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This thesis work studies the methods for fracture mechanical analyses utilised in the Loviisa
nuclear power plant. This study is used to develop the utilisation of fracture mechanical
analyses for long-term operation in the Loviisa Nuclear Power Plant. The thesis is made for
Fortum Power and Heat Oy. Extending the license of existing power plants brings a need to
pay attention to the ageing of the plant's components. The goal of the thesis is to increase
expertise and develop the methods that are used to evaluate indications in components and
to calculate allowed defect sizes and critical defect sizes.

The focus of this study is on the piping of the power plant. It compares how methods in the
ASME Boiler and Pressure Vessel Code Section XI have been updated since the early 2000s.
The methods between other standards and fracture mechanical procedures available for
evaluating defects in piping are compared. The possibility of utilising commercial flaw
analysis software is considered and the results are compared between software and analytical
calculation.

Case examples of piping components are used to compare results between the ASME XI
versions, British standards BS 7910:2013 and the software ISAAC. Methods from the
Swedish SSM handbook utilised in the ISAAC, are included in the comparison. The key
findings from example cases show, that there are differences in the crack growth laws of the
methods. In the newer ASME XI versions a FAD method is introduced to asses the
acceptation of defects. Other standards and software also utilise FAD but the methods differ
between the procedures.



TIIVISTELMA

Lappeenrannan—Lahden teknillinen yliopisto LUT
LUTin energiajarjestelmien tiedekunta

Konetekniikka

Hemmi Nevalainen

Vika-analyysien laskentamenetelmien kehitys kayttoidn hallinnassa

Konetekniikan diplomityo

2024

63 sivua, 17 kuvaa, 11 taulukkoa ja 3 liitetta
Tarkastajat: Professori Timo Bjork, DI Jarmo Harju
Ohjaaja: DI Jani Pirinen

Avainsanat: Murtumismekaniikka, sallittu vikakoko, madrdaikaistarkastukset, ASME,
British standards, ISAAC, failure assessment diagram, vian hyvaksyttivyys

Tamai diplomityd tarkastelee Loviisan ydinvoimalaitoksella kdytdssé olevia vika-analyysien
menetelmid. Tamdn tutkimuksen avulla kehitetdén vika-analyysien hydodyntdmistd kdyttoian
hallinnassa Loviisan ydinvoimalaitoksella. Opinndytetyd on tehty Fortum Power and Heat
Oy:lle. Olemassa olevien voimalaitosten kdyttolupien jatkaminen tuo mukanaan tarpeen
kiinnittdd huomiota laitoksen komponenttien ikddntymiseen. Diplomityon tavoitteena on
lisdtd asiantuntemusta ja kehittdd menetelmid, joilla arvioidaan komponenttien nayttdmid
sekd lasketaan sallittuja vikakokoja ja kriittisid vikakokoja.

Tama tutkimus keskittyy voimalaitoksen putkistoihin. Tdssa tutkimuksessa verrataan ASME
Boiler and Pressure Vessel Code Section XI:n menetelmien péivitystd 2000-luvun alusta
ldhtien. Verrataan muiden standardien vilisid menetelmid ja kaytettdvissd olevia vika-
analyysien menetelmid putkistoissa esiintyvien vikojen arvioimiseksi. Tarkastellaan
mahdollisuutta kdyttdd kaupallista vika analyysi ohjelmistoa ja tuloksia verrataan
ohjelmiston ja analyyttisen laskennan vélilla.

Putkiston komponenttien tapausesimerkkejd kaytetdan tulosten vertailuun ASME XI -
versioiden, brittildisen standardin BS 7910:2013 ja ISAAC-ohjelmiston vililld. Vertailussa
ovat mukana ISAAC:ssa kiytetyt ruotsalaisen SSM-késikirjan menetelmait.
Esimerkkitapausten keskeiset havainnot osoittavat, ettd menetelmien sdronkasvulaeissa on
eroja. Uudemmissa ASME XI -versioissa on otettu kdyttoon FAD-menetelmd vikojen
hyvéksymisen arvioimiseksi. MyoOs muut standardit ja ohjelmistot kayttavit FAD-
menetelmdd, mutta menetelmait vaihtelevat menettelytapojen viélilla.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A Crack area mm?

a Crack size mm

E Elastic modulus of the material MPa

E’ Elastic modulus for plane strain MPa

G Energy release rate J/mm?
J J-integral J/mm?
Ki Stress intensity factor MPavm
Kic Fracture toughness MPavm
K’ fracture component of the assessment point

L’ limit load component of the assessment point in R6

S’ limit load component of the assessment point in ASME

w strain energy density N/mm?

Greek characters

17 Potential energy J
o Stress MPa
Constants

% Poisson’s constant for the material



Subscripts

b Bending

c Critical

f Final

I Mode I

i Initial

m Membrane

Abbreviations

ASME American Society of Mechanical Engineers
BS British Standards

CTOD Crack Tip Opening Displacement

ENIQ European Network for Inspection and Qualification
ENIQ RP  ENIQ’s Recommended Practice

EPFM Elastic-Plastic Fracture Mechanics

EQMD European Qualification Methodology Document
ET Eddy Current Testing

FAD Failure Assessment Diagram

LEFM Linear Elastic Fracture Mechanics

MT Magnetic Particle Testing

NDE Non-Destructive Examination

NDT Non-Destructive Testing

NPP Nuclear Power Plant

PT Penetrant Testing



PWR
QC
RT
SCC
SSM
STUK
uUT
VT

VVER

Pressurised Water Reactor

Quality Control

Radiographic Testing

Stress Corrosion Cracking

Stral Sékerhets Mynditheten, Swedish Radiation Safety Authority
Séteily Turvakeskus, Finnish Radiation Safety Authority
Ultrasonic Testing

Visual Testing

Vodo-Vodyanoi Energetichesky Reaktor, Water-moderated and water-cooled

energy reactor
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1 Introduction

The thesis is made for Fortum Power and Heat Oy to use in the Loviisa nuclear power plant’s
components lifetime assessments. The topic of this thesis is developing the methods of

fracture mechanical analyses for long-term operation.

1.1 Background and motivation

Prevention of climate change and moving to carbon-free energy production along with
increasing demand for energy leads to the need for more reliable clean energy sources.
Nuclear energy plays a significant role in clean and reliable energy production. Nuclear
energy produces electricity without releasing carbon dioxide into the atmosphere and it is a
very stable and reliable energy source. Nuclear energy is always available and is not
dependent on weather conditions which increases self-sufficiency and supply security.
Nuclear energy production is based on uncompromisingness, consisting of well-planned
maintenance, modernisation, and employee training. These factors also strengthen the safety
culture that plays a significant role in the nuclear energy production. (IAEA, 2021, p. 12-25;
Fortum, 2024a.)

Fortum’s Loviisa Nuclear Power Plant (NPP) is the first nuclear power plant in Finland
beginning electric production in 1977. It has two VVER-440-type pressurised water reactors,
Loviisa 1 and Loviisa 2 (LO1 and LO2). The power plant produces 10% of the electricity
produced in Finland which was 8,09 TWh in the year 2023. The power plant's main
components were manufactured in the Soviet Union and combined with western safety,
control, and automation systems. The power plant has gone through modernisation over the
years. In 2023 the Finnish government granted a new license for the power plant enabling it

to extend the use of the power plant till the year 2050. (Fortum, 2024b; Fortum 2024c.)
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The rising need for clean energy has led to extending the existing power plants' licenses.
Extending the usage of nuclear power plants helps to accomplish the climate goals. It also
means that the power plant's condition needs to be monitored, it needs to be properly
maintained, and the ageing of the components needs to be taken into account. This includes
making inspections in the power plant and making strength and fracture mechanical analyses

to the components estimating their durability.

1.2 Research problem

Before, Fortum had been making fracture mechanical analyses by utilising calculating
templates based on the standards used then. There is a need to develop the methods and
evaluate commercial software for fracture mechanical analyses relating to Loviisa NPP
lifetime extension. There are available software to use in the analyses that need evaluation.
Another possibility is to develop the previous calculating templates. A comparison of the
new updated standards is also needed. The research aims to increase expertise and develop
the methods that are used to evaluate indications in components and to calculate allowed
defect sizes and critical defect sizes. This research compares the different versions of ASME
“Boiler and Pressure Vessel Code Section XI” from different years as well as the EDF
Energy Nuclear Generation Ltd. “R6, Assessment of the integrity of structures containing
defects” and British standards “BS 7910 Guide to methods for assessing the acceptability of
flaws in metallic structures.” This research also evaluates suitable software for fracture
mechanical analyses relating to Loviisa NPP lifetime extension. The software evaluated in
this thesis is the ISAAC (Integrity and SAfety Assessment of Components) developed by
Kiwa Technical Consulting. Kiwa has also developed a handbook, “Procedure for Safety
Assessment of Components with Defects” for the Swedish Radiation Authority (SSM). The
goal of the research is to find a suitable procedure to use in the calculations and in the whole
indication approval procedure relating to long-term operation. Also, the goal is to evaluate

and compare the different standards relating to the analyses.
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Research questions for the thesis are: What are the differences between standards? How do
the software’s calculations compare to the other calculation methods? What is the suitable

procedure to perform strength analysis and evaluate indications acceptability?

1.3 Research methods

This research uses the provided company material and standards. The standards used are
ASME “Boiler and Pressure Vessel Code Section XI” (ASME XI, 2023), EDF Energy
Nuclear Generation Ltd. “R6, Assessment of the integrity of structures containing defects”
(EDF R6, 2013), and British standards “BS 7910 Guide to methods for assessing the
acceptability of flaws in metallic structures”(BS 7910:2013). Kiwa Technical Consulting
developed handbook, “Procedure for Safety Assessment of Components with Defects” for
the Swedish Radiation Authority is also considered in the study (Dillstrém, Gunnars, von
Unge and Méngérd, 2018). Also, study references and interviews of experts are used. There
are example cases that are calculated and used to compare the different methods and
software. The example cases include one austenitic pipe and one ferritic pipe that represent
piping components that could be found at the Loviisa NPP. The examples in this thesis were

simplified for study purposes.

1.4 Scope

The main scope of the research is to compare and evaluate the standards and see if the
calculation’s outcomes change when the standards are updated and what results the other
standards provide. The scope is also to increase expertise in fractural mechanical analyses
and find a suitable method to use in the future. The suitable method is studied by evaluating
suitable software for the analyses. This study focuses on the piping components of a nuclear

power plant.
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The secondary scope is to define the approach to the basis for the detection target for the
inspections. If it is possible some sensitivity analysis would be taken into the research. In
the theory section of the thesis there is an introduction to the flaws and standards, the
differences in them, and why there are differences. Also, a section of the QC inspections is
included. On the thesis is information on how to compare the flaws to the tables about
acceptable defect sizes. The main focus is on information about strength calculations and
how to proceed when the defect’s acceptability needs to be analysed in more detail with
fracture mechanics. Defining the stress states and number of load cycles as well as other

piping analyses have been left out of the scope of this thesis.
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2 Piping components in Loviisa NPP

A pressurised water reactor (PWR) power plant’s components are subjected to various
loading conditions. It’s important to have great expertise in the behaviour of components
under different loadings. This is why the components and piping need inspections and
fracture mechanical analyses. This study focuses on the piping systems of a nuclear power

plant and the fractural mechanical analyses for them.

2.1 Operating principle of a PWR Power plant

Loviisa Nuclear Power plant uses VVER-440-type reactors that are light water reactors.
These reactors use water as coolant and moderator. The reactor consists of the reactor
pressure vessel and the fuel bundles that are located inside the pressure vessel. Each fuel
bundle consists of 126 fuel rods and around the 276 fuel bundles are coolant flow channels.
There are also 37 movable control rods and 48 dummy elements made of steel (Jokineva,
2024). A pressurised water reactor power plant consists of two cooling circuits, primary and
secondary as seen in the schematic diagram in Figure 1. The primary circuit in Loviisa is
divided into six different loops. The water in the primary circuit flows through the reactor
pressure vessel circulated by six primary circulation pumps. The water heats up in the reactor
and then goes through the steam generator. The pressure in the primary circuit is 123 bars.
The secondary circuit is in lower pressure, and it is separated from the primary circuit. The
water in the secondary circuit is heated up and evaporated in the steam generator by the heat
transferring through the heat transfer tubes from the primary circuit. After evaporating the
hot steam continues into the turbine transforming the thermal energy into motion energy.
Connected to the turbine is a generator that produces electricity from the motion energy. In
the last phase, steam is condensed back to water and pumped into the steam generators with

the feedwater system. (Sanberg, 2004, p. 44-48.)
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Figure 1. Schematic diagram of the Loviisa VVER-440 PWR plant (Sandberg, 2004, p. 45,
adapted).

The electric power of the VVER-440 reactor was originally 440 MW. Through the
modernisations over the years Loviisa reactors’ electric power has risen to 507 MW.

(Fortum, 2024b; Leppisalo, 2021. p. 32)

2.2 Piping in power plants

The main function of piping in a power plant is to transport water and steam. A power plant
consists of many different piping systems each with its own function. Every system has
different circumstances and operating environments. When designing piping, different
elements need to be considered. Piping design and material selection include taking into
consideration the system-specific pressure, temperature, piping route, thermal motion and
expansion, flow, and fluid velocity. Also, possible special conditions such as earthquakes
need to be considered. The piping design follows the requirements set in the standards which

shall be fulfilled. (SFS-EN 13480-3:2017, p. 11-18; PetroSync, 2023.)
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2.3 Loadings and damage mechanisms in piping

The power plant piping system is subjected to different loadings such as pressure,
temperature variations, static loadings, cyclic loadings, vibrations, fatigue, and in some cases
radiation embrittlement. Cyclic loadings in the piping can lead to fatigue, and the greater the
applied stress the shorter the time to failure. For fatigue to happen, the cyclic stress needs to
be greater than the fatigue limit of the material, which for steels is approximately half of the
tensile strength. That is the case if there are no notches in the structure which is not the case
in welded structures. For welded structures, the fatigue limit is lower. A corrosive
environment can decrease material's fatigue properties, which is reasonable to consider when
calculating fatigue life for a certain application. (Revie & Uhlig, 2008, p. 173-175.) In some
environments stress corrosion cracking (SCC) can occur. SCC does not need cyclic stress,
but it occurs when a material is subjected to tension stress and exposed to an environment
that causes SCC. (Revie & Uhlig, 2008, p. 150-155.) Cracks in the piping of a nuclear power
plant are often caused by fatigue or in some cases stress corrosion cracking. Flaws can also
be induced in the material before the component goes to service. There can be laminations,
voids or cracks caused by production or heat treatment. Welding can also cause flaws in the
material by lack of penetration, porosity, under-cut or hydrogen-induced cracking. (Escoe,

2006, p. 112-115.)

2.4 In-service inspections for evaluating the condition

Inspections of power plant piping are performed with non-destructive examination (NDE)
or non-destructive testing methods (NDT). Testing is performed for components and pipings
before they are taken into service as pre-service inspection and during service as in-service
inspection. Used NDE methods consist of visual (VT), penetrant (PT), magnetic particle
(MT), ultrasonic (UT), radiographic (RT) and eddy current testing (ET). The utilised
inspection method depends on the flaw type being searched and the subject of the inspection.
Inspections for steel piping to detect crack-like flaws are usually performed as ultrasonic
testing for inner surfaces and surface testing with penetrant or magnetic particle testing.

(Pirinen, 2020a, p. 2-6; Luostarinen, 2023, p. 2-10.)
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2.5 Piping in the Loviisa nuclear power plant

The piping in the Loviisa nuclear power plant is made mostly from soviet steels. The main
rule in the piping materials is that if it is in contact with active water it needs to be stainless
steel and other systems are made of carbon steel. (Korhonen, 2004, p. 2-3.) All the pipes
relating to the primary circuit are made from soviet austenitic stainless steels 08 X18H10T
(08Ch18N10T) or 08X18HI2T (08Ch18N12T) (Vadnanen, 2022, p. 10). These steels are
titan-stabilized and consist of 18% Cr and 10 - 12% Ni. The piping is made by forging and
the curves that connect the piping to the steam generators etc. are made by forging and
welding. All piping assemblies relating to the primary circuit in the plant are done using
welding. In the primary circuit are connected other smaller pipes connecting it to for example
the pressuriser and other systems. (Rantanen, 2023, p. 7.) The secondary circuit is separated
from the primary circuit. The materials used in the piping related to the secondary circuit are
pressure equipment classified carbon steels like CT 20. (Snellman, 2021, p. 15.) The piping
in the nuclear power plant is exposed to high temperatures and pressure. The design
temperature of the primary circuit is 350°C and the design pressure is 137 bar. In the
secondary circuit, the design temperature is 271°C and the design pressure is 56 bar.

(Leppasalo, 2022, p. 7-8, 19; Snellman, 2021, p. 32.)
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3 Inspections

Ensuring the integrity of pressure equipment and piping in a nuclear power plant is done by
performing inspections. Inspections are performed as non-destructive examinations (NDE).
NDE aims to detect possible forthcoming failures and defects before they endanger safety.
The inspections are performed according to internal guidelines that follow the regulation
YVL E.5. Requirements for the inspections are set by the local nuclear security authority
which in Finland is Séteilyturvakeskus (STUK). STUK sets the requirements based on the
Finnish nuclear energy law (Ydinenergialaki). According to YVL E.5, inspection is a process

that verifies compliance with written requirements. (Pirinen, 2020a, p. 2-6; STUK, 2019.)

3.1 In-service inspections

In the YVL E.5 are defined the requirements for the in-service or periodic inspections of
pressure equipment performed with NDE methods. STUK (2019) defines that the primary
purpose of in-service inspections “is to detect, characterise and size in time the crack-like
defects endangering safety that have developed during operation in safety-significant
pressure equipment.” The requirements defined in the ASME Boiler and Pressure Vessel
Code, Section XI, Rules for Inservice Inspection of Nuclear Power Plant Components,
Division 1 (ASME BPVC, Section XI) “shall be used as the minimum requirement level” as
mentioned in STUK (2019) The results of these inspections shall be delivered to the
authority STUK. (STUK, 2019.)

3.1.1 Qualification process

Inspection systems go through a qualification process demonstrated in the diagram of
Appendix 1. The inspection system shall be qualified by evaluating it systematically with all

the procedures that are needed to ensure reliably the inspection system’s compliant operation



18

in real inspection circumstances. Inspection systems used in in-service inspections are
qualified to demonstrate the system's reliability. Qualification includes practical tests with
test pieces that represent real inspection subjects. Technical justification is used in the

qualification process to evaluate the performance of the inspection system. (STUK, 2019.)

European Qualification Methodology Document (EQMD) defined and published by the
European Network for Inspection and Qualification (ENIQ) supplemented with ENIQ’s
Recommended Practice (ENIQ RP) shall be used as guidelines in the qualification of

inspection systems used the in-service inspections. (STUK, 2019.)

3.1.2 Qualification input information

STUK requires that the licensee defines the needed single qualification’s input information
before making the qualification procedure and starting the qualification. The input
information shall include information about the inspection subject, safety class, qualification

level, and the in-service inspection objectives. (STUK, 2019.)

Information about the inspection object shall include the dimensions and shapes of the
subject, structural material, and the manufacturing technology. Dimensions and shapes of
welds and the welding methods shall be included. This information also contains the surface
roughness and possible coatings. Previous information related to flaws as well as repairs
done to the structure shall be included. Inspection circumstances such as accessibility and
radiation level are included and possible compressive stresses of the structure during the

inspection. (STUK, 2019.)

The objectives for the in-service inspection defined in the input information include defining
the detection target, flaw types, sizes, locations and orientations to detect and define

positioning and dimensioning accuracy, and the inspection volume. (STUK, 2019.)

The detection target is the target defect size that shall be detected in the in-service
inspections. According to Pirinen (2023, p. 62), the main principle is to detect the indication
well in advance, before it reaches the critical size. The critical size in this case means the
final acceptable flaw size defined. It is defined according to the ASME XI standard and it
includes safety factors so it has certainty against failure. (Pirinen, 2023, p. 55-62.) According
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to STUK (2919) “The target defect size shall be justified by means of a standard, strength
analyses, fracture mechanics or other justification.” The primary justification for defining
the detection target shall be the defects accepted by the standards applied in the design of
the device or structure during the operation of the nuclear facility. The crack growth in the
pressure equipment during the inspection interval or the remaining service life of the device
shall be calculated with the method presented in the ASME Code XI Subarticle IWB-3600.
The standard also presents the safety factors for the operating load in question. (STUK,

2019.) An illustration of a crack growth curve is presented in Figure 2.

Acceptable crack size

Crack size a

Detection target

Inspection interval
—

Number of cycles N

Figure 2. Illustration of a crack growth curve for the basis of an inspection detection target

The basis for the detection target is according to the acceptable flaw sizes and crack growth
rates based on stress analyses. The detection target is defined so that the crack can’t grow
over the critical crack size during the inspection interval. (STUK, 2019; Pirinen, 2023, p.
55-62.)

3.1.3 Inspection interval

The ASME BPVC XI defines the inspection program and schedule in article IWB-2000.

Inspections take place in 10-year intervals divided into three inspection periods. The first
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period is three years and during that period 16% to 50% of the inspection objects shall be
inspected. The next period is seven years in which 50% to 75% of the inspections shall be
made. By the end of the last period of 10 years, all 100% of the inspections shall be
completed. (ASME XI, 2023.)

3.1.4 Risk-informed selection process for piping

The risk-informed selection process is a process used to choose piping blocks and their
structural parts for inspection objects for basic in-service inspection programmes. According
to STUK (2019) “The selection is based on the nuclear risk significance of the piping parts.”
It aims to improve the nuclear plant’s overall safety and minimize the inspection personnel’s
radiation doses. The YVL E.5 defines that the selection process shall be prepared according
to the ASME Code, Section XI Nonmandatory Appendix R, Risk-informed Inspection
Requirements for Piping. STUK (2019) defines that “the standard shall be used as the
minimum requirement level.” The inspections shall be defined according to the Table R-
2500-1 after the selection is performed using the standard presented steps of the selection

process. (STUK, 2019.)

Piping is divided into segments and they are categorised into risk classes that are based on
the combined effect of the failure potential and consequences. The most important segments
in terms of safety are chosen as inspection subjects. The inspection area, the scope of the
inspection, and the inspection method are defined based on the selection process. The
selection process is documented in detail to ensure the traceability. In accordance with the
ASME Code, Section XI, Appendix R, Supplement 2, the failure potential of the piping
block shall be taken into account in the selection process as well as the conditional core
damage probability and the conditional probability of a large emission release determined

utilising a probability-based risk analysis as the consequences of failure. (STUK, 2019.)

Based on the failure potentials and consequence classes, a risk matrix is made. Risk matrix
elements include risk classes for example small risk, moderate risk, and high risk. The risk
class defines the inspection need of the piping block. Risk-informed in-service inspections

shall be made for selected inspection objects such as structural parts of the piping segments



21

which include for example straight pipe sections, pipe elbows, fittings, flange connections,
weld joints and bellows. An example of a risk matrix is presented in Figure 3. The inspection

objects are then chosen based on this risk matrix. (STUK, 2019.)

Consequence class
Failure class
Not significant Small Moderate
High Small risk Moderate risk
Moderate Small risk Small risk Moderate risk
Small Small risk Small risk Small risk Moderate risk

Figure 3. Example of a risk matrix (Pirinen, 2020b, adapted).

In addition to the ASME Code, supplementary instructions are presented in the ENIQ risk-
informed in-service inspection framework document and in the recommended practice
(ENIQ RP). And also in the European nuclear authority common view report on risk-aware
in-service inspections (Report on the Regulatory Experience of Risk-Informed Inservice
Inspection of Nuclear Power Plant Components and Common Views, Prepared by The
Nuclear Regulators’ Working Group, Task Force on Risk-Informed Inservice Inspection,

Final Report — August 2004, 2004 EUR 21320 EN). (STUK, 2019.)

3.2 Evaluating the inspection results

Evaluating the in-service inspection results is defined by STUK in the YVL E.5. The
sequence for the evaluation is presented in Figure 4. In the decision diagram referred
acceptance standards are defined in the ASME XI Boiler and Pressure Vessel Code article
IWB-3000.
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Figure 4. Inspection result evaluation decision diagram (STUK 2019, adapted).

After the operating cycle (1) ends, in-service inspections start (2). During the in-service
inspection, all the indications that exceed the recording level are recorded. If an indication
is found the inspection result decision diagram is followed. Indication exceeding the
recording level is determined and whether it is a geometrical indication, or a flaw is clarified
(3). Then the indication is compared to the previous results of in-service inspections (4), and
it is defined if the indication is new or is it grown from the previous results (5). The next

step is to define the new or grown indication’s type, location, and size with applicable
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determination techniques (6). Then it is estimated is there a confirmation that the indication
is new or grown (7). It is determined whether the indication exceeds the acceptance standard
determined limit values. For an indication exceeding the limit value, a risk analysis and an
assessment for the cause are done (8). Based on this analysis and assessment it is determined
if the flaw is left to the structure (9). Actions to eliminate the cause of the damage must be
taken if the flaw is left in the structure and the flaw is monitored to see if it grows (10). If
the flaw cannot be left to the structure, the damaged structure is repaired or replaced, and the
basic examination is done (11). Also, the cause for the damage is eliminated and the need
for additional monitoring or other additional action is assessed. Finally, a decision on the

structure’s suitability for its purpose is made (12). (STUK, 2019.)

3.3 Acceptance of indications

Acceptance of indications in Loviisa NPP is evaluated according to the ASME Code XI. The
component is accepted if the indication found from the inspection object of a component
meets the IWB-3000 and IWC-3000 determined standards. The standards allow indications
to some extent but if the indication found exceeds the limits defined in tables in the standard
it is not accepted. To accept such a component, it needs to be repaired or replaced according
to Loviisa NPP guidelines or it needs to be accepted by analytical evaluation according to
IWB-3600 and IWC-3600 of the ASME Code. The area containing the flaw in a component
accepted with analytical evaluation shall be subsequently re-examined. In the analytical
evaluation, it is determined how often the indication needs to be examined or if the normal
inspection interval is enough. It shall be stated in these subsequent examinations that the
flaw has remained unchanged, or the flaw growth is within the growth predicted by the
analytical evaluation. Also, the design inputs for the analytical evaluation have not been
affected by activities such as power uprates to continue using the existing analytical
evaluation. (Pirinen, 2020a, p. 2-6; ASME X1, 2023, p. 123-142.) More discussion about the

analytical evaluation process is in the fracture mechanics paragraph.
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4 Fracture mechanics

The objective of fracture mechanics is to ensure the integrity of structures for economic and
safety reasons. In the background of fracture mechanics is the physical fact that in crack tip
forms a high stress state despite a fracture being small and the stress state around it being
low. According to Ikonen & Kantola (1991, p.15): “Fracture mechanics is an engineering
science that can be used to quantitatively determine the conditions under which a structure
under load can fracture due to an increase of crack in the structure.” Fracture mechanics are
divided into microscopic and macroscopic fracture mechanics. Microscopic fracture
mechanics studies fractures at the microscopic level, focusing on the grains, their boundaries,
lattice defects and dislocations. Macroscopic fracture mechanics studies fractures as a
phenomenon without going into the material's inner structure’s details. Macroscopic fracture
mechanics is divided into linear-, elastic-plastic and plastic fracture mechanics. Fracture
mechanics is used to evaluate the significance of fractures so that fracturing would be a
controllable phenomenon. With fracture mechanics, a structure’s safety against fracturing
can be assessed, and its lifetime can be estimated. Fracture mechanics brings together the
strength of materials, material technology and non-destructive (NDT) testing. While strength
calculations are used to select the stress state and material technology the correct material,
NDT methods are used to spot the cracks in the structure. (Ikonen & Kantola, 1991, p. 14-
19.)

4.1 Stress concentrations in cracks

A crack consists of two opposite crack surfaces which are separate from each other. The
crack surface can be curved or rough but is often idealised to be planar to make evaluating
easier. A crack front is modelled as an edge curve where the crack surfaces face each other.
Crack growth is the progression of the crack front and growth of the crack surfaces. A surface
crack is a crack in which crack surfaces reach the surface of the structure whereas an
embedded crack is inside the structure. In the case of a surface crack, crack depth means the

dimension perpendicular to the surface of the structure and crack length is the dimension
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parallel to the surface. In the case of an embedded crack, the depth and length cannot be
directly defined but often crack length is referred to as the longer dimension. (Ikonen &

Kantola, 1991, p. 20-21.)

There are different kinds of crack problems depending on the shape of the crack. If the crack
front is straight and it pierces the plate, the crack problem is a planar case. If the structure,
the crack, and the stress are cylindrically symmetric by the same axle, the crack problem is
rotationally symmetric which makes its characteristics two-dimensional. In other cases, the
crack problem is three-dimensional where the crack surface can be curved, and the crack
front a space curve. In the three-dimensional cases often to make the calculations easier, the
crack shape is assumed to be elliptical in embedded cracks and half elliptical in surface
cracks. If the crack dimensions are larger than the material’s grain size it is classified as a
macro crack. In the calculation of macro cracks, continuum mechanics provided calculation

methods can be used. (Ikonen & Kantola, 1991, p. 20-21.)

A crack can experience three types of loading expressed in Figure 5. Mode I loading is the
crack opening mode, Mode Il is the crack shearing mode and Mode III is the crack twisting
mode. The crack can be loaded by a combination of these modes often all of them but often
the reviewing is simplified to Mode I which is the most critical one. (Ikonen & Kantola,

1991, p. 21.)

Mode I Mode 11 Maode 1
(opening) (in-plane shear) {out-of-plane shear)

— >

Figure 5. Loading modes in a crack (Anderson, 2017, p. 45).
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In terms of the stress state, a crack is the most critical geometrical flaw. A stress peak forms
around the crack front. The fracture behaviour depends on whether there is a plane stress or
a plane strain in the case. The three-dimensional plane strain case causes a fracture more

sensitive than a two-dimensional plane strain case. (Ikonen & Kantola, 1991, p. 22.)

4.2 Linear elastic fracture mechanics

In linear elastic fracture mechanics (LEFM), the fracture is reviewed with methods based on
linear elasticity theory and it cannot take into consideration extensive plasticisation in the
crack front. It's utilised when the plasticisation zone is small during the fracturing and it's
applicable on relatively brittle materials. Linear elastic fracture mechanics utilise in the
calculations the stress intensity factor K and the energy release rate G. With critical values
of these quantities can the fracture of a specimen be evaluated. The stress intensity factor
depends on the stress mode, stress amplitude and the characteristics of the crack. A through-
thickness crack in an “infinite” plate is illustrated in Figure 6. Infinite in practical terms
means that the plate width is more than the crack width 2a. (Ikonen & Kantola, 1991;
Anderson, 2017, p. 13-15.)

Figure 6. Through-thickness crack in an infinite plate subjected to a remote tensile stress

(Anderson, 2017, p. 14).
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A simple equation for the stress intensity factor in an infinite plate with a through-thickness

crack as seen in Figure 6 can be derived as follows (Anderson, 2017, p. 13-15):

K;=0vma (D)

Where K; is the stress intensity factor (MPavm), o is the tensile stress (MPa) and « is the

crack size (mm) as represented in Figure 6.

The fracture occurs when the stress intensity factor reaches its critical value Kyc. The value
Kic is the fracture toughness which is a measure of material resistance. (Anderson, 2017, p.

13-15.)

According to Anderson (2017, p. 13) the energy release rate “is defined as the rate of change
in potential energy with the crack area for a linear elastic material.” For the energy release
rate, G¢ is the critical value which is reached at the moment of fracture. It is a measure of

fracture toughness. (Anderson, 2017, p. 13-15, 60.)

The energy release rate, G (J/mm?) can be represented as the rate of change in potential

energy with the crack area as follows (Anderson, 2017, p. 35):

- 2

Where 17 is the potential energy (J) and 4 is the crack area (mm?).

The relation between the stress intensity factor and the energy release rate can be derived in

the plane stress state as follows (Anderson, 2017, p. 35):
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) )

Where G is the energy release rate (J/mm?), K7 is the stress intensity factor (MPavm) and E

is the elastic modulus of the material (MPa).

A similar equation applies in the plane strain case but then instead of £, £’ is used as in the

following equation (Anderson, 2017, p. 35):

KZ
B Y
. F

Where v is the Poisson’s constant for the material. (Anderson, 2017, p. 35)

4.3 Elastic-plastic fracture mechanics

Elastic-plastic fracture mechanics (EPFM) is an area between linear elastic fracture
mechanics and plastic fracture mechanics. It allows some plasticisation to happen when it’s
not too extensive. (Ikonen & Kantola, 1991, p. 23-24.) Elastic-plastic fracture mechanics
utilise non-linear quantities the crack tip opening displacement (CTOD), and the J-integral
J. In mode I, the crack tip opening displacement can be used in the non-linear area. The
CTOD can be defined by calculations when it is small and the critical value for it can be

defined experimentally. (Ikonen & Kantola, 1991, p. 167.)
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The J-integral is a plane case fracture parameter. The J-integral theory applies to an
assumption of a non-linear elastic material. This means that after the stresses are removed
the material returns to its original form. J-integral is a line integral and an energy parameter.
It is derived from the change of potential energy in virtual crack growth in a non-linear
material. (Ikonen & Kantola, 1991, p. 153-155, 174.) As stated by Anderson (2017, p.115)
the J-integral “is equal to the energy release rate in a nonlinear elastic body that contains a

crack.” (Anderson, 2017, p. 115-118.)

The J-integral J (J/mm?) can be represented by defining the non-linear energy release rate as

follows (Anderson, 2017, p. 115):

J=-— (6)

Where 17 is the potential energy (J) and 4 is the crack area (mm?).

This means that there is a relation between G and J and the J-integral can be defined as the
energy release rate of a non-linear material. The relation between J and K can be defined as

follows (Anderson, 2017, p. 117):

_ 2 (7

J-integral can also be defined as a path-independent line integral following an arbitrary

counter-clockwise path /" according to Figure 7.
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Figure 7. Arbitrary contour around the tip of a crack (Anderson, 2017, p. 117).

Then the J-Integral can be defined as follows (Anderson, 2017, p. 117):

Ou;
— S 8
J /r (wdy-T,; Ew ds) ®)

where w is the strain energy density (N/mm?), Ti are components of the traction vector, u;

are the displacement vector components, and ds is a length increment along the contour /.

The strain energy density is defined as (Anderson, 2017, p. 117):

i
0

Where ¢ is strain tensor and oy; is the stress tensor. “The traction is a stress vector at a given

point on the contour” as stated by Anderson (2017, p.117)

4.4 Analytical evaluation of flaws

When a structure has an initial crack the fatigue life can be defined with fracture mechanics

using the crack growth rate. Paris and Erdogan noticed in 1963 that the crack growth can be
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described with stress intensity factor range AK. The average crack growth rate can be

described with Paris’ law: (Ikonen & Kantola, 1991, p. 199-203.)

da "
5 =CUK) (10)

da . . . . o
where d—; is the crack growth rate, C is the material constant and n is an exponent describing

the plastic failure area.

In fracture analysis, a Failure Assessment Diagram can be used. This is called the FAD
method. It is a J-integral based method and it’s a widely used method for elastic-plastic
fracture mechanics. According to Anderson (2017, p.427) “It spans a wide range of material
behaviours, from brittle fracture under linear elastic conditions to ductile overload in the
fully plastic regime.” This method is based on utilising a diagram that follows a FAD-curve’s
equation or the diagram can be found from for example the ASME Code XI as seen in Figure
8. (Ikonen & Kantola, 1991, p. 266-268; Anderson 2017, p. 427-432; ASME XI, 2023, p.
556.)

Figure H-4300-2
Failure Assessment Diagram for Austenitic Piping
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Figure 8. Failure Assessment Diagram for Austenitic Piping (ASME XI, 2023, p. 556).



32

By defining the brittle fracture component K’» and limit load component S’; of the
assessment point values, the crack’s safety can be assessed. If the Assessment point is inside
the curve it is safe. Equations for defining the assessment point coordinates for

circumferential flaws are as follows (ASME X1, 2023, p. 553):

Je 0.5
K'=(3) (i

' Om
§=8Fp—= (12)

Where J. is the linear elastic J-integral, Jr is the J-integral resistance to ductile tearing, SFy
structural factor on primary membrane stress, o, is the unintensified primary membrane
stress in the pipe at the flaw and ¢ is the membrane stress at reference limit load. (ASME

X1, 2023, p. 547-553.)

4.5 Input information for calculations

To perform accurate fracture mechanical analysis input information for the calculation needs
to be acquired. Input information includes the geometry of the flaw. The situation depends
on whether a found indication is analysed or if the analysis is performed as the basis for the
detection target for inspections. If an indication is found, the flaw geometry is evaluated
from the inspection results of NDE. The depth, length and orientation of the indication are
defined from the inspection data. If the analysis is performed as the basis for the detection
target then the geometry is estimated based on typical fatigue crack geometry. The geometry
of the pipe is attained for the drawings of the power plant piping. The material for the pipe
needs to be known for the analysis. The relevant material properties such as tensile strength,
yield strength, and fracture mechanical properties have to be defined from the material.

Operating and design temperature and pressure need to be known for the component. Often
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a piping analysis such as a finite element analysis needs to be performed, to define the
loadings the pipe is subjected to. From this analysis, the stresses in the location of the flaw
are assessed. The number of cycles between the inspection period is also essential for the
fatigue analysis. Also, more information such as the load rise time needs to be defined for

the crack growth law. (Harju & Halme, 2020, p. 1-3.)

4.6 Orientation of flaws

Analyses differ between different flaw types and orientations. ASME XI provides different
equations for circumferential and axial flaws. The stresses differ in axial flaws in piping and
the hoop stress needs to be considered. Pressure causes twice as much membrane stress in
axial flaws as in circumferential flaws. Damage mechanisms in axial flaws also differ as in
forged pipes there are no similar initial axial flaws caused by welding as in circumferential
flaws. Flaws that are nonplanar and can’t be directly characterised as circumferential or
axial, shall be projected into planes. ASME XI Nonmandatory Appendix A presents methods
for flaw characterisation. (ASME X1, 2023, p. 339-466.)
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5 Standards

In the Loviisa NPP fracture mechanical analyses are performed according to ASME BPVC
XI standard. Different standards representing the methods for the fractural mechanical
analyses are available such as the EDF Energy Nuclear Generation Ltd. R6 and the British
standards BS 7910:2013.

The older fracture mechanical analyses being used to investigate the crack growth rates and
the allowed crack size were made at the beginning of the 2000-century. These Mathcad-
made calculations utilise the ASME BPVC XI12001 version. According to the 2001 version,
the analytical evaluation of indications exceeding the accepting standards is performed by
utilising limit loads and analysing crack growth with the Paris’ Law. The limit loads are
calculated and compared to the stresses to see if the flawed pipe can be accepted for service.
With the Paris’ Law, the crack growth rate can be determined. The known crack growth rate
defines how much the crack grows during the operating period of the component. When the
amount of crack growth in a certain period is known the allowed crack size is defined.

(ASME XI, 2001; Neuvonen, 2004.)

The 2023 version of ASME XI describes two methods of evaluating the flaws exceeding
the accepting standards. For the piping in dimension range between DN 25 to DN 100 it
suggests the limit load-based method following the ASME XI Appendix C. For DN 100 and
greater in dimension it describes that the FAD (Failure Assessment Diagram) based method
following the ASME XI Appendix H should be used. With the FAD method, the indication
acceptance is evaluated based on assessment points and the assessment curve. In addition to
both of these methods the crack growth rate should be determined and the crack growth
during the evaluation period calculated. (ASME XI, 2023, p. 137-142.)

ASME XI provides safety factors to use in the calculations. Structural factors are defined in
IWB-3644, which are safety factors against plastic collapse for membrane and bending

stress. These factors depend on the service level used. Service levels A and B mean the
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normal operating conditions. Service level C is for emergency conditions and level D is for

faulted conditions. (ASME XI, 2023, p. 68-72, 140.)

The R6 procedure described in the R6 Panel maintained document, Assessment of structural
integrity of structures containing defects, is also a method based on a failure assessment
diagram. The procedure has influenced other procedures such as the BS 7910. (EDF R6,
2013, p. 10-130)

British Standards BS 7910:2013 describes several methods for assessing the acceptability of
flaws in steel structures. The method to be used depends on the failure modes and damage
mechanism. British Standards describe assessment for fracture resistance to be the FAD
method and assessment for fatigue presents methods to determine crack growth rate. The
FAD is based on the R6 method. British Standards also describe methods for flaws under
creep and creep/fatigue conditions and methods for other modes of failure. (BS 7910:2013
p. 25-26.)

In Sweden is in use, the Swedish Radiation Safety Authority’s handbook, Procedure for
Safety Assessment of Components with Defects written by Kiwa Inspecta Technology AB.
The handbook presents the FAD method to evaluate the integrity of a structure. The FAD
method presented is based on the R6 and the curve used is the same as in the BS 7910 option

1 FAD curve. (Dillstrom et al. 2018. p. 11-15.)
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6 Fracture mechanical analyses

For this study, fracture mechanical calculations were done with analytical calculations and
with the KIWA technical consulting developed software ISAAC. The cases include two
different piping objects that represent objects that could be found in the Loviisa NPP. For
this study, Circumferential internal flaws in the piping were considered. The analyses
include simplifications for study purposes and acquiring the initial data is left out. Safety

factors for service level A of ASME XI were used in the calculations.

6.1 Analytical approach

Analytical calculations were done with PTC Mathcad Prime 9.0.0.0 calculation software.
The calculations were performed according to the 2023 version of ASME Code XI. Because
the ASME requires using two different types of methods, depending on the pipe dimension,
two templates were made. One template presented in Appendix 1 was made following the
ASME XI Nonmandatory Appendix C for the piping of DN25 and larger. Another template
presented in Appendix 2 was made following the ASME XI Nonmandatory Appendix H for
the piping of DN100 and larger. The templates were made in the scope of the study and are

compatible with circumferential internal flaws.

The first template based on the ASME XI Nonmandatory Appendix C is based on limit load
(fully plastic) analysis, EPFM or LEFM to evaluate the allowance of found defects. These
are used to determine stress limits that cannot be exceeded. It also includes crack-growth
analysis to evaluate crack growth. It is based on the Paris’ law seen in equation (10). With
this template, the crack growth during the inspection period is evaluated and by that, the
allowed crack size can be determined. If the found indication is evaluated to grow over the

allowed crack size, the faulted component cannot be accepted for further use.



37

The second template based on the ASME XI Nonmandatory Appendix H uses the FAD
method to evaluate the allowance of found defects. In this method, the brittle fracture
component K- and limit load component S’ of the assessment point, values are defined
according to equations (11) and (12). These are then compared to the ASME defined FAD
curve. If the assessment point is inside the curve the defect can be accepted. With this method
also the crack-growth analysis is included to see that the crack doesn’t grow above the limits
during the inspection interval. This FAD method combines brittle fracture, elastic-plastic

fracture mechanics, and limit load failure.

As a comparison of the analysis methods, calculations using the British Standards
BS7910:2013 were made. Two calculations were made to compare the FAD assessment and
the crack growth rates. To compare the different versions of ASME XI, a comparison was
made between the previous calculations made according to older ASME XI versions and

newer calculations.

6.2 Software ISAAC

ISAAC is a software tool for assessing the integrity of components containing flaws. It
includes various geometries from plate to pipes and options for whether the flaw is on the
inside or the outside surface of the component and how it is oriented. It is developed by the
Swedish Kiwa Technical Consulting to support the needs of the Swedish nuclear industry.
In addition, Kiwa Inspecta Technology AB has developed a handbook for the safety
assessment for the Swedish Radiation Safety Authority and the ISAAC utilises methods
based on that (Dillstrom et al. 2018 p. 15). In the ISAAC the user can either use the Swedish
methods and safety factor or use the ASME defined ones. In ISAAC there is also the
possibility to use user-defined safety factors. Relating to this thesis, in the software there is
available the ASME XI Appendix C, ASME XI Appendix A, fatigue analysis utilising the
Paris’ law with different crack growth laws and the R6 FAD method. (KIWA, 2023, p. 1-4.)
In this thesis, version 1.2 Rev 1 of ISAAC is used.
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6.3 Cases for comparing the different methods

To compare different fracture mechanical analysis methods, two different case studies (Case
A and Case B) are used. For the cases, the analysis is done with the newest 2023 ASME XI
and as a comparison with the BS:7910 and with the ISAAC software. The case subjects
represent two different piping objects that could be found at the Loviisa NPP. They are from
different piping systems with different types of loadings, dimensions and materials. The third
case, Case C is an example of analysis that could be used as a basis of the detection target.
In the fourth case, case D an example of a found indication is used to represent how the
analysis could be performed to evaluate the acceptance of the indication according to the
ASME XI requirements. In that case, the software ISAAC is also utilised to compare the

results.

6.3.1 Case A, Austenitic pipe and crack growth rate

As a case was taken an austenitic steel pipe with the dimensions seen Table 1. This case is
utilised to compare the crack growth rate between the methods. In this case A, there is an
indication found in the pipe and the flaw dimensions are also seen in the Table 1. The flaw
in this case is a circumferential flaw in the internal surface of the pipe. Conditions of the
case are presented in Table 2. The material of the pipe in this case is austenitic stainless steel
AISI 304L, EN 1.4307 whose properties are presented in Table 3. The stresses for this case
are presented in Table 4. The stresses for the cases are assumptions for research purposes
and the weld residual stresses are not considered in this case. The loadings are assumed to

cycle between zero and the maximum value in this case.



Table 1. Pipe and initial flaw dimensions
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Variable Dimension
Pipe outside diameter, d 88.9 mm
Pipe thickness, ¢ 7.62 mm
Initial flaw depth, a 4.9 mm
Initial flaw length, / 30 mm
Table 2. Conditions
Variable Value
Design pressure, p 66 bar
Design temperature, T’ 270 °C
Cycles in evaluating period 1500

Table 3. Material properties of AISI 304L EN 1.4307 (SFS-EN, 10028-7:2016, p.27).

Variable Value in room temperature Value in design
(7=20°C) temperature (7=270°C)
Poisson’s ratio, v 0.3 0.3
Elastic modulus, £ 210 GPa 195 GPa
Ultimate strength, o, 550 MPa 345 MPa
Yield strength, g, 220 MPa 104 Mpa

Table 4. Stresses

Variable Value
Normal stress, on 36.4 MPa
Bending stress, a» 0 MPa
Residual stress, o 0 MPa

As allowed crack size was used the ASME Code defined 0.75¢ which in this case is 5.715

mm. With the ASME-based calculation, it can be calculated that the crack grows from 4.9



40

mm close to 5.7 mm with 1500 cycles. Based on calculations made according to British
Standards, the crack grows to 4.94 mm so there is a difference and the crack growth is much

less with those calculations. The results from case A analysis are presented in Table 5.

Table 5. Results for austenitic pipe, case A

ASME XI 2023 BS7910:2013 ISAAC
Stress intensity factor, 8.3 MPavm 11.0 MPavm 8.92 MPaym
K; With the initial
crack size
Crack growth rate, = 4.510"mm 2.410°mm 3.7 10*mm
Crack size after 5.64 mm 4.94 mm 5.51 mm
evaluating period, ar
Crack growth 0.74 mm 0.04 mm 0.61 mm

In the ASME calculations for crack growth, the Y-2200 defined reference curve for type
304L wrought austenitic stainless steels in pressurised water environments was used. In the
calculations according to BS 7910, the reference curve was for steels in air environments. In
the ISAAC the same ASME defined crack growth law was used. The crack growth curve
from ISAAC can be seen in Figure 9. The crack aspect ratio (length/depth) was assumed to

stay fixed in the analysis.

The acceptance of the flaw was investigated with limit load criteria against fully plastic
fracture with ASME XI C-5000. The allowable membrane stress was 116 MPa with a 5.56
mm crack size. In the ISAAC the flaw’s acceptance was based on the R6 based fracture

assessment as seen in Figure 10.
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Figure 9. Crack growth curve for 89x8 Austenitic pipe

Kr

Figure 10. R6 Based fracture assessment for 89x8 austenitic pipe with two curves one with

and another without safety factors, and the assessment point for 4.9 mm crack size circled

In the fracture assessment, the ASME-defined safety factors were used. In the Figure 10 blue
curve presents the assessment curve without the safety factors and the red curve with the
ASME safety factors. The assessment point coordinates are plotted with different crack sizes

and the circle presents the initial crack size of 4.9 mm.
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6.3.2 Case B, Ferritic pipe and FAD assessment

In the second case, Case B, a ferritic steel pipe was taken under analysis with the dimensions
seen in Table 6. This case is utilised to compare differences in the FAD method between the
standards. In this case, there is an indication found in the pipe and the flaw dimensions are
also seen in the Table 6. The flaw in this case is a circumferential flaw in the inside surface
of the pipe. Conditions of the case are presented in Table 7. The material of the pipe in this
case is ferritic carbon steel CT 20, which properties are presented in Table 8. The stresses

for this case are presented in Table 9.

Table 6. Ferritic pipe and initial flaw dimensions

Variable Dimension
Pipe outside diameter, d 465 mm
Pipe thickness, ¢ 16 mm
Initial flaw depth, a 1.5 mm
Initial flaw length, / 290 mm

Table 7. Conditions

Variable Value

Design pressure, p 56 bar

Design temperature, 7 271 °C
Cycles in evaluating period 8000

Table 8. Material properties of CT 20 (Gosatomenergonadzor SSSR, 1989).

Variable Value in room temperature Value in design
(7=20°C) temperature (7=210°C)
Poisson’s ratio, v 0.3 0.3
Elastic modulus, £ 210 GPa
Ultimate strength, o, 402 MPa 373 MPa
Yield strength, g, 216 MPa 196 Mpa
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Table 9. Stresses

Variable Value
Normal stress, on 30 MPa
Bending stress, oy 15 MPa
Residual stress, o 0 MPa

The stresses for the cases are assumptions for research purposes and weld residual stresses
are not considered. In this case, the evaluation of indication acceptability was made with the
FAD method. As a comparison, the calculations were made with the ASME Code and with
the British standards as well as the ISAAC software. Assessment points were calculated with
crack growth of 0 — 2 mm. These assessment point coordinates are then compared to the

FAD curve. These curves can be seen in Figure 11, Figure 12 and Figure 13.
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Figure 11. FAD curve according to ASME XI with assessment point coordinates of 1.5

mm to 3.5 mm crack size
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Figure 13. R6 Based FAD assessment for 465x16 ferritic pipe with two curves one with

and another without safety factors, and the assessment point for 1.5 mm crack size circled

In Figure 13 the blue curve presents the assessment curve without safety factors and the red
curve with the ASME safety factors. The assessment point coordinates are plotted with
different crack sizes and the circle presents the initial crack size of 1.5 mm. The FAD curve

was defined differently in the ASME XI as in the other methods and it doesn’t have the limit
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load cut-off. Instead of the cut-off, the H-4400 primary stress limits must not be exceeded.
The ISAAC software uses a FAD curve defined in the Swedish SSM Handbook which is the
same as the BS 7910 Option 1 curve. Both of which are based on the R6. In This example
for the results to be comparable the ASME XI safety factors were used for the BS 7910 and
ISAAC as well. With all the methods the flaw can be accepted.

6.3.3 Case C, The basis of the detection target

This is a case of demonstrating the analysis made on the basis of the detection target. The
calculations performed for an 89x8 austenitic pipe in Case A are usable for the basis of the
detection target similar to Figure 2. In Case A the calculated acceptable crack size was 5.7
mm. This acceptable crack size is the standard set maximum of 0.75¢ and it was checked
with the ASME App. C calculations and the FAD method in Figure 10 that it is safe and
includes safety against failure. The crack growth curve based on the fatigue analysis is

presented in Figure 14.
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Figure 14. Crack growth curve during the inspection interval

There are assumed to be 1500 cycles during the inspection interval for this case. The same

material, conditions and loadings are used as in Case A. During the inspection interval with
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the ISAAC fatigue analysis utilising the ASME XI defined crack growth curve, the crack is

calculated to grow 0.7 mm.

According to this analysis, the allowed crack size is 5.0 mm when the crack length is 30 mm.
This crack size can be used as the basis of the detection target. The detection target depends
on the NDE method and what could be reasonably inspected. The detection target often
includes more safety and is smaller than the allowed crack size. This is a safe size that
including the safety factors is analysed not to grow over the maximum acceptable crack size
during one inspection interval. This means the crack can’t grow over the acceptable crack

size without first being detected in the inspections.

6.3.4 Case D, a found indication

This case is a demonstration of analysis made for an 89x8 mm austenitic pipe that has an
indication found during the periodic inspections. The pipe is the same as in Case A. The
same material, conditions and loadings are used as in Case A. Flaw dimensions obtained

from the inspection data are seen in the Table 10.

Table 10. Case D pipe and flaw dimensions

Variable Dimension
Pipe outside diameter, d 88.9 mm
Pipe thickness, ¢ 7.62 mm
Initial flaw depth, a 2.5 mm
Initial flaw length, / 40 mm

Acceptation standard in ASME XI IWB-3514-1 determines that for a subsurface flaw a/t
should be a maximum of 10% which in this case means 0.762 mm crack depth. The flaw
depth in this case is over that, so according to IWB-3640, an analytical evaluation is required.

With the ISAAC R6 based FAD assessment is confirmed that the flaw is acceptable as seen
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in Figure 15. The flaw aspect ratio was kept fixed in the analysis. The flaw size of 2.5 mm

is circled in the assessment curve.

Figure 15. R6 Based FAD of Case D with two curves one with and another without safety

factors, and the assessment point for 2.5 mm crack size circled

With R6 Based FAD in the ISAAC, the maximum acceptable crack size is 4.7 mm. By
applying the ASME XI defined crack growth law and the fatigue analysis in the ISAAC the

crack grows to the maximum acceptable size after 7880 cycles as illustrated in Figure 16.
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Figure 16. Crack growth curve for Case D



48

When repeating the analysis analytically according to 2023 ASME XI Nonmandatory
Appendix C the flaw is accepted by determining allowable stresses with C-5000 limit load
criteria. With the analytical calculations, the crack growth rate is higher and with 7880 cycles
the crack grows from 2.5 mm to 5.55 mm. On the other hand for a 5.55 mm flaw size the
allowable membrane stress is 107 MPa and the allowable bending stress is 109 MPa so the
flaw is still acceptable. According to Table C-5310-1 in ASME XI the allowable end-of-
evaluation-period flaw depth-to-thickness ratio is 0.75. 0.75¢ in this case is 5.715 mm. This
analysis shows that the component is suitable for further use. Additional examinations of the
component are needed according to ASME XI to monitor the flaw's growth. (ASME XI,
2023, p. 123-125,493-503.)

6.4 Comparison of the acceptable crack size calculations

A comparison made between the ASME XI 2023 methods and the existing allowable crack
size calculations made in the early 2000s shows differences in the acceptable crack sizes.

The comparison was made with two different pipe sizes similar to the cases before.

For a 60.3 x 5.5 mm Austenitic pipe made from TP 304L, the allowed crack size for
circumferential flaws has been calculated to be 1.8 mm with 2.15 mm crack growth in 1000
cycles. This is calculated using 1998 ASME XI Appendix C and includes an analysis of the

plastic collapse limit stress. (Neuvonen, 2001.)

When the calculation was recreated with the 2023 ASME XI Appendix C it was noticed that
the Crack growth rate is smaller with the 2023 Y-2200 Fatigue crack growth rate curves in
light-water reactor environments for 304L than in the older calculations. The older
calculations utilise the NUREG corrosion fatigue in the PWR environment crack growth
rate. The stress intensity factor for the initial crack size is larger with the 2023 ASME XI.
The C-5000 limit load criteria for fully plastic fracture was utilised in the calculations
according to ASME XI to check that the stresses don’t go over the limits when the crack

grows. The comparison of the calculations can be seen in Table 11



Table 11. Results of the comparison of 60.3 x 5.5 mm pipe
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Variable

Calculation according to

2001 ASME XI

Calculation according to

2023 ASME XI

Stress intensity factor with

the initial crack size, Ky

7.815 MPayvm

8.358 MPayvm

Crack growth rate, C%z 7.259% 10 mm 3.844x 10" mm
Final crack size in the 3.95 mm 2.24 mm
evaluation period, ar
Crack growth 2.15 mm 0.44 mm

The crack growth with the new calculations was 0.44 mm which is 20 % of the crack growth
with the older calculation. The stress intensity factor however was 6.9 % higher. The allowed
crack size is 0.75*¢ in both of the calculations, which is 4.13 mm. Utilising the 2023 ASME
the crack doesn’t grow to that size in the evaluating period so the acceptable crack size is

higher than the 1.8 mm represented in the older calculations.

By doing a similar comparison for a 465x16 ferritic pipe made from CT 20 a more significant
difference is seen. The calculations in comparison are made according to 2001 ASME
Appendix H utilising the EPFM criteria. With these calculations, the acceptable crack size
for circuferial flaws is 10.5 mm. The crack length was kept fixed at 272 mm. In 100 cycles
in the evaluation period, the crack grows to 11.7 mm which is close to the 0.75%¢ acceptable

crack size of 12 mm. (Neuvonen, 2004.)

For this pipe size, the acceptable crack size analysis is done in the 2023 version with the
FAD method in ASME XI Appendix H. With this method, the acceptable crack size is 3.5
mm. With the 2023 ASME X1 Y-3200 Fatigue crack growth rate curves in light-water reactor
environments, the crack growth is near zero in the 100 cycles evaluation period. The FAD
can be seen in Figure 17 and it includes five different assessment points with the crack size

varying from 3 mm to 5 mm in 0.5 mm increments.
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Figure 17. FAD analysis for 465x16 mm pipe as a comparison of the existing calculations

with assessment point coordinates of 3 mm to 5 mm crack size

The assessment point with a 3.5 mm crack size is just below the FAD curve. The assessment
points are more on the plastic side of the curve. The primary stress limits were defined
according to H-4410 and it was checked that the primary membrane and bending stress are

below the limits with the 3.5 mm crack size.
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7 Results and discussion

The analyses with the example cases show differences in the calculation methods between
the standards. Analyses with these different methods resulted in different outcomes. In this
paragraph outcomes and reasons for these differences are discussed. The differences

between the ASME X1 (2023), BS 7910 and the Swedish SSM handbook are also discussed.

7.1 Comparison of ASME XI versions

The 2001 version of ASME XI does not include the FAD method that is described in the
2023 version. In difference to the 2001 version, the newer version describes the FAD method
to be used when the piping diameter is over 100 mm. Another difference to the older version
of ASME is that the 2023 ASME XI describes methods to define the crack growth rate
coefficient, C in the light-water pressurised reactor environments. The older 2001 ASME X1
didn’t consider the environmental effect on the crack growth rate coefficient and only
described a method to define the coefficient in air. In the older fracture mechanical analyses
made in the company, another method to describe the environmental effect was used based
on corrosion fatigue. (Neuvonen, 2004; ASME XI, 2023.) When comparing calculations for
a 60.3 x 5.5 mm Austenitic pipe made from TP 304L with a crack size of 1.8 mm the stress
intensity factor was 6.9 % higher with the new 2023 ASME XI calculations compared to
2001 ASME XI calculations. However the stress intensity factor being smaller, the crack
growth for 1000 cycles was with the 2023 ASME XI calculations only 20 % of the older
calculation. For bigger pipe size calculations for a 465x16 ferritic pipe made from CT 20
were made. With older calculations utilising the 1998 ASME XI Appendix C a crack size of
10.5 mm was presented to be acceptable. The 2023 ASME XI guides to use the FAD method
for the evaluation of acceptance of defects. The older ASME XI didn’t include the FAD

method for analysis. With the FAD a maximum crack size of 3.5 mm can be accepted.
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7.2 Differences in FAD methods between standards

British Standards BS 7910:2013 describes methods for assessing the acceptance of flaws in
steel structures. British Standards describe assessment for fracture resistance to be the FAD
method and assessment for fatigue includes the crack growth rate calculations. The method
to be used depends on the failure modes and damage mechanism. (BS 7910:2013, p. 25-27.)
The British standards BS 7910:2013 is a guide for all metallic structures, so this is probably
why it describes the assessment methods to be used what is suitable. ASME XI (2023) is for
pressure vessels of light-water-cooled power plants and can determine more specifically
what methods to use in nuclear applications. The British Standards FAD fracture assessment
point, K- is based on the stress intensity factor and fracture toughness. In the ASME XI
(2023), it is based on J-integral. The BS 7910:2013 includes equations to define the FAD
assessment curve which differs from the ASME-defined one. In BS 7910 three options for
defining the curve are presented with option 1 being the simplest. It doesn’t require material
data but is more conservative than the other two options. (BS 7910:2013, p. 62-64.) The
Swedish SSM handbook presents the FAD method as the same as the BS 7910 option 1.
(Dillstrom et al. 2018, p. 23-24). Both of which are based on the EDF R6 (2013). The ASME
X1(2023) FAD for circumferential flaws doesn’t include limit load cut-off like the BS 7910
and the FAD used in the ISAAC. Instead, it presents stress limits in the H-4400 that must

not be exceeded for the flaw to be acceptable. For axial flaw, a limit load cut-off is presented.

7.3 Differences in crack growth laws between standards

In the crack growth rate calculations in BS 7910:2013 the crack growth rate coefficient, C is
more simplified and not as precisely specified as in the ASME XI (2023, p. 678). The ASME
XI crack growth law takes into account the PWR environments. The crack growth rate in
case A calculated with BS 7910:2013 was only 5 % of the crack growth rate calculated with
ASME XI. The Swedish SSM handbook presents crack growth laws from ASME XI and in
the ISAAC a suitable law for the use can be used. The laws are obtained from the 2007

version of ASME XI and there are some differences compared to the newest ones in ASME
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X1 2023 version. There is also a slight difference in calculating the stress intensity factor in

different standards. (Dillstrom et al. 2018, p. 61, 161-166.)

7.4 Safety factors

BS 7910 doesn’t include any built-in safety factors but it mentions that sensitivity analysis
should be used. It also presents a probabilistic assessment in Annex K of BS 7910 that could
be used to assess the reliability of the results. (BS 7910:2013, p. 215-229.) The Swedish
handbook presents safety factors based on ASME BPVC section III that can be used and in
the ISAAC there is an option to use user-defined safety factors (Dillstrom et al. 2018 p. 169-
171). For the analysis of this thesis’ cases, the ASME XI Service Level A safety factors were

used. The safety factor against fracture is V10 and the safety factor against plastic collapse
is 2.7 for membrane stress and 2.3 for bending stress in service level A. (ASME XI, 2023.)

The safety assessment in the Swedish handbook guides to use the safety factors in the
acceptation curve of the FAD. This is also used in the ISAAC and can be seen in the figures
of the example cases. In the ASME XI (2023), the safety factors are used to increase the
loads in the assessment. This feature creates a difference when assessing the safety of flaws

using safety factors. (Dillstrom et al. 2018, p. 25-27.)

7.5 Key findings from calculation examples

When comparing the results from Table 5. There can be seen differences in the stress
intensity factor, K;. With the BS 7910 and with the ISAAC the stress intensity factor with
the flawed pipe is slightly higher than with the ASME but there is no significant difference.
ISAAC uses the Swedish handbook defined solution for the stress intensity factor. With BS
7910, the crack growth rate is significantly lower than with the other methods. In the BS
7910 calculation crack growth reference curve for the air environment was used and it

doesn’t consider the environmental effect of PWR environments as the ASME does. In the
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ISAAC the same ASME XI crack growth rate law was used but it is an older version than
the 2023 so that is why there is a slight difference. This crack growth law is presented in the
ASME XI Nonmandatory Appendix Y and the code case N-809. (ASME XI, 2023, p. 678-
682.) The final crack size after the evaluation period is with the ISAAC in the same
magnitude and can be compared keeping in mind the differences in the stress intensity factor
and the crack growth rate. With the BS 7910, the final crack size comes out smaller because

the crack growth law doesn’t take into account the environmental effect.

It makes a difference at what point the stress intensity factor is considered. ASME XI
calculations were made so the stress intensity factor is calculated in the crack tip. And in
these cases, it was largest in the crack tip but in all cases, it might not be so. With the ISAAC
it is easy to change where the stress intensity factor is considered. For the cases, it was set
to evaluate K, in the maximum position which was in the crack tip. For these cases, the crack
length was assumed to grow with a constant relation to crack depth. In the ISAAC the crack

length can also be set to follow the fatigue curve which might correspond to reality better.

The failure assessment diagrams share the same base principle in all the used methods so the
results are comparable. For circumferential flaws, the ASME XI can give results accepting
the investigated flaw even if it is more on the plastic side exceeding the accepting limits in
the other standards. The Swedish R6 based and the BS 7910 introduced FAD include the
limit load cut-off that limits the acceptation of the flaw. In the ASME XI, the limit load cut-
off is only used for axial flaws. For circumferential flaws, it is replaced with primary stress
limits. In Case B of this thesis, this difference didn’t cause deviation in accepting the flaw
investigated. Depending on the pipe properties it can cause a difference when the flaw
assessment point coordinates are more in the plastic side of the diagram. There is also a

difference in implementing the safety factors between the FAD methods.
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8 Conclusions

This thesis compared the fracture mechanical analysis method between the older ASME
Boiler and Pressure Vessel Code Section XI version and the current 2023 version. The
ASME XI methods were compared to other available standards and procedures such as the
software ISAAC. Analyses in this study were done for piping components representing
components that could be found at the Loviisa nuclear power plant. The analyses made, took

into account circumferential internal flaws in the piping.

The ASME Boiler and Pressure Vessel Code Section XI has been updated after making the
existing flaw size calculations in the company. The differences between the older and the
updated standards are considered in this thesis and calculations evaluating flaws were made
to show how the outcomes differ with the new standards. For a case taken in comparison in
the study, the stress intensity factor was 6.9 % higher with the new 2023 ASME XI
calculations compared to 2001 ASME XI calculations. However the stress intensity factor
being higher, the crack growth for 1000 cycles was with the 2023 ASME XI calculations
only 20 % of the older calculation. In the other case of bigger pipe size with the older
calculation according to 1998 ASME XI a crack size of 10.5 mm could be accepted. When
following the 2023 ASME XI and utilising the FAD method a maximum crack size of 3.5
mm could be accepted. These differences were caused by updates in the analysis methods
and updated crack growth laws. The differences in the outcomes can be significant so when
utilising the existing acceptable flaw size calculations it is wise to consider that the standards
have been updated since, and the calculation results might differ if made with the newer

versions of the standards.

This thesis shows that different standards and procedures include different methods for
evaluating the acceptance of defects in piping. The BS 7910 and the software ISAAC utilise
a failure assessment diagram based on the EDF R6. In ASME the FAD method differs from
the R6. The ASME defined method is based on J-integral and the R6 is based on fracture

toughness. For circumferential flaws, ASME introduces stress limits to be used instead of a
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cut-off in the curve. The software ISAAC utilises methods introduced in the Swedish SSM
handbook. In that method the safety factors are implemented on the FAD curve as in ASME
they are implemented in the loads when defining the assessment points. The Swedish SSM
handbook defines its safety factors based on ASME BPVC Section III. The BS 7910 doesn’t
include crack growth laws that consider the environmental effect in the PWR conditions as
the ASME XI does. The SSM handbook presents the ASME XI crack growth laws that can
be used in the ISAAC also. There is also a slight difference in calculating the stress intensity

factor between the methods.

The software tool, ISAAC turned out to be simple to use. With the software, defect
acceptance analysis is quick to perform if the input data such as loadings, flaw geometry and
material data is known. Although the tool is easy to use it requires understanding of the
methods that it utilises. The input data has to be set correctly to the software to get correct
results. It requires an understanding on how to define the load distributions and what loads
need to be defined where. In the ISAAC different methods are available for utilisation. The
methods contain analyses from the ASME and different Swedish methods. ASME has its
preferences on what methods to use and when so an understanding of ASME methods is
needed if the analysis is done following the ASME regulations. In analysis, the safety factors
are in a role of determining the allowed crack size. In ISAAC safety factors can be chosen
between the Swedish defined and other safety factors. The user can also define their own
safety factors. Without correct understanding, it is easy to make mistakes and get incorrect
results. This can lead to a risky feeling of safety when not understanding the methods and

theory behind the analysis.

When evaluating the acceptability of indications in the future the results from this thesis can
be utilised. This thesis didn’t take into account acquiring the correct input data to perform
analysis. To define the stresses including thermal stresses and weld residual stresses, further
piping analysis is required to get representative results from the fracture mechanical analysis.

Defining the load cycles and other correct input data needed requires attention.
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Further studies considering fracture mechanical analyses could include taking into account
analyses with these different methods available. The software ISAAC considered in this
thesis is applicable to different methods and can be utilised in the analysis. Further studies
could be done to match the methods for the Finnish regulations. Further studies could
consider the different safety factors, what would be suitable to use and how to implement
them for different applications. Also, the analyses for components should be studied and
how these results from piping analyses can be applied to other components. This study
focused on circumferential internal flaws and other flaw orientations and types were left out

that need attention.
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9 Summary

In this study, the methods for fracture mechanical analyses utilised in the Loviisa nuclear
power plant are studied. This study is used to develop the utilisation of fracture mechanical
analyses for long-term operation in the Loviisa NPP. The thesis is made for Fortum Power
and Heat Oy. The goal of the thesis is to develop the methods and expertise to evaluate
indications in piping components and to calculate allowed defect sizes and critical defect
sizes. This study is focused on the piping of the power plant with circumferential flaws.
Because the license of Loviisa NPP was extended there is a need for the study. Fracture
mechanical analyses made before in the company are based on older versions of ASME XI
standards than the currently available ones. There is a need to study how the standards have
been changed during the updates. It is also reasonable to compare different standards
providing different methods to make the analyses. This thesis evaluates how the analysis

could be made with commercial flaw analysis software and how the outcomes compare.

The study includes a theory section about the structure of the power plant and its piping. In
the theory section inspections, possible defects, fracture mechanics, and standards are
introduced. For the study, case examples were utilised to compare different analysis
methods. In these cases, calculations were performed utilising different standards and
software available for the analysis. The cases include two different pipes, one smaller pipe
made from austenitic steel in case A and one larger pipe made from ferritic steel in case B.
The cases represent piping objects that could be found in the power plant. The standards
compared in this thesis are the ASME Boiler and Pressure Vessel Code Section XI, the
British standards BS 7910 and the Swedish handbook made for the Swedish Radiation
Authority that the software ISAAC utilised. BS 7910 and the Swedish handbook utilise the

failure assessment diagram method based on EDF R6.

This study shows that the methods used in the ASME XI standards have changed over the
years. Methods for assessing defects in structures have differences between different

standards. When using different standards in the example case calculations, differences in
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the methods provided in the standards were compared. The flaw analysis software ISAAC
was included in the analysis. The software could be used to make analysis easier and take
less time. However, utilising software requires an understanding of the methods the software

uscs.
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Appendix 1. Qualification process of the inspection system (STUK, 2019, adapted).
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Appendix 2. Template utilised in Case A for calculations according to ASME XI 2023
Nonmandatory Appendix C

Hemmi Nevalainen

Thesis work 2024

This is a template to be used for austenitic piping of DN
25 or greater but under DN 100 with indications
exceeding the acceptation standards of IWB-3514 or IWC-
3514.
This template utilises ASME XI 2023 Appendix C and
requires understanding of fracture mechanics.
Initial data:
Pipe dimensions:

Diameter: d:=88.9 mm

Thickness: t:=7.62 mm
Stresses:

Normal stress: a, =36.404 MPa

Bending stress: a,:=0 MPa

Residual stress: a.=0 MPa
Conditions:

Pressure: p:=66 bar Temperature:  T(:=270 °C

. Tc
Cycles during the Tk :=f=543'15

evaluating period:

TC-’
N,=1500 = s —273.15=270



Material:

EN 10028-7:2016 AISI 304L EN 1.4307

E=210 GPa r=0.3

o, =550 MPa o,=220 MPa R =0,
J‘!.I'T = 345 MP{] Jyrj-! = 1{}4_ Mpﬂ R“lﬂr.f' — a-uT
o, +a,
Flow stress: o= L =385 MPa

Indication(flaw):

Circumferential flaw on the inside surface

Flaw depth: a:=4.9 mm
Flaw length: 1:=30 mm
%:(}.153 %-1(]0264.3!‘.}4 % lya)=

Acceptation standards for a/t in IWC-3514

Calculations:

Fractural mechanical properties:
Fracture toughness: K;»=150 MPa- v";

ASME XI Appendix C for pipes DN 25 to DN 100

4 = Gallow .J-J'. < {allow

0.163

Rpuz =0

Ryopri=oyr

l,(a)=30.061 mm



> Flaw growth analysis according to Appendix Y

>Determining AK According to Appendix A

Structural factors: Service level A

SF, =27 S5F,=2.3

Inside and outside radius of pipe:

R, :zg—t=3ﬁ.83 mim RZ::g:44.45 mm
R,+
Mean radius: R,:= ! ERE =40.64 mm
Radius in crack tip: R.=R,+a=41.73 mm
s=2.m-R,=231.41 mm
Figure C-4310-1
Circumferential Surface Flaw Geometry
Flaw angle: !
l
—= 2T
g:="1 =0.407 rad 2.0=0.815
ﬁ::%—ﬂ:l.lﬁd rad
|
p-R,
Membrane stress: Tpi=0,+ =52.354 MPa
Bending stress: a,=0 MPa
Flaw shape parameter Q (A-3310):
R +a
Stress fit over  Ag=0,, A, (a)= [ : ) ay
crack depth R,

A-3211 Ay:=0 MPa A;=0MPa A;=0MPa



ey =Aos st (Z) e (2] e 7]

Crack tip: Crack opening surface:

o(a)="52.354 MPa o, (0 mm)=52.354 MPa

G values from table A-3630-3

R]
a a —=4.833
2 —0.643 2-0.163 £
t 1
G,:=1.372 G,:=0.4579
@, =0.7317 G, :=0.3986
G,:=0.5523 Plastic zone correction factor

[(Auicn‘l‘A] (ﬂ]'cl +A2'G2 +A3'G3+A4'G4) 2

0, (a)= %

s o )

Q(a)=¢(a)-q,(a)

SIF range n=3.3

AK (a):=((Ag) -Go+ Ay (a) - Gy + Ay Go+ A+ G+ Ay-Gy) - %

Kp=0-MPa-\lm K, :=AK(a)=8.308 MPa-\/m

K,c=150 MPa-\/m K, <Kio=1



Y-2000 Crack growth:

K .
K

R= =0

Y-2200 FATIGUE CRACK GROWTH RATE CURVES IN LIGHT-WATER REACTOR

ENVIRONMENTS FOR 304L

Loading rise time: T,.:=50000

T

AK,=if R<0
|| 5.6 MPa-\/m

alse

|| 5.6-(1—0.70-R) MPa-\'m

C':=if AK (a)<AK,, =1.39.10°

o

else
| 1.39.107°

Sppi=if R<0 =1
||1.n
alsoif 0<R<1.0

||1+1.11-R'1

=5.6 MPa.\/m

Spp=1f 20<T <150 =0.01

—2516

] — 00301 - r,c]
Tw

3.39.10° e{[
also if 150<T <343
—2516

ET"‘

Spny =T, =25.686



Crack growth rate coefficient:
Cprny=C"+Spy+Spy»Spay=3.475+107°
Paris' Law:

gy (@) =Crpny (M—m]]ﬁ-mm

MPa-\/m

Ay (@) =gy (a)

Maximum depth which the flaw grows in the end of evaluating period
with cycles Nc

api=|a;—a =5.636 mm
forze1..N,

H ay — ag+ag (ag) a,(a)=(4527.107") mm

K;c=150 MPa-\/m  AK(a)=8.308 MPa-\/m

C-5000 Fully plastic fracture using limit load criteria:

Table C-5310-1:

{:crm + G’b) _
Tr

SR= 0.136 E:[ZI.13 Qo = 0.75-1=5.715 mm
™

Allowable bending stress Sc:

T,

1 a
By=—- S N B Ty=if 2.0 <
2 i Uf

2.0

f.[E-sin[ﬁ]—?'Em(H]]

else

2.0 i
f_[3 f
t

]-smm}

Tty
S5.=
SF,

—aT,,- I—L =131.509 MPa a,=0 MPa
SF,

m



Solver Constrdnmess Values

Allowable membrane stress St:

@, :=asin {1}.5-(?] -sin {E]]

[ @y e 2 '{Pl]
G-m _ﬂ-f _____
t i)
o
5, ==§= 115.572 MPa o,,=52.354 MPa

m

C-5330 Allowable flaw length:

Lo}
;pn::ﬂ-.[]___m]
s

‘guﬂml =2

M=
2'0}'

251 (0.5 + (2 — O attown1) ) — 51 (Odionsn) =

B atono =T (61 ) = 1.673

Lytion =B ationy - 4= 148.751 mm



Appendix 3. Template utilised in Case B for calculations according to ASME XI 2023

Nonmandatory Appendix H

This is a template to be used for piping of DN 100 or
greater with indications exceeding the acceptation
standards of IWB-3514 or IWC-3514.

This template utilises ASME XI 2023 Appendix H and
requires understanding of fracture mechanics.

Initial data:

Pipe dimensions:

Diameter: := 465 mm
Thickness: E:=16 mm
Stresses:
Normal stress: a,,=30 MPa Residual stress:

Bending stress: a,=15 MPa

Conditions:
Pressure: p:=56 bar Temperature:

Cycles during the
evaluating period:

N_:=8000

Hemmi Nevalainen
Thesis work 2024

a.=0 MPa

Tp:=271°C

TC’
Tyi=—= =544.15
K

T
T:=—-273.15=2T71
K



Material:

CT 20 PNAE G-7-002-86:

Young's modulus: E:=210 GPa Poisson constant: v:=0.3

Ultimate strength: g, =402 MPa g, =373 MPa

Yield strength: o,=216 MPa oyri=196 MPa
Flow stress:
T - T, e
op=— T —284.5 MPa
Elastic constant: E= 3 =230.769 GPa
1—1

Indication(flaw):
Circumferential
s i
a=1.5 mm [:=290 mm T:(}.DDS T 100=9.375 %
Acceptation standards for a/t in IWC-3514

Calculations:

Fracture mechanical properties:
(A. Neuvonen LO1-K854-961-00060)

[ Tp—24°C7Y

SF:=2 de:zl] l,,:=0.2 my, =l 4 l 1000 °C ’I=[I.165
K —
K;:=150 MPa-\/m K= - =195.539 MPa-\/m
0.2
K.z 3, J 3
Jig=—1¢ —g75 10 !J Tyni=—1€_ _ 1974 1077
E m Iy m



Residual stress caused KI: K; =0 MPa- -v';
ASME XI Appendix H

Structural factors: Service level A

SF, =2.7 SF,:=2.3

Inside and outside radius of pipe:

d d
R, ::E—t:ZIE.S mim RZ::E:232.5 M
R, +
Mean radius: R,S::‘TR’=224.5 mim
Radius in crack tip: R.=R,+a=218 mm
s==2.7.R,=(1.36.10*) mm
. Figure H-4400-1

Flaw angle: Circumferential Flaw Geometry

l

—a 2T
6:="2 =0.67 rad 2.0=1.339
ﬁ::%—ﬂ:(}.gﬂl rad

i
p-R,

Membrane stress: g, =0, + =67.888 MPa

Bending stress: a,=15 MPa



> Flaw growth analysis according to Appendix Y

>Determining AK According to Appendix A

Flaw shape parameter Q (A-3310):

_ R +a
Stress fit over  Ay=a,, A, (a)= oy
crack depth R,
A-3211 Ay:=0 MPa Ay:i=0MPa A,:=0MPa

ey =Aos st (Z) e (2] e 7]

Crack tip: Crack opening surface:

o(a)=81.952 MPa o, (0 mm)=281.855 MPa

G values from table A-3630-5

R
2 _0.004 2 _0.005 1 _13.531
t 1 £
G,:=1.089 Gy:=0.440
G, +=0.6858 G,=0.3884
G,+=0.5300

Plastic zone correction factor:

((Aﬂ-G“+A1 (ﬂ]'cl +A2'Gz +A3'G3+A..| 'G‘i) 2

Tyr
dy (a)= o

165
¢=1+4.593- (%‘] =1.001



Flaw shape parameter:

Q(a)=¢—-3,(a)
SIF range

T =il
M[ﬂ.] = ({A") *Gﬂ +A1 (ﬂ.}'gl +A2'GE+A3'G3 +A4'G4) - \/m
Kp=0-MPa-\lm K, :=AK(a)=5.824 MPa-\/m
K,c=150 MPa-\/m K, <Kio=1
Y-2000 Crack growth:

Y-2200 FATIGUE CRACK GROWTH RATE CURVES IN LIGHT-WATER REACTOR
ENVIRONMENTS

K .
R=—"-=0
Km.nz
Loading rise time: 7,.:= 50000
AK,y,=if R<0 =5.6 MPa-\'m
" 5.6 MPa-\/m
else

||5.ﬁ-(1—DTD-R} MPa-\/m

C':=if AK (a)<AK,, =9.1-107°

o

else
| 9.10-107°




Sppi=if R<0 =1
||1.n
alsoif 0<R<1.0

||1+1.53-R3

S i=if 20<T<150 =0.01
{[—:’515
3.39.10% .M Tr

alsoif 150<T <343
—2516
TK'

] _o0m. n]

e

Spny =T, =25.686

GFEN-'.-"' = CF'SHI S.RE ‘sz 2.294- lﬂ_ﬁ

Crack growth rate coefficient: n,:=2.3
Paris' Law:
m
g (a)=Crgny- & ~mm
MPa- 3}' m

Ay (@) =gy (a)

Maximum depth which the flaw grows in the end of evaluating period
with cycles Nc

api=|a;—a =3.159 mm Qoppory=0.70-1=12 mm
forze1..N,

H ap—as+ag (ay)



different crack sizes

[ 0mm | [1.5] [218 ]
0.5 mm 2 218.5
Aa:=| 1 mm a'=a+Aa=|2.5 | mm R/=R,+a'=|219 |mm
1.5 mm 3 ‘ 219.5
| 2mm | 13.5] |220 |

H-4400 Stress limits:
[0.029]
, 0.039
¢::asiu(u.5 -%-m[ﬂ}): 0.049
0.058
| 0.068 |

[273.543]
269.89
f
Oai=0p[1— ) [9)_2.%)=|266.236 | MPa
i) \m ) |262.581
| 258.925 |

The applied primary membrane stress shall satisfy the following equation:

[1] [101.312]
1 09.959
o, <om _ [y Tmt _1 08.606 | MPa
SFm |4 SFp, 07.252
[1] | 95.808 |
[1.165]
; o o\ |1.154 o, =67.888 MPa
,G,::_-[::r—[_)-ﬂ—w-_'“ =|1.144 [1.834]
2 t %) |1.133 1.824
[1.123] B,+6=|1.813 below pi
[1.622 ] 1.803
- + | 1.636 [1.792] [2.201]
= =(1.649 2.306
g_ﬂ-’,[l_ﬂ'_gm] 1.66 B,+6=|2.318
i t op] |1.67 | 2.33

[2.34 |



[322.218]
317.188
o'y=if B,(4)+0<m =1312.122 | MPa
307.02
a; [ . a’ )
2.4, ﬂ-sm(ﬂl)——-sm{ﬂ]] | 301.882 |
mo\ t
else
ﬂ-f i ﬂ.I'
2. .|2——|.sin
x|\ t) (82 a=1.5mm N,=8.10°

The applied primary bending stress shall satisfy the following equation:

[1]
1
o’
G’b‘_:—b—ﬁm- 1—L =|1
SF, SF,.) |,
[1]
0 [0.981]
R’ -R. +(1 ——)- (RE-Ry*) |o.974
r, = S =|0.968
R,” —R, 0.961
| 0.955 |

2 05
- —Tr"'ﬂ—b ﬂ—.ﬂ—b
e +[[ ] +1] =0.917

Beo, B-o,

[176.254] [1.04 ]
175.09 o 1.047
o' pi=aypep-I,=[173.923 | MPa S’,:SFM-UJ"‘= 1.054
172.754 m | 1.061
[171.582 [1.068 ]
[1.164]
- - IR - 1.204
F,_=1.1+2./0.15241 +16.722- L _2.8329.[%. ?|=|1.252
t it T 1.307

[1.371]



[1.137]
- —— - 1.159
F=11+2. —D.0996?+5.005?-[i-£] —2.3329-(5-£)]= 1.184
t it o t 1.212
| 1.243
[17.342]
20.66 -
K;:=8F,  -0,+F,, (ﬂ-ﬂ’}”‘5+(SFB-U'5+JE)-Fﬁ-{ﬂ-u"}”'§+fff,.= 23.952 | MPa.\/m
27.322
[ 30.839 |
[1.303.10% |
2 |1.85.10"
JE::K_f': 2.486-10° k_f Jnf==-11m=(1-271*1['5)k—f
E" l3935.10%| N 5
[4.121.10%
[0.101] 0] 9
Je [ 0.121 0.1 0.990
K, =[—] =|0.14 0.2 0.981
B 0.16 0.3 0.971
(0.8 | 0.4 0.913
05 0.828
%=14-031 0.6 0.744
0.7 0.632
0.8 0.540
This is below 20 so the 0.9 0.435
ASME FAD diagram applies 1.0 0.340
S.=[1.1 K,:=|0.276
1.2 0.240
1.3 0.213
14 0.199
1.5 0.189
1.6 0.179
1.7 0.170
1.8 0.165
1.9 0.161
2.0 0.157
2.1 0.157
2.2 0.157




Inputs
>

X =8, Y
2 2

=K’

Kr

0 01 02 03 04 05

a=1.5 mm g,=30 MPa

06 07 08

Sr

a,,=67.888 MPa

K,c=150 MPa-\/m
[1.5]
2
a'=|2.5| mm
3

[3.5]

Jﬂ_‘;= 07.5

09 1 11

a,=15 MPa

10% .0

m

p=>56 bar

Uiy



