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ABSTRACT

Some elastic-plastic fracture design procedures are briefly
reviewed. The COD, R-6 and EnJ methods are applied in a comparative

study of a buried crack with a ligament that yields.
INTRODUCTION

Faillure by fracture of the remaining ligament of an already notched
component is a well-known, albeit not very common occurrence. The
micro-structural nature of the fracture is well known for most metals.
Factors that for steel, permit separation on the micro-scale by brittle
cleavage at low temperature or high strain rate, and ductile tearing by
micro-void coalescence and shearing at higher temperatures are widely aiSw
cussed in the liter:ature. Design to avoid such fractures primarily by
material selection has long been practised, and normal quality control
procedures during fabrication are usually sufficient to aveid uninten-~
tional defects. Nevertheless, some cracks do occur in both fabrication
and service so that the continued fitness of a component to serve its
purpcse must be assessed. For materials of higher toughness which never-
theless occasionally fail with less than the ductility expected from the
smooth bar tensile behaviour, elastic-plastic fracture mechanics (epfm) is
now being used. A general background is given in several receut buoks,
such as (1), (2}, (3}). Some epfm design methods are summarised in Part I
of this paper. Comparative studies of a particular problem are made by

three methods in Part II.

1. EXISTING DESIGN METHODS

The so-called lefm shape factor, Y, permits the estimation of the
elastic stress intensity factor, X, for many crack configurations whers

Y = £({a/W) for two dimensions {(a is crack length, W is width of the bodv)
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or where Y= g{a/B , a/%)} for three dimensions, (B is thickness and % is
crack size in the perpendicular direction). Thus, K = vova, where o is

the stress in the uncracked body and data for Y are available in collec-
tions such as {4), (8), (6). Test methods to determine the fracture tough-
ness under plane strain conditions, KIc' have been standardised in several
cowtries.

The methods of epfm are less well established than those of lefm. Test
wathods for determining toughness using full thickness test pieces, have
meen standardised for the crack opening displacement method (COD) by B.5.I.
{7} and for rather small pieces using the J-contour integral methoed, by
AL8.7T.M. {8). Methods of estimating the applied severity of COD in terms
of stresses in a structure, together with discussion on how to idealise
actual complex crack shapes into stylised configurations, treatment of
crack growth by fatigue and the final fracture, assessed in terms of a
critical value of COD are given (9). A method historically derived from
the two separate arguments of lefm and plastic collapse (10) but now pre-
sented as one particular epfm method known as R-6, is detailed (11). It
=alls on toughness expressed as KIc or in terms of ch preferably derived
from a full thickness test. A J-estimation procedure called EnJ, intended
for use in a wide range of engineering situations has been proposed (12),
{13). It alsc calls for toughness values from a full thickness J test, for
which no standard as yet exists in the U.S.A. or the U.X., although tentative
suggestions for such a test are made (11) and (14). Another recent proposal
is the EFRI estimation scheme (15) and related fracture diagram (16). It is
directed more specifically to certain configurations mainly of interest to
the nuclear pressure vessel and pipework industry. It reguested values of
the hardening exponent in the estimation of toughness from computed data and

calls for KIc or JKc from the standard A.S.T.M. test methods for toughness

values.

Comparison of the main features of epfm design methods

In the broadest sense, it was shown (12) that all the foregoing methods
were basically related. If COD (§) were written J = mcvd where Uy is yield
styess and m has value 1 & mg 3, (often m = 2) then the ordinate scales of

-

non~dimensional COD, & = 6[2ney5 (9) and KrfOr R6(11) and J or YG/J (15},
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{16}, can clearly be related to J/Gy used (12}, (13}, by

- ; 2 2
3G, = JE/Ys “a = (3/6) (0/0)% = 17k )2 (6/0 )2
¥ ¥ x ¥

g
= mgz, §E = m§ = 2wmd
Y5 2% Yo%
¥ N

vhere G_ is ti G at o= a
L the value of ¢ at o=c and 2 =0 /E. a is an equivalent crack

(9} notionally related to the xea{ crack!byyyga = wa, Clearly, all the
ordinates can be seen as normalised values of J, subject to the uncertain-
Ly in the value of m. 7The abscissa scales axe nominally strain, e/e , in
COD (9) and End (12, 13) and collapse load ratio 5§ = Q/0 in R-6 (li) and
the EPRI diagram (15), These can be related if a f;ad deglection diagram
is 3pe§ified. The simplest concept is if a power law relation is used,
@ = Ag, where ¢ is load, g is displacement and o€ 1 < n, whence the work
done w = 0g/ (n+l). For that case J = nw/Bb where B is thickness, b is
ligament width and n = £la/W,n) defined by n = {b/w)(aw/aai }« The sim-
plest design diagram is then a linear one, ordinate J/n, abscissa w/Bb.
Since work done, w, is not usually a convenient design parameter, it can be
fe-expressed in terms of Q to give a schematic version of R-6 or EPRI dia~
gram, oxr in terms of g to give a schematic version of COD and End. If the
relation between load, Q, ang displacement, ¢, is taken in a tangent
rather than power law form and the variables of gemoetry and degree of de~
formation assumed separable, then the J~load (or S~load} relationship is of
ziewjell know? in seCGWQXE?y form which was the precursor of the In sec
NXLQC term now ussd in R-§, where Qc is the *local collapse load” of the
structure local o a crack.

These conceptual relations, whilst helpful in perceiving the inter-
relation of the methods are not adequate for comparative studies. In the
abscissa BE-6 and EPFRI are normalised with respect to a nowminal collapse load
and in fact, both Cob and BEnJ accept 0/0  where o ig the uncrac :d b
stress instead of e/e  in the nearplefm Ze '6 f l%‘thﬁ Jn&r%ﬁkcﬂ o

. v the ne ] gime, so that all diagrams start
with an abscissa related to load but thereafter COD and Eng relate to strain.
Collapse load is then introduced because J becomes very large as collapse
is approached, so that it forms a natural limit and also because avaida&ce
of it is often a design requirement in its own right. R-6 and EPRI use dif~
ferent definitions of collapse related to net section vield of a swmall region

of structu PR
a structure, and EPRI allow bassage beyond that state by virtue of work
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hardening. R-6 and EPRI diagrams therefore become "safe strength®
design diagrams, rathex than “"fracture diagrams.” COD and End advocate
the separate study of collapse, in part because evaluation for cracked
structures may be difficult and J {oxr 4) is very sensitive to the many
geometric features that affect the collapse load. These methods thare~
fore imply that if collapse is important it deserves separate study, but
otherwise J or 8 can be treated as a function of strain. COD does not

xxmit use beyond e/eV = 2 without more detailed plastic analysis. EnJ

permits entry to a8 strain controlled regime if the structural system is
such that collapse will not occur close to net ligament vield for rsason

displacement control, including that imposed where parallel slastic

inading paths exist such as in many part through thickness crack cases.

In that regime an effective strain i3 used whereby the nominal elastic
value is augmented by a geometric wmultiplier defined below. Other fea-
tures of difference are that treamént of rasidual stress and regions of
stress concantration call for allowances on the abscissa in the COD
method, but on the ordinate for R-6 and BEnJ. Both the latter also make
some distinction between cases vhere rzsidual and mechanical stress are
elastic or, in their summation, exceed vield, although the treatments
differ. Other major features of difference between COD, R~6 and EnJ on
the one hand, and EPRI method on the other, are that the formex use lefm
shape factors with the effect of plasticity allowed for in the sstimation
procedures, whereas EPRI offers separate solutions for all cases con~
sidered but no estimate for other configurations not yet computed. EPRI
also takes the hardening exponent;n, as a major variable, whereas the
others do not. This probably arises from the inclusion of stainless steel
pipework within the scope of EPRI, whereas the other methods are implicit-
iy aimed at more conventional steel structures. For application to
structural aluminium alloys with little bardening (9) uses an alternative
estimate of COD that is more severe for a given value on the abscissa, and
¥nd {12) notes it may not be applicable at the limits of either no harden-
ing {or a long plateau of yield) or continued high hardening rate. Fox
conventional steels of a woderate degree of hardening use of a modified

vield stress appropriate to the mean strain in the ligament seems adequate.

={q +GW)/2 to simulate the effect of har-

#-6 also uses a flow stress Ufl

dening on the collapse load for structural staels.




Recategorisation of deep crac E i
i< ks and an alternative concept THE EhJ ESTIMATION PROCEDURE

A feature of both R-6 and COD met} is s ; -
v sttt o ethods is that with yield of the net liga- The Bnd procedure has only recently been proposed and is therefore
f & of a desg art throu o) h a ] .
Fully through th B ough crack, the crack is recategorised as a co-stated here. The COD, R-6 and EPRI methods ave now widely published
= through thickness crack i - is smeci ;

a of a size that is specified in esach method 4y, {11}, (15), so the details are not repeated here. The basic End

but embraces an area appreciably larger than the crack itself. It is then squations are
argued that if such a recharacterised crack is acceptable, then the real : 2 ?
crack obvicusly is, but if the recharacterised crack is not acceptable, For Q/Ey € s J/Gy B (e/e‘[} (l+0-%(efey) : Rigpieon
nor is the real crack, despite the significant change in severity between e e/ey e raken as G/Gy
the two cases. It is the unknown value of this change in severity that For efe_ » 1.2~ J/G_ = 2.5 (e/e }~0.2 1 Eqn.1b
leads to a conservative recharacterisation method. End does not directly ' ! ! where ‘je is the effective strain

¥ (see Table 1)

use recharacterisation but employs the idea of a "cracked Nedy SEpictars]
If cbse » 1 (see Table 1), ¥/¥m > W/b,or W/b>2

) n its
strain® (cbse), itself based on the localisation of strain i the ligament
Egn.lc

yields. The conc g i S ,
ept was introduced (12) as a means of defining for prac- the risk of collapse should be examined explicitly

, J is estimated from Eqn.

tical pur i I .
purposes the strain at which the EnJ equations were to be entered. = 1 st
Clearly, with yielding in a statically indeterminate T —— or residual stress, cr, or thermal stress, Gth
condition is a compromise between a remote strain that would be elasti 5 la, b, separately for mechanical stress, ¢ , and residual or thermal stress,
= . astic an
a local 1i s i i ro give J_ and J_ and/or J__ . The terms are combined to give the total J
igament strain that with a deep notch could well exceed the vield ? N : ¢ e 8 B, 1/8
value by adding J = \Jm + Jr + Jm ) where 0.5¢ B85 1

train. A localisation of strain al 50 occurs, parti 1 1 £
according te B8 = O. 5 + {0 *+o 4o, ) / 20 hough no ceedi
< ing { / (t g t exce ng

hardening material, when the ligament yields but the gross section does not
unity) i.e. B = 1/2 for elastic sonditions and 1 for plastic. Use of the

These geametric scale factors that control the localisation of strain may be
chse concept may be necessary if restraint can induce reaction stresses of

2 slip line field size associated with the ligament length or the distance
gemeral yield level, but is not necessary for self-equilibriating compati-

of the crack from some determinate reference strain péttern. Where elastic
pility stresses.

material is in parallel with the crack, the general elastic state of stress
and strain nearby, provides the reference. The features that dominate these For stress concentratioms, Bqn.la is used with the appropriate lefm value
of ¥ whilst chse < 1. If cbse »lan estimate must be made of the uncracked

=ffects are combined to give the "cracked body structural ratio” (cher)
The cbse is taken as the (cbsx) (e/e ) and for nominal elastic loading, e/e = body strain at the point of concentration to give the effective strain ef/ey.
" =

¥ When BEgn.lc calls for assessment of collapse, the user must decide

G/GY' In fact, only the plastic component of strain is focussed into the
whether the cracked body is liable to collapse at or soon after net ligament

crack, there being a general elastic strain governed by the maximum load
vield, or whether the load applied to the cracked region will be redistri-

transmi £ by g tive strain e_/e takes thi int £
tted the ligament, and the effect / 8 a e

huted because of the configuration of the body and its 1oading system.

o ell. Thus, after ligament yield, the concept is e /e =
£y
collapse will not occur, then Equn.lb can be used to accommodate the local-

{nominal @./ey + localised epl/ey} = £(0/0, cbsr). Suggestions foF bhe: dbax
jeation of strain that is the feature of displacement controlled loading.

augmentation factor are listed Table 1.
1f collapse is possible, then closer study would have to be made of a safe
timiting state but End and COD methods do not include such an assessment

within their own methodology. MNevertheless, Eqn.lc of EnJd is intended to




draw attention to the circumstances where either collapse or the locali~-

sation of strain under displacement control seems likely.

TABLE 1

Suggested values of the ¢bse augmentation factor and the effective strain

cbsr cbse ef/ey
a) Edge crack in tension W/b (W/b)(a/sy) o/ ) {1+ (/by} - 1
¥

b) Bdge crack in bending W/b W/b)(o/a ) (0/0 ) [1+ (/b)) - (b/w)
¢) Edge crack tensile ! Y

deformation control D/2b {D/2b) (e/e ) (e/e’)[l+(D/2bﬂ ~{D/2%)
) Partthrough crack in ! !

tension 3/b (B/b) (o/a,)  (o/a ) [1+(B/b)] - 1
e) Part through crack in i Y
| bending B/b (8/b) (o/a ) (o/5 )[148/b) 1~ (v/B)
f) Buried crack in tension B/bl (B/bl)(o/; ) !

Y

i: If also {‘B/(b1+b2)](c/cy)4 1 (c/cy)[l+(a/bl)]
i If also {B/(b.+b 2 T2 o )

B/ b, 2o/0 )2 1; (c/uy)[u_g} {1+§_2 _2_2)

1 1

o/ay is the uncracked body elastic state

e/ey is an applied deformation.

W = width; B = thickness; D = gauge length

b = ligament (b. isg the smaller of two ligaments, b,, the larger

for a buried crack). :
Attention is also drawn in an approximate way in EnJ to the effect of

biaxial loading, the main effect being to alter the fully plastic condition
at which collapse may occur.

II. COMPARISON OF ESTIMATES OF APPLIED SEVERITY FOR A BURIED CRACK IN
A YIELDED LIGAMENT, BY COD, E~6 AND EnJd METHODS

Some comparative studies of surface flaws in circumferential welds in pipe

lines were made by McHenry et al (17) using the COD method (9), a modified COD
concept, an instability method and an empirical method. It is intended to
2pply the R~6 and EnJg methods to the problem of (17) elsewhere. Here, a simi-

lar problem of laying a large diameter pipe line is used. It is supposed that
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pipes are welded together circumferentially and that during laying, or
sy sarth settlement, the pipe is deformed as a beam in bending. In real-
ity, other laying and proof testing stresses would regquire consideration
but for simplicity no other parts of the operation are considered. It is
supposed that during welding cracks may occur of an extent measured dur-
ing trials to be up to 10° in circumferential length by 6.5mm in radial
depth, but they are unlikely in the final weld run, so that the postulated
crack is buried within the thickness, by one weld pass of at least 3mm.
The weld is not stress relieved. The pipe wall thickness is 22mm, and the
diameter large in relation to thickness, for axample, of the order of lm.
The yield stress of the pipe material is 450 MN/m2 and tensile strength 600
MN/mZ. The nominal elastic bending stress induced during laying is 382 MH/m2.
The applied stress system, though caused by bending, is essentially a uniform
tension across the wall thickness because of the large ratio of diameter to
thickness. The problem is therefore a crack buried part way through the wall
thickness subjected to a mechanical tensile stress of O.ascy and a residual
stress assumed, in the absence of stress relief heat treatment, to be at
vield level of the pipe wall. No exact solution for the lefm shape factor
¥ for a buried crack of very high ellipticity ratio is known, so a solution
is used from the literature (6) for a two-dimensional eccentric crack, length
{in the wall thickness direction) 2a = 6.5m, buried with the near surface
ligament bl = 3mm, subjected to uniform tension. For the crack end nearexr
the surface, Y = 2.07.

Solution by End

Using Egn.lec, B/b < 2 (where B is the wall thickness 22mm and b is the
whole remaining ligament 15.5mm) so the problem is not sufficiently "deep
notch” to require special attention. The cbse for a ligament with elastic
material in parallel (i.e. the remainder of the pipe circumference) is (Table
1, case £) cbse (22/3) (0.83) = 6.2. This is greater unity so that tensile
collapse must be considered. However, Y/¥m=1.17 < B/b so that it is inferred
that local collapse by other than tension is not likely here {(as may be self-
evident if the ligament is considered to be deformed by uniform displacement
rather than pin-loading). Although the body is a thin walled component. whexre
the fully plastic moment does not greatly exceed first yield, the nominal

stress is not considered sufficient to induce overall collapse by bending of
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the pipe for a relatively small reduction in section modulus implied by
the crack even with no account taken of work hardening, so that a more A
exact study of collapse is not made. Nevertheless, using Table 1, case £,
sub-section ii) is relevant implying both ligamenty vield, so the effec-
tive strain is rather laxrge at ef/ey = 3.70.

Thus, for the mechanical stress system, from Eqn. 1b,

J/Gy = 2.5(3.70 ~ .2) = 8.75

SO with ¥ = 2.07

2
(JE/Gy a)m 36.5

ach
Por residual stress, in the absence of a known pattern of the stress,

assume Y = 2,07 as for mechanical stress, then ef/e =g /o =1, so
Y 'y )

from Egn.la J/Gy = 1(1+.5) = 1.5
. 2
. . JE = §
¢ /“y a) .= 6.4
Since Umech+0res > ay, J values are added with B = 1
P "total® JE/Gyza = 42.9
. _ 2 -3
& JE = 42.9 (450 x 107)° (6.5x10 ~/2)
9
= 282 mv’n°
.5, J = .138 mvo t
or Ky = YES = 168 mm >/ 2

These values of J KJ, are the minimum values of toughness regquired in the

weld metal and heat affected zone {(HAZ) if J < Jl {or K< X_ )
c @t

If it is supposed J = 20 §, a value of § = ,153mm is jmplied. If it is
v .
supposed there is a factor of safety of 2 between a “critical” crack and the
“acceptable" crack as estimated by PD6493 (9) then a value of § = .306mm is

implied for the toughness.

Outline solution by COD method, PD6493

in the notation of PDE493 (3) thickness B = & = 22mm; crack length
through the thickness (crack height) 2a = ¢t = &6.5mm, and the near face liga-
ment bl = p = 3mm. Thus, t/e = 2a/B = 6.5/22 = 0.295 and p/e = 1.36; p/t
= 0.46. Since p/t < 0.5, then the crack must bhe recategorised as a surface

breaking part through crack of height tnff =t +p=86.54+3=9,5m.".
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: = (3.43. The circumferential length £ may be large, i.e. 101d/360,

whers d is the pipe diameter so that it is almost certain t ff/l < 0.l
e

taing Pig.l ¢ > i t = 0.43 and i) - ‘% 20,
duing Pig.l12 of PD6493, entering a teff/e 0.43 and using teff/£'~o 1,

then a/e » 0.74, whence the eguivalent crack a » 16.3mm.

e applied strain e/ey = {G/Gy)mech + (a/oy}resid = 0.85 + 1 = 1.85.

The non-dimensional COD, &, is given by Fig.l4 of PD6493 or by the

fress
65 ¢

b3

solation
B = e/ey - .25 = 1.6

Thus, 8 =& (Zwoyg/E} = 0, 36mm

If &< ﬁp, then this iz the value required foxr the weld metal and HAZ

toughness in which a factor of safety, notienally 2, is already included

as inherent to the PDE493 procedure.
Outline solution by R-6

The notation is B = t = 22mm; flaw size 2a x £; depth of flaw centre
{ing below the near surface is £y = (bl+a} = 6.25mm.

The rules for a first recharacterisation of the crack are the same as
for recategorisation in PDRE493, i.e. {tl—a)/Qa < 0.5, so the crack is treated
as a surface breaking semi-elliptical crackef size a' = tl+a = 9.5m. The
temgth of the recategorised crack is the greater of 2 = 24 or ' = 4a‘. For
the long crack involved here &' = 24 is the greater but a’/L' is so small
< ©.1) that the crack would be treated as a line crack. The recategorised
arack is treated as effective sive o/w in order to discuss collapse, where, for
the line crack, ofw = a8'/t = 9,5/22 = 0.432. If the crack were of more res-—
tricted circumferential length so that a'/2' » 0.1, then ¢/w < a’/t and is taken
as wa'f'/4t(2'+t) for which specific values of length are required.

If the crack were considered to be "pin-loaded”™ so that the eccentricity

caused a bending action, then following Appendix 2 of R-6, the value of the abs-~
nissa Sr}l(sr = 2.2 for the long crack and 1.2 for a short crack) so a solution

oold not be obtained. The further possibkbility of recharacterising the defect

25 a through wall crack and then estimating Sr for the collapse of the whole pipe

cross—-section rather than of "local collapse”™ of the area adjacent to the defect

still exists. The toughness required would be very large indeed and that argument

nas not been pursued.

[
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It seems reasonable, however, to treat the cracked section as if
loaded by tensile deformation with "ends parallel” so that no bending is

induced in the wall. No precise rules are given in R-6 but it would seem

appropriate to treat the buried defect as if, for the purposes of estimating
local collapse, the enveloping region were of size 0¥ x t, where &' = 2 + ¢

(as in Fig. AZ.3 of R~6) and

Sp = 8/S, =0 L't/ol L't ~ (n/4) (2a8))

e o . R ~
where Cm is the direct stresgs 382 MN/m” and o the Flow stress, 0 = {450 +
600} /2 as used in R~6. Specific values of t/¢ are required. If, for example,

/L =0.2, th ' = =
. then & 1.2% and s = {382/5751{1.2/(1.2 - .232)} = 0.822, whence

Kr = 0.82, Using the same value of ¥ as before, i.e. ¥ = 2.07

K_ = 2.07(382)/(3.25 x 107 =
" b )/K.IC 45/1(Ic

Fox Ks & plastic zone correction is required. For no correction, with
residual stress cr = 450, Y = 2.07, then Kcia) = 53/KX - Using the plane
A ¢ b
stress factor (1/27m)(K/c )2 gives
b4

K = 69
s ° fKIc

I£ Kr = Kp + Ks (as in earlier editions of R~6), then
.82 = -+
{69 45)/KIC

whence K_ = 138 Mmm"3/2
Ic
If K is further corrected to allow for the interaction of plasticity
between the mechanical and residual stresses (as in R-6, Rev.2) then ratio
X X (s = = i
x (a)/?s(d+rp} 53/63 = .766, whence the correction term,p, (R~6, R v.2,

App.4) is p = .257. Thus,

K = .82 = .257 + (53+45)/K

b i ad
N ~3/2

KIc = 174 MNm

TABLE 2. Comngrison of values of toughness calculated by 3 methods for a
particular buried crack problem.

N ] Method End CoD R-6

B 3 cu ated toughn§§§2 J=.138 §=,360 K= 174
Equivalent) X MNm“l 168 188 174
Critical )} J Mum .138 L171 '147
?alue X } 8 _mm - =153 .190 :163
& (Acceptabley .306 .360 .326

X Using X2=g3; & =J/20_; & contains a fact
2 io, H g tor of safety inherent in COD b
taken as 25J her? for ¥nJ and R-6. Y o

Discussion

In comparisons of COD based and other methods, not including R-6 ox
End {17}, the PDE493 method was found conservative primarily because it
inclivded a factor of safety,whereas the others did not. In a comparison
of PD6493, R-6 and End {18), quite close agreement was found if the factor
of safety inherent in PD6494 was allowed for, although other matters of
engineering judgement not specified in the codes also had to be agreed,
even if the “"correct" choice were unknown. Further peints that may cause
significant differences emerged in the present study. These are primarily
the tresatment of residual stress and the recategorisation of buried defects
if local yield of the surrounding ligament occurs.

Residual stress is allowed for in R-6 and EnJ on the ordinate, whereas

allows for it on the abscissa. However, R-6 enhances the importance of

residual stress by use of a corrsction factor, p. Although collapse is not
itself affected by residual stress, the effect is as if the oriain for
nechanical stress .were to be moved part way along the abscissa (19). The
reasoning is clear in terms of plastic zone sizes but the engineering con-
cept seems to imply load control in that the permissible value of Kr is re-
duced as if the body were nearer to collapse, so that X__ is increased.

Ic

{Compare K__ = 138& Kxc = 174 in the R-6 solution abovel In EnJ, the inter-

action of iZsiéual and mechanical stress, by adding values {8 = 1 in the
example) is less severe than adding X values. The engineering concept is
that when ligament yield can be tolerated, the local deformation is displace-
ment controlled and there seems no reason to add terms more severe than J.
The second less conservative effect of using End is that there is no re-
categorisation of a crack at ligament yield as in R-6 and COD. It has been
argued that using the cbse concept, the value of J is assessed adeguately
when the ligament is strained to net section yield with elastic material in
parallel with it. The recharacterisation step is guite severe since the
snveloping crack is appreciably larger than the txue crack. If that were
coupled with a "pin-loaded” assumption, whereby bending of the wall is intro-
duced because of the crack eceentricity, it would lead to a yst further large
increase in the apparent severity, although in this problem that was avoided,

ag discussed in the R-6 solution.
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The emphasis here has been on comparing estimates of applied sever-
ity. It is implied that to avoid fracture the values sc estimated will
be equal to or less than the toughness. Only brief discussion is offered
here on which definition of toughness is the more appropriate. All three
methods advocate a full thickness test to guard against the risk of clesav-
age, if that is possible. The value of toughness measured in a COD test
{(7) may be a true initiation value §i' or a value up to maximum load, ém,
in which an unknown amount of slow stable growth is accepted. It can be
argued that use of the PD6493 estimation procedure, which appears to be
conservative by its known "factor of safety" may be offset by use of a maxi-~
mum load toughness value, which might be well beyond initiation. Conversely,
it may be thought that with use of an assessment value, such as R~6 or End,
in which there is no intenttional factor of safety, the toughness value should
be restricted to the initiation value, unless other argquments are presented
to show that a value in excess of that can be used without risk of unstable
tearing. One method is, of course, to conduct a separate instability analv-
sis but that seems incompatible with the use of a simple design procedure.
Arguments on the circumstances in which a post-initiation value of tough-
ness can be used without risk of unstable tearing, yet without explicitly
measuring an R-curxve and conducting an instability analysis are not vet clear-
ly formulated. By analogy with the well known effects of size on the slope
of terms BG/QaJa or 33/8a§a it seems unlikely that a ligament would neces~—
sarily remain stable if its size were less than that of the test component,
as is likely in the present example. On the other hand, the ligament will be
near plane stress and thus possess a toughness greater than the test piece
by an unknown amount. In short, the assessment of an appropriate value of

toughness may be more uncertain than the assessment of the applied saverity.

Conclusions

1} Comparative studies made by COD (PD6483), R~6 and EnJ methods of a buried
c¢rack undex uniform tension appear to show a more than two-fold difference
for the reguired toughness (in terms of COD or J).

2} This large difference is reduced to some 20% (PDE493 being the most con-
sexvative} if the factor of safety inherent in PDB493 is also introduced

into R~6 and EnJ so that like sees to be compared with like.

1y Nevertheless, the introduction or not of a "factor of safety” in
the sstimation procedure must be judged in relation to the use of
an initiation toughness value or a maximum load toughness value,

either being permissible in PD6493.

4} The circumstances when a post-initiation value of toughness can be

used safely in conjunction with a simple design method and without

an explicit analysis of ductils instability is not clear.
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