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1. Introduction

Fracture mechanics methods are becoming an
important tool to perform an engineering critical
assessment (ECA) of defects in offshore structur-
es. The main objective of the ECA analysis is to
establish the maximum tolerable defect size which
the

This can be achieved by ensuring that the fatigue

would not compromise service requirment.

life of joints with defects is greater than the requi-

red service life and that any defect does not

attain a size to cause either crack instability or
plastic collapse.
There are several fracture mechanics methods

that have been proposed to establish conditions of

* Member, Conoco Inc., U.S.A.
** Conoco Inc., U.S.A.

crack instability. These methods are the crack
opening displacement(COD), failure assessment di-
agram (R6), and J-integral crack instability proc-
edures. The COD method is the one that is extens-
ively used by the offshore industry.

In a previous paper by the authors, I comparison
between the three methods were performed to
establish the limits of applicability and quantify
the levels of conservatism in both the COD and Ré
methods. The paper reported several cases where
apparent lack of conservatism was observed in the
COD results.

the previous study by extensive analysis of differ-

This paper presents an extension of

ent load cases. Analysis of som these cases was

their

only possible by the resent publication of
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J-integral solution.? Also, a recently developed R6
curve for hardening materials that were made av—
ailable to the authors allowed the extension of the
previous R6 solutions. The paper also developed
several modifications to the current COD analysis
approach to ensure its reliability for ECA analysis.
In this study, the J-integral results were used as
reference because, as was discussed in the previous
work, it represents the one with the most rigorous

analysis procedures.

2. Geometry and Material

For fair comparison hetween the three considered
fracture mechanics methods, only flaw geometries
that have known J-integral solutions, plastic coll-
apse loads, and stress intensity factor solutions
were selected. Also, consistency was maintained
among the used material properties for all the
analysed cases. The material properties were sele-
cted from a data base¥ % created for ductile tear-
ing instability studies for A508 Class A steel,
which has similar charactristics structural steels.

2.1 Geometry

Figure 1 presents the geometries and loading
conditions considered. To study the geometry eff-
ects on the solutions, the center-cracked tension
panel (CCT), the single-edge notched panel, and
the pipe with an internal circumferential flaw (PI-
PE) were selected. To consider the loading mode
effects, the single-edge notched panel was loaded
with three-point bending (SENB), which represents
tension  (SENT), and

combined tension and bending. For the combined

a pure bending load, pure

tension and bending load, tow cases were investig-
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Fig. 1 Structural geometry and load

ated-i.e., one with A=8/1 (SENMBS) and the other
with A= —~1/16 (SENM 16),
between the applied moment normalized by the sp-

where M is the ratio

ecimen width and the applied tensile load, viz.,
A =M/{Pb).

For all geometries, three different widths were
considered. They 6=10(254), 20(508), and 30(762)
inches(mnz). The H/b ratios are 3(CCT), 2(SENB),
and 1(SET and SENT). For all geometries, the
cases where crack  depth was half of the width
were analyzed. For the width, &=20(254) inches
(mm), the cases with the ratios ¢/b=1/8 and 1/4
were also considered. For the pipe, the ratio #//b
was maintained equal to 5. The widths of the ge—
ometries were selected to ensure that plastic coll-
apse does not proceed crack instability to avoid
the cases where the COD design curve method is
not valid.

The stress intensity factor for the structures can
be given as:

Kj=oF Jza m
where & is the applied stress and F is the struct-
ural configuration factor (see Table 1)5.

In the present analyses, the deformation plasti-
city J-integral solution®>® was used for all consi-
dered geometries. The solution is, in general,

given as :

7= e, Fab) im, a/b)<—§o—)m

&)
where Kj(ae) is the stress intensity factor solution
with plastically adjusted crack depth, ae (see Ref-
erence 6 for its expression) ; E’=FE for a plane
stress state ; and E’=E/(1-+%) for a plane strain
state, with E and » being Young’s modulus and
Poisson’s ratio, respectively ; f(a,b) is d(b-a) for
SENB and a(b-a)/b for the other geometries ; h(n,
a/b) is a function of n and a/b ratio; P is the
applied load ; P, is the plastic collapse load of lhe
geometry of a perfectly plastic material with the
yield stress oy ; and « and n are Ramberg-Osgood

uniaxial stress-strain curve parameters defined as:

e o o \" ~
;7*;*“(7;) 3

The plastic collapse loads obtained from the elastic-
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Table 1 Problem definition

Stress Symbol
state (Figs.
Geometry (Plane) 6-14) F P,
CCT strain O 4(b-a)ay/'7
[1—0. 25 (%)’+o. oe( ]‘/m‘
stress B 2(b—a)oy
2(r22—(r1+a)?
PIPE - O See Reference 6 __J"S'(r:’-r%’g oy
SENT strain A a 1.455C(b~-a)a,
F=F,=A(0.752+ 2.OZF+0.37B=)
stress A 1.072C(b~a)oy,
SENM8 strain + Fy+6MA(0.925+0.199B%) 2,,1,
. 1+6% [ D+JD'+( )]
SENM16 strain *
. a a\?
SENM16 strain S 1.07-1.735 (T) +8.2(3) 0.7280,(b—a)Y/H
4
striu * -14.18 (-b‘_)’+ 14.57(%) 0.5360,(6-a)/H

M

oy is the material yield strength, A= T

A= 2b tanﬂﬂ

o e \_(a e
% sec(2b) B= 1+sm(2b) C=1+(b—a> (b—a)' Dal- +b‘

plastic fracture handbooks?® are listed in Table 1.

The appropriate h functions with n=7 of References
2 and 6 were used for the problems analyzed.

2.2 Material Property Data

The material properties required for the present
study are given in Table 2 and Figure 2. The
COD resistance curve, from which the critical
COD, &cc, was obtained, and the Jp curve were
calculated from the load-load point displacement
record of a 107 compact tension specimen(with 20-
inch width and about a 10-inch original crack
depth) using the unloading compliance method.?”
The J-integral values along The Jgr curve were
calculated by the moving crack correction method.®)

For the COD value computation, a procedure simi-

Table 2 Mechanical properties

Young’s moduls, E, ksi(MPa) :
Yield strength, o, ksi(MPz) : 53.14(366.4)
Ultimate strength, o, ksi(MPa): 80.8(557.12)
Poisson’s ratio : 0.30

Jrc, ksicin(MPa-mm) : 1.2(210.12)
COD value, &, in (mm) : 0.0365(0.927)
Remberge-Osgood coeffients : « 2 1.346

n: 7.0

30, 000(207, 000)

J(P4, a

CRACK INSTABILITY:
POINT

J-INTEGRAL

Jg - CURVE

95 CRACK DEPTH

Fig. 2 The R-curve concept using [-integral

lar to the tentative ASTM standard method® was
used. The critical COD value, 8¢, was sampled at
the maximum load point along the COD resistance
curve. Therefore, the critical COD value used in

the analyses is corresponding to ém9.
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3. Analysis Procedure

3.1 Jgr Crack Instability Amnalysis Method

The J-integral method is an extension of the
classical R-curve method to elastic-plastic regime
based on the J-integral concept.!® The concept of
the method is graphically represented in Figure 3.
The crack instability point is reached when the

following two conditions are met:

CRACK EXTENSION, ba,mm

5 10 l‘S ? 25
T L
LT o
~Jr.ox10%
08
e H
L “jos 2
K x
~10¢
—fo2
000 01»2 0.l4 Ofb 0.lO 10
CRACK EXTENSION, Aq, in
Fig. 3 Jr-curve of an A508 Class A steel
J(P,a)=Jr(a) @
4] _dJg
da da )

where P is the applied load ; J(P, @) is the applied
J-integral ; and Jr(a) is the material crack growth
resistance expressed in terms of J-integral. In
solving the above system of equations, the critical
load assessment method (CLAM)') was used beca~
use of its simplicity.

To solve the system of Equations 4 and 5 the
CLAM develops the relationship between J and P,
subject to the crack equilibrium condition during
stable crack growth. Since one-to-one corresponde-
nce between P and J exists during stable crack
growth from Equation 4, it can be shown that:

- (2)"(4-2)

Ff da da  da

Equation 6 implies that if dP/dJ vanishes along
the above J-P relationship, Equation 5 with cons-
tant P will be satisfied. Since this J-P relationship
was developed based on Equation 4, the condition
dP/d] =0 is sufficient to satisfy the system of
Equations 4 and 5. Thus the critical load is the
value of P which makes the slope of the above J-P
curve vanish (Figure 4). The CLAM eliminates
the need for the evaluation of tearing modulii in

a crack instability analysis.
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Fig. 4 Critical load assessment method for crack
instability analysis

In most the analyzed cases, the J-controlled cr-
ack growth Conditions 12 are considered to be sat-
isfied, since the /g curve used in the analyses
was developed through a very conservative test
specimen (10T CT), and the crack extension before
crack instability was small compared to the thick-
ness and uncracked ligament length (typically aro-
und 6 or to 7 percent), excluding some small ex~
ceptions. Based on our previous experiences'® for
cases such as these, the conditions for J-controlled

crack growth are believed to be satisfied.

3.2 R6 Failure Assessement Diagram
Method

The R6 failure assessment diagram method was
developed based on the postulation tha failure was
bounded by brittle fracture at one extreme and by
plastic collapse at the other. The formula interp-
olating between these two limits was derived using

the plane strain COD expression of Dugdale strip
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vield model4:
K,=S,l:;82; In sec (%S,):l—l/z )
where K, is the ratio between the clastic stress
intensity factor and the corresponding fracture tou-
ghness, Kr(a) /JoE’, and S, is the ratio between
load, P/P,.

presented by a diagram in an S,—X, plane, as

the applied Equation 7 is generally

shown in Figure 5. The analysis procedures are
provided in Reference 14. For a given structure of
a known defect size and subjected to a specified
load, if the structural assessment point (S,, K,)
falls within the envelope of Equation 7, as shown
by Point A in Figure 5, failure will not occur.
The critical failure load for the geometry is the
magnitude P that makes the assessment point coi-

ncide with Equation 7 as Point A’ of Figure 5.

SeiL,)

Fig. 5 R6 failure assessment diagram method

The assessment Point A’ (FAD) is based on K,,
which was calculated with the initiation fracture
toughness, JIC. Thus the resulting critical load
represents the crack initiation point. To include
stable tearing in the critical load calculation(FAD1),
the locus Curve A-B of Figure 5) determined by
the S, — K, pairs based on the J, curve should be

developed. The critical point, B’(Figure 5), is the

point at which the locus meets tangentially with
Equation 7, when it is radially translated.
While the structural characteristics, such as

geometry, lcading conditions, and material prope-
rties of a problem, can be correctly reflected in
the determination of the assessment point, A, the
method does not fully consider them in the deter-
mination of the critical state represented by Equ-
ation 7. It is postulated that Equation 7 can pro-
vide conservative results for all practical structu-~
res. Miline!® recently developed a new failure
assessment curve for hardening materials (Figure 5).
For the new curve(FAD2), Sr parameters should
be replaced by L,=S,(cy+0,)/(20¢), and the rem-
aining procedures are identical to those of FADI1
(Curve C-D of Figure 5). In FAD2, er is a strain
parameter, which is obtaind by submitting L,oy
for the stress in the material uniaxial stress-strain
relationship. In addition to reflecting material’s
hardening behavior, the new curve is supposed to
be intensitive to the charactristics of a specific

geometry,

3.3 The COD Design Curve Method

As a condition for safety of a flawed structure,
the COD design curve provides a relationship amo-
ng the material fracture thoughness in terms of
the crack opening displacement (8,), the allowable
crack size given in terms of the equivalent semic~
rack depth in an infinite plate (), applied loads in
and other

terms of strain (e) or stresses (o),

matrial properties, such as yield strain (¢;) and
yield stress(ey). This relationship, which, origin-
ating from the plane stress relationship between
COD and e/ey of strip yield model, is semiempirical.

can be given as:

S e\2 e
2n7,v7:<5;) for = <0.5 (8a)
=2 0.25 for-£ <0.5 (8b)
ey ey

The relationship between g and the crack depth
of a specific geometry is established through the
proper stress intensity factor solutions as :

Ki=oag=0cF vza (%2)
or
7=F% (9a)
The implemetation of this method can be achieved

through the guidance of the British Standards Ins-
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titute Published Document PD6493.1) In this docu-

ment, the srain ratio (e¢/ey) can be replaced by

the corresponding stress ratio (c/oy) as long as
e/ey is less than 2. The applied stress, o, is the
combination of the respective membrane and band-
ing stresses. The relationship between ¢ and & is
determined graphically for both surface and embe-
dded flaws from graphs which were developed bas-
ically from the stress intensity factor solution data
for tensile loading problems.

In the PD 6493 procedures, BOD(PD), the struc-
tural characteristics are not explicitly reflected in
an analysis, as can be seen in Equation 8. They are
considered only through the @ calculation (Equation
9). However, the effects of loading mode are still
ignored in Equation 9. Thus, if the magnitude of
the applied stress, o, and the a/b ratio are ident-
ical, the resulting COD(PD) solutions are the same
regardless of the problem geometry (SENB, SENM,
SENT, or PIPE).

Since the previous study I demonstrated that the
COD(PD) solutions can be unconservative for a
certain class of problems, in the present study, we
have attempted to improve the solution quality wi-
itself. The

solution quality was improved by using the F func-

thout altering the COD design curve

tion of Table 1, corresponding to specific geome-

try and loading conditions, for the g calculation
and using the deformation plasticity stress-strain
relationship (Equation 3) in a plane stress state
for the calculation of o/Ay from e/ey. The resulting
COD(DPA) solutions behaved
those COD(PD). Although these two added features

dramatically improved the COD predictions, a few

much better than

unconservative solutions were newly developed. It

can also be contented that the weakening effects
of plastic yielding on a flawed geometry should be
the F

function should be based on the & calculation. In

included in the ¢ calculation. In this case,

this case, the F function should be based on the pl-
astically adjusted crack depth @e, rather than @,
in the @ calculation. The resulting COD(DPA, PCA)
solution procedures eliminated the unconservative
solutions from the COD{DPA) procedures, as can be

seen later.

4. Results and Discussion

A comparison was performed between the critical
stresses normalized by the material yield strength
obtained by the CLAM and by both the
assessment diagram, FAD (Figures 6 through 8),
and the COD design curve method, COD (Figures 9
through 11). The symbols respresenting the solut-

failure

ions obtained by different methods are presented in
Table 1. Though
selected so that plastic collapse will not proceed

the problem geometries were

crack instability, as stated earlier, five out of the
considered forty-five cases developed the critical
stress levels (CLAM) higher than the respective
plastic collapse loads on the formulas in Table 1. In
the calculation of the plastic collapse load, the
flow stress as defined by the average of the yield
and ultimate strengths was used to account for the
material hardening behavior instead of the yield
strength. These solutions were included in compa-

rison, since they are not significant in number.

J—Integral vs. FAD
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Fig. 6 Comparison of critical stress normalized
by material yield strength(CLAM vs.FAD)

Generally, all the FAD relations behave well with
narrow scatter bands with comparatively uniform
levels of safety margin throughout the critical load
levels. All but one FAD1 solution (i.e., plane stra-
in SENT with 5=20 (508) inches (mm) and a/b=.
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1/8) are conservative (Figure 7). Figure 4 and 5
are the graphical presentation of the CLAM and

FAD solutions, respectively, of this problem.

J—Integral vs. FAD1

H.C. Rhee and
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Fig. 7 Comparison of critical stress normalized by
material yield strength (CLAM vs. FADID)

It is apparent, from Figures 6 though 8, that
the size of the data scatter of the solution groups
with crack extension (FAD 1 and FAD2) is smaller
than that with ignoring crack extension(FAD). It
is clear that incorporating stable tearing before
crack instability to the solution procedure improved
the solution quality (reduced the scatter band) in
the R6 failure assessment method, as can be obse-
the FAD1 and

FAD solutions. Since the magnitude of stable tear-

rved from a comparison between
ing depends on the structural characteristics of a
problem, this solution quality improvement by inc-
luding crack extention is consistant with the anal-
ysis system. The magnitudes of the safety margins
of these solution groups are roughly in ascending
order of FAD1, FAD2, and FAD. The FAD solut-
ions are bound to be more conservative than the
FADI1 solutions since crack etension was
in the FAD solutions.

ignored

The most desirable feature of the R6 solutions is
their predictability as critical load parameters, as

demonstrated by the narrow scatter band. Based on

M. M. Salama

the results presented here, the method appears to

be reliable for general application, utilizing a saf-
ety factor concept and engineering judgement.

The assertion!®) that FAD2 is insensitive to str-

uctural geometry has been demonstrated in Figure 8.

However, so is FAD1 (Figure 7), which is based-
on the strip yield model. It could be the two-para-
meter concept (K,, S,) that makes the R6 solution

behave isensitively to structural geometry when it

is applied with a plausible failure assessment curve.

Thus the most significant challenge for the RS
method, as a tool for the evaluation of criticality
condition, is the quantification of the level of con-
servatism, since its applicability limit can be well
defined through data similar to what are presented

by this work.

J—integral vs. FAD2

2 T T T T T T T
1.6 - =
o
1.2+ .
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(n]
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0 4 .8 1.2 1.6 2
CLAM

Fig. 8 Comparison of critical stress normalized by
material yield strength (CLAM vs.FAD2)
Figures 9 through 11 give the comparison betw-
een the CLAM and COD solutions.
from Figure 9 that scatter band of the

It is apparent
COD(PD)
solution is larger for the bending load cases than
for the pure tensile load problems. The unconser-
vative solutions start to appear when the calculated
critical load level exceeds 60 percent of the mate-
rial yield strength. This solution unconservativen-

ess seems to be more closely related to the stress

— 100 —
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J—Integral vs. COD(DPA)
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Fig. 9 Comparison of critical stress normalized by
materia yield strength CLAM vs.COD (PA)

level than the geometric and the loading configur-
ations of a problem. Since the PIPE solution falls
on the boundaries of the solution scatter band, it
could mean that the COD(PD) solution is sensitive
to the geometric characteristics of a problem.

The COD solutions were greatly improved in
quality when the structural characteristics were
considered in the conversion between @ and @ ; and
the actual stress-strain relationship was used in
the conversion between ¢/ey and o/oy (Equation 8)
by using the deformation plasticity stess strain
relationship. The improvement in solution scatter
is mainly the result of using the stress intensity
factor solution of the actual geometry in the @ ca-
Iculation (Equation 9). However, three of the COD
(DPA) solutions (CCT, SENT and SENB) of plane

stress states newly became unconservative(Figure 9).

As can be seen from Figure 10, the COD solutien
can be further improved by using the plastically
adjusted crack depth in the @ calculation. The
resulting COD(DPA, PCA) solution procedure elim~
inated all unconservative solutions from the COD
design curve analyses, and the solution scatter band
of this procedure is the smallest among all three

groups of the COD solutions.

J—Integral vs. COD(PD
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Fig. 10 Comparison of critical stress normalized
by material yield strength CLAM vs. COD

(PA)
J—Integral vs. COD(DPA,PCA)
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Fig. 11 Comparison of critical stress normalized
by material yield strength CLAM vs. COD
(DPA,PCA)

The elimination of the unconservative solution is
the most significant for the reliability of the COD
design curve method. It is so because the COD de-
sign curve method is considered to have a built-in
safety factor?) (vaguely defined as 2.0) and its sol-

— 101 —



102 H.C. Rhee and M.M. Salama

ution is used as an allowable design parameter ra-
ther than a critical value.

In addition to the unconservativeness of the sol-
utions, which are defined as acceptable design pa-
rameters, the unpredictable nature (large soution
data scatter) of the COD(PD) solutions makes the
COD design curve method unreliable. Even though
a method develops some unconservative solutions
as in FAD1 and COD(DPA), if the solution trend
is predictable (narrow solution data scatter) as in
FAD1 and the trend can be generalized, such a
method can be used as a reliable engineering tool.
Therefore, the COD(DPA, PCA) procedure may be
able to provide a means to resolve most of the di-
fficulties involved in the original COD design curve
method, COD(PD).

5. Conclusions

Rigorous comparisons of crack instability soluti-
ons were perfomed for various flaw geometries un-
der different loading conditions, obtained by the
J-integral, the COD design curve, and the R6 fa-
ilure assessment conclusions can be obtained :

1) The R6 failure assessment method developed

well-behaving solutions with and without co-
nsidering crack extension in the analyses.

2) When crack extension was also reduced com-

pared to that obtained without crack extension.

3) The British Standard Institution’s published
document procedures for the implementation
of the COD design curve method can result
in unconservative solutions for a certain class
of problems, especially for cases with high
levels of applied stresses. For these solution
procedures, the effects of the Iloading mode
and the geometric characteristics of a problem
on the solutions seem to be significant.

4) It has been demonstrated that the COD design
curve method solutions can be improved by
using an actual stress-strain relationship in
calculating the load parameter and using the
actual stress intensity factor solution in the
calculation of flaw depth parameter. The sol-

ution can be improved further by using a

plastically adjusted crack depth for the calcu-
These

series of simple modification can make the

lation of the flaw depth parameter.

original COD design cutve method a reliable
design analysis tool.

5) To obtain reliable results by using the COD
design curve method, one should wunderstand
the system thoroughly and sound engineering
judgment.

6) To generalize the results of the present study,
it is necessary to expand the data base created
by this study through more analyses and exp-

erimental verification.
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