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REVISION 3 OF R6, ITS BACKGROUND AND VALIDITY

A. Ainsworthl, A. R. Dowlingz, I. Milne3,
T.

R.
A. Stewart4

The CEGB's defect assessment procedure,
R6, first published in 1976 has been
recently revised to take account of
developments in fracture mechanics since
that time. This paper discusses the
background to the revisions, the
validity of them and gives a brief
introduction to the revised procedures.

INTRODUCTION

The CEGB defect assessment procedure, colloquially
known as R6, was first published in 1976 (1) with
revisions published in 1977, 1980 and 1986. The
1977 and 1980 revisions incorporated changes to
include treatment for thermal and residual stresses
and ductile tearing, and were based upon the failure
assessment diagram devised for the 1976 issue.

The 1986 revision, Rev. 3 (2), has major changes in
all these aspects and this paper describes the
background to these changes and their

validition.

1 Berkeley Nuclear Laboratories, CEGB
2 Generation Development & Construction
Division, CEGB
3 Central Electricity Research Laboratories, CEGB
4 South Western Region, CEGB
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THE FAILURE ASSESSMENT DIAGRAM

The basis of the original R6 procedure was the failure
assessment diagram, FAD. This took advantage of

the observations of Dowling and Townley (3) that there
were two limiting loading regimes to a flawed
structure, one defined by linear elastic fracture
conditions and one by plastic collapse. In the
notation of R6 these were described respectively as

Ky = X1 = 1 (1)
Kmat
and
Sy = %c = 1 (2)

where Kj is the applied stress intensity factor,
Kmat 1S the appropriate value of fracture toughness,
P is the applied load and P. is the plastic collapse
load. The FAD provided a means of interpolating
between these two regimes via the generalised
equation

Ky = £ (Sp) (3)

In the original version of R6(1), f(sy) was based
upon strip yielding models(4), and any allowance

for strain hardening effects was incorporated
empirically by defining Sy in terms of a flow stress,
& , such that Po = Pola, @ ) where a is the crack
size.

In Revision 3 of R6(2) the concept of the FAD

is retained, but f(Sy) is replaced by f(Ly) where
P

G Py
and Py is the yield limit load for the flawed struc-
ture, Pyl(a, G‘y), where Ty is the yield stress.
Strain hardening effects are incorporated explicitly
by defining equations for f(Ly) which are based
upon estimates of the J integral. Three options
of FAD are available, as follows.

Option 3

This is based directly upon the equivalence
between the failure assessment diagram and a J
integral analysis first identified by Chell(5).
In this case the functional form, £f3 is
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{ -5
f3(Ly) = _gél (5)

where J and Je are values of the J integral obtained
for an elastic plastic and elastic analysis at the

same load, Ly. Any method of calculating J may be
used, but of course such methods are often elaborate,
time consuming and expensive, and need to be validated.
They are not satisfactory for general use, and for
this reason options 2 and 1 were developed.

Option 2

One method of calculating J for use in equation
5 is to use the GE Scheme (6,7). There are several
limitations to this (8) but the two most important
ones are that there are only a limited number of
(2-dimensional) geometries for which solutions are
available and the solutions use the Ramberg Osgood
law to characterise the materials stress strain curve.
The first of these severely restricts the use of
the scheme and the second can make the results
inaccurate and user sensitive (8,9). To overcome
these difficulties, Ainsworth (10) used a reference
stress approach to reformulate the equations of
Kumar et al (6) so that the actual stress strain
curve of the material could be used rather than
the Ramberg-Osgood representation. He also introduced
pessimistic approximations to remove the geometry
dependence. The form chosen for revision 3 of R6 was

EE Lo, 7™
R Leoy, 2E Eret

where G}ef,sref are co-ordinate points on the
materials stress strain curve, Ly = Uref/Ty and E
is Young's modulus. The first term describes the
elastic and the fully plastic behaviour and the
second term the transition through the small scale
yielding regime (11).

(6)

Option 1

Some typical stress strain curves for a number
of materials are plotted in Fig. 1, on normalised

axes. The corresponding option 2 failure assessment
curves of equation 6 are shown in Fig. 2. Also
shown in Fig. 2 is the option 1 curve. This curve

was constructed to have the same general shape as
the option 2 curves, but to be biased towards their

809



FRACTURE CONTROL OF ENGINEERING STRUCTURES — ECF 6

lower bound. It was developed for situations where
the stress strain data is not complete enough for use
in equation 6 and it has the form

03 teonforrencoset)

(7)

It can be seen from Fig. 2 that equation 7 is partic-
ularly suitable for austenitic materials. It may
also be used for ferritic materials but caution
should be exercised where there is a lower yield
plateau. In some extreme loading situations (e.g.
pure tension) the lower yield plateau may be observed
even in a cracked body (8). 1In these cases either
equation 6 must be used or equation 7 should be
limited to values of Ly < 1.0.

Plastic Collapse Limit

Equation 4, together with equations 5, 6 or
7 as appropriate, defines a continuous curve such
that Ky = 1 where Ly = 0 and Ky = 0 at large L.
This is consistent with J analysis but it provides
no explicit facility to safeguard against overloading
of uncracked ligaments or the operation of other
plastic collapse mechanisms. To be consistent with
earlier versions of R6 (1) and the observations
of Dowling and Townley (3) the plastic collapse
criterion is inserted as a cut-off on the FADs at

a value L, = L,M3X given by
L,Max = 9 (8)
Ty

where O- is the flow stress appropriate to the mater-
ial in question. Thus, equations 5, 6 and 7 apply
only up to Ly = L, M3X and thereafter Ky = 0. Typical
values of L, M3X have been incorporated in Fig. 2

for the stress strain curves in Fig. 1, where

S = %(0,+T,) in each case, Uy being the ultimate
tensile stress.

Validation

The acceptance of the option 1 equation depends
upon the validity of option 2. This has been
validated extensively by comparison with option
3 FADs derived from J values obtained both experi-
mentally and from finite element analysis of a number
of test specimen geometries of different steels.
The details of the validation are contained in reference
12, but can be summarised as follows.
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Geometric effects were examined by testing 3 point
bend, double edged notched tension, single edged
notched tension (13) and centre cracked tension (12)
specimens of austenitic steel, each with three
different crack depths, 0.4, 0.6 and 0.8 of the
width. The results, plotted in Figs. 3a and b, show
no systematic geometric effect.

Specimen size effects were similarly examined,
using 3-point bend specimens of A533B steel 10mm
and 230mm thick (12). Both sizes of specimen were
adequately represented by the Option 2 equation, Fig.
4.

The effects of the detail of the material's
stress strain curve have been examined throughout a
series of programmes, using compact tension and centre
cracked panel geometries (12, 14, 15). The general
conclusion was that the option 2 equation provided a
sufficiently accurate solution for the steels studied,
which included a strongly strain ageing carbon
manganese steel tested over a temperature range
from 20 to 300°C. 1In particular, for materials which
exhibit a lower yield plateau, the option 2 equation
provided a more accurate representation of a centre
cracked panel specimen than an option 3 solution based
upon finite element analysis where a stress strain
representation was used which smoothed out the lower
yield plateau (Fig. 5) (14).

Several comparisons have also been made between
option 2 FADs and option 3 FADs derived from finite
element solutions for a wide variety of geometries
(10, 12, 14, 15, 16) and these show general consis-
tency where the stress strain data is treated in
the same way as for the finite element analyses.

TREATMENT OF THERMAL AND RESIDUAL STRESSES

In R6, stresses are characterised as G}br Gs. The UP
stresses are mechanically induced and arise in general
as a response to the loading on the structure.

They may also arise from thermal or residual welding
strains where there is significant elastic follow-up.
Thermal and residual stresses withoyt significant

elastic follow-up are classed as O stresses. These
stresses are self equilibrating in nature, and so
play no role in plastic collapse failure (17). They

have therefore to be treated differently from @
stresses.
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Fig. 6 shows a plgt of J/Je against Ly for a
structure loaded by JPstresses only, and by <
stresses superimposed on an existing stress. At
low values of Ly the curve for the combined loading
rises above that for the gFloading only, because at
any given L, the small scale plasticity effects due to
the combined loading are greater than those due to the
Q4’loading only. In order to bring the two curves

in Fig. 6 into line a vertical shift is needed which
depends upon the value of L.

The shift shown in Fig. 6 corresponds to a
shift in the failure assessment curve through the
equivalence of the FAD and J-estimates (5). In
revision 2 of R6 this was allowed for by adjusting
the calculated values of K, only,keeping the value
of Sy the same. Revision 3 of R6 adopts a similar
technique. Analysis is performed using the chosen FAD,
equation 5, 6 or 7, and the input is calculated
as

applied G*load

= 1f = (9)
Lip L yield load
Ky = K§ + KP (10)
b
KI z K|
= E—— o (10a)
{ Kmat /OJ Kmat
where the superscripts p_and s denote quantities
calculated for and ¢ stresses respectively.

The parameterf’ is to be thought of as part
of K§ and must be calculated to provide the shift
necessary to bring into line the two curves in Fig. 6.
It depends upon the magnitude of both stress systems.

Values of £ suitable for general use have been cal-
culated by Ainsworth (18) using reference stress
techniques, and the concept of an equivalent mechanical
load which produces the same deformation as the
combined loading. These show a strong dependence

on the value of the applied mechanical load. This
dependence was approximated pessimistically for

use in R6 Rev. 3 by using the maximum value for

at Ly < 0.8 and decreasing Pto zero for 0.8<Ly<
1.05(12). The values given in R6 Rev. 3 are given

as a function of the non-dimensional ratio K3S/(KjP/Ly)
as follows:
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/b - /0' Ly< 0.8 (11a)
P o= ‘*/Dc("os""') 0.8<Ly< 1.05 (1lb)
p =0 1.05<Ly (11lc)
/c: = o'lxo'wi o-ao‘lxz"" o-ooosxs-, x< 5.2 (114d)
/9' = 0-2% ; x< 5.2 - (1le)
x = K{/(K}/Ly) (11£)
Validation

This is mainly based upon comparisons of option
1 and option 2 FADs with option 3 FADs calculated
using finite element methods, and adjusted to allow
for the necessary value of/3. The calculations
all used a stress strain curve typical of an austenitic
steel, and were performed using the BERSAFE finite
element system (19) and its associated fracture
mechanics methods for obtaining J (20). The compar-
isons are reported elsewhere (12, 18) and a typical
result is shown in Fig. 7. Here, on the FAD, are
plotted the results of Muscati (21) for a thick
externally circumferentially cracked cyclinder subjected
to an axial tension and a through-wall temperature
gradient typical of a thermal shock loading. For
mechanical loading only, and for modest amplitudes
of thermal stress with mechanical loading superimposed,
the finite element results lie close to but outside
the R6 Rev. 3 FAD, as required. At larger thermal
loads, the finite element results lie further out-

side. The implied extra pessimism for these situations
results from treating the high peak thermal strains
as elastically equivalent stresses. 1In practice

plastic relaxation will take place. Although this can
be treated by a more sophisticated form of analysis
(22) such a treatment is beyond the scope of simplified

procedures. Note that to calculate Ly, the limit
load for the pipe geometry was taken as (2/v3) U—y
times net section area. This may not be sufficiently

accurate, especially for short cracks and this may
explain why some points lie just inside the FAD
for mechanical loading only.

Some validation has also been obtained by per-
forming a post test analysis on a pressure vessel
test which had a crack situated in the residual stress
field created by a non-stress relieved repair weld
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(12, 23). The details of this will be summarised
later.

ANALYSIS CATEGORIES AND TREATMENT FOR
DUCTILE TEARING

The treatment for ductile tearing is conditioned
by the available material toughness data and the
desire or need to make allowances for tearing. In
R6 Rev. 3 three categories of analysis may be per-
formed, depending upon the relevant definition of

Kmat- Suitable definitions are contained in R6 Rev.3,
based upon state of the art understanding of fracture
(24) and the CEGB J test procedure (25). These are

listed in Table 1. The analysis category is therefore
governed by the choice of Kpat in the calculation of
Ky for the structure (equation 10). The maximum
loading conditions permitted by each category of
analysis is termed the limiting condition.

Category 1

This is a single point analysis, at the initaal
crack length, ag, and load of interest, designed
to avoid crack initiation. Thus, for brittle fracture
mechanisms Kpat is defined by Kic or K¢ (Table 1),
in which case K, is given by Kj/Kjc or K1/Kc as
appropriate. For ductile cracking mechanisms,whose
initiation is characterised by Kg.p (Table 1),
Ky = K1/Kp.2- Failure is avoided if when plotted
on the FAD the point of interest (Ly, Ky) lies inside
the failure assessment line, and the limiting
condition occurs when this point lies on the assess-
ment line.

Category 3

This is a detailed ductile tearing analysis
designed to evaluate against a potential ductile
instability condition. Analysis is carried out as
a function of crack extension, Aa, at the load of
interest with both L, and Ky being updated as
necessary. The value of Kyt is obtained from the

J resistance curve Kpat = Knl(da) = {ElJ(Aa)} % (Table 1)
and co-ordinate points L K, are plotted on the FAD as a
function of postulated crack extension (Fig. 8). If at

the applied load a part of this locus falls within the
failure assessment line the structure can be said to be
stable. The limiting condition is wheén the locus

just touches the failure assessment line. This may be
at an angle to the assessment line as at A in Fig. 8,
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where the available J (Aa) data is over a restricted
range of crack extension, or at a tangency condition.
This latter condition defines the load for load
controlled instability (B in Fig. 9).

Category 2

The limiting conditions for categories 1 and 3
analyses make no allowance for any factors or margins
deemed necessary for safe operation. The user is
required to determine these separately after per-
forming a sensitivity analysis to study the effects
of variations in the input data, taking into account
such things as the potential failure mechanism and
the validity of the data. The main objectives are to
ensure that the margin selected is sufficient to
safeguard against extreme sensitivity in some para-
meters (possible cliff edge effects) and to establish
whether or not the results are sensitive to the input.
In a situation of ductile tearing, such lack of
sensitivity is obtained where there is a large diff-
erence between the crack driving forces and the
materials resistance to cracking. This occurs when
there is a large difference in slope between the
locus derived following a category 3 analysis and the
failure assessment line at the point of interest and
this feature is utilised in a category 2 analysis.

The category 2 analysis is a simplified tearing
analysis performed at two points only, one at Kg 2
and one at K4, the maximum toughness available from
valid specimén data at Bag (Table 1). Load factors
F§ and F% are calculated for the respective assess-
ment points, the generalised load factor FL being
defined for any assessment point as

assessment line
Load of interest

FL =§load to place assessment point on failuré} (12)

The limiting condition for a category 2 analysis is
defined for 2 sets of conditions:

F§ > 1.1 i F§/FG = 1.2 (13a)
F§j = 1.1 ; FL/FE > 1.2 (13b)
Thus if F§>1.1 and F§/FE>1.2 the criteria are satisfied.

The category 2 criteria were chosen to ensure that
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there is a 10% margin on load to extend the crack by

A a5 and that the difference between the applied
cracg during force and the materials resistance

to cracking is sufficient to make the result relatively
insensitive to variations in the resistance curve data.
This relative sensitivity is shown schematically

in Fig. 9, as a plot of tan ek versus F&/F5. The

angle &K is an inverse measure of the angle between

the category 3 locus and the failure assessment

line atdag (12) and it can be seen that tanol becomes
insensitive to the ratio of F§/Ff at values of this
ratio greater than 1.2.

At the limit of F&=1.1 the necessary condition
for F§/F requires that F§<1.0 and implies that

cracking has initiated. The amount of cracking
in this limiting condition is, however, small and of
no structural significance. The margin against

instability is ensured by the imposed value of F%/Fg
which requires Ky at A‘ag to be much lower than

Ky at ag. This normally requires a steep resistance
curve. Under these conditions there is no benefit

to be gained from investigating further the sensitivity
of the results to changes in the input data except

to demonstrate that such changes do not cause a
violation of the required limiting conditions.

The sensitivity analysis required of a category

2 analysis is therefore simpler than required elsewhere.
Failure to meet the category 2 requirements does

not mean that other requirements cannot be met.

They may be met either by performing a more elaborative
sensitivity analyses, or by imposing restrictions

on operating conditions, or by refining other parts

of the analysis.

Limitations

Analysis Categories 2 and 3 allow advantage to
be taken of the increase in toughness which occurs
in many materials as tearing proceeds. However,
ductile tearing may interact with other forms of
cracking, such as fatigue, or it may precede brittle
fracture. Caution must be exercised in such cases.
For example, in fatigue, the fatigue crack growth
rate may increase as fatigue interacts with tearing.
Under these circumstances, it may be advisable for
the user to limit himself to a Category 1 analysis.
For the situation of ductile-brittle transition
there is a potential cliff edge effect. 1In this
situation, although the enhanced toughness value up
to the onset of the brittle fracture (K¢ or Kg,
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Table 1) may be used in the analysis, the user may

feel advised to impose larger factors against the
limiting condition than he would in the absence of the
ductile brittle transition. Advice on the treatment of
these and other factors which may influence the

result is contained in the R6 Rev. 3 document.

ASSESSMENT PROCEDURES

The 14 main -sections and a number of supporting
Appendices currently available in R6 Rev. 3 are
listed in Table 2. The sections detail the major
steps which must be followed when using the procedures,
whereas the appendices are advisory, giving guidance
on the different aspects of the analysis. The first
few sections are introductory and the last, the
fourteenth, outlines the status of various elements
of the analysis: these have already been discussed.
The main analysis steps as set out in Section 4

of R6 are easily followed by means of a flow chart
(2). The steps listed below are a simplification of
those in R6 Rev. 3.

1. Define and categorise all loads and stresses
on the defective component. A distinction is
made between loads which contribute to plastic
collapse and loads which_do not and these are
categorised as o Pand stresses, respectively.

2. Determine the material tensile properties
oy, 0w and&and if needed the full stress-
strain curve.

3. Select and define the FAD. This involves cal-
culating LM@X (eqn. 8) and defining the assess-
ment curve (eqns. 5,6,7), the selection of which
depends on the available stress-strain data
(for eqn. 5 and 6) and the availability of a
J-solution (for egn. 6).

4. Characterise the shape and size of the flaw.
The flaw shape must be characterised as one
for which stress intensity factor and limit
load solutions are available or can be calcu-
lated. For category 2 and 3 analyses it is
necessary to characterise not only the initial
flaw size but also that after some ductile growth,
taking due account of the proximity of other
flaws and surfaces.
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Select the category of analysis. The three
categories have been outlined earlier and the
selection is influenced by the type and extent
of toughness data available.

Define fracture toughness, either initiation
toughness only (for category 1) or resistance
curve data (for category 2,3).

Calculate L, at the applied loads and crack
size(s) of interest

total applied load giving rise toufétresses

e = plastic yield load of the flawed structure

Calculate Ky as above. 1In its general form
Kr = KyP + KpS

KeP = K1P/Kmat; KrS=K15/Kpat+ P

Plot all points on the FAD.

Assess the significance of the results. For a
category 1 analysis a single assessment point

is calculated and failure is avoided if this

is inside the failure assessment curve. For a
category 2 analysis, the positions of the two
assessment points relative to the curve must

be such as to satisfy inequalities (1l2a and 12b).
For a category 3 analysis the locus of assessment
points as a function of crack extension should

fall inside the curve over some part of its

length. For all categories the significance of

the result should be assessed by performing

a sensitivity analysis on the load factors as
functions of the input assumptions, calculations
and materials data. Failure to obtain a satis-
factory margin using one category of analyses

does not imply that all categories will be unsatis-
factory. Margins may also be improved by refining
the analysis in other aspects, and even by modifying
the operating conditions for the structure.

The above step-by-step procedure is simple

to follow and allows the R6 approach to be applied

in a consistant way in practice. However, the individual
steps sometimes require sophisticated data collection

or analysis and to provide guidance for this R6

contains 8 Appendices (see Table 2). The contents

of these are briefly summarised below.
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1. Information and methods for determining fracture
toughness data.

2. Advice and sample solutions for limit analysis.
3. Methods for determining stress intensity factors.
. . ; Gp S
4. Evaluation of interactions between and T stresses.
5. Description of computer programs available within
the CEGB for performing R6 assessments or

parts thereof.

6. Procedures for including fatigue and environmen-
tally assisted crack growth in an assessment.

7. Treatment of loadings giving rise to other than
simple opening (mode I) conditions at the crack
tip.

8. A specific FAD for carbon-manganese (mild) steels

developed using the principles of option 2 but
for use when detailed stress-strain data are
unavailable.

GENERAL VALIDATION

Validation of the equations used to define the FADs
both in the presence and absence of g>stresses has
already been discussed. This section will summarise
the details of a validation exercise performed on
four structures which were tested to failure (12).
The objective is to show that the procedures as
followed in section 4 of R6 Rev. 3 provide adequate
margins against the limiting conditions specified
for the different categories of analysis. For this
to be achieved unambiguously, only well defined
test results and suitable input data may be con-
sidered.

The four tests analysed are

1. A CEGB pressure vessel test containing a semi-
elliptical axial external crack in the cylind-
rical shell. This test was used in a pre-
dictive round robin exercise under the auspices
of EGF (26).

2. A second pressure vessel test in the same pro-

gramme, with a similar crack in a stress relieved
submerged arc seam weld experiencing the residual
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stress field of an adjacent non-stress relieved
repair weld. This was also used in the EGF
predictive round robin exercise (23).

3. The pressure vessel test at ORNL, designated
HSST V8A, with an external crack in a weld metal
specially degraded to have a low upper shelf
Charpy energy level (27).

4. A bend test on an austenitic pipe containing a
circumferential crack, performed at Battelle (28).

These tests have been subjected to exhaustive
predictive analysis, using a variety of techniques (8)
(27) and best estimate data. This is not the require-
ment here, however. 1In this case the data should
be used in its intended form for R6 Rev. 3, to produce
realistically based pessimistic values for the quantities
Ly and Ky. If the analysis is then performed at
the measured failure load, the assessment points
should all fall outside the failure assessment line.
These would correspond to load factors < 1, the
inverse of which would give the factor of reserve
obtained for that specific test.

The basis of all analyses was a category 3
analysis and the details are contained elsewhere (12).
For tests 1, 3 and 4 the analysis was straight-
forward. For test 2, however, the residual stress
profile was such that very high values of KS were
obtained at the region on the crack front located
in the surface of the vessel. This necessitated
analysing for two locations on the crack front,
the deep point and the surface intersecting point.

In this test failure was by leakage, the crack having
grown through the ligament. This meant that a successful
analysis required only that the category 3 locus

for the deep point fell outside the failure assessment
line. 1In the event, both loci fell outside the

line, that for the deep point being the more remote
indicating that the failure conditions were correctly
ranked.

Figs. 1l0a,b,c and d show how the results were
plotted on the relevant FADs and that all tests
were successful. The factors of reserve obtained
from these Figs. are listed in Table 3, along with
other relevant information.
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CONCLUDING COMMENTS

The main objectives in developing R6 were to produce
a procedure which had the following attributes:

1. Relative simplicity with standardised rules
allowing for consistency of application.

2. Ease of manipulation so that a large number of
variables like crack location, material properties,
flaw characterisation, loading regimes, etc.
could be analysed quickly and cheaply, and so
facilitate objective judgement of the necessary
margins by use of a sensitivity analysis.

3. The capability of analysing for special circum-
stances, incorporating empirical solutions where
necessary and allowing for development as and
when new information became available.

4. Good validation so that together with the consist-
ency of application authoritative bodies could
accept the results without requiring further
validation.

Revision 3 of R6 is now the most modern version,
and incorporates the most important developments in
fracture mechanics which were current up to April 1985.
Further development is in hand, as a continuing
programme, particularly in respect of computerisation,
the treatment of thermal and residual stresses,
leak before break analysis, the treatment of scattered
material toughness data and in validation. The
main changes incorporated in Revision 3 centre around
the facility to treat the materials stress strain
data explicitly. It is felt that this particular
aspect is an important advance in fracture mechanics
methodology.
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a, (ag)

4 a,(8ag)

E
Bt

FL, (FG, Fg)

FAD

T7 LT3
J (A a)
K1, (R}, KT)
Kmat

By s (RE RS

Ly (L Max)

SYMBOLS
crack size, (initial)

ductile crack extension (valid
limit, Table 1)

Young's modulus

reference strain, uniaxial
strain at stress, U, of

Factor on load (at ag, at
=¥e) +Aag)

Failure assessment diagram

J integral (elastically
calculated)

J resistance curve (Table 1)
Applied stress intensity factor
(for TV stresses, for o

stresses)

material's toughness parameter
(see Table 1)

ratio Kj/Kpat (for UPstresses,
for stresses including f>)

load/yield load (max
permitted)
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PI(PYIPC)

6T, 0

load (yield limit load, collapse
limit load)

plasticity interaction term
for a® + @3 loading

load/collapse load (1)

stresses produced from mechanical
loads

stresses produced from thermal
or residual strains

reference stress = Ly Ty

yield or proof (flow, ultimate)
tensile stress
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TABLE 1 MATERIAL TOUGHNESS DEFINITIONS

K Linear elastic plane strain fracture toughness
e ; : .
meeting requirements of national standards
Kc toughness at onset of brittle fracture,
where non-valid. May be derived from J
analysis
Koz toughness corresponding to 0.2mm of tearing

and/or blunting in a ductile fracture test

K toughness at Aag of tearing where a is
% limit permitted by validity rules ig
where brittle fracture follows tearlngAa
corresponds to the minimum crack extensiog
obtained

Knﬁkq toughness as a function of ductile tearing,

Koa, Kngugmust be derived from J(A a) resistance
curve d%ta (25)

TABLE 3 VALIDATION TEST RESULTS

Test Loading Measured Reserve factor
quantities on R6 Rev.3
analysis
CEGB p.v. pressure Max. 1.11
test A533B only pressure
CEGB p.Vv. pressure initiation 1.34
test SA + residual pressure (1.23 surface)
weld stress
repair
Max. 1.34
pressure (1.27 surface)
ORNL p.Vv. pressure Max. 1.16
test SA only pressure
we 1d
Battelle bending initiation 1.18
test on moment load
austenitic
pipe
Max. 1.22
load
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TABLE 2 CONTENTS OF R 6 REV. 3

Sections

1. Symbols

2. Introduction

3. Scope

4. Procedufes

5. Categorisation of Loads and Stresses

6. The Failure Assessment Diagram

7. Selection of Analysis Category

8. Material Properties

9. Flaw Characterisation

10. Evaluation of Ly

11. Evaluation of Ky

12. Assessment of the Significance of Results

13. Reporting

14. Status notes

Appendices

1. Determination of Fracture Toughness Values

2. Plastic Yield Load Analysis

3. Determination of Stress Intensity Factors

4. Evaluation of K?

5. Computing Aids

6. Evaluation of Fatigue and Environmentally Assisted
Crack Growth

7. Evaluation under Mode I, II and III loads

8. Assessment of the Integrity of Structures made

of C-Mn (Mild)

steels
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Stress
Flow stress _—
B/ C /
D
o 2
A: ENA4OB, high strength condition
B: AS533B
o.5h C: C-Mn steel
D: Austenitic steel
L Strain (%) |
0 10 20
Fig. 1 Typical stress-strain curves
Ke

A,B,C,D for materials in
0.5k Figure 1

E Option 1 curve of
eqn.(7)

0.5 1.0 1.5

Fig. 2 Option 2 FADs
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OPTION 2 FAD

—-a = 06W .
eoe 3 = 0.4W ==
—-——23 = 0.8W
0 1 ] ]
0 0.5 1.0 15 ™
L

Fig. 3a Option 2 validation, austenitic steel, DENT geametry

OPTION 2 FAD

~——DENT
~—-SENT
eess CCPT
X XXX BPB
ALL a = 0.6W

o 1 1
0 05 10 15 L

FROM FE.

L )
05 R J ANALYSIS

© 230 mm
* 10 mm

o : 3 0 0 OIS ‘IIG IIS
0 05 1.0 a i " =
L % b

Fig. 4 Option 2 validation, Fig. 5 FADs for C-Mn steel
specimen size and tensile test results
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