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Ductile Fracture Behavior of 6-inch Diameter Type
304 Stainless Steel and STS 42 Carbon Steel Piping

Containing a Through-wall or Part-through Crack

Katsuyuki SHIBATA, Toshihiro OHBA, Takalchi KAWAMURA,
Shohachiroc MIYAZONO, Tadashi KANEKO* and Norio YOKOYAMA**

Department of Reactor Safety Research,

Tokai Research Establishment

Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

{ Received April 25, 198& )

The double ended guillotine break philosophy in the design
base accident of the nuclear power plant is considered to be overly
conservative from the view point of piping design, Through the past
experiences and developments of the fabrication,inspection,and opera-
tion of nuclear power plants, it has been recognized that the
Leak-Before-Break (LBB) concept can be justified in the LWR pressure
boundary pipings.

In order to verify the LBB concept, extensive experimental and the-
cretical works are being conducted in many countries, Furthermore,a
revised piping design standard,in which LBB concept is introduced, is
under preparation in Japan,U.S.A. ,and European countries.

At JAERI ,a research program to investigate the unstable ductile
fracture behavior of LWR piping under bending load has been carried

out as a part of the LBB verification researches since 1983. This report

summarizes the result of the ductile fracture tests conducted at room

temperature in 1983 and 84.

This work was performed under the contract between the Science and
Technology Agency of Japan and JAERI to demonstrate the integrity of the

primary coolant pipes in nuclear power plants.

* Toshiba Corporation

** Kurs Science and Engineering Co.
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The 6-inch diameter pipes of type 304 stainless steel and STS 42 carbon
steel pipe with a through-wall or part-through crack were tested under
bending load with low or high compliance condition at room tempe-

rature. Pipe fracture data were cbtained from the test as regards to
load- displacement curve,crack extension,net section stress,J-resistance
curve,and so cn. Besides, the influence of the compliance on the frac-
ture behavicr was examined. Discussions are performed on the ductile pipe

fracture criterion,flaw evaluation criterion,and LBB evaluation method.

Keywords: Ductile Fracture, Type 304 Stainless Steel, LBB Concept,
Double Ended Guillotine Break, J-reseistanse Curve, Net Section

Collapse Criterion, Unstable Fracture, Tearing Instability
Criterion , Light Water Reactor, Reactor Accident



JAERI-M 86-078

H X

1 R S B e e e e e 1
2 ﬁﬁ%@xﬁﬁﬁﬂiﬁﬁﬁ%ﬁ ....................................................................................... 3
2.1 gﬁ%w ........................................................................................................ 3
2 9 iﬁﬁﬁﬁﬁﬁ x ‘O\,%,ﬁ: .................................................................................... 3
2.3 EERVENSUSIAMEES £ ST SI2H RMEE OMRBREER oo :
2.4 KREBRIAT SUS0MBEL B D IREREEE  coovererreereerieeeeeeeeeeee e 4
B BREREEFLO ST oot 2
3.1 BBRMAHERED | - Rili#s k5T — Instability U & 5 ZEEAT oo 20
3.2 Net Section Stress BUEic & 5 LBBAiE S £ ORFEIM L L OHE o 25
B BE H e et eeee oot M
BEBE e e et .
BRFSCER oo e e i
BE B oo et .



JAERI-M 86-078

Contents
1. TRELOAUOELON  crrettrerrtrmrmreamramastrtns surrststasrasssarsenntstrnrssnsemannstinssranssansnyennssrnnes 1
2. Ductile fracture test of cracked piping e 3
2al  TESt DAPE S e e 3
2.2 Test procedure and CONdibiONS  «reeerererererrrmmmmmmiemmemm ot 3
2.3 Test results of type 304 stainless steel and STS 42 carbon steel
pipes with a through=wall Crack ercerrrrercmo e 4
2.4 Test results of type 304 stainless steel pipes with a
PArt—through CILaCK  corier i et e e e 4
3. Discussion Of test resulht i 20
3.1 J-resistance curves of through wall cracked pipe and stability
analysis based on tearing instability criterion ... 20
3.2 LBBE evaluation method and flaw evaluation criterion based on
net Section Stress CriteriOn  <rrrerrerrerermmrreaaceara i eaiae e raera s iaanenens 25
B COMCLUSLOMS rorrerrormrrerantntitantare st aneaseratarsaarsiasantaerntnsan e e anineaniasaeansines 44
ACKNOWLEAGEIMEIE  vtenreernaeementnttt ettt bttt et et e e tta et e e e cneeene e ace e nnaes 44
B oy e To LY T S 45
2% o =T Lo B 1 47




Table 2.1
Table 2.2
Table 2.3

Table 2.4

JAERI-M 86-078

List of tables

Mill certificate of SUS304 steel pipe
Mill certificate of STS42 steel pipe
Summary of test conditions and results

Summary of high compliance test



Fig.2.1

Fig.22

Fig.2.3

Fig.2.4

Fig.2b

Fig.2.6

Fig.2.7
Fig.2.8
Fig.2.9

Fig.2.10

Fig.2.11

Fig.2.12

Fig.2.13

Fig.2.14

Fig.2.15

Fig.2.16

Fig.2.17

Fig.3.1
Fig.3.2
Fig.3.3
Fig.3.4

Fig.3.5

JAERI-M 86-078

List of Figures

Geometry of test pipes

View of the test facility

Load vs, load—line displacement curves of through—wall cracked
type 304 stainless steel pipes (Low compliance test})

Load vs. load—iine displacement curves of through-walil cracked
type 304 stainiess steel pipes (High compliance test)

Load vs, load—line displacement curves of
through-wall cracked STS42 pipes(2@ =0)

Load wvs. load-line displacement curves of
through—wall cracked STS42 pipes(29 =180° )

Load line displacement vs, total displacement curve (TT-02)
Load line displacement vs. total displacement curve (TT-04)
Load line displacement vs. total displacement curve (TT-07)

Load line displacement vs. total displacement curve (CS-02)

Leoad vs. load—-line displacement curves of part—through cracked
type 304 stainless steel pipes {28 =90° ,Low compliance test)

toad wvs. load-line displacement curves of part—through cracked
type 304 stainless steel pipes (29 =180° ,Low compliance test)

Load vs. load-line displacement curves of part—through cracked
type 304 stainless steel pipes (High compliance test}

Load line displacement vs.total displacement curve (PT-08)

Load line displacement wvs.total displacement curve (PT-09)

Ovalization of test pipe (PT-01)

Ovalization of test pipe (PT-04)

INustration of 4-point pipe bending system with high compliance
J-Resistance curve of type 304 stainiess steel pipes and piates
J-Resistance curve of STS 42 steel pipe

Comparison of J-Resistance curves

Representation of load—-displcement—crack extension relationship

8



Fig.3.6

Fig.3.7
Fig.3.8
Fig.3.9
Fig.3,10
Fig,3.11

Fig.3.12

Fig.3.13

Fig.3.14
Fig.3.15
Fig.3.18

Fig.3.17
Fig.3.18

Fig.3.18

Fig.3.20

Fig,A1
Fig.A2
Fig. A3
Fig.A4
Fig.AB
Fig.AB
Fig.A7

Fig.A8

JAERI-M 86-078

Example of stability analysis diagram based on T-instability
criterion

Jinst vs. total compliance relationship (TT-01)
Jinst vs. total compliance relationship {TT-03)
Jinst vs. total compliance relationship (TT-05,TT-06)
Jinst vs. total compiiance relationship (TT-02)
Jinst vs. total compliance relationship (TT-04)

Jinst vs, total compliance relationship {TT-07)

Relation between minimum compliance and crack angle to cause
unstable ductile fructure

Comparison between predicted Jinst value and experimental result

M.~ M, diagram obtained from the pipe test results
Comparison of M /M, value
Diagram of crack size and LBB condition relationship in piping

Comparison between net section collapse criterion and test
results of through—-wall and part—through cracked pipe

Comparison between pipe test results
and proposed evaluation equation by Horn et al,

Comparison between pipe test results
and current flaw evaluation method

Stress strain diagram (SUS304 specimen 1)
Stress strain diagram (SUS304,specimen 1)
Stress strain diagram (SUS304 specimen 2)
Stress strain diagram (SUS304 specimen 2)
Stress strain diagram (SUS304 specimen 3)
Stress strain diagram (SUS304, specimen 3)
Stress strain diagram {SUS304, specimen 4)

Stress strain diagram (SUS304,specimen 4)




Fig.AS

Fig.A10
Fig.A11
Fig.A12
Fig A13
Fig.A14
Fig A15

Fig.A16

Fig A17
Fig.A18
Fig.A19
Fig.A20
Fig A21
Fig.A22
Fig.A23
Fig . A24
Fig.A25
Fig.A26
Fig.A27
Fig.A28
Fig.A29
Fig.A30
Fig.A31
Fig.A32
Fig.A33
Fig.A34
Fig.A35
Fig . A26

Fig.A37

Stress

Stress

Stress

Stress

Result

Result

Result

Result

‘Result

Result

Result

Result

Result

Result

Result

Result

Result

Result

Result

Result

Result

Result

Resulit

Resuit

Result

Result

Resulit

Result

Result

strain

strain

strain

strain

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of

coD

CcoD

CcoD

cob

CcoD

COoD

CoD

caD

CGD

oD

coD

COoD

coD

CaD

cOD

cobD

Cob

CGo

CcoD

COoD

coD

COob

coD

coD

coD

diagram
diagram
diagram

diagram

JAERI-M B6-078

measurement
measurement
measurement

measurement

measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement

measurement

(STS42 specimen
(STS42 ,specimen
(STS42, specimen

(STS42,specimen

(TT-01)
{TT-01)
(TT-02)

(TT-02)

(TT-03)
(TT-03)
(TT-04)
(TT-04)
(TT-05)
(TT-05)
(TT-06)
(TT-08)
(TT-07)
(TT-07)
{CS-01)
(Cs-01)
{Cs-02)
(Cs-02)
{PT-02)
{PT-03)
(PT-05)
(PT-08)
{PT-07)
(PT-08)

(PT-08)

it}

1)
1)
2)

2)



JAERI-M 86-078

a PEHs (Foam)
am DEHEE (EHE)
Ainst - AREWBERAEFRD a,

C a5 AT R (Co+Cy)
Cs N BLURBE 74T R
C, CEmELEERREOI Y TIA T R
Ce CEEHOERRE s T MENSE D v T FAT VR
d AL 4 mET R R oY
2 RERRE (FH) HEx
E LS AR B
G DA L Ao — R
K DRI R AR
M CHEFE-A Vb
I D) BAaE
Je ST S
To D JEOMYER S
P L OE
R RS R
s DA BB SRR Y v
Sp TR ( (s—d) L 2)
t S

Tma: . HM¥Dtearing modulus i
T - B fitearing modulus fid

a CHEDORLAR (6 ,7sy), IRTRIEELD

Ocp D UHA Y FOBMUEIBICL > TES 5 ENMEKRLD

O DDA AY P OBIEERICE - THET HEMEKST

3, DAREA (9, d¢)

O eo A AP ERCEEOEBERICL - TET 5 ELRS
8o T UHA VI ERSEFOBUERICEL > TET LEMES
9, CEBDOENM (Fo + 05 + e + 0p0)

9 Do AL

7 L ERYA

o HREIES ( (o, +oy) S2)
ay D 0.2 i A X R BEIRIG

11



JAERI-M 86-078

REHBKPT 7 v FORBILHFI-»TH, BETFOLLHEOVLDE LT, BRARKRE
DBREHEHAMEL, CncRd B HREELRTSC EBEANOEES L L) BERS
NTY5., EECHREHNEIRENTERE L THETL00THD, EBOFREMR 77 +
CEWT, BHEROL YA ERME 20,

—HRICBE K —RBEEIC B D TEBEWRIRE (Leak Before Break : LBB) #akiz L,
WM S 7 5 2HOLEREMBATHEL, SRRV E-> ToRABRT KL DFES RS
KEIETE2EEONTV S, 3 HMEETIRERBVTILBBEEITHE, EEO
BRI M AR BR AL EE L B,

LBBRZZRIE & LIBERAEEOEBARED, N4 THAL 9 LALLM R Y2 5 b
Y= ERRLBI AN, KERANORHSMES N HE, BKFET 5 v b ORI
HiE, BE, BLU77 v 0#HF - BEFOHILWIBABIKS O TEBFNFERRS L, L
»b, MECPEEMEXBOFEBERDRBLUEF LTLBMERETACECLLETED
HE~NDEBORKEVWEEDN S, HAE, LRML Y PEIRICED 77 YL ESADEEL
BEADORBMHASAUEE PN T By

S BT, LBBURUTHIINBEMOANBEEEROMRELLDOT, FRECCSHL U HHM
BRHGTORNBESHELLPFTSH, COEEGEENMBRIBY TRE L,

COLAE=DPOSLBBHIEOBERFTEEANDEAPLBBD L EHSEAATHREINICE
HHINTH B,

TTREMICE VT, RSK (Reactor Sicherheit Kommission) #4 F5 4 » #1981
FEIRHES MLBBH S I B Sk MR S EA S AT By

COEETE, PVR—RZFREEOHEEHEOmBELZHKXO 2F(F | EEWEMEOAE »5
0.1 FEZEEL, LI1F»SOBEHIxw b, Yaew bRHP, B8LUEHHE (15msec TLi-
near KL E-TO0 1 FILE2T2BE) 2FETAIERN-TEY, Chitk L 74
y T LA MLy PRBOBENN(H -, 1 FEEZHEDLCAREROBEZITDE
WEHA XN LOCARIr PHRMBRLHFCRIER I L,

—Ji, RKERBOTENATHA 5 TR Ly PREDHH TREELEFENED 5N T
Wh, TbhE, EEENMOBNERDROEELRBERTEELSBRAT A HHEHTNRCH
fEZEA Y THE DT H P General Design Criterion 4 (GDC 4P OXESITHN A FEL
f‘; 5T 543,5)8}

WEDEZANRCHE, DEGBOfROICLBBAEHT A S -TEFFOEBEELLDGD
CIoBAGRERFIRMLT, RESNALBRBcHTIRHNBHABTE T CLICLD Y-
N47—zfﬁﬂ%%irh§fTfmm<?m®@%¢®PWRKomTHLBB®ﬁ%ﬁ%ﬂ
shcns

FA Y THEHLBBICBLE LA AMBIZITERTERICH S, —HAKETHINLSDL BB



JAERI-M B86-078

BEOEHEWHEE~OBAOH X LERKIC, LOABNESEEDIEFRLBWR Y7 v~ DEH
AEMNELT, Kb D BEEOEILEABHEIEDLN TS, §74H5, NRCRK v #
—iC & BT EE, Degraded Piping Program Phase [I(DP’M)#s Battelle Columbus Laboratories

(BCL) Ak EHLRTY 5o © OFEIE, REEMESDLBS MDY % R&EH
ELT#EHONTO S, LEECOLLZEREMHOABRPREXBRTERT L L LB T
HEOHBELITHONEFETHD, WEEREBTKRIEY 5,

$7:, DPPHEHE&EHITLT, EBEI v E—* v P HBADOREEE LAEBRFHR 7V
— 7 ( International Piping Integrity Research Group: IPIRG) O BCL 24
CHE» Sh, REFSEBSBEBEINITETSH 2, KETHE, TOMEPRIPRMEAEEICSE
WTLBBIKHET AP ED ST S,

HERICHEHLZLBBMAER, BEHPRTHIERB 4 -, BLIURMOHARITBEBNT
EHONTHWE, BETHAT¥#EB v ¥ -TlR, SCCLHTALBWREBTDLEEELHIET
L%, BWREBETTAA YFIIE, SUSSMMBEDEZ I V754 7 v AR LIIER
BAERL, BEFOLBBEGEBITL T 5,2

Ft vy —TREEMEELNRELARBRLOEELSERL T 5,

F7, REOLA LYy PRIERECEL TS, RE TR REPCLHABOSHmAEE L L T,
WE, BEE, REIREXFENSICE O TREFSED SHTH B,

PDEoX 5 LBBICE T A BAAPLBBRSORIEE~DEALFEEETHARICH
REHETINETIURCERT AL EZL 5057, NRC-DP IHETLHOME £ 5 iC
LBB# &0, LBBHIFEOEBYS LUPAELLE S THBEE -7 OIS, LGP
Mo I UCRERBRIC LI ELFHL LRI NERELE L,

T, LBBESRKMILIZABRITEO—RELT, REOALXEREXBR LT LD TV 5,
CoABTE, AXRREffEET#HAKCERHL, 277347 A4 A HBRIT X
DEFEOARCEWEEHEZAOHPICT HLEGCHABT -/ OMBTHELIUCHFMEDOH T EEHD
ELTVE, EFRBUEGA > FELU124 v FOEBEAFEAL, BESEKRBLUEERSRHE
TiT-Thkbh, ok, PTRERFCLIIZBEROHBEABROEHCED T 5,

AHER T, STEECHEAMENton, RAEMTSImMmOED v 7 54 7 v A4 G R
HEPTERL, TORBEREICE, SUSMHARMEERRARKOERZRE L UOREERE
HBRAODBWRESHTOHABSN(OLTETLTV A, &6, HFEERBWTIE, BFEECHE
BLAZSUSMBEETOEARMABROBZE T~/ 285 00BHARBMNSUSIUAMEL LU
STSA2HMEORXBAITH L b, SUSMMBMEBEOFZREBERBABRLEEL /-,

ABEBR, CHITHERLZEEORLEERBABRBERICOLTEEHLLDTE B,




JAERI-M 86-078

2 BEEOALERERER

2.1 HERE

ABAOSEBMICIZIEB, Sch 80D SUSIMMBEL LULKF -4 2854 HSTSOLFE
EAER L .

Table 2.1 B XV 2.2 CEBREAREMO I vy — M2 RT,

Fig. 2. 1 t BHE D AR, FEART, ABAKIRI 6B, Sch.80 X 400mmL OFERL D disic
6B, Sch. 160 D#EMSBHEINALHEBEENL -THY, £EIIH00mm TH 5,
HBAEOPRICEHEN L L VR ETEOEFRREENLL 20
AEBORBHEREEERGEE - IREBERGETH D Fig. 21 ERTEOTH S,

22 HBAEBIUEH

ALEWERBRE, MAFCEEE I v 754 T RAENML - MEAREEAERELTH
27, BEDRENEFEAMEOton, BAEMTOmMmTH D, FAE 7 L — A AT ORI E
BRI ) a- Ve v FRIVBABBCHELAMTEEIRE LTS,

Th, BaVv 7547y 20EBRETHI LD, N2 4N 3T CHERNELAMNTE 308
SBELTH S,

Fig. 2.2 R #BOHNEBEERT,

COEEEFEBAL, 2V 7547 Vv ARELRI YT IAT VAR LOEHTREEOARRE
WEAB AT - 7,

Table 2.3 5k ¥ Table 24 K ZNETILERHL - RBROABRRME, AFHFE ZHEKSL
LUHBHERO A2 L,

BFavy7s4T7  ARBEVELEETNFNE IV T 54T Vv 2ARBRBLPET Y7 5 4
TUYARBREMT B LT b,

SHEBICHBT LY v F FEEER0.328mm . sec Th B,

UEDRBZEWT, WE, B, EH%6, COD, sNERR, BLUNAGEESoAE
EfT-te 35K, VIRKREAHABRHOEELIT-TWV S,

BABROSIRERNERENEESLIVEEBER LD IT 1, T/, Exv 7547y
AHRBTRERICLD S WARRE ST - 1.

EERECLIZEIREBNETH, SHOLEREWITRIENELMITE VTN, S3H
ALERREHEDEREP S I A= -t L2 HEBERYI®E TIT -1,

oI, HEHHBFRCIIZ2BEREHN LA,

WMERMEDOPRE L CRHCHE T 2 ERMANOEMEI, PRTEROmMm, SHELR (EERG
DEFEDA) TRBmmD Y RO ) o T - V52O TIT» o




JAERI-M 86-078

REEAD 7Yy 77— VOMN G EHBIKIC S 1 7 2y VRONSRIHBEN2 VICLD
BT T - oo

23 BEBERBASUSIMEEESELIUSTSZREZRETOEIRBRER

Ha RS AREOFHRE, SUSHAME B > THSEAE, iFA-Yy, B8LXU2 ~
TIAT Vv AFEREBLAEZL TIT»1. £/, SUSWHIETE OB F—F 25 570,
STSREEFEL DV THIHEOHBLIT- /. Lo DHEBREGBLUERC -2 TR
Table 23R LACED TH 5,

Fig. 23 B LU Fig 243 SUSIMMESORB,» OB SO ME—Z (P-3J, ) igsE
FLEDHNLEDTH B,

ik, TT-06HBRERK SO TCREI Y7547 VA THERBRLATT-06& REEIBOP —
O, MR E B~ DTEB LI, B3 v 7547 v 2HBETT-02, TT-04, TT-06HB &
UTT-07Tieo0TEBLAE, TT-0LARTNTRABRDITLEMN—ERBTSHEA
RECHERZHE L, VOWAIARATERESHLEL 2,

TT—06& TT—0NIXFF AN LARE—RHETERL TED, XFA/YYH 2000 mmD
TT—06DHECHRE I v T I3AT v 2ABBTHE - CHOALEWRBELE LU D72, —H, X
Fe 2Ny 1650mm D TT—07 DEEICIE 6,=57~62mm, 4a=86~120mmicBOTAL
EWESLFEELL, SBRBAROXFBANZEZLHTLEE, EBTOIADoREFEDT ¥
TIAT AEEAEEALELEMTHD, COEBRERIL, 325 —-EFE03 s TI5AT VR
BLUT TRALEEESRE LTI EBTRINTL S,

T, /o FRBLPOCOEFHREREANEENIAABRANERAMEL L - TV 5,

DXIFig 258X UFig 20U STSQREECHRBRL 0B ONLP-0,HHTD 5,

Fig. 2.5 3 L0 Fig. 2.6 ;2503 & 9z, STS4L2EE X SUS30L HEICH~TERE D
¥l1/72BETHD, STSA2HEOHHIE SUS3MHITE~<TERY,

STSLEEIL2VWTCS—02DASI v T 74Ty REHETHRB LM, Z0BE, d,=
32~42mm (4a=3.0~85mm) KEVWTALERBELERELL 2,

ALERESAE L LBEBRBCONT, WEAEM (F6) 244 (4, —dr) % Fig
2.7 ~Fig. 210K,

NSO E T, 2EMP—FHECELLLCATHEAEMSBEALAEREBSRALE
KEBELTOSZEPRALHIITREINTY 5,

24 XREBEARMBRMASUSIFEEOHRBRER

FEERGNRBEORB L, 90° DRMEIZDWT 44k, 180°DRMIZH>WT S5 EEKL 720
ZoHbE, 24 (PT—08 (90°%0.75t), PT—09 (180°x0.75tNEE v 7747 v A%k
HTHEB L

Fig. 2113 XU Fig. 212B2 v 7547y 2ABTEALP-J, fifzErRT, Fig 2.1l



JAERI-M 86-078

BLUFig 212083 5d t=025020=90°8LT180°D 27 — 2k DWVTid SBERMR
T, REER LOBAEEZLEAFEBOERESS LU,

—#ic, REOXBAERACES, 2R IPIRELERETANBLBLTCH IO -2 HE
(Pr)Z&RL, &bic, ER/MBATRBHEOY A4y F22FEB L 2%, MIE/AHELD
Fe2ov-—2WE (P2) BBHbI D,

COPLBLUPORNEFRBLOP-F, HEOERKIABERZLIVELZ TS, §13
L, Rfgp&CEs (PT-02, d/1=05) K@ P. P LD @<, PLicELEENETS
CEIBICEADICE AP EZECERT L, (OLEDIHERBTI—FBORLERETH L,
Tk, ENEMATITL EHEXNEEEMNL, PltEdT 54, Poi@d Pilth T L
- TWde —F, REHVENES (PT-03, d/1=009D idPiid P L0/Ih&EL, D&
EDEMBLGREPEVCEESLIVNSCNEE, COEESEANRCARERSRERENET S
BEDORBEENDS 0, Z20%, ENOHMEE SICHELEML Pt ELTVS, KEHED
Baicid, PhEBROP-MBRREEACAEOEERMO P, MELIELAERELTH S,

20=180°D4 —ATid, d/t=073(PT-06) ik > T&HB L7, d/t=073TRP,
WPt X T DEL, PIERKALENL SHEESEL L.

DEW, A3 vITIATVvARAEABRAET oA PT-08BLUPT—09iC20 T P-0 b &
o, —Or 4 Fig. 2.13~Fig. 21518 77"d, 20=00°OPT-08 Tiz P ITHBOTARLTHE
ML, P2EHAT-HTVARAMNPELL, TOBRSSICEMEPMA, Pric@E L B2 E
HOARLZERELE L, 2EEOALERBIEIABBPAREODYSF A v 2 EHL, 0°
SOREUBEEBAFHAANENELABICELTRD, COHBEHR I TICERBLL-EERRED
RRERIAEOLDTH S, Fig 24RO EED I, —0o hETH D, REEWHEBEL
EEDHEBELSEVORILORFVRICEOTHLPITE - T 5,

—F4, 20=180°OPT-09Tid, PIKBOTALERBEELZDEE P 2RI
DEEZHNBH. Fig. 213IEBNT, PeOE—-7@3HbR TR WY, THEBFKE TR
BRAECLLPAMBLINNFKBEFONEE» CATIAMEN MBI N T o~ FerdboHbS
N230HTHO, EBRIECBP D -7 bFHRTILEHESND, PT-09 TEP HERICKERE
TTERERBLALZIED, Fig. 215k B 56, —0rHIEML O 8435,

L@ &5 EPT-08EPT—00IcE 2HBEEORN I, RRERDI Y7547 ¥R
AR EOTE ZEUMBCEKELTEL T A ERESHLTH S,

FTTURLE DI, REGESHAA=0250D24 7 — 20K (PT—01, PT—04) T,
FHEPERETRBUELEZEASAROEREHEZ R L. CNo0RBRTE, EEOHM
EEbieWmoRFBSELL, CORFAQHESES Fig 2168 L U Fig. 217TIKR T,




JAERI-M 86-078

ONTI00) QIdvd WNWINIW 2.0L0L -=-IN3WLIVIHL L1VIH *710S

0009 G009 | 0009 0ogl o
B m:\:ﬁ;l uorsuedxy | aduey g Auipuagq duirepy o dutuayye | fuotsuaungg ynsay arnssarg o
Jury Bury duipuedr] 41| (Bury) 1§ avejang 159 anwiseaphy
o £152 ] jJo uondiadsa(]
m | N O A
| | A R A A R S B N
_ " 0 O A O O
U, | i } 1 i i “ ! { | " i
| ol L9 ¥2 o B R A IR D I RO A
] 1 | 1 t
m 89l s ez el |1 llodsiods | | igod 82y |evlov | 90 | €005 L6V
| | BRI
L R Y |1 PUU2UTT GG [UY0 OG0T G [ e
L 7 Tt i 4 2o o e R M A
_ wal - . ‘ON 189
- R dwﬁm Axm I Mffv.“:m i . oW 1D IN | D S d UL IS 8, .”.ez.m . : H
1e jo N T R T I T T T T e e e e KRR
.l.“amu._. yordurp |amigurean | ssaupreyy | 1 I 31S8 ] a|lsuad ] g7 uollisodwion) je21WaYD)
oueYy e Do&s o Lt 2591l Sodylil
m”ﬁ:u QAT (o], |'s2d jooN y18us] L ar O L)ooy yaopm 1
WM ey s (1% wun)  ez1g
TTTUIVOTSTS 65Y%9 SIT  (RRVEU UIUJY IJTd 1IILT SSITNTVIS $SITwvas

adid (6818 pOESNS JO 2180113480 |IN LT algel




JAERI-M 86-078

' ] : [ _ T . h

m " ! N : : ” , _
m : ; o m : S :

' ' ' . ' 1
“ : " Ll m W " S |
4 ' i ¢ : ' ! | : ' . ! i
| | : P : | m Pl |
| I vr PPy I N R SR gt R

! v . r l 1 ! v
! W ” ] ” : : ” " “
_ y = . = - , W u * et 9} T ,
R I R N R R : T A R i S B B E N O _

. —— a i X i L — i s
i (&) I f g <
el 3 [HELERN : N 2 N 'S i
doiop oy , : - 0 :
m FIE R RS v Looowr L) L i

S G PR azs G FIEAANR A
[ o oee TR + - H Ao
; yIguor] (w10, ” ‘sad o oN yiduag i |
2 Anuaenl IT % R

adid jaays ZpSiS jo @ieoiiieo |\N gz @lqel




ad1d T2935 UOQIED ZHSIS
odtd To03s SSaTUTE3S $0f 9dAL : —-Id PUR —LI xx

-5D

N/ww 000T/T D ‘ N/ww 00G/T ‘¥ 90oUeTTdWOD TRUTWON &

JAERI-M 86-078

8°¢T — 4 " 0°T 08T t0-8D
0° 8¢ o — " 0°T 08T T0-5D
m-m.ﬁnﬁ —_—— I3 I n 0°0 0 OOlmU
- S TBS v ) " 1 081 60-1d
3 6°99 D m GL 0 06 80-1d
@-@N hoﬁﬂ — In ._,m..D i NO.....H.&,
8¢ £°Z9 T E— M €470 m 90-1d
L°LZ 1°£6 I 1 050 m ¢0-1d
*3X9 }OBIS INOYITH — L7701 — 1" ¢z 0 081 $0-1d
9°19 S670% — " 16°0 " £0-1d
STeL 17001 Id B 0" 0570 m ¢0-1d
*3Ix9 ORIV JNAYITH S 6°101 — 000¢ 270 06 10-Ed
m-mN - < OW@.— 1 i NDIHH.
aInjoely 3[qe15 [T E— v 1" m m 90~-1LL
6°6¢ — E— 0007 " 0Bl ¢0-1L
8" L€ I 14 v 0clLt 1" | y0-LL
O-mq - - i I 0z1 M.Ol.H:H.
.—\-mm - < 1" i Om NOl.H:H
0L E— i 000¢ 01 09 TO-LL
17901 E— 1d — 000¢ 00 0 00-LL
u, Ny w. N3 aanyeladwal, L 2oue ww § a/p 62 .
SALElSd (4% N 1s88f ~T1dwon uedg adep Yoein BT3uy NORID ¥ oN odid

$1|N$34 pue SUCI3IPUCD 1S3} jJo Alewwng £°Z ajge]




JAERI-M 86-078

£31T1qE3aSuT AIBPUODDS *xx*

WOGQT=uedsS **
wwOz/ 1=ueds  *
%01 Q¢ ~ 71 |98 ~0'E| 99 ~ 89 | g7 ~ CE ®?10°0 STqeisun ¢0-5D
0021 091 S600°0 21qe3sun 60-1d
0 0t 8lt 057 ~ Gy | O'CI~9'8 | ++E'6~9'6 | xxC9 ~ /G 910°0 °1qe3sun £0-11
—_— - S — — —_— dTqeas 90-11
0°9¢ S1E E07 ~ 0| 0'G ~G'E | «O'EI~ECT | L9~ 8BS 610°0 2[qe3sun %0-11
Q'cE £Cy 067 ~ o7 S'11~9'L | O'8I~T 81 B9 ~%9 920°0 STqr3sun ¢O-11
(uw/35 ) (ww ) (uo3) (ww)
() (ww/55) r eV d 9 S,/ spou
‘suea]” JIns e oy odig
30817 A BY A3TTIq®ISUT JO 3uTO(] 3sut 3@ °) | 3INIoed]

1se1 aouwel|dwoa yBiy Jo Alewwns ¥ Z a|qe]




JAERI-M 86-078

sadid 1sa8) jo AdJlawoan L'z Big

A9043 WA3

00i¢
06%) 9 9 046!
7 8Yel | oo b 8be
002 002
W01 W03

N

- —

(2G99
g




JAERI-M 86-078

Fig2?2 View of the test facility
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40

28=0°

Z/B:IBG .

| I J l
0 50 1G0 150 200 250

8 {mm)

Fig.2.3 Load vs. load-line displacement curves of through-wall cracked
type 304 stainless steel pipes (Low compliance test)
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2 20

26=90° (5=2000mm)

8, ing t=56~62m

20=150° {S=1720mm)

20=180°
(5=1650mm)

5p, T £=37~62m

0 50 100 150 I 750

Sp {mm})

Fig.2.4 Load vs. load-line displacement curves of through-wall cracked
type 304 stainless steel pipes (High compliance test)
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20

€5-00 (2e=0)
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l I
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Fig.25
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Sy {nim)

Load vs. load-line displacement curves of
through-wall cracked STS42 pipes(29 =0}

250
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P (ton)
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€5-01 (180°,LC}
£5-02 {180°,HC)

125

B unslable
fraclure at
Spi32~42mm
] t ! ]
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Fig.2.6

Load vs, load-line displacement curves of
through—-wall cracked STS42 pipes(29 =180°

)




JAERI-M 86-078

400
Pipe No.=T7-02

Unstable failure
Sp =64 ~ 68 m

i

i

|

| ! i | L

0 50 109 150 200 250

6p {mm)

Fig.2.7 Load line displacement vs. total displacement curve (TT-02)

300
‘Pipe No.=TT-04
!
%%—* Unstable failure
ap =58 -~ 62 mm
200 |—
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&
100 |
| | : :
a 50- 100 150 200 250
8y ()

Fig.2.8 Load line displacement vs, total displacement curve (TT-04)
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|
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40
2o =90°
)
30 |- \J
V d/t=0.25
s
Z 20+ d/t=1.0 d/t=0.5
(=
\\
N 4/t=0.91
10 r,
L |
0 50 100 150 200 250
Sp {mm }
Fig.2.11 Load vs, load—-line displacement curves of part-through cracked
type 304 stainless steel pipes (20 =90° ,Low compliance test})
40
2e =180°
d/t=0.0
30
d/t=0.25
s
* oog
a. f
10 d/t=0.91 d/t=0.5
/ d/t=1.0
d/t=0.,73
i
100 150 200 250

0
8p {imm )
Fig.2.12 Load vs, load-line displacement curves of part-through cracked
Low compliance test)

type 304 stainless steel pipes (2 =180°
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20
& unstable fracture
Zi. unstable fracture
arrest
15+
unstable
fracture
26=90°
= d/t=0,75(HC)
S 1ok 26=180°
N \ d/t=0.75(HC)
\.._..-"__—“\
5 28=180°
~< 4/t=0.73(LC)
“\\
I i | 1
V] 50 100 150 200 250

8p {mm)

Fig.2.13 Load vs, load-line displacement curves of part-through cracked
type 304 stainless steel pipes (High compliance test)

200
Pipe No,=PT-08

150+
E

100 +
‘cr:.

B0+ -

by i i 1 1
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Fig.2.14 Load line displacement wvs.total displacement curve (PT-08)
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Pipe No.=PT-0%
200 b
150 +
i
E
100 -
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50 -
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sy (mm}

Fig.2.15 Load lime displacement wvs.total displacement curve (F’T—OQ)
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Pipe No.=PT-01 -
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Fig.2.16 Ovalization of test pipe (PT-01)
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Fig.2.17 Ovalization of test pipe (PT-04)
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31 BERBAEEDJ -RBVMEITT — Instability BEC K ERERI

SHEMICED SREEALTERE R, MHOEBTRME, BLUANKROI Y7547 /2R
MickELTHRET D, BE, EHALEHRBTFRELLT] —REMREHACEZT-27547F
) 4 »» (Tearing Instability Criterion) g H&h, FL{oHELTHLO T 5, T -2 35
A7+ 2EECERT A3 Tada KU Paris 5%, Zahoor 58 LU Panb Vit & »
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HBREROZFEEARBLTIBDDEDEN TH 5,

Fig. 3. 1 /RTHRF[IEB0T, EFCEMNINZ JHR>FOEDTEH S,

] = Jer + Ja (1)

NRCHOTE 1 EEBEERICLS JBETHY, 2XDLIKELLEDBTED,

K2 P2 dCecif)
o =G = — =
Jen E 4 Rt die) 2

¥, BLHRABHERKISZJETHIDITDEL TH 5,

—F(6) Fr(0)

#pl 7}
= ———— =« P +4ddpl+. il 3
Tor A TRiEE R TR 3
R
7} 1
Fig) = cos— — -— sin ¢
2 2

THb, £, QRKBFB3Cc 0)IWH oY 7IA4ATYRDHI L, SHOEHRICE - TH
T ERITH 5,

BROF2HISHERERBLTL 3,

Je ), BRIGALEKGRET 2l, REHRFOHEE I v 7574 Ty RADELRISEHERDSL T
EBTE L,

I fEid, EFRTRDSN/P —0pl —Aa OBEFEAHVTEFE IHE KD, TOHEEE
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2D J, CHRALTH2HOEERDEEDOMA S J,, #KY, oD ], EXE2HE
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SchB80D Type 30427 v LAFHED ] ~Ritiff & 6 0,=300IARREDETH D, BIFAR
BHEENEBONTH S LHMENE, T/, BHREFIgI3CRLASTSLEEOABRIKER
MmHRDL ] -REFCODUTHEKLADBOTHY, STSLREED ] —~ R SUS304
HECHALEDENWC ENSGE, B3V T 547 Y ARETARALEREBECLTT —02,
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TaDD Z Tmat (4)

9 _ d]
B Tapp ( aam)ﬁ\
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Fig. . LEB W THEEFHEL T L E, SRFB ] -REBZz - AWMAERZIT S, £
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ds,
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dp:Load line displacement
dg:Spring + frame displasement
St:Total system displacement

Fig.3,1 Illustration of 4-point pipe bending system with high compliance
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Fig.A2 Stress strain diagram (SUS304 specimen 1)
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