AR (2007 FHBMIRET)) BRI JAuE, HilL (20°C) TO SGV49 & SS400 O fx/)s
BRI 265 MPa, 245 MPa, MEFEMEARERITV TS 203 GPa &, EREN DI 10%
DUNTHERFR%ECTH D, £z, Mo EFmicix, MEROERZRRT 57200
MIPEDE T 7 VaBEA L, RBRIGE LRV N CHEE LT, 2B, WO RN
IRIETE D RIS BT 5 2 L A RS S 720, ABE S AL DT AW & dh T
DIAEEFD DESHEERN D K O | EHFNLE 2 LT,

AREBIRDIRIL, BIRE— FE BT 5 1ENRT A —2 Th 5 F8/WEL, MR
SPERE A FEH SCV & —HSE 5720, 9 V17 MR, P8 2324 mm, W/E 2.3 mm,
MfEiR S 2521mm & L7z, 7o, S0 SCV TIEZ A DA & % A3, JISME 57
JRFFIaelisikg  GRER - ERRBUSIC X VB DS oM E  (FlisREr, WERE) M
EDHILTEY, BANRWEGE & RIEORIPEDNHER STV D72, REBRARIZIZE
A3 JORRIIRR T VN2 & & Lz, £7o, F2 SCV O U » Z#iek I T B
Th D0, RBETIETIE L fF IR EMIC 222 X 5 WESCIRZ L7z, o
BV TR & LT,

B IA L RS ORE A K 32 (R, JRIERERCIE, ShEHURMEORE,
SRES DRI K DB B X OEEER OB AR T o700, BEBRKIT, VU
v 7 A O 72 EfEEE (D, (D | EE Lz B0 U v Z M A A 5 PR (D) |
MG 2 R0 B D U v TR & O ARG A AR D ELN Y o TR A
Bl L7 MfEsk (V). (V) o 5RE Lic, 7od, BRIk v) EEBRIE (V) X
—DY v IR, WESME L, BEEED) - WEOFBRMEA MR L,

REIR DY & 2 JE R~ DR B LR T D72, RBRATNC, <1 7 1 A
— X =T K DN, BROT U Z A =T LD NEO =TT IR HI A 2 L 7=,
NEEFHANT, FEEEUE CO—RIVLAIIAREOFHTIEIC X 5 2RI 72 WA & o
R, ZUOTIREHINT, RBRIRD =W GTIIR OIRATE T L~ DA HEY & LT
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D, ZZT, AFFRICEOTIE, FIMIARERT BEt-HEOBAR M I3 5 5
FHlaDmAR] CEFRL, PIHIAEE e L, FEHEL L OO TN 2L
RN L BN, NEIT, IR AR, AT 458 (4 2D, B ST 6 AR
DFF 24 F%FHA U7z, WERFHEID B S 7= AT RS BT, 43R BR iR Tie/)s 1.3 mm,
HARTS50mm THY, REOHR1E1D 2 EFRETHo72, WIZ, ZRILT VX
A P—TEH L 72RO U ARSI & LT, RBE (D ERBR (V) OFHARE
RefRFELLTERENM3-7, K 3-8 17T, ABRKIT MR OSMA S FsHe L T
TEL7272®, 5 METOREEHIZ BV CTHENMNS ™ & 72 2 RERR L e o7z, U
VR A AT D RBRIK T, PIRIR & D v SR A RIERE S . AR T o7
Tz, MR ORBIRIC L ROOEEAT VN S < Apod, ZRIuFHANC X 2 &akBR
ROPIAARTERT, BHER O RTAE 2 50729 9.67mm 225 14.6mm L7210 | N
FHUFRS R OYIIREE R LV b RE < pol, 2o, WERFHIE CIZWEBFHIL, K
JEDIXL X ITRNWZ 2R Lo, WHME & & [ CHIHIAEIIR & 72 D,
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7% 3-2  Initial imperfection and the loading condition of each test

Initial imperfection (mm) Loading condition
Test Stiffening Measured by Mee_lsgr_ed by Jig . Axial .
. . . digitizer . Horizontal | compressive
No. rings inside micrometer | . . weight
. including weld . load load
except weld line . cancelling
line (constant)
) 5.0 14.0 v v -

None
an 2.1 14.6 v v v
(I Contmpous two 13 11.9 v v )

rings .
(Iv) Discontinuous 2.1 9.67 g Y )
) fings 32 11.0 v v ;

‘ Containment vessel ‘ Testmodel i" o Weld line

________________________ _ ag'- 2707
Flarge . Hemisphere
J{ Containment part R
- Thicknes2.3mm

180°
(Top view)

r _ _ B . g
Ring girder

Web L/‘I Cylindrical part

Cross-section of Equipment hatch

stiffening ring | hY L Penetrations

——  Rings =

__________________ _ Oga—nL — =

1
1
]
1
i
1
1
]
]
:
I i 4 [ |
i Elastic filler e~ + |n5|ded|ameter glr i
: N : : |
: ! i g 2324mm g i
1
]
1
]
1
1

Stiffening rings

]
]
]
i
]
i
— |
]
]
i
!
| (Thickness2.3 mm)

21 mm |

Containment
Vessel

('_\-'Iindr-icallenth

i Lower end of

Cross-section of
stiffening ring

3-6 Modelling range of containment vessel in buckling tests
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(Horizontal load direction)

[mm]
3.00

1.e5
1.30
0.e5
0.00
-0.65
-1.30
-1.85
-2.60
-3.25
-3.90
-4.55
-5.20
-5.85
-6.50
-7.15
-7.80
-8.45
-5.10
-10.00

Side view (see from south)

3-7 Initial imperfection of test (I) vessel

(Horizontal load direction)
[mm]
3.00
2.60
2.20
1.80
1.40
1.00
0.60
0.20
-0.20
-0.60
-1.00
-1.40
-1.80
-2.20
-2.60
-3.00
[ o o0 -3.40
o -3.80
b -4.20
+2.770 oo . -4.60
: =5.00

+1.341

Gk

da " a o Mo

Side view (see from south)

3-8 Initial imperfection of test (IV) vessel
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3.4.2

BROZEES S UHE - MREH

HH R ARBR I I WO TARTT LA (AR il & dif e — A > ~ 043 %X 3-
9T T, M OMHR (Ff) CTRIMESMIL. SCV ITHEM T 2 HIEw B o010 25K
WHIH, ZEAFRET IS EL DGR ST HER B oA 2 R RIS E L2
DTHY ., FEERBRCITFER R OB A2 AR Uiz, SRR RICHA
U7- MR B, MRS T AW B2 415.5 kN, B E— A & 1A% 1068.4 kKNm,
FAELM EEAY 30.8 KN Th D,

BRIt R U7 R R U & 0 Sl iR oo [ Rk O PRIE M E 2 3R 5 &0 8
BT K 2 SRR e U, KRS K 2 T AW O EE A 02 D/ &S
< RBRCIZHMEIRICE A KRR, FEESICHTRENECD EER N, 2D
7o, R TCIL, EH SCV ol AWEIREE 2 HBlT 52 L2 BN E LT, &b
fi3-617332hi L 7= SCV DL F2BR & [FERIZ. MRS R T 2 A B EIC L 5EA
Bt & B — A v MK DTS O EE R RS BT 5 X HiT, Kk
T EO AN S 2 RE L,

BRI L OV R OREIRI A X 3-10 1R 3, @M RICRBRIREER B2 RE L.
AR R & BB IR EE O EAMTIE B A AL T, fEAMTARE O B EIC X 2 #iEHE
I, RBRRONIICR I 72 ETHAY ¥ v Ik v Lz, ki, KF
Tx wFITRY . MR DR AT K DR KA ER AR A8 K R OB K
LRV ERE— RO AE CHMICHER CE 2T (BEMICITEREND 4 1500 F
F ) EBRIKTEI O AKCEZENL A S W74, BRinf 21T o 72, 7eds, BBk (1) <ix
MEAMBEDOAEZF v /b L7, SnE MR IS Y 3 2 S e = 2 — &
(AR LR D, RPN 2 W S 7,
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Height (m)

F- S
]

Actual load

e

.S
L==]

I
loa

\

Test load

[
3
]

1
[

T

w
L==]
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\_/

N
(4,1

Cylindrical part

[hed
[==)

-
1)
L]
[
I,

-1

_.‘
i

=

o
o

o=l
[==]

0 260
Shear force (kN)

600

200

400 600 800 1000

Bending moment (kNm)

3-9 Shear force and bending moment distribution of test vessel

3-10 Test configuration of test No.(I)
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3.4.3
3.4.3

HERER
1 ERREORKICKD ) VT HHEMROER

JEIERBRAT: & . BB D/ LN AT MO R KR EO R A2 K 3-3 1IT77,
F 33N TRAMEL, NS A TR LT fEEZ R LT D, U o 7l
sEA DZRVERERIE (D, (D (B L T, KEMEOHRZAM LIZREBRIE (D Df R
H(L 3664 kKN TH Y, —EFnE A E & A E 2 A m L72RUERE () ORI
406.7 kN Th o7z, WIZ, #fe L7z VU > 7 liiast 2 H 9 23R (101D Rk Eix
470.5kN TH 0, RERE (1) OfEICx L 28% K& 20, U v F TRk IC X 2 EEJE R
O ENRDHER S v Te, RNERHT 2 A 2 MR ik E LB (V). (V)
DERAEIL 443.7kN 35 LV 468.1 kN Th o7z, T A REfE CTh v | F = NRE
W L DWARBENRE polo 2 Enb, R EITRARAE () Lixzhth
6%. 1%/hENboD, BERIE () LD &, ZREN 21%, 28%KRELeoT,
THUT R R A AT DR K& D IR IREE O R RS ST,
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# 3-3  Maximum load of each buckling test

Initial imperfection (mm) Loading condition
Measured Measured . . Maximum
. . by Axial Maximum .
Test Stiffening . by . . . . load ratio
. inside L Jig weight | Horizontal | compressive load
No. rings . digitizer : (Each test
micrometer | . . cancelling load load (kN)
. including / No.(1))
without . (constant)
. weld line
weld line
) 5.0 14.0 v v - 366.4 1.00
—] None
1) 2.1 14.6 v v v 406.7 1.11
(TIT) | Continuous two rings 13 11.9 v v - 470.5 1.28
avy 21 9.67 v v - 443.7 1.21
— Discontinuous rings
V) 32 11.0 v v - 468.1 1.28
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3.4.3.2 HER&O. (D) ORBRHERE

U v 7Rk o2 0ERERIR (D (D oM B CEH L 72 TERACEZNL (8 )7
] 0°& 180°NLIED M) LKA EDBIFR A 3-11 12, BEEFOMKT- & LT,
RERE (D) ORKFESRES O/ Z K 3-12 1R, £72, RBREICKRNA LI2IRRET
SWTTIBIREHIE FEhE L. RRBRATOR & bl Ui, REMZRTRGHIFER & LT,
AR (D OFHARR 21 3-13 127,

U v THREBRR D 72 WBRBRIKIZ DWW T KB O 2 Afir L7oiRBRIR (1) DRk
X 366.4 KN TH Y | AW & —EOFnEM E 2 A LRI (D OFRKRATE
13 406.7kN T -7, #ERIE (D) OARFEERMED, RERAE (1) ORFERRME KL
DREVER & U CiE, R R O#EE S K Z W7o OSR L 803 K -7 1) 0 2 T 3
EERT SELHBIIT NS D o722 & B LOWRGHANC L 2 91 AR & 235 B A (1)
(X 5.0mm, AERME (D (T2.1mm THYH, WA ID OFAEES /NS o722
EMBZ B, 35 FITRTMITICB N THREA (1D OFBRERMENKE 8D
Z & DR S LT,

WA ARPAF E-TREK PR O BIFR Tl SRR b B 2 BN S 2 LR
JEFEAE % £ O far AR R ASRIR S A7 AL b9~ 2 far EAR R I3AE0 A CL B
%y —EDOMMMREN Z AT HZ EDBMRTE 2, £o, THEHAKFEEN 5 mm L ED
#iPHCIE, WA (D & (D DK E-TEFAKEZEA O BRITIZE - L7,

4 3-12, X1 3-13 |27~ L7z PRIE IS A 14 DB IR O BIEE - SHAKER L 0 . ko m S

BIRIZDOT > THEAMEEIZ L RO F MO LLAREAELTHEY , dFIckvE
Rkt 7123 U 2 PR CIT i PR IR AT b il C & 7o, Zedsatptl (D B X001

IZBWT, BIENRA LIEEALO 4 (5 0L EOZEAL (18.6mm) % 5 % | BRAT L7412

WTh, AR E AR EL T RN L& B TR LT,
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500

__ 450 1) :366.4kN——

E 400 e 1): 406.7kN

= 350

=] N Ny

3 300 ~Ng

= 250 = —

‘g‘ 200

'g 138 / Test No(l) ||

T 0 f Test No(ll) |
0 : :

0 2 4 6 8 10 12

Horizontal displacement (mm)

3-11 Horizontal load — displacement curve at cylinder top (Test No. (I), (II))

Horizontal load

White marking

Shear buckling

Bending buckling

3-12  Post-buckling shape of No. (I) vessel (Horizontal load: 282 kN, displacement: 7 mm, side

view)
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Horizontal load

Horizontal load
Sh ; _
ear Bending
buckling buckling
) -
Lo

o 1som | |
=90

°270m

+9.825

@ 2708
© 1808

(a) Side view (see from south) (b) Front view (see from east)

3-13 Residual deformation contour at unloaded condition of No. (I) vessel
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3.4.3.3 HBR&EUAI 0HEBRER

e L7z ZBED U Z AR A A9 2 BRI (D) O TEFRKSEZNAL (& J51 0° L 180°
(B OFHME) & AEREOBIREZIK 3-14 1R T, BT EIEAE LI O PRI K O k:
F & 3-15 127, Eio. RBRETHE ORGSR O i 2[4 3-16 (2777,

RERIK (1) OAKFRKRHEIL470.5kN TH Y . U > Z ik o720l (D o
RARMEE D b 28%KE < U ZHITEMIC K 2 PRI R O LR HERE S v,
7k, WBRE (D ORARWEORBE (D 123 5m E2h5iE, U o 7 iz &
S THEAMERHE (MERS) BE Lo AR LT, 3.3.1 H Tl 72k Ll

JEJR R AU Z 0 G U7 sREE o B R (1.2 5 ) LR FRE TH 5,

KA B TR ACE AN O BIRIZI W T, U & 7 Hishbt & 9 5 BRI b B
(D X (1D EFEERIZ, RARMEEZ HELNISWEMET LTEY . —EDMAEE
EHETL LR TE I, £z, AEBRIE (D, 1D OTEEAKEZAL 10 mm TOK-
WEILH 250kN Th A28, RERK (1) OTEHAKFEZENT 10 mm TO KA EILH 300
kKN THY | U o ek OFEIC & 0 BIEZ OMIHHE) b L L Tnod, X3-15, X
3-16 1R Lo IR 0@l 824 L OYRREHIIRE R & 0 . U o i 25 iE L7 2 & T,
EBUO Y T HRA &) T —F TG & ORI AWER A T, W AR
DOFAXENELS ol Z &I KV EEBRERMm ELIEEZXbND, —J7, #iTE
R OWTIE, BRBRE (D, 0D & REBRICHREERTRAE Lz, 2k, AREK

IZBWTH, BENFEAE LTZEALD 4 500 EOZEAL (36.8mm) %52 BRff L72#IC
BT, MBI AR EL TWRWT & & B TR L7,
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500
450 I\ III}'d'l SkN |
400 / -
350 / L
300 / N—
250
200
150
100 1
e f —Test No(lll) |
0 | |
0 2 4 6 8 10 12

Horizontal load (kN)

Horizontal displacement (mm)

3-14 Horizontal load — displacement curve at cylinder top (Test No. (I1))

3-15 Post-buckling shape of No. (III) vessel (Horizontal load: 311 kN, displacement: 9 mm,

side view)
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Shear Horizontal load

buckling

+20,284

+8.553

-37.450

CELT Y #2708

* 1808

(a) Side view (see from south)

Horizontal load

[mm]

20.0
18.0

16.0
+20.284 140
12.0
10.0
8.0
6.0
4.0
2.0
0.0
2.0
-a.0
-6.0
" -8.0
CECT g - ‘ -10.0
/ -12.0

-14.0

-16.0

-18.0
-20.0

(b) Front view (see from east)

3-16 Residual deformation contour at unloaded condition of No. (II) vessel

69



3.4.3.4 BEBREUV)., (V) OHBREER

ARG A RO ZBED U v TR & O AREGEH A T TR T A Y Ul
M & 2RI LRI (V). (V) O, THEAKEERL (87710 0°& 180°ALiE D F-H4{H)
EAREARFE DR 2 X 3-17 (23 d, e R E ALK (IV) OFEEAET % X
3-18 (g, Fo, WBRIK (V) ORERATE OTZIREHARE RO i £ X 3-19 1287,

BB (OV) . (V) ORI K EIL 443.7 kKN, 468.1 kN TH Y | R4 A3
DV v TREMIC K 2 EEE TR O Eh RO HERR S Tz AP B - T AR D B
REMRT DL, RlGEHAE AT 2 Y v 7 finhb 23 E LBk Th, ook
BRIR L FIRRIC, FEIE#% D —EOMMMAE N Z A L T\D Z L afR Lz, Eio, RBRIK

av). (V) OAFEARFEZEMBERE, Bk 1D SIFF—HL TR0, Bom7sY
v TR A S RICRRE LT 2 LT RIRARTHATRE )0, e L7e U v SR & (R
BRIZH B U722 EMRERE T & 7o, X 3-15, X 3-16 (TR L7-alRik (D) o#BlE - G
FER ST 5 &, RBRIE (V) OEAWERZERIL EBMORR Y » 7 Hisaks L3k
BRAR b & O XN, #F IR Z IR TR ORER Y & 7 #li@ss 2 6 P fE T i &
DOXREIZENENAELTEBY, dBRL () LFBEOEEE— R CTholz, 723, R
Bk (IV) BEO (V) IZBWTH, BESHEAELEENMO 41500 E (222mm) OF
Lz G2, B L7228V T, FFEIRERIC S KA EAE L TWinZ & & B T
LT,
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500

(1) : 470.5kN
_. 450 & (IV) : 443.7kN
£ 400 / O | (V):468.1kN
< 350 / Ny
S 300 / - e
250/
S 150 /[ Test No(lll) ||
JB; 100 / Test No(IV) |/
50 f— 00— ----- Test No (V) [
0 I I

0 2 4 6 8 10 12

Horizontal displacement (mm)

3-17 Horizontal load — displacement curve at cylinder top (Test No. (III), (IV), (V))

Horizontal load

White marking

Shear buckling

- Reinforcement

(Short rings)

Bending buckling

3-18 Post-buckling shape of No. (IV) vessel (Horizontal load: 331 kN, displacement: 7 mm,

side view)
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Shear Horizontal load

buckling

+8.063
-34.032

= S0 * 270

(a) Side view (see from south)

Horizontal load

+23.414

(b) Front view (see from east)

3-19 Residual deformation contour at unloaded condition of No. (IV) vessel
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3.5 EERFBRICHIGY R0 EE 1 K IR AR AT
3.5.1 BHOME
U > JHEERIC L B R IREE D18 ERIC oW T, T O AR T 570, =
WILT VEA P =12 X0 FHA L 745 5B IR DO AT AR RISk U 72 AT £ 7 1 &2
FH TR B RS SR ARAT 2 20t L 70 MRAT I IR AT =2 — R T & % Abaqus Ver.6.8
Z Tz,
3.5.2 fRMTEH

fEATET VL, ZRoLT VA A F—OFHURE R 2 SLIT/ER L 72 CAD 2T, &
= /VEH (S4R) (T CRERIKDWIIARTEIR 2 S U 7T £ 7 L &2 AERC L7z, FIfA
HOBERFIL025VR & L.V IR O b 23 BRIKTIX Y v ZHRE O J8 5
DAy atA XL 025JRe . Vv THBRM O v = 7 S A% 6 El L,

AR D Tl ZAIMER SN T T D THIR LT 7o D, AT T VO Nimd 4 H i E
R Uz, FRRIC, BBRIRD sl ZWrim IR 2 O Fr 4~ 5 KA s A i B CTHREE
Liclesd, fETE7 10 Lin & Amii EALE 2 [{FS S Lz, £ LT RBRERRIC, fir
HAMNMEOKEEM 2N S, R RWEAZ RO, ok, &Rk (1D Tl #Bk
ERERIC, TR —E OB HERE (30.8kN) ZAfT Lok, AKPAENL 2 <&
7oo fRFE LT, RABE (D) OHTET VA 3-20 IZ7RT,

FRAT I N T AR 1T, JRE e RRBR AR D A L T T2 SR o0 5 | ekl & 0 HAS: L7z,
AR 1T, BB & R U IR0 T U728k (SS400) 225, sBRIARR & i &3
B RFIMZ —B ST 3ARRE L, 55N T-AFROT B O BIR 2[4 3-
211TR T, 3 ROMBFERITIZE—E L TR Y, MR, BRIG, BRORT
Y U HOSEEEIL, FEH 205 GPa, 280 MPa, 3 LN 0.279 TH o7z, fRHTOIET]
S-OTHEERE LTI 3AKD ) HIEZ R ETh - 7l (AR-2, MEFMAREK -
204.9 GPa, [EIRIET) 1 278.7MPa, RT Y 1 0.277) DAL SI-AFOT A BEtR %
ZEATELL . B -08OT AR A RO TRIE L7z,
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Nominal stress ¢ (MPa)

500
450
400
350
300
250
200
150
100
S50
0

The model is loaded at center.

The top end of model is connected
to its center rigidly.

The bottom end of model is fixed.

* Initial imperfection is displayed at
10 times.

3-20 FE model of Test No(I)

Average elastic modulus: 205 GPa
Average yield stress: 280 MPa.

—Test specimen (AR-1)

- - Test specimen (AR-2)
— - Test specimen (AR-3)

00 05 10 15 20 25 30 35 40 45 5.0
Nominal strain & (%)

3-21 Stress-strain curve obtained by tensile test
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3.5.3 RHTHER

ZRITTCREH B 45 D NI RETIR,. B L UG RAERD B 15 b A7 A B
B ANNGAE & UTo R T 22 b5 b iz, FRBRIR DR KATE (BEATE) O
—REE 34 1Y, R L MIT ORI EOER (T BB 1. U IR
7RVEREBR (R (D), (ID T 1.09, 1.00, e L7z —Bed U > Z skt 2 A3 2 3Bk (110)
T 1.00, AEREHE A2 RO ZBO U v VRS & £ ORI E A L Y o Z RS TRl
8 L72sR (IvV), (V) TIE1.05 & 1.01 &720 . WL HREZE 10%LL T O sk EE
TIRKAMEZFHIT 5 2 & TE T, i, T ORKRM EPRERASR L ) O0REWN
B & LTiE, FEM AT LI, A v v 2 FIBCERINC LD b OO EBZLITK L
THIMED @O &R DI 5 2 &0, BRIKES O R A fftr TIXZEREE & LT
WHMR, RERKL 0TI NED L7 e ERnBxbnd, -, FRlBREOR
BRES L OMIRAT 7> 515 6 AL 72 K VA B-TE BB /K P2 0 B4R 4 (X 3-22 19, W AL
BRMEL BICRBRE T Ch< —B Uiz, Zodb. T ClE. BRI EZITIIFRIGIE
IR 7220 SRR A8 O ONEEL < 725728, R E 2D Uil & 7o g 8 CUURCE
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O BT R AN TN MR T 7o, RIS, Bk L7 B0 U v SRk & A
THRERE (D) O TI3. LB Y > st & P R & o XRIC 8 A WS
JE2S, FE:D Y > FHissss & FfE Fim & OXKET, P EBEIC L 2 WiV R T
o, B, BT OBRKICINIERIENLL T Th o722 Lonh . S RIOfFENT 77— A
Tl FERBITITHIERETEMNT CH FEROFER PG LN L ZEZ BN D,

AR (V) OfEHTICE N TS, MR E AR, MfE Bine EBRRloOR-EO Y 7
HiTRA & DX CEAWIEIEAAE T, FICHE T & T U o ZHissst & DX
THNT R U7z, 23, BBE (V) OFFTIZ IV THRERIE (IV) & RO
E— R ELNT,

LR ARFFETHRE LT 5 RORBRIRICKR LT, WA R S L OM B
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FEBE— RO HBLTE TWD Z &b, AFEHTFIEI TR OFHAR 25 FH 7 6E
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7% 3-4  Maximum load for each condition obtained by the test and analysis

Test Stiffenine ri Maximum load (kN) The ratio of Maximum load of
No. HHenmg rings Test FE analysis FE analysis to that of test
D 366.4 398.4 1.09
None
) 406.7 404.9 1.00
(n | Continuous two 470.5 469.8 1.00
rings
Iv) 443.7 464.8 1.05
Discontinuous rings
V) 468.1 474.2 1.01

Note: The numerical value of the maximum load was truncated to two decimal places.
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Horizontal load (kN)

Horizontal load (kN)

Horizontal load (kN)

500
450
400
350
300
250
200
150
100

50

500
450
400
350
300
250
200
150
100

50

500
450
400
350
300
250
200
150
100

50

Test (1) : 366.4kN

Analysis (1) : 398.4kN
/.
/ [ N ..
P N
/
/
/ Analysis (1) |
/
......... Test (|) H
T T
0 2 4 6 8 10 12
Horizontal displacement (mm)
(a) TestNo.(I)
Test (lll) : 470.5kN
. Analysis ([l1) :/469]8kN
J
/
A e
7 =
v
7/
7 Analysis (I11) -
Fi
--------- Test (I11) M
I I
T T
0 2 4 6 8 10 12
Horizontal displacement (mm)
(c) Test No.(III)
Test (V) : 468.1kN
7. nalysis (V) : 474.2kN
[/
/ L
TR
/
7
7/ Analysis (V) [
J
......... Test (V) H
I I
0 2 4 6 8 10 12

Horizontal displacement (mm)

(e) TestNo.(V)

Horizontal load (kN)

Horizontal load (kN)
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350
300
250
200
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100
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350
300
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Test (1) : 406.7kN

Analysis (Il)[: 404.9kN
7
v A
/ T
/
f.-/
j/ Analysis (1) H
......... Test (“) H
T T
T T
0 2 4 8 10 12
Horizontal displacement (mm)
(b) Test No.(II)
Test (IV) : 443.7kN
L nalysis (IV) :[464|8kN
/oo
1{ “Neeb,
/ e
7
¥/
/
/
j‘y Analysis (IV) -
--------- Test (IV) i
I I
T T
0 2 4 6 8 10 12

Horizontal displacement (mm)

(d) Test No.(IV)

3-22  Comparison of horizontal load - displacement at cylinder top between tests and FE

analyses
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Contour Plot

S-Stress componerits(Mises, SectionPoint 1) Contour Plot

S-Stress components(Mises, SectionPoint 1) Horizontal load

2.406E+02 .
|2 Horizontal load g yeoe
S 1s71E402 EZ 0735400
— 1.604E+02 1.814E+02
w 1.337E+02 :1 gggg:g%
= 1.070E+02 | s
= 8.029E+01 706001

5.357E+01 r5 213E+01
I 2.686E+01 [2628901

1427601 4218E-01

Max = 2 331E+02
PART-1-1 74298
Min = 4 218E-01
PART-1-1 123866

(MPa)

Max = 2.406E+02
PART-1-1 17925
Min = 1.427E-01
PART-1-1 82629

(MPa)

Shear Shear

buckling buckling

z

Bnding buckling ~e: Bending buckling

Displacement scale factor: 10 Displacement scale factor: 10

(a) Analysis result of No.(I) (b)  Analysis result of No.(III)

Contour Plot

S-Stress components(Mises, SectionPoint 1) Horizontal load

Advanced Average
2.210E+02

E1 965E+02
1.720E+02
—1.475E+02

7 1.228E+02
—9.843E+01

§-7.391E+01
4 940E+01
2488E+01
3.598E-01

Max = 2.210E+02
PART-1-1 102046
Min = 3.598E-01

PART-1-1 72845

(MPa)

Shear

buckling

o Bending buckling
—*  Displacement scale factor: 20

(c)  Analysis result of No.(IV)

3-23  Von Mises stress contour on outer surface with magnified deformation at maximum load
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AE HUBHEEENICXSAEROERBEREFE

4.1 #®E

e, MEROEEZFHIRFRAN— A TIThN T E 20, TFEOF FHERED M |
(TR, FITFHMRR B I J N T OBV ARAT I K 2 BB SREERE MM T 2 &
N> TN D, IV EMRATIZ. RIS OMETR. MEHME, PR EE, fE
A E Vo e RBEORMGEZRAHRN—A LY HERICKT 52 ENTE D720, K
PR R R R AI 25 ATRE & 72 D — 7 T RMTERE SR O BRI IR ~ D RN R E N2
RN & o TIEFEMNT R U CTILRRMOTN & 22 5 RN b D, Fio, T
JEJERFATIC X D P fak O PRI R EE R TAICBI L. BIREICHUE S N IT R oz,

= TR TIE, SRR TP RS2 2R (Steel Containment Vessel, SCV) ZfifH & L
T, SHIEVE R R AT A PR R SR EE R AN 5 L COMMTFIRARET D L & bio, JE

JEEfif B RBET DT D /3T A — Z ORREERIM A ATV, FEM N5 D IR & et ©
EDHNRTA—HREFIELRET D,

F7-. SCV OIRERIT A/ A LA 400~550 OFAMFEZRTH Y . BIEOFEIN/NS
WBRPEE SR S RE S LD 729 RO F RIS 36T 2 SRIBVEE Ji ~ D5 FPEIZ DWW T
2 EOMEJEREBR G KO R CPR/RIEL @ 100) ICESEBRE LT,

4.2 HRERSIVEH

SCV 1%, MfEZR R R EN D SN D AR IR TH D, PWR 22 B2\ T
FET D HIRMEIT6 LT SCV N R 2 A9 5 K 9 IZiketshd, PWR O
SCV DONEL, BEr /IR (R/t) 73 400~550, fdi& S/ 2880 (L/R) 73 1.7~3.0
DOHIFHIZ & DR MFEHRTH D | MRS EE SV D, HARIZEIT S SCV DOt
SRERR AT, JEAG4601 (1984) WUTHIE S 41, HoThd JEAC4601 (2015) H2TH 5]
kAT BRI  (LLF, TJEAC4601 (2015) RFAfi=C)) 2356 S 4 C\\ %, JEAC4601
(2015) AU, 25 IC NASAM3Z8 & COEfi S v 7o LI ARG 3 2 SR IIZEERER L T
TERIRE 2 B8 LT ARSTRI DO E R FEME Th 5,

— 07, AR REMERUT K S S 0 2 R REAIA (SN & R SRR AT A VN T2
HURRIRFIZ 35 1T 2 BRI R EE DOFHIED BT ST b, Z2O—fF & LT, B 62 406 F
A 13 ARIZNT TEIPRFEFT AL & Ao THEM L7, @5l (Fast Breeder
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T, TR ESLIEDEHE T o 555 S HE BB R 2 8 35 2 L 248 E L
T FENTRE EETR] D 728 OHEZZME 038D HIL TV D, £/, Okadaetal[#01E, HIEHE
PRERAE 2 BRI WIEME DS -0 B BRI L U SRD D PEE ERE L | Rt TR 7=
WAL L 2 5 Al (B AR E0R B 08 L 7o YRR R O R R A 3 & & BT
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U7z, FEEsRE RIS LD G & . BRI E AR I2 K 2 HIERUE Sh,
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VB b L WA 28R L, [WERFOHEFARE AR L35 2
ERBUESNTWD,
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TEMAE I D SCV & & H A DO EA3AR A FRITE 7 /VIZERE LC, IR E A 51
"D ENTED,
(3) SHEBMEFEIEARAT Tl SCV 237 2 B RO 23 e K & 72 2 BEE0IC 610 5 1)
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(4) BEYBIEIEEARAT T, JEAC4601 (2015) FFAf=3 B8 L T2 i EEE R L O
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&3



DEEJEMEZFH S22 LN TE D,
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T o RSTEZ elR D BT FIE 2 WSL T D M E R D D,

Z 2T, AWFZE TR, FREOFREBPERE S AENT 2 SCV DR SREERREHIE M3 % L Tofig
WrFMEZRET D L & BT, PR EICET DT O/T A —Z OB 2 170,
ZNODNT A—FREFIECRET D, £, BEOREERBRRR LB L, 2R
RFED RN 2 el 511,
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TE 2 X OKGHIEZ L TR Y, BIEMITIZIIATEL AV 5 2 & THRTRY 23RN &
7%, FRNTCIL, FTHUBIGCEMNT e & CRD T3 R BEI hhE U 72 K PEAf 2 2 WA
LD IRNMEHTE T AT AT % RIS [E AT AT 2 520 L. 45 D LT BBk O R £
— FEHIIREIRIR E L CGRET D, £, fTET MTHIIREIIRE A3 DB
WIS R T, RUEIREDHEFRZED D WITHEFHRE R 2 E LV ED D, it TY)
WIAREEFAR 2 A T) LT e 7 /T X0 | AT OO 51 2 BT U 7o R AR BB 2 SR gt A %
S U CB i B A 3R o0, A B (MUERAT ) 2N LA T & 70D 2 L 2R 9%,

I, FRIEBVEREAT 2 W7o RRIRAT R OREfIE & L Cid, JSME J&8 MR- J)akfii Kk
AXEE - EERBUE (2016 4ERR) <H 1R BRKIFBURSH2NCHUE Shviz 2 (FABRIERH Y
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T 25, —F, AR XS RMEEGROREEFEDOSE &1L, KM E N

84



AHETH Y . RO D WVIIIT ORI EZERMEE T LN RN THD, €D
72D AWFFETIRE T L RN R AT FHEIC W TS oK B A A B &3
60

&5



Seismic
load
condition

!

A

A

Dimension, constraint
and mechanical
propertieis of SCV

C START >

A 4

N FE model preparation

v

Seismic response

without initial imperfection

v

<« Imperfection

amplitude

YES

Buckling load

NO

\ 4
( Design change )

lvsi
ana|ys1s » Linear eigenvalue buckling analysis
. . FE model with imperfection based on
Vertical Horizontal the lowest order buckling mode
load load
distribution | | distribution v
of SCV of SCV Applying dead load on the FE model
/
\ Ll
v
Static elasto-plastic buckling analysis by gradually
increasing horizontal and vertical loads to FE model
while keeping ratio of those loads
Judgement of occurrence
of buckling
Increase of loads NO
|
Seismic load < Buckling load
YES
( END )
4-1 Buckling strength design flow diagram by static elasto-plastic buckling analysis for SCV
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4.4
4.4.1

HAURFFENERETILORERITO/NS A —4RE

BERGAE ST DR ERFORE

JEAC4601 (2015) AT, TR 72 FRBR RS R B E W B vtz TRl et
L C. M@l EOZ2EEER L TN D, 22T, 20 FIRIEHRZ ZET 58I
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K2 XOBFEMICERT LI EZHME LTWDN, MNTOERAENFEM 1LY
HIRSFINCEHE S D X 9 T2 R ET O LERSH D, T D7, FHHEEN
JEJESENT 0 D% 5 5 BERSRE I k4 5 EA R BR 1 (IT&ME) (20T, /3T A
—BAZT 4 —xmFEML, ZORBEERNIHLNT LI,

INTA=HF AT 4 — & i LTSRS, FBR OJFRFIRA G E R L Lz,
SRR P R SR AR AT |2 2 2 PR SR R B AT L 2 £ 2 BEAEAIFFE D 0 WL 2 BN e U 7o, BEAEAFSE
ST, ERAHE IS 1T D EERIERANT A — 2 ThH 5 FB/REL (R 73 50=
Rt=400, MfEE S/ B2 (LR) P 10=SL/R=50 THY . ZhITxt LT SCV Ok
T RECENTHRZD EREFIFETH Y | LR (T EFELHIANICH 5720, SCV OFf
B TEYAVE SR AT IC T b . BEFEIFSE 0O B A BRI M4 B2 JEE AT |2 ot 3 2 HE SRR AT S
R BBIITEDEB X T, RSCRCIE, BRI IS B 5.2 D ESRMEL LT, (a)
Tl JE JER ATV 0 e ARG (FRAT J715) L (b) FRATRFA 0 RN (o) MMM O R%E |
(d) BRR&EM MR, (o) MbTET VICERAT 2 EHEORIN, () EELE, (2
BERGRE - i ESRME. (h) B RO - IORGAE, (1) REOEA (R RO
RFEOREE) . () ITHEEORGE © 10 HE ZHH L T\W5, BRIV TIE
K A1VIRT L DIT, AW TRET 2MHEFIETH 2HA (b)), 3 KUYt =
— ROMEHEHETHHEE (), () BEY (h) FEESMEE L. &Y OEE (o),
(). (0. () BEO () BZEW U EEMNT 2 FM Lz, E7o, =Hfh3o03E
FER LT 5 2 L CTHA () OMATREERGEE Ei L7,

7%, (@) IZTKRE CRMTFIIFERRIZ) %5 58 L 7 s fE R AT (d) 13 Abaqus
ZIX T & L2 < DY 22— FOIRMERRE Td 5 Mises FERSAFIB L 12 i
DRIz AWz, E72, HEFRBEMOMWE « 2056, SERIOEW IR EIC
A EFPBE LW FHEAAL, BEME IO S 5 b TE S, Z DDA

Pr
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FETITFHELTBEAIZ Wz, (h) O EICHOW TR, BORHRMER Eo72d, —fik
(PR TS T B2/ NS T DRENRDH D03, %< OV = — FTI3H
Sy EO HEFERRE S R S TR Y . AWFIE T Abaqus FEHEREREZ V72,

4.4.2 BEOXNREE

fRAfT D/NT A =2 2L T 4 —TlE, BREEFITHOWT, RFRDOE ELR 72 B
SRIEREAMAS FIRE & B 2 DD HASM L | RBRE T ORRERAMR 2D ek & TREbT
ZATolce 22T NI A=FREZT 4 —OxGIE, 3 BIRTEERABRA B0 5 5
B f 78 SokF U OO B 2 Al U 7o R el & U7, B P £ 3 o0 R JRUR R
M & aD BHDA, PPAEENRKRE S YIHABORERT 2R LS N EeE
2 b HEBRE 1) Z2x5s L,

FREBRIR (D 1%, — s A EAESRES (SS400) 5 A& HiF T L, W TR LT
U2 TR O WHER TH 5, RERE (1) OAFHETR 4218 T LB,
BIWIELE R/t 3 506, FIfEER &/ 280 LIR 78 22 Th D, 7eds, M 3-7 O R E
DHARRD £ 512, BB BV CHRENENC™S & 722 5 W REIR 2 A LT,
F32ITRT LB | IEEERITEE AR - N D 15 DL IR EE & T 5.0 mm
THY ., WML ZRBREEEE 3 Wit L TR b e i RTINS T 14.0
mm Th o7z, MIFIMTHEOMERHEEGS 70, Rk S HmicmE L2 A L
SRR A 3 RN Lo fE AR, X 3-21 1R T 1 9 ICHEBMERRE, BRIRIS T, B KON
TV U HOEHNE, ZE 4 205 GPa, 280 MPa, 3L 1N0.279 TH o7z,

AERIRF I, MIfE EEoAa RO B B2 BRIKITER S ERVIREE T, AKFETm
(ZRRIE L2V 0KV J5 AL 4 BRI S, JRIEAR S B CHIRIC MR C
ELETAMZMEE L7, X 3-11 1R T &0, RBROMBIEMHEIL 366.4 kN Th -
Tz FEiz. FEEE (K 282kN) (28T 2 EEATE ORI A2 K 3-12 (TR LTV D08, fif
FEELAA 7 1 D P FE R T (2 AU R S, fnf B3 1) O P 1 B550 I h 1 B 2 & 2 s 22
B & teas LT,
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#* 4-1

Setting conditions and parameters of analyses

Setting conditions of analysis

Parameters in this study

Notices

(@

Analysis method

Static elasto-plastic buckling
analysis considering geometrical

nonlinearity

Commercial code: Abaqus
(Fixed condition in this

study)

(b)

Buckling evaluation

procedure by FEA

Analytical buckling evaluation

procedure for SCV

Described in section 4.3
(Fixed condition in this

study)

(©

Material properties

Elastic modulus and Stress-strain
curve (Yield stress and tangent

modulus)

Described in section 4.4.3

(@)

Yield criterion and

constitutive equation

Isotropic hardening rule, Mises

yield criterion and J2 flow rule

Standard feature in FEA

code (Fixed condition in this

study)
(e) Element type Type of shell element Described in section 4.4.4
(f) Mesh division Element size of shell element Described in section 4.4.5

@

Boundary condition

and load condition

Applying load method

Described in section 4.4.6

(h)

Increment and

convergent condition

Increment is changed depending

on convergent condition

Standard feature in FEA
code (Fixed condition in this

study)

(i) Inmitial imperfection

Initial imperfection shape and

amplitude

Described in section 4.4.7

(j) Verification of analysis

Verified quantitatively in this

study

Described in chapter 4.5
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7% 4-2  Nominal size of test (I) vessel

Test No. Material Diameter 2R Thickness ¢ Length L R/t L/R  Stiffening rings
(mm) (mm) (mm)
@ SS400 2324 2.3 2521 506 2.2 None
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4.4.3 HE4FHE
4.4.3.1 HHEFEDNFI A%

) BB L R SR ARAT CRE T DM MR 1T, MEMELRER, N7 Y U BIRIE
BLOBREOIEI-O0F A% (5 -07 2Bk & BT 2356 13 HER I
%E) ZHAWD, 22T, FHEMEOIES D& B L OBUE TED HLZEIZ DN T
BEL ., BERTICHO 2 % E Tz,

4.4.3.2 WEERBSIUVRTY UL

HEHMELRELDIX B D Z 1T DUV TIX, Chen et al. H I3 O MEBMEREL 2 S I . LR
IR L OGIRRBRO 3 @0 OFHEE EE L, LT\ D, RS LD &
BB IT 157> D15 D IV T HEBMEAREL D REME T B S 1 K 5 FHAI T 208 GPa (15
(72 0.9 GPa), HAREIRENIC X 5 FHAITIX 208 GPa (BEYEfR 7 0.1 GPa), 5[3EHBAT
13204 GPa (FEYER7E7GPa) TH VY BEH & HIRIREIZ X 5FHIO RN S 58
L2 ZEBREBUTZENEN 1%, 1~2%., F7251RRERD) B 15 b N7 ZERENE 3.4% (=7
GPa/204 GPa) T~ 7z, E7o, BRIAPTEL (SS400) DHMEFHIELRE DRI L LTI
JSME J88E MR ik ffikiss Gxat « daRBE (20052007 FhR) <25 1 #m BB
SUISI (LR, JSME %t « JEak#isg) CTIEERIR (20°C) T203GPa & ED LT D,
Ubo&B0 | MOMEEMEREDOITE S>3/ E < STROFEEFrE S ISME 86t -

RBUE DBUREIITNZ &0 D REMATIZ 31T 2 HEHMAREU L, JSME &Gt - &
B OME (203 GPa) TREIE L7z,

£l BT Y I HOWTIL ISME &G - BRI ICIIRUE SN TW7R0WAY, ASME
Boiler & Pressure Vessel Code Section I Part D (2010) (LA F, ASMEBPVC) #161C3 k%
WORT Y o HIE 030 ThH D, ABRIE () OMEGIERER (AR-2) TRHAIL7ZART
Y oHIE 0277 TH Y. ASME BPVC & REREITRVO T, REMAITICRIT 2R T
Y U HE 030 AL U MRS TERERES R 15 5 I2IE -0 A2 BF%  (AR-2)
&L EMBITIL TH 2 DI 7 — A TO R MBS R B 15 bR TV o 0.277
Z Wz,

4.4.3.3 BRKEAH
TARFEDIEIREFT A BT A LENIR S 7o SFE R OB AO M E OFc it &2 &
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% & SS M DRERIG S OF-AIMEIE IS HAAE & 0 i < ZBEREUT 11%FRE & | #ithH
PEARELL D HIXE D EBRE VN, EBRIC, FBRIAEE (SS400) @ JISME #XG1 - Hak Bl
FRDRIE (20°C) TOFRFHEIR I 245 MPa 7275, BRI EL O 5 ERBR TH Bz
BeIRIE T O SEHIMEIE 280 MPa &, JSME %t « BRI L 0 b 14%m o 72,

BRI DIRHT A Tl JBIRATE 2 RTINS 2 72 O RIS ) 2 Bk & 2
TEEEARET DN, BRI DMEERE~DEEL MR T D720, M CE
T HERISTIIE. ISME SXG1 « B HRs O (RREHREIRAA - 245 MPa) & SRBRIARS $H D
GRS A BT (280 MPa) D 2 FE¥EE L7z, £7-. fEbTRI5 & 725 SCV
ORI TITHM B S UE S, BEIERE~OMBHER OB NS N ENE R
LD, IRTFRIRERGE L R 2 3 & bR 56 & LT, BIRIS N EZRE LW
BRPERRE T OfRHT & F2hi L7z,

4.4.3.4 BREOEH-VTAHEFR (ERRIEERE)

SCV TIIRER AR RFEMMP AN DD T ERZV, HilM ORERE DI T)-O
THERE TR LTV DB & UCiE, ERERSE - RS VIERGHE (R
29 fERR) WG D | BRIk OBHMINERR R A W AR RERIERRED) @ 17100 & L
o TEARLEUC X BB A ER L T D, Eo, ERFSOEREHETA RT7 4
W T, A PSS T OEERAIPECR B IHEHEMEAR L D 1/100 225 1/50 OFEPHZ U
LINTVD

JEE JER AT B 2 PR ST RS AEAT 9~ 2 12, BRSERAMEIZ TV G /) -ON 2 BAfR & 37 2 LB
b= T, BRZEOESRAINEREZ /NS LT E D LT ONURMEN BT D52
N3 Do AMFFEORREMAT Tl HeRRmIPERE A Mt IR E D 1/100 f5 & LT HE
FRERLL 72 E)-OF B BRE WD 2 & 2 AR L Uic, E7o, B MIMEARE D 2 JE At
EAOREEWRT D720, HMEERMMEISEOEHE & U CTERIIMER SR & 013 A O
1/1000 15 & U7z ZEARUTEL & | SRR O 5 [3ERER D) 515 D AL2IG 71-O0F A Bk &
T 5 — A% MAT-5E 3 FFADMRNT 4 Fhi L7z, 7035 . SCV IT—fRICHEREZR D=8,
JEJRTERE & U CIEBRMEREIE T 0 | BRIRIS T136 K OBRIRTE D RS T)-O 3 2 PR A3 A2 i A
HICREFTREI NIV EEZOND,

4.4.4 ERERE
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BRSO RNE RO B LML T D720, WIHIREMT LA ERWGE (FIIAE
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3% 4-3  Analysis cases to clarify the effect of analysis conditions on buckling loads

Analysis Material property Element | Element Analysis .
- - . control Imperfection mode
Case Elastic Yield Tangent type size thod
modulus stress modulus metho
) JSME"
. Tensile E/100
© JSME test
S4R
©) JSME* E/1000 0.5R?
@ ?tregf-itriin I\(/}ui{elpbtained by Incremental
Sl iz5i () (s osero) displacement Elastic buckling
® S8R5 method (Shear and bending
buckling)
© 0.2V Rt
Imperfection
@ 2.0~/ Rt amplitude: 5.0 mm
5.0/Rt
© Incremental
load method
Incremental
arc-length
method
. Measured
ISME E/100 (Imperfection
) amplitude is
ISME® decreased to 5.0
S4R mm)
Measured
@ (Imperfection
0.5VR? amplitude: 14.0
mm)
Incremental Elastic buckling
displacement
© method Imperfection
amplitude: 0.2
mm
(Nearly perfect)
; ; Elastic buckling
(Elastic | (Elastic Imperfection
amplitude: 5.0
body) body) mm

* Material property provided in JSME standard (JSME S NC1-2005/2007)
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Nominal stress (MPa)

(mm)

4.786E+00
3.698E+00
2.611E+00
1.524E+00
4.364E-01
-6.509E-01
-1.738E+00
-2.825E+00
-3.913E+00
-5.000E+00

600

500

400

300

200

100

Basical stress-strain curve
- - = Material for case (2)
----- Material for case (3)
' | — - -~Material for case (4): AR-2
i
- e e i -_——___.____...--—"-"'—
| _— r— .'-—:-;_:_.__..-—-""'"'—-——- -----------
0.00 0.01 0.02 0.03 0.04 0.05

4-2

Nominal strain (mm/mm)

Nominal stress — nominal strain curve for analysis

(mm)

4.786E+00
[ 3.698E+00
2611E+00
— 1.524E+00

4.364E-01
-6.509E-01
-1.738E+00

-2.825E+00
-3.913E+00
-5.000E+00

(a) Side view (b) Front view
4-3  Initial imperfection of case (D to @), @ and
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(mm)

(mm)
5,000E+00 5000400
[ 3,889E+00 [ 3.880+00
27786400 2778E+00
~ 1.667E+00 ~ 16676400
5.557€-01 5.557E-01
-5.554E-01 -5.554E-01
-1.667E+00 -1.667E+00
-2.778E+00 -2.778E+00
-3,889E400 3.889E+00
-5.000E400 5.000E+00
n ¢ L]
(a) Side view (b) Front view
. e 1. .
%] 4-4 TInitial imperfection of case (D
1Y
o
(mm) (mm)
5.000E+00 .’
5.000E+00 [ 3.889E+00
3.889E+00 2.778E+00 .
2-7755190 — 1.667E+00
— 16676400 5,557E-01
5.557E-01 S EBAEN1
-5.554E-01 '
1.6676+00
1.667E+00
2.7786+00
2.778E+00 v
-3.889E+00
-3.880E+00 & 000EH0
5.000E+00 m N
n

(a) Side view (b) Front view

X| 4-5 Initial imperfection of case
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Load
direction

(mm)

(mm)

3,000

[ 2m
1222

3000
[ 211
1222

— 0333

= 0333
-0.556
-1.445
-2.334
-3.222
4111
5,000

~ 0556
1444
2333
-3.222
A 4
5, 5,000
= !

(a) Front view (b) Side view

Load

direction

(mm)

3.000
[ 2m
1222

— 033 bs. MAX

-0.556 -0.556
1445 -1.445
-2.334 -2.334
-3.222 -3222
A 1 411
5,000 -5.000

= t

(c) Rear view (d) Side view (Opposite side)

The initial imperfection shape of case @ is the same as that of case @, but the different imperfection

amplitude is applied as shown in Table 4-3.

4-6 Initial imperfection of case D
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KA B & KERNL O BFR D b 2[4 4-9 1 27R 7,
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EZoND, 7B, ARFTTOLR/NIEL 506 L 0 IER L2 D541, BRIRISS OFE
JEREA~OEBIRE 2D LEZBND,
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TITER A OWMEEIR T V) | BRI R RIS 5 2 2 BN/ NS Do Tz
hEEZLND, ZOXIIT, KIFHTHRO L 57 SCV OEB/REL TH L
BERRMIMERR L E/100 & LTH, BB RNV RHEE 2 30E L7258 L A% 0
JEEJEE fof B M DAL T
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4.5.3 EREEOEE

WRMAOEBEHRT D720, 7 — 2D LT 77— 2@ B4 D AL KA
H-THERACE N BIER O Fef 2 (4] 4-10 1239, A RIFEARSM & UCRIE Lo ERHE
DG —IKREH (S4R, 4 Hi KBRS & = VEFR) Ot r— 2AODORERITH LT,
TWREEF (S8R5, 8 HiAMKIAEY v = VER) & L —A@D0 B D LT R A
DIKTHRIT A%RETh oz, O LA b, FEEMITIC XV 35RO A H 4 (5T
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JEJEATE L, BBREICR LT 249 5 & K& < kEIo 72,
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LIz, ARMELZKERSFHMITE S L 9, +ol/h S WS EORER L UH
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4.5.6 AHTBEOZE

FENTE T VORI REIAR OB LR T D=0, ik r— 20, @, @B LUB
DB AF B AT KA E-THER AN BIFR D L A (%] 4-13 1277, PIRERHIRS R D
15 DI B 5.0 mm OBYEIER T — R &2 AF) UTfidT -7 — 2 Qo JEE i faf B
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MRSz, U EOTRERN D it r— 2D L 5 IR ERE— R
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ik, RO REMATIZRW T, BT — REPIIAEIIR & Uicfighr 77— 2O
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IAHAESIOBIFERE R & b —B L TRV | fT OB RO RE L LT, W Fo
AR 2 RN T NSRS R A AW D 2 & O MR RS Tz,
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7% 4-4  Comparison of the buckling load between analyses and test results

. . . Buckling
Analysis Material property Element | Element Analtys11s Imperfection Bulckléng load ratio
Case Elastic Yield | Tangent | type size cor;hr N d mode (12;) (FEA/
modulus | stress |modulus metho Test)
Test No (I) . - - - - - - 366.4 -
@ JSME 322.7 0.88
Tensile E/100
&) ISME | (est 3284 | 0.90
S4R
® ISME | E/1000 0.5VRt 3225 | (.83
@ Stress-strain curve obtained by Incremental Elastic
tensile test (multi linear) displacement buckling 317.2 0.87
(Shear and
® S8RS method bending | 310.9 | 0.85
bucklin,
® 0.2VRt © 13163 | 086
Imperfection
@ 2.0VRt amplide: | 3872 | 106
5.0VRt SOmm 6107 | 2.49
© Incremental
load method 322.6 0.88
Incremental
arc—leﬁlg(;h 3227 | 0.88
metho
Measured
(Imperfection
@ ISME | E/100 amplitudeis | 4238 | 1.16
decreased to
5.0 mm)
JSME 4R Measured
) (Imperfection
amplitude: 405.2 1.11
14.0 mm)
0'5\/@ Elastic
Incremental buckling
displacement
® method | Imperfection
amplitude: 423.4 1.16
0.2 mm
(Nearly
perfect)
Elastic
- - buckling
(Elastic | (Elastic fmperfection | 3383 | 092
amplitude:
body) | body) 5.0 mm

105



~__ Test(l) : 366.4 kN

——

400 Case (D :322.7kN
g 350 frf'-..‘ y ol

J sq?ﬂ_,_.m__'
7 300 iy d .
2 250 !f / - s PRp———
® 200 ;’/'
s 150 —
§ 100 /1"/ ......... Test (|) L
T 50 / FEA Case () |

o | |

0 2 4 6 8 10 12

Horizontal displacement (mm)

4-7 Horizontal load — horizontal displacement at top of cylinder of analysis case (D and test (I)

Contour Plot
S-Stress components{Mises, SectionFoint 1)

Advanced Average
2.485E+02

[2 212E+02
1.938E+02
— 1.BB4E+D2 tH
——1.300E+02 i
—1118E+02 i
8.426E+01
ESB%BN ---- Horizontal
2.950E+01 .
2 124E+00 displacement

Max = 2.485E+02
PART-1-1756

Min =2.124E+00
PART-1-1 14232

(MPa)
[/
I
Shear I
buckling
\
Bending
. buckling
MAX. Stress

4-8 Mises stress contour on outer surface with deformation of case O
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Test (1) : 366.4kN

450 ase (1) 7322.7kN
— 400 ase % :328.4kN
< e Case 3) }322.5kN
< 350 AN~ Casel @) :317.2kN
'.'g 300 Fid L~ Jase (7338.3kN
S 250 y SN e
T 200 / / - -
S 150 // --------- Test (1) — FEA Case D
'g 100 }// = = FEA Case (@) ------ FEA Case ®
T 50 -?'/ — - -FEACase@ — - - FEA Case

o I I I I I

0 2 4 6 8 10 12
Horizontal displacement (mm)

4-9 Horizontal load — horizontal displacement of at top of cylinder from case (D to @ and

Test (1) : 366.4kN

450 Case (D322, 7kN
—~ 400 —€ase®)+310,9kN
£ 350 -
< 300 / e
§ 0 A2
T 200 //
§ 150 ,/ ........ Test (|) i
£ 100 -/ FEA Case D |
T 50 -/ — - FEACase B) |

o ! : :

0 2 4 6 8 10 12
Horizontal displacement (mm)

4-10 Horizontal load — horizontal displacement at top of cylinder of case O and ®
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Test (1) : 366.4kN

1,000 —Case (D :322;7kN
— o~ Case/(®):1316/3kN
< 800 7 —Case[D+387{2kN
g 7 Case/® : 910{7kN
© t
E 600 74 N I (R e Test (I)

g 400 / e FEA Case D) |-
_g ':)"""““, — — FEACase (B |
5 200 — L |.eee FEA Case (D) |1
T 0 — - FEACase

I I

0 2 4 6 8 10 12

Horizontal displacement (mm)

4-11 Horizontal load — horizontal displacement at top of cylinder of case D, ®, (D and

Exceed mesh size

= 2.5 criterion faor O
o . shear buckling

- Exceed mesh size |
} 2.0 criterion for i

L : bending buckling ! )

o | |

% 15 N |

1 1 b

L © Yot

w 1.0 t :

£ 00 - |

= T 1

2 | |

a 0.5 ! !

0.0 1.0 2.0 3.0 4.0 5.0

Mesh size normalized by (Rt)%->

4-12 Relationship between buckling load ratio and mesh size

108



Test (1) : 366.4kN

450
— 400 é‘.’-f"
£ 350 A
T 300 / /f""‘"‘ e '
S 250 194 S st
E 200 7 y AR N R I [OOOO Test ()
S 150 h —FEA Case D
N 100 - 4 — = FEA Case @
o . |g | e FEA Case @
I 58 ] - - FEA Calse@

0 2 4 6 8 10 12
Horizontal displacement (mm)

4-13 Horizontal load — horizontal displacement at top of cylinder of cases (D and @D to @
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7% 4-5 Recommended setting conditions of static elasto-plastic buckling analysis for SCV

Setting conditions of analysis Recommended setting

(a) Analysi thod - Static elasto-plastic buckling analysis considering
a) Analysis metho
Y geometrical nonlinearity

(b) Buckling evaluation procedure by
FEA

- Described in section 4.3

- Consider Young’s modulus (£), yield stress and
stress-strain curve
(c) Material properties - Elastic modulus and yield stress: JSME standard
value

- Tangent modulus after yielding < £/100

(d) Yield criterion and constitutive - Isotropic or kinematic hardening rule, Mises yield

equation criterion and J2 flow rule

- Element type which can consider buckling
(e) Element type deformation in elasto-plastic buckling analysis such
as S4R or S8RS

- Circumferential mesh size < 1/6 of shear buckling
wave length
(f) Mesh division . s . . .
- Axial mesh size < 1/5 of bending buckling wave

length

- Constraint at bottom of cylinder to concrete base and
any remaining constraints of actual SCV should be
considered.

- Apply load combination of (horizontal and vertical)

(g) Boundary condition and load seismic load distribution and other load such as dead
condition weight

- Arc-length or load control method is applicable to
express seismic load distribution. Displacement
control method can also be adapted in case of

concentrated load.

(h) Increment and convergent - Change increment depending on convergent

condition condition

- Imperfection shape: Lowest eigenvalue modes for
shear buckling and bending buckling obtained by
(i) Initial imperfection elastic eigenvalue analysis
- Imperfection amplitude: Measurement result or

product tolerance

- Analysis code and method should be verified by
(j) Verification of analysis comparing buckling load and mode with test or other

verified analysis.
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4.7 FHAAFAEROERAER & O X G
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7% 4-6  Buckling load obtained by analysis using described in section 4.5 of three types SCV model

b Ne Ir:)t(l:i 1invszf£eﬁzgn Buckling load (kN) Buckling load ratio
P Test FEA (FEA / Test)
(mm)
Non-stiffened 1)) 5.0 366.4 322.7 0.88
cylinder (In) 2.1 406.7 370.0 0.91
Stiffened cylinder ) - ) 13 470.5 440.6 0.94
by two continuous rings
: . Iv) 2.1 443.7 427.5 0.96
Stiffened cylinder by : : . .
rings with discontinuity
V) 3.2 468.1 407.2 0.87
500 Test (Il): 406.7kN 500 Test (11l) : 470.5kN
50 FEATH)]?(WETJ 250 P T—(‘EA 1) : 440, :‘440.§kTN‘
Z 400 = Z 400 P anIn.
= 350 / S 350 / ke SN
-] / o T ey
g 300 /, S 8 300 y Ll
3 250 V4 T = = 250 Y.
‘g’ 200 /; § 200 7
'g 188 /A Test (I1) : g 1(5)8 A Test (I1) :
T 50 V4 —FEA(Il) | T 50 A —FEA (1)
0 f f 0 f f
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Horizontal displacement (mm) Horizontal displacement (mm)
(a) No (II), simple cylinder (b)  No (I, cylinder with continuous stiffening rings
Test (IV) : 443.7kN Test (V) : 468.1kN
2 i I . L
Z 400 /77N Z 100 FARy
= f =3 / T L
> 350 rd “messten <L - 350 y/ 'J e
B s B/ e
T 50 |/ T 50 |/
e 200 7/ e 200 /
2 150 ! 2 150 !
S 100 J ] e Test (IV) || £ 100 J ] e Test (V) ||
T 5 f —FEA(IV) || T 5 f —FEA(V) |
0 f f 0 f f
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Horizontal displacement (mm) Horizontal displacement (mm)
(¢) No (IV), cylinder with discontinuous stiffening (d)  No (V), cylinder with discontinuous stiffening
rings rings

4-14 Horizontal load — horizontal displacement at top of cylinder obtained by test and FEA
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# 5-1

Analysis condition

Diameter,
Imperfection mode*!,
FEA Length, Horizontal
Material imperfection amplitude and Vertical load
No. Thickness load Q (kN)
initial stress

(mm)

1 LB 0.5t
44.5 Monotonic
2 LB 0.5t+ 0OV (N =2) 0.5t
3 LB 0.5t
80.0 Monotonic

4 LB 0.5t+ 0OV (N =2) 0.5t

15000,
5 316FR LB 0.5t

7500,
6 steel LB 0.5t+ OV (N=2) 0.5t

50
7 LB 0.5t+ OV (N=4) 0.5t
Monotonic -

8 OV(N=2)
9 OV (N =2, reversed)
10 No imperfection

*1 LB: Lowest elastic buckling mode, OV(N=x): Oval mode (wave number = x),

Cylindrical shell

\ load

Constraint condition at top:
Keeping cross-sectional shape

Axial compressive

Constraint condition at base: Fixed

5-1
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Diagram of FEA model

Horizontal load




200

Stress (MPa)

—
/
150
100
50
—316FR steel (550°C)
0 [
0.000 0.005 0.010 0.015 0.020

Strain (mm/mm)
5-2  Stress-strain relationship

Elastic shear buckling mode Elastic bending buckling mode

Oval mode (N = 2) Oval mode (N = 4)

Elastic shear and bendingwi;ﬁzkling Elastic shear and bending buckling
+ Oval mode (N =2) + Oval mode (N =4)

5-3 Imperfection modes
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- = Correction factor of buckling strength: Cim
Load region: Shear buckling, Imperfection: None

® Load region: Shear buckling, Imperfection: Oval mode
@ Load region: Shear buckling, Imperfection: Bending and shear buckling mode
® Load region: Shear buckling, Imperfection: Bending and shear buckling + oval mode (N=2)
® Load region: Shear buckling, Imperfection: Bending and shear buckling + oval mode (N=4)
B Load region: Interaction (Axial, bending and shear buckling), Imperfection: Bending and shear buckling mode
® Load region: Interaction (Axial, bending and shear buckling), Imperfection: Bending and shear buckling + oval mode (N=2)
A Load region: Axial + bending buckling, Imperfection: Bending and shear buckling mode
A Load region: Axial + bending buckling, Imperfection: Bending and shear buckling + oval mode (N=2)
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=
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0.4 — _ _ Qv M _F
Buckling load ratio = ()" +( v CF )
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Imperfection amplitude/ thickness
(a) Imperfection amplitude: Combination of buckling mode and oval mode
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0.6

Buckling load ratio
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0.2

0.0
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Imperfection amplitude / thickness

(b) Imperfection amplitude: Buckling mode only.

5-4  Effect of global imperfection and buckling mode imperfection on buckling load ratio
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1.676E+02
[1 484E+02
1.312E+02
—1.131E+02
[9.491E+01
7.675E+01
5.859E+01
4 043E+01
2.227E+01
4 108E+00

[MPa]

Case 3: Axial, bending and shear buckling,

1 B90E+072
['I 416E+02

Max. stress:

167.6 MPa

LB 0.5t

Max. stress:

1.499E+02
1.319E+02
— 1.138E+02
I 9.577E+01
7771E+01

5.965E+01
E4.160E+01

[ 1.680E+02

2.354E+01
5.482E+00

[MPa]

Case 4: Axial, bending and shear buckling,

Max. stress:
168.0 MPa

LB 0.5t+ OV (N =2) 0.5t

1.616E+02
[ 1.438E+02
1.263E+02

Max. stress:
161.6 MPa

1. 2426402 159.0 MPa
— 1.069E+02 — 1.086E+02
3.950E+01 9.099E+01
[7 213E+01 L 7.335E+01
5476E+01 5.571E+01
2 T38E+01 3.807E+01
EQ O01E+01 E2.042E+D1
2.641E+00 2.781E+00
[MPa]

[MPa]

Case 6: Shear buckling,

Case 5: Shear buckling,
LB 0.5t LB 0.5t+ OV (N =2) 0.5t

Max. stress:

1.616E+02
[ 1.440E+02
161.6 MPa

1.264E+02
— 1.088E+02
[ 9.123E+01
7.365E+01

5.606E+01
E3.848E+01

2.090E+01
3.316E+00

[MPa]

Case 7: Shear buckling,
LB 0.5t+ OV (N=4) 0.5t

5-5 Deformation and Mises stress contours on outer surface at maximum load
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7% 5-2 Analysis condition

Diameter,
Imperfection mode*!,
FEA Length, Horizontal
Material imperfection amplitude and Vertical load
No. Thickness load Q (kN)
initial stress
(mm)
11 CW (no initial stress)
15000, 445 Monotonic
12 316FR CW (with initial stress)
7500,
13 Steel LCW (no initial stress)
50 Monotonic -
14 LCW (with initial stress)

*1 CW: Circumferential welding, LCW: Longitudinal and circumferential welding

* Tensile stress exceeds yield stress (137MPa) in red area.

Circumferential welding
at EFB area

Out-of-plane
deformation:
5.5 mm

Out-of-plane
deformation:
3.6 mm

Longitudinal and circumferential

welding at shear buckling area

5-6 Residual deformation and maximum stress contours at thickness center calculated by

welding deformation analysis for cases § to 11

126




5.3.2 BNTRRLBECEDER

VEHEREDIRREIG ) L R AET 2 BB LT & | BBEETE DA & B8 L= fiftin b
P3OV R AR B 2 I T R R A SR L 72 R R A X 57 1R, RTINS
5D EIERREE 1.21~1.24 TH Y | X 5-4 (2B 2 AR BN G E OIS
<, BIEE— FOIAEEL A LTIGAITH AR D L REW, Ziud, WA E
JETAR LB RIIT—B L 22 & Fo, WAV X 2RI, T mE
DB DETIVTIIRIEDHK 0.07 5 (3.6 mm) | it & JE G MEEHEDET /L CTILAED
011 4% (5.5mm) THY | JHEJEFMZR CHEBMERE T 2% 2 72 < TRWRKYIHIR
BE (WE 0515 ICHRD /NS ol B2 bbb, £z, i+ T EREO
SCROAEIE, AW O SRR O W TAUC I W T B IR BRSSO IEIZ K HiE
ERONT, BRSO FERIRE~D BTN S WD & 2R LTz,

127



Buckling load ratio

1.0

0.5

0.0

Maximum principal stress

Welding deformation analysis (Circumferential welding)

3.6 mm
vd

Out-of-plane deformation

Maximum principal stress

5.5 mm

Out-of-plane deformation

Welding deformation analysis (Circumferential and axial welding)

Welding deformation

Welding deformation
and stress

Elasto-plastic buckling analysis under constant
horizontal load (44.5 MN) and axial compression displacement

Welding deformation

".
T
- 4
LS

Welding deformation
and stress

)

Elasto-plastic buckling analysis under horizontal load

Load region: Axial + bending buckling

Imperfection: Welding deformation

Initial stress: None
(Case 11)

Load region: Axial + bending buckling
Imperfection: Welding deformation

Initial stress: Welding stress
(Case 12)

Load region: Shear buckling
Imperfection: Welding deformation

Initial stress: None
(Case 13)

Load region: Shear buckling
Imperfection: Welding deformation

Initial stress: Welding stress
(Case 14)

5-7 Effect of welding deformation and stress on buckling load ratio
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