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Review of key predictive methods for the ductile unstable

fracture in IWR pressure boundary piping

Tadashi KANEKO and Katsuyuki SHIBATA

Department of Nuclear Safety Research
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(Received September 7, 1984)

This report presents the following key methodologies to predict the
ductile unstable fracture in LWR pressure boundary piping.

(1) a predictive method by net-section collapse stress criterion
(2) a predictive method by crack ligament fracture stress criterion
{3) a predictive method by flow stress criterion

(4) a predictive method using J-integral tearing instability theory

Predictive methods (1),(2) and (3) focuss on the evaluation of the
net-section stress for a cracked pipe. An acceptance criterien for
circumferential flaws based on the above (3} has been recently
specified in the ASME Code Section X1 to assess the margin-to-fracture
in the austenitic stainless steel piping. On the other hand, the predictive
methodology {4) by the tearinginstability analysis is the elastic-plastic
fracture mechanics approach to assure the structural integrity of the
nuclear piping.

In addition, extensive verification test programs regarding the structural
integrity assessment of the circumferentially cracked stainless steel

piping are summarized.

Keywords : Ductile Unstable Fracture, LWR, Pressure Boundary Piping,
Tearing Instability, Flow Stress, Net-section Stress,
Austenitic Stainless Steel Piping, Structural Integrity,

Review
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Ja o BAHREEICE T B JHESHE
4+ BENRE
Jz » J-REE L@ daioxtd 3 JRESE
a  =HEE
EF 5,
IOEERE, FEROZHOOFEEOREATEO, ROXEMET L85, FLTHBGEL S
ENWSEZLETH S,
Tmat << Tappl (2.16)
[E, COEROEAELELLELFOFEME, ASTM STP668% iz, FLHohTVEDT, BH
Shiicing
Tada &3, LEAOELT%, BAMEHATT2EOREFMICERT A EEMITL, K
DIREABIT, BEEBICHT S Tappl k0 2HEESB L T0 Y,
1) =&mEL, 2EBFEARL TS T &,
20 Bhihid, e AR &,
CRIC kB E, FE 284 VT, AEBmm BERREE (BEHFREAESEPOORDMES) K,

(+) (ThENOFHT, BEZDI VT34 5347 Y ANKENEOI T EiE, TOEESED
CEEEHRLTVA,
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B 15 g Rl &S (260 =100°, Ta =0.75) 3% BI5E, Tapplid, FHENEN or % 50ksi, Jic
=4000in—1b/in? 2V ERKET S &, RORTRENS,

Tappl = 0.4(-5) ~1.0 (2.17)

BL, L; BERS
R; B (=14")

f-T, Tmat=200""¢4 234, K (2.16) UK (2.17) £ 0, TOBRESNLZERET S0
i, REESHe00ft(182m) LB BETHE, H1&0, AEREREERS (BAE, RHF
HARRroOHOREER LSV TETORS) &, CORARSIKHAT, FEICER &
Hie, RQINDL O, 75 Y b T, 0~0BEEESTHE Liw, RED AL E
BiEi, Mw iR iz Y,

7 51%, Tada 5 Tappl ©EHUCH LT, EEETS Sdhic, ZRaBiEsr AT sEER
DIYTF5 AT Y AOBEETRILL R EEAREREREDERLET - T E 2,

Zahoor 5, ER 44 v F A7 V=2 - 800 Type 30M4AF ¥ VAFMEEZRAWT, Z@T, K
16 ICRT R A SRR A TR L, AAREESRAE T 2RED v 7347 v AAEEL
AR ERERETE AT - T, R 1T, CORBICL > CRLNLEAMEE (s
ZEE 76, 1mm, K 133.1mm) #H 9 % Type 304 27 ¥ L AMED J-RIRTH 5, S 5IT,

cwmﬁ@ﬁ%@%mwfwi%aﬁbﬁ@mgfa(g)]%%ﬁTgéﬁéﬁmfwéﬁ
app

@m@,HN@%%%nt&R@ﬁ®@%ﬂéibt(%Lm(ﬁﬁ)&,ﬁ%ﬁ%%ﬂt

o .
(&) e, 7o b LEARERETIRKTS Y, RED 2 0 OMROZALY

LA, R (2.16) FHEET S, ALERBELZET L LN TFHlENS, U8B, IORDAL
FREA LT AR SERES daid, B RESCE LT, 22.tmm, 15.2mniCdHh 5,
G. Wilkowski 52, FEROTFHEIAEMEIET 5720, Al &REREmEEBEERvT, Wi
ZIEX 106mm (ZfEsD 9% @A AL ET ARER, dhExNH L TdymELER L,
FEERERRAEER L TV Y, 20, ALEMESLFIRAIYLERES Jald,
16~19mm TH D, Zahoor HOTFHI & IF BT 5T &ML MIC LTV S,

TORBEREAROTO JBSIC L S Teaing Instability DFHfiid, FEHSIK K ->THEHRM
INTHY, ZOHMIEDY, BEAIHAEFTIETOALEWETANE LT, B THELHT LA
HEshTwaY, 20T, CoiMiER, KENRCTS, EREMSFEBINTELD 4
%, RERCHERFTOERICL - T, RFEOMETS, HFsTH 5,

—_
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Recir¢ulating
outlet nozzle

Reactor vessel

Recircuiating intel
nozzie (typ)

Cross tie valve
{notinstaileg en
some planis)

305 mm {12 in) upper
discharge riser

\ 559 mm (22 in) discharge

manitold

508 mm (20 in} RKR outlet

{one loop only) [__1

559 mm (22 in) x 711 mm
(28 in} cross

710 mm (28in) Pt

suction riser 305 mm (12 in) RHA inlet

Maotor

Pump ———/

Suction valve

711 mm {28 in) lower
gdischarge riser

102 mm (4 in) bypass jine
(notinstalled on

Dischame valve some plants)

Blank flange

(for ¢ecantamination)
Nots: only one of the two recircula.
tion loops is shown here.

W1 ETEEERZEEORR ) (D

| |

Aclual Stress Approximotion
Disiribulion

l Flole in Tension t

Actlual Stress Distribulion Approximation

|
- H - & -
=

Fipe Under Internal
(a) Pressure and Bending (b)

& 2 Net—Section Collapse Stuss Critevion
w3 BEH AT E TS

ig_._



JAERI — M 84— 178

Crack Size, mm

8] 50 100 150 200 250 300
100 ] i l ] |
g0 o, O
- — 600
O @ As received, sawcul & EDM
s0l— 0 9 Sensitized
A A Sensitized fatique crack
& @ vielded, sawcut & EDM —ls00
70[—
Room temperature
= 60 — 400 o
> a
“ =
§ o “net ks 3’
-— —_— 3]
0 g2 (ultimata)  —{300 =
° 40 wr
L+
= 63 ®
& =
o 885 a
a

30—

20—

n
Q
O

37 5lyictd}

100

X 3

Crock Size, in.

HiED SR 2 Type 304 2 7 L 2 HilfK
D ETEH & & B EBEOATIGME S

4 FEHaEAET AR IC, Net—Section Collapse

I

Y

Y

Ri
-
- »
- Ll
- B "
-
” -
¢ A c —
L >
J

Criterion # A Lok 71 &iE Y

Mo
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& ila) EAMAEEEELET S Type 304 27 ¥ L 2HED
T -4 Y PM ERABEE—A Y M (BE 44 VT)

2a, }% HL/MB‘

degrees  in.-1lbs (Nm) x=0.4 x=0.6 %x=0.8 %x=0.9

Case I: T = 75F (24C) p = 1050 psig (7.23 MPa)

30 '285,000 (17,500) 1.02 0.99 0.95 0.94
60 232,000 (14,300) 1.17 1.09 1.01 0.96
90 180,000 (11,100} 1.42 1.26 1.09 1.01
120 -131,000 ( 8,050)‘ 1.85 1.56 1.25 1.08
150 87,000 ( 5,300) 2.65 2.12 1.54 1.23
180 50,000 ( 3,100} 4,45 3.39 2.20 1.56

Case II: T = 400F (205 C), p = 1050 psig (7.23 MPa)

30 225,000 (13,800) D.87 0.85 0.82 0.80

60 183,000 (11,200) 1.01 0.94 0.86 0.82

90 141,000 ( 8,700) 1.23 1.09 0.93 0.85

120 101,000 { 6,200} 1.61 1.35 1.06 0.91
150 66,000 { 4,100) 2.36 1.86 1.32 1.03
180 36,000 ( 2,200) 4.17 3.12 1.95 1.33

i
EHES

# 1) BARABEXZEET A Type3td A7 ¥ L AHED =T AEr

RHE—A Y M CHEE— X Y P M (ERE ;284 ¥F)

20 g Hy /My

6
degrees 10" in.-lbs (MHm) x=0.4 x=0.6 x=0.8 x=0.9

T =400 F (205 C) and p = 1050 psig (7.23 MPa)

30 31.9 {1.96) 0.87 0.84 0.81 0.797
60 25.0 (1.54) 1.03 0.94 0.85 0.80

50 : 18.2. (1.12) 1.31 1.13 0.93 0.83
120 11.8 (0.72) 1.88 1.50 1.10 0.89
150 . 6.0 (0.37) 3.44 2,54 1.57 1.07
180 1.1 (.068) 17.36 11.83 5.80 2.62
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p
T% Pa=OpA+ 6.(1-¢)A
where

P, ¢+ Crack Penetration Load
= A : Area beside Crack
\W =(W-1)t
~ LAt A, : Area behind Crack
\/ - . &¢ * True Fracture Stress
P ¢ : Reduction of Area
q
L A &
ép Gp
s & 4 A 4 4 &
W : Plate Width
‘t : Plate Thickness
: [ :Crack Length
oS 0 - d : Crack Depth
L—l—-—h-
= W

7 Crack Ligament Fracture Stress Criterion
s BIEAEE LT
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400
z‘ d/t=0.50
. o
300
O
@)
o
200k 0.83
T
3 Q85
100,.—-—design CUINVEe = e =
i , 1 . T
0 60° 120 180 240

Notch angle, 28°

K8 Type3td 27 v VAME (BE241 7)) tdfs

VR & imAE OB T
5%
d | U TN
it : R p P
r
| ML
ép Op
%
& e, — g~ —————— = == —
o
i) Bi<7T-6

M9 fFE—A YR ES 5 EEAGT ZEEOREND EANEE 7 1Y)
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10 ' ; 1
d/y {Exp.] Cal.

“Ea- 0gg8| © | —— )
E 0.83 A |e~e=

<6 i
£

o]

E

4 -
- 4

L.}

[ 4]
-}

i~
T
i
{

0 %0 180 270 360
Crack angle , 28°

B 10 Type 304 27 ¥ LA&E (2B, sch8d) ORMEICHY
B — 2 v r 0BG 2 (RE-0)

LBBAKIL
\}Q
W
0 30 60 9 120 150 180

Notch angle 2X (deg)
Critical boundary for Leak Before Break

11 =5 v LUAME (BH44 vF) OLBBIHY sRex
(ML:MB)
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T

0t = — =43.9 kg/mm?

C Test result

M= 40,R2T (cos & - = sing)

2 2
R=154.4 mm
t =10.8 mm <‘Eﬂ)
NN

Oy+0y

i 1 1

12

410

1
[aV]

30 60 90 120 150

Crack angle 8 (deg)

K012 Flow Siress BiEic L A2 Type 304 27 v L Z8WE (BFE 64 »F) D

Bl e — A v b OEE 1Y)

Cotla | et [Temp [Crack [P ipe Colla :Colupwe , Irvst | nembdity,

F15 = R

- ._g_.g. I-w! &8

c RT_[P-1] &8

o VI [- 1=t Tw ,

Nondimensional Railure Stress |

0 0.2 04 06 . Qs
Nond#nensional Cracked Area (A oAy WAy +Az eAq)

K13 2077477 AFSHBRICE S Type304 X7 v 28

BEORAL &S0 ERTG )

(ton-m)
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NOMINAL STRESS
IN THE UNCRACKED

SECTION OF PIPE ‘\\

EUTRAL

AXIS —'—”«—"m

aq = FLOW STRESS

STRESS DISTRIBUTION iN =
THE CRACKED SECTION AT
THE POINT OF COLLAPSE

(a)

~ Pm +Pp = Sm
\/_ (COLLAPSE LINE)

——

0.8

—
—— s —

0.6

Py + Py = 2.773 5,
BILINEAR (SAFETY FACTOR = 2.773)
APPAOXIMATION FOR

ALLOWABLE FLAW SIZE

FRACTION OF WALL THICKNESS, dit

0.4 = > 0.40
|
I
|
|
i

0.2 p- § Pm = Sm/2
| op = 35m
|
|
|

0 1 | l ]
0 0.2 0.4 0.50 0.6 0.8 1.0

FRACTHON GF CIACUMFERENCE, a/n

(b)
K14 EAAKREGEOFEER (GEroiis) 16)
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%2 RABARGOEETE (CERoiz) 16

Table
ACCEPTANCE FLAW SIZE FOR NORMAL CONDITIONS

Ratio of Length to Circumference /2ur

Pm+pb 0.1 0.2 0.3 0.4 0.5 or more
Sm a/t

1.4 0.50 0.40 0.30 0.20 0.10

1.3 .58 0.48 0.38 0.28 0,18

1.2 0.66 0.56 0.46 0.43 0.26

1.1 G.73 0.63 0.53 0.36 0.33

1.0 .75 0.70 0.60 0.50 0.40

0.9 .75 0.75 0.66 0.56 0.45

0.8 0.75 0.75 0.70 0.60 J.50

TabTe

ACCEPTANCE FLAW SIZE FOR FAULTED CONDITIONS

i emr

PP 0.1 0.2 0.3 0.4 0.5 or more
Sm a/t

2.8 0.50 0.40 0.30 0.20 0.10

2.6 0.58 0.48 0.38 0.28 0.8

2.4 3.66 0.56 0.46 0.36 0.26

2.2 6.73 0.63 0.53 0.43 0.33

2.0 0.75 0.70 0.60 0.50 0.40

1.8 0.75 0.75 0.66 0.56 0.46

1.6 0.75 0.75 0.70 0.60 0.50
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3. KRR ROBE

ROECBIDEA - ZAFFA P FRT ¥ U RBEONETHRIBICET 2T, A%, BHTR
R, BEFALERBL Yy —, ARRTFARENST, EHshT05, Z05357T, £
FARWEIHE R, AW, FLIRT, ThhTws, BT, B, ET®, KENRC,
EPRI DB EME & il 5 & & bic, SHROFFRBOTOBRMcHVT, FlidT s, 4k, K~
CEEICET 5 BB E M FEORTT RO 0T, EIsEECER LD SEEE B
SAGIEEEL, SPN/AESS (E8, RINEAHD T Lo ohn 852, L
DEVZRENTHWEOT, BEINIL,

3.1 BERBRFAREMRCHITHHR

BRTTE4 O vy 754 Ty AfomsildBEEE (K 19) 28®{FL, S&E 64 ¥ F
25 V2= 80D Type 304 2 F ¥ LAMBE OENEEHRICEBUR £ 5H3 T, FET, o
GEAAMLC, BERBAERLTUAEY, S0k, chooffisbi, BBIUAET
EREOREERESTICHOVT, J-REEERVT, J-TRIFET-T0EY, %, 285°C
DEEKEBIETS, AEESRERIT, BHAEREERL VLAY, 4%,

(1) =ERTOKREREWEGET 50EOWEES,

(2) SEKBEETO, *HESHL N, FHEEL T4 -5 — T LREOHERD,

(3) FEI50F OMEAMPEELBEL, BE 124 ¥ 57O Typedd A7 ¥ VAHTEZH W

T, ANEZEREBRBICRIETEY A XOEE,
oW T, T 2FETSH 5,

3.2 BFAIEHBE/Y—(CHIIEHHFR

ERQA YF AT V2~ 80D Type 304 2 7 v L AFEZ RV T, B SEBEREELICA
TR & %415 L, BWR QEFHKBEELER L SEKBE T, HooiirndmiaiREsH
WTavTrIA 7 vENLT, BORLIGRMELAMLT, BEABRTEBL TS, TLT
CORDBLEEICL » THE UG NERENIC X 2IEEORIEST T 5% U, HRHOUMBIT S
LT 5, CHOHDOHFEIE, BRIsoFI3R TRTLTED, SHROUFER, RETSH
5o

3.3 KENRCIC&KITHHME

K[ NRC i3, vy 73w 27 ET (BCL) [ Degraded Nuclear Piping Program]
& LTHIERRAETT > T b, Phase~1TH, ZhE ToOBCLOWEAE G & FEHKERE
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AFAOCTOANTERERE JENICE D ( Tearing Instability DTGS2 L2 &
&b, &EOOHEICHT HHFREATE LTS, Phase— 113, 21 KFTHIC,
750 Task » SERE SN TH O, BAOE ¥ FREORERBATE 5HIEE (K22)
2L TVET X bic, EF 5 VT, SAMEGI 2 BA L Uil TRMEM & LTHY
€, REAHE LTV ANER D, CASORRED TV v 7 R(E) &3 ) bl ()i
i Phase IOFREDIC LD, &%, EWHEREN2AEA L EFHAREOBEERE TG
D, HEh5,

3.4 EPRIICKITATE

EPRI 3, #% { ®Pipe Cracking R SN TLIM, 84T AEHEOHEEREICOVT,
F& LT, GEHD BCLARELEIT-> T b, GEHTIHE, HERRELT, BK14RLE
VMRS IT & & O ISR A RE L TE D, TOELHE~-RITLT, ASME Code
Sec. XL IWB— 364074, 19834 Winter Addenda ic 8T, BT %, —/4, BCLTRE,
M.F.Kanninen 5@ Net Section Collapse Failure Citerion it 5= < pEfi®, JiEIZd &<
Tearing Instability SFHEORMIVIHR A ED, hoDERIZ, NRCOHES 07 7 4
FEMiah T, Hic, ¥E CEGB THRE SN BHEFMRN (R-6 XD 2Huv 7o Two—Criter-
ia Assessment {2\ T, —FEEBEWHA~EEFELL TV 2%,

oz onEiciEd 5 EPRIOMHZEL, Systems and Materials Dept. (Drs Norris and
Martson) @, I—F 4 #— b SFUTEFRT LTV 5, SREALEREELE U72RDDepressuiga-
tion ® Thrust Load iZ B34 A% 4% Safety and Analysis Dept. (Drs Duffy and Tang) T
HEHid B O EERE LTV BT,

3.6 fhidBICHIT SHEME

B oD SR T4 A T, NUREG/CR-3142Vol.2™iz £ 5 &, UUITFoBBIIcD W T
FEBRAOTEISBE~ LN THY, TNEALT 5,

(1) W H.4--W.H.#it, PWRA -7 — X &ARFIMETLIEHREEREKL 7205, TOA
713, Proprietary Information TH 5 BIC, ARINTHIEV, I, FICTRHRTHER
X# TV 5 Ferritic Pipe OB EICE T 2R EH BT TH S,

{2) C.EA4LC.E#iZ, KWUREHERAFREELL TS,

(3) B&WHB&WI, HIEEEEL TRV, HFEOEHITHIELD 5.

(4) Framatome tt---Framatome #Hid, W.H.#t & X F{LFE/IF & Proprietary Program
S TWD, DT a4 7 LT, CEN, Cadarache Facilities ©, BWREHFT 31~
FRORF VU ABEEL A SEBNT, ALERBICET AMAEERPTHL. 61T,
Thermal age? 5 i} Fs 085G A 7 v L 2A8E T, AR EZD T, ~— R M
BT d, .

(5] MPA - Stittgart -MPAI3, B/KFEEEE T TD, Fracture Initiation & Fracture
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Opening iCBd % West Germany Federal Ministy of Interior @ 7' 08 7 7 4%, EfEl,
BAZT LT3,

Screw jock

— i - Disk spring

Test pipe

Test bed

B 19 BEAEFHFEREFCE RSO REEHERBEE 13

Compliance Device
(Disk Spring Assembly)  Shock Absorber

/ Slide
Fate

—7 T .
| =gy
j @ Y AYEIS "‘Tl[l @ [T ;Dﬂ-$‘f

\ 7N N
Hydraulic /Stogaer \ F.{oldlr*g Ram
Cylinder Stepper Pin Trigger

20 HTHTHER© Y5 —ic 50 2RBEO AL EmERReE )
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