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Summary

In this study, an equivalent CTOD concept was proposed on the basis of the local approach. This
concept was born to consider the transferability of 3-point bend CTOD results to fracture performance
evaluation of structural components. The equivalent CTOD was defined as the CTOD at which the 3
-point bend specimen and the structural component provide the compatible Weibull stress. The
fracture performance of a wide plate with a surface notch predicted by the equivalent CTOD concept
was consistent with the experimental result. On the other hand, the analysis based on the conventional
CTOD concept gave very conservative estimation of the fracture performance of the wide plate.

A new procedure for fracture toughness requirement was presented based on the equivalent CTOD
concept. It was pointed out that the equivalent bend CTOD 6% to meet the required deformability of
the wide plate was much smaller than the required CTOD &%» for the wide plate. The equivalent CTOD
concept was effective to quantify the strength mis-match effect between the base and weld metals on
the required fracture toughness of the weld metals. The required weld metal CTOD 8f» for the wide
plate increased with decreasing the yield strength mis-match ratio of/of between the base and weld
metals. By contrast, the required bend CTOD 6% of the weld metal was not always affected very much
by the mis-match condition in welds.

_— %19, 2 CTOD ZREHHifR T, SRR o 472

' REE M OBUESREHE D 720, £7-, #EEROLE

Bekd S, MHRELTRE UMM ORI AR D OMB O LERIBREBORED 2% EIC
Bl T, & ZEMBOZENL(CTOD) 6 EfFH VA e BASNATVRE, L L, BCETD s BENEHBEOY
OBfR, Wb 3 CTOD REHHIMN THEHCHV STy SEBEBOKE SOHMTHEICHNTRETE RS2
¥ (KEUERERIRAE), CTOD TR U 72 A1 0 BURIR 1%

il

*ORRAZE IS REEERDPPXEES, 25 IcamEoBErREL

> ERERIEGRD RFBIEHBBEINTE DY, —RIZEOTIRE #ET
***  Nova Gas Transmission Ltd. Calgary, AT ST RE A CE S W AR A CTOD 355k
CANADA 0BT S BHHL D ba DN < o T DERI,

T University of Toronto, CANADA = 7 REBIR R CTOD Ji 2 364 & U7 HES6H O B
AR ER8FE1HI0H PERESHI I @I I RS MR & 2 2 FREM DO H 5 Z L £1E

BEFHSICBOLCERE FYRSE5H 15160 ML Tw3,

NI | -El ectronic Library Service
|



The Society of Naval Architects of Japan

380

FIAEA Y 225

e

51795

fr, Mt e R e Ui L OBBRANEE : L
T & RSB NIBOREEHE LI u—A VT 70
— 48 PRE X NI, U—H VT T O —F TIRAERDBI
T A= F IR B A BIEIEEE LT A4 TV
9 ow BHEE, T4 TANEHTIHET 5 & A ORIERA
EERER B 0D A AR 2 BT IR L 2 Wb R
ML %5 ARSI,

AP iz I Qu—h VT Fa—FICHTE, ST
DA% = A CTOD REVE R, o T 272
DA CTOD 2 218K T 2, Z O CTOD #anE
HZ Iz iR % A3, Z AT CTOD SRERF & G & H3
BU7A 7NEH%E5 25 CTOD VIV ELTERS R
BLDTHB, FFETIE, HWEERL LT3RV AFE
2 B ILIEAEEST 20 B, Sl CTOD #hanc o &
= AT CTOD RBRFEE 0 & IRIEHEF OB ERE % FHl
T2 B{TFolre EBI, D% CTOD #20OH L
LT, BEFERMERERERD 72 OB O L ER B ED
REFELZREL, BESBEOLEREREEICRIZT&
MEBESBOHE I AT Yy FOFEZ DWW TR 2T
120

O—AHNL77a—FIZED {&E{f CTOD #iEn

’E
2.1 %ff CTOD #=
Szl 7z CTOD Ratihify (EZREImEAOEN 6 L {F
U AE ew ODRFR) 10D < BEERH OB R SFl
#ix, CTOD 28 & ZSEAEDI 138 2 —ENICXE T 5
FHERNT A —F THD I ERFHRELTWS, LaL,
Fig. 1 Wind & 5 W RHEERERIREET Tid, &ZStimbats
DOIEFIEIEFAU CTOD V~RVicdh - T b EERE kD&
WIZ & ZBEHITROBELZ K E (BT B 2 L23% O
FRRETIC Lo TR&aiz, 20X RIE/PEOHEEIIRE
BRAMEI S EER2RTT I BRI N, KEERBAT
TR D CTOD FHH OBIRRFFHIE D 72 DIEE &
LTHFLLAVE Z L TERNT LIRS Rz,
KEFFECIE, WEFEBR TEE MY 5 n 3 =A# CTOD

2.

>
>

o)

=

2 3-poi Highly

2 point bend 'y ; stressed

£ specimen i Notch i

= p i 7 region

2 | ssy

? € Notch

£ —>

§ LSY E;,, [

e Wide plate_

g Conventional CTOD

)

HRERF L& LTBERD AW AR 2 MM L oIk =
EHAEEOILHI SO ICER L, SURBRER
EEAM OB R C ERANCHE U DT 20 D ELf
CTOD EE%2$RE 3 5, KD CTOD icflb s ZOFL
WAL LTOEMCTOD I, u—A L7 Fu—F49 T
Ao Tnwad 74 7NVIEN ow KETWTHEli S %,
T A TNVIGTT ow (BEMIZHRIR T 2) ik, RATREIND
&2, VIR &EEEFEOISIISH L EENEBOLERD %
FBRICONIZ AT A=FTHY, DT A TNIET T
U7 RO BEER A (ow)er BEEERIGR - THIC LS
F—HMTHRESIND Z EBREN T 549,

GW:[—%j;!(Oc[f)def]# (1)

ZIT, Ve iSO R - OB, et TRV
— Y NOBRIET G2 ERARERT, m, Vo HRER.
Fig. 1 3 M CTOD @& 2R L b DT, ZAdhT
CTOD BB R & Hs i & 935 L WIR & L5 OIS
3, TRhbbELVTIA TN %5225 CTOD (A4
ZeCIIMITRER A O CTOD 2 8¥ 124 3) & L CEM
CTOD B85z 3,

2.2 E{f CTOD &I H T ( BHEEEETHE T %

KL TIE, & DA CTOD BE&ICE TV €= Sl TR
EWHREBRER s o KBS 5R Y BRB R OB 68 % 7 ¢
L FIEERET 5, Fig.2 3ZOFHAEFIEEZ R L DT
H3, £7, ZHEET CTOD HEVER & 3 X5t FEM 47
& BYIR ELESEBEOIGH S » SMBERTH 3 m
EEHREL, ZHAMITFRBRRFOT7A 7 VIETow &
CTOD, s OB %*=EHH T %, R KBHRERAF D 3 Xt
FEM AT 2550 L, LB ohl mEEZHAWTIIRERL
BHEEEDIG IS & KEEER OV A T VisS] ow EfE
AUT % o DBREEHT 2, 205D ow-8 BFEB LU
ow-€x ARPEE NS &, ZHHETRBA OWIERORR
CTOD f#id &, #iTRERA & RBERBRAF L BEC 74 7
IEN%*2F 254 50 KRARBRK OWERAERAV T 4
(ew)er BHEETE 2,

Ly
> o

3-point bend w

=

<)

73

2 | specimen

k7
3 A\ Notch
°

= - =

Wide plate
Equivalent CTOD
{New concept)

Fig.1 Equivalent CTOD concept

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

U—HNT T u—F i ED & CTOD BEEDRE L Sk F AR~ DIG A

381

3-point bend
specimen

Notch

Wide plate . 4

€

o0

Crack tip stress fields// 3-point bend Crack tip stress fields
(3D- FEM test results (3D-FEM)

I Welbull parameter m}

Y
Gy - O relationship
for 3-point bend specimen

Py

=

©

%)

7]

e

=2 P <O TP ———

3 8¢y : Critical CTOD

2 ! measured in

%’ / 3P-bend test
& -

CTOD, &

Weibull stress, Oy

>
y

Ow - €, relationship
. { for wide plate

. (€.0) ¢y Critical overall

strain predicted
!/

Overall strain, €,

Fig.2 Procedure for fracture performance evaluation of structural
component based on the equivalent CTOD concept

2.3 TATNIEH

ZEAfi CTOD L&z 0  #EEH O BEEEREFT O 72
BIZIZ, R(DITHERLIEZT AL TNVISH ow KD 2 LEH
Hb, TITIE, VA TNIEHERCHERERERIC
DWTEHEAT %,

T A TNVIEH ow &, YIREHOBEMEREICEYT 5 BE=R
MIELE (A=A N7 7a—F) KL D87 A —
7T, R(1)TBY BHEERECT 2ERIEST O 13
47927y 7 OB L & BT O S G TR
BEEBLIEEIERN(2) TEEENSY,

m 1

oefr=[% [ ”[a§+—(7:47)7r2]7 sin Hdé}dga}ﬁ( 2)
ZIT, onriRENTH, 4707 Ty JIFHT A8
B & HNERKEEIS, 6, ¢ ECHFEICET 5~
470277y 70EETHD, R(2)DHEHITBWLTI,
SHICTRET CORIEZ 74 7 VAL LTI AVFSR
4 (coplanar energy release rate concept) !® 23 & 1
TWwb,

T A TNIGTT TR L 72 MR OBEERR T (ow)er 13, YIXR
EMOBMFNHRFPREAMERNCIIEKEL LV 2 /K
Weibull 4347

)]

F(ow, cr)=1—exp[—( o (3)

EETLZE8EINT WS, o IHHEHKTHD, w4
70277y 7 ONESREMEORE ALY —OEKE
LTHEZ6R3B,

DL, TATNIGHOERIZYIR 2 SehrfEo
TGN AR TERICRD TE L I ERNLET, KFLETIE 3
RIEFEM 12 & » TSI 2N 5, £ 72, 74 7IG
TTHERORSIEIE, MOEMLRL LTI DTy

ARG 2HWB e Lz, B, WEEREED V)
BTATNNRT A= m I EERITES W e b,
RGE DD 72 12 BATERRE (Vo=1) % 4RAE L e,

F{fi CTOD #EEDBEIMENIRE

%ﬁ%ﬁtLfﬁﬁbﬁﬁ%ﬂﬁéfﬁﬁﬁﬁi%ﬂb
LV, KR CREL 2% CTOD #&ic &£ nw T, =&
#ii CTOD HEfE R > S T HIENRE2TFH T2 %
RHbdo, 2Oz, Zmphlf CTOD Bk & VILIES5R
DEBERML, &5 ZhoMHERN I3 L T FEM f#
TEIT- 72,

3.1 [LIEsRY RS L U'=581F CTOD =5

B E U TRERE 550 MPa D 5 1 o84 7HEHEE
# (X 80) ZF\v>, Undermatch #%3F, Match #£F, Over-
match fF D 3 BEOEERTF 2 FR L 72, Table 1 (&
W &SR OBRRE 2R T, Overmatch FFEB L O
Undermatch#§F O BM Lt BEESRBOBRRIT I DK
(o¥/od) BHI£10 B L > T3, B TIE IS DRk
FE 5 ILETIED RBRF & ST CTOD 3B A % $EE
L, BHEEBRPRIBICTIR & &I 7-RBR 21T > 72, Fig. 3
CHBR R iR TR, LIEFRBRFOUIRZ RS 2a
=100 mm, ZEX b=6 mm OEEBYIK X & L7, IR
R, HERAE W=88FEX B ¥4 FOIEAFKE
PHL, WINTAYIRERE a D o/W=05 & L7
BB, VIREIERABRA & bIEEV— NERANCERY, EH
FIRICITRS 2mm OFEF TEREHAL,

RER IR TN 75 4 > DREMEABECHY T
% =5CTCHEM L7z, dFRBRTIIFE P £YIXR & KimkH
CIZAT Vg ORE %, LIE5IR ) BB CRHE P L 3BA
FEN BT BYIK EFREDOFEOER Vg DBRB LU P

3.

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

382 HASEmMESHIUE F19 5
Table 1 Mechanical properties of base metal and
weld metals used
Oy ot W, . B w,.B| YR| RA| EL vE (J) .
oy''/ o oy’ '/, Position
MPa) | ey | YUY T ey | o) | ) | @t 5C)
Base metal (X80) 572 694 - - 82 67 24 277 .
Overmatch | 621 691 1.09 1.00 90 | 73 | 28 87 M'g‘f"e
Weld I=yrch 581 | 670 T.02 097 | 87 ] 75| 25| 58 :
metal thickness
Undermatch 505 601 0.88 0.86 84 | 75 27 90

oy : 0.2% proof stress , or: Ultimate tensile strength
oYB. GYW: Oy of base metal and weld metal , oTB, cTW: or of base metal and weld metal
YR:oy/or, RA:Reductioninarea, El. :Elongationin G.L.=50,Dia=125 (BM), G.L.=30,Dia.=12.5 (WM)
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Table 2 Weibull parameters m and o, for undermat-
ched, matched and overmatched weld metals

Shape parameter|Scale parameter
m g, (MPa)

Undermatch 38.3 1591

Match 27.6 1683

Overmatch 33.1 1828
b4 e,

3P bend specimen  Wide plate
;j[; Notch

IR

Oy - O relation obtained
by 3D FE-analysis

Oy - €, relation obtained
by 3D FE-analysis

2
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3 P E : :

3 : 1 2 ! ! Overall
2 ' I CTOD,§ = ¥ ¥ strain, £,
[ 1 L # =
5c, min Bc‘ max (sm)cr, min (sm)cr, max
— ~— — —

. t 1
Range of critical overall
strain predicted

1
Range of critical CTOD
measured in 3P-bend test

Fig.14 Procedure to predict critical overall strain
(€w)er of wide plate from 3-point bend CTOD
results based on the equivalent CTOD concept
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Table 3 Assumed Crack size in welded joint used for
FE-analysis
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Fig.17 3-point bend specimens used for 3D
FE-analysis

CTODf O 3 1=2mm OBEHRTHEI A<y
MEEPZFICWERCHE ZEBH T oD k8,

;@;vaﬁﬁﬁﬁﬁ&pL@mkmﬁﬁ%ﬁﬁzwi

DFHERZI TR, MEHOET-OTF AT L EER
haZEenFEans,

AR T, Z AT CTOD REHE R o I8 HERTF O
BMRE R T T 543, BT EEBRE L HBEEHM L o xRk
S DIG AR O ER*FR T 2 LBEROH L L,
L, 74 TNVGHICER UCH U WBEERE M (i
CTOD #£:&) #$E L7z, FHEEIE, EBEmEFEOIEN
PRERITE ALY S FIZTEEMCEEREES2 23 25
BEMRELIL DT, TEEFFICES £ TWWARERE
MERRENET S &) B AP THARRE LD

0.5 T - =
| Requirement & "=0.5%
Notc
0.4 | 8, : Required CTOD

for wide plate

0.2 [-8,.": Required bend CTOD"
based on equivalent CTOD

concept
0.1 + é 4

0'0....|...J|.l..|....
0.8 0.9 1.0 1.1 1.2

w B
o, /csY

Required CTOD , 87 (mm)

Influence of strength mis-matching between
base and weld metals on required CTOD 6%
and 8%r to meet design requirement &%

Fig. 18

1.0
X80 steel welds R_Q 59
e |aset "
0.8 L S Requnred CTOD
é . for wide plate
o --o--t=25mm
“ o6 L —=—t=12mm
a Y
O
|—
O 04
ye]
2
o 0.2 |
5}
o
00 vt m 1L
0.8 0.9 1.0 1.1 1.2

w B

c, /o,

Fig.19 Influence of strength mis-matching between

base and weld metals for specimens with

different thickness on required CTOD 6% and
St

NI | -El ectronic Library Service
|



The Society of Naval Architects of Japan

O—HNT 7T u—F 1 ET { &l CTOD #E&DIRE & ST M~ OIS A 387

KZEDEETIHHEMTER YV, SHRREFRLITAT
NVIGTI DFHE, FEEETERE S h 2 BHTROBE R &
EFROEBE~OBAIC bz o THHRE S HEHE2ER
T <,

6. #&

(1) EWETIE, a—ALT7 FO—FIcESTLTAT
VIET ow 2N L CHEERM OBREMEGE L = ST
CTOD HABER &+ 2 E2/ICBERE T 3 %(fi CTOD #2
EREL, M CTOD ki3, =& CTOD REE &
S L BRIV A TN %525 CTOD ¥ LTE
EINB5DTH5,

(2) XBMBEMFENRE LLERMWREBL U
FRATRIRRET 21T, = A CTOD RERE 8> 5 Z 1
CTOD BE& I & - THE L 7 [LIBE BT OBIEMAE L
ERTHEOALDDE LGRS -2 LERT I
kY, Efff CTOD & DOBEMEERIEL 720 —77, #
kO CTOD BEECRETHERIEAMEL Y bR/
%53,

(3) i CTOD SO & LT BEERODERE
TEERE () FEGR D 12 ® D L ERIEHEBE O H L WRETF
B % H 7z, %l CTOD &1 & » THRES W S = AT
HERF DER CTOD & 68 1%, & 23720 ORIER
B OBERCTODME 0 LEERTHEVIEWEEZET 3,

(4) BREFERME (e8) RO - O Z Sl SRE
SE CTOD f# of 1%, M L BELBOBEI A~y F 0
WEEZ, — R of Jo? (BT 2 5 ESBOBRRIE
NOHYD/INEL B BIEE 8f IFKE L R BMEA%RTRT, L
»L, o DEZEERF COBERMTEOBELZT,
8% 3 0¥ Jo? T LIRELMELEVWEEOH L Z &
2Lz, E

i

B £ ¥

1) BXREERDS WES 2805-1980 : KT O W
BT I B RGO FHE 1, (1980).

2) Schwalbe, K.-H : Welded Joints With Non-Mat-
ching Weld Metal-Crack Driving Force consider-
ations on The Basis of The Engineering Treat-
ment Model (ETM), International Journal of
Fracture, 62, (1993)1-24.

3) Minami, F., Ruggieri, C., Toyoda, M., Arimochi,
K., Suzuki, S., Bessyo, K. : Significance of Shallow
Notch CTOD Test in Fracture Performance
Evaluation of Welded Joint, Proc. 12th Int. Conf.
OMAE, Glasgow, 3B, (1993)761-768.

4) Beremin, F.M.: A Local Criterion for Cleavage
Fracture of a Nuclear Pressure Vessel Steel,
Metallurgical Trans. 14A, (1983)2277-2287.

5)

6)

7)

8)

10)

11)

12)

13)

14)

15)

16)

Mudry, F.: A Local Approach to Cleavage Frac-
ture, Nuclear Engineering and Design, 103, (1987)
65-76.

Minami, F., Bruckner-Foit, A., Munz, D. and
Trolldenier, B.: Estimation Procedure for the
Weibull Parameter Used in the Local Approach,
International Journal of Fracture, 54, (1992)197-
210.

Ruggieri, C., Minami, F., Toyoda, M., Hagiwara,
Y., Inoue, T.: Local Approach to Notch Depth
Dependence of CTOD Results, Journal of The
Society of Naval Architects of Japan, 171, (1992)
381-387.

Minami, F., Ohata, M., Toyoda, M., Arimochi, K.,
Suzuki, S., Bessyo, K.: Prediction of Specimen
geometry Effect on Fracture Resistance of HAZ-
Notched Welds by the Local Approach, IIW Doc.
X-1300-94, Proc. Workshop on Constraint Effects
on the Structural Performance of Welded Joints,
Osaka, (1994)1-10. )
Minami, F., Bruckner-Foit, A., Trolldenier, B.:
Numerical Procedure for Determining Weibull
Parameters Based of the Local Approach, Pre-
print of 8th Biennial European Conference on
Fracture-ECF8, Torino, 1, (1990)76-81.

Paris, P. C,, Sih, G. C.: Stress Analysis of Cracks,
Fracture Toughness Testing and Its Application,
ASTM STP, 381, (1965)30-83.

Ruggieri, C., Minami, F., Toyoda, M.: Effect of
Strength Mismatch on Crack Tip Stress Fields of
HAZ-Notched Joints Subjected to Bending and
Tension, JI. Naval. Archit. Japan, 174, (1993) 543-
549.

Gerald, C. F., Wheatkey, P. O.: Applied Numeri-
cal Analysis, 4th ed., Addison-Wesley Publica-
tion, (1989)299-336.

BS7448, Part 1, Fracture Mechanics Toughness
Tests, Method for Determination of KIC, Critical
CTOD and Critical J Values of Metallic Mate-
rials, British Standard Institution (1991).
Newman, Jr. J.C. and Raju, I.S.: An Empirical
Stress-Intensity Factor Equation for the Surface
Crack, Engineering Fracture Mechanics, 15,
(1981) 185-192.

Harrison, J. D.: The State-of-the-Art in Crack
Tip Opening Displacement (CTOD) Testing and
Analysis, Part 1- Background and Testing
Methods, Metal Construction, 12, (1980)415-422.
Minami, F., Ohata, M., Toyoda, M., Tanaka, T.,
Arimochi, K., Glover, A.G., North, T.H.: The
effect of Weld Metal Yield Strength on the Frac-
ture Behavior of Girth Welds in Grade 550 Pipe,
Pipeline Technology, 1, (1995) 441-461.

NI | -El ectronic Library Service



