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Frequency Response Function of Stress Intensity Factors
to Fluid Temperature Fluctuations

(Research Report)

Naoto KASAHARA" ,Thciro FURUHASHI?, Chen FUQUAN?,
Masanori ANDO® and Hideki TAKASHO?

Abstract

Temperature fluctuation from incomplete fluid mixing induces fatigue damages on structures
of nuclear components, which should be prevented. For rational evaluation of fatigue crack
initiation against this phenomenon, the authors have developed a frequency response function of
thermal stress to fluid temperature.

Since an actual failure mode has crack initiation, propagation and penetration processes,
Fracture mechanics approach such as repair based on crack propagation characteristics and
crack arrest evaluation are effective to prevent failure. This study proposed a frequency
response function of stress intensity factors to fluid temperature fluctuations in order to evaluate
thermal fatigue based on crack propagations. Stress intensity factor decreases according to crack
propagation under high cycle fluctuation. On the other hand, it increases under low cycle one

and membrane constraint conditions.

1) Structure and Material Research Group, Advanced Technology Division, OEC, INC
2) CRC Solutions Co. Ltd.

3) Shanghai Nuclear Engineering Research & Design Institute

4) Joyo Industries Co. Ltd.



JNC TN9400 2002-047

B X
Eik=a
L B B ettt a et s e Rttt ettt 1
2 BEE D JEINE B ERIE oottt ettt 5
2L BRI oottt ettt r et et ea st a s a et b R bt r s 5
202 BRI O TR et ettt et et e s aa e ss e e bt e b bt a ettt a s s a e b e ae st 8
2.3 IR I L ORI T B0 oot r et cte st 8
3 D B BB BB oo et b bbb es 12
B.1 NS TTEEEL oottt b ettt 12
3.2 A BEDLEIH T ARSI D BEEUEERRE ..o 19
4. B N RE T B R TITEIABE oottt 22
4.1 BB TIPEFEREIEEEL oottt ettt 22
4.2 KB EQSENI T BISITERRE O BB ERK ... ST 26
5. B I BEEI O oot s et ae st se b sene b s e e n s 28
5.1 FINITE ELEMENT ANALYSES....cooeitioterereistesesesseneeeseesssenesesesssesssssns 28
5.2 COMPARISON BETWEEN THE FINITE ELEMENT ANALYSIS AND
FUNCTIONAL SOLUTIONS ...otttieerereieeetereseesesnsesssssssestsssseseseacsesssassssssns 40
5.3 CONCLUSION ...oveeeieeeeeeeeeveeesereteseessetesssesessasesesesssesesesesenetneenssesessssenins 43
B B B eeeeeeeeeeete e e ee e e et e ee— e e ettt eeea—re e tae e aae e e bt ee e e eottesite e e e et e e e et e e e nnaa s 44
B Bttt ettt er ettt eteearasseseeserae b et ere s e n et et et et e ere b ans 47
ZE R

fiek Al FARDIEERE

ik A2 FrUIEEFEEROESBEE
f+4% A3 Chapuriot ® KET—7 /v
18k Ad /T A—FRRERENT



JNC TN9400 2002-047

F1J X b
List of Tables
Table 5.1 Finite element model data ..........ceoeueueeeeeeeereeeeeeeesoeeoeeeeeooeoee, 29
Table 5.2 Material properties of SUSS04........ooeoeeeeeeeeeeeeeeeeeeeeeeeeeoeeee. 29
Table 5.8 The calculated striping frequencies and crack depths ..........ooevevevveennn 39
Ky Ak
List of Figures
Fig.1.1 Thermal striping PheNOMENa .......c.eeueveueeeeeereeeeeeeeeeeeeeeeeeeoeeeeeeeoeeeeeeeee. 1
Fig.1.2 Conventional fatigue analysis procedure .......oooweweeeeveveeeeeeooeoeooo, 1
Fig.1.2 Frequency response characteristics of structures to fluid temperature....... 2

Fig.1.3 Formulation of thermal striping phenomena with frequency transfer

FUNCHIONS ...ttt esetee e, 4
Fig.2.1 Thermal response of a plate to fluid temperature...........oveveveveveeeeoeeoeeronn 6
Fig.2.2(a) Gain of effective heat transfer FUNCtion ..........o.movomoeoooeeooooeeoeoooooeo 7
Fig.2.2(b) Gain of effective heat transfer FUNCON «.........ooovoeoeoeoeoeoeeoeoeeoeoeoo 7
Fig.2.3 Membrane and bending component of temperature distributions............. 9
Fig.2.4 Fraction of temperature amplitude on the SUTface ........oovvevevevevevevoveosoeo 11
Fig.8.1 Kind of constraint conditions . ......ueveeeererereereeeeeeeeeeooeeoeeoeeeoeeeeeeeeoeoeeeo. 15
Fig.8.2 Gain of effective thermal stress function on the SUrface. ..o, 16
Fig.3.3(a) Gain of effective thermal stress function vs. Frequency......cocvvevveunnnn.. 16
Fig.3.3(b) Gain of effective thermal stress function vs. Frequency....c.ccooeveenunnnnnen. 17
Fig.3.4(a) Gain of effective thermal stress function vs. Depth.ccciieeiieiiiin, 17
Fig.3.4(b) Gain of effective thermal stress function vs. Depth..coooeiiiiiiiiiii, 18
Fig.3.5 Gain of Frequency response function on the surface ............ooovvvevvvvvnono.. 19
Fig.3.6(a) Gain of Frequency response function vs. Frequency ......cocovvvveeeennnnnn. 20
Fig.3.6(b) Gain of Frequency response function vs. Frequency ....cccoovevvvcvnnieccnnnnn. 20
Fig.8.7(a) Gain of Frequency response function vs. Depth .........ovoveeveeooooonn, 21
Fig.3.7(b) Gain of Frequency response function vs. Depth oo, 21
Fig.4.1 Gain of effective stress intensity function under membrane stress........... 24

Fig.4.2(a) Gain of effective stress intensity function to surface temperature

FUCEUABION .o e 25

iv



JNC TN9400 2002-047

Fig.4.2(b) Gain of effective stress intensity function to surface temperature
TG UALION . .vveeeieeieeeee ettt e e e et a e e e e e ereeaessibebeae e e sneraareeneseeeannnrns 25

Fig.4.3(a) Gain of non-dimensional stress intensity factor to fluid temperature
TG RATION . s 1ttt et ieee ettt e e e ree e e e et a e e s e e e e bt e e ae e e beeeeesnene 27

Fig.4.3(b) Gain of non-dimensional stress intensity factor to fluid temperature

11D E: U Lo ) ¢ VUSSP 27
Fig.5.1 Boundary conditions of the model used in FEM analyses......ccccccvcveeverennnne. 29
Fig.5.2 Comparison of the coarse mesh and fine mesh model .......cccovvcvviiiiiiinnnnan. 30

Fig.5.3 Comparison of JH value between coarse and fine mesh for a*=0.0167....... 31

Fig.5.4 Comparison of maximum K value between coarse and fine mesh for
BF0.0067 oeeeeeeieeee ettt e et e e e e et e e bae s s be e e e e e ne e e neraeeenant 31

Fig.5.5 Comparison of JH value between coarse and fine mesh for a*=0.1 ............ 32

Fig.5.6 Comparison of maximum K value between coarse and fine mesh for

A0, 1ttt e et e s et e e e e e e s b et e e e meaeesannr e e e e reee e e araeeeeas 32
Fig.5.7 Comparison of JH value between coarse and fine mesh for a*=0.7 ............ 33
Fig.5.8 Comparison of maximum K value between coarse and fine mesh for

BF 0.7 et e e e s e e s b e e e e e e ne e bee e e e enrreesannnneeeeenane 33
Fig.5.9 Temperature fluctuation from 2.7897 second to 3.1233 second................... 34
Fig.5.10 Temperature fluctuation from 9.8163 second to 10.104 second................. 35
Fig.5.11 Temperature fluctuation from 14.329 second to 15.063 second.................. 35
Fig.5.12 Load conditions for the membrane stress case ......ccoeoeeeveivenieiiereeeeninnnnnnen. 36
Fig.5.13 The variation of the SIF with crack depth (from K directly calculated) ...37
Fig.5.14 The variation of the SIF with crack depth (from J hat integral)............... 37
Fig.5.15 Boundary conditions for bending stress......cccoocevvveeeiiiiiiiiiiiiiiiiniennieeeneen. 38
Fig.5.16 Results of the linear temperature distribution loading...........ccceveevvevevennns 39
Fig.5.17 The variation of max. SIF with crack depth due to thermal striping ....... 40
Fig.5.18 Comparison of analysis results under axial membrane stress......ccccc...... 41
Fig.5.19 Comparison of analysis results under bending stress......c.cccoceeriuuniecennnn. 42
Fig.5.20 The overall comparison of thermal striping loading.......cccccceevivreerircneanan. 43



JNC TN9400 2002-047

:E%
Bi =%: YA

D(x",jf") : HREMEEEA
E: MEHEOY > s %
H(B,if"): BEIEEEEK
k(a',jf".R

EZ

R, ) RIS FER R

K (a,hjf ,R,,R,): ISHILKREK

K'(a’,Bijf',R,,R )=K/E—a]:"—‘/’?——l‘
1-v

HERTTIS AR (RSB 5 %)
K =K/orL: SERTISHIEREE BRH 0 m)

_ g EeATnL

2(1-v)

FERTTISTIERGRE GREED VT AR A'Th)
L: A&RES (B

M (x,a) : TR AREREL I AV 2 BB B
Rm, Ry : JEET7 &I 71T 9 2 M REh R R
S(x",jf "R, R, ) FENEAEF 1B

T,: RFRE (RARES)
T, (jf): VrikimEE

T, (if) =T, IT,: TRTHHEE

T, (x,h, jf )RR E

T, (x',Bi, jf') = T,/T, : EITHEIRE
)5 (F) 3 () e REAROR. . E—2
2 FRUREE

ﬁj\



JNC TNO400 2002-047

a" =a/l  ERTEFES
f: FEHR
pr L mpT

K
b BMRERE
iR

m'(x,a" ) = M VL : I AREE IR B AT E SR

t *=kt,12 : Fourier X

u(a,x) : FHAOZEN
u*(a*,x*)=u/L : FEXITE O
x' BERENLDESE

x =x/L : BEREN S OERTRS
o HEEMEO BRI

xR EIRBUREK

A BEME OREER

v: BEMEIORT YV U

U(x,h,jf,Rm,Rb)3 V]

o' (x",Bijf R .R,) =a/fO‘T° D ERTTIET
-V

AHFEETHEATIRBITDONT

- BARESEBEBLIVCREEREERER TEREL, EREVYHLOERZH
DETBMHEEOEHINEAEEZRIT DL L

« — LD DI EEEII AR R D AT L. *EITRE L R LA
HEREOQBITHIET HEERITEH(EFTE BOOARERDEFITL SR
HEEHRA LT,

s —RICIEEERE R LR T B EKRICREEIL Fourier =xt /12 MEH &
N5, ERITEBFE 13 Fourier RERHIREE LEARETH D HITKD
2TORARKETFZERTE S,



L e T T T e



JNC TNO400 2002-047

BFHh75 > b0, BEECRBWTRENRRRLZMAMPER T 2HEE T, FRE
BACIATREANBRBEOSENEL 2720, BOBRLAEARHICL2BEMOET 1Y
IESWRICEET 2HEND S Fig. 1.1 3R). CORKRI—<INASAEST

(Thermal Striping) EFREN. RERIIFig. 1.2 ITRTLDIT, ERZJFICLOKRDZHR
FEEOSEZ LA 70— BB VRERBEARVRELBICKESHEL ., RERE
ICEREICHBLER R BT B Z &Ik o TR HiRIBZ KD, BHMMm2ERL TERLILL
ZHUTH L. REEED & EAUNEEY FICED DS HRBICER I NS T TIZIZFHEE
B LU-REERNS D TNIE I RETMERERICKEREEERIZTT I ENHS
MTENTETAS[2] (3], FERIBED S EOBEM NDEERIDL, Fig.1.21RT X
SEABEPENEBEOREENNSETL, BIEANREL R RS, BIERED
BEEE, BERNOBRIC LV IRELAEORENEMT 20, RBTAHIRE 720
BEWISHRRELRN, BREL THENRRAEROSNEFHREZF(ESREITIL

ks,

Fluid
Temperatur

1. #%

Surface
Temperature
N-s

AY
o t
3
o

g

Fluid
Temperature
Tr
<
=
-~
[}
& /
7‘\
Thermal Stress
= j
E|
(]

L -)<___.__ Hot Fluid Ty

Temperature Difference
ATO = TH - Tc

Cold Fluid Tg¢

Fig.1.1 Thermal striping phenomena

ARG, D) s
ey )5+ Yi

Fig.1.2 Conventional fatigue analysis procedure

Time



JNC TNO400 2002-047

Low [ Frequency > High

Attenuation by Delay of L
ar,
Small Structural Response &e
L Attenuation by Thermal Small
arge Homogenization in Structure ma

Small < Therma! Stress > Small

Large

Fig.1.2 Frequency response characteristics of structures to fluid temperature

EESIEIINET, MAREDS EICHTIBANEORERKERCEEL T, &
RALEFMICHER T 5720 QRIS ORGSR Z2BEL T/ 41 [5] [6]. 4B
BUIE NI T2FERBEANZLALTH 3. ISEBERIC L HEN SEEBEADS
CEROREEARRS OREL., BEANBRIICIEAKES OBEEZZBELTVS,

COULEY 7O—FITMA. EBROMEDOTEIZ, EROoRE, EE. BELWSB
BERDIENS, BB IEOBEAD SIIHEIERE L ME. EROEZMEEHES)
IRFERLE/IRVRES, Shimakawa[7]=° Jones [8] [9] 5 IIEERERED & T T 587
BERBEOBEREEZEMEL T3, XK T, BEESPERL TERBSHORE
WESEBIBEIRRT 5 2 LIk o T, MAREY 5 ECHT 3R BRER O B
REBRERET S, Fig. 1.3 10, AEREEERC X ERLOHNERT. HESE
BRERLRRINTED, GEBRKIIERTHICH L TEHEINS,

FIEDOANG, HIREZREIT, (1) 2 XL 0 AT THEMERTELE DD
‘C‘:%éo

1, (i) =1, (3 )17, = [T, (1)/1,] (1.1
S5, AREMREBIEH (Bijf ) N L THEORERELS

7,7 (0.8i, if ") = H (Bijf )T, (if ") (1.2)

0. RERERBNEHREEEED (x, ) 20 L THIENTOBRELS

T, (x",Bi, jf") =D (x"4f )T,"(0,Bi, if ") = H (Bijf ") D (x"jf )1, (if ) (1.3)

&7 B,



JNC TN9400 2002-047

BENIORELE) & MR ER RS U TSN LS

o' (x*,BiJf*,Rm,Rb)'= H(Bi,jf*)s(x*,jf*,Rm,R,,)Tf* (i) (1.4)
PHRET D, KD SERTIHH OBLIBENRE S,
o(x,ht,R,,R,)= faTﬂ o (x.Bi,t' R ,R,) = %‘-‘%s-l [a* (x*,Bi,]f*,Rm,Rb)] (1.5)
iy _

ERVEET DHE TS IR G LS
K (a’,Bi,jf',Rm,R,,)=H(Bz‘,;f*)k(a*,]f",Rm,R,,)T,’ (i)
MEET D, RRD SERTIEAIERIREKOBLBIRE 5.,

K(a,ht,R R )= EafiiEK' (a,Bi,t",R,,R,) =“——Ea1TiiE 37 [K(

a*,Bi,,f*,Rm,Rb)] (1.6)



JNC TN9400 2002-047

Fluid Temperature T; (jf*)

Effective Heat transfer Fluid
function H(BI, jf*) 1T
Surface temperature T, (0,Bi, jf
P s (0B I Structure
Effective Heat Conduction

Function D(x , f)

v Effective Thermal

Inner Temperature T, (X ,Bi, jf) Str oss Function
| S(x ,jf Rm,Rp)

.Constraint Efficiency Factor
Rmbe

14
Thermal Stress
o (X,Bi, jf ,Rm;Re)

Effective Stress Intensity
Function k(a’,
j f :R m !H b)

Weight Function M(x,a)

Stress Intensity Factor

K (a’.Bi,if .R...R:)

Figl.3 Formulation of thermal striping phenomena with frequency transfer functions




JNC TN9400 2002-047

2. mBEDRRSSZEEE

2.1 RELRE

BE L OFROREN—FDREEREEN L CHAELTBD., L E AT EREE T
HB5ETI Fig.2.1 2RELT. mﬁ@ﬂﬁﬁm EREEERT . ZORTIIEEE
NET 2 HERREEDL DTS > FMgss FCHLDIID, Fig. 2.1 lcBNT,

O°T, (x,t
srnmzy L0 Tl 1)
ot ox
ﬁﬁ%#ﬂ%@ﬁﬁgmﬁﬂgﬂ=ﬂzmgqﬂm (2.2)

ox

MREEZLOT )T #TR T, ( )= ) AT, exp (27 jft)

Fﬁ*#M@ﬁ%afﬁg” (2.3)
@.D~Q.IEREMTEL TS/ IR E#T 3L
eXp{(x—L)\/S/K'}+6XP{(L—JC)\/S/K} (2.0)

& (x,s) ) (h —AM)exp(—LM) + (h +/1x/s_/?)exp(L\/s_/;) " (S)

s)=2ATf/(s—2.7rjf)
QORNZIITTALT 3 &\ WARRED 5 FHITET 5 REORE £ TOE R E K
H(Bijf ) BMUTOESIcRES (R 1250,

7, (0.Bi, jf")

v =H,|Bif ")+ jH,(Bif" (2.5)
L]~ ) i)

H(Bijf')=

H, =(uy, +u,v, )/(vl2 +v22)

H, = s, 4109, ) (v 0,7

u, = B cosh(w)cos(w),  w=qlnf"

u, =B, sinh(a))sin(a))



JNC TN9400 2002-047

v, = B, cosh (@ )cos(w ) + a){sinh (w)cos(w)-cosh (a))sin(a))}

v, = B;sinh (@ )sin (o) + w{sinh (w)cos(w)+cosh(w)sin (w)}

lH| = \/(ulz +u22)/(v12 +v22)

arg H =tan™ [(uzv1 —u, )/ (u; +u,v, )] (2.6

Tf=Tfo)

YL DF

¢ Ts(x,h,z'f

| X

—

h: Heat-transfer coefficien

Fig.2.1 Thermal response of a plate to fluid temperature

£ Q2. 6) X VEYRGEEER DT A &, EXTARKEEFRENRTA—F LU TEHE
T5E, RROLDICED, EBATEAREIEMNTSE, 71 VERBICEDITED <,
BIZEAREEAVNE <2 d EF 1 I L KENET 5. EREFTENREVIEL S 1 38
T3, AEEERT ik, [H—1, argi—0 &7% (Ts—Tf . &N 0. KR
EEELAHITEDL.) Bi HRT f >k, [HI—0. argi>—7.2 &/2% (Ts—0, {L
MBI 2, BEEHFITEDL) .



JNC TN9400 2002-047

0.0 -
0.01

~—&—Bi=100

1.0000

0.9000

0.8000
0.7000
0.6000
0.5000
0.4000
0.3000
0.2000
0.1000

Gain of H(Bi jfx)

o S Bi=40
0.0000 'S S 2 Bi=20
0.01 Bi=15
0.1 Bi=10
1
Non~dimensional Biot Number

Frequency f*

1000

Fig.2.2(b) Gain of effective heat transfer function



JNC TN9400 2002-047

2.2 IRABBDEE
X5z, EBRTALLEQAR L ¥ BEERTIRED 5 ERATES x*E TOREDHRIE
EEBEH D (x jf ) BUATFOLS IRkES (5 1 B,

T, (x",Bi, if")

D(x*,jf*)= T:(O,Bi,jf*) =B(x*,f*)+jC(x*,f*) 2.7)
AT AT AT AT o
as'\/_ccslr\/—mn\/_srh\/_
dir )a:s\/——aﬂ)\]—m{\[—l—x]sﬂm{\/—l—x]sn\/_mh\/_as{ 1—x]<mh{\/———1x] .9
o st \nf it skt mnf

BHREEEED (' jf ) HRERERET EE URENRES T 2R T RK

SEEASRE BT D eMTED AEBAE DR E IR ERE I U TRIED

D(x" ") fir
720 iR arg D (x' jf ) ALY B, x4 =0 B xk=1 EICFAN>T, REIRIENW
DL, ARBN B KELRB,

Jrf' =27 OrE =1 EOBRER o=0 T CTE 1L AHIS OMRBhL25,

Jrf' Som = f" 4 i3, R R OREPNEE S O ILUEIIB O () Z2RLT

WB, TRbb L f/4r RREREEHSRAEIMIA7VTHELINERL TN,

Pk & < AR BITHEN. x¥=0—1 TORERBEOHDNPKE /2D, 00
DR TIE x*=0 MOHMBELEH L. WL *>0) TIHEELRHNREINR
<725,

23 FHRES KU IFHS
BESFREAT L (x5, ") 10 & BIRO B MBMGIELTS. TASRET, 1)k

FLIEIFAEDBREBET— AL M AL ZERETAXERN 725,



JNC TN9400 2002-047

B HARER VAR ENZHEE. TROKSIZT, DZELITEE U TER T

DEEN. 1, OBRITE U THITIN I OEBREL B 2 EnE, TNHIZEYE

HOEICHERENS,
*Q.
- : L (', Bi,if")
<] =S )
+ - ATy
W+ R i A e
= + e J -
* <
£
-
<

Fig.2.3 Membrane and bending component of temperature distributions
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3. SN DR ISERK

3.1 BXESHEH

x FRAIOHRE L BLY z FRAIOKE Lz iIch Ty FEOEE Ly 410k
ERFRET S, THy=0 ZEEHREL y FHOEMZ 0 ET 3, FEHy=Ly
ZIEFMERE T 5. A x=0 BELR x=L IZEHBR LT 5. z HEDORENF
MIENF SR FESIRE (02=0) &0, HiT z FAORER 0 E
WIERIXTEEOT ARE (e z=FHN—EF) &5,

(1) BHAZEDORT

B A2 H HICER S E72 86 (Fig.3.1(). SMEMEENHICREE >/
RO E BIZRANT N E L 5. y HRIOZUZR MO TEEE T i HAFIL .
xy E A QOFMZERINVT TR E T RS I AT 5. SMEAREEN R & BB O
IRBENE & DRI L 72 RR D y HRDISH 2% (4],

%Kﬁséﬁﬁ?jﬂg*(x*): =0, (x) (3.1

CEal, ~*
I CIUSHIRBBICKET 2R TH 0. BRSO LEEHIRETIE c=1
THD., BEABEOEEOT HRETIE C=1"01—Vv)TH 3.

E—2i5h0, (x') =1, +(1-2¢')3 -1 (x') (3.2a)
= [Da+QQ—2x*)D,— Dx*)] Ts* (0) (3.2b)
=S(x", i ")I,'(0) =H (Bijf")S(x, )T (i) (3.2¢)

Ay N < Iv Rl o
S(x', if ) =Da+(1—2x*) Dy — Dix*) (3.3)

FMERRESTORRN LTSN RLI, o (x) 1 FEME (BT B&

CE—AZ b (HTIHET) &b 0TH 5. 8UFE WO+ ERICRE-~
EfROZOTHA [o o> 0= o{T*+1—2x) > }] LFEEHROR
EOTHLAT Lal* ] EOZEFY RN THLIICEURFEBROM
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HOTHLME Lo (T &) — T &)} KXBBATHORE-TIEN LS
N5, DBINERIZ TE—IR EREFEICTT 5,

(2) EEHROELS

ERWBORMRMD L BRITEZESICHR LSS, XRAO y HHIES
HINET B,

2R H cr'(x*) =0, +(1—2x')ab* +ap* (x) = — Ty Hx*) (3.4a)
=—D(x*) Ts* (0) (3.4b)
=S(x',jf )T (0)=H (Bijf)S(«7, if )T, (") (3.40)

T BREUSTIBERK

S(x*,jf*) =—D(x*) (8.5)
BABEGR o = Th (3.62)
=—Dn T5* (0) (3.6b)
= -H(Bijf"\D, (if )T, (i) (3.60)
BRI o, =— T (3.72)
=—D Tz (0) (3.7b)
= -H(Bijf" )0, (if )T, (i) (3.7¢)
Tl o RBERMOZHIRT 2 I EICKDELUSEEIDO EREZERL .

Ligong IBRERS] EREFICTS, o 3B REITZRARTS Z &1
FOECBITIEHD x*=0 RETOELBEEZERL. DBRINE MEREHITRK
1) ERRFICT B, (1-2x%) 0, ICK DEHRROBITIEADHEERT .
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(3) —REIBBEREBEOEUET

ED—BEIBEREEE LT, EREBE TSRO Re SRS H1, 2
BT O Ry BRI NBEAEE L 2. TROBUTOL S RGNS

EET S,
0=Rn=1. Rpy=0 THUIHEHMH. Ru=1 THUOZELHE (3.8)
0=Rp=1. Ry=0 THIFHEHH. Ry=1 THITZE&HK (3.9)

ZDOFE. BTOXI7Ry ARBHAMNEL 3,

ENV a*(x*,Rm,Rb)=R”am*+Rb(1—2x*)ab*+crp*(x*) (3.10a)
~(1-R,) [ Tax +(1-R)3[ T, (1-2¢")a -1 (3.10b)
=(1-R,)T, +(1-R,)(1-2¢")7," - T (x) (3.10¢)

= [1-Rw Do+ 1 —Ru)(1—2x*) D — D(x*)] T (0) (3.10d)
=S(x", jf".R,.R, )T, (0,Bi, jf ") (3.10e)
= H(Bijf")S(x', jf \R,.R, )T, (if") (3.109
ZZT. BRESIIEEK
S(«", if"R,,R,) =(1 —Ru) D+ (1 — Rp)(1—2x*) Dh — Dix*) (3.11)

TROERBNIFERAREL ST D R &, BRETIEHNDHED Rp . BL
E—JiheERabi AL ins,

(4) BRBUSH B

(3.10) B1DAMN 5, REBEZLE 7o~ (00D 5 RIS NN DOEZBEEIILU T O &
D2ITEABNE T N5,
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S( 1 R osRy) == i ’;Zc((’);{"’R”) — (1= Ru) D+ (1= Re) (1 — 2x%) Dy — D(x*)
= S,(x, " RuR, )+ JS, (x', F R, R, (3.12)
S,(x".f".R,.R,)=(1-R,)B,(f") +(1-R,)(1-2x")B,(F")-B(x". ") (3.13)
S,(%, £ RR,) =(1-R,)C,. (") +(1-R,)(1-2¢)C, (£7) - C[". £") (3.14)

TibBRRADTIIBARBERS O Re 5. BARETENDHEO RofE. B
QeI EheBEREDRIIGNINTHE1RS,
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Fig.3.1 Kind of constraint conditions
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B BHE.DER(3.2b) 1LY, BHESHEHO S A EAREOBRERRERLIV
REH AN ESEICHET AL Fig.3.2 B Fig.3.3 DXIIT725, B2b, IREFFITER
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Wiz, EREGS DB T A OREF a5 H % BEEEICEE 5L Fig.34 0I5
7B, BB DL, WEEOF A MBI 2L HITRE ST RSB T,
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Fig.3.2 Gain of effective thermal stress function on the surface
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Fig.3.3(b) Gain of effective thermal stress function vs. Frequency
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3.2 REREW S E ([T DREHDOREREGEREE

KiZ, KEBIHIKHKERHERAT S I LIk TUTOL D IKRAFBREICKHT 3 Hu5 1D
EREZEY 2 2 LAk D.

o (%', Biff R,.R,) =S(x",if R R )T (0B if ) =H(Bijf")S(x", jf ,R.R)T, (if") (3.15)
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Fig.3.5 Gain of Frequency response function on the surface
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Bi=6.07

Rm=0,Rb=1

x*=0,7

Non—dimensional depth x*

x*=1

0.01

Gain of H(Bi,jf¥)S(x*jf*,Rm

Non-dimensional Frequency f*
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4. BSHICHT DISHIERFRE

4.1 BRI

Bt 7 )V B ORI & 72 B A O LA VIR MBI R G f AR B W 5 1.

ISR FER TEEERFE 2R T A ENTETH S,
BEERE DD DERTEZNRESE ax=a,/LL T 5L, ZZPEVIESITHREN 5/

c ¥ EELDIIBRBESHANELEES . EXTHROIERBES DIEREE

K'(a',Bijf",R,.R,) = K /{EaT\nL /(1-v)} BB 2 OERECREAFIEL

TERTESBEE m+x,x0)& AV TR CHETIILNTES,

X (a"o_*) _ :/_1=J;10* (x*,Bi:jf‘,R,,:Rb )m* (x*,a*)dx* (4.1)
JT

KB DITKKTEE 2RENIE NI 0 G ERAT DL,

o' (¥ Biif R,.R,) = H(Bijf ") S(x’, if \R,.R, )T (i) (4.2)

K'(a',Bijf",R,,R,)=H (Bijf )T, (jf*)%jjS(x*,jf*,Rm,Rb ' (x,a" ) dx"

~H (Bijf")k(a', if R, R, )T, (if ")

(4.3)

22T HIESEKIRIKBIS K (a”, jf R, R, ) BEERTHEER R D 5 BRTTIS T

REFBANDOEEREEZERL. AXNTRDBZZENTES,

k(a',if R, R,) =k (a’,f",R,.R,)+ jk,(a',f",R,.R,) (4.4)

k(a, f*,Rm,R,,)=.J1= [8.(x Ry R (") (4.52)
JT

k(a'.f".R,.R,) =—\7_1—J;‘S2 (%%, 3 R, R, )’ (x,a" )’ (4.5b)
g

NE.OZEFEHICEHT22L2E 25, EABERITE 2 DLOREESNTVD, 22T
A RIEEFEZROE S BEEEL T Bueckner[10]D, HiEHDR[11]1B L Wu and
Carlsson DX[12]2FHWBZEET B ((HE2E ), T, HEBRREZZEOEAREHKLL T,
Chapuriot ® K E7—7 WV [18]0355R 7= EABEEEZ R WBIL LTS (%35 8).,

(1) Bueckner[10]
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2 %\ -1/2 x4\ 12 x4 3/2
m‘(X‘,a‘)=4"]—r-a';'l:(1—§;') +n11(1—%) +m2(1—%) ] (46)

m, =0.6147 +17.1844x™ +8.7822x" (4.72)

m, =0.2502 +3.2880x" +70.0444x" (4.7b)

{BL., EHASEEN0<a <05 IXBoNAZLICEEYETS,

@ EHEol11]
) 12 » 172 32 £\ 3572
m'(x',a')= __[(1_15_) +ml(1—x—‘) +m2(1—x—‘) +m3(1—x—,) J (4.8)
wa a a a a
my(a%) =[0.4674+2.43924a%+0.2764a*%>—4.932a%%+1.7065a%*] /(1 —a*)? (4.9a)
my(a*) =[0.6356—5.3026a%+15.463a%2—9.3984a%%+0.129a%*] /(1 —a)? (4.9b)
ms(a*) =[—0.306+2.559a*—5.8775a#%+3.1517a**—0.2369a%] /(1 — a%)? (4.9¢c)
O0s<a =0.9 DFFETHEATZS,
(3) Wu and Carlsson[12]
J+1
m(x,a%) = (2 ;v ax)~V? E B (ax) (1—xk/a%)i—%2 (4.10)

1=1

O<a <09 OEHEHTHEETES,

A2 ROk,

SR TR =1 OV —< VAN AL T B E TR E LT EA OB HNARENSHIC LS
ISHIERBREZFTEL, U R%Y Fig.3.1 127RT,

(4) Chapuriot @ K fET—7" /1 [13]

2 x\ =12 » 12 1\ 3/2
m'(x*,a')= — 1—x—* +m 1—-36—,— +m, l—x—, (4.11)
wa a ! a a
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Chapuriot DRI K EIZEE-OLK TP EA B m),m, DT — 7 VEESITRT,
N@.9@5)Ic ki (1) ~ (3) ODELBEEERAL TAEIS IR GEEK
ERD, BN T B51 28 E L BREZUTISRT.
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Fig.4.1 Gain of effective stress intensity function under membrane stress
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4.2 FEEEW 5 & ICHT BIEHILARRO R RBISEBHK

HAINE3PEEIICRQ5)ERUDENTHDEB I LickD, UFoLS ik
B EICHT BN R OIS E R 5 HE T 2 2 &A%k S,

K"(a",Bijf",R,.R,) =H(BiJf*)k(a*,]f*,Rm,Rb)Tf*(jf*) “.12)

& LT, Bi=6.07 DHFAITDOWT, Chapuriot D K BEF— T IVicE DI < BEAEKEF]
M U7z Rit=35.3 DR OB RGHIERREBIER L ERBGEEBRRE N 5. BHEARROE
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5. RBESERBOIRE

In order to verify the developed frequency response function of stress intensity factors to
fluid temperature fluctuations, for the special case of sinusoidal patterns of striping, in this
report, the finite element analysis is used to calculate the maximum stress intensity factors for
cracks of different depth in a cylinder subjected to sinusoidal temperature fluctuations from low
frequencies to high frequencies.

At first, analyses were made to confirm the validity of the spatial mesh size of the finite
element model and the time needed to achieve stationary conditions in the model. Then,
analyses were made for membrane stress loads. Both the load-control and
displacement-control cases were calculated. Thirdly, the case with a linear temperature
distribution in the model was analyzed. Lastly, the sinusoidal temperature fluctuations were
analyzed to calculate the maximum stress intensity factors. For each case, the results were

compared with the corresponding results from functional solutions.
5.1 FINITE ELEMENT ANALYSES
5.1.1 Sensitivities of K Value to Spatial Mesh Size and Striping Time

. Sensitivities of K Value to Spatial Mesh Size

To confirm the meshing density is detailed enough, two models were built. One is fine
mesh; the other is relatively coarse mesh. The analyzed crack depths are a*=0.0167, 0.1, 0.7; the
analyzed frequencies are 0.01Hz, 0.1Hz, 1Hz, 10Hz. Table 5.1 gives the model date in detailed.
Table 5.2 gives the material properties of SUS304 at 385 °C. Fig. 5.1 shows the boundary

conditions of the model.
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Table 5.1 Finite element model data Table 5.2 Material properties of SUS304
Axisymmetrical 4.649E-6
Model Type . Heat Conduction
Cylinder Model (kcal/mm-sec-°C)
Inner Radius of 0.1317
247mm Specific Ratio
Model (kcal/kg°C)
Wall Thickness of 7.866E-6
7mm Density
Model (kg/mm3)
_ _ , 19.456E-6 (1/°C)
Height of Model 90mm Liner Expansion
1.732E+4
Material SUS304 Young Modulus
(kgf/mm2)
Computer Code FINAS, FNSFRCT Poisson Ratio 0.2938
| »
| B
I Sinusoidal temperature|  Jp
| P
| 430°C <
| / \ < P
RN I
| P
| >
i Heat transfer
E coefficient h : =17
% . >
! amoioe
i R=247 a
: >

Fig.5.1 Boundary conditions of the model used in FEM analyses

The coarse and fine mesh models are shown in Fig. 5.2. Fig. 5.3 to Fig. 5.8 gives the

comparisons of results between coarse mesh and fine mesh.
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Fig.5.2 Comparison of the coarse mesh and fine mesh model
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Fig.5.4 Comparison of maximum K value between coarse and fine mesh for a*=0.0167
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Comparison of JH Value between Different Meshing Size for a*=0.1
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Fig.5.5 Comparison of JH value between coarse and fine mesh for a*=0.1
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Fig.5.6 Comparison of maximum K value between coarse and fine mesh for a*=0.1
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Comparison of JH Value Between Different Meshing Size for a*=0.7
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Fig.5.7 Comparison of JH value between coarse and fine mesh for a*=0.7

Comparison of Maximum K Value between Different Meshing Size for a*=0.7
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Fig.5.8 Comparison of maximum K value between coarse and fine mesh for a*=0.7
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From the above results, we know that for deep crack (a*=0.7), meshing density has a little
influence on results at frequency of intermediate range (0.1Hz); for shallow crack (a*=0.0167),
it has influence on results at high frequency (10Hz). This is in agreement with the mechanism of
frequency response of structures. Because the two sets of results of coarse mesh and fine mesh
are generally identical, it shows the fine mesh model has been sufficiently finely meshed. In the
later analyses, the fine mesh model will be adopted.

* Sensitivities of K Value to Striping Time

In order to find out how much time it takes to get stationary conditions in the model, a heat
transfer analysis has been performed. The analyzed striping frequency is 10Hz. Fig. 5.9 to
Fig. 5.11 gives the course that one node of the model gets convergent temperature

fluctuation.

Temperature Fluctuation of Node 3 from 2.7897 second to 3.1233 second

. 3.68 {.«{68 3.68
: IR /A AR
1 /[ \ [ ] [

4 \ \ /

L/ \ 7 . \/
\0’/-:3.62 \0’{;.62 \’0’{:'3.62 \0’{:'3.62

Heat Transferring Time (second)

Temperature Flunctuation around
Reference Temperature
o

Fig.5.9 Temperature fluctuation from 2.7897 second to 3.1233 second
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Temperature Fluctuation of NODE 3 from 9.8163 second to 10.104 second
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Fig.5.10 Temperature fluctuation from 9.8163 second to 10.104 second

Temperature Fluctuation of NODE 3 from 14.329 second to 15.063 second
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Fig.5.11 Temperature fluctuation from 14.329 second to 15.063 second
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From Fig. 5.9 to Fig. 5.11, we know that it takes about 15 seconds to get stationary

conditions in the model.

5.1.2

Load-controlled and Displacement-controlled Axial Membrane Stress

Both the load-controlled and the displacement-controlled cases were calculated.

See Fig. 5.12 for the load conditions. The calculated dimensionless crack depths are 0.05, 0.1,
0.2, 0.3, 05, 0.7, and 0.9. Fig 5.13 shows the results calculated directly from K calculation
with FNSFRCT KVAL<DISP> command and Fig 5.14 shows the results derived from the

J integral using following equation.

K=( JEZJ
1-~v
Om
: | F
|
| i
| |
| |
| |
| :
| |
? R=247 L=7 - =
; ld q : R=247 i‘ 7>
§ OIGI®] g [(IQ]@)
| ; d 7
& | <

Displacement Control Load Control

Fig.5.12 Load conditions for the membrane stress case
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Fig.5.13 The variation of the SIF with crack depth (from K directly calculated)
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o o
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig.5.14 The variation of the SIF with crack depth (from J hat integral)
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513 Bending Stress by Linear Temperature Distribution

Fig. 5.15 shows the boundary conditions of the analysis for bending stress by linear

temperature distribution. Fig. 5.16 gives the result calculated both from JH-integral and from K

directly calculated. Material properties are the same as specified in Table 5.2.

oo

430°C

R=247

)C)()

340°C

Fig.5.15 Boundary conditions for bending stress



JNC TN9400 2002-047

from JH-integral from K directly calculated I

120

) _— B

K*

I

Nz

20

a*

Fig.5.16 Results of the linear temperature distribution loading

5.1.4 Thermal Striping Loading

In this part, for each of the several representative frequencies, a corresponding sinusoidal

temperature fluctuation was applied to the inner surface of the cylinder. The highest temperature

of the temperature fluctuation is 430°C; the lowest is 340°C. The calculated striping frequencies

and crack depths are shown in Table 5.3. Fig. 5.17 shows the variation of maximum

dimensionless SIFs of each frequency with the dimensionless crack depths. The results are from

K directly calculated.

Table 5.3 The calculated striping frequencies and crack depths

Real frequency
0.01 0.03 0.07 0.084 0.1 1 10
(Hz)
Dimensionless
0.109 0.328 0.764 0.917 1.092 10.92 109.2
frequency
Crack depth
0.05 0.1 0.2 0.3 0.5 0.7 0.9
(A/L)
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—=100.2
0.10T &
P~ ; —— —
000 ; - ' '
0 0.2 0.4 0.6 0.8
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Fig.5.17 The variation of max. SIF with crack depth due to thermal striping

From Fig. 5.17, we can conclude that dimensionless striping frequency of 1.092 results in

the most damageable stress intensity factors than other frequencies.

52 COMPARISON BETWEEN THE FINITE ELEMENT ANALYSES AND

FUNCTIONAL SOLUTIONS

5.2.1 Comparison of Analysis Results under Axial Membrane Stress

Fig. 5.18 gives the comparison between functional result and finite element analysis

result of dimensionless stress intensity factor due to axial membrane stress. The functional

results are calculated from Function of Chapuliot.
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Fig.5.18 Comparison of analysis results under axial membrane stress

5.2.2 Comparison of Analysis Results under Bending Stress
Fig. 5.20 gives the comparison between functional result and finite element analysis result

of dimensionless stress intensity factor due to linear temperature distribution loading. The

functional results are calculated from Function of Chapuliot.
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Fig.5.19 Comparison of analysis results under bending stress

523  Comparison of Analysis Results under Thermal Striping Loading
Fig. 5.20 gives the overall comparison between finite element analysis result and

functional result under thermal striping loading for all calculated frequencies. The functional
results are calculated from Function of Chapuliot.
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0.80 —e—*=0.109_FEM
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Fig.5.20 The overall comparison of thermal striping loading

5.3 CONCLUSION

In this research, finite element method has been used to analyze the stress intensity
factor of a cylinder subjected to three kinds of loadings. The maximum stress intensity factor as
a function of crack depth in a circumferentially cracked cylinder subjected to sinusoidal striping
has been calculated. Comparison of the results from finite element analysis and functional
solutions shows good agreement. Therefore, it can be concluded that the developed frequency

response function of stress intensity factors to fluid temperature fluctuations is reliable.



JNC TN9400 2002-047

6.858

BTV Z N5V > PR B S M A T AR DU T O B B R 1R
El.

(1) BREREBERK
H(Bijf")=H,(Bif )+ jH,(Bif ) (6.1)
H, =(uy, +u2v2)/<v12 +v22) (6.22)
H, = (uy, +uw, )/ (vlz +v22) (6.2b)
u, = B,cosh(w)cos(w), w= \/;f_ (6.2¢)
u, = B, sinh(w)sin(w) (6.2d)
v, =B, cosh(a))cos(co)+a){sinh(w)cos(co)—cosh(w)sin(a))} (6.2¢)
v, = B, sinh (w)sin(a))+a){sinh(w)cos(w)+cosh(a;)sin(w)} (6.29)

(2) BREUESBEE

S(x', i \RpwR, ) = S, (¥, 7" RoR, ) + S, (' £ R, R, (6.3)
S,(x'.f",R,.R,) =(1-R,)B,(f")+(1-R,)(1-2x")B, (") -B(x". ) (6.42)
S,(x,f"RuR,) =(1-R,)C, (') +(1-R,)(1-2x") G, (£") - C(x". £") (6.4b)

os\[nf costymf @{J_— 1% ]m{\[_ 1% ]+sm\/_ sivhynf" sm{J_ 1 }snix{\[__ (1—x] ©6.52)
A4 \of cttf 45 of ikt nf '
C( ) (IE\/—Gﬂl\/—SIIN_ 1—x ]sﬂx{\/_—l—x }—m\/—mh\/—cm{\l—l—x uush{\/— 1—x] (6.5b)
it of v o T

B (f')= 1 [ sin\/n:f'cos\/:rf'+sinh\/zzf‘cosh\/nf‘ l (6.62)
"’ 2\/:rf' cosz\/:rf'coshz\/JTf'+sin2\/.1rf'sinh2\/:rf'
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c (f')= 1 sinyzf" cosyzf* -sinh+Jzf" cosh zf” (6.6b)
" 2mf* cos®\Jmf* cosh?\Jm f* +sin2\/nf'sinh2\/7zf*
s sinh\/:r_f'cosh\/z—r?ﬂin\/;f—'cos nf'—%;m\/ﬁ- (673.)
Bb(f )=2 xf’ coszx/:r_f'cosh2 :zf'+sinz\/:—rFsinh2\/;r7:
5 [-smh\/; msh«/:Z”— +sin\/7? ms\/z? +ﬁ(oos2\/:? cmhz\/;f—' +sin2\/:? sinhz\/:_rf—' —ocsh\/:—zf_' ors\/_nf_ ) (6.7b)
C;(f) Z\/]?[ msz\li?(x:shzxfg-!-shlz\/r?ﬁnhz\/.?;:

(3) BRI SHEABRIEIR

k(a*,jf*,Rm,Rb)=k1(a*,f*,Rm,R,,)+ jk(a", "R, ,R,) (6.8)

k(e f"\R,R,) =% LS50 R R ) (30 (6.92)
g

k, (a*,f*,Rm,Rb) =%j:S2 (x*,]f*,Rm,Rb)m* (x*,a*)dx* (6.9b)
T

P »«\ ~1/2 «\1/2 x4y 3/2
()= /”7[(1_5,) +ml(1—i—,) m(lx_) J (6.10)

LR ORI TOEBD TH 3,

ADETRBRABELBT, (1) £ KR & D EKTE L TR T DT

7, (i) =1, (i )/T, =S[T, (¢)/7,] (6.11)
E 8D 5 BB ES % RS D F LA SHEBEEH R EREL .,
BRITIS N 2 5E3 3.
o (x*,Bi,jf*,Rm,Rb) =H(Bid'f*)s(x*,,f*,Rm,Rb)Tf‘ (i#7) (6.12)
RSB LELTTET 2 & 5H DRI N K E 3,

o(xhtR ,R)= fO‘T" o (x,Bi,t*,Rm,R,,) = %Sfl [a* (x*,BiJf*,Rm,Rb)] (6.13)
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HE DHIREM: S IRD DA NI ERE U, RIS ISR
Bz B,

K (a‘,Bi,jf‘,Rm,R,,)=H(Bi,;f‘)k(a‘, iR R (i) (6.14)
EERSEIRIC 28 UERTLT 5 SRR BB ORAENRRE S,
K(a,ht,R,, R)= EaT\/_ ( ,Bi,t ,R,, Rb) EaT\/_ °"1[ (a ,Bijf R, Rb)] (6.15)
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All FHROREM 1 (FERBEHE. MEEE

FEEEREZE 0Tkt dt=kd2T dx2, k=21, (poc) (Al.1a)
AIH&HE  t=0, T(x,00=0 (A1.1b)
BRG]l EREBRERE) x=0, TO,5)=T1) (Al.1c)
BRE&H2 (MEEE) x=L, A JdTAL,t). dx=0 (Al.1d)

RRICBE L TS I AL #HT B &
sT(x,9)=k 02T,/ dx2 —T(x,8)=Cexp{x(s/k)V2+Dexp{—x(s/k)1/2} (Al1.2a)
x=L, A 0 T(,s).” d x=(s/k)2[Cexpils/k)V/2} —Dexp{—L(s/k)23]=0

—D=Cexp{2L(s/k) 12}] (A1.2b)
x=0, C[1+exp{2L(s/k) 12}]=Ts(s) (A1.2¢)
T(x,8)=Ts(s)[expix(s/k) 12 }+exp{(2L—x) (s/k)2}] [{1+exp{2L(s/k) v2}}

=Ts(s)[exp{(x— L) (s/k) 12 }H+exp{(L—x) (s/k)V2}]
/ [exp{—L(s/k)V2}+exp{L(s/k) 12}] (A1.3)

NESN5,

- RERENEMNEILT 256 TS0 =1, Ts)=1/s
T(x,8)=cosh{(L —x)(s/k)1/2} /[s cosh{L(s/k)1/2} (A1.4)

- REREVEHZET 556 Td)=exp(ot), Tss)=1"(s—jw)
D&)=T(x,t)/ Ts(t) =[T(x,5)./ Ts(s)ls=j w
=[exp{x—L)§w/k)2 }H+exp{L—x)Gw/k)2}]
/ lexp{— LG w/k)V3+exp{L w/k) 12}] (A1.5)
£ (EXTAEER) =fl2/k=wl2/(27k)
w (EXTEE) =L(w./2k)12=(rf)12 L LT (2)Lz=1+ 2RV &
D&)=lexpiw(x/L— D}expljw/L— DHexp{w(l —x/L)}exp{jw(1l —x/L)}]
/lexp(—w)exp(—jw)+exp(w)expGw)]
=[cosh{w(1 —x/L)}cos{w(1 —x/L)}+ j sinh{w(1 —x/L)}sinfw(1 —x/L)}]
/[cosh(w)cos(w)+ j sinh(w)sin(w)] (Al1.6)
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EEEMEE Tkt 0t=kad2T/ dx2, k=71 (pc) (Al.7a)
WPEE  t=0, Tx,0=0 (A1.7b)
BRE&E 1 (REHREE) x=0, A JIT0O,t). dx=h{TO,t)—T)} (Al.7¢)
BRAME 2 (MEBER) x=L, A JTA,t). dx=0 (A1.7d)
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=hTs)lexp{(x —L)(s/k) 2 Hexp{(L.—x) (s/k)12}]
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T(x,8)=h cosh{(L.—x)(s/k)/2}
/" (slh coshf{L(s/k)12}+ A (s/k)12 sinh{L(s/k)2}]) (A1.10)

- MABEENASZLT 256 Td)=exp(ot), Tds)=1"(s—jw)
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£ (EXRITTEEE) =fl2/ k=wl2 2rk)
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/[cosh(w)cos(w)+ j sinh(w)sin(w)]
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ElRB,
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I A2 FlEBfEFiROESLBYK

TR TOREEZ2HEHRT 5.

YIEEE : N MRTLER - AR

L: REES (RiE)

a:THES a*: MRILEHESX =a/L

X! RENSDMNEEE x*: EXTMNEEE =x/L

M(a,x) : EAEE% m(a*x*) : TRITTEAHEE =M(a,x) /L2
Sx) : WA s(x*) : RTINS 0H =8(x).So

So : REISH (HEERKH)
K(a) : AL ARRE k(a*) : SERITTIIHLRFRE =K(a)./[Se(wL)12]
fla*) : RIS FIHERRE =K(a)/[So(7wa)v?]
k(a*) = fa*)(a*)12
Ula,x) : EXROROZENM ula*x*) : EXITTCHOZEN =U@x).L

A2.1 EHEK

EHREEEIIEEER. HD50ET U — 2 BEROEAIT Bueckner[A2.111C
FOBAINZ FIZZRTEEDES a DEREITERDE ST SR IMEH
LR OIS HIERBRE K@, EASHEEHBERE Max)DBEEEREIICD
o TR LERNTESNSZEZRLE.

K(a) = j: S&)M(a,x)dX (A2.12)

k(a*) = fla*)(a*)v2 = j: s(x®)m(a* x*)dx* (A2.1Db)

WMEEEROERGOEORBIZE S LENSAWE SEIF. SR LEE
IS0 SRZEU D KD AV E &M TH 5., 7> TEHBEMNEEA
THNL ERHBUBEBICEL BN S@ZEANTA2DRICEKD, EXa
DEHVPFEL B SO ARLARBE K@QEFETES &0k s, ERMFE
BEDDHEIMCIBRL T, ERAUVBEDISIHIMIRERICEHETHD, B
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HBEE ORI AMEIIRE N,
Rice[A2 2|V #RTE BIE AR D TRV MR &S NIERBRE DBIRMN 5 MR

A2.D)KZEWN/=, 51T Rice IXEEDOHEICH T B S HILAERE K, Eximd
HEHEOBEOBN U DI THZES. TNOZ2RANVWTEABEESAR TH
ETELZEERLE,

Ki(a) = k(a®)So(w )12 = £,(a*)Se( wa*L)V2 & Ulla,x) = Lula*x*) (A2.2a)

DEEE DBE
M(a,x) = {E* K(a)}{ 0 Uxla,x).” 9 a} (A2.2b)
m(a*,x*) = [E* {Sok.(a*) w ¥2}]{ 9 u(a*,x*),” d a*} (A2.2¢)
= [E*/{Sof:(a*) (7 a®)V3]{ d ula* x*)/ 3 a*} (A2.2d)

CZIFHEISIE TR E*=E TH D . FHOT ABTIXE*=E/ (1~ v)TH5,
Bueckner *° Rice D XU #) DWZE TIIERBE AR E S NAHENNRTH - 7248,
TOROMBICKDEAAREB L CEMEENEET 3 RN FEERS
HEMRET B LD ITHIEINE, Carlsson and WulA2.3]id Betti DK EHE
ERAWT, —BRORWEEREHFICHL TEABENA2.2RTELZ NS T
E2RLTz. (A2.2RZA2.DRITRAT 2 EXANESE NS,

K@) = [B*/K@] [, $6{0 Uula,x) 9 aldx (42.32)
k(a*) = fla*)(a*)12

= [B* 7 {f(a*) 7 12}] j: * s(x*){ 9 uxla*x*)/ 9 a*}dx* (A2.3b)
fla*) = [E* /{f.(a*) (ma*)12}] j: * sx*H 9 u(a*,x*) /" 9 a*}dx* (A2.3c)

A2.2 Petroski and Achenbach @B OZ2ALIT B EI%L

ROZEMNOSREOENBEANDOBE. INEMH T3 & CHEHENICESEE
BeRDDIENTES, —RICZODIIRBEEFHFTH . OB OFEPIE
BEREL., BENICEABEROALEEED Z &0 I /2, Petroski and
Achenbach[A2 4)IXRRD X 572 2 R BI OB OB B ZIREL /=,
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Uxla,x) = [So./ (B*V2)l[4f(a/L)al2(a —x)12 +g(a/L)a"12(a —x)32]  (A2.4a)

ur(a* x*) = [So./ (E*2)][4f,(a®)a*12(a* —x*)12

+g(a*)a* 12(a* —x*)32] (A2.4b)
= [a*Sy./ (E*v2)][4f(a*)(1 —x*/a*)12
+g(a*)(1—x*/a*)3/2] (A2.4c)

[&f1 (ER%E] BAORMEMEEEA2.9KDE 1 WIS EHumieE (x
—a) OROZRMEBHTERBEEDORROBERERZT LD IKRITNTNS,

x—a C Uda,x) = UK. /ENa—x).(27r)]12

=[4S0./ (E*2)] f(a/L)al2(a —x)1/2 (A2.5a)
*—>a* T wa* x*) — [4S0/ (E*/2)] fila®)a*V2(a* —x*)1/2 (A2.5b)
= [4a*So.” (E*2)] £(a*)(1—x*/a*)12 (A2.5¢)

[&t:2 (BE¥#R2)] Rice ® Bueckner /2 EDUHDIFFE TIIE 2 HZRET
57017, HEREEENAN SN/ (A2.)RNOATICSR K, BITH N L 725
B0 S, xERATSE, ZRKBEFEHETLIILITRET S, 20
BUOFEMD K IC—FT B LD ITE 2HORABEK g@n)ERETHHDOT
55, (A2.3)ROAETIC S ZMRAL. BEllZE K, ITBEEHRZ 5 ERXADBELN
%,

K(a) = [B*/Ko(a)] ﬁf S:®{ 9 Una,x),” 9 aldx —

K2(a) /E* = ﬁf S:x){0 Ula,x),/ datdx =9 [ ﬂf S®Usa,xdxl/ da
—>WED a ODAHDEEKT. a=0 TK, =005, BRSO AIfE—

[/ R /Eda= [} 5:60Ua0dx (A2.62)

[ altlan=E/Gom [ stutarxds (A2.61)

(A2.6)RDETIIZHBHERZMEFL TEHEZ 00D a T THEKL ZRHITHKRH
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SNBIRIFZRL, ALREREICENLDMN S\ EEH LRI ERHED
FAOTHEINZAERZE T, BEADOES, ChoEL W &EHLEN
KENTN5S, (A2.9X2(A2.6)RNITRAT 2 LARNFE LD,

[ Ka@da=60/v2) [ 5.0 4t @Larnta—w
+ gla/L)a™V2(a—x)%2] dx (A2.7a)

[ niteiadn= et/ VDI [ st —xrane
+g@)1—x*a®¥ldx  (A2.7b)

A2.3 Bueckner ODE A

ZRISH 3T 8:(x)= S0 —E (s:x*)=1. BIRWE) OFE. [LH2 (HTH
B)] 2ERTA2.NRNEBBEITHESTE, UTOLIIT gla®) 2RETE 3,

T2 ¢ @*) = (8/3)f(a*) + (2/5)g(@*) (A2.8a)
@)= a" [ nkaidn (A2.8b)
g@a*) = 6./ v2) b @*)—(20,3)f(a®) (A2.8¢)

[&fF1 (EEE)] & [F4#42 (BTCEHD)] &£3/27 2 EELOROZEh:
B (A2.0HX Z2A23)RICRAT B ERRD L S I 3HELDOEHEENES
N5,

m(a*,x*) = [2,/{2 7 (a* —x*)}12][1 + m;1(a*)(1 —x*/a*)

+ ma(a*)(1 —x*/a*)?] (A2.9a)
mi(a*) = 1+ [2a*F(a*) + 3g(a*)./ 4] f.(a*) (A2.9b)
mo(a*) = [a*g'(a*)./2—gla*), 4]/ f.(a*) (A2.9¢)

Bueckner[A2.5] ZERWEOSREEZ A NWT, a*<0.5 OHFETAYR DI
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PESBEKZLTOLIITKRD,

m(a* x*) = [2/{2 7 (@* —x*)}2][1 + mi(a*)(1—x*/a*)

+ mo(a*)(1—x*/a*)2] (A2.10a)
mi(a*) = 0.6147 + 17.1844 a*2 + 8.7822 a*¢ (A2.10b)
ms(a*) = 0.2502 + 3.2889 a*2 + 70.0444 a*6 (A2.10¢)

Bueckner DEBBEE D mi,me BL R, TNEHNT j RO DA s(x*)=x*
W25 B BRI TR R GRS f(a®) 23R U 2kRG=1,4 % Table.A2.1-1IZ7R L
7o

JkOES sE&H=x* IZHTD fia*)=1[ j: * sx*)m(a*,x*)dx*](wa*)v2
(A2.11)

Bueckner DEHEEZHAW T TOBIEEM). BiFB). B COFEBYRLT
P)BLVEHOEE 4 K HQITHTHERTBHIEREEEFELEERE
Table.A2.1-2 IR L 7=,

BIEEM) s&®) =1 IZX9 5 fula®) (A2.12a)
HITB) sx*)=1—2x* 1239 5 fa(a*) (A2.12b)
HOEERER P s&*) =1—6x*+6x*2 12T 5 fp(a®)  (A2.120)
B 4 K67Q) skx*) = 16x* —96x*2 + 160x*3—80x*4 IZXT 5 fg(a*)

(A2.12d)

BIEEM)B ECRITBIC DWW TIIERE 0.5% L T OERE DBLAIMA2.6] &t
B~ (BI3E(A2.16)R. HiF(A2.19)%) . (A2.100d a*=0.6 TIRE 4% LT
THO, +HICFHMETH 5.

A2.4 Furuhashi ®EHEIE

Petroski and Achenbach DB OZALAEIEEE(A2.9FIC LITEEML 72k D
SIEE PR EHAWT, EABEEEMEZRD .,
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Uxa,x) = [So.” (E* V2)1[4f(a/L)at2(a — )2 + gi(a/l)a~V2(a —x)372
+ gola/L)a~3/2(a —x)52] (A2.133)

urla*,x*) = [So./ (E*V2)[4f(a®)a*12(a* —x*)12 + g (a®)a*~V2(a* —x*)32
+ go(a®)a*~82(g* —x*)52]
= [a*So./ (B*V2)I[4£:(a*)(1 —x*/a*)2 + g1(a*)(1 — x*/a*)3?2
+ gola®)(1 —x*/a*)52] (A2.13b)

SRS S:®= S0 —& (s:x%)=1. 5IEWE) OEE. [£t2 (HOCH
B)] 2ETA26)RRBBBICE L TE, XANELNS,

T2 d(a%) = (8/3)f(a*) + 2./ 5)gia*) + (2/Ngsla® (A2.144a)

6@¥ = (1 a*) j: " alh@2dn (A2.14b)

g1(0*) & ga®)BRETHITIIE 3 OREZEBINT ZHRENRD S, HOBALO
MO U@ RBETH DM, BREMERD x=0 TOHEE O
V(@) =U:(a, DI DN TITBEDE VIALED 2 WITEREDEA TH BN
20, INEHE3OEEELUTEMLE.
[t 3 (BREREAD) ] ~Uw(a,0) & BEHIE V()= (aSo/ E*) vi(a*) IT—F &8
5,

Ux(a,0) = [aSo.” (E*+2)1[4f:(a/L) + gi(a/L) + go(a/L)]

= Vi(a) = (aSoE*) vr(a*) (A2.15a)
w(a*,0) = [a*So./ (B*V2)1[4£:(a*) + gi(a*®) + ga(a®)]

=V:(a) /L = (Sea* E*) vi(a*) (A2.15b)

V2 vi(a*) = 4f,(a®) + gi(a®) + gola®) (A2.15¢)

(A2.12)F &(A2.19)FED 5 gia®) & gla?) BRRD LD ITHRES NS,
g1(a®) = 3572 /4 b (a®)— (5. V2 Ivi(a*) — (40, 3)f.(a*) - (A2.162)
g2(a*) = — (8572 /4) @) —(7./ V2 )vi(a*) + (28, 3)f(a*) (A2.16b)

[&f: 1 (ER5Em] [&42 (BB [$4 3 CREEMN] 2T
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SIHERIORDOZEAM(A2.1)HZ2(A2.)ICHRAT S EXXD L SIT4LHALID
EHEENRONS.

m(a*x*) = [27{2 7 (a*—x*)}12][1 + m1(a*)(1—x*/a*)
+ ma(a®)(1—x*/a*)2+ ma(@a*)(1 —x*/a*)3] (A2.17a)

mi(a*) = 1+ [2a*F(a*) + 3gi1(a*) 4] f:(a*) (A2.17b)
ms(a*) = [a*gr’(@*) 2—gi(a*).” 4 + Bga(a*) 4]/ f.(a*) (A2.17¢)
ms(a*) = [a*gy(a*)/2—3ga(a*) 4],/ f(a*) (A2.17d)

IR DR IIE ARG &R O AN OB EZSR LU TEABEEKA2.1DR O ER
BEHE LR 2 Table.A2.2-1 IZ7RY, SIEEDIS HIEARBRE fi(a®) DS RMEILE
Z05% LT DOXRK[A2.6] A LTz,

f,(a*) = [tan(mwa*,72)./(wa*/2)1¥2 [ 0.752 + 2.02a*
+ 0.37{1—sin(wa* 2)} 3] cos(mwa*/2) (A2.18)

IR DR O AN O RMIIERE 1% LT Ok [A2.6] 2 H L 7=,
Vi(a)= (aSo. E*) vi(a*) (A2.19a)
vi(a*) = 2[ 1.46 + 3.42{1 —cos(7wa* 2} 1 cos 2 (wa*,2) (A2.19D)

EH BB OB EMAIIZIAIE L4x=0.006 OREFHEICLVDEHLE, ¢@HFE
ERPICIOEEL., MoRFHESICKVEELE,

mi,me,ms DEMEREZFHNT j ROIEHAH sx*)=x* 129 BERTT AL
KEpF fi(a®) 2 FHE L =R ({=1,4) % Table.A2.2-11Z5R L7z, BIBE(M). #RIF(B).
H S E BRI T (P) B L O ETFE 4 KIS QTR 5 R HIE K%
BEFE U ERZ Table.A2.2-2 IZR L /2,

mi,mems DEMEREZEE T 4+ v T LU TR Z2E=,

m(a*,x*) = [2/{2 7w (a* —x*)}12][1 + m1(a*)(1 —x*/a*)
+ mo(a®)(1—x*/a*)2+ ms(a*)(1 —x*/a*)3] (A2.20a)
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mi(a*) =[0.4674+2.43924a*+0.2764a*2
—4.932a*3+1.7065a*4],(1—a*)2  (A2.20b)

mo(a*) =[0.6356 —5.3026a*+15.463a*2
—9.3984a*3+0.129a*4] /(1 —a*)2 (A2.20¢)

ma(a*) =[—0.306+2.559a* —5.8775a*2
+3.1517a*3—0.2369a*4] /(1 —a*)2 (A2.20d)

BT 4 v T UREABAEZRNWT | ROBHDHF sx*)=x% 125§ 3 &
RIS TTIERBE f(a*) Z5HE U7z iER)G=1,49% Table.A2.3-1 IZ;RL 7=, BI3E
M), HTB). B HERIRE P BLOETTEE 4 K ( Qi 2 &k
TR HIERBRE TR U2 R 2 Table.A2.3-2 IR L=, BIEEQDICD W TiEE
Z0.5% AT OB AIAEA2.18) R & B U 7=, BT B)IC DN TIERE 0.5 % L T D
KA DELAIME[A2.6] & LB U 7=,

f:(a*) = [tan(7ra*2)./(7wa*,/2)]12 [ 0.923
+0.199{1 ~sin(wa* 2)} 4,/ cos(wa*,/2) (A2.21)

mi,mo,ms DIFEHEBIOEE T 4+ v U7 A2200REH a*<09 THEE
4% LT THO, [RNWERETHERIEETH B,

A2.5 Wu and Carlsson D AR

Wu and Carlsson[A2.711 2 TEERID(A2.4)R B 5 Wik 3 THIELID(A2.13)X
ZROD—RELUZER T OROEMITHERZRNT, EA4EERLEEES
FEZUTOLDIZEZ =,

wla* x®) = [a*So,/EVZ)] S Fya®) (1—x*a®)y-12 (A2.22)

J=1

[&# 1 (FREm] 3IAKXNTEA SN S,

Fi(a*) = 4 f(a*) ; (A2.23)
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[&#2 (HERB)] BAXTHEA 515,

[ ntpan=

J

[a* /(7 /2)] j: * s:(x*) Fi(a*) (1 —x*/a*)i~v2 dx* (A2.24a)

J=l

B (s.(e)=1) ZBHMETHHE, ERIBHICHD TETARERS,
S 2D a9 = 742 6@ (42.241)
@) =01 2% [ nlol]dn (A2.240)

[&# 3 GREFEM ] IAKXTEX 515,

2 Fia® = V3 vila® (A2.25)

S SITFAIZHOBMOEMITEHSFATHERN 0 L5 END 5, Zhe
[&# 4 GREREiR)] &L TEINT 3,

d2ua*,x*),” 9 x*2| x=0=0 (A2.262a)

(2j—3)(2j—DFa®) =0 (A2.26b)

e

it
il

J

INH4DDEHA223)R~(A2.26) R 215729 4 T L1 (J=4) DZ 7 B
(A222) KD EREIIARTEZ AN,

Fi(a*) = 4 f.(a*) (A2.27a)
Fala®) = [315 7 ¢ (a*) — 105v.(a*) —208+/2 £:(a®)](122) (A2.27D)

Fs(a*) = [— 12607 ¢ (a*) +525vi(a®) +616+/2 f(a®)],/(30+2) (A2.27¢)
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Fu(a*) = V2 vi@a®)—[ Fi(@*) + Fola*) + Fs(a®)] (A2.27d)

(A2.22) R %2 (A2.2FKICTRAT B LEABEHENARD LI ICE SN S,
m(a*x*) = (2wa*) 12 § Bi(a*) (1—x*/a*)i~82 (A2.28a)

Bi(a*) = {a*F;_1(a*) +[Qi— DFi(a*) —©2i—5)F:._1a*] 2} f(a*) (A2.28b)

ZZTA2.26D)RITBNT, i=0 BLLi>TITH L TIZFGE")=0 &3 3%, 4D
DEENSEES 4L (J=4) OEMEBOGEEKA22NRERATS &,
S5IEAER (J+1=5) OEHBEHZDOBENEARDO LS ICHEINS,

B1ia*) = 2.0 (A2.29a)
B2(a*) = 2.0 + [ 4a*f(a*) +(3./2)Fz(a®) 1/ £(a*) (A2.29b)
Bs(a*) = [a*Fx(a*) +(5./2)Fs(a*) —(1./2)Fa(a*) 1./ f(a*®) (A2.29¢)
B 4a*) = [ a*Fs(a®) +(7,/2)F4a*) —(3,/2)Fs(a*) 1./ f(a*) (A2.29d)
Bs@*) = [a*Faa*)—(5/2)Fsla® 1./ £:(a* (A2.29)

FIROB ALK BREREHIROBMOHEZ2SREL T, 5 EFHMOEABEK
(A2.28) KB L N(A2.29) K DEKEREZ KD 7=, BIERDBAHEABREK £@)IIEE
EDEIA2. 81 2L E (a*—1.0 T f(a*) 1—a*)%2—1.1215) 2HEETLSIC
0.1% DRETEZHAEMU L KRN ESR L 7=,

fi(a®) = ( E ia),/(1—a*) 32 (A2.30)

@; (i=0,7) = 1.1214,—1.6349, 7.3168,—18.7746, 31.8028, —33.2295,
19.1286,—4.6091

515R D¥RER B O 2AL vila I ERE E OfF[A2.9] 2 #E M (a*—1.0 Twila® 1
—a*)2—3.9515) /=T L DI 0.1 % DB ETLEREYU L RN ESR L=,



JNC TN9400 2002-047

@) = (3 Taat)/(1-a" (a2.31)

72 (0=0,7) = 2.9086,—5.5749, 19.572,—39.0199, 58.2697, —54.7124,
29.4039,—6.8949

EAHBEROEMEMRIIL HIE Ax%=0.006 OEEFEICIDEHRL =, ¢ @i
BEEMICEOEEL. ModFRENICLDEELE,

B1~ Bs DEMEMRZ FANT ] RO ox*)=x* IZHT 2 RIS HIEK
BB f@* EEHE L2 R(=1,49% Table.A2.4-1 IZ:R L7z, BIER(M). HIF(B).
H O RYEE 7 (P) B LU E B 4 KIGH(Q I3 2 RIS HIE KRR
BEFHE LR E Table.A2.4-2 IR U7z, BIEROMIZDWTIZREZE 0.5% L F
DOEEAHIEA2.18) R B LU, lIT B ITDWTIIRZE 0.5% L F OB 4
(A2.21)FR & FER U 72, LhESHERIT a*<0.9 THESU LT TH D, [EWEIFE TH
e TH 5,

A2.6 EHBBCELURD HBRE

Bueckner DEAB9%(A2.10),, Furuhashi DEAEE(A2.2003 8B LK Wu
and Carlsson DEABE ((A2.282) KB LN B 1~ B 5 DEEME Table.A2.4-1)
D 3FEEOEALEEHIC DO W T B L/,

- BIRB X OHNT OBEMAE & O Lk

3SEEOESIHICE U BIEMICH T B ERTIHE IR B @) EEFEL.
FERREOBAMRA2.18) K & R U 25 R % Table.A2.5-1 BLU Fig.Al-1 ITR
ER
3EEOELBEEIC K DT ODITH T 2 BATIE AR fe(a®) Z2EHE L.
=R EOBEAIEA2. 21 & B U /=R % Table.A2.5-2 BL N Fig. A1-2 IZ7R
‘3—‘0

s =RV NS E Tk BEHIERGRE O ik

T 2HR SN2 AERMGZOTREZ XS, BRTEER =1 O¥—<
WASSAE TRERBTREL 255 O EBRZREIR I L BB IR K R
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BRZEEL, U GIEENAOFMIIEXSR) .

RERENMNH ¢ =0.75 TR ORIL 1 070 sa*) & AW TERITIS LA FRE
ka*)ZEtE L= # R % Table. A2.6-1 BX U Fig A2-1 IT/RT . EXRITTIHHEA
REARIE | Ka*) | ZFHE LU /ZiERZE Table.A2.6-2 BL U Fig.A2-2 ITRT

* Bueckner OEAEIEIL, a*=0.6 TEIEBICHITICHT DHABEN 4%
DTFTHD, TR BENIGETES, FRE mme VR T s v T TINGE
WEFITH D, a*=0.6 THHEAIGETDH 5.

» Furuhashi OEABEEIL. a*=0.9 THEBIEITICHTAHRABREN 4%
PTFTHD, To2RBRENMIGTES. B mmems DB T4 v T2 73N
SEICEFTH D, a*=0.9 THHEEETDH 3.

* Wu & Carlsson DEABEIL. a*=0.9 TEEEB I UHITORKBEN 3% LL
TTHY, THORBENIGTES. BB B~ BsNER T4 v T TEIN T
WO TEHEIZIIDLUARETH S, a*=0.9 TAHWEETH 5,

SE R
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Table.A2.1.1 Bueckner DEHEIE D m1,me BL N fi~1f, EHEE

Bueckner fitting fitting s=1 s=X s=x"2 s=x_3 s=x"4

a=A/L mi m2 fO 1 f2 13 f4
0.01 0.6164 0.2505 1.1304 6.87E-03] 5.28E-05] 4.43E-07| 3.88E-09
0.02 0.6216 0.2515 1.1321 0.0138 2.11E-04} 3.55E—-06] 6.22E-08
0.05 0.6577 0.2584 1.1442 0.0346 1.33E-03] 5.56E-05] 2.44E-06
0.10 0.7866 0.2832 1.1874 0.0709 541E-03} 4.51E-04| 3.94E-05
0.15 1.0014 0.3250 1.2594 0.1106 0.0125 1.56E-03] 2.03E-04
0.20 1.3026 0.3862 1.3608 0.1553 0.0231 3.81E-03| 6.59E-04
0.25 1.6909 0.4729 1.4929 0.2069 0.0379 7.73E-03] 1.66E—-03
0.30 2.1677 0.5973 1.6584 0.2673 0.0578 0.0140 3.58E-03
0.35 2.7359 0.7819 1.8622 0.3391 0.0840 0.0234 6.95E-03
0.40 3.4002 1.0633 2.1122 0.4252 0.1180 0.0371 0.0125
0.45 4.1675 1.4978 2.4207 0.5299 0.1621 0.0566 0.0212
0.50 5.0480 2.1669 2.8054 0.6588 0.2190 0.0837 0.0344
0.55 6.0561 3.1840 3.2911 0.8201 0.2929 0.1212 0.0541
0.60 7.2108 4.7022 3.9110 1.0246 0.3896 0.1728 0.0832
0.65 8.5375 6.9224 4.7089 1.2878 0.5172 0.2440 0.1255
0.70 10.0683 10.1024 5.7409 1.6300 0.6869 0.3423 0.1869
0.75 11.8440 14.5666 1.0777 2.0785 0.9144 0.4788 0.2758
0.80 13.9149 20.7168 8.8066 2.6691 1.2214 0.6688 0.4045
0.85 16.3426 29.0436 11.0345 3.4478 1.6367 0.9342 0.5911
0.90 19.2013 40,1387 13.8902 44732 2.1992 1.3051 0.8611

Table.A2.1.2 Bueckner DEAH BT L 5 fi, fs,fp,fq ST EE
Bueckner| Membrane Bending| Parabolic] Quadratic| (er<0.5%) (er<0.5%)

a=A/L (M) f(B) f(P) Q) fMref)] er(M%) f(Bref)| er(B%)
0.01 1.1304 1.1167 1.0895 0.1049 1.1252 0.46 1.1100 0.60
0.02 1.1321 1.1046 1.0509 0.2004 1.1294 0.25 1.0989 0.52
0.05 1.1442 1.0750 0.9444 0.4352 1.1473 -0.27 1.0709 0.38
0.10 1.1874 1.0455 0.7943 0.6848 1.1957 -0.70 1.0408 0.45
0.15 1.2594 1.0382 0.6710 0.8005 1.2682 -0.70 1.0295 0.85
0.20 1.3608 1.0502 0.5679 0.8202 1.3667 -0.43 1.0355 1.42
0.25 1.4929 1.0791 0.4792 0.7722 1.4941 -0.08 1.0582 1.98
0.30 1.6584 1.1237 0.4013 0.6778 1.6551 0.20 1.0978 2.36
0.35 1.8622 1.1840 0.3316 0.5545 1.8565 0.31 1.1557 2.45
0.40 21122 1.2617 0.2690 0.4173 2.1080 0.20 1.2345 2.21
0.45 2.4207 1.3609 0.2137 0.2799 2.4241 -0.14 1.3386 1.67
0.50 2.8054 1.4878 0.1664 0.1548 2.8266 =0.75 1.4752 0.85
0.55 3.2911 1.6510 0.1284 0.0527 3.3486 -1.72 1.6557 -0.28
0.60 3.9110 1.8617 0.1010 -0.0173 40432 -3.27 1.8982 -1.92
0.65 4.7089 2.1334 0.0853 -0.0491 4.9993 -5.81 2.2335 -4.48
0.70 5.7409 2.4809 0.0823 -0.0391 6.3755 -9.95 2.7163 —8.66
0.75 7.0777 2.9206 0.0931 0.0128 8.4809 -16.55 3.4527 -15.41
0.80 8.8066 3.4684 0.1200 0.1042 11.9926 | —26.57 4.6744 | -25.80
0.85 11.0345 4,1390 0.1679 0.2283 18.6806 | —40.93 6.9834 | -40.73
0.90 13.8902 4.9439 0.2465 0.3716 34.7186 | -59.99 12.4690 | -60.35




JNC TN9400 2002-047

Table.A2.2.1 Furuhashi O E #BIE (m; BEMR) B L N fo~£, 5HEfE

Furuhashi tables tables tables s=1 s=X s=x "2 s=x"3 s=x"4

a=A/L m1 m2 m3 f0 f1 f2 f3 4
0.01 0.5003 0.6144 —0.2768 1.1255 | 6.84E-03] 5.26E-05| 4.41E-07] 3.86E-09
0.02 0.5344 0.5750 -0.2694 1.1296 0.0137 | 2.11E-04| 3.54E-06/ 6.20E-08
0.05 0.6532 0.4448 —0.2254 1.1474 0.0348 1.33E-03| 5.57E~05| 2.44E-06
0.10 0.8814 0.2723 -0.1400 1.1959 0.0716 | 5.45E-03| 4.55E-04| 3.97E-05
0.15 1.1471 0.1735 —-0.0579 1.2684 0.1118 0.0126 1.57E-03| 2.05E-04
0.20 1.4565 0.1587 0.0066 1.3668 0.1567 0.0234 | 3.84E-03| 6.65E-04
0.25 1.8189 0.2368 0.0428 1.4943 0.2080 0.0382 1.78E-03] 1.67E-03
0.30 2.2468 0.4183 0.0424 1.6554 0.2678 0.0580 0.0140 | 3.60E-03
0.35 2.7556 0.7199 —0.0011 1.8568 0.3388 0.0840 0.0234 | 6.95E-03
0.40 3.3643 1.1703 —0.0957 2.1084 0.4246 0.1179 0.0371 0.0125
0.45 4.0974 1.8182 —-0.2541 24247 0.5303 0.1620 0.0565 0.0211
0.50 4.9874 2.7462 -0.4990 2.8274 0.6630 0.2200 0.0839 0.0345
0.55 6.0801 4.0934 -0.8731 3.3497 0.8336 0.2970 0.1225 0.0547
0.60 7.4424 6.0997 —1.4555 4.0450 1.0595 0.4014 0.1773 0.0851
0.65 9.1784 9.1943 —2.3965 5.0021 1.3692 0.5472 0.2566 0.1313
0.70 11.4585 14.1909 =3.9952 6.3805 1.8141 0.7591 0.3750 0.2030
0.75 14.5851 22,7679 -6.8932 8.4905 2.4940 1.0854 0.5609 0.3189
0.80 19.1513 38.8290 | -12.6371 12.0141 3.6285 1.6322 0.8760 0.5196
0.85 26.5093 73.2453 | -25.6890 18.7407 5.7940 2.6778 1.4826 0.9103
0.90 40.6111 166.945 | —63.5593 34.9739 11.0227 5.2023 2.9495 1.8602
0.95 80.8343 616.438 | —-262.828 102.353 32.7801 15.6930 9.0329 5.7936

Table.A2.2.2 Furuhashi OB BIE(m; EEMIT L B fiu, fs,fp,fq 5HEE
Furuhashi| Membrane| Bending| Parabolic| Quadratic| (er<0.5%) (er<0.5%)

a=A/L f(M) f(B) f(P) Q) fMref)] er(M%) f(Bref)| er(B%)
0.01 1.1255 1.1118 1.0848 0.1045 1.1252 0.02 1.1100 0.17
0.02 1.1296 1.1021 1.0485 0.1999 1.1294 0.02 1.0989 0.30
0.05 1.1474 1.0779 0.9469 0.4369 1.1473 0.01 1.0709 0.66
0.10 1.1959 1.0526 0.7990 0.6916 1.1957 0.01 1.0408 1.14
0.15 1.2684 1.0448 0.6736 0.8092 1.2682 0.01 1.0295 1.49
0.20 1.3668 1.0535 0.5669 0.8267 1.3667 0.01 1.0355 1.74
0.25 1.4943 1.0783 0.4754 0.7740 1.4941 0.0t 1.0582 1.90
0.30 1.6554 1.1198 0.3965 0.6757 1.6551 0.02 1.0978 2.00
0.35 1.8568 1.1792 0.3279 0.5513 1.8565 0.02 1.1557 2.03
0.40 2.1084 1.2592 0.2679 0.4164 2.1080 Q.02 1.2345 2.00
0.45 2.4247 1.3642 0.2153 0.2836 2.4241 0.02 1.3386 1.91
0.50 2.8274 1.5014 0.1694 0.1626 2.8266 0.03 1.4752 1.78
0.55 3.3497 1.6825 0.1298 0.0611 3.3486 0.03 1.6557 1.62
0.60 4.0450 1.9260 0.0965 -0.0155 4.0432 0.04 1.8982 1.46
0.65 5.0021 2.2636 0.0697 —0.0637 4.9993 0.06 2.2335 1.35
0.70 6.3805 2.7522 0.0502 —0.0821 6.3755 0.08 2.7163 1.32
0.75 8.4905 3.5024 0.0387 -0.0717 8.4809 0.11 3.4527 1.44
0.80 12.0141 4.7571 0.0365 —0.0362 11.9926 0.18 4.6744 1.77
0.85 18.7407 7.1527 0.0439 0.0154 18.6806 0.32 6.9834 2.42
0.90 34.9739 12.9285 0.0514 0.0530 34.7186 0.74 12.4690 3.69
0.95 102.353 36.7927 —-0.1698 -0.2670 99.3377 3.04 34.3275 7.18
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Table.A2.3.1 Furuhashi D& %4 B85 (m; BIBCGELD B LU fo~1, EHEE

Furuhashi fitting fitting fitting s=1 s=x s=x"2 s=x"3 s=x'4

a=A/L m1 m2 m3 f0 1 2 3 4
0.01 0.5018 0.5960 —0.2867 1.1213 6.83E-03| 5.25E-05] 4.41E-07| 3.86E-09
0.02 0.5375 0.5577 -0.2677 1.1276 0.0137 211E-04] 3.53E-06] 6.20E-08
0.05 0.6531 0.4520 -0.2131 1.1503 0.0348 1.33E-03{ 5.58E-05] 2.44E-06
0.10 0.8757 0.3094 -0.1306 1.2020 0.0718 546E-03] 4.55E-04] 3.97E-05
0.15 1.1401 0.2166 -0.0607 1.2737 0.1120 0.0127 1.57E-03] 2.05E-04
0.20 1.4525 0.1853 -0.0070 1.3687 0.1568 0.0234 3.84E-03]| 6.65E—-04
0.25 1.8206 02312 0.0262 1.4917 0.2078 0.0382 7.78E-03| 1.67E-03
0.30 2.2545 0.3751 0.0325 1.6486 0.2673 0.0579 0.0140 3.59E-03
0.35 2.7672 0.6459 0.0029 1.8474 0.3380 0.0839 0.0234 6.95E-03
0.40 3.3760 1.0846 -0.0754 2.0990 0.4236 0.1177 0.0371 0.0124
0.45 4.1043 1.7506 -0.2220 2.4187 0.5295 0.1619 0.0565 0.0211
0.50 4.9850 2.7333 -0.4669 2.8285 0.6629 0.2199 0.0839 0.0345
0.55 6.0650 41722 -0.8583 3.3613 0.8351 0.2973 0.1226 0.0547
0.60 7.4142 6.2962 -1.4777 4.0690 1.0631 0.4022 0.1776 0.0851
0.65 9.1415 9.5022 -2.4706 5.0370 1.3753 0.5488 0.2571 0.1315
0.70 11.4259 14.5330 -4.1169 6.4167 1.8213 0.7612 0.3758 0.2033
0.75 14.5846 22.9193 -7.0108 8.5024 2.4973 1.0866 0.5614 0.3192
0.80 19.2364 38.2674 | —-12.5941 11.9440 3.6145 1.6280 0.8746 0.5190
0.85 26.7715 70.9313 | —25.1320 18.4743 5.7331 2.6568 1.4739 0.9064
0.90 41.0771 162.149 | -62.1516 34.4312 10.8872 5.1512 2.9264 1.8486
0.95 78.1890 640.242 | -268.065 105.172 33.4997 15.9713 9.1622 5.8599

Table.A2.3.2 Furuhashi OE % -BIE(m; BAEGELNIT K B i, fe,fe,fq FHELE
Furuhashi] Membrane Bending] Parabolic] Quadratic| (er<0.5%) (er<0.5%)

a=A/L M) f(B) f(P) Q) f(M.ref)| _er(M,%) f(B,ref)] er(B.%)
0.01 1.1213 1.1077 1.0807 0.1043 1.1252 -0.34 1.1100 -0.21
0.02 1.1276 1.1002 1.0466 0.1998 1.1294 -0.15 1.0989 0.12
0.05 1.1503 1.0807 0.9496 0.4374 1.1473 0.26 1.0709 0.92
0.10 1.2020 1.0585 0.8043 0.6935 1.1957 0.53 1.0408 1.70
0.15 1.2737 1.0497 0.6778 0.8114 1.2682 0.43 1.0295 1.96
0.20 1.3687 1.0551 0.5682 0.8276 1.3667 0.15 1.0355 1.90
0.25 1.4917 1.0760 0.4736 0.7727 1.4941 -0.16 1.0582 1.68
0.30 1.6486 1.1140 0.3923 0.6720 1.6551 -0.39 1.0978 1.47
0.35 1.8474 1.1714 0.3228 0.5461 1.8565 -0.49 1.1557 1.36
0.40 2.0990 1.2518 0.2635 04114 2.1080 -0.42 1.2345 1.40
0.45 2.4187 1.3597 0.2131 0.2807 2.4241 -0.22 1.3386 1.58
0.50 2.8285 1.5026 0.1704 0.1635 2.8266 0.07 1.4752 1.85
0.55 3.3613 1.6911 0.1342 0.0665 3.3486 0.38 1.6557 2.14
0.60 40690 1.9427 0.1036 -0.0064 4.0432 0.64 1.8982 2.35
0.65 5.0370 2.2864 0.0778 -0.0532 4,9993 0.75 2.2335 2.37
0.70 6.4167 2.7741 0.0562 ~-0.0744 6.3755 0.65 2.7163 213
0.75 8.5024 3.5079 0.0385 -0.0719 8.4809 0.25 3.4527 1.60
0.80 11.9440 4.7149 0.0250 -0.0499 11.9926 -0.41 4.6744 0.87
0.85 18.4743 7.0082 0.0167 -0.0153 18.6806 -1.10 6.9834 0.35
0.90 34.4312 12.6569 0.0153 0.0147 34.7186 -0.83 12.4690 1.51
0.95 105.172 38.1724 0.0017 -0.0874 99.3377 5.87 34.3275 11.20
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Table.A2.4.1 Wu & Carlsson DEABIE( B ; BEM B LN fo~1f, FHEE

Wu & Carl. tables tables tables tables s=1 s=X s=x 2 s=x 3 s=x 4
a=A/L B2 B3 B4 B5 f0 1 2 13 T4
0.01 0.9874 1.1060 -0.3126 ~0.1041 1.1228 | 6.83E-03| 5.25E-05| 4.40E-07{ 3.86E-09
0.02 1.0005 1.1199 -0.3282 -0.0982 1.1253 0.0137 | 2.10E-04] 3.52E-06] 6.18E-08
0.05 1.1004 1.1268 -0.3420 -0.0900 1.1404 0.0345 | 1.32E-03| 5.54E-05] 2.42E-06
0.10 1.4256 1.1167 -0.3337 -0.0834 1.1891 0.0709 | 5.40E-03{ 4.50E-04| 3.93E-05
0.15 1.9122 1.1370 -0.3237 -0.0755 1.2650 0.1108 0.0125 1.56E-03] 2.03E-04
0.20 2.5429 1.2202 -0.3303 -0.0618 1.3674 0.1558 0.0232 | 3.81E-03| 6.60E-04
0.25 3.3171 1.3866 -0.3545 -0.0436 1.4979 0.2074 0.0380 | 7.74E-03| 1.66E—-03
0.30 4.2446 1.6645 -0.3961 -0.0231 1.6605 0.2676 0.0578 0.0140 { 3.58E-03
0.35 5.3437 2.1051 -0.4672 0.0011 1.8617 0.3389 0.0839 0.0234 | 6.94E-03
0.40 6.6431 2.7928 -0,6023 0.0371 21117 0.4250 0.1179 0.0371 0.0124
0.45 8.1851 3.8572 -0.8624 0.1014 2.4254 0.5307 0.1622 0.0566 0.0211
0.50 10.0315 5.4937 ~-1.3421 0.2195 2.8248 0.6632 0.2202 0.0840 0.0345
0.55 12.2738 8.0050 -2.1863 0.4301 3.3437 0.8335 0.2972 0.1227 0.0547
0.60 15.0497 11.8890 -3.6360 0.7978 4.0350 1.0588 0.4016 0.1776 0.0852
0.65 18.5741 18.0264 -6.1392 1.4452 4.9878 1.3677 0.5473 0.2569 0.1315
0.70 23.2009 28.1065 | —-10.6236 2.6353 6.3608 1.8115 0.7592 0.3755 0.2034
0.75 29,5582 45.6870 | —19.2046 4.9876 8.4633 2.4903 1.0859 0.5619 0.3198
0.80 38.8811 79.2197 | -37.2725 10.1231 11.9762 3.6249 1.6346 0.8789 0.5219
0.85 53.9891 152.677 | —-81.0517 23.0210 18.6864 5.7963 2.6881 1.4920 0.9177
0.90 83.1102 357.820 | —-216.288 64.2277 34.8898 11.0575 5.2466 2.9863 1.8884
0.95 166.424 | 1374.851 | -975.508 304.814 102.165 33.0468 15.9650 9.2527 5.9639

(B81=2.0 ITEEL /=)

Table.A2.4.2 Wu & Carlsson DEHBIE( B BMEMR) 1T XD fur, s, fp,fq FHEL(E

Wu & Carl.| Membrane| Bending| Parabolic| Quadratic] (er<0.5%) (er<0.5%)
a=A/L (M) f(B) f(P) Q) fMref)] er(M%) f(B.ref)] er(B%)
0.01 1.1228 1.1091 1.0821 0.1042 1.12562 —0.22 1.1100 —-0.08
0.02 1.1253 1.0979 1.0445 0.1991 1.1294 —0.36 1.0989 —0.09
0.05 1.1404 1.0714 0.9415 0.4334 1.1473 -0.60 1.0709 0.05
0.10 1.1891 1.0473 0.7961 0.6850 1.1957 —0.55 1.0408 0.63
0.15 1.2650 1.0433 0.6752 0.8035 1.2682 —0.25 1.0295 1.34
0.20 1.3674 1.0558 0.5717 0.8246 1.3667 0.05 1.0355 1.96
0.25 1.4979 1.0832 0.4816 0.7759 1.4941 0.26 1.0582 2.36
0.30 1.6605 1.1253 0.4020 0.6800 1.6551 0.32 1.0978 2.50
0.35 1.8617 1.1838 0.3315 0.5557 1.8565 0.28 1.1557 243
0.40 2.1117 1.2617 0.2691 0.4190 2.1080 0.18 1.2345 2.21
0.45 2.4254 1.3640 0.2142 0.2833 2.4241 0.05 1.3386 1.90
0.50 2.8248 1.4984 0.1665 0.1593 2.8266 -0.06 1.4752 1.57
0.55 3.3437 1.6766 0.1258 0.0551 3.3486 —0.15 1.6557 1.27
0.60 4.0350 1.9175 0.0921 —0.0234 4.0432 -0.20 1.8982 1.02
0.65 4.9878 2.2524 0.0656 -0.0727 4.9993 -0.23 2.2335 0.85
0.70 6.3608 2.7377 0.0469 —-0.0918 6.3755 -0.23 2.7163 0.79
0.75 8.4633 3.4826 0.0365 -0.0825 8.4809 -0.21 3.4527 0.87
0.80 11.9762 4.7265 0.0344 —0.0507 11.9926 -0.14 4.6744 1.1
0.85 18.6864 7.0939 0.0377 -0.0117 18.6806 0.03 6.9834 1.58
0.90 34.8898 12.7748 0.0243 -0.0179 34.7186 0.49 12.4690 2.45
0.95 102.165 36.0718 —0.3253 -0.5765 99.3377 2.85 34.3275 5.08
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Table.A2.5-1 BlIFROIEXITI TR FRE

a=A/L| Bueckner] Furuhashi} & Carlsson|ref(er<0.5%)

0.01 1.1304 1.1213 1.1228 1.1252
0.02 1.1321 1.1276 1.1253 1.1294
0.05 1.1442 1.1503 1.1404 1.1473
0.10 1.1874 1.2020 1.1891 1.1957
0.15 1.2594 1.2737 1.2650 1.2682
0.20 1.3608 1.3687 1.3674 1.3667
0.25 1.4929 1.4917 1.4979 1.4941
0.30 1.6584 1.6486 1.6605 1.6551
0.35 1.8622 1.8474 1.8617 1.8565
0.40 2.1122 2.0990 21117 2.1080
0.45 2.4207 24187 2.4254 2.4241
0.50 2.8054 2.8285 2.8248 2.8266
0.55 3.2911 3.3613 3.3437 3.3486
0.60 3.9110 4.0690 4.0350 4.0432
0.65 § - 4.7089. 5.0370 4.9878 4.9993
0.70 5.7409 6.4167 6.3608 6.3755
0.75 1.0777 8.5024 8.4633 8.4809
0.80 | - 8.8066 11.9440 11.9762 11.9926
0.851 -11.0345 18.4743 18.6864 18.6806
090 [ 13.8902 34.4312 34.8898 34.7186

40

—— 7(

30 Bueckner

. —%— Furuhashi

‘E’ —— Wu & Carlsson

20 7 —k—refer<0.5%) )

Tension
10 //
0
0.0 0.2 0.4 a=A/L 0.6 0.8 1.0

Fig.A2.1-1 BEEOEXRITTRITIEABRE
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Table.A2.5-2 BT DEERICIGSIIEARE

a=A/L] Bueckner| Furuhashi} & Carlssonlref(er<0.5%)
0.01 1.1167 1.1077 1.1091 1.1100
0.02 1.1046 1.1002 1.0979 1.0989
0.05 1.0750 1.0807 1.0714 1.0709
0.10 1.0455 1.0585 1.0473 1.0408
0.15 1.0382 1.0497 1.0433 1.0295
0.20 1.0502 1.0551 1.0558 1.0355
0.25 1.0791 1.0760 1.0832 1.0582
0.30 1.1237 1.1140 1.1253 1.0978
0.35 1.1840 1.1714 1.1838 1.1557
0.40 1.2617 1.2518 1.2617 1.2345
0.45 1.3608 1.3597 1.3640 1.3386
0.50 1.4878 1.5026 1.4984 1.4752
0.55 1.6510 1.6911 1.6766 1.6557
0.60 1.8617 1.9427 1.9175 1.8982
0.65 2.1334 2.2864 2.2524 2.2335
0.70 :2.4809 . 2.7741 2.7377 2.7163
0.75 2.9206 3.5079 3.4826 3.4527
0.80| . 3.4684 47149 4,7265 4.6744
0.85 | 4.1390. - 7.0082 7.0939 6.9834
0.90 49439 12.6569 12.7748 12.4690

15
10 —o— Bueckner
—*— Furuhashi
i:? —+—Wu & Carlsson
Bending
—%— ref(er<0.5%)

5 /

0
0.0 0.2 0.4 a=A/L 0.6 0.8 1.0

Fig.A2.1-2 BT ORI IIERERE
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Table.A2.6-1 FEAHBEZENC KD ERTIHILAGRE

k(0.75 1)
a=A/L|Bueckner| Furuhashik Carlsson
0.01 0.0792 0.0786 ] 0.0787
0.021 0.1097 0.1092 | 0.1090
0.05] 0.1636 0.1644 | 0.1630
0.10 | 0.2136 0.2163 | 0.2140
0.15] 0.2470 0.2497 { 0.2483
0.20 | 0.2752 0.2762 | 0.2768
0.25 [ 0.3027 030121 0.3039
0.30 | 0.3320 0.3283 | 0.3325
0.35 ] 0.3651 0.3604 | 0.3650
0.40 | 0.4040 0.4002 | 0.4040
045 0.4512 0.4508 | 0.4523
0.50 | 0.5105 0.5159 | 0.5139
0.55 | 0.5864 0.6010 | 0.5946
0.60 ] 0.6850 0.7141 0.7031
0.65| 0.8137 0.8688 | 0.8540
0.70 ] 0.9809 1.0888 | 1.0732
0.751 1.1963 1.4207 | 1.4105
0.80 ] 1.4705 1.9684 | 1.9755

(EXRTTEBEE £=1.0)
(RENREALE 0 =0.75 THF D k)

3.0

—e— Bueckner

—&— Furuhashi

k(0.7510)

—o— Wu & Carlsson

1.0

0.0
0.0

0.2 04  a=A/L - 0.6 0.8

1.0

Fig.A2.2-1 REHBELENC X5 ERTISTIEARFRE
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Table.A2.6-2 JANHREEE)IC X 5 ERTTIHHIARBREIRTE

[kl
a=A/L|Bueckner| Furuhashik Carlsson
0.01 0.0856 0.0849 0.0850
0.02 0.1188 0.1183 0.1181
0.05 0.1788 0.1798 0.1782
0.10 0.2370 0.2400 0.2375
0.15 0.2782 0.2812 0.2797
0.20 | 0.3142 0.3154 0.3159
0.25 0.3497 0.3483 0.3511
0.30 0.3876 0.3836 0.3882
0.35 0.4298 0.4247 0.4298
040 | 0.4787 0.4745 0.4787
0.45 0.5372 0.5367 0.5385
0.50 0.6095 0.6159 0.6137
0.55 0.7011 0.7185 0.7113
0.60 ] 0.8191 0.8545 0.8418
0.65 0.9724 1.0399 1.0227
0.70 1.1710 1.3033 1.2848
0.75 1.4267 1.7006 1.6881
0.80 1.7519 2.3563 2.3638

(FERTTRBEL £=1.0 D | k|)

3.0

20

Ik

—&— Bueckner

—¥— Furuhashi

—8— Wu & Carlsson

1.0

0.0
0.0

0.2

04 a=p/L 06 0.8

1.0

Fig.A2.2-2 FEHIBEEZENC X5 EKTIE NIRRT
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188 A3 Chapuriot D KEF—FIN

Chapuriot DFEXRITK ff10,i1[A3. 112 AW TERRIZ L 2 DEPIESBEEICHER T
%ﬁ‘:’#( mi,mse %E‘[‘E L7z,

«\~1/2

x4 1/2 x4, 3/2
m*(x*’ut)= ’}%[(l_x_‘) +m1(1‘%) +m2(1—%) } (A3.1)

sEINE mi,ms % AN TERT K & 12,13,14 BN fm, T ZEtE L=,
ig,i3,i4 I& Chapuriot DF U P FIIVEIEE EETER DN, TDEIT/NI W,
CIULEPIEABEE mi,me DEEENRIFTH B EERLTNS,

[A3.1] S. Chapuliot, M.H. Lacire and P. Le Delliou : Stress Intensity factors for internal
circumferential cracks in tubes over a wide range of radius over thickness ratios - Proc. PVP
conference, vol 365, San Diego, (1998)

t/Ri=1/1

alt mi mp 10 i1 i2 i3 14 fm fy

0.0 0.667 0.286 1.122 0.683 0.526 0.441 0.387 1.122 1.122
0.1 0.355 0.335 1.067 0.660 0.512 0.432 0.380 1.067 0.935
0.2 0.380 0.198 1.050 0.656 0.511 0.431 0.380 1.050 0.788
0.3 0.455 0.101 1.055 0.660 0.514 0.434 0.382 1.055 0.659
0.4 0.605 -0.015 1.079 0.672 0.521 0.439 0.386 1.079 0.541
0.5 0.842 -0.161 1.124 0.693 0.534 0.448 0.393 1.124 0.431
0.6 1.288 -0.482 1.200 0.730 0.557 0.464 0.405 1.200 0.324
0.7 2.033 -1.036 1.324 0.791 0.596 0.492 0.426 1.324 0.217
0.8 3.454 -2.153 1.5649 0.904 0.668 0.543 0.464 1.549 0.103

Ri=1/2

alt mj ms 1o 11 12 13 14 fm fy

0.0 0.667 0.286 1.122 0.683 0.526 0.441 0.387 1.122 1.122
0.1 0.488 0.335 1.107 0.676 0.521 0.438 0.385 1.107 0.972
0.2 0.5688 0.296 1.130 0.686 0.527 0.442 0.388 1.130 0.856
0.3 0.784 0.208 1.173 0.705 0.539 0.450 0.394 1.173 0.750
0.4 1.004 0.179 1.234 0.730 0.553 0.460 0.401 1.234 0.650
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0.5 1.329
0.6 1.808
0.7 2.558
0.8 4.008
t/Ri=1/5

alt mi
0.0 0.567
0.1 0.563
0.2 0.846
0.3 1.163
0.4 1.563
0.5 2.025
0.6 2.591
0.7 3.416
0.8 4.849
t/Ri=1/10

alt mj
0.0 0.567
0.1 0.613
0.2 0.975
0.3 1.400
0.4 1.917
0.5 2.554
0.6 3.337
0.7 4.170
0.8 5.615
t/Ri=1/20

alt mi
0.0 0.567
0.1 0.675
0.2 1.059
0.3 1.592
0.4 2.262

0.082

-0.122
-0.511
-1.522

0.286
0.393
0.315
0.354
0.393
0.461
0.500
0.325
-0.414

0.286
0.393
0.344
0.441
0.597
0.762
0.879
1.112
0.636

0.286
0.344
0.383
0.500
0.704

1.314
1.421
1.576
1.829

1o

1.122
1.140
1.211
1.313
1.440
1.591
1.768
1.984
2.281

io

1.122
1.155
1.255
1.400
1.583
1.804
2.060
2.352
2.700

1o

1.122
1.165
1.287
1.468
1.706

0.764
0.811
0.881
1.003

1

0.683
0.688
0.718
0.758
0.808
0.867
0.937
1.027
1.161

11

0.683
0.694
0.735

-0.791

0.861
0.946
1.046
1.158
1.307

11

0.683
0.699
0.747
0.817
0.908

0.573
0.601
0.644
0.720

iz

0.526
0.528
0.545
0.568
0.596
0.630
0.669
0.722
0.803

iz

0.526
0.531
0.555
0.586
0.625
0.673
0.729
0.792
0.880

iz

0.526
0.534
0.562
0.601
0.651

0.473
0.493
0.522
0.576

i3

0.441
0.442
0.454
0.469
0.488
0.510
0.536
0.572
0.628

i3

0.441
0.445
0.460
0.481
0.507
0.538
0.575
0.616
0.676

13

0.441
0.447
0.465
0.491
0.524

0.411
0.425
0.447
0.487

14

0.387
0.388
0.396
0.407
0.421
0.437
0.456
0.482
0.524

14

0.387
0.389
0.401
0.416
0.434
0.457
0.484
0.513
0.557

14

0.387
0.391
0.404
0.423
0.446

1.314
1.421
1.576
1.829

fm

1.122
1.140
1.211
1.313
1.440
1.591
1.768
1.984
2.281

fn

1.122
1.155
1.255
1.400
1.583
1.804
2.060
2.352
2.700

fm

1.122
1.165
1.287
1.468
1.706

0.550
0.448
0.343
0.224

fs

1.122
1.002
0.924
0.858
0.794
0.724
0.644
0.546
0.423

fy

1.122
1.016
0.961
0.925
0.894
0.858
0.805
0.731
0.609

f

1.122
1.025
0.988
0.978
0.980
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0.5 3.045
0.6 3.941
0.7 5.032
0.8 6.540
t/Ri=1/40

alt mi
0.0 0.567
0.1 0.655
0.2 1.129
0.3 1.742
0.4 2.529
0.5 3.479
0.6 4.637
0.7 5.969
0.8 7.685
t/Ri=1/80

alt mi
0.0 0.567
0.1 0.680
0.2 1.171
0.3 1.862
0.4 2.746
0.5 3.883
0.6 5.261
0.7 6.990
0.8 9.077
t/Ri=1/160
alt m;
0.0 0.567
0.1 0.684
0.2 1.196
0.3 1.950
0.4 2.916

1.054
1.549
1.996
1.938

0.286
0.412
0.393
0.539
0.820
1.326
2.045
2.978
3.483

0.286
0.393
0.412
0.548
0.898
1.491
2.531
3.921
5.252

msa

0.286
0.403
0.432
0.558
0.947

2.004
2.362
2.770
3.212

1o

1.122
1.171
1.310
1.520
1.807
2.183
2.660
3.228
3.834

10

1.122
1.175
1.326
1.558
1.886
2.334
2.935
3.704
4.570

10

1.122
1.178
1.337
1.586
1.946

1.020
1.153
1.307
1.485

11

0.683
0.700
0.756
0.837
0.946
1.086
1.262
1.470
1.702

1

0.683
0.702
0.762
0.852
0.976
1.143
1.362
1.641
1.960

11

0.683
0.703
0.766
0.863
0.999

0.713
0.786
0.871
0.973

ip

0.526
0.534
0.567
0.612
0.672
0.749
0.845
0.958
1.087

iz

0.526
0.536
0.570
0.620
0.689
0.781
0.899
1.049
1.223

)

0.526
0.536
0.572
0.627
0.702

0.564
0.611
0.667
0.735

i3

0.441
0.447
0.468
0.498
0.537
0.587
0.649
0.722
0.806

i3

0.441
0.448
0.470
0.504
0.548
0.608
0.684
0.780
0.892

13

0.441
0.448
0.472
0.508
0.557

0.475
0.509
0.549
0.598

1q

0.387
0.391
0.406
0.428
0.456
0.492
0.536
0.587
0.648

ig

0.387
0.391
0.408
0.432
0.464
0.506
0.560
0.628
0.708

1q

0.387
0.392
0.409
0.435
0.470

2.004
2.362
2.770
3.212

fm

1.122
1.171
1.310
1.520
1.807
2.183
2.660
3.228
3.834

fm

1.122
1.175
1.326
1.558
1.886
2.334
2.935
3.704
4.570

fm

1.122
1.178
1.337
1.586
1.946

0.984
0.978
0.940
0.836

fy

1.122
1.031
1.008
1.018
1.050
1.097
1.146
1.170
1.111

fy

1.122
1.035
1.021
1.047
1.105
1.191
1.301
1.407
1.434

fo

1.122
1.037
1.031
1.068
1.147
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0.5 4.178
0.6 5.840
0.7 7.981
0.8 10.655
t/Ri=1/400

alt mi

0.0 0.567
0.1 0.688
0.2 1.229
0.3 2.004
0.4 3.062
0.5 4.512
0.6 6.436
0.7 9.177

0.8

1.676
2.910
4.873
7.264

mp

0.286
0.412
0.432
0.607
1.015
1.792
3.367
6.030

12.913 10.160

2.456
3.177
4.173
5.406

1o

1.122
1.181
1.347
1.611
2.002
2.577
3.438
4.740
6.605

1.188
1.451
1.809
2.253

i1

0.683
0.704
0.770
0.872
1.020
1.234
1.546
2.012
2.673

0.805
0.947
1.139
1.377

iz

0.526
0.537
0.574
0.632
0.713
0.831
0.999
1.248
1.598

0.624
0.715
0.837
0.989

13

0.441
0.448
0.473
0.511
0.564
0.640
0.748
0.906
1.129

0.518
0.582
0.669
0.776

14

0.387
0.392
0.410
0.437
0.475
0.530
0.606
0.717
0.873

2.456
3.177
4.173
5.406

fm

1.122
1.181
1.347
1.611
2.002
2.677
3.438
4.740
6.605

1.268
1.436
1.640
1.801

fy

1.122
1.040
1.039
1.088
1.186
1.343
1.583
1.923
2.328
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18 A4 RO A S BERH

LI TRUTORESZHERAT S,

e AR HERITTE
L ; BEMORE
x ; BERENS DES x* ; JAOLIES  x*=x/L
a ; EWES a* ; EXRTLEHES a*=a,/L
K ; &M OB EI IR
A BiEM OBRE R
E ; BEMDOY> =
v BEMORT Y UL
o ; FBEM OBRIEIRGRE
h ; BURZERE Bi; EF# Bi=hL/ A
f ; RARIRE O B f* ; EXRTTREEE f=fl2/ k
w ; AREOEE w; ERITTEE w=Lw./2k)12
w=27f =L(7wf/ k)l2=(7rf*)12
g WEBEYTI7IVE g=w./@2r)
i RGN =L{f (4m k)2 ={f* (47)}2

T ; TRARIREE
Ty ; MANBREORE(] T1)
b ; TREKIRE DAL
or=wt
t 5 FefE
Ty ; BERERE
Ts ; BEREBEORE( 72 1)
b ; BEREIRE DA
b=+ 0s=wt+ 0,
0s; BERHEREORKERE WY SAHEEL
H ; mZEEE (RARE-BERERE)
H=H@Biw)=T./T:
H ; BEBERHOREZ(H|)
T*) ; BENENRE
T(x*) ; BENEBREORE( 7))
¢ x*) ; BENENRE DAL
dEHN=0d:+ 0 &*)=wt+ 0+ 0 (x*
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6 (x*) ; BENTNEE ORMEE I B HE L

D ¥ ; FZEREEK (BEEEBE-BENEE)
D x*)=Dwx*=7Tx*/T;

D&E*) ; EEBEE DEHOREZ(DEY])

S x*) ; EENEL S s(x*) ; RTINS
Sx*) ; I DIRIE(] S ]) s(x*) ; FERTTIIRIE(| s &%) )
So ; EIERH s(x*)=8 (x*),/{HSo exp(j ¢ &)}
So=CE ¢ T: sx*)=S(x*),” (HSo)

C; InHREERTHRE
SR IREET C=1.
EEOY AIRET C=1"01—V)
S@ (x*) ; FEER (BEXREREE-SBENTEH)
S@ (x*)=8(x*)./ T;=CE o s (x*)

K (a*) ; BiE DI IR RE k@*) ; ERTTIIIERERE
K@) ; IS HIERBEOIRIE(] Ka*) |) k(a*) ; FRITIS IR BREIRE( £ (@9)])
Ko ; IS HILRRE k@*)=K@a*./{HKo exp( ¢}
Ko=S8o(m )12 k(a*)=K(a*)” (HKo)
=CE o T{ tL)v2

Ka(a*) ; RN (BEEmEEE BSOS HIERGRE)
K@ (a*)=K(a*)/ T;=CE a (7 1)12 k(a*)
M(a,x) ; EHOEHBEK m(a*,x*) ; FROERITEHABEEK
m(a* x*)=M(a,x), /L2

A4l INT A—F RRERAT

(1) H=T./T¢

BRTTEMEERE (EFH B) =0.1~100 BXOERTERER £=0.01~
1000 Z2/XNT A —% LT, FAEERE T2 2R ERERIE T O H=

T/ TeZFt B LR % Figd.1.1 BX U Table.A4.1.1 1TR T . ERITE T £
=0.01~1000 (&, HREBEEY T 7)1 g=0.028~8.92 &£72 3,
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Table.A4.1.1 BEHRIEDLL H=T, T

N BERIEDE H=Ts /Tt

f* g Bi=0.1 Bi=1.0 Bi=10 Bi=100

0.01 |0.028 0.839 0.997 1.000 1.000

0.1 0.089 0.157 0.786 0.986 0.999

1.0 0.282 0.037 0.291 0.830 0.981

10 0.892 0.013 0.115 0.603 0.946

100 2.82 0.004  |0.039 0.304 0.840

1000 |8.92 0.001 0.013 0.115 0.603
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(2) DEH=T&*),/ Ts=TEHHK sx*). BLTHIET S k(a*)

FEXRTTAREE £=0.01~1000 (HREEE Y 7 V% g=0.028~8.92) T L
T, REIRERE T 128 T 2BENBERE T*) Ok D&*=T*)/T Z&f
BLUHR%E Figd.2.1 BELU Table.A4.2.1 ITRT, DEMIWHTHAB LN
HIT2E2HELEEE Ru=1. Rv=1) OEBEMNELXTLHEAIRE &9z
FLW, ZNICHIET 2 EATIBNIBKRBHIEE k@)% Figd22 BLAN
Table.A4.2.2 17579,

Table.4.2.1 BERED I DE*)=T(x*),/T.=
TEHRRBL=1. Re=1D s(x*)=Sx*),(HS,)

EXRTTEREK REHREOD E DE*)=Tx*),Ts

f* g x*=0.1 | x*=0.2 | x*=0.4 | x*=0.6 | x*=1.0
0.01 0.028 0.9999 |0.9998 |0.9997 |0.9997 |0.9997
0.1 0.089 0.9893 |0.9816 |0.9727 |0.9694 |0.9686
1.0 0.282 0.8250 |0.6804 [0.4765 |0.3774 |0.3491
10 0.892 0.5709 |0.3259 [0.1064 |0.0345 |0.0074
100 2.82 0.1699 |0.0289 | 0.0008 {0.0000 |0.0000
1000 |8.92 0.0037 |0.0000 | 0.0000 |0.0000 |0.0000

Table.4.2.2 SE2MWFREBn=1. Re=1® k(a®)=K(a*),” (HK,)

Y T FEHHEEBL=1. Rv=1D k(a*®

f* g a*=0.02 | a*=0.05 | a*=.1 |a*=.2 |a*=0.4 |a*=.6
0.01 |0.028 |.2827 |.4559 |.6737 |1.085 |2.353 |5.585
0.1 0.089 |.2822 |.4543 |.6692 |1.071 |2.309 |5.464
1.0 0.282 |.2762 |.4302 |.6008 |.8702 |1.597 |8.405
10 0.892 |.2640 |.3848 |.4820 |.5712 |.8003 | 1.559
100 |2.82 |.2278 |.2664 |.2351 |.1822 |.2619 |.5267
1000 |8.92 |.1427 |.0903 | .0646 |.0587 |.0848 |.1703




JNC TN9400 2002-047

(3) BETHER®L=0. Rp=1®D s&*)BLUHIET S k(a*)

WER THIVT OAESELICHRLUEZEES Re=0. Rv=1 OEERNEXRTLEN
HIRIE sG*)ZETE L MR % Fig.4.83.1 BXLU Table.A4.3.1 12T, IiHd 5
FERTTIS LR BREIRIE k(a*) % Fig.4.3.2 BL U Table.A4.3.2 IR

Table.4.3.1 BHFHRRBn=0. Re=1D sx*)=8(x*),(HS,)
ERTTARE HTHRRBn=0. Re=1® sx*

f* g x*=0.1 | x*=0.2 | x*=04 | x*=0.6 | x*=1.0
0.01 {0.028 0.0150 |0.0096 |0.0008 |0.0054 |0.0105
0.1 0.089 0.1451 {0.0933 |0.0082 |0.0528 |0.1014
1.0 0.282 0.5415 |0.3435 |0.0565 |0.1996 |0.3664
10 0.892 0.4488 |0.2109 |0.1555 |0.1563 |0.1256
100 2.82 0.1516 |0.0675 | 0.0391 |0.0399 |0.0399
1000 |8.92 0.0128 |0.0126 | 0.0126 |0.0126 |0.0126

Table.4.3.2 HBIFHREBL=0. Ry=1)®D k(a*)=K(a*)(HK,)
ERITREFEK HITHARE®L=0. Ry=1® k(a*)

f* g a*=0.02 | a*=0.05 | a*=.1 | a*=0.2 |a*=4 |a*=.6
0.01 |0.028 |.0057 |.0087 |.0117 |.0155 |.0236 |.0426
0.1 0.089 |.0553 |.0843 |.1132 |.1501 |.2285 |.4131
1.0 0.282 |.2097 |.3186 |.4254 |.5591 |.8410 |1.515
10 0.892 |.2383 |.3398 |.4086 |.4408 |.5067 |.8620
100 |2.82 |.2185 |.2493 |.2083 |.1623 |.1681 |.3041
1000 [8.92 |.1392 |.0845 |.0561 |.0450 |.0551 |.0998
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(4) #FZL D sGHBLTHIET 3 kia*)

WE CHOB LT EDEHRELZEE (Ru=0. Ry=0) OBEENEXTT
EINTTIRIE sx*) =spx*) 2 E L = #ER % Fig.4.4.1 B L Table.A4.4.1 127 F,
XIS B ERITI IR BEARIE k(a*) % Fig.4.4.2 BXL U Table.A4.4.2 IZRT,

Table.4.4.1 HR/XL(Rn=0. Rp=0)D sx*)=8(x*),” (HS,)
HERTTEBRE #FXRZLRBn=0. Ry=0)D s(x*)

f* g x*=0.1 | x*=0.2 | x*=0.4 | x*=0.6 | x*=1.0
0.01 [0.028 0.0024 |0.0002 |0.0023 |0.0023 |0.0052
0.1 0.089 0.0234 |0.0021 |0.0224 |0.0223 |0.0508
1.0 0.282 0.1027 |0.0227 |0.1043 {0.0893 |0.1969
10 0.892 0.1954 |0.1479 |0.2129 |0.0930 |0.2007
100 2.82 0.1517 |0.1353 | 0.0617 |0.0174 |0.0733
1000 |8.92 0.0421 |0.0349 | 0.0201 |0.0052 |0.0246

Table.4.4.2 #I/XL(Rn=0. Re=0)D k(a*)=K(a*)(HK,)
EXRTTAREE #ER/Z L (Rm=0. Rpy=0)D k(a*)

f* g a*=0.02 | a*=0.05 | a*=.1 |a*=0.2 |a*=4 |a*=.6
0.01 (0.028 |.0014 .0020 .0024 |.0024 .0015 |.0007
0.1 0.089 |.0134 .0192 .0229 |.0229 .0150 |.0072
1.0 0.282 | .0652 .0918 .1068 |.1006 .0595 |.0269
10 0.892 |.1733 .2304 .2416 |.1806 .0606 |.0138
100 2.82 |.1926 2034 .1411 |.0454 .0094 |.0023
1000 [8.92 |.1292 .0687 .0340 |.0140 .0031 |.0022
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