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SIMMARY

SINTAP (Structurd Integrity Assessment Procedures for European Indudtry) is a Brite-Euram Project co-
ordinated by British Sted with the oljective of providing a unified sructurd integrity evauaion method for
Europeen indudry. The project isdivided into 5 tasks deding with: weld metd srength miameatch; failure of
cracked components; optimised trestment of deta; secondary dresses; and procedure devdopment. Thefirgt
adtivity is a dae-of-the-at review and this report contains thet review for task 2 - falure of cracked
components  Thistask covers anumber of technicd issues and for each of these the avalladle informaion is
dted dong with an identification of remaining problems and the extent to which these are being addressed
within INTAP.
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INTRODUCTION

European indudtry mekes increesing use of so-called "fitness for purposg’ or "enginearing aritica
as=ssment” methods in order to assess the likdihood of falure of sructures or to pedify
maerids requirements and sfe operating conditions These methods rdy on a ddaled
knowledge of the rdaionships between the toughness of the materids of condruction, the
presance of defects and the Sresses goplied to adructure.

In this report, some agpects of these "fitness for purpose’ methods are reviewed. For eech agpect
conddered, the review identifieswhat iswel acogpted, what is Sate of the art, and what nesdsto
be done bath in verifying the date of the at and in further devdopment.  The review is not
exhaudive but addresses only those agpects within task 2 of the SNTAP (Structurd Integyrity
Assessment Procedures for European Indudtry) prgject. Other agpects are baing addressed within
theother SNTAPtasks

Currently, there are two sdf-contained defect assessment procedures the British Standards
document PD6493 (Ref 1) and the R6 gpproach (Ref 2). Both procedures have been extensvey
vdidated and shown to be sdfe, i.e to er on the Sde of consarvaian However, to goply these
procedures to practical dructures it is necessty to have catan badc infformaion.  This
informetion may be conveniently discussed by conddering the two parameters K and L usad in
R6. Theseareddined by

Ki=Ki(P,®/ Kma ()

Lr:P/PL(alS y) (2)

K: messures the proximity to linear dadic fracture and depends on the maerid fracture
toughness, K, and on the lineer dadtic dressintengty factor Ki, which in turn depends on the
megnitude of the gpplied loading, P, and the defect Sze, a L measures the proximity to plagic
collgpse with R being the value of the pladtic collgpse load for a perfectly pladic materid with
yidddress s,,.

Clearly, solutions for Ki and R. are required for arange of geometries, defect Szes and loading
conditionsin order to caculate Kr and L and, therefore, to goply defect assessment procedures. In
view of the fundamenta importance of these solutions; these are discussed fird in Section 2 of
thisreview.

Although the limit load is defined in equation (2) in terms of ayidd dress, maerids usad in
indudry exhibit awide range of hardening behaviour beyond initid yidd. Such hardening can
leed to an increase in load bearing capacity beyond that for an dadtic pafedtly pladic materid.
Thisisreviewed in Section 3interms of the effect of theyidd to tendle Srength rtio.

For pressurised components, adefect may grow in such away asto causg, in thefird indance, a
dable detectable lesk of the pressure boundary rather then a sudden, disuptive bresk. A lesk-
before-bresk argument isamed at demondrating that leskage of fluid through acrack in the wall
of apipe or vessd can be detected prior to the crack ataining conditions of indability & which
rgpid crack extenson occurs: Such arguments are auseful complement to arguments thet acrack
will not penetrate a pressure boundary and are reviewed in Section 4.
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Although the PD6493 and R6 procedures have been shown to be consarvative, thereisagrowing

need to quantify the sfety factors inherent in the use of enginering critical assessmant

procedures One area where uch a sefety factor is known to exig isin the messurement of the

fracture toughness, Kna, in equition (1). Thisistypicaly caried out on amdl-scale gpedmens

containing a degp arack and tested under predominantly bending loads  In contrad, Sructures

such as pipdines tanks and pressure vessds are often under predominantly tensle loading and
contain only shdlow defects as might aise from faigue cracking or fabrication problems

Trander of results from sandard amdl-scae tegts to sructures therefore incorporates a variadle

sdfety factor due to ‘condraint’, which should idedlly be quantified. Devdopmentsin this area

arereviewed in Setion 5.

Aswritten, equations (1) and (2) refer to sngle gpplication of aload P. However, componentsae
often subjected to avariadle load higtory and, in particular, to aprior overload or proof test. This
prior overload can afect the materid properties to be usad in a subssquent defect assessment ad
thisisdiscussed in Section 6.

Fallowing the reviews of the various inputs to a defect assessment in Sections 2-6, which indude

the future work required to develop defect assessment methods in these aress, some conduding
remaksare contained in Section 7.

STRESSINTENSTY FACTORAND LIMIT LOAD SOLUTIONS
: Lt
For mode | loading, the dresses s doseto acrack tip, caculaed dadicdly, may bewritten as

Ki
(2pr)*

Sij—

9 @)+ Tdudy;+0(r™) (©)

asr® 0, for polar co-ordinates (1,Q) centred at the crack tip. Here, g; are angular functions of
Q, d; isKronecker's ddtaand the sscond-order T gtress term can be regarded asthe sress pardld
to the arack flanks  This tarm is conddered as a messure of condraint in Section 5. In this
sction, attention isfocusad on the dressintengty factor, K.
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ion ot .

Solutionsfor dressintengty factors (SIFS) can be obtained usng andyticd or numerica methods

Closd form solutions obtained by andyticdl methods are available for some cracked bodies
expedidly those wherethe geomelry issmple or the body isinfinite. However, mogt solutionsfor
SFs have been obtained by numericd methods with the finite dement method mainly ussd for
thispurpose

Vduesof SF aeusudly published in termsof non-dmensond geomery factars Y,
Y=K//(s+pa) 4)

wheres issome conveniant goplied sress. 1n some cases interpolation formulae are provided for
Y & a fundion of parangeas such as aak agedt raio, normdissd cadk depth o
radiusthicknessratio of acylinder. Such formulae are convenient where caculaions are required
for arange of aack 9zes for exanple when addressng faigue or gable crack growth or
cdaulaing marginson crack Sze.

In practice, components are ubjected to a range of loading conditions induding thermd and
resdud dresses Therdfore, SF solutions are often required as a function of uncracked body
dadic dressesnormd to the progpective crack plane rather then smply asafundion of anomind
goplied gress as in equation (4). For non-uniform dresses the influence and waght function
methods can be ussd.  These functions are avalade for some aracked bodies  In goplying
influence functions the uncracked body dresses have to be goproximeted by polynomids Such
an goproximation isnat necessary if waight functionsare usd.

Many SF solutions can be found in handbooks (Refs 3-7), some of which (Refs 35) destribein
more detal the cdculation methods discussd above For frequently used geometry and loed
conditions, documents on defect assessment methods (Refs 1,28 & 9) can dso be usad and thee
contain references to other solutions: There are dso smplified SF formulae for very generd use
in codes (Refs 1,10,11) which, however, are necessaily rather consarvdive

Maos solutions can be found for mode | loading, while for modes |1 and |11 solutions are avalldble
for amplified geometries only. For numerica solutions esimates of thar accuracy are usudly
gven. Despitethe advantage of newer editions, for some cases more information can befound in
older handbooks for example cracksin shegtswith diffenersin (Ref 4).

Many exact solutions and solutions with high accuracy can be found in Teadds handbook (Ref 5).
Mo are for two-dimensond aracksin sami-infinite solids or in plates. The handbook indludes
solutions for multiple aracks, aracks under paint loads and modes |l and |1 loading, cracks a

haes and penny-shgped aracks

Zahoor's handbook in 3 volumes covers cases of aracked pipesinduding cracksin piping teesand
dbows Solutionsare provided for awide range of geometry parameters but the accuracy of some
olutionsisnot very high.

Murakam's handbook, a0 in 3 volumes, isthe largest collection of SF solutions: Volumes 1-2,
published in 1987, are divided into 18 chaptas Severd chepter titles give some idea of the
gructure of the handbook: Fracture Mechanics Test Spedmens Fnite Width Plate Containing
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Two-Dimendond aracks Cracksin aCircular Flae or Cylinder; Cracks a Stress Concentration;

Three-Dimensond Surface and Interior Cracks Cracks in Welded Joints, Cracks in Resdud

Sress Hdd. Vdume 3, published in 1991, has the same sructure and can be regarded as a
upplement containing newer resuts.

In practice, complex geometries are often handled by usng solutions for Smple geometries to
which the adtud one can be goproximated.  However, the corresponding dress fidds as
determined by finite-dement andydsfor example, are generdly nonHlineer and hence Ki needsto
be determined by influence or weaight function techniques. Such functions are, therefore, nesded
for surface, embedded and through-thickness aracks and besic requirements are liged in Teble 1.
For many of the cases ligted, solutions are availddle in the literature but for others further work is
nesded as discussed in Section 2.1.4.

For offshore dructures, dress intengty factor solutions are required for tubular joints A limited
number of olutions are avallabdle, particularly from finite-dement andyses of Y joints with semi-
dlipticad surface cracks (See Appendix L of the draft revison to Ref 1). More generdly, esiméates
can be obtained usng plate solutions

For throughrwal axia and drcumferentid cracks in cylinders comprehensve dress intengty
factor solutions have recently been reported (Ref 12). These solutions were obtained from three-
dimensond finitedement caculaions for cylinders with meen redius to wal thickness raios
ranging from 3 to 100. The solutions cover membrane (or internd pressure), global bending and
through-wall bending loads

Further Work Nesoed

Although the dress intengity factor handbooks are va uable sources of information, a callation of
SF solutions is nesded for efident use of defect assessment methods Such a cdllaion should
take acoount of additional olutions not induded in handbooks and address a limited number of
solutions mogt suitable for practicd use regarding moddling of geometry and loading of red
components, accuracy, and vdidity for awide range of geomelry parametars. Thislimited ligt is
indicated in Table 1 which dso indudes areas where further work is nesded beyond extraction of
resultsfromtheliterature. 1t may be noted that work is needed, in particular, to increese the order
of avalade influence functions to address the highly non-linear stresses which ocour in locations
with dress concentrations and in the resdud sress fidds assodiated with welded joints For this
lest gpplication, it may be noted that dress intengty factor solutions for sdf-baanding through
wal resdud dress
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digributionsrepresntativecf  thase which might arise from some wdding processss ae
given in (Ref 13) for through-wall defects. These dress intengty factors are dependent on the
wadl thicknessrather then the length of the throughrwal crack.

. | Soluti

In this section, attention is focused on the limit load R.. Methods for generating limit loads are
brifly discussed in Section 221, Avalable solutions for homogeneous componants are
reviewed in Section 2.2.2 and for components containing mismatched weldsin Section 22.3. For
throughrwall cracks thelimit load is often the so-cdled *globd’ collgpseload, ie therigid plagtic
limit load of the Sructure, cdculated for arigid-plagtic materid with ayidd dress equd to S,
For surface or embedded flawsit isaso possbleto definea‘locd’ collgoseload whichistheloed
nesded to cause pladiicity to goread across the remaining ligament, caculated for an dadtic-
perfectly pladic materid with ayidd dresss,. Thisdiginction between locd and globd collagpse
loads is discussed in Section 224, Andly aress where further work is needed are reviewed in
Section 2.25.

In this section, limit loads in the region of a flaw are reviewed but it should be recognised thet
when acomponent is being assessad, the possihility of collgpse dsawherein the dructure should
a0 beinvedigated. For such investigations, plagtic callgpse loads for undefective components
are nesded and thee are contained in a number of textbooks and have, for example, been
reviewed by Save (Ref 14).

Thereareanumber of methodsfor obtaining limit load solutionsinduding the following:-

Theforces and moments, or ther equivaent dadtically caculated sresses ecting over the
gross sction containing the flaw may be treated using a generdisad plate modd.  Such
an gpproach is common in Codes but care must be taken when the sress normd to the
crack planeis not the dominant stress component; as occurs for drcumferentid cracksin
pressurisad cylinders, for example

Edablished pladtic limit load andyss or lower bound limit andlysis may be usad.
Norlinear finite-dement andyss may be used.

Hladtic finite dement andyss may be usad with a lower bound limit load deduced by
invoking the lower bound limit load theorem  The accuracy of this goproach may be
improved by iterativdy modifying the dadic diffness of individud dements and
convergence of the method to the truelimit load may be examined by invalving the upper
bound theorem of limit andysis (Ref 15).

A scde modd of the sructure may be teted, teking care nat only thet the flaved
dructure and loading are moddled correctly, but dso that the modd fails by pladiic
mechanigms  Care neads to be taken in interpreting limit loads in tests as a result of
meterid work hardening beyond yidd or ductile crack growth prior to cdllgpse

Moreinformation on some of thesemahodsisgveninAppendix20fR6 - (R 2)
andin (Ref 16).
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A review by Miller (Ref 16) contains solutions for flaws in plates bars cylinders soheres pipe
bends and some dl intersection geometries  Further solutions are contained in (Ref 9).
However, it should be recognised that the accuracy of many solutionsis nat known and (Ref 16)
ligsanumber of dternative solutionsfor some cases.

In a amilar manner to Tabdle 1, a lig of badc limt load solutions required for a precticd
assesImant procedure is given in Table 2. These solutions are requiired as functions of externd
loads rather then locd dresses as locd thermd and resdud stresses do not influence pladtic
collgpse. The badc solutions may then be supplemented by spedific solutions for dbows and
tubular joints dthough such solutions are often limited to gpedific componet and flaw
dmengons For example, globd collgpse loads for ship sructurd detals are given in (Ref 17)
induding advicefor tregting diffened membears

For defectsin wdds with amismatch in tendle properties from the surrounding bese materid, the
mismatch limit load, which takes account of this srength difference, is an important input to
defect assesament procedures (Ref 18).  Such limit loads may be caaulaed by the edablished
methods desribed in Section 221, While solutions for defective mismatched weds are not
widdy available, results have been obtained for cantre cracked plates, three point bend pecimens,
and for fully drcumferentidly cracked cylinders under axid load and tendon. Thesesolutionsare
summaissd in (Ref 18) and more recartly in (Ref 19) and cover arange of migmatch ratios
When the 9ze of an overmatched wdd is large compared to the remaining ligament aheed of a
defect, thelimit load may gpproach that of the defective geometry medetotaly of weld metd.

The diginction between so-cdled ‘globd’ and ‘locd’ collgose loads for part-penetrating defects
has been desribed above. As the ligament thickness aheed of a part-penetrating defect tends to
zero, the‘locd’ limit load tendsto zero. However, falure of the ligament nesd nat correspond to
overdl yidding asthe component may be ableto sudtain afully pendrating defect.
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The'locd’ limit load islessthan or equd to the‘globd’ limit load. Therefore, in assesamentsits
use genadly leeds to consavative rellts However, in lesk-before-bresk cases for example, a
more redisic assessmant isrequired and, therefore, the“globd’ limit load may be preferred.

It is importart to recognise that the limit load is often used expliatly or implidtly to edimete
crack tip parameters such as Jor COD. Therefore, the choice of limit load solution can be basd
on whether the ‘locd’ or ‘globd’ solution provides the more accurate edimate. Some avallable
olutionsfor J have been liged by Chell & d (Ref 20) and indude sami-dlipticd surface flawsin
plates subjected to tenson and bending and in cylinders ubjected to intend pressre. As
demondrated in (Ref 20), an gopropriate limit load can be chosen to estimate J a both the surface
and degpest points of such defects The ‘globd’ limit load often gppears to provide the better
edimete of Jbut can lead to non-consavative assessmants

The use of areference load to esimate J has dso been devdoped by Gilles & d (Refs21-25).
These workers have examined surface defects in pipes and dbows under pressure, tenson,
bending and combined loadings. The results leed to ‘limit loads which can be ussd to define L.
by egn (2) within the R6 method (Ref 2) or to define Jesimation Schemes The realits of (Refs
21-25) are of importancein view of the practicd geometries conddered.

Further Work Nesded

A cdllation of limit load solutions is needed for effident use of defect assessment methods Ina
amila manner to Table 1 for SF solutions, alimited ligt of solutions mogt suiteble for practicd
ueisgvenin Tadle 2 for limt loads. This table indicates areas where further work is nesded
beyond extraction of results from the literature. It can be seen that an important area for further
work is provison of advice on the use of the‘glabd’ or ‘locd’ limit loads. It isaso important to
quantify the accurecy of the avallable solutions

YIELDTENSI E STRENGTH RATIO EFFECTS

The trend towards the optimisation of the useful weight of sructures has led to the use of
increesd drength maerid.  In this context high srength farritic geds (sy>450 MPa) have a
sgnificant potentia contribution which Hill remains largdy unredised.  This is predominantly
due to design code limitations, the upper dlowable limit of yidd sressultimeate dressratio (Y/T)
being paticulaly severe (Ref 26) presents a review of the current literature on the origing
causes and dructurd sgnificance of high Y/T ratios in deds  In this section, the broad
condusons of thisreview are summearised and aressfor further work areidentified.

Simmay of Effedts

The sgnificance of the yidd/ultimate tendle strength ratio on the fracture behaviour of deds hes
been invediggled by means of a litauwe review (Re 26). The
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principa aress assessad are the origins of the concern over Y/T ratio, the inter-rdaionship
between tendle parametars the sructurd Sgnificance of the Y/T ratio and its tregtment in
asesment codes Theman findings of the review are summerised in the paragrgphs b ow.,

Limits to the Y/T raio were introduced into desgn codes bassd on the behaviour of ‘firg-
generdtion’ high srength geds and the notion that a high Y/T vaue equates to poor fracture
performance. Modern sedsgive higher dongation vauesfor agiven srength levd and Y/T ratio
andtheinitia concemnisof lower rdevanceto moden deds

Modern faritic seds produced via contralled ralling or quenching and tempering genardly have
Y/T in the range 0.8 - 0.95 compared to 0.65 - 0.75 for normdissd gdeds A high Y/T rdiois
generdly assodated with a low work hardening rate (high vaue of n in egn (6) bdow); the
raionship ishowever nether lineer nor conagean.

Current design code limitsfor Y/T vary between 0.67 and 0.90. Thereis genard agreament that
vaues of up to 0.85 are satifactory in convertiond ructurd goplications and vaues up to 0.95
in goedific cases. However, theselimits have nat yet found their way into desgn codes

Of the various parameters goplicable to the pogt-yidd regime, the yidd tengle raio, drain
hardening exponent, loca dongation (LUders drain) and dran & UTS are the mod rdevant
parameersfor dructurd integrity assessments

Numerous esimates of n are avallable mod rdy on the assumption thet n can be corrdated with
yidd dress  Such corrdaions ae promsang, paticulaly when different forms are used for
different srengthening mechanians  Furthermore, the drain a UTS gopearsto give areasonable
edimaeaf n.

The presence of acrack modifies the shape of theload-deflection curve arack depth and ndictate
the extent of this Theyidd point may be suppresssd and a L iders band nat abtained. The latter
effect can however be obsarved in the CTOD grain response where a plateau of CTOD can be
achieved beyond yidd in seds showing a L Uiders plateau in the conventiond tensletes.

The dgnificance of Y/T in buildings and bridges is only rdevant for cases of earthqueke
resgance in the former and plagic desgn in both dructures. Dedgn rotation cgpecities
(maximumyyidd rotation) of connectionsaretypicaly 3 for generd pladic desgn and 7 for severe
earthqueke desgn. The rotation cgpadty tends to decrease with increeang Y/T raio dthough
geometry and thicknessdso haveamgor influence.

For tengon members gross section yidding rather than net section fracture is the preferred fallure
mode Achievable dongation in the presence of holes such asbalt halesisvery senstiveto Y/T.

For tapered membars drong sengtivity is only noted aoove Y/T of about 0.85. However,
indudtry experience suggests edswith vaues of Y/T up to 0.95 can be used without problems.

In the case of pressure vessdls burst pressure has been found exparimentdly to increase with
decreaang grain hardening exponant.

For tubuler joints, decreadng Y/T from 10 to 0.66 a condant yidd dress has been found to
enhance the ultimate joint cgpadty by only 6% Tentative guidance suggests an upper limit of
Y/T of 0.85.

Work on defect containing pipdines has demondrated thet the effect of increasing defect depth on
tolerable defect length is more ggnificant than increedng Y/T. For degp defects there s little
influence of Y/T aove0.85. For shdlow defectsthereis sgnificant influence above Y/T of 0.90.
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A number of falure assessmant dagrams (FAD) ae currantly avallable in R6 (Ref 2) which
incorporatethe Y/T effect indirectly through limits on flow sress definition. Othersare generated
usng actud dressdran data Bath the shgpe of the FAD and the pladic collgpse parameter cut-
off dgpend onthe Y/T ratio. Indudtry experience with these methods is wide but the influence of
high Y/T gedson thesuitability of the FAD parameters nesds assessing.

The Enginearing Tregtment Modd (ETM) incorporates an esimated grain hardening parameter
inits goproach. The method therefore predicts different behaviour for sedswith the same yidd
grength but varying n. Themethod isof Sgnificant interest in its ability to characterise benaviour
of gedswith varying Y/T ratiosand nvaues

Crack driving force curves based on PD6493 (Ref 1) suggest rdaivdly little influence of the
efects of Y/T in the range 05 - 0.8 but a Sgnificant influence adove thislevd. Smilar curves
bessd onthe ETM show asystemdic effect of na dl levds

Future Wark

Future work on the subject of yidditensleratio within the SNTAP project should concentrate on
thefdlowing agpects

1 Egablish rdaionships between yidd srength, Y/T, grain & UTS n, compogtion and
ded type to endble more accurate predictions of the rdevant pod yidd tendle
paarges

2 Examine the rdaionship betwean conventiondly defined n and the ETM defined n and
edablish the Ignificance of thison predictions.

3 Examinethe 9gnificance of theyidd plateau on behaviour of gedscontaining cracks.
4, Asssstheinter-rdaionship between crack depth and Sgnificance of Y/T.
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5. Determine the influence of Y/T on the shgpe and cut-off limits of FADs and asessthe
accuracy of predicted arack driving force curves through comparisons with the results
fromwide plate tests on different geds (parent plates).

6. Assssthe potentid of adranbassd FAD, methods of deriving such an FAD and how it
compareswith actud wide plate deta

7. Assssthe abilities of PD6493 levds 2 and 3 and the ETM to predict the arack driving
force curves of parent plaewide plaetess

8. Link with SNTAP Task 1 to assesstheinfluence of Y/T in welded joints and the effect
on the sgnificance of msmetch.

LEAK BEFORE BREAK AND CRACK SHAPE DEVEL OPMENT

Ove recant years, the conogpt of Lesk-Before-Bregk (LBB) has gained congderabdle world-wide
momentum in establishing sfety cases for pressurised components, particulaly in the nudear
indudry in rdlaion to primary pipework.

The vaious gages in the devdopment of aLBB argument may be explained with the ad of the
diagramhowninHg. 1. Thisdiagram has axes of crack depth, a and crack length |, normdlissd
to the pipe or vessd wadl thickness, t. Aniinitid part-through crack is represented by a point on
the diagram  The crack may grow by fatigue, tearing or any other process until it reeches some
critica depth at which the remaining ligament aheed of the crack bresksleading to athrough wal
defect. The crack then continues growing in surface length until there is suffident opening to
cause a daectable lesk or until the crack becomes ungddle A LBB argument is amed a
demondrating thet leekage of the gopropriate gas or fluid through the crack can be detected prior
to the crack attaining conditions of ingtahility a which rapid crack extenson occurs.

LBB aguments may be usd as pat of the case for the dimination of pipewhip resraints be
goplied in regions that are difficult to ingpect due to inaccessble or hazardous conditions and/or
be goplied as defence-in-depth consderaions.

Vaiousmethodsfor LBB have been devd oped in severd Eurgpean countries, many of which ae
bassd on a procedure published by the US Nudear Regulatory Commisson in NUREG 1061
(Ref 27). Procadures rdding to the NUREG 1061 goproach are rdativdy smplidiic in that they
are based on detectable leskage. Their garting point isto pogtulate a fully-penetrating defect and
show thet, should such adefect arise, the leekage would be detectable before the defect growsto a
limting length. More rigorous LBB gpproaches have dso been devdoped which involve
cdaulaing the growth of a podulated initid surface flaw up to and beyond penetration of the
beck-aurface dter which leskage rates ae evduated. The recantly revissd LBB Appendix
(Appendix 9) (Ref 28) of R6 (Ref 2) incorporates bath the NUREG 1061 and the more rigorous

type of gpproach.

General Outlineaof Procedures
The NUREG 1061 type of gpproach condgs of thefdlowing seps
1 The limiting length of a through-wal crack is evduaed for the most severe loeding

conditions (ie. the loading condition resulting in the lowest vaue of limiting crack
length).
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2. The length of throughtwall crack, corresponding to thet which leeks a the minimum

Oetectable rate under normd  operating condiitions, is evauaed. In practice, crack

opening aress and leskage rates are cdeulaed for different arack lengths until the
Oetectable leekege length is atained.

The actud NUREG 1061 procedure requires there to be factors of & leest 10 on the detecteble
leskage rate, & least 1.4 between the loads to cause indahility of the podulated flaw and nomd
operdion + Safe Shutdown Earthqueke (SSE) loads, and a leest 2 between the limiting crack
length and the leekage crack length. In contradt, no safety margins are spedified in the R6 LBB
adoption of this method.  This is conggent with the generd R6 prooedures which invoke the
princple of undertaking senditivity sudies as an dternative to the safety factor concept.

Themorerigorous L BB goproachestypicaly conag of thefallowing deps

1 A known or podulaed "intid" crack (usudly a suface aadk) is charadterissd in
acocordance with gppropriate characterisation rules

2. The dhagpe devdopmat aidng from potentid aack growth mechaniams of the
postulated crack is assessed,

3 Thedefect length a which ligament fallureis predicted to occur iscaculated.

4, The defect for which ligament falure is predicted to occur is re-characterised as a
throughrwall arack.

5. The limting length of through-wal crack is evduated for the most severe loading
conditions (ie the loading condition resulting in the lowest vdue of limting crack
length).

6. Provided the limiting length of throughrwdl crack (Sep 5) is gredter then the re-
charatterisad through-wal crack a ligament fallure (3ep 4), the arack opening areafor
the re-characterisad arack is calculated.

7. Leskageraeiscdculaed for the arack opening areaevauated in 4ep 6.
8. Thetimeto detect thelesk fromthe crack isestimated.

9. The time to grow the re-characterised throughtwall crack at ligament falure (Sep 4) to
thelimting crack length (2ep 5) isevauated.

o g M
 Lernt

Thelimting length of athrough-wall crack may be caculated using defect assessment procedures
auch as (Refs 1, 2). It isimportant thet the minimum limiting length is calculated for the mogt
Severeloading condition which could be afreguent, infrequent or sasmicloading case Toensure
a consvative assessmert, lower bound materid properties rdevant to the arack location (eg.
weld, parent or heat afected zone materid) would usudly be spedified. All rdevant primary and
ssoondary sresses nead to be taken into accournt.

Crack Opening Area

Edimation methods for crack opening area can be dassfied into three catlegories linear dadtic
modds dadic moddsincorporating asmd| scae plagtiaity correction; and dadtic-plagtic modds
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Sevad dadic solutions are available in the literature for crack opening aress in pipes cylinders
and phares However, the solutions are genardly basad on thinkshell theory and the cdculated
crack opening is assumed to be a the midthickness pogtion of the wal. These solutions
therefore do not take account of crack taper ariang from geometry effects and from throughrwall
bending loads

(Rd 12) indudes aack opening digdlecement (2d) solutions for a range of axid and
drcumferentid throughrwal cracksin cylinders. As explaned in (Ref 12), arack opening area
can be cdculaed from these vaues by assuming an dliptica shepe (ie pad where ais arack
sami-length). Alternativey, to dway's ensure consarvatiam, crack opening area can be evduated
as2.5a.

Thesolutionsof (Ref 12) areinduded in atablein the revisad Appendix 9 of R6, reproduced here
as Tade 3 which gives recommended arack opening area solutions for the three categories
referred to dbove. The more accurate dagticpladic modd of (Ref 33) is recommended for best
edimate LBB cdculaions where dress levds are high enough to induce sgnificant pladticity (ie
L. gregter than about 04). However, this method is detailed and reguires a desription of the
méterid dressdrain curve

Somejudtification for the solutions recommended in Table 3isgivenin (Ref 34).
Lesk Rete

The cdculaion of the fluid flow or leek rate through a arack isin generd a complex problem
involving the crack geometry, the flow path length, friction effects and the thermodynamics of the
flow through the crack.

Severd computer codes have been written to predict leskage rates through cracks for avaiety of
fluds. For angle-phase flow, DAFTCAT (Ref 35) cdaulaes flow rates through rectangular
section cracksand indudes the effects of friction. For two-phase

flow of geamwater mixtures, PICEP (Ref 36) and SQUIRT (Ref 37) can be used to cdaulate
leek rates through a variety of aracks. All of these programmes have been vdidated to some
extent agand avaidy of experimentd data and ressonable agreament with experiment obtained.
Whilg flow rate messurements have been made on redl aracks the extent of vdidation for such
cracksisrdativdy smdl and the agreament with theory lessgood.

Thelikdy accuracy of the lesk rate predictions for bath Sngle and two-phese flows dependson a
vaiety of factorsand must be judged by examining the avalladle vdidation data

Fomulationsfor friction factor f, show it to increase continuoudy as roughnessinareases or arack
width (opening) reduces  However, flow rae expaiments show thet f does not increese
continuoudy, but reeches an effective maximum.  The efective maximum friction factor, fra, IS
Oependent upon surface geomery. In (Ref 38) atheory is advanced to judiify the exigence of a
maximum friction factor and this is assessed agang experiments usng rddivey lage scde
conforming surfaces (ie. one urface is manufactured and the opposing oneisareplica). For the
urface of mogt rdevance to dructurd defects, random roughness, frac Was goproximatdy 0.2,
For avery regular and Stepped surface firac Was unity. Thisrange of va ues has been confirmed by
experimenta data on flow through red cracks the reaults of which are discussad cdllectively in
(Ref 39). The above discusson on f vdues rdaes to fully deveoped turbulent flow. Higher
vaues can ocour inlaminar flow, but are of littleinterest in LBB.
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Lesk Detection

Reference 40 gives some informetion and guidance on lesk detection sysems There ae two
broad categaries; globa and locd. Examplesin the globd category are sump pumips, pumps for
wae sysgems, humidity detection for seam leeks ges levds in ar for gassous sydems ad
radiation monitorsfor nudear sysems All globd sysems detect dll lesks and hence any leskage
indications on the monitoring equipment need to be investigated and the source established. The

responsetimefor such sytemsisrdativey long and depends on plant segregation.

Locd lesk detection systems monitor spedific plant features (eg. awed) or awdl defined area
(eg. length of pipe). Some detectars ae medium or plat edfic. For example moidure
sengtive tgpe only works in water or deem sysems where condensation can take place on the
outer urface

Leskage through aracks generates apoudtic emisson that is trangmitted through the dructure, and,
in some draumdances, through the ar.  Wave guide and microphone sysems have bean
deveoped which offer flexible and sangtive lesk detection capabiilitiesfor awide range of fluids

Crack Shape Deved opment

All the agpects covered under sections 4.2.1 to 4.2.4 are rdevant to the smplified NUREG 1061
goproach in that agraight fronted crack is assumed with no account being taken of prior growth.
In redity, after breskthrough, the crack shgpe for red growing cracks can be quite complex with
the outer crack length often much samdler then the crack length a the ingde of the pipe. This
afects both the resullting lesk rate as wel as the crack growth rate & the lesking arack. A good
underganding of crack shegpe devdlopment is important for undertaking the more ddtalled LBB
methodology outlined in Section 4.1. Therefore, amore detalled review of thisagpect isgivenin
Appendix 1.

It may be noted that Brickgtad (Appendix 1) infersthet loca codling of the outer wall surface can
occur due to flow discharge. This phenomenon has dso been reported by Eperin @ d (Ref 41)
from andyticd work on goplying LBB to the Leningrad Nudear Power Fat. However, such
cdculated cooling may be a consegquence of ineccurate thermodynamic assumptions Snce thereis
experimenta evidence (Ref 42) to suggest that no sgnificant codling actudly occurs within the
meterid.

The review given in Appendix 1 covers the growth of a surface crack, wall pendration and
growth of alesking crack to find falure, dl with reference to both reported experimentd and
andyticd dudies

Guidance on crack shape devdopment, particularly at and following wall penetration isdso given
inthe new Appendix 9 of R6. The guidanceis bassd on experimentd evidence, reviewed in (Ref
43), which shows tha for cases where dress didributions are predominantly tensle, cracks tend
towards arectangular digpe. The R6 recommended re-characterisation rules for such loading and
wherefalure occursin aductile manner are summarissd in Hg. 2. In order to be consarvative for
caxs whae the dress didgributions are predominady throughwdl bending, the R6
recommended re-charatterisstion rulesare as unmarised in Hg. 3.

Unresdlved |ssuesand Scopefor Further Wark

In Appendix 1, Brickdad highlights some unresolved issues as being (i) the accurate
characterisation of the breakthrough crack, (ii) the problem of baing adle to accuratdy predict
aack shgpe devdopment from JR data obtained from smal speamens, and, (jii) problemsin
accuratdy evauding crack opening aress in wadments due to both srength mismeatch and
resdud dresseffects
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Appendix 1 outlines proposad wark under the SINTAP programme to undeartake a series of
detailed norHinear finite dement anaysesto assess arack characterisation at breskthrough.

Other uncertainties where there is sope for further work indude; () the effect of restraint and
nonsymetricd loading on crack opening area (eg. a arack around anozze), (b) crack opening
area 0lutions for pipe bends and T-junctions, (¢) vdidation of limit load solutions for through-
thickness cracks, d further
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expeimenta vdidation of flow rate modds goplied to redidic cracks and (€) the effect of
multiple defects and assodated proximity effects which are rdevant to defects assodated with
dress corrogon cracking, for example

CONSTRAINT

Bath numerica andlyss and laboratory messurements have been usad to demondrate thet the
toughness of a materid under dadtic-pladic conditions depends on geometry, loading, Soedmen
thickness and normdlisad crack depth, alw, where w is specimen width.  Such a dependence is
usudly refared to as an efect of ‘condrant’. It is found that tests on degply cracked bend
gpecimens (high condraint geometries) under plane srain condiitions provide the lowest vaue of
toughness and the use of such toughness as K in equiation (1) leadsto consarvive assessmants.
However, there has been sgnificant worldwide activity in recent years to reduce consarvaisms
by taking credit for the increased toughnessin lower condraint conditions

In this section, the recent devdopments in quantifying condraint effects are reviewed.  Frg,
parameters for indexing condraint leves in sructures and thar avalability are discussed in
Sation 5.1, Then, experimentd datailludrating the influence of condraint on materid toughness
are desribed in Section 5.2 Section 5.3 reviews ‘locd’ gpproach methodologies which are
cgpable of predicting the observed increase in toughness with reducing condraint. While such
methodologies are cgpable of baing gpplied to dructurd geometries, the numericd effort required
is large and, therefore, Impler methods basad on the parameters discussed in Section 5.1 have
been devdoped. These are reviewed in Section 54.  Vdidation for these methoddogies is
destribed in Section 5.5 and aressfor further work are outlined in Section 5.6.

: | Their Avsilabil

The dadic T-dress in equation (3) has been usad as ameans of quantifying arack tip condraint
(Ref 44). AsT can be evduaed by dadic andyssit is rdativdy sraghtforward to determine
and solutions are avaldble in the literature for a number of cases A compendium of these
solutions has been compiled by Sherry et d (Ref 45) for both two and three dimendond aracked
geometries The solutionsin the compendium arefor the fallowing geometries

- Centre-cracked plate tendon gpecimen (CCT)

- Centre-cracked plate tendgon gpecimen biaxidly loeded (CCBT)
- Double-edge cracked plate tendon gpecimen (DECT)

- Sngle-edge cracked plate tenson specimen (SECT)

- Single-edge cracked pure bending specimen (SENB)

- Sngle-edge aracked three-point bending goecimen (3PB)

- Compact-tengon spedmen (CT)

- Double-cantilever beam pecimen (DCB)

- Axisymmetricaly-cracked tensle soedimen (ACT)

- Circumferentidly-cracked cylinder under atensle stress (CCCT)
- Sami-dlipticdly cracked plate under uniformtengon (SECPT)

- Sami-dlipticdly cracked plate under uniform bending (SECPB)

For use in the procedures described in Section 54, it is convenient to normaise the T-gress in
terms of the limit load parameer L of equation (2). This produces the dadic condrant
parare.

b,=T/L:s,) ©)
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For the cases liged above, with the exception of the DCB geometry, Sandarson @ d (Ref 46)

have compiled acompendium of br solutions An example for the SECPB geometry isgiven in
Hgure4.

Although the T-gress is basad purdy on dadic andyss it has been usad to charadterise
condraint beyond the dadic and amdl-scde yidding regimes. To extend condraint descriptions
into the widespread pladic regime, andyses of arack tip fidds for dagic-pladic meterids have
been performed. For materidsin which plagtic strain, €, isrdated to stress s, by apower lav

T"=aT (s/sy" (6)

wheea’, naecondantsand g = S/E, the dressfidd near therack tipasr ® 0 may bewritten
Lln+l

Sij_% J 9 ~ p
—=Cc———= s55;(q,n)+Qdj, <= 7)
Sy ga%ye”nrg l(q ) Q ] |q| 2 (

Here |, and s are functions of n as determined by the asymptatic andyses of Hutchinson, Rice
and Rosengren.

Unlike egn (3) for dadtic regponse, egn (7) is nat a drict asymptatic andyss of the higher-order
terms for the non linear problem  Indteed, the hydrodidic term, Q, is an gpproximation to the
collective behaviour of anumber of higher-order terms in the forward sedtor, 1 Qi < p/2, aheed
of thecrack (Ref 47).

An dternative convention used to define Q is as the difference between the near-tip dress fidd
and that under amdl-scdeyidding & the samevdue of Jwith T=0; ie

silsy=sPIls,+Qd; 8

In prectice, @ least in two-dimensgond problems the Q dress of egns (7, 8) varies dightly with
digance from the arack tip and haes been evduaed & r/(Jsy) = 2 Thus Q is evduaed a
different physca digancesfromthe crack tip astheload, as messured by J, increeses

It is worth nating thet the yidd dress, sy, in egn (6) is Somewha abitrary as the same dress:
pladtic drain rdaionship can be ootained for different vaues of sy by adjugting

the condant a’. As Q is evauated at a digance dependent on sy, it is, therefore, necessary to
adopt aconggent ddfinition such asthe 0.2% proof dress

Theload dependence of the Q-dressis more complex then the linear rdaionship for the dadtic T-
dress which endbles a loadkindegpendent parameter to be defined by egn (5). Howeve, it
trangpires that an goproximatdy load-independent parameter, a leedt for loads which are amdl
compared to the collgpseload, may be datained as

bo=QIL, ©

Reference 46 contans bo solutions, for Q defined by egn (8), plotted againgt L for the CCT,
DECT, 3PB ad CT geomdries FHgure 5 gives an example of the b solutions for the 3PB
geometry for arange of work hardening coeffidents n, and aw vaues. All currently avaladle Q-
gress solutions were taken on board in compiling the bo solutions given in (Ref 46). It may be
seen from Hg. 5 thet bq is only weekly dependent on loed (or L) and on the vaue of n but thet
condraint reduces with reduding rldive crack depth, alw.

Parameters ather than T and Q have d <o been proposed as meesures of condraint. For example,
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the ratio of hydrogatic to equivaent sress ahead of the arack tip or higher order terms in the

expandon of the crack tip Sressfidd (Ref 48) have been proposed. From dip-inefidd solutions,

thelevd of condraint a the crack tip a plagtic collgpse (L = 1) can be deduced and this has bean

usad to deduce condraint leves for defectsin mismeatched weds (Ref 49). Such goproaches are

lesswdl developed then the T and Q dress methods and informetion for their use is not widdy
avalable Therefore, they are not discussed further here

i [ . i I
Cleavage Hadture

Sevad sts of exparimenta data have been presented for the trangtion region which illudrate
that soedmenswith negative T-dress or Q-dress are tougher then desgply cracked pecimeanswith
podtive T-dressor Q-dressvaues

Betegon and Hancodk (Ref 50) presented exparimentd resultsas Jversus T/sy. Bend geometries
with aw < 0.3 give negdlive T vaues  For the desply cracked geometries (alw > 0.3), the
toughness was found to be indgpendant of geomelry, as these geometries are known to have
podtiveT.

Toughnesstestson alow-grade mild ged a -50°C have been reported (Refs 51-53). Three point
bend specimens with aw between 0.05 and 0.78 were tested dong with centre cracked plate
tendon gpecmens with alw ratios between 0.63 and 0.77. Fgure 6 hows the ariticd vdue of J
vaus T/sy @ deavage A comparison betwean the two types of specimen shows that the low
condraint CCT spedimen gives dightly higher vaues of J: then the 3PB gpedmen, & the same T-
dressvdues Hg 7 shows the same data reendysed in tarms of the Q-dress and indicates thet
dightly better corrdaion of CCT and 3PB spedmens can be achieved. However, the dominant
effett is the increase in toughness with reducing condraint rather then the choice of condraint
parareer.

Reference 53 A0 presanted data from test specimensin a high strength weld metd with ayidd
dressof 700 MPaa atest temparauresof -30°C. Thecriticd vdueaof J
was plotted as a function of both the T-dress and Q-dress paanges  Condrarnt
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enhanced toughness was found to be even more sgnificant for this type of materid then for the
mildged. TheJT and JQ andyses destribed the dataequely well.

Kirk et d (Ref 54) have presented deavage toughness data for an A515 ged & roomtemperaure,
usng edge cracked bend bars with different alw ratios and various thicknesses. They presented
the resuits in taems of both JT and JQ. Smilar trends were shown between the two types of
andyssin terms of increasad toughness with more negative crack-tip condraint parameter vaue
However, there gopeared to be some inconastendies between the actud vadues of T-dressand Q-
dressin so much that whilgt the reported T/sy vaues ranged from goproximetdy -1.7 to +2, the Q
vauesranged from only goproximatdy -1.3 to zero.

Sapleset d (Ref 55) reported on an expaimenta programme on 70mm thick A533B-1 9ed
plate specimens containing a urface crack and loaded in @ther uniaxia four-point or biaxid
eight-point bending. Testswere caried out & temperatures of -75°C and -90°C for arack depths
of 10% and 20% of the plate thickness Fracture toughness va ues obtained from the tests showed
redivdy little scatter and dl the vdues were shown to lie above the SENB sdlow arack (alw)
lower bound trangtion curve. No detrimental effect of biaxid 1oad was shown in tems of ether
toughness or crack mouth apening displacement, in contragt to other experimenta work (Refs 56,
57). However, further finite dement andyses are reguired before the exparimentd results of (Ref
55) can befully verified. Results of T-dress andyses of the uniaxid and biaxid bend gpecimans
aeinduded in (Ref 55). The T-dresses are genardly negdive with little variation near to the
degpest paint of the crack but with agrong vaiaion doseto thefree surface. Sncefalureinthe
expeariments emanated from the degpest paint of the crack, these T-dress results are conggent
with the exparimentaly messured increese in toughness  However, (Ref 55) dso presants the
vaiaion dong the crack front of the sum of normdisad T and S dresses where Sis a condant
dresstermwhich acts pardld to the front of athree-dimensond crack. The (T+S) resultsfor the
eght-paint bending cases are dl postive and the results for the four-point bending cases ae dl
negaive These (T+S) dress reaults are therefore incongstent with the reported experimenta
results of (Ref 55) but generdly support the results of (Refs 56, 57) that the fracture toughnessfor
biaxid loading islower then thet for uniaxia bending.

Dudile Fracture

Hancock e d (Ref 58) tested samples of an American pressure vesd ged denoted A710inthe
upper hdf regime Crack extenson occurred by dable tearing enadling both J and Crack
Opening Diglacement to be messured as a function of crack extenson Da. FHgure 8 presants J

for crack extensons Da = 0, 0.2mmand 0.4nm FHgure 9 shows the corresponding crack opening
displacement, d, vaues

Theresults show amarked effect of condraint on toughness after amdl amounts of arack growth.
J vaues for cantre aracked plaes are goproximady 4 times gregter then those of highly
condrained desgply cracked bend bars and CT gpecmens at aarack extenson of 0.2mim. For the

higher crack extensons (Da = 04mm), the
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condrant effect is even more ggnificant as Jfor the centre aracked plate soedmensis more then
5 times the vdue for the degply cracked bend bars Geometries with positive T-sresses (desgply

cracked bend bars and CT spedmens) show little or no geometry dependence on toughness
Conversdy, geometrieswhich have negative vaues of T show geomelry dependent toughness

Sary e d (Ref 59) investigated the upper shdlf fracture toughness of an AS33B-1 ged plae J
resgance curves were obtaned for amdl-scde (w = 50mm, B = 25mm) three-point bend
soecdmenswith aw vaues of 0.3, 0.5 and 0.7 and for amdl-scde (w = 50mm, B = 25mm) cantre-
cracked plate tendon goedmens with aw vaues of 05 and 0.7. J was plotted agang the
normalised T-gress (Hg 10). Thisshowsadmilar trend to the data of (Ref 58) in Hg 8. Curve
fitsto thedatain Fg 10 were produced in terms of the parameter b of egn (5), sseFg 11

Simmay of Obsaved Behaviour
Thetypicd resuits described aboveilludrate generd trendswhich may be ummerised asfollows
@ Thefracture toughness a deavage fracture tends to increase with reducing condraint.

(b Thefracture toughness at ductile crack initigtion is rlaively insengtive to condraint but
the toughness after some amdl ductile crack extenson tends to increase with redudng
condraint.

(© In view of (8) ad (b), for feritic Seds there tends to be a reduction in the brittle to
ductile trangtion temperature with reducing condrant.

d Dataon theinfluence of biaxid loading do not show condsent effects dthough this may
amply be thet different oedmen types have differat condrant levds under such
loadings

L ocal Approach Methadalogies

Locd goproach modds have been the subject of much research in recant years and have been
used to andlyse fracture events in Seds for arange of geometries and loadings (Refs 60-64). In
essnce, maro-mechanical modds of the fallure processes are used to rdae the Sresses, drains
and 'damege local to acrack tip or sress concentrating feeture to the aritica conditions required
for fracture. The modds are cdibrated through materid spedific parameters which are derived
from andyses of laboratory tests on notched or aacked components and quantitetive
metdlography. Once the materid parameters have been derived, dructurd assessmants can be

paformed. Therefore, the effects of condrant are handled automaticaly and the modds are
cgpableof predicting the generd trends summerised in Section 5.2.3.
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There are anumber of micro-mechanical modds of fracture addressing both deavage and ductile
fracture. Some of these are brigfly destribed here but fuller details can be obtained from the
referencesated.

The Baemin deavage modd (Ref 65) predicts the cumulaive probehility of deavege
falurethrough aweskes-link interpretation of the deavege fracture process

The Beremin modd of ductile fracture (Ref 66) is basad on the evdugtion of dressand
grain ahead of acrack tip contralling the initiation, growth and codescence of voids (i.e
damage). The devdopment of this damege contrals the initidtion and propegation of
cracking.

The RousHier modd of ductile fracture (Ref 67) dso modds arack extenson through
the initiation, growth and codescence of voids  However, wheress the Beremin modd
usss an edimate of void growth rate due to Rice and Tracey (Ref 68), in the Roussier
modd the conditutive equations of the materid ae modified to represat the
Oeterioration of the materid proparties as voids devdop. The ability of the materid to
upport dressisgradudly logt in the highly damaged regions and the crack tip essntidly
advances automaticaly without the neaed for a separate fallure criterion, such as criticd
void radius

The Gurson modd of ductile fracture (Ref 69), d0 uses a conditutive eguaion
incorporating void growth.  Refinements to this modd have dso been mede to indude
void nudeetion effects (Ref 70). The modd has dso been embodied in destriptions of a
decohesion layer within which crack advance occurs when the cohesive srength of the
layer isreeched (Ref 71).

The sgparate ductile and deavage modds destribed above have dso been combined to predict
deavage fracture in the brittle to ductile trangtion region of a faritic Sress where deavage can
occur after some dudtile teering (Refs 70, 72). These goplications are very recent and il in the

devd opment dage.

As noted above, locd gpoproach methods have the ability to describe the effects of condrant on
maeid reponse. This aaility to predict the broad trends seen in Fgures 6-11 may be usad to
reduce testing requirements by interpolating between data obtained a only a few levds of
condrant. In addition, the modds may be usad diredtly to predict Sructurd response. However,
the methods are complex for generd dructurd gpplications and require highly refined meshes
near the crack tip. Hence, modificationsto amplified defect assessment proceduresto incorporate
condraint have been devdoped. Theseare destribed next.
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541 Two parameter goproaches

If fracture is described by asngle parameter such as Jor COD, then condraint can not be treated
unless a component spedific aiticd vaue of these parametars is avalldde More genardly a
lower bound critica vaue is obtained from degply cracked bend specimens and consavative
asemants aie The condrant paramelers T and Q, destribed in Section 5.1 dlow some
reduction of consarvatiam by invoking two parameter fracture mechanics  In these goproaches
fracture is assumed to be contralled by two parameters such as (J, T). A locus of (J, T) with
increesing load may be produced for a gpedific component and defect sze usng gandard J
edimation procedures such as (Ref 8) and solutions for T (or Q) from the informetion dted in
Stion 51 Examples for gpeamen geomeries have dreedy been given in Hg 10. The
intersection of the (J, T) locus with the corresponding materid toughness curve (for example
Fig.11) then definestheload & fracture

542 Falure Assessment Diagram Methads

Although they dso indude pladtic collgpse criteria, the falure assessment diagram methods
embodied in R6 and PD 6493 (Ref 1, 2) are essantidly sngle parameter procedures in thet
fractureis assumed to be governed by asingle vaue of toughness or arack opening displacement.
The paramges K and L of egns (1, 2) are evduated and the point (L, K) plotted on afalure
asessmant disgram I this point lieswithin afalure assessment curve, K = f(L), then failureis
avoided (sseFHg.12).

Thefallure assessment diagram methods may be modified to alow for condraint by replacing K
in egn (1) by acondraint dependent toughness, K’ sy, which isafunction of T or Q (Ref 73).
With this gpproach, the shepes of the failure assessment curves in (Refs 1, 2) are unchanged but
K: isanonlinear function of load through the dependence of K're on load (sincebath T and Q are
load dependent). Alternaively (Ref 74), the failure assessment curveis modified to

Ke = (L) (Kra/Kirr) (10)

and the ddfinition of K: in egn (1) is retained. A convenient fit to data which has been used in
Fgllis

Kret = Kina bL>0 (]_1.)
Kcrmt =K [1 +U (- er)m) bL<0

where L, mare materia and temperature dependent condantsand b canbe br or be, Setion 5.1,
Oepending on the condraint parameter usad. With thisfit, egn (10) becomes

K =f(L) [1+ 1 (-bL)"] (12

Some modified failure assessment curves using the R6 option 1 curve for (L) are shown in
Fg12. Wheressthe option 1 curve isindependent of geometry and materid, the modified curves
depend on geomery (through b), on materid toughness propearties (through 1, m) and dso on
maerid tendle propatiesif b isddfined intermsof Q.

Bath the procedure using a modified definition of K. and the procedure using a modified falure
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asse3ment curve have recently been induded in a new Appendix 14 to R6 (Ref 2). The

methodalogy is limited to mode | loading, to primary loads and to loss of condraint under plane

dgran conditions Further work is therefore, reguired to extend the goproach. There is
experimenta vadidation for the maodified R6 methods and thisisdiscusssd in Section 55.

TheJs, Approach

An dternative goproach for addressing condraint has been devdoped by Dodds & d (Ref 75).
Thisinvolves cdculating the vaue of Jin the component which gives the same arack tip dressed
volume aswould be achieved in agoedmen under amdl-scdeyidding a avdue Js. Clearly, the
'dressed volume nesds definition and for deavage fracture has been chosan as the valume over
which the maximum princdipd sressexcesdsapaticular vdue The rdaionship between Js ad
Jis shown schematicdly in Hg 13, High condraint conditions correspond to J = Js.  Low
condraint corregponds to J > Jy.  In essence, Iy IS equated to the J equivdent of the (high
condraint) fracture toughness K and under low congraint the value of applied Jmugt excesd Js/
in order for the criticd fracture condition to be achieved a the crack tip.

A difficulty with the gpproach is that component andyses mudt be paformed to generae curves
of the type shown in Hg. 13. Such curves are spedific to the component, dressdrain curve,
defect 9ze, loading type and fracture criterion adopted. However, the curves have been found to
be only weekly dependent on the megnitude of the maximum prindipa dress ariterion (Ref 75) 0
that someamplification ispossble

lidation of Methodaloc

Experimentd vdidation for the modfied R6 methods outlined in Section 54.2 has been
addressed in (Ref 73) for centre-cracked and three-paint-bend specmens for arange of materids
deavage fracture of a grade 43A normdisad plan cabon 4ed a -50°C; deavage in a high
grength wed metd a -30°C; deavege fracture of a quenched plan carbon ged & room
temperature deavage fracture of anormdissd CMn ged a temperatures bdow -140°C; ductile
crack initiation in an A710 pressure vesH ded a room temperaure. The results demondrate
thet paints (L., K:) lie dose to, but outsde, the R6 option 1 failure assessment line when K is
defined in tems of K.  In contradt, andyses using the badc R6 procedures lead to
over-consavaive resultswith pointswel outsde thefallure assessmeant line

Expaimentd vdidaion on amdl- and lagescde teds is dso sunmerisd in the new R6
Appendix 14. The deavage fracture results on a grade 43A normeised plain carbon ged & -
50°C, have been compared with the modified R6 method using the loca gpproach to ootain a
lower bound to the condraint modified fracture toughness, K. The resLilts agein demongtrate
consavatism in the goproach which is less then thet using the basc R6 procedures. Cleavage
fracture in two low condraint biaxid bend experiments on A533B ded plates in the lower
trangtion region has aso been addressed.  The condraint modified R6 gpproach reduced the
consavatism of the conventiond falure assessment curves leading to a 30-40% bendfit in terms
of load margin for the lower condraint geometry, while maintaining conservaisn  When the
gpproach was goplied to ductile fracture of a large scde Sngle edge notched A533B plae a
20°C, the load margin was unchanged & about 1.1 because the Sructurd condraint was not
paticulaly low.

Eurther Wark
The avalahility of solutions for condraint parameters as discussed in Section 5.1, is essantid if

amplified procedures are to be usad in practice While solutions are known for a number of
ample geometries the range of solutions avallable is much less than for the sressintensity factor
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and limit loads solutions discussed in Section 2. Therefore, further work is required to generae

accurate solutions, paticulady for Q. Spedificdly, solutions are nesded for surface cracks in
platesunder uniaxid and biaxid loading and in pressure vessd's under pressure and bending.

The influence of condraint on materid toughness has been discussed in Section 5.2 and the
obsavaions summarisad in Section 5.2.3. There is a nead to confirm these obsarvations by
andlydng dataon awider range of materids, addressaing both Jand COD gpproaches. Somework
of this nature has recently been reported for an AS33B ded (Ref 76). Lagecde fracture
behaviour was found to be sengtive to biaxidity retio in the lower trangtion regime. A sries of
amdl-scde sdlow-crack tegts is proposad to enable interpretation of these large scde tests ad
henceto provide additiond validation of the methodol ogies described abovein Section 54.

It has been noted in Section 54 thet the condraint methodologies have been devdoped for
primary loading. For practicd goplications it is necessary for methodology to address combined
primary and sscondary loadings. For such loadings, not only must the methodology be devdoped
but methods for esimating the condraint parameters, T and Q, must dso be provided.

For the loca gpproach discussad in Section 5.3, it was noted thet andyss of deavage fallowing
ductiletearing had only recently been paformed. Thisisatopic for which further development is
required. More generdly, thelocd gpproach methods nesd to become wl defined procedures o
that they can be usd for citicd assessments or for predicting the dependence of fracture
toughness on condraint.
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PRIOR OVERIL. OAD

Proof loading and Warm Pre-dressing (WPS) are two areas where prior overload condiitions are
Odiberaidy imposad. Their effects on sructurd integrity are quite complex and have been the
ubjett of extensve and continued ressarch. This has demondrated thet a Sngle overload (or
proof loed, or wam pre-dressing event) can offer Sgnificant benefits in the enhancement of the
integrity of agructure (Refs 77, 78). The man bendfitsthat have been reported are

- ares or retardation of fatigue crack growth;
- redigribution or rdlief of welding resdud sresses and
- an improvement in the subssquent low temperature defeect tolerance of the structure.

In order to meke use of these benefits modds have been deve oped which predict the changesin
the behaviour of the drudure These modds have been vdidatied and built into assessment
procedures such as PD6493 and R6 (Refs 1, 2). For example, PD6493 incorporates the reduction
inresdud dressestha can be produced by proof testing. More recently, R6 hasinduded modds
which predict the warm pre-dress effect (Refs 79, 80).

In this section, the warm pre-dress gpproach in R6 is fird briefly summerised in Section 6.1.
Then, limitations to gpplication of the goproach are summerisad in Section 6.2 and future work
identified.

Warm Predresing Methoddogy
In this ssction, the wam-prestressng methodology recently embodied in R6 is described.

Application of the methodology is, however, only acogptable if certain conditions are stidfied.
Theeaelided in Section 6.2 and usad to identify areasfor further work.

A wam presress (WPS) is an initid preload goplied to a faritic dructure containing a pre-
exiging flav which is caried out a atemperature above the ductile-brittle trangtion temperature,
and & ahigher temperature or in aless-embrittied date than thet corresponding to the subsequent
s|vice asessmat. A WPS aigument devatesthe sressintensty factor a fracture, Ky, dbovethe
corregponding fracture toughness, K, in the absence of the WPS, S0 that the fracture toughness
usdinegn (1) isteken asK:.

There are three types of cyde which are usad in the laboratory to demondrate the WPS dfect
(Houre 14). Thetemperauresat which the pre-load and re-load to fallure oocur are denaoted by T
and T2, repectively, in each cas2 Smilaly, the dress intengty factors due to the pre-load and
fallowing the unload are denoted K, Kz, respectivey.
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@ Load-Unload-Cod-Fracture (LUCF), where the dructure is pre-loaded at temperature Ta
to dressintengty factor Ky, unloaded to dressintengty factor K2, cooled to temperature
T, and re-loaded to fracture.

(b Loed-Cod-Unload-FHatture (LCUF), where codling to T takes place prior to unloading
and reoading to fracture

(© Loed-Codl-Fracture (LCF). Thisis amilar to the LCUF cyde except that no unloading
occurs prior to theimpaosition of extraload to fracture

The greatest bendfit in terms of maximisng K is given by the LCF cyde, the leedt by the LUCF
cydewith full unloading. For thelater cyde thevdueof Kris

Ki =Ko+ 02 (K - K2) + 087 K (13)

provided Kr - K2 £ Kz - K. Othawisg, it is consarvative to assume Kr = Ko, Methods for
reduding this conservatiam and for treating other cydes may befoundin (Refs 77-80).

imitations of Methodsand Eurtt |

For a WPS agument to be made according to the methods of Section 6.1, the fallowing
conditions must be met:

() thefailure mechaniam at the sarvice condiition must be by deavage

(i) The flow propaties of the meaterid should incresse between the WPS and the savice
falure condition; this may be due to a decrease in temperature or due to in-sarvice
hardening.

(i)  There should be no ggnificant sub-critical crack growth between the WPS and the
savice falure condition. The amount of any such arack growth should be much less
than the extent of the residud pladtic zone following unlceding.

(iv)  Thedressintensty factor K dueto the WPS loading exceeds the fracture toughness Kina
a thereload condition.

) Smdl-scde yidding conditions hald, thet is the pladtic zone Sze & the pre-load is much
lessthan the Sze of the uncracked ligament and any rdevant sructurd dimensons

(vi)  The predoad and redoad should be in the same direction; thet is both tendle or
compressive & the crack tip. A compressive pre-load falowed by atensle reload may
reduce the gpparent fracture toughness.

Further work is dearly required to reduce some of theselimitations. Within SNTAP, item (jii) is
baing addressad by examining the effect of crack extenson by

fatigue crack growth on the WIPS behaviour of AS33B ged. Thiswork isaso examining thein
savice hardening requirements, item (i), by usng acoderated embxittiement techniques and
comparing tests with a proof load and subsequent embrittlement with tests with embrittlement
done The oveadl amisto increase the levd of confidence associated with the use of WPS
modds when repest or multiple proof tests are invalved (Refs 81, 82) and to dlow reduction of
limitation (iii) where sub-critical crack growth oocurs (Ref 83).

CONCLUDING REMARKS
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This review has addressad various agpects of defect assessment which are within the scope of

SINTAP Tak 2, falure of cracked components  For eech topic, the avallable information hes

been briefly destribed and aress for further work have been identified.  These arees for further

wark are summerised in Sections 2.1.4, 225, 32, 4.3, 56 ad 6.2, Callectivey, these ssctions

outline the future work programme which is to be performed within Task 2. In addition,

commendng in September 1997, the information ariging from this work programme will be usd
to devd op and veify defect assessment procedures

Ovedl, it isconduded fromthisreview that thework planned within Task 2iswdl digned tofill
gapsin exiging knonledge and to resdlve remaning issues. Thereview will assg inrefining the
Oetalls of the work peckages If the future work is sucoessul, it will leed to vaugdle
deve opments of fracture mechanics methodology and assgt in the production of acomprehensve
defect assessment procedure within SNTAP.
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TABLE 1-BASC STRESSINTENSTY FACTOR SOLUTIONS
NEEDED FOR ASSESSMIENT PROCEDURE
Component Geometry Defect Geometry Loading Type Work Nesded
Ha plate, free edges urface Polynoma crack literature Urvey
fece dress
embedded Palynomid crack literature survey plus
facedress devdopment
through-thickness Polynoma crack devdopment
fece dress
Ha plate, restrained edges surface Palynomid crack literature survey
facedress
embedded Polynomd crack literature Survey plus
fece dress Oevelopment
through-thickness Palynomid crack development
facedress
Oylinder axid surface Polynomd crack literature Survey plusextenson
facedress to cover rangeof
radiusthicknessraiosand
defect agpect rdios
axid throughtthickness | Polynomid crack devedopment to dlow trestment
face dress of dressgradients
dreumferentid suface | Polynomid crack literature Survey plusextenson
face pressure to cover range of
radiusthicknessraiosand
defect agpect rdios
Externd moment literature urvey
drcumferentid Polynoma crack deveopment to dlow trestment
through-thickness face pressure of dressgradients
Externd moment development
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TABLE 2-BASCLIMIT LOAD SOLUTIONSNEEDED FOR ASSESSVIENT PROCEDURE

Component Geometry Defect Geometry Loading Type Work Nesded
Ha plate, free edges urface Externd forceand literature Survey plusadvice on
momant useof ‘locd’ and ‘glood’
olutions
embedded Extend forceand -"-
moment
through-thickness externd forceand literature Urvey
moment
Ha plate, restrained edges surface externd forceand literature Urvey plusadvice on
momat useof ‘locd’ and ‘ globd’
olutions
embedded externd forceand -
moment
throughtthickness externd forceand literature urvey
moment
Oylinder axid surface internd pressure literature Urvey
axid throughtthickness | internd pressure literature survey
drcumferentid surface | internd pressure, extend | literature Survey plusadvice on
force and momat useof ‘locd’ and ‘glood’
lutions
drcumferentia interndl pressure, externd | literature survey
through-thickness forceand moment




EPD/GEN/REP/0088/9%

SNTAP/NE/OO7
Internal UseOnly
Page 36 of 41
TABLE 3- CRACK OPENING AREA SOLUTIONSRECOMMENDED IN
NEW APPENDIX 9FOR R6
Geometry Loading Elagicor Small Scale Yidding Elagic-Plagtic
Elagic Modd Plagicity Modd
Paes Membrane Wesagaard (Ref 29) Dugdde (Ref 31) -
TWB Miller (Ref 30) - -
Foheres Pressure Wuthrich (Ref 31) Dugdde (Ref 31) -
Rt 10,1 £5
TWB Miller (Ref 29) - -
Oflinderswith Axid | Pressure Fanceetd (Ref 12) Dugdde (Ref 31) -
Cracks 5£ RA£ 100
TWB Faceda d (Re 12) - -
5£ RLE 100
Oylinderswith Membrane Fanceetd (Ref 12) Dugdde (Ref 31) Langdon (Ref 33)
Circumferentia (Pressure) 5£ RtE 100 S5EREED
Cracks
Globd Bending Fanceetd (Ref 12) Dugdde (Ref 31) Langdon (Ref 33)
5£RAE 100 S5EREED
Meamrane+ Add dagtic components Dugdde (Ref 31) Kumar (Ref 32)
Globd Bending 5£REED
TWB Fanceetd (Ref 12) - -
5£ RA£ 100
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Figurel Theleak-before-break diagram
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Figure2 Recommended recharacterisation in R6 of defeds at  breaskthrough for
predominantly tensleloading
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Figure3 Recommended recharacterisation in R6 of defeds at  breaskthrough for
predominantly through-wall bending loading
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Normalised T-gress solutions of egn (5) for a semi-dliptical surface crack in a plate
under uniform bending for variousratios of crack depth, a, to plate thickness t, and
to crack sami-length, ¢. Solutions are given as a function of angle F around the
crack tip, whereF =0 corregpondsto the degpest point and F = p/2 correspondsto
theplatesurface
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Figure5 Normalised Q-dresssolutionsof egn (9) for three point bend specimens
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Figure6 Critical value of J asafunction of T/sy for 3PB and CCT gpedmensfor amild sed
at -50°C (from Ref 52)

Figure7 Critical value of J asafunction of Q for 3PB and CCT gpedmensfor amild ded at -

50°C (from Ref 53)
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Figure8 Ductile toughness of an A710 ded at various crack extensons as a function of
normalised T-dress(Ref 58)

Figure9 Crack tip opening digplacement of an A710 ded at various crack extengons as a

function of normalised T-gress(Ref 58)
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Figure10 Ductile toughness of a A533B-1 ged plate at 20°C for a variety of specimens, all
20% sdegrooved (Ref 59)

Figurell Data of Figure 10 plotted in terms of the congraint parameter br L (= T/sy) of egn
(5) with curvefitstothedata
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Figure12 TheRG6 failure assessment diagram

Figurel3 Schematic of Js, Approach
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Figurel4 Typical laboratory warm pre-gresscydes
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APPENDIX 1
Review of Crack Shape Devdopment
by

B. Brickgad, SAQ, Sveden
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