J
Stral '
sakerhets

myndigheten

Swedish Radiation Safety Authority

Author: Peter Dillstrom
Jens Gunnars
Petter von Unge
Daniel Mangard

Kiwa Inspecta Technology AB, Stockholm

Research

Procedure for Safety Assessment of
Components with Defects
— Handbook Edition 5

tnumber: 2018:18 ISSN: 2000-0456
able at www.stralsakerhetsmyndigheten.se



SSM 2018:18



SSM perspective

Background

SSM and the Swedish nuclear power plant owners have financed Kiwa
Inspecta Technology in Sweden to develop a new version of the hand-
book for assessment of defects. This represents a major update of the
former fracture mechanics handbook that was published at SSM as
Research 2008:01. The procedure in the handbook is based on the
British R6-method where the failure mechanisms fracture and plastic
collapse are considered for cracked components of metallic materials by
evaluating the stress intensity factor and the plastic limit load. Almost all
elements of the handbook are included in a computer based expert code
called ISAAC, which also have been revised as part of the project. ISAAC
is an acronym for Integrity and SAfety Assessment of Components.

Results

* The results of the project have meant that a number of new and
updated features are now implemented in the handbook. This
includes the following;:

e Implementation of the R6-procedure, Rev. 4
* Implementation of ASME, section XI, edition 2007.
* Arevised system of safety factors to be used with the R6 procedure.

e Revised chapters on defect characterization, stress intensity factor
solutions for new crack geometries, weld residual stresses and mate-
rial data including new data for fatigue crack growth and stress cor-
rosion crack growth for nuclear applications.

Objective

* The SSM regulations SSMFS 2008:13, containing rules for mechani-
cal components in certain nuclear facilities, allows for further opera-
tion of a nuclear power plant if cracks are detected in mechanical
components without repair or replacement, when it has been dem-
onstrated that sufficient safety margins exist against fracture. Thus,
there is a need for tools that can perform reliable safety assessments
of components with defects in order to verify that the regulations
are fulfilled. The fracture mechanics handbook satisfies this need.
Many applied research projects since 2008, financed by SSM and in
some cases together with the Swedish nuclear power plant owners,
have been used to generate results, which have been included in the
handbook and the computer code ISAAC. This includes the following
SSM research reports:

e Research 2009:15, Improvement and Validation of Weld Residual
Stress Modelling Procedure.

* Research 2009:16, Influence of Hardening Model on Weld Residual
Stress Distribution.

e Research 2009:26, Tillampning av stabil spricktillvixt vid brott-
mekanisk bedomning av defekter i sega material.
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Research 2009:27, Analysis Strategy for Fracture Assessment of Defects
in Ductile Materials.

Research 2011:19, Experimental Evaluation of Influence from Residual
Stresses on Crack Initiation and Ductile Crack Growth at High Primary

Loads.

* Research 2012:07, Implementation of the Master Curve Method in
ProSACC.

* Research 2013:01, Validation of Weld Residual Stress Modelling in the
NRC International Round Robin Study.

* Research 2015:03, Brottmekaniska K-16sningar for sprickor i massiv
stang med icke-linjédrt rotationssymmetriskt spanningstillstand.

* Research 2016:35, Sidkerhetsvirdering mot plastisk kollaps vid skade-
talighetsanalyser.

e Research 2016:39, Recommended Residual Stress Profiles for Stainless
Steel Pipe Welds.

* Research 2017:03, Inverkan av inre tryck pa sprickytan vid grans-
lastanalyser.

* Research 2017:16, Stress Intensity Factor Solutions for Circumferential
Cracks in Cylindrical Bars under Axisymmetric Loading and Global
Bending.

Need for further research

There will be a continuous need for further updates, supported by research,

of the fracture mechanics handbook and the associated computer code
ISAAC. This includes for example Leak Before Break (LBB) assessments and
the influence of Warm Pre-stressing Effect (WPS) on fracture. This ensures
that SSM as well as the Swedish nuclear power plant owners will have the

best available tools, based on the latest research achievements, to assess the

safety of damaged mechanical components.

Project information
Contact person SSM: Bjorn Brickstad
Reference: SSM2010-4481/2030049-09
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Summary

This handbook presents a procedure for analyzing the influence of defects and
damage in components and structures. Damage tolerance analysis is an
approach that assume that defects and flaws exists in a component, and
acceptable defect sizes are determined regarding failure and damage growth.
This procedure describes steps for assessing the safety margin against failure
by both fracture and plastic collapse for a component containing a defect.
Recommendations are also given for analyzing crack growth due to fatigue
and stress corrosion.

The integrity of a structure is evaluated using a failure assessment diagram
(FAD) to evaluate if fracture or plastic collapse occurs for the current loading
and defect size. The procedure is based on the R6 method and two variables
are used to assess failure; K, the ratio between the stress intensity factor and
the fracture toughness, and L the ratio between applied load and the limit load
for the component containing a defect. A safety assessment system is included
in the procedure with the possibility to specify safety factors. For nuclear
applications specific safety factors are recommended to achieve margins
corresponding to the requirements of ASME 11l and ASME XI.

The handbook includes recommendations for defect characterization, material
data including values for fracture toughness and crack growth, a probabilistic
procedure, as well as stress intensity factor and limit load solutions covering
a number of different crack geometries, components and loading conditions.

Sammanfattning

Denna handbok beskriver en procedur for att analysera betydelsen av defekter
och skadetillvéaxt i komponenter och strukturer. Skadetéalighetsanalys antar att
defekter forekommer i alla komponenter och anvands for att analysera vilken
storlek pa defekter som en komponent kan tolerera avseende fara for haveri
och skadetillvixt. Proceduren beskriver stegen fOr att analysera
sékerhetsmarginalen mot brott och plastisk kollaps for en komponent med en
defekt. Rekommendationer ges dven for analys av spricktillvaxt pa grund av
utmattning och spanningskorrosion.

Proceduren baseras pa R6-metoden dar pakanningen pa en defekt avseende
brott eller plastisk kollaps beskrivs med de tva variablerna K och L. K ar
kvoten mellan spanningsintensitetsfaktorn och materialets brottseghet, medan
L. ar kvoten mellan palagd last och granslasten for komponenten med defekt.
Vérdena plottas i ett diagram (Failure Assessment Diagram, FAD) for att
beddéma om haveri genom brott eller plastisk kollaps intréffar for aktuell
belastning och defektstorlek.

| proceduren ingar ett sakerhetsvarderingssystem som ger mojligheten att
inkludera sakerhetsmarginaler i bedémningen. Specifika sékerhetsfaktorer for
nukledra andamal inkluderas som motsvarar sakerhetsmarginalerna enligt
ASME 11l och ASME XI.

Handboken innehaller rekommendationer for defektkaraktarisering,
utvardering av vaxelverkan mellan defekter, svetsegenspénningar, material-
data inklusive brottseghetsvarden och spricktillvaxtdata, en probabilistisk
procedur, samt spanningsintensitetsfaktorer och granslastlosningar for olika
sprickgeometrier, komponenter och belastningar.
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Nomenclature

a
a

A

2a
da/dN
da/dt

C1, C2
Ci

Co
C1
cfl

Cr

f(K))
f1

f2
0¥

fo

fo

frAD

Crack depth for surface cracks

Crack depth with a plastic zone correction

Geometry evaluation point

Crack depth for embedded cracks

Local crack growth rate for fatigue crack cracking

Local crack growth rate for stress corrosion cracking
Geometry parameter to define a crack in a cylindrical bar
Geometry evaluation point

Half crack length for embedded cracks;
Constant in algorithm to calculate the most probable point
of failure (MPP)

Constants in the distribution function - Probability of
Detection

Constants in fitting polynomial

Constant for fatigue or stress corrosion crack growth
Constant in Jr-Curve (kJ/m?)

Exponential constant in JR-Curve

Crack front length

Permissible membrane factor

Temperature dependent coefficient

Distance from the closest free surface to the crack center
(for embedded cracks)

Search direction vector to the most probable point of
failure (MPP)

Diameter

Detection event

Elastic modulus

Eccentricity of embedded cracks

Frequency

Geometry function for stress intensity factor
Weibull probability density function
Permissible global bending factor for Sy,
Permissible global bending factor for oy

R6 revision 4, approximate Option 2 type assessment
curve — Continuous Yielding

R6 revision 4, approximate Option 2 type assessment
curve — Discontinuous Yielding

Geometry function for stress intensity factor, b — bending
Failure assessment curve



fm Geometry function for stress intensity factor,
m — membrane

fre R6 revision 4, approximate Option 2 type failure
assessment curve

fx(X) Joint probability density function

Frob Distribution function - Probability of Detection

Fx(X) Cumulative distribution function

a(x) Limit state function

a(X) Limit state function

Of Material function to define the crack growth (fatigue)

grap(X)  Limit state function - Failure assessment diagram

Ouinear(U)  Transformed limit state function, using a linear
approximation

gymax(X) Limit state function - Upper limit of L,

Oauadratic(U) Transformed limit state function, using a quadratic
approximation

gsc Material function to define the crack growth (stress
corrosion)

gu(u) Limit state function in a transformed standard normal
space U

G(...) Limit state event

J J-integral

Jic Critical J-value according to ASTM E1820

Jace Acceptable value of the J-integral

Jr J-resistance (curve)

k Weibull distribution parameter - shape

Ki Stress intensity factor

KM Maximum stress intensity factor

K, min Minimum stress intensity factor

K Primary stress intensity factor

K¢ Secondary stress intensity factor

Kic Fracture toughness according to ASTM E399

K1 Elastic stress intensity factor (used in the modified version
of Budden's method)

Kz Plastic stress intensity factor (used in the modified version
of Budden's method)

Kimm Critical value of stress intensity factor including 1 mm
stable crack growth

K2mm Critical value of stress intensity factor including 2 mm
stable crack growth

Ker Critical value of stress intensity factor

K Critical value of stress intensity factor (used in design)

5



Kic Fracture toughness

Kyc Fracture toughness corrected for the crack front length

Kic!T Fracture toughness from 1T specimens

Kr Fracture parameter

K¢ Acceptable fracture parameter

I Crack length

Im Crack length at the mean radius of a cylinder

L Crack length

L* Length used in calculation for a cylindrical bar with a part
circumferential surface crack

Ly Limit load parameter

L™ Limit load parameter for membrane stresses only

L° Limit load parameter for global bending stresses only

L™ L™ Maximum allowed value of the limit load parameter

m(...) Merit function in algorithm to calculate the most probable
point of failure (MPP)

Mo Applied bending moment on a cylindrical bar

M Limit load in pure bending for a cylindrical bar

Miimit Limit load parameter for a cylindrical bar

n Constant for fatigue or stress corrosion crack growth

nL Normalized limit force

N Number (cycles / simulations / random variables /
inspections)

NRe Strain hardening exponent in R6 revision 4, approximate
Option 2

No Applied tensile force on a cylindrical bar

Nr Limit load in pure tension for a cylindrical bar

NF Number of failures during simulation

Niimit Limit load parameter for a cylindrical bar

P Primary load

Pr Probability of failure

Prrorm  Probability of failure - using First-Order Reliability
Method

Prmcs Probability of failure - using Simple Monte Carlo
Simulation

Prsorm  Probability of failure - using Second-Order Reliability
Method

PL Limit load;
Local membrane stress

Pm The primary general membrane stress

POD Probability of detection
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ReL

SF

SF;

SFk
SFKPrimary
SFKSecondary
SFL

SF.™

SF.P

Sm
Sr

T
To
Tos;
Ta1
Tact

Tapp
Tr

Coordinate

Stress intensity factor ratio, R = K™" / K™
Radius of a cylindrical bar

Yield strength — standardized value
Lower yield strength
Inner radius

Ultimate tensile strength — standardized value;
Mean radius of a cylinder

0.2% elongation stress

1.0% elongation stress

Nil-ductility transition temperature
Distance between neighboring defects

Stress parameter, used in the definition of limit loads for
circumferential cracks in a cylinder

Stress parameter, used in the definition of limit loads for
circumferential cracks in a cylinder

Step size in algorithm to calculate the most probable point
of failure (MPP)

Stress parameter, used in the definition of limit loads for
circumferential cracks in a cylinder

Stress parameter, used in the definition of limit loads for
circumferential cracks in a cylinder

Safety factor

Safety factor against fracture described by J

Safety factor against fracture described by Ki, SFx = /SF;
Primary safety factor against fracture described by K|
Secondary safety factor against fracture described by K|
Safety factor against plastic collapse

Safety factor against plastic collapse for membrane and
local bending stresses

Safety factor against plastic collapse for global bending
stresses

Allowable design stress

Magnitude of residual stresses

Temperature

Fracture toughness testing temperature (Master Curve)
Charpy impact test temperature

Charpy impact test temperature

Actual temperature (Master Curve)

Applied tearing modulus

Tearing modulus
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z
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AK|
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Atotal

Vau
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SHL

EMCS

@ (u)

Yt
ym”
I(z)

Plate or wall thickness; Time
Inspection time
Cladding thickness

Coordinate; Random number - between 0 and 1;
Transformed random parameter

Transformed random vector

Multiplying factor for interaction between primary and
secondary stresses

Width

Coordinate;
Random parameter;
Random variable

Random vector

Approximation to the most probable point of failure
(MPP)

Parameter of the gamma function

Stable crack growth

Stress intensity factor range, AK, = KM - K,™Min
Effective stress intensity factor range

Total displacement, used in the definition of applied
tearing modulus

Gradient of the limit state function

Angle parameter - used in the definition of limit loads for
circumferential cracks in a cylinder;

Confidence level for error estimation - using Simple
Monte Carlo Simulation

Angle to the neutral axis of flawed cylinders;

Angle to the axis intersecting the deepest crack point of a
part circumferential crack in a bar;

Parameter used to differentiate between plane stress and
plane strain in a plastic zone correction according to Irwin

Reliability index
Error estimate - using Simple Monte Carlo Simulation

Angle parameter, used in the definition of limit loads for
surface cracks in a bar

Cumulative distribution function in standard normal space
Geometry parameter for embedded cracks

Partial coefficient (related to fracture toughness)

Partial coefficient (related to yield strength)

Gamma function

Principal curvatures of the limit state surface

Equivalent crack length; Exponential distribution
parameter
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20°C

2,223

Material parameter for R6 revision 4, approximate
Option 2

Material parameter for R6 revision 4, approximate
Option 2

Defect size - mean value

Fracture toughness - mean value

Log-normal distribution parameter - log-normal mean
value

Ultimate tensile strength - mean value
Yield strength - mean value
Poisson’s ratio

Angle parameter - used in the definition of limit loads for
circumferential cracks in a cylinder;
Weibull distribution parameter - scale

Additive parameter for interaction between primary and
secondary stresses

Stress
Stress amplitude

Axial stress;
Defect size - standard deviation

Through-thickness bending stress
Global bending stress

Global bending reference stress

Flow stress

Hoop stress

Stress component

Fracture toughness - standard deviation
Longitudinal stress component

Log-normal distribution parameter - log-normal standard
deviation

Membrane stress

Membrane reference stress

Primary stress

Primary membrane stress

Secondary stress

Secondary bending stress

Transverse stress component

Yield strength, ReL or Rpo.2 (used in design)
Yield strength at room temperature
Yield strength (used in design)

Yield strength at operating temperature



ou Ultimate tensile strength, Rm

ou?c Ultimate tensile strength at room temperature

oy’ Ultimate tensile strength at operating temperature

O, Ultimate tensile strength - standard deviation

Ogy Yield strength - standard deviation

x Parameter for calculation of interaction parameter p
between primary and secondary stresses

¢ Equivalent crack depth over length ratio

Ae Luders strain used for R6 revision 4, approximate
Option 2

10



1.Introduction

1.1. Background to Damage Tolerance
Analysis

The capacity of a component to tolerate defects and damage is essential
for safe and reliable use. Small defects and heterogeneities (such as
pores, pits, second phase particles, oxide inclusions, or microcracks)
that occur naturally in materials and are in general acceptable. Larger
defects of significance may be introduced in components during
manufacturing, for example at casting, forging or welding. Defects and
damage can also occur and grow during operation and use of
components, both due to degradation processes (e.g. fatigue, stress
corrosion cracking, or local corrosion), and due to external or unusual
events (e.g. collisions, impacts, overloads, cleaning or occasional
elevated temperature). As defects grow during operation, or as
occasional upset loads occur, a defect can be large enough to cause
failure of the component. Failure occur when the component is loaded
beyond its maximum load bearing capacity with regard to the
mechanisms fracture, plastic collapse or buckling. It is thus important
to analyze the influence of defects, to be able to establish appropriate
measures that ensure operation and use with high reliability and
adequate safety margins.

Damage tolerance analysis (DTA) is the approach that assume that
defects and flaws can exist in any component and evaluates their effect.
The purpose is to determine limits for defect sizes, and other
parameters, that influence failure and damage growth. The size of
acceptable defects can be established to ensure adequate safety margins
against failure. Procedures as the one described in this handbook have
been develop for engineering assessments for various defects in
different components, materials, and loadings. Assessment can be made
when a defect is detected by non-destructive testing (NDT) to evaluate
conditions for continued safe operation. Analysis can also be made for
assumed (postulated) defects in order to evaluate the damage tolerance
of a new design, or when establishing requirements for an inspection
program. It is central to be able to assess the significance of different
defects, but also to have knowledge on the ability to detect defects or
damage through inspection and testing.

The effect of a defect on the integrity of a component depends on a
number of influencing factors within the areas of loads, stresses,
material properties and strength, as well as environment and damage
that can occur. An initial crack size is normally assumed based on the
capability for a particular inspection method to detect a crack.
Appropriate safety margins must be applied in the assessments to
account for scatter and uncertainties in influencing parameters, and with
respect to the consequences of failure of the component or structure.
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The effect from the influencing factors has to be analyzed for the
specific situation, to determine which defects are harmless and which
impose a threat. The factors affect how long the component may operate
before inspections are necessary to assure opportunities to discover a
damaged state in time for repair or other measures.

Damage tolerance analysis can be used in many situations and for
different purposes. Below are some general applications described:

Damage tolerance analysis can be applied as a basis for planning
of in-service inspection (1SI) and maintenance of components in
the operational phase. The purpose is to determine inspection
intervals and evaluate the required NDT detection capability, to
assure that any defects and degradation are found before they
become significant for safety and operational reliability. A
detectable defect is assumed to exist and any active or potential
degradation is considered. Inspection intervals are established
to assure that the component will sustain defects safely until
further inspection or repair can be effected.

When defects and damage are found during inspections the
procedure can be used for detailed fitness-for-service (FFS)
assessment, with the purpose to evaluate whether continued
operation of the component with defects and damage is
acceptable for a specific period, or if it is necessary to
immediately repair or replace the component. A damage
tolerant structure and continued safe operation may be ensured
by developing an inspection schedule based on the capability for
defect detection and sizing of the selected NDT system.

Damage tolerance analysis can be applied in assessments for life
extension of components and equipment, considering unique
aspects in design and threats from degradation, ageing and
loadings, especially addressing damage not considered during
design. For fatigue, crack initiation is commonly neglected and
the damage tolerance analysis is based upon fatigue crack
growth from an assumed reasonable flaw size that could exist in
the structure. The assessment should consider any earlier
inspection findings and damages, new recommendations and
standards, together with review of historical and expected future
operational loads, operating conditions and potential
degradation mechanisms. Purposes can be to develop targeted
status inspections, verify the structural integrity for the life
extension period or remaining design life, identify necessary
repairs and replacements, and develop a plan for adapted
recurrent inspections and other actions as needed to achieve
safety and reliability for an extended operational lifetime.

12



e Another application area is during the design phase, to consider
pre-existing flaws and assure a design that results in sufficient
capacity of a component to tolerate surface defects and damage.
In contrast to conventional design assessments for pressure
equipment made from ductile materials, defects can be assumed
to exist or occur at the surface as reasonably for the anticipated
operation and environment. This can be especially useful when
developing components in new or less common materials with
unusual properties (e.g. high strength steels), or for components
with less common geometry, loadings or environment. The
results can guide adjustments of geometry, material selection,
manufacturing and inspections for improved damage tolerance.

e Damage tolerance analysis results can be useful for assessing
the requirements for control during manufacturing and
installation of a component. This is especially relevant for
quality assurance of new applications or when using new
materials, where common quality criteria based on experience
can be uncertain. Manufacturing errors can be a major source
for initiating damage in some applications, and consideration of
manufacturing defects is important to ensure safety. Damage
tolerance results are also useful for the purpose to avoid
unnecessary repairs in complex and expensive components. If a
defect has been detected by NDT at the manufacturing control,
its relevance can be evaluated in detail for the specific
operational loads for the component. Damage tolerance results
can be useful if alternative methods for manufacturing control
are consider, or for establishing detailed specification of
reporting/acceptance levels for defects in a component,
considering the anticipated future loading. It can be noted that
conventional quality control acceptance levels applied in
standards are generally based on experience from use in certain
applications and with common materials and loadings. They are
very useful and reflect good workmanship. However, it is
important that the acceptance level corresponds to a fraction of
the acceptable defect size as obtained by damage tolerance
analysis. For new materials and applications it can be useful to
employ damage tolerance results for verification when
establishing criteria.

e Damage tolerance analysis can be used in failure investigations
to analyze causes of failure, with the purpose to clarify the
influence from different key parameters for failure modes and
damage growth, and assess the most likely causes. When the
root cause has been determined it is important to consider
similar positions and components.

This handbook builds on earlier editions [1.1] and describes a procedure
for assessment of the significance of defects in components and

13



structures, as well as recommendations for evaluation of crack growth
due to fatigue and stress corrosion. Other procedures for assessment of
defects are given in SINTAP, R6, BS 7910, ASME XI, and API 579,
[1.2] — [1.6]. The procedures are based on similar methods and
approaches, but this procedure contains particular approaches
established by research, development and validation performed in
Sweden, including for example a safety assessment procedure,
treatment of secondary stresses and specific solutions and
recommendations developed for several geometries, welds and
materials. Development have been performed continuously with the
purpose to reduce conservatism, increase accuracy and introduce new
knowledge when important for practical applications.

1.2. Overview of the Handbook

The handbook describes in detail the steps for performing a safety
assessment of a component considering the effect of defects. A failure
assessment diagram (FAD) approach is used for assessment of fracture
or plastic collapse at combined primary and secondary loadings.
Recommendations and guidance are given in Appendices for flaw
combination and evaluation of interaction between defects, weld
residual stresses, safety factors, material properties, fracture toughness,
embrittlement, crack growth during operation due to fatigue and stress
corrosion. Stress intensity factor solutions and limit load solutions are
provided for various crack geometries, different component geometries,
and different loadings.

The FAD approach utilized for simultaneous assessment of fracture and
plastic collapse is based on R6 [1.3]. Initiation of failure from a defect
Is characterized by two parameters; Kr and L. K is the ratio between
the stress intensity factor at the defect and the fracture toughness of the
material, and L; is the ratio between applied load and the plastic limit
load of the component with the defect. The values of K; and L, are
plotted in a failure assessment diagram which is divided into a critical
and non-critical region. If the point is situated within the non-critical
region, fracture is not predicted to occur. If the point is situated in the
critical region however, failure and unstable crack growth may occur
by fracture or plastic collapse.

A safety assessment system is included in the procedure with the
possibility to include safety margins in the assessment. For nuclear
applications, specific safety margins are introduced to achieve the
margins corresponding to the requirements of the ASME Boiler and
Pressure Vessel Code, Sections Il and X1 [1.5], [1.7].

The procedure with given solutions of the stress intensity factor and the
limit load are validated in [1.8] to confirm conservatism. Predictions by
the procedure are compared with the actual outcome of full scale
experiments reported in the literature. Some of the new solutions
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introduced in the fourth and fifth edition of the handbook are, however,
not included in the validation reported [1.8]. However, additional
validations have been published in the R6 document [1.3].

The procedure is mainly verified for steel alloys but can be used for
other metallic materials. The method is not intended for use in
temperature regions where creep deformation is of importance.

1.3. Summary of Updates in the Handbook
Edition 5

The first edition of this handbook was released in 1990, the second in
1991, the third in 1996 and the fourth in 2008 [1.1]. This fifth edition
includes extensive revisions as summarized below.

The standard FAD is changed to the approximate Option 2 FAD
according to R6 Revision 4 [1.3]. Procedures based on the ASME
Section XI code is revised to the 2007 edition with 2009b addendum
[1.5]. This affects several sections including defect characterization and
defect interaction, and safety assessment for nuclear applications. Other
changes include new and updated geometry solutions, new
recommendations for weld residual stresses, updated crack growth
laws, recommendations for fracture toughness data using Master Curve,
a safety assessment procedure for reducing conservatism for secondary
stresses, and probabilistic analysis as an alternative.

1.4. The ISAAC Software

The damage tolerance analysis procedures described in this handbook
are implemented in the software ISAAC [1.9]. The software has
modules for safety assessment of defects in component with respect to
fracture and plastic collapse, as well as modules for analysis of crack
growth due to fatigue and stress corrosion cracking. Solutions are
implemented for different types of cracks, component geometries and
loadings, as described in the handbook.

ISAAC (Integrity and SAfety Assessment of Components) has a
module for safety assessment of cracks by a procedure with FAD based
on the R6-method. It also includes modules for assessment according
to the ASME Boiler and Pressure Vessel Code, Section XI, Appendices
A and C (defects in ferritic components and in austenitic and ferritic
piping). The software provides efficiency at practical analyses, for
example by facilitating analysis of limiting defect sizes, assessment of
different types of defect in a component, analysis of crack growth,
ductile tearing, and sensitivity analyses. The software can reduce input
errors and provides automated reporting. The implementation has been
validated and verified during a long period since the first revisions of
the program.
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2.

Procedure

2.1. Overview

Failure assessment according to the procedure includes the following
main steps:

1)
2)
3)
4)
5)

6)

7)
8)
9)
10)

Characterization of defect (Chapter 2.2 and Appendix A).
Choice of geometry (Chapter 2.3 and Appendix G).
Determination of stress state (Chapter 2.4).

Determination of material data (Chapter 2.5 and Appendix M).
Analysis of possible slow crack growth during operation
(Chapter 2.6 and Appendix M).

Calculation of stress intensity factors K" and K (Chapter 2.7 and
Appendix K).

Calculation of limit load L (Chapter 2.8 and Appendix L).
Evaluation of K; (Chapter 2.9).

Failure assessment (Chapter 2.10).

Safety assessment of results (Chapter 2.11).

The non-critical region is limited by (as defined in Chapter 2.10),

K: < fre» (2.1)

L, < %, (2.2)

according to Figure 2.1.

<06 N

0,0 i i | i
0 0,5 1 1,5 2

Figure 2.1. Failure Assessment Diagram (FAD).

18



2.2. Characterization of Defect

A fracture mechanics analysis requires that the actual defect geometry
is defined. For application to components in nuclear power facilities,
methods according to Appendix A are recommended in order to
consider interaction effects and characterize the shape and size of a
crack.

For assessment of an actual defect it is important to determine whether
the defect remains from the manufacturing or has occurred because of
service induced processes such as fatigue or stress corrosion cracking.

2.3. Choice of Geometry

The geometries available in this procedure are documented in
Appendix G. In the idealization process from the real geometry to these
cases care should be taken to avoid non-conservatism. In cases when an
idealization of the real geometry to one of the cases considered here are
not adequate, stress intensit