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Abstract

Pressurgetaining components of civil lightvater reactor (LWR) plants are
susceptible to loveycle fatigue damage throughout their @giemal life. In the UK

civil nuclear industry, the assurance of such components against fatigue failure has
traditionally been achieved by satisfying the elastic deliganalysisSDBA) criteria
outined in Section Il of the American Society of Mechali&ngineers (ASME)

Boiler and Pressure Vesl CodgBPVC). The demonstration of a fatigue usage factor

of unity against an-8! fatigue design curve forms the basis for establishing acceptable
designs. The ASME Ill procedure is deterministic, and it isyreed that uncertainties

are accounted for by conservatism arising from the largely unquantified margins
imposed by the original Code authors, and accumulated from the use of pessimistic
input variables and methodological assumptions in the assessmerist Vilg
conservatism was tolerable in the past, the emergent industry understanding of the
deleterious effect of the LWR coolant environment on fatigue life and its strong
dependence on strain rate and temperature for austenitic stainless steels had spawn
additional regulatory requirements to incorporate LWR environmental effects into
traditional Code fatigue assessments. Consequently, the application of extant
assessment methods, now exacerbated by environmental fatigue penalty factors, can
pose difficdties in satisfying Code requirements for some critical components,
potentially introducing unnecessary design constraintsaaradditional inservice

inspection burden.

It is well understood that the current ASME IIl procedure for fatigue evaluation
negkcts several key variables, is often very conservative and provides an unquantified
design margin, and thus does not provide a consistent measure of component risk. The
desire for longer plant design life and the potential for civil plants to adopt l#exib

modes of operation has increased the urgency to develop a more accurate fatigue
evaluation procedure, recognising that the traditional design margins, and indeed the
acceptance criterion itself, may not be fit for purpose when considering modern plant
performance requirements and economic constraints. Accordingly, several actions
have been initiated as part of the O6ASME

the existing fatigue design rules. This includes future code development to adopt a



risk-informed design methodology based on probabilistic methods with target
reliability as an acceptance criterion for fatigue. To this end, ASME has commenced
development of a neplant system desigstandard for establishing plant system and
component reliabilityargets. In the UK, probabilistic methods for fatigue assessment
are also gaining traction within industry, and are currently under consideration by the
Department for Business, Energy and Industrial Strategy (BEISjhend@echnical
Advisory Group on th Structural Integrityof High Integrity Plant(TAGSI) in
anticipation of their future application in nuclear plant safety cases. Adopting a risk
informed design methodology will require improved accuracy of predicting fatigue
crack initiation, which in prssure vessels is strongly influenced by the plastic strain
range experienced on the component surface. ASME Il prescribes simplified-elastic
plastic analysis procedures wherein the plastic strain range may be estimated from
elastic analysis using a plasty correction factor(Ke). However, the existing
approach is recognised to be very conservative, especially for ductile materials such

as austenitic stainless steels.

The aim of this work is to investigate these conservatisms awelap alternative
appoaches forsimplified elastieplastic fatigue analysief austenitic stainless slee
componentsvith improved accuracy and practicality, suitable for future application to
probabilistic fatigue initiation analysig&xtant ke methodsprescribedwithin various
nuclear and nonuclearcodes and standardse reviewed to understand itheslative
advantagesand limitations A framework is proposed for calculating the actual
plasticity correction factofK < E4) implied by detailed elastiplastic analysis. A lge
number of elastiplastic finite element analyses are performed for a range of case
studies considering plant representative components and loading conditions. The
performance of the various code: factors are evaluated and compared. Two
alternative pproached the Global Plasticity Correction FactofFg) and Stress
Modified Neube(SMN) methods are proposed and validated against the compiled
K EAresults. Both approaches ateownto be fully compatible with existing methods

for assessing envirorentally assisted fatigue. Through a benchmark problem, the
proposed methods are demonstrated to give a more appropriate evaluation of fatigue

usage, enabling significant improvements in component design life.
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1. Introduction

In the design of many structures acomponentsfatigue must be considered as a
potential failure mechanisniThe fatigue strength of common materials such as
structural steels can be established thramgichanicatestingundera constant load
amplitude Using this knowledge, fatigue assessment procedures can be used to predict
the behaviour of a material under its intended operating conditions, thereby assuring
against fatigue failureln the nuclear industry, sucprocedires aregenerally
prescriptive andembodied withininternationally recognisedcodes and tandards
(C&S). Theseusually incorporate large design factors and can be quite conservative.
Thiscan introduce constraints on the design and/or operation of titeapthintroduce

an additional inspection/maintenance burdétowever the operationalloads
experienced by most structures is not reflective of test conditamtsconsequently

the material behaviour can be very differélttis is especially true of nughr power

plant pressure vessels, which experience complex, variable amplitude loading.
Furthermore, plastic action persists throughout the life of such vessels, which can be
difficult to predict One possible route to capture this behaviour accurately is
perform fulkscale mockup testsunder actual operating conditions. Whilshe
structural response of a component can be reliat@gsuredexperimentally in this

way, performing such tests is often precluded, owing to time and budget constraints.
Accordngly, the validation of assessment procedures must often oalyesults
obtained from detailed finite element analysis (FEA).

In order tooptimise the fatigue performance of pressure vessel components, accurate
prediction of the elastiplastic responsender various loading conditions is required.
However, simulation of elastiglastic material behaviour can be complicated, and is
typically expensive and tirreonsuming. Furthermoresome C&S provide little
guidance on implementing such an approaghpractical and reliable method to
predict elastigplastic strains based on knowledge of the purely elastic behaviour of a
structure is therefore invaluable to t@mmponent designer and stress analyst.

1.1.Background

Austenitic stainless steels are used in margyreeering applications, from automotive

and aerospace components to pressure vessels and piping utilised in conventional and



nuclear power plants. In the latter catbey are utilised heavily within the primary
circuit of LightWater Reactor (LWR) plantsincluding both Pressurised Water
Reactor (PWR) and Boiler Water Reactor (BWR) plants. In modern PWR designs,
reactor coolant primary pipework is usually fabricated from austenitic stainless steels
owing to its high ductility and corrosion resistaneesssureretaining componenisf

PWRs can beusceptible to fatiguthroughout their operational lifewingmainly to
fluctuations in pressure and temperature. Transient variations in the reactor coolant
temperature may arise due to changes in the powerdttie plant. For thickvalled
components, sharp thermal gradients can develop, resulting in high surface stresses.
When thesevariations occur frequently, surface micro crackay initiate. If left to

grow over time, the micro crack network may devaldp a single dominant crack,
which can propagate througtall, resulting in leakage. Lack of accessibility odien

make it difficult to inspect and monitor certain componeAtzordingly, the fatigue
assessment methoddoptedn nuclearindustryC&S must provide confidence that a

component will not suffer a fatigue failure within its intended design life.

1.2. ASME BPVC Section Il

In the UK civil nuclear industry, the assurance pressure vessels and piping
components against fatigue is achieved bysBatig the elastic desigbhy-analysis

(DBA) requirement®utlined in Section Ill of the ASME Boiler and Pressure Vessel
(BPVC) Codd1], hereinreferredtoas A S MB dotrH e . ASHMH Id, B\ppendix
XIII'-3520 provides a systematic procedure to evaluate fatigue at a single location in a
vessel based on stress rangbtained from elastiinite element (FEjRnalysis.By
artificially associating these fictitious stresses to the actual strains experienced by a
component, the prediction of fatigue life is made possible. Where necessaiified
elasticplastic penalty factors referred to widely adlasticity Correction Factors
(PCFs) are applied in orddp account for notinear material behaviouso enabling

an estimation of elastiplastic strainsThis is known asSimplified ElastiePlastic

Analysis

A review d the published literature (Sectid) highlights that austenitic stainless
steels in particular possess exceptional fatigue properties, especially in tbgclew

regime where plasticity is prevalekixistingCodemethodslo not build on a complete



understanding of fatigue behaviour in the presence of plasticity however, and
consequentlytend to be veryonservative, especially for austenitic stainless steel
componentsThis can result in unnecessarpgssimstic predictions of component
fatigue life, leading to difficultieg satisfying Code requiremensccordingly, here

is currently a strongndustry needo developmore accurate and reliabRCFsfor

fatigue design of austenitic stainless steel compsnen

The objective of this thesis to develop alternativepproaches to improve the
simplified elastieplastic fatigue analysis of austenitic stainless steel components. To
achieve this, existing approaches within ASME Il and other recognisedvZ&&
reviewed Due consideration was paid to developing the most appropriate
methodological framework for derivifgCFsdirectly from elastieplastic FEmodels.

It is hoped that some of the outcomes of this work will prove helpful to improving the
existing ruledor simplified elastieplastic analysis prescribed within ASME lII.

1.3. Thesis Structure

Chapter 2 provides a fundamental overview of fatigue in austenitic stainless steels,
considering the strailife framework, cyclic stresstrain behaviour, mean stress
effects, and cumulative damage. Chapter 3 discusses the procedures for fatigue
analysis adopted by ASME IIl. ThdasticDBA framework isintroducedalong with

the basic methodologynd assumptionfor FE-based fatigueadopted within this
thesis. The needof modernised fatigue rules, including more accurate simplified
elastieplastic analysis criteria, is briefly discussed in the current industry context.
Chapter 4 examines existing approaches for simplified elplststic analysis of
austenitic stainlessteels based on elastic DBA, prescribed within ASME Ill and
various other irdrnationally recognised nucleand nonnuclear C&S. In Chapter 5,

a framework is developed for determination of realiB@Fsfrom elastieplastic FE
models. Consideration is\gn to the choice of cyclic plasticity model and multiaxial
strain measureChapter 6 describes the FE models of PWR plant representative
components selected as part of an FE analysis campaign for determination of FE
derived PCFs In Chapter 7, the resultshbtained from the FE models described in
Chapter 6 are discussed in detail. The performance of theRCiieletermined based

on the elastic DBA is evaluated by comparison with those determined directly from



elastiecplastic analysis. The advantages andrslomings of each method are
discussed, along with further recommendations. Chapter 8 presents the work
performed to develop and validate two alternative plasticity correction methods for
austenitic stainless steels. The potential improvements achidk@léoth methods

is demonstrated for aepresentativeplant component case study. Chapter 9
summarises the main conclusions that have been drawn from this work. Finally,
Chapter 10 provides some recommendations for further work to enhance existing

industly knowledge in this important area.



2. Overview of Fatigue

2.1.Basic Concepts

2.1.1.Mechanistic Interpretation of Fatigue

Fatigue is a process by which a crack can form and grow under repeated application
of variable loadsFatigue cracks normallyitiate on the surface of a component,
where stresses tend to be highest. This process is referrectaclamitiation If such

cracks are permitted to grow undetected, they can significantly reduce the load
carrying capacity of the component. This g@ss is referred to asack growthor

crack propagationEventually, once the crack reaches a critical size, the component
may fracture. An example of this is to be found in the failuriabigue of the fuselage

of the & Havilland Comet aircraft in thE950s, which resultein the deaths of 147
people[2]. Thus, fatigue is a muistage Figure 1) form of damage of which the

consequences can be catastrophic.

/
l

/"

Surface

/

Initiation Propagation Fracture
Stage I Stage II Stage III

Figure 1. Progression of fatige failure.



Fatigue damage is irreversible and accumulates as a material absorgseatar
amounts of macroscopic deformation energy under repeated loading. Therefore,
irreversible deformation glasticityis a necessary condition for fatigue to ocduns
macroscopic energy is consumed in the form of microscopic plastic strains within the
microstructure of the material. These plastic strains break the molecular bonds within
the metal and contribute to damage. Over time, this highly localised plgslilcgc

leads to the formation gbersistent slip bandéPSBs) along crystallographic slip
planes within the grains of the metal. Theselstipdsare visible on the metal surface

as intrusions and extrusions. Shear mizmrack nucleation then occurs alahgse slip

planes or at grain boundaries due to the additional stress concentration caused by the
interaction of PSBs and grain boundaries. These micro cracks can then coalesce to

form a single dominant crack.

Once initiated, a fatigue crack tends inliialo propagate along planes of maximum
shear, oriented at 45° to the applied load. This is knowhas crack growtlor Stage

| crack propagationThe crack propagates until it is decelerated by a microstructural
barrier, such as a grain boundary otuson, which cannot accommodate the original
crack growth direction. The direction of growth then alternates between shear planes,
|l eading to theaglharnppttariasntiec o®zimgcr osco
crack grows longer, slip starts to @dyp along other planes near the crack tip, which
produces a shift in the crack orientation such that it propagates perpendicular to the
direction of applied load. This process is knowioag crack growttor Stage Il crack
propagation A defining charadristic of Stage Il crack growth is the formation of
ripples orstriations on the surface of the metal, as the crack advances in a stable
manner. Finally, upon reaching a critical length, the crack rapidly propagates in an

unstable manner, resulting in dilnfracture. This iStage llicrack propagation.

2.1.2.Fatigue Design Philosophy

Today, two distinct fatigue design philosophies have seen widespread adoption by
different industriesSafe Life DesigandDamage Tolerant Design

The objective ofSafe Life Dagn is to design a component in such a way that crack
initiation can be assumed precluded within its intended service life. This approach is

commonly adopted for situations where regular inspection of a component is not



possible, or where the consequenoégdatigue failure would be catastrophic. This
often involves the use of large design factors and conservative assumptions relating to
material strength and service loading. This approach is most common in the design of

pressure equipment, especially thodended for nuclear power plant facilities.

Damage Tolerant Desigs concerned with designing structures and components such
that they are resistant to fatigue, but does not preclude crack initiation entirely.
Structural integrity is instead demonstdhfey ensuring that when fatigue cracking
occurs inservice, the component can continue to operate normally without failure until
the damage can be detected. This approach therefore places a higher emphasis on
effective inspection and maintenance to enstlre continued operability of
components. Where necessary, fracture mechanics methods may be adopted to
estimate critical crack depths and inspection intervals. This approach has been widely
adopted within the aerospace and automotive industries.

In the UK civil nuclear industry, fatigue crack initiatidrasgenerallybeen regarded
asunacceptable in the design of pressure vessel comporerttdifferently, if crack
initiation is predicted to occur in the design stage, the component is considered to have
d ai | Hodeder, vhat const i t ut es a 6fatigue failu
outstanding question, with ma®sME experts divided on whether the fatigue design
rules prescribed i8ection lllare intended to preclude crack initiation or througil

leakage To prevent initiation of surface fatigue cracking is increasingly being viewed
as unrealistic anohsteadthe aim should be to prevent the development of structurally
significant cracks that can threaten component function@litgview of the ASME
Secton Il fatigue design basis (Section 8hd other recent industry developments
highlights a number of important arguments to suggest that total life prediction to
throughwall leakage, provided it maintains sufficient design margin, is consistent
with the intent of the Code author&ince leakage due to fatiguavolves crack
incubation, initiation, and propagation phasegsign against initiation an be
excessively conservative, especially for ductile components that are tolerant of a

significant propag#on phase.

For ductile metallic component$ LWR plants, which are often subjected to repeated
plastic action Stage Il growth tends to occupy the majority of fatigue life. This has



recently led to the emergence of modern assessment methods, soneztimed$atal

Life Approacheswhichaim to characterise each stage of the fatigue process within a
systematic procedure to achieve more accurate and representative assessments of
components. In this approach, the total fatigue life is separated out imontheer of

load repetitions to initiate a mechanically small crack considering Stage | nucleation
and growth, followed by the number of subsequent repetitions for Stage Il crack
growth to achieve a failure criterion defined by the designrori (e.g. troughwall
leakage) In this way, a greater emphasis is placed on the much longer Stage Il portion
of fatigue life, which can be predicted more reliably using fracture mechbasexl

crack growth analysisurthermore, the application of a total life @ssment approach
using probabilistic methods introduces the potential for amgkmed, performance
based acceptance criterion to be adopted for fatigue desayprdbabilistic model of

the input variables iadoptedfor example using the Monte Carhethod, a quantified
margin can then be applied to the predicted totatdifeakage, where marghereis
expressed as a probability of the component to acceptably perfonmtatsled
function orreliability. Thereforethere is a need to determine aptimum ortarget
reliability to define aceptablefatigue performance, reflecting both the risk and

consequences of failure.

In 2018, ASME Nucl ear Codes and Standar
Nucl ear Co (B Bhe purpose of the inithateve is to modernideagpects

of the existing Code rules to enable designers and operators to take advantage of the
many modern design and fabrication methods available tdoigpprtant objectives
include the development of modernised fatigue analysis rulesnandporationof
probabilistic and risknformed methods with target reliability as an acceptance
criterion for fatigue. To achieve this, ASME has also commenced development of a
new Plant System Design standard for establishing plant system and component
reliability targets by incorporating risk insights derived from a probabilistic risk
assessment (PRAJhis represents a fundamental shift in fatigue design philosophy
for which total life assessment methods have the potential to reap the greatest benefit

in future.

However, total life approaches are not yet developed enough to be of practical use

routine fatigue designThe use of a total life assessmemhsed on probabilistic



methods will requireimproved accuracy of fatigue initiation predictionghe
developmenbf alternative simplified elastiplastic analysis methodsr austenitic
stainless steelwith greater accuracy and practicality will be crucial for generating
surrogate models needed for probabilistic fatigue initiation analysis in combination
with crack growth analysis fora total life assessmenA review of the technical
literature (Section 4) highlights a number of existing approaches proposed as
alternatives to the current ASME Ifimplified elastieplastic analysis procedure,
many of which have be&encorporated within other recognised C&S. However, these
approaches have some disadvantages, such as inconsistenegprmeawatism or
beingimpractical to applyTherefore, the focus of this thegsnethods for predicting
fatiguecrack initiation tlat can overcome these outstandingtations

2.2.Fatigue Behaviour of Austenitic Stainless Steels

This section introduces the fundamental factors pertaining to fatigue life prediction of
metallic components in nuclear power plant service. As austenititestasteels are

a prime focus of this thesis, a general review of the fatigue behaviour of these alloys
is undertaken. First, it is necessary to introduce and clarify a number of technical

terminologies.

The term 6cycl ed r ehkesressorstrainih dcempenent variees i o n
from an initial state, to a maximum extent, to a minimum extent, and then returns to

the initial state Eigure2). Onehalf of the cycle load range is known as émeplitude

or alternating load The average of the maximum and minimum cycle loads is known

as themeanload. In cycles where the maximum and minimum loads are equal and
opposite, the mean load is zero and is known &gl reversedcycle. Figure 2

illustrates an example of constant amplitude sinusoidal loading where each successive

cycle possesses the same load amplitude.

The objective of a fatigue damage model is to predict the number of cycles, at a specific
load range, it a t a component can withstand befo
presumed to occur. The temlamageis commonly defined as the number of cycles
expected to occur divided by the number of cycles predicted to cause faille (

The efficacy of fatiga damage models has historically been established based on their

ability to correlate experimentally observed fatigue lives of sswlle polished



specimens subjected to uniaxmembranestress or straircycling. In the initiation

phase, damage relates microscopic phenomena including dislocation motion, slip,
micro crack formation, and so forth, which can be difficult to correlate with
macroscopic measurements in absence of a highly controlled laboratory environment.
l ndeed, t he derfiitniiatiiommn 6o fi so6cirtaccek] fi s ubj e
delineating shortand longcrack growth phases not easily defined. Modern codes

of practice relating to fatigue endurance testing of uniform gage specimens such as
ASTM E446[4] and E6045] do not give a prescriptive definition of fatigue failure,

but instead give various options. One optis to define failure as the number of cycles
required to produce total separation or fracture of the specimen. In most modern
studies, it is common practice to define the fatigue life as the number of cycles required
for the tensile stress to drop 25%6rh its peak value. Such a load drop corresponds
approximately to a 3msdeep crack in the gage. Consequently, the fatigueNtife
represents the number of cycles to initiate a crack of 3mm depth in a specimen and has
become an arbitrary benchmark for whiokassess the predictive capability of fatigue
damage models. By the principle of similitude, this definition of damage can then be
related to real components; that is, the formation of a @feep crack in a specimen

is presumed to equate the formatiorof an equivalent crack in a large component or

structure.

g, €

One Cycle
Maximum

F
Range
Mean
/ Time

AVARRVARR VARV

Minimum

Figure 2. Description of fatigue loading
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2.2.1.Classical Uniaxial Strauhife (¥-N) Framework

The most basic form of fatigue concerns an alternating, fully reversed, uniaxial stress
such as that applied to cylindrical specimens in standarecioattiolled fatigue testing
procedures[4]. This is commonly empl@®d to determine an empirical relation
between alternating stress and life, formalised by a dife$S-N) curve. Under these
conditions, the induced strains are predominantly elastic, with plasticity being largely
undetectable on a macroscopic scaléare number of cycles, normally greater than
10%, is therefore required to nucleate and grow a crack to induce fracture of the
specimen. This behaviour is referred thig-cycle fatigue The relationship between
alternating stress and cycles to failireommonly represented in the exponential form

originally proposed by Basqu[6]:

., c0 (1

wherel, is the alternating stres, is the fatigue strength coefficietitjs the fatigue
strength exponent, argl\s is the number ofeversals(or half-cycle9 to failure. On

the other hand, where specimen failure occurs within a smaller number of cycles, this
is referred to akow-cycle fatigue In this situation, it is recognised that fatigue life is
dictated not by stress, but instead by plagtiairs which is now dominant compared

to the elastic strain. Therefore, to establish an empirical relationship feryice
fatigue, strain-controlled testing is instead performed where applied strain is the
controlled variablg5]. Coffin [7] and Mansor{8] found that for a wide variety of

metals, the following relationship holds:

- - ¢ 2

wherePi s t he pl ast ifdsthe fatigaeiductility coefficient, and eis U
the fatigue ductility exponent. The denomination(efa n d cat) be somewhat
misleading sincéatigue dictility is also a form ofatigue strengthand therefore both
parameters aim to quantify a material 6s
parameters respectively characterise the ability of material to resist fatigue under
predominantly elg& and plastic deformations, respectively. By superposition of Eq.

(1) and(2), the relationship between total strain amplitude and cycles to failure is best

represented bthe secalled CoffirManson relationf9], traditionally written as:

11
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wh e ra®is thé elastic strain amplitude implied by E) and E i s t he
modulus. It is shaightforward to visualise th€offin-Manson relation by examining

the logarithmic transformations of E(.) and(2) in graphical form Figure3). Both
equations show a lelinear relationship. The coefficients of H@) and(2) represent

the intercept, which quantifies respectively the stress ampléindeplastic strain
amplitude that correspond to failure in a single reversal (i.e. whierr 2). The
exponents of Eq(1) and(2) represents the slope of the lines in-log space, which
describes the rate of change of fatigue life with respect to stress amplitude and plastic
strain amplitude, respectively. The elastic strain amplitude is negligible feryols,

and the CoffilManson curve approximates its plastic pathigt region. On the other
hand, highcycle fatigue is associated with predominantly elastic strains and the

Coffin-Manson curve approximates its elastic part in this region.

In the CoffirManson framework, cyclic plasticity effects are assumed negligible
the case whenss > N1, whereNt is known as th&ansition lifewhere the contribution

of elastic and plastic strains to the total strain amplitude are approximately @#ual,
= LPUThe concept of a transition life is useful as a-nfthumb to demarcate the
boundary between lowand highcycle fatigue regimes for different materialén
situationswhereNs >>N 7, this corresponds to higtycle fatigue, and the strebasd
Basquin relation (Eq(1)) is expected to give reasonable fatigue life predictions. On
the other hand, in situations whéde<Nr, this corresponds to the legycle fatigue

and a relation based on strain suciCaffin-Manson (Eq(3)) must be used to obtain
reliable life estimates. The transition life can be calculated directly by sefting ?U

and solving Eq(3):

. oL - OO g )

12



10

0.1

Strain Amplitude (%)

0.01
g 4t
4, ,
0.001 L
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Reversals to Failure (2N

Figure 3. lllustration of CoffinManson relation fotypical structural alloys.

A number of other functions have been proposed to express the fatigue strain or stress
amplitude versus cycles to failure. Another useful masléhat proposed by Langer

[10], expressed in the form
- 00 0 (5

where A, B, and C are the parameters of the model. The parameter A represents the
strain amplitude corresponding to failure within a single cyblez1, whilst B
represents the rate of changdaifgue life with respect to total strain amplitude. The
parameter C represents the endurance limit of the material, defined stsetizeor

strain level below which a test specimen can be cycled indefinitely without exhibiting
fatigue failure. For struatal steels, there exists a wkiiown empirical relationship

bet ween t he endamdntchee |ulntiit mdBadeantineeenad i | e
[11] noted that for steels with tensile strengths below 1400 MPa, the endurance limit
may be approximated as ehalf of the ultimate tensile strength. Published in 1958,

the U.S. Navy Structural Design Basis for PWR Reactor Pressure VEsAetdso

provides guidance for estimating the endurance limit based on tensile strength; under

13



these gui delaippe ® xi tna tferusteniic staibless steele sAn
important advantage of the Langer model is that it is formulated in térmisbstrain
amplitude only, thereby obviating the need to partition the elastic and plastic parts. As
the vast majority of experimental data reported in the technical literature tends to report
only the total strain and cycles to failure, the Langer ehagl highly favoured for

characterisingatigue behaviour, especially withihe nuclear industry.

As low-cycle fatigue lives are related to the plastic strains, it follows that those
materials with high ductility will exhibit the highest resistance asthconditions. For

this reason, austenitic stainless steels are highly favoured for power plant applications
due to their exceptional lowycle fatigue performance across a wide range of service
temperatures. A sample of fully reversed stidadata conpiled fromvarious tests
published iq13]i [32] condicted on a range of austenitic stainless steel alloys at room
temperaturén airis shown inFigure4. The elastic reserve of austenitic stainless steels

is generally limited to between 0.1 and 0.15%, and therdferedxhibit a very high
transition life, around TO1CP cycles. It can be seen then fully reversed lifetimes bf 10
and above are typical for strain amplitudes less than 0.5%. Furthermore, fully reversed
lifetimes less than £aare not typical for strainmaplitudes less than 1%. The plastic
strain amplitude that controls crack initiation in these alloys therefore tends to be very
large, sometimes over ten times the elastic strain amplitude. The following generalised
Langer besfit model has been found t@pture reasonably the fatigue behaviour of a

wide range of austenitic stainless steel grades at room temperature

P (B ° &, (6)
where the constant C vawmiitehs al i2d38eh@). yo fa sd a
Considering the average value of E at room temperature is 195 GPa, this corresponds
rouchly to an endurance limit equal to 0.474, which is close to the values proposed by
the estimation guidelines 1], [12]. This means thategforhe ent
austenitic stainless steels can typically vary between@.23% depending on tensile
strength. Thus, even in the very higycle regime, the stimamplitude for austenitic
stainless steels is rarely ever fully elastic and the effects of plasticity are still very
important. It is for this reason that its fatigue behaviour can only be reliably ascertained

from straircontrolled testing.
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The fatigue strength @ustenitic stainless stegjenerally exhibits some degradation

at elevated temperatures. A sample of fully reversed difaidata compiled from

tests pubkhedin [19], [24], [32]i [43] conducted on austdia stainless steel alloya i

the temperature range of 1508@6°Cin air are shown ifFigure5. In the temperature

range of 15B00°C, Solomon et §86] observed a modest reduction in fatigue life of
Type 304L SS at strain amplitudes of 0.3%, but a slight increase in fatigue life at strain
amplitudes of 0.5%. Other studies rettemperature range 2880°C conducted by

Le Pecheuf32], Reicherte19], Chopra[24], Baglion[33], Huin[34], and Miura et

al [35] imply only a modest reduction, if any, in lesycle fatigue performance
compared to room temperature. Hoeg the reduction in the fatigue endurance limit

is more pronounced. At yet higher temperatures, fatigue performance is more
adversely affected due to reduction in cyclic strength and chromium carbide
precipitation at grain boundaries. Stabilised gradelsiding Nb and Ttdoped Types

347 and 348 are resistant to the latter degradation mechanism and possess somewhat
superior fatigue endurance at higher service temperatures. For temperatures between
600-816°C, austenitic stainless steels can experienc® @m order of magnitude
reduction in fatigue life for strain amplitudes exceeding 0.3%. Generally, the fatigue
performance of austenitic stainless steels for temperatures between 21°C and 430°C
can be adequately described by E).which is based on room temperature test data,

by usi ng 1 atthe preaalling eemmerfaturé. Both the room temperature and
150-430°C data fall withinthesam2 33 0 scatter banKEgre&d.n pr ed
For temperatures exceeding 430°C, the fatigue lives fall within another scatter band
and require separate treatment. The implications of this are twofold. Firstly, from room
temperature up to the range experienced in LWRs under normal operatiofy usual
between 28825°C, the fatigue behaviour of austenitic stainless steels is only
modestly affected. Secondly, the change in fatigue performance implied by differences
in alloy composition, heat treatment, and mechanical conditioning is also not
particulaly significant in this temperature range and enables austenitic stainless steels

to be categorised as a representative class of materials, irrespective of these factors.
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Since the intent of the stralifie approach is to predict the number of cycles itaite

a fatigue crack, the fact that the strifa curve follows a poweflaw relation is of
crucial importance. The steeper slope of the sirarcurve in the lowcycle regime

is directly related to the mechanistic process of crack nucleation amthgia the
low-cycle fatigue regime, it has been found that crack nucleation and short crack
growth (i.e. Stage I) may account for as little as 10% of total fatigue life, compared to
60-70% for highcycle fatigue[11]. Consequently, even a small change in strain
amplitude can dramatically alter the predicted number of cycles ttioitiin the low

cycle regime. Thus, accurately predicting the strains experienced by actual structures

is fundamental to achieving relialppeedictions of fatigue life.
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Figure 4. Room temperature stralife data and Langer ts fit curve(BFC) for
austenitic stainless steels.
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2.2.2.Cyclic StressStrain Behaviour

Many structural alloys exhibit uniaxial strain hardening behaviour, characterised by a
gradual increase in strength caused by progressive plastic deéornidis behaviour

is typically modelled usig the mathematically simpléhreeparameter equation
proposed by Ramberg and Osg¢dd], termed thd&RambergOsgood (R-O) relation

(Eq. (8)). Similar to CoffirManson, it assumes that any given strain can be
decomposed into its elastic and plastic parts, and that while elastic stréng fol
Hookeds | aw, the hardening inducelaw by

relationship.
. . )

whereE is the modulus of elasticityK is the hardening coefficientandn is the
hardening exponenThe parameters of E() may be btained from fitting to data
obtained from monotonic tensile tests, wh€@proximates the maximum true stress

andn describes the rate of increase of stress with increasing plastic deformation.

The stresstrain behaviour of metals under cyclic loaglis often very different to

that observed from monotonic testing. This difference in behaviour was first described
by Johann Bauschinger, who examined the yield behaviour of several steel bars unde
tensioncompression loading45]. Bauschinger found that the highgield value
occurred when the bar was unloaded and reloaded in the same direction, whilst the
lower occurred when the bar was unloaded and reloaded in the opposite direction. The
greater the plasticity in tension, the greater the subsequent reductiampnessive

yield strength. This reduction in yield strength upon load reversal is commonly
referred to as thBauschinger effednd results in the formation bf/steresis loops

upon repeated loading and unloadibglike their monotonic stresstrain behawour,

metals can be stable, soften, hardening, or exhibit a mixture of softening and hardening
under straircontrolled cyclic tests, which presents as an initial monottmaayclic
transient prior to achieving a stable condition. A cyclically stable tiondi
characterised by a closégysteresis loopHigure 7) is oftenachieved quite rapidly,

with the initial transient behaviour typically accounting for less than 10% of the fatigue

life. The area within a closed $igresis loop is equal to the energy dissipated during a
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cycle. This energy represents the plastic work contributing to the fatigue damage on a
microstructural level, and therefore closed hysteresis loops have an important physical
meaning. The stress asttain range obtained from stabilised hysteresis loops are used

to evaluate fatigue life.

Cyclic stressstrain curvegSSCs)are needed to characterise stigtsain behaviour
under fatigue loading, and are usually obtained by joining the tips of sewacantric
stabilised hysteresis loops, obtained from fully reversed staaitrolled tests of
identical specimens at different strain ranges. The monoRxcrelation (Eq.(8))
may also be adapted to describe thtabilised cyclic stresdrain response via

modification to incorporate stress and strain amplitudes:
A A €)

where K is thecyclic hardening coefficig andn® is thecyclic hardening exponent

As strain hardening is a plastic proceEsyemains unaltered. Moreover, E(9)
assumes a symmetric cyclic strassain response such that the behaviour in tension is
the same as that compression. In other words, the tensile branches of the hysteresis
loops corresponding to different strain ranges are found to coincide when their
compressive loop tips are superimposed at a common origin. This was behaviour was
first described by Geoeg Masing and has since been formalised by #&G),
sometimes referredtoda si ngdés r el ati on

9

. . y,
N2 AR AR

0O

CO% B (10)

wh er e larethe stresgdid total strain rangevben the hysteresis loop tips.
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Figure 7. Idealised stresstrain hysteresis loop.

The cyclic stresstrain parameters can often be very different from their monotonic
counterparts. This especially true of austenitic stainless steels, which can cyclically
harden such that their yield strength after cyclic stabilisation, termexythie yield

strength ¢, ican be 150 to 200 percent higher than timeinotonic yield strengthy. @

The cycl i c y,isgdicdlydefinedasthpe stiess andplitude corresponding
toasmallamount,drof f set 6, of pl&stTyp igdadiegn, almp |

at 0.2% strain offset, as this can be reliably distinguished in tests.
., 0 - (11

A sample of cyclic strength parameters for room and elevated temperatures of common

SS gradesompied from studies published if13], [20], [25] [27], [29], [37] is

provided inTable 1. n° determines the cyclic hardening rate, which is generally
between two and ten times the monotonic valtiean vary from gradéo-grade, and

has been found to have a coefficient of variation (COV) of approximéatdg4 at

room temperature. Xon t he ot her [ avhich canexhibiteggleaer e d t
gradeto-grade variation with a COV of 0.527 at room temperature. The variation of

0y¢, K¢ and 1§ with temperature is shown iRigure 8 and Figure 9. The effect of
temperature on cyclic strestrain behaviour has been found to be relatively small
within the range of{an@K égriecace d motl&tredl@tion On | y

in this range, whilst 'remains lagely unaffected. Elevated temperatures beyond this
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range show a decreasing trend Fy thereby further reducing hardening capacity.
Cyclic hardening behaviour is also affected by the initial process condition of the
material. Medhursf20] studied the cyclic stresstrain behamur of Type 304, 316L

and 316Ti SS specimens subjected to varying degrees of cold wostrdneng was
found t o) bunatso redacedkand 1f compared to virgin material, thereby

resulting in a much flatter cycl8SC

Concerning LWR plarapplications, the following observations are relevant. First, the
cyclic hardening capacitgppeardo suffer only a modest deterioration in the LWR
environment (28825°C) compared to room temperature. In particular, the hardening
rate, 1, is similar toroom temperature, whilsts only slightly reduced. Secondly, it

is also noteworthy that the initial state of LWR components may dictate their
subsequent hardeningsponse under service loading.

Tablel. Sample of cyclic stretigparameters for commaustenitic stainless steel
grades by temperature and material condition

Degg?]étion T((zrcr:l)p ' Condition Cy/ B K/K ¢ n/n¢
SUS 304-HP 23 HR Plate | 242/275 | 484/2872 | 0.113/0.378
SUS 304-HP 400 HR Plate 156/224 | 378/2917 | 0.144/0.413
SUS 304-HP 500 HR Plate 162/254 | 351/1684 | 0.124/0.304
SUS 304-HP 600 HR Plate 146/219 | 336/1162 | 0.136/0.268
SUS 304-HP 700 HR Plate 146/221 | 336/996 | 0.136/0.242
AISI 316L 23 Ann. Plate | 273/246 | 456/1977 | 0.078/0.335
AISI 316L 23 Ann. Plate | 375/298 | 542/1598 | 0.059/0.270
AISI 316L 23 Ann. Plate | 294/229 | 438/2827 | 0.069/0.404
AISI 316L 23 Ann. Plate | 400/306 | 541/1566 | 0.054/0.263
AISI 316L 23 Ann. Plate | 306/260 | 592/1946 | 0.109/0.324
AISI 316L 23 Ann. Plate | 404/321 | 670/1746 | 0.08/0.273
AISI 316L 600 Ann. Plate | 156/343 | 426/1228 | 0.159/0.205
AISI 316L 600 Ann. Plate | 183/315 | 355/1155 | 0.109/0.209
AISI 3161 600 Ann. Plate | 242/285 | 415/3302 | 0.092/0.394
AISI 3161 600 Ann. Plate | 306/270 | 511/5223 | 0.086/0.477
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AISI 304 23 HR & Ann. | 745/777 | 1114/2177 | 0.063/0.166
AISI 304 ELC 23 HR & Ann. | 255/515 | 578/4118 | 0.153/0.335
AISI 348 430 HRS‘O/S””' 193/184 | -/1698 -10.327
AISI 348 650 HRs‘Oﬁ””' 152/198 |  -/716 -/0.185
AISI| 348 816 HRF‘E‘OS””' 114/144 |  -/336 -0.125
AISI 304 430 HRF‘E‘OS””' 172/155 |  -13079 -0.441
AISI 304 650 HRS‘O’S””' 145/166 |  -/682 -10.206
AIS| 304 816 HRS‘O/;””' 114/125 | -1190 -10.061
AIS| 316 430 HRS‘O/;””' 138/204 | -/1515 -10.285
AIS| 316 650 HRF‘?OQ””' 117/226 | -1771 -0.171
AISI 316 816 HRS‘OS””' 117/154 |  -/251 -10.069
AIS| 316 21 HR Plate | 257/321 | /2002 20.294
AIS| 316 200 HR Plate | 184/325 | /2207 20,308
AIS| 316 500 HR Plate | 178/393 | /1223 -0.183
AIS| 316 600 HR Plate | 164/313 | -/986 -0.185
AIS| 316 700 HR Plate | 155/193 | -/535 0.164
AISI 310 21 HR Plate | 252/315 | /1278 -0.226
AISI 310 400 HR Plate | 172/296 | -/800 20.160
AISI 310 600 HR Plate | 151/275 | /1392 20.261
AISI 310 700 HR Plate | 137/203 | -/904 20,240
AISI 310 800 HR Plate | 112/146 | /413 20.168
AISI 304 20 Ann. Plate 327/310 -/1564 -/0.260
AISI 304 20 Ann. +5% PS | 327/384 | -/1307 20.197
AISI 304 20 Ann. +10% PS | 327/439 | /1264 20.170
AISI 304 20 Ann. +15% PS | 327/483 | /1262 -0.155
AISI 316L 20 Ann. Plate | 323/343 | /1197 20,201
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AISI 316L 20 Ann. +5% PS | 323/402 -/943 -/0.137

AISI 316L 20 Ann. +10% PS | 323/433 -/1873 -/0.113

AISI 316L 20 Ann. +15% PS | 323/488 -/879 -/0.095

AISI 316Ti 20 Ann. Plate 315/395 -/1011 -/0.151

AISI 316Ti 20 Ann. +5% PS | 315/428 -[779 -/0.096

AISI 316Ti 20 Ann. +10% PS | 315/453 -/951 -/0.119

AISI 316Ti 20 Ann. +15% PS | 315/512 -/1874 -/0.086
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Figure 8. Variation of K and(y° with temperature for austenitic stainless steels.
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2.2.3.Mean Stress Effects

Fatigue crack initiation is dependent on two driving forces. The primary grigince

is the applied strain range, which contributes to the cyclic plastidiyced damage

at the microscopic scale. A secondary driving force also exists which is known to affect

the rate of short crack growth and is dependent on the maximum ste@ssdain a

cycle, lmax A number of models have been proposed which aim to quantify the
influemd@enpdi citly by c on s Seweral stragbageth e me a
models have been proposed to account for the effects of mean stress, including those

of Gerber[46] (Eq. (12), Soderberd47] (Eq. (13)), Modified Goodmar{48] (Eg.

(14)), Morrow[49] (Eq.(15)), Petersoi50] (Eqg.(16)), WellingerDietmann51] (Eq.

(17)), and SmithwatsonTopper (SWT)52] (Eq. (18)):

R — : (12)

I (13

. — (14)

p ’:,_ (15)

» h ] (16)

W R ow P — (17)

24



w - (18

wherelaeqgi S t he Oequi vallgisthé strass amplsudéniathe | i t ud
mean stress)y is the yield strengthl, is the ultimate tensile strength, alrds the true
fracture stress. The concept oése mean stress correction methods is based on the
premise that any arbitrary neaversing cycle characterised By and 0m can be
transformed into an equivalent fultgversed cycle characterised iyeq only, and

whose effect on fatigue damage is eqlawnt. The calculation @k qcan be illustrated

using theGoodmarHaigh diagram(Figure 10) [48]. The GoodmaiiHaigh diagram

shows the effect of mean stress on the alternating stress required to produce failure. At
zero mean stress (Rb), the required amplitude &= @ whee (e is the endurance

limit of the material. As the mean stress becomes increasingly tensile, the required
alternating sedcalcalatesl acdoedng te thesGeaman and Soderberg
approaches deaggbyetlzeGerbet, Patesanraildsilingeridietmann
approaches decr e alsy¢the SWoTrappoach decreases docavely. U
It can be seen that both the Goodman and SWT approaches are essentially equal for

small mean stresses, but the SWT diverges as the mean stresses exbedfd/mid.

Under the assumption of elastic perfegilgstic (EPPnaterialbehaviour, if the mean

stress increases beyond yield, local redistribution and relaxation is expected to occur

and the mean stress would again revert to withiryisld line If mean stresses arise

due to a dead load, it is possible for mean stressée ffixed greater than yield,

however this would be expected to cause plastic collapse and therefore fatigue would

be no | onger r ejiesvatntte Hing hehantattarcsahobee tlh a
would be expected to affect fatigue life. Howevergsiaustenitic stainless steels can
exhibit significant cyclic har denisng, t h
potentially norconservative and therefore inappropriate. Instead, it is the cyclic yield

st r e nfthat js oflgreatest relevanc&ince the fatigue endurance limit of
austenitic stainless steels is generally less than the cyclic yield strength, this enables
retention of mean stresses under cyclic straining in thedygle regime, which can

reduce the fatigue life. Therefore,theser r ect i ons rely c¢cyfuci all
to be applied effectively for alloys that exhibit cyclic hardening. Fortunately, a linear

relationship has also been found to exist between the ultimate tensile strength and
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cyclic yield strength for austergtstainless steel$-{gure11). This relationship holds

at both room and elevated temperatures, and applies to steels in both the annealed and
hotr ol | ed ¢ o n,datexdeedimgs800MP&. Mhug) considetimgmaximum
correction for mena (i, the brdee of sconservatisencaf the a 't
approaches is Soderberg < Goodman < SWT < Peterson < Welligjerann &

Gerber.

12 g

°Cc— 290 MDa | ===-=- Yield Line

u,¢ =320 MPa Soderberg
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Gerber
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~ Wellinger-Dietmann
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Figure 10. GoodmarHaigh diagram illustrating conceptfanean stress correction.
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Figure 11. Relation between cyclic yield strength and ultimate tensile strength for
austenitic stainless steels.
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Mean stress corrections have traditionally been developed based codotcled

tests where stress is the controlled variable. A number of these classical models,
namely Morrow Elastic (Eq19)) MansonHalford (Eg.(20)) and SWT (Eq(21)),

have since been adapted for use in the stif@iframework by modification of the

classical CoffiRnManson relation:

_ ” ” . _ . 19
o <0 Qi) (19

¥
_ ” ” ”w _ ” ” w 20
o ¢V — Qi) (20)
_ ” ” _ ” (21)

n —5 U , - ¢0

where &, U, b, andc are the CoffilManson parameters determined from fully
reversed {fm = 0) strain cycling tests. The Morrow Elastic model corrects only the
elastic portion of the strain amplitude, which knocks down the GdManson curve

in the highcycle regime for increasingm. The MansofHalford model corrects both

the elastic and plastic portions of the strain amplitude, though this is likely to be over
conservative due to the aforementioned mean stress relaxation effect in cases where
P >> (. SWT is the only model that is formulated explicitly in terms of the two
fatigued r i v i n gaa h G 6ne products a CoffiMlanson type curve relating

Oma to 2Nk at any level of mean stress.

Very few studies have examined experimdpttie effect of mean stresses on the

fatigue behaviour of austenitic stainless steels. Wire [@3dldeveloped a statistical

model to model the effect of mean stress on fatigue life of Type 304 SS at room
temperature and 288°C. The model predicted a reduction of 12% in fatigue strength at

10° cycles for an applied mean stress of 138 MPa. It was found that large mean stresses
could be sustained to hdife in straincontrolled tests when the plastic strains
accounted for less than 20% of the total strain. Soo and (8#dweported a reduction

in fatigue strengt of Type 304 SSby5% at3xl®Oy cl es i nmt4BEPacase o
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Majoine and Tom¢s5] found that application of a mean stress equal to the ditegna
stress resulted in a 6% reduction in fatigue strength of Type 347 SScyclEs and

316°C. Asada et §6] investigated the accuracy of mean stress correction approaches
using test data from W& et al[53] and Miura et aJ35]. Considering straktontrolled

fatigue data for Types 304 and 316NG SS,asviound that the fatigue strength with
mean strain was almost the same as that with no mean stress and therefore the
difference between the correction methods was not relevant. For thecsinésdled

data, the Goodman correction was found to be-oweservative, whilst the SWT and
Peterson approaches gave better estimates. This is in general agreement with the
consensus amongst other practitioners that the SWT approach correlates most closely
with test datdor a wide range of steel types. Overall, #iect of mean stresses on

the fatigue strength oéustenitic stainless steatsconcluded to beery modest, and

limited only to the very higitycle regime of 1910° cycles.

Several notable interpr etnadinatammectmnistic t o d e
level. One of the most convincing is that proposed by DuQuesnalf57], which

descri bes mxbydaividing theeccatknitiation phase into two stages. Prior

to the initial formation of micro cracks, ductile metals are insensitive to hydrostatic
stress, and therefore <c¢r ack whrthprdnetast i on |

Co

dislocation motion. Though it is hypothesisedadt h i g h enrcanerhnoeghe o f
growth rate of the dominant micro crack by propping open the crack faces, thereby
reducing friction. Examining the growth of micro cracks in uniaxial stcaintrolled
specimensPuQuesnayet al found that the crackeemained closed for part of the
loading cycle, but the portion of the cycle for which the cracks remained open is greater
at h i mg This tan &lso be interpreted in the stiifim framework under the
assumption thaiatigue damage arises only when tnack is completely open under
tension. Under this assumption, damage only occurs in the portion of the hysteresis

loop for which the stress exceeds the minimum caEning stresdgure12):
-k - -k (22)

wheragri § the effective strain ampisthea ude w
appl i ed str aiagisthenspainiamplitude requised td cottpletely open
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the crack faces. Inmostsitmth s, it can be r gd@asnhamnalll vy

elastic, and may be expressed by
. . ” F] ” (23)

Thecracko peni ngaost wes sh dweapdeontas theceffiectite strain
amp | i ket thezefore Provides a reasonable physical explanation for why mean

stresses promote fatigue crack initiation.

Stress, o

Jmax

Strain, €

No Fatigue
Damage

/

Omin +— A&, —> Aggsy
< Asg,

Yy v

Figure 12. Effective strain range of the hysteresis loop.

2.2.4.Cumulative Damage Ulter Service Loads

The foregoing models were originally developed based on testing conducted under
constant amplitude. In practice however, fatigue is rarely induced by constant
amplitude loads, but rather complex variable amplitude service loads, whioftean
exhibit a high degree of randomness. To assess more realistic variable amplitude
loading, the concept @umulative damageas been widely adopted. In this approach,
the damage induced by an arbitrary variable amplitude loading history may bedreduce
to the sum of the individual damages induced by its constituent loading events. This
form of relaionship was first describdoly Palmgren in his early investigations into

the life prediction of roller bearingg58], which conmonly operate under

combinations of variable loading and speed. Palmgren stated that:

29

as ¢



NéThe assumption might be conceivabl e
million revolutions under constant load at a certain rpm (speed), a portion m/n of its
durability will have been consumed. If a bearing is exposed to a certain load for a run
of my million revolutions where it has a life of million revolutions, and to a different
load for a run of m million revolutions where it will reach a life of.million

revolutions, and so on, we will obtain
o o o E ”
T T 3 P (29

Equation(24) was later proposed independently by Mif&9] at Douglas Aircraft,
and is now commonly referred to as BelmgrenMiner Ruleor Linear Damage Rule
(LDR). The rule states that the damage caused by many individual loadings are
accumulated linearly, and crack initiation is conceded when the total damage is greater
than or equal to unity. This is expressed more convépiepntEqg. (25).
0O = 2

. (29
where D is the total accumulated damage, k is the total number of loading ements, n
the number of constant amplitude cyclesariated to thd'iload range, andiNs the
number of cycles predicted to cause failure undertheaid range.

The LDR implicitly assumes that fatigue damage is independent of the order in which
the loadings occur. For loading histories composeti@itical loading events, but
occurring in a different sequence, the LDR would predict the same damage. This is not
true in practice, as load sequence effects been shown experimentally to anticeasic
initiation and growt60]. However, oftentimes it is not possible to predigtriori

the actual sequence in which service loads are likely to occur with a high degree of
certainty. This is especially true for components of nucleavepglants, which
generally do not have a fixed service cycle and can experience a range of operating
transientsoften in no particular order. Therefore, despite its shortcomings, the LDR
is still widely favoured for its simplicity and practicality, arastseen almost universal
adoption witlin industrycodes and standards
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3. ASME Section Il Fatigue Design

This section provides an overview of the ASME Section Il fatigue assessment
methodology, which is the focus of this thesisst, it is necessary toriefly review

its historical development, to provide context and clarify the intent of the original
authors of the Code. The conceptlesignrby-analysisand basic ASME 1l definitions
including service load and stress categories are then introducece Cobe
requirements for assessing fatigue are reviewed, and the nedeEsdrgss nalysis
techniques are examined. The programming methods and engineering assumptions
adopted for all elastic fatigue calculations performedthis thesis are alsstated The

key limitations of the current Code fatigue rules are highlighted, with a particular
emphasis on the treatmteof cyclic plasticity effects in austenitic stainless stédiss
serves as a starting point for this particularrsewf study, which aims develop
alternative approachdsr predicting cyclic plasti strains with greater accuracy and

practicality.

3.1. Historical Background

Prior to the Second World War, most pressure vessels were built to the requirements
of either Section | or Section Vllifdhe ASME BPVC by selecting the appropriate

wall thickness such that the maximum stress induced due to sustained internal pressure
did not exceed five times the ultimate tensile strength of the maj@tiglin other

words, most vessels possessel@sign factoon primary strength of at least five. The
determination of such stresses was enabled by-balssd analytical formulae for

simple geometries, with the design methodologytrr os pecti vel y t er me
by Rulesé6 (DBR) approach. Exemptions to
Boilers undergoing regular inspection, allowing for a reduction in the design factor to
four. After the United States entered the Second &WMér, the conservation of raw
material became a national priority. Based on the previously good experience with
Boilers, the ASME Boiler and Pressure Vessel Committee published Code Case 979,
which permitted a reduction in the design factor to four, piewi additional
requirements were met. These changes were later incorporated into the ASME BPVC

following the war.
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In the early 1950s, the development of more advanced fuel refining processes for the
aerospace and automotive industries necessitated hdgmgn pressures and
consequently much thicker pressure vessels. At the time, the fabrication of such vessels
to Section VIII requirements was challenging, often requiring manufacturers to invest
considerable resource in larger forging presses and ragiagiaspection equipment
capable of detecting flaws in now much thicker hessgtion welds. This problem

was also experienced by the nuclear industry, where design pressures for early nuclear
pressure vessels were increasing in a similar fashion. In &%tecial committee of

the ASME BPVC,Special Committee to Review Code Stress Ba&s formed to
explore the practicality of reducing the design factor further, with an aim to reduce
material costs without compromising safety. The special committededefirst to

explore requirements specifically for nuclear vessels as their service was limited to
either water or steam, and therefore would be more straightforward to address. The
subsequent work aimed at the development of a new nuclear code, wibathef
reducing the design factor to three, thereby reducing costs. The special committee
evaluated and, where appropriate, modified existing Code criteria addressing design,
material selection, fabrication, inspection, and testing requirements to maimai

same standard of safety as Section VIII despite the reduction in design factor.
Foll owing review and accept anASMEBPYC,t he Sj
Section lll, Nuclear Vesselsas published in 1963 by the ASME BPV Committee. In
addition the report entitled Cr i t eri a of Section I 11 of t
Vessel Code f 0o[62] wWdaatsd paldished ¥rel pravielés andexplanation

of the technical basis for the new nuclear vessel rules.

The new Section Il Code rules were very differenthte Section | and VIII rules
which existed at the time. The most fundamental conceptual change was the
i ntroduction of a new d-+#sAnganl ypshisléo s(oDpBhAy)

alternative to DBR.

3.1.1.DesignrBy-Analysis

The key premise of DBA was to peit the use of modern stress analysis techniques
(pre-dating FEA)to demonstrate acceptability against the major vessel failure modes

including plastic collapse, ratchet, fatigue, buckling, etc. An important feature of DBA
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is that it relied predominantlynothe use of elastically calculated stresses, despite the
Code design acceptance criteria being primarily related to efdastc failure modes.
Fundamentally, the objective of DBA is to demonstrate that the gross behaviour of a
nuclear vessel or pipingomponent should remain elastic under design basis loads.
The Code authors recognised however that some allowance for high local stresses
contributing to plastic deformation would not necessarily threaten the integrity of the
gross structure. Previouslythe DBR approach restricted such stresses in a
conservative manner, with little allowance even for local yielding. In contrast, the
intent in DBA is instead to determine and classify these local stresses into specific
categories, each associated with atimi$ mode of failure. In this way, more
reasonable stress limits could be assigned to local stresses that was not previously

possible in DBR.

Alternative provisions for performing plastic DBA were also included in the original
1963 publication of the Codalbeit with relatively scarce detail. At this time, FE stress
analysis tools were not yet available to industry, thus plastic DBA saw very limited
adoption. Consequently, the vast majority of DBA calculations were initially
conducted based on simplifiethstic shell discontinuity theory before being adapted

for use with FE methods. Since the Code design criteria address plastic failure modes,
the elastic DBA criteria are often considerably more conservative than plastic DBA.
The intent of plastic DBA itherefore to provide the analyst with an alternative option

of satisfying less restrictive rules at the expense of moredonsuming detailed
analysis. Often this option is rarely exercised at the outset, but rather as a last resort if
it is not possibleto achieve design substantiation using elastic DBA. Today, the
provisions for DBA are outlined iMlandatory Appendix XIil Design Based on Stress

Analysis

3.1.2.Fatigue Design Basis

One of the most important additions to ASME Section Ill, compared to Settaods
VIII, was the inclusion of design rules intended to preclude fatigue as a possible mode
of failure. The consideration of fatigue as a possible failure mechanism was intended
to ensure equivalent reliability of vessel performance to Section Vidpite of the

reduction in the design factor from four to thf&8]. The original intent of the Section
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[l fatigue rules is that they would apply to new designs rather than for revaluating
components already in service. In other wottie rules were intended to evaluate
fatigue based on a set of loading events assumed in the design stage, as opposed to the
actual operating conditions of the component, which would not be known to the
designera priori. These assumed loading events aften referred to aslesign
transientsand, discussed iB.2.1, must be categorised according to their severity and

expected frequency of occurrence.

The current ASME Section Ill procedure for fatigue evaluatiotined in ASME Il
Mandatory Appendix XI-3520 derives its technical basis from the local sttainf- e~ ( U
N) framework discussed i8.2.1 and was originally developed in the U.S. Naval
Nucl ear Program in the | ate 1BBQasgeand ea
W.E. Cooper, and J. Farr. The initial proposals of rules to preventyolg fatigue

failure were published within the 1958 U.S. Navy report entifledtative Structural

Design Basis for Reactor Pressure Vessels and Directly AssociatqebGentq12],

which is widely recognised as the precursor to ASME Section Ill. Prior to the
publication of the 1963 edition of ASME Section lll, a very important paper was
published by Langer entitledesign of Pressure Vessels for 1-Gycle Fatigue[10]

which explains comprehensively the background to the fatigue sulesequently

incorporated within ASME Section llI.

Based on the earlier work by Coffin and Man$d) [8], Langer recognised that the
pressure vessel designer required a fatigue curve defined in terms of strain amplitude
versus cygles to failure, but which contained sufficient design margin to provide
confidence that the vessel would not suffer a fatigue failure within its intended design
life. A design fatigue curvéDFC) could be defined to provide a safe allowable value

of stran amplitude for a given number of operating cycles, or conversely, the
permissible number of operating cycles for a given value of strain amplitude. Data
obtained from smaiscale polished specimens tested in air under stetrolled
conditions therefie required the use tfansferability factord o t r ans Hdtted t he
or mean fatigue behaviour of the material to construct a DFC which could
conservatively account for deleterious effects including data scatter, surface finish,
mean stresses, ettoy application to plant componeniBhesetransferability factors

are notsafety factorsbut rather are intended to account for variables which are known
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to affect fatigue, but whose effect could not be established quantitatively using
technology availdle at the time Databases of straicontrolled test data were
unfortunately very limited at the time, which precluded Langer from fitting-fitest
relations (per E(5)) for different material classes without exs@e cost. Instead, the
fatigue properties of different materials were approximated baseldeofollowing

relationship originally proposed by Coffji]:

~

A ¢ U - (26)

wherecis equaltoondd f of t he tr uegobfained ramwarsimpled uc t i
tensile test:

~ Tt
A2 By PTT @7
C ¢ pmmYoO

where RA is the percentage reduction in area at fracture.

Substituting Eq(26) and(27) into Eq.(5), provides the original beéit fatigue relation
underpinning the original ASME Section Il Code:

Tt
B ALY I (28)
T pmmYO

wh e re & th& endurance straiNot i ng t hat due to Coffin
parameter B in Eq(5) is set fixed at0.5. In the case of austenitic stainless steels,

Langer examined the suitability of E(R8) for a range ofests published in studies by

[64]1[67], totalling 146 experimntal data points. The betcurve was obtained by
performing | inear r eqgvseNssiwhrere®f RtAhg 17TRg &
= 0.167% were identified as the optimal parameters.

As the Code design allowable values are defined in terms oicetastsses, in the
interest of practicality it was necessary to convert the strain values used in the tests to
stresses, which are routinely used in elastic DBA. A reference modulus of elasticity,
Ec, was therefore adopted to facilitate the transformatiothe test data and befst
relation. In the original bedit curve for austenitic stainless steelgwas defined as

179 GPa, which corresponds roughly to the value of E at 250°C. It is noteworthy that
any value of Ecould have been chosen, so lagyit was applied consistently. The

original bestfit curve for austenitic stainless steels, defined in terms of stress
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amplitude vs. cycles to failure, and obtained by transformation of2Bpis defined

as

pTT g 8

"Y - 0A ) v g g G

&
——=a

T 0 b nmn'Yo G Wi (29

where Qis the alternating stress amplitude, adopting the ASME Code nomenclature.
Crucially, S is often termed pseudestress or fictitious s&ss amplitudas it is not

the actual applied stress in the tests, but is based on the assumption of elastic behaviour
and therefore does not represent a real stress when it exceeds the yield strength of the
material to which it applies.a$ adoptedor convenience as it has the advantage of

being directly compatible to the allowable stresdefinedin the Code.

The ASME Il bestfit curve is applicable to fully reversed strain cycles, but does not
account for the possible deleterious effects of meass#s. As discussed 2n2.3

mean stresses have little to no effect on fatigue life in theclmhe regime. This is

due to cyclic yielding which reduces the effective value of mean stress. One difficulty

for the designer is determining accurately this effective value of mean stress,
accounting for other potential influences, most importantly residual stresses induced

by welding, proof tests, and overloads. Thus, Langer suggested]ithatii i t woul d
be much easier and not unduly conservative to adjust the fatigue curve downward in
thehi-cycl e regime to all ow for theASMEXi mum
[l adopts the modified Goodman correction of Eqgl), with the assumption that the

mean stress is equal to the yield strength of the material. Comgéhea appropriate

value of yield, Langer also recognised that the highest stress amplitude sustainable by
the material after initial cyclingisthiey i el d strength after str
sof teniomgocycl i c Sylheestreds amitiide earrgspamding i the

maximum possible mean stress correction is therefore equal to:

vty

~ QLW
” Y (30)

YQETY

The important imptation of this adjustment is that the fatigue designer need only
consider the fluctuating part of the stress in an ASME III fatigue assessment, as the

effects of tensile st-anbctettbeséatagacee!
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To construct he DFC, transferability f2&2 06y s of
were applied separately to the bsturve to generate two adjusted fatigue curves.
The more conservative of these two factors applied across the entire range of fatigue
lives prodices the unique DFC. In the lewycle regime, the factor of 20 on life is
dominant, whereas the factor of 2 on stress is dominant in theyigregime. This
modification is applied after adjusting for the maximum effect of mean stress. The
design factes of 2&20 were based on engineering judgemtt recognised
unknowns in the service conditions of real components, and thus it was not expected
that a vessel should actually operate for twenty times its intended desighhkfe.
intention of the DFCs arnot to provide an accurate estimate of the actual number of
cycles to produce a fatigue failure, but rather to provide a means of establishing
acceptable designs. Some further insight into the original 2&20 design factors was
provided by Bill Coopef61], who stated that the factor of 20 on life arose from the
product of three sufactors; a factor of 2.0 to account for data scatter (min. to mean),
2.5 to account for size effectsnd 4.0 to account for surface finish and atmosphere.
The term o6atmosphered was i ntended to 1
environment in comparison with the controlled air environment typical of a laboratory,
but was not intended to account fbeteffects of hot reactor coolant watéigure13

shows the Langer be8t curve and the original 1963 ASME IIl DFC for austenitic
stainless steels alongside th@estimental data considered[itD]. The design factors

of 2&20 were originallyd c hec ked f or baspdoon oyplic hydetatcn e s s 6
tests performed at the Southwest Resebnstitutein 1967[68]. The tests considered

12- and 36inch diameter vessels fabricated from carbon and low alloy steel. The
alternatng strain amplitudes from the tests were estimated from strain gauges based
on the peak stress. The results of the tests indicated that no crack initiated at any
pseudestress level below the number of cycles permitted by the DFCs, and through
wall crack netration was not observed below three times the cycles permitted by the
DFCs.A more thorough analysis of pressure vessel tests waeimed by Spence and
Carlson[69], which included additional test results from the UK, Germany, and
Belgiumandconcluded that the Code DFCs for carbon and low alloy steels provided

a lower bound to all the experimental resultsis important to note that room

temperature water was used in the cyclic hydrostatic tests report@d]inand
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therefore the vessels are assumed to experience negligible environmentalcffec
fatigue crack initiation and growth. The tests reported6®] also used water to
pressurise the vessels, witlosh of the testing conducted between ambient temperature
and 70°C. Hence, there is concern that the margin afforded by the Code DFCs under
these test conditions is unquantified when extended to plant representative conditions.
At the time, no equivalenesting was performed for austenitic materials to examine

the appropriateness of the DFC for austenitic stainless steels.

Owing to a lack of data available at the time, the original DFC only extendedto 10

cycles and therefore did not sufficiently coviee thighcycle regime. In 1977, Jaske

and O6Donnel | p u b HatigselDestyn Gritenmdop Rressure Yiesselt | e d
Alloys[70]whi ch added a considerable ambunt of
dataset, including new high temperature fatigue data up to 427°C for austenitic
stainless steels totalling 246 additional data points, many of which extended into the
high-cycle regime. The bedit curve obtainedby as ke and OO6Donnel | [
(3D). | mportantly, Jaske and O6Donnel | i nst
E:. = 195 GPa to facilitate transformation of applied strain amplitude to pstrets

amplitude.

YOO® obppit  cpuy (31

Jaske and O6Donnel |l proposed a revised D
and some Inconels (alloys 600 and 800) which extendedfocg6les. The DFC
recommended ifi70] also adopted the maximum modified Goodman correctiah

design factors of 2&20. In performing the Goodman correction, a cyclic yield strength

of 303 MPa yWamsd uasmdulftoirmadite strengnh of
Eq. (30). These ah d ardbased on foom temperature data, thereby
resulting in a more conservative correction. Whilst the BFC and DFC proposed by
Jaske and O6Donnell was acknowledged at t
the Code. Instead, three separate DFCs for auststainless steels and inconels up

to 10 cycles were incorporated into the ASME Section 111 1983 Winter Addenda, and
denoted separately as Curves A, B, and C. These curves were based on a paper by
Manjoine and Tomg5], where Curve C included the maximum effect of mean stress

and is essentially i1 dentical tff70. t he DFC |
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More recently in 2007, the publication of U.S. Nuclear Regulatory Commission (NRC)
Contractor Report NUREG/GR909[71] by the Argonne National Laboratory (ANL)
presented an extensive study of fatigue data for austenititestasteels in both air

and high temperature water environment. A large body of proprietary data was
obtained from the U.S. Pressure Vessel Research Council (PVRC) database.
NUREG/CR6909 Revision 172] also considered additional data from the extensive
Japanese Nuclear nBrgy Safety Organisation (JNES) database, though the
conclusions of the report remained largely unaltered. The ANL analysis of the
austenitic stainless steel data in air also adopted the Langer equation, with-fite best

curve established E¢32) for temperatures up to 400°C.
YO0 xfowit @ ¢ p8 (32)

The ANL bestf it curve i s somewhat similar to t
[70], al bei t de Wideperidence assumedii®]t[*0le Thélowcycle

fatigue test data used in developing the original ASME Section Il fatigue design curve
was found to be i nconNdasbase examiveddythe ANh.e mu c
Thus, NUREG/CR6909 also propasl a revised DFC for austenitic stainless steels

that was consistent with the existing database and derived from the ANL model (Eq.
(32). The original factor of 20 on life was determined to be conservative bysitde

factor of 1.7 and thus to reduce this conservatism, a revised design factor on life was
determined from Monte Carlo analysis. An average value of 9.6 was determined as the
appropriate design factor on life that may be used to adjust the ANL mod€BaHq

to obtain a DFC for application to plant components. The DFC based on the ANL
model was therefore constructed in a manner consistent with the original Code DFC

by first correcting for the maximum effect ofean stresses based on the modified
Goodman relation, and then adjusting downward the rarasscorrected curve by a

factor of 2 on stress and 12 on cycles, whichever was most conservative. In performing

the Goodman correction, the ANL adopted the sarhewa& s, anfdg asiliaske and

O 06 Do n[A0g ITHe factor of 9.6 was rounded upwards to 12 to provide a little
additional conservatism. The resulting DFC based on the ANL model for austenitic

stainless steels was subsequently adopted into ASME Section Ill, Mandatory
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Appendix | in 2010, and remains current today. The current Appendix | DFC for

austeniticstainless steels is shownkigure14.
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Figure 13. Original Langer BFC and ASME IIl DFC for austenitic stainless steels.
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Figure 14. Current ASME lll, Mandatory Appendix | DFC.
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3.2.DesignBy-Analysis Concepts

This section summarises the basic concepts adoptec IASME Il elastic DBA
criteria of Mandatory Appendix XlIIl, namely the definitions of load and stress

categories, both of which are crucial to an ASME Il fatigue assessment.

3.2.1.Load Categories

As discussed i8.1.2 the most crucial input to an ASME 1l fatigue assessment lies in
the definition of the design transients assumed to contribute to fatigue damage
throughout the intended life of a component. Whilst the assumed design transients can
never be expected tepresent the actual operational transients to which they relate
with certainty, an expectation is that design assumptions should be conservative.
Chapter 6, Page 25 (Section Ill, Subsection NB) of the companion guide to ASME
BPVC states the following

fA rigorous application of the fatigue evaluation was clearly not the intent of the
Section Il fatigue rules. The major conservatism is that actual plant operational
transients have less severity and fewer cycles than design assumptions; therefore the

Section 'l analysis procedures are conservat

Design transients are however not equal as far as the consequences of their occurrence
to structural integrity are concerned. Accordingly, the Code provides guidance on
assigning design transients to spedii@d categories The applicable load categories

are discussed in ASME lIl Neklandatory Appendix B, Subarticle-B1L20,Design

and are divided into design and service loadings.

Design Loads:B-2122.3 (a) defines the design mechanical loads as equal to @rgreat
than the most severe combination of sustained pressure, temperature, and mechanical

loads arising coincidently within events classified as Service Level A.

Service Level A: Loads classified as Service Level A are associated with fluctuations

in pressue and temperature that arise due to the regular variations in the power state
of the plant. These include operations such as system startup, power transients, load
following operations (where applicable), and system shutdown. Due to their regularity,
Level A loadings are expected to occur with the highest frequency over the lifetime of

the plant, and therefore are very important for fatigue.
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Service Level B:Loads classified as Service Level B are those that deviate from the
Level A criteria and are likelyo occur at a reasonable frequency. Level B loads are
associated with abnormal opsetplant operation and normally arise due to operator
error or electrical malfunctions, but are not sufficient to result in plant outage.
Although they have a lower frequey of occurrence, Level B loads are more severe

than Level A, and therefore can also pose a significant risk to fatigue.

Service Level C: Service Level C loadings are those that deviate from normal
operation with a low probability of occurrence aarésuficient to force a shutdown

of the plant. Furthermore, this may necessitate removal of damaged components for
inspection and repair. As Level C loadings are anticipated to occur at a low frequency,

they are not considered detrimental to fatigue life.

Senvce Level D: Service Level D conditions are associated with combinations of
loadings that are postulated to occur with an extremely low probability of occurrence,
and whose consequences are so severe that they threaten the integrity and operability
of the plant. These postulated loadings are sometimes ternbexsign Basis Event
(DBE). As with level C, level D transients are not relevant to fatigue.

Test Conditions: This category considers the pressure loading induced by hydrostatic,
pneumatic, and leak tss(design pressure multiplied by 1.25). Other types of tests are
considered as Service Level B.

An ASME Ill fatigue assessment must therefore consider all loading events that are
classified as Level A or Level B. The Code however does not explicitipel#iese
loadings, but rather it is the responsibility of the equipment owner to designate the
appropriate design and service limits for each component withintrémsient

specification Appendix B2123.1 states the following:

AFor Cl ass 1 \dce lnmite A andchB asedrovided in order to evaluate

the effect of system operating loads on the fatigue life of the component. For a fatigue
analysis the loads applicable to a component should be described in terms of quantities
thatthe designermayusefr he vari ation with respect to
flow rate, etc., as well as the number of times these changes occur in the life of the

component , i's needed. O
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It is also necessary to take into account pressure tests in some situations. Appendi
XII1-3600 (e) states that:

ATests, with the exception of the&220,i rst 1
the first 10 pneumatic tests in accordance with®80, or any combination of 10 of
such tests, shall be considered in the fatigue evalum n of t he componen

For convenience, design transients are often further grouped according to their basic
characteristics as they relate to the power state of the LWR plant. An example transient
specification for a representative civii LWR planwhich provides baséad
generating capacitys shown inTable2. As shown, a reasonably large number of
transients can contribute to fatiguebaseload generatingivil LWRS; this is even

more significant forcomporents of loaefollowing civil LWRS, which canpossess

many additional Level A and B transieritsat are relevant to fatigue. The fatigue
analysis of such componsrare apt to be one of the mtéiree-consuming parts of the
design and the required enginegriaffort to analyse every transient is often not
warranted. Thus, a designer may opt to represent multiple lesser transients
conservatively within a singkenvelope transienb reduce this work burden. On a per
cycle basis, Level B transients contribute greatest fatigue damage as they are firmly

in the lowcycle regime and induce more severe plastiordeditions.

Table2. Example ASME Il Transient Specification (Level A + B)

Transient No.| Transient Description | Number of Cycles

ASME Il Service Level A Transients

Plant Warmup and Cooldown

1 Full Plant Warm Up 800
2 Partial Plant Warm Up 800
3 Full Plant Cooldown 800
4 Partial Plant Cooldown 800

Power Transients

5 Power Increase (5%/min) 850
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6 Power Decrease (5%/min) 850
7 Load Regime Variations 25,000
8 Load Regulation 700,000
Steady State
9 Refuelling 35
10 Reactor Coolant Sampling 3000
11 Chemistry Control 3000
ASME Il Service Level B Transients

12 Loss of Offsite Power 10
13 Turbine Trip 25
14 Reactor Trip (from standby) 20
15 Reactor Trip (from full power) 20
16 Control Rod Release 7
17 Loss of Primary Coolant Flow 5
18 Excessive Feedwater Flow 4
19 Inadvertant Depressurisation 2
20 Partial Loss of SG Feedwater 15

3.2.2.Stress Classification

The basic pnaise of stress classification is that stresses should be classified according
to the consequences of their presence as they relate to relevant failure modes. ASME
I, Mandatory Appendix XIl+2600 classifies stresses into three possible categories:
primary stresses, secondary stresses, and peak stresses. To perform a fatigue
assessment to ASME |ll, it is required that the stresses in a component be classified as
primary or secondary, membrane or bending and peak under the loading conditions

described ir8.2.1
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Primary stresses (P) are those direct or shear stresses arising from imposed loads that
are necessary to satisfy equilibrium of internal and external forces and moments. The
defining characteristic of primarstresses is that they amarelenting anddo not

exhibit postyield redistribution or relaxation. Primary stresses have a large range of
effect, acting to deform the entire structure. Consequently, if left unrestricted, primary
stresses can lead to egsw&e plastic deformation in a single application of load. The
primary stress is defined in terms of stress resultants and is equal to the algebraic sum

of the membrane (B} and bending (§ components.

Secondary stresses (Q) are those direct or sheass$ arising from setbnstraint of

the structur@ndapplied thermal loadingrhe key characteristic of secondary stresses

is that they are straicontrolled, since the applied load is balanced by distortion rather
than by equilibrium. Local yielding lieves these distortions, allowing the stress to
redistribute. For this reason, secondary stresses are often teetidichiting.
Secondary stresses are also globally-eetfilibrating, though not necessarily locally
within a structure or component. Gealéy, secondary stresses are expected only to
cause localised plastic deformations. Secondary stresses include thermal stresses
arising from thermal gradients within the structure. One example is a temperature
difference across the wall thickness of asetswhich can induce large througlall

bending stresses. As with primary stresses, secondary stress is also defined in terms of
membrane (@) and bending (g stress resultants. Where these secondary stresses
arise due purely to thermal effects, theseiltant stresses are often referred simply as
thermal membranandthermal bendingtresses.

Peak stresses (F) are those direct or shear etressing because of local
discontinuities or local thermal stresses. The defining feature of peak stre$s#s is t
they do not contribute to noticeable distortion of the structure. Peak stresses are
therefore only of concern with respect to their potential to initiate and propagate

fatigue cracks.

To be able to consider the fatigue behaviour of a vessel compdansmtyportant to
distinguish between primary and secondary stresses. One means by which this can be
achieved is to consider the effectadéstic followup of the structure in response to
applied loading. Elastic followp is defined as a measure of glastic response of a
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structure arising due to changes in rigidity under plastic deformation. Many factors
can affect the elastic followp of a structure, including the geometry, the distance over
which a stress acts, and the nature of the stress. iyrstrasses do not diminish
regardless of the range over which the stress is applied and always serve to enhance
local plastic deformations. Primary stresses are therefore considered to produce large
elastic followup. On the other hand, for stresseting over a small region, such as

local thermal stresses, the effect of elastic follqggvwill be small since such local
stresses will maintain global equilibrium if removed, allowing for local redistribution
and relaxation. Since primary stresses contribboitplastic collapse and secondary
stresseslo not, the concept of elastic follewp provides an alternative means by
which to define primary and secondary stresses. An example of such a situation is
shown byFigurel5for a hypothetical structure. If the elastic stress in the structure is

at point A, in excess of the yield strengtien its true elastiplastic state, of either B,

C, or D, will be dependent on the level of elastic foHopvin the structure. Undeupe

load control, the stress will run parallel to the strain axis, resulting in infinite
deformation with no stress redistribution (A to B). Under pure strain control, the stress
can redistribute entirely with no additional increase in strain (A to C).ddewy in
situations where loads are intermediate in character, the structure will deform more
than the strain controlled case, but not as much as that observed in pure load control
(A to D). The magnitude of elastic folleup is defined numerically by theope of

the line AD, often termed thelastic followup factor, g, and represents the factor by
whichthe elasticflow-up stef aeRce®ds t he redinthisi on i n
framework, primary stresses have an elastic follppafactor of infinity, whilst pure

secondary stresses have an elastic follp#actor of unity.

n —— (33
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Figure 15. Graphical interpretation of elastic followp.

In reality, most secondary stresses in power plant components do not behave per the
ideal case of pure strain control, but Etldo exhibit some elastic followp albeit

within a limited capacity. Thus, some stresses that are typically classed as secondary
stresses, such as thermal or residual stresses, may exhibit some characteristics of a
primary stress such that the secondargss promotesnhancement of plastic strain

following initial yielding.

3.2.3.Theory of Failure

Stresses in pressure vessels are generally multiaxial. Accordingly, the above stress
categories of ¥, P, Q, and F do not represent single quantities but ratleesith
uniqgue components, threkrectand threesheay of the stress tensor. It is therefore
necessary to calculate a single scalar value for comparison with the Code allowable
limits. To achieve this ASME lll relates the proximity to yielding in a latgecture

to the proximity to yielding in a simple tensile test by adoptirsgrength theoryln

this way, a multiaxial state of stress may be reduced to an equivalent scalar value of
stress occurring ia uniaxially stressed specimen. Thus, all referencesress limits

within ASME Il are actually defined in terms ohiaxial equivalent stress
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Prior to the publication of ASME lll, Sections | and VIl of the ASME BPVC adopted

the maximum principal stress theory of failure, sometimes tefReakine thexy.

This theory states that yielding occurs when the algebraically largest principal stress
exceeds the yield strength of the material, stated more formally b{38q.This
reduces simply to the sole componenstoéss acting in the longitudinal direction in a
tensile specimen. In pressure vessels, this reduces to the hoop stress. However,
experimental evidence available at the time demonstrated that whilst Rankine theory
appeared to provide reasonable failuredleatimates for brittle metals such as cast
irons, it was not particularly accurate for ductile steels commonly used in pressure

vessel fabrication.
, TAg@ghh (34)

From its 1963 inception, ASME Ill has adopted the maximum shear stress theory of
failure, also known a$rescatheory The maximum shear stress at a point in a vessel

is defined agnehalf of the algebraic difference between the maximum and minimum

of the three principal stresses.0€dnsi d:
ordered suwetdh tha&m & he maxi mum shélar str
Tresca theory statélsat yielding occurs in a structure when the maximum shear stress
exceeds the maximum shear stress attained at the yield point in tensile test specimen.

Si n g=el;, b, U3 FO0, this sets the maximum shear stress tehaifof the yield

strength in adnsile specimen. Yielding is therefore conceded in a component when:
P P (35)

To avoid the unnecessary division by two, the Code authors defined a new quantity
termedbequi val ent i end e wrstiesssinienisityoc shontb which

could be directly compared with the Code allowable stresses. The Tresca stress
i nt e n,dsthuy definéd more formally in E¢B6) as twice themaximum shear
stress, and is equal to tmeaximum algebraic difference between any two of the three

principal stresses, calculated on an elastic basis.

” I’ A @1 ” S:’ﬁ’ n Sﬂﬁ’ n s (36)
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Even in 1963, it was wellfown that an alternative definition of stress intensity based
on maximum distortion energy theorglso known ason Mises theoryprovided

superior estimates of yielding in ductile metals compared to Tresca.

P
” M_E o) n ” ” ” ” ” (37)

However, the Code authors decideatimpt Tresca theory instead afrvMises. The

reasoning for this is elaborated in the original Section Il Code Criteria doc{®a¢nt

AMost exper i me istorson enérgy theoty ls @wen niole @accutate than
the shear theory, but the shear theory was chosen because it is a little more
conservative, it is easier to apply, and it offers some advantages in some applications

of the fatigue analysiséo

Most enginees at the time did not possess even desktop calculators and so the
reasoning for adopting Tresca is understandable from a practical perspective. The other
major difference between Tresca andnvMises is that Tresca can be either positive

or negative, whilsby definition von Mises is always positive. This makes Tresca more
advantageous for fatigue analysis as it takes account of tensile ailessiap principal
stresses. Ifen Mises were to be adopted instetdiould be necessary to apgysign

to it. However, as will be shown later in this thesis, both Tresdavan Mises can be
applied easily under the same framework using computational methods.

3.2.4.Allowable Stress

It was recognised that a variety of pressure vessel alloys exhibit varying levels of
ductlity and capacities for strain hardening such that the imposition of allowable limits
on stress intensity relative to yield strength alone is not sufficient to account for all
possible materials. Thus, in support of using both yield and ultimate temsiigth to
establish allowable stresses, Page 9 of the ASME Section Ill Code d6&rstates

the following:

Aln order to prevent wunsafe designs 1in
with high yieldto-tensile ratios, the Code has always considered both thiel yi

strength and ultimate tensile strength
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The basic intent is to ensure safe design by restricting the allowable stresses based on
the yield strength, whilst still accommodating those materials whose allowable stresses
arerequired to be less than that based on yield strength. Thus, in accordance with
ASME |lI, Appendix XllI-2200, the stress intensity limits are defined in terms of the
design stress intensitymSwhose values are provided in tabular form within ASME
Section I, Part D, Subpart 1, Tables 2A and PB3] for ferrous and nofferrous
materials, respectively. The technicasks for establishing design stress intensity
values is provided in ASME Il, Mandatory Appendix 2. For ferrous materialss S
equal to the lesser of ottleird of the ultimate tensile strength at temperature, or two
thirds of the yield strength at tempene. A different criterion is specified for
austenitic stainless steels owing to their higher strain hardening capacity and ability to
resist ratcheting. Page 9 of the ASME Section 11l Code criféBpstates that:

ARThese mat er i-gelined yikldpoiat but bavstkoad skrairhardening
capabilities so that their yield strength is effectively raised as they are loaded. This
means that some permanent deformation during the first loading cycle may occur;
however, the basic structural integrity is comparable to thiatained for ferritic

materi al so

The value of & for austenitic materials is dependent on temperature. At room
temperature, sis equal to twethirds of the specified minimum yield strength. At
higher temperatures,man increase to be as high as 90%bhef yield strength at

temperature, but never exceeds-hinds of the oom temperature yield strength.

Ferritic

. (39
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Austenitic

(39

3.2.5.Design Limits for Cyclic Loading

Under conditions of cyclic loading, ASME Section Ill recognises that both plastic
ratcheting and fatigue pose a risk to the integrity of a vessel component. The repeated
application of scondary stresses in the presence of sustained primary stresses may
lead to failure by plastic ratcheting, whilst repeated application of cyclic primary,
secondary, and peak stresses can promote fatigue failure. To address this, the Code
provides stressmiits, which, if satisfied, permit both possible modes of failure to be
adequately assessed based on elastic stresses only. Crucially, ratchet and fatigue are
both considered sequentially; the fatigue assessment by elastic DBA is considered

valid only if the ratchet criteria are first satisfied.

3.2.5.1.The 3% Limit
ASME IlI, Appendix XIII-3420 imposes the limit that the allowable value of primary

plus-secondary stress intensity rangeg,shall not exceed three times the design stress
intensity, 3%, for any comhaation of Level A and B service loadings. Then3igit

assumes no strain hardening.

Y YO 0 oY (40)
The above limit is very important in its relation to both ratchet and fatigue, and is
referred to herein as tI3&y limit. Page 6 of the Section Il Code critg62] explains
the intent of the 3Slimit is to ensure that the range of stress experienced by a vessel

component results in a purely elastic response:

AThe p-pluisseeondary stress limits are intended to preclude ssice plastic
deformation leading to incremental collapse, and to validate the application of elastic

analysis when performing the fatigue eval

The rationale behind this limit is twlold, respectively in its relation to both ratchet
and fatigue. Cosidering the former, so long asr®mains within the elastic range at

every time point and at every location, the vessel will eventually achieve a fully elastic
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response after repeated loading has established a favourable pattern of residual
stresses. Tk is known a®lastic shakedowrThe assumption of elastic behaviour is
therefore justified since only elastic stresses persist in all load cycles subsequent to
shakedown, despite sonimited accumulation of plastic deformation in the initial

load cyclesThevalue of S can therefore be compared with the,38nit to determine
theReserve Factor (RF) on elastic shakedown, where RF > 1.0 satisfies the Appendix
XIII'-3420 criterion.

YO GYTY (41

In the case of fatigue, plastic deformation will generally occur throughout the design
life of the vessel. The justification here is that repetitive plastic action generally arises
only due to peak s#sses acting at local regions, and whose behaviour is controlled by
larger regions of the vessel that respond elastically. The most typical example is the
peak stress arising at a notch root, where the local material at the notch is controlled
by local stains rather than stresses. Whilst the elastic DBA approach necessarily
involves the calculation of stresses rather than strains, these stresses actually remain
proportional to the actual elas{itastic strains experienced in reality, where the
constant ofproportionality is the modulus of elasticity. This recognition is crucially
important, as it ensures the stress intensities determined from elastic DBA are directly
compatible with the allowable alternating psewti@ss values adopted by the Code
DFCs. Additionally, as far as the Code is concerned, the assumption of elastic
behaviour is taken to be applicable in the fatigue assessment if plasticity remains
highly localised. The 3Slimit can therefore also be interpreted as a criterion to

establish the Jality of the assumption admaltscale yieldingconditions.

The Code does however permit then3dBnit to be exceededRF < 1.0)provided
additional requirements for Simplified ElasBtastic Analysis outlined in Appendix
XIII-3450 are met. These additial checks relate to Thermal Stress Ratchet
(Appendix XIllI-3430) and the Procedure for Fatigue Evaluation (Appendix- Xl
3520). These requirements are discussed briefly next.

3.2.5.2.When 3& is Exceeded
The limit of 3$, applied to $delineates the boundary beten loads that when cycled,

produce shakedown to elastic action and loads that produce plastic action with
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successive load application. Failure to satisfy the @8erion of Eq.(40) generates

the potential for tw damaging conditions:

a) Progressive distortion (ratcheting) of the structure leading to collapse;
b) Nonconservatism in the elastic based fatigue calculations in that the
assumption of sma#cale yielding conditions is no longer applicable.

If Sh exceeds 3 ratcheting is presumed to occur. For hardening materials such as
austenitic stainless steels, ratcheting will continue until shakedown occurs, but the
amount of ratcheting is unknown and may render the component unserviceable.
Appendix XIII-3430 detailsa simplified elastic procedure for determining whether
ratcheting will occufor axisymmetric shell structureShe procedure is based on the
theoretical analysis conducted by Millgt4], which considered the response of an
openended cylinder subjected to a parabtiermal gradient under the assumption of

EPP material behaviour.

To address the possible rnoanservatism described in b)sinplified elastieplastic
penalty factor, K must also be used in the Appendix X3620 fatigue assessment.

3.2.5.3.Cumulative Fatiga Usage

ASME lll requires that the total stress range arising due to Level A and B transients

must satisfy the following criteria,

YO 0 O (Y (42)

where S is the alternating stress corresponding to the allowable nuafbagesign
cycles, N, permitted by the Appendix | DFCs. In situations where two or more stress
cycles contribute to fatigue, ASME 11l Appendix {8520 (e) adopts the Palmgren
Miner Rule described i2.2.4 to determine their cumulative effect. The cumulative
fatigue damage, termed tlkemulative usage factqCUF), U, fork stress cycles is
defined by

. g

Y — 43

5 5o (43

Where Uis thepartial usage facto(PUF) for n cycles at a stress amplitudg;,3and

Na, is the number of allowable cycles correspondingaiigp&mitted by the Appendix
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| DFC. The design is considered acceptable if the cumulative usage factor is calculated

to be less than or equal to unity.
5 p8rt (49

The meaning ofa cumulative usage factor oiity has been a subject of major
contention withithe ASME Code communityvith someASME experts believing it

to correspond to crack initiation whilst others are adamant that it represents through
wall leakageThis is not helped by the fact that the ASMEction IllCode criteria
document does not exgitly state what s meant by aSomefohthis gue f
disagreement is attributed to the difference in the treatment of fatigue between Section
Il and Section XI|[75], where theformer relates to design and construction of new
plants that are assumed defect free before being placed into service, whistiethe
relates only to irservice inspection and operation of existing plants. Section Xl
permits a fracture mechanics based apprdachustification of flaws detected 4in
service, including fatigue cracks, for a period of continued operation before re
inspection.This has raised the question aswbether the use of #law tolerance
approach,assuming a postulated flaw present at start of life, and demonstrating
equivalent enaf-life margin against througtvall leakage comparable to Section XI
requirements, shodlalso be considered acceptable for Section Ill.

ASME Section lllalso recognises that experimental methods constitute a reliable
means of evaluating the suitability of components for cyclic service. As an alternative
to the Mandatory Appendix | DFCs, SME 1l Appendix 1F1520 permits the
justification of components by large scale testing with failure defined per Appendix
1-1520 (b) asipr opagation of a crack through th
produce a measurable leak in a pressure retainimgmmb e Thé justifiabledesign

life maythenbedeterminedas a fraction of the observed experimental life depending
on the number of tests performed and the similarity of the test conditions to those
expected in service. In accordance with Appendix-X820 (f), the justified design

life shall be less than or equal to the minimum experimental life to thraagh
leakage divided by a factor of 2.6. The technical basis for the design factor of 2.6 on
experimental life to leakage is nstatedn the Code Gteria document. It has however

been tentatively suggestptb] that this factor was adopted as being rdygbnsistent
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with the margin between the cycles permitted byGhdeDFCs andminimumcycles
needed to caughroughwall crack penetratiom the vessel cyclic hydrostatic tests
described i68] (see SectioB.1.2. However, it is unlikely that a factor of 2.6 on life

to throughwall leakage would preclude surface crack initiation, especially in the case
of a steep strain gradient suchvesuld be experienced at a notch or from thermal
shock loadingTherefore this strongly suggests that the intent of the ASME Il fatigue
design criteria is to preclude througflall leakage andather tharcrack initiation.

The U.S. Nuclear Regulatp Commission (NRC) have adopteal different stance,
stating in NUREG/CR6909 Rev. 172] that design against a CUF of unity should
provide reasonable assurance that fatigue crack initiation will not occur in a component
with 95% confidence and 95% probability. This is based omithodology adopted

by the ANL to derive the Appendix | DFCs, which assumes that the formation of a
3mmdeep crack in the gage of smatlale cylindrical specimens based on the 25%
load-drop criterion would equate to crack initiation in an actual comgohtenvever,

it is not clearly stated whether crack initiation in a component is presumed to be of the
same 3mm depth observed in a test specimen or different. This acceptance criterion
based on crack initiation has been further endorsed in RegulatorliGaiti@0777],

though NRC staff do recognise the additional margin that may be present in actual
components owing to their typically experiencing a significant threuglh strain
gradient as opposed to the membrane loading applied in-soaddl tet specimens.
Importantly, RG 1.207 state§ Met hods to account for this
considered by staff on a cabg-case basis, provided sufficient basis and information

is provided to the staff to verify that the proposed alternative deratescompliance
with al./l appl i caThis stateM@&Cis sigeifigantl ag thel NlRG bBave
recently accepted a Section Ill Code Case (Recor@5¥g§78]) proposed by Steve
Gosselin79] which considerdatigue life and gradient factors to adjust downward the
predicted CUF to accoufudr the higher thickness and strain gradient effects associated
with actual plant components. Record2%/ has also received approval from the
ASME Board on Nuclea€odes and Standards (BNCS). Tigpresents the first step

in the NRC shifting towards aepting that a CUF of unity may be associated with

crack depth greater than 3mm.
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3.3.Procedure for Elastic Fatigue Analysis

The elastic DBA methodologyefined inASME Il allows for linear superposition of
stresses arising from various origins, such asetlth® to internal pressure, thermal
gradients, and seismic effects. For simplicity, stresses in linear elastic fatigue analysis

can generally be categorised into two types:

1. Stresses arising due to static loads, including internal pressure, piping

momentitorsion, and seismic loads. These are sometimes tamaeldanical stresses

2. Stresses which arise due to a -ooiform distribution of temperature in the
component. These are term@rmal stressesThe thermal stresses evolve based on

variations in he axial and radial thermal gradients that exist in the component.

Generally, the contributions of both categories of stresses must be determined
independently to enable the stresses to be appropriately classified as primary,
secondary, or peak, as debed in3.2.2 This is typically achieved by undertaking
separatehermal and structur&inite Element Analysis (FEA) of the different design
transients experienced by the component in question. The indepeodé#itiutions

of time-varying mechanical and thermal stresses may then be superimposed to
determine the total stresses for fatigue analysis. However, continuum FEA stresses are

not directly compatible with the ASME Il cyclic stress limits, which are defiime

terms of stress resultants. The elastic |
processedd to obtain the necessary quant.i
i mportant and can have a signi f fatgaent i mp
calculations. Following pogtrocessing, a cycle counting method is implemented to

identify stress cycles in the transient loading history to enable calculation of CUF.

To the authords knowl edge, no commerci al
perform both the necessary FEA and Code fatigue calculations in a single operation.
Thus, all Code fatigue calculations performed throughout this thesis are implemented

as working Python routines. Python is a free, epaurce programming language that

is computationally efficient, highly readable, and widely adopted within the
engineering professiof80]. Whilst no Python code is provided in ghihesis, the

adopted procedures are described in sufficient detail that anyone with programming
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experience should be able to implement them without issue. Twim adddules used
throughout this thesis areimpyandscipy[81], which contain standard libraries of
scientific computing algorithms and permit fatigue calculations to be performed with
minimal coding effort. Additionally, we of the most popular commercial finite
element packages, Abaq|82], is fully scriptable using Python. This useful feature
enables Pythoralgorithms to be easily incorporated into Abaqus as -pisgor
software extensions. Thus, this establishes a direct link between Abaqus, which can be
used to perform the FEA to obtain the necessary input data (stress, temperature, etc.)
for each transi@nand Python routines used to perform the Code fatigue calculations.
Abaqus is therefore adopted as the FE software used in this thesis. The specifics of the
necessary elastic fatigue calculations and important assumptions attopteghout

this thesisare discussed briefly in the sections that follow.

3.3.1.Consideration of Heat Transfer

In performing the thermal analysis of design transients, it is necessary to specify the
thermal boundary conditions. The heat transfer via convection between a contacting
fluid and the internal surface of a vessel or pipe is characterigbdfiyn coefficient

or heat transfer coefficiefHTC). The HTCdefinesthe rate of heat transfer across the
thin boundary layer formed betesm the fluid and metal surface. The HTC i@l

input to any fatigue assessment since it dictates, for a given change in fluid
temperature, the strength of the thermal gradient formed within the wall thickness of a
component and thus the severity of the thermal stresses experienced on the metal
surface. Actual HTCs are quite complex and vary as a function of geometry, fluid
pressure antemperature, and local flow rate, and therefamgineering estimates of
HTCs are usually employed. The most common approach to obtain HTC values is to
use classial handbook solutions for simple geometriesthe majority of cases, the
appropriate solution for LWR plants is that of fully developed flow within a hollow
cylinder, where the mechanism of heat transfer is considereeld convectionThe

most commonlyemployed correlation for this situation is that oftls-Boelter[83],

which gives reasonable values provided drmegerature difference between the metal
surface and contacting fluid is not too large. Otherwise, more complex tonsla
such as the Sieddrate[84] and Gnidinski [85] equations are likely to yield greater

accuracy.n some limited situations where flow is more complex, as in the case of
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thermal stratification, the use of CFD to derive HTCs maydmessaryhowever CFD

is computationally expensivend correlations are employed in most cases. Keye
parameters that define HTCs wilbrmally be included within the component transient
specification, and the transient variation of HTCs may be simulated within the thermal
analysis. However, in some cirmgtances it may be more appropriate to adopt an
upperbound constant value for the HTC, for instance where data is unavailable or for
the purposes of performing conservative scoping calculat@nse the HTCs are
defined, the thermal analysis may be perfed for each design transient. The transient
temperature distributions from the thermal analyses are then mapped to the structural

analysis to generate the thermal stresses relevant to fatigue.

3.3.2.PostProcessing of Finite Element Stresses

The objective bthe finite element pogtirocessing operation is to obtain the stress
time history of the necessary stress categories required for fatigue analysis. The six
unique components of the Cauchy stress tensor are required. At a minimum, the
necessary stressesquired are the Primary plus Secondary (linearised) stresses and
the Primary plus Secondary plus Peak (total) stresses. These stress laisttaies

used in the cycle counting procedureet@luate fatigue usage.

3.3.2.1.Stress Classification Lines (SCLs)

The fatigue usage is evaluated at discrete locations, known as a stress classification
line or SCL The SCL represents a straight line spanning the section thickness of a
pressure vessel or piping component. The inner and outer points of the SCL are
situated a the internal and external surface of the component and it is these points that
must be assessed. Generally, fatigue tends to be most severe on the internal surface

and thus the interior point of the SCL is of much greater significance.

The orientation othe SCL is very important. Normally, SCLs will be positioned
perpendicular to the inner and outer surfaces and therefore normal to tpéanad
throughthickness. However, there are some situations where this is not possible, as it
would not capture thiocation of highest stresses, which are of greatest relevance to
fatigue. In these situations, care should be taken to ensure that the SCL is oriented
perpendicular to the computed stress contours thrthigkness. A good example of
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this situation is in tch region of vessel and piping nozzles, which can often be the

fatigue limiting location.

In the assessment of typical components, many SCLs will generally be required to
cover the main regions of high stresses, local structural discontinuities,stedam
discontinuities. If geometric discontinuities are not represented in sufficient detail by
the FE model, then application of an appropriate stress concentration factor (SCF) is
necessaryAlternatively, some locations may also require the applicatiba fatigue
strength reduction factor (FSRF) to account for local reduction in fastyeagth

Care must be taken in the assessment of material discontinuities in FEA, in particular
dissimilar metal welds, since thermal mismatch can induce a shaontisiity in the

stress field.In this situation, SCLs may be placeither side of the interface but
avoiding the singularity. Stress ranges along the length tend to be less sensitive to mesh
density and sensible locations for assessment can be deigipdotting the stress

variation at the surface across the interface.

The most important function of the SCL is to allow for calculation of stress resultants
across the section using continuum FEA stresses. This is the objectsieesyd

linearisation which is discussed next along with some important factors.

3.3.2.2.Linearisation of Stresses

Stress linearisation is one possible methodology adapted for use in FE software, which
can be used to extract membrane and bending stress resultants at the SCL locations.
Here, the ternTotal Stresss used to refer to the continuum FEA stress and is denoted
byi. G

Each of the six tensor stress Aorear distributions has an equivalent membrane stress
di st riimwhiéchoay,be deetermined from H¢5).

p
A 2 Q 4
v Ry o ©RO (49

Membrane stress is defined as the average stress along the SCL and by definition is

constant througtthickness. Similarly to membrane stress, each of the six tensor stress

nonl i near distributions has an g,podiisral ent

determined from
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Bending stress is the part of the stress distribution that varesslly across the SCL,
and has the greatest magnitddeored) on &
characteristic of the bending stress is that it integrates to net zero force and produces
the same net bending moment as the total stress distribuatiossathe SCL. Peak
stresses are defined as the difference between the total stress, taking into account any
FSRFsor SCFs where necessary, and the sum of the membrane and bending stress

contributions.

” F] Q ” Q ” FI ” F\ (47)

", , O DR e F (48)

Throughout this thesis, the primary pkescondary stresses (P+Q) are conservatively

assumed equal to the sum of the membrane plus bending stresses:
» b » w B o» R (49

It is crucially important that the stresses be firshdfarmed from the default global
coordinate system defined in the FE software, to the local coordinates associated to the
SCL under assessment, prior to performing stress linearisation. In this thesis, the
following coordinate conventions are used: theloedirection is parallel to the SCL
(radial); the local ydirection is tangential to the SCL (axial), and the loedirection

is in the circumferential plane (meridional/hoop).

The choice of which stress components to linearise can potentially irdluaec
magnitude of the P+Q principal stresses. Welding Research Council (WRC) Bulletin

429[86] discusses four options for calculation of linearised principal stresses:

1) Membrane plus bemaly for all six tensor components
2) Membrane plus bending for the direct stress components, membrane only for

shear.
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3) Membrane plus bending for hoop and axial components, membrane for other
components.
4) Membrane plus bending for direct stress components, dt&l)(stresses for

shear.

Generally, linearisation of all stress components tends to be most prevalent within
industry since this is often the default option utilised byti@Eed linearisation tools.

Out of the options above, onlyahd 3 are relevant fgglane umotched sections in
vessels and piping where the SCL is oriented perpendicular to thelaniel through
thickness; options 2 and 4 will have no impact in this case since shear is negligible.
The choice of linearisation method only becomes sigmifiga situations where the
radial throughwall stresses are naregligible, which isgenerallylimited to very
thick-walled piping and vesse]87]. In such situations, the radial P+Q stréssyq

is lower when using Option 3 compared to Option 1 due to neglecting the fictitious
bending contribution. The algebraic difference between the principal P+Q stresses is
therefore larger for Option 3, resulting in a higher P+Q stress intensity. ldovtbe
difference between these two optionsiisorandthe choice of linearisation technique

IS not of particular issue when it comes to assessing fatigue.

In this thesisstress linearisation is performed using a custom Python class with the
following settings: NewtorCot e s Il ntegration (Si mpsonc¢
intermediate points along the SCL; piegise linear interpolation between adjacent

points; linearisation of all six unique stress components; and no curvature correction.

In all cases, stredimearisation is performed at every tiratep in the FE stress history

to generate a complete history of P+Q stresses. Implementing this approach reproduces
exactly the results obtained using the Abaqus {milinearisation tool with the

curvature correi@n option disabledRigure16).
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Figure 16. lllustration of Python stress linearisation methodology.

3.3.3.Cycle Counting and Usage Calculation

The objective of cycle counting is to identifiget timepoints within one or more
transient stres8me histories that constitute stress reversals, and to combine these
time-points in such a way to produce wd#fined stress cycles. The background and
best practice recommendations outlined in thisi@eetre discussed in the context of

an ASME Section Il Appendix XI#B500 fatigue evaluation.

3.3.3.1.Background

Cycle counting forms the first stage of the fatigue analysis outlined in Appendix XIII

3520 Procedure for Fatigue Analysisvhich statesii f o r  anditiorh of @yclic

service, determine the stress differences and the alternating stress inteqsity, S
accordance wittXIll-2 4 0.dhe procedure of XHR420 involves calculating stress

vs. time histories for each transient and choosing a point inviineeei c ondi t i ons

are known t.0 be extremeo

ASME 1l Appendix XIII-1300(ag) defines a stress cyclef@scondition in which the

alternating stress difference goes from an initial value through an algebraic maximum

value and an algebraic minimum value ahén returns to the initial value. A single

service cycle maywmo |l ve one or mio this stateimeng the phrasgc | e s «

6service cycled is int eventdrtansega bl v r ef er |
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Various methodologies for identifying stress @ghave been proposed within the
technical literature, for application to both uniaxial and multiaxial stress hisi@8ks

In most design codes including ASME lll, simplified uniaxial cycle counting methods

are common, where the identification of stress cycles is performed on thieisiimey

of the wuni ax iess,lthatdsstieuTresca doro; Mised strests intensities.

The simplest approach is that of Extreme
toPeakdo6 (PTP) counting, and is the method
The procedure involves identifying the relag maxi ma (O0Opeaksd)
(6vall eysd) i 4imethistery andhpaidng eaehlin osdér of @lecieasing
stress range, eliminating each pair after they are counted. After all pairs are accounted
for, the cycle counting procedure is compléibe output of EVP is a list of stress
ranges in order of highest-lowest, along with the peak and valley time points
associated to each range. In the ASME Code fatigue community, aaléakpair is

also commonly referred to asfatigue load pairand this terminology is adopted
herein. An illustration of EVP is provided Figure17 andFigurel8. Figurel7 shows

an arbitrary uniabal reversal history, which may be identified from the FEA stress

time history for each of the transients under considerakimure 18 illustrates the

steps followed by EVHAn this case, the stress history israyed based on absolute
magnitude whilst retaining the sign convention (though this is not a strict requirement

of EVP); identifying the relevant stress ranges is then trivial. The highest stress range
is identified by the two points marked with circlése second highest with triangles,

the third highest with squares, and so on. This pairing of extreme points in the loading
history to produce corresponding ranges continues until no more reversal loci remain.
One of the benefits of EVP is that it need metessarily be applied to an actual loading
history obtained in sequence. The order of events does not affect the output obtained
from EVP and thus the stress history may be ordered in or out of sequence with that
observed under representative plant ti@msconditions.

In performing a fatigue assessment to ASME Il Appendix -88R0, the EVP is
applied in accordance with ASME Il Appendix X2420. The critical timgoints
across all transients where the stress achieves a peak or valley are dwebilyec
togetherlIn this context, two types of fatigue load pair can arise when applying EVP:

inside pairs which consist of a peak and valley from within the same defined transient,
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and outside pairs which consist of a peak from one transient and aydliom a

separate transienT he alternating stress intensity, 8 equal to ondalf of the stress

range defined by each peadélley pair. Importantly, the Code requires thatb®

further adjusted for the effects of plasticity and temperature, ®ioblt a O corr ec
value of alternating stress intensity.SThe value of & is used to determine the

allowable number of cycles on the DFC.
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Figure 17. Arbitrary uniaxial reversal history prior to cycle counting using the®PT
method.
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Figure 18. PTP cycle counting applied to reversal historyrmfure 17.

64



3.3.3.2.Alternating Stress Intensity 49
The alternating stress intensity,Jor each fatigue load pair is calculapsst E. (50)

v Py 2 50,
o (50)

Where the termspSKe, and & are defined below.
S

Sy is the primaryplus-secondarplus-peak (P+Q+F) ototal stress intensity rangep S
is calculated in the following maen First, the difference or range of the individual
stress c ojm [ ccaloglated sbetween the time pointsand b, which

correspond respectively to the peak and valley of the fatigue load pair.
, , ., h "Q¢n pkhrQ pikho (52)

From the six component stress differences, the three principal stress differences may
becalculated. 3 s equal to t he | sdculaes by Eg36)thaseds i t y r

on those three principal stress differences, ang @&ehalf this value.

Ke

Keis a simplified elastiplastic penalty factor, which accounts for plasticity effects in
the elastic fatigue analysis calculations. If the prirf@Engsecondary stress intensity
range (%) exceeds the 3Slimit, Ke must be multiplied to the value ot.SThe Ke
factor is determined in accordance with Appendix -8450 (b), and varies as a
function of both $and $, and two materiatiependent parametersandn. The Code

Ke factor is a major focus of this thesis and is discussed in detail in CHlapter

S is calculated in the same manner asefcept based on the P+Q stresses. The
allowable stress, s is a finction of temperature and is determined for the relevant
material in ASME II, Part D, Table 2 (A/B).»Svalues that fall between tabulated

metal temperatures are calculated by linear interpolation. ASME IIl Appendix XIII

3420 states tha@t wh e n t hrg strese is due tba temperature transient or to
restraint of free end displacement, the valueo$l&ll be taken as the average of the
tabulated & values for the highest and lowest temperatures of the metal during the
transient. When part or all of éhsecondary stress is due to a mechanical load, the

value of 3s hal | be based on the highest met al

65



Normally, this is interpreted as the average of th@&@ues coinciding with the peak
and valley of the fatigue load paiOtherwise, the value ofxSs based on the higher
of two metal temperatures, &nd T, calculated respectively at the peak and valley

time points, {and t.

allxel

YUY Y Y QYD QM a Hda o

Y T AGrRY £¢8R1 0 Qi Q

(52

Ea/Ec

Eais the elastic modulus of the analysis. The ratio of the reference modulus of the
DFC, E, to B, EdJE,, is used to correctafin accordance with ASME 1l Appetix
XII-3520 (d). This correction allows for transferability between the psetrdes
values determined from the elastic fatigue analysis and the actual value of alternating
strain used to derive the design fatigue curves. Appendix3%20 (d) stateshe

following:

0 Mu | tai(gs degermed in XHR410 or XIIF2420) by the ratio of the modulus of
elasticity given on the design fatigue curve to the value of the modulus of elasticity

used in the analysisbd

What constitutes thhemadeglsastdhi d smadul uesx pd fi
Code. Considering that the Code also adopts a tempedsdpesndent approach for

Sm, two options commonly adopted are to use the value of E either at the maximum
temperature of cycle or at the average temperafuteaycle. Technically speaking,

if the calculation of & was instead performed based on elastic psstrém

intensities calculated using the instantaneous E value at the peak and valley time
points, then this would produce the most physically ctaisisesult. Temperature
dependent values of E are provided in Tablel Mf ASME I, Part D and can be

obtained in the same manner as S
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3.3.3.3.Consideration oPrimaryPlusSecondary Stress

One circumstance that can arise is the possibility of the P+Q stress time history being
out-of-phase (lagging) the total stress time history. This is because the P+Q stress is
highly dependent on the section thickness, ancheae a much slower stress response
than that of the total stresses. This can be especially significant forwhildd
components. To illustrate this, consider the case of a pipe of internal r@duis8&0

mm subjected to a sharp thermal shéegure19 shows the total and P+Q hoagress
response for two differemtall thicknesses of 30mm and 120mm. As can be seen, for
the 30mm pipe thickness, the total and P+Q responsepprgximatelyn-phase. On

the oher hand, for the 120mm thick pipe, the P+Q stress significantly lags that of the
total stress, and only achieves its peak around 200s after the initial thermal shock.
Whilst this represents an extreme example, this phenomenon is important and it is not

unusual to observe some lag in the P+Q stress in realistic cases.

Consequently, the peak and valley respectively formipgrs S do not normally
coincide. This is important since the alternating stress is a function of batidks,
where ke is a functon of S and the design stress intensity,. $erforming cycle
counting per Appendix XIH2400 ensures maximisation of, ut the Code does not
state as an explicit requirement that rt®2ed also be independently maximised.
However, not doing so can have @bvious impact on the calculated value gf 8nd
thus it has been generally accepted that some action should be taken in the calculation
procedure taccount for the phase difference betwegarg®l S. Severabpproaches
havebeen proposed to achietrgs, such as that of Meikle et[&9], Gilman[90], and
Costa et al[91]. In this work, theelastic fatigue calculations are performed by
identifying separate pairs of peaklley time points to enable independent

maximisation of $and S for each lod pair. This is achieved by scanning the P+Q
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stress time history in a usdefined window around the time points that forgit&

determine a conservative value @f S
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Figure 19. Total and P+Q stress response for simple pipe sidgeto thermal
shock.

3.4.Industry Need for Modern Fatigue Rules

The current procedure for fatigue evaluation incorporated within Appendix3XEHa0

of ASME Section Il has remained largely unchanged since its inception in 1963, and
has provided the basisrftatigue design substantiation of Class 1 LWR vessels for
nearly a half century. Whilst the rules of Appendix X3620 are straightforward to
apply based on elastic stresses, the results can however be very pessimistic. Over the
preceding years, this h&gely been attributed to the conservatism of the Appendix
XIII-3450 K factor, which, as will be shown in Chaptéof this thesis caneasily

result in an overestimate of the strain amplitude (or equivaksudwselastic stress
amplitude) by up to a factor of two. This can produce overestimates of the CUF by up
to an order of magnitude or more; this is especially the case in theyta regime
where the DFC exhibits greater nmearity. Notwithstanding thse conservatisms,

the rules of Appendix XIH3520 have routinely been used to demonstrate acceptable
CUF results for pressure vessel and piping components for detaddste, the vast

majority of fatigue failures observed in LWR plants operating wodéwiave been
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high-cycle fatigue failuresssociated with loading conditions that were unknown at
the time of the original plant designs, suchtfermal stratification phenomerad
mechanically induced vibratisrj92]i [101]. In contrast, therbave beewirtually no
reportsof fatigue crack initiation attributed solely low-cycle fatigue in LWR plants
designed to ASME Section IIThis is true even of components with a high calculated
CUF and confirms the large margaibeit unquantifiedhat exists in the Codatigue

analysis rules.

However, as industry looks tbe future of nuclear power and some of the new plant
designs under development, obtaining a favourable-wédetween plant safety and
economic benefits is of paramount importance. Whilst it was possible to demonstrate
acceptable CUF based on the araiCode fatigue rules, more recently, the industry
has struggled to use the same methodology to demonstrate acceptable CUF for new
plants with a design life of 60 years. Additionally, there have been proposals for the
next generation of LWR plants to addjexible modes of operation (&wad following

to accommodate the variable power demands placed on the grid. The use of LWRs for
flexible operation will necessarily involve a greater numbgrasier plant transients
thereby increasing the CUF furth&fore recently, the emergence of data describing
the deleteriouseffect of the LWR coolant environment on fatigue has spawned
additional requirements to demonstrate sufficient margin when environmental effects
are included. The combination of the abovedesitespecially the latter, can result in

unacceptable CUF values.

3.4.1.Environmental Fatigue

Gaps in the knowledge existing in the 1960s relating to the DFCs and DBA methods
have beerfurther exploredas new LWR plant designs haeenergedor in-service
issueshavebecome knownin recent years, the most significant development has been
the recognition that the LWR coolant environment may adversely affect the fatigue
performance of reactor structural materials, particularly austenitic stainless steels. The
harnful effect of the hot water environment on fatigue crack initiation in small scale
polished specimens has been extensively documented in NUREEATERRevision

1[72]. Since the Code DFCs are based on tests conducted in an air environment, they

do not explicitly consider teieffect, as NEB121 statesii | t s houl d be not
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tests on which the design fatigue curves (Section Ill Appendices, Mandatory Appendix
[) are based did not include the presence of a corrosive environment which might
accel erate f Susequantty, the auSl. NRGC gublished regulatory
guideline (RG) 1.207 in 2007 (Rev][27] as ofJune2018), which provides guidance

for incorporating the effects of the LWR coolant environment in CUF calculations
performed in accordance with ASME lll. &deleterious effect of environment is
described through an environmental fatigue penalty facéarwhich is dependent on

the material type, strairate, temperature, and the dissolved oxygen content of the
water in contact with the metal surface effarmulae that describe:fare based upon
correlations observed in isothermal tests conducted under constant strain rate (saw
tooth/trapezoidal strain waveforms) and therefore are not representative of the
complex loading encountered during plant transiefte ANL defined the & in
NUREG/CR6909 as the ratio of the component fatigue life in a room temperature air
environment to its fatigue life in an LWR environment at operating temperature.
Importantly, the existing fatigue data reviewed [if2] for austenitic stainlessestls
indicated that slow, increasingly tensile strain waveforms were primarily responsible
for the environmental reduction in fatigue endurance; no clear environmental fatigue
life reduction was observed for compressiwading cycles. Thus, only tensile
portions of a loading cycle are important for considerationeaf h an Appendix

Xl -3520 fatigue assessment, the, 5 incorporated within the evaluation by
multiplying to the partial usage factor,, Wbtained for each fatigue load pair, thus

obtainhg a cumulative usage factor adjusted for environmental effegis, U

- 3

Y "Y 00 ;; 7305 (54)
h

The guidance outlined in RG 1.207 Rev.l is applicable to new redegigns

submitted for NRC approval, and those operating reactors pursuing license renewal in

the United States. The international community has largely followed suit, with many

national regulators now imposing similar regulatory requirements.

With the exeption of ferritic steels containing a high sulphur content, austenitic
stainless steels are the material class most susceptible to environmental reduction of

fatigue endurance in the PWR operating environment. Per NUREGZ0R Rev.1
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[72], the Rn for austenitic stainless steels can vary up to a maximum of 12.8 in the
PWR environment, though values between 3.0 and 6.0 are more typical. This can have
a dramatic effect on the results of an Appendix -8BR0 ftigue assessment,

potentially increasing the CUF by up to a factor of 10 or more.

It is evidentthereforethat the superposition of the additional environmental penalty
factors with the extant Code fatigue assessment methods and DFCs is unlikely to be
aaceptable for critical locations, especially when longer design lives are required.
However, inservice experience of LWR components has been exemplary with regard
to fatigue failure, which has led to issues in analytical justification of the recently
introduced kn methodology. Developing an improved understanding of the
environmental fatigue behaviour of actual plant components through component
features testing under representative loading conditions, compared to the simple
specimen testing consideredMUREG/CR6909[72], is viewed as fundamenttd

better quanty margins in the current Code fatigue assessment procedomgponent
features testing would alsprovide additional higiguality experimental data to
benchmark potential new assessment methedsh as the Total Léf Approach
described in SectioR.1.2

The current fatigue assessment method based on the Appendix | DFCs determines a
fatigue initiation life presumed to equate to a 3mm crack depth assuming membrane
loading. However, under typical therm#édansientloading, throuf-wall stress
distributions in plant components are not membrane stress fields, but rather exhibit a
significant strain gradient. Initiated cracks therefore grow into a decaying strain field,
and hence therack growthrate is significantly reduced compdréo membrane
loading. Thus, the ability to account for througVall strain gradients up to the
presumed 3mm initiation depth is one area where excess consercatisrne
significantly reducedThe main advantage of adopting a total life approaces

ahlity to make initiation life predictions to a much smaller crack depth, such as 250
>m, which is typically taken as a lower bound for the applicability of fracture
mechanics methods. This would then enabéek growthmethodso determine the
number ofsubsequent cyclesaking into account the strain gradientrd®io, crack
closure effects, etc., requiréd achieve a critical crack size or throughll leak.
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Anotherimportantadvantagef this approach ig can benefiimorefrom thegreater
industry understanding of environmental effects orack growthand associated
analytical methodssgefor example,recent developments b@urrie et al[102]),
enabling &ar moreaccurateassessmertf total life compared to the use tife Code

DFCs withFen multipliers.

A representative featurg@gstingprogrammes currentlyongoing as an international
collaboration activityled by the Electric Power Research Institute (EPRI); co
partnered with RollsRoyce RR,UK), Electricité de Franc€EDF, France), and Naval
Nuclear Laboratory (NNLUSA). The fiveyear programme consists of four phases,
beginning in 2018 and expected to conelud 2022. The test programme considers
two sets of plant representative transientsfoar Type 304L pipe component
specimensusing a simulatedWR primary waterenvironment The test loop is
currently under construction at Kinectrics in Toronto, withtitgs expected to
commence in 202T.hekey objective of this programme is to define factors for fatigue
life and fatigue crack growth to permit transference of sstlle specimen data to
plant components and tienchmark the test data against the moaéistec total life
analytical approacheBespite widespread support by the international community on
this matter, representative features testing represents a considerable R&D expense, and
is likely to be ongoing for some time before conclusive evideaoebe accumulated

to further aid development and validation of total life approaches and prgrédter

confidence to industry.

3.4.2.Strategy for Code Improvements

Whilst the aforementioned efforts to address environmental fatigue are ongoing and
will evenwually yield significant benefit, the nuclear industry has also collectively
begun investigating other areas of improvement to the Code fatigue rules, which might
in the meantime provide more immediate relief to designers and operators. Many such
areas havdeen identified within the fatigue action plan published by the ASME
Working Group on Environmental Fatigue Evaluation Methods (WGEFEM). The
objective of the WGEFEM fatigue action plan was to identify a number of areas that
might be updated within the Cedto enable a more appropriate evaluation of

environmentally assisted fatigue compliance with regulatory requirements. The
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WGEFEM vision is to provide a series of analysis methods of increasing complexity
or effort, enabling a designer to benefit froncreasing reductions in conservatism.
To achieve this, a number of supporting activities have been identified, many of which
fall under the responsibility of other ASME working groups. The ASME WGEFEM
fatigue action plan has achieved widespread suppdrinttie Code community since

undergoing initial balloting in 2014.

One of the most important supporting activities identified by the WGEFEM s to
investigate improvements to the current Appendix -84b0 rules for simplified
elastiecplastic analysis. Ihas been widely acknowledged that the Appendix-3450

Ke factor is a major source of excessive conservativism in an Appendh332D

fatigue assessment. Some plant designers have adopted detailed calculations based on
elastiecplastic FE analysis to ddess this, though these necessitate considerable
computational expense and are subject to additional uncertainties in the assumed cyclic
plastic constitutive model. The Code provisions for elgdtastic fatigue analysis are

also extremely limited. Accdingly, the development of more realisR€CFsas an
alternative to the Appendix XHB450 K factor forms Item 18 of the WGEFEM
fatigue action plan and falls under the remit of the ASME Working Group on Design
Methodology (WGDM)[103]. This highlights the motivation for the followingork,

which aims to address an important industry need.
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4. Determination of Ke by Elastic DBA

In this chapter, the technical basis for the ASME IIl Appendix-8150 K factor is
explored toidentify limitations to be addressedExisting alternatie approaches
proposed based on elastic DBA, including those adopted within other C&S are
examined and compare@ihe methods adopted by each approach to treat plasticity
arising due to local thermal and notch effectsiaterrogated and scrutinised ahd

limits of applicability of each approach is discuss@&tiesealternativeapproaches
differ considerably in thehilosophy and level of complexity, but may be categorised
according to their basic requiremengarticular attention is paid to a proposal
developed recentlypy Sam Ranganattwhich has recently received approval for
publicationasan ASME Section Il Code Case. Since austenitic stainless steels are the
focus of this thesis, the evaluations presented herein are limited to this material class.
The accuracy of the elastic DBAcKnethods discussed here is later evaluated in
Chapter7 by comparison with the results obtained from detailed elasdstic FEA.

4.1. ASME Il Simplified Elastic -Plastic Analysis
4.1.1.Background

To account for the effects of plasticityan Appendix XII#3520 fatigue assessment
simplified elastieplastic correction (penalty) factorseKare provided in Appendix
XIII-3450 (formerly Subsection NB228.5) for cases where the primguiys-
secondary stress intensity range exceeds thdir@8. In such cases, thecfactorsact

as a multiplier on the total (including peak) psewthstic stress intensity range, S
This accounts for the fact that the strain range calculated under theptissuof
elastic behaviour can undpredict the actual elastastic strain range. Thus, the K
factor is termed atrain concentration factorapplied to compensate for strains larger

than would otherwise be calculated based on the theory of elasticity

Langer described the original technical basis for tedaktor in a lecture entitled

0 D e sStrepsBasis for Pressure Vesse[404], and largely reflects the description
provided in theupdatedASME Code Criteria documeiit05] published in 1969 for
Sections Il ad VIII-2. The following quote from Langer describes the circumstances

that can arise whereby elastic analysis may under predict the true plastic strains:
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AStrain concentration can occur in any s
soon as thdoading exceeds the point at which the higlststssed region becomes

plastic. If the plastic zone is highly localized, the surrounding elastic material controls

the strain in the plastic material and no strain concentration occurs. When the plastic
zoneis large enough to become a significant factor in the stress distribution, however,

the strains in the plastic zone become larger than those which would be calculated by
the theory of el asticity and BH lkaagern ¢ 0 nc
[104]

Langer defned the K factor as the actual peak strain divided by the peak strain

calculated on the assumption of elastic material behaviour:

b — (59

By assuming that the maxi mudanddegaélbettt i ons
equal, Langer was able to derigealyticalKe solutionsfor different materials by
analysing two simple configutians:

a) A tapered flat bar subjected to uniaxial tensiBigre20).
b) A cantilever beam subjected @overtical displacement at its free ifiigure
21).

For each configuratiori,anger assumed a ndinear elastic powelaw stressstrain
relationship:

, U- (56)

where 0 is the appl ilkidthesstrain@adening thefficient t h e
in units of MPa, and s the dimensionless strain hardening expomerdries between
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zero and unity, withn=1 corresponding to purely elastic behaviour, whitstO

corresponds to elastic perfeepyl ast i ¢ behaviopr (i .e. for

T

b1‘

NV

=]
I
Jlz

‘0
:
Figure 20. Tapered flat bar loaded in tension considered.agger[104].

} denoteghe ratio of the crossectional are of the largersection (h) to that ofthe
smallersection (lg), whilst | denoteshe vertical length of the tapered region.

Figure 21. Cantilever beam subjected to an applied end displacement considered by
Langer[104].

| and h denot¢he length and thickness of the beam, respectively.
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4.1.2.Tapered Flat Bar Subjected to Uniaxial Tension

Langer examined the case wfo taperedfat bars, each considered geometrically

identical in the unloaded conditioB a r | i's assumed tdstfoll o\
bar 1l follows the noflinear elastic relationship &q.(56). Both bars are pulled to the

same total @ n g a t.iFar this configuration, Langer demonstrated (see Appendix

A of [104] for full derivation) that the maximunpeak straimttainedin each bar is

calculatedas follows

Bar | (Elastic)

ThH © ®

- 5
h G A &0 T ®7)
Bar Il (Inelastic)

~ B ~ 'l
d) (b 11 i

I et I R e e A
O X I+ » "
w N~ wX) U

Where I andb; are repectively the crossectional areas of the smaller and larger
sections of the tapered bar, adnd the length of the tapered transitiasashownin
Figure20. It should be noted that in the above derivation, theshassumed to be of

unit thicknessn the direction normal t&igure20.

Thus,kr e pr e s e nt spmdt hoamatlindet the asswmptiorthat the maximum

imposed elongation is the same in bodisey i .e@ux= eplhay andis shown to be a

function of the crossectional areaatioo r 6 riated e ketween thdarger anl

smallersections of théaperedoar.

P

(- EP ek omivo
h 0 ” -

Figure22 shows the variation in thecfactorof the tapered bawith strain hardening

0 ORI 6 "Q: (59)

£ €

exponentn, for differentcrosss e ct i on al area ratios, .
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4.1.3.Cantilever Beam Subjected&n Applied Vertical End
Displacement

Langer 6s anal ytical sielhasetd ontha work@ffRadorhski c a nt
and White[106] and White and Radomski07], who examined strain concentration
in beamswith consideration of applied loading conditions and the assumed-stress
strain relationConsideing a cantilever bam of rectangular crosection subjected to
an appliedvertical displacement at its free end. Assuming Hookean material
behaviour, the maximum elastic strain in Heamis calculated from Eq(60).

o B (60
wh e reaxistihe applied displacement at the free endtamdll are respectively the
beam thickness anBieam length. Adopting the nonlinear elastic material law
describedby Eq. (56) results in a linear relation between maximum deflection and
maximum inelastic strain. The maximum inelastic strain in the beam is expressed by

Eq. (61).

op C¢
. L i 61
h cEQ 1o (61

Thus, under the assumption that the maximum deflections are the same for both cases

]

(i .efex= ediha), Kei s defined emest otttk rati o of U

op gt . P GE . ,
o cga h g ' h p_Ge
o0 d s ot 62
ca (62

"0f (]%hi 0
h
The variation of K as a function of strain hardening expon@ntthe cantilever beam
is also included ifrigure22 for comparison with the Tapered Bar analytical solution.
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Figure22. K.factorsd er i ved based on Langerds initial [

4.2.nitia| ASME Il K ¢ Proposals

Based on the mathematical derivation of fctors for the simple configurations,
Langer initially proposed a bounding expression faert& apply to ASME Code
assessments of nuclear pressure vessels. The simple bounding expfdssorii

was proposed to envelope the predictions for the two configurations, with the
exception of the tapered bar in cases where the ratioofgress t i onal ar eas,
large. It is noted that & 1/n was derived from the tapered flat bar sotwith a 2/3
reduction in crossection, which was determined to be realistically bounding for plant
components. Though simple, this expression results in asigmficantKe factor for
values of $>> 3Sy. Langer suggested that the approximation vas reasonably close

to reality [108], though more importantly,endid not clarify the magnitude of the
loading required to attaind< 1/n; specifically, it was not stated explicitly whethey K

= 1/ should be assumed as valid for botfdS8Sw and $ >> 3Sn. Langer did however
state that the load at which. K 1/nis reached varies with geometry and material. The
full value of Ke = 1/n was arbitrarily set to apply forn® & Bith Ke = 1.0 applying
forall SO & Bor 3% < S, < 6Sy, intermediate values ofdvould apply
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Langer proposed that the constant paranmatiee set equal to 2, and provided values
for the strain hardening parametebased on material clasBigure 23 shows the
original proposed ASME CodecKactor as a function ofsfm carbon steel, lovalloy

steel, austenitic stainless steel, andOxiFe alloys.

(&)1

»

Carbon & Low-Alloy Steel
— Stainless Steel / Ni-Cr-Fe

N

Plasticity Correction Factor, K
w

[EEY

0 1 2 3 4 5 6 7 8 9 10
S/Sn

Figure 23. K. factorsfrom Langer's original proposal

In 1968, Tagart[109] suggested modifications to the value of parametdo be

consistent witlihe B31.7 Rulefor Nuclear Power Piping, which were more developed

than ASME Section Il athe time, and included provisions forSi mp | i f-i ed EI
Pl astic Di s c o.rMaterialgpedfiy valdes toim yere graposed for

carbon, lowalloy, and austeniticstainless steels. The parametarcontrols the

threshold value of $5Sm beyond wirch the maximum Kpenalty applies. The proposed

values ofm andn are shown inTable3 for each material class. Therefore, for each
material, the maximum value ofeKs applicable for SO  3smThis modification

proposed by Tagart received approval, and was introduced in the 1971 edition of the
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Code, when the vessel and piping rules were published together and the Section Il
designby-analysis criteria was revised to include simplified elgskastic analysis

rules applicable to both NB200 vessels(NB-3228.5) and NB3600 piping
componentdNB-3653.5) As of April 2020, these rules have remained unchanged
since their inception. However, due to editorial changes in 201relthant rulegor
simplified elastieplastic analysis of NEB200 vesselare nowprovided in Mandatory
Appendix XI11-3450 (formerly Subsection NB228.5).

4.2.1.ASME Sectionlll, Mandatory Appendix XI1#3450

Two corrections are described in ASME Section Ill to account fotlinear material

behaviair. Surface plasticity effects are accounted for by applying a correction to the

local thermal stress intensity ranggn,t o account for the highe
ratio in the plastic regime; this is described in Appendix -2B00 Application of

Elastic Analysis for Stresses Beyond the Yield StrefmgthCode boundary between

spatially limited and sectional plasticity is demarcated by the limit afeglied to

the range of membrar@us-bending stress intensity. Where this limit is exceeded, th

gross section membraipdus-bending stress range exhibits plastic cycling, and a
correction to account for sectional plasticity is required. In such cases, the provisions

of Appendix Xl11-3450 apply in lieu of XIH2500.

One very important perquisite applying Appendix XIll -3450 is that the range of
membraneplusbending stress intensity excluding any contribution from thermal
bending stresses, ® must remain within the elastic range (i.e. below)3F his
validity criterion is outlined in XIH3450(a) and may be represented formulaically by
Eq.(64).

Y YR, oY (64
The Ke factor is not intended to accommodate the elastic range being exceeded by
primary (i.e. loaecontrolled) stresses and the above criterion limits its applicability to
cases where primaryresses comprise a small portion of the total stress range. The
Code authors also recognised that certain types of uniforfiekrthermal stresses
could producehigh local strains due to elastic follewp. One example of this
behaviour is where a weakg.e. lower yield strength) section of pipe exhibits plastic

straining whilst the larger section remains essentially elastic. lcdbisthe weaker
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portion is forced to withstanaldditional straininglue to followup of the large elastic
thermal motims of thelarger section, which experiences lower stresses and therefore
exhibits higher rigidity Other examples include local reductions in cross section and
mismatch in materiatigidity at intersections, which are both relevant to nozzles
experiencing expansion stresses from attached piping. Consequently, thermal
membrane stresses, s are implicitly assumed to act as primary stresaesaae not
subtracted out in Eq64). In other words, only $»and $,: are permitted to exceed

the elastic range of 3SAny combination of loading which violates this criterion is
not permitted by the Code, and simplified elagl@stic analysis is inapplicable for

such cases.

KX-34%0is calculated per the following egqtion in X111-3450(b):

. par QW dY
" 8t P_¢ A QeyY Y XY
0 S Fa p oy P oY (69
ep g L w
wE QW o4y

Both m andn are provided in Table XHB4501 (shown aslable 3). For austenitic
stainless steels) andn are 1.7 and 0.3 respectively, and thus the maximum attainable
Kefactor of1/n ( 8.333) is conceded fos/Sm exceeding 5.1.

The Appendix XIIF3450 K vs. S/Sm correction curvesor each material class are
shown inFigure24. As discussed in the previous section, the maximyifad€or for

each material class applies beyond a specific threshold value/Sf, S/hich is
dictated by the tabulated valueroprovided in Table XIH34501 and shown ifTable

3. As shown inFigure 24, the threshold values of/Sy for carbon, lowalloy, and
austenitic stainless steel are 9.0, 6.0, and 5.1, respectively. This is an important reason
why austaitic stainless steehaterials in LWRdend to be limiting with respect to
fatigueusage despite theiDFC being more favourable in the legycle regimehan

other material classes.
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Table3. Materialspecific parameters providan ASME Il Appendix XI#B450

Tablel.
Materials m | n | Tmax (°C)
Carbon steel 3.0|0.2 370
Low alloy steel 20|02 370
Martensitic stainless steel | 2.0 | 0.2 370
Austenitic stainless steel | 1.7 | 0.3 425
Nickel-chromium-iron 1.7 | 0.3 425
Nickel-copper 1.7]0.3 425
55
xga S5 Carbon Steel
§ 45 Low-Alloy Steel
% : Stainless Steel / Ni-Cr-F¢
LL 4 _
c
k=)
8 3.5 -
o
& 3
O
2251
.
015
1 I T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Sl Sn

Figure 24. Current K. factors pesented in ASME Ill, Appendix XB450

Whilst the XIII-3450 ke factor is straightforward to apply, its bounding nature often

results in excessive conservatism in the-wle regime. Aceardingly, in recent

years, considerable industry effort has focused on the development of alternative

PCFs whichaim to align more closelthe actual elastiplastic material response at

critical locations; some of these alternative proposals have s#rgbdoeen adopted

within other internationally recogniseuiclear design and construction cades
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4.3. Alternative Methods for Simplified Elastic-Plastic
Analysis
Due to the excessive conservatism associated with the ABMpapendix Xl -3450
Ke methodology a great deal of industry efforts have focused on establishing revised
Ke factor expressions to address the following two primary concerns:

)] Reduction in the excessive conservatism of Alppendix XIII-3450 Ke
factor, especially for thermal transients.

i) Provide additional consideration of strain concentration arising at
geometric features such as notches, which were not consideredL anger 0 s

formulation of theoriginal Ke factor expressions.

A number of important innovation® addresshese concernare famalised in

Welding Researchdlincil (WRC) Bulletin No. 361110]. Most notably, ASME Code
Case N779, which is currently the onljodeapproved alternative to Appendix Xdll
3450, isbased partially on the findings outlined in WRC 361.

4.3.1.Welding Research Council Bulletin No. 361

In 1991, the publication of WRB61:Improvements on Fatigue Analysis Methods for
the Design of Nuclear Components Subjected to the FrenchNR@ode [110]
providedthe technical basis for proposed improvements to the ASME Code Simplified
ElasticPlastic Analysis procedure. &rauthors of110] suggestedpartitioning S, to

separate the influence of mechanical and thermal loading:
YO UY Y (66)

where §™"represents the portion of, &rising due to mechanical loading such as
pressure and ssic loads, whilst §'° represents the portion of, @rising due to

thermal loads. As.Ss itself a linearised quantity, it follows thaf"s'should represent

the thermal membrane plus bending contribution toThe authors of WRG61

suggested thateparate Kfactors should apply for’3%on t he basis that
ratio effects are not explicitly considered in the ASME Codenkkthodology They

argued that applying a singleeonly on the total value of Swas excessively
conservative and instégproposed a new dactor, referred to as K in WRC-361,

constructed as a weighted averagenaf correction factor(<"®" applying tothermal
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stressesand K™ applying to mechanical stresse#\ detailed overview of the
approach proposed in WR861, which was later modified for adoption within the
French RCEM design code is provided.

4311Consi deration of t hieSiidifecect i ve
ElasticPlastic Analysis

Under the assumption of i sotropy,gest he Pc
betweenl O O O 0.5 according to Lameds rel at
: 3
whereE andK are the elastic and bulk moduli respectively which must each hold
positive val ues. Mo s t structurab ofst eel s
approxi mat el y -yeld defofinatiBnsassécmtedvitp mesotvolume
change,thé e f f Potiisweod® 6s r,atiinc r edaesneost etdh rsough t
O 0.5, and t ends 0.5vatlyincpasing plastia deforynatitfiois 3
Poi ssonds ratio effect occurs most <commo
stresses, which produeeperfectly biaxial state of stresghis state of stress is typical
for the internal surface of nuclear pressure vessels and piping camtgonkich are

often subjected to sharp thermal transients throughout their operating lifetime.

Consideing a stepchangethermal shoclo f magni t udantheigidmal act i r
surface of apipavi t h t her mal e X pwhersthestnessespressedi c i e n
in the z, d, and r directions represent theaxial, hoop, and radiatomponents
respectively. The stress and streangesactingon the internal surface of the pipe are
described according to Hookebs Law:

o o . . o oYY
Y, — Y- L Y- Y- -
B ) P U (68)
- 2y, oy, vy
!O ” U ” |
o o . - o oYY
- — Y- L Y- Y- -
B ) P U (69)
U- - Ny A} N U,Y
y -O yn Uyn | y
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Adopting Tresca theory, the stres®d strainntensity rangeare calculated according
to Eq.(71).

y, 2 ¢ e 55 22X
PRV, o v o PV (72)
o - El)’-‘ Y-'s |YY
p v p v
Underpurely el astic materi al behaviour, 3

conditions wherep (f exceeds thelasticrange t he Poi ssoné6s ratio
by equating the volume change under elgsiistic behaviour to theolume change

under purely elastic behaviour. In this manner, a direct comparison can be made
bet ween the el asti c p aplasticnegtivalenssthneEssecannd 3 1

modulusEs, a n dusiag the following expression:

Yo p O o o o P qb o o o
_' D ” ” ” D ” ” ” 72
5 0 Y Y Y 0 Yy Y Y (72
and thus,
0° 0
P ' S p C (73)

O O
After rearrangingkg. (73), one obtainshe following expression for the effective
Poi s s o n(establishdd byoNadfid1]:
0O

' T — @ 74
0 o 0 (74)

For very large plastic strainss¥ 0 a SSCdappre@aches a horizontal line, and
henc=0580 = 0.5 for plastic 0bmaEg(@BUr . Su

produceghe strain intensityor fully plastic behaviour:

. V- € Y- Y-s | YY

Y- = = (79
p v p v
The ratio of the plastically and elastically calcula@&dinintensity rangess therefore:
S’/_ \
> P2 (76)
Y- p U
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Assuming the most ¢ ons,¢he follawing rate® isbtainedd i ng

- =2 7
This ratio, defined as Kin WRC-361 and the present worwas proposed to correct
the elastically calculated valuegfi®t o account f or “wherethehi gher
elastic range is exceeded. Thedf 1.4 is an uppebound value that assumsly
plastic material behaviour and an efuaxial state of stress, and therefore may not be
entirely appropriate in case where only modest plastic straining is present. A more
accur at e c aréquiras kaotledgenof thefmaterial cyc88G in order to
determine thdocal value ofthe secant modulugs. At present, notinear material
properties are not provided in ASME Section Ill. Thus, for practical purposes, the
bounding assumption is very useful in this regard, as it can be easily applesks
where thermal loading is dominant and can significantly reduce the conservatism
associated with the XHB450 ke factor. The following weightedverage K factor
expression was proposed by the authors of VBBTC[110]:

ny ny

N y —— ¢ 78
00 - 0y (79

where K and K are the correction factors applied to the thermal and mechanical
contributions to § respectively. In the above formulation, the ASME Il Appendix
XIII-3450 K factor is assumed tapply for the mechanical load contribution. The
ramification of the proposed expression, is that for purely thermal loading, the
maximum value of K is limited to 1.4, significantly less than the ASMEAppendix

Xl -3450 maximum 08.33for austeniticstainless steels.

It is noteworthy that the above definitiaf Ky is derived based on Tresca theory
though WRG361 also draws attention to the use of the von Mises critekabopting
von Mises theory instead for the above example, the strain interaibe is
determinedy Eq.(79).

. U o o . o o o _
Y- —_— Y- Y- Y- Y- Y- Y-

P Y ‘ (79)
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Substituting the elastic and plastic values of 0.3 and 05 foiEq. (79) confirms that
the samemaximumcondition for K is also valid for von Mises theory:

- NG T v —
el ERAN (80
\2 ic ™, <., P8P

@#p 22V

Moulin and Rochealso considered the determination of, l&s a function of the
equivalent strain range calculatadcording to von Mises theof§12], but instead

adoptst he pl asti c v alindhefirsotérm &f the B5q6/9 undesbotha t i o
elastic and plastic condition&s shown by Eq(81), this assumption produces a higher
theoretical maximum correction of 1.615, but the definitiors’ofs not consistent
between the elastic and elagpiastic solutionsNonetheless, the correction derived

by Moulin and Roche istill important since, as will bepparentit explains the
rationale behind other proposals for treatment of thepiaaitc effects, most notably

in the French RC@®/ Code.

z,

3

AN

. 0 o —
y. Y54 IVY
T e ooy, @x8®P o)
— e o

T w2 Y

The difference between the above definitions ofak a functioro f * issshown by
Figure 25. As shown, the Kproposed by Moulin and Roche becomes increasingly

more conséYv@ti5ve as 3
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Figure 25. lllustration of Ka's a f u nasstimigpperfect Hiaxiality.
4.3.1.2.Proposal of Neuber Analysis for Notch Effects

The original ASME Code Kfactor expressions did not explicitly consider the
presence of notches, which may act as regions of local strain concentration. In cases
where a notch is presem/RC-361 recommends that notch plasticity be accounted
through inclusion of a notch plasticity factor,,K det er mi ned wusing Ne
authors proposed that the notch plasticity factor should be applied on top of the
weightedaverage K factor whee appropriate.

Khis derived by considering Neuberds rel
stipulated that the square of the theoretical elastic stress concentration factor is equal

to the product of the stress and strain concentration factorsngadthe region of

plasticity remains highly localised and well contained by the elastic bulk behaviour of

the structure.

0 VIRV (82
Where Kk and Kyrepresent the ratio of the local notch stresses and strains to the
nominal stresses and strains respectively. Under Hookean material behaymiy K

and thus K = Kg= K. However for a nonlinear materialdw such as that described

by Eq (56), the strain concentration factor increases beyond its elastic value:
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Kt is already considered explicitly in an elastic analysis, assuming all structural
features are included in the relevant finite element model. Therefore, the degree of
additional plastic straining beyond that determined on a purelyelzatis maype

calculated by normalising E83) with respect to K

v 0 y (84)
0 0

The authors of WRE61 recommended that notch plasticity be accounted for in cases
where the use of the purely elastic quantity, Would under pedict the total strain.

Kn is therefore interpreteds acorrection factoto accountfor the additional strain
concentration experienced at local discontinuities uraderditions of globalised
plasticity, over and above that experienced urmerditions & local plasticity (i.e.
smaltlscale yielding)However, a notch correction factor is not included in ASME III.
Indeed, the ASME Il procedure does not include any correction for peak stresses in
excess of yield; one exception is for local thermal strgsseappendix Xlll -2500,

for S, < 3Sn. Implicit in the ASME 11l procedure is the assumption that the Appendix
X1l -3450 ke factor is sufficiently conservative to account for the combined effects of
sectional and notch plasticity. For implementation inR&C-M Code, the authors of
WRC-361 [110] recommended that Kbe identified numerically from the ratio of
S/Sh at the discontinuity location. This enablestko be eas i |-thefd ylécul a
for fully featured FE models. It should be noted that this ratio is only mechagnicall
significant if the divergence betweep &d S is solely due to the presence of the
notch. In addition, the authors of WRB61[110] recommend that in cases where the
Sy/Saratio arises due to local (ndimear) thermal stresses only, then the total thermal

stresses need onbe corrected by K excludinghe additional K correction.

4.3.2.ASME Code Case N79
ASME Code Case (CC)-M79[113], approved in 2009, provides alternativef&ctor

expressions that may be used as an alternatikpgendixXIll -3450. The coection
methodology underpinning Code Cas@ b was discussed extensively by the ASME
Working Group on Design Methodology (WGDM) from early 2007 until the Case
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received final approval on January'2B009 following several rounds of balloting.

The technichjustification for Code Case M79 is based on the work of Stephen A.

Adams, further details of which are available from Code Committee correspondences
of the WGDM[114]. The expressions are similar to those described in \WW&RIC

albeit slightly more complex, requiring thradditional categories afress rathethan

two, the thermal bending stress rangew3he local thermal stress rangg;.sand the

total stress range less the contribution of thermal bending and local thermal stresses,

Soittb. The plasticityadjusted alternating stress amplitude adogrdo CC N779 is

calculated per EJ85):

Y 0

allel

where KX!"'-340js defined by Eq(65); KN"®isaPd ssonbs
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defined by Eq(86), which varies as a function of Sand 3
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where $.t/Sy is equal to the numerical stress concentration factonasthe strain

hardening exponent given in Table X8450 1 for the applicable material class. Both

KN and KN N77° are constrained to remain less than or equaldd' &*C

K.N""°only applies in cases where the finite element model dodslhotiescribe the

corr

actual geometry of the notch region. If the notch feature is fully captured in the model,

and is reasonably well meshed, thef"K®is equal to unity. It is also clear from the
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above formulation that R~""%is equal to unity in absea®f peak stresses arising from
mechanical loading, since the relatiof:$ always equal ton3n the case of purely
thermal loadingThe behaviourof K,;N""®and K.N-"7° are illustrated irFigure26 and
Figure27, respectively. KN""°tends to a maximum of 1.4 in situations where bgth S
and St exceed 3. This aligns with the theoretical maximum &f 1.4 derived in

Eq. (77) adopting Tresca theory. In the most pessimistic scenario whér& s
assumed equal to unity,"K’”® tends to a maximurof 2.41 in situations where,S
slightly exceeds the elastic randgecan be seen th&@C N-779 retainghe original
KX-34%0 factor, but applies this only to the mechanical and thermal membrane
contributions to § Thus, the CC N'79 expressions are expected to yield much lower
corrections for the case of purely thermal loading. In determinatioa:@c8ording

to Eq.(85), the expectation is that each sub factor be multiplied to the range of the
unique components of each stress tensor before forming the stress intensity of the

result.

1.40
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- 1.25

N-779
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Figure 26. lllustration of Code Casé\N-779 KN""°factor
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Figure 27. lllustration of CodeCase N779 K" factor (assuming K*'"°= 1.0).

Whilst CC N779 has the potential to produce less pessimistic values cdi@pared

to Appendix XIIF3450, the guations are rather complicatadd necessarily require

that stresses arising due to mechanical and thermal loads be obtained sepaiately

is not necessarily an issue, since this is still a necessary step to satisfy the requirements
of Appendix XIII-3450 (a) (per E(64)). Additionally, CC N779requires calculation

of several stress quantities, e.g.t® and S+, which are not typically reported in
standard fatigue tableshis has generally precludeet application of CC N'79 for

plant license extension, since it necessitates a costlynref prior FE analyses to

obtain these missing quantities. Nonetheless, CIZ®remains the only alternative

to Appendix XIIF3450 for application of simplified asticplastic fatigue analysis to

new plant designs and its potential is explored further in this work for this purpose.

It should also be noted that whilGC N-779 was granted approval by ASME, thsS.

NRC have taken a different stance more recentlyexstuding it from the list of
approved Code Cases in Regulatory Guide 1.[801H]. The following quote
summarises the NRC position oa™N9:i Th e NRC f i 4fatter artalysess n e w
method to be complicated to use and prone to misapplication. In additere, is a

lack of experimental verification for the proposedf&ctor to address thermal plastic

notch effects. Finally, finite element analysis will not be able to capture surface
conditions and i mper f eRGI1183Rev 4 AgustR@ldt and
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4.4. Simplified Elastic-Plastic Analysis in Other Nuclear
Design Codes

Since the introduction of simplified elasfitastic analysis in ASME Il Subsection
NB-3228.5 (now Appendix XIH3450), several other nuclear design codes have
incorporated theirown unique approaches. Many of these approaches originally
retained a similar form to ASME Il Appendix XiB450; however, continuing
developmenbf C&S over time has resulted in varying degrees of divergence, based
in part on countrspecific regulatoryrequirements. In particular, both the French
RCCM and the JapanesksSME Codes, which originally adopted the basic form of
ASME Il Appendix XI1I-3450, have undergone significant modifications in recent

decades andow prescribalifferent K. factor expresions.

4.4.1.AFCEN RCCM (France)
Section B 3234.6 of the French nuclear mechanical design R@{eM: Design and

Construction Rules for Mechanical Components of PWR Nuclear [sldrid,

utilises Kefactor expressions that are heavily based on the findings published in WRC

361. However, unlike in WR@ 6 1 , both Poissondseonhati o a
considered implicitly. The alternating stress amplitude is determined frorhadihe

times the sum of the plasticitorrected mechanical and thermal contributions to the

total stress range:

% goo % o Y (88)

where kM"is the correction applied to the mechanical portion of the total stress
range, $"¢" and is equivalent to the ASME Il Appendix XB¥50 KX -340factor.
Ke"®'is the correction ggied to the thermal portion of the total stress rang . %nd

is determinedccording to Eq(89) for austenitic stainless steels and inconels:

_ P
~
P O ~

0 a Hopsh  p& @p (89

Importantly, theRCG-M K" factor is greater than unity for/Sm O 0 m &ntl S
therefore applies even whergr8mains within the elastic rangehus, the RC&M Ke

factor is greater than the ASME CodefKctor for $ O3Sy and tends asymptotically
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to a value of 1.86 for,S>> 3Sy. Faidy presented a comparison of the RG®& ¢mech
and K" factors for a range of increasing/Sn [117]. Figure 28 shows the RC@/

Ke™ehand Ki"e' correction curves for austitic stainless steels and incas.

w
&

— RCC-M Ke(mech
—— RCC-M Ke(ther)

w

N
o

N

Plasticity Correction Factor, K
=
o

S/ S

Figure 28. Ks™"and K" prescribed in RC@V B-3234.6for austenitic stainless steels.
4.4.2. JSMELWR Structural Design Standard (Japan)

The Rules orDesign and Construction for Nuclear Power Plants, Division 1: Light
Water Reactor$118] published and maintained by the Japan Society of Mechanical
Engineers (JSME) initially followed closely the procedure of ASMEAppendix
Xl -3450, exceptvhere $4& =R Bwas notedKX"'-34%0is not fully conservative in
this limited region of modest plasticity, as it does not directly account for peak plastic
strain concentration. MITI Notification 50J119] introduced an additional &K
equation, denoteddso, with a materiakpecific parameter, A

VAR

— "QEFY Y od'Y (90)

(I gt 0 —
Ao P oY Y

The factor to be apied to the onéhalf the alternating stress intensity rangesdiwas
defined as the larger ofekand Keao for a given value of S It is shown that this
methodology results indao > K& 34%for 5,8 & S

In recent years, significant changes e tJ1ISME simplified elastiplastic analysis
procedures were introduced by the Committee on Stress Compensateddisr (G
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Ke) for Simplified ElastiePlastic Analysis of the Thermal and Nuclear Power
Engineering Society (TENPE$)20]. The revised rules specifien JSME PVB
3315.1 are based on the elastic folopr model for local plasticity, which was
developed initially for experimental FaBteeder Reactor (FBR) desigh21], and
result in less conservative strain concentration factors than ASME Ill Appendix XIII
3450. The new TENPESeHactor, denoted K was developed to bound the actual K
factors obtained for representative LWR components using efdasitc FEA:

oY

Opr']ppT 91

whereq is the elastic followup parameter representing the ratio of the true plastic
strain,o dhe strain pr epasilustmedifigue2.ge | ast i
is arbitrarily set to 3.0 in the Japanese FBR Code, on the conservative assumption that
purely elastic analysis under predicts the true plastic strain concentration by a factor

of three. In deriving K, the matenl was conservativelpssumed to be an elastic

perfectlyp | asti ¢ materi aysetwilbh yi el d strength,
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Figure 29. lllustration of theTENPES Kfactorbased on the JSME FBR Code elastic follow
up model

The current JSME P® 3315.1 rules utilise both the new TENPESdtad MITI 501

Ke,aoin the following manner:

Where there is no intersection of the &d Ke a0 equations, a tangent line from the

point of the ka0 curve at $3Sn = 1 the K curve should be drawn.efois designed

to account for peak strain concentration@ S 3 &d whose magnitude is controlled

by a parameter, K, defined as the ratio ofdSS.. Thus, for cases of high local stresses

(e.g. thermal shock stress, notch stress concentration, etc.), K is higher and hence the
Keaocurve is also more consetixe in this region, and will intersect higher up the K

curve.

The JSME Kk factor is calculatechccording to Eq(92), where materiaspecific
parameters, dand B are defined imable4. K < By describes the case of intersection
of Ke and Ke ao, wh i | oglescrilbes the c8se of no intersection 9BKd Ke ao.
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Table4. Valuesof g, A, and B usedin JSME k Factor Expressions

Materials q Ao B

Low Alloy Steel 3.1 1.0 1.25
Martensitic Stainless Steel 3.1 1.0 1.25
Carbon Steel 3.1 | 0.66 | 2.59

Austenitic Stainless Steel 3.1 0.7 2.15

Nickel-Chromium-Iron 3.1 0.7 2.15

60 p o 50 p
R p NP

ZpO

Technical justification for the above expressions is provided by an extensive-elastic
plastic FE analysiprogrammesummarised by Asada and Nakam{ta2], with
verification for basic LWR component FE models including a cylinder, nozzle,
thermal sleeve/safend, and support skirts. The elastic folkaw factorfor the JISME

was determinedo bound the relationships of the ferived k vs. S for these FE
models, and a value gf= 3.1 was obtained; this is very similarge 3.0 utilised in

the FBR Code and was considered an appropriately conservative bowatlieg
Figure 30 shows the comparison of the JSME R8B15.1 K'SME and ASME il
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Appendix XI1I-3450 KX"-340ys. §/S;, curves for austenitic stainless steels. Different
loading conditions are considered by vagyithe parameter K. As expected, it is
observed that the JSME PV@15.1 k’>MEis generally less conservative than ASME
[l Appendix Xl111-3450, with the exception of the discontinuity inducedat SSy,
and S slightly greater than 3Sdepending on the agnitude of K.

35
ASME Il Ke - Stainless Stesl
JSME Ke (K=Sp/Sn=1.0)
----- JSME Ke (K=Sp/Sn=1.5)
----- JSME Ke (K=Sp/Sn=2.0)
¥ 3| ----- JSME Ke (K=Sp/Sn=2.5)
s JSME Ke (K=Sp/Sn=3.0)
©
©
L —
A
| g T
©c (4
;
> 2 ~
S
7
oy
o
15
1

0 3 6 9 12
S/Sn

Figure 30. JSME PVB 3315.144s $/Sn correction curves for austenitic stainless
steels

4.4.3.JSMECode Case N C-005(Japan)

The JSME Code also includes a Code Case entitledCEOO05: Alternative
Structural Evalusion Criteria for Class 1 Vessels Based on ElaBtiastic Finite
Element Analysigd123], which includes expressions for an alternative plasticity
correction factor, denotedeKin [123], but referredo as k’SME Cin this work The

KSME CCwas also developed by the TENPES committee on Stress Compensated
Factor for Simplified Elasti®lastic Analysis (€Ke Factor), and is based on the same
set of FE models used to derive the JSME P2R5.1 K’SMEfactor. KJSME CCvaries

as a function of the total stress rangg,&d can be applied directly on the surface of

acomponent without stress linearisation. Th&>KE CCfactor is calculated as follows:
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where g is the elastic followup parameter for local plasticity, which is dependent on
the ratio of the plastic strain to total strain calculated per the folloagugtion:

Y
| [0)

ol <

ol <

(94

. . P .
n n 9Op ~ n
oY

The followup sub factors,gpnd g, were glected such that they bound thegf&ctors
derived from elastic perfectlglastic FEA for the representative component models
discussed in Asada and Nakam[ir22]:

A pdM 18t (95

The variation of théKs’SME CCys. S/Sm curve is shown irfFigure31. It is possible for
the KJSME CCto be greater than 1.0 even whilkst’>ME is equal to 1.0 sinckSME
assumes that peak strain concentration cannot occur$B8&. However, peak strain
concentration (i.e. 5> 3Sn) can often occur in suatases in absence of gross section
plastic cycling. Thereforek’SME Cbhased on the above values efamd g is very
conservative and is always more conservatiaa KZSVE. NC-CC-005 recommends
that g be determined from the actuat Hetermined by ektic-plastic analysis, so as

to enable derivation of more accur#tg>ME Cexpressions for different structures.
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Figure 31.Variation of JSME N@CC-005KSME CCwith S,/ Sy

4.4.4. PNAE G7-002-86 (Russia)

The RussiarstructuralDedgn Standard for Light Water Reactor Plants, PNAE-G
002-86[124] (abbreviated PNAE® this work), contains a unique set of requirements

for simplified elastieplastic fatige analysis, sharing little similarity to other nuclear

codes. Unlike other codes, PNAEG does not directly prescribe fackor, but is

i nstead based on Glinkads ap[p25oxi mati on

Intheb6stress determfnaPRNABG,priofcetdlue eldoc al :
determined by elastic analysis exceeds the cyclic proportional limit of the material, the
stress used i ngthteo fdaetti egrunei naen atl hyes i asl,t eir n a
= 0. B forAnpuptd tke fatigue curve, is determined per the following formula:

Y, i QQt ” ¢ Y

0 v
O p ” ” p— C OY ”
C S

(96)
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where the subscriptsandh denote two points in time where conditions are known

to be extreme (withoccurring afteh); thesign()function is equal to plusr-minus

unity and is used to determine whethers a maxi ma (6peakbeyoy
the stress history; 2/ is the cyclic yield strength, defined as twice the monotonic
proportionality Ilimit stress; 3 i-s the c
law SSC

The PNAEG cyclic powelaw SSCsare shown irFigure32 and takehe following

form:
.0 ¥-h QY Y 10

Yoo Y- L ey (97)

™ aé Qp p& pm D ,YY

ha

ey PTUT (98
be oo Bme

E T Y10

where

¢CPpm O Yig (99

N~ s A ~

2 I
2F18 II
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N s A ~

~z - s o= N s A A~ N

% i
The above formulae may be applied provided the following remeént that the
absolute magnitude of the range of cyclic surface stress factored by the local stress
concentration factor, & does not exceed four times the cyclic proportional limit

stress:
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S - no R oy
Whilst the PNAEG kK factor has no explicit definition, an implied: Kactor, denoted
KNAES can ke derived from the quotient of the ranges of the fatigue evaluation stress,
stress, U

and the | ocal sur face
(101

0P &,

which is equivalent to
_ 0 . V) .
0 c oY o v P Y oy 7, (102
The intention of the restriction of 4R on theelastic stress intensity range is not
explicitly stated in PNAEG, but the author interpréiis tto be a restriction against
sectional plastic cycling. The PNABG ™ E®factor is essentially a modified Neuber

response is predominantly elastic. At 300°C,4Rg:" limit is approximately equal to
roughly equate
= 69¢

whi ch
6 A 116

type correction, and therefore can only be applied reliably where the global structural

4 A 174 = MP a,
this temperature

= 696
at
remains roughly comparable over a wider range of temperatureszariation of the

intensity, S,
KNAEG reformulated in terms of i8S for different levels of stress concentration

factors ki = S/Sm (assuming purely mechanical loading) is showRigure33 along

with the associated @3imit derived above for stainless steels.
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Figure 32. Example elevated temperature static and cy@8€gor Type 30dbased
on PNAEG poweilaw stressstrain approximation.
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Figure 33. Comparison of ASME IAppendixXIll-3450 ke and PNAEG Kfor
austenitic stainless steels.
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4.4.5.R5: Assessment Procedsier the High Temperature
Response of Structures (UK)

The UK R5 assessment proced(it@6] comprise five volumes for assessing the
operating life of components operating in the high temperature creep regime, and have
commonly ber applied to the integrity assessment of components of the Advanced
GasCooled Reactor (AGR). Volumes 2 and 3 relate to the assessment ofatigep
crack initiation in defeefree structures, which are considered as a single volume
(6V2/ 306 f)oV23 conthirsraenamber of novel procedures, including a
generalised methodology for cyclic strestgin hysteresis loop construction for
complex norAsothermal cycles with intermittent creep dwell periods; this
methodology is summarised in R5 V2/3 Agpplix A7 Enhancement of Strain Range
due to Plasticity and Cregpi27].

The R5 strain enhancement methodology is based on a uniaxial Neuber correction and
accounts foboth plasticity andreep relaxation by integration of forward creep. The
procedure assumes a von Mises yield daterCreep is insignificant for LWR plants

as their maximum operating temperature is generally restricted to around 325°C. The
clauses of A7.Enhancement @train Range where Creep is Negligiale therefore
applicable, and the elastically calculated ati n r a nisg enhanceg Cby

superposition of two additionmnal terms to
y- y- ¥ ¥ (103

wherpgi splt he enhancemen tyistha enhahcemeptidue sethi c i t y

transition towards constant vol umegisdef or

estimated for the maximum extensin of t

o blmay by constructing the Neuber hyperbola, showrFigure 34, which passes
through this point:

y,¥- ¥y, V- (104)
The intersection fothe Neuber hyperbola with the modifi€dO expression of Eq.
(105 identifieste  pl astic str@ain enhancement, U
.y, Y, 7
g o 2 (109
O 0
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whereO cOf¢p U, and A and RpanametersprowdectiryR51 i ¢
V2/3 Section 5.

In R5, the definition of equivalent von Mises straiss@mes a plastic value of
Poissondés ratio of 3 = 0.5, irrespective
plastic. Therefore, under elastic conditions, the R5 definition of equivalent strain
predicts a smaller strain range than that calculatadmss ng an el asti c Po
of 3 = 0.3. Considering the ictheelastcaoedn a un
Mi ses equi val ent sif whaereastheipksticsexpnepsiory usesl inu a |
R5 is equal i Thus, tHe Rb6 &xpssipn/ i jotUecorrect under elastic
conditions. This is addressed by substitutio®aif place of E in th&k-O form of Eq

(105). The factor of 3/2(1+3) is simply the
definitions of von Mises elastic and plastic equivalent strains respectively, and its
purpose is to correct the elasReO term to be consistent with the R5 definition of

equivalent strain.

The enh anaceonmgstiot theqntrease in the effecive i s sonddue r at i o
to plastic deformation and is estimatadR5 by Eq(106):

Y- 0 PpPYR (106
where
p 0" p O
10
e o (107
and
(@) (@)
N Z \_ T[EB) — 10
LT 0 P 5 (108

In the R5 methodologythe equivalent strain range is calculated based on the von
Mises combination of the strain compnt ranges between the extrepeakvalley

pointsof the cycle.
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Figure 34. R5V2/3 Generalised Neuberéthodology for strain enhancement in
absence of creep.

4.5. Alternative Methods Proposed Byindustry
451.Ranganat hds Met hod

In 2016, Sam Ranganath of the Electric Bo®Research Institute (EPRI) proposed a

new K. factor methodology for application to ASME Ill N&®00 and NB3600
assessments of vessel and piping compone:t
taken in WRGE361, albeit with some important practical difccations, which were

outlined in a recent paper presented at the ASME 2017 Pressure Vessels and Piping
Conferencd128]. Ragnanat hfastor,pdenotedoksime this work, was

originally derived based on the weightaderage K expression presented in WRC

361:

(109

The thermal bending stressy« arising from a linear throughall temperature

gradient, is determined by decomposing S
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Yy Y Y (110
To retain a degree of conservatism, it may then be assumed that any remaining

contribution to $, including the thermal membrane stress ranges % classified as

arising from mechanical loading, ahdnce:

Y Yo Y (111
Thus,
Vi YUY

‘ ‘ ) 11
0 O =~ O ~ (112

The ratio of & to S, is defined by a parametdr;

Y (113
Therefore,
P Y p Y— Y—“ (114
Y Y
For fully plastic material behawhasar , t

maximumvalue of 1.4 based on the assumption of an-b@xial state of stress. By
settingKn conservatively tahis maximum value, the following expressions were
derived for KR

0  p8UQETN  JY (115
oy v v
0 pPEo— U ———"QEFY Y 0aY (116
Y Y
6 Y
O p&p Y 0YQEFY Y oY (117

To eliminae the step change that results fe=3Sy, the authors of128] proposed
the following modification:

0 GQd P& p Y OY QFY Y oa'Y (118
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The maximum value of & is achieved for $= 3mSy (i.e. 5.1% for austenitic
stainless steels). Thppendix XllI-3450 Ke factor also reehes its mximum value
of 1/n for S, = 3mSn. Substituting for K= 1/, the following expression is obtained

for the maximum K&:

0 oF: 1 E P& Y QY 0"y (119
€

For 3%, < S < 3mSy, the value oKR depends on the magnitude ofs$SAs ASME
[l Appendix XII1-3450 (a) requires thak$ remains strictly less than 3$Eq. (64)),
a spectrum of K& may apply between the two limiting conditions @fS= 0 (.e. S
is purely thermal bending) and-$= 3Sn.

In theiroriginal proposed K formulation Ranganath and Palih28], [129]explicitly
rejected the inclusion of a notch factorRKThis was justified based on the results of
elastieplastic FE analysis performed for a series of component geometries including
notches ranging from K= 1.6 to 3.0 The K factor alone was sufficiently
conservative to bound the elaspilastic FE results for these cases. However, based on
a parametric study presented by Reinh§td@0], it was noted that the factor has

the potential to be neoonservative for notch effects combined with significant
thermal bending. The proposedfnethodology was presented to the ASMEode
Working Groups on Design Methodology (WGDM) and Fatigue Strength (WGFS) as
a draft Code Case (Record-2275), and the question of whether to includg Was
discussed extensively. Generally, the WGDM and WGFS members felt that excluding
the notchfactor would result in too much reduction in conservatism and therefore
Record 17-225 was revised to explicitly include K [131]. Additionally, in a
subsequernevisionto the approagha modified R parameter,”Rwas introduced to be
appliedin place of Rfor S, exceedingBmSny. Thefinal form of Ke® proposed within
Record 17225[132] for application toNB-3200 vessels is shown by E¢20).

LpBIQW oY

TED Y pdp YO I Q& Y o4’y
I'p

IUJPI' EIVY p8p YO hng'iY o4 Y

(120
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whereY ——and0 0  as proposed in WRG61[110].

Figure35showsRangan at h 6 g fagaorvs. [5(5s fer daryihg values oR

(or Svw/Sy) for austenitic stainless steels. Alsown, when Sis composed of pure

thermal bendingi.e. R = 0) the maximum penalty factor of&K= K = 1.4 is applied

to account for Poissonds r ativadesactofdeg t s o n
to the relative contribution of mechani@ald thermal membrane stresses toaBd

eventually becomes equal to the Appendix 8450 K. factor. As the relative
contribution of Q.4 increases (i.eR: 0Y 1), Kt increases more sharply and intersects
K&X-34%0 at a lower threshold value 08+/Sm. In the situation where,3s composed

entirely of mechanical and/or thermal membrane stresses (i.e. R F*I)etomes

equivalent ta< <M -34°C

3.5
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Figure35. Ran g an at hitastorforaostenite stainless steels dsiaction

of SYSnandR (S-/S).

Whilst Record 17225 provides no explicit guidance on the application gf, khe
presentation by Ranganath and Palm at the NRC Public Meeting on Fatigue Research
in June 2016 included some early discussion on situatibese KR is to be applied.
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In the proposal included in the presentation (g29]), Kn® was assumed to be
constant and equal to unity for 8 3Sy; in other words, no additional notch strain
concentratiodiactor is to be applied over and aboveiiKsuch cases. Whera8 3 S
KnRis assumed to vary linearly from 1.0 at=S3Snto KiRat SO SwmThis may be
expressed formaically by Eq (121).

3 QeYy Y o4’y (121

po QW 04"y
It is not known whether this proposed approach is still favoured or whether an outright
correction based on tHell value of KR is to beappliedfor any $ O 3 &8 local
discontinuities ultimately, this may be a matter of engineering judgement on the part

of the analyst.

As of May 2020, Reord 17225 has received approval from th8 ME BNCSand is
expectedo be published as an ASME Section Il Code Casthe near future.

4.5.2.Rolls-Royce:Unified CorrectionFactor, I

Emslie et al of Rolld&Royce presented a comparison of Codda€torswith results
obtained from elastiplastic finite element analysis for differe component
geometrie$133]: the stepped pipe dedeeidby Jones et 4lL34], a PWR valve, and a
PWR nozzle thermal sleevEnvironmental effects were not considered in the study.
The results showed that the ASME |1l XBU50 Kefactor produced the lowest number

of allowable cycles for thermal cycling, but also has the potential to produee non
conservative fatigue usage piebns for cases where tha® 3 Bmslie et al also
highlighted a number of practical issues that make application of CZ9Nlifficult.

In particular, separate FE models must be run in order to evald&té’Kvhich can

be rather time consuming and potentially increase theapiiitly of calculation errors.

Emsl i e et al proposed an &asedeon thedr elasice O un
plastic FE resultsThe concept of the unified approach is to account for the effects of

both surface and sectional plasticity usingregle expression. The ASME Il XHI
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3450 K factor expressions do not distinguish between surface and sectional plasticity,
and consequently there is a discontinuity between surface and sectional plasticity at
the S & 3r8gion. The proposed unified correction factar,if partially based on

the RCGM K" expression, and is dependent on the local thermal stress range, S
and the linearised stress range, Bhe authors also argued that the unified corractio
factor should apply in either case of sectional or surface plasticity. The unified
correction factor, {; multiplied to the alternating stress amplitude per @82, is
defined as the product of two sub factéisand k, expressetty Eqs.(123) and(124),

which are intended t@address surface and $eoal plasticity, respectivelyThe

variation of it and F as a function of & and S is shown inFigure36.

Y YO YO Y O7Y (122
where
“YF, 8
" —_ 12
0O mdu P} — (123
p Y OoY
"0 vy 8 12
—_— Y oY (124
oY

Emslie et al proposed that the local thermal stregs, $hould be calculated by
linearising the throughwall temperature distribution along the SCL. The linearised
temperature, ikear, Can then be subtracted from the surface temperauaretorobtain
the nonlinear portion of the temperature distributior,, This is a purely mathematical
concept with | possessing the opposite sign to that gfTand Tinear The local

thermal stress is then determined analytically from the following expression:

0| "Y y
p U
Emslie et al argue that this simplified calculation allows the local thermal stresses to

(129

be assessed without having to run a separate thermal stress analysis, atiting to
practicality of the EFfactor procedure. However, a separate thermal stress analysis is
still required to satisfy the requirement of Appendix X3#50 (a), and so the cost
savings associated with this procedure arg¢hmight to baltogether thatignificant.

As theempirical formulae underpinning the factor were derived based dmermal
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loading applied to plane aotched specimengjrther work may be required emsure

that the factor approach is fit for application to a wider range of ga#oes and load

cases.
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Figure 36. RollsRoyceproposed k and F, correction factors as a functioaf (S,
$)/Sn
4.6. Simplified Elastic-Plastic Analysis in NonNuclear
Design Codes

Rules for application of simplified elastidasic analysis are contained in several hon
nuclear design codes. In particular, ASME Section VIII, DivisiofL25] and the
European ENL3445 Codd136] contain rules for simplified elastigastic analysis

that, whilst originally based on ASME Section lll, have undergone significant
development since their inception. An overview of the simplified elpéiistic
methodologies of botASME VIII, Division 2 and EN13445Annex 18is provided

in this sectionWhere appropriate, the nomenclature used in these codes has been

adapted to be consistent with the terminology adopted in this thesis.

4.6.1.ASME Section VIII, Division 2: Alternative Rebk
4.6.1.1.Section 5, Subsection 5.5.3

The ASME Section VIII, Div. Zlasticfatigue desigrby-analysis requirements are
outlined in Section 5, Subsection 5.5Fatigue AssessmentElastic Stress Analysis

and Equivalent Stressgb35]. A systematic overview of the assessmentedure is
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presented in Subarticle 5.5.3.2. In particular, Step 4 requires that the effective
alternating stress amplitude, used as input to theuatgrve for each counted cycle

be calculatd according to the following expression:

O W 3y 0 3Y;

(126)
G
where $ is determined accding to the von Mises criterion in ASME VIII, Div. 2.
o P& 9 - - < o
Y —= Y, 8 Y & Yo i Ys i Yoo i Yu
78 (127

() Y, R \2 R Y, R
Kt is a fatigue strength reduction factor introduced to account for any local detail such

as a notch or weld, not modelled explicitiiyat may act as a local stress raiser. If the

local detail has been included in the numerical model, theri K

The Subsection 5.5.@atigue penaltyactor,denotedke"" 2 in this work is evaluated
according td=q. (128 and is essentiallgquivalent to ASME Il Appendix XIH3450,
with the only difference being that & calculated based on von Mises theory in the

former, and Tresca theory in the latter.

_pBUOEN Y QW Y
: é y

, Tom 0= ) QWY &’y

o L EG Y (129
r p . «

Sresis the limiing value of S beyond which K must apply in ASME VIII, Div. 2. In

this thesis, &sis assumed equivalent to S

Ke is multiplied to the va Mises stress intensity range less the contribution of local
thermal stressespf Thus, where thermal loading is dominant, the influence.@irK

the resulting magnitude ot 8s greatly diminished.

The Poi ss ono sfactorm K, iisoevaluaied mcearding t rihe following

expression:
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F‘f K (129

where3i s t he effective Poissonds toASMEoO cal c
[l Appendix XI1-2500.

0

~
O A TR (130
Ky is applied onlyto Sy, and tends to mmaximum value of 1.4s3°Y 0. 5.

The provisionsof Subsection 5.5.3 are relatively straightforward to apply, and only
extends beyonthat of ASME llI, Appendix XIII -3450 in so far as allowintpcal
thermal stesseso be addressedeparately. Alternativelyit is also permittedthat
Ke''-2 caninsteadoe multiplied to $only, excluding any consideration of, Kwvhich

is a more conservative option.

4.6.1.2.Section 5, Annex&

Annex 5C: Alternative Plasticity Adjustent Factors and Effective Alternating Stress
for Elastic Fatigue Analysis[137] contains alternative procedures for the
determination oPCFsfor use in a Section 5 Fatigue Assessment. The procedure of
Annex 5C is more detailed than Subsection 5dn8 requiresalculation oboth S

and S The plasticityadjusted alternating stress per Annex 5C is determined

according to Eq(131)

Y 0 Y 0 Yy U 0 "Yj (139

Vallhe)

where K,°Cis the norlocal plastic strain redistribution factor, and is equivalent to the
K2 expressedpEQ.(128; K>“i s a Poi ssonds ratio corr
Eq.(132), and varies as a function of iSand S

_pBIQTW Y
l;l’ Y ]
0 l‘rT[a) Y: P8t QW Y we W Y Y (132
I;l’
rpH QLY Y we Wy Y'Y

KnpC is a notch plasticitpdjustment factodefined by Eq(133) to account for local

strain concentration due thermal plastic notch effects:
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where
M o 8t C)“Y v 8t 13
0
0 — (139
0

If the effect of local stress raising featuhes beewaptured sufficiently within the FE

model, thera Knp°C equal to unity is applicable.

Whilst expressed in a somewhat different manner, the Amt@rgthodology is very
similar to CC N779 and both approaches are readily comparable. Two key
differences are however noteworthy. First, as with Section 5.5.3, Anfeis based

on the von Mises theory whilst CGR9 is based on Tresca theory. The second and
more important difference relates the formulation of the PFos sonbés rati o c
factor.K,N""°tends asymptotically to a maximum of Jwhich is consistent with the
Tresca and von Misesnalyticalsolutions outlined ir4.3.1.1assuming aonsistent
def i ni’t iOothe othér hamd, K tends asymptotically to a maximum of 1.6,
which appears to be more aligned with the solution foptposed by Moulin and
Roche (Eq(83)) [112]. Therefore, Annex & is expected to be more conservative
than CCN-779. From a practical perspectivennex 5C shares the same limitations
as CC N779 and is difficult to apply reliably without programming methods.

4.6.2.EN-13445Annex 18

The European standard EI8445A Unf i r ed Pr e PatBrineludegas sel s
detailedfatigue assessment procedure (denotedriB&aech in Annex 18/138].

The F-Checkof EN-13445 differs from the nuclear codified rules considered, since it
contains two separate approaches for welded aivdeloled assessment locations. The
approach for weldments differs considerably from ASME Section lll, as it is based on
the struatiral hot spot stress approdd39]. Despite this fundamental difference, the

PCFs prescribed for welded and wrelded locations are equivalent. Annés
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provides expressions for two correction tast denotedKEN and KEN in this work.
The application of these corrections is dependamthether the fatigue cycle consists
of mechanical, thermalpr combined thermahechanical loadsThe KN factor

applies to the stress range attributed to mechhivads, §"" and is expressed by
Eq.(136):
y”

C» R b

O p 6 p “Qé "lY C» A8 b (136)

wherely,0.20is the 0.2% proof stress, and i& amaterialspecific parameter which
varies as a funct i ony Forfaustenitt stamleds steels,#nsi | e
0.4 is applicable.
MQEPnmd @, pITOWD ®
8 Q¢ | VTIL @

" OTIMTL ., .« % . o v
——— Q¢ TIL © , Yoo
OTTT

(137)

K.ENis the correction applied to the stress range attributed to thermal |g&¥saisd
expressed by E¢138):

QEVY ¢, hs b
(138

Sart is determinedrom linearsuperposition of thenechanical and thermal component
stress ranges, accounting for the effects of plasticityaagtbcal stressa@ncentration

atthe assessment location:

v go o Y 0 Y & ig o Y 0 Y (139

Overall, the methodology of EN3445 Annex 18 is quite similar to RE@ B-3234.6
as it relies on partitioning ofpSand S into mechanical and thermal contributions.
However, one important difference is that the therptastic correction factor, §&N,
applies only when Sexceeds the astic range of 2Ro.2 unlike the RCEV KM,

which applies even under elastic conditions.
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4.6.3.AD 2000-Merkblatt

The AD 2000Mer kbl "tter are prepared by seven
ARAr bei t sgemei ns c(AR.fThe AD 2000Mé&rkblathcdntainsesaféty
requirements applicable to the design and construction of conventional power plant
pressure vesels entering service in Germany. The structure of AD 206fkblatt is

similar to that of ENL3445 since the latter is partially based on the former.

Organi sed wit hiAD 2008Meskidatt £5P1T AGatysisefar ACyclic
Loading[140] prescribes rules for detailed fatigue assessment applicable to pressure
retaining componds fabricated from ferritic and austenitic alloys. Sectioni 6
Principal Equivalent Stress Range for Eladfilastic Conditiongrovides twoPCFs

denoted KMB and KM in this thesiswhich are applicable whe®, exceedshe elastic

range of20y,0.200 AD 2000-Merkblatt permits the usef either Tresca or von Mises
theoryfor determination of $ Section 6.1 describes the case of purely mechlanica
loading, and requires thag Be multipliedby KB definedint h e r a Sffg2nl . 0 O
O 1.5 18y Egq.

™ JY

0 0 0 — P p (140
n hh b
andin the rangeSy/ Uy,0.20> 1.5 byEq. (141).
, . . JT@®JY
0 0O 0 O0—— (141
n hg8 b

The values of A A2, and A aredependent o, and are summarised in Table 3.
Section 6.2 describes the casepafely thermal loadactingit hr ough t he ma
t hi c kwheresgisonstead multiplieby K\MB, which is expressed by E(L.42).

T'X

T8 (142
T[EB) T[EB) O‘Y 7,, hg b

The KMB factor is actually equivalent to KN, butvariesas a function of Srather
than S. In the case of local discontinuitiesM® is to be applied in place of KB
even under purely thermal loading, and is to be used when assessing thermal loads that

differ from the above description.
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Section 6.3 describes the case of combthermalmechanicaloading,whereinS; is
multiplied by KMB without separating the thermal and mechanical streskes, AD
2000Merkblatt S2 adopts a more conservative approach thab3dM5 Annex 18 for
combined loadingThe variation of KB and KMB as a function of $iy,0.20is shown
by Figure37. It is noted that AD 200Merkblatt S2methodologydoes not require
stress linearisatiorsince the above expressions demand oplyT8is is viewed as

significart practical advantage compared to-EB445 Annex 18.

Table5. Values of material parameters;,Ae, and Ain AD 2006Merkblatt S2

Material Type = = =
Ferritic,, Qmmp nmMW © 0.518 0.718 0.432
Ferritic, ,, v TtV ¢and Austenitic SS 0.443 0.823 0.327
2.6

= Ke, Ou = 8001000 MPa
Ke, Gu <= 500MPa
Kv

N
i

N
(N

N

=
o

=
N

Plasticity Correction Factors, (X8, K MB)
- -
[N oo

[EnY

o

05 1 15 2 25 3 3.5 4
S

Figure 37. Variation of AD2000-Merkblatt KM and KM factors as a function ofaS
1Cy,0.20%
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4.7.Discussion

Following its inception in the 1971 Edition of ASME III, tAe@pendix XI11-3450 Ke

factor has remained unchanged. Shortly thereafter, other nuclear C&S such as the
French (RCEM) and Japanese (JSME) codes also introduced simplified gbdessitc
analysis rules that originally preserved the major features of AAIMppendix XIII-

3450. However, it is clear that today there now exist considerable differences in the
methodology and technical basis underpinning the varioufaéfors adopted for
austenitic stainless steels in both nuclear andmmtear C&S, which hae largely

di verged from Langer s original i nterpr et

These alternative implementatiofa! into three general categories. Omyalves
separating and categdrig stresses, and apply a lower penalty to those attributed to
thermal loading, wiih are largely straigontrolled and whose potential for strain
concentration is limited. This is the approach proposed by W&ICand is adopted

by, amongst others, Code Cas@ B and RC&M B-3234.6. The second approach is

to reduce excess conservatignthe K factor for all types of loading but ensuring that

the correction is still sufficient to bound the strain predicted by elp&sgtic analysis

of realistic component geometries subjected to plant representative transients. This is
the approach agived byJSME PVB3315.1 and N&CC-005. Thethird option is to
perform a correction of the local strains based on thekmeNvn Neuber and Glinka
relations. The Neuber and Glinka approximation schemes are based respectively on
the assumption of equivalecwmplimentary or total strain energy density between the
elastic and elastiplastic solutions, which may only be valid in certain situations. This

is the approach adopted by R5 V2/3 and PNAEG. To distinguish the different
characteristics of the variousdmKe factors based on elastic DBA, each are classified

in Table6 according to their basic requirements.

The accuracy or otherwise of eachrdethodology can only be meaningfully judged
by compar i ng valudd altérrating strairc predictedl by elastic DBA to
the actual alternating strain (or psetmlastic stress amplitude) determined from
elastieplastic FEA for different structures and loading conditidrtss is the subject
of Chapter7 of this thesisHowever, existingCode provisions for performing plastic

fatigue analysis are outlined in Appendix X83200 but are currently very limited. The
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Section Il Standards Committee (SC) is currently working towded®loping a set
of standardised procedures for performing plastic analysis, propoSasa0153
Guidelines for Plastic Analysis in X{820Q However, this activity is ongoing and it
is likely to be several years before official Code rules fortiglamalysis are available.
Therefore, to establish a standard procedure for determinationbyf éastieplastic
analysis in the following work, it is necessary to review and numerically evaheate
existing proposalswithin the technical literature taetermine the most suitable

framework This isdiscussed in the next section.

Table6. Summary of code plasticity correction factors)(ased on elastic DBA

V = RequiredJ = Not Required

Poi ss
: Notch Stress Stress
Methodology ratio : . V> ) Reference(s)
. correction | linearisation | separation
correction
ASME IlI XIlI-
3450 U U \% U [1]
ASME Code
Case N.779 \% \% \% \% [113], [114]
Rangana * [128], [131],
Method v v v v [132]
RCC-M Vv U Y Vv [110], [116]
JSME U U \% U [122], [141]
JSME Code
Case NC-CC- U U U U [123], [142]
05
PNAEG-G7-
002-86 U \% U U [124]
R5 Volume 2/3 Vv Vv U U [126]
ASME VIII-2,
Section 5 U U v U [135]
ASME VIII-2,
Annex 56 \% \% \% \% [137]
EN-13445,
Annex 18 \% U \% \% [138], [136]
AD 2000-
Merkblatt S2 v v v v [140]
Rolls-Royce \% U \% \) [133]
'Ranganatho6s proposal has been rdvised
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5. Determination of Ke by Plastic DBA

In performing a fatigue assessment by elastic DBA, it is widely acknowledged that the
simplified calculation for the strain concentration factor can be very conservative,
especially in the case of local plasticity. Therefarealternative method is to calculate
Kedirectly by performing detailed elasftastic analysis. This approach compares the
strain range calculated from elastic DBA with the total (elastic plus plastic) strain
range predicted by elastpiastic analysiso determine the actual value of K this

way, an upper limit on the effect of global plasticity can be established for a particular
structure or set of loading conditions based on the results of gl&stiec analysis. In
particular, ASME Code Case-R/9, Part §113] states that:

fiAn overall elastigplastic strain concentration factor, K can be determined by
elastieplastic analysis of the component and the load case under consideratisn. K
defined as the ratio of the numerigathaximum principal total strain range from the
plastic analysis to that from the elastic analysis. The resultingat be applied to
other load cases with an elastically predicted strain range less than or equal to the
elastic stress range of the loadse used to derive.K

This approachis advantageous, sinégemay only be necessary to perform a few
analyses to determine some uppeund k factor that could then be used in further
calculations; the potential benefits of performing elaglistic amlysis are therefore

more farreaching in this context.

As an alternative to the procedure of ASME Ill Appendix 3820, ASME Il
Appendix XIlI-3440 (b) permits the use of plastic fatigue analysis using the cyclic
SSCof the material. Cyclic shakedownaysis may then be performed to determine
the actual value of alternating strain. The value@f@& input to the fatigue curve in

a plastic analysis is calculated according to(E43):

Y 5:5/- 20 (143

wh e r gris thd)characteristic multiaxial strainrangeapd 5 t he ref erence
modulus of the applicabl@FC. Therefore, the actual value of #erived from detailed

elasticplastic analysis may be expressedbd4):
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V-

where K™ denotes th@CFsderived fromelastip | asti ¢ anad#Psdi s, wt
o b€ denote the characteristic multiaxial equivalent strain range calculated by elastic

and elastigplastic analysis, respectively.

ASME Section Il prescribes neither cyclESCs nor any guidance on the selection

of an appropriate cyclic plasticity adel for performing elastiplastic FEA. As
implied by Eq(144), another very important factor is the choice of characteristic strain
measureTo enable the reliable calculation of R within this work, a framewd
adopted for performing elastmlastic fatigue calculations is outlined within this
section. Firsttheappropriate cyclic stresstrain relatioris derived based on test data.
This is used to calibrate a cyclic plasticity model for implementation nvidiaqus.

A number of strain measures proposed within the technical literature are introduced
and briefly discussed. The performance of each strain measure is evaluated for a
benchmark case study on a PWR auxiliary piping noBdsed on théndings of his

study, the optimal strain measure jisstified and adopted for a more extensive FE

analysisprogrammedf plant representative components.

5.1.Cyclic StressStrain Data

Research laboratories and government institutions have published many of their
experimeral testing results including fatigue strain vs. life data for austenitic stainless
steels. These sources of data, which includes government funded research reports,
conference proceedings, journal papers, books, and PhD theses, have been reviewed.
Theavalable data in air was compiled, which included around 920 and 800 data points
at room temperature and elevated temperature, respectively. This data was used to
establish tensile strength dependent stiiéércurves with confidence limits presented

in Figure 4 to describe austenitic stainless steel fatigue behaviour at temperatures not
exceeding 430°C. This same dataset was also examined with the aim of establishing

suitable cyclicSSCsfor plastic fatigue analysis.

To establish a cyclic stress$rain reléionship from test data, it is necessary to isolate
the elastic and plastic portions of the strain amplitude applied in the test. This usually

requires that the elastic and plastic portions of the strain amplitude be reported
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separately. Alternatively, ithe stress amplitude is reported at the-hidf then it is

al so possible to estimate the el astic and
fundamental issue is that a large portion of the available test data only reports the
applied strain amfilude and the number of cycles to achieve specimen failure, which

is normally defined by a 25% reduction in the peak load. For these tests, it is not
possible to isolate the elastic and plastic strains as they do not provide the necessary
information. Thissignificantly narrowedhe scope of applicable data.

5.1.1.NUREG/CR5704 (Argonne National Laboratory)
Nuclear Regulatory Commission Contractor Report 5704 (NURE&GTR) [24]

summarises an experimental testing campaign conducted by the Argonne National
Laboratory (ANL) on fatigue of ausidic stainless steels irLWR coolant
environments To supplement the tests conducted in LWR coolant medium, a large
number of tests were also conducted in air at room temperature, 288°C, and 350°C.
These tests were conducted on types 304, 316, and 316iN&llas two heats of CF

8M castings. Each material received a short solution annealing treatment followed by
subsequent water quenching. Fully reversed strain amplitudes up to 1.5% were
considered. A symmetric tensi®mpressive strain rate of 0.4% wesmmonly
employed for the tests conducted in air, though a small number of tests considered a

lower tensile rate of 0.004%.

NUREG/CR5704 also reports best cyclic SSCsfor Types 304, 316, and 316NG

SSs in air at room temperatuaed 288°430°C. These dstfit SSCsare expressed by

aROf it which assumes a Youngd6s modul us
temperature and elevated temperatures, respectively. The $gdigor Type 304 at

room temperature and 28B0°C are expressed by E(¢B45 and(146), respectively.

8
- - - YUY (149
pWLUTMMNTP IY

8

' p;écpnnm’(’lfﬂm cwwras (149

The NUREG/CR5704 Type 304 cycliSSCsare tentatively selected for this work.

Thar suitability is first briefly evaluated against additional fully reversed strain
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controlled data available from the technical literattAt room temperature, the data
published bySmith et al[13], Medhurst[20], NRIM Datasheet No. 6528], Keller
[38], Bernstein and Loeby40], and Sandhyaet al [42] were considered. In the
temperature range of 2880°C, the available data is limited that published by
Conway et a[37] and Weeks et 4B9] for 430°C.

In accordance with Hales et[d43], the confidence limits associatedth the cyclic

R-O parameters, Kand 11, were obtained by nelnear regression analysis of the
plastic term in Eqg145 and(146) for both the room temperature (RT) agldvated
temperature (28830°C) data sets, respectively. As the NUREGAIR4 cyclic
SSCswere derived for Type 304 material in the annealed condition, only tests
conducted on annealed material were considered in the regression. Concerning tests
conductedat room temperature, the data from Smith €tl8] was found to differ
considerably from the other sources, the reason for which could not be ascertained;
additionaly, the data published in NRIM Datasheet No[B8] considered Type 304
maerial in the hotolled condition. Neither of these sources were considered in the
regression. In cases where the plastic strain was not directly reported, it was estimated
by dividing the stress amplitude at the Hé# by the elastic modulus determth&om

a tensile test, or, where available, from the first ¥ cycle of the cyclic test.

As discussed by Hales et[d43], the 95% confidence limits in both®l&nd ¥ can

show such divergence that both confidernntervals can intersect either side of the
mean curve. In reality,°riends to show far less variability compared tonKich is
related to the cyclic yield strength of the material. Therefore, the 95% confidence
intervals were determined based ohallone, whilst retaining the NUREG/CR/04

best estimate of°nFigure38 andFigure39 show the NUREG/CR704cyclic SSCs

and the upper and lower 95% confidence limits ofRR® relationship obtained for

the room temperature and 2880°C data, respectively. As shown, the Type 304 best
fit cyclic SSCoroposed in NUREG/CH704 represents closely the cyclic behaviour
reported in other technical publications.
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5.1.2.Mean vs. Lower Bouh

Thechoice of whether to adopt 5% lower bound or mean cyclic sttess properties

for elastieplastic FE analysisansignificantly affect the results. In ASME Section Il,

Part D, the thermal and mechanical properties provided in the lookup tables ar
nominally mean. In fact, the majority of the input properties to an ASME Il fatigue
assessment are nominally mean, with the exception of loadings, which have
traditionally adopted very pessimistic transient temperature variations and
conservativeHTCs This is consistent with Chapter 6, Page 25 ofABME Section

[l Companion Guidg4144] discussed i13.2.1, whichimpliesthat the main sources of
intended conservatism should be focused on the severity of the design transients and
theirexpected frequency of occurrendeis thereforgeasonable to adopt mean cyclic
stressstrain properties, as this appears to be more consistent with the overall design
philosophy of the Code. It is also judged that the use of kmvend properties wodl
introduce excessive conservativism into thes&lues obtained from FEA. It is at least
more useful to assess the conservatism of the current Gddet&rs compared with

the mean elastiplastic response of the material, as this gives a more accurate

indication of inherent design margin.

5.1.3.Comparison with Other Design Codes
Unlike ASME |IlI, otherC&S including RCCGMRx and ASME VIII Division 2 do

provide cyclic SSCsfor application to plastic fatigue analysis. A comparison of the
bestfit cyclic SSCswith the cyclic SSCsprovided in these design codes is briefly

examined here.

In ASME VIII-2, thecyclic SSCdor Type 304SSare presented in Annex 3D, Table
3.D.2 in the form of cyclicR-O parameters corresponding to different metal
temperatures. For intermeate temperatures, interpolation between tabular values is
permitted. Table 3D also provides a room temperatyckc SSCfor Type 304SSin

the annealed condition. Little background on the technical basis for the prescribed
cyclic SSCgs provided in ASME VIII-2, Annex 3D itself; however, the ASME WII

2 Criteria and Commentary Report (ASME RTE014) [145] provides some
additional, albeit still quite limited information. Addressing the AnBBXCSS curves,
ASME PTB1-2014 states that:
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i Cy c | i -strais data i difficult to obtain for the majority of materials in V2|
especially as a function of temperaturedé
(Ref. 13 iM145]) developed a Uniform Material Law for estimating the cyclic stress

strain and strairlife properties for plain carbon and low to medium alloy steels, and

for aluminium and titani umisthérecomnserdedh t he
method for estimating cyclic stresgain and strairlife properties when actual data

for a specific material is not provided in the form of a correlation or actual data

p oi MBEMEGPTB1-2014, Cyclic StresStrain Curve, pp. 230.

Concerning Type 304 SS, it is not clear whether the proposed ASME? \¢ijitlic
SSCshave been established from test data, or estimated by correlation. Regardless,
Baumel & Seeger 6s (1A6] is aat partiddlarly ecliablefor L a w
estimating thecyclic stressstrainandfatigue properties of austenitic stainless steels,

and other estimation techniques suchtes Modified Method of Universal Slopes
(MMUS) proposed by Muralidharan and Mansf7] have been shown to be

superior for these alloy448].

In the French RC@1Rx Code[149], both room temperature and high temperature
cyclic SSCsare provided for austenitic stainlesteel Types 304L, 316L, and 316NG
in R-O form. The RCEMRx Code was not available to the author, however the cyclic
curves from the 2007 Edition of RCG@R 1 the predecessor to RAGRx i are
provided in Appendix A of the Structural Design Criteria for ITHRVessel
Components (SDAC) [150]. The elevated temperature cy@H8Cis applicable in the
temperature range of 3@5b0°C. Linear interpolation is permitted for intermediate

values of temperature between RT and 300°C.

Figure 40 and Figure 41 shows the comparison between the room temperature and
288-430°C NUREG/CR5704 Type 304yclic SSCawith those adopted by the ASME

VIII -2 and RCEMR design codes for strain amplitudes up to 1.5%. Gylodic SSC
predicted bythe MMUS based on Type 304 tetesproperties presented [b51] was

also comparedihe ASME VIII-2 cyclic SSCdor Type 304 differs considerably in its
shape from the othewclic SSCsexhibiting a much steeper initial slope and becoming
increasingly shallower at higher strain amplitudes; the curves show a much higher

degree of saturatehardening, and therefore are much less pessimistic than the other
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cyclic SSCsHowever, the ASME VIH2 room temperatureyclic SSCfor annealed

Type 304 is much similar in shape to the NUREG/&M®4 cyclic SSC showing
initially greater hardening before two curves cross at approximately 1% strain
amplitude. This is reasonable since the NUREGBIZRB4 bestfit relation was
establishedrom tests conducted on specimens obtained in the annealed condition. The
RCGMR cyclic SSCsare also of similar shago the NUREG/CR5704cyclic SSCs

but shows greater saturated hardening at elevated temperature. The MMUS was found
to predictcyclic SSCsof very similar shape to those adopted by ASME 2llaltkeit
slightly more pessimistidt is concluded that a laakf agreement exists between the
NUREG/CR5704 Type 304yclic SSCsand those adopted within ASME V48 and
RCGMR. It is difficult to establish the reason for this without further detail on the
underlying data used to establish the cyBli© parametersnovided in these codes.

It is also hypothesised that the MMUSand indeed the estimation scheme used to
generate the ASME VHE cyclic SSCY may be biased towards higiioy steels that

have received prior mechanical treatment; this might partiallyaexphe reduced
hardening rate observed for the38Cscompared to the NUREG/CR704 best fits.
Regardless, based on the foregoing observations, it appears that theyatie 85Cs
adoptedin thesedesign codes may be inappropriate, as they would resaltless
conservative value of & without reasonable justification. This furttjastifiesthe
adoption of the NUREG/CB704 Type 304&yclic SSCsfor evaluation of K4 in

this work.
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Figure 40. Comparison of NUREG/CGR704 Type 304 room temperature best fit
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5.2.FEA Implementation

5.2.1.Establishing the Stred3lastic Strain Relation
TheR-O form of thecyclic SSCdescribed by Eq9) is not typically compatible with

commercial finite element software. Most software packages, including Abaqus used
throughout this work, require explicit separation of thaseét and elastiplastic
behaviour. The onset of plasticity issde r i bed by a c¢Y%spdcified yi el
by the analyst. However, as E) does not def [ ths mast bge al ue
determined by theralyst. There are a number of methods proposed within the
tehni cal | it er a%whichecantthen be esedaa derivenaesuitable stress

vs. plastic strain curve for input Kk software The method used in this work is based

on theplastic stran offsetapproach.

In this approach, an offset of plastic strain amplitude is assumed and is used to position
the elastic line. The intersection of this elastic line with the cg3€is then used to

d e f iy°ATkis idlllustratedby Figure42,  w h&ig denotéd by the two open circles.

For the righthand circle, the plastic strain amplitude deteediby theplasticterm of

Eq.(9) is equal to the offset value selectyathe analyst. The offset strain is calculated
by Eq.(147).

L (147)
0

Conversely ¢ nay be determined for an arbitrary offset of plastiain peiEqg. (11).
The actuakyclic SSCused in the FE software resembles the two red Im&sgure
42. The first line is the elastic line as is defined by @4.8),

- L0¢ 14
!O 8 1l ” ( 8)

whilst the second line denotes the plastic portion of the afyedt SSCand is defined
by Eq. (149).

T z - Q¢ | (149
O v £
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For definitionof a plasticity material model, Abaqus requires the relationship between

the stress amplitude and plastic strain amplitude, which is defineéd.l§150).
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Figure 42. Offset cyclic SS@quired for FEA.

It has become common practice tiopt an offset value of 0.2% plastic strain in the
above relations, since it can be reliably detected by testing apparatus. However, a
di fferent approach is taken in thids work
to estfabtl heh élinstead spekcified directly. The ratioaébr this is

based on the Code design philosophy for simplified elgdtistic analysis. In
accordance with Appendix XH3450, a k factor is not applicable so long as the S
remains within the elastic rangkefined by3S». As far as Appendix XIH3450 is
concerned, peak strain concentration (i.e. localised plasticity) is assumed not to occur
for S O & Bssentially, 3% defines the onset of plasticity according to a strict
interpretation of the Code rules. Therefore, if one is to establish a basis for comparison
of the current Code &actors with more realistic &factors established using elasti
plastic FEA, it is important that the onset of plastic behaviour is defined to be

consistent withhe Code rulesThus, whilst 3& denotes the range of elastic behaviour,
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1.5S, therefore denotes the limiting value of stress amplitude beyond which plastic
behaviours presumed to occuln other words, 1.5%is recognised as equivalent to
0y¢ and may be substituted into E¢§47)-(149).

It is recognised that in ASME IIl, the value of, $or austenitic stainless steels is
defred as a function of tyva¢therthantthe cyclioyietd yi el
s t r e ngwhich at fiist glance might be interpreted as excessively conservative.
However, on further inspection,nSa n dy foi Type 304 SS show a significant
divergene in behaviour with increasing temperatuténder room temperature
conditions, $a 2 /y.3nferestingly, % remains unchanged between room temperature

and 150°C However, beyond 150°C,n8 0 .y.Aflelevated temperatures, 1,58

found to be approximately033 5 % h i g h, and therdfoee th€adelimit of 35y,

does appear to acknowledge the large plastic reserve obsenastiemiticstainless

steels subjected to cyclic loading. It is ndbesdveverthat the value of 1.58calculated

b a s e dy isastill sighificantly lower than average values of cyclic yield strength
obtained from test data based on the 0.2% yefdf set cri teri on. Ja:
[70] reporta bestfit room temperature cyclic yieldrength value of 303 MPa for Type

304 SS based upon test data taken at theifeglivhich is around 38% higher than

1.55n. Nonetheless, 1.53vas adopted as the definition of cyclic yield stress since it
ensures consistency with ASME Il and is stillseaably representative of the cyclic

stressstrain behaviour despite being somewhat conservative.

The NUREG/CR5704 Type 304&yclic SSCsadopted inEgs. (145 and (146) are
applicable to room temperature angmperatures ranging fron288430°C,
respectively. One important issue concerneghodelling the transitionin cyclic
hardening behaviouretween room temperature and 288°C, for which cyclic data was
not available. As highgjhted in Sectiong.2.1and2.2.2 the lowcycle fatigue and
cyclic plasticity behaviour of austenitic stainless steels show only a modest variation
between room tempature and 430°GHowever, in absence ofliabletest datait was
deemedeasonabléo approximate an intermediate cyclic SSC for 150d@ditions

This was done by linear interpolation between the RT ané4388C cyclic SSCs.
The Cyclic RO parametersar this intermediate cyclic SSC were determined to be
E=185,784 MPa, K=3453.34, and %0.4451.
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Multiple stress amplitude vs. plastic strain amplitude cucasesponding to RT,
150°C, 288°C, and 430°Were determined iaccordance with Eq$147)-(150). The

value of(ly® = 1.5 S, associated to each curve was established to b&P@7or both

RT and 150°C, 176.16 MPa for 288°C, and 156.9 MPa for 430°C, based on the
tabulated data for Type 304 presented in ASME II, Part D, Table dAe
corresponding yieloffset values (&) were calculated b¥q. (147) to be 0.143%,
0.179%, 0.176%, and 0.135%, respectivalge stress amplitude vslagtic strain
amplitude curves are determined according to(IE§0), and are shown iRigure43.

These curves are then next used to identify the parameters for the Chaboche

constitutive model.
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Figure 43. NUREG/CR5704 Type 304&emperaturedependenstressplastic strain
curves.

5.2.2.Chaboche Plasticity Model Calibration

The rateindependent Chaboche model is presented as a hybrid model incorporating
both nonlinear kinematic hardening (NLKH) and ndinear isotropic hardening
behaviouf152], [153] Since this work considers only the saturated cyclic SSCs, only

the kinematic hardening component is considered here. Kinematic hardening is
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represented by superpasit of multiple independent backstress tensors, which each
behave according to the evolution equations originally proposed by Armstrong &
Frederick[154]:

I h 00 6Q 1] Qn (151

wh e rne is the total superimposed backstress tensor describing the shift of the yield
surface i n pbthe @astis strairpteement tensbk) andp is the plastic

equivalent strain increment according to von Mieory
QN g'Q X (152

C and o are respectively the Chaboche moc
descrile the evolution of the backstress tensor with accumulation of plastic strain. The

value of C corresponds to the initial plastic modulus (rate of change of hardening) and
the ratio of C/ 9 represents the strain h
plastic deformation. The ndimear hardening response is introduced by the second

term in Eq(151), which accounts for dynamic recovéty5]. To enable a close match

to the cyclic SSCs up to 1.5% strain amplitude, at least 3 independent backstress
tensors are usually requir€tb6]. In this work, four backstress terms are considered.

The Ch&oche model is matched to the cyclic SSCs by relatingablkstressesf the

Chaboche an&-O models:

. ro—o a@r - (153)

where the righhand term of Eq(153) is obtained by integrating E(L51). The values
of G a n dareosacquired by fitting Eq153) to the plastic powelaw component of
the cyclicR-O model:

.0 - (154

This procedure as performed in Python using teeipyimplementation of the nen
linear optimisation algorithm developed by Levenberg and Marqyiasdi, [158]
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and herein referred to as the Levenbil@rquardt (LM) algorithm. Initial guesses to

Cia n dwere chosen such that¥C,>Cs>Csa n d> 50 33 2 The LM algorithm
seeks to minimise the abkdl autve andlthé f er en
backstress curve implied by tReO plasticity model, subject to an arbitrary number

of equality anddr inequality constraints. In this case, no inequality constraints were
specified, with € a n d remaining independently unconstrained. However, one
equal ity constraint wa s®®wasednstraired to veimanr e i n
equal to 1.59. This ersures the Chaboche NLKH representation also remains
consistent with onset of plastic behaviour defined in ASME Ill. Applying the above
approach, an accurate fit of Eq453) and (154 was achieved. The Chaboche
hardening and relaxation parameters are summaristabie 7 for the NUREG/CR

5704 Type 304emperaturaependent stregdastic strain curveshown inFigure43.

Table7. Calibrated parameters for NUREG/E&¥04 Chaboche NLKH model

Chaboche Constitutive Model Parameters

Temp.

. C; C, Cs Cs J1 J2 J3 J4 ljyc
(°C)

RT 17449.9 | 15918.6 | 14246.9 | 13738.3 | 983.8 | 276.8 | 85.25 | 3.10 207

150 | 12309.1 | 11235.2 | 9691.0 | 14644.8 | 885.2 | 274.8 | 102.8 | 21.60 | 207

288 | 10907.6 | 9736.1 | 8039.8 | 11785.7 | 899.9 | 270.5 | 100.81 | 21.46 | 176.16

430 | 13681.9 | 11633.9 | 9218.9 | 12189.9 | 1050.0 | 308.2 | 108.8 | 22.20 | 156.9

Forapplication to elastiplastic FEA Abaqus vas permitted to use linear interpolation
between théemperaturedependenChaboche models to establish the plastic response.
This is reasonable to capture closely ¢batinuousvariation in hardening behaviour
with temperatureAs shown byFigure 44, this linear approximation ialso closely
representative of the actual variation of 15®%ith temperature.Whilst it is
acknowledged that this produces a slight deviation from the ASME definition of 1.5S
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at higher tenperaturesmost notably between 150°C and 288tkis was deemed

acceptable as a relatively minor compromise.
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Figure 44. Comparison of ASME Il definition 0£,SL.5*S,,  ayatkemperature
for Type 304with cyclic yield strength}y®, adopted for the ChabocidtKH model.

5.2.3.Verification by Single Element Test

To confirm the suitability of the Chaboche parametths, temperatureependent
plasticity modelsvere implemented using a single element FEA test in Abaqus. The
element was cycleduniaxially through a sequence of linearly increasing and
decreasing strain ranges intended to replicate an incrementaéstepwelve strain
levels were considered and the full loading block was repeated six times to achieve
hysteresis loop closure. Tistressplastic strain curve fitted by E@153) was then
compared to the hysteresis loops predicted by FEA to ensure that it closely
approximated the tips of the concentric hysteresis loops established for eath str
range. This comparison is showrHigure45andFigure46for both the RT and 288°C
Chaboche models, respectiveRhe cyclic SSCfitted by Eq.(153) predicts closely

the maximum extent of the stabilised hysseseloops for both RT and 288°C
conditions. The calibrated Chaboche model is therefore confirmed to reproduce the
NUREG/CR5704cyclic SSCwery well, and idoptedor FEA of plant components.
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5.3.Strain Measures for ElasticPlastic FEA

In thetextbookMechanical Behaviour of MaterialBowling [159] categorised plastic
fatigue analysis methods inteffective strain approaches ancritical plane

approaches.

In the effective strain approach, the fatigue life is calculated based on a single
equvalent strain value. The intent is to reduce a complex multiaxial state of strain to
a scalar value whose effect on fatigue life is equivalent to that of the strain experienced

in a uniaxially stressed specimen. This effective strain is calculated basex o
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principal strains and therefore is independent of the coordinate system in which the

strain components are derived.

The critical plane approach considers a number of candidate planes orientated
orthogonally, or at some inclination to the free swfat the component. Both the
shear and normal strains are calculated for each candidate plane, and these strain
components are used in combination with a critical plane damage model to calculate
fatigue damage. The plane experiencing the highest cumufatigele damage is
termed the O6critical pl anAaumbenaf different t a k en
critical plane damage criteria have been proposed for different matéhalBrown-

Miller [160], FatemiSocie [161], and SmitAWatsonTopper [52] critical plane
damage models have emerged as the most popular in industry for application to
structural steels. In the case tbke BrownMiller and FatemiSocie, these models
require additional material parameters, which must be calibrated from multiaxial
fatigue test results. Critical plane analysis is more computationally intensive as it
involves performing repeated fatigue arsms for multiple candidate planes to
determine the plane on which a crack is most likely to initiate. In addition, the damage
models used in the critical plane approach tend also to be defined as some variant of
the CoffinrManson relation; this is diffen¢ to the Langer relation employedASME

[l as it does not include an endurance limit parameter, and therefore a fitting procedure
would be required to obtain the correct form. However, one advantage of the critical
plane approach is that it yields infieation about the directimality of the initiated
crack,namely the most likely orientatioof the crack initiation planen addition to

the cycles prediedto cause initiation.

In the context of an ASME Il fatigue assessment, effective strain apg®aok often
preferred as they are more practical and are directly compatible with the Appendix |
DFCs. This sectiordiscusses aaumber of these candidate strain measures for

calculation of k by elastieplastic analysis:

Maximum Principal Total Strain Rge (MPT).
Equivalent Total Strain Range (ETSR)

Effective Octahedral Shear Strain Range (EOSR).
Maximum Shear Strain Range (ESSR)

0N P
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In the following discussion, the definition of component shear strains should be noted.
Abaqus provides as default output tileggi neer i ng jswvhiéhareeqeatto ai n s,
twice the tensor shear strains. Thonvention is also adopted heas a matter of

convenience.

5.3.1.Numerically Maximum Principal Total (MPT) Strain
ASME lIl Appendix XllI-3440 (b) states that when a plastralysis is performed, a

cyclic |l oad pairodos alternating stress for
by multiplyingthe numer i cal |l y maxi mum pr i-haltthepal t o
modulus of elasticity at the average temperature ottlyec. The MPT strain range

was adopted by ASME Il from its inception in 1963.

The range of the indivi dguaeldetetnonedaffom st r ai

superposition of the ranges of the elastic and plastic component strains:
W-  W-p W-j (159
The principal strain rangeme determined based on the ranges of the unique strain
components between the extremes of the cycle. Ordering the principal strain ranges in
the usual mannsgpUasyare the@igébmit maxitdum, middle, and
minimum principal componentshe numerically maximum princgb total strain is
calculated per Eq156).
y- i A@y-4 Y-y hY-4 Y-y Y- V-5 (156
Equivalently in terms of principal total strain rargje
y- a0 - §8- dW- s (157

o Met correctly reduces to the uniaxial total strain range acting in the direction of

applied loading for a uniaxially stresd specimen:

) ) v o

Y- y- Y- V-5 Y5 (158

wh e r eactsmlbng the longitudinal axis of the specimen as shoWwigine47.
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Figure 47. lllustration of specimen under uniaxial state of stress.

That ASME lllrecommendghe use of the MPT strain range for plastic fatigue analysis

is somewhat surprising as it is not consistent with the current Toeseal elastic

DBA procedure. Bottapproaches have been shown to produce very different results
for a multiaxial state of stress. Gilman and[K62] demonstrated that, even for purely
elastic calculations, the value of alternating stezdsulated according to Appendix
XIII-3440 (b) was 23% less conservative than that calculated based on traditional
stressbased Tresca theory for a typical thermal shock transient.s€beingly
unintended consequenotthis is that a fatigue analysis @fcomponent that remains
elastic might result in unacceptable fatigue usage when using the elastic DBA method,
but produce acceptable results simply by switching to the current plastic analysis
method. In this hypothetical scenario, the difference inltbevable cycles would also

be expected to be very significant since even a small reduction in stress amplitude
could result in several orders of magnitude increase in predicted life. Clearly, this
consistency problem would be desirable to address. Fombineyin recent discussions

of the WGDM and WGFS, the use of the MPT strain measure has been qobssion
being potential incorrect when plasticity effects are takenantmunt. Considering
the gener al i s e dsteHeonél shivddisdussedn 4.301rl Uraler
elastic conditions3 03, and hence bottd} and i are equal tdJ g Bnd are
therefore dominant in absolute terms comgdeegd) which is equal toc0 . 8 57 U T .
Under plastic conditionss =5 afd n this situation,qd) actually becomes the

141



dominant strain component, being equalZol gafidis therefore twice thabsolute
magnitude ofpWa n dgwdW ¢ h r e ma i nCrueialy thdradial straitlalsd

has the opposite sign to the hoayl axial strain componentShi s meanwr t hat
calculated for this typical situation will be orientated normal to the metal surface, and

in the unloaded direction. This was confirmed numeridaliya simple cylindeand

the solution is illustrated iRigure48. The dashed lines show the elastic solution and

the solid lines show the elasfitastic solution. The use d¢iie MPT strain rangas
therefore questionable, as a radially oriented strain range would mofpketed to
contribute to crack nucleation and subsequent growth. Since crack nucleation in metals
normally occurs on planes of maximum shear strain, other effective strain measures

based on shear strain are also investigated as suitable alternatives.
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Figure 48. Elastic vs. elastiplastic strain history for aylinderunder thermal
shock.

5.3.2.Equivalent Total Strain Range (ETSR)

The Equivalent Total Strain Rang&ETSR) is a simplified von Mises based strain
measure, which is presbad in ASME Section lll, Division 5 Article NB-1413 for

the assessment of cretgasigue damage in high temperature reactor components. The
ETSR is definedy Eq.(159),
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p o®OY M ¥ (159
wheres” is either 0.5 or 0.3 depending on whetleading is elastic or plastic. For
elastieplastic conditions, it is normally assumed that elastic strains are smalieelat

to the plastic strains such that the elastic strains can therefore also be treated plastically

wi t"h 0.3 Thisassumptionsdopt ed herein g Bshoudal cul ¢
be noted that by adopting this approach, there is a possibility for the ETSR to predict

an elastieplastic strain range below that of the elastic strain ramgéuationswvhere

plasticity effects are rtd.

5.3.3.Effective Octahedral Shear Strain Range (EOSR)

The Effective Octahedral Shear Strain Range (EQS®)the Effective von Mises

Strain Rangei was proposed by Dowlingl59] for application to proportional

multiaxial loading. The EOSR has since been adoptétinvASME Section VIII

Division 2 Subsection 5.5.3[335]. Unlike the ETSR, the EOSR decomposes the total

strain range into its elastic andaptic components as shown by. Eif0). The elastic

stress range is calculated by divigithe von Mises equivalent stress range defined by
EqQ.(16) by the Youngds modulus corresponding
surface temperature. The plastic strain range is calculated as the von Mises

combiration of the plasticteain range components using.E462).
Y- = Y- (160

where

(161)
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-~ 16
¢cp U pd OF I I (162

The calculf i o n P &ssurmekfully plastc behavi our "suwWdEh that
Alternatively, the elastic strain rangg k), may also be calculated by §462) by
substitutingthee | asti ¢ str ai n= @3 fhiss paenttalyy marer d 3
accurate since at each cycle extreme, the elastic strains are already computed in FE
sof tware based on the Youngos modul us
temperature. This obviates the nodud t o sc¢

to characterise the entire loading cycle.

5.3.4.Effective Shear Strain Intensity (ESSR)
Recent discussions within the ASME 1ll Working Groups on Design Methodology
(WGDM) and Fatigue Strength (WGFS) have focused on addressing the fundamental
inconsisteng between the elastic DBA approach to fatigue analysis, which uses Tresca
theory, and the approach to plastic fatigue analysis, which is instead based on principal
strain. The WGDM and WGFS are currently considering an alternative Twased
shear straimeasurgroposed by Damianll63], as a replacement to the MPT strain
range currently prescribed in Appendix X8440 (b). The alternativ&rain measure,
termed theEffective Shear Strain IntensifiESSR) in this work, is defined by Eq

(163,
v .S (163
o
where(®* a n P arél theelastic and plastic portiors f esgadeterminedrom the
following steps taken directly from the WGDM revised technigaidance document:

1. Considering he following terms from the plastic analysis for the complete
cycle.

Stress C ounpx@seintisisdd

Plastic str af @, &oonPpelrogfnt s: U
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2. Divide the stress components from the plastic analysis by the modulus of
easticity at the <correspa/nE AgI/ELle mper
U127 E 13 HidE, fbogenerate the elastic strain components.

3. Determine separate algebraic differences, for two unique points in time
throughout the cycle, for the elastic strabmponents calculated in Step 1 and
plastic strain components.

4. Calculate separate principal values for the differenced terms determined in
Step 2. The elastic principal values are dend#éd >° U3°.Urhe plastic
principal values arg®, 0.0

5. The elastic and plastic shear strain range terms are determined by the maximum
absolute value of the principal term differences:

- 4o - h- - R- -

6. Steps 3 through 5 are determined for all unique points in time throughout the
cycle. The extremes of the cycle are identified suchttHate v a kstkis o f ol

maxmised

The factor of 2/3 in E((163) is to account for the axial and diametral portion of strain

that would be present in a uniaxially loaded cylindrgaécimen. This ensures that

Eq. (163 reduces correctly to Eq158 under uniaxial loadingThe definition of
mkkskinDami ani 6s proposal provides a strain
for the elastic DBA approach based on stress intensity. From this standpoint, the
proposal is attractive as it ensures a consistent basis between tleagldgplastic

analysis approaches.

5.3.5.Discussion

Some practical advantages and disadvantages of the candidate strain measures are
discussed here.

Reinhard{164] presented a theoretical comparison of various strain measures using
simple instantaneous load cases. The strain measures are normalised relative to a
maximum value of one, to enable a simple comparison. The resufiis@wn irFigure

49 for each of the load cases considered by Reinlaédf. Note that this example
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assumes a fully pl=8.5isassum@&pandtisus theSEOSR aad i o
ETSR are equivalent. As can be seen, the greatest difference between the strain
measures occurs for the case of a pressurised cylinder and theie chear, where

the ESSR is fountb be 13% higher than the ETSR dB@SR strain measures, and

25% higher than the MPT strain measure. This difference between the Tresca and von
Mises vyield criteria is evident when considering the different distancedbythe

intersection of the radial line representing pure shear with the Tresca hexagon and von
Mises circle in deviatoric stress spadeigure 50). The maximum theoretical

difference between these two strainmease s is 2/ a3 (or & 15. 5¢
case of pure shear where the Tresca and von Mises yield surfaces show the largest

deviation.

One disadvantage of von Mises based strain measures that has been highlighted in the
technical literature (see for @mnple Section 7.4.8 of Drapfr65]) is that they cannot

be directly analsed using cycle counting. This is because the Von Mises equivalent
strain is always positive, irrespective of whether the component strains are positive or
negative. Some approximate methods have been proposed for converting von Mises
equivalent strain Btories to make them more amenable to cycle counting, sometimes
referred to asigned von Misesriteria. This typically involves assigning the sign of

the numerically maximum principal strain, or alternatively the sign of the mean normal
(hydrostatic) stin, to the von Mises equivalent straifiowever, this problem can
normally beavoided altogethavhen implementing theriteriaof ASME 11l Appendix

X1l -2420.Using this approach, the von Mises strain history is determined relative to
some extreme stat@nd thus the sign is positive at all times. This amounts to
performing the cycle count on threlative von Mises strainTherefore, this is not

perceived to be a major disadvantage in this context.

Another important factor concerns the ability of eachistmeasure to predict closely

the fatigue lives observed from multiaxial fatigue testing. Such data sources are
relatively scarce within the technical literature, especially for austenitic stainless steels.
Itoh et al[166] performed nosproportional lowcycle fatigue tests on Type 304 SS
considering 14 different strain paths. The resuitBcatethat for nonproportional
loading, the strain path also has an important influence on fdifguehich cannot

be captured by simply considering the two extreme points of the cycle. Another
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example is that described by Socie and Marf&], where a constant amplitude
uniaxial load varies in its direction of application with each cycle. In this case, the
equivalent strain remains constant, but the loading will trace out a circular path. This
has been shown to produce significantly more damage than if the loading direction
were held constanEor this reasorgffective strain approaches are generally lithite

in their applicability to proportional or only modestly nproportional multiaxial
loadings. Fortunately, highly neproportional loading is relatively rare in fatigue
analysis of pressure vessel components. As fatigue crack nucleation usually occurs on
the internal surface, this essentially fixes one of the three principal axes. The other two
axes can only rotate in the presence of tirag/ing, outof-plane shear loading. Gut
of-plane shear can only feasibly occur in nozzles because of large tolsiads
induced by the motion of an attached piping system. However, even this is rare in
practice and is usually a consequence of poor design. The available experimental data

is therefore of little practical significance here where calculaifdfe ™" is the chief
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Figure 49. Comparison of strain measures for idsalil example case in Reinhardt
[164].
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Figure 50. Comparison of Tresca and von Mises yield surfaces in deviatoric stress
space.

5.4.Case Study: Fatigue Analysis of a PWR Auxiliary
Piping Nozzle
To establish the choice of strain measure best suited for ¢iemluaf K54, a
benchmark problem was established to compare their relative perforouansigering
afatiguecase study oé representative LWR plant compon€ehte aim of this case
study is to permit a critical review of each strain measure for atreak®nario, with

consideration of both accuracy and practicality.

5.4.1.Description of Case Study

Class 1 reinforced piping nozzles of PWR
t her mal |l oadi ng, and can encounteaeetrc hseotme
assessments. The main coolant | ine (MCL)

in Part 2a of the WNA CORIDiEre 8re nArmanay ki R
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Rul[elsbwBa]s sel ected as a case study to com
effesti &en measures. The assembly is com
pipe, nozzle forging, and branch pipe. Th
are shdwrmtltien

Small connected line

tof scale chatch

Main Coolant Line

0 1, 70

Figure 51. CORDELMCL nozzle geometry definitidrom [168]

The main pipe has an outer diameter of 770 mm and a thickness of 70 mm. The branch
pipe has an outer diameter of 57.5 mm and a thickness of 15 mm. They are connected

by a nozzle forging of maximuwuter diameter 210 mm and thickness of 62.5 mm.

A 2D FE model of the MCL nozzle was created in Abd§a$ whereby an equivalent
sphere rdius was defined as two times the radius of the MCL run pipe; this was done
in an attempt to mimic the pressure stresses that would be expected to arise in a full
3D FE model of the nozzle. The 2D FE model definition is showhitpyre52. The
locations of the stress classification lines (SCLs) defined for fatigue analysis are shown
in Figure53. In total, there are 10 assessment locations, 3 in the branch pipe, 4 in the
nozze reinforcement, 1 spanning the nozzle crotch corner, and two in the MCL run

pipe.
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R* : “Equivalent” sphere radius

Lo

Figure 52.

Out of scale sketch

Figure 53. Analysis sections for 2D model.

The loads and boundary condits for the MCL nozzle are defined figure54. The
crosssection of the main run pipe (i.e. the sphere in the 2D model) is constrained to
remain fixed in the global-girection, replacing end pressure loadSince internal
pressure represents a zero external force resultant acting on the branch pipe, the
equivalent load due to the stress induced by internal pressure must be apphed as
external load acting in the opposite directidnclosedend condition wasssumed

and therefore only the axial stress is relevahe selfequilibrating enecap pressure,

Pc, or end pressure load 2 Kigure 54, applied to the end of the branch pipe is
calculated byEq. (164

N (164
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where rand k are the internal and external radii of thanch piperespectivelyTo
simulate the displacement of the large attachecah@ipystem not modelled, the end of
the branch pipe was constrained to exparglame. The convectividTC between the
internal metal surface and contagtfluid was assumed infinitéll external surfaces

were assumed adiabatic.

Two design transients aspecified for the MCL nozzle and are showrFigure55.

The transient specification consists of a 220°C thermal shock under a constant
operating pressure of 15.5 MPa (T1), and a 150°C thermal slomckinedwith a
pressure drop (T2). The frequency of occurrence of T1 and T2 are 100 and 800 cycles,
respectively.

Small connected line
BN E m Emm r Emm R EEm N o — e - o mmE

| m—p

QOut of scale sketch

Figure 54. MCL nozzle loads and boundary conditions.
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Figure 55. lllustration of design transients Thd T2.

In this benchmark, the entire assembly is defined to be e812AType 304 stainless
steel material. The thermal and mechanical properties feBI2AType 304 were
obtained from ASME Il Part D, Table 2/3]. The cyclic plasticity behaviour is
described by the NUREG/GR704 temperaturdependent Chaboche model defined
in Table7.

Due to the thermal shocks occurring in T1 and T2, a sufficient number of elements
must be specified near the internal surface to capture the temperature fields and peak
stresses. For T1, the 150°C thermal shock occurs in 1s which is very shagghA
estimate of the heat penetration depth in a given time for a simple pipe may be
estimated from E(165) knowing only the average thermal diffusivity of the metal:

Q Vol 0 o g & (165

From Eq (165), d is calculated to be 3.68 mm for a 1s thermal shock.régeired
element thicknessef the first mesh layer can be established more accurately by Eq.

(166), assuming a minimum time incremead, of 0.1s.
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Q =TO pH T A (166

For the benchmark problem, a minimum element thickne8sofim was adopted.
In the nner surface, 10 layers from 0.5mm tard were specified as shown by
Figure56. The final mesh contained a total of 3340@&le quadratic quadrilateral
elements of type CAX8R, with 10,395 unique nodal points.

+

Figure 56. Detail of FE mesh discretisation.

5.4.2.Initial Elastic Fatigue Assessment

The initial elastic fatigue assessment v
criteria of ASME S&%520oandid ISRCAE3udvh.ldEe.x X1 |
tiymeints corresponding to the maxncneum an
across both transi endesmbnuenreed itdeefnatme tf @ eeadh na
|l oad pair. Due to the nature of the prob
inside fatigue pairs) were formedafor al
result, theefvaaaticarts omas nt teheorKl'y source o

Code methodologies in this instance. I n
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Figure 57. Variation of $and S from elastic DBA
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Figure 58. Variation of Code plasticity correction {<factors
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Figure 59. Variation of CUFs calculated by ASME Ill and R&M

5.4.3.ElasticPlastic Fatigue Assessment

Cycldyycl e anal ysis was per ftoerrnmme-ldi nuesairn g
ki nematic hardendisguNeEKdH) nadSckelnpbeaement e
Abadqus$bDh order to ensure that the stabil

full transient | oading cycle was simul at e
and sanrgaei ncal cul ated from the final | oad
this case, there was | ittle variation bej
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was oOobserved within the simulation perio

cor neTr afnosri ent 1, where a small but dec
However, the differemncbei pi nsttrhael nh yrsatnegree shie
was found to be negligible, and therefor
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Figb@GeKi gbbsdows the variation in alternal
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Concerning the EOSReandd fEESRnNnamprn madhhes p
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von Mises yield formulations produce sin
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crotch corner (S22) which exhibits a higl
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Figure 60. Variation inSyt calculated by plastianalysis forTransient 1
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Figure 62. Summary of CUF results calculated at each assessment location.

5.4.4.Direct Evaluation of K=

For the most damaging situations, the f&ctor calculated according to ASME Il
Appendix XllI-3450 achieved the maximum possible penalty of 3.33. Therefore, for
comparison with the Code rules, more realistitckfactors were calculatefdom the
elastc-plastic analysisesultsaccording to Eq(144).

To examine more clearly the differences |

of the cdf%caucltaotresd, K t i s ucsoenftuol wrft opl eoxta mi 1
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Maximum Principal Total (MPT) Strain Range Equivalent Total Strain Range (ETSR)
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Figure 63. Contourplot of K™ for branch pipe (a) Transient 1; (bYransient 2.
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Figure 64. Contour plot of K™ for nozzle region(a) Transient 1; (b) Transient 2.
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Figure 65. Variation in K™ calculated for Transient 1.
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Figure 66. Variation in K™5* calculated for Transient 2.

5.4.5.Discussion

Thetrend ehaviour of K54 as a function of $Sm across all assessment locations of
the MCL nozzles examined further her€igure67 shows the K" values and best
fit curves based on the FE results with ASME Ill and R@@cluded for comparison.
The round and triangular markers denote tliegKfor T1 andT2, respectively. By

visual examination of the elasfdastic analysis results, it is clear tAdt envelopes
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T2 in terms of severity; one would therefore expecta@ble to use thedE” values
for T1 to asses32 and other less severe transients in an appropriately conservative
mannemper CC N779, Pat 6[113].

However, concerning the MPT this is not strictly true, as evidencefidwe 68,

which shows the percentage difference in tgé&4for T1 relative tor2. At the nozzle

crotch corner (S22), the value of I8y elastic analysis fof1 is 40% higher than for

T2. However, the KFA calculated by MPT folf1 is actually 12% lower than far2

at this location. This ibelievedto be due to the effect of the pressure drofd af

which partially counteacts the effect of the thermal shock on the hoop strain range.
Since the MPT closely approximates the hoopistat this location in the elastic
analysis, this causes an amplification gfR despitel 2 actually being less damaging.

The criterion ofCC N-779, Part 6 therefore may not be straightforward to apply for
certain locations using the MPT criterion.dtalscsomewhatounterintuitive that the

least conservative strain measure in terms of predicted fatigue damage should result in
the largesPCFs If the Trescabased elastic fatigue evaluatiaere rerunusing these

K EA corrections, MPT would actuglproduce the most conservative results. This is
evidently incorrect It is therefore proposed that the EOSR and ESSR should be
considered as potential alternatives to the current MPT strain measure prescribed by
ASME 11 XIII -3440 (b).

TheK A values cieulated according to EOSR aB&SR are very similar. However,
some differences in &EA obtained by both approaches cannot be fully explained by
the different definitions of equivalent strain. One possible explanation for this concerns
the overall procede for K54 determinationlt is important that a consistent set of
rules are used across both the FEA and correction factor derivation, such that the FE
derived plastic strains used in the calculation are reliant on the same vyield criterion
underpinninghe chosen effective strain range. Most commercial FEA software use a
von Mises plasticity formulation by default, as the corresponding yield surface is
smooth and continuously differentiable everywhere. Tresca plasticity is typically not
available in comrarcial FE packages (including ABAQUS) as its yield surface
contains singularities (i.e. the corners of the hexagon) which can present numerical
stability problems. In this context, use of the EOSR is advantageous since it is

guaranteed to be consistentiwibe von Mises plasticity formulation used in the FEA.
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On the other hand, unless a Tresca plasticity formulation is implemented in the FEA
(e.g. by using a custom UMAT subroutine), the use of ESSR would not be consistent
with the plastic strain calculatis performed in the FE software. For this reason, the
EOSR is judged the favoured approach in most cases. It should still however be
emphasised that in situations involving thermal loading, both yield criteria might still
be expected to give fairly similaesults, though it could account for some of the
differences in the K" values observed here.

It is however acknowledged that the aforementioned critical plane strain approaches
may offer a more accurate estimation of cycles to crack initiation fort plan
representative thermal transient loading. Tgisupported by recent work conducted

by Leary et a[170] whoperformed a critical review of four strain measures: the MPT,
ETSR, and EOSR measures as described in this work,stradn eergy density based
critical plane approach proposed[ikv1]. To support their comparison, Leary et al
considered the experimental data available from thermal fatigue tests conducted on
two Type 304 stepped pipe specimeassreported in PVP20e2748[134]. In this

work, Leary et al adoptetie ANL mean fatigue curve (E2)), which was modified

using the methodology proposed by Batten ¢1a2] to represent initiation of a 250

>m deep cracklLeary et al found that the critical plane approaohld predict most
accuratelt he number of exper i memdeeptrackinthel es t c
thickest section of the stepped pipe specin@msidering mean and lower bound
cyclic stressstrain data, the critical plane approach predicted 756 and 1225 cycles to
initiate a 250>m crack, respectively; this compared favourably to the geometric mean
(878) and longest life (1408) to initiate a 25& deep crack in the testhe MPT,
ETSR,and EOSR measures were all found to be pessimistaerestimating th250

€ mnitiation life by up to a factor of four whamsed in conjunction with lowdround

cyclic stressstrain dataTherefore, if elastiplastic analysis is to be utilised with the
sole intent of predicting more accurate initiation lives, then critical plane approaches

arelikely to be the better option.

Nonet hel en1s,t hlprassdbdser vati ons notedtihl t hi
concl udedmotsa Ipe atch @ricaailn enfhehaestuerievremi nat i on

KeEDy edpastsicci santahley sdrsiBrairrnyg cooasnsceed non v o
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6. Description of LWR Plant Representative
Finite Element Models

This section presents a description tbe finite elementmodelling programme
consideringvariouscase studiesvhich were selected for tletailedassessment of
K EA by elastieplastic analysis. Thease studiesere selected toe representative of
a variety of LWR primancircuit components, subjected to plamfpresentative

thermaltransients. Theases studiesonsidered for detailed evaluation are:

1. A thick-walled cylinder subjectetb sustained pressure and parabolic thermal
gradient74].
2. The Bettis Stepped Pipe described by Jones[£84].
3. Three diffeent auxiliary piping nozzlgeometries.
a. The MCL nozzlaliscussed ib.4from Part 2a of the CORDEL Report
on NontLinear Analysis Design Ruld468].
b. The chargingiozzleand safetynjection nozzledescribed in Nitel et
al[173].
Tapered nozzkn-vessel from Kobayashi and YamaflE/4].
PWRnozzle with attached thermal sleeve from Hart{&igb].

Nuclearvessel skirt support (Piece) from Kasahafa76].

N oo g A

Thin-walled pipewith an external, circumferential, sewircular notch.

A description of eacttase studyalong with major engieering assumptions is

presentedbelow.

6.1. Thick-walled Cylinder

The problem originally considered by Millef74], was selected tinvestigate the
influence of sustained pressure acting in combination with cyclic thermal loaling

K EA. Figure 69 illustrates the 2D axisymmetric FE model, loading, and boundary
conditions adopted for the cylinder considered by Miller. The inner radius of the
cylinder is 350 mm with wall thickness of 70 mm. The bottom face of the cylinder is

fixed in the axial direction, whilst the top face is constrained to expand in plane.

Mill erds theoretical anal ysis cthickressder ed

and this was also adopted here. The inner surface temperature of the cylinder was
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varieddirectly assuming an infinite heat transfer coefficient. The outer surface of the
cylinder was assumed adiabatic. The analyses considered multiple combinations of
sustained pressure and cyclic thermal loading. The cylinder is initially at a temperature
of 300°C before experiencing a thermal shock cycle. The ramp time for the aogvn
up-shock is 10s. The sustained pressure load cases were considered from a minimum
of P = 10 MPa up to a maximum of P = 25 MPa with an increment of 1.25 MPa. For
each case olstained pressure, 8 cases of cyclic thermal loading were considered with
Tmin= 21, 50, 100, 150, 175, 200, 225, 260In total, 104 different load combinations

were evaluatedn the structural model, a closead condition was assumed and the

end cap pessure, E applied to the top of the cylinder for each load case was calculated
by Eq.(164).

I Cap Pressure (Pc)

T;

B
»

A

AT
Thermal Shock

TaTATATA

I' Pressure (P)
! 70

1 To
: | Et
;L_

|

|

Figure 69. Thickwalled cylinderFE mesh, dimensions, and boundary conditions.

6.2.Bettis Steppeal Pipe

Thermal fatigue tests as described[184] were carried out aBettis Laboratories
(USA) to provide data against which to compare the performance Glohe fatigue
methodsand DFCs. The thermal fatigue tests of Type 304 stainless steel pipes were
conducted by leernately cycling hot and cold water through a pipe \@rying
thickness. Low dissolved oxygen water was used, consistent with PWR conditions, in
order to evaluate environmental effects on fatigue initiation. The pipes were stepped
to four different thicknesses (4.55, 8.12, 11.7, and 15.2 mm) to vary thealher
resistance along the length of the pipe.
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The pipe was held a constant internal pressure of 17.2 MPa. Flow rates of 2.4 and 3.2
I/s were used for the cold and hot water injections. This flow rate was sufficiently rapid
to simulate a neastep change ithe bulk fluid temperature in contact with the bore of

the pipe. Water temperature was raised rapidly froen 88343 in 3 s, followed by

a hold at elevated temperature for 237 s. Subsequently, the water temperature was
cooled rapidly back to 38 in 3 s followed by a further hold period of 237 s. This
process was repeated until crack initiation was detecteck ordiation was defined

by nucleation of a 0.254 mm (1/10@f an inch) surface crack. The test conditions
equate to an-ginute continuous transient consisting of a symmetric, -ayersed,

4 minute hot shock and 4 minute caldock combination.

The FE model of the stepped pipe was createdlaqusto analyse the thermal and
pressure loading of the pipes. TR& model utiised 8-node, 2D axisymmetric
elementdor the analysisTheFE mesh is shown ifigure70 with major dimensions
highlighted Twenty elements through the thickness of the pipe section with a bias to
the inside surface was deemed to be sufficient to accurately capture thd-tivadlug
temperature distribution, with the FE model containengotd of 2680 quadratic
quadrilateral elements with 8349 unigue nodal points. The stress classification lines
(SCLs) selected for fatigue assessment are also highlightEdyume 70, and are

located at the mighoint ofeach stepped pipe section.

169



27.4 mm—p
12.2 mm

g g
g g
~ o
S o
— N

ri =

1o = 23.8 mm—»

To =
To
To

Figure 70. Stepped pipe FE mesh, major dimensions, and SCL locations

In Joneset al [134], the fluid temperature contacting the pipe bore was described to
varyil i nearly between the wupstream and do
f unct i onlnadditiort it wasaled thafi Si nce t he water fl ov
high, the film coefficients on the inside of the pipe were determined to be very high
(3000 to 5000 BTU/(hft?>-°F)). This essentially drove the inner pipe wall to the fluid

t e mp e r. 8Basad @ othese obsations, a temperatwdependent HTC was

adopted as the most appropriate for the thermal analysis. The variation of the HTC

with temperature is shown iRigure 71, with the maximum and minimum water
temperatures mked for reference. The outside metal surface was assadieohtic.

The evolution of the transient temperature fields was captured in sufficient detail by
setting the solution control options to ensure that the gauss point temperature
increment between soessive timesteps did not exceed 2°C. The transient
temperature history calculated at the interior (ID) and exterior (OD) points of each

SCL are shown irFigure 72. It takes far longer for thermal equilibrium to be

established across the thickest pipe section compared to the thinner sections.
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Figure 72. Transient temperatureistory calculated at each SCL for the test
transient.

In Jones et dl134], the structural analysis assumed that pipe loads arose only due to
the effects of internal pressur&.closed end condition was therefore assumed and a
PeapOf 19.343 MPa was calculated deq. (164 and applked to one end of the stepped
pipe. To constrain the model against rigid body motion, the opposite end of the pipe
was constrained to remain fixed in the longitudinal direcfidre free end of the pipe

was also onstrained to expand -qolane. This was aadved by coupling the

longitudinal displacements of the nodal points situated on the free end of the pipe.
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In addition to the test transient describaobve an additional fiftyfive arbitrary
transients were also analysed for the stepped pipe geomieisyconsisted of a range

of symmetric and asymmetric thermal shock transients, which considered different
HTCsand rampates Fatigue analysis was performed for each transient based on the
results output from the elastic and elagtiastic FE runs; theralysis was limited to
consider only the interior assessment points for each SCL since this is where crack
initiation was observed in the tests.

6.3. PWR Auxiliary Piping Nozzles

Three nozzle geometries of this type were selected for evaluation. The first is th
generic main coolant line nozzle described in Part 3 of the CORDEL Mechanical
Codes and Standards Task Force (MCSTF) Report onlLi@ar Analysis Design
Ruleg[168] and which was initially considered in Section 2. This is henceforth referred
to as RDEdL @Q zI|l ed. Two ot hiktheclagngand ar y |
safety injection nozzles were also selected for evaluation. The charging safty
injectionnozzles are attached to segments of the RCS cold leg run pipe, connecting
the main line tassmall bore attached piping. A description of both nozzles and their
major dimensions is provided in the U.S. NRC sponsored report published by Nitzel
et alof the Idaho National Engineering Laboratory (INELY 3], though the plant to
which they belong is anonymised. It is noted that the leszdescribed in the
CORDEL Benchmark Repoiftt68] and in Nitzelet al [173] were respectively
fabricated from Type 316L and Ty®16 material,but were instead assumed to be
Type 304in the present work tatilise thetemperaturelependenNUREG/CR5704

Type 304 Chaboche modelescribed in5.2.2 Besides, Type 304 is an equally

reasonable gradof austenitic stainless stemled to fabricate piping nozzles.

The FE models ohe nozzles were developed in Abag@3]. The 2D axisymmetric

FE model of the CORDEL nozzle is showrFigure73alongside a quarter symmetric
3D FE model for comparison. TI8CL locations selected for the fatigue assessment
are also shown ifrigure 73. Equivalent SCL locations were also selected for the

charging andafety injectiomozzles.
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SCL 10

Figure 73. 2D axsymmetric FE modelf CORDEL nozzle with SCL locations
highlighted.

The design transients selected for evaluation were the same for all three nozzles. The
vessel is initially at its steady state operating condition of 15.5 MPa internal pressure,
and unifom temperature of 350°C. The RCS coolant water contacting the internal
surface of the assembly then undergoes a rapid decrease in temperature lasting 10s.
After a further soak period of 1400s, the RCS coolant water temperature recovers
rapidly back to itgnitial temperature of 350°C in 10s, and is followed by further soak
out period of 1400s. Thus, a full thermal cycle taking place under constant operating
pressure is completed in 3500s. A range of symmetric thermal shock transients were
considered by vging the minimum RCS coolant water temperature achieved during
the initial cold shock event. The full design transient description is illustratégune

74.

In performing the thermal analysis of the PWR RCS ppiozzles, a constant
convective HTC of 22.8 kW/Awas adopted for all design transieritkis isjudged

to be somewhat pessimistic compared to the use dbithes-Boelterrelation[177]

with bestestimates of local reactor coolant flow rates. The external metal surface of

the nozzles was assumed adiabatic.
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Figure 74. Designthermal transierg specified for the PWR RCS piping nozzle
analyses.

For the structural model, the bottom face of the shell section was fixed in-the Y
direction to constrain the assembly against rigid body motion. A constant pressure of
15.5 MPa wa applied to all internal surfaces. A closatt condition was assumed

and an equivalent cap pressure was applied to the end face of the attached piping to
satisfy global equilibrium. The cap pressapplied to the end of the branch pipas
calculatedusng Eq.(164) for each nozzle geometry. To model the response of the
attached branch piping system not modelled, a plane end condition was specified for
the branch pipe. The nodes lying on the end face of the gpecgnstrained to expand
in-plane by coupling their displacements along the longitudinal axis of the pipe

(aligned with the global ¥axis).

A mesh sensitivity study was initially conducted to establish the level of mesh
refinement required to achieve wéis convergence. Three different mesh sizes were
selected for comparisprdefined as having 6, 12, and 20 quadratic, quadrilateral
elements througkhickness of every continuous sectisith element bias towards the
internal surfaceThe mesh sensitivitgtudy was conducted for each of the nozzle
geometries. It is recognised that the level of mesh refinement could potentially
influence both thesurface stressess well as the stress resultadetermined from

stress linearisatiomherefore, it was approjate to perform an ASME IIl Appendix
XII1-3520 fatigue scoping assessment using the results obtained for each mesh size

and then compare the fingdlculation results. The scoping calculation was performed
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for SCLs 1, 5, 8, and 10 and consideoetl the nost severe design transient attaining

a 20°C minimum coolant water temperatufbe sensitivity of $to mesh densitis
greater athicker assessment locatiofi$ieresults obtained fd8, were essentially the
same, anwvere concluded to be insensitieghelevel ofmeshrefinementThe results

of the mesh sensitivity study are summariseigure75for the CORDEL nozzle. A
similar results &nd was also observed for the safety injectind charging nozzles
The difference in Swas limited to 1% between the-ld&hd 20element mesh variants.
Based on theesults, it was decided adopt 20 elements throughickness for each

of the FE modelssince it gave a reasonable payoff between accuracy and

computational ast, which wasot significantly greater than wharsing 12 elements

throughthickness
6000 OSp (Coarse) ASp (Moderate) OSp (Fine)
OSn (Coarse)  ASn (Moderate) OSn (Fine)
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Figure 75. Summary of results obtained from mesh sensitivity study of CORDEL
nozzle.

6.4. Tapered Reactor Nozzlen-Vessel

This case study congds a large tapered nozzle attached to the end of avfaibid

reactor vessel. The tapered transition between the nozzle reinforcement and attached
RCS piping presents a local discontinuity. When hot/cold fluid flows into the reactor
vessel, an inhomogenus thermal stress distribution may arise due to large axial
variation in thermal resistance. This can produce spatially varying plastic deformations
and strain concentration at the discontinuity region. The following case study is similar

to that describd by Kobayashi and Yamada74], and adpts an identical nozzle
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geometry. The geometry of the nozzle is showrFigure 76, along with major

dimensions.
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Figure 76. Description of tapered vessel nozzle geometry and major dionensi

The design thermal transiertonsidered for this studgre symmetric thermal shock
transiens, similar to hoseconsideredor the PWR RCS piping nozzles, and shown by
Figure77. It is acknowledged that fohis type ofcomponent, the design transients
considered here arery pessimistic. Normally, coolant hegh and coedown rates

are carefully controlled during plant stagp and shutdown sequences to ensure that
any thermal stresses developed in the RIA¥Il and nozzle forgings are kept to a
minimum. However, of primary concern here is an understanding of the mechanism
of strain concentration in similar vessels such that a general conclusion can be drawn
that remains applicable when assessing a widgerahthermal shock type transients

in fatigue design. With this in mind, it appeared most appropriate to consider a most
pessimistic condition, expected to occur very infrequently. In performing the thermal
analysis of the tapered nozzle, a convective HT@2.8 kW/nfK was specified for

the internal surface. All other surfaces of the nozzle were assaniedzhtic
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Figure 77. Description of design thermal transients specified for tapered noezle
vessel FE analyses.

For the stuctural model, the bottom face of the nozzle was fixed in the global Y
direction to constrain the assembly against rigid body motion. A constant pressure of
15.5 MPa was applied to all internal surfaces. A clesadl condition was assumed
andthe end capnessure, E calculated to be 35.23 MPa by E#64), was applied to

the endface of the attached pipinghe nodes lying on the end face of the pipe were
constrained to expand-plane by coupling their displacentsrmalong the longitudinal

axis of the pipe (aligned with the globalaxis).

The finite element mesh adopted for the tapered nozakoan byFigure78. The

mesh contained 1236 quadrilateral, quadratic elematits3@39 unique nodal points.

The mesh was carefully refined at tscontinuity induced by the nozzie-pipe
juncture.The high thermal resistance of the nozzle leads to the formation of very large
radial thermal gradient during the thermal shock. Addélly, thelargedifference in
thickness between the nozzle and attached piping results in development of an axial
thermal gradient as heat penetrates through the thickness of the pipe at a faster rate
than the nozzleThis mismatch in thermal behavioig known to promote elastic
follow-up, and its effect on &EA, particularly at the juncture (SCL 3) is of significant

interest in this case study.
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Figure 78. 2D axisymmetric FE mesh of tapered nobazieessel with SCL locaths
highlighted.

6.5.PWR Nozzle with Attached Thermal Sleeve

This case study considers a PWé&Sssel nozzlevith an attached thermal sleevidhe

purpose of the thermal sleeve is to soak the high cyclic thermal stresses experienced
by these nozzles, mitigatimgptential fatigue damage in the more susceptible nozzle
crotch region. The foll owing case study
of Plastic Zones textbodk 75], and is based on a simplified version of the original
nozzle design specification provided by AREVA NP GmbH; the geomettheof
nozzle is as described in Hulp&¥5] and is shown ifrigure79. The major dimensions

of the nozzle are detaileéd Figure79. The FE model of the nozzle is showrFHigure

80 with the relevant SCL locations highlighted.
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Figure 79. Geometry and major dimensions of PWR nozzle with thermal sleeve from
Hubel[175]

Figure 80. FE model of PWR nozzle with thermal sleeve.
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The design transient considered in this cagdysis an asymmetric thermal transient
equivalent to that described in HUH&75]. The entire assembly is initially at a
uniform operating temperature of 350°C. The loading event consists of a thermal
downramp characterised by an injection of cold fluid through the nozzle, while the
larger conneted vessel remains 30°C Following a short holding time, a faster-up
ramp returns the fluid temperature back to its initial temperature of 350°C, completing
the thermal cycle. In HubgL75], the minimum fluid temperature was taken to be
50°C, but for this case study a range of different mimmfluid temperatures were
considered such that results could be obtained for thermal shocks of varying severity.

A full description of the design transients consideresh@mwvnin Figure81.
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Figure 81. Description of design thermal transients considered for PWR nozzle
thermal sleeve.

The heat transfer problem for this casedy differs from that of the previonszzles

since the large vessel to which the nozzle is attached maintairevatedltemperature

whilst the nozzle experiences a sharp decrease in temperature. Due to conduction, both
radial and axial temperature grad®ate likely to occur, with the latter arising as the
thermal shock progresses. Tihermalsleeve possesses avithermal resistance due

to its minimal section thickness thereby minimising thermal stre€smssistent with
Hiibel[175], a constant HTC of 30 kWAHK is specified for the internal surface of the

pipe and sleeve attachmerA.region of stagnant fluid also exists behind the sleeve,
which serves tdamp the transfer of heat via convection to the nozzle internal surface.

This region of stagnant fluid was included in the thermal FE model as if it were of
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solid material, but with modified thermal properties, which aimed to mimic the effect
of reduced onvection. The density, thermal conductivity, and specific heat associated
to the stagnant fluid region were of values 800 Bg8rwW/mK, and 5000 J/kgK, and
assumed temperatumnedependent. Afixed temperaturecondition of 350°C was
applied to the bottm connection to the larger vessel not modelkltl other external

surfaces of the assemhdye assumed adiabatic.

The FE mesh for the structural model does not include the elements that were
previously associated to the stagnant fluid region in the thenodél. As this region

is a fluid, it does not experience stress in the conventional sense, and was used solely
to solve for the transient temperature fields throughout the mesakiembly The

bottom of the connection to the vessel was fixed in the gMkaxis to constrain the
assembly against rigid body motion. The sleeve was however left unconstrained and
free to experience vertical displacemeis. in Hubel[175], internal pressure was
neglected for this case study since the compact nature of the nozzle largely precludes
any potential ratchemechanism arising due to primary stresses. The pipe was
constrained to expand-mlane by coupling the vertical displacements of all nodal

points lying on the enthceof the pipe.

The transient temperature distributions calculated corresponding toctioé the cold
shock (330s) and the end of the hot shock (525s) are shawgure82. Radial and
axial thermal gradient are clearly shown to be significant for this stru¢tignere83
shows the magnified thermalastic structural displacements calculated corresponding
to the initial condition, end of the cold fluid injection (330s), and the end of the
recovery to steady state (525s). The presence of the large axial gradignire 83
produceselevatedmembrane andbending action in the axial and circumferential

planes. Thigs especially significardit the thermal sleeve attachment juncture.
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Figure 82. Temperature distributionsalculated for most severe desigansient.

Left at end ofnitial cold shock period (330s)ight at end of recovery to steady
state operating condition (93).

Initial 330s 525s

Figure 83. Displacementsalculated at ky time pointsluring design transient
Contours refer to the temperatures. Displacemartsmagnified by a factor of 60.

Figure84 shows a contour plot ahaximum $/3Sy calculatedat every node in the FE
modelfor the most severe design transient. The maximum valdd 4fs situated on
the inner surface slightly above the notch imposed by the thermal sleeve attachment at
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point B. Other regions of potentially high strain concentration include the notch itself,
point C, and the internal and external surface of the ndazbge juncture, points A

() and A (O).Of additionalconcernis the sectional plasticitfimplied by $/3S, >

1.0) observed withithe sleevehicknessnear theattachment point, whichhay pose
problems in satisfying the prerequisite requirements of ASME 11l Appendix34i50

(a). Accordingly, SCLs & shown inFigure 80 were positioned to capture these
locationsof interest.
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Figure 84. Distribution of $/3Sn for most severe desigransient.

6.6.Nuclear Vessel Skirt Support

One of the most common methods used to support large vertical vessels including
LWR RPVs is by means of a branched cylindrical shell callgkira Skirts areoften

lap-, fillet-, or buttwelded to the lower head region of the vessel. The use of a skirt
rather than other alternatives (e.g. legs, saddles, rings, etc.) is desirable as it minimises
local stresses at the attachment point. Skirts are particuladygtate for large, heavy
vessels such as RPVs, as they are able to transfer the vessel dead load uniformly across
their entire circumference. Generally, for nuclear power plant applications, cylindrical
skirts are preferred as their fabrication cost isdothan conical skirts. A skitype
geometry was considered for this case study. The geometry is the axisymmetric Y

piece structure under thermal loading considered by Kas4h@é The finite
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element model of the Ypiece is shown inFigure 85 with major dimensions
highlighted.

The fatigue critical location is at the attachment point between the skirt and the vessel.
This region can experience high discontiy stresses due to the geometry. In addition,

it can experience very high secondary thermal stresses when the vessel undergoes a
warmup or cooldowrtransient This mainly occurs due to the time lag by heat
conduction and heat transfer between the skigtthe air gap. Generally, the thinner

the skirt, the better able it is to adjust to the temperature of the vessel and thus minimise
t her mal stresses developing. Adopting a
region maintains a uniform temperatureimaulating the internal and external surfaces

of the skirt are also common praetscthat can minimise stressd&netheless, skirt
supports are still an area of design concern and are susceptible to fatigue. Unlike
primary coolant pipework and nozzle ahments, which are generally more
susceptible to fatigue induced by Service Level B transients, vessel support structures
can still be susceptible to fatigue under Service Level A transients, which occur more

frequently.

1500

R200

750

Figure 85. FE model and major dimesions of Ypiece structurg¢l176].

Dimensions are provided in mm.
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This case study considers strain concentration at the wsessdtt juncture
undergoing a sequential wa-up and coedown cycle, which was considered as a
single design transient. The temperature of the assembly is initially uniform at 50°C.
The loading conditions were assumed usdaiic by warming the inner surface of the
cylinder up to a maximum temgure, whilst the skirt edge was maintained at 50°C.
The severity of the design transient was considered by varying the maximum
temperature attained by the vessel internal surface, as this directlyisth@rstrength

of the thermal gradiergxperiencedat the skirt juncture. Multiple design transients
were considered based on maximum vessel temperatures ranging from 100°C to
450°C, and are illustrated Ibygure86.
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Figure 86. Design themal transients considered forpiece structure.

In the thermal analysis modah infinite convective HTC was assumed for the internal
surface of the vessebince the analysis is quastatic,this assumptiomesults in the

most pessimistic steaebtatetemperature distribution in the assembly. In the structural
model, an encastre condition was specified for the base of the skirt attachment, which
constrains the assembly against rigid body motion. The vessel was also constrained to
expand inplane by couling the longitudinal (global Y) displacements of the nodal
points situated on the bottom face of the axisymmetric vessel. Internal pressure

not considered in this case study.

A mesh sensitivity study was conducted to investigate the influence ofdeasty

on convergence in the stress response at thetgkidzzle junctureTwo candidate
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mesheshown inFigure87 wereconsideredAn Appendix XI1F3520 fatigue scoping
calculation was performed for both mesheonsidering the most severe design
transient. The difference in results obtained between the two mesh sizes was not
significant. The difference in,$or both meshes was found to be within 1%, whilst S

was approximately equalhe finer mesh waadoptedheverthelessas the increase in
computational cost wasinimal. The displacement of the assembly calculated at the

end of the warrup phase is shown Figure88. As the vessel expands longitudinally,

the skirt atachment region is also displaced vertically, resulting in high secondary
bending stresses and superimposed peak stresses due to the notch. Additionally, a large
axial thermal gradient exists between the vessel and skirt, which promotes thermal

membrane séss along the length of the skirt.

715 quadratic, quadrilateral 1155 quadratic, quadrilateral
elements (CAXS8R). elements (CAXS8R).

2336 unique nodal points. 3706 unique nodal points.

Figure 87. lllustration of mesh size considered in sensitivity study and summary
statistics.

Figure89 shows the contoursf maximumS,/3Sn calculated athe skirt juncturdor

the most severe design transidrte effect of the notch is clearly pronounced, though
the maximum $/3Sn» does not occur at the notch root, but tends towards the location
where the thermal gradient existing between the vessetlarids maximised. This
conclusion is supported tiigure88, and accordingly the SCL was®sitioned at this

location.
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Figure 88. Displacemen{10x magnification) of Yiece at end of wan-up phase.
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Figure 89. Contours 0f5/3Sn for most severe design transient.

6.7.Notched Thin-Walled Cylinder

To investigate strain concentration under thermal loading in presence ofla loca
discontinuity, a series of FEtudies ona thin-walled cylinderwith various fully
circumferential, seracircular notches were conducted. The geometry of the cylinder

was based on the paper by Fujidk&8], and is illustrated irrigure 90 with major
dimensions highlighted. Fiveemicircular notches were considered possessing

di fferent notch requaltto5r26dli2b, 0.625%, and 0.31%5anmu r e
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By varying 1}, dcahlbealeriesd at thes rtthuts wherénkayK

be calculated from the ratig/S.. Hi gher val ues of 4butgheve |
notch now accounts for a greater proportion of the section thickness, which can have
a larger effect on the gross plastic behaviour of the cylinder. This case considers three
types of thermal loading editions for the notched cylinder, which are also illustrated

in Figure90: a) an axial temperature gradient varying linearly along the longitudinal
axis of the cylinder, b) a radial thermal gradient varying liygtlwrlough the thickness

of the cylinder, with zero variation in the axial direction, and c) a parabolic thermal
gradient through the thickness of the cylinder due to a transient thermal shock.
Individual thermal and structur&E models were creatddr each notch geometry
consideredwith all sharing common boundary conditions.
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Figure 90. Geometry and dimensions of notched cylinder with different thermal
loading conditions.

In the thermahknalysesthe initial temperature of theylinder is assumed uniform at
20°C. Timevarying thermal boundary conditions were applied directly assuming an

infinite HTC. In the case of the linear axial thermal ¢gatl the temperature of the

188



unnotched end of the FE model was fixed at 20°C, whiist temperature of the
notched end was ramped up to a maximum temperatwsg,bEfore returning to the

initial temperature of 20°G~or the linear radial thermal gradient, the internal surface

of the cylinder was fixed at 20°C, whilst the temperaturehef éxternal surface
including the notch face was allowed to vary. Both cases were analysed assuming
quasisteadystate conditions. The case of the parabolic thermal (shock) gradient is
nonsteady and was therefore analysed as a transient heat transfiemprdbe
external surface of the cylinder, including the notch face, was ramped up to the
maximum temperature mbx, in a time of 10s. The temperature of the external surface
was then held constant atakfor 1000s, until thermal equilibrium was estabédhn

the cylinder. Finally, the temperature of the external surface was returned back to the
initial temperature of 20°C in 10s, completing a single symmetric thermal cycle. In the
structural analyses, the bottom face of the cylinder was constrainedamriéxed in

the global ¥direction (i.e. along the longitudinal axis of the cylinder). The free end of
the cylinder was constrained to expanglane.

Both the thermal and structural FE modetgised identical meshesf quadratic,
quadrilateral elenmgs, which were refined with element bias along the notch face
towards the notch root to ensure that the maximum stress was accurately cdptured.
mesh sensitivity study was i nhyperfanirgy ¢ onc
an Appendix XI1F3520 scoping calculation for two candidate meshes. Thexfish

contained 343 elements and 1132 nodes at the notch whilst the latter contained 2566
elements and 801 nod@&oth showedess than 0.3% difference ip&hd no difference

in S.. Figure91 shows thdinal FE meshes adopted for each of the notch geometries

considered in this case study.
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a)] p=5mm b) p=2.5mm
c) p=1.25mm d) p=0.625mm

e) p=0.3125mm

Figure 91. FE meshes adopted for notched cylinder models.
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7. Results of Finite Element Case Studies

This section presents the results of the elgdtistic analyses and discusses some
notable observations for each of the FEecstsidies investigated. The resultant strain
amplitudes (or pseudstress amplitudes) determined according td@O&R criterion
and the variousade Ke methodologiedased on elastic DBAave been determined
for each FE model. These have been used tmatithe number of allowable cycles
at each assessment location in order to evaluate anghcemme conservativism in the

code Kefactors for a variety of structures and loading conditions.

The results obtained for each FE model are first discussed EAS&dtion 11l is the

focus of this thesis, and accordingly a detailed performance comparison is afforded to
Appendix XIII-3450, CC N7 7 9, and Ranganathodés method
location to clarifytheiradvantages and limitations. A general performammeeparison

of the ASME 1l Ke factors and Kfactorsfrom other codeselative to the FElerived

K EA is thenpresented. The codecKnethods that produce the most consistently
accurate results are identified and discussédiditionally, a number of
recommendations areadeto improve the existing methods.

As highlighted in SectioB.3.3.3 S, has the potential to be eat-phase with § Thus,

to ensure that the maximum value aofi& captured for theode metods that depend

only on S, Ke was calculated based on the extremesnofS8nilarly, forthe code
methods that depend only op, 8e was calculated based on the extremespofl 8
enable a direct comparison between codenkthods that involve more tharsingle
correction factor, and which depend on multiple different stress ranges, an equivalent
correction factor, Keq must be determined. The purpose @fedis to reduce the
combined effect of multipl®CFsto a single value whose effect oq: & equivalent,

and it serves as the basis of comparison for all plasticity correction methods outlined
in this section. Keqis calculated according to E(.67).

cOY © 16
VR Y 0 4o

In the case of compleKe factors such as CC-79 for example the stress tensor

ranges corresponding to maximumvgere input to Eq(85)-(87), andsubsequently
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an equivalent Keq value wasdeterminé from Eq. (167). Then, S is recalculated

using this calculated éeqand the maximum value of;Shisfinal value of Qi is used

to determine the allowable cycles on the Appendix | DFC. In all casegalines of

Sy and E used in the elastic fatigue analyses were calculated based on the maximum
temperature of thiatigue load pairThe calculatd code K factors therefore represent

the most conservative possible valbarther calculations have been performed using
less pessimistic values of,$ermitted by Appendix XIH3420 for comparison, but

are not presented in this work. The choice gfiShowever acknowledgeds an

important factor and is discussed further in Sedidn

7.1.Thick-walled Cylinder
The results obtained for the thigkalled cylinder considered by Millef74] are

examined in this section for eachmaoination of sustained pressure and cyclic thermal
loading.The compiled results obtained for the thigklled cylinder is shown iRigure

92. The number of allowable cycles calculated using the Appendix | DF@vwensin
Figure92 (a). For the most severe design transient, elasdistic FEA permits 145
cycles compared to only 18 cycles permitted by the Appendix34dH0. CC N779

and Ranganat hdos nH tytles,despeativelyihetcont@u? @otofa n d
KA in the cylinder is shown iffigure 93 for the case of 15 MPa internal pressure.
As can be seen, strain concentration on the surface of the cylinder is relatively small,
and does not increase significantly with severity of thermal shock. Whilst the
magnitude of sustained pressure loading is often crucially impevteert considering
ratchet behaviour, it was found to have a negligible impact on the degree of strain
concentation experienced on the internal surface of the cylinder. This is confirmed in
Figure92 (c) which shows that K5* is essentially independent of the magnitude of
sustained internal pressure and depends only esdterity of the thermal cycling.
Thiscontrastsvith theresultsreported by Asada and Nakamita2], who found that,

for a given level of cyclic thermal loading, K" may increase as function of the
primary membrane stress. However, the resultEl®2] were based on simplified
monotonic analysis of &F4 using an elastic perfectiplastic (EPP) material model,

and therefore daot accurately reflect the trieehaviour of the material under cyclic
loading. The maximum K& of 1.203 was calculated for the cylinder FE model,

which is very modest compared to the value of 3.33 predictedy¥°. Based on
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the analytical solutin for K, considering a cylinder subjected to a thermal shock
(Section4.3.1.), it is expected that & will tend asymptotically to a maximum of

1. 4 " approaches its maximum value of 0.5. This appearsilyraansistent with
the trend observed FRigure92 (c).
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7.2.Bettis Stepped Pipe

For the stepped pipe tests describegd 84], the earliest initiation of a 0.254mm crack

was estimated to occur afte833cycles of the test transieftiearithmeticaverage of

all measured defects initiating during the tests was estimated to occur after
approximately 1,000 cycles. The authors further explain that crack initiation was
defined as initiation of a 0.254 mm deep crack as it was found that whitgt cracks
initiated early into the tests (< 50 cycles), many did not propagate further through
thickness after exceeding the influence of the high thermal skin stresses. Jones et al
estimated the number of cycles to crack initiation by metallographicieatdon and
counting the fatigue striations backward from the final crack size observed at test
termination. The crack growth cycles estimated from the striation count were
subtracted from the total cycles to determine the cycles to initiation. Crackiowede

only in the two thickest sections due to their experiencing significantly higher cyclic
thermal stresses. The elagpiastic fatigue analysis of the test transient was conducted
for every element nodal point in the FE model. A unique set of rdsulésach node

was determined by averaging the results obtained at each element node. Table 1 shows
a comparison of the allowable cycles calculated using each methodology for the
thickest section of the stepped pipe. As can be seen, the current ASMip&ihdix
XIII'-3450 K factor permitsonly 25 cycles using thappendix | DFG absenbf any
consideration of environmental effects. This is less than 20% of the cycles that are
permitted by elastiplastic FE analysis utilisinthe NUREG/CR5704 CSS curves.
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Table8. Allowablecycles calculated for 15.2 mm stepped pipe section

Plasticity Correction Method Ns
ElasticPlastic FE Analysis 143
ASME Il Appendix XI11-3450 25
ASME lll Code Case N'79 178
ASME Ill Code Case N'79(Modified) | 168
Ranganat hdés Met ha 80
ASME VIII-2 Section 5.5.3 25
ASME VIII-2 Annex 5C 139
RCCGM 101
JSME 47
JSME NGCC-005 28
EN-13445 Annex 18 189
AD 2000-Merkblatt S2 170
PNAEG 27
R5 (Neuber) 41
R5 (Kv) 158
Rolls-Royce (k) 104

Figure 94 compares the number of cycles to initiation predictedhey ASME Il
plasticity correction methodsith the observed cycles required to achieve a 0.254 mm
defect depth in the test. This comparison considered nasksdetected in the 15.2

mm section and two cracks detected in the 11.7 mm section. It can be seen that all of
the approaches considered for calculating the effective strain range produced very
conservative estimates of the number of cycles to initialibese pessimistic results
obtained for the stepped pipe are largely due to excessive conservatism in the Code K
factors As shown, without even considering environmental effeletgiled elastic

plastc FE analysis predicted only 143cles of the testransient to cause crack
initiation in the thickest section, whichlesss tham0% of thelower-boundcycles to
initiation observed in the tes€onsidering the thickest section of the stepped pipe
possesses a predicteeh Bf approximately 3.08 based dine current NUREG/CR

6909 Rev. 172] Fen correlations for austenitic stdess steel, this would imply &

mm initiation life of 143 / 3.0é 46 cyclesusing elastiglastic FEA in combination

with theAppendix IDFC.

It should be noted #t the crack initiation criterioof 0.254mm employed by Jones et
al[134]in the tests is inconsistewith the Appendix | DFCs, which are based on the
number of cycles required to initiate a 3mm deep crack in a uniaxial test specimen.

However, whilst the number of cycles to initiate a 0.254mm crack was used to define
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ofailured, It twvospipesectionmswene tefmoved afterar08 ahd2@08
cycles, with Jones et al noting the presence of extensive surface cracking in both the
15.2 mm and 11.7 mm sectiofi$ie specimen removed from the rig at 708 cycles was
the one that possessed only two difen the thickest section selected for striation
counting and were judged to be 0.254 mm deep after 365 and 458 cycles of the test
transient, respectivelylmportantly,Jones et al state that most of the cragkse at
least0.1 inch (2.54 mm) deep orelger when the tests were terminated. Indeed, from
examination of the pipspecimensn Figure 6 of PVP2002748[134], thethickest

15.2 mm sectiorof the pipe subjected to 2008 experimental cy¢tep picture)
appears to possesmny defects of 2.5dhm or deepelThis suggests thagéven when
utilising detailed elastiplastic FEAthe allowable cyclew® initiate a 3mndeep crack
according to the Cod®FC is extremely pessimistic compared to the range of
0.254mmdeep initiation lives estimated experimentally for the stepped pipe, let alone

the number of further test traast cycles required to produce a 3rdeep crack.

It is also important to recognise that type of loadiogsidered in the stepped pipe
testsis fundamentally different to the loading experienced in conventional strain
controlled fatigue tests. The DFCseme derived based on polished, srsathle

uniaxial specimens experiencing a constant membrane strain in the gage. In these tests,
the crack growth rate accelerates as the crack grows due to the increase in the crack
driving force. However, in the stepp@ipe tests, Jones et al noted that the crack
growth rate decreased sharply and crack arrest was observed in many cases due to the
very steep, decaying strain gradient throtighknesslt is assumed that, irrespective

of the worstcase crack depth obsedvat test termination, if the tests were continued
then cracks would not be expected to penetrate thrauadjifor a very large number

of additional cycleslue to thaeasons noted abov@ncetheintent of the ASME Il

fatigue criteria isarguablyto praed against throughvall leakage rather thagrack
initiation (see discussion in Secti@?2.5.3, an even greater level of conservatism is
implied under the assumption that a CUF equal to unity equates to thralighak

in an actual plant component. i evidentthereforethat the Appendix XIH3520
procedure is not well suited to assessing fatigue induced by thermal shock loading due
to the excessive margin afforded the Ke factor, DFCs, and additional dx penalty

factors.
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These observationturther emphasise the neew adopt alternative assessment
procedureshat considethe growth of mechanically short cragkgplant components
under realistic loading condition§Some important work in this area h&gen
performed ecently, which considered the stepped pipe experiment as a benchmark
exampleMann et aperformed a reanalysis of the stepped pipe tests based on the total
life approach{179], considering the thickest section of the stepped pipe specimen. In
this work, Mann et al utilised a befst strain-life curve corresponding to a 25n

crack depth, developed based on a striation counting study considering crack growth
behaviour from 25m to 3 mm in smalkcale fatigue specimens tested in air and
LWR environmentsThis work found that a 0.254mm crack would be present after
approximagly 233 cycles, slightly undgaredicting the minimun865 experimental
cycles to generate a 0.254 mm craak,estimated from striation counting in the
original analysis by Jones et al. However, subsequent crack growth analysis suggested
that to develop arack of 3mm depth would require 629 further cycles, or 862 cycles
in total. Other workconductedoy Leary et al[170], previously discussed in Section
5.4.5 aimed to correlate elastmlastic FE fatigue lifepredictions with the
experimentally observed 0.254mm initiation lives reported in the stepped pipe tests. In
this work,for the 9 defects considered in the original tests, the geometric mean life for
the observed 0.254mm defects was evaluated as 878;@cladditional 627 cycles
were estimatetb grow from 0.254mm t8mm crack depth based on the crack growth
rate data presented in Mann eflal9]. This represents an estimated geometric mean
3mm initiation life of 1543cycles, whichis overall much more consistent with the

experimental observations reportedi84].

More recent worlpresented by Wright et f180] considered grobabilistic total life
assessment of the stepped pipe tests, with a target reliability’ @ghihstavoidance

of leakaggwhere leakage was defined asrack depttof 80% throughwall) adopted

as an acceptance criteridrhne probabilistic analysis results suggested that extant Code
deterministic methods would limit cyclic operation to a life of 33 cycles when
environmental effects are considered which would equate to a quantified target
reliability of less than 18, Using atotal life approach théestestimate cycles to
leakage was found to be approximately 25,000 cycles, whilst approximately 10,000
cycles were permissible with quantified margin equivalent toatd@et reliability.
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Therefore, considerinthe total lifeto loss of functionality would permit an increase
in theCodedeterministic life by a factor of 250 and still achieve a target reliability of
10° againstavoidance of leakader the stepped pipe.

With this in mind, the comparison of the Codef#ctors with K4 is further justified
as animportant step in reconciling the Code prediction methods vatiserved
component behaviour. A further step is to utilise this improved understanding of
elastieplastic component behaviour to support the initiatstage of a total life

assessment.
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Figure 94. Comparison of Nand Nexpat which 0.254 mm deep cracksre observed
in the stepped pipe.

The KB factors for the stepped pipe were calculated for both the test transient and
thearhtrary thermal shock transienfBhe contouplot of K4 was calculated for the
entire FE model, as shown kigure 95, for a selection of transient load cases. The
results were then extracted on the intesaface situated at the rambint of each
stepped pipe sectioiihe ASME lll elastic stress parameters determined for selected
transients is shown iRigure96, and the performance of the ASME Ik Kactors for

these transients is summarisedFiigure97. TheKe = calculated for the stepped pipe

is relatively moed, tending to a maximum of 1.5Idbtained at the thickest section
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for the test transienfThe trend in K™ vs. S/Sy for the stepped pipe is somewhat
higher than that of the thiekalled cylinder despite being of similar geomefriis is

likely due tothe higher elastic followup exhibited by a series of inteonnected pipe
segment®f varying rigidity comparedo a single uniform pipeAs shown byFigure

97 (b), K&"-3450 was found to beconserative by a factor of 2.0x to 6for the
majority of transients considered. In contrast, CZ79 was found to predict &4

quite closely, though had the potential to be slightly-nonservative; in particular,

CC N-779 was found to under predict®” at the thickest section by %for the test
transient as shown bligure97 (c). Ranga at hds met hod was gene
produce results that were conservative between a factor of 1.1x and 1.3x, as shown by
Figure97 (d).
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7.3.PWR Aukxiliary Piping Nozzles

The results obtained for the PWR RCS nozzles are presented and compared in this
section. For the sake of brevity, only the CORDEL MCL nozzle results are examined

here in detail, though a similar trend was observed for all three components.

The number of llowable cycles calculatedt each assessment locatiosing the

Appendix | DFC are shown iRigure98. In Figure98 (a), the results of thelastic

plastic fatigue analysigevealed the critical locatido be SCL §situated in the nozzle

which can be seen to perswdnly 91cycles of the most severe design transi€his

contrasts with thbranch pipe (SCL 2) and nozzle crotch co(®€L 8), which permit

200 and 19&ycles, respectivelyASME IIl Appendix XllI-3450 also indicatethe

critical location to beat SCL 6 but permis only 16 cycless indicated byigure98

(b), which isless than 20% of that permitted by elagtiastc FEA. On the other hand,

in Figure 98 (c), CC N-779 predicted the maximum damage to occur in the nozzle

crotch orner at SCL 8, allowing for 108/cles. ASME CC N/79 was generally found

to give slighter higher allwable cycles compared with elasgilastic FEA in the

nozzle regionbut also permitted a lower number of cycles at the crotch corner and
branch piping.In Figure 98 (d), Ranganat hds met hoddrstact ual
fatigue damage to occur 8CL 3 situated at the taper&@nsition between the nozzle

and theadjoining branch pipeallowing for only 3%ycles at this location. This is less

than onequarterof thecorrespondind62cycles permitted by elastigastic FEA. The

all owable cycles predicted by Ranganat ho:
elastieplastic FEA at all locations, but much less pessimistic than Appendix XIlI

3450.

Figure 99 show the contourlpts of K5 determined fothe critical nozzle region.

The contour plots are restricted to show only the regions of strain concentration (i.e.
KFAO 1. 0) f or c | Fguré99tye nozAesregmrheahibits the greatest
strain concentration on the internal surface of the reinforcement region, and weakest
strain concentration in the crotch corner. the severity of the transient loading
increases, the tapered transition of the nettzlgipe juncture also exhibits strain
concentration on the outside surface due to its acting as a mild notch. The internal

surface of the branch pipe however shows lastiein concentration comparedth®
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nozzle,as its lower thermal resistance daens the thermal stress experienced on the

internal surface

A common trend for all threrozzlesis that the highedPCFsoccur in the nozzle,
whilst the lowest occur in thattached branch piping. This is largely attributed to the
higher thermal resistance of the nozzle due to its greater thickness, resulting in more
severe thermal stresses in this region. The nozzle crotch corner was also found to
exhibit much lower strain ancentration compared with other locations, as it is
dominated by peak stress whose effect @fKis concluded to beninor. However,

in the case of the charging nozzle a highéFKis observed in the nozzle compared

to the safety injection nozzle, déspit being comparatively thinner. In this case, the
nozzle has much lower rigidity compared to the main coolant line pipimdelastic
follow-up is therefore of greater significandéagure 100 shows the variabin in the

ASME Il elastic stresparametersalculated for the CORDEL MCL nozzle. The
performance of the ASME Il Kfactors were evaluated at each assessment location

and the results atgghlightedin Figurel01

As shown byFigure101(b), K" 34*%was overall found to be consative by a factor

of 2.2x to 2.9 across all assessment locations for the most severe transients. For the
least severe transients, with minimattained fluid temperatures of 280°C and 240°C,
K340 was found to be slightly neconservative. This is expected since from
Figure 100 (a) it is clear that Sdid not always exceed 3Sor these transientgnd

thus KX!"'-340neednot apply

It was observed that CC-RI79 exhibited a reduction in performance for the PWR
nozzle FE models, and was found to be-nonservative by up to 20%. The results
shown inFigure 101 (c) indicate that CC N'79 shows reasonably good predictive
capability for the branch and main coolant line piping. However, it significantly under
predicts the elastiplastic strain range in the nozzle reinforcement region, and appears
increasingly na-conservative as the severity of the thermal shock increases. As the
mesh contains sufficient refinement at local discontinuities, the GZINK, factor is

equal to unity and only theK’"®and KN-""*factors are applicable. In this caseK
multiplies only the thermal membrane stress rainge St Or Si-w), but as shown

by Figure 100 (c), Sww represents only a small fraction of, Svith the highest
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contributionsof Sy, observedior SCLs 3 and 8Accordingly, KV is highestat
these two locations but are still slightly noanservative for the most severe design
transient. On the other hanfiyr SCLs 47 situated in the nozzlehe CC N779
correctionis largely attributed to ®-77°, but KN is not high enough teredict
conservatively the elastjglastic strain range in this regiowhilst K,N""7° tendsto a
maximum correction of 1.4, the actual™®* could realistically be up to 1.6 in this
region The explanation for thigs believed ® be due teelastic followrup from the
much longer adjoining branch pipinghich experiences comparatively less stré€s

N-779 KN-""°therefore may not be adequatehis situation.

AswithCCN7 79, t he per f or mathodveas atsd fodd éorvagya nat h 6
significantly between assessment locations. However, as shovigyg101(d), KR

was found to be conservative in all cases wherex8eeded 3§ whilst showing a
generallyincreasingtrend in consemtism for & >> 3S,. The variation in K is

attributed mainly to the relative contribution of«Sto S, represented by the
parameter, R inEq. (113, which dictates the weighting applied to the more
conservativek '-3450 when calculating K. Accordingly, the conservatism of K

was generally found to vary directlyitv R, and thise x pl ai ns why Rang
method predicts theinimum Nt to occur at SCL 3which differs from that predicted

by elastieplastic FEA. Overall, it can be concluded thatcompares favourably

with K™ for the PWR RCS nozzles, though due to the nature of its formulation, has

the potential topredict an altogethedifferent fatigue limiting location from that

implied by elastieplasic FEA. This was not a problem in this case, since it still
predicted conservative valueshffor all locations, though merits further examination

for other FE models.
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7.4.Tapered Nozzleln-Vessel

This section presents the results obtained from fatigue analysis d&pered Vessel
In-Nozzle FE nodel.

The number of allowable cycles calculate at each assessment location using the
Appendix | DFC is shown ifrigure 102 As shown byFigure 102 (a), thecritical
location determined bglasticplastic fatigue analysis was found to be SCL 8 situated
at the midlength of the nozzlewhich permits only 10@ycles of the most sexe
design transientatigue damage was found to $#lghtly less sever@n theattached
piping. Additionally, the nozzleto-pipe juncture $CL 3 permits 10%ycles which is
lesspessimistidhan for the nozzldn Figure102 (b), the Nr calculated according to
ASME III Appendix Xl11-3450 are only 1:A5% ofthosecycles predicted by elastic
plastic FEA. In contrast, thé calculated according to CG-R/9shown inFigure102

(c) were more closely aligned with that of elagtiastic FEA. However, the fatigue
limiting location waredicted to bat SCL 3, which only permits 7§/cles. Despite
this, CC N779 still gave very accurate results in the nozzle, predicting an awdrage
of 99for SCLs 79, which is equivalent tthat predicted from elastiglastic FEA As
shown byFigure102(d),Ra n g a n a t hpéoducech eohskreatve valueshffor

all assessment locations in the FE moHewever, like CC N779, it also predicted a
different fatigue limiting dcation to elastiplastic FEA, withthe highest fatigue
damage expected at SCLwhich permits only 2%&ycles SCL 4 is situated in the
transition region between the vessel nozrié attached piping, close to the juncture.
This is similar to the situation observed for the P@(Riliary piping rozzles, where
Rangant h dvas alscefoundota predict the highest damage in the ntzzle

piping transition region.

Figure103shows the contour platf KSFAO 1. 0 dotpipenjunatuzel reggion of

the FE model. As shown, & on the internal surface is relatively uniform, and
increases proportionally for both the nozzle and pipe sectionsnerasing severity

of thermal transient. On the outside surface, at the local discontinuity induced by the
tapered transition between the nozzle and pipindf’Ks close to unity for the less
severe design transients but increases as the thtbisfhess thermal gradient

becomes high enough to induce local plasticity on the outside surface. However, since
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the bulk of the section thickness exhibits strict shakedown, strain concentration at the
outer surface of the discontinuity is modest, and is na\axs as the internal surface.

Due to the high thermal resistance of both the nozzle and piping, high local thermal
stresses meant that™®”* on the surface was always greater than 1.0 even for the less
severe transientdrigure 104 shows the variation in the ASME Il elastic stress
parameters calculated for ttepered nozzkn-vessel The maximum 8Sn occurs at

the pipe juncture (SCL 3), and is mainly due to the large bending stresses induced by
mismatch in theadial displacements of the nozzle and pipe sections. The maximum
Sy/Sw however occurs in the nozzle region (SCL 7) due to the much higher
combination of $ and 3. The performance of the ASME Il Kfactors were
evaluated at each assessment locatiortladesults arsummarisedn Figure105

As shown byFigure 105 (b), K340 was generallyfound to be conservative kay
factor of 2.2x to 2.8xthis isconsistent witltheresults obtained for the PWARIxiliary
piping nozzles. Similarly, only in cases where<S3S, was KX!'34%0 found to be

modestlynon-conservativeup to a maximum of 15%.

Figure 105 (c) shows the relative ggformance ofCC N-779 at each assessment
location. The results indicate th@C N-779 performs reasonably well for both the
attached piping region (SCLs3) and the nozzle region (SCLs1®), producing
results that are within-50% of KEA, albeit slighly on the norconservative sideCC
N-779was most onservative at SCL 3 by up to a factor of 1.15x, explaining @@y
N-779 predicts the lowesi at this location. The reason for this is thak 8 relatively
low compared with $», which results ira higher weighting being applied to the more
conservativeKN 79 factor (vhich is equivalent to K349 However CC N-779
does not perform as well for the tapered transition region (S®l.spbtentially under
predicting KE* by up to 17%. Thiss because the contribution of.§ decreases
relative to g along thetransitionlength towards the nozzle, which increases the
weighting applied to K77 compared to K“7° resulting in a lower overall

correction.

As shown byFigure105(d),R a n g a n & wals found t&be conservatiireall cases
where G > 3Sn. K& was found to beonservative by a factor of 1.2x to &.®r the
nozzle and pipe sectionand by a factor of 1.4x to Zor the taperedransition
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region. The higher conservativism of"Kand N: in the tapered transition region
follows closely the variation iR, which was found to be especially high in this region,
with Sy.1 accounting for between 280% of S. The higher value dR is expected for

this region of thickness transition where a large axial thermal gradient develops, since
the time to coedown and warrup ismuchlonger for the nozzle than for the pipe.
The magnitude of v is therefore likely to be higher in this situatidimus, itmaybe
concluded that K& will be more conservativat locations at or nedransitions in
section thicknessnder thermal shock conditiorSeteris paribusthe conservativism

of K is expected to increase in proportion to the difference dticse thickness
betweertwo connected structures, since this controls the severity céshéingaxial

thermal gradient and consequently the magnitude.@f S
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7.5.PWR Nozzke with Thermal Sleeve

This section presents the results obtained from fatigue analysis of the PWR nozzle
with attached thermal sleeve as described in HUy&).

The number of allowable cycles calculated at each assessment location using the
Appendix | DFC is shown ifigure106. Nr calculated by elastiplastic FEA is shown

by Figure106(a). Infinite life was predicted for SCLs 1 and 2 situated in the attached
piping. This is attributed to the small wall thicknegs8mm, which minimised the
thermal resistance of the pipEhe N; predicted aSCLs 811 situated in the nozzle

were over two orders of magnitude higher than at the thermal sleeve attachment point.
This is due to the compact nature of the nozzle beimglgf43mm thickness and the
additional protection afforded by the theahsleeve and stagnant fluidthe rapid
cooling of the nozzle due to the injection of cold fluid caused the thermal sleeve to
shrink, resulting in a tensile stress on the inside sudadea compressive stress on

the surface in contact with the stagnant fluid. This caused large bending action at the
sleeve attachmeipioint. As can be seerthe critical location is SCI situated at the

notch root induced by the thermal sleeve attachmeinit, which permits790 cycles

of the most severe design transiéd€CLs 5 and 6 were also found to exhibit high
damagepermitting 1071 and 1258ycles respectively. SCL 4 at the nozztepipe
juncture was fond to be of lesser concers shown byFigure 106 (b), ASME Il
Appendix XllI-3450 shows the fatigue limiting location to be at SCL 5, situated
slightly above the thermal sleeve attachment ppmtnittingonly 65 cyclesOn the

other handFigure106(c) and (d) show thdioth CC N779andRanganat hds me:1
predict the fatigue limiting location to la@SCL 6, whichis between the nozzle surface

and sleeve thickness slightly below the attachment point. G¢NmdRanganat hos
method both permit only 112and 69 cycles respectivelyat this location.Both
approachesare significantly more conservative in this case compared with the

previously discussed FE models.

Thecontour plobf KTEAO 1 the critical nozzldo-sleeve juncture regida shown
in Figure107. K& is shown to be most significant at the locations of higBg86n
observed irFigure 84, thus affirming that elastic stresentours appedo be a good

predictor of high strain concentration in this case where peak plasticity is dominant.
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The magnitude of KF* is highest at the nozzle surface slightly above the sleeve
attachment point (SCBb, or Point B inFigure 84) and at the notch induced by the
nozzleto-sleeve juncture (SCL 7, or Point CRigure84). Nonetheless, the magnitude

of KB4 on the internal wrface of each assessment location is still very i@mying

up to amaximum of approximately 172 Cyclic plasticity did not extend significantly

into the thickness of the nozzle region. This was attributed to the stagnant fluid
contained by the sleevejhich significantly reduced the heat transfer to the nozzle
region, and thus the severity of the surface (local) thermal stresses. This also restricted
the severity of any radial thermal gradient developed in the nozzle region, so limiting
thermal bendingtressesHowever, whilst radial heat transfer in the nozzle region is
attenuated, this also results in amplification of the axial thermal gradient developed

between the nozzle and much thinner attached piping.

Figure 108 shows the variation in the ASME Il elastic stress parameters calculated
for the PWR nozzle with thermal sleeve.is clear hat SCLs 57 experience the
highest $, but each show ve different behaviour in their resultant stress rarige
partiaular, SCL 6 experiences only a very sn@&lk superimposed on top @éry high

Sw, indicating that sectional plasticity is prevalent in the sleeve just below the
attachment point. This is also confirmedthg contours oFigure107, which shows

that for the more severe transients,® is greater than unitgicross the entirsleeve
thickness Additionally, thermal membrane stressesyp,Saccount for over @6 of S,

at SCL 6, due to the large axial thermaldjeat formed between the sleeve and the
nozzle during the heatp and cocbdown periods.ConsequentlySCL 6 does not
satisfy the requirements of ASME Ill Appendix XBK50 (a);neverthelessplastic
shakedown was still achieved, and so the Cogfad¢tors were still examinedt this
locationto compare with KFA. The trend in K™ vs. S$/Sm and theperformance of

the ASME III Ke factors by assessment location are showFigure109.

In Figure109 (b), K349 was generally found to be very conservative, potentially
by up to a factor of 3.4x. &''-340\was found to be particularly conservative at SCL
6, even for the less severe transients, owing to the very high & this location. In
contrast, K<"'-3450 was found to benuch lower at thexotch (SCL 7), as $ only
modestly exceede®m. Thus K" -3450was slightly norconservative at this location.
The magnitude of K"-340at SCL 7 is quite sensitive the orientation of the SCL.
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If the SCL is instead positioned to span horizontally from the notch surface, the
magnitude of $is higher and K"-3%° produces amore consevative correction.
However, this particulantozzle geometry is quite complex and #pplication of SCLs

in this situation can be difficult for assessing fatigue. In particular, it is not always
possible to enge that the SCL orientation is perpendicular to the stress flow.
Guidelines for this type of geometry are not covered in WIR@or ASME VIII-2
Annex 5A.

In Figure109(c), CC N-779was found to be moderately conservative for SCLs 4 and
5, where the influence of the less conservatiV&’K factorwas more dominanCC
N-779 was alsofound to be very conservative at SCL 6, due to the very large
contribution of S to S, which results in greater weighting applied to the more

conservativeK V' "? rather than KN-77°,

In Figure109(d), R a n g a rKa& shiovis sa generally similar trend to that@E N-

779, but is much more conservative for SCLs 4 and 5. This is due to the conservative
assumption oK equal to 1.4n the KR methodology. At SCL 6, the magnitude of

Ke is the same a&!"34% andboth are equally conservativenen compared to

KEA Thisisdue to the high value of R = 0.665
method to become equal to Appendix X350 for S exceeding’.7Sn. It is therefore
expected that both corrections stibpkerform similarly in cases whe$s is high and

is dominated bybnt.
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7.6.Nuclear Vessel Skirt Support (Y-Piece)

This section summarises the results obtained from fatigue analysis cHibeerskirt
support described in Kasahat# 6].

The results obtained for the-Riece are summarised kigure 110. The number of
allowable cycles calculated e skirt juncture using the Appendix | DFC is shown i
Figure 110 (a). As can be seen, elasfastic FEA permit247 cyclesat the skirt
juncturefor the most severe design transi@uth ASME Il Appendix XlII-3450and
Rangan at hconservatigelyplermitonly 42cycles under these conditions. CC
N-779 was also found to be similarlyonservative in this caspermittingonly 99

cycles.

The K54 factors were calculated at every node in thBi¥ce FE modednd plotted

to examinethe contours of KF* at the skirto-vessel juncture, which showeery

high S/3Sn in the initial fatiguescoping calculationgFigure89). Figure111 shows
thecontour plotof KFAO 1. 0 a-tb-vesshl guincturke forreach design transient

As the thermal gradient between the vessel and support skirt increases, cyclic plasticity
begins to spread in the thickness of the skirt, close to the m@tattpoint with the
supported vessel. Since the thermal gradient acts uniformly along the longitudinal axis
of the skirt, this produceslarge KFEA across the entirety of the skirt thiwss. Gross
plastic cycling is apparentvherén the skirt acts as plastic hingeresulting ina

ratchet mechanism at the juncture. However, since the difference in the hysteresis loop
tip-to-tip strain range between cycles was found to be negligible, #fé Kalues
calculated for the final (10 cycle of the elastiplasticfatigue evaluationwere still

deemed valid for purposes of tlsisidy.

Figure110(b) shows the variation in the ASME Il elastic strpasameters calculated
at theassessment location. In this casgisharacterisetby a modest local thermal
stress ranges, i, superimposedith a high membranplusbending stress rang&..
Additionally, S.w accouns for over onehalf of S, which lad to difficulties in
satisfying the requirements of ASME Ill AppardXlll -3450 (a) for this particular
geometry.The criterion of $w O 3 (§q. (64)) was violated for vessel warop
temperatures exceeding 250°C. Despite thisCode Kk factors were still calculated

to determme their conservatism relative to®”. The variation of K& vs. S/Sm at
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the skirt juncture is shown blyigure 110 (c). Whilst Figure 111 shows the skirt
juncture exhibis cyclic plasticity througthickness, on the internal surface where
fatigue cracking is of most significances R* was found to be quite moste tending
to a maximum of 1.54Initially, K™ was found tovary linearly with increasing

Si/Sw, though doeappear to relent somewhat aseSceeds 8%

The performance of the ASME llld{actors relative to K& is shown byFigure110

(d). The performance of K'"'-3450 for the Y-Piece FE model was found to be very
corservative, achieving the maximum J¥ 340 of 1/n for vessel warrup
temperatures exceeding 225°C. Since the cyclic response at the skirt juncture is
dominated by sectional plasticity, peak strain concentration was also found not to
occur for & < 3Sn, and thus KX"-340 was conservative across the entire range of

S/Sm. CC N-779 wasfound to be quite conservative for thePfece FE model. This

was due to the dominant contribution efisIo S, leading to a significant weighting

applied to K340 with the less conservative,’X'’® applying only to the much

smaller contribution of . Similarly,Ra n g a n a t hwasalserfeundrtoobd quite
conservative, falling between Appendix XBA50 and CC N79. Due to the large

fraction of S attributedto Sy.u, this results in a high value &i n Rangd&nat hos
formulation, which applies a greater weighting t§'k3#**°and controls the threshold

value of $/Sm beyond which KR becomes equal tod&!"-34°C Since the weightings

applied to KX"3®°inh CC N779 and Ranganathos method
equivalent, the higher conservatism @R the rangef 3S,<SX8mSn is due to the

definition of KX which applies to S, The fact that KR is more pessimistic than
KN7"?and Swis larger than §: in this case leads to somewhat higher conservatism

in K. It should be emphasised however that all threecsgpesproduce rather
conservative result®r this geometry and loading condition, despite the Appendix

XIII-3450 (a) criterion being violated.
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7.7.Notched Cylinder

This section summarises the reswlbdained from fatigue analyses conducted on the
notched cylinder FE models describedction6.7.

The number of allowable cyclels;, cal cul ated as a functi
linear, and radial parabolic thermal gradients using the Appendix | DFC are
respectivelyshown inFigure 112 Figure113 andFigure114 As shown byFigure

112 (a) andFigure114(a), N**decr eases with decreasing

thermal ad radial parabolic thermal gradienait actuallyincreases with decreasing

on

}

} for the case of the r adFigadll3a).Foether t her

thermal loading conditions considered, the racéahpolic thermal gradient was found
to be the most damaging. The allowable cycles predicted by Appendik3d440,
NX!1-3450 are shown biFigurel12-Figurel14(b) for theaxial, radial linear, and radial
parabolic thermal gradients, respectively.general N/¥"-345° was found to be an
order of magnitude lower thandl". In particular, for the radial parabolic thermal
gradient, N¥"-34%was found to be below the g of tabulated values specified for
the Appendix Ill DFC. In contrast, as shown frdfigure 112-Figure 114 (c), the
allowable cycles predicted by CGT¥9, NN""° was founl to be consistently higher
than NFEA for the radial linear and radial parabolic thermal graidigirrespective of
| . As s hleigune 112-Figoreiil4 (d), the allowable cycles permitted by
Ranganat h o wemnaenaralyfoundNo be lower thaf™ for the radial
parabolic thermal gradignbut coincidednoreclosely with NFE4 in the case of the
axial and radialinearthermal gradientsThe reason for these differences was further
examined by considering the variation iR"&' for comparison with the CedKe

factors.

The KSEA factors were calculated at every node in the FE model for each combination
of | oading type and notfigurells ¢igutells ardli u s
Figure117show the contour plotsf K™ O1.0 calculated in the vicinity of the notch

tip for the axial, radial linear, and radial parabolic thermal gradient load cases,
respectively. For the sake of brevity, only the resulig" contoursfor the case of

]} =2. 5 mm As &n ke Beenfmofigurell5 strain concentration at the notch

tip is relatively modest for the case of the axial thermal gradient, varying up to a
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maximum 127fory = 2 . 5Fumhermore, the region forwhich®*O0 1. 0 i's | i m
to the notch tip and the immediately surrounding material, and is therefore indicative

of highly localised plasticity. On the other hafturel16andFigure117 show that

strain concentration at the notch tip is much more severe in the case of the radial linear

and radial parabolic thermal gradients. Furthermore, the region for weith®& 1 . 0
extendsbeyond thelocal material surrounding the notch, indicating plasticity is
prevalent both througthickness and along the length of the cylinder.

Figure118 Figure 119 andFigure120shows the variation in the ASME lll elastic
stress parametemshilstFigurel21, Figurel22 andFigurel23show the performance
of the ASME Il Kefactors forthenotched cylinder considering the axial, radial linear,
and radial parabolic #érmal gradients, respectiveljhe FE-derived KA vs. S/Sm
obtained for the notched cyliadFE models aralsorespectivelyshownin Figure121
(a),Figure122(a), andrigure123(a) for the axial, radial linear, and radliparabolic
thermal gradient load caséghe trend in K™= vs. S/Sy varies both with notch size

(4) and |l oading type.

In the case of the axial thermal gradiend;® exhibits an approximately linear trend

with S/Sw and shows no sign of relenting. $hs attributed to large elastic follewp,

owing to the fact that the thermal load acts over a sufficiently long range that localised
relaxation and redistribution near the notch has no effect on the magnitude of the
remote stresses; thus, the secondagynbal stress in this case acts more like a primary
stress than a seconda-fygldtrEbbest Thdeef tact
the sharpness of the notch and so increasing the severity of peak strain concentration

at the notch tip. Secondly decr easing |} al s obearingccrogsas e s
section of the cylinder at the notch. This reduces the magnitudeatfafhedat the

notch tip. However, thedirmdlIndtsiherss haisp JbYelt,
difference in § was observedfor the three sharpest notch geometries, which each
formed only 12.5%, 6.25%, and 3.125% of the nominal thickness of the cylinder.

For the case of a linear thermal gradient acting thrahigkness (i.e. radially), &54

calculated at the notch tigxhibits asymptotic behaviour with increasingSs. As

shown byFigurel22(a),t he | argest notch size of |} =5mr
KA for Si/Sm up to approximately 1Gm, following which it exhibits the higher
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KeEA. As was highlighted ifFigure 116, the magnitude of K5 remans highest at

the notch tip, but is also significantly elevated in the thickness of the notched section.
The thermal bending stresses that arise induces plasticity at the inner and outer
surfaces, which then extends inward as the magnitude of the lineaghtihickness
thermal gradient is increased. Consequently, only a small region of the notched section
remains elastic for the most severe loading conditions. As shgviAlgure 119, a

much higher magnitude ot/&Smn was observed here compared to the case of the axial
thermal gradient, with the thermal bending stressesg, Boviding the majority

contribution to & It is noteworthy that the maximuny, 8 observed for the largest

notch () =5mm), wlmnatobderved tomakial thexrhakgradient chse.
The relationship betweemm&@ nd } i s al so moydesreagingdyneg un c e (
factor of 2 between the | ar geisdomiaated s mal

byS, and f opisdesmmaté by Sy, FRr the | argddt notec
did not exceed 1.0 fd#, < 3Sy, in contrast to the smaller notch sizes, which showed
significant peak strain concentration. T
to shift the dependence oft®” from netsection plasticity to leal plasticity at the

notch tip under these loading conditions.

As observed ifrigure123(a), K™ also appears to exhibit asymptotic behaviour with
increasing §Sm for the casef a parabolic (shock) thermal gradient acting threugh
thickness. The magnitude ot ®*was foundtov ary i nver sely with |
showing the highest &&* as a function of $Sn. However, as shown iRigure 120

(c), it was found that the ASME IIl Appendix XHB450 (a) requirement thak-S

remain belown3Snwas not satisfied in the case of
maximum surface temperatures exceeding 200°k&2 reason for this is due to
increasing mismatch in thermal resistance introduced between the notched section and
remaining length of the ayln d e r as | iI's increased. I ni
temperature induces high local thermal stresses on the entire cylinder surface. As the
transient progresses, thermal bending stresses begin to develop 4thiokigéss,

which lag the initialpeak stess attained on the surface. However, heat conduction
occurs at a faster rate in the notched section, which has a lower thermal resistance due

to the reduction in crossection. This also causes an axial thermal gradient to develop

between the notched sext and remaining length of the cylinder, producing elevated
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thermal membrane stressdghe notch tip. Thitherefore posgsroblems in satisfying

the Appendix Xllt3 450 (a) I imit. As J} is decrease
gradient is reduced, leading to a reduction i &s shown byFigure 120 (c).

However, as shown byigure120(a), the relationship between®nd |} i s | ess
and does not show a decreasing trend as was observed for thbetmaiload cases.

Overall, the thermal shock gradient is more representative of ptanditions, and

shows characteristics common to both the pure axial and liaéi@l thermal gradient

cases.

In general, K340 showed reasonable conservatism for the notched cylinder FE
models, but did show the potential to be 1womservative dgendi ng on |} ar
severity of the thermal transierits shown byFigure121 (b), in the case of the axial

thermal gradient, K'"'-3**0was generally equal to unity, sincev&as modest and did

not exceed 3Sfor all but the most severe loading. As a resudt!'K4*°was found to

be potentially noc onservative by wup to 10% for }:
} =0.3125mm due to peak strain concentrat
that for 3$<S$:<3.4Sn, K" 34%0was found to still be slightly neconservative in this

region. However, for $3.4S,, K!"-34%was found to be conservative for all notch

sizes considered.K"3**was most conservative for |} =5t
the higher §Sm, resulting in a higher K" -34%° and the lower value of KE observed

at the notch tipAs shown byFigure122 (b), in the case of the radial linear thermal

gradient, KX'"'-***0was also found to be naronservéive by up to 25% fo, < 3Sn.

One exception was for J=5mm, which did n
KX"-34%0 was conservative for all transients considered. Whegréhtly exceeded

3Sn, K& 39w as found to be show similar | evel
between a factor of Ix@and 2.4x. As shown iRigure123(b), forthe case of the radial

parabolic thermal gradient,K'3**°was found to be potentially naxonservative by

up to40% for S, < 3Sn. At high S$/Sm, KX"-3450 showed similar conservativism

between a factorof 1.8xand 4 f or al | } .

CC N-779 wadound to perform poorly for the notched cylinder FE models, routinely

under prediahg the elastieplasticstrain range at the notch tip. the case of the axial

thermal gradient, K'7® was found to be increasingly naonserative with
decreasing notch r oFgurel2laa), Kd'€®js showntodes s how
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nonconservative by up to % % shx®pbmmFobtmem, and
radial linear thermal gradient JK’’® performed particularly badlgs shown b¥igure

122(c), producingnorc onser vati ve predictions for al
of KN was worse for increasing m®hoeh si zi
conservative by up to 3%nffoor j)=95V8s2 5anrmd |
domi nated by t he Pol’%insthincase, whidstconcudeddor r e c t i
be inadequatd=or the radial parabolic thermal gradient\K’®also performed badly,

and observed to be naonservative by up to around 3@ shown byrigure123(c).

The difference in performance o£K’’® by notch size was not remarkab@verall,

the poor performance o£EC N-779 is attributedmai nly to the Poi s
correction factor, K"/’°, which is the dominant correction factor in each situation.

Whilst K,N"7® may be suitable to account for therapédstic $rain concentration in

plane umotched sections, it is concluded to be irmpdge at geometric discontinuities

such as notches where it cannot sufficiently account for the additional peak strain
present at such locations. Based on this evidence, an alternative approach is hereby
proposed for applying Code Case7N9 in the asses@nt of thermablastic notch

effects. It is recommended that the geometry of the notch be excluded from the FE
model, and instead be accounted for separately by the notch plasticity adjustment
factor, K\\-"7. To account for plastic strain redistributiorntlae notch, K is instead to

be substituted in place 085, in Eq. (87). The magnitude of Kmay be obtained

either numerically or through handbook solutions for the notch geometry in question.

The combined ééct of both KN""® and KN will lead to a significantlyhigher

plasticity correctiontherebyimproving the accuracy c€C N-779the procedure in

these situations.

Ranganat hwasfounded pertorn reasonably well for the notch cylinder FE
modds, and offered significantly improved accuracy comparedgpendix XlII-
3450 and CC N/79 Whilst the predictions of & were generally found to be
conservative, there were a few situations wher& Kroduced slightly non
conservative results thevarrart some further inquiryin the case of the axial thermal
gradient, KX was found to be conservative in most cases wheex@eded 3S$ As
shown fromFigure 121 (d), K& was found to be most conservative up tocidiaof

14& for the | argest notch si ze producedd mm. TF
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lower KSEA due to its reduced sharpness, whilstv@s also higher leading to a higher

value of KR. However, despite exhibiting the highest magnitudenaf $ie largest

notch actually produced the smallest valuesRyfsince &S only comprised
approximately 30% ofsSthis is in contrast to the smallest notch, wherg &counted

for 40% of S, therefore resulting in high®. K& showed an approximatelinear
decrease in conservatism windnrbonsdreatvelgyas i ng
up to 206 and 24%f or the two small est notch si :
respectivelyfor S slightly greater than 3SAs shown byFigure122(d), for theradial

linear thermal gradient, 8 was found to predict quite closely the actual valuefK

for S>3Sn. Consideringg he | ar gest n o & was fosnd o prodice =5 mm)
results that were increasingtpnservativeby up to 146 for the most severe thermal

gradient. In this case, whilst the largest notch experiences the highest combination of

S, and S, Swiw only forms 126 of S, and thus K< is dominated by KR due to the

smaller value oR. Despite thisK" is sfficiently conservativeto account for the

higher K-"E4 observed at the largest notchRialso performedwefl or j =2 . 5mm a
} =1 . 2 tespeactively producing resultsathwere conservative by up to 17% and

10% compared tikc: s~ However, for the two small est
} =0. 31 2 $produced skghtly an-conservative results up 8%. This wa

attributed to the lower calculated valueRfor these notch sizes, wherguSonly

accounted for 8% and 5% of, 3espectivelyAs shown byFigure123(d), in the case

of theradial parabolic thermal gradiedR performed similarly to that of the radial

linear thermal gradient, albeit with slightly higher conservatism. For the largekt notc
size (1 =5mm) which &% KR fradiceddesuitshteat veerma | | e s
conservative btween a factor of 1.3x and %.for S:>3Sy. This was attributed to the

large contribution of S, which in this case accounts for 40% af Bhis resulted in

alarger value dR and therefore higherdk The smaller notch sizes all shown a similar

range of §Sw due to the insensitivity of o the notch geometry. However, the
contribution of & to S did vary considerably, which influenced the conservats$

KR For the notch si ze&cojncid2dnoramosaelymih ;| =1 . :
KA, producing results that weretiveen a factor of 1.06x and 1xddonservative

for S©>3Sn. Svib only accounted for 19% and 18% offSor } =2 . 5mm and |} =

respectively, anthusRis lessthanonb al f of t hat <cal cul ated f
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smallest notches } =0 £t ouncthto bemebongervétive3 1 2 5 mr
by up to5% and 156, respectivelyfor S, > 3mSn. In this case, s only accounted
for 11% and 6% of Sf or } =0 . 6 2 5 mmm aespectively; adBidlt@ &

lower value of KR,

As discussed in Sectiof.5.1 the final form of KR proposed in Record 1225
includes aNeuber notcltorrectionfactor, K., whichis equivalent to the notch factor,

K, WRC36L gpecified in WRE361[110]. The intended purpose ofKis to account for
plastic strain redistribution in the presence of a local discontinuity and is to be applied
over and above K[131]. As the notch geometry is sufficiently detailed in the FE
model, K is already accounted for in the calculation gfSor the previous FE sa
studies, K® has been calcuied without consideration ¢€.~ and has been shown to
perform sufficiently well alone. However,Kis evidently applicable for this case
study and it was decided to investigate the effect of includisfgfét each of the
loading and geometries considered.

To consider the effect of the Neuber notch correctamtor, a new factor K¥* is

defined to represent & which explicitly includes KR. In this evaluation, K is
calculated simply as they/S, ratio for each load casBigure124 shows the ratio of

K& vs. KR for each of the notchedylinder FE models. As shown, &' is
considerably higher thanfor S:>3mSy. K" wasgenerallyfound to beup to 1.1x
higherfor the axial themal gradien{Figurel124(a)), between a factor of 1.1x to 1,63

higher for the radial linear thermal gradi€Rtgure124 (b)), and between a factor of

1.4x and 1.78 highe for the radial parabolic thermal gradi€¢htgure124(c)). Figure

125 shows the performance oK relative to K"*wi t h varying notch
each loading conditio considered. Overall, R was determined to be conservative

to K< EA for all cases wheren®xceeded 3§ The greatest difference in performance
between the K and KR* approaches was found to be for the radial parabolic thermal
gradient Figure125 (c)), whereK** was found to be comsvativebetween a factor

of 1.4x7 1.66x, whilst K} was found to be nenonservative for the two smallest
notches sizes (J=0.625 ahdbes ot add2sS thenm) .
potential norconservativism inherent to each of the ASME IHfEctors where peak

strain concentration occurs for<®Sn. As KR is only applicable for $3S,, K&
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remains equal to unity for,83Sy and therefore can still under predict the localised

elastieplastic strain range.
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Figure 112 Allowable cycles, \for notched cylinder subjected axial thermal gradient.

(a) Elastieplastic FEA; (b) Appendix XIH3450; (c) CC N7 7 9 ;
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Figure 113 Allowable cycles, \Nfor notched cylinder subjected to radial linear thermal gradient.
(a) Elastiepladic FEA; (b) Appendix XII}3450; (c) CCN7 7 9 ; (d) Ranganat hoés
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Figure 114. Allowable cycles, f\for notched cylinder subjected to radial parabolic thermal gradient.

(a) Elastieplastic FEA; (b) Appendix XIH3450; (c)CCN7 79; (d) Ranganat ho:c
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Figure 121 Performance of ASME lll &actors fornotched cylinder subjected to axial thermal gradient.
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Plasticity Correction Factor, K&A
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Figure 122 Performance of ASME Il &actors fornotched cylinder subjected to radial linear thermal gradient.
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Figure 123 Performance of ASME Il &actors fornotched cylinder subjected to radial parabolic thermal gradient.

() KEA vs. S/Sm (b) Appendix XI11F3450 vs. EP FEA (c) CC N779 vs. EP
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7.8.Relative Performance of Code KFactors

To compare the performance of the Codertethods for each FE model, the Code K
factors are plotted against the-BErived correction factors as shownkigure126-
Figure1l34. The black line represents the condition where the Cadadtor is equal

to the FEderived k factor. Points situad below this line indicate that the Code K
correction underpredicts the strain range determined from efdatitc FE analysis.
The red line denotes the ASME Code limit ofin38/hich represents the threshold
beyond which the Code plasticity correctisrapplied.The accuracy and practicality
of each method is summariskdlow, considering the general performance achieved

across all FE models.

7.8.1.ASME IlI Appendix XI11-3450

An inherent assumption in the ASME Ill Code methodology is that peak strain
concentation cannot occur for,< 3Sy. Whilst this assumption is legitimate for the
simple configurations considered by Lanj€4], it is not strictly true when extending

to more complex structures and loading conditions. Even in situations where a plastic
zone is limitedm its extent, as in the case of a thermal shock or local discontinuity, K

wi | | still be greater than Qondequdntdytheed on
Appendix X11I-3450 KX'-3450factor was found to be moderately roonservative for

S slightly above the 3glimit. Naturally, it is also noftonservative below the 3S

limit, however in this situationthe X2 500 Poi ssonds ratio cor
which could potentially produce an overall conservative result. In particular, in this
work it was found that in the presence of a notch, the ASME3BO0 K. factor can

under predicthe elastieplastic strain range by up to @b

In contrast, asSncreases beyond 35K 240 quickly becomes very conservative.
For umotched sectionsubjected to thermal shock conditions, th&'K34°maximum
value of 3.33 was genelalfound to be a factor of 2.2x t8.0x larger than the
corresponding value of KFA. For the notched cylinder K" 34*°was still found to be

overconservative by aftorof 1.8x to 2.4x.

Whilst the Appendix XI1F3450 KX!'-34%0ig straightforward to apply, its practicality is
significantly outweighed by its aforementioned conservatism. Due to thiensanity

of the design fatigue curves in the kaycle regime,hie use ofhe K" -34%factor can
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very easily produce a cumulative usage factor (CUF) over an order of magnitude
higher than elastiplastic FEA, which could be unacceptable in the current industry

climate

7.8.2.ASME Code Case N79

CC N-779 was found to peorm well for the stepped pipe FE mod€&igure 127),
predicting modestly conservative corrections fpOS 5m. Fordhigher § CC N-779

was slightly norconservative up to a maximum of %4 This aligned closely with the
results obtained independently by Emslie €f1&B]. In general,CC N-779 did not
perform as well for the PWR nozzle FE modé@ligure128andFigure129), producing
under prediction®f 10-25% for $ O  1,0T8is was observed particularly for the
crotch corner and pip®-nozzle juncture. For the thermal sleeve angié&te FE
models(Figure 130 andFigure131), CC N-779 produced more conservative results.
This was attributed to the higher value @fiSdue to the presence of a larger axial
thermal gradient, which results in a gexatveighting being applied to the more
conservative Appendix XHB450 KX 3450factor. In the case of the notched cylinder
FE modekubjected to a radial parabolic thermal grad{Eigure134), CC N-779 was
found to produce nouonservative results up to around 30% across all notch sizes.
Since thenotched cylindeFE modelincluded discretiation of the notch region, &
™is equal to wunity, with onl ywW™®heieg Poi ss
applicable. However, K-""°was found to be insufficient to account for the additional
concentration of peak strain at the notch root. The modificationNé’Rproposed by
Lang et al[181] was also considered and was typically found to increase the

conservatism of CC N79 by up to 10%.

Whilst CC N-779is not asstraightforwardo apply as Appendix X#B450, it can still

be reliably automated uisg programming methods, mininmg the additional effort
involved Nonethelessthe lack of mwnsistency and neconservatismin the results
calculated g CC N-779 for several FE modelsconcerning, especially in the cade o
notched geometries. Accordinglyis concluded tha€C N-779 does not constitute a
viable alternativéo Appendix XIIF3450, and cannot be recommended for application

to austeniticstainless steels based on the evidence presented in this work.
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783 Ranganat hdés Met hod

Rangant hds method was found to produce

considered. For the stepped pipe FE m@Bigure127), KX was generally found to
be 1030% conservative for 5S> 3Sy, showing a decreasing tremchich aligned
closely with the RC@W thermatplastic correction factor, &', This is to be expected
since both approaches share the same technical bdmedut WRG361[110]. For

the PWR nozzle FE model(§igure 128 and Figure 129), K* showedsomewhat
greater conservatismcomparedto the stepped pipe, albeit with higher scatter
depending on theelative proportions of f» and S at the assessment location.
Similarly to CC N779, KR also showed greater conservatism for thpi&ce model
(Figure131) since S:maccounted for a larger proportion of, $ereby producing a

larger value oR.

The value of KR calculatedfor all FE models initially did not considéne Neuber
notch correctiorfactor, K.R. For the notced cylinder FE models, K was calculated
with and without KR to examine further thebservations of Reinhard130] under
more realistic loading conditionBor the case of the notched cylinder subjected to a
radial parabolic thermal gradier{Figure 134), K& appears tobe reasonably
conservative compareuth the results obtained from elasptastic FE analysis when
KR is excluded. For $> 3mSy, K& was found to produce results that were
conservative by up t80%, 44%, 3% respectively for thehreelargest notch sizes
considered in thi simskwdsyhowever fornd %o,prodice5s ,
slightly non-conservative results up 56 and15% forthetwo smallest notclsizes ( |
=0.625,0.3125 mm)This was mainly attributed to the fact thatiSnot well suited

as a characteristic parameter when assessing local discontinugiéscr&ases

significantly at the notch rmewodansdnost decr

constant. In addition, it was found that the magnitude n@f 8lso decreased with

decreasing J. This is especiall yRand gni f i

consequently a decreasing trend ¥ Hespite an increase ind&” at the notch root.

C

Overall, without considering &, the higher conservatism of Rang at hdos Met h

compared to CC N79 ispartydue to i1its wuse of t he
correction factor of 1.4, which produced more reasonable results. Wheescribed

ma X

by Eq.(12)) is included, the conservai s m o f Ranganat hds met h
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results of elastiplastic FE analysis increases considerably. Rg3Sn, K is

conservative by a factor of 1.3x 109 for all notch sizes whenR is included.

It has been highlightefd 82] that there also exists the potential $ome ambiguity in

the final value of K, depending on the subtraction methodology employed to
calculate &w. As highlighted by Reinhardf30], performing this subtraction on a
component basis and forming the stress intensity of the result often produces different
results when compared to subtracting stress intensitieswhs found to be important,
since as shown irFigure 135 for the stepped pipe FE modadopting the latter
approach caproduce up to a 25% reduction in the value gt, Kvhichcan makehe
difference between eonservative and neconservative prediction. This may warrant
further engineering judgement for plants undergoing license extension, since existing
fatigue tables often only present ranges in terms of stress intensities for a given load
pair. For applicaon to new designs, it is recommended to perform this subtraction on

a component basis to eliminate pide ambiguity in the results.

7.8.4.RCCGM B-3234.6

The results presented in this paper considered only cyclic thermal transients, and thus
only the RCGM thermal plastic correction factor R, was applicable. ' showed

a very similar t @fdrthestegdpedpipe AE anadgtaducing h 6 s
results that weré.1x to 1.4xconservativeK X was however found to be significantly
more consentive than k"¢ for thePWR nozzle FE model§igure127-Figure129)

andthe Y-piece FE mode(Figure 131). The reason for this i©iat K" does not
distinguish between membrane, bending, and peak stresses arising due to thermal
effects, and implicitly assumes they behave as secondary stresses. In codtrast, K
assumes Smto act as a primary stress, thereby requiring a largeeacarn. Thus,

both approaches can be expected to deviate with increasid®SWhilst RCGM

did exhibit slight norconservativism for the notched cylinder FE ralsdFigure132-

Figure 134), this was veryslight and not of serious concern. Overall, the RRC
method was concluded to be the best performipgpaSed method, producing
consistently conservative corrections for most FE models whilst being straightforward
to appl. The simple formulation of the RCH is therefore very useful and merits

further examination.
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7.8.5.JSME
As discussed by [AlsZadlah a n’d BfibEsk Kdneurriav e d b a's

a seriegplafstelcadtti anal yses conducted on
simplified monotonic ardlaysgiisc WIEtPHP)a mMmadle
From thetr eésuld#fags dhiatte Kconservative fo
| argely attributed to its being derived
ot hebrasSefda Kt g & ct Kalmey bmae conservative
SSWhi I SIMF&K much | ess H'EEPiimti sits cstihlain jKud
conservative for unnotched assessment | o
geometdSiMappe&rs to peediuctiengsedmser vat i
all cases, but onl yd Moase sftd uwn & ot.o Itme tcd rss
factor of 1.6x at most, though was more t
Therefore, despi téREibe i ongn dlasskald otno Sbe a
notched geometries.

7.8.6.JSME Code Case NCC-005

The JSME Co-€€0 0C='SKRE, NFvhich is poanfynctwiaen
derived based on the same set of boundir
K’SME bes dot require stress |in¥Fisatior
al ways more cer¥femawdt al e pt BIpPOBRKS SMor S

c“was generally found to be between a fac
KFEA and is judged to be much too pessir

stainless steel components.
7.8.7.PNAE-G7-086-002

The PNAE G-7-086-002 corredbn factor K"NAEC appeared to fall between the
JSME KJSME and KISME CCin terms of conservatism for each of the FE models
consideredHowever, in some cases, particularly for very highiSwas found that
the conservatism of KNEC was similar to hat of KX"-34%C |t was also found that
K"NAES can actually be more conservative thafi'k34°° though the requirement that
Sh does not exceed four times the cyclic proportional limit stress p&d8@.would
normally be violated in such a scenario. Nonetheleg$”RCis very conservative for

austenitic stainless steels, which limits its usefulness.
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7.8.8.R5V2/3

The R5 Neuber methodol ogy wasafoundotoheé

assessmemnt ilnocavtvemal | agreement with the
aut hors &Ghatul deulsernot wel || 18WiIjftgdnéopatl he

Neuber methodol ogy was found to be conse
for this st uvatlieomwasNeawwerw er reasmomad atbd eprr

for not ched assessment |l ocati ons, pred:i
conservative by anf achteorotadferl h2amfdg o tadprpd xy.
but excluding threodNeawbdgrr eag oTemiidi @anp prsad d

was generally conservative wup to a maxi

| ocatOvema RPAp ptemedmext MAdrdiosl ogwyi t e useful f

standpodones asoti tinvoadtvieons,tramsad dnlnhear esg

(

i ntersection of the N&SBer deypembokedi wi t |

7.8.9.ASME VIII-2, Section 5.5.3
The ASME, v8étt ie0hf a5c.t50.r3 iKs essentially

eq

11, App@&addfxakcHlolrl, with timg ohmlay dihkef droe

basedonnMivses theory, with t HehulsedttKer

| ower vi@labeudfat®d by von Mises theory.

7.8.10.ASME VIII-2, Annex 5C

The ASME VIII-2, Annex 5C K€ factor has avery similar form to CC N779.
However, as highlighted in Sectidn6.1.2 the former approach dopsssess a more
conservative Poi s s oK whichtendstoa naximumeatue i o n
of 1.6, compared to 1.4 fat,N-"7°. Overall, ASME VIIF2, Annex 5C was found to

be more accurate than CGMN9 for unnotchedassessment locations, predicting
corrections that wer generally between 1.0x and A.8onservative, which is very
promising. However, despite the more conservative formulation 3t Knnex 5C

was still found to be nenonservative for notched locat®by up to around 25.
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7.8.11.EN-13445 Annex 18
The -1BBNMM45 Annexplla&Sttilcercmalcwwhoohf ast ar f

of | ingamwiased ofind to produce the | east ¢
factors cohNgederadl ynlomondlescaedtive corre
unnotched | ocations, JFbiyenpi 60 g0hdKef pr
concluded to be insufficient to Gacrcatuind
ef f dotrs.not che FNproocdau civebdh asy Ke s7u719t,s atnod GvQa ¢
tymgal tcyonmen vaBd%ve by 20

7.8.12.AD 2000-Merkblatt

The correct ADn2®¥@O&bil,a¥d S a famkyi amd of
therefore does not r Ko wae $buaesls tbi nbee
srtai ght boawprygd &and reasonabl yfaoccwmatoed c h@E
assessment allbedtti s ghs ¢éyv arMwasesindend t
be nonservaBbae¢ bmypytched | oc'¥stbhk; papnfvew
bettthan ot her Konbaet cromps-@&Bn ashiCOwidNi t uat i

significantly |l ess effort involved.

7.8.13.Rolls-Royce (R)

The RollsRoyceUnified Correction FactorR, was found to perform very well for
most of the FE models considered. Fag stepped pip€-igure 127), R, predicted
corrections that were conservative between a factor of 1.05x and 1.15x. In the case of
PWR nozzlegFigure 128 andFigure129), R, was generally conservative between a
factor of 1.1x and 1.25x. For the-Riece(Figure131), R coincided almost exactly
with KA. Considering the notch cylinder FE mod@igyure132-Figure134), R, was
also found to perform reasonably well, coinciding very closely Wifff* for S, >>
3Sn. There is the potential foryRo be slightly norconsevative in the range of
3Sn<3S<6Sy for the notched cylinder, though this is limitedaround 15% at mast
Overall iy was found to perform the best out of the complex methods (E.g.-CON
Annex 5C) considered here, which involve more than one coomrdtctor.
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7.9.Discussion

Comparison of thEE-derived K™ factors presented in this sectisighlights clearly
the excessive conservatism of the existing Appendix34B0 K.factor for austenitic
stainless steels, often over 2008t6ich levels of conservatism may not be tolerable for
longer plam life design and the potential for lodollowing plant operationThe
adoption of a less conservative option for simplified elgsstic analysis within
ASME Il is thereforenecessary to meet future industry objectives.

791Consi der ati omMetoolik Ranganat hos

Based on the resulsesented inthiswork Ran g an at hidastorpasbepros ed |
shown to represent a considerable improvement over the current Appened43i|

Kefactor.It was also found to be easier to apply and produced more conséstelts r

than CC N779. One could however argue that the basis for inclusion or otherwise of

the notch factor, K&, is a matter of Code interpretation of the intent ef ®ne
interpretation is that the role okk§ to preclude the initiation of surface cka at local

hot spots, though this seems wunrealistic.
the Code Kis to preclude the formation of structurally significant cracks arising due

to gross section plastic cycling. This is consistent with Langer or i gi n al def |
Ke (Section4.1.]). The additional application of R could therefore be seen as
excessively pessimistic for local discontinuities, which typically exhibit a steep strain
gradient. The mument here is that even if crack nucleation were conceded on the
surface, this could very well be offset by the sharp decay in the crack driving force

with increasing crack penetration. Nonetheless, even wh8nwis included, the

resulting value of KX was still considerably less pessimistic than the Appendix Xl

3450 Kefactor.

It is concluded that thapplication of KX excluding KR is sufficiently conservative

for all but the most severe stress concentratitins. thereforerecommended that
greaer flexibility should be afforded to the analyst in determining whether the
application ofK.R is appropriate or not on a calsg-case basidzor the assessment of
very sharp notches and/or crddte discontinuities where peak strain centraton is
likely to be most severe, the application of FSRFsdopting a fracture mechanics

approachs likely to be more appropriate.
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7.9.2.Margin Considerations

Theoverall process for determination of K*, as well as the judgement of Code K
described in this Chaptehas necessarily involved a number of engineering
assumptions, which can have a direct effect on the margin inherent in both
calculationsAs discussed by Emslie et[dl33], the judgements made on the choice

of stress analysis techniques and input material properties are therefore crucially
importanttoundest andi ng the -codseovahesMdnabuyva
this work the decision was taken to adopt material properties that were nominally
mean and therefore<fE* may be interpreted as representative of the average level of
strain concentitgon experienced by th&ructurelt is important to recognise however

that the margin inherent ind& cannot be interpreted without knowing the underlying
assumptions that underpin its calculation. This further highlights the importance of

adopting a ansistent framework for both the elastic and elgststic analyses.
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8. Proposal of Alternative Plasticity Correction
Methods

Thi s section describes the devel opment

met hods, der i veds bparseesde nd redt hfeo r ”Cdesgyptite rc at
austenitic stainl éystieeptelciompoaeynt son$
tothoproposals arae deseuvuabegl| aStkdrmirtrye dco
t o aG&Gl o bhael Pl astici(fgyapparomecdtipocse dBascosse
An al ternative meSthroddsci ¢ i edrSdNdN)Yb@mpapg otalt d
t hen p,r ofpoilsleadwi ng a brief oBRectrtvi mavt bdds t
shown to be fuldtyattcdmangimgp i &® & echvess| tutabtd n g

environmenet)palofefcfoamptl exF stwav &f aam rdfs attei ngpueer
damagedemonstrate thehusetbhlbdesst hefr epe
demonstsi argedr aiseasatstvedy on an LWR pl ant
to multiple complRixn alppeyrtaetnitniega |t riaradsudsetnrtys
l'imits to the applicability of each met h

8.1.Preliminary Considerations

The ralpel @$ticity correction factor is t
t he | ocpallasetliacstriecsponse whil st being stra
of accuracy and practicalityt esultsh®rwed .or S
andg/ ®btained for all FEFimpldBd@nsli g8 s umma

As mbrmepresentative of poWdresmlbd st nleaad io
t he hmadt €cyl i nder subjected to the radial
total, this represented 696¢Fmes wlitdsiad | aa
shows that a great variety of L-pZWRa ptl iaac t
reponse under cyBlaisendbheexfani nlad a dinng.f t h
pl asti c pFrEe sreenstieldt si ni tt hwass wdoerski r abl e t o
approaches to performing thto pASME ilclit yt

fatageessments.

As highlighted i n tohfe SEE 't é@dxulAtpgBelcbadinxa rXi
KS'BA50 act orcoinssemomti ve i dhevhiepi arefohe
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boundary bedwedtemme sallr fimmlcasStMEC ilWwgul d be des
to eliminate this discontinuity in behavi
plasticity effects within a singlescorre
adopted-Mb¥ BeWBdd .téhea Uni fi ed Correction Fe
et [d33]Jwhich were both folumdAS$SME plelrif,or st
plasticity ariGsimnagt idaee ftfoecRosi siss2®t0r0eat ed
However, GheaPobsspoageacrntdiomg otf e2 SA0pOp ennedei dx
not be edP'PHiI°K requipdodr mSi paedarBdfi sS t her
mul tiplet'8®°%hbiyt Ks thought that the Code

conservative not t o Guaarprtaenrt 6a, fiS@Qufbaskescrt 1i coor
Comonent s, ®dcttihen Co.mp.ammi on Gui de to t he
foll owing regar2dkiOnog Appendi x X111

NéThe foregoing procedure was devel oped a
analyses were the meds hodBAoft Eddocuoceremt t
adds difficulty to the nor mal process. F
conservatism, various groups within the
FEA. The fundamental and a ctuinoataed jsusetpme rx
that part of the total stress range exce.
demonstrating that this above yiel d stre:
Ther gef omrha | st i ndustry de mand I-2e5x0i 0s,t s a ntyo
alternative methods must &e raadap ableef fafct ¢
bei ngstmoaieg httof arpwdryd Sur f ace cptlsa satliscoi trye qc
consideration.

The proposed requiremenasefas fholyl aws er A
have gener al applicabilityg tvoe sasredi tcroampyo |
(NB209Qpport (sNeBrOowWgt,uraensd pi pi R3g6 OcOo)mp olnte nnu
beappr opoamsgerlwat i ve epol napsakErieeds (tiot se | absotuincd
dat aselgdx pressed in a simple format. I d
knowl edge of only thepanmnh 3ITahsisc i stpruesses ud
angdgarSe readily available anithh@lutandet merrmd
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contributions. This also eliminates the

Ssubtracting stress ranges.

It i's also i mpor Saat/it e &Il absttiFdgh tc otmpatr i is

were presented incorporating two i mport al
evaluations, the stress intensities were
and secondl vy, the ndewaghedltdbals®adi nhendbit

temperature of the cycl e. How&420, pet mi 5
Shnt o be calculated from the average of t
values for the thermal transjenhereohasd]|
not ablte yi ddieursand f oobont Mesadopheonyofwi vhin
procedures of wvarious nucl ear [dé&2iTghre sceo d ¢
assumpti ans tdcan reeflfagjnanmsSEKi p Abetawe grua®pl e
138hows the r el afaindnhei ppe nbdeitnvge eonn S he as s
theory andvahoeceAsf c8n be Ed ee ns hotwh es otnree
variation, and whil st relatively minor,
behaviour i f necessary. Therefore, to el
met hod shoul dthetbempati bfoemewWii Iseisn Tthieenc &
el astic stress analysis, andmthe choice
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Figure 136 Summary of Filerived plasticity correction factors €4 vs. $/S,
obtained for all FE models.
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Figure 137. Summary of FElerived plasticity correction factors,&* vs. $/S,
obtained for all FE models
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Figure 138 Variation of FEderived KEAvs. $/Sn for stepped pipe depending on
failure theory and definition ofrsadopted m elastic analysis.

8.2.Global Plasticity Correction Factor (Fg)
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Figure 141 Variation of global plasticity correction factorgfas a function of f-
and R
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Figure 142 Performance of proposeglobal plsticity correction factor, kg, for all
FE models.
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8.3. StressModified Neuber (SMN) Methodology

One disadvantage of thg &pproach is its reliance on traditional elastic stress analysis
techniques, most notably the use of stress linearisation to determmeaghéeude of

Sh. Thus, in common with othepnde methods that are predominantly basednpars
intimate knowledge of the time history of the througall stresses is still required to
apply this approach. This carries some notable drawbacks. Firstf fittisous
elastic stresses can be obtained with relatively little effort, the calculation is necessarily
more timeconsuming due to the need to linearise-hoear elastic stress distributions
throughthickness at every timstep. This can b&me-consiming especially when
assessing several cressctions in a structure for many different transients. Secondly,
there is the aforementioned potential fert&vary outof-phase with § particularly

for thick-walled sections subjected to thermal shockss Tan introduce additional
ambiguity into the selection of appropriate time points for definition of fatigue load
pairs. The location of maximum & also not necessarily identical to the location of
the maximum Kfactor, nor to the location of maximu8Bat. Therefore, an approach

that can be performed without the necessity of stress linearisation is also desirable.

This sectionproposesan alternative plasticity correction methddrmed theStress
Modified Neuber(SMN) method,which is a function ofS, only. The proposed
approach considers the elastic folloyy behaviour of the structurd.brief overview

of the technical background to this approach is first provided, following which a simple

design criterion is proposed.

8.3.1.Elastic FollowUp Basis for ain Concentration

To elaborate the basis for this appradtis necessary to introduce a new parameter,
denoted K, and expressed by E{.71).

()

0 >:— a7y
Y,
wh e r efamid ple the equivalent stress ranges calculated by elastic and-elastic
plastic analysis,aspectively. K is defined here as tlstress redistribution factcand
denotes the fractional reduction in equivalent stress range due to plasticstyskful
as it provides a stress corollary to howi& determined by elastglastic FEAand

provides insight into how much stress redistribution is allowed to occur at the location
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being assessed for a given amount of strain concentraioBpi Ke and K; are non
dimensional parameters, and elastic foHogvbehaviour can be expressed by forming
a na-dimensional stresstrain diagram with both quantities. This is illustrated by
Figure 143 The elastic followup behaviour is quantified by the elastic folloyy
factor,q, defined by Eq(172), which expresses the ratio of the elastic folapvstrain

to the elastically calculated strain; here, the elastic felipvgtrain is assumed to arise
due to plasticity only.

. 0L 0
N :
p U
When plotted in normalised strestsain spacej traces out a straight line between the

(172

elastic and inelastic solutions. A value of unity implies a constant strain and
corresponds to a purely giacement controlled condition, whilst a value of infinity

denotes pure load control wherein the strain tends to infinity under constant load.

In design odes such as the structural design code for the Japanese prototype FBR
0 Mo n[188],6an elastic followup factor of g = 3 is assumed andased partially

on the series twbar model described in Kasahdi#4], illustrated byFigure 144.

The value ofy = 3 corresponds to the case whieoth bars possess the samaterial
andcrosssectionpropertiesand Bar 2, which remains elastis,twice the length of

Bar 1, whichexperiences plasticity. For this special case, it has also been shown that
g becomes independent of thgplied displacemerind the constitutive modsb long

as it is sufficient to introduce plasticity into Bardhnd is only affected by ¢hlevel of
constraint provided bar 2[184]. In other words, in the case of ratelependent
plasticity,q is dependent only on the geometry for this configuration.

The twobar problem is simplistiin that the elastic and plastic regions remain fixed
and therefore the compliance of the system is constant and the capacity for stress
redistribution is limited. In real structures, the compliance is a function of both the
geometry and the magnitude ayplied loading. As the severity of loading increases,
the relative portions of the structure remaining either elastic or plastic evolves

continuously, and therefore so too must the magnitude of

A more realistic analogue of the tvibar modekxamined hefly hereis that of a thick

walled cylinder subjected to a thermal shock at its internal surface. The bulk of the
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cylinder wall thickness in this case is analogous to the stiffer bar of the seribartwo

problem.
1.2
— Elastic
—p 0=1.0
1| | —9=Ls >
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0.8
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0 \ 4
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Figure 143 Non-dimensional elastic followp diagram.

Bar 2 (L,, A;)

Bar1(Lq,A,)

A 4

Figure 144. Series twebar model described by Kasahafa34].
8.3.1.1.Thick-walled Cylinder Under Thermal Shock

The temperature change thte internal surface during the ramp period is 300°C.
Constant elevated temperature material properties for stainless steel were chosen for
this study: elastic modul ugs=111BMP& Intlle59 MP a
elastieplastic analysis, a bilear kinematic rule is assumed for simplicity with the

tangent modulus, £ as the controlled variable. For a thermal shock acting on a thick

walled pipe, plastic deformation is generally limited to a small region close to the

internal surface, with the bubf the pipe wall remaining elastic. The size of the elastic
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region (or O6cored) is therefore very | ar
surface. The relative size of the elastic and plastic zones depends on both the loading
level and the elastiplastic material behaviour. As the load level was fixed, different
hardening moduli were instead considered ranging from the case of purely elastic (E
= E) to elastic perfectly plastic {E& 0). The elastiplastic solutions obtained for each

case is nanalised by the solution obtained for elastic behaviour and presented in
Figure 145 Rather than showing a straight line as in the case of thé#awmodel,

the observed behavioig ahyperbola. The hyperbola exfitdan initially steep slope
followed by a much gentler slope at lower levels of tangent modulus (i.e. greater plastic
deformation near the inner surface). This corroborates observatigasalargl76],

[184] and Sato et g)185] in studies of elastiplasticcreep deformations in high
temperature componentsThis has previously been referred to as thieess
Redistribution Locus (SREnd this terminologis adopted herédn the case of elastic

plastic deformations, the behaviour of the SRL is explaimgdhe fact that the
compliance of the pipe varies as ratio of plastic zone to the elastic core varies,with E
and thugy also changeslo validate this explanation, the case of a pipe with a fixed

elastic core was also investigated.

8.3.1.1.Thick-walled Cylinde with Fixed Elastic Core

In the pipe model with fixed elastic core, different fractions of the pipe are defined to
follow bilinear kinematic hardening behaviour, whilst the remainder observed
Hookeds | aw. The same | oa genmdel. Ateacltratio si der
of elastic core, a series of elagpiastic FE analyses were conducted for each level of
tangent modulus and the case of EPP behaviour. Elastic core ratios investigated were
95%, 90%, 85%, 80%, 75%, 70%; no further reduction wassidered as a
fundamental requirement of ASME Il Subsection NB is that gross vessel behaviour
should remain elastic under design loading, and therefore that would violate this
requirement. The results obtained for the fixed core pipe model are shdugure

146 alongside the SRL derived for the standard model for comparison. As shown,
elastieplasticbehaviour is found to be highly dependent on the ratio of the elastic core,
with each case having a fixed follewp factor. Smaller differences in thedastic
follow-up lines were observed between the8D0% elastic core ratios as througll

plasticity arising from the thermal shock only penetrated modestly into this region.
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The SRL is found to intersect each of thkkow-up lines at varying levels offEThis
confirms the hypothesis that the elastic core plays a crucial role in the shape of the
SRL, as the SRL essentially represents a series of folfpwnes that would be
observed at discrete intervals in a peradccontinuous loading. As the elastic core
shrinks, the magnitude ofis increasing irrespective of the magnitude ef though

the trend for the case of EPP behaviour was found to be far more pessimistic than for
when hardening is included. This varaatiof elastic followup factor with ratio of

elastic core is shown liigure147.

8.3.1.1.Influence of Constitutivé.aw and Temperature

Both the simple and fixed elastic core pipe models considered a bilinear kinematic
harcening rule with temperature independent properties. It is hypothesised that since
the SRL is derived based on normalised stetissn relationship, then the SRL for a
given geometry subjected to predominantly sta@ntrolled loading should coincide

irrespective of the constitutive relation and magnitude of the applied loading.

One possible situation where differences could be expected to occur is where the
influence of temperature on mechanical properties is included in the analysis. The
reason for thisis that the yield strength of austenitic stainless steels can vary
considerably depending on temperature. Therefore, the temperature distribution
prevailing in the pipe following the thermal shock can have a controlling influence on
the size of the elasticore. For instance, if elevated temperature material properties
were to be used instead of temperatlependent properties, then at first glance it
would be expected that the plastic zone size would be larger in the case of the former
for the same levedf applied loading. However, both the elastic modulus and thermal
expansion coefficient also vary with temperature. In the case of austenitic stainless
steels, the use of temperatalependent properties normally results in higher elastic
stresses and sins compared with the use of fixed elevated temperature properties.
Therefore, both of these phenomena could potentially béakdhcing with little to

no difference observed between SRLs for both cases. The above parameseers

briefly examinedor the same pipe model.

For each condition, a series of elagilastic FE analysis were conducted for different

thermal shocks. The results are summarise#igure 148 which shows the SRL
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derived based on both the tpematuredependent and temperattinglependent
solutions. The SRL derived previously based on the tempeiiatlgpendent bilinear

rule is also shown for comparison. As shown, the SRLs coinbtidelyirrespective

of temperature, constitutive relation,loading level. It is therefore concluded that the
shape of the SRL of a realistic structure experiencing predominantly thermal loads is
relatively insensitive to the choice of constitutive model, temperature, and magnitude
of applied loading.

1.2
——EPP
—ET=0.1E
1 ET=0.2E
—ET=0.3E
= ET=0.4E
) = ET=0.5E
08 = ET=0.6E
ET=0.7E
ET=0.8E
v 0.6 - e ET=0.9E
Elastic
== SRL
0.4 -
0.2 -
O T T T T
0 0.5 1 1.5 2 25

Figure 145 SRL for thickwalled pipe under thermal shock
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Figure 146. SRLs of thickvalled pipe with fixed elastic core.

2.6

2.4

n
N N

Elastic Followup Factor, q
H
(o]

BO> D>

BCR>D> B>
BCpC>D>

a
1.6 1
AET=09E AET=0.8E
14] |AET=07E AET=0.6E
AET=05E AET=04E
AET=0.3E AET=0.2E
1.2 1 AET=0.1E AEPP
1 | | | | |
70 75 80 85 90 95

Figure 147. Variation of elastic followup factor, q, for thickwvalled pipe with fixed

Elastic Core (%)

elastic core.

280

100



1.2

= <@= - Chaboche (TI)
= «@=- Chaboche (TD)
“ = <O= = Bilinear (TI)

0.8 A \

0.4 - %

0.2 A1

Figure 148 Effect of constitutive model and temperatdependence on SRL for
thick-walled pipe.

8.3.2.Stress Redistribution Locus (SRL) of LWR Components

The SRL is potentially useful for predicgnhow a structure is likely to behave
plastically since it indicates the magnitude of elastic foligwstrain expected for an
arbitrary loading condition. This allows for differentiation of certain classes of
structure based on their tendency to exhibit br high elastic followup; the former

are considered inelastically stable whilst the latter are Figure 149 shows the
difference in the SRL for a structure with low elastic folopr and one with high
elastic follow-up. Even under conditions of very high local stresses, strain
concentration in a structure with low elastic folloyw is selflimiting as stress
redistribution is able to progressinhibited. The elastic portion of the structure is
therefore ableéo constrain the plastic region strongly and achieve stability. The SRL

behaviour of LWR plant representative components is closely examined here.

The compiled K vs. Ke data obtained for each of the elagilastic FE models is
shownin Figure150. Each data point represents a specific loading condition analysed
at each assessment location within the component. For eactust, the difference

in behaviour at each assessment location was found not to be especially significant.
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The trend in the Kvs. Ke results traces out the trajectory of the SRL for each

component.

The SRL plot fotthe thickwalled cylinderand steppegipe are shown blfigure150

(a). TheSRL for thethick-walled cylinders steeper than that of the stepped pipe, and
follows roughly a straight line corresponding to an elastic follpafactor ofg = 1.3.
Different behaviour may be expectéar the case oh linear thermal gradient, as this
loading condition would limit stress redistribution. For the stepped pipe, data points
are plotted for each of the four stepped thicknesses; thestretite results coincide
irrespective of section thickness. The stepped pipe exhibits larger elastic-tigllow
thanthe thickwalled cylinderdue to the difference in stiffness between each section.
The SRL for the stepped pipe also follows a straight line initially correspoiulgng
elastic followup factor ofq = 1.4, but then exhibitslight curvature with increasing
load.

The SRL plot for the PWR RCS piping nozzles is shbyiigure150(b). A similar
overall trend in SRL behavious bbserved for the different piping nozzle geometries.
The safety injectiomozzle shows a trend of slightly greater steepness for larger load
levels; this may be expected since shéety injectiomozzle is somewhat thicker than

the other two configurains and larger elastic core is present. Some variations were
observed for the SRL data points obtained between different assessment locations. In
particular, the trend for thénsll juncture and shell body stightly steeper than that of

the nozzle bodyrad nozzle crotch. This is consistent with design practice wherein
nozzles are assumed to present the greater risk of elastic -fgllosue to the
expansion stresses from attached piping. As showhiduyre 150 (c), very similar
results are also observed for the Tapered Namz\éessel. This indicates that the
SRLs for the piping nozzles also equally represent the behaviour of much thicker
vessel nozzles connected to large bore piping. The SRL plot for the PWR Nahzle
attached thermal sleeve is shown Figure 150 (d). The SRLs show a very high
steepness corresponding to an elastic follpnfactor ofg < 1.3, with the highest
elastic followup experienced by the thermag¢esVe near the juncture. The nozzle has

a muchimproved capacity to redistribute high local stresses, and overall exhibits very
low elastic followup relative to other nozzles that forego the thermal sleeve

attachment.
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The SRL plot for the YPiece is showby Figure150(e). The Y-Piece is unique to the

other structures considered since it experiences predominantly a large axial thermal
gradient due to the thermal gradient developed between the skirt and suppssétd ve
This results in very high stresses acting over the entire thickness of the skirt juncture.
As a result, the structure has a very limited capacity to redistribute these high uniform
stresses due to its lower compliantae SRL for the ¥Piece shows och greater
curvature as an example of a structure that exhibits moeeratgh elastic follow

up. The SRLdoes however appedan become linear for K< 0.6, corresponding

approximately to an elastic followp factor ofg = 2.0.

Figure 150 (f) shows the SRL plobbtained for thenotched cylindersubjected to

thermal shock loading. The notched cylinder shows an entirely different SRL shape to
the other components considered. Initially, the SRLs for the various siates appear

to follow a straight line corresponding to relatively high elastic foligwfactor ofq

=2.01 2.5. However, as the loading becomes more severe, the&fReato increase

sharply insteepness and eventually becoradical; this indicate characteristics of a
displacementontrolled structure, wherein any increase in loading produces the same
level of strain concentration. The notched cylinder therefore appears to exhibit mixed
behaviour of initially high elastic followap, where localisg plasticity at the notch tip

is enhanced by elastfollow up of the surrounding elastic region, but then exhibits

low elastic followup under globalised plasticityhis behaviour appears to show a
similarity to that observed for cradike defects, whesin high thermal stresses can
enhance the crack driving force under spsalile yielding, but have little to no
influence under gross plasticitji86]. Analogously, as thermaltresses acting
remotely become sufficient high to induc
out 6 the i niti a-upleiffect! The effeet ofenbteh sizeialso didmdt | o w
show any discerniblerte n d with both 3 = 5 mm and |

similar behaviour.

Overall, the SRLs of the various LWR plant representative components considered

show generally similar behaviour, with all structures exhibiting inelastic stability.
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Figure 149 lllustration of stable and unstable inelastic responses of structures.
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