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ABSTRACT 

 
The R6 procedure for assessing the integrity of structures containing defects is continuously 

updated as part of an ongoing development programme.  Over the past few years, the development work 
has included a number of technical areas leading to recent and future updates to R6.  The technical areas 
considered in this paper that form the basis of such updates are: 

 
• Flaw characterization whereby revised guidance has been developed to rectify potential non-

conservatisms in the earlier advice for treating multiple coplanar flaws in the cleavage 
regime. 

• Treatment of combined primary and secondary stresses whereby a less conservative and 
potentially more simplistic methodology as an alternative to the current approaches has been 
developed. 

• Treatment of weld residual stresses whereby advice has been developed on modelling 
welding processes by finite element analysis methods and on the use of various experimental 
measuring techniques. 

• Local approach methods whereby revised guidance has been developed for applying both 
cleavage and ductile models. 

• Leak-before-Break (LbB) whereby there have been continued on-going developments on 
crack opening area solutions and on LbB procedures for components operating in the high 
temperature creep regime. 

• Probabilistic approaches whereby revised guidance has been developed for undertaking 
probabilistic fracture mechanics analyses. 

• Strain-based approaches whereby a new methodology has been developed for application to 
components subjected to high levels of plastic strain.  

 
The paper contains a brief overview of the above developments in terms of the work undertaken 

and the incorporation of the information into the R6 procedure. 
 
INTRODUCTION 

 
R6 (2001), for assessing the integrity of structures containing defects, is continuously updated as 

part of an ongoing development programme.  This programme is reviewed annually to ensure that it 
targets priority areas for UK nuclear plant applications and to address areas identified by the UK nuclear 
regulatory body.  Over the past few years, the development work has included a number of technical areas 
leading to recent and future updates to R6. 

The technical areas considered in this paper that form the basis for recent and future updates of 
R6 are flaw characterization, treatment of combined primary and secondary stresses, treatment of weld 
residual stresses, local approach methods, leak-before-break, probabilistic approaches and strain-based 
approaches. 
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FLAW CHARACTERISATION 
 

Guidance on characterization of flaws is provided in Section II.3 of R6 in terms of flaw 
orientation, flaw shape, interaction effects and flaw detection, sizing and non-destructive examination 
capabilities.  In considering interaction effects, multiple flaws are characterized by a single flaw for the 
purpose of assessment. For multiple surface flaws for example, the characterized flaw is typically of a 
semi-elliptical shape with the dimensions being the extreme dimensions of the original flaws.  Bezensek 
and Hancock (2004) and Sharples et al. (2008) examined the characterization of twin touching flaws in 
ferritic steels on the lower shelf and observed a potential non-conservatism in the conventional R6 
guidance.  This was associated with high stress intensity factors in the local segment between the two 
flaws, termed the re-entrant sector.  Such crack features are also accompanied by negative T-stress or Q 
parameters, indicating loss of crack-tip constraint.  When conditions at the crack tip are favourable for the 
loss of crack-tip constraint, an argument can be developed that associates loss of constraint with enhanced 
fracture toughness.  This enhanced toughness then compensates for the large stress intensity factors in the 
re-entrant sector rendering the local crack features benign and the R6 conventional characterisation 
procedure conservative.  However, in cases when the failure precedes significant crack tip plasticity and 
associated constraint-loss benefits, the argument of enhanced fracture toughness in the local zones can not 
be sustained. 

Revised guidance has thus been developed for R6 based on an engineering approach, proposed by 
Bezensek et al. (2010), to identify cases where the characterization may not be conservative.  It involves 
comparing a relevant crack dimension (h in Figure 1) with a representative crack tip plastic zone size for 
the material in the assessed condition.  If the relevant crack dimension is smaller than the material’s 
capacity for crack tip plasticity, the conventional assessment route is followed.  This is because the local 
crack feature will be “smoothed out” by the plasticity. Conversely, if the material develops limited 
plasticity, new guidance is required. 

In the revised guidance, the effective depth, h, 
of the feature (Figure 1) is first determined.  This is then 
compared with an allowable depth hallow determined via 
the following Equations 1 and 2. 

 

hallow = 1/π(Kmat/σy)
2                    (1)  

 
for surface-breaking defects with crack depth to wall 
thickness ratio a/t < 0.4, where a = max(a1, a2), Kmat is 

fracture toughness and σy is yield stress, and 
 

hallow = (0.4t/a)1/π(Kmat/σy)
2              (2) 

 
for defects with 0.4 < a/t < 0.8.  For embedded defects, 
Equation (1) applies for 2a/t < 0.4 and Equation (2) 
applies for 0.4 < 2a/t < 0.6, with a in Equation (2) 
replaced by 2a.  

Figure 1: Schematic of Re-entrant Feature 
Geometries 

If h < hallow, the normal assessment route can be followed (as in the R6 guidance).  However, if h 
> hallow,  either the size of the flaw or the calculated stress intensity factor should be increased.  For both 
surface-breaking and embedded flaws, a 20% increase in the flaw dimensions, a and c, from those of the 
flaw characterized to the conventional R6 guidance is recommended.  Alternatively, studies have 
indicated that it is conservative to increase the stress intensity factor by 10% from that obtained for the 
flaw characterized according to the conventional R6 guidance.  It is noted though that these two 
approaches do not necessarily give identical results and in common with the general philosophy of R6, 
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the revised guidance suggests that sensitivity studies on the results of the assessment may be useful.   The 
revised guidance has been incorporated into R6 in 2013. 
 
TREATMENT OF COMBINED PRIMARY AND SECONDARY STRESSES 

 
In the two parameter methodology of R6, Lr is the proximity to plastic collapse of the flawed 

structure and Kr is the proximity to fracture. Lr is defined as the applied load normalized to the plastic 
limit load based on the primary stresses alone (e.g. pressure or dead weight).  In contrast, the Kr parameter 
is evaluated based on both primary stresses and secondary stresses (e.g. thermal or weld residual stresses).   
There are two ways in which Kr can be evaluated in R6.  These are given by Equations (3) and (4) 
respectively. 

 
Kr = KI

P/Kmat  + KI
S/Kmat  + ρ  (3) 

 
Kr = KI

P/Kmat  + V KI
S/Kmat   (4) 

 
where KI

P is the elastic stress intensity factor due to primary stresses, KI
S is the elastic stress intensity 

factor due to secondary stresses and ρ and V are plasticity correction factors accounting for interaction 
between the primary and secondary stresses.  Guidance on evaluating ρ and V is provided in Section II.6 
of R6.  In their simplest and most conservative form, upper bound formulations are given.  Less 
conservative formulations are also provided involving look-up tables and the evaluation of the elastic-
plastic secondary stress intensity factor, KJ

S, at various levels of complexity.  It has been observed 
however that the current R6 methodology of treating combined primary and secondary stresses can be 
excessively conservative in certain situations, particularly those where the secondary stresses are 
significantly greater than the primary stresses.  Furthermore, no consideration is given to stresses that may 
contain elastic follow-up, except for the fact that such stresses should be treated as primary. 

James et al. (2013a, b), Song et al. (2013) and Ainsworth (2012) have made developments in the 
treatment of combined primary and secondary stresses in recent years, the outcomes of which are being 
considered for updating the guidance in Section II.6 of R6.  James et. al. have focussed on an alternative 
and simplistic representation to the V factor with a view to reducing conservatisms and to allow for 
multiaxial loading, i.e. where there are significant stresses parallel to the defect plane.  The approach has 
been determined from a series of finite element analyses for cylinders with a fully circumferential crack 
subjected to thermal transients, in addition to primary loads.  The works of Song et. al. and Ainsworth 
have been focussed on developing V factor based methodologies that take into account elastic follow up.  
Song et al. originally proposed an approximate upper bound form of the interaction term V that did not 
allow for elastic follow-up.  They then added an additional term that takes elastic follow-up into account.  
The recent work by Ainsworth has shown that an estimate of the interaction term V can be provided by an 
equation derived from detailing how the combined reference stress will be changed with applied primary 
and secondary stress when accounting for the effect of elastic follow-up.  The approach is similar to that 
applied in R5 (2003) for the change in reference stress with creep under the influence of elastic follow-up. 

It has been decided that the revised version of Section II.6 of R6 will dispense with the ρ factor 
approach (i.e. Equation (3)) and will be centred solely on the V factor approach.  Both the simplified and 
more complex (incorporating look-up tables) methods of evaluating V will be maintained.  It is then 
intended for a new section to be incorporated that will incorporate the recent developments of allowing 
for elastic follow-up and a simple and potentially less conservative approach that allows for multiaxial 
loading.   The exact details of the revised guidance are currently being finalised. 
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WELD RESIDUAL STRESSES 
 

R6 Section II.7 gives advice on the treatment of weld residual stress and describes methods for 
estimating the corresponding stress distribution.  It refers in particular to the residual stress compendium 
of R6 Section IV.4, and R6 Section III.15 on numerical simulation of weld residual stress for austenitic 
materials that was issued in 2009. 

The residual stress compendium contains upper bound residual stress profiles for a range of 
common welded joints including, Plate Butt and Pipe Seam Welds, Pipe Butt Welds, T-Butt Welds and 
Repair Welds.  Reviews are undertaken on an annual basis of new information in order to maintain R6 
Section IV.4 up-to-date.  No major revisions to Section IV.4 have been required in recent years as a result 
of the annual reviews but, together with other relevant information, a large amount of experimental and 
analytical data on residual stresses for various types of weldments have been generated.  These data have 
recently been incorporated into a suitable computerised database system.  Then, in cases where the upper 
bound solutions of Section IV.4 may be too conservative in an assessment, the data base can readily be 
interrogated with a view to obtaining a more realistic residual stress profile for the relevant type of 
weldment. 

The use of finite element analysis (FEA) is being applied more frequently nowadays to predict 
residual stresses in welded components for assessment purposes.  This involves complex non-linear 
analysis with many assumptions and as a consequence, the accuracy and reliability of solutions is 
variable.  In order to improve the consistency of weld modelling, and hence the accuracy and confidence 
in their use, Section III.15 of R6 was introduced to provide a set of guidelines covering the calculation of 
residual stresses.  This guidance is currently focused on austenitic materials and provides detailed 
information under nine key steps.  These steps are (i) problem definition, (ii) identify and compile basic 
information, (iii) resource requirements in terms of personnel, software and computer hardware, (iv) 
decide modelling, (v) finite element model, (vi) thermal analysis, (vii) mechanical analysis, (viii) 
validation of weld residual stress calculations, and (ix) sensitivity studies.   

Work is ongoing in order to extend the guidance to include further advice for austenitics and for 
ferritic materials and dissimilar metal welds where phase changes need to be considered in the modelling 
process.  The validation part of the guidelines reference “standards” against which the predicted stresses 
can be validated.  The intention is to include a series of “Weld Residual Stress Benchmarks”, describing 
welded mock-ups which have been measured using various measurement techniques for the user to refer 
to when validating their finite element modelling techniques and thus provide a greater confidence in the 
predicted results.  A number of ferritic welded mock-ups have been generated to support a European 
Collaborative round-robin and industrial research programmes, Bate et. al. (2012).  These include an 
austenitic autogenous welded beam specimen, an austenitic bead-on-plate specimen and a ferritic groove 
weld specimen.  The data from these mock-ups are now being collated to provide a library of benchmarks 
which the user can then refer to.  Further information is provided by Bate (2013). The two austentic 
welded specimens are now included in Section V.5 of R6. 

 
LOCAL APPROACH METHODS 
 

Recognising that local approach methods provide an alternative approach to elastic-plastic 
fracture mechanics, thus complementing the conventional R6 methodology, guidance is included in 
Section III.9 of R6 which was updated in 2009 to take on board the significant developments that have 
taken place in this area in recent years.  The general approach is based on the application of micro-
mechanical models of failure in which stress, strain and damage local to the crack tip or stress 
concentrator are related to critical conditions required for fracture.  Each model contains several material-
specific parameters which must be determined by calibration against reference fracture toughness data, by 
quantitative metallography, by finite element analysis, or a combination of these techniques.  The 
parameters are assumed to be independent of component geometry and mode of loading.  Therefore, once 
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determined using laboratory specimens, the parameters can be transferred to assess any component 
fabricated of the same material. 

In Section III.9 of R6, guidance is provided on the Beremin cleavage model, Beremin (1983), the 
Gurson-Tvergaard-Needleman (GTN) ductile damage model, Tvergaard (1981), the Rousselier ductile 
damage model, Rousselier (1987) and the Beremin ductile model, Beremin (1981).  For each of the 
models, the guidance contains sub-sections on model description, model calibration and model 
application.  The main changes in the 2009 update were intended to make the guidance more user friendly 
by way of shifting the emphasis from being somewhat qualitative to being more quantitative in nature and 
by incorporating more of a step-by-step approach. 

For example, in the Beremin cleavage model, the probability of fracture is given by: 
 

Pf = 1 – exp[ -(σw/σ’u)
m ]  (5) 

 

where m and σ’u are parameters of the model. The Weibull modulus, m, specifies the amount of scatter in 

the statistical distribution and the constant σ’u is the scale parameter of the distribution.  The quantity σw 
is the scalar Weibull stress.  In the calibration sub-section, the following iterative procedure is outlined in 

order to calibrate m and σ’u against fracture toughness data measured at a single test temperature: 
 

1. Make measurements of fracture toughness using fracture toughness specimens.  The tests produce 
a set of fracture toughness data whose values are represented by KJc.  Additionally, the tests may 
yield a number of censored crack driving force values KJcen resulting from tests which are 
interrupted before cleavage occurs.  It is usual to include measurements from high and low 
constraint fracture specimens. 

2. Build finite element models of the fracture toughness specimen geometries. 
3. Choose an initial value of m.  Typically, m = 20 may be taken as the initial estimate. 

4. Use the results of the finite element models to calculate values of the scalar Weibull stress σwc 
corresponding to the test results for the estimate of the parameter m.  For the set of Nc values of 

KJc, the models provide estimates, σ
(i)

wc, of the critical Weibull stress σwc.  For the set of Ncen 

values of KJcen, the models provide estimates, σ(i)
wcen, of the censored Weibull stress σwcen. 

5. Revise the estimate of m by solving for m the following equation, which is based on an 
application of the Maximum Likelihood method. 
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6. Use the finite element models to re-calculate values of σ(i)
wc and σ(i)

wcen corresponding to the test  
results at the revised estimate of m. 

7. Repeat steps (5) and (6) until m converges to a constant value. 

8. Calculate σ’u using the converged value of m: 
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LEAK-BEFORE-BREAK 
 

Leak-before-break (LbB) arguments can be used to demonstrate the safety of a structure 
containing defects when fracture mechanics analyses fail to show adequate margins against the critical 
crack size.  A successful argument will demonstrate that leakage of fluid through a crack in the wall of a 
pressure component can be detected prior to the crack reaching instability.  The calculation of COA is a 
fundamental part of producing the LbB argument. 

Advice on the calculation of COAs for postulated through-thickness cracks in pressure systems is 
given in Section III.11 of R6.  This calculation depends primarily on how the crack is idealised, the crack 
opening mode and the material properties used.  Section III.11 of R6 includes a comprehensive list of 
references for a wide range of published solutions for idealised cracks in simple geometries subjected to 
standard basic loads.  Also in Section III.11.7, there is detailed guidance for LbB applications for 
pressurized components operating in the creep regime, based on the principles of R5 (2003).  Guidance is 
hence included in Section II.11.7 on evaluating COA for high temperature creep operation. Section III.11 
was last updated in 2010, primarily to provide additional advice on the calculation of crack opening area 
under creep conditions. 

In recent years, work has been carried out to extend the COA solutions in general by way of finite 
element (FE) analyses of through-wall cracks in various geometries.  For example, studies reported by 
Sharples et al. (2009, 2010) detailed complex finite element analyses that were carried out for through-
wall cracks in the vicinity of plate welded attachments under a combination of membrane and bend 
loading.  This work concluded that COAs from simple plate geometries can be conservatively used for the 
more complex welded plate attachment case considered with the proviso that a reduction in the calculated 
COA by 20% is implemented.  Similarly, the stress intensity factor, K solutions can be conservatively 
used from simple plate geometries for assessing the complex plate geometries with the proviso that a 30% 
increase in the calculated K is implemented. 

 
 

Figure 2: Crack Location for Cylinder COA Study Figure 3: COA Conservatism Based on the Stress 
Linearisation at Location 20 mm from the Junction 

 
As an extension of the plate studies, Madew et al. (2011) undertook similar finite element 

analyses but for a more realistic pipe-branch connection geometry (Figure 2).  They compared their 
calculated COA and K values for the more complex geometry with values from cylinder models with no 
branch connections, in a similar manner to that applied in the previous work on the simplified plate 
geometry.  Figure 3 presents selected results from this study whereby COA for the complex case is 
normalized to COA for the simple cylinder case for various cylinder radius to thickness ratios.  The 
results of Figure 3 are based on a particular stress location (for the un-cracked case) 20 mm from the 
junction.  The COA ratio enables a measure of conservatism or non-conservatism to be seen for 
evaluating the complex case by means of the simple cylinder case.  The figure shows that the COA 
estimations are indeed conservative for this particular case for both inside and outside surfaces.  By 
contrast, the estimates of K for this particular case were shown to be conservative for the inside surface 
but non-conservative for the outside. 
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Studies have also been carried out in recent years on validating, by detailed finite element 
analyses, the guidance provided in Section III.11.7 of R6 for evaluating COAs for high temperature creep 
stainless steel components.  Initially, the work considered various combinations of primary and secondary 
loading with primary and/or secondary creep and the inclusion of the effects of plasticity.  Both, start of 
life and in service cracks in a centre cracked plate were considered with loading consisting of primary or 
primary plus secondary (thermal) membrane loads under secondary creep at a temperature of 675°C.  
Latterly, the work was extended with the aim of considering more realistic geometry and loading 
conditions and comprised cases involving assessments of circumferential through-wall stationary cracks 
in a cylinder with an axial primary load and a linear through-wall temperature gradient. An in service 
crack occurring after 100 hours of service was assumed in each case.  The assessment parameters were 
kept simple by assuming secondary only creep and excluding the effects of plasticity.  Only axial primary 
loading was considered in order to keep the calculations in the simplified method manageable since 
consideration of other loading such as pressure would also result in hoop and radial stresses and 
complicate the implementation of the calculations. 

Since many components in the UK Advanced Gas Cooled Reactors (AGRs) remain in primary 
creep over a large proportion of their life, more recent studies have concentrated on cylinder cases under 
primary creep with extended runs of 1000 hours of creep.  Apart from a primary membrane only load 
case, load cases involving through-thickness thermal gradients together with the primary membrane loads 
have been considered in which the outer surface of the cylinder was assumed to be colder (i.e. in tension). 

It is planned for Section III.11 of R6 to be updated in the near future, primarily by updating the 
guidance on COA in general and in relation to high temperature creep applications by incorporating 
information obtained from the above-mentioned work. 
 
PROBABILISTIC ASSESSMENT 

 
The basic approaches of R6 are deterministic and sensitivity studies are recommended to 

elucidate the effect of variations in the input parameters, such as material properties and defect size.  
However, probabilistic approaches provide a rational means of quantifying the probability of failure based 
on statistical distributions of the assessment parameters.  Section III.13 of R6 offers a range of 
probabilistic methods, ranging from simple estimates, through engineering reliability approaches such as 
FORM and SORM, to advanced Monte Carlo methods.  Section III.13 had remained unchanged since the 
issue of R6 Revision 4 in 2001 and referred in particular to software which is no longer readily available. 
Hence a general update to the section has been made in order to bring it up-to-date and to reflect recent 
work. This was issued as part of R6 in 2013.  Some of the main changes include: (1) new advice on 
importance sampling methods to reduce the number of runs in Monte Carlo simulations, e.g. Beardsmore 
et al. (2010); modification of the simplified estimate of failure probability to ensure that the probability 
cannot exceed unity, noting that at low values of probabilities the result is essentially unchanged; (3) new 
advice on reduction of the number of random variables; (4) new advice on the use of finite element 
analyses and response surface methods, e.g. Sandvik et al. (2008), Zhou and Warwick (2012); and general 
updates to references and the advice on computational methods. 
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STRAIN BASED METHODS 
 

The basic procedures of R6 and of most modern flaw assessment procedures are stress-based.  
However, there are situations where the natural boundary conditions are imposed strains or displacements 
in excess of yield rather than load-controlled forces, moments or pressures; e.g. pipe reeling or laying in 
the petrochemical industry. Budden (2006) proposed a procedure based on a strain-based failure 
assessment diagram.  This used a measure of strain, Dr, rather than the stress-based parameter, Lr, as the 
abscissa of the FAD. The coordinates of the assessment point are given, for purely primary applied strains 
by: 
 

yrefr /D εε= , matIr K/KK =  (8) 

 

The reference applied strain, refε , is the peak equivalent strain in the region of the defect from 

un-cracked body elastic-plastic analysis, and E/yy σ=ε  is the material’s yield strain.  A pragmatic strain 

limit, 1/)(D yf

max

r >εσε= , where )( fσε is the strain from the material’s stress-strain curve at the flow 

stress, was also imposed as a conservative treatment of multiaxial effects on ductility (see Figure 4).  The 
strain-based procedure is likely to be of most benefit for applied strains well in excess of yield, that is 
Dr>1. 

However, some non-conservatism in the proposed advice at that stage was apparent for low strain 
hardening materials.  Further technical development was carried out by Budden & Ainsworth (2012) and 
Ainsworth et al. (2013) leading to revised proposals for the shape of the failure assessment curve leading 
to a new Section III.16 that was introduced into R6 in 2013.  This includes the treatment of both primary 
and secondary (often thermal or welding residual stress) loadings. Equation (8) then becomes: 

 

y
s
ref

p
refr /)(D εε+ε= , mat

s
I

p
Ir K/)K*VK(K +=  (9) 

 
where V* is an interaction term which depends on both the primary and secondary strains. Expressions 
for V* are given in Section III.16, following Ainsworth et al. (2013). 

Option 1, 2 and 3 strain-based FADs are set down, similar to the hierarchy of the R6 basic 

procedures.  The Option 1 curve, )D(*fK rr= , given by Equations (10)-(11) below, is independent of 

geometry and material, Option 2 depends on material properties, and Option 3 is based on elastic-plastic 
finite element analysis of the cracked component under the primary loads alone. 

 

[ ])D6.0exp(7.03.0()D5.01(f 6
r

2/12
r

* −++= −  0< rD ≤1 (10) 

2/1
r

* D5586.0f −=  1< rD < max
rD  (11) 

 
The new procedure is based on un-cracked body strains to define Dr so is limited to small cracks, 

that is less than 20% through-wall where the defect does not significantly affect the compliance of the 
component.  The procedure is similar in scope to R6 Section III.14, which treats pure displacement or 
rotation boundary conditions, but is simpler and more general in its application.  Some validation of the 
Option 1 approach of Section III.16 against the results of finite element J-integral (Option 3) calculations 
was given in Budden & Ainsworth (2012).  Figure 5 shows some results for applied bending of a pipe.  
The Option 1 curve is outside, that is conservative, or very close to the finite element based Option 3 
curve. 
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Figure 4: A schematic strain-based FAD 
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Figure 5: Comparison of Option 1 and Option 3 FADs for an outer surface crack of length 2c and depth 
0.2t in a cylinder of outer radius 228.6 mm and wall thickness t=15 mm under global bending. The solid 

line is the Option 1 strain-based FAD.  The material is a ferritic pipeline steel. 
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