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Summary

The main emphasis of this study is on the recent developments in the probabilistic fracture mechanics
(PFM) based analysis code VTTBESIT as well as on widening the analysis scope through application
of an existing PFM procedure not applied before in Finland, at least to the author’s knowledge.
Assessment of probabilistic distributions for depth and length of initial cracks induced by stress
corrosion cracking (SCC) was added to the analysis scope. The new analysis developments and
extensions were applied a Finnish Boiling Water Reactor (BWR) plant. The results from these
simulations are used as input data for calculating piping leak/bresk probabilities using a Markov
system approach. Piping leak/break probabilities are combined with evaluations of consequences of
piping failures to obtain the risk importance of piping in the risk informed in-service inspection (RI-
ISI) analyses.

The developed approach to assess the probabilistic distributions of the sizes of initial cracks induced by
SCC from the data of detected cracks is summarized here. So, the recursive assessment approach
applied here is such that first the size data concerning detected grown SCC induced cracks, as obtained
through screening from the used crack database, is converted to dimensionless form in relation to pipe
wall thickness and inner circumference. Then, with fracture mechanics based analyses, the thus
obtained data is matched with the assumed initial sizes, the criterion for which here is to correspond to
respective mode | stress intensity factor threshold values, K| yyreshoid, fOr SCC initiated cracks. Finally,
the thus obtained data is converted to probabilistic form and a suitable reliability distribution function
isfitted to it.

The modelling approaches were applied to selected piping segments of the Shut-down cooling system
321 and Reheater and moisture separator system 412 of Nuclear Power Plant (NPP) unit OL1 of TVO.
The analysed degradation mechanisms were SCC and flow accelerated corrasion (FAC) The loads
considered in the analyses were pressure and temperature under stationary operational conditions, as
wdl as stationary welding process induced residual stressesin the welds. The analysed crack postulates
were assumed to be located in the inner surface of the piping welds in case of SCC. In case FAC local
wall thinning due to corrosion and starting from the inner surface was analysed. The quantitative
probabilistic results from these PFM analyses can be used further in the consequent RI-ISI analyses.

In this study the purpose is also to compare the effect of the two sets of probabilistic distributions for
initial sizes of SCC induced cracks during operation to the pipe rupture probabilities. This was carried
out by comparing the new PFM results obtained here for a selection of piping welds from the OL1
system 321 to the corresponding earlier results for the same welds presented in ref. [7]. The
probabilistic initial crack sizes are according to the new distributions developed in this study
considerably smaller than those according to the earlier study, see ref. [7]. For instance for the former
distributions the mean crack depth is approximately 300 nm, whereas for the latter ones approximately
1000 mm, respectively. This is consequently reflected in the yearly pipe rupture probability results
obtained from the Markov application analyses, as with the former distributions it is for most of the
duration of the assumed 60 years of operational plant lifetime approximately 100 times smaller than
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with the latter ones. This is a quite large difference, and indicates that the selection of the probabilistic
distributions for initial sizes of SCC induced cracks during operation has a great impact on the
consequent yearly pipe rupture probability results, an aspect which is useful to keep in mind e.g. when
attempting to avoid unnecessary conservatism in the PFM and RI-1SI analyses. Concerning all cases
and both input data sets, the yearly pipe rupture probability results vary approximately between 10E-10
to 10E-4.

It is considered that improved PFM based analysis scope and accuracy provide valuable support to
overall quantitative assessment of piping weld failure potentials. In general, the favoured option for
quantitative piping failure potential assessment would be statistical analysis of piping degradation data.
However, there most often does not exist enough applicable degradation data for this, and thus
structural reliability methods, most relevant for this purpose being PFM, need to be resorted to. So,
having both cracking data and PFM analysis results gives a much better and in scope wider information
basis for experts to plant specifically assess the piping weld failure potentials, and consequently leads
to more accurate and detailed RI-ISI analysis results. As with other RI-1SI related analysis procedures,
also PFM has its uncertainties and accuracy challenges, however PFM analyses on the other hand
easily allow making extensive sensitivity analyses for the involved physical analysis input parameters.
It should be mentioned, though, that PFM analyses alone do not yet suffice to be the sole basis for
piping failure potential quantification.

The accuracy of the analysis procedures covered here is considered to be at least reasonable, and
mostly or arguably in all cases to some extent conservative. Thus the results obtained with these PFM
procedures are considered to be useful for quantitative RI-1SI analysis purposes, also due to providing
the above mentioned new devel opments. However, more important than the absolute result values are
their comparison to each other, since based on that the failure potential classes in the RI-ISI risk matrix
failure potential category can be defined.
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List of symbols and abbreviations
Latin symbols
a Crack depth
C Half of crack length
a Depth of initiating crack
B, N Flow Accelerated Corrosion model parameters
C,, Cy, C3, C4 Flow Accelerated Corrosion model parameters
C Consegquence
G Consequence of event i
Cscc Parameter in the stress corrosion cracking equation
D Outer pipe diameter
E Multiplicative adjustment factor
f(t) Time correction factor
F Flow rate
g Oxygen content
h Content of chromium and molybdenum in steel
Jic Mode | J-integral fracture toughness
Ke Geometrical factor
K Mode | stress intensity factor
Ki threshold Mode | stress intensity factor threshold
Kic Mode | stress intensity fracture toughness against brittle fracture
l; Length of initiating crack
rh Mass flux
Maeg Degradation matrix
Mins Inspection matrix
Nscc Exponent in the stress corrosion cracking equation
p Pressure
P Probability
pH fluid pH value
P; Probability of event i
R Risk
R Risk of event i
R Inner pipe radius
t Plant operation period
t Time, exposuretime
twall Pipe wall thickness
T Temperature
w Flow velocity
Wc(t) Thickness of the pipe wall corroded away
W caiculated(t)  Calculated thickness of pipe corroded away at time t
We Mean velocity in the film of water on the wall of the component,
Woriginal Original, nominal pipe wall thickness
Whipe(t) Pipe wall thickness at time t
X Radial coordinate through pipe wall thickness having origin at
inner surface

Xt Steam quality
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Greek symbols
a Void fraction
Dfr Flow Accelerated Corrosion rate

Dfriwu-kr Specific deterministic Flow Accelerated Corrosion rate as predicted
by the KWU-KR model

m Scale parameter

Sa Axial membrane stress

Saresd Axia weld centre line residual stress

SE Shape parameter

I« Density of steel

r'w Density of the water at saturation condition

Abbreviations

ASME American Society of Mechanical Engineers
BWR Boiling Water Reactor

CCDF Conditional Core Damage Frequency
CCDP Conditional Core Damage Probability
CLRP Conditional Large Release Probability
CLERP Conditional Large Early Release Probability
EPRI Electric Power Research Institute

FAC Flow Accelerated Corrosion

FEM Finite Element Method

HAZ Heat affected zone

IS In-Service I nspection

WM Fraunhofer-Institut fir Werkstoffmechanik
LHS Latin Hypercube Sampling

LOCA Loss Of Coolant Accident

LWR Light Water Reactor

NKS Nordic Nuclear Safety Research

NPP Nuclear Power Plant

OL1 Olkiluoto 1 Nuclear Power Plant

OL2 Olkiluoto 2 Nuclear Power Plant

PFM Probabilistic Fracture Mechanics

POD Probability Of Detection

PSA Probabilistic Safety Assessment

RPV Reactor Pressure Vessel

RI-ISI Risk Informed In-Service Inspection

SCC Stress Corrosion Cracking

SIF Stress Intensity Factor

SMAW Shielded Metal Arc Welding

STUK Radiation and Nuclear Safety Authority (SéteilyTUrvaK eskus)
TVO Teollisuuden Voima Oyj

VTT Technical Research Centre of Finland

VYR State Nuclear Waste Management Fund
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1 Introduction

The aim of this study is to continue the development of probabilistic fracture
mechanics (PFM) analysis approaches to quantify piping failure probabilities.
Quantitative measures of piping failures are used e.g. in quantitative risk-informed
in-service ingpection (RI-1SI) applications. As there often does not exist enough
applicable degradation data of piping systems to allow the use of statistical
methods in quantifying the failure potential, structural reliability methods are a
way to overcome this problem.

Probabilistic version of fracture mechanics based analysis code VTTBESIT was
used to simulate the crack growth through wall in a selection of weld cross-
sections of the Shut-down cooling system (321) piping of TVO nuclear power
plant (NPP) unit OL1. The probabilistic capabilities of the code were developed
further in the project. The analyses with a further developed PFM procedure
presented here compare to earlier PFM and RI-1SI analyses performed to the same
piping system, and also by the same authors, seeref. [7].

For the system 321 the analysed degradation mechanism was stress corrosion
cracking (SCC), which according to ref. [2] is one of the prevailing degradation
mechanisms this piping system is susceptible to. The loads considered in the
analyses were pressure and temperature under stationary operational conditions,
as well as stationary welding process induced residual stresses in the welds. The
analysed crack postulates were assumed to be located in the inner surface of the
piping welds.

The piping leak and break probabilities were calculated with a Markov process
application developed earlier, see ref. [7], and realised with Matlab code. This
application includes also the effects of inspections, and thus the capability to
analyse various inspection strategies.

PFM analyses were also performed to one piping component in the Reheater and
moisture separator system 412. There the analysed degradation mechanism was
Flow Accelerated Corrosion (FAC). It was assumed that the system 412 is among
those few in Boiling Water Reactor (BWR) plants where FAC could potentially
occur. The loads considered in these analyses were flow rate and fluid chemistry
properties under stationary operational conditions. With the applied FAC model it
was possible to assess the probabilistic wall thinning rate due to FAC starting
from the inner surface of the piping component base material towards its outer
surface.

The authors are grateful for Mr Petri Kuusinen and Mrs Anneli Reinvall from
TVO for providing the needed technical input data concerning the analysed piping
cases and for most pleasant co-operation.

Such quantitative probabilistic assessments of piping component failures as
described above are needed as input data along with quantitative estimates of the
failure consequences, as taken from the plant specific PSA, in the quantitative RI-
|SI analyses for NPP piping systems.
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In general the structural reliability analyses necessitate a thorough knowledge of
structural properties, loads, the relevant ageing mechanisms and prevailing
environmental conditions of the examined system/component.

The report summarises the VTT RI-1SI methodology framework, and focuses on
highlighting the new features added and improvements developed to the PFM
analysis capabilities. Further, applications to selected piping components of the
OL1 piping systems 321 and 412 are presented.
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RI-ISI analysis methodology

Overview

The purpose of RI-ISI analysis methodology is to alow the comparison of
different in-service inspection (1Sl) strategies for NPP piping, in respect to their
effect on plant risk. The most common definition of risk is probability times the
conseguences:

R=P:C (2.1.1)

where Ristherisk, P isthe probability of the event studied and C is the amount of
negative consequences caused by the event. The main focus of this study isin the
calculation of the leak/rupture probability P for piping components with the above
equation. The consequences of pipe leak/rupture are determined from the
probabilistic safety assessment (PSA) as conditional core damage probability
(CCDP) and conditional large early release probability (CLERP) values (or
conditional large release probability (CLRP) values), and they have been
determined for the analysed system in the previous studies, seerefs. [4, 7].

To calculate the leak/rupture probability, two distinct parts of 1Sl are modelled:
the phenomenon of crack growth and the activity of inspecting the pipes. These
both affect the probability or frequency of pipe leaks/ruptures. In addition to this,
PSA is used to evaluate the consequences of pipe rupture.

The goal of modelling crack growth is to calculate leak/rupture probability
densities for a piping component, segment and/or system, depending also on the
affecting degradation mechanisms in question. This information is combined in a
Markov model where the different distinct states correspond to different depths of
the crack growth process, for methodology background see e.g. refs. [5, 6]. A
discrete time Markov procedure was chosen for easier applicability as compared
to different inspection strategies by using two different Markov matrices. The
overall method can be summarised in six steps:

1) Crack growth simulations based on PFM.

2) Condruction of degradation matrix transition probabilities from PFM
simulations and database analysis of crack initiation frequencies.

3) Model for inspection quality, which is used to construct inspection matrix
transition probabilities.

4) Markov model to caculate pipe leak/rupture probabilities for chosen
inspection schemes.

5) Assessment of pipe rupture consequences from PSA.

6) Comparison of results for different inspection strategies. Measures of interest
include yearly rupture leak/probability, yearly core damage probability and
average values for both of these over plant lifetime.

The RI-ISI risk classification method developed by VTT, asreported inref. [4], is
applied in gtep 6. It is a developed modification of the EPRI classification method
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[1, 3], and includes quantified measures for both probabilities and consequences
of the pipe leak and rupture.

New developments/applications in PFM modelling

The probabilistic treatment of some of the crack growth analysis input data
parameters as well as application of probabilistic procedures are described in this
section. The crack growth analyses concerning SCC were performed by applying
a fracture mechanics based analysis tool VTTBESIT, the continuing development
of which is provided by VTT. The wall thinning analyses concerning FAC were
performed with spread sheet calculations. However, it is the aim to implement the
probabilistic FAC model to the above mentioned fracture mechanics based
analysistool. Other crack growth and wall thinning analysis input data parameters
than those presented here as probabilistically distributed were considered to have
deterministic values.

In general, several of the input data parameters relevant in fracture mechanics and
wall thinning analyses have markedly scattered characteristics, which can be
observed e.g. from laboratory test results. Due to this a more realistic approach
than to use single values for these parameters, as is done in deterministic analyses,
is to consider such parameters as distributed, which is the approach followed in
probabilistic analyses.

Fracture mechanics analysis input data parameters which have scattered
characteristics include [8]:

- dimensions of existing manufacturing cracks; depth and length,

- dimensions of initiating cracks; depth and length,

- formation frequency of initial cracks,

- certain material properties; e.g. fracture toughness, tensile stress,

- service conditions; e.g. frequencies of load cycles.

In this study probabilistic distributions were developed for two input data
parameters, which are:

- depth of initiating SCC cracks,

- length of initiating SCC cracks.

Also other input data parameters could have been considered as distributed,
however due to lack of available input data this was not feasible. On the other
hand, when more parameters are considered as digtributed, the analyses become
computationally considerably more laborious. However, it is often sufficient from
the viewpoint of the quality of probabilistic analysis results to consider only some
(at least two or three) of the most relevant scattered input data parameters as
distributed [8, 9].

Concerning analysis approach for FAC, in the following are the data parameters
selected as distributed:
- thickness of the pipe wall corroded away.

From the viewpoint of probabilistic modelling here, FAC is a somewhat special
case asthe thickness of the wall corroded away is also the result that is needed for
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use in the consequent Markov process analyses. This meaning that in the Markov
analysis phase it suffices to sort out from the results the respective degradation
states as a function of the operational plant lifetime.

Also described in this section is the development of probabilistic capabilities of
the applied fracture mechanics based analysis tool VTTBESIT, which comprises
parts developed by the Fraunhofer-Institut fur Werkstoffmechanik (IWM),
Germany and by VTT [41, 42, 43, 44]. Namely, the new probabilistic
distributions developed in this study to the depth and length of initiating SCC
cracks were implemented to the VTTBESIT. These were then used in the
simulation calculations with the Latin Hypercube Sampling (LHS) application of
Monte Carlo simulation ability of the VTTBESIT.

The description of the development and application of probabilistic procedures
presented here covers only those carried out in this project. However, this project
ismore or less a continuation of an earlier VTT project concerning RI-1Sl, and for
most part by the same VTT project group. In the earlier project parts a number of
probabilistic developments for RI-ISI analysis purposes were provided and
applied as pilot studies to existing Finnish BWR piping systems, for details see
refs. [7, 10, 11].

The assessment of probabilistic distributions for sizes of initial cracks
induced by SCC

The assessment of probabiligtic distributions for depth and length of initial cracks
induced by SCC was based on the flaw data from nine Swedish BWR units, see
ref. [35]. This data consists of 98 detected SCC cases, al of which are
circumferentially oriented cracks at the inner pipe surfaces.

In the assessment of probabilistic distributions for depth and length of initial
cracks only those of the above mentioned 98 crack cases were considered in case
of which the outer pipe diameters are within the same range as that concerning the
analysed piping components, namely from 168 to 273 mm. This limited the
number of examined crack data cases to 42. For these cases the data values for
detected crack depths vary between 1.5 to 10.0 mm, and for detected crack lengths
between 7.0 to 330.0 mm, respectively, while the associated wall thicknesses vary
between 7.0 to 52.0 mm. The piping component case application analyses together
with the associated input data are described in detail in Chapter 3.

A recursive method based on fracture mechanics and statistical curve fitting was
used to calculate the estimates for the probabilistic digtributions of the depth and
length of cracks that initiate due to SCC during plant operation.

Concerning the estimation of initial crack dimensions in general there are several
uncertainties. As the data in the piping degradation databases concerns only
detected grown cracks, the initial crack dimensions have to be assessed
recursively, which is in several ways an uncertain process. Also, the applicable
degradation data is often scarce and of questionable quality, which causes
uncertainty as well.
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The applied approach to assess the probabilistic distributions of the initial crack
sizes from the data of detected cracks is summarized here and described in more
detail further below. So, the approach applied here for recursive assessment of the
initial sizes for grown SCC induced cracks is such that first the size data
concerning detected grown SCC induced cracks, as obtained through screening
from the used crack database, is converted to dimensionless form in relation to
pipe wall thickness and inner circumference. Then, with fracture mechanics based
analyses, the thus obtained data is matched with the assumed initial sizes, the
criterion for which here is to correspond to respective mode | stress intensity
factor threshold values, Kjtwresold, fOr SCC initiated cracks. Finally, the thus
obtained data is converted to probabilistic form and a suitable reliability
distribution function is fitted to it.

The steps of the fracture mechanics and statistical curve fitting based approach
concerning the estimation of the probabilistic distributions for SCC initiated
cracks are described in the following:

1. Based on the applicable database cases concerning detected grown SCC
induced circumferential inner surface piping cracks, see ref. [35], the ages of
existing of these cracks are calculated.

2. For recursive fracture mechanics SCC calculations concerning the screened
database crack cases the following input data are to be collected/prepared;

- crack aspect ratio; crack depth divided by half of the crack length,
geometry data; pipe outer diameter and wall thickness,
material data; for the piping materia of austenitic stainless steel,
temperature dependent values of yield stress, ultimate stress, elastic
modulus and coefficient of thermal expansion,
load data; primary membrane and bending stress values calculated with
linear beam theory as corresponding to stationary operational conditions
with pressure of 7.0 MPa and temperature of 286 °C, which loads were
taken fromref. [12],
welding process induced residual stresses in the welds; defined according
to SINTAP procedure [13], near and in the inner surface this stress
component has values of the scale of yield stress in tension, whereas near
and in the outer surface of the scale of yield stress in compression,
respectively.

3. Performing recursive fracture mechanics SCC calculations concerning the
screened database crack cases;

deterministic crack size decrease calculations keeping the aspect ratio case
specifically as constant; calculations performed with deterministic version
of VTTBESIT,

in the crack calculations the rate equation for crack depth against time, i.e.
da/dt, was used, for equation background information see ref. [14],

the values for temperature, material and environment dependent
characterising parameters C and n were obtained from ref. [33],

crack size decrease calculations backwards in time are performed for each
crack case for as long as is the existing age of each case, which was taken
to be from the time of detection to the start of operation of the NPP unit in
guestion.

4. Screening of the recursive fracture mechanics SCC calculation results to
obtain the crack cases initiated by SCC;
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in principal al initial cracks can be caused by manufacturing; here it is
assumed that SCC has taken effect from the start of operation and that all
recursively calculated crack cases that are in a fracture mechanics sense
small then, i.e. below a few hundred nm in size, were taken as nucleated
by SCC (form impurities, inclusions, small pores), while all other crack
cases were taken as manufacturing flaws which have grown in size due to
SCC (for the transition in size from microstructurally small cracks to
mechanically small cracks, seee.g. ref. [18]),
the threshold for crack initiation was assessed in terms of the mode | stress
intensity factor (K;) against crack growth speed so that it is approximately
such K, value in the crack calculation results to the left of which the curve
sets itself parallel to horizontal direction, i.e. crack growth speed ceases to
be dependent on K, for details concerning the assessment of K, threshold
values for initial cracks caused by SCC seeref. [25],
as a result those crack cases, together with their assessed initial
dimensions, that are assumed to be nucleated by SCC are obtained.
The estimated initial SCC crack dimensions were divided to subgroups of
certain constant sizes;
initial crack depth relative to wall thickness; subgroup size of 5 %o,
initial crack length relative to inner pipe circumference; subgroup size of 1
%o0.
The number of cases in each subgroup was calculated separately for assessed
initial crack depths and lengths.
The single value probability of each initial crack depth and length subgroup
obtained from step 5 was taken as the number of cases in each subgroup,
obtained from step 6, divided by the number of all cases.
The distributed probability of each initial crack depth and length subgroup
was taken as dividing the single value probabilities obtained from step 7 by
the subgroup width.
The exponential function was selected as the form of probabilistic density
function for both the estimated initial crack depths and lengths. The
justifications for this are the following;
due to the non-linear descending slopes of the estimated distributions of
initial crack depths and lengths the best fit to them was achieved with the
exponential function,
the use of exponential function for estimates of initial crack dimension
distributions is also recommended in the related relevant literature, see e.g.
ref. [15].
In addition to fitting criteria, the quality of the obtained exponential
probabilistic distributions was also confirmed through fulfilling the condition
that the areas limited from above by each of the two probabilistic density
curves, and from left and below by the coordinate axes, equal quite accurately
to one. Also note that for relative initial crack depths from 0 to 15 %0 and for
relative initial crack lengths from O to 0.5 %o, respectively, the probability is
set to zero.

The fitted exponential probabilistic density functions for estimated SCC induced
initial crack depths and lengths are presented as probability against relative crack
dimension in Figures 2.2.1-1 and 2.2.1-2.
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[ - ] A1jiqeqoud
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initial crack depthywall thickness [%o]

15

Figure 2.2.1-1. The fitted exponential probabilistic density function for estimated
initial crack depths presented as probability against relative initial crack depth.

In the legend “ f” stands for probability and “ x” for relative initial crack depth

expressed in [%o]. Note that for relative initial crack depths from 0 to 15 %o the

probability is set to zero.

[ - ] Avijigegoud

13 15 17 19 1000

11
initial crack lengthVinner circumference [%o)

Figure 2.2.1-2. The fitted exponential probabilistic density function for estimated

initial crack lengths presented as probability against relative initial crack length.
expressed in [%o] . Note that for relative initial crack depths from 0 to 0.5 %o the

In the legend “ f* stands for probability and “ X" for relative initial crack length
probability is set to zero.
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The fitted exponential probabilistic density functions for estimated SCC induced
initial crack dimensions were used further in the crack growth simulations so that
the values from the distributions are taken at random, and then converted case
gpecifically to physical dimensions, i.e. units of mm.

It was beyond the scope of this study to attempt to create such probabilistic
distributions for the initial sizes of SCC induced initial cracks that could be
recommended to be used for practical applications in larger scale. Instead the
purpose here was more to demonstrate the applied approach and point out the
sources of uncertainty/inaccuracy. It is deemed here that with a wider scale of
better quality database crack data and with more effort concerning minimising the
mentioned uncertainties, more accurate probabilistic initial sizes for SCC induced
initial cracks could be obtained, which would also better suit for practical
PFM/RI-1SI analysis purposes.

Probabilistic FAC model

The FAC process is an extension of the generalized carbon steel corrosion process
in stagnant water. In stagnant water, the carbon steel corrosion rate is low and
decreases parabolically with time due to the formation of a protective oxide film
a the surface. In FAC a thin layer of porous iron oxide forms on the inside
surface of carbon steel piping exposed to deoxygenated water. Generally, this
layer protects the underlying piping from the corrosive environment and limits
further corrosion. However, the magnetite layer may be dissolved at the oxide-
water interface and be replaced by new iron oxide formed at the metal-oxide
interface, resulting in material removal and thinning of the piping. The corrosion
process is strongly influenced by the fluid velocity, chemistry and temperature,
piping configuration, and alloy content of the steel [16].

FAC takes place at low flow velocities and the corresponding corrosion rate is
constant; this process is called one-phase FAC. The difference between
generalized corrosion and FAC is the effect of water flow at the oxide-feedwater
interface. A similar corrosion process causes wall thinning of carbon steel piping
exposed to wet steam; this process is called two-phase FAC. If the piping is
exposed to dry or superheated steam, no FAC takes place; a liquid phase must be
present for FAC damage to occur. Corroded surfaces produced by single-phase
FAC have a different appearance than those formed by the two-phase FAC [16].

The KWU-KR model [17], which is based on fitting of both detected and
experimental data, has been selected for FAC analyses, because of the relevant
FAC analysis models it iswell documented in the published literature.

The KWU-KR model [17] allows calculating the corrosion rate as a function of
Keller's geometry factor, flow velocity, fluid temperature, material chemical
composition, fluid chemistry (pH at 25 °C and dissolved oxygen), exposure time,
and, in the case of two-phase flow, steam quality. With this model, the pipe wall
thickness can be calculated as a function of time. The wall corrosion, Wc(t) [cm],
is the thickness of the pipe wall corroded away, and is given as:
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(2.2.2-1)

where Dfr [pg/(cm®h)] is FAC rate, t [h] is exposure time and rg [pg/cm?] is
density of steel.

Ref. [17] by Kastner and Riedle is the basis for estimating the FAC rate, Dfk.
Once the FAC rate is estimated, the wall thickness as a function of time can be
calculated as:

W

pipe

(t) :Woriginal - WC,caIcuIated (t) (222-2)
where Wyipe(t) [cm] is pipe wall thickness at time t [h], Worigina [cM)] 1S Original,
nominal pipe wall thickness and W caiculated(t) [cM] is the calculated thickness of
pipe corroded away at timet.

The corrosion rate, Df g, is calculated with the following steps.

Using the KWU-KR model, the pH, oxygen content, liquid velocity, geometrical
factor, total content of chromium and molybdenum in steel, and operating
temperature are needed. The FAC rate is calculated with the following equations
[19]:

Df = 6-35>4<CX{B i >{1- 0.175X pH - 7)2]4.8>fe’°'“8‘~" +
+1 <t (1) (2.2.2-3)

with:

B =-10.5+h- (9.375:10*.T% + (0.79-T) - 132.5
N =-0.0875-h- (1.275-10°-T%) + (1.078:102.T) - 2.15 (for 0% < h < 0.5 %)
N = (-1.29-10*.T 2 + 0.109-T - 22.07)-0.154-¢ 2" (for 0.5 % <h <5 %)

where Dfg [pug/(cm’h)] is the calculated specific rate of material loss, k. [ - ] is
geometrical factor, w [m/g] is flow velocity, pH [ - ] is pH value, g [ug/kq] is
oxygen content, h [total %] is content of chromium and molybdenum in steel, T
[K] istemperature and f(t) [ - ] isatime correction factor.

Note that the time correction factor, f(t), of the FAC rate equation is a function of
exposure time in the KWU-KR model [17]. Exploring the behaviour of this factor,
it can be shown that f(t) has a value of 1 in small operating periods and tends to
the value of 0.79 for an operating period of 9.6-10* hours (around 11 years). Note
that for longer operating periods (t > 9.6-10* hours), f(t) equals 0.79. The time
correction factor is given as.

f(t) = C + Cot + Cat® + Cot® (2.2.2-4)

where t [h] is exposure time, C; = 9.999934-10%, C, = -3.356901-107, C3 =
-5.624812-10™ and C, = 3.849972-10*°.
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The geometry factor, ke, is given by one of the following values [17]:
0.04 for "straight tube" 0.08 for "leaky joints' or "labyrinths'
0.15 for "behind junctions’ 0.16 for "behind tube inlet (sharp edge)"
0.23 for "elbow R/D = 2.5" 0.30 for "elbow R/D = 1.5"
0.30 for "in and over blades’ 0.52 for "elbow R/D = 0.5"
0.60 for "in branches #2" 0.75 for "in branches #1"

1.0for "on tubes," "on blade," or “on plate"

This FAC model was developed in 1980s and, therefore, the further understanding
developed since then is not incorporated in the model. The following assumptions
are employed in the model. Comments based on the current understanding of the
FAC phenomena are also presented, if appropriate, along with each assumption
[16]:

1. The model has no restriction on the flow velocity up to the critical velocity
with which metal removal takes place by mechanical processes.

2. The FAC rates are insignificant at water temperature greater than 240 °C, and
the resulting material losses can be ignored. This assumption is consistent with
the current understanding.

3. The lower and upper limits for the cold pH are 7.0 and 9.39, respectively.
Note that the typical limits for PWR are 8.5 and 9.5. The model assumes that
the corrosion rate is very small (1 pg/cm?/h) and constant if the pH is greater
than 9.39. But the test results show that at higher pH values, the corrosion rate
increases with increasing pH value.

4. The oxygen concentration is less than 30 ppb. For higher concentration, the
rate is constant and very small. The test results and plant data show that the
rate is very small for the oxygen concentration greater than 15 ppb.

5. The chromium and molybdenum content is less than 0.5 wt-%. No material
loss takes place if the content is higher. This is conservative because the field
data show that there is no material loss if the content is greater than 0.1 wt-%.

6. The model is valid only for operating periods longer than 200 h. Very high
losses can occur in the start-up phase.

7. The two-phase FAC model uses the mean velocity in the water film on the
inside surface of the piping instead of the velocity of a two-phase fluid. The
basic condition is annular flow in two-phase flow. When applying the
empirical model for water flow to water/steam flows, the reference velocity
used is not the velocity of a two-phase mixture, but the mean velocity in the
film of water on the wall of the component, Wr [m/s]. A simplified equation

for thisis:
h 1- X
W =—x— "¢ -
F r, 1-a (2.2.2-5)

where rh [kg/(m?-s)] is mass flux, rw [kg/m] is density of the water at saturation
condition, X« [ - ] issteam quality and a [ - ] isvoid fraction.

FAC has been the most destructive corrosion mechanism for high energy carbon
steel piping in Light Water Reactors (LWRS). It has caused rupture of both large
and small diameter piping carrying either one-phase or two-phase flow. One-
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phase FAC has also caused significant wall thinning of carbon steel J-tubes and
feed-rings within the recirculating steam generators [ 16].

In BWRs pipe wall thinning due to FAC has occurred in the feedwater-condensate
systems e.g. in straight runs and in elbows [16].

Concerning the analysis approach presented above for FAC, in the following are
for PFM analyses the parameters selected as distributed together with the selected
reliability distribution functions:

thickness of the pipe wall corroded away; log-normal probability distribution

The probability distribution for thickness of the pipe wall corroded away is
calculated with a probabilistic version of the KWU-KR model [17], taken from
ref. [16], and briefly presented in the following.

From the viewpoint of probabilistic modelling here, FAC is a somewhat special
case as the probabilistic thickness of the wall corroded away is also the result that
is needed for use in the consequent Markov process analyses. This meaning that in
the Markov analysis phase it suffices to sort out from the results the respective
degradation states as a function of the operational plant lifetime.

To express uncertainty in the KWU model predictions, an adjustment factor is
employed. First a multiplicative factor E is introduced to the deterministic
reference model, see equations from (2.2.2-1) to (2.2.2-5). Thus, referring to
equation (2.2.2-1), the FAC rate is expressed as.

DfR = DfR,K\NU— KR xE (222'6)

where Dfr [png/(cm®h)] is specific FAC rate, Dfrkwu-kr [pg/(cm?h)] is specific
FAC rate as predicted by the KWU-KR model (here deterministic reference
model) and E [ - ] is adjustment factor.

Consequently equation (2.2.2-1) can be expressed as.

— E>DfR,KWU—KR ’t

We cauiaen (t) = ; (2.2.2-7)
st

Thus the actual specific FAC rate can be considered to be the product of its
deterministic reference model prediction and an adjustment factor E which
accounts for the inadequacy of the calculated value.

The next procedure step is to divide the examined range of FAC rates [ug/(cm?h)]
to four specified regions as follows:

Region|; 1-10

Region I1; 10— 50

Region I11; 50 — 200

Region IV; 200 — 2000

FAC rates outside the above presented four regions are assessed to occur in NPP
piping systems very seldom, if at all.
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The probability distribution function for the adjustment factor E is assumed as
log-normal with parameters nm¢ and sSg, i.e. scale and shape parameters,
respectively. The log-normal distributions for the adjustment factor E for the four
FAC rateregions are presented in Table 2.2.2-1.

It is recommendable to compare the obtained reliability distributions for FAC rate
to data both in international degradation databases and the plant specific
degradation database.

Table 2.2.2-1. The log-normal distributions for the adjustment factor E for the
four FAC rate regions.

Par ameter Region | Region |1 Region |11 Region IV
ng 0.33 -1.17 -0.72 -2.03

Se 1.17 1.15 1.04 1.65

5" percentile 0.20 0.05 0.09 0.009

50" percentile 1.39 0.31 0.49 0.13

95™ percentile 9.47 2.06 2.66 1.99
Mean 143 0.61 0.83 0.51

Error factor 6.83 6.62 5.46 14.99
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Comparative pipe leak/rupture probability analyses of the
OL1 piping system 321

Overview of the piping system and its division to segments

The main task of the OL1 Shut-down cooling system 321 is the cooling of the
reactor when it is shut down during fuel change or during cold shutdown. When
the head of the reactor pressure vessel (RPV) is to be opened, system 321 feeds
water to the Flange cooling system 326. During the replacement of fuel elements
system 321 and Pool water system 324 cool the fuel element storage pools, reactor
pool and the storage pools of RPV internals. During all operational conditions
system 321 feeds water to the Reactor water clean-up system 331, after which it
returns this water to the RPV. Main part of the water is returned to the Feed water
system-reactor 312 and the rest through the Hydraulic scram system 354 to the
primary circuit. Together with the RPV system 321 forms a closed circuit. In the
containment building lead-ins there are in suction and pressure lines both internal
and external isolation valves, in addition to which the internal isolation valves are
in series with maintenance valves. Only one of the two pumpsisin service during
normal operation. Heat exchangers 321 E1 and E2 are in operation only during the
shutdown and the fuel change. The consequence of losing the integrity of system
321 would be a LOCA either inside or outside the containment. The system 321
contains four pipe lines that penetrate the containment, each of which contains an
isolation valve both inside and outside the containment [2].

Thetotal length of the piping components of the system 321 is approximately 400
m, and the number of circumferential welds joining them is several hundreds.
Most piping components run in horizontal or vertical directions, and a minor part
of the piping components runs in oblique directions.

The segmentation is based on four main criteria[2]:
isolation actions with which the consequences of aleak can be restricted,
degradation mechanisms in question,
direct consequences, and
indirect consequences.

The location of the leak holds significance for the plant response, and through that
to systems the use of which will be prevented as a consequence of the leak.
Another criterion for this division is the possibility to isolate the leak using
isolation valves.

All in all the system 321 isdivided to 20 segments, seeref. [2].

Prevailing degradation mechanisms and selection of the
analysed piping welds

The most notable degradation mechanisms affecting the system 321 are assumed
to be stress corrosion cracking (SCC) and thermal fatigue in the mixing points.
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There are also several segments in the system 321 which are assumed to be
affected by no degradation mechanism.

A pipe leak/rupture probability and RI-ISI analysis has been performed earlier as
a pilot study to the OL1 system 321 by mostly the same researchers, see ref. [7].
In that study 16 piping welds were analysed with PFM and RI-ISI applications
developed mainly in VTT. These analysed welds cover all those segments in the
system 321 being susceptible to SCC and thermal fatigue in the mixing points.

In the analyses here the purpose is in case of SCC to compare the effect of certain
modifications in the defined probabilistic input data to the PFM analysis results,
i.e. pipe leak/rupture probabilities. Thus it sufficed to select a smaller number of
piping welds than covered in ref. [7] for PFM reanalyses here.

Here 5 piping welds from the earlier study [7] were selected for PFM reanalyses.
The compared feature is the impact of different probabilistic distributions for
initial crack sizes caused by SCC on leak/rupture probability results.

All reanalyzed 5 piping welds are located outside the containment in the reactor
building. Here the naming system of the analysed piping welds in the earlier study
[7] has been preserved. All 16 piping welds analysed in ref. [7], and thus
including those 5 piping reanalysed in this study, are presented in Table 3.2-1.
The reanalysed 5 welds are emphasized with blue colour and bold font.

Table 3.2-1. The 16 piping welds analysed in ref. [ 7], and thus including those 5
piping reanalysed in this study. The reanalysed 5 welds are emphasized with blue
colour and bold font.

Piping weld Degradation
mechanism

3-1-2--1 SCC

4-1-0--2 SCC

4-1-0--3 SCC

4-1-0--4 SCC

4-1-0--5 SCC

4-1-0--6 SCC

4-1-3--7 SCC

4-1-3--8 SCC

4-3-0--9 thermal fatigue
4-3-2--10 thermal fatigue
4-4-0--11 thermal fatigue
4-5-0--12 thermal fatigue
4-8-0--13 SCC

4-8-0--14 SCC

4-8-0--15 SCC

4-8-0--16 SCC
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Input data for PFM analyses

The geometry, material and load data of the piping system 321 presented here are
taken from the design drawings, from Section |1 of the ASME code [27] and from
ABB ATOM Materialhandboken [28]. On the behalf of geometry data, the
presented dimensions are approximate. However, accurate values were used in the
analyses. The mechanical and thermal material property values are temperature
dependent, and presented below only for temperatures of 20 °C and 286 °C, as
these are the only temperatures necessary to cover in the analyses here.

As the input data used in the PFM analyses here has already been mostly
presented in the earlier study [7] concerning the OL1 piping system 321, it isonly
briefly summarised here.

The geometry and material properties used in the PFM analyses of the 5
considered piping welds of the system 321 are presented in Tables 3.3.1 to 3.3.3.
The only considered load case is stationary operational conditions. Also welding
process induced residual stresses in the welds were considered in the analyses.

Table 3.3-1. The geometry and materials of the analysed piping welds of the
system 321.

Piping weld Material Outer diameter | Wall thickness
[mm] [mm]

4-1-0--3 376 TP304 |273 21

4-1-0--4 376 TP304 |219 18

4-1-0--6 376 TP304 |168 14

4-1-3--8 376 TP304 |219 18

4-8-0--13 376 TP304 |168 14

Table 3.3.2. Mechanical material properties of sted SS2333 as a function of
temperature. These values can be used for steel 376 TP 304, seeref. [28].

Temperature Y oung’'s modulus Yield strength Tensile strength
[°C] [GPa] [MPa] [MPa]

20 201 210 515

286 176 125 383

Table 3.3.3. Thermal material properties of steel S333 as a function of
temperature. These values can be used for steel 376 TP 304, seeref. [ 28].

Temperature | Thermal expansion | Thermal conductiv. Specific heat
[°C] [10°%/K] [W/mK] [I/kgK]

20 17.0 15.0 440.0

286 18.5 18.6 537.2

The type of the piping welds is taken as Shielded Metal Arc Welding (SMAW).
According to ref. [29], when the base material of the pipe is austenitic stainless
steel and temperature is 288 °C, the fracture toughness data for this welding type
are: Kic = 182 MPaxXm, Jic = 168 kIJm?, and for the base material: K > 350
MPaxXdm, Jic > 620 kJ/m?.
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The experimentally defined parameter values used in the crack growth equations
and which characterise the material properties as a function of temperature and
environment are presented in Table 3.3.4, in which K, is the mode | stress
intensity factor (SIF), a isthe crack depth and t istime.

Table 3.3.4. Values of parameters Cscc and nscc used in the SCC equation for the
considered material. The dimensions used in the crack growth equation are:
[da/dt] = mmvyear, [K|] = MPaxim, seeref. [33].

Material Cscc Nsce Environment
376 TP304 | 1.4240™* 3.00 water

Under operational conditions the values of internal pressure and temperature of
the fluid are 7.0 MPa and 286 °C, respectively, see ref. [12].

The axial membrane stress s, caused by internal pressure was calculated with the
following equation [34]:

— p>(D/2- t) (331)
2 2% o
where: p [MPq] is pressure,
D [mm] is outer diameter, and
t [mm] iswall thickness.

The bending stresses caused by dead weight of the pipe and fluid (water) were
calculated with the beam theory equations.

The values of the welding process induced axial residual stress distribution in the
weld centre line and heat affected zone (HAZ) were assumed according to
recommendations by Brickstad and Josefson as [21], written here in a dlightly
modified form:

S aresa = 228, when0<t<7mm (332

594
S s = 297 - 9.88% +£19.76 - T9><x, when7<t<25mm  (3.3.3)
e %]

where Saresqs [MPa] is the axial weld residual stress, x [mm] is the radial
coordinate through the wall thickness having origin at inner surface, and t [mm] is
the wall thickness.

This is the same welding residual stress distribution that was used in the earlier
study [7], and was selected for analyses presented here in order to keep the
reanalyses fully comparable besides the only differing input data, which are the
above mentioned probabilistic distributions for the sizes of initial cracks caused
by SCC.
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All reanalysed cases are circumferentially oriented semi-elliptic surface cracks in
the piping component welds. The probabilistic distributions for the sizes of initial
cracks caused by SCC developed in this study are presented in Section 2.2.1.

Due to the orientation of the reanalysed piping crack cases and that only mode |
loading is considered, only stresses perpendicular to crack planes are considered,
these being axially oriented stress components in the piping geometry.

In the earlier RI-ISI pilot study [7] a somewhat straightforward procedure was
followed when assessing the probabilistic sizes for initial cracks caused by SCC.
The same SCC crack database [35] was used then asis used in this study.

In short the approach for recursive assessment of initial sizes for grown SCC

induced cracks applied inref. [7] isas follows:

- in relation to pipe wall thickness and inner pipe circumference convert to
dimensionless form the size data concerning grown SCC induced cracks as
obtained through screening from suitable/applicable available cracking
database,
by offset lower thus obtained data in terms of relative crack depth and length,
criterion for sought initial sizes being to have the mean value of the lowered
datato coincide the size corresponding to a previously selected readlistic value,
convert the thus obtained data to probabilistic form and fit a suitable reliability
distribution function to it.

This procedure to assess the initial sizes of cracks caused by SCC is partly ssimilar
to the more advanced and realistic one applied here, see Section 2.2.1. The main
difference between the two procedures is that in the latter one presented and used
in this study the assessment of initial crack sizes is based on fracture mechanics
and to a crack growth equation that has been correlated to crack growth
propagation rate data from a considerable number of laboratory results. It is
deemed that the procedure presented here is more realistic than the one developed
earlier, seeref. [7].

Crack growth simulations

In this study the purpose is to improve the probabilistic distributions for initial
crack sizes caused by SCC as well as to compare the effect of this input data to
the PFM analysis results, i.e. pipe leak/rupture probabilities, obtained in this study
and in the earlier analyses with more crudely defined probabilistic initial crack
size distributions, seeref. [7].

As there was no actual degradation/failure data available concerning the analysed
piping system 321, it was not possible to quantify leak/rupture probabilities of the
piping components with statistical methods. Hence this was carried out by
performing PFM analyses with a modified version of the analysis code
VTTBESIT, developed by the Fraunhofer-Institut fir Werkstoffmechanik (IWM),
Germany and by VTT [41, 42, 43, 44]. With the probabilistic VTTBESIT it is
possible to perform Latin Hypercube Sampling (LHS) simulations of crack
growth. Originally VTTBESIT was capable only for deterministic fracture
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mechanics based crack growth analyses. A brief description of the main
characteristics of VTTBESIT is presented in Section 3.4.3.

The input data needed in the VTTBESIT analyses was discussed and presented in
Sections 2.2.1 and 3.3.

Analysed cases

The reanalysed piping welds were chosen from those segments which are
assumed to be susceptible to SCC, see ref. [2]. All in all 5 piping welds were
chosen to be analysed. All of them are located outside the containment in the
reactor building. All of them were analysed for SCC. All reanalysed piping welds
together with some relevant characteristic data arelisted in Table 3.4.1-1. Here the
naming system of the analysed piping welds in the earlier study [7] has been
preserved.

Table3.4.1-1 The 5 piping welds covered in the PFM reanalyses together with
some relevant characteristic data [2 ,20].

Piping weld Analysed Outer Wall Degradation | Inspection

material diameter thickness | mechanism interval *)
[mm] [mm] [years]

4-1-0--3 376 TP304 273 21 SCC 3

4-1-0--4 376 TP304 219 18 SCC 10

4-1-0--6 376 TP 304 168 14 SCC none

4-1-3--8 376 TP304 219 18 SCC 3

4-8-0--13 376 TP304 168 14 SCC none

*) Inspection interval data is taken from the system 321 study by the Finnish Radiation and
Nuclear Safety Authority (STUK) [20].

Here only the older of the two present NPP units of TVO, namely OL1, was
studied. OL 1 started operation in 1978 [36]. The planned time of operation of the
plant is assumed as 60 years.

Analysis approach and crack growth equations

The applied PFM analysis approach is briefly described in this section. In short it
consists of collecting sufficient amount of input data, some of which are result
data calculated with one or several procedures/analysis tools, then assembling this
input data in certain ways, and then inserting it to crack growth simulations,
which are finally performed with a probabilistic version of the earlier mentioned
VTTBESIT code.

As discussed earlier in this report, the input data needed in the PFM analyses are
collected from many sources, and have several forms i.e. deterministic single
values and probabilistic distributions.

There are several ways of calculating the stresses caused by both time dependent
and independent loads, which stresses are part of the input data needed in the
PFM analyses. Depending on the complexity/simplicity of the considered
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geometries, support conditions and loads, and of the variation of the latter as a
function of time, advanced numerical analysis tools, such as those based on Finite
Element Method (FEM), may have to be used, or in the most simple case
straightforward analytical handbook equations may suffice. Stress analysis tools
with the level of sophigtication falling somewhere in between these two
mentioned extremes exist as well.

The support conditions of piping components are most often quite flexible, the
geometry of the piping components is also most often quite simple, symmetric
and regular and the loads they are exposed are mainly symmetric as well. Due to
this it was not necessary to use an advanced FEM code to solve the time
dependent/independent stress distributions the examined piping section walls
experience under the considered load case stationary operational conditions.

As for the degradation mechanism analysed here, namely SCC, it is mainly
influenced by the stationary operational conditions, during which loads are taken
mostly as time independent, but aso by some global transient load cases.
However, their overall contribution to the loading conditions is minor, since
during a typical plant year their summed up duration time is considerably shorter
than that of the stationary operational conditions. Thus it is typical to omit the
transient load cases from the SCC analyses. For sationary operational conditions
considered here, suitable handbook equations to calculate the stress distributions
over piping section walls were available, see Section 3.3. It was also necessary to
include in the SCC analyses the welding process induced residual stresses, which
were estimated according to equations in reference [21].

All analysed locations were circumferential piping welds, and only
circumferential surface crack postulates were considered.

As no degradation data concerning the analysed piping system 321 of TVO was
available, to a reasonable extent applicable crack data taken from reference [35]
was used instead. Based on this data, probabilistic distributions were estimated
both for the depth and length of the initial cracks caused by SCC. An estimate for
the formation frequency of initial cracks was also taken from reference [35].

Probabilistic analysis capabilities of analysiscode VTTBESI T

All crack growth simulations were carried out with a probabilistic version of
fracture mechanics based analysis code VTTBESIT [41, 42, 43, 44]. New code
development work was performed within this study, as mentioned in Section 2.2.

The analysis procedure of the probabilistic version of VTTBESIT is described in
the following:
reading of the deterministic input data,
random picking of certain input data parameters from the specified
distributions; 1) SCC; probability distributions for initial crack depth and
length, 2) fatigue; probability distributions for initial crack depth, length and
for load cycle frequency,
crack growth analysis; the amount of crack growth in each time step is
calculated from the respective crack growth equation b the ending criterion of
the analysisisthat crack depth reaches the outer pipe surface,



WT RESEARCH REPORT VTT-R-00650-09

3.4.3

27 (48)

for each analysed circumferential piping weld at least 1000 separate
simulations with LHS procedure are calculated, and for each of these values of
the above mentioned distributed input data parameters/variables are picked at
random from the respective probabilistic distributions,

the degradation state to which the crack has grown is calculated for each year
of the estimated time of operation and for each simulation P these results are
used in the consequent Markov system probabilistic degradation analyses
performed with a Matlab application developed in the project.

Crack growth equation for SCC

SCC is alocalised non-ductile progressive failure mechanism that occursonly in
case the following three conditions are fulfilled simultaneously, see ref. [38]:

the stress around the crack-tip istensile,

the environment is aggressive,

the material is susceptibleto SCC.

SCC is also a delayed failure process. That is, cracks initiate and propagate a a
slow rate until the stresses in the remaining ligament of metal exceed the fracture
strength. The sequence of events involved in the SCC process is, according to ref.
[39], usually divided into three stages:

crack initiation,

steady state crack propagation,

final failure.

The fracture mechanics based crack growth equation used in the analyses, which
depicts intermediate (sage 2) SCC, is according to refs. [14 ,40]:

%@ o K (3.4.2-1)
dt

where t is the time, and Csc and nscc are constant value parameters
characterising the material properties as a function of temperature and
environment. The values of these constants were given in Table 3.3.4 in Section
3.3.

Analysis code VTTBESIT

The probabilistic fracture mechanics based crack growth simulations were
performed with the analysis code VTTBESIT. This analysis code comprises parts
developed by the Fraunhofer-Institut fur Werkstoffmechanik (IWM), Germany
and by VTT [41, 42, 43, 44].

The stress intensity factor calculations are performed using the program BESI T60
developed by IWM. It is based on the weight function method and on the
influence function method. Solutions are provided for "infinite" and semi-
elliptical crack cases in plates and cylinders. The theoretical background and
analysis procedures of BESIT60 are presented inrefs. [41, 42, 43, 44].
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VTTBESIT uses the BESIT60 program code as a pure stress intensity factor
computing subroutine and applies the results as starting values for crack growth
assessments.

Withthe VTTBESIT software it is possible to quickly compute the stress intensity
factors along the crack front and crack growth. The analysis code treats only the
mode | loading in which the direction of the loading is perpendicular to the crack
surface (crack opening mode) [43].

Material and geometry data needed for the computation are given through a
graphical interface. The same data can also be given in atext file format. Loading
data, in form of stress distributions through the component wall, are given in a
separate file. Loading data can be given as a function of time either in Cartesian or
polar co-ordinates [43].

Inthe VTTBESIT analyses crack growth is calculated for the defined initial crack
postulates. Two crack growth models are provided in the analysis code: Paris-
Erdogan equation for fatigue induced crack growth, see ref. [37], and rate
equation for SCC, here equation (3.4.2-1).

Thus, besides SIFs, VTTBESIT results include also the dimensions of the
growing crack as a function of load cycles in case of fatigue and as a function
time in case of SCC. The analysis code writes the results in a separate file.

The code development works performed in this study include:
for SCC analyses, the random picking of initial crack depths and lengths from
the developed new probabilistic distributions for SCC induced initial cracks.

Results from VTTBESIT analyses

A description of the results obtained from VTTBESIT analyses is presented in this
section. As the amount of results is large, and since in this study their nature is
more as intermediate since they are merely used as input data in the consequent
Markov system analyses, the numerical presentation of them is omitted here.
Instead, the various types of results obtained from the analyses with the
probabilistic version of VTTBESIT are described here, and the actual analysis
results are only summarised briefly.

As mentioned earlier, with VTTBESIT software it is possible to quickly compute
the mode | SIFs along the crack front as well as crack growth. In this study semi-
elliptical surface crack postulates are examined. For those the code presents the

results are as a function of time at various locations in the crack front: f =
0 ° (first crack mouth), f =30°, f=60°, f =90 ° (crack tip), f =120 °, f =150
°,and f = 180 ° (second crack mouth), where the origin of the angular crack front

location parameter f is in the midpoint of the symmetry axes of the half-elliptical
crack [43].

In case of SCC the crack growth results are presented as a function of time. More
precisely, the presented crack growth results are the crack dimensions, i.e. depth
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and length, in each time step, taken from the same crack front locations as the SIF
results.

In addition to the above mentioned results, the probabilistic version of VTTBESIT
calculates also the various states of degradation of growing cracks. More
precisely, for each analysed location 1000 LHS calculations are performed, and
for each of these the state of degradation is presented for each year of the given
time of operation. In this study the time of operation was assumed as 60 years.
Thus for each analysed location, i.e. piping weld, there are 1000* 60* 2 = 120 000
result data entries.

As for the degradation analysis results, they are quite similar for the 5 analysed
piping weld cross-sections. Thisis an expected outcome, as SCC is the considered
degradation mechanism in all cases and the loads as well as the overall conditions
the covered welds are exposed to are very similar. The dimensions of the analysed
piping weld cross-sections differed to some extent, though, with the outer
diameter altering from approximately 160 to 273 mm, and the wall thickness from
approximately 14 to 21 mm. The analysis results seem quite redlistic too, for
instance many of the SCC cases fail in the same plant age as have been
encountered in BWR plants. However, for VTTBESIT analyses with the new
probabilistic distributions for initial cracks induced by SCC the results concerning
one piping weld, namely 4-1-0--3 (see Table 3.4.1-1), differ considerably from all
other results. Namely, only extremely few of the performed 1000 LHS
simulations for this case resulted with crack growing through wall. This is mostly
explained due to this piping weld having the thickest wall of the analysed cases,
being approximately 21 mm. If the analyses would have been continued past the
assumed planned operational lifetime of 60 years, it is likely that more
simulations would have ended up with crack growing through wall.

In this study the purpose is also to compare the effect of the two sets of
probabilistic distributions for initial sizes of cracks nucleated by SCC during
operation to the PFM analysis results by applying those probabilistic distributions
developed in this study and those in the earlier study, see ref. [7]. The former and
more advanced probabilistic initial crack distributions are based on fracture
mechanics and statistical fits, whereas the latter and more crudely defined ones to
simple crack size decrease by offset and statistical fits. The probabilistic sizes of
SCC induced initial cracks are according to the new distributions considerably
smaller than those according to the earlier study, see ref. [7]. Thisis consequently
reflected in the PFM analysis results, as much fewer simulations end up with
crack growing through wall with the former distributions than with the latter ones,
the relative difference being of the scale of one hundred.

Pipe component leak/rupture probability analyses

Analysis approach

The pipe component leak/rupture probability analyses were carried out with a
Markov system based application, implemented with Matlab code. Here the same
version of this Markov application was used as that developed during the previous
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phase of this project, for details, background theory and procedure description, see
ref. [11].

The first step in analysing the PFM simulations with the developed discrete
Markov system application is to create a so called degradation matrix. The
elements a; of the matrix are state transition probabilities, indicating the
probability that the crack, belonging to state i will end up to the state j within a
time step. In our analyses, the time step is one year. The states are defined in the
Table 3.5.1 below.

Table 3.5.1. Markov system states.

State Crack depth Description

0 0 New piping section fallsinto this category.

1 0-1mm Small flaw - very unlikely to detect

2 1mm-50% of wall thickness Progressed crack in the segment. Possibility of
detection, but no repair.

3 50-99% of wall thickness Grown crack. Possibility of detection and then
segment isrepaired.

4 99%-<100% L eak-before-break. Repaired if detected.

5 100% Rupture.

The degradation matrices were calculated from the simulation runs.

The second step isto form a vector describing the discretised distribution of initial
crack size, and calculate the failure probabilities using the degradation matrix and
this vector. In the first analysis, inspections are not taken into account. In such a
case, the crack size distribution after n years is obtained simply by multiplying the
initial crack size vector by the degradation matrix n times.

The third step is to analyse the failure probabilities when in-service inspections
are taken into account. Inspection matrices are used to simulate the effects of
periodical inspections on the piping conditions. While the degradation matrix has
probabilities greater than zero only for transitions to higher states, inspection
matrix has transitions only to lower states. It is beyond the scope of this study to
evaluate the inspection work with other than simple detection probabilities for
leaks and fractures. The inspection matrix used in this study, as taken from ref.

[7],1s
61 00 0O 0O Ou
é U
g0 10 0 0 o0
" é0 01 0 0 od (35,1
="%9 0 0 01 0 O0f o
20.9 00 0 01 og
60 00 0 O O0f

The matrix element ax k = 0...5 on the diagonal represent the non-detection
probability of a flaw. State O is a flawless segment, state 1 includes cracks small
enough not to be detected and state 2 includes detectable cracks that are small
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enough not to be repaired. In the case of states 3 and 4 (flaws exceeding 50 % of
the wall thickness and leaks), it is assumed that if detected (probability of 0.9) a
flaw or leak is repaired implying a transition to the flawless state (0).

Results from the Markov application analyses

The pipe component leak/rupture probability analysis results for the considered 5
piping welds are presented and discussed in the following.

Each weld is at aflawless state in the analyses here when the operation of the NPP
is started - year O in this study. When the NPP is used, the yearly rupture
probabilities start to climb towards a steady-state rupture probability. This means
that asthe time advances, the significance of the initial state slowly decreases.

As mentioned earlier, the only considered degradation mechanism is SCC, and the
sizes of the initial cracks are taken at random from the probabilistic distributions
developed here for the SCC induced initial cracks. The effect of these for the pipe
leak/rupture probabilities are compared to the respective results calculated with
corresponding more crude probabilistic distributions developed in the earlier
study, seeref. [7].

The pipe component rupture probability analysis results for the considered 5
piping welds are presented in Figures 3.5.2-1 to 3.5.2-5. In the following Table
3.5.2-5 are presented the meanings concerning the result graph colours and line
types used inthe Figures 3.5.2-1 to 3.5.2-5.

Table 3.5.2-5. The meanings concerning the result graph colours and line types
used in Markov analysis result Figures 3.5.2-1 t0 3.5.2-5.

distributions for SCC
induced initia cracks

distributions for SCC
induced initia
cracks, seeref. [7]

Notation |Green colour Blue colour Continuous | Dashed line | Dash-
line dotted line
Meaning |resultsfor new resultsfor earlier no 10 year 5 year
developed developed inspections | inspection | inspection
probabilistic sze probabilistic sze intervals intervals
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Figure 3.5.2-1. The yearly rupture probability analysis results for piping weld
4-1-0--4 as a function of operational lifetime. For meanings of used colours and
line types: see Table 3.5.2-5.
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Figure 3.5.2-2. The yearly rupture probability analysis results for piping weld
4-1-0--6 as a function of operational lifetime. For meanings of used colours and
line types: see Table 3.5.2-5.
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Figure 3.5.2-3. The yearly rupture probability analysis results for piping weld
4-1-3--8 as a function of operational lifetime. For meanings of used colours and
line types: see Table 3.5.2-5.
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Figure 3.5.2-4. The yearly rupture probability analysis results for piping weld
4-8-0--13 as a function of operational lifetime. For meanings of used colours
and line types. see Table 3.5.2-5.



WT RESEARCH REPORT VTT-R-00650-09

34 (48)

yearly rupture probability [ -]

10# | L L | |
a 10 20 30 40 50 50

time [year]

Figure 3.5.2-5. The yearly rupture probability analysis results for piping weld
4-1-0--3 as a function of operational lifetime. For meanings of used colours and
line types: see Table 3.5.2-5.

It can be noticed from Figures 3.5.2-1 to 3.5.2-5 that depending on the weld the
assumed operational plant lifetime of 60 years is enough for the welds to
approximately reach steady-state. The measure used for pipe degradation in this
study isthe average yearly rupture probability.

The effects of the inspections are seen as saw-type deviations in the yearly rupture
probability. Using this measure the rupture probability decreasing effects of the
inspections are clear.

All in all the yearly rupture probability results are mostly quite similar for the 5
analysed piping weld cross-sections. This is an expected outcome, as SCC was the
considered degradation mechanism in all cases and the loads as well asthe overall
conditions the covered welds are exposed to are very similar. However, for
VTTBESIT analyses with the new probabilistic distributions for initial cracks
induced by SCC the results concerning one piping weld, namely 4-1-0--3 (see
Table 3.4.1-1), differed considerably from all other results. Namely, the rupture
probability results for input data case with the new probabilistic distributions for
sizes of SCC induced initial cracks were practically zero, which can be noticed in
their absence from the Figure 3.5.2-5.This is mostly explained due to this piping
weld having the thickest wall of the analysed cases, being approximately 21 mm.

In this study the purpose is also to compare the effect of the two sets of
probabilistic distributions for initial sizes of SCC induced cracks during operation
to the pipe rupture probabilities. As mentioned earlier, these probabilistic initial
crack sizes are according to the new distributions developed in this study
considerably smaller than those according to the earlier study, see ref. [7]. For
instance for the former distributions the mean crack depth is approximately 300
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mm, whereas for the latter ones approximately 1000 nm, respectively. This is
consequently reflected in the yearly pipe rupture probability results obtained from
the Markov application analyses, as with the former distributions it is for most of
the duration of the assumed operational plant lifetime approximately 100 times
smaller than with the latter ones. Thisis a quite large difference, and indicates that
the selection of the probabilistic distributions for initial sizes of SCC induced
cracks during operation has a great impact on the consequent yearly pipe rupture
probability results, an aspect which is useful to keep in mind e.g. when attempting
to avoid unnecessary conservatism in the PFM and RI-1SI analyses. Concerning
all cases and both input data sets, the yearly pipe rupture probability results vary
approximately between 10E-10 to 10E-4. The assessment of the sizes of cracks
initiating during plant operation as well as PFM analyses in general contain
several sources of uncertainty, which subject is discussed in more detail in
Chapter 4.

The accuracy of the rupture probability results summarised here is considered to
be at least reasonable. However, more important than the absolute result values
are their comparison to each other, since based on that the failure potential classes
inthe RI-1SI risk matrix failure potential category can be defined.

The average yearly rupture probability and cumulative rupture probability at 60
years for the 5 analysed piping welds for no inspections, and inspections at 10 and
5 year intervals are presented in Table 3.5.2-6 below.

Table 3.5.2-6. The average yearly rupture probability and cumulative rupture
probability at 60 years for the 5 analysed piping welds for no inspections, and
inspectionsat 10 and 5 year intervals.

Piping weld I nspection interval Averageyearly Cumulativerupture
rupture probability probability at 60y
[year] [-] [-]

4-1-0--3 No inspections 0 0
5 0 0
10 0 0
4-1-0--4 No inspections 7.08E-07 4.18E-05
5 8.33E-08 4.92E-06
10 2.01E-07 1.19E-05
4-1-0--6 No inspections 2.01E-07 1.19E-05
5 1.50E-08 8.88E-07
10 4.26E-08 2.51E-06
4-1-3--8 No inspections 6.65E-07 3.92E-05
5 8.53E-08 5.03E-06
10 1.96E-07 1.16E-05
4-8-0--13 No inspections 2.48E-07 1.46E-05
5 2.00E-08 1.18E-06
10 5.58E-08 3.29E-06
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Pipe leak/rupture probability analyses of the OL1 piping
system 412

Short overview of the piping system

The piping system considered here is the Reheater and moisture separator system
412 located in the NPP unit OL1 of TVO. Similar Reheater and moisture
separator system 412 is also located in NPP unit OL2 of TVO.

The main process functions of this piping system are to some extent reheat the
cooled down water after it has gone through turbine, and before it is led back to
the RPV via the Feed water system 312, and also to separate at certain areas
moisture from the involved steam. The piping components of the system 412 are
both of austenitic stainless steel and ferritic steel. The examined component, being
of ferritic steel, is located on the condensate side of the system 412. It was
assumed that the system 412 is among those few in BWR plants where FAC could
potentially occur at some locations.

Input data for FAC analyses

The input data needed in the FAC analyses concerning the probabilistic wall
thinning rate of the examined component of ferritic steel in the system 412 are
briefly presented in the following. The analysis procedure was presented earlier in
Section 2.2.2. The presented input data values here are approximate; however
accurate values were used in the analyses. Also, the values of some parameters
were to some extent varied in the FAC analyses. These are oxygen content and
flow velocity, to both of which two values were given, which were kept analysis
specifically as constant. The needed analysis input data were obtained from e.g.
design drawings and material specifications provided by the TVO personnel
experts, which are gratefully acknowledged. The approximate values of the input
data needed in the FAC analyses concerning the probabilistic wall thinning rate of
the examined ferritic component of the system 412 are presented in Table 4.2-1.

Table 4.2-1. The approximate values of the FAC analysis input data;
probabilistic wall thinning rate of the examined ferritic component of system 412.

Fluid temperature T[K] 440
Geometry factor for straight tube | K [ -] 0.04
Nominal pipewall thickness Worigira [CM] 0.9
Pipe outer diameter Douter [MM] 405
pH value pHI -] 7
Oxygen content 1 g1 [ng/kg] 0
Oxygen content 2 g2 [ng/kg] 10
Cr+Mo content h [total %) ~0
Sted density rg [my/om’] 7.80E+06
Assumed yearly exposuretime | tegosure [N 8000
Water flow rate 1 F1[kg/q 65
Water flow rate 2 F2 [kg/q] 70
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The next step in the FAC procedure was to calculate case specifically the values
for the intermediate input data parameters B, N, f(t) and Dfg, by using formulas
(2.2.2-3) and (2.2.2-4) presented in Section 2.2.2.

Results from the probabilistic FAC analyses

The results from the probabilistic FAC analyses performed in this study to the
examined ferritic piping component of the system 412 are presented here.

The probabilistic FAC rate is calculated here as the product of its deterministic
reference model prediction and an adjustment factor E [ - ], the probabilistic
distribution of which is log-normal, and which accounts for the inadequacy of the
calculated value. The presented results are 5, 50" and 95™ probability percentiles
for the pipe wall corroded away, W(t), for the assumed 60 years of operational
lifetime as well as for the predicted durations to wall break (i.e. wall thinning
reaches outer pipe surface). Also to be noted are the values of oxygen content and
flow velocity which were to some extent varied in the analyses. The probabilistic
FAC results are presented in Figures 4.3.1-1 to 4.3.1-4 and Table 4.3.1-1 in the
following.
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Figure 4.3.1-1. The 5", 50" and 95" probability percentiles of the pipe wall
corroded away for the examined ferritic component of system 412, when
operational lifetime is assumed as 60 years. Here flow velocity is 63.3 kg/s and
oxygen content is 0 ng/kg.
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Figure 4.3.1-2. The 5", 50" and 95" probability percentiles of the pipe wall
corroded away for the examined ferritic component of system 412, when
operational lifetime is assumed as 60 years. Here flow velocity is 63.3 kg/s and
oxygen content is 10 ng/kg.
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Figure 4.3.1-3. The 5", 50" and 95" probability percentiles of the pipe wall
corroded away for the examined ferritic component of system 412, when
operational lifetime is assumed as 60 years. Here flow velocity is 71.5 kg/s and
oxygen content is O ng/kg.
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Figure 4.3.1-4. The 5", 50" and 95" probability percentiles of the pipe wall
corroded away for the examined ferritic component of system 412, when
operational lifetime is assumed as 60 years. Here flow velocity is 71.5 kg/s and
oxygen content is 10 ng/kg.

The sgraightforward nature of the applied and to some extent conservative
probabilistic FAC rate model, as taken from ref. [17], can also be noticed in the
vertical offsets in some points of the presented result value distributions in Figures
4.3.1-1 to 4.3.1-4. Such behaviour of results is obviously not redlistic. Here it is
caused by the dependency of the adjustment factor on the calculated deterministic
FAC rate. Namely, the dependency is divided to four categories, see Section 2.2.2,
and the shift from one category to the next is slightly discontinuous. In one case,
see 95th percentile distribution in Figure 4.3.1-2, result values reach the pipe wall
outer surface even twice. In this case, aswell as in other similar ones, the first i.e.
earlier time the pipe wall outer surface is reached is to be taken as the correct
result.

Table4.3.1-1. The 5", 50" and 95™ percentiles for the predicted time durations to
pipe wall break (i.e. wall thinning reaches outer pipe surface). Notations: F is
flow rate, g is oxygen content.

Percentile | Predicted time duration to pipe wall break [year

F=633kg/s, | F=633kgls, | F=715kg/s, | F=715Kkg/s,
g =0nykg g=10ngkg | g=0nykg g =10 ny/kg
5" 60 59 60 59
50" 31 42 31 42
95" 21 29 21 28
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With this piping degradation analysis model it is quick and computationally very
economical to obtain time dependent estimates of the probabilistic as well as
deterministic wall thinning caused by FAC.
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5 Summary and conclusions

Characteristics and development of RI-ISI methodology are examined in this
report. This study continues earlier research work performed by almost the same
project group, for a summary of which work see e.g. [10]. In this study the main
emphasis was on developing the quantitative piping failure potential analysis
capabilities, as well as widening their scope. This is realised using PFM based
analysis procedures. In addition to a summary of this study, this chapter also
includes conclusions as well as suggestions for further research.

Summary and conclusions

Only the new RI-ISI related PFM analysis procedure developments and/or
features are considered here. These include:
assessment of probabilistic distributions for depth and length of SCC induced
initial cracks,
probabilistic assessment procedure for wall thinning of piping components due
to FAC.

The developed approach to assess the probabilistic distributions of the sizes of
initial cracks induced by SCC from the data of detected cracks is summarized
here. So, the recursive assessment approach applied here is such that first the size
data concerning detected grown SCC induced cracks, as obtained through
screening from the used crack database, is converted to dimensionless form in
relation to pipe wall thickness and inner circumference. Then, with fracture
mechanics based analyses, the thus obtained data is matched with the assumed
initial sizes, the criterion for which here is to correspond to respective mode |
stress intensity factor threshold values, K| resold, fOr SCC initiated cracks. Finally,
the thus obtained data is converted to probabilistic form and a suitable reliability
distribution function is fitted to it. The developed approach contains also
uncertainties:
Concerning the estimation of initial crack dimensions in general there are
several uncertainties. As the data in the piping degradation databases concerns
only detected grown cracks, the initial crack dimensions have to be assessed
recursively, which isin several ways an uncertain process. Also, the applicable
degradation data is often scarce and of questionable quality, which causes
uncertainty as well.
The crack growth equation used here, which has been correlated to crack
growth propagation rate data from a considerable number of laboratory results,
reflects the partly unknown differences between laboratory conditions and
actual conditions in the plants.
The definition of SCC nucleation threshold value for K is to some extent an
ambiguous process as well.

In the light of the analysis results of this study it appears that when screening data
from applicable crack databases to recursive assessments of probabilistic sizes of
initial cracks induced by SCC, the effect of pipe size to the crack initiation has
considerably less importance than pipe material. This would be because the
probabilistic initial sizes obtained here are quite small, e.g. the mean value of the
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probabilistic initial depth being of the scale of 300 nm, which suggests that
material property and environment chemistry associated characteristics hold much
more responsibility for SCC induced nucleation of cracks than pipe size and stress
distribution related ones (as regardless of the pipe size in the inner surface where
these cracks nucleate tensile stresses typically prevail, especialy in the piping
welds).

The KWU-KR model [17], which is based on fitting of both detected and
experimental data, has been selected for FAC analyses, because of the relevant
FAC analysis models it is well documented in the published literature. The KWU-
KR model [17] allows to some extent conservatively calculate the corrosion rate
as a function of pipe geometry, material chemical composition, flow velocity,
fluid temperature and fluid chemistry. With this model, the pipe wall thickness
can be calculated as a function of time. To express uncertainty in the KWU model
predictions, a probabilistic adjustment factor with a log-normal distribution is
introduced to the deterministic reference model. The main result parameters from
these FAC analyses include the time dependent 5", 50" and 95" probability
percentiles for the pipe wall corroded away as well as the predicted durations to
wall break (i.e. wall thinning reaching outer pipe surface).

It is considered that improved PFM based analysis scope and accuracy provide
valuable support to overall quantitative assessment of piping weld failure
potentials. In general, the favoured option for quantitative piping failure potential
assessment would be statistical analysis of piping degradation data. However,
there most often does not exist enough applicable degradation data for this, and
thus structural reliability methods, most relevant for this purpose being PFM, need
to be resorted to. So, having both cracking data and PFM analysis results gives a
much better and in scope wider information basis for experts to plant specifically
assess the piping weld failure potentials, and consequently leads to more accurate
and detailed RI-ISI analysis results. As with other RI-ISI related analysis
procedures, also PFM has its uncertainties and accuracy challenges, however
PFM analyses on the other hand easily allow making extensive sensitivity
analyses for the involved physical analysis input parameters. It should be
mentioned, though, that PFM analyses alone do not yet suffice to be the sole basis
for piping failure potential quantification.

The accuracy of the analysis procedures summarised here is considered to be at
least reasonable, and mostly or arguably in all cases to some extent conservative.
Thus the results obtained with these PFM procedures are considered to be useful
for guantitative RI-ISI analysis purposes, also due to providing the above
mentioned new developments. However, more important than the absolute result
values are their comparison to each other, since based on that the failure potential
classesinthe RI-1S| risk matrix failure potential category can be defined.

Suggestions for future research

The estimates of initial crack sizes, both concerning manufacturing cracks and
cracks initiating during operation, are a major source of uncertainty in PFM
analyses, e.g. since relatively small changes in them have a quite strong impact on
PFM analysis model response. Also, not many models for initial crack sizes exist,
and mostly they appear quite crude. Thus, from the viewpoint of PFM and RI-IS|
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analysis results quality, it would be advantageous to develop and refine these
estimates more. Also from the research point of view this issue is highly
interesting, as it involves several physical phenomena, and consequently scientific
challenges including e.g. satistical mathematics and structural analyses.
International crack databases could also provide useful data for estimating initial
crack sizes. In this respect, especially access to the OPDE (OECD Piping Failure
Data Exchange) database by OECD would potentially be advantageous, asit isan
advanced good quality piping failure database containing cracking data from most
countries having NPPs, seerefs. [45, 46] and an analysis example in ref. [47].

Also, it would be useful to quantify and minimise the uncertainties in the
developed approach to assess the probabilistic distributions of the sizes of initial
cracks induced by SCC from the data of detected cracks, thus refining it by
making it more accurate. This is because it was beyond the scope of this study to
attempt to create such probabilistic distribution estimates that could be
recommended to be used for practical applications in larger scale. Instead the
purpose here was more to demonstrate the applied approach and point out the
sources of uncertainty/inaccuracy. It is deemed here that with a wider scale of
better quality database crack data and with more effort concerning minimising the
mentioned uncertainties, more accurate probabilistic initial sizes for SCC induced
initial cracks could be obtained, which would also better suit for practical
PFM/RI-1SI analysis purposes. Another improvement could be to change the used
reliability distribution from the exponential function with the cut-off to zero for a
narrow region in the beginning, i.e. for the smallest crack sizes, to a log-normal
one, s0 that the whole distribution could be covered with one reliability function
without the need to use piecewise distribution approach.

The joint effect of degradation mechanisms would be a useful issue to cover as
well. This is because the summed up effect of e.g. fatigue induced cracking and
SCC, which joint phenomenon has been encountered in the existing cracking data,
potentially leads to faster crack growth than when only one degradation
mechanism per weld at a time is considered. Moreover, the resulting rate of
degradation can be faster than the arithmetic sum of the considered degradation
mechanisms. A starting point for considering the joint effect of degradation
mechanisms, however, could be developing the PFM application to cover the
aforementioned arithmetic sum of SCC with low-cycle and high-cycle fatigue.

Also fatigue due to unexpected transient load cases caused by thermal
stratification of the water in the pipes could be added to the PFM analysis scope in
the future. This form of fatigue degradation has been encountered e.g. in the surge
line and in the feed water lines of the reactor coolant system [38], and has also
been identified as a valuable research target by some representatives of Finnish
energy companies.

It would also be advantageous to compare the piping leak/rupture probabilities
calculated with VTTBESIT to those calculated with other PFM based cracking
analysis codes, eg. PIFRAP and ProSACC. A smal PFM analysis tool
benchmarking study will be carried out during 2008 and 2009 in the framework of
the Nordic Nuclear Safety Research (NKYS).

It is also the purpose to continue developing the LHS procedure that was added to
VTTBESIT earlier in this project. One option that looks advantageous from the
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viewpoint of cracking probability analyses is to combine LHS with stratified
sampling. The basic idea of this combined sampling is as follows:. according to the
gratified sampling, the sample space of a dominant random variable (e.g., initial
surface crack depth ap or fracture toughness K¢) is partitioned into m mutually
exclusive sub-regions and the number of simulations in each sub-region is
proportional to its contribution to the total fracture probability. Then, the
estimated leak/break probability value of each crack size sub-region (i.e., each
strata of the initial surface crack depth) is calculated with LHS.

The computational efficiency of analysis code VTTBESIT concerning SCC
analyses could also be improved by optimising the time step selected for use in
the analyses. This could be realised by lengthening it and checking then the model
response, and based on that decide what would be the accurate enough optimised
length for the time step.

The Markov process analyses could be developed e.g. by refining the formulation
of both degradation and inspection matrices. As for the former matrix, in the
present application an yearly mean value is assessed over the whole of the
assumed operational plant lifetime. This means that for each year the degrading
conditiong/potential is consequently assumed to be the same. However, when
considering originally dormant and later on more aggressively progressing
degradation mechanisms, such as SCC, it appears to be more realistic to divide the
operational lifetime to two or more parts, according to different experienced
phases in severity of degradation, which in turn could be assessed based on world-
wide as well as plant specific databases. On the procedure side this would require
developing a piecewise continuous version of the Markov process application. In
which the Markov properties would e.g. be required only within the time step in
guestion, the duration scale of which could be a decade or two, and then setting
the ending conditions of this analysis time step as starting conditions to the next
one. The technical soundness of this development approach, or any other for this
purpose, remains yet to be confirmed, however. As for the inspection matrix, the
present Markov analyses were limited to produce the failure probability estimates
from the VTTBESIT simulations with rather simple considerations of inspection
strategies. More investigations of the effect of various inspection reliability and
interval assumptions on the failure probability estimates should be carried out.
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