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Foreword

ISO (the Inte
bodies (ISO

rnational Organization for Standardization) is a worldwide federation of national standards
member bodies). The work of preparing International Standards is normally carried out

through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedy

described i

ia neededddr the

different types of ISO documents should be noted. This document was drafted in accordandeswith the

editorial ru

Attention is

es of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

drawn to the possibility that some of the elements of this document may be the subjéct of

patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Detalils of
any patent rjights identified during the development of the document will be in the)Introduction and/or

on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade npme used in this document is information given for the conyvenience of users and doefs not

constitute ap endorsement.

For an explahation on the meaning of ISO specific terms and expressions related to conformity assessiment,

as well as ir
Technical B4

formation about ISO’s adherence to the World TradeOrganization (WTO) principles ip the
rriers to Trade (TBT) see the following URL: wwwSo.org/iso/foreword.html.

The committee responsible for this document is ISO/TC 164*Mechanical Testing of Metals, Subcommiftee

SC 4, Toughness testing — Fracture (F), Pendulum (P), Tear (T).

This second
revised.

edition cancels and replaces the first edition (ISO 27306:2009), which has been technically
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Metallic materials — Method of constraint loss correction
of CTOD fracture toughness for fracture assessment of steel
components

1 Scope
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acture assessments of steel structures containing cracks, it has generally been(ag
‘Tacture resistance of fracture toughness specimens is equal to the fracturer
tural components. However, such an assumption often leads to excessively conservat
sments. This is due to a loss of plastic constraint in structural components,hich a
ly to tensile loading. By contrast, fracture toughness specimens hold a,constrained
the crack-tip due to bending mode. The loss of constraint is significant for high strengtl
yield-to-tensile ratios (= yield stress/tensile strength) which have béen extensively de|
ly applied to structures in recent years.

International Standard specifies a method for converting the CTOD (crack-

tural components, taking constraint loss into account{/This method can also apply
sment using the stress intensity factor or the J-integraliconcept (see Clause 9).

International Standard deals with the unstable fracture that occurs from a crack-li

le crack extension and ductile fractures are not included in the scope hereof.

CTOD fracture toughness of structural steels is measured in accordance with the estg
ods, ISO 121351 or BS 7448-1. The fracture assessment of a cracked component is dq

sumed that
bsistance of
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acement) fracture toughness obtained from laboratorysspecimens to an equivalent CTOD for
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ke defect or

lie crack in ferritic structural steels. Unstable fracture accompanied by a significant amount of
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ne using an

established method such as FAD (Failure Assessment Diagram) in the organization concerned, and
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Stan

ence is not made to the details thereof in this International Standard.

International Standard can‘be used for eliminating the excessive conservatisni
Fiated with the conventional fracture mechanics methods and accurately assessing

is also used for ratienally determining the fracture toughness of materials to mee
rements of perfermrance of structural components.

Normativereferences

following referenced documents are indispensable for the application of this I
lards. For dated references, only the edition cited applies. For updated references, the 1

frequently
he unstable

ure initiation limit of-structural components from the fracture toughness of the structural steel.

[ the design

hternational
htest edition

of th

e referenced document (including any amendments) applies

ISO 12135, Metallic materials — Unified method of test for the determination of quasistatic fracture
toughness

BS 7448-1, Fracture mechanics toughness tests —Part 1: Method for determination of Kj., critical CTOD
and critical ] values of metallic materials

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 12135 and the following apply.

1) To be published.
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31
CTOD of standard fracture toughness specimen
crack-tip opening displacement of standard fracture toughness specimen

CTOD, as the fracture driving force, for the standard fracture toughness specimen (three-point bend or
compact specimen) with 0,45 < ag/W < 0,55, where ag and W are the initial crack length and specimen
width, respectively

3.2

CTOD fracture toughness

crack-tip opening displacement fracture toughness
Scr
critical CTOD at the onset of brittle fracture in the standard fracture toughness specimen [J¢(B) as
defined in I§0 12135] with 0,45 < ag/W < 0,55

3.3
CTOD of stijuctural component

crack-tip opening displacement of structural component
Sdwp
CTOD, as tHe fracture driving force, for a through-thickness crack or a suxface crack existingl in a
structural cpmponent regarded as a wide plate

Note 1 to entfy: The CTOD of a surface crack is defined at the maximum crack depth.

34
critical CT(QD of structural component

critical cragk-tip opening displacement of structural compenent
6WP,cr
critical CTOP at the onset of brittle fracture in structural,Components

3.5
equivalent CTOD ratio
equivalent crack-tip opening displacementratio

B

CTOD ratio gefined by 6/8 wp, where 6 and dp are CTODs of the standard fracture toughness specimen
and the structural component, respectively, at the same level of the Weibull stress ow

Note 1 to entfy: See Figure 1.
Note 2 to entfy: See Reference [i]:

3.6
Weibull stress
ow
fracture driving ferce defined with the consideration of statistical instability of microcracks in the
fracture prdcess'zone against brittle fracture

Note 1 to entry: See Reference [2].

3.7
critical Weibull stress

OW,cr
Weibull stress at the onset of unstable fracture

3.8

Weibull shape parameter

m

material parameter used in the definition of the Weibull stress; one of two parameters describing the
statistical distribution of the critical Weibull stress, ow, cr

2 © IS0 2016 - All rights reserved
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3.9

yield-to-tensile ratio

Ry

ratio of yield strength, oy, (lower yield point, Rer, or 0,2% proof strength, Rp,2) to tensile strength, Ry

4 Symbols and units

For the purposes of this document, the following symbols, units, and designations are applied in
addition to those in ISO 12135.

Symrbot 7 Ymit Desigmation

1 mm |Depth of surface crack or half-length of through-thickness crack in structural.component

y mm |Half-length of surface crack in structural component

mn — |Weibull shape parameter
3 mm |Plate thickness
o mm3 |Reference volume defined for Weibull stress
e mm3 |Volume of fracture process zone
Ry — |Yield-to-tensile ratio (= oy/Rm)
7 — |Equivalent CTOD ratio
Equivalent CTOD ratio for reference crack length
o - (In cases of surface crack panel, g is defined for plate thickness ¢ = 25 mm.)
Bl ¢ __ |Equivalent CTOD -ratio for target length of centre surface crack or double-edge qurface crack
’ on target plate thickness
Bha . E}?uivalent_CTOD ratio for target length of centre through-thickness crack or double-edge
rough-thickness crack
Bt ¢ — |Equivalent CTOD ratio for target length of single-edge surface crack on target plate thickness
Aa — |Equivalent CTOD ratio fortarget length of single-edge through-thickness crack
) mm |CTOD of standard fracture toughness specimen
O mm Critical CTOD of standard fracture toughness specimen at onset of brittle fragture (CTOD

fracture toughness)

6ssylimit | mm |CTOD at smallsscale yielding limit for standard fracture toughness specimen

oWwp mm |CTOD of structural component

SWP, cr mm | Critical'lCTOD of structural component at onset of brittle fracture

Obff MPa |Effective stress used for the calculation of Weibull stress
dy MPa\Lower yield point, ReL, or 0,2 % proof strength, Rp0,2
oW MPa’ |Weibull stress

OW, cr MPa |Critical Weibull stress at onset of brittle fracture

5 Principle

This International Standard deals with the initiation of unstable fracture due to cleavage of structural
steels. It presents a method for converting the CTOD fracture toughness obtained from the standard
fracture toughness specimen [three-point bend or compact specimen with 0,45 < ag/W < 0,55 and B
(specimen thickness) = t (plate thickness of structural component)], which are characterized by an
extremely severe plastic constraint in the vicinity of the crack-tip, to an equivalent critical CTOD for
structural components, which are generally characterized by less constraint. The reverse procedure
is also possible with this method. Thus, this method links fracture toughness tests and fracture

© IS0 2016 - All rights reserved 3
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performance assessments of structural components by taking account of loss of plastic constraint in
structural components, as shown in Figure 2.

NOTE1 The fracture toughness specimen with a deep crack such as ag/W = 0,7 presents somewhat higher
constraint near the crack-tip than that with 0,45 < ag/W < 0,55. The equivalent CTOD ratio 8 defined in this
International Standard leads to a conservative fracture assessment, if the user employs a deep cracked specimen

with ag/W > 0,55.

NOTE 2

data scatter on the results. Refer to ASTM E1921-13al3l] for guidance.

This International Standard does not intend to address size and temperature effects nor influence of

The CTOD fracture toughness (critical CTOD) of the standard fracture toughness specimen is

determined
assessment
as Failure A

The critical
structural c
CTOD ratio,
structural @
ratio, 3, is iny

The critical
the structur

5WP,cr

Furthermor]

o

req

Formulae (1

component
assessmenty
three test rg

The equival
shape para
depends on
deformatior
Standard is
physically e
component

T 5cr /ﬁ

material fr:i[

1n accordance with the established test methods (ISO 12135 or BS 7448-1). The fra
pf a cracked component can be done using established methods at the user’s discretion
ssessment Diagram (FAD) and CTOD design curve in the organization concerned.

CTOD of the standard fracture toughness specimen is converted to the critical CTOD ¢
pmponent using the equivalent CTOD ratio, 5. The equivalent CTOD ratio, §, is defined
6/6wp, where § and éwp are CTODs of the standard fracture toughness/specimen an
omponent, respectively, at the same level of the Weibull stress gw:The equivalent (
the range 1 > > 0.

CTOD, &¢r, of the fracture toughness specimen is converted(to the critical CTOD, éwp
al component using f in the form of

e, when the CTOD performance, dwpreq, for the structural component is required
ture toughness, 6req, needed to meet the performance requirement is specified as

’ 5WP,req

) and (2) transfer the CTOD fracture toughness to the equivalent CTOD of the struc
at the same fracture probability. The CTOD fracture toughness to be used for fra

shall be determined by agreement of the parties concerned, for instance, a minimy
sults.

ent CTOD ratio, B, is.dependent on the yield-to-tensile ratio, Ry, of the material, the W4
heter m, and the-type and size of a crack in the structural component. In addition, f
the deformationilevel of the structural component, but its dependence is rather small i
range beyond-small-scale yielding (SSY). The equivalent CTOD ratio, f3, in this Internat]
specified-in‘this large deformation range and given in nomographs. The f-nomograph|
ffectiveihcases where both the standard fracture toughness specimen and the struc
show tiistable fracture.
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Three asses

sment levels (level I, level II and level III) for B are included in this method, as shov

vn in

Figure 3. The details are described in Clause 8. The assessment level to be applied depends upon the
agreement of the parties concerned.

6 Structural components of concern

The structural components concerned in this International Standard are of the following four types
regarded as wide plates under tensile loading, as shown in Figure 4. The crack in the components should
be sufficiently small in comparison with the component dimensions (length, width) so as to ensure that
the plate width effect on the stress intensity factor is negligibly small.

CSCP (Centre surface crack panel): Wide plate component with a surface crack at the centre of the
plate under tensile loading

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=fed858a4e657d59c5a2db42d56b815ef

NOT

IS0 27306:2016(E)

ESCP (Edge surface crack panel): Wide plate component with double-edge or single-edge surface

crack at the edge of the plate under tensile loading

CTCP (Centre through-thickness crack panel): Wide plate component with a through-thickness

crack at the centre of the plate under tensile loading

ETCP (Edge through-thickness crack panel): Wide plate component with double-edge or single-edge

through-thickness crack at the edge of the plate under tensile loading

E These represent some important structural configurations. For instance, CSCP represe

nts a shell or

pipe component with a flaw induced by crane scratch. ESCP is related to a beam or box component including a
crack originated from geometrical discontinuity by fatigue or seismic loading. CTCP and ETCP may correspond

toan
cracK
inclu

beca

locat

that

The
The

than

not

assey

Othe

7

This

com

extreme case of CSCP and ESCP where the surface crack grows in thickness direction to a large
s such as lack of fusion, incomplete penetration, undercut, cold crack (hydrogen induced. cr
bion, etc. are more likely in weldments. But this International Standard does not deal with-the Y
Use further investigation is necessary on the effects of strength mismatch, residual stire$s and
on with respect to welds. Embedded cracks are not considered in this International Standard ¢

gmbedded cracks are less likely in normal structural components than surface etaeks.

oading condition is assumed to be substantially uni-axial and perpendicular to the
surface crack is assumed to be semi-elliptical, and the half-length;%) of the crack shoy
necessarily of semi-elliptical type, but they should be idealized as semi-elliptical cr4g
sment methods duly authorized in the organization concetned.

Conditions for use

International Standard allows S to be_applied for the fracture assessment of f|
onents under the following conditions:

rittle fracture beyond SSY (Small-Scale Yielding) is assessed. The assessment of bri
receded by a significant stable ¢rack growth is not recommended;

The fracture toughness speeimen (three-point bend or compact specimen with 0,45 <
hall have the same thickness as the structural component;

%o-nomographs fepa reference crack size are presented in Clause 9, where the yield-to-
y, Weibull shape parameter, m, are in the range 0,6 < Ry < 0,98 and 10 < m < 50;

The cracKsize, c and a, and the plate thickness, t, covered by this International Star
fiollowss

extent. Weld
ack) and slag
velded joints,
the crack-tip
n the ground

crack plane.
1d be larger

the crack depth, a (shallow surface crack). Surface cracks existing in structural components are

cks by flaw

r components can be assessed if the equivalent CTOD ratio S is derived by a suitable method.

erritic steel

'tle fracture

o/W < 0,55)

No significant differences in fracture toughness through the thickness of the steel beinlg assessed;

ensile ratio,

dard are as

4)C-CSCP: 2c¢ 216 mm, 0,04 <a/t<0,24,12,5 <t <50 mm;
b) ESCP:2c¢=24 mm,0,04<a/t<0,24,12,5<t<50 mm;
c¢) CTCP:5<2a<50mm;
d) ETCP:5<2a<30mm.

Ry and m for ferritic structural steels are generally in the above range. The constraint correction by
may also be effective in cases where Ry, m and the crack size are not within the above range, provided

that

B is obtained by an appropriate procedure.

Ry and m at the temperature of the target component shall be employed for the determination of £5.

© ISO 2016 - All rights reserved
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8 Assessment levels ], II, and III

8.1 General

This International Standard proposes three levels for the assessment of the equivalent CTOD ratio, S.
The choice of level depends on the agreement of the parties concerned. The detail of the assessments
and required information are summarized in Table 1.

Assessmentlevels[to Il are applied in loading conditions beyond SSY. The dssy1imit described in Figure 5
is the crack-tip opening displacement, 6, of the standard fracture toughness specimen corresponding
to the SSY limit specified in ISO 12135. When stress fields in a wide plate structural component are

focused to J)uild the same level of the Weibull stress as in the fracture toughness specimen beyond
dssy limit, constraint loss can be significant in the structural component. This International.Standard
provides th¢ equivalent CTOD ratio, 5, under such stress conditions.
Table 1 — Assessment levels I, II and III of § and required information
Levell Level 11 Level III
(Simplified (Normal assessment) (Material specific assessmgnt)
assessment)
£ Yield-to-tensile ratio, Ry
— Yield-to-tensile ratio, Ry — Crack type in structural
Crack . | component
Information — Crack type in structural ¢om- .
needed for None ponent — Crack size (length, depth)
assessment — Crack size (length, depth) — Stress-strain curve for
FE-analysis
— Lower-bound m#yalue
— Statistically determined
m-value
0<pB <1 (inmostcase, 0<f<0,5) [0<p(Levellll) <p (LevelII)
f;lt‘i*(‘)"glent qroDb 1s_o5 B =f(Ryya, c, t, m) for CSCP,ESCP |8 =f(Ry, a, c, t, m) for CSCP, ESCP
B=Y.(Ry, a, m) for CTCP, ETCP B =f(Ry, a, m) for CTCP, ETCH
For a long cracka, Constitutive equation and finite
Remarks _ 8 Foralong crackaand Ry < 0,8, element size ahead of the crack-
level T is level 111 is recommended tip should be well defined in [FE
recommended: ' analysis.
CSCP, ESCP: Centre and edge surfaee crack panels
CTCP, ETCP: (Jentre and edge'thtough-thickness crack panels
a  Surface cpack: 2c >%50 mm, Through-thickness crack: 2a > 25 mm, (2c: surface crack length, 2a: through-thickness
crack length, §: plate thickness, m: Weibull shape parameter).
8.2 Levell:Simplified assessment

Level I assessment is applicable to cases where the information necessary for calculating 3, such as the
mechanical properties of the structural component being assessed, the type and size of the assumed
crack, etc., is not fully available. At level [ assessment, f =0,5 is used as an upper-bound engineering
approximation.

However, for a structural component that potentially includes a long crack (surface crack length 2¢ > 50
mm or through-thickness crack length 2a > 25 mm), level Il assessment is recommended because § may
exceed 0,5 with a low shape parameter, m.

6 © IS0 2016 - All rights reserved
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8.3 Level II: Normal assessment

Level II assessment is applicable to cases where the yield-to-tensile ratio, Ry, of the material and the
type and size of the crack being assessed are known, but the Weibull shape parameter, m, is unknown. A
lower-bound value for m is assumed for the assessment of f5.

In cases of fracture assessment of structural components from fracture toughness results:

m=20 forc?crlave_25 >0,05 (mm)

wherﬂWﬂM@dﬂl&Mﬂ@ﬂ&Mm@wﬂamed with
25 mm thick specimen. Annex A can be referred to when selecting the lower-bound m-value depending

on the CTOD toughness level, 6cr ave-25. Annex A includes a procedure for estimating d¢rave-p5, when the
thiclness of the fracture toughness specimen is not 25 mm.

m=10 fors_. . ,s <0,05 (mm) } (3)

In cqses of fracture toughness determination needed to meet design requirement of performance of
strugtural components:

m =10 (4)
At leyel 11, f-values are derived from nomographs as a function ef the yield-to-tensile ratio, Ry, and the
Weibhull parameter m of the material.

The fise of a lower-bound m-value may lead to an excessive.overestimation of §§ for a long crjack (surface
crack length 2c > 50 mm or through-thickness crack length 2a > 25 mm) with Ry < (,8. Level III
assegsment is recommended in such cases.

8.4 | Level III: Material specific assessment
Leve] Il assessment is applicable to cases where the information for the assessment of § is fully known.

Atleyel 111, f-values are also derived fromhomographs, but with a statistically determined nmp-value from
a sufficient number of fracture toughness test results. A recommended procedure for the determination
of the m-value is described in Annex B.

Gengdrally, B at level I1I is smdller than that at level II.

9 Equivalent CTOD ratio, 8

9.1 | General

This|sectiondescribes a method for converting the CTOD of the standard fracture toughnejss specimen
to thg equivalent CTOD of structural components by using the equivalent CTOD ratio, S.[4]

9.2 Factors influencing the equivalent CTOD ratio, 8

The equivalent CTOD ratio, 5, based on the Weibull stress criterion, depends on the shape parameter, m,
of the material.

In addition, f is also influenced by the following factors, although the strength class and uniform
elongation of the material have virtually no influence on f: [4] [5]

a) factors affecting plastic constraint in the vicinity of the crack-tip:
— yield-to-tensile ratio, Ry, of the material;
— crack type (CSCP, ESCP, CTCP, ETCP) and crack size (crack depth of surface crack and crack
length of through-thickness crack);

© IS0 2016 - All rights reserved 7
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— plate thickness, t;

b) factor exerting a volumetric effect:

— length of surface crack.

NOTE The equivalent CTOD ratios, 5, for CTCP and ETCP do not depend on the plate thickness because the
plate thickness plays the same role in the evolution of the Weibull stresses for the CTCP (ETCP) and the fracture
toughness specimen, where the crack is of through-thickness type.

9.3 Procedure for calculating the equivalent CTOD ratio, S, at assessment levels I to 111

9.3.1 Ger]eral

The procedy
below. Form

— CSCP: 2
— ESCP: 2
— CTCP: 5
— ETCP: 5

9.3.2 Sur
The procedt
Level I: =
Level II: B is
Step 1

ratio, Ry.

Step 2
toughng

Step 3
25 mm

Figures
and t =

Step 4
thickne

ire for calculating the equivalent CTOD ratio, f, at assessment levels I to Il is/desc
ulae (5) to (9) are applicable for the following crack sizes:

r>16 mm, 0,04 <a/t<0,24,12,5<t<50 mm
> 24 mm, 0,04 <a/t<0,24,12,5<t<50 mm
<2a <50 mm

<2a<30mm

face crack cases (CSCP and ESCP)

ire for calculating the equivalent CTOD ratio, S, for the surface crack is as follows.
,5

calculated, as shown in Figure 6, according to the following steps.

Define the crack size (crack length 2c, depth a), plate thickness, ¢, and the yield-to-tg

<

Set a lower-bound value,of the shape parameter, m: 10 or 20 depending on the mat
ss level and cases of the fracture assessment [Formulae (3) and (4]].

Determine the e€quivalent CTOD ratio, S, for a reference size of the surface crag
thick plate frontthe nomographs shown in Figures 7 and 8 as a function of m an
7 and 8 provide) Bo for the crack depth ratios, a/t = 0,04, 0,12 and 0,24 (a =1, 3 and §
P5 mm).

Caleulate the equivalent CTOD ratio, f2, ¢, for the target length, 2c, and the target
s, t; with Formula (5) or (6), depending on the type of crack:

ribed

nsile

erial

k on
d Ry.
mm

plate

J— k (122) /2
Bae i (cscpy = Bo(cscr) 25/ 1 '(2"/40) T kesep (m) =

1
T

exp {0, 1(m - 33)} +1

k m)/2
Bac i (gscp) = Boescp) * V25 / '(20/30) sce(m) Kescp (m) = .

exp {o, 1(m - 40)} +1

NOTE Formulae (5) and (6) hold under a given crack depth ratio, a/t.

(5)

(6)

In the case of single-edge surface crack of length c, the equivalent CTOD ratio, = 5., +, is given in
the form

© ISO 2016 - All rights reserved
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(1/2)kESCP (m)/2

ﬂc,t(ESCP) - 'BZC,t(ESCP) .
Level III: B is calculated, as shown in Figure 6, with a statistically determined m-value.

9.3.3 Through-thickness crack cases (CTCP and ETCP)

(7)

The procedure for calculating the equivalent CTOD ratio, f3, for the through-thickness crack is as follows.

Level I: 5=0,5

Leve| II: § is calculated, as shown in Figure 6, according to the following steps.

$tep 1: Define the crack length, 2a, and the yield-to-tensile ratio, Ry.

loughness level and cases of the fracture assessment [Formulae (3) and (4]}

¢rack from the nomographs shown in Figures 9 and 10 as a functien’ef m and Ry.

r (9), depending on the type of crack:

=

0.4
S'za(CTCP) = ﬁO(CTCP) . (Za 1378)

$tep 2: Set a lower-bound value of the shape parameter, m: 10 or 20 depending on
$tep 3: Determine the equivalent CTOD ratio, S, for a reference léngth of the throug

$tep 4: Calculate the equivalent CTOD ratio, 524, for the target'crack length, 2a, with

2
~0,57 +3,1R, —1,45R,

k R
;Za(ETCP) = ﬂO(ETcp) '(2"/11) ETCP(M Y)7 Kerep (vaY) -

=

given in the form

ﬁa(ETCP) = ﬂZa(ETCP) / V2

The ¢quivalent CTOD ratio, f5,-0f through-thickness cracks shows no dependence on the plat

Leve| III: B is calculated;as shown in Figure 6, with a statistically determined m-value.

exp {—O, 35 (m - 10)} +1
In the case of single-edge through-thickness crack of length a, the equivalent CTOD ra

the material

rth-thickness

Formula (8)

(8)

9

fio, B = g, is

(10)

e thickness.

In the case of the fracture assessment using the stress intensity factor K, f1/2 can be ysed for the

constraint loss eofrection. For the assessment based on the J-integral, f may be used as it ig.

FE anhalysissef the Weibull stress for the fracture toughness specimen is required for detg
m-vaFue at’Tevel Il assessment. A recommended procedure for the analytical determin

m-value-s described in Annex B.

rmining the
ation of the

Annex C describes the guidelines for application of the equivalent CTOD ratio, f5, at assessment levels |
to III. In cases where the crack size in structural components, yield-to-tensile ratio, Ry, and the shape
parameter, m, of the material being assessed are not in the range of the nomographs in Figures 7 to 10
and are also outside the applicable range of Formulae (5), (6), (8), and (9), an equivalent CTOD ratio, f3,

obtained by a suitable method, e.g. FE analysis of the target component, may be used.

Annex D presents examples of fracture assessments of structural components using the equivalent
CTOD ratio, B. Fracture assessment methods, such as Failure Assessment Diagram (FAD)[&] or CTOD
design curvelZ], which have been duly authorized in the organization concerned, may be used.
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3-point bend | (| Equivalent CTOD ratio, p=5/6ywp (0<p<1) |
[0 — Hw O (Wide plate) atoyp = Oy (Toughness specimen) ato
Compact
O

Fracture toughness specimen
(Standard specimen, 0,45 < ag/ W < 0,55)

V— Wide plate ( ; \
£z component Weibull stress, Oy

AN
%J. [Geff] dvf

OVf

dp
w

>

1/ m

Ow =

Weibull stress, Oy

O o1 : Effective stress for unstable fracture

Figure 1 — Definition of the equivalent CTOD ratio, 3, based on the Weibull stress fracture
criterion

Fracture toughness tests

CTOD fracture R red CTOD

fr re toughness
toughness, § §
9 cr \\@ ach = ﬁ.awa

y i\

[ Cons&ir}t) loss correction by ]

A (1>p>0)
4 ' I )
ical CTOD for Design requirement
Qacture assessment of performance
" of components of components
dwp, cr = Ocr/ B Bwe"
Structural performance evaluation

Figure 2 — Method of constraint loss correction to link fracture toughness tests and structural
performance evaluation
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(

Fracture toughness tests

)

d.r : CTOD fracture toughness at unstable fracture initiation

[

Conventional
method

Level I>

Level II>

| FEM o

Level III>

Constraint Iossw /4 ? Statl
correction by B > S ower-bound atisti cally
m determiped m
I 1
_ Nomograph of
EE equivalent CTOD ratiq 3
|
Fracture toughness v
for structural dwp, or = Scr o dwp,or 0t/ B l—

performance
evaluation

te

!

Y

Fracture assessment of |
structural components

X F\A\Ij(Failure assessment diagram) ‘

‘ CTOD design curve |

constraint loss correction

ughness

Figure 3 — Flow of fracture assessment of structural components from fracture tdg
st results, where three assessment levels‘of the equivalent CTOD ratio, §, are included for
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(" Standard fracture toughness specimens )
Compact
3-point bend ‘
B=t * @7 o,6W
s < |
;0 ] = gE \ Qg L B O‘,GW
S=4w w o,
(0,45 < 0,/ W< 0,55) S50 -
N ’ by

Equivalent CTOD ratioop

\
4 Structural components
/) /)
e - E
Ow/ 2a
+» G, "~ Through- » O,
. ~* /.~ ~thickness crack ‘>
til
Center surface crack panel (CSCP) Centerdhrough-thickness crack panel (CTCP
a7 /)
G Through-" -
o= thickness crack > O
til”
L Edgg surface crack panel (ESCP) Edge through-thickness crack panel (ETCP) )

Figure 4 + Standard fracture toughness specimens and wide plate components linked by the
equivalent CTOD ratio, 8
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A H
Conventional method : § =1,0 - —
1 —
o O - D — O,
=
E -t —
o Constraint loss correction /]
o £ g
5
= o Level | : Simplified assessment (B = 0,5)
1]
2a \ Level Il : Normal assessment
> : \V/ with fower-bound m
=] H . . .
o ; Level lll: Material specific assgssment
w : with statisticallydetefmined m
< - >
0 T 1 Applied stress G,/ Oy
O..-level corresponding to dggy jimit for standard fracture toughness spe¢imen
Figure 5 — Assessment levels I, II and III of § for correcting'€onstraint loss in wide plate
components
CSCP, ESCP
Step 1 CTCP, ETCP
Step 1
Crack lenth 2¢, depth a
Plate thickness t Crack lenth 2a
Yield-to-tensile ratio Ry Yield-to-tensile ratip Ry
Level Il
Step 2 Step 2
A y Lower-bound m y P
Weibull shape parameter m /<a— —» ~ Weibull shape paranjeter m
Level Il
Statistically determined m
Step 3 Y Nomographs of equivalent CTOD rati(ﬂ Y Step 3
Bo for reference crack Bo =f(Rv, a, t, m) for CSCP, ESCP > B for reference cack
Bo = f(Ry, m) for CTCP, ETCP )
( Evaluation of crack length effectw
o, [ | -
Step 4 V‘ uFormulae (5) to (7)| | Formulae (8) to (10) u VV Step 4
B feftarget crack [ for target crack
Figure 6 — Flow chart for calculating the equivalent CTOD ratio, 8
© IS0 2016 - All rights reserved 13


https://standardsiso.com/api/?name=fed858a4e657d59c5a2db42d56b815ef

ISO 27306:

2016(E)

0,5 | CSCP 0,5 | CSCP
(a/t=0,04, t=25mm) (a/t=0,04, t=25mm)
04} 0,4
% X 2¢ = 40mm o ! 2¢ = 40mm
S o3} = N & 031 i
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=
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Weibull shape parameter, m Yield-to-tensile ratio, Ry
a) CSCP (a/t = 0,04; t =25 mm): B versus m b) CSCP (a/t = 0,04; t = 25 mm): p versy
0.5 CScP 0.5 i CSCPR
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Weibull shape parameter, m Yield-to-tensile ratio, Ry
c) CSCP|(a/t = 0,12; t = 25 mm): o versus m d)CSCP (a/t = 0,12; t = 25 mm): S versus Ry
0.5 R,= CSCP 0:5 | m=10 cscp
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Weibull shape parameter, m Yield-to-tensile ratio, Ry
e) CSCP|(a/t = 0,24; t = 25 mm): o versus m f) CSCP (a/t = 0,24; t = 25 mm): B¢ versus Ry
Figure 7 —|Nomographs of equivalent CTOD ratio, fo, for centre surface crack panel (CSCP)
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0.5 - ESCP
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=
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w© 15 o~
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30
o1} 40%¥
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Yield-to-tensile ratio,

e) ESCP (a/t = 0,24; t = 25 mm): B¢ versus m

f) ESCP (a/t = 0,24; t = 25 mm): o versus Ry

Figure 8 — Nomographs of equivalent CTOD ratio, 3, for double-edge surface crack panel
(ESCP) with plate thickness t = 25 mm
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Weibull shape parameter, m Yield-to-tensile ratio, Ry,
a) CTCP (2a = 13,8 mm): B versus m b) CTCP (2a = 13,8 mm): o versus Ry

Figure 9 — Nomographs of equivalent CTOD ratio, ¢, for centre throughsthickness cragk
panel (CTCP)
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Weibull shape parameter, .m Yield-to-tensile ratio, Ry
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Figure 10 - Nomographs of equivalent CTOD ratio, fo, for double-edge through-thickness drack
panel (ETCP)
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Annex A
(informative)

Procedure for the selection of Weibull parameter, m, at level 11

assessment

A1l

This
asses
asses

A2

Inse

6C r,aV

In cal
for 2

General

annex describes the procedure for the selection of the Weibull shape parameter, 7
sment. The shape parameter m is selected based on the average CTOD fraeture toug
sment temperature.

Determination of average CTOD fracture toughness

ecting the shape parameter, m, the average (arithmetic mean),vdlue of the CTOD fractur
e, at the assessment temperature obtained with 25 mm thiektest specimens should be

ses where no test data with 25 mm thick test specimens.are available, the CTOD fractur
b mm thick specimen, 8y ave-25, calculated by Formulae(A.1)[3] and (A.2)[8], may be us

L 2
‘cr,ave-25 = \/6min + (\/5cr,ave-B - \/5min ) : {E)

n, at level 11
hness at the

e toughness,
used.

e toughness
bd.

g (A1)
500 - (1 —v? ) ,
Qmin = T' min (A.2)

wherre

B is the test specimen thickness, in mm;

Octave-B 1S the average CTOD fracture toughness with test specimen thickness B, in mm;

oY isthelower yield strength or 0,2 % proof strength, in MPa;

E is Young’s modulus of elasticity, in MPa;

Y is Poisson’s ratio;

Kmin is equal to 20 MPa+/m .

Note that Formulae (A.1) and (A.2) are valid for the CTOD fracture toughness at brittle fracture
initiation without a significant amount of stable crack extension.
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A.3 Determination of Weibull shape parameter, m

A.3.1 Assessment of brittle fracture initiation of steel structure components from
fracture toughness of structural steel

In cases where the brittle fracture limit of steel components is to be assessed from the fracture
toughness of the structural steel, the shape parameter m is selected as shown in Formula (3), depending
on the average CTOD fracture toughness, dcr,ave -25.

The m-value in Formula (3) is a lower-bound value in the diagram for m and 6cr,ave -25 (Figure A.1)
exhibited with data from Reference [1] and References [9] to [26], where m was determined statistically

with fatigup pre-cracked toughness specimens. The use of the lower-bound m-value leads [to a
conservative fracture assessment.
© Mild steel (205 MPa < o, < 295 MPa)
A HT500 class (295 MPa <o, <440 MPa)
<& HT600 class (440 MPa <o, <685 MPa)
1 HT800 class (685 MPa< g, <885 MPa)
Vv HT1000 class (885 MPa <o, < 1000“MPa)
60
g
. 50 |-
§ ]
e 401 EATE:
: )
©
g N
() 30 Oj
o O O
< \v4 AN
L 20 I\ L e >
= X 25
2 A %
q.) 1 — o \\
z 1 ;
0 1 1 IIIIIII 1 1 IEIIIII 1 1 L1 1 111
0,004 0,01 0,05 0,1 1
6cr,ave -25 (mm)
Figur¢ A.1 —Relationship between Weibull parameter, m, and average CTOD fracture
toughness, 8cr,ave -25

A.3.2 Determination of fracture toughness needed to meet design requirement of
performance of structural components

In cases where the fracture toughness needed to meet the design requirement of performance
of structural components is to be determined, the use of the lower-bound value in Formula (4) is
recommended for estimation of the required fracture toughness.

In cases where the level of CTOD fracture toughness of the material can be estimated from the Charpy
impact test results or other properties, m may be selected as shown in Formula (3).

For additional information on the relationship between the Weibull parameter and the fracture
toughness of structural steels, see Reference [27].
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Annex B
(informative)

Analytical method for the determination of Weibull parameter, m,

B.1

This
m th
recol

B.2

Fract
spec
be w
adeq
shou
fract]

NOTH

NOTH
near

Stand
ap/W

NOTH
the sf
field

chard

parameter (=2 for the criticdl CTOD), under the singular stress fields. In such case, the use o

speci
to ge
Refer

at level III assessment

General

annex describes the analytical procedure for the determination of the Weibull shap
ht is needed at level III failure assessment. A common procedurel?] is shownin Figure
mmended methods in Steps 1 to 3 are described in the following.

Fracture toughness test (Step 1)

ure toughness tests should be performed using the three-pointbend test specimen or
men in accordance with ISO 12135. However, the initial crack length of the test spec
ithin the range of 0,45 < ag/W < 0,55. The toughness test$)(Table B.1) should be perfor
[nate number of specimens to determine the parametern, and statistical data of the ¢
Ild be obtained. After testing, the fracture surface should be observed, and the fac]
ure occurred without stable crack extension largefthan 0,2 mm should be confirmed.

1 InR6 Revision 4 - Section 111.9 in Chapter [l{}a minimum number of 30 tests is recomme
2 The fracture toughness specimen with a‘deep crack such as ap/W = 0,7 presents a high
the crack-tip than that with 0,45 < ag/W <0;55. The equivalent CTOD ratio, §, defined in this
ard leads to a conservative fracture @assessment, if the user employs the deep cracked sy
> 0,55.[30]

3 One set of fracture toughhess data obtained by the above specimen may give a non-uniq|
ress fields near the crack-tip'show the singularity controlled by K or Hutchinson, Rice and Ros¢
ithin the range of the fracture toughness level measured. This non-uniqueness is related to
cteristics of toughness-values, which follow a two-parameter Weibull distribution with a cg

mens with high and\Jow constraints, e.g. deep-cracked and shallow-cracked specimens, is r

E a unique solution-for m. The detail of the calibration procedure for m using two data sets ig
ence [31].

Table B.1 — Fracture toughness testing

b parameter
B.1, and the

the compact
men should
med with an
ritical CTOD
that brittle

hded.[28] [29]

er constraint
International
ecimen with

ue m-value, if
engren (HRR)
he statistical
nstant shape
[ two sets of
ecommended
described in

with

Sumber of test specimens Large enough for determination of Weibull parameter, m,

statistical rn]iahi]if—y

[tems measured Force, P, and crack mouth opening displacement, Vg

Fracture toughness parameter |Critical CTOD, &¢r

B.3 FE analysis of stress fields ahead of crack-tip in fracture toughness specimen

(Ste

p2)

B.3.1 General

The stress fields ahead of the crack-tip in the fracture toughness specimen should be analyzed by a
finite element method (FEM) that incorporates large deformation analysis. A guideline for obtaining
sound FE results in terms of the stress-strain curve of material and the FE model is described in the
following subclauses.
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B.3.2 Stress-strain curve for FE analysis

B.3.2.1 Round-bar tensile testing

In order to obtain the stress-strain curve of the material for use in the FE analysis, a round-bar tensile
test shall be performed in accordance with established International Standard for testing, such as
ISO 6892-1[32] and ISO 6892-3.[33]

The test should be performed at the same temperature as that of the fracture toughness test in Step 1.
During the test, force and elongation between gauge marks should be measured and recorded.

B.3.2.2 Equivalent stress-equivalent plastic strain curve for FE analysis

Based on the results of the round-bar tensile test, the relationship between equivalentistresy and
equivalent plastic strain to be used in the FE analysis should be determined in accordance with the
following prjocedure.

a) Calculate the engineering stress-plastic engineering strain relationship,-exeluding the elastic
strain domponent, from the engineering stress-engineering strain curve-measured in the sfrain
range up to uniform elongation.

b) Convert the engineering stress-plastic engineering strain relatignship to the true stressttrue
plastic [strain relationship (equivalent stress-equivalent plastic. strain relationship) using the
following formulae.

o=R(1}ep) (B.1)

e=In (1+ep) (B.2)
where

o s the true stress, in MPa;

£ s the true plastic strain;

R s the engineering stress,-in MPa;

ep s the plastic engin€ering strain.

NOTE Lider’s strain, ifebserved in the round-bar tension test, would be included in Formulae (B.1) and [ B.2).

c) Constitlite the equivalent stress-equivalent plastic strain relationship beyond uniform elonghtion
e 1 in thie forms

_ _ n
o-:o-Y 1+pp I/IY) BB)
where
c is the equivalent stress, in MPa;

z is the equivalent plastic strain (plastic component of equivalent strain);
p

oy is the lower yield strength or 0,2 % proof strength, in MPa;

aandn are material constants (n being the strain hardening exponent).

It is recommended that the material constants a and n should be determined using test data between
er/2 and et, where et is the uniform elongation (= engineering strain at the maximum force).
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B.3.3 FE model of fracture toughness specimen

A three-dimensional model should be used in the FE analysis. In the FE mesh, the minimum element
size and the region ahead of the crack-tip covered by the minimum element should be well defined so
that the stress/strain fields can be obtained with sufficient accuracy. Reference conditions for mesh
design are shown in Table B.2. It is recommended that the minimum element size does not exceed the
element size given in Table B.2. It is also recommended that a fine mesh region at the crack-tip divided

with

the minimum element is not smaller than the size indicated in Table B.2.

Table B.2 — Mesh design in FE model

The
cons

B.4

B.4.

A re
folloy

B.4.]
The \

o

whet

|

MetH
pring
Oeff,

Element type Isoparametric hexahedron element (8 Gaussian points)
Minimum element size 0,03 mm x 0,03 mm (in two-dimensional plane)
Minimum mesh region 0,3 mm x 0,3 mm (in two-dimensional plane)

force P and crack mouth opening displacement V; relation obtained by the)FE analys
stent with that measured in the test.

Method for determining Weibull shape parametery.rm (Step 3)

|l General

rommended procedure for determining the Weibull\shape parameter, m, is descy
ving subclauses, which is based on the Beremin cleavage fracture models.

P Effective stress for the definition of Weibull stress
Weibull stress, o, is defined by Formula (B:4).
1/m
1
rw =1 — | O dV;
Vo v
e
boff 1S the effective stress for brittle fracture initiation, in MPa;

G is the fracture-process zone that almost corresponds to the plastic zone ahead of]
tip, in mms3;

ods for defining oeff can be based on two fracture criteria — one being based on th
ipal stréss criterionl2], and the other based on the fracture energy criterion.[10] [34]

adoplted for the determination of the Weibull shape parameter, m.

s givenras shown in Table B.3, depending on which fracture criterion is selected. Ei

is should be

ibed in the

(B:4)

the crack

e maximum
The stress,
ther may be
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Table B.3 — Definition of effective stress, geff

z
O3
Maximum P e
T 112] principa _
criterion 7
x 0y Unit volume V,
q1/m
( ) m/2
1 T T 4 .
O ot = —I j cl+—— ;2 sinfdodp
€ 27 J0 Jo n 2
(2-v)
z
o3 where -
o o 61 . . »
Type 2 [10] Fracture O AT On is the normal stress acting on micro-crack;
AU T
[34] energy ‘%q'cm'“ad‘ T is the maximum shear stress a¢ting on micro-crack;
criterion y
// AN m is the Weibull shape parameter;
o, UnitvolumeVo v is Poisson’s ratio;
0, ¢ areangles of micto-crack relative to direction of max-
imum principal stress.

B.4.3 Cal¢ulation of Weibull stress

In the Bere

volume size
recommend

The Weibul
principal sti

An initial W|

stress can be calculated-by:the method shown in Table B.4, using either the maxi
ess, a1, or effective stress;-g.fr, defined in References [10] and [34].

eibull parameter, mg,\is assumed in this step.

Table B4 >— Method for numerical calculation of Weibull stress

min model, the reference volume, V), isydefined as the microscopic fracture unit of the
material copcerned. However, the volume, Vp, dees not affect the Weibull parameter, m; thereforg
may be adopted provided it is within the scope of the Beremin model. Here, Vp = 1 m
ed for convenience.

, any
m3 is

muim

Stresses at 8 Gaussian points

Average stress of element

Maximum principalstress

01

Numerical integration

(Gaussian integration)

ZZS: zc’lm'Vi

V.
m i
(0-17] .E\]

In Vf
T mAyAy T Vi~ Volume of each ele
lo} it -
JVf JElement 1 f (Vi: Volume of each ele- ment)
ment)

Effective stress

Numerical integration

8 V. z o Mel.

o Gaussian integration Mo L eff !
" ( e I% ]—21 et g | vy
m fl-
IV IElement O off dvd Ve (Vi: Volume of each ele-
f (Vi: Volume of each ele- ment)
ment)
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B.4.4 Determination of critical Weibull stress

It is recommended that the critical Weibull stress should be linked with the critical CTOD at brittle
fracture initiation, using CTOD as a “linking parameter.” Alternative index can be used as a linking
parameter provided the force-deformation behaviour in the FE analysis shows good agreement with
that measured in the experiment.

The CTOD in the FE-analysis should be calculated by the same procedure used in determining the
critical CTOD in the toughness test.

B.4.5 Statistical determination of Weibull shape parameter, m

For the analysis of toughness data, two-parameter Weibull failure distribution is assumed

The Weibull parameter should be determined by the maximum likelihood estimation njethod from
the sftatistical set of the critical Weibull stress corresponding to the critical CT@D.measured. The data
necefsary for the maximum likelihood method are the total number of specimens tested and each
toughness value. The maximum likelihood method is explained in detail‘in‘Reference [P]. Iteration
should be conducted until the Weibull parameter, m, converges to a _stationary value that satisfies
Formula (B.5) (Figure B.1).

|mi — mia| / mi< 1% (B.5)

whete mj and mj.; are the m-values obtained in the ith and (iz1)th steps, respectively.

It shpuld be confirmed that the final m-value should>converge to the same value for gither initial
assumed mg that is larger than or smaller than the final m value.

Standard fracture’ toughness specimen

Step 1 Step 2

Fracture toughness test FE-analysis
* Step 3

Initial m-value: m

v

Statistical test data Calculation of

’_> critical Weibull stress

Statistical estimation of
m-value

m = my?

..

Weibull parameter m

Figure B.1 — Procedure for determination of Weibull shape parameter, ml9] [28]
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Annex C
(informative)
Guidelines for the equivalent CTOD ratio, 8
C.1 General

C1.1 OveJrview

Annex C des

C.1.2 Fra

The equival
is determin
equal to thi
specimens g
no significal

cribes guidelines for the determination of §§ at three assessments levels.

‘ture toughness specimen

ent CTOD ratio, 5, adopted in this International Standard is the GTOD ratio, 6/dwp, W
bd in such a way that the Weibull stress of the standard fracture toughness specimlen is
at of the structural component containing a crack. The ,standard fracture tough

pplicable in this International Standard have the following €haracteristics, which pr

t differences in the Weibull stress:

a) Type ofjspecimen: three point bend specimen or compact specimen;

b) Range ¢f crack length: 0,45 < ag/W < 0,55, where agiis the initial crack length and W i
specime¢n width.

C.1.3 Equivalent CTOD ratio, 8

The equivalent CTOD ratio, f5, in this International standard is applicable beyond the CTOD ley

rhich

ness
vide

5 the

rel of
lding

€1

0sSY limit, below which the standard fracture toughness specimen exhibits a small-scale yie
deformation.
a,oy (1 -v? )

O5sy limif = g
where

ap isthe initialcrack length, in mm;

oy islthe lower yield strength or 0,2 % proof strength, in MPa;

\% is Poisson’s ratio;

E is Young’s modulus of elasticity, in MPa.
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This CTOD value corresponds to the stress intensity factor, Kssy 1imit, defining the small-scale yielding
(SSY) limit of the fracture toughness specimen in ISO 12135.

CIOGYZ 1/2
K ssytimit = 25 (C.2)
Formula (C.1) is derived from Formula (C.2) using
K? (1 - vz)
0= W (C.3)

In ggneral, the equivalent CTOD ratio, 5, depends on the load level (CTOD level), aridydedreases with
incrgasing CTOD. However, beyond a certain load level, the load level has only a:slight effect on f as
shown in Figure C.1.

1,0
CSCP
(a/t=0,24,%= 25mm)
0,8 O
2c=40mm
0,6 & S
a=6mm

B.adopted in this method

0,4

m=10

Equivalent CTOD ratio
B=0/0,,

0.2 - m: Weibull shape
- parameter
0 1 40 | 1 | 1 | 1 | 1
0 0,02 0,04 0,06 0,08 0,10

CTOD of fracture toughness specimen, & (mm)

Figure-C{I — CSCP (a/t = 0,24; t = 25 mm): Equivalent CTOD ratio, 3, adopted in this
International Standard

Thug, from an engineering viewpoint, the f-value at the sudden change point in the derfivative of S,
with respect to CTOD in Figure C.1, is adopted for constraint loss correction of CTOD of structural
components. The CTOD of the standard fracture toughness specimen at this point is approximately
0,01 mm that almost corresponds to dssy 1imit for 25 mm thick toughness specimen. This International
Standard adopts such B in the whole CTOD range beyond 6ssy 1imit, Which provides conservative fracture
assessment of structural components.

C.2 Guidelines for the selection of assessment levels I, II, and III

C.2.1 General

Guidelines for applying the assessment levels I, I and III of § are given in the following subclauses.
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C.2.2 Level I: Simplified assessment

Assessment level I is applicable to cases where the information necessary for calculating f, such
as the mechanical properties of the structural component being assessed, the type and size of the
assumed crack, etc. have not all been obtained. At level | assessment, = 0,5 is used as an upper-bound
engineering approximation.

As shown in Figures C.2 a) and b), the equivalent CTOD ratio, 5, may exceed 0,5, in a very few cases,
when m is as small as 10. This tends to occur more likely for long cracks. In order to avoid this risk, level
II assessment is recommended instead of level I, particularly for cases where long cracks given below
may exist:

a) Surface|crack length: 2c > 50 mm (CSCP, ESCP);

b) Through-thickness crack length: 2a > 25 mm (CTCP, ETCP).

C.2.3 Level II: Normal assessment

Assessment]level Il is applicable to cases where the mechanical properties (yield=to-tensile ratio, Ry) of
the structural component being assessed and the type and size of the assumed(rack are known, byt the
Weibull shape parameter, m, is unknown. A lower-bound value for m is assurmed for the assessment of £5.
The equivalent CTOD ratio, f3, is calculated using the nomographs of the‘equivalent CTOD ratio, £, for

the referenad

(5), (6), (8),

identical st

Formulae (§
length to

shown in Fi

and (9)]. The reference crack size for each crack type issshown in Table C.1, which givi
ess intensity factor K.

Table C.1 — Reference crack size in wide plate components

Reference cracksize (K = o /6,97 )
Eength Depth
CSCP 2¢=40 mm a=6mm
ESCP 2¢=30mm a=6mm
CTCP 2a=13,8 mm -
ETCP 2a =11 mm -

), (6), (8), and (9), used to convert the equivalent CTOD ratio, o, for the reference
for the target,crack length, are derived from numerical analyses, examples of whic}
ure C.3. Formulae (5) and (6) for CSCP and ESCP include the plate thickness effect

which is bag

Weibull
depth r{

ed on thefollowing properties:

stresses for CSCP and ESCP do not depend on the plate thickness, ¢, under a given
tio,\a/t;

e crack length (Figures 7 to 10) and the conversion formulae for the crack length [Fornpulae

ES an

'rack
h are

on f3,

‘rack

— thickness effect on the CTOD fracture toughness is approximated as 6cr, t = Ocr, 25° \/25 / t for brittle

fracture.

Examples of the thickness effect on f are shown in Figure C.4. It should be noted that these conversion
formulae are applicable within the range of crack size and plate thickness shown in Table C.2 because

the numeric

26

al analysis was performed in this range.
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Table C.2 — Range of crack size and plate thickness for Formulae (5) to (9)

Range of FE analysis
Crack length Crack depth ratio Plate thickness
CSCP 2c=16 mm 0,04<a/t<0,24 12,5<t<50 mm
ESCP 2c =24 mm 0,04 <a/t<0,24 12,5<t<50 mm
CTCP 5<2a<50mm - -
ETCP 5<2a<30mm - -

At level Il assessment, the Weibull shape parameter, m, is set equal to a lower-bound value of m.

It is plso noted that, as shown in Figure C.2, the use of a lower bound m-value may givéan excessive
overiestimation of 8 in the following cases:

a) Ry<0,8and
b) $urface crack length: 2¢ > 50 mm (CSCP, ESCP) or
c) Through-thickness crack length: 2a > 25 mm (CTCP, ETCP).

In sulch cases, level III assessment is recommended.
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8 1 dyp

B =

S/ dup

[3:

S/ dyp

B =

NOTE
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08}

0,7
06 |
0,5
0,4

03

0,2
0,1

0,6

0.5k
0,4
0,3
02|

0,1

0,5
0,4

0,3

0,1

0,2

Crack length, 2¢ (mm)

€) CSCP (Ry = 0,95)

CSCP (a/t =0,24, t =25 mm) 0 ETCP R, = 0,60
20 R, = 0,60 / o7k
[ a= 6mm a 06 m=10
- 2 05F 5
L ~ N 20
| / i 0 : / 30
™ I 0,3
- e 02f 40
; o1f
D 0 1 1 1L 1 LN
D 20 40 60 80 100 120 0 5 10 15 20 25 M@o. 34
Crack length, 2¢ (mm) Crack length, 2a (fm)
a) CSCP (Ry = 0,60) b) ETCP (Ry = 0,60)
CSCP (a/t =0,24, t =25mm) 06 ETCP | R, =0,82
2c _ R,=0,82 ’ ‘
0,5
S 04f
%)
~
= 03
I i
//38 R
- x
ef/ﬁ;ﬂ_//lﬂm 01|
i 1 i 1 i 1 i 1 i 1 i o | | |
D 20 40 60 80 100 120 0 5 10 15 20 25 30 A
Crack length, 2¢ (mm) Crack length, 2a (mm)
c) CSCP (Ry = 0,82) d) ETCP (Ry = 0,82)
CSCP (a/t =0,24, t =25)mm), 05 ETCP | R, =0,95
| 2c _R,=095) Tl
-1 \2 0,4}
L a=6mm a i m=10
- 4 o3l
~
i © - 15
02 20
-t
| i 30
! 0.1 f g:;;;;;;;;;;;§4o
: 0 i 1 i 1 1 i 1 1 1 i
0 20 40 60 80 100 120 0 5 10 15 20 25 830 35

Crack length, 2a (mm)

f) ETCP (Ry = 0,95)

B is elevated to a large extent in the case of lower bound m-value for a long crack.

Figure C.2 — Effect of Weibull parameter, m, on 8
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C.2.4 Level III: Material specific assessment

Assessment level Il is applicable to cases where the information for the assessment of £ is fully known.
Atlevel 11, the equivalent CTOD ratio, f3, is determined using the Weibull shape parameter, m, specific to
the material used.

The Weibull shape parameter, m, is determined in accordance with the method in Annex B based on
a sufficient number of fracture toughness test results and the FE analysis of stress fields ahead of the

crack-tip in fracture toughness specimens.

A complimentary explanation of Annex C is given in References [30] and [35].

|
0.6 |__CSCP (a/t =024, t=25mm) 05|_ESCP (a/t =024, t=25 fim)
. 2 R,=082 1 c N
N 0,5 -<¢76 N 0,4}
2 04} a=omm =
S < osf
7o) 053 ~ 15 “©0 L
] n 02F
b~ 0,2 F 20 ~ I
0,1 }F M 0.1
- 40 N\
O.I.I.I.I.I. O,|,|,|.|.|.||.
0 20 40 60 80 100 120 0 10 20 30 40 50 60|70 80
Crack length, 2¢ (mm) Crack length, 2¢ (mim)
a) CSCP [See Formula (5)] b) ESCP [See Formula (6)]
ETCP I
06 C [R, 0,82
=10
0,5F "2
S S 04
= T
f = 0.3} 7]
o 03r o b0
i T T
<ol T 7
=8 - . ——H
0,1 h0
i i i i i 0 PR SR S (R SR I SR N S N
0 10 20 30 40 50 0 5 10 15 20 P5 30
Crack length, 2a (mm) Crack length, 2a (mm)
C) CTCP [See Formula (8)] d) ETCP [See Formula (9)]
Figure 63— €Cracklength-effect onequivalent CFODratio; f—————
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CSCP (o /t=0,12, t=50 mm)

| 1§
L B, (alt=3/25)

B Eq.(5)

2¢ =40mm

a=6mm
R,=0,82

o FEM

CSCP (a/t=0,24, t= 12,5 mm)

2¢ =40mm

D

a=3mm
Ry=0182

o FEM
Eq.(5)

~.O
O-.

B, ..
(a/t=06/25) LT = S | PR

10 20 30 40 50
Weibull shape parameter, m

P (a/t = 0,12) [See Formula (5)]

ESCP (a/t=0,12, t =50 mm)

B 0=6mm$|7

i Eq.(6)

c=15mm
-

R,=0.82
o FEM

°.. B, (alt=3/25)

c) ES(

10 20 30 40 50
Weibull shape parameter, m

P (a/t = 0,12) [See Formula (6)]

Figure C.4 — Crack depth effect on equivalent CTOD ratio, 8

b) CSCP (a/t = 0,24) [See Formula (5)]

d) ESCP (a/t = 0,24) [See Formula (6)]

10 20 30 40 (5(
Weibull shape parameter;\m

ESCP (0 /t=0,24,1=12,5 mm)

O c=15mm
(No=ammi
g Ry=0,82

o FEM
Eq.(6)

B,

L TS - s

10 20 30 40 50
Weibull shape parameter, m
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Annex D
(informative)

Examples of fracture assessment using the equivalent CTOD ratio, 8

D.1

General

The

asses
meth
Asse

NOTH
empl

D.2
Diag
D.2.
The

using
as fo

D.2.

The

with
fract]
use d

D.2.

The
as dg
agre

D.2.;

pquivalent CTOD ratio, S, proposed in this International Standard enables more aecu]
sment of structural components with crack, in comparison with conventional fractur
ods. In this annex, the procedure for application of the equivalent CTOD-rdtio, [
ssment Diagram (FAD) as specified in BS 7910[6] is presented, and practical¢xamples a

The FAD specified in BS 7910:2013 is somewhat different from one ‘in-BS 7910:20031
bys BS 7910:2013.

Application of the equivalent CTOD ratio, g, to Failure Assessmen
sram (FAD)

I General

brocedure of fracture assessment based on the:kFailure Assessment Diagram (FAD) i
r the equivalent CTOD ratio, 3, is schematicallyillustrated in Figure D.1. The detailed |}
lows.

D

Determination of CTOD fracture toughness of material, §¢r

critical CTOD of the standard fracture toughness test specimens should be obtained in

ISO 12135. A minimum of three test results (critical CTODs) is generally chosen 4
ure toughness of the materiak[e] [36] If more than three toughness test results are a
f a minimum of three equivalent results (MOTE)[37] is recommended.[6] [36]

B Calculation ofthe equivalent CTOD ratio, 8

pquivalent CTOD, ratio, £, is calculated according to the procedure at assessment level
scribed in thisInternational Standard. The assessment level to be applied should bg
bment ameng the parties concerned.

i Frdcture assessment of structural component based on FAD

ate fracture
e mechanics
. to Failure
e exhibited.

. This annex

h BS 79101(€]
brocedure is

accordance
s the CTOD
vailable, the

s [, II and III
decided by

D.2.

.1 Construct the FAD curve in BS 7910l¢]

In BS 7910, FAD curves at Option 1 and Option 2 are given as a function of the load ratio, L;:

L
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where

P is the applied load;
Py, is the limit load;
oref 1isthe reference stress corresponding to the average stress at net section, in MPa;

oy isthelower yield strength or 0,2 % proof strength, in MPa

The maximym value for Ly is defined as
Ly max F(Oy * Ry )/ 20y (D.2)

where Ry, is|the ultimate tensile strength perpendicular to the crack plane.

The FAD cugve at Option 1 for materials with continuous yielding is as follows:

£(L,) 3 (1 + %er J_l/z [0,3 +0, 7exp(—yLr6 )} forL <1 (D.3)

F(L )47 (1) L, DVCN fori<r <L, (D.4)

f(L,)qo0forL, . <L, (D.5)
where

oc= min(0,001E / R ,,0,6) (D.6)

N=0,3(1-Ryz / Rn) (D.7)

For materials exhibiting a yield discontinuity, the FAD curve at Option 1 is replaced by Formula (D|8) to
Formula (D.[11):

142
1
£(L,) 3 (1 ¥ ELYZJ forL_ <1 (D.8)
-1/2
f(L ):(mi) forL. =1 (D.9)
r 2;{ r

F(L)=£(1)- L, WDCN for1<r <L (D.10)

f(L)=0for L, . <L (D.11)
The quantity A > 1 in Formula (D.9) is defined as

A=1+EAe /Ry (D.12)

where
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E is Young’s modulus of elasticity, in MPa;

Ae  istheincrease in strain at Re[, without any increase in stress, namely, Liiders stra

Rel, is the lower yield strength, in MPa.

in;

The strain hardening exponent N is given by Formula (D.7) where Re[, is employed instead of Rpo,2.

The FAD curve at Option 2 is defined by Formulae (D.13) and (D.14):

whetle ereris the true strain corresponding to oref.

To cglculate f(Ly) at Option 2, the true stress-true strain curve of the material is needed.

D.2.4.2 Convert the CTOD toughness, d.r, to the critical stress intensity factor, Kiat

In BS
facto

whet|

1
g

)

E and oy are determined at the same temperature as the fracture toughness.

The

1

whet
Rm, S

L = + forL <L
] ( r) LrGY ZEgrefJ r I, max

f(L,)=0for L

_ (Egmc ngo'Y \-1/2

<
r, max _Lr

7910, the CTOD fracture toughness, 6mat = d¢cr, shall bé converted to the critical stre

rl Kmat:
L Mo 6 E
mat
1—v2
e
3 is Young’s modulus of elasticity, in MPa;

py  is the lower yield strength or 0,2 % proof strength, in MPa;

is Poisson’s ratio.

roefficient, M, is giyen in Formula (D.16) for steels:

/= 1,517R,"">198 for 0,3 <R, <0,98

e Ry 1S the yield-to-tensile ratio (= oy/Rn). The yield strength, oy, and ultimate tens
hould be determined at the fracture toughness test temperature.

(D.13)

(D.14)

ss intensity

(D.15)

(D.16)

le strength,

D.2.4.3 Calculate the stress intensity factor, K, of the structural component

The stress intensity factor, K, is calculated by the following methods, assuming elastic stress conditions
regardless of the load level:

— referring to K-value handbook[38];

— analysing by the finite element method (FEM).
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D.2.4.4 Ca

The loading

K (L) =

2016(E)

Iculate the loading path of the structural component

path of the structural component with the correction of constraint loss is given as
k(L) _[pa-v?)

- \/7 Mo.8 OK (Lr )
K nat 7 Y

where Kmat is the material fracture toughness defined by Formula (D.15).

D.2.4.5 Determine the failure load

(D.17)

The failure

path [Formu

Figure D.2 1
design reqy
correction b

D.3 Examples of fracture assessments using the equivalent €TOD ratio, 8

D.3.1 Fra

D.3.1.1 G¢g

An example
presented h
was SM4903
at-100 °C. §
steel at -10(

The fractur(

D.3.1.2 D¢

Fracture to
temperatursg
B x 2B type
specimens 3

oad Ly, ¢r for the structural component of interest is given as the point where the (o4
la (D.17)] crosses the FAD curve at Option 1 or Option 2.

hows the procedure for determining the material facture toughness, d.r, needed to
lirements of performance of structural components, using FAD with-constraint

y B

cture assessment of CTCP (1)

neral

of the fracture assessment of a wide plate component with the equivalent CTOD ratio
ere, in the case of CTCP subjected to uniaxial tension (Figure D.3). The structural steel
B (JIS G 3106[39]) with the plate thickness #= 25 mm. Two CTCP components were tq
racture net-stresses, Oref,cr, were 534 MPatand 560 MPa. The mechanical properties ¢
°C were Re1, = 530 MPa and Ry, = 646 MPa.

b assessment of the test results is-described in the following subclauses.

termination of CTOD fracture toughness of material, 8¢

ughness tests were conducted in accordance with ISO 12135 at -100 °C, the
e for the wide plate tests. Twenty-five three-point bend specimens (standard specimg
with ag/W = 0,5)\were tested. The critical CTODs, 6., at brittle fracture initiation fo
re summarized-in/Table D.1.

Table DA = CTOD fracture toughness of SM490YB steel tested at -100 °C

1ding

meet
loss

, IS
used
psted
f the

bame
ns of
r the

D.3.1.3 Ca

CTOD fracture toughness
Scr (mm)
Minimum 0,027
Maximum 0,37
0,2MOTE 0,068
Average, 8cr,ave-25 0,11

NOTE 0,2MOTE is the minimum of three equivalent
results at 20 % fracture probability.

Iculation of the equivalent CTOD ratio,

The equivalent CTOD ratio, S, is calculated as shown in Figure 6.

34

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=fed858a4e657d59c5a2db42d56b815ef

Step

IS0 27306:2016(E)

1: Define the crack length, 2a, and the material yield-to-tensile ratio, Ry:

— Target crack length 2a = 50 mm

— Yield-to-tensile ratio, Ry = ReL, / Rm = 0.82 (Rer, = 530 MPa, Ry, = 646 MPa at -100 °C)

Step

2: Set the Weibull shape parameter, m:

— Atlevel Il assessment, a lower-bound value is employed for the Weibull shape parameter, m. Since
the CTOD fracture toughness cr,ave-25 = 0,11 mm is larger than 0,05 mm, the lower-bound m-value

i

ssetas

q

Step

q

Step

D.3.]

D.3.]

The

0,02
at Oy
curv

m = 20 (at level IT)

At level Il assessment, the shape parameter, m, is statistically determined from-the W]
inalysis described in Annex B. The result is

m = 36 (atlevel III)
3: Determine the equivalent CTOD ratio, B, for reference crack lengths

‘rom the nomograph (Figure 9), the So-values for the reference ¢rack length at level I
ire given as

Bo=0,074 (at level Il for m = 20 and Ry = 0,82)
Bo = 0,040 (at level IIl for m = 36 and Ry = 0,82)

4: Calculate the equivalent CTOD ratio, f5, for thetarget crack length

The equivalent CTOD ratio, f5, for the target crack length is calculated using Formula (8

B =0,5 (atlevel I)
p=0,12 (atlevel I) (B = fo(2a/13,8)04 = 0,074(50/13,8)0.4 = 0,12)
f=0,067 (atlevel IlI) (B =Po(2a/13,8)04 = 0,04(50/13,8)04 = 0,067)

.4 Fracture assessment-of structural component based on FAD

4.1 Construct the FAD curve in BS 7910[él

EM490YB steel.exhibited a yield discontinuity at -100 °C. The extent of the Liiders st}
. Thereby,the FAD curve at Option 1 employs Formula (D.8) to Formula (D.11). Th
tion 2 [Formulae (D.13) and (D.14)] in Figure D.4 is constructed with the true stress
b of SM490YB steel at the test temperature.

D.3.]

pibull stress

and level III

) as follows:

ain, Ag, was
b FAD curve
—true strain

4.2 Convert the CTOD toughness, é.r, to the critical stress intensity factor, Kmat

Convert the CTOD fracture toughness, dc, to the critical stress intensity factor, Kmat, using
Formula (D.15). The coefficient, M, at =100 °C is 1,517 x 0,82 -0,3118 = 1 614.

D.3.1.4.3 Calculate the stress intensity factor, K, of the structural component

The stress intensity factor, K, for CTCP is given as follows:[38]

K =0, xa-F(2a/W)

F(Za/W) =F (&)= (1 -0,025¢2 + 0,0654) /sec(mj/z) ~ 1,024 (g = 2a/W = 0,2)
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D.3.1.4.4 Calculate the loading path of the structural component
K(L 1-v? 7B(1-v?)aoc -
K;(Lr):ﬁzgwﬂﬂa.f?\/ﬂ( ):\/ﬂ( ) YFW Za.Lr
Kuw /B Mo y6,E MS.E w

Since a number of toughness data were available, 0,2MOTE toughness was adopted here as the material
fracture toughness: 6. = 0,068 mm. The coefficient, M, at -100 °C is 1,614. Thereby,

KrC (Lr ) =0,75Ly +++ atlevel I

=0,37Ly s at level I1

=0,27Ly ++- at level 111

D.3.1.4.5 DPetermine the failure load

o

The critical Joad ratio, L 1, ¢, and critical fracture ratio, K; .. , calculated are summarized in Table [.2

Table D.2 — Calculated results of load ratio and fracture ratio at brittle fracture initiatign

Critical load ratio Critical fracture¥atio
L ¢
TP-No. L cr Kr, o
(zo'ref, cr/ReL)
Level I Level I Level 111
UT-1 1,06 (560/530) 0,79 0,39 0,29
UT-2 1,01 (534/530) 0,75 0,37 0,28

TP-No.: Test piece number

The results|of fracture assessments, L. - K ) relationships, using the equivalent CTOD ratio, S, give

better agregment with the FAD curve as shown in Figure D.4. The fracture assessments of the CTCP are
summarized in Table D.3.

D.3.2 Fracture assessment 0f\CTCP (2)

BS 4360 Grade 50D[40] steel plate with thickness t = 52 mm was used. Two CTCP components with a ¢rack
oflength 2a F 30,6 mm and'37,2mm were tested at -65 °C[41] [42]. Twenty-one three-pointbend specimens
of standard fype with the'specimen thickness B =50 mm were tested at -65 °C. The yield-to-tensile fatio,
Ry (= ReL/R}), at -65.°C was 0,65, that was estimated from tensile tests results at -100 °C, -70 °(, and
-40 °C, as de¢scribed in Reference [41].

The critical CT@D values, §cr-50, were in the range 0,02 mm to 1,041 mm, which included brittle fra¢ture
with a stable crack growti. Since a number of tTOUgNNess data were availapie, 0, oughmness of
Ocr-50 = 0,118 mm was adopted as the material fracture toughness. The average CTOD toughness,
Ocr,ave-50, was 0,338 mm.

The average CTOD fracture toughness, 6crave-50, for 50 mm thick specimen was converted to dcr,ave-25
for 25 mm thick specimen using Formulae (A.1) and (A.2) as follows:

o

(V) ()

cr,ave-25

=0,478 mm at -65 °C

Since 6cr —25 was larger than 0,05 mm, the lower-bound m -value was set as m = 20.
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The results of fracture assessments using £ for CTCP with 2a = 30,6 mm and 37,2 mm are summarized
in Table D.4 and Table D.5, respectively.

D.3.3 Fracture assessment of CSCP

The steel used was SM490YB (JIS G 3106(39]), the same steel as in D.3.1. Fracture toughness results are
given in Table D.1. The m-values determined from fracture toughness results were m = 20 at level II
assessment and m = 36 at level III assessment. The yield-to-tensile ratio, Ry = Re,/Rm = 0.82 (see D.3.1).

The CSCP components included a surface crack of length 2¢ = 47 mm and depth a = 9 mm. Three CTCP
components were tested at -100 °C. Fracture net-stresses oref,cr were in the range 511 MPa to 528 MPa.

The
ratio

‘rack depth a = 9 mm was beyond the crack size range in Formula (5), hence the edui}
B, was computed by the FE analysis with m = 20 (at level II) and m = 36 (at level lII).

computed S -values were 0,123 and 0,078 at level Il and level 1], respectively.

The
K-va

Since
fract

D.3.

The s
four
Ry (5
0,16
boun
stati

The
of 20
cracl
cond

At ley
cracl

The {

Since
fract|

Appl
ared

btress intensity factor, K, for the CSCP was evaluated at the bottom of the surface cra
ue handbook.[38]

a number of toughness data were available, 0,2MOTE toughness was adopted as f{
ure toughness. The results of fracture assessments are summarized in Table D.6.

1 Fracture assessment of ESCP with crack in stressconcentration area

teelusedin the tests was SM490B (JIS G 3106[39]) class steel with a plate thickness of 25 1

ReL/Rm), of the steel at =100 °C was 0,71. The critieal CTOD values, ., were in the rangg
mm. Since the average CTOD toughness, dcr,ave25= 0,062 mm, was larger than 0,05 mn
d m-value at level Il assessment was set as m¢= 20. The m-value at level III assessment
stically from fracture toughness results was also 20.

mm (surface length) x 6 mm (depth), which were located at the geometrical discont
ks were originally cut by machiné and then extended by fatigue loading. Six tensilg
ucted at -100 °C. Fracture net:stress, oref cr, Of the ESCP was in the range 410 MPa to 4

Fel I1 and level 111 assessments, Sg was 0.15 from Figure 8 with m = 20 and Ry = 0,71. S fi
t length of 2¢ = 40 mm-was calculated using Formula (6), giving = 0,17.

tress intensity factof, K, at the bottom of the surface crack was calculated by FE analy

a number gf toughness data were available, 0,2MOTE toughness was adopted as f{
ure toughness. The results of fracture assessments are summarized in Table D.7.

cations.of the equivalent CTOD ratio, S, to fracture assessments of these wide plate
escribed in References [22] and [43].

yalent CTOD
Numerically

ck using the

he material

nm. Twenty-

three-point bend specimens of standard type weré-tested at -100 °C. The yield-to-tlensile ratio,

2 0,01 mm to
n, the lower-
determined

fonfiguration and dimensions of the.ESCP are shown in Table D.7. The ESCP had two c¢rner cracks

nuities. The
tests were
b5 MPa.

br the target

5is.

he material

components

D.4 Application of the equivalent CTOD ratio, S, to fracture assessments of steel
structures and components

Practical applications of the equivalent CTOD ratio, S, to the fracture assessments of steel structures
and components are given in References [44] and [45]. The fracture performance of beam-to-column
connections that are subjected to cyclic loading is evaluated with § in Reference [44]. A large welded
component with a crack at the location of geometrical discontinuity is assessed on the basis of the
equivalent CTOD concept in Reference [45].

A comparison is shown in Reference [46] between constraint corrections by this International
Standards and FITNET procedure, currently implemented into BS 7910 as Annex N.
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2 — Procedure for determining CTOD fracture toughness required to meet desig

requirements of performance of structural components
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Figure D.3 — Configuration of CTCP used in thecase study D.3.1

------- Option 1 (Discontinueds Yielding)
—— Option 2
—O0— No-correction (=)
—o— Level | (3=0,5)
—&— Level Il (B50,42)
2.0 —=— | evel Il (3=0,067)
I CTCP (2a = 50mm)
I SM490YB, Ry=0,82
. 1,50
4 L
S L
= ~BS7910-2013
© - FAD curves
1,0
o L
S
3]
© L
L 0,5} Loading 1 Lr,max
- paths =111

0 T b b b by e 107
o 02 04 06 08 10 1,2 14
Load ratio, L, = oref /oY

Figure D.4 — Fracture assessment results at Option 1 and QOption 2 in BS 7910 withl different
[-values
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