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Abstract
Technical programmes of work managed and undertaken by the UK
nuclear power generation industry to develop the R5 high temperature
assessment procedures have been ongoing for many years. The
development programmes are undertaken by British Energy Generation
Limited in collaboration with Serco Assurance.
The work programmes have largely been driven by the need to advance the
methodologies to enable increasingly complex fitness-for-purpose and
plant life extension assessments to be undertaken. This is especially true
for plant that has been in operation for a number of years where ageing and
material degradation issues are prevalent.
The R5 procedures are updated on a regular basis, taking into account the
inSontration resulting from the development programmes. and other
available information world-wide. This paper provides details of the recent
advances in the procedures for assessing creep-fatigue initiation and crack
gro wth in high temperature plant.
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Introduction

The R5 procedures originally comprised seven volumes for assessing
the life of components operating in the high temperature creep regime. The
most recent version of R5, issued during 2003 [1], now comprises five
volumes with Volumes 2 and 3 relating to crack initiation in defect free
components, being combined into a single Volume 23, and Volumes 4 and
5, relating to creep and creep-fatigue crack growth from defects, being
combined into a single Volume 45. The current R5 volumes are entitled as
follows:

Volume 1: Overview
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Volume 2/3:Creep-Fatigue Crack Initiation Procedure for Defect-Free
Structures

Volume 45: Procedure for Assessing Defects under Creep and Creep-
Fatigue Loading

Volume 6 Assessment Procedure for Dissimilar Metal Welds
Volume 7 Behaviour of Similar Weldments - Guidance for Steady

Creep Loading of Ferritic Pipework Components.
This paper provides an overview of the Volume 23 and Volume 45

procedures with some examples of validation analyses.
R5 Volume 23: Creep-Fatigue Crack Initiation Procedure for Defect-

Free Structures

Background

The R5 Volume 23 high temperature assessment procedures address
fatigue and creep-fatigue crack initiation in initially defect-free
components. The procedures were developed some time ago and included
a number of novel features such as: the shakedown reference stress
approach for structural assessment; the ductility exhaustion method for
estimating creep damage; and, the inclusion of size effects in fatigue
damage calculations to enable assessments of thin components. Recently,
the Volume 23 procedures have undergone a major revision. In the
revision, the above novel features have been retained but other parts of the
procedure have been modified. These include: a restructuring of the
document with an associated new step-by-step procedure to enable easier
application of the procedures; modifications to the ductility exhaustion
model to address multiaxial stresses including the triaxial stresses which
may be present in regions of high welding residual stress; additional advice
for the assessment of weldnients including fatigue strength reduction
factors based on experimental data on austenitic weldments; generalised
stress-strain hysteresis loop construction methods for complex non-
isothermal cycles, supported by laboratory data collected under non-
isothermal conditions; and, advice on inelastic analysis when simplified
shakedown methods are inapplicable.

Procedure

The R5 Volume 23 procedure provides an assessment of the
continuing integrity of a defect-free component where the operating
lifetime might be limited by one of the following mechanisms:

(1) excessive plastic deformation;
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(2) creep rupture;
(3) ratchetting or incremental collapse;
(4) initiation of cracking due to fatigue or combined creep and fatigue

damage;
(5) creep deformation enhanced by cyclic load.
These mechanisms are assessed by simplified approaches which are

less restrictive than those based on elastic calculations, 'without requiring
the complexity of full inelastic computation. The simplified approaches
use reference stress and shakedown concepts and incorporate some
conservatism. Within these simplified approaches there are a number of
options for performing some of the calculations. The first option presented
is the simplest; other options may require additional calculations or data
but give less restrictive results. An alternative approach is not to use the
simplified approaches but to use detailed inelastic calculations to
demonstrate the continuing integrity of a component.

The aims of the procedure are to estimate, by a simplified approach
based on elastic stress analysis, the steady cyclic stresses and strains (the
steady cyclic state) in a defect free structure under creep-fatigue loading (or
fatigue alone), and to use these parameters to determine creep-fatigue (or
fatigue) crack initiation in the structure. Several limits are included in the
procedure to ensure the validity of the approach adopted. In the event of
failure to satisfy these limits, advice is provided on the determination of
creep-fatigue crack initiation by detailed inelastic firiite element analysis.
I he steps o the procedure provid a simple conservative route through the
procedure and indicate where a higher level of assessment is equired.

. The procedure is not intended to provide an estimate of the number of
cycles to failure of a component although the crack initiation endurance is a
lower bound to this. Following initiation, or for components containing
cracks or crack Re defects, an assessment may be supported by separate
calculations using the other volumes of R5, as noted above.

Creep-fatigue life prediction methods generally employ separate
calculations of creep damage and fatigue damage. These are then combined
according to an interaction rule to evaluate the time, or number of cycles,
to lead to creep-fatigue failure. Creep damage has traditionally been
calculated using a time fraction rule and this approach is incorporated in
the American Society of Mechanical Engineers (ASME) 2] and French
RCC-MR 3 codes. However, there are detailed differences in the
application of the time-faction rule in different codes in terms of safety
factors on creep rupture curves and the interaction rules for combining the
calculated creep damage with fatigue.
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An alternative to the time-fraction approach is the ductility exhaustion
method. Early developments of this 4] led to incorporation of the method
in the R5 assessment procedure. As with the time-fraction rule, there were
detailed differences with other ductility exhaustion methods in terms of the
definition of creep ductility and the associated interaction rules [5]. This
has led to further developments which suggest that the method is capable of
greater accuracy than the time fraction rule 6].

Treatment of Weldments

Weldments are assessed using the step-by-step procedure described
above but with some modifications to take into account the different
behaviour of the weldment compared to the parent material. Two separate
routes are provided for assessing weldments in the undressed (as-welded)
and dressed conditions and FSRFs are used to modify the strain range in
order to estimate fatigue damage. For undressed weldments, FSRFs are
also included in the procedure to calculate creep damage in creep-fatigue
assessments. Recommended FSRFs for the different types of dressed and
undressed weldments are provided and values to be used with mean parent
endurance data to give a lower bound estimate of weldment endurance are
shown in Table 1. The FSRFs for both austenitic and ferritic steel
weldments have recently been the subject of a review.

Table 11 FSRFS T T ed to Estimate Tower ound Fatigue E' ance for
US 11 our

Austenitic and Ferritic Steel Weldnients

Dressed Undressed
R5 Types (As-welded-

1 2.0 2.0
2 2.0 3.0
3 N/A 4.0

Note: Weldment Types
Type I- Full penetration butt weldnient transverse to the loading

direction;
Type 2- Full penetration T-butt of fillet weldment transverse to the

loading direction;
Type 3- Partial penetration T-butt of fillet weldment transverse to the

loading direction.
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in order to confirm currently recommended FSRFs or reduce
conservatisms, and also to provide validation of the overall procedures for
weldments a series of fatigue and creep-fatigue tests has been conducted
on thick section cruciform weldments of the design shown in Figure 1 7].
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Fig. l.Section Through Cruciform Weld Specimen (mm)

The weldments were manufactured using partial-penetration, double-
sided, T-butt fillet welds from a well characterised cast of Type 316L(N)
stainless steel, welded with matching consurnables. The specimens were
tested under fully reversed four-point bending at. 550'C, with nominal
outer-fibre total strain ranges between 025% and I% and hold tmes of 0, 1
or hours at the maximum deflection in the cycle. The maximum test
duration was about 25 years. Specimens failed mostly within the parent
material but one fatigue test at the highest strain range failed at the weld
toe, and one creep-fatigue test at a strain range 06% an a hold time of 
hours failed in the weld metal. The test results support the recommended
FSRF values for dressed weldments and provide validation of the 5
Volume 23 procedures, which give conservative lifetime predictions for
all of the tests.

R5 Volume 45: Procedure for Assessing Defects under Creep and
Creep-Fatigue Loading
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Background

Fornialised procedures for assessing cracks in components operating
in the creep range were first produced over 15 years ago []. These
subsequently became Volume 4 of the first issue of R5. Methods for
treating creep-fatigue crack growth were later added as Volume 5. Since
then, there have been developments in methods for assessing both creep
and creep-fatigue crack growth 91 1 ] and these led to updates to both
Volumes 4 and in Issue 2 of R5. Parts of the R5 approach have also been
included in the British Standards document BS7910 12], as described in
[13]. More recently, the creep and creep-fatigue crack growth procedures in
R5 have been combined to form a new Volume 45 for R5 Issue 3 1].

Procedures

The R5 Volume 45 procedure specifies methods for assessing defects
in structures operating at high temperatures and under creep-fatigue
loading conditions. The basic information required for assessments are: the
operating conditions; the nature of the defects; materials data; structural
calculations to correlate materials data with the behaviour of complex
structures. This information may be used to assess whether a defect of a
given size wiH grow to an unacceptable sze a given service life under a
given loading history. A step-by-step procedure is provided to address
assessments of this type and methods for following each step are outlined.

Two different methods of calculating creep-fatigue crack growth are
given. The method to be applied depends on both the defect size and the
type and severity of the applied loading. In Method I, applicable when the
crack tip is in the central elastic zone at the section, cyclic and creep crack
growth rates are calculated separately and the total rate of crack extension
is taken as the simple sum of the two rates. In Method 11, the defect is
required to be sufficiently small to be embedded in a cyclic plastic zone
and a crack growth law is derived by combining the creep damage
occurring during a dwell with a high strain fatigue crack growth law.

The revised Volume 45 procedure now includes criteria for assessing
the significance of creep, cyclic loading and fatigue. When both creep and
cyclic loading are shown to be significant, criteria are also given to assess
whether creep-fatigue interaction is significant. In cases where creep-
fatigue interaction is shown to be insignificant, it is adequate in Method I to
sum creep crack growth and (unfactored) continuous cycling fatigue crack
growth rates. However, when creep-fatigue interaction is shown to be
significant, or in cases where cracks propagate through heavily creep
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damaged material, it may be necessary to use enhanced cyclic crack growth
rates.

Prior to performing calculations, an investigation should be carried out
to determine the most likely cause of cracking. This should, at least,
involve a combination of non-destructive testing, visual examination and
metallurgical examination. If it is possible to identify the mode of
cracking, this can provide qualitative information on the relative
contributions of creep and fatigue to the overall crack growth process.
Where there is evidence of environmentally assisted cracking (multiple
cracking without cavitation), assessment is beyond the scope of R5.

When a defect has been discovered in a component that has been in
service, the conservative assumption for the calculation of continuum
damage is that the crack initiated early in life. This should be assumed
unless there is strong evidence to the contrary. Where the defect can be
reliably justified to have formed after the start of high-temperature
operation, then it is permissible to use an estimate of the corresponding
time in the calculations of crack growth and continuum damage
accumulation. There are two types of defect that require assessment; real
defects arising from inspection and postulated defects assumed in making
safety cases. Both types of defect are modelled by standard rules 12, 14].

Validation Example - Assessment of a Wide Plate Test

The new R5 Volume 45 procedures have been used to assess creep-
fatigue crack growth in a 316L(N) cracked plate tested at 65OoC 151. The
initial crack and plate are illustrated in Figures 2 and 3 Load was applied
to the loading arms such that cyclic bending stresses were set up in the
plate. Creep dwells under load control were included at the peak of the
loading cycle. The test was interspersed with pure fatigue cycles to
benchmark the fracture surface for calibration of crack growth rates post-
test. The predicted crack growth determined using the new Volume 415
procedures is plotted against the experimentally measured crack growth in
Figure 4 The results demonstrate that the R5 Volume 45 assessment
procedure using best estimate cast-specific materials data gives good
predictions of the observed crack growth in the plate test.
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The criteria in Volume 45 for insignificant creep-fatigue interaction
were satisfied, so the crack growth rate was calculated by simply adding
the crack growth contribution due to the creep dwell and that due to the
cyclic loading. The reference stress used in these calculations was based on
a global collapse solution [ 6, which has previously been shown to result
in accurate reference stress estimates of J and hence C* for surface defects
in plates. This contrasts with a previously reported R5 assessment of the
same test 17] which gave excessively conservative predictions of the crack
growth behaviour due to the use of reference stresses based on a local
collapse solution. This highlights the importance of a correct representation
of the reference stress in creep calculations to minimise the potential for
overly conservative predictions of crack growth.
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Fig 4 Experimental Data for Crack Depth Plotted Against Total Creep
Dwell Time, and R5 Predictions

As noted in the introduction, the R5 procedures are under continuous
development to achieve more accurate estimates of plant life. Some.
examples of the topics being addressed in the current development
programme are as follows:

• Constitutive equations for inelastic analysis;
0 Fatigue and creep-fatigue initiation, including weldments;
• Defects under creep and creep-fatigue loading, including creep-

crack incubation (e.g. time-dependent failure assessment diagram and d
approaches);

0 Leak-before-break for high temperature application.
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