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Wednesday, May 8
9:00 Registration

9:20 Opening Ceremony
Welcoming Address
Dr. Young.S Eun(Vice-President, KINS)
Prof. Y.J.Kim(Professor, SungKyuanan Univ.)
Prof. G. Yagawa(Professor, Univ. of Tokyo)

Session A [Meeting Room #208] [Chairman, Prof. Y.J.Kim]

1 10:00 Application of Leak-Before-Break Using Piping Evaluation Diagram
(PED)
Y.J.Yu*, K.S. Yoon, S.H.Park, K.B. Park(KAERI),
Y.J Kim(SungKyunKwan Univ.)

N

10:25 A Research Program for Dynamic Fracture Evaluation of Japanese
Carbon Steel Pipes
K.Kashima*(CRIEPI)

3 10:50 Effects of Dynamic Strain Aging on the Leak-Before-Break
Analysis in SA 106 Gr.C Piping Steel
[.S.Kim*, J.W.Kim(KAIST)

4 11:15 Probabilistic Fracture Mechanics Analyses of Nuclear Pressure
Vessels Under PTS Events
G.Yagawa*(Univ. of Tokyo), S. Yoshimura(CRIEPI),
M. Hirano(JAERI)

5 11:40 Improved Toughness of the SA 508 Class 3 Steel for Nuclear
Pressure Vessel Through the Steel-Making and Heat Treatment
J.T.Kim*, H. K.Kwon, H.S.Chang(HANJUNG)
12:05 Lunch

Session B [Meeting Room #208] [Chairman, Prof. G.Yagawa]

6 13:30 Crack Shape Evolution of Surface Flaws under Fatigue Loading of
Austenitic Pipes
I.S. Hwang*, J.H.Kim(Seoul National Univ.)

7 13:55 Study on the Effect of the Crack Length on the Jic Value
M.Kikuchi*(Science Univ. of Tokyo)



8 14:20 Development of New Z-factors for the Evaluation of the
Circumferencial Surface Crack in Nuclear Pipings
Y.H.Choi*, Y.K.Chung, Y.W.Park, J.B.Lee(KINS),
G.Wilkowski(Battelle Memorial Institute)

9 14:45 Requirements for Pressure Boundary Integrity of Operation
Nuclear Plant-Japanese Standards
H.Kobayashi*(Tokyo Institute of Technology)

10 15:10 The Development Status of Mechanical Component Code for
Nuclear Power Application in Korea

N.H.Kim*, J.S.Nah(KOPEC)

15:35 Coffee Break

Session C [Meeting Room #208] [Chairman, Dr. Y.W.Park]

11 15:50 Progress of Component Aging and Structural Integrity Research
Program at JAERI
K.Shibata*(JAERI)

12 16:15 Development of Expert System for Nuclear Piping Integrity
Y.J Kim*, M.W. Suh, C.S. Seok, H.K. Jun(SungKyunKwan Univ.)
Y.W.Park, Y.H.Choi, J.B.Lee(KINS)
13 16:40 Recent Progress in Korean Nuclear PLIM Program
T.E. Jin*, H.J. Choi(KOPEC), 1.S.Jeong, S.Y. Hong(KEPCO)
17:05 General Discussion on the Presented Topics

17:30 Discussion on Future Activities of Workshop and Conclusion

18:00 Dinner hosted by Japanese Participants at KINS' Restaurant
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1 FHEOREE EHE

HEBEOFRFHEMORFEOFFESEMAIL LizDiZ, ¥k 7 4 6 AIc&ER IR0
HWIFFEE Dr.HY. Lee H335H LTe DR & ohniF &ieoTz,

JIRFETZE (BR) OEMBEOMINT & VY 5ithds Dr.lee L&V, BAMOBELDOIRESR
KB LTz, 2O EM%. R OEEMIERTH S B. Yoo FKARH L. HADR)I#K
FERBICTHAN 2R ETT S EV L Ro T

Yoo KiZJdEH. BEBRA2NOR T IMRBMICTAAMOBELLKRE L. B
WZHED D FEERE LT, BEMOBEIIHRHHRZOKIn ERLK INS GEETHZ
A21FZeBt) @ Dr.Park iZHE LTz,

HARDZ 5 LicBROEREZZITT, FRTHE1 1 HORFIMRBERXNTBWTIE
RNicEZRE L. ERHAERNERR2IEE LT, RIIEBREHMER L 1HHEH
LT dHLRoT,

BAEDORHIIZ HADEKIF O 5 AFE A E L. #EKE. BEERORE. RARE
IR, CHEEMMIIERICER L, FEEY 5 A 8 HIZBREDED ko T,

METIZ. KINSHEMTD MR - BEORLMIIET ISR RUT A A
1993 fELRT Tz B S . #Hl 7 0~ 8 0 ZLVBME R/ TIERITITPhN T I,

ARIOAEIZIFEIBHDOS VR TALEFRTREINZDDTH S, BEHEAND
R AZRAD 7 BIZRI LA TRIES Nz, 7 HOYRRQATHRF SN A BARANIZ.
FHAL 2o S BOBMEILEZ>TEIrINT,

¥ 8 H9MF 3 04rd & Workshop i3Bss L7z, HEHIZFKI 7 04 TH -7,

BHHIZK I N SEFED K.S.Yoon L&V MEEEN TR IR DORLEMIEOE
EHEREE > TWABHEP 5 Z D Workshop DLRIZHIFF L TWAHE, I DK 5 REM
RHROBHINIKIZT ST HBOKFR OB LRI LELEATND] EORERD T,

BEWTERBE A SZO Kim #2043 Tl Open Minded Discussion 24738 5 & OIEUH
FAHY. BRMERZLTRINERP ST VT TORLFHREE LTOH-K®—ED
RO SIBEBIZR D L OISR ENT.

BEATIZAAM»S 54, HEMPD 8 HORIBERIN., NHSIEFHRELE -
INEBRfThbiLz, IFIZENS DERIE, 2INEORBESDTET. £BEOREK
LREXFT—<2HENTELDTNWEIOT, BEETRENSEM L, 2IT7F, L
IR BTN EEOEANY VRO T LADEDIMERTH 5.

MR TR, SHBOESH# Dr.Park LY RERINE, FOFEMITIBIZET

FO%. BAMOEMICE Y YRLFFEME L. FERIZEEMICBEN LR, BOHR



e OWERIEL L & DICBHERICREK. HEBROLU. RERTHLEZES THhoT,

K INSDHDKAMHZHADOLIEHO K 5 BREEMHTTH Y. &< OmEMO
HEZIZH TR TWBLDHET, DIEVBELEERP DRV ABRETH TN, oo
50 LBBORKERFOENRTELORIAERETH . T HIZK I NS DEFOHIEEK
&ix. FBBIZBRADETFNVEHNRTINT, ERETERLI KSR EREIT 2. (GGi)



Number of Papers : 29
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tyvarATR, SHOmX (BARM3 4, ER2H4) BERSN. WRIZ. &
HDOL BB 3 EHEBERE2HTHD. UFAMXOBREELZTT,

1) ” Application of Leak-Before-Break Using Piping Evaluation Diagram”, by
Y.J.Yu, K.S.Yoon, S.H.Park, K.B.Park (KAERI), Y.J.Kim (Sung Kyun
Kwan X%¢)

R IRRATY u KK Y. REFMEX (PED) MWL B B@EHkOFfEIZ
B4 35RENRD T, BEY AT LIZL BB2EMTSdicid, BEBIR, SRS,
BEDRERYE., 77V MABDOT—2BBLETH D, Ko T, WEXRIHEZDOFIAMNE
MTRRWE, LBBOFHBIZIARRETH D, KWL TIE, P ED &IN5 BUEFTMARK
CEHEWMRL S SEMAL OBBREEARIENTIA—FE L TRLIEHRX) 2L B
BEME BZiE. RS —/ AVESR) xUTHER L. RFHEETH L B Bt
A CTE 5 REER Lic. ATFER, SEKIAREFOL BBEGHIEHINS FETH 5.

2) »” A Research Program for Dynamic Fracture Evaluation of Japanese Carbon
g
Steel Pipes” by K.Kashima (CRIEPI)

BATRAEFOER L V. BARDOKREMACEICHETIMEIIZ ONTHERES o1,
ARFZ2iIZ, HADS TS 4 1 0 REMEE OWEEIZ LIETENMNEOHRIZET S IO
Thy. R, AR BITEm» 525, PRRRTIZ. FRENSIXEREEIC
HEVKIEFELTWARNI &, BERRTIE. MEAMEIIESHNAE, B ERBEH I L
IEIEIERR )AL (MR EEILNE) TPRIHRD Z AR Eh, BERBNIRIIAD S
NN EOBMERD -7, E5IZ, BVBLAEFTOZAERD DEZDORDORLEREE
B —HOZEE % VI 2 Pl 2R L. RARER L ORIFR—B %R LT,

3) ”Effect of Dynamic Strain Aging on the Leak-Before-Break Analysis in
SA106 Gr.C Piping Steel” by I.S.Kim and J.W.Kim (KAIST)

BERIEHEABEOK i mBIZEY. SA1068MGr. CERE#HOL BBIGzRBRITS
B EARS (DSA) OMRICEALTEERD ., FEEE. NWEXBETTHELND



BlIRV BT — 4. ] —RERF—# %2 b L. WHRATRR AT, AL ERER
DEWUTHRIZRIFTD S AOKIRZFEM LT, #5582 %2"LBB Allowable Load Window” & L
TE Lz, AREWENEIZX, 77> NoOERRER CHEREIKETS. 20k,
L BBOM#EHIZ. 25 0~3 0 0 CAHETIIHBBIZHERTHI 0%BAHL. £ &
MEEE T TORIT D LR b,

4) ”Probabilistic Fracture Mechaniucs Analyses of Nuclear Pressure Vessels
under PTS Events” by G.Yagawa, S.Yoshimura (Univesity of Tokyo),
N.Soneda (CRIEPI), M.Hirano (JAERI)

HIERREZERNEZE Y. EOBRBOVERROIEFEICETORRB R I N, @
XTik. HABRZELSORC1 1 1 BRATITONIE IR SROBE M. FRTE
BER IR 5 ENASROBBEERIINT 5B FIROGRFEIC B4 S RFEEARI S
Nz, KETIZEPRI. NRCEZBWTPTSDORYF<w—7RBITHONTEY, =
icHt L. BXRTHRBINK 4 EEOMIT 2 — FEHW, BHEERCRIETT—Z O
EMICET DR REOBREMRN 2K L.

5) ”Improved Toughness of the SA508 Class 3 Steel for Nuclear Pressure
Vessel through the Steel-Making and Heat Treatment” by J.T. Kim, H.K.
Kwon, H.S. Chang (HANJUNG)

wHEEMPIZERE D Kim K 6. FEHEE SA508 CI3 DRyE, #ILENZ BT Dtkdcs
WCONWTHEENRD -T2, BELRERBE (VCD) Tk, 9 EIIRELELTDOOKE
WETHY., WRVCDELT, B/NAHIEE (15C/ min) ZANDZ EAHERS
Nz, Ebiz, 7A3I=vaiyVarFL R@zmxszticky. +aowmt (K1
C) ZHERTEDZ L& R L. ZTHIIMBOMIALIZE D DDOTHY., MO V
CDT503I7urTholcdddn, MBRVCDTIX20I/urnfiltidZ L@E
e,

(&) vy arAOBREMORBERTIE. REDOL BBEEDRESN OhHES
Nic, ®EICBITS L BBHRIZLEBNBERBE SN b D TH 503, HEANEOHERER
RARIZIRY ANTERN7 7Y NOFliExEKB L. —H 77> MTIL BBEREHFEAL
DZELTHY, BEMOBELOBEINS bk, LBBIZMNTIEANREX L. 7
7ua—Fi. NR CREREOHMEICBIITHE > TNER, BINEARRRZ L REEEH



BT SRS EZFERICEE TS AT, HEMBZR—-R L LeRSE & IZHERD B,
EANRMEER, R ESFIZBNTIE 2R T2 T35, KEEERR. Eif
HRIZOWTIERTF—2BEEZ D TIIRWE ORISR 2Tz, (BE)

22 tyi3r B

6) ”Crack Shape Evolution of Surface Flaws under Fatigue loading of Austenitic
Pipes” I.S.Hwang, J.H.Kim(Seoul National Univ.)

VONVKEZERAZLZR 3 —EHEERN Ni-Fe 3BAE (frau £ 908) DX
FHERICAE 5 R EHTBROBILITDOWTIHE LTz, A > aa A 908 IXFERBWREIAFER
f7 ITER (International Thermonuclear Experimental Reactor) dHh®y L /) 4 REHD
TR T, ITER DRy L/ A 7Ry NOFEGFHIPSHEOHNITH 5. FHl
WEEL T, Paris Al Z LU FTHRRT D,

&AM : da/dN = CA A Km
EIE A : dc/dN = CB A Km

R E W PROERFERPS CA L CBERREL., 7AXRY hla/c OFLLFaz TP
L. PRIOHEEZHERA LI, SHIZ. HRY L/ A FEFIZOWT, #I7 A7 Mt
Zafc=0.1 L LT, BRFKFE (CDA) LTHHRHE (EDA) i S5%, EGFHIZITO.
T ANY NHOEALEER L2V LEFR 2@/ NEHET 5 Z L. EDA OFMIERT 7 X<
NNV AYA 7 v (5,000 B X ZeRE2) 2+ kRS LERLE.

ERFEMIUTOLRBY THD. FMERER) BREIE —F~—27 TRHTES, (&
BE#) E—F<—2 34— A7 MEIZEATE R, (KAIST 2 [EEEE) =5
POZERTRETHS. GEBIEER) WA R=0 20T, XAHAODOERIILERN,
(RN#HR) ITER OFRFHIBEL Tid. BRI OBNZIRZ2EZERT I LB IR0k, (F
Bi#ER) OFHEEILELS. BRI,

AFFIT BB AR DOKE NBS (R.L.Tobler fit) HEMOHFEDHEENL 5> THD (&
EiX ITER iz L TWzn).,

7) ”Study on the Effect of the Crack Length on the JIc Value” M.Kikuchi
(Science Univ. of Tokyo)

FORHIRI RS B ERBES ASBH#IE T A I =Y ALLD CTRRE. 3 AhTFR
BAB LU CCT HBf OB kEN M Jc it RIFTMHXAE S a/W OF8Eizon



TimE L7

R o Jc i3 ZAEHEo®E (3#EH) OB L. LIS hBOE
2RI A—=2TH5 QR (HRR @H SDRE) L LB LRY. FRFHBIUTO
WY THB, (VINVKE #H —EBHERE) Jc it RETHEOEEIZ ASTM ORB Stk
X ASME OEETRAINTWVDEH, (TR RS THRWINY, REFIhD
RETHD, UMAEER) HRORRIZ I ORBFEICERT DHEIZRN. HEEERM 0
I IIZ BT RETH Y. ASME Sec. XI SIREBERLTIIREWIC RIFT RO
ErRiFLTnd,

8) ”Development of New Z-factors for the Evaluation of the Circumferen-
cial Surface Crack in Nuclear Pipings” Y.H.Choi, Y.K.Chung, Y.W.Rark,
J.B.Lee(KINS), G.Wilkowski (Battelle Memorial Institute)

EEF hRE2EMB: (KINS) R LAEREOR FmKmE DOMMIZERTD
LW Z R OBRICOWTH#ER L. GE/EPRI Oz S #E &Nz SC.TNP J
¥ (ERBORTXAOBNFE) KXo TIHoE2Er L. JREREHVWTE— XY
h — R AR BUERNT L. BAREEZRET D, TOHEIZE>T, KD ASME #
BOAODZIFE (72T M. 7254 NRER, — X7 T A M, F—RXF
F A MEESEK) TR LT, H LW ZREBERRE L. 48 OEREBIERARG R L L TX<
—¥$BZLERL. ASME BUED Z BREBOBRZMEZHWTEZ L LTVD,

FERHBMILUTOEY TH D, UMAEEE) ASME Hs D Z H#B03 Rm/t DBEEA &
HIE OD DD KRR THDH, Tl ZREBIIZNIZ A L OD O FEDFED _KRIH
Iz T3, ZEHACTIUE, EBRERE LSBT IOIRIURT, SHIZEKH M
WIHESEREN., ZVBRV., HEROHFILMED 7 RED OD OBUIIHNBRAITH S, 1k
BLTHRLY (T AV, UM BERMERKIERAWNT Z RBERETDHS, i
HTIRWe (AR,

AR EE L OREAN Y F AR (G.Wilkowski {@+) ®HEPOHBEDOHED K
5ThH5.

9) "New Maintenance Code for Operating Nuclear Power Plants in Japan” ‘
(Draft) K.Iida (JPEIC), H.Kobayashi (TIT), Y.Imamura (MHI), K.Hasegawa
(Hitachi)



FORTHERY /IMREBERPEESENRED R THER S e HARDOHERERE R
OBEBITDOWTHE Lc, #MFREEOERIZ. (1) JEREER#A (NDE) ¥, (2) KM
mEEHE, (3) M/ MEXFEETHY. Kz (1) & (2) T2 T ASME &, Sec.XI,
Div.1 OHE AR SN e,

ERFRIUTDOLEEBY THDH, (KINS ERMMEL) MEREEEIZR T DL ILOHN
ZHRIALUTRLY. UMAEER) BAROHEFFFEETIIMESILE LTHEIRER 7 =51 Ml
O HEFRE ML & 27 2 L ZABEROR S E R EIF T, 2N DS ILIZHAD
MTIZR V. PHFRERALOPRIRIZ. KER.G.1.99 Rev.2 & FHTFHERICN LTRR
%o AT L AGHHORFEIMEALIZ A EEREANRR X 2 FIO CTREES 5 25, AESERTAm AR X1 3 2
hTHBH, (L) HFRFEEUED PDI(Performance Demonstration Initiative) ~Dt}iis % it
HHLTHR LW UNEESR) BADOHERILHE TIZ. ASME 81k Sec.XI Appendix V. (£) &
Z ZTER SN DHEEFEFRERROBKARIC LTS 707 Z A (PDD) ZHEHALTHY
2. LA L. MERMIZIZIAT2RABLTH Y., RERMEMNREAERH S TUT 2k 3
REGRIPES KOV A V0 BB I SEGERR) ZRSSHMEI N, PDI~OX %
Eam LTS, (EBIETRH) MREREZBT zu—Yary/av—TYay (E/C) o
WEBHH L TR L. UNMAEER) BUROMEFFIERETIZ, AL Oh BT R GG DA T
HD. FERNIIZ. BFM. E/C GG, BEESHIMm, 2otz a» 5 PET. BIE
INHEZDONWTRHIHTH B,

1 0) ”The Development Status of Mechanical Component Code for Nuclear
Power Application in Korea” N.H.Kim, J.S.Nah (KOPEC)

HEENBEMRRELOE BEN LSREE L TEEK (KEPIC) @5 b OB
#23 (Mechanical Component) HDBRE SBDOBBIZ DN THER Lz, BEIZHER.
WA N75 0 O/ BERKIEIR . NERKBEER L TE N, A OREENE
Ufe. 1995 4£ 11 Hiz. #hR. BX. #iE ik SEREO2 8O KEPIC 25#1%E. HAK
INnfz, KEPIC-HMIZL NNV I E LAV IIAEB Y, LV LI T J7#E3C ASME 8%
Sec.III Div.1 {ZAHY L. L~V INIFERT B8 L BB~ DB R PRHERE. JERE
HE, BERE) Thd. ASME BB EZ2B LT, &L ERISHREShTWS,

FRFEBMIUTOLBY TH D, kB L) BSHABRKIZIH D2, (&EMiT)
2. (UhEK)



23 tyira>C

1 1) ”Progress of Component Aging and Structural Integrity Research Pro-
gram at JAERI” by K. Shibata (JAERI)

HARF e E R R R MR R K V. FHHZIS 1T 2 B85 O (LR
ZOBRIZE T SRIEN AV D o Te. FREARIZ. (a) A 7 OEEMEIED T D D
W& L BB#EER. (b) BEALLWREBHOGBEMEEIERAR. THY. (b) DHEIZDW
Tid. RELOBEE L PRITFHROBSE. BREAHRFE, ReWHEFEOLEHB T OV
THAEETHOMET —<BFHI NI, EERIZEZ T, HEDO—ERIZ USNRC L4t
FTERELTVDZ LGS,

1 2) ”Developing of Expert System for Nuclear Piping Integrity” by Y.J.Kim,
M.W.Suh, C.S.Seok, H.K.Jun (Sung Kyu Kwan Univ.), Y.W.Park, Y.H.Choi,
J.B.Lee (KINS)

R R Z 0 Kim ERMBREK U, #EREMETNCIZZ < OFERE RESLETH D
b, FOHBOEDIZZF A=Y AT A'NPIES" 2 Lc, ZOV AT A
XF—ZR—ZABREZ SNTNDER, HOMBOTF— 2 BALSRBE. TNEBEAT
WRER T — 2 P HHMT DI ENTE D, LEXERN—OTHRBEROT —ZRBR2NEE.
IHERRIENLERVBIDOT— 2P OKELSHRTE D, 4RI L BBFHli~NZ D
VAT AERER UTED ZRUTH LRI St e L T=a2—F Ry R U—2
RRATDZ & RHRTIRASH SN

1 3) ”Recent Progress in Korean Nuclear PLIM Program ” by T.E.Jin, H.J.Choi,
(KOPEC), 1.S.Jeong, S.Y.Hong (KEPCO)

HEB O Jn REYVRBELRD -, BEBRETIZ 1 0 QR TIFIHEEHP T, 6
Epddoh, S5z 7 EBHWEHRTH Y, PLIM(Plant Life Management) DAEEM K X
72> T3, PLIM Program iZ=#liz 0 CTEBEFE TH Y. BAEIZ 1993 452 5 1996
4% TD Phase I & LT Feasibility Study 2EEH TH D, ZIIIEEOBRY DRGEF T
&5 Kori Unit 1 Z#ER2H L LTS, SKRFMZRFEZ 1T 5 Phase IT (1997-2001), ##
& - ¥ EFT 5 Phase I11(2001-2008) &. IEREHET D FETH D,

A2 IEM & LTiE. Dr. Park OF o TWe, RREEESHE OB T BI85 3
RizH B2, REFNIRZROZLWERLE VI B TIIXEEIBIERIZL D LVWHISE



HBEISRINTH oz, F iz Kim 3% D” Open Minded Discussion” DFEUNN T 72 &, SEAID
RERBBICRS 22T T, (Bits)



3 H4 NREHL

T—=03avy7O—RELTSHAIH (K). AR (Walsong) JR+hRERDORF%2{T-
oo BMELER2EFIITHOMEY TH D,

& &) GER) . Mk GRIKR) , Fith (BERLK) , EBE (ETwh , %M U8,
B (FHR)

HaE  BHHRHEE. X1 (Bae Young-Song) K, #iHE, Y — (Lee MyungBok) K
U =2 ay 7ORARY, KINS BZRILc< A 7 aNATRKHTEHSE, REL0 A%
(Walsong) R+ FEERTIZMP - Tz,

KEIIHIE CTREORFAMTH oz, KINS OF v > (Chung Yeon-Ki) [CAHERW &
L Clfr L7z,

HEICIZ. W HE (Kori), A3k (Walsong), 725> (Ulchin), E¥ (Yonggwang) D
4 BFRICIR T NRBEIBD Y. TXTHEE H2H (KEPCO) 257 A LTS,

AWBFEEFIZFD—DOTH 5, BT —7 ¥ ay 7B SNZKHTIA 5% 200km 7
HOBMTIZHY., BHARZE LTS, KAT2 LK 4 EOTETH S, @p. BM
HATEREZWR >k, S HIZTTA» S 1 REKIZAMET S8 A Mm% 1 RHCE)
& LT

FEH, BRERHED AL (Bae Young-Song) KRDOEN%ZITT,

BONCEAMERERNIN., Z0% 1~ 4 SHENRPORPL. S OBz L
HEDY — (Lee Myung-Bok) K & Wik LTz, BB, D Rizdh B E AR DR
R & Hl LTe.

Z 0% A M ORZERITH 6,000 ATH S,

HBOY A P TR, 1 55 1983 ELSBRELTVWD, BE 234 SBSERD TS
5, 1~45#L D AECL (hF4) BOXy > Ry 6 BFEEZBRALTWD Z LK T
HbD, BRHINZ. 1 5B 68 F kW, 234 58N 70 HFkW T, HEbIZEAERLIT
RoTWb, 1GHIZ2N—TEA 7T, BN—TIITETFAERS 2 ERBILTVD,
Aok iz, ¥y RyFiREkEE,. BEKGHFT, BEDOHT Y R 7 HEESFE
Thd, BEPTHRHLMTEZI2END D, BRERBIIES, FEE, FBFOLEK
TITbN AT ONTRERBBSR OB EZ T 2. RELZRIIERTONRTEY. 1
16 X2 K /1 HEEE Q0 XY R/ Fxr V) Thb.

BRIV TEHETEZHN T RY TEORI 380 KA TH S, h7> NI 7TEOAMIC
i3, BRI DOENRBTH YT S Zr A&MOENEBRFBAIN TS, EHEDISTIZY
YTV TEMBLUTRY., BEFEEE L AREEOM. WEAIESIThh s, BEEKEE



B ERMBRBEORE. A>T =Y arvBb3RAICBROECIRELERTIZ L
o TWBEHTHD, ERMENIZ 30~40 HRRE TRV IKRNIITHOR TR XS5 T
H 5,

1 ST OWTIE. 2 SHITAED 10 HITREEEMASIBEY, RE 6 AL DHE
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Application of Leak-Before-Break Using Piping Evaluation Diagram(PED)

Y.J.Yu*, K.S.Yoon, S.H.Park, K.B.Park
(Korea Atomic Energy Research Institute)

Y.J.Kim
(SungKyunKwan University)

ABSTRACT

Plant specific data, such as pipe geometry, material properties and pipe loads, are required to
apply LBB to a piping system. Thus, LBB evaluation can not be done until piping design and
routing is completed. A simple method for evaluating LBB for piping systems during design
process is presented in this paper. This method produces a piping evaluation diagram, called
PED, for intermediate pipe locations and pipe-nozzle interface locations which defines the LBB
requirements to the piping designer for use during the design process and is independent of
pipe routing. This methodology will be used for the LBB evaluation of a new plant design such
as KNGR(Korean Next Generation Reactor).

INTRODUCTION

It was previously required that structures, systems, and components important to safety be
appropriately protected against the dynamic effects of missiles, pipe whip, and discharging
fluids that may result from a postulated pipe break. Although the assumption of an
instantaneous double ended pipe break in large high energy lines provided a convenient way to
envelope the loads that might result from pipe rupture, it provided little or no relationship to the
way which such pipes actually behave. This approach led to the need for substantial protective
measures to guard against the consequence of such postulated breaks. These protective
measures are expensive to build and maintain, and lead to a potential degradation of plant
safety. The placement of pipe whip restraints degrades plant safety if thermal expansion is
restricted and when the accessibility for and effectiveness of inservice inspection is reduced.

The research of the last decade on elastic-plastic fracture mechanics has led to a means to
justify a more reasonable alternative: Leak-Before-Break(LBB). The fundamental premise of
LBB is that the materials used in nuclear power plant piping are sufficiently tough that even a
large throughwall crack, which could result in coolant leak rates well in excess of those
detectable by present leak detection systems, would remain stable and would not result in a
double-ended guillotine break under maximum loading conditions. Thus the dynamic effects of
postulated ruptures in the piping system are eliminated from the design basis when the piping
system is shown to meet all the criteria for the application of leak before break presented in
NUREG 1061, Volume 3(1] and Standard Review Plan 3.6.3{2].

Since the mid-1980's, the LBB technology has been applied extensively to a high energy
piping system[3] in existing plants. However, there are differences between the application of
LBB to an existing plant and a new plant design. In this paper a simple approach is introduced
which is intended to use for application of LBB to a new plant design such as KNGR. This
approach is based on LBB PED developed by Fabi[4] and extended to the pipe-nozzle interface
location in this paper.



CURRENT REGULATORY CRITERIA

NUREG-1061 sets forth stringent criteria to be applied to each piping system to determine if
LBB is a viable alternative to postulating a DEGB (Double-Ended Guillotine Break). "The
LBB approach should not be considered applicable to high energy fluid system piping, or
portions thereof, that operating experience has indicated particular susceptibility to failure from
the effects of corrosion(e.g., intergranular stress corrosion cracking), water hammer or low and
~ high cycle (i.e., thermal, mechanical) fatigue". To the extent that fatigue may exist in a
particular piping system, it must be considered when performing a LBB evaluation. For those
piping systems to which LBB is applied, the following criteria must be met:

(1) A leak detection system is required that is capable of detecting a leakage rate (less than
1.0 gallon per minute for the primary system as a requirement of Regulatory Guide 1.45),
to which NUREG-1061 applies a margin of 10.

(2) Throughwall cracks which are large enough to leak 10 times the detection capability (i.e.
10 gallon per minute for primary system piping) must be stable for /2 times the sum of
the normal operation and safe shutdown earthquake(SSE) loads.

(3) Throughwall cracks twice as long as a crack which leaks 10 times the detection
capability must be stable under the sum of normal operation and SSE loads.

In developing PED, the appropriate margins required in the current regulatory criteria are
included.

REQUIRED INPUT FOR ANALYSIS

PED defines the LBB requirement to the piping designer for use during the design process. In
order to define the LBB requirements, several sets of LBB analyses are performed for each
different pipe size and material considered in the LBB application. The following are the input
for the analyses to develop the PED.

Material Properties

Previous work[5] by ABB-CE has shown that a conservative bounding analysis results when
the material stress-strain properties of the base metal (lower yield) and the fracture properties
of the weld metal (lower toughness) are used for the entire structure. Industry data [6,7,8] are
reviewed to establish the lower bound stress-strain and J-R curves for each material. For both
the final design and as-built configurations, the actual material properties used for piping
systems subject to LBB shall be reviewed to confirm the application of LBB.

Applied Loading

There are two aspects to the loading for Leak-Before-Break. First, the normal operating
(NOP) load is used in determining the detectable leakage crack length. The NOP loading
includes the system pressure and the thermal expansion piping moment. The NOP load is
generally small enough so there is no concern for stability with this loading alone. Two NOP
loads which cover the entire range of possible loading for the line under consideration is
assumed. The second aspect of the loading is the LBB loadings, which is the NOP plus
additional loading(s) such as safe shutdown earthquake(SSE) loading and stratified flow(SF)

loading. The LBB loading provides an additional piping design requirement which has to be
met.
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Leak Detection Capability

The basic premise of the Leak-Before-Break concept in piping is that a flaw will be detected
via loss of fluid prior to the failure of the pipe. This requires a detectable leak rate in
conjunction with stress-strain curve for pipe material. It is assumed that the plant is capable of
detecting a leakage of one gallon per minute with an hour based on the requirements of

Regulatory Guide 1.45[9].
LBB ANALYSIS FOR PED

Crack stability evaluation

The methodology to evaluate the stability of through-wall cracks requires knowledge of the
applied loads, a leakage crack size, and the material properties. Finite element models of three
different crack lengths were developed for the leakage crack and twice the leakage crack to
consider the crack extension. One set of model having crack sizes of @, a—§ and q+8 at
normal operation loads was used to demonstrate safety margin on the loads. "q" is the
detectable leakage crack length, and "§ " is a small increase or decrease in "g@". Another set of
models, having crack lengths 24, 2a+8, 2a—58 were used to demonstrate the margins on
crack size. The crack lengths are input to the detailed stability analysis of the through wall
cracks in piping systems. The FEA is carried out for the estimated leakage crack size and twice
that length.

Two planes of symmetry are used for pipe model to minimize the size of FE models.
Therefore, each model represents one quarter of the pipe as shown in Figure 1. The model for
location near the nozzle is shown in Figure 2. Here one plane of symmetry is used to minimize
the model size, meaning that one half of the pipe-nozzle is modeled.

Figure 1. Finite Element Mesh for Pipe Figure 2. Finite Element Mesh for Pipe-Nozzle
Model Model
J-integral

To evaluate the intensity of the stress field near a crack tip for the elastic-plastic problem, the
J-integral parameter is used. The J-integral parameter is related to the energy release rate at the
crack tip. The method used to evaluate the J-integral is virtual crack extension method, where;
J=(1/1)(dE / da) and dE is the change in the strain energy release rate for a virtual crack

extension, da. To calculate JE , small virtual displacements of the nodes in elements near the
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crack tip are applied in the direction of the crack extension.

The J-integral is determined by FEA for pressure, normal operation, and SSE loading for three
different crack length for each geometric model. To evaluate the margin on crack length, J-
integral is evaluated for the applied loads for 2 times the detectable leakage crack size. For the
margin on loads evaluation the J-integral is also evaluated /2 times the applied loads for the
detectable leakage crack size.

Stability Evaluation

The stability of the cracked pipe is assessed by comparing the J-integral value due to the

applied loads on the pipe to the material crack resistance. The stability criteria employed for
ductile crack extension is:

Crack Stability is assured if:

J, applied <J, material (1)
and
dJGPP“w < W material )
da da

The slope of the J-integral vs. g curve for each location is obtained by fitting a polynomial
curve through the J-integral values. By plotting J-integral vs. dJ/da which is called a J-T
diagram, both parts of the stability criterion above can be evaluated simultaneously.

Development of J-T diagram

The J-integral vs. dJ/da curve is called a J-T diagram. The J-T diagram is developed for
both crack length g and 24. This is done as follows;

1. The J-T diagram due to applied load:

a. From FEA, determine applied J for cracks @, g+& and g—-§ as well as 24,
2a+9, and 2g-§ for defined loading.

b. This gives J as a function of crack length g. Thus gJ/da in the vicinity of g
and 24 can be determined.
c. Polynomial is fit to J where:

J(a)=ca® +a+c 3
thus ‘

o 2ca+c, 4)
da

2. The J-T diagram due to material properties

a. Material J-R curve defines J for different crack lengths
b. Power law curve is fit to J-R data curve
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J=C(8a) &)
thus,

ﬂ=ClCz(AG)CZ—l (6)

da

This process is outlined in Figure 3. Once the J-T diagram is developed, the load that causes
instability is defined, for each of the highest stressed location in the pipe. At the point of
intersection of the loading curve and material curve, the following holds true:

J, applied = Y marerial Q)
and

d]applied = d‘]material (8)
da da

This is the point above which unstable crack growth will occur for the given load. This
instability load is compared to the actual applied load at that point. If the LBB applied load is
less than the instability load, then the point passes the LBB criteria. If LBB applied load is
greater than the instability load then the point fails the LBB criteria.

Instability Load

DRINEE:

Typical Loading Typical Material

Figure 3. Stability Evaluation
CONSTRUCTING A PED

PED for intermediate location

The procedure for constructing a PED for Intermediate pipe location was developed by Fabi
[4]- The procedure is as follows;

For detectable leakage length, the LBB procedure requires a margin on loads. Thus the
maximum load equals to NOP+SSE.

Moy = V2 (Mssg iy + Myopy) )
This can be solved for the allowable SSE loading ;
Msse iy = Mumaxy /2 = Myopy — (10)
where, i = each NOP condition for analysis of leakage crack length 'a’
For twice the detectable leakage length, the LBB procedure requires an additional margin on
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crack length. Again setting the maximum load equals NOP+SSE.
Miaxiiy = Msse iy + Mwor iy (11)
Solving for the allowable SSE loading ;
Mse iy = Mmax(iy = Mwor i) (12)
where, i = each NOP condition for analysis of twice leakage crack length '2a'

A typical PED for a GTAW weld in a SA312 Type 347 stainless steel 12 inch schedule 160
class 1 pipe is shown in Figure 4.

400

350

250

200 |

Allowable SSE Load (XN-m)

2A

[+] 20 40 60 80 100 120
NOP Loads (KN-m}

Figure 4. PED for 304 mm diameter stainless steel pipe (SA312 Type 347)

PED for pipe-nozzle interface location(terminal ends)

Typical LBB (Leak-Before-Break) analysis is performed for the highest stress location for
each different type of material in the high energy pipe line. In most cases, the highest stress
occurs at the nozzie and pipe interface location at the terminal end. The standard finite element
analysis approaches to calculate J-integral values at the crack tip utilizes symmetry conditions
when modeling near the nozzle as well as away from the nozzle region to minimize the model
size and simplify the calculation of J-integral values at the crack tip. A factor of two is typically
applied to the J-integral value to account for symmetric conditions. The stiffness of the residual
piping system and non-symmetries of geometry along with different material for the nozzle,
safe end and pipe are usually omitted in current LBB methodology. A study, done by Yu et.al
[11], shows that this simplified analysis can lead to conservative results especially for small
diameter pipes where the asymmetry of the pipe-nozzle interface is ignored.

In this paper, a PED for pipe-nozzle interface location is developed to consider the effects of
non-symmetries due to geometry and material at the pipe-nozzle interface. The procedure to
construct the PED for the pipe-nozzle interface location is basically the same as that for an
intermediate pipe location. However, the calculation of a detectable crack length for the pipe-
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nozzle interface location is somewhat different with that for the intermediate pipe location.
Consideration of the nozzle requires an iterative procedure to find an appropriate crack length
which leaks at 10 gpm and employs both the finite element mode! used for the crack stability
analysis and the PICEP code[10]. Since the stiffness of the nozzle is included in the stability
analysis it must also be included in the leakage calculation. The procedure uses the PICEP
program as a flow calculator for a given assumed crack length and calculated area from the
pipe-nozzle finite element model. This procedure is as follows[11]:

Step 1: Assume a flaw length in FE model.

Step 2: Apply normal operating load to the FE model and calculate the crack opening area.

Step 3: Using PICEP with the same length flaw vary the applied moment until the area is
the same area as calculated with the FE model.

Step 4: If the PICEP flow is greater than 10 gpm the crack length is decreased - go to step
1.
If the PICEP flow is less than 10 gpm the crack length is increased - go to step 1.
If PICEP flow is 10 gpm - STOP.

The final step establishes the pipe-nozzle interface crack length which leaks at the detectability
limit(with margin) of 10 gpm.

Figure 5 presents a PED for the nozzle-pipe interface location and the intermediate pipe
location where "A" and "2A" are the detectable leakage crack length and twice the leakage
crack length, respectively.

400.00

350.00
NOZZLE "A*

300.00 }

.........................

250.00 }

200.00 } NOZZLE “2A"

30.00 PIPE "2A"

Allowable SSE Load {KN-m)

10000 } L,

§0.00 }

0.00

[} 20 40 60 80 100 120
NOP Loads (KN-m)

Figure 5. Comparison of pipe and nozzle-pipe PED

LBB EVALUATION USING PED

For the highest stressed location for each different type of material in the line, the NOP and
SSE loading are plotted on Figure 6. If this point falls below both curves in Figure 6 (loading
represented by point P), the line passed LBB with appropriate safety margin already included in
the plot. If the highest stressed points fall above either curve in Figure 6(loading represented by
points X,Y and Z), the line fails LBB. Then the piping designer can modify the piping design in
order to pass LBB.
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Figure 6. Typical piping evaluation diagram (PED)

NOP LOAD

DISCUSSIONS AND CONCLUSIONS

An approach is presented which is suitable for application of LBB for a new plant design such
as KNGR. The advantage of this approach is that the piping designer can quickly iterate to a
design which satisfies both the ASME code and LBB requirement.

However, LBB evaluation using PED can be very conservative for some cases because PED
uses industrial lower bound material data and loads calculated from a elastic analysis based on
the piping system being uncracked. A modified PED which can consider the effects of applying
load at the cracked pipe section due to the residual compliance of the piping system are now
under developing at KAERI and SungKyunKwan University.
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Abstract

The research program was developed to investigate the dynamic load
effect on Japanese carbon steel STS410 pipe. The program comprises
material tests, pipe fracture tests and development of estimation scheme.

Material property tests showed that the flow stress was nearly constant
or slightly increased with strain rate. Pipe tests showed that fracture load
was nearly predicted by the net-section collapse criterion for quasi-static and
dynamic loading. A significant dynamic effect was not observed for
STS410 carbon steel piping. Crack growth was well formulated by using
J-integral parameter for low cycle fatigue. Combining the crack growth
behavior and unstable fracture criterion, an estimation scheme was newly
developed and validated for constant cyclic loading conditions.



1. Introduction

Leak-before-break (LBB) is one of the potential concepts to evaluate the piping integrity
for light water reactors. Many LBB researches in the government, research institutes,
utilities and manufacturers have been conducted to demonstrate the validity of this
concept and apply it to the piping designs in nuclear power plants.

In Japan, the LBB research programs were initiated at NUPEC (Nuclear Power
Engineering Corporation) for stainless steel piping in 1977 and carbon steel piping in
1985 under the sponsorship of MITI {1,2]. In these programs, fundamental material
tests, full-scale pipe fracture tests and LBB assessment were conducted. Many
researchers joined the programs and CRIEPI was responsible to evaluate unstable pipe
fracture using fracture mechanics approach. JAERI also developed another LBB
program including the evaluations of fatigue crack growth, unstable pipe fracture and
pipe whip restraints [3]. In 1987, USNRC organized an international research program
group, “IPIRG” under the funding from 9 countries including USA (USNRC, EPRI), UK
(Nuclear Electric), France (CEA), Italy (ENEA), Sweden (SPI), Switzerland (HSK),
Canada (AECB), Taiwan (TPC), Japan (CRIEPI). The main objective of the IPIRG
program was to study the effect of seismic (dynamic/cyclic) loading on pipe fracture.
The program has been in Phase-2 since 1992 and will be terminated in April, 1996.

The IPIRG results showed the dynamic and cyclic loading effects on pipe fracture for
some materials. This trend was significantly observed in A106 Grade B, typical carbon
steel in USA. In 1991, CRIEPI and Hitachi initiated a collaborative research program to
investigate the effects of dynamic and cyclic loading on the fracture of Japanese carbon

steel piping [4-6]. This paper presents the summary of this program and the major
findings.

2. Program Milestones

The 6-years research program was started in 1991 as the joint study of CRIEPI with
Hitachi and will be terminated in 1996. The program includes the following milestones:

(1) Conduct material tests under quasi-static and dynamic loading conditions,

(2) Conduct pipe fracture tests under monotonic and cyclic loading conditions,

(3) Develop an effective evaluation scheme for highly low cycle fatigue crack growth and
(4) Evaluate the dynamic and cyclic loading effects on Japanese carbon steel piping.
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The schedule of these milestones is shown in Table i.

3. Matenal Property Tests

Material tests were conducted to obtain the tensile properties for base metal and
submerged-arc weld metal of STS410, one of the typical carbon steels used in Japanese
nuclear piping. The chemical compositions of the materials are tabulated in Table 2.
Tensile tests were conducted at room temperature and high temperature (288C or 300C)
under quasi-static strain ratc (10* /scc) to dynamic strain rates (10" /scc).  Test
specimens were taken from the pipe in the axial direction.  Figure | shows the gcometry
and dimensions of the round-bar specimens.

Figures 2 (a) and (b) show the results of tensile tests for base metal and weld metal.  For
both materials, yield stress (0.2% proof stress) and ultimate stress increascd with the
incrcase of strain rate at room tecmperaturc. At high temperature, yield stress increased
with strain rate and ultimate stress decreased with strain rate. These results clearly
showed the dependency of the tensile properties on strain rate. However, it should be
noted that the flow stress, a major dominating parameter for plastic collapse of ductile
material, did not show a significant dynamic effect on strain rate at high temperature
because it was nearly constant or slightly increased with strain rate when it was detined as
the mean value of yield stress and ultimate stress.

4. Pipe Fracture Tests

Specimens for pipe fracture tests were circumferentially through-wall or surface-cracked
pipes of STS410 basc metal and welded joint with 6-inch diameter.  Figurc 3 shows the
geometry and dimensions of the specimen.  Initial notch with the total angle of 30 or 60
degree was introduced by clectrical discharge machining after mechanical machining.
Figure 4 illustrates the apparatus used for the pipe fracture tests at room temperature and

high temperatures. In high temperature tests, the specimens were heated up to 265C to
285C by forced circulation of hot air.

The pipe spccimens were subjected to four-point bending under the following loading
types:
Type (1): Monotonic loading tests



Type (2): Constant amplitude cyclic loading tests
Type (3): Incremental amplitude cyclic loading tests
Type (4): Random cyclic loading tests

Figure 5 ilustrates these loading types. Strain rates were quasi-static except for Type
(1), where both quasi-static (0.05 mm/sec) and dynamic (5 mmv/sec) displacement rate
were applied. The effect of loading rate on monotonic pipe fracture was investigated in
Type (1) test. In Type (2) tests, the loading wave was an alternating triangle of the
constant load amplitude with the frequency of 0.1 Hz. The numbers of cycles at pipe
failure were measured for pipe specimens subjected to the constant load amplitudes equal

to 50-90% of the plastic collapse load. Type (3) and (4) decal with the complex loading
types of increasing load amplitude and random load.

More than 40 pipe tests were conducted in Type(1) to (4). Figure 6 shows the results of
Type (1) tests as the relationship between normalized maximum load and displacement
rate. The normalized maximum load was defined as the ratio of the measured maximum
load to net-section collapse load and the displacement rate was measured at the loading
point on pipe specimen. These results indicates that the normalized maximum load is
nearly constant or slightly increasing with strain rate. They mean that fracture load is
nearly predicted by the net-section collapse criterion for quasi-static and dynamic loading

and STS410 does not show the significant dynamic effect as was observed for A106
carbon steel {7].

S. Estimation Scheme to Predict Failure Life
An estimation scheme was developed to evaluate a series of fracture behavior from the

cyclic crack growth to unstable fracture for circumferentially cracked pipesubjected to
constant amplitude cyclic bending.

For crack growth under very low cycle fatigue condition, the elastic-plastic stress
conditions near the crack tip should be taken into account. Therefore, the elastic-plastic
fracture mechanics parameter, A J, was introduced to the crack growth rate equation,
instead of the prevailing elastic parameter, A K. A new equation was developed to
calculatc A J  for circumferential crack using the Jmax (monotonic J-integral) and crack
length [4]. Jmax can be easily calculated using the GE-EPRI handbook [8]. The
calculation steps are as follows:



(1) Calculate Jmax for initial crack length (a,) in the first loading cycle.

(2) Translate Jmax into A J.

(3) Calculate cyclic crack growth rate (da/dN) from “(da/dN)- A J” relation.

(4) Update the crack length (a) by adding the crack growth (da).

(5) Decide whether pipe will fracture or not by net-section collapse criterion.

(6) If no fracture will result, repeat the above steps (1) to (5) in the next loading cycle.

Figure 7 shows the comparison of the experimental and predicted relationship between
the crack extension and number of cycles for 6 cases at room temperature and high
temperature. The predicted behavior is in good agreement with the test results.

6. Conclusions

The research program was developed to investigate the effect of dynamic and cyclic
load on Japanese carbon steel STS410 pipe. The program comprises material tests, pipe
fracture tests and development of estimation scheme.

1) Material property tests showed that tensile stress and yield stress were dependent on
strain rate but the flow stress was nearly constant or slightly increased with strain
rate. \

2) Pipe tests showed that fracture load was nearly predicted by the net-section collapse

criterion for both quasi-static and dynamic loading. A significant dynamic effect
was not observed for STS410 carbon steel.

3) Cyclic crack growth was formulated by introducing J-integral parameter, A J.
Combining the cyclic crack growth equation and unstable fracture criterion, a new

estimation scheme was developed and validated for constant cyclic loading
conditions.
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Table I Program milestones

ITEM 1991 1992 1993 1994 1995 1996

(1) Material Tests @®Base @®Base @Weld
(RT (HD (RT/HT)

(2) Pipe Tests @Base @Base @OWeld @Weld
(RD (HD (RD (HD

(3) Estimation Scheme ©®Basce @Base @Base @OWeld @Weld
(RT) (RT (HD RD (HT)

(4) Evaluation of Dynamic )
Cyclic Effect for STS410

Table 2 Chemical compositions of materials

(wt%)
(ol St Mn | P S
STS410 | Base | Specified | <0.3010.10-0.35 10.30-1.40 ;< 0.035 | <0.035
Carbon Measured | 0.14 @ 0.30 1.20 | 0.009 0.001
Steel Weld | Specified | <0.19 10.30-0.60 | 1.30-1.60 | < 0.020 | < 0.020
Measured | 0.06 | 0.49 1.40 0.008 | 0.004
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Abstract

The characteristics of dynamic strain aging (DSA) on material properties used in leak-before-
break (LBB) analysis were discussed. Using these material data, the effect of DSA on the LBB
analysis was estimated through the evaluation of leakage-size-crack and flaw stability in
SA106 Gr.C piping steel. Also, the results were represented as a form of "LBB allowable load
window". In the DSA temperature region, the leakage-size-crack length was smaller than that
at other temperatures and it increased with increasing tensile strain rate. In the results of flaw
stability analysis, the lowest instability load appeared at the temperature corresponding to
minimum J-R curve which was caused by DSA. The instability load near the plant operating
temperature depended on the loading rate of J-R data, and decreased with increasing tensile
strain rate. These are due to the strain hardening characteristic and strain rate sensitivity of
DSA. In the "LBB allowable load window", LBB allowable region was the narrowest at the

temperature and loading conditions where DSA occurs.

1. Introduction

The leak-before-break (LBB) concept has been applied to design for high energy
piping in nuclear power plant. The stress-strain curve and J-R curve of material are used for
LBB analysis, and they have direct influence on the evaluation of LBB conditions [1].
Accordingly, it can be expected that the characteristics of dynamic strain aging (DSA) in
material may influence the results of LBB analysis, since the occurrence of DSA depends on

temperature and deformation rate and changes mechanical properties.
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Although a number of studies on DSA related to LBB were reported [2,3,4], most of
them focused on the crack jump at quasi-static loading rate and on the loss of fracture
toughness under dynamic loading at the normal plant operating temperature. The effect of
DSA on the results of LBB assessment has not been quantitatively estimated. In this study,
therefore, the effect of DSA on the LBB analysis was estimated through the evaluations of
leakage-size-crack and flaw stability for simple case using material properties obtained from

systematic tensile and J-R tests.

2. Material Properties for LBB Analysis

The calculations of leakage-size-crack length and flaw stability in LBB analysis
require the stress-strain curve and J-R curve [5]. The tensile and J-R tests were carried out
under various temperature and loading conditions to illustrate the characteristics of DSA in
SA106 Gr. C steel which has been used for main steam line piping in nuclear power plant. In

the results, the effect of DSA on the material properties for LBB analysis was discussed.

2.1 Yield Stress

As shown in Fig. 1, the 0.2% oy, generally decreased with increase in temperature
although there was a plateéu at a certain range of temperature. The temperature at which a
plateau appeared, shifted to higher temperatures with increasing strain rate and coincided with
serrated flow region. The o}, at temperatures lower than 200°C showed the usual positive
strain rate dependence. At temperature range of plateau associated with serrated flow,
however, positive strain rate dependence of o;, disappeared and reappeared at 400°C.

It is noted that o, is affected by static strain aging (SSA) rather than DSA [6].
However, many studies observed a plateau or a small peak of. oys [7], and a slight strain rate
sensitivity [8] in the temperature range of DSA. Therefore, the decrease in g, is due to high
temperature softening, whereas the occurrence of plateau and disappearance of usual positive

strain rate sensitivity reflect the effect of DSA over the high temperature softening.

3-2



2.2 Ramberg-Osgood Parameters
Ramberg-Osgood relation is usually used as power-law hardening relationship and it’s
parameters 7 and o are important input data in the LBB assessment. Generally, Ramberg-

Osgood relation is represented as following equation.

E O ( o )"
Py 0
where o and ¢ are true stress and true strain, o, is reference stress that is usually equal to yield
stress, &=0,/FE, n is strain hardening exponent, and o is dimensionless constant. The
Ramberg-Osgood parameters are strongly dependent on strain range of data fitted into Eq. (1)
[1,9]. In the present study, stress-strain data between 1.050, and 10% strain were selected to
screen out points on the yield plateau.

The parameter n is plotted against testing temperatures at various strain rates in Fig. 2.
In comparing dependence of n on temperature and strain rate with that of oy, the temperature
region where # is smaller than that at room temperature (RT), is consistent with o, hardening
region where DSA operates. In this temperature region, also, strain rate dependence of n
showed inverse trend in comparison with other temperatures, in the same manner as the strain
rate dependence of o,,;. These suggest that the parameter n is directly affected by DSA, and
the decrease in the value of n and positive strain rate dependence at the normal plant operating
temperature range are caused by DSA.

The parameter a varied with temperature in the similar manner as the o;, as shown in
Fig. 3, although the dependence of temperature and strain rate is less clear than that in ;. The
value of a decreased gradually with increase in temperature and showed positive strain rate
dependence except the region of temperature in which the plateau appears. The dimensionless
constant « is related to both o, and strain hardening of material. In particular, a is sensitive to
the value of oy, [10]. This is consistent with the present observation. From the characterstics

of a, it can be concluded that the appearance of .plateau and slight strain rate sensitivity near
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300°C are attributable to DSA as discussed in o;;. However, the influence of DSA on this

parameter is less obvious than that on the parameter n.

2.3 J-R Curves

Fig. 4 exhibits the J-R curves of material at different temperatures for load-line
displacement rates of 0.4 and 4.0 mm/min. The dependence of the fracture resistance on
temperature and loading rate was apparent. As shown in the Fig. 4, it was noted that as the
temperature increased from ambient, the J-R curves exhibited lower values until a critical
temperature reached and exhibited higher values at higher temperatures. The critical
temperatures at which J-R curve attained a minimum, were shifted to higher temperature with
faster loading rate and were observed at the temperature ranges 250°C and 296°C for load-line
displacement rates of 0.4 and 4.0 mm/min, respectively. The J-R curves at load-line
displacement rate of 0.4 mm/min were higher than those at 4.0 mm/min between RT and
250°C, whereas the J-R curves above 296°C showed negative loading rate dependence.

The variation of J; with temperature for each load-line displacement rate is given in Fig.
5. The ciack (niuation toughness, J;, was defined as value of J-integral at the crack initiation
point obtained from DCPD method. The trend of variation in J; with temperature and loading
rate was similar to that of J-R curves. The minimum points of J; appeared at temperatures of
200~250°C and 250~296°C for load-line displacement rates of 0.4 and 4.0 mm/min,
respectively. At these temperatures the values of J; were smaller, about 30%, than those at RT
for each load-line displacement rate. Up to 200°C the J; increased with increasing loading rate,
but the trend was inversed, that is negative strain rate sensitivity, at the temperature of 296°C.
It was observed that reduction of fracture toughness and negative loading rate dependence
occur at the temperature region of DSA. Also, the lower fracture resistance region with

loading rate is a important characteristic of DSA in fracture behavior.

3. Effect of DSA on LBB Analysis



3.1 LBB Analysis

The evaluation of leakage-size-crack and flaw stability was performed for simple
piping system using material data discussed in the previous section. The sets of material
properties to identify the characteristics of DSA were employed in the analysis as input data.
The J-R curves were extrapolated using a following power-law relationship [11] in order to

get the large amounts of crack growth needed for the analysis.
J=J +CAa" ()

where C and m are fitting parameters. The fitting parameters obtained from the regression of
data points between 0.5 and 2.5 mm in crack extension, and listed in Table 1. It was assumed
that pipe has a circumferencial through wall crack and a dimension of 670 mm outer diameter
and 32 mm thickness. The piping system was operated under 7.3 MPa and 289°C steam, and
was subjected to remote axial tension and bending moment as shown in Fig. 6.

The calculation of crack length for given leak rate was performed using PICEP code
[12]. All calculations were based on the assumptions of a flaw surface roughness of 0.05 mm
and an elliptical circumferential crack which plastic-zone was corrected. For a given load
level, the crack length that produces the desired 37.85 //min (10gpm) leak rate was
determined.

J/T diagram method was employed for evaluation of flaw stability [1]. The elastic-
plastic J-integral estimation formula from EPRI NP-6301-D [13], known as the EPRI/GE
estimation method, was used in the J and T calculations. This method superposes solutions
corresponding to elastic and fully plastic conditions to obtain the elastic-plastic results for
through-wall crack in a pipe. For the case of a through-wall crack in a pipe under remote axial
tension and bending moment loading, the following J-integral estimation equation is used for

the elastic-plastic solution.

J=J,+J,
P M 6 pY" (3)
=ﬁ-m+fb'm+a0'0£0}2(ﬂ—9)~( )-h, [—J

)R
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The individual terms are as described in detail in Reference [13]. The instability point in the
J/T method is found by plotting Jappiiea against Tappiiea and Jmaterial VErsus Tmaterial ON a single
figure as illustrated by a plot showing J versus T in Fig.7. The intersection of the two curves is

the instability point and the corresponding J value is Jing, from which the instability load can

be determined.

3.2 Effect of DSA on the Leakage-Size-Crack

Fig. 8 shows the dependence of leakage-size-crack length on temperature and strain
rate of material properties. The crack length at RT was the largest. The smallest crack length
for same load level was observed at 296°C rather than at 400°C. The variation in crack length
was not linear with temperature, particularly it was clear at 1.39x10™*/s. The crack length
increased with increasing oy, and n, and with decreasing a. The role of o, and 7 is dominant.
Accordingly, the largest value of oy, and n at RT is a cause of maximum crack length.
Although the value of o, at 296°C is larger than that at 400°C, the crack length at 296°C is
smaller. This is owing to small » at 296°C associated with DSA in tensile properties.

In comparing the leakage-size-crack lengths at each temperature, the crack length for
6.95x107%/s at 296°C was larger than that for 1.39x10™/s, whereas crack length at 1.39x10™/s
was larger than that at 6.95x10"%/s for other temperatures. The variation in o;; and o with
strain rate at same temperature is small compared with that in parameter n except for data at
RT. Therefore, the inverse trend of crack length with strain rate at 296°C relates to the
changing of dependence of n on strain rate in the DSA region. Consequently, the strain
hardening characteristic of DSA results in a decreased leakage-size-crack length at 296°C, and

the negative strain rate dependence in DSA region is a cause of increasing leakage-size-crack

length with increasing strain rate.

3.3 Effect of DSA on the Flaw Stability

The effect of loading rate in material properties on the instability load for a given crack
length, 26./C=0.1, was represented in Fig. 9 as a function of temperature. It showed that the
variation of instability load with temperature was similar to that of J-R curve for each loading

rate. The minimum load appeared at a certain range of temperature which depends on loading

rate of J-R data. It shows that a decrease in J-R curve caused by DSA alters instability load
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significantly, although the crack driving force of J-applied decreases due to the enhanced
tensile properties and balances out the decrease in J-material [14].

Also, the effect of strain rate of tensile data on the instability load was observed. In the
temperature below 200°C, the instability load at 1.39x10™/s was smaller than that at 6.95x10"
%/s. Between 200 and 296°C, however, the trend of variation with strain rate was reversed.
According to the results of parametric study, the instability load for a given crack length
increased with increasing oy, and with decreasing o and n. In the lower temperature region,
therefore, an increase in instability load with strain rate is due to high value of o;,. However,
the variation of o, with strain rate is negligible between 200 and 296°C, while the value of n
increases with increasing strain rate. Accordingly, a decrease in instability load with strain rate
is caused by high value of » at high strain rate in this temperature region. The disappearance
of strain rate sensitivity of oy, and positive strain rate sensitivity in n are charactenstics of
DSA in the tensile properties.

Because of the characteristics of DSA in the material properties, the minimum
instability load occurs near the nuclear power plant operating temperature, and the
temperature corresponding to minimum load depends on loading rate of J-R data. In addition,
the DSA decreases instability load with increasing strain rate of tensile data in this

temperature region.

3.4 LBB Allowable Load Window

Figs. 10 and 11 represent the effects of DSA on the LBB analysis as a form of “LBB
allowable load window” [15]. The band between the minimum moment to produce desired
leakage rate and the maximum-allowable-moment for a given crack length is LBB acceptable
region. In these figures, the safety factor for leakage-size-crack length and applied load was
not applied. Fig. 10 shows the LBB allowable region as a function of temperature of material
properties at quasi-static loading condition. The LBB allowable region at 250 and 296°C were
decreased by about 30% compared with that at RT or 350°C. It reflects that DSA reduces LBB
allowable region significantly. Fig. 11 exhibits the LBB allowable region with various
combinations of tensile data with J-R data at 296°C, near the plant operating temperature. The
variation of LBB allowable region with loading rate of J-R data was considerable, whereas the

influence of strain rate in tensile data was negligible. LBB allowable region at loading rate of
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4.0mm/min in J-R data was smaller, about 15%, than that of 0.4mm/min for same strain rate
of tensile data. As shown in Fig. 11, LBB allowable region depends on the loading rate of
material data at plant operating temperature. However, it is very difficult to know loading rate
for practical piping system with certainty. In order to obtain the conservative results in the
LBB assessment, the effects of loading rate on the material behavior have to be investigated
and then the loading condition corresponding to lower bound material properties should be

used for material test.

4. Conclusions

Using material properties in SA106 Gr.C piping steel obtained from various testing
conditions, the evaluations of leakage-size-crack and flaw stability for simple piping system
was conducted to estimate the effect of dynamic strain aging (DSA) in material on the results

of leak-before-break (LBB) analysis. The main conclusions are as follows:

1. The leakage-size-crack length in the dynamic strain aging (DSA) region was smaller than
that at other temperatures. Also, DSA increased the crack length with increasing strain rate.

These are due to the strain hardening characteristic and negative strain rate sensitivity of DSA

in tensile properties.

2. The instability load reduced in the DSA region, and the temperature corresponded to a
minimum load depended on loading rate of J-R data. In this region, the instability load
decreased with increasing strain rate of tensile data. This is owing to a decrease in fracture

toughness, a disappearance of strain rate sensitivity of o;,;, and an enhancement of strain

hardening caused by DSA.

3. LBB allowable region in the range of DSA was decreased by about 30% compared with

that in other region of temperatures. Also, it varied with loading rate of material data at plant

operating temperature.
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Table 1 Parameters of J-R curves obtained from power-law fitting(Aa = 0.5~2.5 mm).

Loading Rate | Temp. (°C) | I; (kJ/mz) C m
RT 153.44 464.7 0.7899
150 115.23 425.0 0.7626

0.4 mm/min 200 97.95 415.5 0.6841
250 102.53 363.4 0.6403
296 131.68 377.9 0.6910
350 148.60 517.1 0.8302
RT 175.74 483.2 0.7604
150 146.42 484.4 0.6957

4.0 mm/min 200 118.85 438.1 0.7420
250 108.96 393.3 0.6479
296 109.55 352.5 0.6125
350 210.28 352.5 0.6889
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Abstract

This paper describes some recent research activities on probabilistic fracture mechanics (PFM)
for nuclear reactor pressure vessels (RPVs) performed by the RC111 research committee of the
Japan Society of Mechanical Engineers (JSME) under a subcontract of the Japan Atomic Energy
Research Institute (JAERI). To establish standard procedures for evaluating failure probabilities of
nuclear RPVs, we have performed PFM analyses for aged RPV under pressurized thermal shock
(PTS) events. The basic problems are chosen from some of US benchmark problems such as
EPRI (Electric Power Research Institute) and US NRC (Nuclear Regulatory Commission) joint
PTS benchmark problems and H. B. Robinson problems. Various sensitivity analyses are
performed to quantify effects of uncertainty of data on failure probabilities. Employed in this study
are four PFM computer codes developed in Japan and in USA.

1. INTRODUCTION

Studies on efficient utilization and life extension of operating nuclear power plants have become
increasingly important since ages of the first-generation nuclear power plants are approaching their
design lives [1]. It is easy to imagine that a practical life of plant might be usually longer than its
design life by considering conservatism embedded in design practices. In order to predict a
remaining life of plant, it is necessary to select those critical components that strongly influence the
plant life, and to evaluate their remaining lives by considering aging effects of materials and other
factors. However, when evaluating reliability of nuclear structural components, some problems are
quite formidable because of lack of information regarding a past operating history, material
property change and uncertainty in damage models. Accordingly, if structural integrity and safety
are evaluated by deterministic fracture mechanics approaches, it is expected that the results obtained
are too conservative to perform a rational evaluation of plant life and to make judgment of life
extension because of accumulation of conservatism of all related factors.

In this regard, the Probabilistic Fracture Mechanics (PFM) has become an important tool [2-4].
The PFM approaches are regarded as appropriate methods to rationally evaluate plant life since it
can consider various uncertainties such as sizes and distributions of cracks, degradation of material
strength due to aging effects, accuracy and frequency of pre- and in-service inspections. For
example, they can be used to improve maintenance or inspection schedule of structural components
of nuclear power plants [5-7]. They are also expected as tools to derive input data for the
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probabilistic safety assessment (PSA) or the probabilistic risk assessment (PRA).

A number of PFM computer programs have been developed and applied in practical situations in

the last two decades [8-22]. Some of the present authors have developed the three-dimensional

(3D) J-integral database based on fully plastic solutions (23, 24) and a fully automated finite
element system for calculating 3D stress intensity factors [25], and performed PFM analyses of
nuclear piping using the database [26, 27). They have also developed an efficient PFM computer
program using a parallel Monte Carlo method [28, 29].

On the other hand, the PFM approaches have some weak points such that PFM analysis results
are hardly verified through experiments. Thus it is key issues to verify the consistency and the
validity of PFM computer programs through the comparison of calculation results of some well
defined benchmark problems [30, 31]. :

In Japan, one research activity on PFM approaches to the integrity studies of nuclear pressure
vessels and piping (PV&P) was initiated in 1987 by the LE-PFM subcommittee organized in the
Japan Welding Engineering Society (JWES) under a subcontract of the Japan Atomic Energy
Research Institute (JAERI), and had continued for three years [31, 32]. The activity was followed
by the RC111 research committee organized in the Japan Society of Mechanical Engineers (JSME)
in 1991, and finished in 1995 [33]. Many researchers from 4 universities, 3 research institutes, 3
utilities, 5 venders and 2 software companies participated the activity. The purpose of the activity
was to establish standard procedures for evaluating failure probabilities of Japanese nuclear PV&P,
combining the state-of-the art knowledge on structural integrity of nuclear PV&P and modem
computer technology such as parallel processing. Within the activity, we have set up the following
three kinds of PFM round-robin problems on (a) primary piping under normal operating
conditions, (b) aged RPV under normal and upset operating conditions, and (c) aged RPV under
pressurized thermal shock (PTS) conditions. The basic part of the last PTS problems is taken
from some of US benchmark problems [30, 34]. For these round-robin problems, various
sensitivity analyses were performed to quantify effects of uncertainty of data on failure
probabilities. Some of the analysis results can be found in elsewhere {28, 31, 35-37].

This paper summarizes some sensitivity studies on aged RPVs under PTS events. Here two
original Japanese PFM computer programs [17, 20] are utilized, together with two US ones such
as OCA-P [12] and VISA-II [15].

2. PFM ANALYSIS PROCEDURE OF RPV FAILURE UNDER PTS EVENTS

A nuclear RPV is typically modeled as a thick cylinder, which is subjected to operating internal
pressure and temperature. There are several scenarios in PTS events. For example, when a
loss-of-coolant accident (LOCA) is occurred, the inner surface of the vessel is suddenly cooled
down by lower temperature water provided from an emergency core cooling system (ECCS). Ifa
LOCA is less severe, i.e. a small-break LOCA (SBLOCA), both thermal tensile stress and
mechanical tensile stress due to the internal pressure are applied to the vessel simultaneously, and
an postulated inner surface crack might start to grow under a certain condition (8, 34, 38, 39]. In
the present PFM analyses, a conditional probability of vessel failure, i.e. crack initiation and vessel
break, under one PTS event is calculated using the Monte Carlo method. The PFM analysis
consists of the deterministic analysis part and the probabilistic analysis one. In the deterministic
analysis part, we first calculate a transient temperature distribution, a transient stress distribution,
and stress concentration, considering a specific transient. In a real situation, the beltline portion of
the vessel is first cooled by the ECCS, and thus the vessel temperature distributes all in the
thickness, axial and circumferential directions. In the typical PFM analyses of PTS events, only a
temperature distribution in the thickness direction is taken into account for the purpose of
simplicity. The thermal stress caused due to such a temperature distribution and the mechanical
tensile stress caused due to the internal pressure are mainly considered. The peak stress caused due
to mismatch between clad and base materials in thermal expansion coefficient is taken into account
as well. If reliable data are available, residual stress could be included in the analysis.

The linear elastic fracture mechanics (LEFM) is basically employed in the present PFM analyses,
so that the stress intensity factor K is calculated. Fracture toughnesses, i.e. crack initiation
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toughness Kic and crack arrest toughness Kia, are regarded as functions of neutron fluence and
temperature of material. Thermal aging effects are not explicitly considered, but are already
included in fracture toughness values together with irradiation embrittlement effects.

Random variables to be considered are initial crack depth and aspect ratio, fracture toughness,
neutron fluence, RTNDT, impurity content of vessel material, and so on. The normal distributions
are assumed for all the random variables except the initial crack depth. If any reliable distributions
are available, they should be employed in the analyses. Otherwise, well known open data found in
literature are used. The number of cracks existing within the vessel could also be a random
variable. To consider such a situation, the Poisson distribution is assumed.

In the present analyses, the probability of crack initiation exceeding a Klc value and that of vessel
break, i.e. the K value of a growing crack exceeding a Kia value are calculated. As optional
calculations, fracture at an upper shelf toughness area, plastic collapse of uncracked ligament and
warm prestress effects are considered.

3. PFM CODES AND ANALYSIS PROBLEMS

Four PFM computer programs are employed in this study. The two of them, i.e. PROFMAC-II
[17] and MHIPFM (20] are Japanese codes, and the others are US codes, i.e. OCA-P [12] and
VISA-II {15]. PROFMAC-II is developed by Central Research Institute of Electric Power Industry
(CRIEPI), while MHIPFM is developed by Mitsubishi Heavy Industries Ltd. (MHI). All the
codes adopt the Monte Carlo method.

Two sets of round-robin problems are analyzed in the present study. The one is taken from the
PTS benchmark study organized by both EPRI and US NRC in 1992 [30]. The other is taken
from US H. B. Robinson problems [34], which were solved by Oak Ridge National Laboratory
(ORNL) in 1985 using OCA-P. In the latter analyses, vessel failure probabilities were calculated
for 28 postulated transients of the reactor.

The EPRI/NRC PTS benchmark problems originally include thirteen cases and some additional
special cases, which were set up to clarify the difference of the existing US PFM codes. Main
features of the basic cases named Al and B1 can be summarized as follows :

(a) No cladding is assumed.

(b) Exponential decay of coolant temperature with time is assumed.

(c) Coolant-wall heat transfer coefficient and internal pressure are assumed to be
time-independent.

(d) Axial (case Al) and circumferential (case B1) infinitely long cracks are assumed.

(e) Orginal OCTAVIA crack depth distribution [8] is assumed.

(f) RTNDT shift and through-wall fluence attenuation in US Regulatory Guide 1.99 Rev.2 [(40]
are assumed.

(g) Kic and K1a criteria are employed as crack initiation and crack arrest criteria, respectively.

(h) Upper-shelf toughness of 220 MPaVm is employed.

(i) No warm prestress (WPS) effect is considered.

Main features of the H.B. Robinson problem are as follows :

(a) Cladding is considered.

(b) Temperature, coolant-wall heat transfer coefficient and intemnal pressure are
time-dependent, and specific to each of postulated transients.

(c) Auxial infinitely long crack is assumed.

(d) Marshall distribution of crack depth and Marshall crack detection probability (41] are
employed.

(e) RTNDT shift of Guthrie equation [38] and through-wall fluence attenuation in US
Regulatory Guide 1.99 Rev.2 [40] are assumed.

() Kic and Ki1a criteria are employed as crack initiation and crack arrest criteria, respectively.
(g) No WPS effect is considered.
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One of the 28 postulated transients, called case "9.22B" assuming a main steamnline break event,
was adopted in the present study.

To evaluate K values for a crack subjected to arbitrarily distributed thermal loading, so called
influence function methods are useful. Ref. [42] gives the influence functions for infinitely long
axial cracks and those for fully circumferential cracks. Ref. [43] presents the influence functions
for a semi-elliptical surface crack in the axial direction in cylinder. Ref. [15] presents the influence
functions similar to those of Ref. [42], but taking into account cladding. In the present study,
those functions are adopted.

4. COMPARISON STUDY OF FOUR PFM CODES

The EPRI/NRC PTS benchmarking problems were first analyzed using the following three PFM
codes, i.e. PROFMAC-II [17], OCA-P [12] and VISA-II [15]. The analysis results of case B1,
i.e. conditional break probability vs. neutron fluence, are shown in Figure 1. The figure show
fairly good agreement.

Next the transient "9.22B" of H.B. Robinson PTS problem was calculated using OCA-P and
MHIPFM [20]. The conditional break probability of an original ORNL analysis [34] was 3.61 x
10", while those of the present analyses are 4.38 x 10™ (OCA-P) and 4.87 x 10™ (MHIPFM).
Although the present analysis results are slightly higher than that of the ORNL analysis, they agree
well among others in an engineering sense. This slight difference might be caused due to some
error of input data. Coolant temperature, heat transfer coefficient and pressure are not given in any
numeral forms in the original literature [34], and then we took these data from the figures.

These results clearly demonstrate that the Japanese and US PFM codes are reliable to perform the
present study.

5. SENSITIVITY ANALYSES

Using the four PFM codes, various sensitivity analyses are performed on the two sets of PTS
problems in order to quantitatively evaluate effects of input data on failure probabilities of RPV
under PTS events. The input data studied are initial crack shape, the probabilistic distribution of
initial crack depth, cladding, RTNDT shift, impurity content, the through-wall distributions of
matenial properties, preservice inspection (PSI) and warm prestressing.

5.1 Effects of Initial Crack Shape

Using VISA-II code, we examined effects of initial crack shape on failure probabilities, solving
the EPRI/NRC PTS benchmarking problems. Figure 2 shows calculated break probabilities for
axial crack cases. Here an infinitely long axial crack and semi-elliptical surface cracks with four
different aspect ratios, i.e. 2, 6, 10 and 100, are assumed. The figure shows that as increasing the
crack aspect ratio, break probability increases, and that assuming an infinitely long crack gives the
largest break probability. When assuming an aspect ratio of 6, the results are very close to those of
the infinitely long crack cases. We performed similar sensitivity analyses for circumferential crack
cases, and found the same tendency. There are very few data on probabilistic distributions of crack
aspect ratio in literature. Only a normal distribution and a log-normal one proposed by LLNL [13]
are often utilized. These distributions suggest that the averaged aspect ratio ranges 2 to 3.

5.2 Effects of Initial Crack Depth

Several probabilistic distributions of initial crack depth have been proposed and used in PFM
analyses. Figure 3 shows six kinds of typical distributions, i.e. (a) & (b) the upper and the lower
limits of the Lorence Livermore National Laboratory (LLNL) distribution (9], (c) Marshall
distribution {41], (d), (¢) Weibull and log-normal distributions of Brueckner-Foit model (10] and
(f) OCTAVIA distribution [8). Figure 4 shows calculated break probabilities for axial crack cases,
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adopting the six distributions shown in Figure 4. Analyzed here are again the EPRI/NRC PTS
benchmarking problems. VISA-II code is used. Figure 4 shows that the discrepancy among the six
results ranges over two orders of magnitude. The upper limit of the LLNL distribution, the
Marshall distribution and the lower limit of the LLNL distribution give almost the similar and
highest results among the six distributions. Although there are some research activities to obtain
plant-specific distributions of crack depth using pre-service / inservice inspection (PSV/ISI) data
[44], it is still popular to use open data in literature. The Marshall distribution may be the most
popular one. Figure 4 suggests that using the Marshall distribution gives us reasonably
conservative results for PFM problems of PTS events. Further detailed discussions on effects of
crack depth distributions on failure probabilities can be found elsewhere [35, 36].

5.3 Cladding Effects

Using the influence functions for K values in refs. [15, 42], we examined cladding effects on
failure probabilities. PROFMAC-II is used here. Figure 5 shows calculated break probabilities.
Here axial cracks are again assumed. Case Al (without cladding) and case A1l (with cladding) of
the EPR/NRC benchmarking problems are solved. Figure 5 clearly shows that considering
cladding raises break probabilities by about one order of magnitude. - Since any influence functions
for a circumferential crack with cladding have not been developed, cladding effects are still not
clearly understood in such cases. As conclusions, cladding effects have to be taken into account.

5.4 Effects of RTnoT Shift

VISA-II code employs the three kinds of RTNDT shift equations, i.e. (a) the modified Gathrie
equation [42], (b) Randall equation [12] and (c) the equation in US'Regulatory Guide 1.99 Rev. 2
(40]. (d) One Japanese equation is also proposed in JEAC4206 [45]. In the original EPRI/NRC
benchmarking problems, the equation of (c) was employed. In the present study, case Al
(infinitely long axial crack) is solved assuming the above four RTNDT shift equations. VISA-II
code is utilized. The analysis results show that equations of (b) and (c) give almost the same
results, while (a) and (d) give almost the same results. The four results range within a few factors
difference. In other words, any of the above four equations for RTnDT shift can be used.

5.5 Effects of Impurity Content

Impurities such as Cu and Ni are known to have large influence to the estimation of neutron
irradiation embrittlement of vessel materials. According to the RTNDT shift equations mentioned
previously, Cu content affects RTNDT shift value more directly than Ni content. Then influences of
Cu content were examined in detail, solving the EPRI/NRC benchmarking problems with OCA-P
code.

Figure 6 shows calculated break probabilities plotted against wt. % of Cu content. The variation
range of Cu content in the figure corresponds to the actual data for the base metals of US RPV
materials. The figure clearly illustrates that the variation of Cu content significantly influences
break probabilities, and that the break probability for Cu content of 2.2 wt.% is more than two
orders greater than that of 1.2 wt.%.

5.6 Through-wall Distribution of Material Properties

As pointed out in the report of the EPRI/NRC PTS benchmarking study [30], one of the largest
differences among various PFM codes for PTS problems was caused due to the difference in
modeling the through-wall distribution of material properties such as Kic, Kia and RTNDT shift.
The question arisen was whether deviations of these properties from their mean values are
resimulated at every steps of crack propagation or not. When this problem was solved at the first
time, VISA-II resimulated all of the three material properties at every steps of crack propagation

(Procedure 1), OCA-P resimulated only Kic and Kla values (Procedure 2), and WPFM (11]
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resimulated none of them (Procedure 3), i.e. fixed these material properties during crack
propagation. Since WPFM estimated the highest failure probability, Procedure 3 was finally
recommended as the standard procedure.

In the present study, the effects of the modeling of the through-wall distribution of the three
material properties are again examined using OCA-P and VISA-II codes. Figure 7 shows
calculated break probabilities for the three different procedures. The difference between the results
of Procedures 1 and 3 is of more than one order of magnitude, and Procedure 3 gives the highest
break probability. Conservatism embedded in Procedure 3 is a strong motivation to adopt this
procedure as standard. However, further investigation is still required since there is not any
physical basis for this procedure.

5.7 Effects of PSI

Recently, a new data on probability of non-detection of crack, i.e. Arakawa equation, which is
for UT-based PSI, was proposed in Japan [46], based on a number of experimental data. The
Marshall equation [41] is also popularly used. These data are shown in Figure 8. Here Arakawa
(inner) means the data for embedded cracks, while Arakawa (surface) means the data for surface
crack. The EPRI/NRC benchmarking problems of axial crack cases are solved, assuming the three
different PSIs of Figure 8. PROFMAC-II is used here. Figure 9 shows the analysis results. For
the purpose of comparison, the figure also shows the results without any PSI. Figure 9 shows
that PST with the accuracy of Arakawa equations reduces break probabilities significantly, i.e. two
to three orders of magnitude. In Japan, UT-based PSI is applied to a whole volume of vessel, and
X-ray based PSI is further applied to welded portions. Considering the fact that actual cracks are
generally embedded, the Arakawa equation for embedded cracks seems a reasonable choice as
standard in Japan.

5.8 WPS Effects

The warm prestressing (WPS) effect has been well verified through various experiments.
Nevertheless, most of integrity assessments for PTS events are performed without considering this
effect. Neither PFM problems employed in the present study originally take the WPS effect into
account. The effects are here evaluated, assuming that a crack does not begin to propagate when
the K value is in a decreasing process. Figure 10 shows break probability for the axial crack case
of the EPRI/NRC benchmarking problem. Figure 11 shows that of the H. B. Robinson problem.
In both problems, failure probability reduces by considering WPS effects. In the H. B. Robinson
problem, such a reduction effect is not so significant, while failure probability reduces by nearly

two orders of magnitude in a lower neutron fluence region in the EPRI/NRC benchmarking
problem.

6. CONCLUSIONS

Benchmarking study using the four different PFM codes, i.e. two Japanese and two US's, were
performed, and the consistency of the codes were verified. Using these codes, some sensitivity
analyses were conducted to quantitatively evaluate the influences of the input data, i.e. (a) initial
crack shape, (b) the probabilistic distribution of initial crack depth, (c) cladding, (d) RTNDT shift,
(e) impurity content, (f) the through-wall distributions of material properties, (g) pre-service
inspection (PSI) and (h) warm prestressing. It is clearly shown that in most cases, these data affect
failure probabilities significantly. Therefore, we should use in the PFM analyses as reliable input
data as possible. However, if any reliable data are not available, the data resulting in most
conservative results could be chosen, referring the analysis results presented in this paper. In order
to establish standard procedures to evaluate best estimates of failure probabilities of nuclear PV&P

components, we will continuously improve the round-robin problems and accumulate sensitivity
analysis results.
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Abstract

The compartive investigations of forgings by three steel-making procedures of SA
508 class 3 have proven that vacuum carbon deoxidation(VCD) offered low toghness
properties, even though the toughness met the required values. The toghness
properties of the steel by VCD were closely related with the cooling rate from the
solution treating temperature. To obtain the secure toughness for the VCD steel, the
recommendable minimum cooling rate from the austenitizing temperature is 15C/min.
The modified VCD steel by adding aluminium and silicon-killed steel were though
obtained the secure toughness properties. The fracture toughness(Kic) was
significantly improved by the silicon-killing and the modified VCD. These wecre
resulted from the fine austenitic grain size. It is observed that the grain size was
below 20um when using the modified VCD and silicon-killing, and that was 50um
when using VCD.

Introduction

The Reactor Pressure Vessel(RPV) of the pressurized water reactor nuclear power
plants is manufactured using forgings and plates in manganese-nickel-molybdenum
low alloy steel designated according to the ASME/ASTM standards SA 508 class 3
and SA 533 Type B class 3. This steel is manufactured by silicon-killing or VCD.
However, since the influence of the steel-making practices on the toughness
properties of the RPV steel has not been systematically investigated[l, 2], we have
studied to improve the toughness properties of the forged steel for RPV through the
steel-making procedures. It has been investigated the effects of cooling rate at
austenitizing temperature on the Charpy impact resistance of the 2 1/4Cr-1Mo steel(3,
4), however, few report for the SA 508 class 3 steel has been found(5].

Therefore, the effects of the steel-making procedures on the toughness properties
of the SA 508 class 3 steel were investigated by using several shell forgings, which
were manufactured by three steel-making methods. The first is the VCD, the second
is the modified VCD by adding aluminium, and the third is the silicon-killing method.
The effects of cooling rate from the solution treating temperaturc on the toughness



properties were also studied because the secure toughness properties in the VCD
steel had not been obtained.

Experimental Procedures

Several shell forgings for RPV of 1000 MWe nuclear power plant were
manufactured by using conventional hot pierced ingots. The applied steel-making
procedures are VCD, modified VCD by adding aluminium, and silicon-killing. The
chemical compositions of the examined steel are indicated in the Table 1. The forged
shells were normalized at 900TC, quenched in water at 880~900TC and then tempered
at 650T. The simulated post weld heat treatment for the test blocks was executed
for 32h at 620~630C. The cooling rates were measured at various locations of the
shell with attached thermocouples during quenching. In order to examine the cffects
of cooling rate on the Charpy V-notch impact properties for the VCD steel, the
cooling rates of the specimens were varied from 1T/min to 150C/min. The heat
treating conditions of the specimen manufactured by VCD method are described in
Table 2.

The influence of steel-making procedures on the Charphy V-notch impact
properties of the SA 508 class 3 steel has been examined at through-thickness of the
shell. The nil-ductile transition temperature(Tnpr) by the drop weight test and
fracture toughness were examined at 1/4-thickness of the shell thickness. The
fracture toughness(Kic) values were converted from the Jic tested at room
tempernture, that is, Kic = [ E - Ji/(1 - v®) 1%, where E is Young’s modulus and Vv
is Poisson’s ratio.

Results and Discussion

The tensile properties of the SA 508 class 3 steel manufactured by three
steel-making methods were measured at 1/4-thickness of the shell. These results are
described in Fig. 1. From the these results it seems that the tensile properties are
not related with the steel-making procedures for this steel. However, the elongation
was slightly improved by the silicon-killing, while the tensile and yield strength were
almost same regardless of the steel-making methods.

The Charpy V-notch impact transition curves of the SA 508 class 3 steel with
steel-making methods in the tangential and axial direction are shown in Fig. 2 and
Fig. 3, respectively. These are the typical results obtained at 1/4-thickness of the
shell for RPV. From these results the 68Joule(50ft-lb) energy transition
temperature(vTrs) and 50% shear fracture appearance transition temperature(FATTso)
are summarized in Table 3. The vTres and the FATTs of the VCD steel were
higher than those of the modified VCD and silicon-killed steels. Furthermore, the
deviations of vTres and FATTs of the VCD steel were larger than those of the
modified VCD and silicon-killed steels.
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The life-time of the RPV is limited because of the core area embrittlement, so the
resistance against fast fracture of the SA 508 class 3 steel shell is indexed by the
means of the reference nil-ductile transition temperature(RTnpr). Fig. 4 shows the
variations of various transition temperatures of the SA 508 class 3 steel for RPV
with steel-making processes. From this result silicon-killed steel has the best values.

The fracture toughness(Kic) of the SA 508 class 3 steel was significantly
improved by the silicon-killing and modified VCD. The Kic values of forgins by the
VCD, modified VCD and silicon-killing at room temperature are 426, 574 and
665MPalm, respectively.

It is suggested that these were resulted from the reducing of sulphur content and
the fining of the austenitic grain size. It was analyzed that the sulphur contents of
the VCD, modified VCD and silicon-killed steel were 0.004, 0.0035 and 0.002%,
respectively. Therefore, the contents of deliterious sulphidic non-metallic inclusion for
the fracture toughness and Charpy impact resistance might be reduced by decreasing
the contents of sulphur. It was observed that the grain size was 20um when using
the modified VCD and silicon-killing, and that was 50um when using VCD.

Many investigators(l, 2] have been studied the effects of the steel-making
methods on the mechanical and metallurgical properties of a steel. P. Bernabei et al(l]
are recommended VCD process for the SA 508 class 3 steel, regardless of the
deoxidation practice, for a given grain size, Charpy V-notch impact energy at 44T
after welding is always higher than in quenched and tempered condition. Comparing
the steel manufactured by the three steel-making methods, they observed that the
VCD heat showed the best FATTs and absorbed energy values. However, when the
heavy wall thick steel is manufactured by VCD, the grain size is coarsened and the
secure toughness properties are not obtainable. Therefore, many a forgemasters have
been preferred to add aluminium or deoxidize by silicon to manufacture the better
forging shell for RPV.

Fig. 5 shows the variations of vTres and FATTs with cooling rate of the SA 508
class 3 steel by VCD. The cooling rates were measured between 800T and 500T,
which is the range of bainite trasformation temperature in this steel. From the
results the transition temperatures of the vTres and FATTs were lowered as the
cooling rate increased. The Charpy V-notch impact energy at 4.4T(E4s) were also
improved as the cooling rate increased. The variations of E44 with the cooling rates
are shown in Fig. 6. When cooling rate at 880TC was 1TC/min, the ferrite content of
about 20% was observed. However, when the cooling rate is above the 10.1C/min, it
was not observed any ferrite phase as shown in Fig. 7. In case of 10.1T/min in
cooling rate, the Charpy impact resistance was though satisfied the required
conditions, but its values were low margin states. From these results, in order to
obtain the secure Charpy V-notch impact properties in the SA 508 class 3 steel for
RPV, it is suggested that the recommendable minimum cooling rate from
austenitizing temperature to bainite finish temperature is 15C/min.

Moreover, the influences of the double heat treatment on the Charpy V-notch
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impact properties of this steel were also examined, and these effects were shown in
Fig. 5 by open indicators(O, 4). The double heat treatment means the repeated
process of quenched and tempered treatment. When double heat treatment for this
steel was performed, the transition temperatures and impact energy were improved.
Fig. 8 shows the grain sizes of the single heat treated and double heat treated steel.
The grain size of the double heat treated steel is finer than that of the single heat
treated one. It may be resulted from the new grains formed at prior austenitic and
bainitic lath colony boundaries via dissolution of the two phase(a + Y) duplex
structure which had formed on heating.

Concluding Remarks

The tensile properties were almost same regardless of the steel-making for the
SA 508 class 3 steel, though the elongation was slightly improved by the
silicon-killing. Comparing the 68 Joule energy, 50% shear fracture appearance, and
reference nil-ductile transition temperature(vTre, FATTs and RTwnpr) of the steels
manufactured by the VCD, modified VCD and silicon-killing methods, the silicon-killed
steel has the best properties. The fracture toughness(Kic) was significantly improved
by the modified VCD and silicon-killing. The are resulted from the fining of austenitic
grain size. The toughness properties of the steel by VCD were closely related with
the cooling rate from the solution treating temperature. To obtain the secure
toughness for the VCD steel, the recommendable minimum cooling rate from the
austenitizing temperature is 15C/min.
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Table 1. Chemical compositions of the SA 508 class 3 steel used in study.

u Cemical composition (wt%)
Heat C Si Mn P S Ni Cr Mo \' Cu Al As Sn Sb
VCD 0.18 0.075 1.35 0.0055 | 0.004 0.78 0.135 0.525 | 0.0055 | 0.055 | 0.0055 | 0.0032 | 0.0025 |0.00095
Modilied 02 | 008 | 1.35 |00075 00035 | 083 | 0.155 0.004 | 004 | 0.013 | 0.0044 | 0.0035 | 0.0009
Si-filled 0.21 0.24 1.36 0.007 0.002 0.92 0.21 0.49 0.005 0.03 0.022 | 0.0034 | 0.0025 | 0.0007
Table 2. Heat treatment of the SA 508 class 3 steel used in study.
o COO]I(Z(E)ORitgo(()E/)mm) Heat Treating Condition
cln Ist ond Austenizing Tempering PWHT
Tem.(T) Time(hr) Tem.(T) Time(hr) Tem.(T) Time(hr)
~ As Received 880 6.5 625 6.5
885 55 665 9 625 40
A 1 880 2 650 10 610 31
B 10.2 880 2 650 10 610 31
. . C 20.1 880 2 650 10 610 31
S"“H“;:t“’“ D 278 880 2 650 10 610 31
Treatment E 150 880 2 650 10 610 31
B+B 10.1 114 880 2 650 10 610 31
C+C 20 18.2 880 2 650 10 610 31
D+C 25.6 20 880 2 650 10 610 31
. . Cooling Rate at Various Thickness
Cooling Rate in the Out Surface 1/8t Out Surface 1/4t Out surface 1/2t Inner Surface 1/4t
Real RPV Shell
100C/min 39T /min 22.5C/min 26 C/min




Table 3. The nil-ductile transition temperature(Tnor), 68 Joule transition temperature(vTrss) with
the steel-making practices of the SA 508 class 3 steel.

Yield and Tensile Strength(MPa)

_ . . Transition Temperature(T)
Steel-making Practices Toor v Tres
VvCD -12 ~ -18 -4 ~ -15
Modified VCD -23 ~ -35 -29 ~ -36
Silicon-killing -23 ~ -29 -31 — -48
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Fig. 1. Comparison of tensile properties of the forged SA 508 class 3 steel for the reactor
pressure vessl with steel-making method.
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Crack Shape Evolution of Surface Flaws

under Fatigue Loading of Austenitic Pipes
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From the results of fatigue crack growth and fracture tests of a Ni-Fe base superalloy (Incoloy
908), an improved fatigue life analysis model has been derived from the framework of
Newman and Raju. For a plate geometry with an initial semi-elliptical surface crack in its
thickness direction, the new model can predict the evolution of crack aspect ratio for a wide
range of initial crack geometry for Incoloy 908 that has been considered as a primary
candidate for the ITER central solenoid conduit. The fmproved model is applied to the
ITER central solenoid magnet life prediction. The model predicted the conduit fatigue lives
that are about two times the values obtained by assuming the constant aspect ratio during the
crack growth, for both free-standing and bucked against central solenoid designs. Therefore

the realistic modeling is recommended for the future magnet conduit designs.

1. Introduction

The fatigue crack growth behavior and fracture mechanics properties of a nickel-iron base

superalloy (Incoloy 908) have been presented for a temperature range from 298 K to 4 K [1].



The material used for property measurement had a processing history that simulates the
anticipated manufacturing schedule of a central solenoid magnet conduit for the International
Thermonuclear Experimental Reactor (ITER) [2]. The Conceptual Design Activity
(CDA) of the ITER has shown that the plasma pulse-cycle life was limited due to fatigue
crack growth phenomenon in the superconductor conduit when a free-standing coil design
was used for the central solenoid [3]. During the Engineering Design Activity (EDA), the
BACS (Bucked Against Central Solenoid) design has been adopted in order to alleviate
tensile load and hence the fatigue impact on the conduit. At the bottom and top ends of the
central solenoid, however, the bucking is not accomplished due to the configuration of the
toroidal field coils. Hence, the EDA design analysis must ensure that the fatigue crack

growth in the conduit will not limit the ITER system life.

Fatigue analysis during CDA was based on the assumption that a semi-elliptical surface crack
will grow in the conduit thickness direction with a constant aspect ratio (crack depth/crack
half length) until the final fracture. The fina! fracture was pfedicted based on the linear
elastic fracture mechnics (LEFM). The fracture mechanics measurements for Incoloy 908
showed twe significant deviations from the CDA design models in that 1) the aspect ratio of a
surface crack changes systematically with crack growth and 2) the plasticity involved in the

final fracture is too extensive to apply the LEFM approach [1].

Since the accuracy in fatigue and fracture analysis of superconducting magnet structure
impact directly on both reliability and economy of the future nuclear fusion system, the
development of refined design models are desirable. In this paper, we present an improved
design model for fatigue analysis of Incoloy 908 conduit based on the property measurement
and data analysis. The model is then applied to the current central solenoid design and the

implication of the improved prediction results on the ITER magnet R&D has been discussed.

6-2



2. Fatigue Crack Growth Model Development

The fastest fatigue crack growth is expected to take place in the conduit thickness direction
from the initial surface flaw with a semi-elliptical geometry, as shown in Figure 1.
Although the initial flaw is likely to be associated with welds, the model development is
based on the currently available data of Incoloy 908 base metal. Newman and Raju showed

that surface crack growth can be predicted by applying Paris Law to each of the transverse

and thickness direction, as follows[4];

dc m

d—N—CB(AK) 0
da

=2 _C, (AK)™

=G (&) "

where dc/dN and da/dN are the crack growth per stress cycle expressed in mm/cycle, and
constant CA, CB and m are the material constants, and AK is the amplitude of stress intensity

factor during a fatigue cycle. They also developed the stress intensity factor for the semi-

elliptical surface crack in Ref. [4].

In the surface cracked tension test of Incoloy 908, crack length at surface was measured using
an optical microscope. Table 2 shows the test data for two tension fatigue tests (#203 and
#204) started from a semi-circular EDM notch which have more measurement data points
than other tests. Using these data, dc/dN is computed after Eq. (1) where the exponent m is
set to 3.0 for the temperature range from 298 K to 4 K, based on our earlier fatigue test results
with compact tension specimens [1]. The calculation of stress intensity factor, K, after
Newman and Raju equation [4] at ¢ = 90° (A) and = 0°( (B) requires the crack aspect ratio
value. Since these tests showed final aspect ratio values different from the initial of 1.0, the
estimation of CB is possible by assuming two diffrent values, i.e., the initial and the final
values. Two different CB-values are then geometrically averaged to determine the constant,

as follows;
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Cg = +Cy-C, =4.06x107° .( mm / Cycle)(MPaym )~

Thus we obtained the Paris Law model for a surface crack growing in the transverse direction

in Incoloy 908 plate, as follows;

dc

- = 4.06x107% x (AK )30 (mm / Cycle) 3)

Figure 1 compares the surface crack data with Eq. (4) as well as Paris Law correlation of
compact tension specimens obtained for Incoloy 908 at room temperature. The correlations

for two specimen designs agree to each other within a factor of two.

For the development of da/dN, Newman-Raju suggested to apply a correction factor of 0.9 on
the stress intensity factor calculated for the point B of Fig. 1 after Ref. [4], in order to better

fit to experimental data such that the coefficient Ca can be determined from Cs by;

1
0.97

Table | summarizes the surafce cracked tension test results for a wide range of aspect ratio.

A Ce

Low aspect ratio data were obtained by bending fatigue loading[l]. To derive the
appropriate correction factor for Incoloy 908 from experimental data, the coefficient Ca is

assumed to be;
1
C, =—0~C,
am

By the least square fitting of the data set, a is determined to be 0.904. This value is almost

the same as 0.9 used by Newman and Raju[4]. Finally Eq.(2) becomes ;

da

Eﬁ=5.5x10_9x(AK)3‘0 .( mm/ Cycle) (4)

Using the final fatigue crack growth analysis model given by Egs.(3) and (4), the entire
surface cracked tension data set of Incoloy 908 that included both testion and bending tests

are predicted reasonably well, as shown in Fig 3.

Using the model for Incoloy 908, the fatigue life of test specimens in Table 2 was calculated.



The measured and calculated fatigue life to reach the final measured crack depth is shown to
agree to each other with the maximum error of about 50%, as shown in Figure 4. The fact
that Incoloy 908 behavior agrees well with the model in Ref.[4] suggests that the base metal

has fairly uniform mechanical properties in both a- and c- directions.

3. Application to Fusion Magnet Design Analysis

ITER CDA Central Solenoid Design

In the ITER CDA, the fatigue life in the central solenoid conductor conduit was calculated
by assuming an initial surface flaw with an aspect ratio (a/c) of 0.2. The design requires a
total of 40,000 plasma pulse cycles. During each plasma pulse cycle, two tensile loading
cycles are involved ; one associated with the pre-bias and the other with the end of
burn(EOB). The stress during each loading cycle ranges between a peak value and a
minimum of zero. The geometric and material properties of central solenoid conductor

conduit used for the CDA analysis are listed in Table 3.

In order to examine the effect of evolving aspect ratio during crack growth on fatigue life,
the calculation is made by applying the new correlations of Eqs.(3) and (4) while assuming
Incoloy 908 as the conduit material. Although Egs. (3) and (4) were obtained from the
fatigue test at room temperature, these are applied to the magnet operation temperature of 4
K. As the fatigue crack growth rate of Incoloy 908 is lowered by a factor of two at 4 K, the
use of room temperature model would result in pessimistic predictions[1]. The EOB stress
is assumed to be 0.8 times the pre-bias stress. The results of calculation are compared for
the case of a fixed and changing aspect ratio in Table 5. From these results, it is shown that
the new model allowing the evolution of aspect ratio with crack growth predicted about two
times the cycle life of the case with the constant aspect ratio. Therefore the realistic
treatment of surface crack growth leads to a signiﬁcant gain in the design life compared with

the constant aspect ratio model. -



ITER EDA Central Solenoid Design

In the ITER EDA(Engineering Design Activity), Incoloy 908 is assumed as the central
solenoid conduit material, and other design parameters are listed in Table 4. It is evident that
the BACS design significantly reduces stress and fatigue burdens. The design requirement of
operational cycle is a 100,000 stress cycles that corresponds to a 50,000 plasma pulse cycles
with a safety factor of 2. This value of cycle correspond to a 200,000 stress cycles when pre-
bias stress and EOB stress are considered. In this case, EOB stress is also assumed to be 0.8
times the pre-bias stress as in the previous CDA case. The results of predicted conduit
lifetime is shown in Table 5. When the aspect ratio is assumed to remain constant during the
crack growth, the predicted fatigue life is about 180,000 cycles. When the aspect ratio
evolution is taken into account using Egs. (3) and (4), the life is predicted to be about 395,000
cycles. The new prediction, thus, shows that the design requirement of ITER EDA is

satisfied with a significant margin, with the BACS design.

5. Conclusion

Fatigue behavior of surface cracks in a superconductor conduit material, a Ni-Fe superalloy,
is predicted based on an empirical model that takes account of the evolution of crack shape
during the crack growth. The model predicts that the aspect ratio (a/c) of surface flaws
asymptotes to 1.0, i.e., to a semi-circular geometry under the cyclic tension loading during
plasma pulse cycling of fusion magnets. The measured fatigue lives of Incoloy 908 surface
cracked tension specimen agree well with the model prediction within a factor of two. The
results implicate that fatigue life can be predicted at the greater accuracy by taking into
account of evolving aspect ratio with fatigue crack growth. The consideration of the aspect
ratio evolution of surface crack during fatigue cycle results in an increase in the calculated
cycle life of the conduit material by more than a factor of two, when applied to the central
solenoid magnet design for the International Thermonuclear Experimental Reactor (ITER).

Nevertheless the Bucked Against Central Solenoid(BACS) design is required to meet the
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ITER design requirement on fatigue life.
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Table 1. Surface cracked tension test results for a wide range of aspect ratio.

Spec. i’;:g:’:g Initial | Initial | Final | Final | Thickness | Width i:‘g:‘:g
NO. Type a(mm) | 2¢(mm) | a(mm) | 2¢(mm) | t(mm) b(mm) (kN)
#201 | Tension | 0.89 176 | 1218 | 2.55 5850 | 12295 | 356
202 | Tension | 0.864 | 1.778 | 139 | 3.15 5.80 12725 | 267
#2035 | Tension | 0.864 | 1.804 | 1854 | 4.266 6275 | 12700 | 29.8
#204 | Tension | 0.864 | 1.778 | 2.996 | 6.552 6250 | 12.700 | 26.7
205 | Tension | N/A | NA | NA | NA 6225 | 12675 ] 356
#206 | Bending | 0.127 | 2.54 | 1320 | 4.038 6350 | 12.700 3.0
#207 | Bending | 0.127 | 2.54 | 1.778 | 4.826 6150 | 12.675 30
#208 | Temsion | 0.127 | 249 | 0864 | 2972 5925 | 12675] 356

Table 2. Test data for two tension fatigue test(specimen #203 and #204)
conducted at 10 Hz and R=0.1 at room temperature.

Specimen #203 Specimen #204
. Cycles,N Crack Length . Cycles,N Crack Length

Point (Nyumber) 2c,(mm)g Point (Nyumber) 2c,(mm)g

l. 16,000 not yet 1. 25,000 not yet

2. 21,000 1.84 2. 41,000 2.73

3. 26,000 2.64 3. 55,000 3.24

4. 30,000 2.80 4. 71,000 3.994

5. 35,000 2.88 5. 82,000 4.10

6. 42,000 3.44 6. 92,000 441

7. 47,000 3.60 7. 100,000 5.38

8. 51,000 4.00 8. 105,000 5.66

9. 53,000 4.08 9. 111,0000 6.55

10. 55,000 427 Anore © load pin break/replaced here




Table 3. Geometric and material properties of the Central Solenoid conduit used
in the fatigue calculation for ITER CDA design.

Parameter Used data
| Material Incoloy 908
Material Condition Base metal, reaction heat treatment 650 C/200h
Conduit Thickness 3 mm
Conduit External Width 30 mm
Fatigue Peak Load (R-ratio) 450 MPa (0)
Initial Crack Shape Semielliptical surface flaw under pure Mode I loading
.. . a=0.15mm
Initial Crack Size ‘ c =075 mm
Fatigue analysis safety factor on lifetime |2

Table 4. Geometric and material properties of the Central Solenoid conduit used
in fatigue calculation for the ITER EDA design.

Parameter Used data

Material Incoloy 908

Material Condition Base metal, reaction heat treatment 650 °C/200 h
Conduit Thickness 5.5 mm

Conduit External Width 50.5 mm

Fatigue Peak Load (R-ratio)

238.3 MPa (0.188)

Initial Crack Shape Semielliptical surface flaw under pure Mode I loading
. Y a=0.275 mm

Initial Crack Size c=1375mm

Fatigue analysis safety factor on lifetime |2

Fracture analysis safety factor on K 1.5

Table 5. Results of calculated fatigue life of the Central Solenoid conduit for

ITER CDA and EDA design.
CDA EDA
Calculation Method allowable allowable allowable allowable
plasma CS-pulse plasma CS-pulse
pulse cycle cycle pulse cycle cycle
Design requirement
(considering safety factor of 2) 80,000 160,000 100,000 200,000
constant aspect ratio model 21,000 42,000 180,000 360,000
(a/c=0.1)
Present model ((a/c)=0.1) 45,000 90,000 395,000 790,000




Fig. 1 Surface flaw with a semi-elliptical geometry in finite plane.
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Fig. 2 Crack growth rate in transverse direction vs. Stress intensity factor and
predicted power-law curve for SCT specimen #203 and #204 and Paris law correlation
of compact specimens obtained for Incoloy 908 at room temperature.

6-12



1.00 —

0.80 }—
- /'
) | —— #201 predicted
060 ,/ : -+ #201 measured
' ba !~ — — #202 predicted
o g | L3 #202 measured
K| / oo - #203 predicted
N (=] #203 measured
040 \— / — - — #204 predicted
,I [ ] #204 measured
- / — - - — #208 predicted
' A #208 measured
0.20 |-/ .
L {
0.00 1 | . L | . | . |
0.00 0.20 0.40 0.60 0.80 1.00
a/B
(a)
1.0 —
i e
- l, — — — #206 predicted
i -+ #206 measured
08 L— . #207 predicted .
< #207 measured
9‘ !
- ,’-%-: -
06
o /
ool
0.4 (— /'
02 |—/
/
/
&
0.0 1 l 1 l L 1 It L ] J
0.0 0.2 0.4 0.6 0.8 1.0
a/B

(b)

Fig. 3 Changes of aspect ratios with crack growth as predicted by the optimized a for
specimens under (a) pure tension load and (b) pure bending load.
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to the final crack depth, ar for all specimens of Table 1.
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STUDY ON THE EFFECT OF THE CRACK LENGTH
ON THE Jc VALUE

Masanori Kikuchi
Science University of Tokyo, Noda, Chiba, 278, Japan

ABSTRACT

The ductile fracture tests are carried out using CT specimen, three point
bend specimen and OCT specimens made of A533B stecl and Aluminum alloy
with different crack lengths. It is shown that the apparent Jjc value increases
due to the decrecase of the crack tip constraint. It is pointed out that the
increase of the apparent Jic value is partly due to the error of the
conventional equation to estimate the J value. Based on the FEM analyses,
these apparent Jic values are corrected and are compared with the valid Jic
values. The good co-relation between apparent Jjc value and the Q factor,
proposed by O'Dowd and Shih, is shown for every specimens.

1. Introduction

The J integral concept is one of the most important parameters in the
clastic-plastic fracture mechanics. The HRR solution{1,2] gives the theoretical
basis for the J integral fracture criterion. It means that when the crack tip
stress fields agree with the HRR solution, the J integral is the dominant
parameter which describes the stress, strain and displacement ficlds at the
crack tip uniquely.

By the authors previous papers[3,4], it has been shown that the crack tip
stress fields don't agree with HRR solutions well in many cracked plates. In
such cases, the J integral is not a unique dominant parameter and the
fracture criterion may become different. It is called the constraint effect.
O'Dowd and Shih [5,6] proposed Q factor as the second term, which
corresponds to the stress triaxiality at the crack tip. Anderson [7], Jun [8],
and Nikishikov [9] also proposed other parameters which improves the
estimation of the crack tip fields in the clastic-plastic fields, respectively.

In this paper, the fracture toughness tests of AS33B steel and Aluminum
alloy specimens are conducted wusing several kinds of specimen
configurations and crack lengths. The effect of the initial crack length on the
apparent fracture toughness is studied. Then the finite clement analyses are
conducted and the crack stress ficlds are compared with HRR solutions. The
apparent fracture toughness values are corrected based on the numerical
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results, and the relation between Q factor and the corrected apparent
fracture toughness is obtained.

2. Fracture toughness tests.

Figure 1 shows the shapes and sizes of the test specimens made of A533B
steel. The three point bend specimen is made in three cases with different
initial crack lengths. They are changed in a/W=0.1, 0.3 and 0.55. In the CCT
specimen, the crack length is changes in two cases, as 2a/W=0.4 and 0.6. The
same three point bend specimens are made by Aluminum alloy 2025-T6.
The crack length is also changed in three cases as same as Fig.1l. The CT
specimens with a/W=0.3 and 0.6 are also made by the same aluminum alloy.
The mechanical properties of these two materials are shown in Table 1. Both
materials show ductile behaviors at fracture.

The fracture toughness tests are conducted based on the JSME testing
standards[10]. As there is no testing standard for CCT specimen, the similar
method as CT and three point bend specimens are applied to this specimen.
The JIC value is defined as the J value at the initiation of the stable crack
growth. The results of every specimens for both materials are shown in
Table 2. As they don't show the constant value for each material, they are
called the apparent Jjc value, Jicap. The JSME standard states that the valid
Jic value should satisfy the following two conditions.

JL

szSc'fs (1)
J&E

B = ZSGfs (2)

Where b is the ligament length and o is the flow stress. In the AS533B
specimens, the three point bend specimen with a/W=0.55 satisfies these
conditions, and in aluminum alloy specimens, three point bend specimen
with a/W=0.55 and CT specimen with a/W=0.6 satisfy these conditions.
Then the valid Jic values are determined as 135kN/m for A533B steel, and
6.5kN/m for aluminum alloy, respectively. It is noticed that other JICap
values are much larger than the valid values for both materials. As the
initial crack length becomes small, the apparent Jjc value becomes larger. In
both CCT specimens, the Jic2p values of two specimens are nearly equal to
cach other, and both values are about 1.37 times larger that the valid one.
The effect of the initial crack length is not recognized.

The increase of Jjcap values by the decrecase of the initial crack length is
important for the application of the fracture mechanics to the practical
problems. In the real structure, almost all of the real cracks are shallow
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surface cracks. The crack length of them are comparatively smaller than the
thickness of the plate. The constraint effect is inevitable. Then the method
to estimate the apparent increase of the Jicvalue is preferable.

3. Microscopic observation of dimple fracture of Aluminum alloy
specimen.

In the 2025-T6 aluminum alloy specimen, the ductile fracture occurs due
to the nucleation, growth and coalescence of voids. Clear dimple patterns are
observed on the fracture surface, as shown in Figure 2. This is the fracture
surface of CT specimen with a/W=0.1. The diameter of these dimples are
measured. The results are shown in Table 3. In this table, number N means
the number of dimples in 0.12mm?2 area at the crack tip and at midpoint of
the specimen. In every specimens, the number of dimples and average
dimple diameters are nearly same values.

Then the diameters of preceding voids are also measured. Preceding
voids are the void nucleated at the crack tip just before the dimple fracture,
as shown in Figure 3. Crack growth occurs by the coalescence of these
preceding voids. The diameter of a preceding void indicates the critical
value of void coalescence, which is one of the important parameters for the
dimple fracture. They are nucleated in front of the crack tip during stable
crack growth. They are observed by introducing a fatigue cracking after
stable crack growth test. Figure 4 shows the photo of preceding voids. They
are observed independently on the fatigue crack surface. Their number and
diameters in 0.12mm?2 area at the crack tip are also measured. The results
are shown in Table 4. Similar to Table 3, these values are nearly same for
every specimens.

The results of Tables 3 and 4 show that these microscopic fracture
process as void nucleation, growth and coalescence, are not affected by the
change of the initial crack length. It means that the microscopic dimple
fracture mechanism does not change due to the change of the constraint at
the crack tip. The constraint effect appears only on the macroscopic
parameters as J integral.

4. Numerical analyses by FEM.

The elastic-plastic FEM analyses are conducted for these three types of
specimens. Figure 5 is an example of the numerical model of 3PB specimen.
By the symmetry of the structure, a quarter part of the whole specimen is
analyzed. As the pre-crack is introduced by the fatigue loading, the crack
front configuration has some curvature. It's shape ia mecasured in the
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cxperiment and is used in the FEM modelling.
The stress-strain relations of these two metals are approximated by the
following equation.

e=< for osao,

| ,, 3)
€= % + {(%]n -(%?) } for o=o0,

Where og is the yield stress, E'and n are constants. They are determined as
E'=400Mpa, n=7 for aluminum alloy, and 1055Mpa and 7 for AS533B steel,
respectively. These relations are also approximated by the Ramberg-Osgood

£ _0 oY , type equations.
g Op T a(oo] (4)

m

Where « and n are 1.48 and 8 for Aluminum alloy, and 4.1 and 8 for A533B
steel, respectively. They are used to calculate HRR fields at the crack tip.
4.1 Crack tip stress field.

Figure 6 shows the crack tip stress fields of 3PB and CT specimens made
of AS533B steel. They are the results at the midplane of the specimen
thickness when the J integral at this location is nearly 135 kN/m, the valid
Jic value. The solid line is the HRR solution. The stress field of 3PB specimen
with a/W=0.55 agrees well with HRR solution. It is reasonable because this
specimen gives the valid JIC value. As the a/W value decreases, the crack
tip stress deviates from the HRR solution gradually. In the CCT specimens,
the crack tip stresses of both specimens with different 2a/W values agree
well, and both are largely different from HRR solution. Obviously, these
deviations of the stress fields from HRR solution have relations with the
apparent increase of JIC values in these specimens.

O'Dowd and Shih proposed Q factor as the second parameter for the
crack tip stress field, which is defined by the next equation.

Oy = |G
Q=°°—((,o—°°)"—” at r=2%J, 0=0" (5

Where (0 gg)urr is the 0 g9 by the HRR solution, and r is the distance from
the crack tip. Q factor is calculated and is shown in Figure 7. It shows the Q
factor distribution along the crack front. In every specimens, the absolute
value of Qis small in the center of the specimen and increases near the free
surface. The largest Qvalue is given by CCT specimens.
4.2 Correction of Jic*p value.

The J value is cvaluated using the conventional equation in the



experiment. They are:
for 3PB and CT specimens,

_(-v) 2 MAy
J= E K+-B—b— (6)

and for OCT specimen,

_(-v)) 2 1
J= E K+Bb

( P
fOPdA———ZA (7)

where the first term is the elastic part, and the second term is the plastic
part of the J integral, respectively. The first term is evaluated by the stress
intensity factor by referring the Handbook[11], and the second term is
obtained by the load-displacement record obtained experimentally. 7 in
equation (6) is the constant defined by the specimen configuration.
Originally, these equations are used for the deep cracked specimen. In this
study, short cracked specimens are used. Then the numerical error of the J
integral due to these conventional equations should be evaluated. The J
integral is evaluated using eqs.(6) and (7) based on the load-displacement
relation obtained by the numerical analyses, and they are compared with
those by the contour integration. The results of AS33B steel specimens are
shown in Figure 8. The ordinate is the J by the contour integration and the
abscissa is the J by the conventional equation. Both J values of deep cracked
3PB specimens agree very well. But the results of short cracked 3PB and CCT
specimens show that both values are different from each other largely. It is
considered that the contour integration gives the correct J value. It means
that the J value is not correctly evaluated by the conventional equation for
these specimens. Then the experimental Jjcap values are corrected using
these results. The Jjcap value of 3PB specimen with a/W=0.1 is 339 kN/m,
which corresponds to 222 kN/m by the contour integration. By the similar
way, every Jic2P values are corrected and the results are shown in Table 5.
The Jic2P values of aluminum alloy specimens are also corrected. As noticed
by this Table, the valid Jic value changes little by this correction, and other
values change largely. ‘

The relation between the corrected Jjcap value and the Q factor is shown
in Figure 9. The Jictp value is normalized by the valid Jic value of each
material. It is noticed that the relations of two metals are very similar to
cach other. Though some amount of data scatter exist, they are
approximated by a single line. Of course, the number of data is not enough.
But this result suggests that by obtaining enough data, we could estimate the
Jic*r value from the Q value. The problem is that we should conduct FEM
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analyses for calculating Q factor. But recently, the computer capacity has
developed rapidly, and it is not difficult now to conduct three dimensional
elastic-plastic analysis using adequately fine mesh pattern. For this goal, the
data of shallow surface crack problem are needed. This is our future target.

5. Concluding remarks.

The J dominant crack tip fields do not exists in many practical crack
problems, and the J integral is not the unique fracture parameter in these
problems. It seems the relation between Jjc3P value and Q factor enables to
estimate the Jicap value for these cases. Other methods proposed by other
authors[7-9] should also be studied from the practical viewpoint. So far, the
new and reliable fracture criterion has not been proposed yet. For the
establishment of new fracture criterion, the mechanisms of the dimple
fracture should be studied more precisely. Then many researchers'
corporation concerning experimental, theoretical and numerical studies may
be needed.
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Fig.1 Shapes and sizes of the test specimens made of A533B steel

Table 1 Mechanical properties

Material | Yield stress |Tensile Strengih| Flow stress | Young’s Modules
A533B 599MPa 720MPa 660MPa 206GPa
2025-T6 27.4MPa 387MPa 331MPa 27.4GPa
Table 2 Apparent Fracture Toughness values
‘ Three Point Bend CT CCT
Crack length 0.1 | 03 |055|03|06]| 04 ] 06
Specimen Width
A533B J¥ (kN/m) 339 | 239 | 135 | -=--n- |oeeee- 185 | 186
2025-T6 J; (kN/m) 167 86 | 64 | 75 | 6.5 | ------ | -----

Fig.2 Dimple Fracture Surface (2025-T6)
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Fig. 3 Preceding Voids
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%813 25K '
Fig. 4 Photo of Preceding Voids (2025-T6)

Table 3 Number and Diameter of Table 4 Number and Diameter of
Dimples (2025-T6, 3PB) Preceding Voids (2025-T6,3PB)

a/Ww N Do (mm) a/W N Do (mm)

0.1 570 0.00724 0.1 115 0.00462

0.3 555 0.00744 0.3 128 0.00459

0.55 535 0.00749 0.55 133 0.00452

Fig. 5 Example of the Numerical Model
of 3PB Specimen
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Fig.6 Crack Tip Stress Fields of 3PB and Fig- 7 Distributions of Q Factor at the

. i steel
CCT specimens made of A533B steel Crack Tip (A533B )
400 . _— i
f Sample line
300} R )
o
£ 3 o
£ 200 f o
N - .. N
- °®
[ A ..
3 & °®
8 e ..o'
c
3 100, " ©3PBaW=0.1 -
oo® o 3PB a/W=0.3
o * 3PB a/W=0.55
4 CCT 2a/W=0.4
» CCT 2aW=06

100 200 300 400
Conventional J (kN/m)

Fig. 8 Relation between J by the contour
integration and J by the conventional equation
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Table 5 Corrected Fracture Toughness values

Three Point Bend CT CCT
Crack length 0.1 03 ({055/]03|06]| 04 | 06
Specimen Width
A533B Jg (kN/m) | 222 [ 228 | 130 f------|------ 392 | 387
2025-T6 Jo kN/m) | 82 | 80 | 6.3 [ 7.8 |6.6 | ----nn | ----

O A533B steel ]

4r (average Q for thickness)
©2025-T6 aluminum alloy
(two dimension ,plane strain)
- 0 i
o 3 8 cer
2 .
"o
o 2F E
0 3
3PB -1 0 .3
| ok S
0.55 0.55 0.6
-1 0
Q

Fig. 9 Relation between Corrected
Je Value and Q Factor
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Abstract

The purpose of this study is to develop new Z-Factors to evaluate the behavior of a
circumferential surface crack in nuclear pipings. Z-Factor is a load multiplier used in the
Z-Factor method, which is one of the ASME Code Sec. XI's recommendations for the
estimation of a surface crack in nuclear pipings. It has been reported that the load
carrying capacities predicted from the current ASME Code Z-Factors, are not well in
agreement with the experimental results for nuclear pipings with a surface crack. In this
study, new Z-Factors for ferritic base metal, ferritic Submerged Arc Welding(SAW) weld
metal, austenitic base metal, and austenitic SAW weld metal are obtained by use of
SC.TNP method based on GE/EPRI method. The desirability of both the SC.TNP method
and the new Z-Factors is examined using the results from 48 pipe fracture experiments
for nuclear pipings with a circumferential surface crack. The results show that the
SC. TNP method is good for describing the circumnferential surface crack behavior and the
new Z-Factors are well in agreement with the measured Z-Factors for both ferritic and
austenitic pipings. ’

1. Introduction

In the design stage of pipings in nuclear power plants, it is assumed that there is no
crack in the pipings.[1] There, however, are many micro-cracks in nuclear pipings because
of material inhomogeneity and welding process problems. During plant operation, some
micro-cracks may grow into surface cracks and/or through-wall cracks which give
adverse effect on piping integrity.

ASME Boiler & Pressure Vessel Code Sec. XI “Rules for Inservice Inspection of Nuclear
Power Plant Components” (hereafter we denote this code as ASME Code.) requires the
safety evaluation of cracks which are detected during inservice inspection.(2-4] The
Z-Factor method is one of the ASME Code’s recommendations to evaluate the behavior of
a circumferential surface crack in nuclear pipings. The Z-Factor is a load multiplier to
compensate plastic load with elasto-plastic load. It has been reported that the load
carrying capacities predicted from the ASME Code Z-Factor method are not well in
agreement with the experimental results for nuclear pipings with a surface crack.[5-7] The
reason for the disagreement is that the current ASME Code Z-Factors are not exact to



predict the surface crack behavior in nuclear pipings.[7] 4

The purpose of this study is to develop new Z-Factors to evaluate the behavior of a
circumferential surface crack in nuclear pipings. Many crack evaluation methods(5-17] such
as ] integral method including GE/EPRI method(5-7, 11-17], R6 method[8], and DPFAD
method(9-10] have been proposed to describe the surface crack behavior in pipings. In this
study, the SC.TNP method[14-16], which is based on the GE/EPRI method, is used to
develop new Z-Factors for ferritic base metal, ferritic Submerged Arc Welding(SAW) weld
metal, austenitic base metal, austenitic Gas Tungsten Arc Welding(GTAW) weld metal,
austenitic Gas Metal Arc Welding(GMAW) weld metal, and austenitic SAW weld metal.

The desirability of both the SC.TNP method and the new Z-Factors is examined using
the results from 48 pipe fracture experiments for nuclear pipings with a circumferential
surface crack.[5-7]

2. ASME Code Z-Factor Method

In the ASME Code, the following criterion is specified for a circumferential surface
crack in ferritic and austenitic pipings.

P, < S, o))

where Pp, and S: are the applied stress and the allowable stress respectively. The
allowable stress, S, is determined by the ASME Code Z-Factor method as

s= (2P zbsy) @

where P, Pe, Pm, and (SF) are the bending stress at incipient plastic collapse, the
thermal stress (Pe = 0 for austenitic pipings), the membrane stress, and the safety factor.
The above equation is basically similar to the equation of limit load method in the ASME
Code. The Z-Factors in Eq. (2) for the ferritic and austenitic pipings are given in the
ASME Code as follows : (Hereafter we denote Zasme for the Z-Factor given in the
ASME Code.)

Ferritic Base Metal

Zasme—-1=1.20 [1+ 0.021 - A- (OD—4)] (3)
Ferritic SAW Weld M
Zasme-2=1.35 [1+ 0.0184 - A- (OD—4)] (4)
itic B TAW/GMAW Wel
Zasme-3=1.0 (5)

Austenitic SAW Weld Metal
Zasme-4=1.30 [1+ 0.010- (OD—-4)] , (6)
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where OD is the pipe outside diameter(inches). The A in Egs. (3) and (4) is a function of
Rav/t, which is the ratio of the pipe mean radius(Rm) to the pipe wall thickness(t), given as
(we denote Aasme for the A given in the ASME Code)

Aasme=10.125(52) - 02515 5< (£=) <10 @
—[0.4(£2) 3.0 - 1< (£=) <0 ®)

As seen in Egs. (3)-(8), both Zasme-1 and Zasme-2 are functions of the pipe outside
diameter and Rn/t, while Zasme-4 is a function of the pipe outside diameter only. The
value of Zasme-3 is 1 because fully plastic behavior is assumed for the austenitic base
metal and GTAW/GMAW weld metal.

3. Development of New Z-Factors
3.1 Definition of Z-Factor

The Z-Factor as a load multiplier is defined as

M,

= Werom

9

where ML and Mgp-max are the limit load under fully plastic condition and the maximum
load under elasto-plastic condition respectively.

The limit load for a circumferential surface crack, My, under fully plastic condition is
given as [2]

(1) 8+ 8<n
_ 2 P R A
M, =2 a,R,,,t{2sm,5 (t)smG} (10)
(. _ (a\y _ [Pn
B—~[7r (2)s rr(a/ )] (11)
(2) 6+ 5>~
M,=2 0, R t {z —lt}sine (12)
=z a_ Pu
8= 2__‘1_{1— 2 _ a,] , (13)
t .

where 0 is the half crack length, 8 is the angle from (-)y-axis to neutral plane, 0¢ is the
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flow stress, and a is the crack depth. The cross section geometry of piping with a
circumferential surface crack is shown in Fig. 1. Pm in Egs. (11) and (13) is the stress
due to the pipe internal pressure (p), given by

R |
P, =19 m , (14)

where R; and R, are the pipe inside radius and the pipe outside radius respectively.
The maximum load under elasto-plastic condition, Mgp-max, is obtained from the SC.TNP
method as following section.

3.2 Determination of Mgp-max using SC. TNP Method

As mentioned above, many methods such as the ] integral method including GE/EPRI
method(5-7, 11-17], R6 method[8], and DPFAD method(9-10] have been proposed to
describe the circumferential surface crack behavior in pipings under elasto-plastic
condition. Based on the GE/EPRI method, Ahmad et al[l15-16] proposed SC.TNP
method(Surface Crack for ThiN Pipe) to evaluate the circumferential surface crack
behavior.

In the SC.TNP method based on the GE/EPRI method, ] is divided into elastic
component of J (Je) and plastic component of ] (Jp). For a circumferential surface crack in
pipings, the J, is expressed as[13]

3
2

Q‘Iw

n+1
.f,=a~60‘00‘(l——?‘)'a°h1°[ '5%'] (15)

where & and 0o are the reference strain and the reference stress respectively, hi is the
GE/EPRI coefficient given in the GE/EPRI Handbook{13], b is the uncracked ligament, and
a and n are the strain hardening coefficient and the strain hardening exponent respectively,
which are determined from the following stress(o) vs. strain(e) relation. .

£ _ (o)
s = a(%). (16)

Under the applied moment, M, the stress 0 in Eq. (15) can be expressed as[15-16]

1
n

sinp+ cosy an

pr Y

_ M
d (4-123,-:-11,,)




where p is the angle from x-axis to neutral plane(ie. p=n-8), v is the angle from y-axis
as shown in the Fig. 1, and H, and hs are numerical coefficients given in the reference
[15]) and the GE/EPRI Handbook[13] respectively.

Using the Egs. (15)-(17), and J-R curve of pipe material, the relation between moment
and pipe rotation can be calculated by numeric iterations. The maximum load under
elasto~plastic condition(Mgp-max) can be easily determined form the relation.

3.3 Reference Material Properties used in the Z-Factor Calculation

In order to calculate Z-Factor for nuclear pipings, the reference material properties of
the related nuclear pipings has to be given first.

Table 1 represents the reference tensile properties for ferritic and austenitic pipings used
in this study.[5-7, 17] These tensile properties’ were obtained from base metals of both the
ferritic pipings and the austenitic pipings. The same tensile properties obtained from the
base metals are also used for weld metals for the purpose of conservatism.

Fig. 2 shows the reference J-R curves for the ferritic base metal and the ferritic SAW
weld metal, while Fig. 3 shows those for the austenitic base metal including austenitic
GTAW/GMAW weld metals and the austenitic SAW weld metal.[5-7, 17]

3.4 New Z-Factors for Ferritic Pipings (Znew-1 and Znew-2)

For a given material, Z-Factors are functions of fracture parameters such as pipe
outside diameter(OD), Rw/t, the crack depth, and crack length. In this study, Z-Factors for
given materials are calculated for the above four fracture parameters. The pipe is
unpressurized in all calculations.

The effects of pipe outside diameter and Rm/t on the new Z-Factor for the ferritic base
metal (Znew-1) are investigated for 3 cases of pipe outside diameters (OD=45, 16, and 42
inches) with Rm/t=10. and 3 cases of Rm/t (Rw/t=5, 10, and 20) with OD=42 inches
respectively.

For a given pipe outside diameter and Rm/t, Z-Factors for both 4 cases of crack depth
(a/t=0.1, 0.3, 05, and 0.75) and 4 cases of crack length (8/r=0.1, 0.25, 05, and 1) are
calculated.

For OD=16 inches with Rm/t=10, the limit moments, the maximum moments obtained
from the SC.TNP method, and the Z-Factors are shown in Figs. 4, 5, and 6 respectively.
As shown in Fig. 6, the new Z-Factors are not sensitive to either the crack depth or the
crack length,

We define the maximum Z value among 16 cases in Fig. 6 as the new Z-Factor
corresponding to the given pipe outside diameter and Rmw/t (i.e. OD=16 inches and Rm/t=10)
for conservatism. The ASME Code Z-Factor in the figure shows a constant value because
the ASME Code Z-Factor is not a function of crack depth or crack length.

The other Z-Factors corresponding to the other pipe outside diameters and/or the other
Rm/t values can be determined by same method.

Fig. 7 shows the new Z-Factors for the ferritic base metal as a function of the pipe
outside diameter with Rw/t=10. The new Z-Factors are lower than the ASME Code



Z-Factor by about 40%. The figure also shows that the increasing rate of the new
Z-Factor decreases gradually as the pipe outside diameter increases, while the ASME
Code Z-Factor increases linearly as the pipe outside diameter increases.

The new Z-Factor for ferritic base metal can be fitted up to OD=42 inches as (hereafter
we denote Znew for the new Z-Factor)

Znew-1=1.2[0.744 +0.0152 * A ooy * (OD—4)—0.0002 * A pew—, * (OD—4)?1,  (18)

where Anew-1 is a new A value for ferritic base metal, which can be obtained from the
relation between Anew-1 and Ra/t as shown in Fig. 8. The Anew-1 value decreases as the
Rw/t value increases, while the Aasme values increases as the Rn/t value decreases. Anew-1
can be fitted as

Am_1=[o.o125(—1%1) + 0.875]17*™  : 5< Etl <20. (19)

New Z-Factors for ferritic SAW weld metal (Znew-2) can be obtained through same
method used in the determination of Znew-1. The effects of crack depth, crack length,
pipe outside diameter, and Rm/t on Znew-2 are also investigated.

Znew-2 as a function of the pipe outside diameter is shown in Fig. 9. The Znew-2
also show similar tendency to Znew-1 The Z-Factor for ferritic SAW weld metal can be
fitted up to OD=42 inches as

Znew-2=1.35[0.742 +0.0134 * A pgo_z * (OD—4) —0.000176 * Aoz * (OD—4)’1  (20)

where Anew-2 is new A value for the ferritic SAW weld metal given as

Anez=10.161(F2) + 0.261070% ¢ 5< B2 < (21)

3.5 New Z-Factors for Austenitic Pipings(Znew-3 and Znew-4)

New Z-Factors for austenitic base metal and austenitic GTAW/GMAW weld
metal(Znew-3), and austenitic SAW weld metal(Znew-4) are also obtained through similar
methods used in the Z-Factor calculation of ferritic pipings.

The effects of crack depth(a/t=0.1, 0.3, 0.5, and 0.75), crack length (8/2=0.1, 0.25, 0.5, and
1), pipe outside diameter(OD=4.5, 16, and 42 inches with Rm/t=10), and Rw/t(Rm/t=5, 10,
and 20 with OD=42 inches) on Znew-3 and Znew-4 are also investigated.

Figs. 10 and 11 show Znew-3 and Znew-4 as a function of the pipe outside diameter
with Ra/t=10, respectively. As shown in the figures, the values of Znew-3 are similar to
Zasme-3 although Znew-3 under OD=20 inches is slightly lower than 1. The values of
Znew-4 are slightly higher than Zasme-4. The difference between the new Z-Factors
and the ASME Code Z-Factors in austenitic pipings is smaller than those in ferritic
pipings because the austenitic pipings is more ductile than the ferritic pipings. The



Z-Factors can be fitted up to OD=42 inches as
Znew—-3=1.0000.729 +0.0217 * Aneo_3 - (OD—4) —0.000286 * A peo—3 - (OD—4)E]  (22)
Znew—4=1.30[1.048 +0.0203 * A pew—s * (OD—4) —0.000267 * Ape—sg * (OD—4)?]  (23)

where Anew-3 and Anew-4 are new A values for austenitic base metal and austenitic
SAW weld metal respectively, given as

Am—3=[0.0608(£%'-) +0.392]7"%% ¢ 5< 5;‘- <20 (24)
Aneei=10.078(B2) + 0.22200% . 5< Em < (25)

4. Results and Discussions
4.1. Pipe Fracture Experiments

In the last decade, a number of pipe fracture experiments have been performed for
nuclear pipings with a surface crack and/or a through-wall crack as parts of piping
research programs such as Degraded Piping Program[5], IPIRG(International Piping
Integrity Research Group) Program(6], and Short Crack Program(7].

Table 2 is a summary of 48 pipe fracture experiments obtained from the above
programs. Experiment number, material specification, pipe outside diameter(OD), pipe wall
thickness(t), crack depth(a/t, %), crack length(8/n, %), yield stress(Sy), ultimate tensile
stress(Sy), reference strain(gp), strain hardening coefficient(d) and strain hardening
exponent(n) given in Eq. (16), J-R curve coefficients(Jic, C, m) from the relation of
J=Jic+C(ba)™, where the unit of Aa is [mm], design stress intensity(Sm) from the ASME
Code Sec.IlI[1], pipe intermal pressure(p), test temperature(T), and maximum moment
measured from the pipe fracture experiments(Meg) are given in the table.

Thirteen surface crack experiments for ferritic base metal, 2 for ferritic SAW weld
metal, 25 for austenitic base metal, and 4 for austenitic GTAW weld metal, 4 for
austenitic SAW weld metal were performed under four point bending load. The pipe
outside diameter ranged from 1143 mm(4.5 inches) to 711.2 mm(28 inches). Twenty
experiments were performed with pipe internal pressure ranging from 155 MPa to 39.3
MPa. Test temperature ranged from room temperature(21 °C) to PWR operating
temperature(288 °C). The potential drop method was used to determine the crack growth
amount.

Detailed contents including experimental facilities, experimental methods, data processing,
and crack evaluation methods are provided in the references [5-7].

4.2 Desirability of the SC.TNP method



Table 3 represents the maximum moment measured from the pipe fracture experiments
and the maximum moments predicted from the SC. TNP method[(14-16], the R6 method(8],
and the DPFAD method(9-10]. In the table, fracture ratio is also shown to compare the
results from the above three methods with the measured maximum moment. In order to

consider the pipe internal pressure effect, the fracture ratio(FR) is defined as a stress
term, given by

_ (Oexp+ 0y
FR—W (26)

The Oep and 0p are the measured stress from experiments and the calculated stress
induced by pipe internal pressure respectively. The Owed is the predicted stress obtained

from the SC.TNP method, the R6 method, or the DPFAD method. The Oexp, Opred, and Op
are given as

Oop = —2 @n
M gp_ max R
Oprat = (28)
R?
%= P R (29)

The I is the moment of inertia given by
1=(7175){R‘,‘,—R‘,‘-} (30)

For the ferritic pipings, the average fracture ratios obtained from the SC.TNP method,
the R6 method, and the DPFAD method are 099, 142, and 1.42 respectively. For the
austenitic pipings, the average fracture ratios obtained from the SC.TNP method, the R6
method, and the DPFAD method are 1.10, 1.39, and 1.31 respectively. This results show
that the SC.TNP method gives good results to predict the maximum load for both ferritic

and austenitic pipings. The well known R6 and DPFAD method give conservative results
by about 30-40%.

4.3 Desirability of new Z-Factors

The measured Z-Factors, Zmeas, from the experiments can be easily obtained from the
pipe fracture experiments using the relation of

M,
Mo : : (3D

Zmeas =
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where ML and Mexp are the limit moment calculated from Egs. (10)-(13) and the maximum
moment measured from the pipe fracture experiment respectively.

The measured Z-Factors(Zmeas), the ASME Z-Factors (Zasme) obtained from Egs.
(3)-(8), and new Z-Factors(Znew) obtained from Egs. (18)-(25) for 48 pipe fracture
experiments are also given in Table 3.

The average values of Znew/Zmeas are 0.974 and 0.966 for ferritic pipings and austenitic
pipings respectively, while the total average values of Zasme/Zmeas are 1.350 and 1.133
for ferritic pipings and austenitic pipings respectively. This result shows that the new
Z-Factors obtained from the SC.TNP method are well in agreement with the measured
Z-Factors for both ferritic and austenitic pipings. However, it has to be pointed out that
the new Z-Factors give slightly non-conservative results within about 4%. Fig. 12 shows
the comparison of Zasme/Zmeas with Znew/Zmeas for the 48 pipe fracture experiments.

5. Conclusions

In this study, new Z-Factors to evaluate the behavior of a circumferential surface crack
in nuclear pipings are developed by use of the SC.TNP method. The desirability of both
the SC.TNP method and the new Z-Factors are examined using the results from 48 pipe
fracture experiments for the nuclear pipings with a circumferential surface crack. The
conclusions of this study are as follows :

(1) The SC.TNP method is good for describing the circumferential surface crack behavior
in nuclear pipings.

(2) The new Z-Factors obtained from the SC.TNP method are well in agreement with the
measured Z-Factors for both ferritic and austenitic pipings.
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Table 1 Reference Tensile Properties of Ferritic and Austenitic Pipings

Material Type Sy (MPa) | Su (MPa) €0 a n
Femitic Pipings | 186.84 411.62 10.0010423 2.51 4.2
Austenitic Pipings | 131.00 448.85 | 0.000716 9.58 3.2
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Table 2. Test Matrix of 48 Pipe Fracture Experiments for Ferritic and Austenitic Pipings

Exp. | Material Specifs oD t "t o/x Sy Su €0 a n Jic C m Sm p T Mexp |
Number] mm mm % % MPa MPa MN/m MPa MPs (o} MN-m
1 Feritic |Base| A106 | 1693 | 7.44 508 | 63.1 | 2124 | 4675 10.00110| 0499 | 7.22 10.25900.1376 | 0.988 | 124.80 0 288 |0.0360 |
2 Pipings | Metal 1675 ] 1478 | 503 | 680 ! 3199 | 6205 |0.00152] 1.970 | 537 |0.1075[0.1171 | 0.814 | 124.80 0 288 | 0.0801
3 168.2 | 2146 | 526 633 | 258.6 | 570.2 |0.00134| 0.171 | 826 }0.1970]0.0821 | 0.788 | 124.80 0 288 | 0.1174
4 4026 | 2642 | 532 | 662 | 2372 | 610.2 |0.00124] 2.189 | 3.73 [0.14890.0925| 0.470 | 124.80 0 268 [ 0.7484
5 4049 | 1270 | 535 | 662 | 2620 | 611.6 |000138} 2972 | 400 {0.1380{0.1098 | 0.602 | 124.80 0 288 | 0.3856
[ 1675 | 1349 | 432 | 647 | 3199 | 6205 |0.00152} 1970 | 537 [0.1075[0.1171] 0.814 | 12480 | 15.51 288 100772
7 1674 | 1402 | 419 | 72.0 | 3199 | 6205 |0.00152| 1.970 | 537 {0.1075{0.1171 | 0.814 | 124.80 | 15.51 288 | 0.0818
] SA333| 2652 | 17.27 | 420 | 70.0 { 2392 | 5275 {0.00124] 2.134 | 558 }0.1576]0.1364 | 0.492 | 124.80 [*] 288 | 0.2211
] 2720 | 1712 | 430 | 710 | 2392 | 5275 |000124] 2134 | 558 10.1576]0.1364 | 0.492 | 124.80 0 288 | 0.2342
10 2706 | 1506 | 480 | 678 | 2392 | 5275 10.00124| 2134 | 558 ]0.15760.1364 | 0.492 [ 124,80 0 288 | 0.195¢
1 2728 | 1661 | 525 | 659 | 2392 | 5275 | 000124} 2434 | 558 ]0.157610.1364 | 0492 {12480 | 1827 | 288 |0.1600
12 7650 | 3899 | 166 | 498 | 2441 ) 5750 1000131} 2108 | 397 10.3660]0.1721 ] 0.759 | 13514 9.10 288 |7.202
13 AS16 | 7112 | 2268 | 250 500 | 231.0 | 5440 1000119} 1382 | 564 {0.215410.1219) 0.727 {12480 | 9.56 288 | 2.1899
14 Weld| A106 | 4032 | 2537 | 500 | 670 | 2372 | 6102 1000124| 2.489 | 373 10.0823]0.0789 | 0.630 | 124.80 | 1549 | 288 |0.5848
15 Metal| SAW | 6096 | 4267 | 250 | 605 | 2344 | 5419 [000114) 3.206 | 341 [0.0531)/00859 | 0.698 | 12480 | 1551 288 {25753
16 A itic | Base | TP316 | 405.1 | 9.80 51.1 658 | 1669 | 470.2 | 0.00095] 5.164 | 434 [0.381810.2115] 0.717 | 96.18 0 288 10.2203
17 Pipings | Metal 406.7 | 9.47 250 | 476 | 224.1 | 508.8 | 0.00108)| 5012 | 495 {05839]0.3375) 0.725 | 137.90| 155 99 ]0.3564
18 CFaM | 3251 | 3112 | 500 | 653 | 1731 | 501.3 {0.00097 | 14350 | 2.60 |0.3597|0.1080 | 0.744 | 120.66 | 15.51 288 | 0.3858
19 3996 | 2634 | 500 | 550 | 231.0 [ 610.2 | 0.00113} 2.165 | 4.17 [0.087710.1340 | 0.814 | 12066} 1551 | 288 |0.6723
20 321.7 | 2964 | 580 66.0 | 173.1 | 501.3 {0.00097 | 14.350 | 2.60 |0.3597 {0.1080 | 0.744 | 120.66 | 1551 | 288 | 0.4008
21 TP304{ 167.4 | 7.01 502 | 634 | 1469 | 4489 1000080 ] 8.658 | 3.37 ]0.8730/0.1045| 0.937 | 116.87 ] 288 | 0.0285
2 1686 | 1361 | 518 | 659 | 1386 | 4495 1000076]11.230| 3.57 |0.6457 /02611 ] 0.982 | 116.87 [+] 288 | 0.0596
p<] 168.3 | 2248 | 442 | 653 | 1503 | 477.1 10.00082] 3.722 | 418 |0.6949|0.4394 | 0.809 | 116.87 [¢] 288 | 0.1009
24 168.3 | 1491 | 520 49.0 | 1386 | 4495 10.00076]11.230 | 3.57 |0.6457 {02611 | 0.982 | 116.87 [+] 288 | 0.0714
25 168.1 | 1499 | 415 | 60.0 | 1386 | 4495 ;0.00076} 11.230| 3.57 10.6457 1 0.2611 | 0.982 | 116.87 0 288 | 0.0650 |
28 168.0 | 1394 | 100.0 | 64.7 | 138.6 | 4495 1000076} 11.230| 3.57 {0.6457 {02611 | 0982 | 116.87 [¢] 288_ | 0.0652 |
pis 1679 | 1405 ! 1000 | 626 | 1386 | 449.5 {0.00076 | 11.230| 3.57 ]0.645710.2611 | 0.982 | 116.87 0 288 | 0.0603
2 1684 | 1400 ; 100.0 | 655 | 138.6 | 449.5 |0.00076] 11.230 ! 3.57 |0.6457 10.2611 | 0.982 | 116.87 0 288 | 0.0635
29 1589 | 1430 | 535 | 69.0 | 1386 | 449.5 |0.00076 ] 11230} 3.57 | 0.6457 | 0.2611 | 0.982 | 11687 Q 288 | 0.0553
0 413512832 ] 475 | 660 | 299.2 | 7391 |0.00162] 3.930 | 507 }2.2767 112923 | 0.502 | 137.90 ] 21 1.2606
31 1143 | 883 $0.0 38.0 | 2468 | 629.5 10.00138] 2.556 | 550 }1.7688 03433 | 0.642 | 137.90 0 21 1 0.0411
32 1143 | 9.02 500 | 59.4 | 246.8 | 629.5 10.00138]| 2.556 | 5.50 |1.768810.3433 | 0.642 | 137.90 9 pal 0.0330
3 1143 | 853 250 | 38.7 | 246.8 | 629.5 |0.00138] 2.556 | 5.50 |1.7688 | 0.3433 | 0.642 | 137.90 [¢] 21 10.0377
34 1143 | 8.81 250 | 608 | 2468 | 629.5 |0.00138] 2556 { 550 |1.768810.3433 | 0.642 | 137.90 [ il 0.0336
k] 1143 | 879 750 | 413 | 2468 | 629.5 |0.00138] 2.556 | 5.50 |1.7688 | 0.3433 | 0.642 | 137.90 0 21 10.0375
36 1143 | 8.51 750 | 645 | 2468 | 6295 1 0.00138] 2.556 | 5.50 |1.7688 | 0.3433 | 0.642 | 137.90 0 21 ]0.0303
37 1143 | 9.27 500 | 575 | 246.8 | 6295 |0.00138| 2.556 | 550 |1.7688 | 0.3433 | 0.642 | 137.90 0 21 _10.0323
38 1666 | 2088 | 218 | 50.0 | 1503 | 4771 |0.00082| 3.722 | 4.18 | 0.6949 | 0.4334 | 0.809 | 120.66 0 288 | 0.1542
39 1683 | 7.06 | 250 | 500 | 1469 | 4489 [0.00080{ 8.658 | 3.37 [0.8730)0.3316] 0.854 | 116.87 0 288 | 0.0430
40 168.3 1 13.44 | 52.1 70.9 | 138.6 | 449.5 {0.00076{11.230 | 3.57 [0.6457|0.2611 | 0.962 | 11687 [ 2448 | 288 | 0.0341
41 Woeld | TP304| 167.2 | 1483 | 50.0 | 642 | 1386 | 4495 |0.00076 | 11.230§ 3.57 |0.0960]0.1022 [ 0.823 [ 11687 | 1517 | 288 |0.0411
42 Metal| SAW | 4135 | 26.19 | 500 | 67.0 | 180.0 | 458.5 {0.00096| 7.191 | 490 [0.0960{0.1022| 0.823 | 11687 | 11.03 | 288 |0.5016
43 4163 | 2642 | 500 | 68.6 | 180.0 | 458.5 {0.00096| 7.191 | 490 10.1860|0.1601 | 0.802 | 116.87 | 11.03 | 288 [0.4455
4 TP304| 168.3 | 22.33 | 50.0 652 | 138.6 | 4495 10.0007611.230 | 3.57 |0.6457 |0.2611 | 0.982 | 11687 | 793 288 | 0.0932
45 GTAW | 1683 | 2263 | 500 635 | 1386 | 449.5 10.00076 [ 11.230 | 3.57 [0.6457 [ 0.2611 | 0.982 | 116.87 | 32.75 | 288 |0.0633 ]
46 1683 | 22.58 | 50.0 64.9 | 1386 | 449.5 [0.00076]11.230{ 3.57 ]| 0.6457 [0.2611 | 0.982 | 116.87 | 39.30 | 288 | 00538
47 4161 | 3917 | 380 | 654 | 180.0 | 458.5 {0.00096| 5547 | 423 106226|04598 | 0795 | 11687 | 2241 | 288 [0.9917
48 wnesew | 7112 | 3023 | 250 50.0 | 1434 | 427.5 [0.00081| 9.456 | 328 10.05800.1482] 0.793 | 96.18 | 10.14 | 288 |2.0942




Table 3. Measured and Predicted Maximum Moments, Fracture Ratios, and Z-Factors for 48 Pipe Fracture

Experiments

Measured Predicted Fracture Ratio Z-Factor
Exp. |Material Specification Max. Moment Max. Moment
Number Mexp SC.TN R6 [DPFAD|SC.TN R6 [DPFAD| Zmeas | Zasme Znew
MN-m MN-m | MN-m | MN-m
1 Ferritic | Base | A 106 0.0380 0.0476 {0.0312 1 0.0339 | 0.80 1.2 1.12 0.978 1.272 0.938
2 Pipings | Metal 0.0801 0.0787 [ 0.0577 [ 0.0541 | 1.02 1.39 1.48 1.051 1.252 0.947
3 0.1174 0.1176 [ 0.0716 [ 0.0652| 1.00 1.64 1.80 0.898 1.243 0.951
4 0.7484 0.7250 {0.4840 | 0.4724 | 1.03 1.55 1.58 1.104 1.467 1.095
B 0.3656 0.4036 | 0.2943 [ 0.2973 | 0.91 1.24 1.23 1.214 1.602 1.046
6 0.0772 0.0720 | 0.0514 [ 0.0495 | 1.06 1.41 1.46 1.033 1.254 0.946
7 0.0616 0.0679 | 0.0473 [ 0.0465 | 0.92 1.25 1.26 1.213 1.253 0.947
8 SA333 0.2211 0.2083 [ 0.1534 [ 0.1571 | 1.06 1.44 1.41 1.024 1.346 1.012
9 0.2342 0.2130 [ 0.1567 [ 0.1619 | 1.10 1.50 1.45 0.985 1.354 1.015
10 0.1951 0.1921 1 0.1403 1 0.1451 ] 1.02 1.39 1.35 1.032 1.359 1.010
11 0.1600 0.1448 [ 0.0773 ] 0.1082| 1.07 1.60 1.30 0.970 1.356 1.014
12 7.2022 7.3577 145184 ]4.00481 098 1.52 1.68 0.980 1.844 1.213
13 A 516 2.1899 2.6685|1.7065[1.7891 ] 0.85 1.21 117 1.359 2.001 1.144
14 Weld | A 106 0.5946 0.4797 | 0.2698 { 0.3010 | 1.18 1.75 1.63 1.089 1.618 1.209
15 Metal | SAW 2.5753 2.8616 | 1.9276 | 1.6256 ] 0.92 1.26 1.43 1.449 1.784 1.324
16 |Austenitic | Base | TP316 0.2303 0.2630 [ 0.2056 [ 0.2429 [ 0.88 1.12 0.95 1.134 1 0.900
17 Pipings | Metal 0.3564 0.4654 | 0.4082 | 0.3670] 0.77 0.88 0.97 1.229 1 0.898
18 CF8M 0.3858 0.2761 | 0.2214{0.2877 | 1.31 1.55 1.27 1.105 1 0.935
19 0.6723 0.6638 10.3985 105095 | 1.01 1.49 1.24 1.252 1 0.967
20 0.4096 0.2426 [ 0.1768 10.2486 | 1.52 1.92 1.49 0.865 1 0.930
21 TP304 0.0295 0.0394 | 0.0297 1 0.0289 | 0.75 0.99 | 1.02 1.020 1 0.781
2 0.0596 0.050210.0416 1 00465 | 1.19 1.43 1.28 0.856 1 0.794
23 0.1009 0.088210.0643 {0.0704 | 1.14 1.57 1.43 0.859 1 0.801
24 0.0714 0.0650 | 0.0579 | 0.0613] 1.10 1.23 117 0.978 1 0.795
25 0.0650 0.0589 | 0.0518 | 0.0559 | 1.10 1.26 1.16 1.010 1 0.795
26 0.0652 0.0511 /| 0.0405}0.0353 | 1.27 1.61 1.84 0.738 1 0.794
27 0.0603 0.0526 | 0.0425(0.0370| 1.14 1.42 1.63 0.842 1 0.794
28 0.063S 0.0510 ] 0.0401 | 0.0350 | 1.24 1.58 1.81 0.750 1 0.794
29 0.0553 0.0436 |1 0.0352 1 0.0397 | 1.27 1.57 1.39 0.784 1 0.786
30 1.2606 1.2764 109807 | 1.1132| 099 1.29 1.13 0.956 1 0.979
K1l 0.0411 0.0400 [ 0.0366 |1 0.0308 [ 1.03 1.12 1.33 0.807 1 0.742
32 0.0330 0.0331 | 0.0268 | 0.0242| 1.00 1.23 1.36 0.791 1 0.742
33 0.0377 0.0414 ] 0.0392 10.0332| 0.91 0.96 1.14 0.944 1 0.742
34 0.0336 0.0386 | 0.0318 ] 0.0302 | 0.87 1.06 1.11 0.969 1 0.742
35 0.0375 0.0385 1 0.0339 {0.0290 | 0.97 1.10 1.29 0.833 1 0.742
36 0.0303 0.0296 | 0.021710.0193 | 1.02 1.40 1.57 0.685 1 0.742
37 0.0323 0.0346 1 0.0281 {0.0254 ] 0.94 1.15 1.27 0.849 1 0.742
38 0.1542 0.1241 {0.0908 | 0.0919{ 1.24 1.70 1.68 0.746 1 0.799
33 0.0430 0.0526 10.0436 1 00422 | 082 | 0.99 1.02 1.022 1 0.782
40 0.0341 0.0267 B 0.0185] 1.17 * 1.43 0.757 1 0.793
41 Weld | TP 304 0.0411 0.0276 1 0.019410.0288 [ 1.35 1.72 1.31 1.134 1.334 1.440
42 Metal | SAW 0.5016 0.3445 1 0.2563 /038041 1.33 1.64 1.24 1.074 1.460 1.658
43 0.4455 0.3847 10.2698 | 0.4236 | 1.12 1.44 1.04 1.190 1.461 1.660
44 TP 304 0.0932 0.0644 { 0.0508 | 0.0521 | 1.42 1.76 1.72 0.781 1 0.801
45 GTAW 0.0633 0.0532|0.0336 {0.0475} 1.14 1.55 1.23 0.999 1 0.801
46 0.0536 0.0477 {0.0246 {0.0421 [ 1.08 1.59 1.17 1.067 1 0.801
47 0.9917 0.8979 1 0.5456 [ 0.7697 | 1.08 1.57 1.2 0.930 1 1.002
48 TP SAW 2.0942 2.0335}1.2516 11.6823 | 1.02 1.45 1.18 1.354 1.612 1.781

* : not caiculated
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Abstract

As of the beginning of 1995, forty-eight (48) light water reactors (LWRs) are
operating in Japan, twenty-six (26) of which are boiling water reactors and twenty-
two (22) pressurized water reactors, and more are under planning or construction
phase. These LWRs constitute the main body of nuclear power generation units in Japan,
although there are three other power reactors of different kinds; a gas-cooled
reactor, an advanced thermal reactor and a fast breeder reactor. The oldest ones
among the LWRs were commissioned in 1970, experiencing more than twenty years of
operation. Consideration for the increasing aged plants brings up an important
technological task to maintain and improve the reliability of operating nuclear
plants, which would be essential, technically and socially, for nuclear power
generation in Japan to keep growing.

With these backgrounds, the Japan Power Engineering and Inspection Corporation
(JAPEIC), under entrustment from the Ministry of International Trade and Industry
(MITI), constituted a technical committee, named the Committee on Nuclear Plant
Opération and Maintenance Standards (POMS Committee) in the fall of 1993, to develop
a maintenance code for operating nuclear power plants.

Since the Japanese law requires nuclear power plants to undergo an annual
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inspection, the plants are shut down annually as scheduled for two or three month
period during which refueling operation and inspection of the facility, systems and
components are carried out. The inspection activities include in-service inspection
(ISI) in which the integrity of pressure retaining components is examined by non-
destructive examination techniques and in-service testing (IST) in which systems and
active components are functionally examined. Some of the examinations are required
and sometimes attended by the government authorities, while the others are autonomous
ones based on the utility’'s judgement. The JAPEIC's POMS Committee is intended to
comprehensively examine annual inspection requirements which should be provided by
the government codes and/or private voluntary standards, and to construct a new
application system for the requirements to be fitted in. Due to the restriction of
the period given to the Committee for the first phase being until March, 1996, the
Committee is concentrating its efforts on the area of ISI for the period. The
facilities, systems and compohents to be examined by the Committee activities are
those covered by MITI Notification No.501, the technical standard for nuclear power
plants, which roughly correspond to Class 1, 2, 3 and MC Components specified in ASME
Boiler and Pressure Vessel Code, Sections IM and XI.

The new maintenance code (draft) comprises three parts, Non-Destructive
Examination and Inspection (NDE) Rules, Flaw Evaluation Rules and Repair/Replacement
Rules. This paper presents the summary of a draft of the NDE Rules and Flaw
Evaluation Rules. Major differences between Japanese Code and ASME Code are
emphasized.

Refferences”

(1) Y. Imamura and K. Iida, Development of Nuclear Plant Operation and Maintenance
Code in Japan, 1995 ASME/JSME Pressure Vessels and Piping Conference, Panel Session
“A Look at Current Activities of ASME Section XI” , July 23-27, 1995, Honolulu,
Hawaii, USA.

(2) K. Iida and K. Hasegawa, Acceptance Standard for Pipes in New Maintenance Code
(Draft) for LWR in Japan, Inquiry Number ISI-94-21, ASME Code Section XI SG Eval.
Stand., March 6, 1996, Charlotte, NC, USA.
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New Maintenance Code
for Operating Nuclear Power Plants

in Japan (Draft)

by
K. Iida (JAPEIC)
H. Kobayashi (TIT)
Y. Imanmura (MHI)

K. Hasegawa (Hitachi)

New Maintenance Code in Japan

is developed by the Committee on
“Nuclear Plant Operation and Maintenance Standards in Japan”

(1994 ~ 1995, Chairman : Prof. K. Iida)

The committee is organized by

“The Japan Power Engineering and Inspection Corporation (JAPEIC)”

under the sponsorship of

“The Ministry of International Trade and Industry (MITI)”
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Design/Manufacture and
Maintenance/Inspection Codes

for Nuclear Power Plants

A. Japan

U.S.
B & PV Vode

ASME

D/M Code}{ Sec.M, Div.l |MITI Notification No.501

M/1 Code| Sec.XI, Div.1 Draft

ASME Boiler & Pressure Vessel Code

Sec. XI

Rules for Inservice Inspection
of Nuclear Power Plant Components
v
Requirements for Pressure Boundary Integrity

of Operating Nuclear Plants



Maintenance Codes in

Foreign and Domestic Countries

Code Country |[ISI Rule|NDE Rule|Evaluation Rule
ASME, Sec.XI U.S.A. O O O
R/H/R6 Document U.K. - - O
KTA Germany O O -
RSEM, RCCM France O O O
NE14 Switzerland O O -
Handbook Sweden - - O
JEAC 4205 (old) Japan @) O -
Draft (new) Japan @) @) o .

ISI : In-Service Inspection
NDE : Non-Destructive Examination and Inspection

New Maintenance Code in Japan

@ Non-Destructive Examination and Inspection Rules

® Flaw Evaluation Rules

® Repair/Replacement Rules




Impact of Flaw Evaluation Rules

O Design/Manufacture Code

Flaw Detection — Repair/Replacement

O Maintenance/Inspection Code

Flaw Acceptance — Continued Operation

Maintenance Code for Operating Nuclear

Power Plants in Japan (Draft)

General Rules

- Terminology

— Inspection Rules

Article General Requirements

Article Requirements for Class 1 Components (JWA)
Article Requirements for Class 2 Components (J¥B)
Article Requirements for Class 3 Components (J¥C)
Article Requirements for Class 4 Components (JWD)
Article Requirements for Component Supports (JWF)

— Evaluation Rules

‘—~ Repair/Replacemet Rules
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Inspection Intervals and Program

Japanese Code = ASME Code; Program B

Inspection Interval |Years|Min.Test(¥)|Max.Test(%)
1st

(10 years following -3 16 34
initial start of plant{ 7 50 67
commercial service) 10 100 100
13 16 34

2nd 17 50 67

20 100 100

23 16 34

3rd 27 50 67

30 100 100

33 50 67

ith 37 100 100

43 50 67

Sth 47 100 100

Y v ¥ {

Percentage of UT in ISI (per 10 years)

Japanese Code

RPV Vessel |Pipe

DW/SD| GW (DW/SD| GW [DW/SD

Class 1

Component | 100% |7-5%| 25% |7.5%) 25%
Class 3 L
Component — | 7.5% 7.5%

DW : Dissimilar Welds
SD : Structural Discontinuity

GW : General Welds
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Percentage of UT in ISI (per 10 years)

ASME Code

Vessel| Pipe

Class 1
Component 100% | 25%

Class 2
Component 100% | 7.5%

Flaw Evaluation Procedure

Yes

In-Service Inspection
(Flaw Detection/Sizing)

A

Flaw Characterization

L

Acceptance Standards
(Allowable Flaw Size)

No

Flaw Growth Evaluation

)

Fracture Evaluation

&

Acceptance Criteria

(Critical Flaw Size)

Yes

No

Acceptable
for Continued
Operation

Acceptable for Continued
Operation during End-of-
Evaluation Period

Component
aust be
Repaired/Replaced
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Flaw Detectability/Sizing Accuracy

by Ultrasonic Examination

Reference : Proving Tests by Nuclear Power Engineering Co.
Object : Ferritic Vessel Steels (t=50~250mm, Clad & Unclad)

Ferritic Pipe Steels, Austenitic Pipe Steels (t=5~50mm)

Flaw : Surface Planar Flaws
Detectability
Thickness t(mm) 5 21.4 37.5 50 100 150 250
Depth a(mm) 1.5 1.5 1.5 2.0 4.0 6.0 10.0
a/t(%) 30 7.0 4.0 4.0 4.0 4.0 4.0

Length ¢ (mm) 6.0 6.0 15.0 16.5 18.5 19.0 19.0

a/ e (%) 25 25 10 12 22 32 53

Sizing Accuracy (*30)

Depth a (mm) + 3

+21
Length ¢ (mm)
- 17

Acceptance Standards (Allowable Flaw Size)

O Over Detectability by NDE

O Validation by Fracture Mechanics Evaluation

O Continuity between Ferritic Vessel and Pipe Standards
O Combined Ferritic and Austenitic Pipe Standards

O Minimum Allowable Flaw Depth a=1.5mm

O Limit of Aspect Ratio a/ 2 >0.06

QO Subsurface Flaw a/t = Surface Flaw a/tx1.04Y
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Technical Basis of Allowable Flaw Size

for Pressure Vessels

O ASME Code, Sec.Il
Postulated Flaw Size, a/t=25% for a/2=1/6
O ASME Code, Sec.XI
Allowable Flaw Size, a/t=2.5% for a/2=1/6, t=100~300mm

Constant X for Conbinations of a/t and a/¢

1
Allowable Flaw Size = —— X Postulated Flaw Size
10

O Over Detectability by NDE — Bare Margin

O Validation by Fracture Mechanics Evaluation — Sufficient Margin

Allowable Planar Flaws for Vessels

Wall Thickness Japanese Code ASME Caode
t(mm)
az21.5mm
t<64 Min Vessel, Pipe] Given a/t
*_ Standards
64<t< 100 Given a Given a
1005t <300 Given a/t
300<t< 400 Given a
400t Given a/t
Aspect Ratio a/ 2 20.06 No Limitation
Clad Thickness Consideration No Consideration
Nozzle Corner No Consideration Consideration
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Allowable Flaw Depth, a (mm)

0 100 200 o0 400

Wall Thickness, t(mm)

Allowable Planar Flaws for Vessels

9-11



Inconsistency of Allowable Flaw Sizes

for Pipes in ASME Code

O Inconsistency of Allowable Flaw Sizes for Ferritic Vessels(V) and Pipes(P)
ap > av

O Comparison of Allowable Flaw Sizes for Ferritic(F) and Austenitic(A) Pipes

Large a/ 0 |Small a/¢

PSI ar=aa ar<aa

ISI ar>aa ar<aa

F: Low Toughness, A: High Toughness

Allowable Planar Flaws for Pipes

Combined Ferritic and Austenitic Pipe Standards

Pipe Thickness t(mm)|Allowable Flaw Size

Cut-off a=1.5mm

t< 80
Given a/t
a/t=12(a/ ¢ )+6
80<t Given a
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Wall Thickness, t (inch)
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Allowable Planar Flaws for Ferritic

and Austenitic Pipes

Wall Thickness, t (inch)
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75 :—_—_- Ferritc f’.lpe. ) ASME Code
4 Austenitic Pipe
1 1 1 1 1
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Wall Thickness, t (mm)

Comparison of Alldwable Flaws

between Japanese and ASME Codes
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¥1-6

General Rules

) {

Terminology

Inspection Rules

I

Bvaluation Rules

Whole Constitution of Evaluation Rules

-> under discussion

I

l

]

[

Flaw Evaluation Fatigue Evaluation| |Brrosion/Corrosion Fracture Toughness
Repair/Replacement Rules [ Evaluation Evaluation
Class 1 Component All Components [_ - Operating P/T Limit
Required Fatigue Class 1, 3 Evaluation
Ferritic Vessels Evaluation Components - Transient Evaluation

Ferritic Pipes
Austenitic Pipes

Carbon Steel,

Single Layer Flow

T

Low-Upper-Shef-Energy -

Evaluation
PTS Bvaluation

|

(Others)

Class
1,2,3,4
Components

Class 1 Components




Acceptance Criteria

Japanese Code|ASME Code

Vessel Wall Thickness|No Limitation| t24 inch

Pipe Nom. Dia. D22.5 inch | D24 inch

Austenitic Cast Steel - .
Ferrite Content No Limitation|{Cont.<20%

Flaw Growth Evaluation

Japanese Code ASME Code
Loading Conditions ' . . .
No. of Occurence Operation Records Design Conditions
Order of Transients No Consideration Consideration
Both a & ¢ Both a & 9

Flaw Shape Change Shape Change Consideration

Coalescence of . . . .
Adjacent Flaws Consideration No Consideration

Ferritic Piping SCC No Consideration Consideration
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91-6

System

Acceptable
for Continued

Transients
Expected Component
after Flaw Discovery > must be €
i Repaired
End-of- Repl
Fatigue i . No or Replaced No
Flaw to Crack Evaluation Yes
r
be Evaluated —> Period —3f ac > 10a¢ a; > 2a¢
Growth .
a4 . Flaw Size
2 Analysis
as¢
Initiation Initiation and
Keu Curve Smallest K Kis Curve Arrest Smallest
e Practure Critical Flaw fe» Ma Practure Critical Flaw

Mechanies —> Size for  — > Mechanics ——> Size for

Severest Analysis Normal, Upset Severest Analysis Accident

Normal Test Conditions Accident T‘ Conditions

Transient a Condition a:

Must Arrest
within 75% of
¥all Thickness

Enhanced Nondestructive Examination

Flaw Evaluation Sequence of Pressure Vessels

(ASME Code)

> Operation until
End-of-
Evaluation Period



Fracture Toughness of Ferritic Vessels

Initiation and Arrest Toughness (MPaJ/ m)

Kic = 36.49 + 22.79 exp[0.036(T - RInoT)]

Kia = 29.45 + 13.68 exp[0.0261(T - RTnoT)]

Neutron Irradiation Embrittlement (°C)
RTnor = [RTnor]o + ARTnoT + M
Parent Materials
ARTnpr = [CF]f0-29-0.04 1os f
[CF] = -16 + 1210P + 215C. + 77/ Cu-N:
Velds
ARTnor = [CF]f0-25-0-10 los ¢
[CF] = 29 - 245; - 6IN: + 3014/ Cu-Ni
f(x 10*° n/cm?, E>1 MeV) = f, exp(-0.24a/25.4)

M= 20[ARTNoT]

Fracture Evaluation for Pipes

Japanese Code ASME Code
Ferritic : 2.4 Sa
Flaw Stress 2.7 Sa Austenitic : 3.0 Sm
Critical a/ts75% a/tsS75%
Flaw Size 6 560° 8 $1360°
Thermal Consideration| No Consideration

Expansion Stress (SF=1)
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81-6

Fatigue Crack Growth
1GSCC Growth

Initial Flaw Size
ai

Flaw Growth Analysis

Inspection Interval

Pipe
Stresses

< Normal Conditions
<« Emergency and
Faulted Conditions

Safety

Factor

Final Flaw Size
as

Critical Flaw Size
an : Normal Conditions
a0 : Emergency and

Faulted Conditions

Flaw Evaluation Sequence of Pipes

Reduce
Inspection
Interval
No
[
Repair/Replace

Acceptance Criterion
Af < an
as < ao

Yes

Continued Operation
Acceptable

(ASME Code)



Materials

T
Austenitic Pipes Ferritic Pipes
v v
Parent Velds Cast Steels Fracture Toughness
Materials (GMAW, GTAW, SAW, SMAW)
Circumferential Joints/Flaws
Axial Joints/Flaws
N
Elastic-Plastic
( Fracture Mechanics
N
Limit Load Failure Assessment Diagram

Fracture Criteria and

Fracture Evaluation of Pipes

Fracture Criteria for Austenitic Pipes

Japanese Code

ASME Code

Limit Load

Parent Material
Cast Steel(Ferrite<20%)
Circumferential Joint/Axial Flaw
Axial Joint/Circumferential Flaw

Circumferential Flaw :
Parent Material
Cast Steel(Ferrite< 20%)
GMAW, GAW

Axial Flaw : All Materials

Elastic-Plastic
Fracture Mechanics

Circumferential Joint/
Circumferential Flaw

Axial Joint/Axial Flaw
(GMAW, GTAW, SAW, SMAW)

Circumferential Flaw :
SAW, SMAW

Failure Assessment
Diagram

Cast Steel(Ferrite 20%)
All Materials and Plaws
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Limit Load Evaluation for

Ferritic and Austenitic Pipes

Allowable End-of-Evaluation Period Flaw Depth to Thickness Ratio for

@ Circumferential Flaws, Normal Operating (Including Upset and Test) Conditions

Tables

® Circumferential Flaws, Emergency and Faulted Conditions

® Axial Flaws, Normal Operating (Including Upset and Test) Conditions

@ Axial Flaws, Emergency and Faulted Conditions

Screening Criteria for Ferritic Pipes

Is Jic Available?

Use Actual J:c®

Obtain Jic from @~@

{ |
¥
Design Values of
Sy and Sa
T ]
5€<0.2 | |Screening Criteria| ,5C21.8
Limit Load SC=K.'/S:' . LEFM
v ASME Code
$C=0.2 (No Consideration
EPFM in Japanese Code)

9-20




Elastic—Plastic Fracture Toughness

of Ferritic Pipes

@ Actual Jic by Tests
@ Lower Bounds of J:. Data
@ Jic = 1.296 CVN
Jic @ kJ/m2, CVN : J(Lower Bounds), T220°C

@ Circumferential Flaws :

T(°C) |[Jic(kJ/m?)

STS410, STS480, SFVC2B,| 20=T 134
SGV410, SGV480
TIG, SMAW, SAW

UST< 20°C 10ST<20 109
STPT480, 40sT 114
Others 10ST<40| 63
1
Axial Flaws : Jic(A) = —J1c(C)
2

Elastic—-Plastic Fracture Mechanics

Evaluation for Ferritic and Austenitic Pipes

O Circumferential Flaws
Tables of Limit Load Evaluation

Pn + Pb + PQ/SF Z[Pn + Pb + P./SF]

Sm S
Ferritic Pipes
Z=0.2885 log OD + 0.9573
Austenitic Pipes
TIG, SMAW : Z = 0.292 log OD + 0.986
SAW, Cast Steel (Ferrité<:20%) :1=0.350 log OD + 1.215

O Axial Flaws —> Failure Assessment Diagram
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Failure Assessment Diagrams for

Ferritic and Austenitic Pipes

@ Ferritic Pipes, Circumferential and Axial Flaws
@ Austenitic Pipes, Circumferential Flaws
@ Austenitic Pipes, Axial Flaws
(Preparing)
@ Austenitic Cast Steel(Ferrite220%), Circumferential and Axial Flaws

(Preparing)

Future Problems

O O0fficial Codificaion of Draft
MITI Notification
Japan Electric Association Code/Guide
O Construction of International Code
Unified Japanese and ASME Codes

Revised Edition of ASME Code
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THE DEVELOPMENT STATUS OF
MECHANICAL COMPONENT CODE FOR NUCLEAR
POWER APPLICATION IN KOREA

NAM-HA KIM*, JIN-SOO NAH
Electric Power Industry Code Development Project
‘Korea Power Engineering Company, Inc.
Seoul, Korea

ABSTRACT

As of the present date, the majority of the mechanical components
installed in Korea’s Power Plants have been designed and manufactured in
accordance with various foreign codes, even though many engineers are
accustomed to the usage of the foreign codes, certain amount of problems
occur because of foreign language, different units of measurement, terminology,
and administrative requirements. Because of the difficulties experienced in
applying differing codes, the Korean engineering community has been putting
forth efforts in the development of the Korea Electric Power Industry Code,
described KEPIC hereinafter, to resolve these problems.

This paper discusses the status of the present KEPIC-Mechanical
Components Codes and discusses future development of KEPIC-Mechanical.
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INTRODUCTION

In 1986, South Korea for the first time achieved a favorable balance-of-
payments ratio in foreign trade, and ‘the favorable balance has increased
rapidly. This traditional agrarian country has transformed into a modemized,
urban, industrial nation. This industrial growth and enhanced manufacturing/
engineering ability has necessitated the development of the KEPIC.

Since early 1992, the engineering community has diligently pursued the
development of the KEPIC to resolve numerous difficulties encountered in the
implementation of foreign code requirements. As a result of these efforts,
KEPIC for the areas of mechanical, electrical, structural, fire protection and
quality assurance was published in November, 1995. The developed KEPIC-
Mechanical embraces the general methodology and principles of ASME B&PV
Code. This decision was based on our present and historical involvement
with the ASME Code as being the Construction Code of Record on many of
our projects. The KEPIC-Mechanical is divided into two Parts; namely, Level
[ is the adaptation of the ASME Code, Section M, Division 1 for steel
components in the Nuclear Steam Supply System (NSSS). Level I contains
the Balance of Plant (BOP) and Turbine/Generator systems. Table 1 provides
the frame of these two levels. This paper introduces the developed
KEPIC-Mechanical for nuclear and non-nuclear components and discusses the

scope of future development for KEPIC- Mechanical.

TABLE 1. FRAME OF KEPIC-MECHANICAL

Level Group ltem

General Requirements, Class 1,2,3 Components,
[ Nuclear Components Metal Containment, Component Supports, Core
Support Structures

General Requirements, Pressure Vessel, Heat

Non-Nuclear Exchanger, Storage Tank, Piping, Pump, Valve,

Components

0 Condenser, Feedwater Heater
Common Requirements Material Specifications, Non-Destructive
to Components Examination, Welding Qualification
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NUCLEAR COMPONENTS

Nuclear Component Code covers design and construction rules for NSSS
mechanical components for Pressurized Water Reactor (PWR) Plants.
Safety-Related pressure retaining components, such as pressure-vessels, piping,
pumps, and valves fall within ‘its jurisdiction. Nuclear Component Code .is
composed of the following three sections: 1) General Rules; 2) Component
Code; and 3) Component Service Code.

The General Requirements, Subsection MNA of Nuclear Component Code
follows the structural format and contents of the ASME Code, Section I,
Division 1, Subsection NCA! with the exception of concrete components, which

is part of KEPIC-Civil/Structural Code.

General Requirements

Classification of Components, MNA-2000, follows the guidelines of
Subsection NCA-2000. Responsibilities and Duties, MNA-3000, is a simplified
version of NCA-3000, such as owner, component manufacturers, material
manufacturers, component installers, and authorized inspection agencies
complies with the Korean Industrial System.

Quality Assurance, MNA-4000, meets the requirements of Subsection
NCA-4000. The General Requirements differs from Subsection NCA by the
addition of Documents, MNA-6000. This section delineates the appropriate
documentation and records required by various organizations in the
construction of nuclear components. Design Specification and Design Report
shall be certified by Korean Mechanical Professional Engineer.

The Korea Electric Association will be responsible for the Certification of
Authorization in accordance with MNA-8000.

Table 2 shows a comparison between the General Requirements of MNA
and NCA.
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TABLE 2. COMPARISON OF GENERAL REQUIREMENTS

Mechanical Component Code
ASME Section lll Subsection NCA
Subsection MNA o -
MNA 1000 | General NCA 1000 | Scope
Classification of Classification of
MNA 2000 NCA 2000
Components Components
Responsibilities and Responsibilities and
MNA 3000 po NCA 3000 po
Duties Duties
MNA 4000 | Quality Assurance NCA 4000 | Quality Assurance
MNA 5000 | Authorized Inspection NCA 5000 | Authorized Inspection
MNA 6000 | Documents
Certification, Certificates of
Nameplates and Data Authorization,
MNA 8000 NCA 8000
Reports Nameplates, Code Symbol
Stamping, Data Reports
MNA 9000 | Glossary NCA 9000 | Glossary

Component Code (Nuclear)

In the preparation of the Nuclear Component Code, an analogy was
deliberately created between its structure and those of the ASME Code. This
was done to alleviate confusion with engineering disciplines working between
the two codes. As you see in Table 3 this was accomplished by the addition
of "M" to each Subsection of the ASME Code, Section I, Division 1.

The structures are comparable to the ASME Code numbering system, of
which the articles, paragraphs, and the same reference principles are used.
The Subsections of Nuclear Component Codes are a direct correlation of the
ASME Code, Section I, Division 1, 1992 Edition. However, there does exist
some variances between the two, such as the use of American Standards
versus the use of Korean Standards. One example, is the calibration of
instruments and equipment, in accordance with the Korea

ASME Code, Section 0O,V, and X is directly
10-4
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applied without translation to support the Nuclear Component Codes. Table 3

shows the full listing of the applicable Nuclear Component Code in Korea.

Table 3. CONTENTS OF NUCLEAR COMPONENTS CODE

Administrative Rules MNA, General Requirements

MNB, Class 1 Components

MNC, Class 2 Components

MND, Class 3 Components
Component Codes MNE, Metal Containments

MNF, Core Support Structures
MNG, Component Supports

| MNZ, Appendices

ASME Code Section II, Material Specifications

ASME Code Section V, Nondestructive

Service Codes Examinations

ASME Code Section IX, Welding and Brazing
Qualification

NON-NUCLEAR COMPONENTS

The Non-Nuclear Component Code has evolved around the structure and
contents of the Korean Standards. The Non-Nuclear Component Code
presently focuses on the steam generating power facilities, but eventually will
include components for petro-chemical plants and refineries.

The Non-Nuclear Component Code is composed of two sections. The
primary section is the Component Code. Which delineates the general and
technical requirements for materials, design, fabrication, examination, and
testing for construction. The secondary section is the Service Code, which
specifies the standards to be commonly used for manufacturing. Table 4

outlines the relationship of the Component Code and Service Code.
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Table 4. Qutline of Non-Nuclear Component Code

Component Code Service Code
General Material Non-Destructive Welding
Components Specification Examination Qualifications

Component Code (Non-Nuclear)

The Component Code is classified into General Requirements (MGA) and
Technical Requirements (MGX). The format and contents follows the ASME
Section I Code.

General Requirements are in accordance with Korean Standard (KS) A 9000
Series. Quality System Standard, which were adapted from the ISO 9000
Series for the purpose of globalization. Table 5 shows the comparisons

between ASME Code, Section I, Subsection NCA and the General
Requirements of MGA.

TABLE 5. COMPARISON OF GENERAL REQUIREMENTS

Mechanical Component Code S
mp ASME Section Il Subsection NCA
Subsection MGA
MGA 1000 | General NCA 1000 | Scope
Classification of Classification of
MGA 2000 NCA 2000
Components Components
Responsibilities and Responsibilities and
MGA 3000 i NCA 3000 .
Duties Duties
MGA 4000 | Quality Assurance NCA 4000 | Quality Assurance
MGA 5000 | Authorized Inspection NCA 5000 | Authorized Inspection
MGA 6000 | Documents NCA 6000
Certification, Certificates of
Nameplates and Data Authorization,
MGA 8000 NCA 8000
Reports Nameplates, Code Symbol
Stamping, Data Reports
MGA 9000 | Glossary NCA 9000 | Glossary
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The philosophy of ASME Section VI, Division 1, was used as a guideline
for the development of Non-Nuclear Components. The contents of
Non-Nuclear Components are limited to welded structures. The following is a
summary of Non-Nuclear Components Code:

o The Article of Contents follows ASME Section I, Subsection ND.

o Design requirements are expressed in SI units and the terminology of
Korean Standards.

o Matenal requirements for carbon steels, low alloy steels, and high alloy
steels, which were used in Korean Plants.

o Welding processes are selected for specific fabrication requirements.

The contents of the Component Code are made, as a rule, and shown in
Table 6.

TABLE 6. CONTENTS OF THE NON-NUCLEAR COMPONENT CODE

Section Symbol Article
MGX 1000 General
MGX 2000 Material
MGX 3000 Design
MGX 4000 Fabrication and Installation
MGX 5000 Examination
MGX 6000 Testing
MGX 7000 Overpressure Protection
MGX 8000 Marking

Service Code (Non-Nuclear)

The Service Codes contain material specifications, nondestructive
examinations, and welding qualifications to pressure retaining parts as shown
on Table 4.

Material Specifications are divided into four subsections, same as the ASME

Code, Section [, as follows:
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o MDF - Ferrous Material Specifications

o MDN - Nonferrous Material Specifications
o MDW - Specifications for Welding Material
o MDP - Properties

Material Specifications consists of 25 ferrous material specifications, 18
nonferrous material specifications, and 19 welding material specifications, which
were mainly utilized in the construction of nuclear and thermal power plants.
The code will be supplemented to meet engineering needs and as technology
develops within our industry. In the determination of allowable stress values
for pressure parts, the maximum allowable stress values are established as the
lowest value obtained from the criteria of ASME Code, Section [, Part D,
Appendix 1, "Non Mandatory Basis for Establishing Stress Values.”

Nondestructive examination (NDE) contains NDE methods and qualification
requirements of NDE personnel. NDE requirements and methods have
basically incorporated the ASME Code, Section V and the Korean Standards,
which are applied to the construction of power plant components.

For the preparation of welding qualifications, ASME Section X, Part QW,
was used as a guideline. However, format and contents differ from the
ASME Code. Welding qualification incorporated the welding data, specified in
Part QW, into the applicable paragraphs of the welding procedure and welding
performance qualification. This change was done to provide convenience for
the end user. Qualification of welding materials follows the general

requirements of AWS, A5.01, "Filler Metal Procurement Guidelines.”

DISCUSSION

At present, there exist two component codes for Pressure retaining parts;
one for nuclear and the other for non-nuclear. It is our future plan to merge
the two into one major Pressure component code in which one Service Code

will be applicable for both. This will be done with a conscientious effort by
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the Korean Mechanical Engineers. The main objective and reasoning for this
consolidation is to bring within the engineering realm a more user friendly
code while delineating the technical requirements of both. The
KEPIC-Mechanical will evolve through our engineering community’s
experience and to be paced with the continuing téchnical betterments
concerning design, construction, and operation of the mechanical components.

It is now being developed for other Mechanical Component Codes such as
Turbine Generator, HVAC, Crane including addional Pressure Components

Code. Table 7 shows outline of the Code in Preparation.

TABLE 7. OUTLINE OF KEPIC-MECHANICAL IN PREPARATION

Title References
Power Boiler ASME [
C ent Cod HVAC ASME AG-1
omponent ~0%€ 1 crane ASME NOG-1, CMAA
Turbine Generator RRC-TA
Service Code |Brazing Qualification ASME X Part QB

Operation and Maintenance of |ASME OM Code, OM-S/G
Mechanical Component

Qualification of Mechanical ASME QME-1
Equipment

Other Code
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ATTACHMENT. LIST OF PRESENT KEPIC-MECHANICAL

. Sub-
Section section Title ' Title
MNA General Requirements ASME III NCA
MNB Class 1 Components ASME III Div.1 NB
KEPIC-MN MNC Class 2 Components ASME HI Div.1 NC
Nuclear Mechanical MND Class 3 Components ASME III Div.1 ND
Components MNE Class MC Components ASME III Div.1 NE
MNF Component Supports ASME III Div.1 NF
MNG Core Support Structures ASME III Div.1 NG
MNZ Appendices ASME III Div.1 Appendices
MGA General Requirements ASME III NCA
MGB Pressure Vessels ASME VH Div.1
MGC Heat Exchangers TEMA, HEI
N§§?3§ZT£;F MGD Storage Tanks API 650
Mechanical MGE Power Piping ASME B31.1
Components MGF Pumps API 610
MGG Valves ANSI B16. 34
MGH Surface Condensers ‘HEI
MGI Feedwater Heaters HEI
MDF Ferrous Material ASME II Part A
KEPIC-MD MDN Nonferrous Material ASME ]I Part B
Materials MDW Welding Material ASME II Part C
MDP Properties ASME II Part D
KEPIC-ME
Testing and MEN Non-Destructive Examination | ASME V
Examination
KEPIC-MQ MQW | Welding Qualification ASME IX Part QW
Welding
MIA General Requirements ASME XI Div.1 IWA
MIB Class 1 Components ASME XI Div.1 IVWB
KEPIC-MI MIC Class 2 Components ASME XI Div,1 IWC
Inservice MID Class 3 Components ASME XI Div.1 IWD
Inspection MIE Class MC and CC Components | ASME XI Div.1 IVWE
MIF Class 1,2,3 and MC ASME XI Div.1 IWF
of Nuclear Power
Plant Components Component Supports
MIL Class CC Concrete ASME XI Div.1 IWL
Components
MIZ Appendices ASME XI Div.1 Appendices
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Progress of Component Ageing and Structural
Integrity Research Program at JAERI

Katsuyuki SHIBATA

Reactor Component Reliability Laboratory, Department of Reactor
Safety Research, Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken, 319-11 Japan

Abstract

At JAERIT, the safety research of nuclear facilities is conducted in accordance
with the Five-Year Safety Research Program of the Nuclear Safety Commission.
Ageing and structural integrity research of JAERI has been conducted as one of
the safety research prescribed in this Program From the view points of plant
safety and replacement technology, Reactor Pressure Vessel, Concrete structure and
Electrical cables were identified as important key components to be investigated
in the ageing research. This paper overviews the progress and results related to
ageing and structural integrity research currently performed.

1. Piping Reliability Test program[1]

An extensive piping research program had been conducted to demonstrate the
safety and reliability of LWR piping[1]. Three major tests, Pipe fatigue test,LBB
test and pipe rupture test, were performed.

Pipe fatigue test was performed to prove the integrity of primary piping
during the service period(Fig 1). Flat plate specimens with one or two surface
cracks were tested. From the test results a procedure to predict the multiple
fatigue crack growth were proposed. To verify this procedure, straight and bend
pipes with multiple cracks were tested. It was confirmed that the LWR pipings
with a crack grown during service period have sufficient fracture resistance
(Fig 2). _

LBB test, which involves the fracture test of circumferentially cracked piping
under bending and the leak-rate test through fatigue cracked piping, was perfor-
med to examine the LBB of piping(Fig. 3~Fig 6). It was shown that LBB of primary
pipings can be jutified for pipes with 4-inch diameter or larger(Fig 7, Table 1).

In addition, pipe rupture test was carried out to demonstrate the effective-

ness of protective device against postulated pipe rupture.
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2. Reserch Program on Integrity of Aged LYR components

In the Five-year Safety Research Program of NSC for the period "96 ~ (0. the
research area related to the ageing is identified to be one of the important
issue. JAERI has conducted the research on this area since late 1980°s. From the
view points of plant safety and repare/replacement technology, Reactor Pressure
Vessel (RPV), Concrete structure and Electrical cables were identified as key com-
ponents to be investigated.

Objectives of the research is to improve and validate the prediction methodo-
logy, to evaluate the integrity of aged components and to utilize the results on
regulatory issue. Subjects under investigation are described below. Most activi-
ties are concerned with the ageing issue of RPV.

1) Ageing mechanism and prediction methodology
(1) Irradiation embrittlement of RPY
« Irradiation tests using J¥TR(Japan Material Testing Reactor) (Table 2.Fig 8,
Fig 9)
Fluence, Flux, Temperature Chemical compositions[2]
« Evaluation of fracture toughness of irradiated PV steels
Correlation between mechanical properties(3]
- Investigation of embrittlement of decommissioned JPDR(Japan Power Demonstra-
tion Reactor) RPV[4] (Fig. 10,Fig 11)
Mechanical and metallurgical tests of trepans cut from JPDR RPV is under-
way under the cooperation with ORNL. |
(2) Environmentally assisted cracking of RPV
« Investigation of JPDR RPV cracking
« Corrosion fatigue test in high temperature water environment (5]
Influence of temperature, flow velocity, DO, crack branchinng phenomena
(3) Ageing of concrete structures
« Investigation of ageing of the biological shield wall of JPDR[6]
 Investigation of ageing of the JPDR containment vessel
2) Inspection and evaluation of ageing

e Improved crack detection technique by detecting the distorted component of

magnetic flux of ECT (7] (Fig. 12 ~Fig;14)

+ Detection of material degradation by MIM(Magnetic Interlogation Method) (8]

» Reconstitution technique on irradiated Charpy impact specimen using the SAJ

(Surface Activated Joinig) (Cooperation with IHI)[9] (Fig. 15~Fig. 17)
3) Evaluation methodology for component integrity
* Integrity evaluation of an aged RPV based on EPFM

* Reliability analysia of an aged RPV based on probabilistic Fi.
11-2



References :

(1] K Shibata, T. Isozaki et al.: Results of reliability test program on light
water reactor piping, Nucl. Eng Des., 153, 1994 ,

(2] M. Suzuki and Y.Idei: Effects of neutron flux and irradiation temperatureon
irradiation embrittlement of A533B steels, Presented at ASTM Symposium on
Effects of Radiation on Materials, 1994, Sun Valley (to be published in ASTH
STP1271)

[3] K. Onizawa and M.Suzuki: Fracture toughness evaluation in the Transition
Region of reactor pressure vessel steel, JAEA specialists meeting on irradi-
ation embrittlement and mitigation, Oct. 1995, Espoo, Finland

(4] M. Suzuki.Y. Idei, K Onizawa:Investigation on irradiation embrittlement of
reactor pressure vessel steel using decommissioned JPDR, TAEA Specialists
meeting on Technology for Lifetime Management of NPP, Nov. 1994, Tokyo

[5] .N. Nakajima and N.Ebine:Effect of local environmental condition on crack
growth behavior in RPV steels of elevated temperature water environment, IAEA
Specialists meeting on Technology for Lifetime Management of NPP, Nov. 1994

[6] Y.Idei et al. :Mechanical properties of JPDR biological shield concrete,
JAERI-M 90-205, 1990

[7T] N.Ebine, S. Takeuchi and K. Ara:Eddy current testing using a parallelogram
probe of the distorted magnetic flux detection type, J. Magnetics Society of
Japan, Vol. 20, No. 2, 1996

(8] K. Ara, N.Nakajima and N, Ebine:A new method of nondestractive measurement for
assessment of material degradation of aged reactor pressure vessels, Presen-
ted at Japan-Central Europ Joint Workshop on Advanced Compiting in Engionee-
ring, 1994, Poland

[9] K. Onizawa, K. Fukaya, Y. Nishiyama, et al. :Development of reconstitution techni-
que of Charpy impact specimens by surface-activated joining for reactor
pressure vessel surveillance, IAEA Specialists meeting on Technology for
Lifetime Management of NPP, Nov. 1994, Tokyo

11-3



Normarized stress (Pm+Pb)/Sm

Pipe fatigue test
Fatigue test of pipes with
multiple cracks at the inner
surface :

+ 12inch-diameter straight and
bent pipe test
e crack growth and coalescence

Fatigue test of flat plate
with multiple surface cracks:
«Flat plate of 24mm-thickness
with semi-elliptical cracks
« Interaction of multiple craks
« Effect of front free surface

Flat plate test

» Fatigue crack growth behavior
in the inner surface of pipe

uation procedure

Crack growth eval-

Verification of the
evaluation method

- Stress intensity factor
factor solution
(Newman-Ra ju)
» Crack growth equation

Cyclic load based on
plant design transient

Evaluation of fatigue crack growth
during the service period

Fracture criterion®
Overload

Crack size is small enough compare
to that of pipe break

l

Integrity of piping during
the plant service period

¥ Results of LBB test

Fig. 1 Flow of the pipe fatigue test

5k —O0~0—0O0—0—-0—0—0——o .5F
Fracture stress of piping Fract stress of pipin
L0 [) with a fatigue crack after | 301 w;:ﬁ :r$atigue cracg gftgr
0 40 years operation 40 years operation
L5 Allowable stress for Level C 25} Allowable stress for Level C
condition, 2. 25Sm condition, 2. 25Sm
2.0} 2.0}
Allowable stress for Level B Allowable stress for Level B
s condition, 1.5Sm s condition, 1.5Sm
B¥R PLR piping PR, PCL
1.0 Pm = 1. 5Sm O Sch. 80 1.0} Pm = 1. 5Sm ® Sch, 160
oT 1 1 1 1 s A1 1 OL — 1 1 A — 1 1
0 4 [} 12 18 20 24 28 2 0 4 ] 12 18 20 4 28

Diameter (inch)

Diameter (inch)

Fig 2 Fracture stress of piping with a fatigue crack after 40 years operation
(BWR Primary Loop Recirculation Line and PWR Primary Coolant Line)
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Leak rate test
Leak rate through the through-
wall fatigue cracked pipe under
internal pressure and bending:
+ 4 6, 12inch-diameter pipe test

Pipe fracture test
Fracture behavior of cracked
pipe under bending load :

+3,6,12 inch-diameter
pipe test

quized collapse moment Mc/M ,

l

[

Verification of the
leak rate evaluation

Verification of the
crack opening area
evaluation method

Verification of the
fracture evaluation
me thod

me thod
L

]

Evaluation of leak-detectable
through-wall crack angle

Evaluation of through-wall crack
angle at the onset of fracture

2 e teak 2 e [XAK]
LBB if 20 ,.,..< 206.,.:,
Fig 3 Flow of LBB verification test
sTS 42 3-inch dia. Base metal,RT
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. GTAY [J12-inch dia, Base metal,RT Ol2-inch dia. Base metal, 300°C
2 cosuAN M12-inch dia, Yeld metal®* RT 12 412-inch dfn.Ield matal®®, 300C
. O12-inch dia. Base metal, 300°C 7 6-inch dia, Base metal, 285°C, JWPa
#12-inch dia, Yeld metal®*, 300C L 4
o W 6-inch dia, Base metal, 285°C
1.0
e 10
a 8
=2
€
o8 S § 0.8
Through-wal | a
06 crack _2'
’ < 08
Q
bl
~
0.4} a &
pmo S o4
p=0
sc, P=6.86MPa
02l \\\ P=686MPa
Mc :Collapse moment o2k ‘\\
M, :Collapss moment Mc :Col lapse moment
of uncracked pipe M, :Collapse l\onenF
, \ of uncracked pipe \
% 02 0.4 0.6 0.8 1.0 05 al.z old 01‘ =
Normalized crack sngie 20 /2« g - -
Normalized crack angle 20 /2w
Fi Comparison between net-section col lapse . o .
g4 criterion and test results of through-wail Fig. 5 Compirison between net-section collapse

cracked stainless stesl pipes
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Fig 7 Case studies of LBB in pressure boundary pipings of BWR and P¥R

Table 1 Summary results of piping reliability test

Objectives Test item Results

+<Flat plate-test - Enpirical formula for the correction of front free

surface effect in the part-through crack growth and

. interaction of multiple crack growth

«Straight pipe test + Evaluation procedure of multiple crack growth

- Bent pipe test - Evaluation of integrity of the primary piping in LYRs

Integrity of piping
(Pipe fatigue test)

+Pipe fracture test + Fracture criterion of cracked pipe under static load

Leak befors break +Vibration test - Fracture criterion of cracked pipe under cyclic load

in piping +Leak rate test + COA evaluation procedure of through-wall cracked pipe
( LBB test )

« Leak rate evaluation procedure
L- Evaluation of LBB in the primary piping of LWRs
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Absorbed energy (J)

Table 2 Chemical composition of the materials used. (vt%)

Alloy C Si Mn P S NiCr CuCo Mo V N

L 0.17 0.24 1.39 0.003 0.003 0.60 0.07 0.02 0.009 0.46 <0.01 0.0082
M 0.21 0.28 1.44 0.006 0.014 0.65 0.03 0.03 0.009 0.51 <0.01 0.0096

(a) (b)
300 12 300
L I290°C' @ : "I'IO M I290"’0 ¢ : ~1012
@) ;inrr-dl-lard + . (@ T ate
250 s :".‘::‘::: .:::::::-,/c—' 280~ A i N-:n-:d; EY T —
$ ¢ ¢ 1 a
200} —A-Irradiated L3x10 | Y Urpadiated, L
v drradiated 'L:xm" "o v 200/ K dryadiated, “Loxi
v v drradiated 1L8x10t°
150 PR 150
> 0
4 | A l 8
100 ov—> : 100 o—i A Y
Qv vx A v
50(— @——‘Ln SO e
oy % Gk
Q o g ol |
150 -100 -50 o 50 100 150 L0 " To0 o o 50 100 150
Test Temperature (°C) Test Temperature (°C)
F1g_8 Absorbed energy transition curves before and after

irradiation to 1x10*® and 2x10*®n/cm? (E>1MeV) at
290°C for (a) alloy L. and (b) alloy M. All data
are of dose rate of -10*2n/cm?/s.

e | I
g wor— = o
7 e l —e_ | -101°T
o
2 40 T\ |\l
g ® Ls-a1 ); 1010 \ﬁ
: 20| O L8-18 x 1::: %

0 taie ; 10 a/ems @1ew) (dose rate~10 n/cmY/s)f

57
:

270 280 290 300
Irradiation temperature (T)

Fig 9 Effects of irradiation temperature on (a) transition
temperature shift after irradiation to -2x10*® n/cm®
[M. Suzuki et al. :Effect of neutron flux and irradiation
temperature on irradiation embrittlement of A533B steels,
Presented at ASTH symposium, 1994, Sun Valley
(to be published in ASTK STP 1271) ]
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Fig. 10 Specimen machining procedure from Trepan cut from JPDR RPV

Experimental results expected
from JPDR RPV investigation

1) Flux effects on Radiation
Embrittliement-Verifivcation
of Trend Curves

2) Through-thickness Attenuation

of Irradiation Embrittiement
3) thermal Ageing-lIrradiation
Embrittlement Interaction
4) Annealing Characteristics of
Real RPV material

DPI (load 10kgf)

(M. Suzuki ]
Attenuation of Irradiation Embr

JPDR Pressure Vessel, JAERI-Res,

and Y. Idei:Study on Through-thichness
ittlement using
94-038, 1994 ]

Fig 11
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current probe
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Fig 14 Relation between detected voltage and depth of outer surface flaw

[N.Ebine, et al. :Eddy current testing using a parallelogram probe of the dis-
torted magnetic flux detection type, J. Magnetics Society of Japan, Vol. 20, 19961
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ABSTRACT

The olb)ective of this paper is te develoo the expert svstem called NPIES for nucie:  iping
intoedty. Tiée paper describes the structvre and ‘he dAevelopment strategy of NPIES .stenn
NIl systm consists of 5 parts; usc. inlorfice, databas:. <nowledge bhase, expert =nd it .-arity
svatnabern part. The user interface sat o developed - cennect the user--and - N ES. - vstor,
efiectively. In the database part, nucieac piping material peoperties are stored and . wruG.wn
raceriat properties are provided throvel inferring tue known material properties. Varioi:, otics
for inivTing alerial properties arc stosec in the xnowledgz2-tase part.  The most avj:tini.c
rva'vaion method for given input c¢ondition is reconinended in the expert part. Finaliz. e

integrity evaluation part is developed for the evaluation of piping integrity effectively.

INTRODUCTION

The expert system, as a part of artificial intelligence (Al), is being applied for the purpose of
design and diagnostic analysis in a variety of engineering fields. In nuclear industry,
applications of Al technology to the integrity assessment of power plant facilities have
progressed from ecarly 80's and several softwares such as DIAS (Okamodo et al, 1987), ESR
(Jovanovic et al 1991) and RAMINO (Lucia and Volta, 1991) have been developed.

Potential loss of structural integrity due to aging of nuclear piping may have a significant
effect on the safety of nuclear power plants. Currently nuclear piping integrity evaluation is
performed for defects found during in-service inspection. The integrity evaluation requires not
only engineering knowledge but also comprehensive judgement based on the field experience.

In a majority of integrity evaluation softwares currently being used in nuclear industry, the
integrity evaluation is usually performed after the material properties and the evaluation methocd
are provided by the user. However the material properties such as fracture resistance curves and
full stress-strain curves are not always available for early-built nuclear power plants. Therefore
it is useful to the user if unknown material properties can be inferred from known material
properties. In addition, although the selection of the. integrity evaluation method has a significant

cffect on the accuracy of analysis results, it is not ecasy for non-expert users to choose the
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appropriate method for given information.
The objective of this paper is to develop the expert system called NPIES (Nuclear Piping
Integrity Expert System) for nuclear piping integrity. This paper describes the structure and

development strategies of NPiES system.

User interface

MAN PROGRAM

—
SUB PROGRAM

3 Fraciure criena

JYGN 4 LBB T Possession ratio

OUCN 34 (B8

e S —

EVALUAT'ON PART

FIGURE ]. STRUCTURE Ot NPiES SYSTEM

STRUCTURE OF NPILES SYSTEM
Tigure 1 snows the structure of NPIiES system. NPIES system is developed for PC (perszonal
.omputer) and consists of 5 parts; user interface, datiibase, knowledge hase, expert and integrity

evaluation part. Those are illustrated as followings.

User interface
The user interface part is developed under Windows 3.1 operating system environment to
connect the user and NPIiES system effectively. Pull-down menu driven method is adopted and

frequently used menu is developed as toolbar for user’s convenience.

Databas

NPiES system has material property (tensile and fracture toughness) database for nuclear grade
steels such as SA312 TP304, SA312 TP316, SAIO6 Gr.C etc. A majority of test data was
obtained from domestic material test program such as Yonggwang 3&4 (Kim et al, 1993) with
additional information obtained from literature survey. Various material constants such as
Ramberg-Osgood parameters are directly provided, or can be obtained by curve-fitting the
raw data for proper range. An  effective database management system was constructed by

utilizing DBase 117 and Microsoft ODBC (open database connectivity).
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User miertace

FIGURE 2. STRUCTURE OF HYBRID DATABASE

Figu-e 2 shows the siructure of the datibase which is developed using the hyhrid database
forimat. An eflective search for material property is vossible by using the hybrid database
which iz comevied - with DBMS (database mameiunent sysienn) an!  BEVE (Knowledite 1i-se
manageat at sy stem).

DBMS is ulilizcé to scarch necessary material preperty from the storsd matqrial property. If
necsssary matitid propecty is not lound in the databas:, KBMS is atilized [0 i)rcdict unkaow a
material property from the knowledge which is stored in the knowledge nase. In addition, the
lower bound tensile and fracture toughness values which are provided in the EPRI report (Norris

et al, 1988) are stored to compare with the predicted material property.

Knowledge base

In the knowledge base, the following levels of knowledge are stored.

Level 1 : Knowledge for inferring 0-¢ curve from yield strength.
Level 2 : Knowledge for inferring 6-£ curve from

yield strength and tensile strength.
Level 3 : Knowledge for inferring J-R curve from

fracture strain.
Details of the knowledge base will be explained in the following chapter.

Expert part
In the expert part, proper integrity cvaluation method for given input conditions is
recommended based on cither the possession ratio of material property or the criteria given in
Appendix C and Appendix H of ASME Scc. XI (ASME, 1992). Details will be explained in the
following chapter.
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Integrily evaluation_part

In the evaluation part, four cvaluation modules such as LEFM (Linear Elastic Fracture
Mechanics), EPFM (Elastic Plastic Fracture Mechanics), limit load method and fatigue analysis are
provided for the purpose of piping integrity evaluation. And the EPFM module consists of three
parts such as CDFD (Crack Driving Force Diagram), J/T and DPFAD (Deformation Plasticity

Failure Assessment Diagram).

NPiES system is programmed by using the C~ language which supports OOP (Object Oriented
Programming) and is modulized for the sake of easy expansion of the system.

The following analysis models are currently available in NPiES system.

Axial surface crack under internal pressure
- Circumferential surface crack under tension
- Circumferential through-wall crack under
tension
- Circumferential through- wall crack under
hencing moment
~ Circumierential through-wali crack under
bending r.oment and tensiv,
- Circumiferential surface crack under bending momenr
- Circumferential surface «rack under tension and hending moment
- 1.ong exial suriace crack inder interial pressure

- Axial through-wall crack urider internal pressure

INFERRING UNKNOWN MATERIAL PROPERTIES

Although the tensile properties of nuclear grade steels are easily found in open literature, the
material constants Ci, C2 of J-R curve are seldom found. The fellowing empirical equation was

obtained by statistically correlating the tensile data and the J-R data of SA312 TP304 and SA106
Gr.C (Kim et al, 1995).

O
i

1687 EK(S, y e )™ (1)

0.38 for carbon steel

3
~
1]

l 0.61 for stainless steel ®
where E is Young's modulus, k is non-dimensional constant, S’y is defined as SWE and &. is
fracture strain.

In this research, the prediction of J-R curve from tensile data (Sy, E, €) was performed, and
the accuracy of above equations is obtained as 70 %. Accordingly, we define the certainty factor
of rule (CFyiie) as 0.7 to calculate the possession ratio of material property. The procc(luré for

calculating the possession ratio will be explained later.

When the 0-£ curve is unknown, Ramberg-Osgood constant n value is obtained as (Bloom and
Malik, 1982):
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Su _2.7183"" ={ 1/n ,H_}“" )
S T/002+STE =\ (1,002 +Sv/ 9 :
(1002 €)= (12,7183 In (1,002 +&,)) " (@

and the a value is obtained as

1 (In(1,002 +Sv/ E)} 1" _

= tsm Gt S B 5)

____E___(Sey ‘

“= 2.7183715)'( Su) (6)
L (1,002 +€) ~1.002~ &,

a= =t (7

(1.002+¢y)"

The prediction of 0-¢ curve from tensile data (Sy, Su, E) was performed, and the accuracy of
above equations is obtained as 90 %. Accoidingly, we defire the CFuure as 0.9.
In addition, various rules fer inferring Jic and Kic values from tensile cdata are alsu stored in the

knowledge base.,

SELECTION OF EVALUATION ML TH{. L

An apinzoriate piping integrity evaluation method is usualy s:»lected vased on the criteria given
in Appendix C and Appendix H of ASME Sec. X1 depernsiing on picing. materizl. applied load und
materia! property. This criteria can only he used when all informations are available. In this
paper the "posséssion ratio (PR) of material property” is proposed as a new criteria for selecting
the most appropriate integrity evaluation method and the weight factor which is quantitatively
determined through the sensitivity analysis is adopted to evaluate the effect of material property

on fracture behavior.

Evaluation method bhased on the PR
In order to determine the most appropriate evaluation method for given input information, new
method based on the PR which is defined as a ratio of given material property and required

material property. The procedure for obtaining the PR can bhe explained as following.

Step 1 : Determine the scatter band of the material property from the database.

Step 2: Perform integrity evaluation for a long axial surface crack in a pipe (Figure 3) with
=20, ~40% variation in material property.

Step 3 : Determine the weight factor for respective material property from the integrity
cevaluation results.

Step 4 : Determine the PR from the summation of weight factors for given material property.

Sensitivity _Analysis )
Limit_load method. The limit load for a long axial surface crack in a pipe, as shown in Figure

3, is expressed as following (Zahoor, 1989).



FIGURE 3. GEOMETRY OF A LONG AXIAL CRACK
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(8)

shows the variation of
Here Paax is the

variation of material property while Phaxo is



As shown in the figure, the sensitivity due to the variation of S, value is higher than that due
to the variation of S, value. The weight factor (WF) for respective material property is defined
from Iigure 4 as following.

o St

2SI,

=1

(9)

where n is the total number of material property and SL: means the slope of i th material
sensitivity vs load.

Accordingly the weight factors for respective material property are defined as given in Table 1.

TABLE 1. WEIGHT FACTOR FOR LIMIT LOAD METHOD

Matenal - .

Propertv Sy S
Weight .
Factor 0.3 0.7

J/T and CDFD_method. The J-integral for a long axie: surface crack in 2 pipe is evpressed
as (Zahoor, 1989}
J=rtfSil E +aS, S 1E) ih(S. S)"! (10)
where
Su= 2605/ LRy - R
= geometry Jaclsr

h, = shape function

and the J-R curve is expressed as following.

Je=C(4a)® (11)
Governing material properties in the J/T and CDFD analyses are;
- Ramberg-Osgood constants ; d, n
- Yield strength ; Sy
- Material constants of J-R curve : Cy, C2
Figure 5 shows the variation of maximum load as a function of material sensitivity in the J/T

method. As shown in the [igure, the S, value is the dominant factor and the weight [actors for

respective material property are defined as given in Table 2.
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TABLE 2. WEIGH" FACTOR FOR J/T METHOD

Materiv! . .

Propertv a n o L Ca

Wesht oo | oda | 036 | 07 | 0.4
1ICLOY .

PIFAD method. In general, the equation for DPFAD curve is expressed as

J(a, P) =1/K>
_ J(ay, P) " Pla P.n)
J(a. P) F(a, P

{12)

Therefore, the governing material properties in the DPFAD analysis are same as those of J/T
method. Figure 6 shows the varation of maximum load as a function of material sensitivity in
the DPFAD method.

As shown in the figure, the Sy value is the dominant factor as well. The weight factors for

respective material property is defined as given in Table 3.

PR _of _material property

The PR of material property is computed based on the previously obtained weight factor and
certainty factor of rule. Figure 7 shows an example for computing the PR.

Assume that 4, n, S.. C,, C2 values are required for the analysis, and only a, n, S¢ values are

given. If the inference for obtaining unknown material property is
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TABLE 3 WEIGHT FACTOR FOR DPFAD METHOD

Material

R a n Sy Ci C
Property
Weight 1. | Goe | w65 | w10 | 0o
actor
T Recuired matectat proeries
i an 9.0 G
; Assume given
. mat. properties.
3 @n Sy

i CrmammCe98%

: Possession ratio I  Possession ratio

9.7 % - 3 790%

FIGURE 7. FLOW CHART FOR COMPUTING PR

failed due to insufficient input information, the current PR is computed as following.

PR = a (9%)+n (1496)+Sy (569%6) =79%
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If the inference is successful, the weight factor is redefined as following:

WFRr=CFrue N WIs (13)
where,
WFr = redefined weight factor
WFs = weight factor defined by sensitivity analysis
CFrure = certainty factor of the rule which is used to

infer unknown material properties
In the next phase, the PR is recomputed as following:

Step 1 : Redefinition of weight factor
Ci =07~ 7% = 4.9%
C: =07 14% = 9.8%
Step 2 : Calculation of PR
PR = (9%)+n (149%6)+Sy {56%)+C, (4.9%)+C. (D.R6)
= 93.7%

After obtaining the possession ratio of material property for respective integrity evoluation
methods. the method which has the highest possession ratio is recommended as th: rmost

appropriate integrii. cvaluatio.; method.

Evaluation method based on ASME Sec. XI criteria

In Appendix C and Appendix H of ASME Sec. XI, the evaluation procedures for austenitic and
ferritic piping materials are given. The austenitic piping material is distinguished between
austenitic materials with high fracture toughness and certain flux welds that have lower
toughness. The base metal and non flux weld (GTAW, GMAW) evaluation is based on a plastic
collapse failure mechanism and the allowable flaw sizgs are generated from the limit load
analysis. The flux w'cl(l evaluation is hased on an unstable crack tearing failure mechanism and
the allowable flaw sizes are determined using EPFM analyvsis methods.

The ferritic piping material is distinguished by high toughness materials (base metal) and
certain lower toughness flux welds, which include shielded metal arc welds (SMAW) and
submerged arc welds (SAW). Since the predicted failure mechanism for the flux welds was
unstable, The flaw extension may occur at loads lower than the plastic collapse analyses. The
applicable failure mode is defined depending on material toughness, load type and magnitude, and

flaw size, shape and orientation. Finally, an appropriate evaluation method is recommencded.

CASE STUDIES

To illustrate the usefulness of NPIiES system, case studies were performed.

Figure 8 shows the analysis model of a pipe (mean radius R = 2160 mm, thickness t = 216
mm), (@) with an axial semi-clliptical crack (depth a = 34 mm, crack length 2¢ = 162 mm), (h)
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with a long axial crack (depth a = 54 mm). The pipe is lbmder“internal pressurc of 17 MDPa.

The material properties of the pipe are f()llo“'ing.

|

F

44—

L~ semi-elliptical crack

FIGURE 8. GEOMETRY OF AXIAL SEMI-ELLIPTICAL CRACK

Sy = 594 MPa
Se = 703 MPa
D = 203 GPa
3.6
EN_ (.G 2l O\ ,
<.~:v.,\; (60) ol (14
Jo=132(4)%"" (kN/m; (.3

Assuming that full material properties are not given, the following three case studies were
performed.

Case 1 : Inferring 0-& curve from S, value.
Case II : Inferring 0-¢ curve from S, and S. values.

Case III: Inferring J-R curve from €. value.

Case ] :1 i 0-¢ v 0 value.

This case study is when the yield strength (S,) is given instead of full 0-¢ curve. Figure 9
shows the screen of database hefore inference and Figure 10 shows the screen after inferences
Su = 891 MPa, a = 1.64, n = 6.09 and E = 197 GPa.

EPFM analyses were performed based on 4 different integrity evaluation methods (CDFD, J/T,
DPFAD, limit load) and the results are summarized in Table 4. llere the safety factor is deflincd as
ratio of operating pressure P against maximum load Paax.  As shown in the table, the maximum

difference between the Case I and reference case (when material properties are fully given) is within
25 %.
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FIGURE 10. DATABASE SCREEN AFTER INFERENCE FOR CASE 1

TABLE 4. ANALYSIS RESULTS OF CASE 1

T

‘ : } .. | Dif£™"
Cruck Shape  Method | SF SF Di 3
e | (°) |
_ CDFD | 276 | 25 8 |
Axial ¢ JT - - 0 -
Semi-Elliptical’ DPFAD | 296 246, 20
Limit Load: 412 | 329 | 25
CDFD = 174 | 169 | 3
_ YT 191 162 | R
Long Axial -~ ‘
DPFAD | 198 166 1 19
Limit Load” 382 : 300 & 2

SE" :Safetv factor when inferring 0-¢ curve from Sv value.
SE"" :Safety factor when all material properties are fully given.
pifr e S - S

g 100
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Case 11 :_Inferring 6-¢ curve from Sy and S, values

This case study is when the yield strength (Sy) and the ultimate strength (S,) are given

instead of full 0-¢ curve. After the inference, unknown material properties are obtained as; a

=10.99, n=1.68 and E=197 GPa.

EPFM analyses were perforined and the results are summarized in Table 5.

As shown in the

table, the maximum difference hetween the Case Il and the reference case is within 15%.

TABLE 5. ANALYSIS RESULTS OF CASE 11

' Crack ShapJ Method | SF | SF" 1()01?) i

| CDFD | 28 | 2% 12

Axial . JT N B

Semi-Elliptical, DPFAD _ 265 | 246 8

| Limit Load 3590 | 329 | 9
3 P m e 5
| VT s | 16 1
Long Axial " prrin e | 166 | 1 |
o jmoes 3m a1
SE 1 Safensfecior wheminfzrin, 0-€ cuve Do & a5 valnes

SF™ :Safery factor when all marerial properties are fullv given.

Chis case sy shows that the.additional .knowiedge of S, impzores *he. asly sis accur ¢y in
the DPFAD method and the limit load method.

Case 111 : Inferrin

-R curve from ;. va

This case study is when the J-R curve of the pipe is not given. From tensile property, the

J-R curve is obtained as; C; = 321 (kN/m), C2 = 0.38.

EPFM analyses were performed and the results are summarized in Table 6.

load analysis is not affected by the J-R curve, it is not considered here.

Since the limit

As shown in the table,

the maximum difference between the Case IIl and the reference case is within 33%

TABLE 6. ANALYSIS RESULTS OF CASE 11l

v | wp | Diff !
Crack Shape | Method SF° . SF %) i
| | CDFD 297 | 25 16
, Axial . - _ T
'Semi-Elliptical b "-— - ‘ e e
' ‘DPFAD 300 2.46 22
CDFD 2.08 1.69 23
Long Axiat ~ J/T L47 1.62 9
— ‘L -T-—-_--—_....
| DIFAD 221 | 166 33

S¥*
SFE™:

Safety factor when all material propertics are fully given.
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EPFM analyses cannot he processed without material’'s J-R curve in a majority of software.
However, this case study shows that NPiES system still provides analysis results with reasonable

accuracy even though J-R curve is not given.

CONCLUSION

NPiES system has been developed to evaluate the nuclear piping integrity. The system is
designed such that the most appropriate integrity evaluation method for given information is
selected based on the possession ratio of material property and the unknown material property is
obtained through inferring the known material property. Several case studies were performed and

the usefulness of NPiES systemm was demonstrated.
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Recent Progress in Korean Nuclear PLIM Program

Tae Eun Jin, Hyung Jip Choi, Korea Power Eﬁgineering Company
IlI-Seok Jeong, Sung-Yull Hong, Korea Electric Power Corporation

Summary

The recent developments in Korean nuclear power plant lifetime management program which
has been performed for the last three years is introduced, together with the descriptions of
maintenance activities. This leading Korean PLIM project has been focused on such areas as
plant data survey, transient history, screening and prioritization of systems, structures and
components (SSC), aging evaluation of major components and other supporting activities. The
current status is outlined in terms of major tasks including aging evaluation of thirteen major
components. The future long-term plan which eventually aims at maximizing the economic
benefit for both the utility and its customers is presented. Also described is, from the viewpoint
of plant life extension, the technical development.

1 INTRODUCTION

Nuclear power plant (NPP) technologies in Korea have been remarkably evolved since the
commercial operation of Kori Unit 1 in 1978. As shown in Table 1, ten nuclear power
plants are under commercial operation, while six nuclear plants are under construction and
another seven nuclear plants are scheduled to be constructed.

In the early era of NPP industry, a vast amount of efforts had been devoted in Korea
to accumulate the technology and experiences related to the plant construction. As time
passes, plant aging and maintenance problems became a matter of concern in the NPP
indusiry. Under these circumstances, Plant Lifetime Management(PLIM) of nuclear power
plant attracts attention and is considered as an effective way to address this issue. This is
because the PLIM has a strong possibility not only to solve the plant aging and
maintenance problems but also to provide the vision of extended plant operation beyond the
design lifetime.

As part of the long term nuclear technology development program by Korea Electric
Power Corporation(KEPCO), the plant lifetime management project named "Nuclear Plant
Lifetime Improvement and Management(I)” was started in November 1993 to cope with the
aging and obsolescence of Kori Unit 1. At this stage of PLIM phase I, the project aims at
a feasibility study of lifetime management of Kori Unit 1 together with the aging
evaluation of the thirteen major components. The results of the PLIM(I) are expected to
influence the decision making of long-term Kori Unit 1 lifetime improvement. Subsequently,
the PLIM Phase II (Detail Lifetime Evaluation and Engineering) will be performed, in
which the workscope and schedule are subjected to the outcomes of the feasibility study.
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Table 1. Status of Nuclear Power Plants in Korea

Capacit . Supplier
pactty Operation| Type

Plant Construction Remarks

(MW) Reactor T/G

Kori #1 578 19784 | PWR w GEC Tum Key

Kori #2 650 19837 | PWR w GEC "
Wolsong #1 700 1983.4 |PHWR AECL Parsons "

Kori #3 950 19859 | PWR w GEC Non-Turmn Key

Kori #4 950 19864 | PWR w GEC "
Yongwang #1| 950 19868 | PWR w w "
Yongwang #2 950 19876 | PWR w w "

Ulchin #1 950 19889 | PWR | Framatome | Alstome "
Ulchin #2 950 19899 | PWR " " “
Yongwang #3| 1000 1995.3 | PWR |KHIC/KAERI|KHIC/KAERI| Localized Korean Standard

Yongwang #4 | 1000 19964 | PWR |KHIC/KAERI|KHIC/KAERI| Localized Korean - Standard
Wolsong #2 700 19976 |PHWR AECL " "

Ulchin #3 1000 19986 | PWR |KHIC/KAERI " " Korean Standard
Wolsong #3 700 19986 |PHWR AECL " !
Uichin #4 1000 19996 | PWR |KHIC/KAERI " " Korean Standard

Wolsong #4 700 19996 [PHWR AECL " "

New PWR #1| 1000 20016 | PWR | Not Decided | Not Decided Localized Korean Standard

New PWR #2| 1000 20026 | PWR " " " Korean Standard
New PWR #3| 1000 20036 | PWR " " " Korean Standard
New PWR #4| 1000 20046 | PWR " " " Korean Standard
New PWR #5| 1000 20056 | PWR " " " Korean Standard
New PHWR#1| 700 2006.6 |PHWR " " "

New PWR #6; 1000 20066 | PWR N " " Korean Standard

This paper thus introduces KEPCO’s basic PLIM strategy, some recent developments in
the on-going PLIM(I) and other works related to the lifetime management of Kori Unit 1.
To date, field data survey, system/structures screening, components prioritization, fracture
mechanics test of Kori Unit 1 reactor pressure vessel surveillance coupons and component
aging evaluation of major components have been done. Other activities such as the

economic analysis, regulatory considerations and key technology reviews remain to bo
completed by the end of 1996.

2 KEPCO PLIM PROGRAM

The primary goal of KEPCO PLIM is to operate a plant safely and economically up to
the plant specific design life. If the first goal is possible, then the operation of the nuclear
power plant beyond the design life to the optimum life will be pursued as the second goal.
Furthermore in parallel with the PLIM project, key technologies required for supporting the
lifetime management are being developed. A specific feasibility study evaluates each plant’s
optimum lifetime which then becomes the target life of the PLIM efforts. The second goal
of the PLIM program is to operate a plant up to the optimum lifetime. If such an optimum
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lifetime is longer than the design life, additional activities to operate the plant beyond the
design life shall be incorporated in the long term preventive or predictive maintenance
program.

The master plan for PLIM including the lifetime extension of Kori Unit 1 and other NPPs
in Korea is composed of three phases with Kori Unit 1 being regarded as a leading model plant
of technology development. Such categorization generically stems from the level of details and
refinement that are to be accomplished during each phase of the project. In Phase I, feasibility
of extending the lifetime of Kori Unit 1 in terms of technical, regulatory, economic aspects is
established including aging evaluations of the prioritized thirteen major components. Phase II
program will perform the detailed lifetime evaluation of the major components and other critical
components screened in Phase I. The PLIM implementation plan for Phase III will be
recommended based on the results obtained in the preceding Phases. For reference, overall
descriptions for the phased PLIM programs are outlined in Table 2. This long term plan
subjected to changes in accordance with the outcomes of the PLIM(I) feasibility study.

Table 2. Three Phases of the PLIM Program

Phases Period Contents

Feasibility Study
o Feasibility evaluation method and
Phase 1 1993 ~ 1996 techniques

o Kori Unit 1 PLIM feasibility
o Phase II planning
Detail Evaluation and Engineering

o Kori Unit 1 detailed inspection and
Phase I 1997 ~ 2001 residual life evaluation

o Documentations for license renewal
o Planning for life extension
Refurbish, Replace and Maintenance
Phase III 2001 ~ 2008 o Implementation

o Advanced technology development

3 KORI UNIT 1 PLIM PROGRAM

3.1 PHASE I

The phase I workscope consists of the following ten tasks and is described in the sequence.

o Task 1 : PLIM project plan and design life review
o Task 2 : Screening major SSC’s

o Task 3 : Data survey and review

o Task 4 : Evaluation of reactor pressure vessel

o Task 5 : Evaluation of major SSC's

o Task 6 : Monitoring systems for PLIM

o Task 7 : Survey and review of PLIM regulation
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o Task 8 : Economic evaluation
o Task 9 : PLIM technology development
o Task 10: Feasibility study reports

3.1.1 Design life review

The major workscope of this task involves overall project planning and establishment of
design life for the Kori Unit 1. Especially, the basis for 30-year design life of the Kori Unit
1 is reexamined, together with the provision of feasible amendments of its design life from 30
to 40 years. According to the archival documents survey, the design life of major components
in Kori Unit 1 including the reactor pressure vessel is confirmed to be 40 years.

3.1.2 Screening and Prioritization

Critical component identifications for aging evaluation are an important part of the
PLIM Phase I efforts, because to identify which components are crucial to the plant
lifetime is necessary to ensure the proper focus of Phase I efforts at the beginning of the
PLIM program. These critical components were identified though the application of
Westinghouse Owner’s Group (WOG) screening and prioritization criteria to the Kori Unit
1 system, structures and components.

The screening process applies safety-related criteria which are based upon the US
NRC’s license renewal rule (LR) and maintenance rule (MR) which are 10CFR54 and
10CFR50.65 respectively. Additionally, the screening process applies power production(PP)
related criteria which are based on plant availability.

After screening the Kori Unit 1 systems and structures, critical components and
structures were identified and prioritizes to determine their relative importance.
Prioritization of Kori Unit 1 critical components applies ten attributes which were selected
to assess the impact that either the replacement or refurbishment of these critical
components would have on the decision to improve design life. For example, these

attributes are cost to replace or refurbish, impact on plant availability and radiation dose,
etc.

Prioritization result shows a similar result to the previous experiences.

3.1.3 Data Survey

As a prerequisite to the evaluation of the plant aging status, a huge amount of design
and field data of Kori Unit 1 accumulated since commercial operation should be surveyed
and reviewed. Even though tremendous man-power to re-produce useful data from the raw
materials is required, data survey is the most important job that has to be done in the

process of compiling operating transient numbers. Such data required for the PLIM (I) can
be classified as follows.
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o General methodology and technical references

o Operating transient history

o Component design specification and manufacturing data
o Maintenance and inservice inspection data

3.1.4 Major Components Life evaluation

In order to evaluate the aging status of Kori Unit 1, the following major components
were selected at the beginning of the PLIM (I). All major components were ranked within
top twenties of the component prioritization results.

o Reactor pressure vessel

o Reactor vessel internals

o Control rod drive mechanisms

o Reactor coolant system piping

o Reactor coolant system charging and safety injection nozzles
o Pressurizer :

o Pressurizer surge and spray lines nozzles
o Reactor coolant pump

o Reactor pressure vessel supports

o Turbine

o Generator

o Containment

o Cables

Subsequently, the stressors and the degradation sites and mechanisms in conjunction
with the resulting failure modes and their operating history are identified through the
appropriate tests and technical evaluations. In consequence, the task ends up with
quantitative evaluations of the plausible age-related degradation mechanisms, with the aid
of proven technical papers collected by literature survey and the generic technical
procedures published by the off-shore organizations who performed life management study
previously. Table 4 shows a life evaluation methodology with the reactor pressure vessel
as an example.

Special attention is paid to the reactor pressure vessel for its significant importance in
the nuclear PLIM program. Fracture toughness test of the WOL specimens from the Kori
Unit 1 surveillance capsule irradiated for 34 EFPY showed that the fracture toughness of
Kori Unit 1 beltline weld material is almost identical to that of other Linde 80 flux weld
metals and better than the criteria of the fracture resistance curve proposed by the US.
NRC draft regulatory guide DG-1023. For the comprehensive integrity assessment of the
reactor pressure vessel, the pressurized thermal shock criteria of 10CFR50.61 is being
applied to the Kori Unit 1.

In some cases where the design data are difficult to obtain, full engineering calculations
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Table 4 - Summary of Evaluation Procedure for Reactor Pressure Vessel

sub-components

Specific ISI

Degradation Evaluation

Recommendations :

Beltline Region

o No crack found

0 Pressure Vessel : SA508 C1.2
low alloy steel

o Weld Material: Linde 80 Flux
Mn-Mo-Ni filler wire

o Beltline Welding : B&W
WF-233 (Cu 0.29 wt%)

Radiation Embrittlement

o Verify with surveillance Coupon Test Result :2 criteria
- Revise P-T Limit Curve with the Test Resuit

o RTwpr Transition
- RTror = initial RTwpr + Margin
- below 300 F during plant operation

o Upper Shelf Energy{USE)
- Unless satisfy 50 ft-1b, perform low fracture

toughness test

o Low fracture toughness test & elastic/plastic analysis
- Verified safety up to 4EFPY

Fatigue @ simple method

o Analyze cumulative usage Factor (CUF) using Saur, N
design transient n; of design stress report(DRS) & actual
overating transient count n«

o If RTys 2 300°F during
lifetime, perfornm Plant
Specific PTS

o Rescreen PTS with revised
PTS rule & additional
surveill. test result

o Flux reduction

o Archive material test plan

o Survey RPV thermal
annealing trend

o Environmental fatigue
analysis trend review

o Under clad cracking review

Qutlet/Inlet Nozzle

o PSI found a crack at welding
point at Outlet Nozzle to Shell

o Verified it as no significant
indication by the 2nd & 5th ISI

Fatigue @ simple method
o Analyze CUF using Sat, Ny, Design transient ni of DSR
and actual operating transient counts ny

o For the point where
Ucrew2 0.67, detail fatigue
analysis

o Fatigue transient

o Confirm it as geometric by the monitoring
8th ISI o Advanced ultrasonic
technique

Instrumentation o No crack found
Nozzies and CRDM
Housing Nozzles

Flange Closure
Studs

Fatigue : Negligible CUF of 002 & 0.00 in DSR,
no fatigue analysis required

PWSCC : No PWSCC reported vet

Fatigue : Analyze CUF using Sact, Ni. design transient m
of DSR & actual overating transient counts nx

o Detail inspection & analysis
for life improvement

o No crack found o Replace for life

improvement

are performed to establish the necessary data set. The PLIM (D), for instance, conducted
fatigue lifetime evaluation of the Kori Unit 1 pressurizer surge line nozzle with the
commercial finite element package, NISA, in order to provide an evaluation procedure of
stress analysis and residual fatigue life. The result of this study demonstrated a very good
agreement with that of the vendor design stress report which did not show the calculating
procedure like a black box. In the end, the residual fatigue life of the nozzle operated for
15 years was sufficient to meet the first goal of Kori Unit 1 PLIM, that is 40 years.

3.1.5 PLIM Regulation Review

Regulatory rules are intended to guide the nuclear PLIM in a proper -way. The
preliminary survey about overseas license renewal trend and rule development is necessary
to direct a domestic policy of rule making in the near future. The government body, the
Ministry of Science and Technology, and its agency, Korea Institute of Nuclear Safety, are
currently in charge of nuclear power plant licensing and other license-related issues in
Korea. KEPCO provides such regulatory bodies with information and interim results of the
PLIM study to help pro-actively the rule making.

3.1.6 Monitoring Systems for the PLIM

Prior to and in parallel with the further detailed evaluation of major components, the
development and utilization of monitoring systems deserve due considerations. In this task, the
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currently available monitoring systems for the PLIM are thus be studied, together with the
identification of degradation sites to be monitored.

3.2 RESEARCH ACTIVITIES

In addition to the feasibility study, five R&D items are under way in the areas of
radiation embrittlement, corrosion and cracking, water chemistry, non-destructive
examination, and aging of cable and I&C. Namely,

o Utilization of small or reconstituted specimens of reactor pressure vessel materials
o Pb stress corrosion cracking of steam generator tubes

o Evaluation of hideout return and steam generator crevice conditions

o Natural cracked small pipe specimen and defect signal analysis

o Destructive test of thermal and radiation exposed cable

3.3 COMPONENT REPLACEMENT

Kori Unit 1 steam generators, Westinghouse model WH-51, one of which has 3,388
Inconell 600MA tubes, have gone through a lot of maintenance works such as plugging,
sleeving and chemical cleaning due to tube pitting/denting and primary water stress
corrosion cracking.

The feasibility study for the steam generator replacement at Kori Unit 1 has already
been completed on a separate basis from the PLIM project currently under consideration.
Taking the plausible plant lifetime extension into account, both the deterministic and
probabilistic economic evaluations of the related issues indicated that near-term replacement
of steam generators with some plant rerating provides the most economically favorable
option. The other optional scenario aimed at avoiding or postponing steam generator
replacement by sleeving/plugging maintenance strategy turned out to be less cost-effective
strategy. The necessary ensuing actions will then be taken regarding the steam generator
replacement. KEPCO plans to replace it with Inconell 690TT tubes and stainless steel
broached support plate by 1998.

According to the field inspection of Kori Unit 1 low pressure turbine rotor disc, many
cracks were found at disc, dowel hole, and disc head due to moisture induced intergranular
stress corrosion cracking. To verify the safe operation of the turbine with the fracture
mechanics analysis, KEPCO provided a mitigation to re-inspect and repair the cracks
during the next outage and then, however, determined to replace the rotor and diaphragm
of the low pressure turbines with welding or mono-block type rotor.

4 SUMMARY

Nuclear PLIM is at present one of the most important tasks in Korean nuclear industry
as Kori Unit 1, the first commercial nuclear unit, is being aged. This paper introduces
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KEPCO's basic PLIM strategy, long-termmn plan, current interim results of Kori Unit 1
PLIM feasibility study and other related programs.

The feasibility study includes field data survey, screening and prioritization of the
SSC's, component aging evaluation, and stress and fatigue analysis of pressurizer surge
line nozzle. Fracture mechanics test of Kori Unit 1 reactor pressure vessel surveillance
coupon was completed and the pressurized thermal shock study is recommended. In the
remaining period of PLIM (I) project, further evaluation of major component aging, review
of regulatory issues, and economical evaluation of Kori Unit 1 PLIM program, are expected
to be done for the PLIM from the viewpoint of economic aspects.

Other projects that have to be considered for PLIM, such as process computer and 1&C
upgrade, plant uprating, probabilistic safety analysis and reliability centered maintenance are
going to be undertaken separatedly It is anticipated that PLIM will provide a good way of
long term life management of nuclear power plants in the cost-effective manner in Korea.
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1. Historical Evolution of Korean Regulatory System

Korea has one of the most dynamic nuclear power programs in the world.
During the last couple of decades, Korea has carried out a very ambitious nuclear
power program as part of the national energy policy aimed at reducing the external
vulnerability and insuring against the global fossil fuel shortage. The first Nuclear
Power Plant (NPP) began its commercial operation in 1978. Now 11 units are in
operation providing almost 50% of electricity in Korea. Seven units are under
construction at the moment and 4 more units will be built by 2006. The current
status of NPPs in Korea is summarized in Tablel 1.

Back in the beginning period of NPP operations from 1971 to 1978, the first
commercial nuclear power program was implemented on a turnkey base. Kori Units
1 and 2 were ordered from Westinghouse, U.S.A. in 1969 and 1974, respectively
and Wolsong Unit 1, the first CANDU plant, was ordered from the AECL, Canada
in 1973. Contractors assumed overall responsibility for the construction schedule,
inspection, startup and performance of the plants. During this period, domestic laws
and regulations applicable to the licensing of NPP were not yet fully developed.
Therefore the vendor countries’ laws and regulations such as 10 CFR, Reg. Guide
and Standard Review Plan (SRP) of USNRC were applied to the licensing review of
Westinghouse PWRs. As for the CANDU plant, Canadian laws and regulatory
requirements were applied as mandatory requirement. Construction permit (CP) and
operating license (OL) were applied simultaneously in March 1976, as can be seen
in the Canadian combined licensing approach and CP/OL was issued in 1978.

From the early 1980s, six NPPs (Kori Unit 3&4, Yonggwang Units 1&2,
Ulchin1&2) were constructed by employing a component approach with foreign
contractors. Contracts were awarded separately for major components of plants, thus
enabling more domestic industries to participate as subcontractors in the projects.
While on the regulatory and licensing side, the Nuclear Safety Center (NSC) was
established in December 1981 as a regulatory expert organization, which was the
predecessor of today’s Korea Institute  of Nuclear Safety (KINS). Two step
licensing system, construction permit (CP) and operating license (OL), was formally
incorporated into the law. However, the majority of important codes and standards
applicable in the vendor countries (U.S. and France) were still applied to the
licensing of these six plants only with somc appropriate modifications. As for
CANDU nplant, thc Final Safety Analysis Rcport (FSAR) was submitted by Korca
Electric Power Co.(KEPCO) in 1982 according to thc newly amended law and the



FSAR was rcviecwed once again at the NSC in order to confirm the design safety.

Starting from Yonggwang Units 3 & 4 contracts in 1987, Korea Power Co.
(KEPCO) had assumed the overall management and responsibility for construction
projects. The overriding priority for selecting suppliers was the condition of
transferring higher nuclear technology to Korea. The prime contractors were
domestic companies instead of foreign companies and several foreign companies were
selected as subcontractors. The same approach applied to the contracts for Ulchin
Units 3 & 4, and it will apply to the units that follow in the future.

In the licensing of Yonggwang Units 3 & 4 for construction, some regulatory
difficulties emerged due to the scaled-down design from the reference plants of
Combustion Engineering Co. (CE) designed Palo Verde’s System-80. With intensive
audit calculations and the third party verification in the area of safety analysis
together with the technical support of the USNRC and the IAEA, the CP was issued
to Yonggwang Units 3 & 4. Ulchin Units 3 & 4, which are the first standard units
with substantially the same design features as Yonggwang Units 3 & 4, were
licensed for construction with some conditions for implementing safety enhancement
regarding mid-loop operation, safety depressurization system and hydrogen ignitors as
part of severe accident mitigation, and ALARA. Recently, the licensing review for
CP of Yonggwang Units 5 & 6 has been performing and several items has been
investigated to enhance the safety such as, level control in CVCS, digitalization and
duplication of the process control system, human factors in the remote shutdown
system, PSA for low power and shutdown, the filtered vent system, etc.

Safety review for the construction permit(CP) of Wolsong units 2, and 3&4 had
been conducted since 1991, and the CPs were issued in August 1992 for Wolsong
2, and in February 1994 for Wolsong 3&4. Operating licensing review for Wolsong
2 has been performing since May 1995 and the OL is scheduled in August 1996.
Regulatory efforts during the CP stage have been focused on the following aspects;
First, intensive review on the design changes/improvements compared with Wolsong
1. Second, applicability of the PWR safety issues to the units within a practical
manner for the safety enhancement equal to or above international level. Third,
design suitability and environmental effect arising from the construction and operation
of multiple, 4, units at Wolsong sitc. Several domestic and forcign experts were
invited to participate in the special review arcas where high technology and

accumulated experience were required.



A significant progress has becen made so far in the devclopment of Korcan
regulatory critcria, guides and procedures which arc applicable to the standardized
nuclear power plants, too. Industrial codes and standards arc under development and
will be completed in several years. Since the operating nuclear power plants are
subject to deterioration due to ageing, appropriate aging management program such
as periodic safety review (PSR) with the emphasis on probabilistic safety assessment
(PSA) has been actively proposed and studied at the KINS. This will lead to the
establishment of regulatory requirements for license renewal. In this regard too,
Korea will keep collaborating, with the advanced countries, particularly with the
vendor countries such as U.S.A, France and Canada.

During the safety review of foreign designed nuclear power plants, the
licensing difficulties have been encountered mainly from diversified reactor types and
vendor countries. The lessons have been learned from taking appropriate measures
for the trouble-shooting of these problems such as difference Codes and Standards
and differences in Regulatory Procedures and Practices

In this regard, Korea’s long-term nuclear research and development program
calls for a progressive design improvement for existing PWRs and PHWRs as well
as for those to be built up to 2006. After that, next generation reactors will be

developed and introduced in Korea.

Therefore, pertinent regulatory positions will be established step by step, keeping
pace with the aforementioned nuclear R&D program, in terms of safety regulatory

and licensing system, procedures, design requirements, codes and standards, etc.



Table 1.

Nuclear Power Plants in Korca

Kori
Unit 1* 587 1978.4
Unit 2* PWR 650 Westinghouse GEC 1983.7
Unit 3* 950 1985.9
Unit 4* 950 1986.4
Wolsong
Unit 1* 678.7 Parson 1983.4
Unit 2** PHWR 700 AECL KHIC/GE (1997.6)
Unit 3** 700 KHIC/GE (1998.8)
Unit 4** 700 KHIC/GE (1999.8)
“Yonggwang
Unit - 1* 950 Westinghouse | Westinghouse 1986.8
Unit 2* 950 Westinghouse | Westinghouse 1987.6
2w Unit 3% PWR 1,000 KHIC/GE KHIC/GE 1995.3
. Unit 4* 1,000 KHIC/GE KHIC/GE 1996.1
Unit 5** 1,000 KHIC KHIC (2001)
Unit 6** 1,000 KHIC KHIC (2002)
Ulchin
Unit 1% 950 Framatome Alsthom 1988.9
Unit 2* 950 Framatome Alsthom 1989.9
Unit 3** PWR 1,000 KHIC KHIC (1998.6)
Unit 4** 1,000 KHIC KHIC (1999.6)
Unit S*** 1,000 KHIC KHIC (2003)
Unit 6*** 1,000 KHIC KHIC (2004)
New Entry | + 1,000 - - (2005)
1,000 - - (2006)
* In Operation : 11 Units

**  Under Construction :7 Units
: 2 Units

*** Planned

+  Recactor type will be determined by Nov. 1996.



2. Nuclear Regulatory Structure in Korea

In order to carry out the nation’s nuclear power projects successfully, nuclear
safety has to be assured through all stages of project devclopment, including site
selection, design, manufacturing, construction, operation and decommissioning.

The basic concept of nuclear safety in Korea, as in other countries, is not only
to protect the plant crew and neighboring inhabitants from radiation hazards but also
to minimize the subsequent from radiation and keep the radiation effects as low as
reasonably achievable. This concept is basically underlined in the Atomic Energy
Act of Korea, which provides the legal foundation for nuclear activities. Regulation
and licensing of nuclear facilities in Korea are based on the provisions of the
Atomic Energy Act, Enforcement Decree and Enforcement Regulation, Notice of the
Minister of the MOST and Technical Specifications which are parts of the safety
analysis reports (refer to Table 2).

The ultimate responsibility for the safety of a nuclear power plant (NPP) rests
with the operating organization. The government, the Ministry of Science and
Technology (MOST), has in nature a general responsibility for ensuring the
protection of public health and safety by the regulatory control and safety inspection
on a government level. The Korea Institute of Nuclear Safety (KINS), entrusted
with the regulatory works by the government, performs a detailed assessment of the
technical submissions and an inspection of nuclear facilities as a technical expert

group.

In conformity with the atomic energy laws, the licensee should submit to the
MOST various documents demonstrating the adequacy of the proposed design. It is
then the task of KINS, to review the licensing documents and to determine whether
the design complies with the specified safety requiremenis for siting, construction
and operation of the proposed nuclear installations. The result of the technical review
and assessment is reported to the government and then the MOST issues a permit or
license to the utility based on the KINS’ assessment report.

Nuclear safety inspection and enforcement are of vital importance to ensure
that all activitics at nuclear installations arc in conformity with the regulatory
requircments and licensee commitments. The MOST, the KINS and their regional
offices at cach nuclcar power plant sitc have thc responsibility to assign inspectors
to manufacturing facilitics, construction sites and opcrating nuclear installations in



order to conduct nuclear safety inspections.

The fundamental regulatory structure in Korea is schematically described in
Figure 1.

Safety Authority

MOST
Licence
Applicatio
pprcation Reporting
Ance Entrustment
Issuance
Inspection Application
= Technical Expert Group
Nuclear Industry B KINS
Inspection
NPPs, Fuel Cycle Facilities, etc. Technical Evaluations

Fig.1 Fundamental Framework



Table 2. Legislative System of Atomic Energy Laws

Classification

Major Characteristics

Matters Concerning Technical Standards

Atomic Energy
Act (Law)

Provides the basis for

development and safety

regulations of atomic

energy

(enacted March 1958,
amended April 1982,
amended May 1986)

- Provisions of requirements for
construction permits and operating
licenses for reactors

- Provisions of requirements for permits for
manufacturing enterprises of reactors and
main components

- Provisions of requirements for permit or
designation for nuclear fuel cycle
enterprises

- Provisions of requirements for permits to
use radioisotope and radioactive materials

Enforcement
Decree of
Atomic Energy
Act
(Presidential
Decree)

Provides administrative
and technical guidelines
necessary for enforce-
ment of Atomic Energy
Act.

(enacted September
1982)

- Standards for location, structure, facility,
performance and operation of reactor
facilities

- Standards for location, structure, facility,
physical security, and operation of nuclear
fuel cycle facilities

- Standards for radioisotope and radiation
generating devices

- Standards for transport, package and
disposal of radioactive materials

Enforcement
Regulation of
Atomic Energy
Act

(Prime
Ministerial
Ordinance)

Provides the means for
enforcement of Atomic
Energy Act and
Enforcement Decree of
Act.

(enacted April 1983)

- Standards for preparation of safety
analysis report, environmental impact
statement report, and notification of

. design and construction methods

- Standards for security regulations

- Standards for installation of radiation area

and measurement of radiation dose

Notice of the
Minister of
Science and
Technology

Provides in detail the
administrative
procedure and technical
standards guides based
on the atomic energy
laws

- Detailed standards for radiation dose, etc.

- Standard for preparation of operational
technical specifications

- Standards for technical capability and
quality assurance program relevant to
manufacturing permit

- Guide for preparation of environmental
impact statement report

- Regulation of periodic inspection of
reactor facilities

- Technical standards for location. structure
and equipment of reactor facilities




3. The Activities of the Korean Regulatory Organizations

The nuclear regulatory organizations in Korea are composed of three parts,
namely, a national level decision-making body represented by the Atomic Energy
Commission (AEC), a regulatory authority with enforcement power represented by
the Ministry of Science and Technology (MOST) of the Korean Government and a
technical expert group established to support the MOST with its technical expertise
in the development of nuclear regulatory policy and also in the enforcement of
nuclear safety laws and regulations, which is represented by the Korea Institute of
Nurlear Safety (KINS).

The nuclear regulatory system is described schematically as follows :

P . !
; President |

Prime Minister |

—— Atomic Energy Commission

—

Ministry of Science & Technology

|

'l Atomic Energy Ofﬁcel {

‘ |

] 3
i+ Safety Assessment; Atomic Energy , |
Officer . Policy Officer |

Korea Institute of Nuclear Safety |

Fig. 2 Nuclear Regulatory Organization in Korea



The activities of AEC, thc MOST and thc KINS in the arca of safcty of NPPs can
be summarized as follows:

e Atomic Energy Commission (AEC)

The Atomic Energy Commission (AEC) is chaired by the Deputy Prime
Minister. The principal function of the Commission is decision-making on major
nuclear policy issues such as R & D on a national level, industrial projects, and
safety regulations.

The Special Committee on Nuclear Safety (SCNS) was established under the
Commission in November 1989. The SCNS performs deliberations on the
outstanding safety issues identified or developed in the licensing review process or
various inspections by the KINS. Based on the deliberation by the SCNS, the AEC
rules on the safety issues contained in the license application documents, then a
license is issued by the Ministry of Science and Technology (MOST).

e Ministry of Science of Technology (MOST)

The MOST is the governmental organization responsible for establishing and
implementing nuclear regulatory policies for the regulation of nuclear activities
related to power and research reactors and radiation applications. It 1s also
responsible for making nuclear research and development policies for peaceful uses
of nuclear energy.

The MOST has the Atomic Energy Office under its framework, headed by the
Assistant Minister who is supported by the Atomic Energy Policy Officer and the
Nuclear Safety Officer. The MOST operates the Resident Inspectors Office at each
plant site for the daily routine inspection of the plant.

e Korea Institute of Nuclear Safety (KINS)

The Korea Institute of Nuclear Safety was established in February 1990
through special legislation by the National Assembly. The KINS is a technical
cxpert group ecstablished to support the MOST with its technical expertise in the
development of nuclear regulatory policy and also in the cnforcement of nuclear
safety laws and rcgulations. Entrusted by the government (Ministry of Science and
Technology) in accordance with the Atomic Encrgy Act, KINS is responsible for -
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. Safety review and evaluation to assure the safety of nuclear installations;
. Safety inspection for nuclear installations;

. Technical standards development;

. Radioisotopes and Radiation Generators Regulation ; and,

. Development of regulatory policy.

President

Advisory Committee
on Nuclear Safety

Vice President

olicy & Planning Technical dministration
Division Advisors Division
| I . . I
Sajety Review &| [Nuclear Regulatory Radiation & Nuclear Safety
Assessment Div. Inspection Div. Environment Div. Technology Div.

Figure 3 Korea Institute of Nuclear Safety Organization



4. Licensing Procedure for NPPs

The licensing procedure for NPP in Korea consists of two steps, in general,
i.e., Construction Permit (CP) and Operating License (OL). The detailed licensing
procedure for NPP is summarized in Figure 4

The basic philosophy behind licensing reviews in Korea is to lead the industry
towards the achievement of higher safety levels for the proposed nuclear power
plant, compare to the previous ones by progressively incorporating the design
improvements.  To achieve this goal, special attention should be paid to the
following items during the licensing reviews :

- Feedback of domestic and foreign operating experiences.

- Application of new regulatory requirements.

- Incorporation of the improved design features of the evolutionary LWR’s

- Evaluation of safety features against the severe accident.

- Establishment of well-defined Quality Assurance Program for major equipment
and components.

- Independent assessment of computer codes and methodology used in safety
analysis.

e Construction Permit (CP)

The review objectives of CP are to confirm the safety of the proposed NPP
design, which should meet the related regulatory codes and standards, and to review
the safety of the preliminary designs which include the principles and concepts of
the plant’s design and the implementation of the regulatory criteria, and also to
evaluate the environmental impact and the strategy for minimizing its effects.

The main documents required for the application of CP consist of Preliminary
Safety Analysis Report (PSAR) and Environmental Report (ER). Site Survey Report
and Detailed Geological Survey Report are also required for the application of Early
Site Approval and Limited Work Authorization before the construction permit.

e Operating License (OL)

For the OL, thc safecty of NPP opcration is cvaluated by confirming that the



final design meets the acceptance criteria.  The main documents required of the OL
application arc Final Safety Analysis Report (FSAR), Technical Specifications,
Radiological Emergency Plan.

When changes or modifications are to be made on the nuclear facilities by the
utility, a relevant Safety Analysis Report should be submitted, in accordance with the
Atomic Energy Act, to the KINS through the MOST. The KINS performs a
technical review and reports to the MOST on the resuits. Then the MOST issues a
permit to the applicant based on the KINS’ report.

e CANDU Licensing

Korean regulatory system employs two-step licensing approach based on the
prescriptive regulation similar to that of the U.S. However, the Canadian regulatory
system employs a one-step licensing approach based on the skills and technical
consultations between the regulatory organization and the nuclear industry.
Particularly, for CANDU reactors, the safety of plant design is reviewed continuously
even after the issuance of license in Canada. In Korea, however, a two-step
licensing approach is now official, even for CANDU reactors starting from Wolsong
Unit 2 and the formats and contents of Safety Analysis Report are required to
follow the specifics prescribed in the U.S. Regulatory Guide 1.70.



5. Regulatory Inspection

The regulatory inspection on the performance of a reactor facility is stipulated
in Article 16 of the Atomic Energy Act. The regulatory inspection embraces the
pre-operational inspection, the periodical inspection, the daily inspection conducted by
resident inspectors, the special inspection, and QA inspection, which are explained in
more detail as follows :

® Pre-operational Inspection

The applicant shall be subject to the pre-operational inspection to prove that
the performance of the reactor facility meets the safety requirements specified in the
relevant technical standards. If the utility, the licensee for construction and
operation, passes all the pre-operational inspections, then the Operating License is
officially issued by the MOST.

If the functional test results are unsatisfactory and the inspectors decide that
proper corrections should certainly be made to improve the performance of the
equipment and components, official findings or recommendations are issued, which
are followed up with and resolved in order for the utility to pass the pre-operation
inspection.

e Regulatory Periodical Inspection (RPI)

In accordance with the provision of the Enforcement Decree of the Atomic
Energy Act, the licensee shall be subject to the regulatory periodical inspection,
which is usually conducted on an annual basis. This inspection should show that the
performance of the reactor facility, designed to withstand the pressure, radiation and
other operating environments, is actually maintained in the state in which the reactor
facility passed the pre-operational inspection. The Government then issues a license
for operation.

The RPI consists of standard periodical inspection items (usually 50 - 60
items) which are established for each reactor type (refer to Table 3 & 4) and
included arec some special inspection items that are strategically selected based on the
operating history and also on the cxperiences gaincd from the previous operating
cycles. The inspection items arc developed to cover all the technical areas and
opcrational aspects of a plant. In the course of RPI, the inspectors also review the



nccessary  utility  documents, obscrve the utility activitics and cvaluatc the
maintenance and test records.

e Daily Inspection by Resident Inspectors

Operational safety of an NPP is continuously monitored through daily
inspections at the plant site by the resident inspectors. The Resident Inspectors
Office at each plant site consists of several government officers and KINS personnel.
They monitor the safety parameters and review the station logs everyday to confirm
whether the plant is operated in compliance with the technical specifications. They
also routinely witness the safety-related functional tests such as start-up tests for
emergency diesel generators, etc. If an event occurs, the resident inspectors
investigate the event and report it immediately to the MOST. If the KINS and the
MOST decide that the event is safcty-significant then an in-depth investigation is
necessary, and a joint special inspection team will be organized and assigned to the
site.

® Quality Assurance (QA) Inspection
This QA Inspection is performed on -an annual basis by the KINS staff to

check whether the quality assurance activities of the utility are carried out in
accordance with the QA program submitted to the regulatory authority.
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Table 3 Standard Periodical Inspection Items (900 MWe PWR)

A: Witness, B: Test Result Review

System Inspection Item Method

Reactor - Fuel Assembly Visual Inspection

- Fuel Assembly Ultrasonic Inspection
- Reactor Physics Test

- Fuel Assembly Refueling Inspection

> > > >

Reactor Coolant - In-service Inspection

System - Pressure Boundary Check Valve and Pressure Isolation
Valve Leakage Check

- Pressurizer Power Operated Kelief Valve Operation Test

- Reactor Coolant Pump Inspection

- Reactor Coolant Flow Rate Measurement

- Digital Metal Impact Monitoring System and Acoustic
Leakage Monitoring System Inspection

W w

ww >

Containment - Containment Building Penetration Isolation Status

System Check

- Containment Spray System Operation Test

- Containment Sump and Screen Visual Inspection

- Containment Cooling Fan Operation Test

- Hydrogen Recombiner Operation Test

- Containment Local Leak Rate Test

- Containment Integrated Leak Rate Test

- Containment Isolation Valve Operation Test and
Closing Time Measurement

os]

> > > > >

Engineered - Boration System Automatic Valve Operation Test and

Safety Feature Flow Rate Measurement ‘

- Residual Heat Removal System Pump Suction Isolation B
Valve Check

- Emergency Core Cooling System Operation Test A

- Emergency Core Cooling System Throttling Valve A
Position Check

- Accumulator Isolation Valve Operation Test

- Auxiliary Feed Water System Throttling Valve Position
Check

- Accumulator Isolation Valve Operation Test

- Auxiliary Feed Water System Operation Test

- Charging Pump Inspection

- Residual Heat Removal System Pump Inspection

- Containment Spray Pump Inspection

w

> >

> > > > >




System

Inspection Item

Method

Fuel Handling
System

Miscellaneous
Safety Related
System

Instrument and
Control System

t
Emergency
Electrical
System

Plant Computer

Radiation
Protection

Chemistry System

- Refueling Machine and.Auxiliary Crane Check
- Spent Fuel Pit Crane Interlock Check
- Fuel Transfer System Inspection

- Main Steam Safety Valve Test

- Main Steam Isolation Valve Closing Time Measurement

- Hydraulic and/or Mechanical Snubber Inspection

- Component Cooling Water System and Essential Sea
Water System Operation Test

- Fire Protection System Inspection

- Primary System Safety Valve and Pressure Relief Valve
Opening Pressure Set Point Check

- Main Control Room Emergency Purification System
Operation Test

- Reactor Protection System Response Time Measurement

- ESF Response Time Measurement

- Control Rod Drop Time Measurement

- Digital Rod Position Indicator Functional Test

- ESF Slave Relay Operation Test

- Steam Generator Narrow Range Level Monitoring
System Calibration

- Main Steam Pressure Monitoring System Calibration

- Seismic Monitoring System Calibration

- Diesel Generator Functional Test
- 125V Battery and Charger Capacity Test
- Reactor Trip Breaker Functional Test

- Computer Functional Test

- Radiation Monitor Test

- Filter Functional Test

- Radioactive Waste Treatment System Inspection
- Radioactive Dosage Control

- Radioactive Contamination and Work Control

- Health Physics Planning

- Radioactive Waste Management

- Environment Monitoring System Management

- Water Chemistry of primary and Secondary Coolant

w > w > > W o ww > > > > > > wwww w > >

> > Wy wy > >
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Table 4 Standard Periodical Inspection Items (CANDU PHWR)

A: Witness, B: Test Result Review

System

Inspection Item

Method

Calandria

Fuel Handling &
Storage Facility

Safety System

Primary Heat
Transport System

Containment

Safety Related

Facilities

Instrumentation &
Control

- Measurement for Fuel Channel Elongation
- Check for Annulus Gas System
- Check for Fuel Channel Flow

- Fueling Machine
- Spent Fuel Discharge and Emergency Cooling System

- Emergency Core Cooling System
- Emergency Water System
- Main Steam Safety Valve

- HT LRV Stroking Time Test

- Primary Heat Transfer Pump

- DN Monitoring System Sampling Line
- Feeder Grayloc

- Moderator Cover Gas System

- Containment Isolation Valve and Air Supply System

- Airlock

- Capacity Test for Compressed Air Storage Tank for Dousing
System and Pressure Test for Instrument Air System

- Dousing Water Air Supply NRV Leak Test

- Safety Class Pump Test

- Safety Valve Test

- Fail Safe Valve Check

- Stand-by Diesel Generator

- RSW System and RCW System
- Chilled Water System

- Fire Protection System

- Earthquake Monitoring System
- Dust Catcher

- Water Chemistry

- Heavy Water Management

- All Rod Drop Test for SDS #1
- Pressurizer Heater Trip Test

- Degasser Condenser Outlet High Temperature and Heavy Water

Storage Tank High Level Valve Isolation Function Test
- HT Purification Temperature Control & Override Test

A
A
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Inspection Item Method
System
Emergency Power | - Continuous Load Operation Test for EPS #1,2 A
Supply System - Periodic Test of EPS (LOCA signal, Loss of Class IV Power, A
Design Load and Load of Class IV Power, Design Load and
Load Trip Test)
- Charge and Discharge Test for UPS Battery B
Radiation Control - Health Physics Program B
- Radiation Exposure Control B
- On-Site Radiation Monitoring System A
Radioactive Wastes | - Radioactive Waste Management B
Management and - Environmental Radiation Management B
Environment - Meteorological Observation and Facility Management B
Management




6. Future Perspectives and Concluding Remarks

In Korea, ” Continued Improvement of the Safety of Nuclear Power Plants”
has been set as national policy for the construction and operation of NPPs. Safety
related regulatory requirements under the Korea’s atomic energy laws are strictly
observed in the design, fabrication, construction, and operation of NPPs. The
regulatory objective for nuclear safety can simply be termed into how to maintain
and improve, where appropriate, the safety level of nuclear power plants and how to
prepare for emergency situations. In order to achieve this objective, the regulatory
authority of Korean government has established a set of safety requirements in terms
of laws and regulations, policies, guidelines and programs.

Safety regulations will be improved further through the improvement of
regulatory systems, introduction of new regulatory concepts, efficient management of
regulatory organizations, and rationalization of technical standards. In particular, the
following improvements are mainly considered :

(a) Strengthening of Q/A program in preparation of extensive localization of
component design and manufacturing.

(b) Improvement of licensing system incorporating one-step licensing, which
allows certification for standard designs and comprehensive site approval.

(c) Severe accident rule making and criteria established for next-generation
reactors.

(d) Introduction of risk based regulation and license renewal.

(e) Development of safety assessment code systems.

Nuclear safety research will be conducted in the areas of NPP safety,
environmental radioactivity, and the treatment and disposal of radioactive wastes, in
order to maintain and further improve the safety levels. The safety of NPPs can be
further improved by upgrading the qualification of operating personnel through
training and education, and by strengthening the nuclear safety culture.

Korea has carried out a very ambitious nuclear power program since the early
1970s with a strong commitment to nuclear power development as an integral part
of the national energy policy. However, the diversification of reactor types and
vendors has caused some difficulties in regulating and licensing these nuclear power
plants in Korea. These difficuities have been coped with through a continued cffort
to cstablish domcstic rcgulatory positions and guidclines as well as forming a closc



coopcration with vendor country’s rcgulatory organizations, vendors themselves, and
particularly with the IAEA.

As the standardization of nuclear power plants and the development of next
generation reactors, and the establishment of industrial codes and standards applicable
to Korean nuclear power plants are making progress, the licensing system in Korea
is expected to be stabilized. All these efforts will be continued in the future with an
aim to make the nuclear power safer and more reliable.
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