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FLAW ASSESSMENT METHODS USING FAILURE ASSESSMENT
DIAGRAMS

R A Ainsworth*

The basis of failure assessment diagrams for flaw
assessment is described. The practical use of failure
assessment diagrams is now widespread and some
advantages of the approach are discussed. More
recently the approach has been extended to incorporate
the influence of constraint on short-term fracture and to
address creep crack growth. These extensions are
briefly described and associated modifications to the
shape of the failure assessment curve are illustrated.

INTRODUCTION

This paper describes methods for assessing the integrity of structures
containing flaws by the use of a failure assessment diagram (FAD).
Such methods were introduced by Harrison et al (1) in 1976 in the so-
called R6 procedure and have been developed to the extent that R6 is
now in its third revision (Milne et al (2)) and FADs have been
incorporated in a British Standards Published Document PD6493 (3) and
a Code Case N-494-1 (4) to the ASME Boiler and Pressure Vessel Code.

The FAD may be related to estimation schemes for J as shown by
Bloom (5) and Ainsworth (6). It may also be related to crack opening
displacement methods as described by Anderson (7). Although the FAD
and J or crack opening displacement methods may be made equivalent,
approximations are introduced in (2-4) so that the failure assessment
curves are independent of geometry and/or material strain hardening
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properties. These approximations have been shown by Miller and
Ainsworth (8) to generally introduce conservatisms and they also lead
to robustness in practical use as discussed later.

In recent years, there has been considerable effort to quantify the
dependence of fracture on geometry using so-called constraint
parameters. These developments can be interpreted in the FAD
approach by modifying the shape of the failure assessment curve as
described by Ainsworth and O’'Dowd (9). These modifications are
summarised later in the paper.

Another recent development has been the use of FADs to assess creep
crack growth under steady loading. Ainsworth (10) has derived
equations which enable the fracture toughness in low temperature
assessments to be replaced in the FAD approach by a material property
evaluated from creep crack incubation and growth data. This use of the
FAD for creep assessments is also summarised later in the paper.

THE FAD APPROACH

The FAD approach assesses fracture in terms of two parameters, here
denoted K, and L, following (2). For applied loading of magnitude
characterised by a scalar P, these are defined by:

K, = K(P,a)/Kpa it

L = PIP_(a,0,) &

where K is the linear elastic stress intensity factor, K, is the material
fracture resistance, a is crack size and P_is the magnitude of P at plastic
collapse for a yield stress o,. More complex loadings, such as combined
mechanical and thermal stresses, can be included in the FAD approach
by modifying eqgns (1) and (2).

Having evaluated K, and L,, failure is avoided if the point (LK) lies
within the FAD shown in Figure 1. The FAD is bounded by a failure
assessment curve, K, = f (L), and a cut-off. The cut-off ensures
avoidance of failure by plastic collapse by limiting
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L <™ (3)
where I,'"" is defined as the ratio of the material flow stress, &, and
the yield stress

- 4)
Y - o/a, (

Since plastic collapse load is directly proportional to yield stress,
inequality (3) combined with the definitions of eqns (2) and (4) restricts
the applied load to

P < P_(a,0) (5)

The use of the flow stress in this plastic collapse limit allows for some
strain hardening above the yield stress. A typical flow stress is the
mean of the yield stress and the ultimate tensile stress, although R6(2)
is not prescriptive about the choice of flow stress.

The failure assessment curve may be related to the results of J analysis
through

f(L) = GN)™ , (6)

where J and J, are values of the J-integral obtained from an elastic-
plastic analysis and an elastic analysis, respectively, both performed for
the load corresponding to the value of L, by eqn (2). As fracture is
avoided if K, < f (L), the definition of eqn (1) with the failure
assessment curve of eqn (3) is consistent with a fracture avoidance
criterion

J s g 7)

where
Joat = JEJE’ (8)

with E’ equal to Young’s modulus E in plane stress and E’ = E/(1-v?),
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where v is Poisson’s ratio, in plane strain. The value of Jg is related to
K by a similar equation to eqn (8).

It can be seen from the above that the FAD approach incorporates the
plastic collapse limit of eqn (5) and the elastic-plastic fracture limit of
eqn (7) in a simple, visual method. This has advantages for practical
use as discussed in the next section.

Equation (6) requires results of detailed analyses to construct the failure
assessment curve. However, practical assessment procedures (2-4)
incorporate approximate curves which enable detailed analysis to be
avoided. One of these is the option 2 curve, f,, in R6(2) which is

fo(L,) = [Eeefo,s + 0.5L7(Ee ofo )] ™ 9

where
o = Lo, (10)
and €, is the uniaxial strain at the reference stress, 0,,. Equation (9)

is independent of geometry but dependent on material strain hardening
properties. An even simpler approximate curve is that termed option 1
in R6(2) which is

f,(L) = (1-0.14L%) [0.3 + 0.7exp (-0.65L)] (11)

This curve is independent of both geometry and materials. Ainsworth
(11) has shown that eqn (11) is close to the option 2 curve of eqn (9)
for austenitic steels.

The FAD approach in R6 (2) has been validated for a number of large
scale experiments as described by Milne et al (12). The results show
that the failure assessment curves in R6 are conservative. The
conservatism corresponds to factors on load-bearing capacity ranging
from 1.02 to 1.45. Some of this conservatism arises from the
approximations introduced in moving from eqn (6) to eqn (9) or eqn
(11). However, some conservatism also arises in eqn (6) itself due to
the use of highly constrained, deeply cracked bend specimens to
determine fracture toughness, K. . or J.,. For lower constraint
geometries, this conservatism can be more significant than that
introduced in egns (9) and (11), but can be removed by modifying the
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FAD to allow for constraint effects as discussed later in this paper.

PRACTICAL USE OF FADS

Compared with detailed elastic-plastic analysis by the finite-element
method, the FAD approaches have a number of advantages. These may
be broadly categorised in terms of cost saving, ease of use, flexibility
and robustness. The advantages are discussed below under these
headings although it should be recognised that there is not a clear
distinction between the different categories.

vin

Simplified FADs, such as eqn (9), eqn (11) or those in (4) for
example, enable the user to avoid the cost of detailed elastic-plastic
analysis of the cracked body. This cost saving can be significant where
analyses are required for a number of load cases or crack sizes to
determine margins. In probabilistic fracture mechanics assessments,
where a large number of calculations need to be performed, the FAD
approach is even more attractive as described by Wilson and Ainsworth
(13).

The analysis requirements to follow the FAD approach are often
minimal as stress intensity factor and limit load solutions are available
for a wide range of geometries and crack sizes. The availability of these
solutions has enabled a number of computer programs (for example,
Bergman (14) and R6.CODE (15)) to be developed for performing FAD
calculations. Such programs have made elastic-plastic fracture analysis
almost a routine task where twenty years ago it was a major
undertaking.

Another cost saving relates to material data requirements. In
general, FADs require fracture toughness and stress-strain data. These
are the same requirements as detailed analysis. However, with
simplified failure assessment curves such as eqn (11), values of yield
stress and flow stress, instead of complete stress-strain data, are
sufficient.  For scoping calculations or where simplified FADs
demonstrate adequate margins, there is no need to go to more complex
FADs and the cost of obtaining and interpreting detailed stress-strain
data is avoided.
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Ease of Use

As both K, and L, are directly proportional to load, P, the
proximity of the point (L, K) to the failure assessment curve provides
an immediate, visual indication of load margin. This load margin is
simply the ratio OA/OB in Figure 1. This may be contrasted with
detailed analysis where the difference between a calculated value of J
and the material toughness, J;, provides no consistent indication of
load margin due to the strong and varying dependence of J on load in
the elastic-plastic regime.

Another visual aid lies in the shape of the failure assessment
curve. This tends to be only weakly dependent on both geometry and
material stress-strain properties as can be seen, for example, from the
various curves in (4). Therefore, if a failure assessment curve is
generated which looks significantly different from that in Figure 1, the
user has a clear indication of a possible error in its construction. The
visual indications are a strong attraction of the FAD approach and make
it easy to use.

Flexibility

Although the approach has been discussed above only in terms
of a single applied load, an advantage of the FAD method is that it is
sufficiently flexible to be adapted in a straightforward manner to handle
a number of practical issues. The R6 method (2) indicates the range of
these issues: thermal and residual stresses; stable tearing; sub-critical
crack growth; mixed mode loading; leak before break; probabilistic
fracture mechanics; and displacement-controlled loading. More recently
the approach has been extended to address constraint effects and creep
crack growth as discussed later in this paper. Thus, users can apply the
same basic approach to a wide range of practical problems.

Robustness

The wide range of finite-element programs, methods for
calculating J, and mesh detail can often lead to very different results.
On the other hand, because the input to the FAD is relatively simple the
results tend to be reproducible and not subject to user interpretation.
Other simplified approaches, such as the GE/EPRI estimation scheme
(16), which use power-law hardening solutions are less robust. The
normalised J solutions in (16) are sometimes very sensitive to the
power-law used to fit the stress-strain data and to crack size, making
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results user sensitive.

Thus it can be seen that the widespread use of FAD approaches
has arisen for a number of reasons. The FAD is a simple, visual and
robust method yet it remains sufficiently flexible for a wide range of
practical issues to be treated.

XTENSI R

To incorporate constraint effects into the FAD, it is necessary to
quantify constraint in terms of the parameter L, of eqn (2). This load
dependence has been addressed in (9) for two constraint parameters:
the elastic T-stress and the hydrostatic Q stress. For a single loading
system, the elastic T-stress is directly proportional to load and can be
written as (9)

Tlo, = Brly (12)

where By is a non-dimensional constraint parameter. Values of By are
shown in Figure 2 for some common geometries for a range of crack
sizes normalised by section width, or semi-width, w. For short cracks
in the centre-cracked tension (CCT) geometry B = -1. For deep cracks
in bend geometries By is positive and small. In view of the results for
the CCT geometry, B;L, may be considered as a normalised measure of
constraint relative to that in a shallow, centre cracked specimen at
general yield.

The load dependence of the hydrostatic Q stress is more complex
than the linear relationship for the elastic T-stress. The load dependence
of Q has been examined in (9) for three regimes: small-scale yielding,
widespread power-law plasticity; and, fully plastic behaviour. The
overall dependence may be written as

Q = Bgl, (13)

where, in general, B is a function of geometry, material strain hardening
properties and load. Examination of detailed finite-element results in (9)
for a number of geometries showed that in most cases replacing Bqg in
egn (13) by B provided a conservative estimate of Q. Some typical
results are shown in Figure 3. However, results in (9) for a biaxially
loaded centre cracked plate showed that the use of 1 in eqn (1 3) was
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not conservative at high loads and, therefore, care must be exercised in
basing assessments on T-stress calculations in all cases.

To assess constraint effects, it is necessary not only to have a
measure of structural constraint, by eqns (12) or (13), but also a
measure of the dependence of material toughness on constraint. In (9),
this latter dependence was assessed by comparing a constraint
dependent toughness K,,‘f., with K .., the material property measured
under high constraint conditions. Examination of cleavage and ductile
fracture toughness data showed that these could be approximately
related for negative constraint by

Koot = Knad1 + a(-BL) (14)

where a,p are constants and B represents either 8y or B, depending on
the constraint parameter adopted. Values of p = 1-2 with a typically
about unity were found in (9). For positive constraint, Ky = K o -
The form of egn (14) is used here to illustrate constraint based
modifications to the failure assessment curve. However, the
modifications could similarly be developed for other forms provided the
relationship between Kpy and Kmat is expressed as a function of
constraint.

To address constraint effects, eqn (7) is assumed to be replaced
by

J <l (15)

Since J can be estimated using eqn (6) and Jn is related to J,,, by
the J-equivalent of eqn (14), the failure avoidance criterion of inequality
(15) can be written

KiKma < f(L) [1 + & (-BLY)f] (16)

This is equivalent to retaining the definition of K. by eqn (1) in terms of
a fracture toughness derived from a highly constrained geometry but
with the failure assessment curve being replaced by a constraint based
curve, f.,

fo =) 11 + o (-BLY] (a7)
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Modifications to the option 1 curve of eqn (11) have been
illustrated in (9) for both a linear (p = 1) and a quadratic (p = 2) fit to
toughness data. The quadratic fit is shown here in Figure 4. At very
low values of L /K, there is no effect of constraint and the failure
assessment curves all converge to K, = 1. Very low values of L /K, can
be achieved by increasing specimen size and this leads to reducing |T|
for a given value of K. Consequently, as L /K, - O then T/K - 0 and
similarly Q -» 0. Thus, the extreme left hand side of the FAD
corresponds to high constraint irrespective of geometry.

In the small-scale vyielding regime (L, =< 0.5), the failure
assessment curve is sensitive to constraint and is also sensitive to the
position of the failure assessment point. Under widespread yielding
conditions, the effects of constraint on load factors (see Figure 1) are
lower than in the small-scale yielding regime because of the stronger
load dependence of J as reflected in the shape of the failure assessment
curve under widespread plasticity.

It can be seen that a framework has been developed for including
constraint effects through modifications to the shape of failure
assessment curves without any changes to the definitions of K, and L,.
Generally, the modifications require a geometry and crack size
dependent parameter to quantify structural constraint and parameters
(a,p) relating the fracture toughness in a shallow, centre cracked tension
geometry at general yield to the fracture toughness in a deeply cracked
bend specimen.

EXTENSION TO CREEP CRACK GROWTH

Recently, the FAD approach has been examined in detail (10) to see
how the various input parameters can be modified to enable its use at
high temperature. The strong similarity between reference stress
methods for estimating J via eqn (9) and the corresponding methods for
estimating the high temperature crack tip parameter C* has been used
to develop a FAD approach. This can be used to guard against crack
initiation or small amounts of creep crack growth in a particular time, t.
The failure assessment curve is identical to eqn (9) but the value of o

used to derive the reference stress from eqn (10) is the (proof) stress to
0.2% inelastic strain evaluated from isochronous stress-strain data for
the time at which an assessment is required. Similarly, €. is the strain
at the reference stress obtained from isochronous data. At long times,
this is dominated by creep strains. At short times, it is shown in (9)
that the inclusion of elastic strain in €4 covers transient effects in the
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stress redistribution period following initial loading.

Failure assessment curves are shown in Figure 5 for austenitic
steel at 600°C using eqn (9) and average isochronous curves. Also
shown is the option 1 curve of eqn (11). In the absence of creep, the
failure assessment curve of eqn (9) is very close to the option 1 curve.
At low values of L, the failure assessment curves fall increasingly below
the curve for t = O with increase in time. It appears that the curves are
not strongly dependent on time and the curve for the longest time could
be used for conservative assessments at shorter times.

For creep assessments, the cut-off L,'"“ is not given by eqn (4)
but is defined as the ratio of the stress to rupture for the assessment
time divided by the 0.2% proof stress evaluated from isochronous data,
also at the assessment time. This ensures that failure by continuum
damage mechanisms is avoided (10).

The main problem for high temperature assessments is to derive
a value of K., to define K, by egn (1). Conventionally, creep crack

incubation and growth data are presented in terms of C* by equations
such as

t,Cs* =8B (18)

a4 = ACxd (19)

where t; is the time before creep crack growth starts, a is creep crack
growth rate and B, ¢, A, q are material- and temperature-dependent
constants. In reference (10) it was shown that a pseudo toughness,
Kmatr 10 be used in the FAD approach could be related to these
constants by

Koo = [EB' t-(1e-D)% (20)

to avoid initiation in time t, and

Knae = [E(AaJA)YA t -(1/a-1]% (21)

to avoid a small amount of crack growth, Aa, in time t. Equation (21)
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assumes that crack growth starts at t = O but it is possible to define
Kmat allowing for both initiation and growth (10). The toughness
defined by eqns (20) and (21) reduces with increasing assessment time.
More recently, Hooton et al (17) have shown that values of K., can
also be derived directly from displacement data obtained during a creep
crack growth test, thus avoiding the intermediate step of interpreting
results in terms of C* by eqn (18) or eqn (19).

Thus it can be seen that failure assessment diagrams can be used
to guard against creep crack initiation or small amounts of creep crack
growth. The failure assessment curves do depend on creep deformation
behaviour as represented by isochronous data but the general shape is
not that different from the low temperature curves. Whereas the cut-
off, L,'"“ , guards against plastic collapse at low temperatures, at high
temperatures it guards against creep rupture by continuum damage
processes. The approach is not as well developed as the FAD method
at low temperature, particularly as creep crack initiation and growth data
are not generally available in the form of a toughness Kmat- However,
the advantages of the FAD approach discussed earlier also apply at high
temperatures and, therefore, it is expected that the FAD for creep
assessment will gain increased use in the future.
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Figure 1 The basic failure assessment diagram
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Figure 2 Elastic constraint parameter of eqn (12) for common test

specimen geometries
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Figure 3 Hydrostatic Q stress as a function of load parameter L,
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Figure 4 Modified failure assessment curves using eqn (17) with p
=2
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Figure 5 Failure assessment curves for austenitic steel at 600°C
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