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ABSTRACT

In order to reduce over-conservatism in fitnegssirvice assessment procedures,
experimental evidence and recent analytical devedops recognise the importance of considering
the actual shape of non-sharp flaws and/or thegeainetric constraint conditions at the crack tip.
This paper addresses the effect of blunt defectshenstructural integrity assessment of reactor
pressure vessel (RPV) and pipeline steels. Par@nsttidies for compact tension specimens with
various notch root radii are performed using firetement analysis. The notch fracture toughness,
the resistance to the onset of ductile crackingtaed-integral, quantifying the notch driving force,
are evaluated. A stress-modified fracture stramdeh is used as a virtual testing method. The
results are analysed in the framework of the failassessment diagram (FAD), showing that the
existing shape of the FAD is also suitable for assents of blunt defects and how the concepts
introduced can be used to reduce the conservatisdefect assessment, define margins on failure
and indicate when plastic collapse is the domifahire mechanism.

KEYWORDS:
Blunt defects; Failure assessment diagram; Defesessment; Stress-modified fracture strain;
Virtual testing; J-integral; Finite element anatydtffective fracture toughness

NOMENCLATURE

a crack length
A initial crack length
4a average crack growth
B specimen thickness
E « elastic modulus
F reserve factor oK,

Kr(crack)
F reserve factor oK, for a sharp crack

Kr(p)
F reserve factor oK; for a blunt defect
J J-integral
Je elasticJ-integral
JdcraCk J value evaluated elastically for a sharp crack
Jo J value evaluated elastically for a blunt defect
J|ccraCk Jvalue at 0.2mm crack growth for a sharp crack
I Jvalue at 0.2mm crack growth for a blunt defedie@tive fracture toughness
Asep incremental equivalent plastic strain
K, mode | stress intensity factor
Kmat fracture toughness
P applied load
Prmax maximum load
PL (plastic) limit load of a structure containing detfe
W specimen width
a, B,y material constants, see Eqg. (5)
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fracture strain

flow stress

ultimate tensile stress

0.2% proof stress

von Mises effective stress

negative hydrostatic (mean normal) stress
stress triaxiality

equivalent stress and hydrostatic stress
principal stresses, see Eq. (4)

Poisson’s ratio

accumulated damage and incremental damage resbgct

Abbreviations

ASTM
CTOD
c(T)
EPFM
FAD
FE
FFS
LEFM
LLD
MPC
N-SIF
SIF

American Society for Testing and Materials
crack tip opening displacement
compact tension

elastic-plastic fracture mechanics
failure assessment diagram

finite element

fitness-for-service

linear elastic fracture mechanics
load-line displacement

multi-point constraint

notch stress intensity factor
stress intensity factor



1. INTRODUCTION

There exist many situations in engineering appbecat in which detected defects are not
sharp [1-3]. However, it is common practice to@ify and re-characterise these defects into shapes
more amenable to analysis. Current assessmenedauas such as API579-1 [4], R6 [5] and
BS7910 [6] usually treat defects as infinitely gharacks, both because they can be treated by well-
known approaches like linear elastic fracture mesa(LEFM) or elastic plastic fracture mechanics
(EPFM) and also because this assumption repregentgorst case scenario, thus being conservative
from a fitness-for-service (FFS) point of view.

The material resistance to fracture is usually diesd by critical stress intensity factor (SIF),
crack tip opening displacement (CTOD) bintegral values. A considerable amount of pulgigh
work recognises the benefit of using an appardetieve fracture toughness in FFS assessments [7-
10]. Constraint, that is, the level of triaxiaht of stress, is usually related to the capaoigbisorb
more energy by accommodating plastic deformatidre [Bcal stress and strain fields surrounding a
non-sharp defect are known to be less severe htae tat the tip of a sharp crack, thus exhibiting a
reduced constraint condition. The initiation andgagation of damage under these conditions will
occur at higher values of applied J and higherci#Res will be typically measured experimentally.
Thus, in FFS calculations, this increased toughriegdies that the conditions for repair or
replacement of a component containing a non-shefigcticould be relaxed.

A number of authors have tested components contpinon-sharp defects to evaluate the
effective fracture toughness for a variety of materand notch geometries. Both cleavage fracture
[11,12] and ductile tearing [13-16] as well as ittuence of the notch geometry on the mechanisms
triggering fracture have been reported in thediere [8,17,18].

The evaluation of the effective fracture toughnfessa given material requires extensive
experimental testing for the component of inteegst for different notch/defect geometries. Thus, i
is expensive and time-consuming. Different appreacimaking use of minimum experimental
information may be needed to reduce the numbeesitt In this context, several authors [19-23]
have proposed and validated different procedurasdade the effect of the geometry on both the
driving force and the constraint conditions at tledect. Most of these approaches consider small-
scale yielding conditions and use LEFM or EPFM valeate the notch driving force (e.g., N-SIF,
notch J-integral) and an additional parameter (e.g., Q-Testress) which defines the constraint
condition in the process zone. These procedueegsarally called global approaches.

An alternative framework for effective fracture gtuness assessment is the application of
failure models, often referred to as local appreachLocal approaches couple the loading history
(stress-strain) near the crack-tip region with wistructural features of the fracture mechanisnj. [24
The parameters depend only on the material andonothe geometry, and this leads to better
transferability from specimens to structures thargle- and two-parameter fracture mechanics
methods [25]. Several models based on local appesahave been applied with considerable
success for the fracture initiation mechanism gilgrcleavage fracture or ductile tearing. In this



study, due to the high ductility of the materiatglar analysis, ductile tearing is considered tohiee
principal mechanism for fracture.

The most commonly used models for ductile fracareethe Beremin ductile model [26], the
Gurson-Tvergaard-Needleman [27-29] and RousseB6t fnodels. These models consider the
effects of void nucleation and growth on the malesiress-strain behaviour, and thus are usually
called 'micromechanical models for ductile failur&lthough of some physical meaning, the number
of independent parameters and the difficulty inrtldetermination make the use of these models
cumbersome for practical engineering applications.

There is another type of ductile model, usuallyenefd to as a phenomenological model,
which involves fewer parameters and is of simphaplementation. Due to the fact that stress
triaxiality has a strong influence on void growthdatherefore on the strain to fracture [31-35],
phenomenological models correlate stress triayialith the critical strain to fracture. Such malel
have been researched by McClintock [31], Rice aratdy [32], Hancock and Mackenzie [33,34]
and Hancock and Brown [35], and further developaded on the concept of a stress-modified
critical strain [36,37]. From this concept, moeeently, a simple method to simulate ductile falur
using a finite element (FE) technique has beenqgweg which is called a stress-modified fracture
strain model [38,39]. This has been extensivelplied to components containing defects, showing
good agreement with test results including thosmfsharp cracks and blunt defects [39-43].

In this work, finite element ductile fracture siratibns using the stress-modified fracture
strain model are performed to evaluate the efféctotch radius. The varying severity of the stress
fields due to the presence of the notch and thdicatpns of the different constraint levels due to
notch acuity are analyzed within the frameworklaf failure assessment diagram (FAD). Compact
tension, C(T), specimens with a wide range of notdt radii are modeled using FEA and ductile
damage simulation to construct resistance curd#s durves) for four different materials, showing
different fracture criteria and tensile propertieffective fracture toughness values are obtaineah f
the J-R curves and the applied elasfi@and the limit load, representing the notch driviarce, are
derived and assessed on the FAD. Section 2 revi@BAD assessment. Section 3 briefly explains
the damage model and the simulation technique amungrises the material properties used in this
work. The different geometries of C(T) specimend BRE analysis details are described in Section 4.
Results are presented and discussed in Sectidrh&.benefits from considering the blunt shape of
defects are also discussed by means of showingffihet on reserve factor relative to that for arpha
defect. The work is concluded in Section 6.



2. REVIEW OF FAILURE ASSESSMENT DIAGRAM APPROACH

The FAD is the most widely used engineering apgiofar assessing the integrity of
structures containing defects. The FAD curve isaplgical description of the limiting driving force
as a function of the applied load [44]. Figurenbws a schematic representation of a typical failur
assessment diagram. The assessment involves thdatiain of both the fracture ratid, and the
plastic collapse ratid, . The ordinaté,, and abscissk, represent the proximity to fracture and to

failure by plastic collapse and are calculated as:

_K;(P,a)
K = —Kmat (1a)
P
___ P 1b
"R 02 (1h)

whereK|, P, a, Knay 0o2and P. are the stress intensity factor, applied load, kcrsize, fracture
toughness, 0.2% proof stress and limit load, raspdyg. Equation (1a) is written for primary
loading,P, only but has been extended to combined primadys&eondary loading, as incorporated
in the procedures [4-6] and recently discussed4bj.[ The present study only addresses primary
loading and therefore the simplified form of Ega)is sufficient.

The failure assessment curve, which determinesdfety of components assessed, is defined

by
K, = f(L,) for L, <L
o max (2)
with f(L,)=0 forL, =L,
where L, is an indicator of failure by plastic collapse,dais a cut-off line for the failure

assessment curve. The definition is given by

Lmax cglow 3)
0.2

where ogrow IS the flow stress defined as the mean of thedysttess and ultimate tensile stress.
Provided the assessment poiht, (K;) lies within the area bounded by Egs. (2) and {Bg
component is regarded as safe, as shown in Fi@therwise, failure is conceded. The appropriate
shape of the failure assessment curdg),ffor application to blunt notches is discussedattion
5.4.

3. DUCTILE FRACTURE SIMULATION AND MATERIAL PROPERTIES

3.1 Damage M odel and Simulation Technique



In this work, as a local failure criterion, a pherenological model which is based on the concept of
stress modified fracture strain [36-39] is usedstmulate ductile fracture of C(T) specimens
containing cracks or notches of differing radif, varying level of constraint conditions. It hasen
demonstrated that, in the ductile fracture mectmanisue fracture strain strongly depends on the
stress triaxiality [31-35], defined by:

On _01+t0,+03
Oe 30,

(4)

whereg; (i=1-3) are principal stresses aoglis the equivalent tensile stress or von Misesstra’he
true fracture strain can be determined from thesstitriaxiality using an exponential relationship
[32]:

£f = aexp(—y%] +f (5)
Oe

whereo, f andy are material constants obtained from smooth amched bar tensile tests [39]. A
schematic description of the calibration procesd e conceptual idea of the damage model is
shown in Fig. 2. Once the material constants eaflable, damagey is calculated by summing the
incremental damage (at each FE loading sté@),given by

NP
dw="T¢ (62)
€t
2 2 2
AeP :g\/(Aslp —Aszp) +(A£§ —Asé’) +(A£3p —Asf) (6b)

where 4gP is the equivalent plastic strain increment, obtdifieem the principal plastic strain

incrementszlezip (i=1-3) calculated from FE analysis. When the acdated damage becomes

equal to unity &=1), local failure is assumed to occur and crackwiin is simulated by reducing all
the stress components to a small plateau valuehesratically presented in Fig. 3. This procedure
is implemented using the ABAQUS UHARD and USDFLDEeudefined subroutines [46] coded in
FORTRAN 90.

3.2 Summary of Material Properties

The calibration of the damage model for any maltesigperformed by combining detailed
elastic—plastic FE analyses with smooth and notdiedensile test results. From the experimental
results, true fracture strains as a function ofchotadii are determined. From FEA analysis,
variations in stress triaxiality until fracture arensidered for each geometry. As a result of this
procedure, the equivalent fracture strain is exq@é@sas a function of stress triaxiality and this
relation is assumed to be material-dependent dnlyhis work, the failure criterion is based on



averaged stress and strain information over tramgnt where ductile fracture is expected to occur
[38].

Although, labour intensive and time consuming, otieedamage model is calibrated and the
material parameters evaluated, this phenomenolodaraage model can be applied to predict the
ductile fracture behaviour of any component ordtre. A detailed description of the methodology
can be found in [38].

In this work, tensile properties and stress-modifi@cture strains of four different materials
were taken from the literature [47,48] and our ppas work [39,40,43]. API X65 and X70 pipeline
steels, Inconel alloy 617, and SA508 grade 3 lolyasteel were chosen to study the effect of
different tensile and fracture behaviours. The tstress-strain curves and stress-modified fracture
strains were determined from tensile tests on matdiars with various notch radii. The results are
summarised in Fig. 4, and Eq. (7):

Criterion for API X65: &; =3.29x expE— 1.54:%} 0.0 (7a)
e

Criterion for API X70: &¢ =3.10x exp{— 1.48%]+ 0.0 (7b)
e

Criterion for Alloy 617: £¢ =1.01x exp{— 1.43%}+ 0.1 (7¢)
e

Criterion for SA508 Gr.3:£; =2.24x exp{— 1.69%}+ 0.4 (7d)

e

As shown in Fig. 4, the true fracture strain of X3Q@arger than that of X65. APl X65 pipeline dtee
and SA508 Gr.3 steel have similar stress-straiehr; however, the effect of stress triaxiality o
fracture strain differs significantly. The Incoreloy shows a larger strain hardening effect tten
other materials and due to that, in the lower raoigstress triaxiality, the critical fracture stras
lower. Tensile properties are summarised in Tdblelt should be noted that, in previous work
[39,40,43], all tensile properties and stress-mediffracture strains were verified by comparison
with experimental data on fracture toughness tpstimens and pressurised pipes with gouges,
which can be regarded as the blunt defects coresiderthis work. In Section 4, using these data,
virtual tests for fracture toughness of notchedtspens are carried out and the results are disdusse

4. GEOMETRY AND FINITE ELEMENT ANALYSIS

To study the effect of notch bluntness on defesessment, 0.5T standard sized compact
tension specimens used in fracture toughness geptt50] with seven different notch root radii
from a sharp crack to a notch radius of 2.0mm wergsidered as shown in Fig. 5. The specimen
width, W, and thicknessB, are 25.4mm and 12.7mm, respectively. Figure @vshthe 3-D FE
models used in fracture simulation for the difféneatch root radii. Specimens without side grooves
were considered in order for such side grooves tooaffect the stress states in the regions
surrounding the blunt defect. Models of quartetched C(T) specimens were developed taking
advantage of the symmetry conditions of load anohgdry, to improve the time-efficiency. In



previous work [39] it has been found that elemére & the defect section affects the results tier t
damage accumulation process; therefore, these svaiust be determined by comparison with test
results. The element sizes used in this work, whave been calibrated from test data, are 0.15mm
[39], 0.2mm [40], 0.25mm [40] and 0.1mm [43] for AR65, X70, Inconel 617 and SA508 Gr.3,
respectively, and specimens with notches of thede are regarded as the cases of sharp cracks.
The total numbers of elements/nodes in the FE nsadelge from 23,366/26,016 to 88,929/95,542.

A displacement boundary condition was applied toaa pin and controlled by a reference
node which was coupled with surface nodes of thehpie using the MPC (multi-point constraint)
option within ABAQUS. Elastic-plastic damage arsay (or elastic analyses) were carried out
considering large deformation effects. In the gltton process of damage accumulation, Egs. (6)
and (7) were implemented by means of UHARD and USDEubroutines. In order to avoid
numerical instability arising from the rapid degeaf stress, the decreasing slope and the cut-off
shown in Fig. 3 had values of 1/5000 and less %% of the yield strength, respectively, based on
a sensitivity analysis. More detailed informatean be found in [39].

The crack extensiorya, in the FE analysis was obtained by using the-pmiat average
method recommended in the ASTM testing standar{l [d9ntegral values for the C(T) specimens
with varying crack length were obtained from theregults by means of the domain integral method
[51,52]. The domains were chosen to be sufficyefatt away from the crack tip to include the whole
stress fields produced by the presence of the nmiticlose enough to avoid any errors resulting
from the influence of specimen boundaries. TheiesmlofJ were averaged through the specimen
thickness. In addition, the load-load line displaent records were extracted at the centre ofithe p
hole using the reference point from the FE restdtprovide an alternative estimate bfand to
construct)-R curves following the procedures of ASTM E1820-18¢d].

5.RESULTS

In this section, results from the ductile fractsmaulation of the compact tension specimens
with various notch radii are reported and graplycparesented in the framework of the failure
assessment diagram. After presenting load-loas displacement curved;R curves calculated in
accordance with the ASTM standard [49] are comparétl those obtained using the domain
integral method. From the construct®® curves, the fracture toughnesk;, defined as the-
integral value at a crack extension of 0.2mm, isemheined and discussed. As a quantity
representing the crack driving force, applied éta3tvalues are also calculated and used together
with the fracture toughness values to assess dlotufe ratidl; for a FAD assessment.

5.1 Load-L oad Line Displacement Data

Figure 8 shows the load-load line displacemenbnast for the four materials described in
Section 3.2 for a wide range of notch root radirack initiation points, defined by any accumulated
damage at Gauss points reaching the critical véuel) are highlighted. For sharp defects,



initiation occurs before the maximum lod@,., iS reached, ranging from 0BR.x t0 0.9&max
depending on the material. As the notch root mdngreases, initiation loads become close to the
maximum loads due to the loss of constraint. Aff@nn the Inconel 617 alloy, maximum loads
converged to become independent of notch radiusidtch radii of 0.6mm or larger. A typical
deformed shape of a C(T) specimen from a ductdetfre simulation is shown in Fig. 7.

5.2 J-R Curves and Determination of Fracture Toughnessfor Blunt Notch

J-R curves were constructed using two different procesturom the domain integral method
and from the FE load-displacement results usingtéiséng standard in [49]. When the domain
integral method is used for evaluating thmtegral, care should be taken to ensure thafiét-J
values are obtained in order to match values tlmatidvbe obtained from experimental data [53-56].
Figure 9 shows convergence of thealues for different contours obtained from thendin integral
method. The far-field values were plotted as a function of crack extanaind compared withR
curves derived from load-load line displacemenadatcording to ASTM E1820-13el with FE crack
growth averaged through the thickness. For aksasom sharp cracks to blunt defects, the results
of both methods showed good agreement as depitteid.i 10.

As input to the FAD framework, elasticintegral values were first calculated from linear-
elastic FE analysis, using the domain integral wekth Secondly, the evaluation of the effective
initiation fracture toughness for blunt defec:nsf, defined by the value at 0.2mm crack growth, is
assessed and shown in Figure 11. The normalisied ﬂ.@p/J.CcraCK, determined from Fig. 11, is
plotted in terms of notch radius in Fig. 12a-d iln@ar-log scale. From the results, it is evideait
notch root radius has a strong influence on effedtiacture toughness. This can lead to an inereas
of a factor of 11 for the API X65 steel and a faab6 for the other materials. This would show a
clear benefit in a FAD assessment, or indeed iactl assessment methods, in comparison with
assuming the defect is a sharp crack. It is aiseived that the effective fracture toughness tigea
increases with notch radius, as illustrated by ERg, a result has also been found in a number of
experimental investigations for blunt defects [®]-5

5.3 Estimating a Crack Driving Forcefor a Blunt Notch

The J-integral as defined by Rice [60] can have diff¢rgterpretations. In our case, the
relevant interpretation is that related to the abhtarisation of the singularity in the deformatfaid
surrounding the tip of a defect, either a notcla @rack. Different notch acuities represent déier
deformation fields with the value dfcharacterising the deformation fields of the blnotches.

The value of] increases with decreasing notch acuity, thathis,drack driving force for a
blunt defect is higher than that for a sharper a@in@ given load. This fact does not mean thatatbl
notch is more detrimental than a sharp notch. &fsea balance in terms of loss of constraintHier t
case of the blunt notch, which corresponds to amease in the capacity of the blunt notched
component to sustain load before fracture, whiawvident in structures with blunt defects exhilgtin
higher values of effective fracture toughness.



Figure 13 shows the variation of elasticalues with applied load. As mentioned above, the
value ofJ increases with increasing notch radius, althoughdependency is weak. The elaskc
integral was evaluated from the same contours us&ection 5.2 and the applied load was chosen,
depending on the material, to be before crackaimith so that there was no influence of crack
extension. In Fig. 14 normalisddvalues are shown, defined as the elasfr a blunt notchJy |
divided by that for the sharp cracﬂgcraCk, for different notch acuities, showing identicakults
regardless of the loading level because of theieleessponse. The seven different cases for the ra
of applied load to the limit load?/P., were selected to study the effect of loadingorati the FAD
assessments presented later. The solution (I\L-B)Ysprovided in R6 [3] was used to calculBte

AL =nL0p B (8a)

n. =%N2.702+ 4598 - (x 1.7@)) B=a W (8b)

whereB, W andaoy » are specimen thickness, width and 0.2% proof strespectively. The results
did not take into account the effect of notch radm limit load. Although the limit load will reda

with increasing notch radius, the effect is expgdtebe small as the largest notch radius (2mm) is
small compared to the dimensions of the C(T) spenif25.4mm). The small influence of notch
radius is also seen in the elastic response inldigthe differences iy values for sharp and blunt
defects are shown to be at most around a factbr2pfwhich is a considerably lower factor than that
of 6 to 11 on effective fracture toughness. Tlsalts show the clear benefit of considering thenblu
defect shape and the reduction of constraint asativith that shape and the benefits are examined
in the context of the FAD next.

5.4 Failure Assessment Diagram Analysis

Failure Assessment Diagrams were constructed usiagresults obtained following the
analysis procedure described above. The assessvasntarried out to quantitatively estimate the
conservatism involved in the assumption of treatiefects as infinitely sharp cracks. Figure 15
normalises thely’ values by the effective fracture toughne&sg’f. Although this ratio does not
control ductile fracture because of the absencpladticity effects in elastic applieti values, the
reduction of this ratio with increase in notch tedican be seen in Fig. 15. As the notch radius
increases, the ratidy /J¢ decreases and seems to converge for a notch raflil® to 1.5mm,
depending on the material. To assess the C(T)mpas with various notch radii on the FAD, the
coordinates of the assessment poihisK;) were evaluated using the data presented in big.The
value ofK; of Eg. (1a) is derived from Eq. (9):

JP
. =—1—= | =& for blunt defects 9)

0

Kmat ‘]IC

The Option 1 FAD curve in R6 was shown in [22] ®dnly weakly dependent on notch radius for
single edge notch bend specimens. Figure 16 peeS&D assessment points for C(T) specimens
using R6 Option 3. With this optioK; is defined as the square root of the ratio ofeflasticJ for a

10



blunt notch,Js’, to the elastic-plastid for a blunt notch)”; the load ratio of Eq. (1) is the ratio of
the load to the limit load, allowing for the effeaft notch radius on limit load, and here dendtéd
Figure 16 confirms that the result of [22] alsodsofor C(T) specimens: the failure assessment
curve shows only a weak dependence on notch radidiss close to R6 Option 1 in all cases.

For further FAD assessments, the valud.,0bf Eq. (1b) was determined from the various
loading ratiosP/P, in Fig. 15 corresponding to the valueskef but without allowing for the weak
effect of notch radius on limit load. This simpétion enables the effect of notch radius on nmargi
to be more readily visualised. The Option 1 FADveuin R6 was chosen as it has been shown
above that the failure assessment curve is onlkhyekependent on notch radius. The cut-be:ax,
was calculated using Eq. (3).

Figure 17 shows the FAD assessments for the fdfereint materials. The extremes of the
notch profiles are shown by the assessment poirtsrvthe dashed box and the dotted box, which
correspond to C(T) specimens with a sharp crackaablunt notch 0p=2.0mm, respectively. The
K: points of each notch radius linearly increase wittreasing.;. Results show that as the notch
radius becomes larger the assessment points dredsthownward. The reduction K is driven by
an increase in effective toughness which resulafer conditions within the FAD framework. The
approach of using the definition Kf of Eq. (9) is essentially that followed by HorrdaBherry [22],
although their application was largely for cleavageture.

In R6 [5], reserve factors are defined to quarttily margins in the assessment. One of these
factors is that o, defined by:

_ K, value which would produce a limiting redition
K, value being assessed

FKr (10)

Tables 2 to 5 present the reserve factors calalffmethe different materials. Results show that

FXr values decrease with increasing applied load atfig that the differences between the
assessment points and the FAD curve are lower plieddoad increases. Also, due to the linear
relationship of bottK, andL; with applied load ), the ratio of the reserve factor for a blunt otc
(B-F) to that for a sharp crack (A) is independefrithe load ratid®/P,.

To demonstrate the effect of notch radius, theratireserve factor increase with increasing
notch radius (F > E > D > C > B) is shown in Fi@. 1The conservatism in assuming a “sharp-
defect” for the FAD assessment can be up to afadtd for APl X70 and up to a factor of 2.2~2.3
for other materials in terms of reserve factorken Interestingly, apart from APl X70 material, this
ratio seems somewhat independent of material. Mewenore generally, it has been shown in this
analysis that the severity of a defect on the fn&cbehaviour of a component is both material and
geometry dependent. The approach presented herd e useful for reducing the conservatism in
defect assessment of real components containimg téafects.
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Another widely used factor in FFS assessmentseidaad factor. This is the factor on load
required to put an assessment point on the fadssessment curve. It is apparent from Fig. 17 that
all the loci of assessment points for the C(T) Bpeas would intersect the FAD at the cut-off,
independent of notch radius, apart from thoserioohel 617. The limiting loads in these cases are
essentially independent of notch radius, apart ftbe weak dependence of limit load on notch
radius noted earlier. This is a consequence of&s8ssments limiting the load carrying capacity to
the limit load based on a flow stress. If assesssn@ere allowed to continue to higher loads, then
some dependence of load carrying capacity on n@dius would occur, as depicted in Fig. 8.
However, as discussed earlier, the dependence xifmam load on notch radius is weak, apart from
the results for Inconel 617. This is not surpgsas small C(T) specimens generally fail at plastic
collapse for ductile materials and testing stansldrdve been developed to obtain meaningful
values for such situations. For large componentsre applied loads are generally a modest
fraction of the limit load, loci of assessment peiare likely to intersect the FAD on the failure
assessment curve rather than at the cut-off ardfact of notch radius is more likely. Such an efffe
is shown by the results for Inconel 617 in Fig. .1 Here this is for a notch radius greater than 1mm
as the corresponding loci in Fig. 17c intersectEA® on the cut-off rather than on the Option 1
failure assessment curve. Hence, it is possibigetotify a notch radius above which plastic cadlep
rather than ductile fracture, is the limiting fa#ucondition. Assessments of real engineering
components with gouges and notches are often masethstic collapse only; it is apparent that the
approach presented here, as illustrated in Fig. ddidd be used to provide a basis for defining the
shapes of notches for which such an approach i©ppate.

6. CONCLUDING REMARKS

Ductile fracture simulations have been performedstandard C(T) specimens with a wide
range of notch radii based on the concept of stremdified fracture strain. Fracture simulations
were made for four different materials: APl X65 axd0 pipeline steels, Inconel alloy 617, and
SA508 Gr.3 low alloy steelFor the assessment of effective fracture toughnkBscurves were
constructed by using both the domain integral nettlrad the FE load-displacement results with the
method of the ASTM testing standard. Elaskintegral values were also calculated for different
applied loads in order to assess the poibts K;) within the FAD framework. The degree of
conservatism was quantified by a reserve factoKgrand results showed that the reserve factors
could be up to a factor of 3 greater for notcheecgpens than for specimens with sharp cracks. The
ratio of reserve factor for a notched specimerhtd for a specimen with a sharp crack converged
with increasing notch radius, except for APl X78e $igure 18. It has been shown that the Option 1
FAD developed for sharp cracks is also relevanbltoit notched C(T) specimens and that the
approach presented here may be applied with the i&ihod to define a notch radius above which
analysis may be based simply on plastic collapsthowt the need to consider ductile fracture
initiation.

The phenomenological ductile fracture model usedhis work provides an alternative
framework to one- and two-parameter fracture meicsafor constraint analyses and effective
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fracture toughness assessment. The ductile fraotodel only considers a small area ahead of the
crack tip (allowing the analysis to become geomeidependent) and couples the loading history
with phenomenological features of the microstruadtfnacture mechanism. Thus, the method can be
used, in principle, to assess any defective comptaorestructure.

Confidence in the use of the methodology is du¢htogood agreement of estimated and
experimental tensile test results shown in previask [39,40]. Despite this, the use of this
methodology to assess the apparent fracture togghlfoenon-sharp defects needs to be validated by
comparison with experimental J-R curves; such stdre being currently undertaken. In addition,
due to the high cost of experimental tests requioedhe calibration of the failure criterion, tleer
have been attempts [61,62,63] to reduce the nurabeonstants in Eq. (5), for less expensive
calibration and more efficient application of th@peoach.
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Table 1. Mechanical properties of materials

Material Young’'s modulug Poisson’s ratig Yield strength| Tensile strength
E (GPa) v oy (MPa) oy (MPa)
API X65 [39] 210.7 464.5 563.8
API X70 [40] 210.0 03 485.0 542.0
Alloy 617 [40] 210.9 ' 382.0 815.5
SA508 Gr.3 43 200.0 467.0 610.1
Table 2. Reserve factor & for AP X65 pipeline steel
sharp
=0.3mm| p=0.5mm| p=1.0mm| p=1.5mm| p=2.0mm
API X65 | crack |” B/A | C/IA | DIA | E/A | FIA
(A) (B) ©) (D) (B) (F
0.90| 2.62 3.20 3.83 4.96 5.63 6.03
0.80| 3.38 4.12 4.93 6.39 7.25 7.77
PIPL 050 6.47 | 7.89 9.44 | 1225] 1389  14gy??|146] 18912151230
0.25| 13.57| 16.56 19.82 25.71 29.18 31.27
Table 3. Reserve factor ¢f for AP1 X70 pipeline steel
sharp
=0.3mm| p=0.6mm| p=1.0mm| p=1.5mm| p=2.0mm
API X70 | crack |” B/A | C/A | DIA | E/A | FIA
(A) (B) ©) (D) (E) (F)
0.90] 1.92 2.61 3.45 4.33 5.19 5.84
0.80| 2.48 3.37 4.44 5.57 6.69 7.53
PP 050 474 | 6.45 851 | 1067 1282  14.4p 36| 1.79]2.25/2.70)3.04
0.25| 9.95 13.52 17.86 22.39 26.92 30.27
Table 4. Reserve factor ¢ for Inconel alloy 617
sharp
=0.4mm| p=0.5mm| p=1.0mm| p=1.5mm| p=2.0mm
Alloy 617 | crack | ” B/IA | C/IA | DIA | EIA | FIA
Y a | ® © (D) (E) (F)
0.90] 3.17 3.50 3.82 5.07 6.18 7.11
0.80] 4.09 452 4.93 6.54 7.96 9.16
PIP 050 782 | 8.65 943 | 1253| 15025  17.54°-11| 121160195 224
0.25]| 16.45| 18.18 19.82 26.32 32.07 36.84
Table 5. Reserve factor ¢fy for SA508 Gr. 3 low alloy steel
sharp
=0.3mm| p=0.6mm| p=1.0mm/| p=1.5mm| p=2.0mm
SA508Gr.3 | crack | ” B/A | CIA | DIA | E/A | FIA
A) (B) ©) (D) (E) F
0.90| 2.71 3.22 4.00 4.73 5.46 5.95
0.80| 3.49 4.15 5.15 6.09 7.03 7.67
PIPL Mo 501 6.67 | 7.94 9.86 1166] 1347 146819 148| 1.75]12.0212.20
0.25| 14.04| 16.68 20.70 24.48 28.30 30.84
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Highlights:

* Ductile fracture simulations have been performed for standard C(T)
specimens with a wide range of notch radii based on the concept of stress-
modified fracture strain.

* J-R curves were constructed by using both the domain integral method and
the FE load-displacement results with the method of the ASTM testing
standard.

* Results showed that the reserve factors could be up to a factor of 3 greater
for notched specimens than for specimens with sharp cracks.

» The ductile fracture model only considers a small area ahead of the crack tip
(allowing the analysis to become geometry independent) can be used, in
principle, to assess any defective component or structure.

« The method show to be an alternative framework to one- and two-parameter
fracture mechanics for constraint analyses and effective fracture toughness

assessment.



