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Foreword

The revision of this Published Document has been carried out under the direction 
of the Welding Standards Policy Committee and supersedes PD 6493:1980 which 
is withdrawn. Because it is “guidance” that is being provided and the reference 
PD 6493 is so well known, it was decided to retain the same type of publication.
As the number of application standards specifying requirements for weld flaw 
acceptance levels increases, so it is necessary to update and extend the guidance 
to be used in achieving coordination and rationalization among those 
requirements. This revision incorporates recent developments in fracture 
mechanics assessment methods, details of which are given in the relevant 
sections of this document. While arbitrary acceptance levels will continue to be 
used for quality control purposes, the complementary use of the guidance given 
in this document permits the acceptability of known or postulated flaws in 
particular situations to be evaluated in a rational manner.
Improvements in the methods outlined are continuing and users of this document 
should obtain an appreciation of the status of the various methods before 
applying them. For the purpose of this document the treatment of the methods 
has necessarily been simplified, but appropriate references have been included to 
assist those wishing to obtain further guidance. However, the information will 
seldom be found in the references in an identical form to that used in this 
document (see appendix J).
It has been assumed in the drafting of this Published Document that the 
execution of its provisions is entrusted to appropriately qualified and experienced 
people.
A British Standard does not purport to include all the necessary provisions of a 
contract. Users of British Standards are responsible for their correct application.

Compliance with a British Standard does not of itself confer immunity 
from legal obligations.

Summary of pages
This document comprises a front cover, an inside front cover, pages i to iv, 
pages 1 to 114, an inside back cover and a back cover.
This standard has been updated (see copyright date) and may have had 
amendments incorporated. This will be indicated in the amendment table on 
the inside front cover.
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0 Introduction
In circumstances where it is necessary to examine 
critically the integrity of fusion welded joints 
in new or existing constructions by the use of 
non-destructive testing methods, it is also necessary 
to establish acceptance levels for the flaws revealed. 
The derivation of acceptance levels for flaws in 
welds is based on the concept of “fitness for 
purpose”. By this principle a weld in a particular 
fabrication is considered to be adequate for its 
purpose provided the conditions to cause failure are 
not reached, after allowing for some measure of 
abuse in service. A distinction has to be made 
between acceptance based on quality control and 
acceptance based on fitness for purpose.
Quality control levels are, of necessity, both 
arbitrary and usually conservative and are of 
considerable value in the monitoring of weld quality 
during production. Flaws at or less severe than such 
quality control levels as given, for example, in 
current application standards, are acceptable 
without further consideration. If flaws more severe 
than the quality control levels are revealed, 
rejection is not necessarily automatic but decisions 
on whether rejection and/or repairs are justified 
may be based on fitness for purpose, either in the 
light of previously documented experience with 
similar material, stress and environmental 
combinations or on the basis of “engineering critical 
assessment” (ECA). It is with the latter that this 
document is concerned. It is emphasized, however, 
that a proliferation of flaws, even if shown to be 
acceptable by ECA, should be regarded as indicating 
that quality is in need of improvement.
A procedure for ECA is described, the use of which 
should be contractually agreed by all parties, 
whereby the significance of weld flaws under a 
particular set of circumstances may be determined.
It is impossible to provide a single list of flaws which 
it is known will not cause premature failure, since a 
large number of variables is involved, as 
enumerated in this document. It is possible, where 
relevant experience and data already exist, to 
dispense with the full ECA procedure and to use 
authenticated previous assessments as a basis for 
the establishment of acceptability limits. ECA may 
also be used as a basis for deferring necessary 
repairs of welds containing flaws to a time mutually 
agreeable to the contracting parties. It should be 
appreciated that the unsatisfactory repair of 
innocuous flaws could result in the substitution of 
more harmful and/or less readily detectable flaws.

The implication of flaw assessment on a fitness for 
purpose basis is thorough examination after any 
post-weld heat treatment and/or proof test by 
non-destructive testing using techniques capable of 
locating and sizing flaws in critical areas. However, 
since a major objective of this document is to reduce 
costs by eliminating unnecessary repair, careful 
consideration should be given to the level of 
inspection required to implement this document.
The limitations of non-destructive testing methods 
have to be taken into account. The following are the 
stages in the assessment of flaws revealed by such 
tests.

a) If the flaws do not exceed the quality control 
levels in the appropriate application standard, no 
further action is required.
b) If acceptance limits have already been 
established on the basis of ECA for the 
appropriate combination of materials, welding 
process, procedure, welding consumables, stress 
and environmental factors, flaws should be 
assessed on that basis.
c) If no relevant documented experience exists, 
then an ECA based on the guidance given in this 
document should be carried out.

ECA will help to identify the limiting conditions for 
failure. It should be emphasized that some aspects 
of ECA are based on new concepts which could be 
subject to review. The application of these principles 
will mean that “safe” results will be obtained. The 
option of using appropriate safety factors has been 
incorporated or is inherent in each of the relevant 
clauses. If the accuracy of the input information 
employed (e.g. stress levels, material properties at 
the appropriate temperature, flaw size 
determination) is in question, appropriate 
additional safety factors should be agreed. Equally, 
a flaw will not necessarily be unacceptable when 
initially found to exceed the acceptance levels 
derived from this document. A further assessment 
can be made following the principles given in this 
document, but incorporating more precise input 
data or analysis methods.
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Section 1

Section 1. General

1 Scope
This Published Document gives guidance on 
methods for assessing the acceptability of flaws in 
all types of fusion welded structures and 
components. Although specifically aimed at welded 
fabrications in ferritic and austenitic steels and 
aluminium alloys, the procedures developed can be 
used for analysing flaws in welds in other materials 
and in non-welded applications.

2 References
The titles of the standards publications referred to 
in this Published Document are listed on the inside 
back cover.

3 Notation
For the purposes of this Published Document the 
following notation and units are used.

A constant in fatigue crack growth 
relationshipa

A1 full load beating area containing flaw 
(mm2)

a half flaw length for through thickness 
flaw, flaw height for surface flaw or half 
height for embedded flaw 
(see Figure 5) (mm)

%a increment in a

af final flaw size (mm)

%ag limits of tearing flaw extension (mm)

%aj intermediate value of tearing flaw 
extension (mm)

 effective flaw parameter for level 1 
fracture assessment (mm)

 max maximum value of effective flaw 
parameter for fatigue analysis (mm)

 i initial value of effective flaw parameter 
for fatigue analysis (mm)

am limiting flaw size for levels 2 and 3 
fracture assessments (mm)

 m tolerable flaw parameter for level 1 
fracture assessment (mm)

ao initial flaw size (mm)

%ao notional extension of flaw defining 
tearing initiation (mm)

B section thickness in plane of flaw (mm)

B9 effective section thickness (2a + 2p) (mm)

C9 constant in the stress corrosion crack 
growth relationshipb 

a

a

a

a

c half flaw length for surface or embedded 
flaws (see Figure 5) (mm)

%c increment in c (mm)

flaw growth rate (mm/cycle)

flaw growth rate (mm/time) (time 
measured in days, weeks, months or 
years as appropriate)

D diameter (mm)

d deviation from true circle due to angular 
misalignment (mm)

e axial misalignment (eccentricity or 
centre-line mismatch) (mm)

E elastic modulus (N/mm2)

F peak stress (N/mm2)

FL  load factor [see 12.3 g)] (dimensionless)

f factor of safety with respect to stress 
corrosion cracking (f > 1.0) 
(dimensionless)

f Ì, fw, g correction terms in stress intensity factor 
for elliptical flaws (dimensionless)

h weld leg length (mm)
a The units of A depend on those used to measure da/dN and 
%K, and on the value of the exponent, m. If A is known in one set 
of units, A1, the corresponding value for another set of units, A2 
is given by:

  

where 
f1 is the conversion factor for da/dN from the first to the 

second unit system; and 
f2 is the conversion factor for %K from the first to the second 

unit system.
b The units of C9depend on those used to measure da/dN and 
%K, and on the value of the exponent, n. If C9 is known in one 
set of units, C91, the corresponding value for another set of units, 
C92, is given by:

  

where 
f1 is the conversion factor for da/dN from the first to the 

second unit system; and 
f2 is the conversion factor for %K from the first to the second 
unit system.

da
dN
--------

da
dt
-------

A2 A1
f1

f2
m---------=

C'2 C'1
f1
f
2
n-------=
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Jmat material toughness measured by 
J-methods (N/mm)

K stress intensity factor (N·mm–3/2)a

%K stress intensity factor range
(N·mm–3/2)a

%Ko threshold stress intensity factor range 
below which fatigue crack growth (or 
corrosion fatigue crack growth) does 
not occur (N·mm– 3.2)a

KI applied tensile (mode I) stress 
intensity factor (N·mm–3/2)a

KIc plane strain fracture toughness 
(N·mm–3/2)a

KIscc critical stress intensity factor for 
stress corrosion cracking 
(N·mm–3/2)a

Kg notional K value after flaw extension 
%ag (N·mm–3/2)a

Kmat material toughness measured by 
stress intensity factor (N·mm–3/2)a

Km stress magnification factor due to 
misalignment (dimensionless)

Kr fracture ratio of applied elastic K 
value to Kmat (dimensionless)

Kt stress concentration factor 
(dimensionless)

L attachment length (mm)

Lr load ratio of applied to yield load 
(dimensionless)

Lrmax. permitted limit of Lr (dimensionless)

l distance from axially misaligned joint 
to load point or extremities of region 
of angular misalignment (mm) 
(shortest distance = l1)

M, MS, MT stress magnification factors (see 9.1) 
(dimensionless)

Mm, Mb, 
Mkm, Mkb

stress intensity factor magnification 
factors (dimensionless)

m exponent in flaw growth law 
(dimensionless)

N fatigue life (cycles)

%N increment in N (cycles)

n exponent in the stress corrosion crack 
growth relationship (dimensionless)

nj number of cycles in stress spectrum at 
stress range %Öj (cycles)

P primary stress (N/mm2)

Pm membrane stress (N/mm2)

Pb bending stress (N/mm2)

Pc, Pu load related to pop-in behaviour 
(see appendix C) (N or kN)

p shortest distance from material 
surface to embedded flaw (mm)

Q secondary stress (N/mm2)

Qb secondary bending stress (N/mm2)

Qm secondary membrane stress (N/mm2)

R stress ratio (ratio of minimum (Ömin) 
to maximum (Ömax) algebraic value of 
the absolute stress level [Pm + Pb + Q 
+ F)] (dimensionless)

r radius of hole (mm)

S stress range or, for variable amplitude 
loading, the equivalent constant 
amplitude stress range (N/mm2)

Sr load ratio of applied load to flow 
strength load (dimensionless)

s distance between embedded flaws 
(mm)

t time (days, weeks, months or years as 
appropriate)

T temperature (°C)

To temperature below which creep is 
negligible for a given endurance (°C)

Vc, Vu clip gauge displacement related to 
pop-in behaviour (see appendix C) 
(mm)

W plate width in plane of flaw (mm)

Y stress intensity factor correction 
(dimensionless)

y height of peaking due to angular 
misalignment (mm)

Ö angular change at misaligned joint 
(radians)

¾s, ¾t, ¾a partial coefficients for safety factor 
treatment, appendix A 
(dimensionless)

¸ crack tip opening displacement 
(CTOD) (mm)
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¸c CTOD (mm) at either:

a) unstable fracture; or
b) onset of arrested brittle crack or 
pop-in.

This term only applies where there is 
no evidence in either (a) or (b) to 
suggest that slow crack growth has 
occurred

¸g CTOD at limit of permitted tearing 
(mm)

¸I applied CTOD (mm)

¸m CTOD at first attainment of 
maximum force plateau (mm)

¸mat material toughness measured by 
CTOD method (mm)

¸r fracture ratio using CTOD 
parameters (dimensionless)

¸u CTOD (mm) at either:

a) unstable fracture; or
b) onset of arrested brittle crack or 
pop-in.

This term only applies where there is 
no evidence in either (a) or (b) to 
suggest that slow crack growth has 
occurred

¼ strain (dimensionless)

Æ constant depending on boundary 
conditions (dimensionless)

I Poisson’s ratio (dimensionless)

Ö plasticity correction factor 
(dimensionless)

Ö applied stress (N/mm2)

%¸ applied stress range (N/mm2)

Ö0.2 0.2 % proof strength (N/mm2)

Ömin, Ömax minimum and maximum algebraic 
values of the absolute stress level 
(Pm + Po + Q + F) (N/mm2)

Ö1 maximum applied tensile stress 
(N/mm2)

Öf flow strength (N/mm2)

Ön net section stress (N/mm2)

ÖR residual stress (N/mm2)

Ös bending stress due to misalignment 
(N/mm2)

Öu tensile strength (N/mm2)

ÖY lower yield strength or 0.2 % proof 
strength (N/mm2)

ÖY′ appropriate material yield strength 
(N/mm2)

Öw applied stress on weld throat (N/mm2)

Öε0.2 stress to give 0.2 % creep strain 
(N/mm2)

%Öm membrane component of stress range 
(N/mm2)

%Öb bending component of stress range 
(N/mm2)

%Ö9b range in bending stress excluding 
the effects of misalignment (N/mm2)

%Öj stress range in variable amplitude 
fatigue spectrum which is applied nj 
times (N/mm2)

9 complete elliptic integral of the second 
kind (dimensionless)

8 parametric angle to identify position 
along an elliptic flaw front (radians)

a The two internationally recognized alternative units for stress 
intensity factor are N·mm–3/2 and MPa√m (which is identical to 
MN·m–3/2). The unit adopted in this document is N·mm–3/2. 
1 N·mm–3/2 = 0.032 MPa√m
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4 Types of flaw1)

The effects of the following flaws may be assessed by 
use of this document.

a) Planar flaws:
1) cracks;
2) lack of fusion or penetration;

3) undercut2), root undercut2), concavity and 
overlap.

b) Non-planar flaws: 

1) cavities3);

2) solid inclusions3).
c) Shape imperfections: 

1) misalignment;
2) imperfect profile.

Flaws of the type known as “imperfect shape” 
include some which may be treated as planar flaws 
which are listed as such in (a) and others which give 
rise to stress concentration effects.

5 Modes of failure
5.1 The influence of the flaws listed in clause 4 may 
be assessed, using this document, for the modes of 
failure listed in (a) to (g). For the flaw or flaw type, 
consideration should be given to the environment. 
Reference should be made to sections 2, 3 and 4 
dealing with the detailed assessment of the various 
modes of failure and possible interactions between 
them. For a particular application, some of these 
will not be relevant.
The modes of failure are as follows:

a) fracture;
b) fatigue;
c) yielding due to overloading of the remaining 
cross section;
d) leakage in containment vessels;
e) corrosion, erosion, corrosion fatigue, stress 
corrosion;
f) instability (buckling);
g) creep or creep and fatigue interaction.

There are varying degrees of confidence and 
accuracy with which the risk of failure from the 
operation of these modes can be predicted 
quantitatively. The behaviour of weldments subject 
to fatigue loading and the risk of brittle fracture is 
well understood largely through research efforts 
arising out of structural failures from these causes. 
Where failure by shear fracture is controlled by net 
section, this is also well understood, but shear 
failure dominated by crack tip conditions is not 
covered in this document. The other mechanisms 
listed require to be considered in an ECA, since 
failure can arise through their operation, but it 
would be misleading at this time to attempt to 
describe detailed methods for predicting failure 
from these mechanisms in the same depth and 
generality as can be applied to the fatigue and 
brittle fracture modes. Brief guidelines are offered 
in section 4 for the assessment of the possible risk of 
operation of these mechanisms. Where a risk of 
failure from these modes is established, before flaws 
can be accepted, a specific assessment should be 
undertaken. Justification for the assumptions and 
approaches used in these circumstances should be 
fully documented and agreed by all interested 
parties.
5.2 The following is the sequence of operations in 
carrying out an assessment for a known flaw.

a) Identify the flaw type, i.e. planar, non-planar 
or shape (see clause 4).
b) Establish such of the essential data as are 
relevant to the particular structure (see 6.2).
c) Determine the size of flaw.
d) Assess acceptability as follows. 

1) Determine the limiting size as appropriate 
for the following final failure modes: 

i) fracture (see section 2);
ii) yielding due to overload of remaining 
cross section (see clause 23);
iii) leakage (see clause 24);
iv) corrosion/erosion (see 25.2);
v) stress corrosion (see 25.3.2);
vi) buckling (see clause 26);
vii) creep (see clause 27) if material not 
susceptible to macroscopic creep crack 
growth.

2) Assess whether the flaw would grow to this 
final size by the following mechanisms of 
subcritical crack growth within the design life 
of the structure:

1) A comprehensive classification of the various types of flaw which may be encountered in fusion welds is given in ISO 6520.
2) On some occasions undercut and root undercut are treated as shape imperfections.
3) On some occasions cavities and solid inclusions are treated as planar flaws.
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i) fatigue (see section 3);
ii) crevice corrosion (see 25.2);
iii) corrosion fatigue (see 25.3.3);
iv) creep crack growth (see clause 27);
v) creep and fatigue interactions 
(see clause 27).

3) If the flaw would not grow to the limiting 
size including appropriate factors of safety, it 
is acceptable.

Estimation of tolerable planar flaw sizes may be 
made by starting from a series of limiting flaw 
shapes as determined in (d)(1) and determining the 
initial flaw sizes which would grow to these within 
the design life as in (d)(2). Procedures for 
calculating such tolerable initial flaw sizes with 
regard to fracture are given in clauses 10, 11 and 12 
and with regard to fatigue in clause 22.
Tolerable sizes of embedded non-planar flaws may 
be determined by the procedures laid down in 
clause 13 and clause 20 for fracture and fatigue 
respectively. Such flaws should also be checked for 
the other failure modes listed in section 4.
Surface breaking non-planar flaws are also treated 
as planar flaws.

6 Information required for assessment
6.1 General

The information required should take account of the 
material strain and thermal history and the 
appropriate environment. The assessment should 
cover all loadings including as appropriate those 
arising during transport, erection and testing. In 
some cases it is necessary to take account of fault 
and accident conditions. The effects of local loads 
and misalignment should also be considered. Any 
assumptions should be justified to the satisfaction of 
all parties, and appropriate documentation, 
including material specification and details of 
actual material used, should be appended to the 
ECA.

6.2 Essential data

Relevant data from the following will be required:
a) position and orientation of flaw;
b) structural and weld geometry, welding 
procedure;
c) stresses (however arising) and temperatures 
including transients;
d) yield or 0.2 % proof strength, tensile strength 
and Young’s modulus (in certain cases a complete 
engineering stress/strain curve is required);
e) fatigue/corrosion fatigue S-N and crack 
propagation data;

f) fracture toughness (KIc or CTOD) data (in 
certain cases fracture toughness may be 
estimated from relevant Charpy V-notch data or 
from J-contour integral testing);
g) creep rupture, creep crack propagation and 
creep fatigue data;
h) bulk corrosion and stress corrosion cracking 
(KIscc) data.

6.3 Non-destructive testing

6.3.1 Non-destructive testing (NDT) is an essential 
aspect of a fitness for purpose assessment where 
quantitative information about a flaw’s size and 
shape are required. The NDT technique(s) used for 
flaw evaluation should be chosen so as to provide the 
type of information required to an acceptable degree 
of accuracy. Such information should include some 
or all of the following:

a) flaw length;
b) flaw height;
c) flaw position;
d) flaw orientation with respect to the principal 
stress direction;
e) whether the cross section is planar or 
non-planar.

6.3.2 The following methods (in no order of 
preference) are suitable for the detection of surface 
breaking flaws:

a) visual;
b) liquid penetrant;
c) magnetic particle (for ferromagnetic 
materials);
d) eddy current;
e) electrical potential drop (a.c. or d.c.);
f) radiography;
g) ultrasonics.

All the above methods are also suitable for 
measuring the surface length of such flaws, but only 
ultrasonic and potential drop methods are capable 
of providing a measurement of their height.
6.3.3 The following methods (in no order of 
preference) are suitable for the detection of 
embedded flaws:

a) radiography;
b) ultrasonics;
c) eddy current (in non-ferromagnetic materials);
d) electrical potential drop (d.c. only).
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Of these, both radiography and ultrasonics are 
capable of providing a measurement of flaw length, 
but ultrasonics only can provide a measurement of 
flaw height. Eddy current and potential drop 
methods will tend to provide a measurement of the 
cross-sectional area of the flaw.
6.3.4 Non-destructive testing to an agreed extent, 
not necessarily 100 %, should be carried out in 
accordance with the appropriate standards, for 
example the following:

Any inspection procedure, adopted by agreement, 
which deviates from or is not covered by an 
appropriate standard should be appended to the 
ECA. Suitable allowances should be incorporated in 
the assessment of flaw sizes to cover intrinsic and 
measurement errors involved and thereby ensure 
conservative assessment of flaw severity. These 
allowances and their bases should be quoted in the 
ECA.
Standard inspection techniques, which are suited to 
examination of large amounts of welds and which 
are economically viable, will not necessarily be 
appropriate for highly accurate measurements of 
particular flaws for inclusion in a fitness for purpose 
assessment. In such cases, supplementary 
techniques or additional test methods should be 
employed.

6.4 Stresses to be considered

6.4.1 The stresses to be considered in the 
assessment may be treated directly, or after 
resolution into the four components described below 
in (a), (b), (c) and (d). Typical schematic 
representations of these are given in Figure 1.For 
the level 1 fracture assessment (see 9.2.1) only the 
maximum value of the combined stress field can be 
used. For levels 2 and 3, the stress gradient can be 
taken into account.

a) Membrane stress (Pm). The component of 
uniformly distributed stress which is equal to the 
average value of stress across the section 
thickness and is necessary to satisfy the simple 
laws of equilibrium of internal and external 
forces and moments.

b) Bending stress (Pb). The component of stress 
due to imposed loading which varies across the 
section thickness. For the purpose of this 
document Pb is regarded as a stress 
superimposed upon Pm.
c) Secondary stress (Q). The secondary stresses 
Q are self equilibrating stresses necessary to 
satisfy compatibility in the structure. Thermal 
and residual stresses are usually secondary. A 
significant feature of secondary stresses is that 
they do not of themselves cause plastic collapse 
since they arise from strain/displacement limited 
phenomena. They may contribute to severity of 
local conditions at a crack tip, however, and have 
to be included in calculations of K or ¸ in fracture 
assessments in clause 9.
For fracture assessment at levels 2 and 3, the 
secondary stresses may be divided into 
membrane (Qm) and bending (Qb) components as 
for primary stresses (see 8.2.1).
d) Peak stress(F). The peak stress is the 
increment of stress that is added to the primary 
plus secondary stresses due to concentrations at 
local discontinuities for use in level 1 fracture 
treatments (see 8.1.1 and 9.2.1) and some parts of 
fatigue treatments (see 15.1.2). The peak stress 
represents the highest value, usually at the 
surface. For level 2 and level 3 fracture 
treatments, more accurate representation of the 
effects of the stress distribution and gradients 
away from the peak surface value on crack tip 
severity is required (see 8.2.1 and 9.2.2).
Peak stresses fall into three basic categories.

1) Additional stresses due to gross structural 
discontinuities. For nozzles, the peak stress F1 
is given by

F1 = (Kt – 1) × applied membrane stress, 
where Kt is the stress concentration factor for 
membrane stress.
For tubular joints, it is common to use a hot 
spot stress concentration factor where the 
local stress on the chord or the brace is 
obtained as a multiple of the remote stress in 
the brace.
For the chord, this hot spot stress should be 
regarded as the peak stress and is given by

F1 = Kt × remote stress in the brace.

In the brace, the hot spot stress includes the 
primary stress and the peak stress is given by

F1 = (Kt – 1) × remote stress in the brace.

This type of peak stress usually decays over 
distances greater than the section thickness, 
and may lead to a plastic hinge across the full 
section thickness over local regions.

ultrasonics BS 3923-1 or 
BS 3923-2, as 
appropriate

radiography BS 2600-1 or BS 2600-2 
or BS 2910, as 
appropriate

magnetic particle BS 6072

liquid penetrant BS 6443
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2) Additional stresses due to misalignment or 
deviation from intended shape. These stresses 
are usually predominantly bending stresses 
and the peak surface stress F2 is given by

F2 = (Km – 1) × applied stress,

where Km is the stress magnification factor 
(see for example appendix D). This type of 
peak stress also decays over distances greater 
than the section thickness and may lead to a 
plastic hinge across the full thickness over 
local regions. If a type F2 peak stress region 
lies within a type F1 peak stress region, only 
the membrane stress part of F1 should be used 
to calculate F2.

3) Stress concentrations at local structural 
discontinuities, such as holes, notches, sharp 
corners or weld toes.This type of-peak stress 
usually decays over distances less than 
about 20 % of the hole or notch radius, or 20 % 
of the thickness. The peak stress F3 may be 
given by

F3 = (Kt – 1) × applied stress,

where Kt is the surface stress concentration 
factor. This type of peak stress will not of itself 
cause plastic collapse, other than net area 
effects. For perfectly sharp corners, the 
theoretical stress concentration factor is 
infinite, and it is preferable that cracks at 
such regions should be treated by a stress 
intensity magnification factor at level 2 or 3. 
Type F3 peak stress effects may be located 
within either type F1 or F2 zones, and at level 
1 the overall effects should be multiplied 
together. This will inevitably give very 
conservative results.

Different methods of incorporating peak stresses 
are used in various different assessment methods 
within this document, as detailed in 8.1.1, 9.2.1 
and 15.1.

6.4.2 The relevant stresses in the assessment 
should be the values of (P + Q + F) in the 
neighbourhood of the flaw and should not take into 
account stress concentration effects due to the flaw 
itself. Effects of shear stresses acting upon flaws 
need not be considered, provided the remaining 
cross-sectional area is adequate (see 6.4.3).
6.4.3 For planar flaws, there are two alternatives. 
Either the stress components perpendicular to the 
plane of the flaw should be used or the flaw should 
be resolved onto planes perpendicular to the 
principal stresses and assessed for the case which 
maximizes its significance. Examples are shown in 
Figure 2 and 6 b), where this procedure is 
demonstrated. A check should also be made that the 
shear stress on net area does not exceed 48 % of the 
specified minimum yield strength when the flaw is 
resolved onto the plane of maximum shear stress.
6.4.4 Stresses used in the ECA should be justified 
and tabulated and form an integral part of the 
assessment. When complete stress information is 
not available, the basis for any estimate should be 
agreed with all parties and be included in the 
assessment.
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Figure 1 — Schematic representation of stress distributions across section
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Figure 2 — Alternative procedure for resolving flaws normal to principal stress
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Section 2. Assessment for fracture

7 General
There are continuing developments and 
improvements in fracture mechanics assessment 
methods. In particular the Central Electricity 
Generating Board (CEGB) R6 procedure 
(see reference 1) has now been developed to 
revision 3, and further developments have taken 
place in CTOD procedures put forward by The 
Welding Institute (TWI) (see reference 2). Research 
work on J-contour integral methods has provided 
improved understanding and confidence in all of 
these approaches (see references 3 to 6). The revised 
treatments in this document have been prepared to 
be consistent with these developments. All cover 
tensile (mode I) failure only. Shear failure is dealt 
with in 13.3 and clause 23. Some increase in 
complexity is involved in the new treatments and it 
has therefore been decided to give guidance on three 
levels of assessment.
Level 1 is an initial screening level broadly 
compatible with the 1980 edition of PD 6493 
(see clause 10).
Level 2 is the main new full treatment level 
(see clause 11). It makes use of an assessment 
diagram, which combines consideration of fracture 
and local plastic collapse. This treatment gives 
improved accuracy over the 1980 edition of PD 6493 
in respect of flaws in stress gradients and of residual 
stress effects, and gives the user the opportunity to 
assess the safety margins required rather than use 
the variable safety factor inherent in the previous 
version.
The level 3 approach given in clause 12 will permit 
greater accuracy but involves greater complexity 
and more materials data. It is particularly 
appropriate for materials of high strain hardening 
capacity, or where analysis for stable tearing 
fracture is required. This level should not normally 
be necessary for general structural steel 
applications.
In the treatments at each level, the user has the 
alternative of methods based on the stress intensity 
factor K, or the CTOD ¸. It is intended that 
self-consistent methods should be used throughout 
an assessment. The choice of route will usually be 
determined by the form of available toughness data. 
While it is permissible for K-based fracture 
toughness data to be derived from J-methods, it is 
not intended that CTOD toughness data should be 
transformed to equivalent K data.

Because of uncertainties in effects of crack tip 
constraint, some differences will occur in results of 
assessments using K-based or CTOD based data 
from the same source. Self-consistent methods using 
one route throughout will give satisfactory safe 
assessments when used with appropriate safety 
factors.
Guidance on other than planar flaws is given in 
clause 13, based on derivations from fracture 
mechanics and on experimental evidence.
An important development in assessment of the 
significance of flaws is the use of reliability methods 
to provide guidance on partial safety factors to be 
applied to each of the input data. This guidance is 
given in appendix A as an alternative to using worst 
case estimates. The partial safety factor approach (if 
used) involves applying factors to the input data, 
namely stresses, flaw sizes and fracture toughness.

8 Data required for assessment
8.1 Stresses to be used in assessments at level 1

8.1.1 The stress used in 9.2.1 is the maximum 
tensile stress Ö1, which is taken to be uniform and 
equal to the maximum sum of the values of the 
stress components (Pm + Pb + Qm + Qb + F) as 
defined in 6.4 (see Figure 1). The stress components 
Q and F are not necessarily uniform across the 
section and the values appropriate to the position of 
the flaw are relevant. Either the direct stress 
components perpendicular to the plane of the flaw 
should be used or the alternative procedure of 
resolving the flaw dimensions onto planes 
perpendicular to the principal stresses, as shown in 
Figure 2, should be adopted.
8.1.2 In structures in the as-welded condition, the 
tensile residual stress (part or whole of Q) should be 
assumed to be equal to the room temperature yield 
strength of the material in which the flaw is located 
for flaws lying in a plane transverse to the welding 
direction (i.e. stresses parallel to the weld) and to 
the lesser of the yield strengths of the weld or parent 
metal for flaws lying in a plane parallel to the 
welding direction (i.e. stresses perpendicular to the 
weld).
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8.1.3 In structures subject to post-weld heat 
treatment (PWHT), the residual stresses will not in 
general be reduced to zero. The level of residual 
stresses remaining after PWHT in welds may be 
estimated on the basis of stress relaxation tests for 
all-weld or parent metal specimens as appropriate. 
Where these data are not available it may be 
assumed in carbon manganese and lower alloy 
steels that the stresses after heat treatment in an 
enclosed furnace in accordance with procedures 
such as those of BS 5500 are 30 % of the room 
temperature weld metal yield strength for stresses 
parallel to the weld, and 15 % of the room 
temperature weld metal yield strength for stresses 
transverse to the weld. Local heat treatment may 
leave significantly higher residual stresses and 
specific assessments should be made for each case 
(see references 7 and 8).
8.1.4 Advantage may be taken of the reduction in 
peak residual stresses due to the application of a 
preliminary pressure test or other form of 
mechanical preloading for structures of satisfactory 
design and construction. No advantage can be taken 
if the stress distribution can reverse in sign 
compared to the preload.
When a proof test has been performed for 
subsequent fracture analyses at lower 
temperatures, the residual stress level after the 
proof test can be assumed to be the lower of

where

A large fabrication flaw may survive a proof test and 
result in the assumed residual stress derived from 
the above formula being negative. In this case a 
value of zero should be assumed.
It is not, in general, permissible to assume that the 
level of residual stresses to be used in flaw 
assessment will be reduced by the application of a 
“vibratory stress relief” treatment.
If an assessment is carried out on a case when a 
proof test is applied after a period in service, the 
effects of the proof test have to allow for any growth 
of flaws which may have occurred in service.

8.1.5 There is no simple upper bound limit for the 
peak stress at a shallow surface flaw (a/B < 0.2) 
located within the stress concentration zone at the 
toe of a weld, so these flaws should be assessed at 
level 2 or 3.

8.2 Stresses to be used in assessments at
levels 2 and 3

8.2.1 Assessments at levels 2 and 3 are based on 
the actual distribution of stresses in the vicinity 
of the flaw, where these are known. If the partial 
safety factor approach is being used the stresses 
should be multiplied by the appropriate factor 
(see appendix A). The stresses may be used directly 
as in 9.2.2 a) or may be split into membrane and 
bending components as in 9.2.2 b). For 9.2.2 b) the 
membrane and bending components of the primary 
stresses, Pm and Pb, and the membrane and bending 
components Qm and Qb of the secondary stresses, 
can be obtained by “linearization” as illustrated in 
Figure 3. If the resultant total stress intensity factor 
calculated is negative, the value used in 
assessments should be taken as zero. The peak 
stress F, is not required at levels 2 and 3 because 
peak stresses are included in the stress intensity 
magnification factors Mkm and Mkb or the stress 
concentration factors Km and Kt (see 9.2.2).
In certain situations thermal and residual stresses, 
often self-balancing throughout the structure, may 
act as primary stresses on a component. In these 
circumstances such thermal and residual stresses 
should be treated as primary stresses and be 
incorporated in the (YÖ)p and Sr or Lr calculations of 
clause 9.
8.2.2 If the actual distribution of residual stresses is 
known, it can be taken into account in levels 2 
and 3, by the general principles of 6.4 and 8.1. 
Where the distribution of residual stresses in an 
as-welded structure is unknown, then the residual 
stress component (ÖR) of Q may be assumed to be 
uniform and equal to the appropriate material yield 
strength, ÖY′, as for level 1 (see 8.1.2). The residual 
stress ÖR assumed in the analysis can be reduced to 
the lower of

or to the lower of

where Ön is defined in 9.4.1 and appendix F. (See 
references 7 and 10.)

Ön is the net section stress under the proof 
load conditions (see 9.4.1 and appendix F);

ÖY’ is the appropriate material yield strength 
at the proof test temperature; and

Öf is the flow strength (assumed to be the 
average of the yield and tensile strengths) 
at the proof test temperature 
(see reference 9).
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In these formulae, Ön can be taken as being the 
higher of the net section stress derived for the 
service condition or for any prior higher loading 
condition.
8.2.3 A reasonable estimate of the residual stress 
distribution can be made for the stresses 
perpendicular to a plane through the toe of a fillet or 
T-butt weld on a thick base plate, as illustrated in 
Figure 4 a) (see reference 7). The extent of the 
tensile stress zone is a function of the heat input of 
the adjacent weld run. The idealized distribution as 
shown in Figure 4 b) permits the residual stresses to 
be represented as membrane and bending 
components Qm and Qb as shown. For flaw 
assessment purposes, the distribution in 
Figure 19 b) is relevant only to flaws at the weld toe 
in a plane perpendicular to the plate surface.
The distribution of residual stresses transverse to 
the weld at a butt weld is dependent on the restraint 
at the joint, as illustrated in Figure 4 (c), 
Figure 4 (d) and Figure 4 (e). High levels of restraint 
occur at joints such as girth welds in pipes, closure 
welds and patch-in-plate welds. The restraint is also 
sensitive to factors which may not be subject to 
rigorous procedural control, such as fabrication 
sequence, distortion control techniques, and weld 
repairs (see reference 7).
A typical distribution of stresses parallel to the 
weld at a butt weld is illustrated in Figure 4 (f) 
(see reference 7). Transverse weld flaws will 
normally be located within the zone of tensile 
stresses, whose width is greater than that of the 
weld itself. Even for flaws whose tips are located in 
the initially compressive zone, the net effect of the 
stress distribution is to produce a positive stress 
intensity factor. Hence it will normally be 
appropriate to assume that the flaw is subject to 
weld metal yield magnitude tensile residual 
stresses. Alternatively the stress intensity factor 
due to residual stresses may be calculated from the 
stress distribution over the flaw area using 
integrated weight function techniques.
8.2.4 The comments on thermal and mechanical 
stress relief (proof test) given in 8.1.3 and 8.1.4 are 
also applicable at levels 2 and 3.

8.3 Flaw dimensions and interaction

8.3.1 Planar flaws should be idealized by the height 
and length of their containment rectangles. These 
dimensions, 2a for through flaws, a and 2c for 
surface flaws, and 2a and 2c for embedded flaws, are 
shown in Figure 5 (a), Figure 5 (b) and Figure 5 (c). 
If the partial safety factor approach is being used for 
levels 2 and 3, the flaw dimensions after taking 
account of interactions (see 8.3.2) should be 
multiplied by the appropriate factor 
(see appendix A).

8.3.2 Multiple flaws on the same cross section may 
lead to an interaction and to more severe effects 
than single flaws alone. Simple criteria for 
interaction are given in Figure 6, together with 
dimensions of effective flaws after interaction. If 
interaction between two adjacent flaws does occur, 
the revised flaw dimensions should be checked 
again for further interaction with adjacent flaws. 
The dimensions of the resulting containment 
rectangle should be used in the assessment.
More specific calculations of the increased severity 
attributable to the interaction of pairs or groups of 
flaws may be performed provided the methods are 
agreed by the parties concerned and account is 
taken of the implications of non-destructive testing 
resolution capability.
8.3.3 Where regions of a structure are uninspectable 
due to the design, materials used, or obscuration by 
other flaws, the possibility should be considered 
that flaws of a size up to the size of the 
uninspectable region may be present. Such an 
assumption will normally be extremely pessimistic. 
When assessing the likelihood of the presence of 
such flaws, account may be taken of knowledge of 
the preparations and welding process and 
procedures used, and the general quality of welding 
attained.

8.4 Fracture toughness

8.4.1 The fracture toughness of the material in 
which the flaw lies should preferably be established 
by a standardized testing technique appropriate to 
the particular assessment route followed. Fracture 
toughness data may be based on K-methods 
(including conversion from J-methods), or on CTOD 
methods, but a self-consistent assessment method 
has to be used throughout. The representative 
toughness values for use in the assessment are 
termed Kmat for K-methods, and Ömat for CTOD 
methods in this document. If the partial safety 
factor approach is being used (see appendix A) the 
toughness values for levels 2 and 3 should be divided 
by the appropriate factor. No such factors should be 
applied for level 1. It is not permissible to convert 
between CTOD and J- or K-methods.
The desirability of having appropriate accurate 
toughness data cannot be emphasized too strongly, 
and it is vital that toughness data be obtained from 
weld procedure test samples at the time of 
construction and recorded if there is any likelihood 
of flaw assessment being required at any later stage.
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If directly measured fracture toughness data are not 
available, guidance on possible methods of 
estimating toughness from Charpy V-notch energy 
results is given in appendix B. In view of the 
uncertainties of such correlations, they should be 
validated for specific applications if used at level 2, 
by reference to published results or databases for 
the appropriate type of material.
Fracture toughness tests should take account of 
orientation of flaws in the structure relative to 
welded joints, and of constraint, temperature and 
rate of loading in service. The tests should be carried 
out on samples welded with consumables and 
procedures as used for the service application and 
should take account of restraint during welding and 
of PWHT if applicable.
It is important that when statistical analyses of sets 
of fracture toughness data are carried out, the 
results should be divided into groups for the same 
fracture mechanism and material. Thus values 
taken at maximum load should be treated as a 
separate group from other cases, and different 
regions of welded joints should be tested and 
analysed separately.
With fracture toughness tests on heat-affected zone 
(HAZ) regions, considerable variability can occur 
due to location of the crack tip in different 
microstructural regions. It is necessary to carry out 
sectioning of specimens for tests on HAZ regions 
after testing to determine the precise location of the 
crack tip. Results analysed as a set should include 
only data from tests in which the crack tip was 
located in microstructure of the same type and grain 
size.
8.4.2 The material toughness measured in terms of 
the stress intensity factor is termed Kmat in this 
document. If linear elastic plane strain fracture 
toughness KIc values are used, Kmat should be taken 
as KIc and should be established using the methods 
of BS 5447. If valid KIc data cannot be obtained, it is 
preferable to use CTOD tests (see 8.4.3) and the 
CTOD assessment routes (see 8.4.3) or to derive 
equivalent Kmat values from J-based tests 
(see 8.4.4). Maximum load Kmat values may be used 
in certain circumstances for levels 1 and 2 by 
agreement of all parties concerned using equivalent 
energy or other agreed documented methods.
8.4.3 If CTOD values are used these should be 
established using the methods of BS 5762. Tests 
should be carried out on the full thickness, 
rectangular geometry wherever possible, but where 
assessments involve certain types of flaw and flaw 
orientation (i.e. shallow surface flaws, or HAZ 
regions), the square specimen geometry may be 
appropriate.

The critical CTOD value in any test is termed ¸mat 
in this document, and should be taken as ¸c, ¸u, or 
¸m, whichever is the lowest.
For level 1 and level 2 assessment procedures, 
stable tearing may be accepted up to values at 
maximum load in three point bend tests (¸m). 
However, if the ligament in the structural situation 
is less than that in the test specimen, the value 
obtained in the toughness tests should be reduced 
by the ratio of the uncracked ligaments, to give the 
(¸mat value for application to the structure. For level 
assessment procedures, a full tearing resistance 
curve is required for tearing analyses, as described 
in 8.4.5.
8.4.4 Where agreed by the parties concerned, 
J-contour integral based methods of fracture 
toughness testing may be used. The value of J 
at 0.2 mm total crack extension should be regarded 
as the initiation toughness for ferritic steels 
(see references 11, 12 and 13). For other materials 
the value should be determined by agreement. For 
treatment of further tearing resistance see 8.4.5. 
Where specimen thicknesses less than the full 
application thickness are used, the specimen 
geometry should satisfy the following unless agreed 
otherwise:

The Jmat value so obtained may be converted to an 
equivalent Kmat value using: 

For J-tests on welded joints it is essential that the 
measurement of J takes account of differences in 
properties between weld and parent material and 
also of the deformation pattern which actually 
occurs.

Kmat
2 = EJmat/(1 – v2) (1)
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8.4.5 The fracture tearing resistance, Kmat or ¸mat, 
defined as a function of the amount of ductile crack 
extension or tearing, %a, is for use only in the 
level 3 analysis. Although there are currently no 
nationally agreed standards several standardized 
test methods have been published, such as 
those of the CEGB (see reference 11) and TWI 
(see reference 12) leading to a European Group on 
Fracture (EGF) document (see reference 13), and 
these may be used by agreement. The test method 
employed will produce a Kmat or ¸mat curve as a 
function of %a, from either a single specimen or a set 
of specimens. When the single specimen method is 
used data should be obtained from at least three 
single specimen tests and the minimum composite 
curve adopted. Where a set of specimens is used at 
least four and preferably six specimens are needed 
and a lower bound curve used. In both cases, where 
there is considerable scatter in the data, increased 
confidence can be obtained by increasing the 
number of tests.
The crack plane and direction of propagation in the 
test specimen should be consistent with those in the 
structure.
In the transition temperature region for ferritic 
steels, specimens of full thickness may fail by 
cleavage fracture whereas specimens less than the 
full thickness may fail by shear fracture, and not 
give representative toughness values. Therefore, 
where there is a risk of brittle fracture, the test 
specimens should preferably be equal in thickness 
to the structure. For thick structures this is not 
always possible either because of geometry effects or 
limitations of available testing machine capacity. In 
such instances, data should be obtained from the 
thickest practicable specimens and use of the 
results for application to the full section thickness 
should be fully justified after assessment for the 
possible effects of increasing section size. Guidance 
for these effects may be obtained from evidence in 
the literature and from data banks 
(see reference 14).
Where there is no risk of brittle fracture, 
e.g. for non-ferritic materials, or for ferritic steels at 
temperatures well above the ductile/brittle 
transition, it is permissible to use data from test 
specimens which are thinner than the structure. In 
such cases the data should be restricted to a valid 
range up to a limiting value of the crack extension 
%ag.
The parameter involved are as follows:

a) %ag is the limit of tearing crack extension over 
which the analysis may be performed, and is 
defined as the smallest value of: 

1) for specimens equal in thickness to the 
structures, the limit of the experimental data;

2) for specimens which are thinner than the 
structure, the limit for J-validity for the 
particular specimen geometry.

b) Kg or ¸g, is the value of Kmat or ¸mat at %ag.
c) Kmat or ¸mat may then be defined by an 
equation dependent on the crack extension, %a, 
between %ao and %a =%ag, or as point to point 
values at discrete quantities of %a between the 
same limits. For ferritic steels %ao may be taken 
as 0.2 mm.

8.5 Number of tests

8.5.1 For level 1 assessment procedures the fracture 
toughness value Kmat or ¸mat may be taken as the 
minimum value of three similar test results all 
showing either brittle fracture, or all showing 
tearing up to maximum load. Caution should be 
exercised when for ¸mat the minimum value is less 
than 50 % of the average of three such CTOD tests, 
or the maximum value is more than twice the 
average of three such CTOD tests. Similarly for 
Kmat when the minimum value is less than 70 % of 
the average of three, or the maximum value is more 
than 1.4 times the average of three, as this indicates 
excessive scatter and the need for more data.
When the scatter is large, and for levels 2 and 3 
assessments, it is recommended that additional 
tests be made. Guidance on the value to be used in 
the assessment when more than three tests are 
made is given in appendix A; the intermediate value 
recommended should be at least as safe as using the 
lowest of three results. Appendix A also gives 
guidance on statistical treatments. Particular 
attention is drawn to the importance of ensuring 
that sets of HAZ specimens have the crack tip in the 
same microstructure when carrying out statistical 
analyses (see 8.4.1).

8.6 Pop-in behaviour

Test results in which pop-in behaviour is observed 
should be examined by the procedures detailed in 
appendix C.
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8.7 Tensile test properties

For level 1 and level 2 assessment methods, the 
material yield strength (ÖY), tensile strength (Öu), 
and modulus of elasticity (E) are required from tests 
in accordance with BS EN 10 002-1 or BS 3688-1 at 
the appropriate temperature. The weld metal 
strength should be taken as the lower yield or 0.2 % 
proof strength as appropriate. The flow stress, Öf, is 
defined as the average of ÖY and Öu. In welded joints 
the properties required are those for the region in 
which a flaw assessment is to be carried out. 
Heat-affected zone regions should be assumed to 
have properties which are the higher of adjacent 
weld metal or parent metal in deriving CTOD 
toughness values from fracture toughness tests, but 
should be assumed to have the lower of adjacent 
weld metal or parent metal for application to 
assessment of flaws in structures.
For level 3 assessment methods an engineering 
stress/strain curve is required describing the 
material behaviour at the appropriate temperature 
for parent material and for weld metal (but not 
HAZ). The lower yield or 0.2 % proof strength, 
tensile strength, and modulus of elasticity should be 
determined together with sufficient coordinate 
stress/strain points to define the full curve. 
Particular attention should be paid to defining the 
shape of the stress/strain curve for strains 
below 1 %.
It is recommended that the stress/strain curve 
should be accurately defined at the following ratios 
of Ö/ÖY;

Ö/ÖY = 0.7, 0.9, 0.98, 1.0, 1.02, 1.1, 1.2, and 
intervals of 0.1 up to Öu.

For HAZ regions and in other circumstances where 
the determination of a stress/strain curve is not 
practicable, the yield strength data adopted for the 
level 1 and 2 treatments can be used to derive a 
conservative assessment diagram as described 
in 12.2

9 Parameters required for different 
assessment levels (and methods)
9.1 Net area, misalignment stress 
concentration and bulging effects

The estimation methods for stress intensity 
factor KI and CTOD ¸I in 9.2 and 9.3 respectively 
do not allow for situations where the flaw area 
is significant compared to the loadbearing 
cross-sectional area, where misalignment or 
angular distortion occurs, or for long flaws in 
curved shells subject to internal pressure where 
bulging effects may occur.

Where the actual flaw area is greater than 10 % of 
the loadbearing cross-sectional area, and no finite 
width correction has already been included, the 
values of (YÖ) used in the estimation of KI or ¸I 
should be multiplied by the factor f(ac/A1), where:

where
a and c are flaw dimensions as defined in 8.3.1;
and
A1 is the full loadbearing cross-sectional area 
containing the flaw (see reference 15).

For through thickness flaws the finite width 
correction reduces to {sec(Ïa/W)}0.5.
Geometric stress concentrations in the region 
containing a flaw should be taken into account 
(sec 6.4.1). Effects of misalignment or angular 
distortion should be taken into account by 
calculating the additional bending stresses as 
described in appendix D. These effects can be very 
significant in fracture assessments.
For flaws in curved shells subject to internal 
pressure, the values of Pm and Pb used for primary 
stresses in the estimation of KI or ¸I should be 
multiplied by the factor M, defined as follows unless 
justified otherwise (see references 16 and 17).

a) For through thickness flaws in spheres, and for 
axial through thickness flaws in pipes and 
cylinders:

b) For surface flaws in spheres, and for axial 
surface flaws in pipes:

where:

c) For other cases, e.g. embedded flaws, 
circumferential flaws in pipes:
M = 1
where D and B, are the shell diameter and 
thickness respectively.

for embedded flaws

f(ac/A1) = {sec (2Ïac/A1)}0.5 (2)

for surface flaws

f(ac/A1) = {sec (Ïac/A1)}0.5 (3)

(4)

(5)
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9.2 Estimation of applied stress intensity 
factor KI

9.2.1 Level 1 approach

The applied stress intensity factor should be 
estimated as follows.

a) For through thickness flaws the stress 
intensity factor K due to the idealized flaw 
defined in 8.3 should be calculated from:

where
Ö1 is the maximum tensile stress (Pm + Pb + Q 
+ F), which is assumed to be uniform across 
the section; and
2a is the flaw length (see 8.1 and 8.3).

Partial safety factors on stress and flaw size are 
not required for level 1.
b) For partial thickness flaws, the maximum 
tensile stress is again assumed to be uniform 
(over the flaw length) whence:

where 
9 is the elliptic integral shown graphically in 
Figure 7; and
Mm is the flaw shape factor given in Figure 8 
and Figure 9 for embedded and surface flaws 
in tension.

9.2.2 Level 2 and 3 approaches

Stress intensity factors should be estimated using a 
method which takes full account of the stress 
profile, and includes the partial safety factors on 
stress and flaw size from appendix A where 
appropriate.

a) Values of stress intensity factor may 
be obtained using handbook solutions 
(see references 18 and 19), numerical 
analysis methods or weight function techniques 
(see reference 20), but the basis of the method and 
the results should be fully documented. Stresses 
and flaw dimensions should be multiplied by the 
relevant partial safety factor from appendix A 
where appropriate.
b) Stress intensity factors may be obtained from 
the linearized stress distribution using the 
general equation:

where
for through thickness flaws a is the half flaw 
length;
for surface flaws a is the full flaw height; and
for embedded flaws a is half the flaw height; 
and

where
for primary stresses

for secondary stresses

In the presence of stress concentrations due to 
structural discontinuities, the primary and thermal 
stresses (but not residual stresses) should be 
magnified using the appropriate stress 
concentration factors, namely Km for stress 
concentrations due to material misalignment 
(see appendix D) or Kt for stress concentration due 
to the structural configuration in the vicinity of the 
flaw.
Parametric formulae for 9, Mm, Mb, Mkm and Mkb 
are given in appendix E. In addition values of 9 are 
given in Figure 7, of Mm in Figure 8 and Figure 9 for 
embedded and surface flaws respectively in tension, 
and of Mb in Figure 10 and Figure 11 for embedded 
and surface flaws respectively in bending.
The values of Mkm and Mkb given in appendix E for 
the important cases of cracks at a weld toe are 
dependent on two non-dimensional ratios:

L/B, the total surface attachment length 
between weld toes to main material thickness 
ratio [see Figure 5 d)];
a/B, the crack depth to main material thickness 
ratio.

For embedded flaws the Mkm and Mkb parameters 
may be taken as unity. For surface flaws these 
parameters may also be taken as unity for flaws 
with values of (a/B) greater than 0.2.

9.2.3 Parameter Kr

The parameter Kr is the ratio of the stress intensity 
factor KI derived from 9.2.1 or 9.2.2 as appropriate, 
to the fracture toughness Kmat. For levels 2 and 3, if 
the partial safety factor approach is used, these 
factors have to be applied to stresses, flaw size and 
toughness in determining Kr (see appendix A).

(6)

(7)

(8)

(9)

(10)

(11)

Full document details: PD 6493:1991

http://www.avadocuments.com/doc/pd-6493-1991
http://www.avadocuments.com/doc/pd-6493-1991


PD 6493:1991

18 © BSI 11-1998

Section 2

Where secondary stresses are present, an additional 
adjustment Ô is necessary for level 2 and 3 
assessments to allow for plasticity interactions 
of the primary and secondary stresses 
(see reference 21), such that:

where Ô is given in Figure 12.

9.3 Estimation of applied crack tip opening 
displacement ¸I

9.3.1 Level 1 approach

The applied CTOD ¸I is determined from the 
following equations, using KI defined from 9.2.1.
For steels (including stainless steels) and 
aluminium alloys for Ö1/ÖY # 0.5 and for all Ö1/ÖY 
ratios for other materials:

 

For steels (including stainless steels) and 
aluminium alloys for Ö1/ÖY > 0.5:

 

where ÖY is the yield strength of the material in 
which the flaw lies.

9.3.2 Level 2 and 3 approaches

The applied CTOD ¸I is determined from the 
following equation:

where YÖ is as given in 9.2.2, and ̧ I includes partial 
safety factors where appropriate from appendix A.

9.3.3 Parameter ¸r

For all cases of level 1, and for levels 2 and 3 without 
secondary stresses, the parameter ¸r is the ratio of 
the applied CTOD derived from 9.3.1 or 9.3.2, as 
appropriate, to the fracture toughness ¸mat, 
including partial safety factors where appropriate 
from appendix A.
Where secondary stresses are present for level 2 
and 3 assessments, an additional adjustment Ô is 
necessary to allow for plasticity interactions of the 
primary and secondary stresses such that

  

where Ô is given in Figure 12.

9.4 Estimation of the plastic collapse ratio Sr 
or Lr

9.4.1 Level 1 and 2 approaches: estimation of Sr

To calculate the Sr ratio, estimates are required of 
the collapse load of the cracked section or structure. 
These usually require consideration of net section 
stresses, but also have to take account of 
interactions between tension and bending on 
collapse behaviour. A set of simple solutions for 
effective net section stress on Ôn is given in 
appendix F. A fuller review of solutions for more 
complex geometries may be obtained from 
references 17 and 22.
The parameter Sr is given by:

where Öf is defined as the flow strength of the 
material. The flow strength should be assumed to be 
the average of the yield strength and the tensile 
strength up to a maximum of 1.2ÖY. For values of 
flow strength above 1.2ÖY, Öf should be taken 
as 1.2ÖY in the calculation of Sr.
For level 1 no partial safety factors on stress should 
be used to calculate Ön, but for level 2, the partial 
factors on stress in appendix A should be used 
where appropriate.

9.4.2 Level 3 approach: estimation of Lr

For the level 3 approach the parameter Lr is 
required where Lr = Ön/ÖY. The partial safety factors 
on stress from appendix A should be used where 
appropriate.

10 Level 1, preliminary assessment
10.1 General

This clause provides a simplified method of checking 
whether particular flaws present a fracture 
problem, or whether the flaws can be considered 
safe without having to use the more complex 
assessment procedures of clauses 11 and 12. The 
approach adopted in this preliminary assessment is 
consistent with that of PD 6493:1980 and 
incorporates a variable safety factor on flaw size 
averaging about 2. No additional partial safety 
factors from appendix A should be used in level 1 
assessments.

(12)

(13)

(14)

(15)

(16)

(17)
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10.2 Treatment where estimates of Kmat are 
available

10.2.1 General

This treatment is applicable if a reliable Kmat can be 
estimated. Values of Kmat derived from J- or invalid 
K-tests may have to be adjusted to take account of 
the different constraint conditions present in the 
test piece to those of plane strain, see 8.4.

10.2.2 Estimation of the acceptability of known 
flaw

The flaw is acceptable if Kr is less than 1/√2 
(i.e. less than 0.707) and Sr is less than 0.8 
[see Figure 13 (a)]. As this is a level 1 procedure, no 
additional partial safety factors are required.

10.2.3 Estimation of acceptable flaw size

An equivalent flaw parameter  is defined as the 
half length of a through thickness flaw in an infinite 
plate subject to remote tension loading. A 
preliminary estimate of acceptable flaw sizes can be 
obtained by calculating from the following 
relationship,

The flaw parameter may represent a variety of 
different flaw shapes and dimensions of equivalent 
severity. Equivalent part thickness flaw dimensions 
can be obtained from Figure 14 and Figure 15. 
Finite width corrections may be required, see 9.1. 
The resulting flaw dimension has to be checked as 
acceptable for no plastic collapse by calculating the 
associated Sr value. If Sr is less than 0.8 the flaw is 
acceptable. If the Sr value is greater than 0.8, the 
flaw dimensions have to be reduced to give an Sr 
value not exceeding 0.8.

10.3 Treatment where toughness is available 
as CTOD (¸mat)

10.3.1 General

In this case, measurements (in accordance with 
BS 5762 procedures) or estimates of ¸mat (see 8.4) 
are used as input to the procedure.

10.3.2 Estimation of the acceptability of a 
known flaw

The flaw is acceptable if √¸r (see 9.3.3 for the 
definition of ̧ r) is less than 1/√2 (i.e. less than 0.707) 
and Sr is less than 0.8 [see Figure 13 (a)]. As this is 
a level 1 procedure, no additional partial safety 
factors are required.

In cases where the loading conditions are strain 
controlled, or where there is contained plastic 
deformation, the stress based plastic collapse 
solutions may be unnecessarily restrictive. In these 
cases the acceptability of a known flaw may be 
assessed by comparing the equivalent flaw 
dimension  obtained using Figure 14 or Figure 15 
for the flaw with the acceptable flaw size  
determined in accordance with 10.3.2 using the 
strain ratio e/eY to calculate C from fig 16.

10.3.3 Estimation of acceptable flaw size

The equivalent tolerable flaw parameter  is given 
by the following relationship which includes a 
variable safety factor, averaging about 2. 
(See appendix A for general guidance on safety 
factors, but no additional partial safety factors are 
required for level 1.)
For steels (including stainless steels) and 
aluminium alloys, where Ö1/ÖY # 0.5 and for all 
other materials for all Ö1/ÖY ratios,

For steels (including stainless steels) and 
aluminium alloys where Ö1/ÖY >0.5,

where  is defined in 10.2.3. Equations (19) 
and (20) are shown in diagrammatic form in Figure 
16. The resulting flaw dimensions have to be 
checked for plastic collapse as in 9.4, except in the 
specialized circumstances of strain controlled 
loading (see 10.3.2).
In cases where there is no risk of plastic collapse, 
e.g. Sr < 0.8, the applied strain ratio e1/eY ( ≡ Ö1/ÖY) 
can be used with equations (19) and (20) or in 
Figure 16 to estimate  up to an applied strain 
ratio of 2. For strain ratios exceeding 2, an elastic 
plastic stress analysis is recommended. One method 
of estimating plastic strains at strain concentration 
regions is to use the Neuber hypothesis that the 
product of plastic stress and strain concentration 
factors is equal to the square of the elastic stress 
concentration factor. Alternatively elastic plastic 
finite element analyses may be used. In applications 
where the component under consideration has a 
finite width and the calculated  value exceeds one 
twentieth of the total width, then the calculated  
value should be multiplied by

(18)

a

am

am

(19)

(20)

a
am

am

am

am

am
am
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where W is the width of the component 
(see reference 23).
Having obtained the flaw parameter , equivalent 
part-thickness embedded flaw and surface flaw 
dimensions can be derived from Figure 14 and 
Figure 15 respectively.

11 Level 2, normal assessment
11.1 General

The level 2 method is based on the plane stress strip 
yield model approach and does not have an 
arbitrary safety factor incorporated. Thus due 
allowance has to be made for uncertainties and 
variability in toughness, stress levels and other 
data. As an alternative to worst case estimates the 
partial safety factor approach from appendix A can 
be used to obtain the required reliability. As with 
the level 1 approach it is possible to carry out the 
approach using estimates of Kmat or ¸mat. Where 
Kmat data are available then the K route should be 
adopted, otherwise the ¸ route using CTOD results 
is recommended.

11.2 Estimation of the acceptability of a 
known flaw

For the known flaw, the parameters Kr or ¸r and Sr 
are calculated (as defined in clause 9) and including 
partial safety factors from appendix A where 
appropriate, and the resulting point is plotted on the 
failure assessment diagram given in Figure 13 (b). 
The equation of the assessment curve is given by:

If the point lies within the assessment curve then 
the flaw is acceptable; if the point lies on or outside 
the line then the flaw is not acceptable.

11.3 Estimation of limiting flaw size

The limiting flaw size am is defined by an 
assessment point which lies on the failure 
assessment line given in Figure 13 (b). This may be 
determined graphically, by plotting a series of 
assessment points as a function of flaw size or 
analytically using an iterative technique to 
determine the flaw size which satisfies the following 
equation:

or

In these equations, YÖ [ = KI/√(Ïa)] and Sr ( = Ön/Öf) 
are functions of flaw size, thus an iterative 
procedure has to be adopted to determine am.
An initial estimate for am values to commence the 
iterative procedures may be obtained using 
either 10.2.3 or 10.3.3 as appropriate.

12 Level 3, advanced assessment
12.1 General

The level 3 method makes use of an assessment 
diagram derived from the stress/strain curve of the 
material, as defined in 8.7 (see reference 24). This 
allows advantage to be taken of any high work 
hardening characteristics of the material. Where 
failure occurs by ductile tearing the effect on 
fracture toughness can be allowed for. A partial 
safety factor approach may be adopted by 
agreement, but the values given in appendix A have 
only been calibrated for level 2.

12.2 Assessment diagram

12.2.1 The assessment diagram is constructed by 
plotting values of Kr or √¸r against Lr, where 
for Lr # Lrmax.

and for Lr > Lrmax.
Kr or √¸r = 0

For the derivation of the assessment diagram the Lr 
axis is defined as the ratio of Ö(1 + ¼)/ÖY where Ö is 
any value of stress on the materials engineering 
stress/strain curve at a strain of ¼ and ÖY is the 
lower yield or 0.2 % proof strength of the material 
(see clause 8).

(21)

(22)

am (23)

(24)
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The assessment curve should be plotted using Kr or 
√¸r values corresponding to 
Lr = 0, 0.7, 0.9, 0.98, 1.0, 1.02, 1.1, 1.2 ... up to 
Lrmax. It is particularly important to define the 
curve accurately in the region Lr = 1.0.

The value of Lrmax. is given by (ÖY + Öu)/(2 ÖY). In 
the plotting of the assessment diagram, no safety 
factors should be applied, and the actual 
experimental data should be used.
Examples of typical failure assessment diagrams 
are given for three different stress/strain curves in 
appendix G. Where no stress/strain data are 
available, the assessment diagram in Figure 13 (c) 
may be used.
12.2.2 For circumstances where the stress/strain 
curve may be uncertain (e.g. HAZ regions) but a 
tearing instability analysis is required, then the 
failure analysis diagram shown in Figure 13 (c) can 
be adopted. This is suitable for all materials which 
do not exhibit a yield discontinuity in the 
stress/strain curve, and is described by the 
equations:
 

For materials showing a yield discontinuity, Lr 
should be restricted to 1.0 or a level 2 treatment 
should be adopted.

12.3 Estimation of acceptability of a known 
flaw

12.3.1 In the actual assessment, if partial safety 
factors are used they should be applied to stress, 
flaw size and toughness where appropriate.
12.3.2 When Kmat or ¸mat represents a single value 
of toughness, the parameters Kr or ¸r, and Lr are 
calculated as defined in clause 9. The resulting point 
is plotted on the failure assessment diagram derived 
from 12.2. If the point lies within the assessment 
curve then the flaw is acceptable; if the point lies on 
or outside the line then the flaw is not acceptable.
12.3.3 When Kmat or ¸mat is available in the form of 
a resistance curve a tearing analysis may be carried 
out as follows.

a) Define the size of known flaw, ao, and multiply 
by partial safety factor if appropriate.
b) Define Kmat or ¸mat (see 8.4), and divide by 
partial safety factor if appropriate.
c) Define %ag (see 8.4.5).

d) If %ag < 1.0 mm, calculate Lr = Ön/ÖY and either

where KI and Ön are evaluated at a flaw length of 
a = ao + %ag, including partial safety factors on 
stress and flaw size if appropriate.
e) If 1.0 mm < %ag < 5.0 mm, define intervals of 
flaw extension, %aj, as follows: 

%a0 = 0

%a1 = 1.0 mm

%a2 = 2.0 mm, etc.

If %ag > 5.0 mm, define intervals of flaw 
extension, %aj, as follows: 

%a0 = 0

%a1 = 1.0 mm

%a2 = 0.2%ag

%a3 = 0.4%ag, etc.

Calculate Lr = Ön/ÖY and either

where KI, Kmat and Ön are evaluated at flaw 
lengths a = a0, a0 + %a1, a0 + %a2, etc., including 
partial safety factors if appropriate.
f) Plot all pairs of Lr, Kr or Lr, √¸r as coordinate 
points on the failure assessment diagram.
g) The limiting loading condition occurs when a 
locus drawn through the assessment points 
touches the failure assessment line at one point 
only, all other points on the locus lying outside 
the area bounded by the axes and the line. A 
factor may be specified with respect to load, FL, as 
follows:

and may be evaluated by changing the value of 
the load of interest until the limiting condition is 
obtained. When the structure is subjected to one 
primary load only this may be found by scaling 
each point on the locus linearly from the origin to 
the failure assessment line, whence FL is defined 
as the maximum value in the scaling factors. 
When the structure is subjected to more than one 
load, whether primary or secondary, only the 
load of interest has to be changed, and in this 
case the scaling factors are not generally linear.

(25)

L
load which would produce limiting condition

applied load assessed
--------------------------------------------------------------------------------------------------------------------------=
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12.4 Estimation of limiting initial flaw size

The limiting initial flaw size, ai, is that flaw size 
which produces a locus drawn through the 
assessment points which touches the failure 
assessment line at one point only. All other points 
on the locus lie outside the area bounded by the axes 
and the assessment line.
This corresponds to the limiting load factor, FL 
[see 12.3 g)] equal to unity, and is most easily 
obtained from a plot of F as a function of initial flaw 
size.

13 Fracture assessment for non-planar 
flaws, imperfect shape and fillet welds
13.1 Non-planar flaws

For non-planar flaws existing in ferritic materials 
with yield strengths not greater than 450 N/mm2 
and having an average Charpy V-notch energy 
absorption of not less than 40 J for three tests with 
a minimum individual value of 28 J at the minimum 
service temperature, the limits of Table 1 are 
acceptable for porosity and solid inclusions. For 
other materials the limits of Table 1 are acceptable 
provided the fracture toughness (KIc) of the material 
in which the flaw lies exceeds 1250 N·mm–3/2. For 
materials of lower toughness these flaws should be 
assessed on the basis of their dimensions as planar 
flaws.

Table 1— Limits for slag inclusions and 
porosity

13.2 Imperfect shape (including undercut)

13.2.1 Variations in weld profile from that specified, 
which could give a weld throat dimension below that 
needed to carry the maximum allowable design 
stresses, are unacceptable.

13.2.2 Undercut may prevent detection of other 
flaws by non-destructive testing. If it can be shown 
that no planar flaws exist other than undercut, 
then, for steels with a yield strength up 
to 450 N/mm2 having a Charpy V-notch energy 
absorption of not less than 40 J at the minimum 
service temperature, undercut to a maximum depth 
of 1 mm or 10 % of the thickness, whichever is the 
lesser, is acceptable. All other cases of undercut 
should be assessed as planar flaws.

13.3 Fillet welds

It is not normally necessary to consider the effects of 
flaws contained within the weld metal of fillet welds 
on fracture behaviour in normal structural 
applications except for low service temperatures or 
impact loading where tension loading is applied. In 
such cases, it is possible in principle to calculate 
stress intensity factors for the particular geometry, 
and apply the general methods of the fracture 
assessment clauses, although there will be 
considerable uncertainties about toughness, 
residual stresses and flaw dimensions.
Flaws in fillet welds which may affect the static 
strength of the weld do so through their effect on the 
cross-sectional area. The real stressing situation in 
fillet welds is complex, particularly under combined 
loading situations. It is recommended that the 
maximum shear stress should be calculated on the 
net minimum throat area, by combining the normal, 
parallel shear and perpendicular shear components 
as in the IIW method (see reference 25). This 
maximum shear stress should not exceed 0.48 times 
the minimum tensile yield strength of the weld 
metal used.
There will be a significant effect of flaws in fillet 
welds on fatigue performance for potential failure 
on the weld throat (see section 3).

Slag inclusions Porosity

Percentage of 
projected area 
on radiograph

Individual pore 
diameter

%

No limit on 
length.

5 B/4 or 6 mm, 
whichever is 
smaller

Maximum 
height or 
width 3 mm
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Section 2

Figure 3 — Linearization of stress distributions

Full document details: PD 6493:1991

http://www.avadocuments.com/doc/pd-6493-1991
http://www.avadocuments.com/doc/pd-6493-1991


PD 6493:1991

24 © BSI 11-1998

Section 2

(a) Variation through-thickness 
of base plate of transverse 
residual stresses at toe of fillet 
or T-butt weld

(b) Idealized distribution of 
transverse residual stresses at 
toe of fillet or T-butt weld

(c) Variation through-thickness 
of transverse residual stresses 
at unrestrained butt weld

(d) Variation through-
thickness of transverse 
residual stresses at butt weld 
with membrane restraint

(e) Variation through-thickness 
of transverse residual stresses 
at butt weld with bending 
restraint

(f) Variation across panel of 
longitudinal residual stresses 
at but weld

Figure 4  — Typical distributions of residual stresses at welds
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Section 2

Figure 5 — Flaw dimensions
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Section 2

Schematic flaws Criterion for interaction Effective dimensions after 
interaction

1 Coplanar surface flaws s # 2c1
(c1 < c2)

a = a2
2c = 2c1 + 2c2 +s

2 Coplanar embedded flaws s # a1 + a2 2a = 2a1 + 2a2 + s

2c = 2c2

3 Coplanar embedded flaws s # 2c1
(c1 < c2)

2a = 2a2 
2c = 2c1 + 2c2 + s

4 Coplanar surface and embedded flaws s # a1 + a2 a = 2a1 + a2 + s

2c = 2c1

5 Coplanar embedded flaws
s # 2c1
(c1 < c2)
and
s2 # a1 + a2

2a = 2a1 + 2a2 + s2

2c = 2c1 + 2c2 + s1

6 Coplanar surface and embedded flaws
s # 2c1
(c1 < c2)
and
s2 £ a1 + a2

a1 = a1 + 2a2 + s2

2c = 2c1 + 2c2 + s1

(a) Coplanar

Figure 6 — Planar flaw interactions
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Schematic flaws Criterion for 
interaction

Effective dimensions after interaction

1 Adjacent non-coplanar embedded flaws
s1 # a1 + a2

and
s2 # 2c1

where c1 < c2

(2c1 and 2c2 are 
projected lengths)

2a is the minimum height of 
containment rectangle constructed on 
the plane normal to the maximum 
principal stress in the weld

2c = 2c1 + 2c2 + s2

2 Adjacent non-coplanar embedded flaws
s1 # a1 + a2

and
s2 # 2c1

where c1 < c2

(2c1 and 2c2 are 
projected lengths)

2a is the minimum height of 
containment rectangle constructed on 
the plane normal to the maximum 
principal stress in the weld

2c = 2c1 + 2c2 + s2

3 Adjacent non-coplanar surface and embedded flaws s1 # a1 + a2

and
s2 # 2c1

where c1 < c2

(2c1 and 2c2 are 
projected lengths)

a is the minimum height of 
containment rectangle constructed on 
the plane normal to the maximum 
principal stress in the weld

2c = 2c1 + 2c2 + s2

(b) Non-coplanar

Figure 6 — Planar flaw interactions (continued)
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Schematic flaws Criterion for interaction Effective dimensions after 

interaction

4 Adjacent non-coplanar flaws in intersecting welds
s1 # 2c1

and

s2 # a1 + a2 
where c1 < c2

(2a1 and 2a2 are 
projected heights)

2a = 2a1 + 2a2 + s2

2c is the minimum length of 
containment rectangle 
constructed on the plane 
normal to the maximum 
principal stress in the weld

(b) Non-coplanar (concluded)

Figure 6 — Planar flaw interactions (concluded)
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Figure 7 — Elliptical integral 99 as a function of a/c used for the calculation of KI for surface and embedded flaws
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Figure 8 — Stress intensity magnification factor Mm for embedded flaws in tension (at point nearest material surface)
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Figure 9 — Stress intensity magnification factor Mm for surface flaws in tension
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