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COlVlMITfEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

The l'ffiA Committee on the Safety of Nuclear Installations (CSNI) is an international 
committee made up of scientists and engineers. It was set up in 1973 to develop and co
ordinate the activities of the Nuclear Energy Agency concerning the technical aspects of the 
design, construction and operation of nuclear installations insofar as they affect the safety of 
such installations. The Committee's purpose is to foster international co-operation in nuclear 
safety amongst the DECD Member countries. 

CSNI constitutes a forum for ~he exchange of technical information and fUr collaboration 
between organisations which can contribute, from their respective backgrounds in research, 
development, engineering or regulation;' to these activities and to the definition of its 
programme of work. It also reviews the state of knowledge on selected topics of nuclear 
safety technology and safety assessment, including operating experience. It initiates and 
conducts programmes identified by these reviews and assessments in order to overcome 
discrepancies, develop improvements and reach international consensus in different projects 
and international standard problems, and assists in the feedback of the results to participating 
organisations. Full use is also made of traditioncD. methods oLeo-operation, such as 
information exchanges, establishment of.working groups and organisation of conferences and 
specialist meeting. 

The greater part of CSNI's current programme of work is concerned with safety technology 
of water reactors. The principal areas covered are operating experience and the human 
factor, reactor coolant system behaviour, various aspects of reactor component integrity, the 
phenomenology of radioactive releases in r:eactor accidents and their confinement, 
containment performance, risk assessment, and severe accidents. The Committee also studies 
the safety of the fuel cycle, conducts periodic surveys of reactor safety research programmes 
and operates an international mechanism for exchanging reports on nuclear _power plant 
incidents. 

In implementing its programme CSNI establishes co-operative mechanisms with NEA's 
Committee on Nuclear Regulatory Activities (CNRA), responsible for the activities of the 
Agency concerning· the regulation, licensing and inspection of nuclear installatIons with 
regard to safety. It also co-operates with NEA' s Committee on Radiation Protection and 
Public Health and NEA's Radioactive Waste Management Committee on matters of common 
interest. 
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Foreword 

This workshop was hosted jointly by the Swedish'Nuclear Power Inspectorate (SKi) 
and the Swedish Royal Insti:tute of Technology (KTH). 'rt was sponsored by the 
principal Working Group 3 (PWG-3) of the NEA CSNI. PWG-3 deals with,the 
integri.ty of structures and components, and has three sub-groups, dealing with 
the integrity of metal components and structures, ageing of concrete structures, 
and the, seismic behaviour of structures. The sub-group dealing with metal 
compone,nts has three mains areas of activity: Non-Destructive Examination; 
fractux'e mechanics; and material degradat,ion. The topic of this workshop is 
primarily probabilistic fracture mechanics, but probabilistic integrity analysis 
includes NDE and materials ~egradation also. 

PWG-3 prepared a State of the Art Report on the use of fracture mechanics in 
integrity analysis,and in the preparation of this report a questionnaire was 
issued on the use of safety factors in the Member countries. In the light of the 
discussion on the use of safety factors, it was decided to hold this workshop. 

This document is published under the responsibility of the Secretary-General of 
the OECD. 
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Openin~J remarks by Lars Hogberg, SKI Director and CNRA Chai:rman 

Mr. Ho~,berg said that he had pleasure in both of his capacities as SKI Director 
and CNRA Chairman in opening .the meeting. He attached import-ance to the networks 
created by WEA, and he was glad to see the level of participation in the 
meetin~,. Structural integrity was important for the barrier principle. 
Probabilistics were at the basis of everything, and the importance of 
probabilistic aspects of nuclear safety increased as the plants aged. 
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IS PROBABiLISTIC MODELLING A VIABLE 
ALTERNATIVE TO SAFETY FACTOR PHILOSOPHY? 

Fred Nilsson 
Department of Solid Mechanics 
KungJiga Tekniska Hogskolan . 
S-l 0044 S~ockholm, Sweden 

1. INTRODUCTION 

Whilst probabilistic modelling has been used extensively in design, reliability and safety consid
erations in many branches of engineering this is not so for the mechanical integrity of nuclear 
structures and components. To some extent this state of affairs depends on tradition. Mechanical 
engineers are not in general trai~ed in statistical and probabilistic methods to the same extent as 
for instance electrical engineers. Mechanical equipment in nucl~ar plants often consists of pressu
rized· components and equipment of this kind has been firmly regulated for a long time. The regu
lations are almost exclusively ·based on conventional safety factor philosophy. It may be remarked 
this is not necessarily the caSe for assessment of the mechanical integrity of other type of struc
tures. Modem requirements of for instance off-shore structures are basically probabilistic in 
nature. Similar trends can also be obse~ed in the more advanced civil engineering practices. 

More fundamental reasons for the reluctance of the mechanical engineering community to use 
probabilistic methods can be found. In a sense the parts important for structural integrity are more 
continuously distributed in space than for instance for electrical equipment and for that matter 
also for mechanical systems where the weak point is not the structural integrity but rather the 
mechanical functionality of components (e. g. systems with valves, pumps etc.). Thus, the struc
tural reliability can not b~ analysed easily by the standard methods of PSA (Probabilistic Safety 
Analysis). 

Pressure bearing components in nuclear plants are designed to be high reliability equipment. 
Failures. are so infrequent that any direct frequency based approach is impossible. Any estimate of 
the failure probability must therefore be based on some kind of modelling whereby statistical 
information about quantities such as toughness, crack presence etc. is combined by the methods 
of mathematical statistics. The models are thus probabilistic in the sense the variability of the dif
ferent quantities are 3.;Ssumed to be random while the governing equations are purely determinis
tic. Thus a probabilistic treatment can not replace the deterministic modelling, but is an extension 
of the latter to systematically account for uncertainties in the involved quantities. The methodol
ogy for applications of probabilistic modellelling to fracture mechanics and fatigue problems is . 
fairly well advanced (cf. Madsen et al. [1]). The main obstacle to full probabilistic modelling is 
the difficulties to obtain data of sufficient quality. 
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In the paper the possible correlations between conventional safety factors and the failure prob
ability will be investigated on basis of a few very idealised examples. It is however believed that 
these examples are general enough to demonstrate some general trends. 

2. ILLUSTRATIVE EXAMPLES 

In order to investigate the general features of problems in the area stated above, some very ideal
ized examples are studied. Similar models have previously been cOQsidered by Nilsson [2]. Thus, 
a crack is assumed to be subjected to a certain static loading and it remains to assess the safety of 
this situation. For simplicity it is assumed that linear elastic fracture mechanics is applicable and 
that the crack size can be characterised by a single length parameter a. This length is assumed to 

be a stochastic variable with the probability density function fa (a). It is also assumed that the 

fracture toughness of the material, K Ie' is a stochastic variable with the probability distribution 

function F K (K). The failure probability prior to a time period during which the maximum load 
Ie 

is known quantity equal to U max is considered. If possible sub-critical crack growth (for instance 

fatigue or stress corrosion cracking) can be neglected this probability is given by 

PI = J fa(a)F KIe(K(umax, a»da . (1) 

o 

If the crack has been subjected to some loading before the time period for which the probability is 
sought, the failure probability is reduced. Suppose that the maximum load value that has occurred 

before the considered time instant is up. If fracture has not yet commenced this means that the 

fracture toughness must at least be K (a P' a) . Introducing this truncation into Eq. (1) yields 

(2) 

To be more explicit it is assumed that the fracture toughness follows a two parameter Weibull dis

tribution according to 

F K1c = 1- exp (- (:J4). (3) 

This distribution and generalisations of it have been suggested by for instance Wallin [3]. This 
distribution is a possible candidate for the case of cleavage fracture, while ductile crack growth -

initiation probably follows other type of distributions with smaller relative dispersion. For the dis

tribution in Eq. (3) the mean and standard deviation are given by 
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(4) 

(5) 

Here r denotes the gamma function. Thus the relative standard deviation. of the assumed distribu

tion is 28%. 

The main goal of this study is to investigate to which extent the failure probability correlates 
with the safety factor. In order to study this different geometries have to be considered and this is 

here done by the variation of the stress intensity factor with crack length. The stress intensity fac

tor variation is assumed in the following form 

__ (~)1I2 1 +allo __ (~) 
K - K - 1 Il - Kg - . a +a 0 a 

(6) 

The length parameter l.i is a reference crack length and will in the following be chosen as the 

expected value of the crack length. K is an amplitude factor which is proportional to the load 

level and equal to the stress intensity factor for the reference crack length. The remaining factor 
models the possible influence' of geometry on the stress intensity factor variation. By choosing 

different values of the length parameter lo different stress intensity factor evolutions with crack 

length ean be obtained. Three cases are considered in the following according to Fig. 1. 

Insertion of (3) and (9) into (2) yields after some manipulation 

(7) 

where 

K4 = (K<;:=)r(Ki:», . 
The case with a prior loading can thus be treated in the same way as the case without a prior load
ing by performing a simple substitution according to Eq. (8). According to Eq. (8) the effect of 
prior loading decreases rapidly as the subsequent load becomes larger; 

The parameter K is linear in load and is thus a measure of the safety factor with respect to 

load. To be more specific we define the design value of the safety factor from the following 

requirement. The design value of K Ie is defined from a probability of 10% that the fracture tough

ness is lower than the' design value. The mean value of the crack length is taken as the design 
value. Then the safety factor with respect to load is given by 
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0.569 ,,= -
K 

(9) 

In the first example the crack length is assumed to be exponentially distributed with the den
sity function given in Eq. (10). This assumption may be a reasonable model for the situation when 

any direct information about the actual crack size is not at hand for instance in damage tolerance 

assessments. 

fa(a) = ~ exp (-~). (10) 

The upper limit of the crack length is set to infinity. The mean crack length is ma = a and the 

standard deviation sa = a and thus the relative standard deviation is unity. Insertion of (10) 

together with (6) into (7) leads to an integral which in general has to be solved numerically. The 

computed values of the failure probability are shown in Fig. 2 as functions of the safety factor 
according to Eq. (9). It is immediately noticed that the three different stress intensity factor varia
tions result in different failure probabilities for a given value of the stress intensity factor. The dif
ference between the extremes is as much as a factor of about 15. 

In the second example a normal distribution for the crack length is chosen. This assumption 

may be a model of the situation when a crack has been detected and ,the sizing of the crack is 

assumed to contain a random element. It may also apply to situations when the crack has grown 

by say fatigue crack propagation. 

(11) 

The mean and the standard deviation have the same denotation as above and the relative standard 

deviation ~ = sa/a is used as a non-dimensional measure of the dispersion. cP is the error func-

tion and the last factor is introduced to account for a truncation of the distribution at a = O. 

Again insertion ofEq. (11) together with Eq. (6) into Eq. (7) leads to an integral which in general 

has to be solved numerically. In Fig. 3 the failure probability as function of the safety factor is 

plotted with the relative standard deviation as a parameter for the case with a/lo = O. The differ-

ence between the curves is fairly small at least for ~ < 1 . If the curve with ~ = I is compared 

with the one for ii/lo = 0 in Fig. 2 where the relative standard deviation is also unity, it is found 

that these curves almost coincide. 

In Fig. 4 and Fig. 5 the influence of geometry, i. e. stress intensity factor variation~ is studied 

for the case of a normal distribution. Clearly, when ~ = 0 there is no influence of a/lo . In Fig. 4 

the failure probability is shown for the case when ~ = I. This can be compared with the results 
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for the exponential distribution in Fig. 2. The general behaviour is similar, the effect of a/lo is 

not so pronounced for the normal distribution as for the exponential distribution. 

Information of the kind shown in the different graphs can be useful for several purposes. One 

example is the question of the accuracy required in the sizing of detected cracks. This is often 

debated but there little rational arguing behind phrases like "satisfactory accuracy". A possible 

way of looking at the problem is to require that the inaccuracy of the sizing method should not 
contribute more to the overall failure probability than other uncertainties. From a graph of the 

type in Fig. 3 such an· the accuracy requirement can then easily be read off. 

This model can be easily extended to also consider probabilistic variations in the applied load
ing. This will not be pursued in detail but some qualitative reasoning of interest The information 

of the loading is contained in safety factor 1] so that a distribution of the applied load can be con- . 

verted to a distribution for the s~ety factor say f 1/' The revised failure probability is then given 

by the integral 

p/ = I Pj Ul>f1/(ll)dll (12) 

o 

The curves in Fig. 2-Fig. 5 suggest the following approximate representation 

(13) 

where P jo(1]) is independent of the geometry. Insertion into (12) then yields that the revised 

probability P / will differ with the same constant between· the different geometries as the unre-
. . 

vised failure probability. Thus, uncertainties in the loading do not seem to add any further differ-
ences in the failure probability as function of the safety factor. The main conclusion is that non -
correspondence between the safety factor .and the failure probability emantes from the effect of 
crack length uncertainty through the different evolution of the crack driving force with crack 
length. This result does not appear surprising upon some reflection. 

3. RELIABILITY INDEX 

A question of some interest is whether there exists any simply obtainable safety measure that can 
correlate the failure probability between different situations. A commonly used measure in other 
branches of industry is the reliability index, which can be introduced as follows. Define a random 

variable h = Klc-K with mean m h and standard deviation sh' The reliability index is then 

defined by 

(14) 
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For normally distributed variables p can be directly related to the failure probability. For differ

ently distributed variables this is no longer possible, but p may still retain useful infonnation 

about the reliability. For complicated functional relations between the variables involved, i. e. 

toughness, crack length etc., the computation of mh and sh is cumbersome and in principal 

requires knowledge about the entire distributions. These variables can however be estimated by 

the following relations. Let Z be a function of n independent random variables Xk according to 

Z = u(X1, •••••• , Xn ). (15) 

The mean of Z is then given by 

(16) 

and the variance by 

Var[Z]::::; i (~~k _ )2 Var [Xk] . 
k = 1 Xk 

(17) 

Thus the mean and variance of the combined variable can be estimated by knowledge of the corre

sponding quantities of the primary variables. The expression for variance is based on the first 

order (linear) expansion of the function u around the mean. This means that reliable results can 
only be expected for cases when region where the linear expansion is a reasonable approximation 

is larger than the standard deviation. 

The equations (14), (16) and (17) are used to calculate an estimate of the reliabilityjndex for 
the cases considered and the results for the failure probability of the previous examples are replot-

ted against p. These results are to be found in Fig. 6-Fig. 7. The agreement between the different 

curves is much better than when the safety factor was used as a correlating variable. In fact even 

the curves for the exponential distribution almost coincide with those of the normal distribution. 

Another interesting observation is that the failure probability decreases very rapidly for p =< 3.5 . 

This observation if more generally investigated could provide a means to a design target. 

4. CONCLUDING REMARKS 

From the investigated examples it appears that the answer to the question in the title of this paper 
is yes but only to some extent. The main obstacle to applying probabilistic methods to structural 

integrity problems is the data problem. It is rather an exception that knowledge of the entire distri
bution of some of the important quantities and as seen from examples the failure probability is 
very sensitive to the data. On the other hand when there are uncertainties in the crack size the con-

1 8. 
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ventional safety factor provides a poor measure of the fracture probity even the very limited class 
of examples dt?alt with here. The reliability index provides a intermediate mean since it contains 
information about both the mean and the dispersion of the quantities. The success of the correla
tion in the treated examples is encouraging but should of course be treated with caution. As noted 
the type of approximations used here are only applicable under rather limiting conditions. Exten
sions and generalisations of the reliability index method do however exist. These are the first 
order (FORM) and second order (SORM) second moment methods which have been developed to 
a very high degree of sophistication. A comprehensive account of such methods as applied to frac
ture and fatigue problems can be found the book by Madsen et al. [1]. 
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INTRODUCTION 

PROBABILISTIC MODELS OF FRACTURE ENABLE CONSIDERATION OF 

THE INFLUENCE OF THE MATERIAL STRUCTURAL INHOMOGENEITY 

(CRACK-TYPE DEFECTS, DISCONTINUITIES, DIFFERENT PROPERTIES . .. 
IN LOCAL VOLUMES OF THE MATERIAL, ETC.) ON ITS FRACTURE 

BEHAVIOUR. 

PROBABILISTIC MODELS MAKE IT POSSIBLE TO DESCRIBE 

SCATTERING OF STRENGTH CHARACTERISTICS AND TO RELATE THE 

MAGNITUDE OF THE FRACTURE STRESS WITH THE PROBABILITY OF 

FRACTURE, TO TAKE INTO ACCOUNT THE INFLUENCE OF 

SPECIMENS SIZE, TYPE OF LOADING, STRESS CONCENTRATION AND 

SOME OTHER FACTORS UPON MATERIAL STRENGTH. 

THE BEST KNOWN IS THE PROBABILISTIC FRACTURE MODEL OF 

WEIBULL WHICH, AS IT HAS BEEN SHOWN IN A NUMBER OF WORKS, 

ACCOUNTS FOR THE REGULARITIES IN THE DISTRIBUTION OF THE 

MINIMUM TERM OF THE VARIATIONAL SERIES. IT IS REASONABLE 

THAT THE USE OF THIS MODEL IS EFFICIENT WHEN FRACTURE 

MECHANISM CORRESPONDS TO THIS APPARATUS OF MATHEMATICS. 

AT THE SAME TIME, WEIBULL'S MODEL IS OFTEN USED TO 

DESCRIBE PROBABILISTIC LAWS WITHOUT . ANALYSING THE. 

CORRESPONDENCE BETWEEN PHYSICAL AND MATHEMATICAL . . 

FUNDAMENTALS FOR SUCH A DESCRIPTION. 

THE PURPOSE OF THIS PRESENTATION IS TO CONSIDER SOME 

PROBABILISTIC FRACTURE MODELS, BASED ON DIFFERENT 

ASSUMPTIONS, AND TO SHOW THAT THE CONCLUSIONS, WHICH 

FOLLOW FROM THESE MODELS, CAN DIFFER APPRECIABL Y. 
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.-
SOME RESULTS OF EXTREME VALUES STATISTICS 

VARIATIONAL SERIES IS A SERIES OF DATA ARRANGED IN 

INCREASING' ORDER OF A VARYING VALUE X, WHICH IS 

CONSTRUCTED FROM THE RESULTS OF SAMPLING OF SIZE n FROM , 
THE GENERAL DISTRIBUTION. 

THE DISTRIBUTION OF THE MINIMUM TERM OF THE 
VARIATIONAL' SERIES HAS THE FORM 

. F(x)min = 1- [1- p(x)]n (1) - PROBABILITY 

. [ ]n 1 f(x)min = n 1- P(x) - p(x) (2) - PROBABILITY DENSITY 

THE DISTRIBUTION OF THE MAXIMUM TERM OF THE 
VARIATIONAL SERIES HAS THE FORM 

P'(X)max = [p(x)]n 

f(x)max = n[P(x)]n-l p(x) 

(3) - PROBABILITY 
I 

(4) - PROBABILITY DENSITY 

})(x), p(x) ARE THE INTEGRAL AND DIFFE~NTIAL 

DISTRIBUTIONS OF THE GENERAL DISTRIBUTION, RESPECTIVELY, n 
IS THE SAMPLE SIZE. . 

THE A VERAGE VALUE (MODE) OF THE MINIMUM (MAXIMUM) 
TERM OF THE VARIATIONAL SERIES IS FOUND FROM THE 
FOLLOWING EXPRESSIONS (FIG. I): 

d[f(x)] . 
. mm =0 

dx 
d[f(x)]max 0 

dx 

(5) 

(6) 

!(X}min 

f(X)mox 

FIG. 1 
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AVERAGE VALUES OF THE MINIMUM TERM OF THE 
VARIATIONAL SERIES IN RELATION TO THE LAW OF 

THE GENERAL DISTRIBUTION AND THE SAMPLE 
SIZE 

(B.EPSTEIN. J. APPL. PHYS. 19(2) 1948) 

SOLVING EQN (5) TAKING INTO ACCOUNT (2), WE GET: 

p2(x*)(n-l) == p'(x*)[l- P(x*)]; . (7) 

THE SOLUTION OF THIS. EQUATION FOR DIFFERENT DISTRIBUTIONS 
OF THE PROBABILITY YIELDS THE FOLLOWING RESULTS. 

TABLE 1. THE MODE OF MINIMUM V ALVES IN THE SAI\1PLE 
DISTRIBUTION I PROBABILITY DENSITY MODE OF THE 
LAW \ FUNCTIONS MINIMUM V ALUE IN 

THE SAMPLE 
, 1 

RECTANGULAR p( x) = -- ~ a 5, x 5, b a 
DISTRIBUTION 

b-a 
p(x) = 0; in other cases 

CAUCHY 1 It An 
DISTRIBUTION p(x) == - 2; Jl- 21'[; 

iC ;{2 + (x - J1) 
n 

LAPLACE'S P(X)=2~exp[-(X /)} Jl- Alog
2

;, 
DISTRIBUTION 

GAUSS'S 
p(x)= I exp[ (X- Il)2l 

f.J - ~(2log n )1/2 + 

DISTRIBUTION +~ log logn + log41r 
.J2m3. 2tl 

2(21ogn)1/2 

DISTRIBUTION 
p(x) = afixfJ-lexp(-axfJ) 

1 ( ff3 OF TYPE x >0; a> 0; [3> 1 [an]l/f3 1- /tJ ASSUMED BY 
WEIBULL 

P(x) = 1-exp( -axp) 

a, b, A, Jl, L1, a, f3 ARE THE PARAMETERS OF THE 
CORRESPONDING EQUATIONS. 

IT FOLLOWS FROM THE TABLE THAT THE BASIC EQUATION OF 
WEIBULL'S MODEL CORRESPONDS TO THE CONCEPT OF THE 
MINIMUM TERM OF THE VARIATIONAL SERIES. 



PROBABILISTIC MODELS OF STRENGTH BASED ON 
THE HYPOTHESIS OF THE WEAKEST LINK IN THE 

. CHAIN 

THE USE OF THE MATHEMATICS WHICH DESCRIBES THE 
DISTRIBUTION OF THE MINIMUM TERM OF THE VARIATIONAL 
SERlES IS EQUIVALENT TO ASSUMING THE FOLLOWING 
HYPOTHESES. 

1. STRENGTH OF A SPECIMEN (A STRUCTURE) IS RELATED TO THE 
STRESSES WHICH ARE CRITICAL FOR THE MOST DANGEROUS 
DEFECT IN THE' MATERIAL. THIS WEAKEST DEFECT IS AN 
ANALOGUE OF THE WEAKEST LINK IN THE CHAIN. 

2. THE CHARACTERISTICS OF DEFECTS DO NOT CHANGE IN THE 
PROCESS OF LOADING AND ARE' INDEPENDENT OF ONE 
ANOTHER. 

3. THE MAIN CHARACTERISTIC OF THE MATERIAL PROPERTIES IS 
THE CURVE OF CRITICAL STRESS (Y DISTRIBUTION 'FOR DEFECTS 
IN THE MATERIAL (FIG. 2). 

FIG. 2 
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THE FORMULAS PRE
SENTED ABOVE CAN BE 
USED UNDER CONDI
TIONTHAT 

(Y= x· a* = x* , 
n=Vn· I 

V IS THE MATERIAL 
VOLUME,. 

Ylj IS THE NUMBER 

OF DEFECTS IN THE 
VOLUME UNIT. 



WEIBULL'S MODEL 

BASIC FORMULAS IN WEIBULL'S MODEL ARE 

[ ] 

0=00 

P( o")=l-exp - J n( a)dV (8) 0*= J o-d[ P( a)], (9) 

. V 0=0 

WHERE P( a) IS THE PROBABILITY OF THE SPECIMEN FRACTURE, 

a* IS THE AVERAGE STRENGTH OF A BATCH OF SPECIMENS, n( a) 
IS THE FUNCTION DEPENDENT ON STRESSES AND THE MATERIAL 
PROPERTIES. 

n( <T) = ( <T :o<TJ r IS A THREE-PARAMETER DEPENDENCE 
, 

n(<T)=( ~r IS A TWO-PARAMETER DEPENDENCE 

al IS THE MINIMUM POSSIBLE STRENGTH, m IS THE HOMOGENEITY 

COEFFICIENT, 0-0 IS A PARAMETER OF THE EQUATION. 
FOR TYPICAL CASES OF LOADING (TENSION, BENDING, TORSION) 

AND TWO-PARAMETER DEPENDENCE WE HA VE 

P( 0-) = 1- exp[-( a- )m], 0* = R Imo-o. I = r(l +!) 
OJ A 11m' m . o V m 

TABLE 2. THE VALUES OF PARAMETERS A AND R. 
TYPE OF LOADING A R 
TENSION OF A 
SPECIMEN OF A V -ljm 1 
CONSTANT CROSS-
SECTION ------------------- ------------------~------------------
CANTILEVER -~ 
BENDING OF A [_ V.] m. 21/m(m+ 1)2/m; 
SPECIMEN WITH A 2( 1)2 ' 
RECTANGULAR m+ 
CROSS-SECTION 
-------------------~------------------~------------------
PURE BENDING OF A [V J-l/m 
SPECIMEN WITH A . (2 +2)1jm. 
RECTANGULAR 2m + 2' m , 
CROSS-SECTION 

-~g~g~ii~------"---(~~~J~17m~---"----r~-;-iJVm~----
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THE MAIN'CONSEQUENCES OF WEIBULL'S MODEL 

1. THE AVERAGE STRENGTH DECREASES WITH AN INCREASE IN 
THE SPECIMEN VOLUME (CROSS-SECTION AREA). 

2. A HIGHER AVERAGE STRENGTH IS OBSERVED FOR THOSE TYPES 
OF LOADING UNDER 'VHICH THE SMALLER VOLUME IS IN THE 
REGION OF HIGH STRESSES. THIS IS ALSO TRUE FOR SPECIMENS . . 

WITH STRESS CONCENTRATORS WHEN THE STRESSES ARE 
CONSIDERED IN THE CONCENTRATOR ZONE. 

3. THE SCATTER IN THE STRENGTH CHARACTERISTICS INCREASES 
WITH A DECREASE IN THE VOLUME. 

4.' THE MANIFESTATION OF ALL THE ABOVE REGULARITIES 
ENHANCES WITH A DECREASE IN THE HOMOGENEITY 
COEFFICIENT m. 

TAB~E 3. THE m AND 0"0 VALUES FOR DIFFE.RENT MATERIALS 

FROM THE RESULTS OF STRENGTH TESTS 
IvlATERIAL 

PHOSPHOROUS STEEL AT 
-194°C 

LOW-CARBON STEEL (YIELD 
STRENGTH) 

1vlODIFIED CAST IRON 

GLOBULAR CAST IRON 

GRAPHITE AT 14800C 

CERMETS OF VARIOUS 
COMPOSITIONS 

m 

24.5 62.3 

58.0 61.5 

6.45 171.4 

9.1 183,0 

2.0-9.0 

2.3-4.0 

6-12 



RELATIONSHIP BETWEEN PROBABILISTIC 
AND DETERMINISTIC CHARACTERISITCS 

(FROM THE WEIBULL MODEL) 

THE RATIO OF AVERAGE STRENGTH, 0"*, TO STRESSES 
CORRESPONDING TO THE GIVEN PROBABILITY OF NONFAILURE 0"/ 

CAN BE TAKEN AS A VALUE WHICH CHARACTERIZES SUCH A 
RELATIONSHIP: 

P( U) = 1- exp[ -( U:A r 1 THE PROBABILITY OF FAILURE 

I = 1 - P( u) = exp[ -( U:A r 1 NONF AlLURE PROBABILITY 

HAVING MADE THE FOLLOWING TRANSFORMATIONS: 

-in! = ( 0"/ Jm~ 19[ -In!] = mig( CJ'/ J; 
~A ~A 

Ig[ -In!] = b . 0"/ = l(f CJ'oA 
, 

m 
WE GET: 

31.62 G-tt-

11.70 
6't, 

10.0 

, 
\ 

5.67 

3.16 

{78 

o 

l 

1\ 
\\ 
" ~ 

5.0 

0"* I 
t=-;;=l~' 

~ 1~o999 
r--.-

l=Q99 -
-lao 15.0 20.0 

m 

FIG. 3 
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THE MAGNITUDE 
OF t DEPENDS 
UPON THE 
HOMOGENEITY· 
COEFFICIENT OF 
THE MATERIAL 
AND THE 
SPECIFIED 

. NONFAILURE 
PROBABILITY 
(FIG. 3) 



PROBABILISTIC MODEL OF STRENGTH BASED ON 
THE HYPOTHESIS OF THE WEAKEST SECTION 

][N ACCORDANCE WITH THIS MODEL FRACTURE' IS ASSUMED TO 
OCCUR IN THE SECTION WHICH IS MOST WEAKENED (THE AREA IS 
lMPLIED) BY DISCONTINUITIES (FIG. 4). 

-..J 
I--" I 

h 2'l," 

FIG. 4 

0* . (j (1-a * ) 
c max 

a* IS THE AVERAGE STRENGTH, 

a * max IS THE MEAN VALUE OF THE 
SPECIfIC . AREA OCCUPIED BY 
DISCONTINUITIES- IN THE MOST 
WEAKENED SECTIONS, . 

(Jc IS THE STRENGTH OF THE BASIC 
MATERIAL' 

no=~r2; v= ~; d=~ 1J 

d Vr 17 p = - = - = grr, c = 1- p 
V Vdv 

q IS THE "NUMBER "OF 
DISCONTINUITIES IN THE CROSS 
SECTION 

a= q;d =WX; a*=W~ =f.l1J 

J/1 IS THE VOLUME OF THE MATERIAL VERTICAL COLUMN 

l/d IS THE DISCONTINUITY VOLUME 

1] IS THE VOLUME POROSITY 

F IS THE SPECIMEN CROSS-SECTION AREA 

Fd IS THE CROSS-SECTION AREA OF A PORE INSCRIBED INTO A 

CUBE OF SIZE 2r x 2r x 2r 
a IS THE SPECIFIC AREA . 
a *" IS THE SPECIFIC AREA 'CORRESPONDING TO THE MOST OFTEN 

OBSERVED NUMBER OF PORES PER SECTION 
g, j.1, W" ARE THE QUANTITIES DEPENDENT ON THE SHAPE OF 

DISCONTINUITIES 
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CONSTITUTIVE EQUATIONS OF THE HYPOTHESIS OF 
THE WEAKEST SECTION 

[ ]
n-l 

f(x)max=n P(x) p(x) IS THE DISTRIBUTION (PROBABILITY 

DENSITy) OF THE' MAXIMUM TERM OF THE VARIATIONAL SERlES IN 
THE SAMPLE OF SIZE n. 

-

!(m)max =v[p(q)r-1p(q) IS THE DISTRIBUTION OF THE 

MAXIMUM NUMBER OF PORES IN SPECIMEN SECTIONS. 

p(q) = 1 exp[-! (q - 11fJp)2J; 
.J21l11fJpe 2 nope 

(10) 

P(q) = J exp -- q-rJoP dq. 1 q2 [1 ( )2J 
.J21l11fJpc qI 2 11fJpe 

(11) 

THE A VERAGE NUMBER OF PORES IN THE MOST WEAKENED 
SECTIONS OF A BATCH OF SPECIMENS IS FOUND FROM THE 
EQUATION: 

d[f(q * max)] = 0 . 
dq*max 

(12) 

TO SOLVE EQN (12) AFTER THE SUBSTITUTION OF EQNS (10) AND 
(11) WITH RESPECT TO q * max IS IMPOSSIBLE. 

EQUATION (12) WAS SOLVED NUMERICALLY FOR THE MOST 
PROBABLE MAGNITUDES OF THE V ALVES ENTERING IN IT. 
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THE MAIN RESULTS OF THE CALCULATION OF 
SPECIFIC AREAS OCCUPIED BY DISCONTINUITIES IN 

THE MOST WEAKENED SECTIONS 

... 
\~ . arna ~ 

2 
0.4 

'1=-0.3 
--~. 

0.2 
~ J. 

a 
Q2 . 0.4 ? 

VAluATION OF a *max WITH 

POROSITY (r = 0.1 mm) 
1 - 6 ARE DIFFERENT LENGTHS 
AND CROSS-SECTIONS. 

I 

,- 2 ~ 

3 

rl=O.3 
1-' -( --J--

-' 2- -
l 
r: O.1 

~ ~. - . - _____ ._ •••• R_ 

2 
,-

7.:o.f 
.. o 

20 40 

VARIATION OF' a * max 
WITH TUB CROSS-SECTION 
AREA(r = 0.1 mm) 

1. L=320mm;2. L=20 mm 

I 
-(, x -J' 

t-

- ---

--_. tz: 0.3 
I- _.- ----

1., -0.2 
2 

o ?:::O) o 
1ro 2(X.1 3«J L, mm 0.05 a 15 0.25 r,mm 

. VARIATION OF a * max WITH 
THE SPECIMEN LENGTH 
(r·= 0.1 nun) 

1. F . 4 mm2 
2. F = 16 mm2 

3.F= 64mm2 

VARIATION' OF a * max WITH 
A PORE RADIUS 

I.F= 16111111,L =20n1m 
2.F = 64 mm2

, L = 320 mm 

CONSIDERING THAT ~ == (Tc(l- a * max), THE FOLLOWING 
CONCLUSIONS CAN BE MADE FROM THE RESULTS PRESENTED. 
(FIG. 5): 
1. STRENGTH REDUCES CONSIDERAl3L Y WITH AN INCREASE IN THE 

VOLUME OF DISCONTINUITIES 
2. STRENGTH INCREASES WITH AN INCREASE IN THE CROSS

SECTION AREA AND DECREASES WITH AN INCREASE IN LENGTH. 
3. AN INCREASE IN SIZES OF DISCONTINUITIES RESULTS IN THE 

REDUCTION OF STRENGTH. 
4. THE SCATTERING OF STRENGTH CHARACTERISTICS INCREASES 

WITH AN INCREASE IN SIZES OF DISCONTINUITIES AND 
DECREASES WITH AN INCREASE IN LENGTH AND CROSS-SECTION 
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DEPENDENCES FOR THE NORMAL LAW OF 
DISCONTINUITIES DISTRIBUTION 

IN THE CASE WHEN BINOMIAL DISTRIBUTION LAWS (EQNS 10, 11) 
ARE REPLACED BY NORMAL ONES,' WHICH INTRODUCES NO, 

ESSENTIAL ERRORS AT SUFFICIENTL Y HIGH VALUES OF no, IT 
FOLLOWS FROM THE STATISTICS OF EXTREME VALUES THAT THE 
DISTRIBUTION OF q * WILL CORRESPOND TO THE NORMAL LA W 
WITH THE AVERAGE VALUE 

q * ma'\ = q * + f ( V ) /1 

AND A ROOT -MEAN-SQUARE DEVIATION 

/1max = I( V)/1 , 

WHERE 1\ = .Jnopc , I(v) , I(v) ARE THE TABULATED 

PARAMETERS. WITH THIS IN VIEW, THE STRENGTH DISTRIBUTION 
HAS THE FORM: 

WHERE 

0* = o-c{ 1- [Jl17+ I(v) Z; ~g17- irl ]} 
s<T= O-c[I(V) ~ ~g17- irl J 

(13) 

(14) 

THE VALUES ENTERING INTO EQS (13) AND (14) WERE INTERPRETED 
PREVIOUSL Y. THE CONCLUSIONS WHICH FOLLOW FROM THOSE 
RELATIONSHIPS ARE SIMILAR TO THOSE GIVEN ABOVE FOR THIS 
HYPOTHESIS. 
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PROBABILIST1C MODEL OF STRENGTH BASED ON 
THE HYPOTHESIS OF THE WEAKEST LINK IN THE 

WEAKEST SECTION 

AN ATTEMPT TO UNIFY THE TWO PREVIOUS APPROACHES WAS 
MADE IN THE WORK "STRENGTH OF REFRACTORY CERAMICS AND 
METHODS OF ITS INVESTIGATION" BY A.PERAS AND V.DAUKNYS. 

THE HYPOTHESIS ADOPTED IN THIS WORK CAN BE REFERRED TO 
AS A HYPOTHESIS OF THE WEAKEST LINK IN THE WEAKEST 
SECTION. 

ACCORDING TO THIS APPROACH 

.(15) 

IS THE 

FUNCTION DETERMINING THE DEPENDENCE OF STRENGTH UPON 
THE CROSS-SECTION; . 

1m, 0"'0 AND m ARE THE PARAMETERS OF WEIBULL'S MODEL; 

L IS THE SPECIMEN LENGTH; 
* . q , qmin' qrnax' qj ARE THE AVERAGE, MINIMUM, MAXIMUM 

AND CURRENT NUMBER OF DISCONTINUITIES IN THE SECTION, 
RESPECTIVELY; 

f IS THE CROSS-SECTION WITH A PORE SIZE TAKEN AS A UNITY; 
1] IS THE POROSITY; 

Ko IS THE PARAMETER CHARACTERIZING THE MATERiAL 

SOFTENING BY PORES. 
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THE' DEPENDENCE OF FUNCTION rp (M) ON THE 
RELATIVE CROSS-SECTION AREA AND PARAMETER 

m OF WEIBULL'S MODEL 

0.20 j4.:::--~f--+----I 0.20 H+fIIII~i-+--1 Q2lJ ~~+-+ 

O.~O~_L-...I-~ O.40~_~~ 

Q45 rr!""''''''''''''-'--'---' 

Q35 ~~d-+- ~+---I 0.30 ...,..~I-t--I 

Q.25 '--J-_L-1--~ Od) '--'-__ .r-...L..--J Q20 ~_L--I-._J 

0.55 m=< fO 0.50 a40 
~::!IIIIrI..:j...-+..-1 

0.45 ~~t-t----t altO ~21:=~j--I 

0.35 ,~_'---'--~ 

0,60 ~~t-r---, 

50 1(l] SlJ {(llJ 50V 
a. 

~ __ ~ __ ,o.W~_~_J 

r-'1II::---;-..,.....~ OA 5 ,..--,--:--:---r----, 

--......._"--'------' 0.2 5 o.&...a-_'--'---J 

r-"r-""""---, DA5 ==~7_~~:o---r-----. 

FIG. 6 

1. Ko = 1; 2. Ko = 2; 3. Ko = 3; 4. Ko = 4; 
a. 1]= 0.2, b. 1]= 0.3,' c. 1]= 0.4 

THE RESULTS OF THE CALCULATIONS (FIG. 6) REVEAL THAT IN 
SOME CASES THE STRENGTH MAXIMUM OCCURS FOR 
INTERMEDIATE SIZES OF THE SPECIMEN CROSS-SECTION 
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CONCLUSIONS 

PROBABILISTIC FRACTURE MODELS BASED ON DIFFERENT 

HYPOTHESES WHICH CAN BE' ARBITRARIL Y CALLED THE 

HYPOTHESES OF "THE WEAKEST LINK IN THE CHAIN", "THE 

\VEAKEST SECTION" AND "THE WEAKEST LINK IN THE WEAKEST. 

SECTION" HAVE BEEN ANALYSED. 

IT HAS BEEN SHOWN THAT THE REALIZATION OF THOSE 

HYPOTHESES INVOLVES VARIOUS POSTULATES OF THE STATISTICS 

OF EXTREME VALUES: AND PRlMARlL Y - THE DISTRlBUTION OF 

MINIMUM AND MAXIMUM TERMS OF THE VARIATIONAL SERIES. 

PROBABILISTIC FRACTURE MODELS CONSTRUCTED IN 

ACCORDANCE WITH DIFFERENT HYPOTHESES LEAD TO DIFFERENT 

. . 
QUALITATIVE AND .. QUANTITATIVE CONCLUSIONS ON THE 

INFLUENCE OF THE MATERIAL STRUCTURAL INHOMOGENEITY 

UPON THEIR FRACTURE BEHAVIOUR. 

ALL THIS MAKES IT NECESSARY, WHEN CHOOSING A 

PROBABILISTIC FRACTURE MODEL, TO TAKE INTO ACCOUNT THE 

CORRESPONDENCE OF THE APPARATUS OF MATHEMATICS USED IN 

ONE MODEL OR ANOTHER TO PHYSICAL PECULIARITIES OF 

FRACTURE OF THE MATERlAL CONSIDERED. 

43 



The using of the probabilistical and statistical 
methods for the structural integtity analysis and 

verification in the conditions of uncertainty. 

Tkatchev V.V. 
Russian Research Center" Kurchatov Institute", 

Inst. N ucl. Reactors, 
. Moscow, 

Russia. 

Zheltukhin K.K. 
Russian Research Center" Kurchatov Institute", 

Inst. N ucl. Reactors, . 
Moscow, 
Russia 

ABSTRACT. 
Mathematical method and computer code OPTIM 

for the assessment of the metal test efficien<;y and 
optimization of the pressure vessels and pipes periodic tests 
are described. 

The mathematical model of the computer code to 
predict probability of the single and multiple rupture of the 
RBMK type reactor pressure tubes under accidents and the 
approach for the code verification are described. 

The probabilistical and statistical approachs are the 
convenient instruments for the structural integrity analysis 
and verifications in the conditions of uncertainty. 

In this report are described two examples of the 
using of these instruments: 

- mathematical method and computer code OPTIM 
for the assessment of the metal test efficiency and 
optimization of the pressure vessels and pipes periodic tests; 

- the: mathematical model of the computer code to 
predict probability of the single and mUltiple rupture of the 
RBMK type reactor pressure tubes under accidents and the 
approach for the code verification. 

The probabilistic safety analysis for nuclear power 
plants includes usually the analysis of rupture of pipes and 
pressure vessels which is based on the analysis of the 
reliability of the sample set elements representing one
type structures belonging to one project but differing in 
manufacturing time, manufacturing place and time of 
operation. This approach permits to compare the reliability 
of structures of different designs as well as the reliability of 
one-type structure elements of the same design but with 
different certificate data installed in different power units. 
However this approach does not give the answer to the main 
questions relating the operation; what is the state of the 
individual equipment component installed in the power unit 
and what has to be done to be sure of its reliability. 

One may be answered to these question if the 
probabilistic :approach for strength will be connected closely 
with the statistical one. This is the subject of the presented 
mathematical method and computer code. 
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The following procedure are proposed for the 
analysis of the metal test efficiency and optimization of the 
periodic tests: 

-the probable damage is prognosticated for each 
element of structure in operation; 

-the rupture pr,obability of the structure elements are 
compared with the rules criterions and the elements are 
divided into the groups on the risk degree; 

- the excited attention have to be turned to the 
elements with the high risk; 

-the testing equipment and diagnostic methods are 
chosen on the calculated results for the probable sizes and 
locations of defects; 

-the damage characterizations ( flaws, strength, 
material properties et al.) will be accurated on the results of 
the followed test and after that the above mentioned 
procedure can be repeated. 

Let us describe the manner of the representing and 
calculation of the flaws and strength characterizations. 

The method provides to do the analysis of revealed 
flaws and the evaluation of the omitted flaws in tests. All 
flaws are supposed as the cracks. The probability of the 
existing flaw with the depth a and the length c, which lay 
in the range a, < a S a2 and c, < c S C2 is determined by 

the distribution This 

distribution characterizes the probability of the existing in 
the unit of weld length or weldlbase metal volume of N 
flaws with the sizes in the limits from a~ to a2 and from 

CI to C2 . 

Let us call in the further this distribution as the 
characterization one. The n x In assembly of the 
characterization distributions are the main information base 
for the prediction of the more probable flaws existing in the 
structure. In need the characterization distributions can be 
used for the calculation of the another flaw characterizations 
e.c. size flaw distribution or density flaw distribution. 

The procedure of the flaw characterization 
determination consists in the correction of the a priori 



determined assembly of the characterization distributions 

PNlj(Nlj;al+l,a,;c,+I'C) by the results of further metal 

tests: Let us describe the manner of this correction. There 
can be possible the following variants of events: I) there are 

no revealed flaws in test. 2) there are no revealed cracks 

starts in hydro test and operation of structure. 3) it takes 
place fatigue corrosion flaw growth due to actions of 
corrosion environment and cycling loadings, 4) it can take 
place the combination of the events 1-3. 5) some new flaws 
or the growth of the existing flaws were revealed in test. 

1. Let us describe the case when no flaws were revealed 

in test. Let us mean Q(a2' a I; C2 ' CI) the probability of the 

flaw revealing with the depth QI:5 a < Q2 and with the 

length CI:5 c < C2 by existing test equipment. Let 

PN(N;a2,a,;C2'C,) be the characterization 

distributions before test and p'N(N;a2,a,;c2,cJ - after 

the test. The relation between the number of unrevealed 

flaws N 1 from the number of all existing flaws N is 

determined by the forinula 

N'= N[l-Q( ; )] (1) 

By using of well known relation for the 
determination of chance function distribution from 

chance argument distribution Py (y) = Pr (x)dx / dy we 

shall have 

2. The absence 
operation is taken 
mentioned case I 

Q(a2,al;C2'CI) 

F(a2,a,;c2'c,) 

CI:5 c < C2 : 

N 1 = N[l- F( ; )]; 

of any ruptures after hydrotest and 
into account by so as in the above 

But in this case instead of 
we shall use the rupture probability 

for the flaw size al :5 a < a2 and 

P N (N' ; ; ) = P N (N ;;) / [I - F ( ; )dN / d N' 
(3) 

3. It is taking into account in the case of 
correction of the characterization distributions due to 
subcritical flaws growth that changing of the flaws number 
in the range of the given size diapason which correspond to 
the given characterization distribution comes from the 
growth of the less size flaws from the adjacent diapasons. 
Let us imagine rectangular net on the range of the possible 
flaw sizes with the coordinates depth - length. Let us examine 
the net element i and the its elements j, k, I which are 

determined more size flaws than i. Let us mean Ii) - the 

number of the flaws which came in the element i from the 

element j due to growth ( so analogous we mean Ii" and 

I" ). Than the flaw number correction in net element i due 

to growth will be calculated upon the adjacent correlation 
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N: = N,- N,I, + LNjIJl' (4) 
jol 
I~I 

where I, - summary los$ of the flaws in element i : 

I, = I'I + lik + I,I . 
The algorithm of the characterization distribution 

correction is followed from this correlation. Now it can be 
describe by the next formula 

P N/Nij;a,+1 ,ai;Cj+1 ,c) = 

=d G N,/Nij;ai+1 ,a, ;Cj+1 ,c)! d N,j; 

GNlj(N~;a'+I,ai;CJ+I'C)= f···········f P,(C)x 
(.',N,-I./-l' ./'v',./ 

where P,. (C) - the distribution of the coefficient C in 

the fatigue-corrosion growth speed correlation of Paris 
(1965a). 

The event number 4 is described as the combination 
of the considered events and is calculated by the correlation 
(1)-(5). 

5. Let us describe the manner of the 
characterization distribution correction in the case of the 
flaws revealing in tests by using the Bayes approach of the 
mathematical statistics (handbook ed. Lloyd, 1989 a). 

Let us consider the case of one revealed flaw with the 

depth ao and length Co so that a,:5 ao < a'+1 and 

Cq :5Co<Cq+I' 
The Bayes formula (handbook ed. Lloyd. 1989 b) is 

P x _ P(xIB)P(B) 
(81 ) - f P(xIB)P(B)dB 

(6) 

where x - observation vector; B - distribution 

parameter vector: PCB) - a priori distribution density: 

P(xIB) - likelihood. which was created on the observation 

da ta: P( 81 x) - a posteriori density. 

Let us consider the initial flaw characterization 
distributions as the a priori ones. that is 

PCB) = {PN (N'1;;)""'P N (N,,;;): .. ·, P N (N"m;;)}, 
II I) 'J nm 

The observation vector is determined by the totality 

of the revealed flaw sizes. In our case there are all and CII' 

The likelihood will be equal 



P(xIB) == P[(a",co)I(NIi"'" NIIIII)] = 11 'i,q (7) 
LLNij 
1=1 }=I. 

Let us consider as independent the .chance values of 
the flaws numbers in different size diapasons. Then formula 
(6) determines the characterization distribution of the flaw 
number ph, for the size diapason which includes ao and 

Co 

PCBlx)/,'I =; piNt'! CN'q;;) = 

N'q p Nt'! CN,,,;;) - N'q P Ntq (N'q;;) (8) 

J N'q PNhtCN,,,;;)d NI" N,,, 
Nt'! 

The characterization distributions for the size 
diapasons which don't include the revealed flaws don't be 
changed. If for some diapason /, q == {a'+1 ' a,; Cq+1 , c,,} it 

was revealed f flaws than we shall get by analogy with 
correlation (8) 

P(Blx)il =::. piN' (N"I;;)= 
if • III 

(9) 

J N(PNtq(N,q;;)d N'q 
It may be occurred often that the sizes of the revealed 

Da ws cannot be determined reliable. There are known only 
the boundaries of the ran:ge of the revealed flaws sizes. Let us 
consider the case of the chance value of the number revealed 
flaws f in the diapason i,j={a,+pa;;cj+I'C} . This 

number will be characterized b'y the frequency 

II) = I P f (a,_1 ,a, ;CI+I ,cj)(a,+1 - a;)Ccj+1 - c) 

In this case the correlations (8), (9) can be united 

where P f Cai+1 ,a, ; C j+1 ,c;) - the mean density of 

the probability for the reliable determination of the flaw 
belonging to the diapason ij, O:s; Iij:S; I and 

jil = I P f (ai+1 ,a;; C.I+I' c)(ai+1 - ai)(c}+I- c) 
The dependencies (8) - (10) were determined the 

algorithm of the recalculation of the characterization 
distributions. in the case of flaws revealing in test. Evidently 

that distribution piN' C .) will be more conservative than 
y 

initial PN ( ) . It is guaranteed by the above described 
y 

algorithm. . 
The results of the observation of the revealed flaws 

growths (for the flaws with the sizes less than rejected level) 
can be used for the correction of the fatigue corrosion flaw 
grow.th speed parameter C in operation. This parameter is 
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the coefficient in Paris correlation (1965b). The flaw growth 
speed is calculated by using of the data of the flaws sizes 
increasings and after that will be used Bayes approach so as 
it was shown above. Let us consider the algorithm of the 
metal properties correction on the base of testing results. 

The distributions of the metal properties are 
chosen usually as two parametric' ones. Let us consider the 
case of the parameter C with the distribution parameters 
Ole and 02c ( for example expectation and standard ); 

CI ,C2 , ... , Cr - experimental data for the growth speeds of 

the existing flaws r; P £k: (Ole' 02J - a priori joint 

distribution of the parameters Ole and O'ic' Tl1an in 
accordance with the formula (6) a posteriori distribution 
P Ik COle' ( 2) will be calculated 

P Ik COle' ( 2) = 

__ {~[I::.:...rl _P_c C_C_i ,_OI_C ,_02_J.::....} _P_IkC_O_1e ,_O_2J __ (II) 

J J dl Pc (C , Ok' 02J} P Ik (Ole' 02Jd fkd O2, 
8 10 82, ;=1 

The making more precise of the distributions'of other 
character ( yield point, ultimate strength, stress-intensity 
factor, COD et at.) on the testing results will be fulfilled 
analogous to (II) with the substitution of the parameters, e.c. 

P~O'II.2 C010'0.2 ' 020'u) = 

(12) 

f J d d ' PI O! 0'11. 2 020'11.2 
810'0.2 820'0.2 

where 
r U) 

P.I = [D P 0'0.2 (0'0,2,0'0';,.2,020'0)] P 80'11.2 «(}IO'II.2' (}20',,) 

Some times strength characters can be estimated only 
approximately. In this case the correlations (11) and (12) will 
be modificated so 

I _ P2 
P,(Olc,02)- f f P2dOled02C' 

81,82, 

P~II.2 (O'O'U.2 ' 02u.,) = 

P3 

J f P 3 d O'O'U2 d 020'11.2 
810"11.2 82(10.2 

where 

(13) 



() ( J P ;"1 (0"0) and Pc' (C) "the distributions which 

are characterized the reliability of the definition in tests 
i times the same value of character. 

The described, procedure intends for the evaluation of 
the damage and strength characters of the -concrete structure 
in operation as the assembly of the chance parameters which 
scattering is connected with the absence of accurate 
information. This scattering can be decreased by using of the 
results of the metal tests and calculation procedurelies in the 
ground of our method. This .method was used in the computer 
cede OPTIM (Tkachev, 1992). It is intended for the analysis of 
the efficiency and optimization of metal control, the order of 
defects repair in the pipes and pressure vessels of the 
operating N PPs and other potential hazardous 
productions demanding high reliability. It was used for the 
analysis of the state and control of the Ignalyna NPP large 
diameter pipes. It was fulfilled the probabilistic prognosis of 
this pipelines elements damage degree. There were defined 
some weld joints which can be attributed to the risk group. 

The multiple rupture of the pressure tubes is the most 
dangerous accident of the channel reactors. There are about 
2000 channels in the RBMK. There exist two potential 
scenarios: 

" the case of accident when a group of channels 
becomes overheated; 

" the case of accident with a rupture of one tube and 
shock loads on several adjacent channels. 

The described model considers the prediction technique 
for potential ruptures according to the first scenario. The 
probabilistic approach was applied due to existing of 
substantial scatter and uncertainties in parameters 
determining pressure tubes deformations and failure in 
accidents. It was founded on the randomisation of the 
deterministic solution for pressure tube - graphite system 
deformation and rupture for varied values of chosen chance 
characters. 

The mathematical model for the deterministic 
solution considers the deformation of the system consisting of 
the pressure tube from the zirconium alloy containing 2.5°A, of 
niobium, graphite hard contact rings and graphite blocks. 
[t was solved the common plane strain boundary task. 

Tube deformation includes three stages: 
- tube deformation until the radial clearance between 

the tube and graphite disappears; 
- tube deformation with metal flow into the vertical 

clearance in hard contact rings slits after disappearing of the 
radial clearance; 

- deformation of the pressure tube - graphite system 
after closure of the radial clearance up to graphite failure. 

It was expected that at high temperatures the 
zirconium alloy behaves itself as an isotropic material and so 
it was used Rabotnov (1966) short time creep theory as the 
physical model of its deformation. It was presumed that all 
parts of the tube are equal in strength and the tube was 
conventionally divided into n-areas over the height. In every 
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area the loading conditions ( stresses, temperature, et al.) were 
adopted as homogeneous. 

The behavior of the graphite structures elements in 
accidents was considered as elastic one. But there were taken 
into account residual stresses in graphite due to shrinkage 
and secondary swelling which were appeared in operation 
before accident. The formation of local bulging on the free 
surface of the tube ( " ballooning" effect) by the adjacent 
vertical clearance in hard contact rings was calculated by 
using of the momentless cladding theory. The metal oxidation 
was not taken into account because there are no significant 
oxidations of the RBMK pressure tubes before their ruptures ( 
short time process) in real RBMK accidents. 

The data on the physical-mechanical properties of the 
materials and structural parameters possess the statistical 
scatter. Therefore, the deformation of the tubes under 
accidents and the time of rupture have a random nature. That 
is why the mathematical model uses probabilistic approach 
which is based on the randomization method of the 
deterministic calculation in combination with the methods of 
the classical probability theory. As random values were 
applied following physical and structural parameters: 

- ultimate strain of tube metal rupture as temperature 
function; 

- ultimate stress of graphite rupture as function of 
temperature and radiation dose; 

- correction factor in expression for summarized 
creep rate; 

- friction coefficient of tube sliding against graphite; 
- uncertainty coefficient of stresses, which is used for 

the purpose to take into account uncertainties in stresses for 
the case when metal flows to the graphite ring gaps. 

The aforesaid parameters were considered as 
independent random values. At the specified time moments of 
the accident evolution the strain intensity of pressure tube in 
every area is calculated for the varied values of the random 
parameters. 

The calculated strain intensity values are compared 
with the ultimate rupture limits of strains. Thus the most 
hazardous area of the tube is detected. 

The integral rupture probability of the tube is 
calculated separately for the case when metal flows into the 
graphite ring gaps and for the case when the cause of the tube 
rupture is the loss of graphite support after its rupture. 

The integral rupture probability P~I for the case 

of metal flowing into the gaps is defined so 

rp' = J .... J P (&;) P k (k,,) Pc <C'> x 
I £, u ( 

(c;.k,,·CJ • (14) 

x P c7d c;d k"d C 
where: c, - value of strain intensity in hazardous are 

of the tube; k" - uncertainty coefficient of stresses; Cc -
correction factor in expression for summarized creep rate; 
p( ) - distribution density of random parameter; P - the 

C7 



probability of the exceeding of the existing strain intensity 
level ultimate strain and ultimate temperature of metal. 

The integral rupture probability pg for the case 
PI 

when the tube is ruptured after the loss of graphite support is 
calculated by following manner 

pg = f .... f p (8) p (a II') x 
PI Ii, afr 

(/:,.a/r-{J'.<r·C,l (15) 

x P ergr «()g) Pc, (C) p Ii)"d 8, d afrd ()gr d C· 

where: 8, - value Q[ strain intensity in hazardous are 

of the tube; afl' - friction coefficient of the tube against 

graphite; cr gr - ultimate strength of graphite; Cc 

corre~tion.f&.ctor in expression for summarized creep rate; 
p() - distribution density of random parameter; p Ii)" - the 

probability of the exceeding of the existing strain intensity 
level ultimate strain and ultimate temperature of metal. 

The total rupture probability of the tube P PI is 

calculated as the probability of the combination of the rupture 
events under metal flowing to the gap and graphite block 
damage, i.e. 

(16) 

In the case of accidents on several tubes the model 
takes into account the scale factor. Moreover the several 
channels can operate at different power levels. 

. The following algorithm was proposed to solve this 
problem. . 

We know the value of the rupture probability of one 
channel tube p and the total number channels m in 

PI 

accident which operated before the accident at the power E. 
. Let us employ the pinomial distribution to determine 

the probability of the n channels rupture from m observed 
channels 

P = C" p" (1- P )(111-11) 
pll III PI PI 

(17) 

where C~ - the number of combinations from m

elements by n .. 
Now our task is to define the number k of ruptured 

channels from m with the rupture probability p pkh which is 

determined as 

11/ 

Ppkh = I P p.' and 
i=k I 
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where PI' is the threshold probability which is 

introduced as the initial datum of our task. 
The value k is the minimum threshold number of 

ruptured channels which is defined by the condition (18). 
Summing up the minimum threshold numbers of 

ruptured channels for all power levels of emergency channels 
one can determine the total minimum number N of ruptured 
channels in accidents meeting condition (18). 

The most important task in practical using of the 
aforesaid model is the evaluation of the probability of the 
exceeding of ultimate strain and ultimate temperature levels 
for the zirconium alloy with the 205%' Nb by the existing 
strains. 

As this criterion dependence we are using the 

distribution P"TC~j' 1) of the joint probability density of 

ultimate values of strain intensity and temperature. This 
dependence was calculated by sqltistical processing of the 
experimental data of the zirconium alloy specimens and tubes 
ruptures. We used for the calculations computer code which is 
founded on the method of the probability density restoration 
by the structural risk minimization method 
( reference book ec;l .. Vapnic V.N., 1984a). The searched 
density was defined in common nonparametrical form. It was 
used finite element manner for the setting of the definition 
range, i.e. the range of ultimate strain and ultimate 
temperature. This range was divided into 8 subranges 

( elements ) on the ultimate temperature axis. There were 
received the following distributions of the ultimate strain 
intensity for each element: 

I) Element number I for which 

400 0 C < T ~ 600 0 C: 

(I) ;r-

P 1. (e) = [1.62336841 cos(-e) + 
e 2 

3;r-
+ O.l58645380cos(-e)]J k" 

2 

k =b-a; e = (e-a)J (b -a) 

where: e - ultimate strain intensity in shares; T -
ultimate temperature in Celci degrees; a::;0.D36 - left margin 
of element; b=D.573 - right margin of element. 

This distribution was' received for the absolute error 
E = 0.1 and has the following reliability estimations: 

- for the total distribution - 0.148" 
- for the left end of distribution - 0.1558, 
- for the right end of distribution - 0:1738. 
2) Element number 2 for which 

600 0 C < T:-;; 650 0 C: 



P(2) (e) = [1.71180056 cos( n ~)
eI 2 

3n -
-0.426221226cos(-e)]/ k" 

2 . 
-

k=b-a; e=(e-a)/(b-a) 

where: e - ultimate strain intensity in shares; T
ultimate temperature in Celci degrees; a=0.0479 - left margin 
of element; b=0.987 - right margin of element. 

This distribution was received for the absolute error E 

= 0.1 and has the following reliability estimations: 
- for the total distribution - 0.288, 
- for the left end of distribution - 0.2992, 
- for the right end of distribution - 0.3197. 
3) Element number 3 for which 

650 0 C < T ::; 700 0 C: 

(3) ., n-
Per (e) = [1.8,,344082 cos('2 e)-

3n -
-1.17460559 cos(-e)]! k, 

2 
-

k=b-a; e=(e-a)/(b-a) 

where: e - ultimate strain intensity in shares; T-
ultimate temperature in Celci degrees; a=0.149 - left margin 
of element; b= 1.52 - right margin of element. 

This distribution was received for the absolute error 
E = 0.1 and has the following reliability estimations: 

- for the total distribution - 0.274, 
- for the left end of distribution - 0.2846, 
- for the right end of distribution - 0.3050. 
4) Element number 4 for which 

700 0 C < T::; 750 0 C: 

(4) , n-
P /' (e) = [1.45700416cos(-e)+ 

• 2 
3n-

+ 0.279364317 cos(-e) + 
2 

5n-
+ 1.12010231 cos(-e)/ k, 

2 
-

k=b-a; e=(e-a)/(b-a) 

where: e - ultimate strain intensity in shares; T -
ultimate temperature in Celci degrees; a=0.02 - left margin of 
element; b=2.26 - right margin of element. 

This distribution was received for the absolute error 
E = 0.1 and has the following reliability estimations: 

- for the total distribution - 0.244, 
- for the left end of distribution - 0.2545, 
- for the right end of distribution - 0.2745. 
5) Element number 5 for which 

750 a C < T ::; 800 a C: 
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(5) n-
P 1 

(e) = [1.74232632 cos(-e) + 
• 2 

3n -
+ 0.518585312 cos(- e)]/ k, 

2 
-

k=b-a; e=(e-a)/(b-a) 

where: e - ultimate strain intensity in shares; T -
ultimate temperature in Celci degrees; a=0.0303 - left margin 
of element; b= I. 98 - right margin of element. 

This distribution was received for the absolute error 
E = 0.1 and has the following reliability estimations: 

- for the total distribution - 0.417, 
- for the left end of distribution - 0.4292, 
- for the right end of distribution - 0.4495. 
6) Element number 6 for which 

800 a C < T::; 900 0 C: 

(6) n-
Pel (e) = [l.l 61 76603 cos('2 e)-

3n -
- 0.8407466354 cos(-e) + 

2 

5n -
+ 0.729597507 cos(-e)]/ k, 

2 . 

k =b-a; e=(e-a)/(b-a) 

where: e - ultimate strain intensity in shares; T -
ultimate temperature in Celci degrees; a=0.0559 - left margin 
of element; b=0.669 - right margin of element. 

This distribution was recei.v,ed for the absolute error 
E = 0.1 and has the following reliability estimations: 

- for the total distribution - 0.288, 
- for the left end of distribution - 0.2992, 
- for the right end of distribution - 0.3197. 
7) Element number 7 for which 

900 a C < T ::; I 100 a C: 

(7) n-
Per (e) = [1.63670478cos('2 e) + 

3n -
+ 0.198998256 cos(- e)] / k, , 

2 
-

k = b - a; e = (e - a) / (b - a) 

where: e - ultimate strain intensity in shares; T -
ultimate temperature in Celci degrees; a ""0.130 - left margin 
of element; b=0.981 - right margin of element. 

. This distribution was received for the absolute error 
E = 0.1 and has the foUowing reliability estimations: 

- for the total distribution - 0.181, 
- for the left end of distribution - 0.1902, 
- for the right end of distribution - 0.2091. 
8) Element number 8 for which 

I 100 0 C < T ::; 1300 0 C: 



(8) ;r-
Per (e) = [1.62748085 COS ("2 e) ..,. 

3;r
-O.l'~1088706cos(2e)] I k" 

k =b-a; e= (e-a)/(b-a) 

where: e - ultimate strain intensity in shares; T -
ultimate temperature in Celci degrees; a=0.054 - left margin 
of element; b== 1.07 - right margin of element. 

This distribution was received for the absolute 
ef!or & ::: 0.1 and has the foJ1o~ing reliability estimations: 

- for the total distribution - 0.165, 
- for the left end of distribution - 0.1732, 
- for the right end of distribution - 0.1917. 

It was calculated the regression dependence of the 
ultimate strain and ultimate temperature by using of this 
distributions. That was done for the evaluation of the 
adequation of the reCeiVed distributions to the experimental 
data. It was shown in fig.!. The markers of the experimental 
points were la.id on the regression curve. 

The aforesaid mathematical model was used for the 
development of the computer code PTUBL for the prediction 
of the RBMK pressure tubes ruptures in accidents 
(Tkachevand Zheltukhin, I 994a). 

The special problem is the verification of the codes 
for. the prediction of rupture of pressure tubes during 
aCCidents as well as fuel element cladding during accidents. 

The difficulty is consisting in existing of the 
significant uncertainties and large scatter in the tubes 
rupture times and at the other side in presence only short 
number results for tests of the pressure tube - graphite 
system mock-ups in laboratory. The approach to this 
verification is presented lower .. 

2.50 e 

2.00 

1.50 '. 
'. 

1.00 

Fig.! Regression curve and experimental points. 

The large scatter of parameters values can lead to the 
divergences of the calculated results of pressure tubes 
rupture moments from experimental ones. It must be taken 
into account in the criterion approach for verification. It is 
arisen the question: are these divergences in connection with 
statistical scatter or with the error of the model and 
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computer code. For the answer on this question we 
propo~e the following criterion which is founded on 
Hevding ineq~ality (reference book ed. Vapnic V.N., 1984b 
). This inequality can be used for the independent limited 
random values which are greater then zero. In application to 
the rupture time moment t p this inequality gives the upper 

estimation of the probability of divergence of the selection 
mean value in n equal tests from the expectation, i.e. 

where: M t p - the expectation of the rupture time 

moment; (t P)I - the rupture time moment in test; 17 - the 

chosen absolute error; 1: p - the upper estimation of (t P )1 ' 

that lies in the range 0 ~ (t p)/ ~ 1: P • 

The inequality (19) isjusUy for any law of t p 

distribution. We can use it in the case of only one test too. 
It can be used for the cases of the deterministic and 

probabilistic calculation. 
For the deterministic solution the calculations are 

fulfilled for the mean values and regression correlations. For 
this case the calculation rupture time moment t p has to 

correlate with tfie expectation M t p • As the upper 

estimation of the real rupture time moment 1: p we can take 

the rupture time moment of the imitator of pressure tube. It 
is obviously that in reactor the pressure tube is working in 
more severe conditions than the pressure tube imitator in 
laboratory mock-up. Thus the task of the evaluation of 
calculation accuracy of the rupture time moment is reduced 
to the definition of the imitators rupture time moment 1: p in 

the series of mock-up tests. The upper estimation of the 
rupture time moment 1: p can be 'calculated with good 

engineer accuracy by following manner 
1:p = M 1:p + 3 s ,where s is the standard of 

. 'p. 'rp 

the imitator rupture time moment distribution. The value of 
the absolute error 17 is chosen from the demands of the 

calculation accuracy. For example it can be equal to 3 s . 
. 'rp 

The verification of the probabilistic.solution consists 
in checking of conformity of the test data selection to the 
calculated rupture time moment distribution by using of the 
distribution moments. For this purpose we shall limit ourself 
the using of the expectation ( fIrst moment) and dispersion. 

The estimation of expectation is fulfilled by using of 
the inequality (19). In common case of the expectation 
calculation the probabilistic solution will be more accurate 

. than deterministic one. The probabilistic and deterministic 
results of the expectation calculations can be equal only for 
the case of the normal law justice for initial data and results. 

For the calculation of rupture time moment dispersion 
we also can use Hevding inequality (reference book ed. 



Vapnic V.N., 1984c ), i.e. 

p{ln~ I ~(t" - M t,,)," - D tIll> l71J} < 

[ 
217~)cn -I)] 

< 2exp - " ' 
Tf) 

(20) 

where: D t" - the dispersion of the rupture time 

moment; M t" - the expectation of the rupture time moment; 

(t,,), - the rupture time moment in test; l71J - the chosen 

absolute error; TIJ - the upper estimation of 

(t" - M t p ): I(n-I) ,that lies in the range 

o ~ (t" - M t {J): ~ T ~ (n - I) . 

It can take into account that the scatter of the tests 
results for the accident tube rupture time moment in reactor 
will be less than the same results from pressure tube imitators. 
It is connected with the lesser values of the pressure tubes 
rupture time moments in reactor and more significant scatter 
in test conditions for the laboratory mock-up in relation of 

reactor. Thus To can be connected with the scatter of the 

imitator test data. We shall take into account that dispersion 
of rupture time moments of the pressure tubes in reactor will 
be less than in mock-ups. 

The aforesaid criterion approach allows to link by the 
quantity estimations the results of calculations wi~h the test 
results of imitators and all of them use for the prediction of 
the pressure tubes rupture time moments in reactor. This 
approach we have used also for the verification of fuel element 
cladding rupture code. 

The calculation process for the verification of the code 
PTUBL ( Tkachev and Zheltukhin, I 994b) consist in 
determination of the conditional rupture probability P

y 
that 

does not take into account the possibility of rupture in 
preceding moments of accidents. That is why it was defined 

the rupture probability density p, which take into account 

this possibility 

, 
p ,. (t )(1- J p ,. ( r)d r ] 

p,(t)= r' ,0' (21) 

J {py(t)[l-J p\.(r)dr]}dl 
o 0 

where p ( ) is the density of the P distribution. y y 

The pressure tubes rupture time moment expectation. 
dispersion and other moments were obtained from the density 

p, (21). 

The verification of the code PTUBL (Tkachev and 
Zheltukhin~ 1994c) was fulfilled on the results of testing of 15 
imitators of the RBMK pressure tubes in· mock-up which 
consist in pressure tube and graphite block with graphite solid 
contact rings inside special installation. Only for one test it 
was no agreement between calculated and experimental 
results. For o~her tests experimental rupture parameters were 
laid in the range of the calculated trust interval margins. It 
was often nearly the right margin. It gives us the reason to 
think that the code prediction results are conservative. It can 
be connected with the exaggeration of the rupture probability 
due to metal flow into the vertical clearance in hard contact 
rings slits. This effect can be corrected by the altering of the 
stresses uncertainty coefficient distribution. 
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The problem with using a neural network for the probability of failure of pipe welds lies in, one 
determining what constitutes an adequate set of input parameters and two obtaining a suitable 
data set for training the network. This paper describes how this has been achieved as part of a 
risk based in-service inspection (RBISI) strategy. . 

An essential part of a RBIS I strategy is the determination of the probability of failure of 
individual sites within the plant to be inspected. Whilst this probability of failure should be as 
good an estimate as possible, it can be argued that it is the relative nature of the probability of 
failw-e that is most important for RBIS!. If a structural reliability risk assessment (SRRA) model 
is used to determine these probability of failures, a complex and detailed input data for each site 
within the lSI boundary is necessary. For a plant of any significant size the numher of sites for 
which the probability of fail~re and hence the above input data, is required, can become 
prohibitive. 

The object of this work was to see if a neural network, using less precise or fuzzy data as input, 
could be constructed that would replace the complex SRRA model. . The final outcOme of the 
work has been to produce such a neural network that has demonstrated itself against the far more 
complex· SRRA model, to be of sufficient accuracy for use within a RBISI programme. 



INTRODUCTION 

As part of an in-service inspection (lSI) strategy for a power generating plant, it is necessary to 
establish a probability offailur~ ranking for all the pipe welds in the various systems of the plant. 
At present an initial estimate for the probability of failure (pt) is derived using a structural 
reliability risk analysis (SRRA) model. A diagrammatic representation of this SRRA model is 
given in Figure 1. 

It CEm be seen that this analysis contains areas that are themselves in the nature of expert systems. 
Separate computer programs are used for the different parts of the analysis with all the results 
being finally put together to derive the pf for a single site. The input data for the analysis are 
both complex and detailed, it therefore requires a considerable effort and variety of expertise to 
complete the task. Having established an analytical estimate of the pf, an expert elicitation is 
held to review the values. This results in a new series of questions which, according to "the 
answers, the experts use to adjust the pf up or down. 

The first stage of the work was to see if a neural network could be used to replace the initial pf 
estimate using the SRRA. If this proved successful it was hoped that the neural network could 
then be taught the qu~stions and answers used by the experts used to adjust the pf 

This paper only covers the first stage of this work. 

TilE BASIC INPUT DATA 

The first task was to establish a set of basic inputs on which to train the network. ' It is important 
not to have too many input variables for fear of obtaining an over-conditioned training set. It 
was decided, at this early stage, to keep the data for the neural network as simple as possible. 
In this way the initial screening could ~e carried out by engineers who possessed a detailed 
knowledge of the plant but did not have the detailed expertise in the individual areas needed for 
the original SRRA analysis. 

Thus we required a minimum set of parameters that could be described in an imprecise way, ie 
fuZ2y, but that would still be sufficient to train the network to separate the probabilities. To do 
this we looked at the minimum basic information needed to define the object and then studied 
the SRRA model to see how it broke down into its basic input areas. This process gave us the 
following necessary inputs:- " 

1) Basic information about the pipe. 

2) What is the defect distribution/density at the start oflife? 

3) What drives the defects tofailure? 

4) What controls failure? 
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The first area was easily dealt with; a pipe weld can be adequately described by its outside 
diameter, its thickness (ie, the pipe wall thickness) and its material (no transition welds were 
included). 

For the second area the input to the SRRA expert system required a very detailed knowledge of 
how the weld was constructed and inspected. However, because of the limited scope of this 
exercise, the welds in question were all of a very similar nature, ie multi-pass manual metal or 
submerged are, we decided to see if giving the basic weld details would be sufficient. Our 
personal belief is that there is an implicit assumption in this, namely that the defect size 
distribution is reasonably constant as a function of the percentage wall thickness and that the 
defect density is a function of the weld volume. A question we also believed could affect the 
above and to which the answer should be known, was whether or not the weld was made on site 
or at the vendors (in the construction being considered several piping systems were pre-welded 
and inspected at the vendors before being taken to the site as a complete unit). 

This then left the ~uild inspection which would surely affect the defects entering surface. Again 
the SRRA required detail knowledge about the inspection in order to simulate an inspection 
efficiency as a function of different defect types and their through wall depth. For the neural 
network this was simplified to basic questions about what type of inspection was carried out. 

The third area is all about the transients the weld sees through its life. Again it is perhaps 
unfortunate that the exercise was not larger in its scope as it became clear that in all areas there 
was always one dominant transient. It was, therefore, decided to selected only this worst or most 
dominant transient and to describe the basic features of this cycle. These basic features were 
selected to be: 

a) The type of transient. 

b) The transient ramp speed. 

c) Temperature range. 

The fourth and final area addresses the question of what size of defect will lead to failure, ie the 
critical defect size. Whilst the SRRA model is capable of taking into account the possibility of 
a cleavage or ductile failure, for all the pipe work welds in this exercise, all the failures were 
ductile. Since the exercise was also carried out for one type of plant, the operating pressure was 
also constant. Thus any difference in the hoop or longitudinal pressure stress would be 
adequately defined for the neural network via the tube diameter and wall- thickness. The only 
remaining variable that we felt would affect the critical defect size was the bending moment. 

The final set of questions put for the engineer to answer are given in Table A. 
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TABLE A 

Question Comments 

What is the outside diameter-of the weld? Factual information 

What is the weld thickness? 

What is the material? 

Where was weld fabricated on site or at 
vendors? 

Inspection 

High Quality 

Intermediate 

Poor 

None 

Dominant Transient Type 
Heating 
Cooling 
Mixed 

Temperature Change 
Low (less than 20°C) 
Medium (20°C to lOO°C) 
High (greater than lOO°C) 

Rate: of Temperature Change 
Slow ramp change 
Fast ramp change 
Step change 

Bending Stress 
Low (less than 60 MPa) 
Medium (60 MPa to 120MPa) 
High (120 MPa to 180MPa) 
Upper limit «IS0MPa) 

Factual 

Factual 

Should know but if not sure assume site 

Full Volumetric 

Part Volumetric, ie, poor access limited 
beam angles 

Surface inspection only 

Must know from knowledge of plant 
operation 

Will require judgement based on knowledge 
of plant . 

Will require judgement 

Will require judgement 
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It can be seen that some are factual some simply require a knowledge of the plant operation 
whilst some require a degree of judgements as well asa knowledge of the plant. 

NORMALISING TO THE FUZZY INPUT SET 

The input data for the training set, which remember was the input data for the SRRA, was known 
in detail. In fact, much of the problem with the SRRA model was a function of the considerable 
effort required to obtain this detailed a set of inputs. So the first exercise was to use these as a 
normalising set by asking the engineers to categorise them as per Table A. In reality the terms 
high low etc, and even the form of the questions were set by the engineers during this 
normalising process. 

TRAINING THE NEURAL NETWORK 

If we think of the neural network as a simple surface fitting function over the nine or ten 
dimensional space in Table A, then we need to ensure that the training data adequately covers 
this space. Up to this point all the SRRA runs had been specifically associated with the plant 
that had been analysed. Whilst this set covered a significant range of combinations of variables, 
the question was, was this sufficient to train the neural network. The SRRA was therefore 
treated as ifit were an experiment and a Taguchi (1976) approach adopted to obtain a balanced 
set of conditions for the input data. Any of these inputs sets missing from the original runs were 
then added to the total to give a minimum set that could be considered to cover the domain with 
over kill in some areas. Taking some of the runs out to use later as a test of the final fit, left a 
set of 140 SRRA runs and their subsequent probabilities of failure to train the two level neural 
network. . 

RESULTS 

After a few valiant circles around the entire system we at last obtained a converging set with 
which we were happy. The program itself took of the order of a thousand or so iterations to 
converge which was four to six hours running on a personal computer (usually over night). 
Figure 2 shows how the target and predicted values compare for the set of training values. 

It can be seen that the neural network had learnt to recognise the SRRA output probability of 
failure from the fuzzy input data within about plus or minus half a decade over a range of several 
decades. Finally the test runs were put through the neural network and Figure 3 shows how well 
the network, in these cases, predicted the SRRA output. • 

What this figure shows is that the errors around the perfect fit in Figure 2, are a reflection of how 
the network would perform in a predictive way with some new set of input data. 
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CONCLUSIONS AND DISCUSSION 

The neural network produced by this exercise proved to be very reliable within the limitations 
of the trainm.g data. Indeed the network has been used in anger on a second plant. The ranking 
for this plant proved to be very consistent .and there was felt to be no need to use the full SRRA 
model other than for a few confidence building comparisons. The exercise was achieved in a 
fraction of that normally taken and paid for itself in that single application The results were 
subject to the expert elicitation and changes were made, unfortunately, to date, no attempt has 
been made to build in this extra dimension to the neural network learning. 

~ • I 

It could be argued that since the neural network is doing little more than function fitting a set of 
vague inputs to a set of outcomes, then normal multi dimensional surface fitting routines can be 
used. Inde'ed the authors have used both methods for a given problem and identified the same 
dominant input variables from both techniques. The difference is that in the surface fitting 
technique the form of the functional equations must be input, whereas for the neural network this 
is not necessary. In the neural network the knowledge from the outcomes is being distributed 
ovelr the input variables to derive the relationship. In this way weak or strong interactions 

. between variables are recognised, linear or non linear relationships are recognised etc, the 
problem is that you have no knowledge of these. It is probably this last statement that will 
alieliate many engineers. It is· in our nature as engineers (and at least one of the authors 
considers himself an engineer) to want to know why something works and to be· able to 
interrogate any model to satisty this knowledge. In the application here, the knowledge resides 
in the SRRA and so there is little problem. However, if a neural network were to be expanded 
to bring in the expert judgements that were used to modify the probability of failure estimates, 
then it will be necessary to have faith in the neural network. That is, to have faith in its ability 
to l(:am the underlying physical relationship which it will not then render llP for anything but a 
supt~rficial interrogation! Despite this final shortcoming, if you can call it that, the au~hors 
beli(!ve that neural networks are a tool that engineers will need to equip themselves with in the 
future, and that this application could be expanded to be pf more general value. 
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SIMPLIFIED PROBABILISTIC APPROACH TO DETERMINE 
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ABSTRACT: 

The flaw acceptance rules in nudear components rely on deterministic criteria 
supposed to ensure the safe operating of plants. 
The interest of having a reliable method of evaluating the safety margins arid the 
intefwity of components led Electricite de France to launch a study to link safety 
factors with requested reliability. 
A simplified analytical probabilistic approach is developed to analyse the failure risk 
in Fracture' Mechanics. Assuming. lognormal distributions of the main random 
variables, it is possible considering a simple Linear Elastic Fracture Mechanics 

. ·model, ·to determine the failure probability as a function of mean· values and. 
logarithmic standard deviations. The "design" 'failure . point can be analytically 
calculated. Partial.safety factors on the· main variables (stress, crack ~ize, material· 
toughness) are obtained in relation with.reliability target values. 
The approach is generalized to elastic plastic Fracture Mechanics (piping) by fitting' 
J as a power law function of stress. crack size and yield strength. 
The simplified approach is validated by. detailed probabilistic computations with 
PROBAN computer program: Assuming reasonable coefficients of variation 
(logarithmic standard deviations), the method helps to calibrate safety 'factors for 
different components taking Into account reliability . target· values in normal, 
emergency and faulted conditions. 
Statistical data for the mechanical properties of the main basic materials complement. 
the study. The work involves labotory results and manufacture data. 
The results of this study are discussed within a working group of the French in 
service inspection code RSE-M. 

I INTRODUCTION 

The flaw acceptance. rules in nLiciear components rely on deterministic criteria 
supposed to ensure the safe operating of plants. The interest of having a reliable 
method of evaluating the safety margins and the integrity of components led 
Electricite de France to launch a stJdy to link safety factors with requested reliability. 
This study focuses on Fracture Me:hanics failure modes: 
- brittle fracture. 
- ductile tearing (ductile tearing init ation and tearing instability). 
After some detailled probabilistic analyses with computer programs, the need was 
felt for an analytical expression linking in Fracture Mechanics, reliability and 
mechanical variables. 



II LINEAR ELASTIC FRACTURE MECHANICS MODEL 

Nomenclature: 

a = flaw size 
E = Young modulus 

c = flaw length 

KI = applied stress intensity factor 
a = app,lied stress 

K1c = material stress intensity factor 
Sy = material yield strength 

J = applied J integral Jlc = material thoughness 

First, a simple Linear Elastic Fracture Mechanics (LEFM) model is proposed: 

F2 a 2 1t8-(1 - v2) = JIC (limit state equation) 
E 

For simplification the geometry factor F is supposed to be constant. The limit state 
equation can be writen : 

(
F

2
7t ) LogJIC - 2 Loga - Loga - Log E (1 - v2) = 0 

It is assumed that the main variables a, a, Jlc have lognormal distributions: 

Loga = Logam + sa ua 
Loga = Logam + sa ua 

L09JIC= LogJm + sJ uJ 

sa, am standard deviation and mean value of Loga. 
sa, am standard deviation and mean value of Loga. 

sJ, Jm standard deviation and mean value of L09JIC. 

Replacing in the limit equation leads to : 

2scr Ucr + sa ua -sJ uJ = Log ( 2 2 Jm E 2 ~ 
am F 1tam (1 - v )) 

Interpretation by probability theory 

[2 sa ua + sa ua - sJ uJ] is a linear combination of standardized normal variables ua 
ua and uJ (zero mean value and unit standard deviation). This linear combination is 
a normal variable with zero mean value and standard deviation equal to 

~4 s! + S; + si . The probability P of reaching the limit value 

Log [ 2 2 Jm E 2 ] depends on the ratio of the limiting value to the standard 
am F ITam (1 - v ) • 

deviation (P=10-
3 

=> 3,09 sta:::r[d~::t;:r~i::~]tiO is called p : 

J3 = 

Geometric interpretation 

'4 s2 + s2 + s2 
-V cr a J 

In ua' ua et uJ space, the limit equation corresponds to the equation of a plane. 
The general equation of a plane is the following: ax + by + cz = d 

d The distance from the origin to this planeis: J3 = 
.Ja= + b= + c2 
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So, this distance is : f3 = 

This distance defines the failure probability Pf : Pf = <I> (- (3), where <I> is the 
distribution law of the standardized normal distribution. f3 is called the reliability 
index. 

Ua DESIGN POINT 
greatest contribution 
to failure probability 

The area of integrating giving ttie major contribution to the failure probability ·is 
located close to the point on the failure surface closest to the origin. This point is 
called lithe design pointll and has the following coordinates in the u space and in the 
in thl~ cr, a, JIC space: . 

cr * = cr rri exp (. 2 s~ f3 J 
~4 s~ + s~ + s~ 

.. 

a * = am exp ( s~ f3 . . J 
~4 s~ + s~+ s~ 

/ = Jm exp (~ 4 s~ -:Js; + s~ J . 
In the deterministic criteria, the safety factors Ycr, Ya, YJ are applied to characteristic 
valul~s which are chosen to be high but measurable fractiles. Safety ·factors 
optimisation' will place deterministic analysis at the design point. So, for a reliability 
targE~t index 13, the safety factors corresponding to the 50% fractiles (crm, am, Jm ) 
are niven by the formula: 

"" cr = crm Y 0'50% 
t 

a = am Ya50% 
f'= Jm YJ50% 
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YaSO% 

YaSO% = exp ( s~ P J 
~4 s~ + s~ + s~ 

YJSO% 

Let us note the relation: 
Y JSO% cr~ F2 1tam (1 - v 2 ) 

The safety factors corresponding to other characteristic values can 
analytically computed, 

III GENERALISATION TO ELASTIC-PLASTIC FRACTURE MECHANICS 

Expressions of applied J 

be also 

The approach is generalized to elastic plastic Fracture Mechanics (piping) by fitting 
J as a power law function of stress, crack size and yield strength: 

Geometry factor 

d aJ 
J=--k-

Sy 

For finite length flaw (a/c=1/3), and middle size flaw (O,25<a/t<O,5), the geometry 
factor F varies as aO,2, As J applied varies as F2 , an increase of 0,4 to the 
exponant of a is added .. 

Plasticity 
The R6 rule gives a method to take plasticity into account by multiplying the elastic 
value of J integral by 11K? Kr is computed as a function of Lr parameter: -

J = J~ K~ = f(Lr ) Lr = Q~ 
Kr Y 

For finite length flaw (a/c=1/3), and medium size flaw (0,25<a/t<0,5), we have: 
-for limited plasticity I(Lr < 0,9), 1/Kr2 , varies as Lr 
-for elastic-plastic behaviour (0,9 < Lr < 1,3), 11K? varies as Lr4 to LrS, 

Elastic-Plastic Fracture Mechanics(EPFM) theory allows to verify the last expression 

J=a[~]n+1 
Sy 

materials) 

where n is the strain hardening coefficient (5<n<7 for piping 
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Three domains are considered: 
0.4 a 1,6 (j6 a 1,8 

LEFM J = (j2a 1,4 transition LEFM/EPFM J = EPFM J == -...,.-
. S2 S4 

y y 

The simplified approach is validated by detailed probabilistic computations with 
PRO BAN computer program with different primary stress levels [1]. Using a FORM 
method allows to calculate equivalent exponants for each variable. 

AppUcation exercice 

The approach is applied for illustration to a piping case. 
Assuming for example the following logarithmic standard deviations: 0.13 for stress, 
0.2 for flaw size; 0.1 for yield strength, 0.3 for though ness, table 1 gives the safety 
factors corresponding to different characteristic values in the LEFM domain. The 
factors presented in table 1, are 8 type coefficients (y for load variables and 1/y for 
resistance variables). 
Tableno2 shows the sets of safety factors (8 type) for the three domains and a first 
calibration trial. These results must be considered only as an application exercice. 

'IV DISCUSSION 

Data hypotheses 

Thanks·to the simplified approach, one can see the importance of data hypoth.eses. 

The stresses' used in flaW. assessment studies are in general obtained from design 
stress reports and are conservative. The standard-deviation of stresses depends on 
the . loading. type ; for exemple pressure in P. W. R. is relatively well controlled and 
-reliable safety valves prevent pressure to.exceed design pressure. 

In-sE~rvice- flaw sizing depends 'on' non destructive testing techniques .qnd 
unce~rtainties can vary from one case to another ; we propose that the flaw size 
characteristic value should be the 16% fractile (1sd) and should be incombent on 
code1 users. 

For. mechanical properties, statistical study using data bases for the main basic 
matE~rials are 'in progress. The worK involves labotory results and manufacture data. 
The yield strength standard deviation of pressure vessel forged ferritic steel appears 
to be small ( see distribution in figure n01). Toughness at tearing initiation (JO.2 ) 
results on austenitic steel welds lead to a logarithmic standard deviation acound 0.3 
(see figure n02). 

RSE:M Code safety factor calibration 

The code safety factors should be a compromise between precision and simplicity. It 
appHars that a complete set of 4 . factors (on stress, size, yield strength and 
toughness) for each out of 3 categories of loading (normal and upset, emergency 
and faulted conditions) will be too complex. Keeping the least important factors 
equal to 1 and increasing the most important ones, could lead to an. acceptable 
solution. Considering the characteristic values choice, one of ·the difficulties comes 
from the large variation of the target reliability (from 10-6 to 10-2). We propose to 
choose 5% or 16% fractiles. 



V CONCLUSION 

The flaw acceptance rules in nuclear components rely on deterministic criteria 
supposed to ensure the safe operating of plants. RSE-M code safety factor 
calibration was launched by Electricite de France to determine safety factors 
consistant with requested reliability. 
A simplified analytical probabilistic approach is developed to analyse the failure risk 
in fracture mechanics. Assuming lognormal distributions of the main random 
variables and writing J applied as a power law function of stress, crack size and yield 
strength, it is possible to link the failure probability as a function of mean values and 
logarithmic standard deviations. The "design" failure point can be analytically 
calculated. 
Partial safety factors on the main variables (stress, crack size, material toughness) 
are obtained in relation with reliability target values. 
The simplified approach is validated by detailed probabilistic computations with 
PROBAN computer program [1] ; the detailled and simplified approaches are 
complementary. Assuming reasonable coefficients of variation (logarithmic standard 
deviations), the method can be a useful tool to calibrate safety factors for different 
components taking into account reliability target values in normal, emergency and 
faulted conditions. 
Statistical data for the mechanical properties of the main basic materials complement 
the study. The work involves labotory results and manufacture data. 
The results of this study are discussed within a working group of the French in
service inspection code RSE~M. 
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Table nO 1 
Austenitic piping in elastic regime (LEFM) 

Instable ductile flaw extension 
Instable propagation J/Jm = (S)"2*(a)"(1 ,4-.0,4) /Jm 

A 
C 
D 

Design point safety factors on 5.0% fractiles 
S5D% a5D% . Sy5D% Jm5D% 

1,44 1,54 2,49 
1,33 1,4.0 2,.04 
1,2.0 1,24 1,56 

P beta 
1.e-6 4,75 
1.e-4 3,72 
1.e-2 2,32 

Design point safety factors to apply on fractiles S84% a84% Sy5% Jm16% 
S84% 

1,27 
1,17 
1,.05 

a84% Sy5% Jm16% 'S84% 
1,26 1,86 A 1,35 
1,15 1,53 C 1,2.0 
',.01 1,17 D 1,.0.0 

Table n02 

Austenitic piping at different plasticity levels 

Instable ductile flaw extension 

a84% Sy5% Jm16% 
1,2 1,.0.0 ',73 

1,.0.0 1,.0.0 1,67 
1,.0.0 1,.0.0 1,3.0 

safety factors to apply on fractiles S84 % a84 % Sy5 % Jm 1 6 % 

Design point 
S84% 

~ 
1,27 
1,17 
1,.05 

LEFM 

a84% 
1,26 
1 i 15 
1,.0' 

Transition lEFM/EPFM 

Design point 
S84% a84% Sy5% 

A 1,42 1.15 .0,98 
C 1,28 1,.07 .0,95 
D 1 • 11 .0.97 .0,91 

EPFM 

Design point 
S84% a84% Sy5% 

A 1,45 1 • .08 1,03 
C 1.30 1.,.02 .0,99 
D 1.12 0,94 0,93 

P beta 
A 1.e-6 4,75 
C 1.e-4 3,72 
0 1.e-2 2,32 

J I Jrn = SA2 ... aA{l ,4-.0,4) / Jm ISd J/Jm/ 
.0,44 

Imposed factors on S a Sy 
.Jrn16% .884% a84% J1\I16% 

1,86 A , ,35 1,2.0 1,73 
1,53 C 1,20 1,0.0 1,67 
1,17 D 1,.00 1,.0.0 1,3.0 

ISd 
J/Jm=SA4*aA(1 ,6-.0,411 SyA2/Jm J/Jml ., 

.0,67 . 
Imposed factors on S a Sy 

Jm16% S84% a84% Sy 5% Jm16%. 
1,36 A 1,35 1,2.0 1,.0.0 1,48 
1,19 C 1,2.0 1,.0.0 1,.0.0 1,48 
1,.0.0 D 1,.0.0 1,.0.0 1.,.0.0 1,2.0 

jSd J/Jm = S"'6+aA (1 ,8-.0,4) / Sy"4/Jm J/Jml 
.0,96·. 

Imposed factors on S a Sy 
Jm16% S84% a84% Sy 5% Jm16% 

.1,13 A 1,35 1,2.0 1,.00 1,68 
1,.03 C , ,2.0 1 • .0.0 1,.0.0 1,62 
.0,92 D 1,.00 1,.0.0 1,.00 . 1,26 
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Session 1: Devel.opment of probabil.istic model.s, Ch~irman G. Redner. 

F. NilBson, .' Is probabilistic modelling a viable alternative to safety factor 
philosophy?' _ 

Mr. Chapman commented that newer designs were often optimised relative to the 
design codes, and in fact corresponded to increased failure probabilities 
compar€!d to the older designs. In a study of usage factors, a factor of unity 
could correspond to failure probabilities over 3 orders of magnitude. The 
current: interpretation of safety factors of 3 was that this corresponded to a 
probability of 0.01 assuming a normal distribution, but this was not necessarily 
the origin. 

Dr. Camacho commented that there were probl.ems. if the tails of the distribution 
gave large contributions, as enormous numbers of tests were needed to verify the 
assumpt:ions. A solution' was to use bounding assumptions. , 

Mr .. Pecinka commented that at the recent Lyon Leak Before Break Meeting there' 
had beEm two points' of view about the use of probabilistic analysis inLBB. The 
IAEA ~lide.on Periodic Safety Review included probabilistic methodologies. The 
NRC Reg Guide did not. Often probabilistic analysis was only supporting, and was 
not in' the licensing process, or was only in the licens~ng process for old 
plant. 

Mr. Hedner commented that in the recent considerations of Oskarshamn 1 in Sweden 
~onsideration had been given to the original licensing requirements, the modern 
(deterministic) requirements, and the shortcomings with respect to the modern 
requirE!ments. The judgement of the third part had been largely probabilistic. 

Mr. Beliczey commented that·the probability distributions of 'the fracture 
toughnE!SS and crack size could be dependent. Prof. Nilsson replied that the same 
problems occurred with deterministic analysis, but that the correlat,ion between 
safety factors and probabilities would be even worse in that case. 

V. Troshchenko. 'Some cOmments to the construction of probabilistic models of 
structural integrity' 

Mr. Beliczey asked if the probability distributions of the parameters C and n in 
'the Paris law had been studied. Prof. Troshchenko replied that they had been 
studied at Miskolc Technical University in Hungary, but not at his In$titute. 
Mr. Cha.pman commented that they saw greater variation in C and n in small 
specimens. The parameters were not independent. They had used random walk 
methods, but it had made little difference. 

Prof. Nilsson commented that the general area was important. Most workers 
studied only one heat. The difference between different plates was'important, 
but rarely tested. 

In reply to Mr. Wintle, Prof. Troshchenko said that they had investigated 
ceramics with a porosity of between 2 and 20%, with 'a good agreement between 
theory and experiment. Mr. Chapman commented that this was because the pores 
caused stress concentration, and the results applied to ceramics, but not to 
steel. 
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V. Tkatchev. 'The using of the probabilistic and statistical method for the 
structural integrity analys~s and verification in the conditions of uncertainty' 

Mr. Chapman commented that he had come across a similar case of a defect 
frequency distribution with more than 1 mode, due to the reluctance of 
inspectors to attrib.ute a defect size close to the acceptance/rejection limit, 
thereby depressing the observed frequency around this limit. The bimodality was 
spurious. 

Dr. Bieth commented that PISC used destructive examination to determine P(a). 
Mr. Hedner said that reliable statistics for defect distribution were missing, 
and work on a common defect data base would be proposed to PWG-3. 

o J V. Chapman. 'Application of neural network to the probability of failure 
of welds' 

In the discussion, Mr. Chapman said that it was a standard programme. Where 
there had been input data errors, the programme had shown convergence \ 
difficulties. Typically, the network had taken 1.5 days on a PC for training. If 
the data was overprescriptive, the output was reduced to the basic information. 
Typically 10 parameters for a pipework problem were used. For questions outside 
the training, the system could give uncertain answers. The rules inferred from 
the training could not be determined, but the·weightings used.could be 
investigated. Seismic classification would be a possible application. Defect 
distribution data could probably not be inferred. 

B. Barthelet and E. Ardillon. 'Simplified probabilistic approach to determine 
safety factors in deterministic flaw acceptance criteria' 

In the discussion, Mr. Barthelet said that in design, a complete calculation 
would be done. However the method here of partial safety factors could be done 
with a calculator, and was useful for quick analyses. For brittle fracture, a 
single factor on the fracture toughness could be used, but for ductile fracture 
there was a need to cover more cases. 
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Abstract 

The Use of PISC Data to Support 
Probabilistic Safety A~alysis 

M. Bieth, S. Crutzen, P. Lemaitre & $. McAllister. 

The satisfactory application of probabilistic safety assessment methods, as required by Regulatory 
Authorities, calls for validated distributions of input parameters. Inputs of defect size, shape and 
distribution for real components arise from NDE reports. Such distributions on their own are skewed as 
a functions of the "probability of non-detection" and of "correct evaluation" which are in turn functions of 
the applied NDE method, the character and location of the defects, and the nature of the component 
under examination. 

During manufacture of Plse assemblies, several "natural" flaws were unexpectedly introduced into the 
assemblies, these being fouhd later during destructive examination. A full accountancy of these defects, 
which Gould be performed by the Plse Reference Laboratory, would provide an example of a 
fabrication flaw population set in real components. ' 

It is envisaged that the Plse database could be used to evaluate the probabilities of both "non
detection" and "incorrect evaluation" with respect to the Plse assemblies, and to suggest potential 
correlations of flaw parameters, component types, and inspection methods as functions of these 
probabilities of non-detection and incorrect evaluation. 

This paper highlights some examples based upon the results of the Plse III exercise. 

1. Introduction 

Several exercises dealing with the evaluation effectiveness of NOT inspections, have resulted in the 
generation of large data sets. Such data was obtained from the inspection of structural components 
containing a variety of artificial flaws and defects, designed to mimic, to varying degrees of success, 
naturally occurring fabrication and service induced flaws. The inspection techniques used in these 
programmes were often those applied by the industry or those undergoing trials, and wbich later 
became industry standard tools. The instrumentation systems were either of a laboratory or industrial 
character and the NOT operators were generally qualified. 

Such exercises have thus resulted in collections of data sets of inspection results; archived specimens; 
analyses of defects; conclusions on human errors, and inspection effectiveness. and reliability in ' 
general. In the case of the Plse programme (Programme for the Inspection of Steel e.omponents), 
three be/sic data sources are available which could be further exploited with a view to the ir.lputs of a 
probabilistic safety assessment or as a support to risk based inspection. This information has, however, 
first to be extracted, transformed, and prepared into a format suitable for input to a PSA procedure. 
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Three major areas of interest are considered: 

- The presence of defects in manufactured structural components identified from the destructive 
examination studies of PISC assemblies. 

- The chances of missing defects in particular structural components as a function of 
• the inspection procedures and NOT techniques applied 
• the characteristics of the defect (type, location, sizes) 
• identifiable human factors. 

- Supplementary information that could be extracted form the re-analysis of remnant material and 
original inspection reports. 

The nuclear components which could be considered are 
- the pressure vessel 
- the primary piping (austenitic steel) and safe ends 
- the steam generator tubes. 

2. The PISC Programme [1] 

The PISC Programme had as its general objective the assessment of procedures and techniques used 
for the inspection of pressure vessel and piping components by means of non-destructive techniques 
(NOE). 

The series of projects for the Inspection of Steel Components carried out since 1974 under the 
auspices of the CEC/JRC and the OECD/NEA was a major international effort to improve the 
assessment of the capability and reliability of procedures for Non-Destructive Examination (NDE) of 
structural components. The three projects within PISC were centred at the Joint Research Centre 
which, in its roles of Operating Agent and Reference Laboratory, managed the programme. They 
together with participating EC countries provided approximately 60% of the programme funding; the 
balancing 40% being realised via contributions in kind from the non-EC participating countries. 
OECD/NEA provided the Secretariat of the PISC Management Board, which consisted of 
representatives from 14 countries (8 EC and 6 non-EC). 

The programme was closed in 1994 with the conclusion of its third phase (PISC III); the activities 
concentrated on the evaluation of inspection results of pressure vessel structures containing service 
defects and of important structural components of the primary circuit made of different materials. Most of 
the PISC test assemblies and structural components were representative of (or came from) nuclear 
reactor components. 

The first major achievement of PISC III has been to demonstrate that a complex co-operative 
international research activity covering numerous· actions of differing nature can be completed with 
good will and can arrive at meaningful conclusions which are a consensus of the views of the 
participating organisations. By its very existence PISC III has provided a mechanism for a widespread 
exchange of technical information and opinion; it has also provided an incentive for and a direction to 
the development of NDE technology, particularly in the direction of the effectiveness of NDE. 

PISC III has confirmed, in its various Round Robin Exercises and Parametric Studies, on different 
materials and geometries, that the most effective ("safesr) UT inspections are those carried out with 
high sensitivities and low reporting "cut-off' limits, these being, when this is acceptable to the materials, 
preferably just above the noise level. It is also desirable to use procedures which involve multiple and 
diverse techniques provided that these are chosen on the basis of well established principles of physics 
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and that one takes account of the size, location and types of flaws which have to be found. 
Mathematical modelling can be helpful in this selection. 

For each ofth~ applications only a limited number of procedures showed effectiveness in flaw detection 
and sl~ntencing which approached the standard desired by the engineers concerned with the structural 
integrity of critical structures. The results from these good teams demonstrate that capable NDE can be 
achieved for most applications. There was in all cases a problem of large scatter in the results, those of 
the poorest teams being unacceptable or approaching the unacceptable. It was also observed that a 
variation in performance often occurred between teams using similar techniques so that it appeared that 
humanand/or management factors were largely to blame. Although the, use of mech~nised scanning 
and of computerised data analysis can reduce scatter it does not always provide a complete, solution; 
moreover a few teams using only manual scanning techniques achieved excellent results on various 
Plse components but in non-industrial conditions. 

3. . The Plse Assemblies and their Destructive Examination 

3.1. Defect presence and defect detection [2)-

For the failure assessment of any structural component and in particular for the verification ofa Leak 
Befom Break situation, it is necessary to' be in possession of correct information on the state of 
structural component. This involves a knowledge of the 'character of the damage in the material of the 
structure: either distributed in a semi-homogeneous manner within the structure, such as creep damage 
or I,ocalised in the form of discrete defects such as fatigue cracks. 

InspeGtion with NDT techniques is intended to provide information on the location of discrete flaws. 
BeforE~ service exposure of any structure, flaws or even severe defects may exist, arising from a loss of 
contrCil of the fabrication processes or imperfections in the source material; defects in welds are typical 
examples. Such flaws are discrete in their character and manifest themselves in many forms, sizes and 
degree of severity e.g. slags, pores, lack of fusion, hot tears, reheat cracks, etc. 

A knowledge of the existence of flaws" their distribution, location, size, 'and characteristics is generally 
imprecise: only detailed destructive examination can improve upon this situation. However, it is through 
inspeGtion reports that knowledge on flaws or any macroscopic damage in, the structural material is 
evidenced. These inspection techniques have limited performance capability and their application by 
human beings is often not highly reliable. 

As explained in chapter 2, Plse has accumulated information' on the typical detection, a-nd sizing 
capability of inspection procedures, through inspection and destructive examination (DE) of flawed 
structures. 

3.2. Defect distribution 

Expertise on structural components from nuclear plant, their method of manufacture and their service 
exposure can on occasions allow intuitive guesses as to the potential presence of particular defects in 
particular components. Insufficient expertise exists, however, to utilise such a methodology with any 
degree of certainty. 

Fatigue cracks and corrosion cracks were found in many structural components but the components 
were not fully evaluated in a systematic manner-to identify all of these undetected flaws. 
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Dependant upon the age of the structure, its type, and its loading history, and based upon the 
experience of the behaviour of similar component case studies, it may be possible to infer the presence 
of particular defects and perhaps.their size and distribution. Such an assumption combined with the 
detection performance of the inspection procedure could lead to information on the likelihood of the 
presence of defects of a certain severity in a particular structural component after fabrication or after lSI. 

a. Pressure vessel components 

During the manufacture of welds, un-intentional pores or slags may be present. Such defects, in some· . 
cases, up to 10 mm or more in diameter, were reported for PISC pressure vessel assemblies (200 mm 
wall thickness) after fabrication. These assemblies were manufactured according to the procedures for 
RPV components by Reactor Component Manufacturers. An assembly such as the Full Scale Vessel 
(FSV) of the University of Stuttgart exhibits a high number of pores of the order of 1 to 3 mm diameter. 
[3] 

Full destructive examination was conducted on more than 13m of RPV weld. This DE was gui~d by 
careful NDT in order to identify all (unexpected) natural flaws, in contrast to those intentional ones 
introduced deliberately using a variety of artificial technique. 

This inventory of all existing flaws is essential if the false call rate of inspection procedures is to be 
correctly evaluated. Obviously limits have to be placed on such investigations such as: 

- a limit on size was accepted to make the destruction possible: 3 mm in equivalent diameter 
- a limit was accepted on the areas of welded assemblies to be considered for NDT results evaluations. 

These two restrictions suggest that more flaws of sizes less than 3 mm diameter could exist. because 
no accurate and full accountancy of these smaller flaws was considered during NDE and DE and 
because several metres of weld remain unexamined. 

Rgure 1 shows the distribution of such volumetric flaws in several heavy section assemblies reported 
for a 100 m length of RPV weld. Rgure 2a-d illustrates some of the findings elucidated after destructive 
examination. Rgure 3 illustrates DE of the FSV at MPA. Such findings are the result of destructive 
examination performed in order to evaluate the NDT technique detection, location and sizing 
performance. 

Since most of the PISC IIIPISC III assemblies were fabricated to nuclear standards, the distribution 
described by Rgure 1 is certainly a reasonable estimate of the true defect populations in heavy section 
welds after fabrication, and before inspection. 

b. Safe-ends and primary piping 

Assemblies manufactured in PISC III (4,5,6;7,8,9), contained "natural" defects, some of them of a planar 
or crack type. One of these natural defects, having a depth of 10% of the wall thickness, remained 
undetected after fabrication (Rgure 4). Here again, a distribution of natural flaws could be drawn per 
metre of weld. Unfortunately, however, destructive examination was only conducted in a partial manner 
due to the limited resources available at the time. A fuller investigation ·would be required to establish 
this population. The assemblies used are still available in the form of portions of weldments and could 
be used to continue this investigation. 
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c. Steam generator tubes [10] 

The exercise on steam generator tubes was characterised by.the use of many artificial defects and will 
not furnish many results about noticed defect presence. The analysis of inspection results will, however, 
produce information for use in PSA., such as the limiting detection capability of specific techniques. 

d. Conclusion 

Data n~ulting from destructive examination of assemblies exist at the PISC Reference Laboratory, and 
could be used to produce populatioo curves of defects existing after inspection of pressure vessel 
components. Material and radiographs exist which could be used to increase the information base on 
pressure vessel welds ~nd to generate the same type of information for structural components such as 
safe-ends and primary piping walds. 

This action would be a continuation of the destructive examination conducted in PISC, guided as before 
by NOT but with different criteria and a lower threshold on defect size. 

4. Capability of detection of defects 

4.1. Introduction 

If populations of defects can be imagined by investigations as proposed in Chapter 3, the population of 
defects present in a component after inspection (fabrication control, pre-service inspection, in-service 
inspection) depends on the capability of detection or, in a more precise manner, on the chances of 
missing a particular defect. This chance depends upon the type of defect, and on its position and size. 

4.2. Experts declaration 

Examples made during the Plse exercise, where inspection results were used in an objective manner, 
revealed that experts and inspectors can often present a biased flaw size distributions for a 'component, 
when compared to a DE defect inventory made after the event. 

The inspection exercise on safe-ends was a clear demonstration of this point [11]. Figure 5, (assembly 
No.24) demonstrates that the distribution of flaws obtained by NDT (exp.erts results) differs from that 
obtained by destructive examination, this deviation occurring mainly in the range of defect sizes of most 
concern for structural integrity assessment. A reliance on experts declarations can thus introdll.ce a bias 
to PSA This result also holds for the case where a large number of experts were consulted; in the case 
of Figure 5, twenty independent inspection results are considered. 

4.3. Missing defects as a function of their size 

The depth of a defect is a variable often utilised for the presentation of results. If one accepts that, by 
the use of the population of defects present in some Plse assemblies, one can speak of probabilities of 
non-dl3tection of these flaws in the assemblies, it is possible to draw indicative curves describing these 
trends. 

Figure 6 translates average results for a nozzle to shell weld, when inspected using a variety of' 
inspec:tion procedures. These curves should be understood to be no more than general trends but they 
do indicate that, even for rather large defects, there exists a potential for a defect to be missed. 
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In order to guarantee a very low probability of missing a flaw while utilising the advanced lSI 
procedures, presentiy applied in several countries, the maximum flaw depth would have to be approx. 
20 % of the wall thickness of the cQmponent examined. Inspections, conducted along the lines of ASME 
Section XI, edition 1986, would on average exhibit no limiting defect size such that even a through wall 
crack would be missed. Inspection results of ASME Section XI conducted at 50% DAC (e.g. editions 
1974 and 1977) lead to very pessimistic assumptions. 

In the case of safe-ends and austenitic piping [4,5,6,7,8,9], similar diagrams can be drawn from the 
PISC data base. 

Figure 7 shows that for Safe-end Components, non-detection of flaws is very unlikely if, on average, 
these flaws are of 50% of the wall thickness. For easily accessible flaws (wrought steel and ferritic . 
steel) the trends might suggest a limiting size of 20% of wall thickness. It should be remembered that 
some procedures performed better than others and Figure 7 is simply an indication of the type of 
information which one could draw from the PISC data, based on the inspection of Safe-end 
Components. 

Rgure 8 shows an average non-detection curve for primary piping welds, for relatively easy to inspect 
wrought stainless steel material. Again the trends suggest that the limiting defect size which would have 
to be considered in order to realise a low probability of non-detection (always only valid for the PISC 
exercise) would be approximately 90% of wall thickness. 

Statistical analysis of the PISC data is possible along the lines of Rgure 9 Simonen et al [12]. PISC 
concerned itself with full evaluation of results at the level of 1) Procedures (All teams considered 
separately) and of 2) Techniques. A diagram such as that presented in Rgure 9 can be drawn for all 
PISC assemblies, if rigorous statistical methods are applied to the existing data sets. 

Such results can also be obtained for steam generator tubes inspections and a global evaluation of the 
results [10] might be expected to lead to similar trends. 

4.4. Importance of the type of defect 

The PISC II exercise emphasised the concept of defect categories [13]. In lSI, sharp, planar and smooth 
defects (category A) are of the greatest concern from a structural integrity viewpoint. The need to 
optimise inspection procedures for the detection of such defects was indicated by the PISC II results. 
However, one important aspect which has to be underlined, is that even if techniques are' as~embled for 
the detection (and possibly Sizing) of category A defects, it is essential that the procedures include an 
effective validation procedure. As shown in Rgure 10, setting up 9 system using the current calibration 
blocks which contain volumetric defects (family C in Rgure 10) will not afford reliable detection of a 
fatigue crack (family A in Rgure 10). The current calibration block is valid for the equipment calibration 
but cannot verify the performance of a procedure. 

The PISC II exercise, had as its Singular objective, the evaluation of performance capability. It should not 
be overtooked that reliability aspects need also to be taken into account. 

By utilising these results and performing a simple averaging of the data, curves similar to those presented 
in Rgure11 may be drawn. These indicate a distinct chance of detecting the presence of both planar 
(crack type) and volumetric defects. 
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Similarly, in primary piping, distinctions were made between the defect types associated with IGSCC and 
non-IGSCC. Here again the average results suggest a different chance of detection for these two defect 
categorie's. In Figure 8, the limit of non-detection for non-IGSCC flaws could be as good as 10% of the 
wall thickness for the best procedures. In the case of steam generators, results are also available. 

5. Errors of Defect Evaluation leading to Under-estimation 

The probability of under-estimation of defects, leading to the erroneous acceptance of rejectable defects 
is not ne,gligible. In the case of pressure vessel components, the results of PISC were fully discussed and 
the conclusions can be summarised by Figure 12. This again assumes that it is permissible to spe~k of 
probabilities on the basis of a limited defect sample set. {13, 14, 151 

Evaluations of the same type are possible for primary piping inspection results and for steam generator 
tube inspections.[151 

Different variables can be used for the presentation of such results: flaw size expressed as a function of 
depth, or length (steam generator), or flaw position (near to the inside surface), and flaw type (cracks, 
pores HtC.). 

6. Probability of defect presence after lSI 

As shown above, true distributions of fabrication imperfections, can be skewed by errors in detection and 
evaluation, characteristic of the applied inspection procedure. 

Results established from PISC exercises, on pressure vessel weld inspections, lead to the conclusion 
that defects of depths in the order of 10 mm can frequently be missed. In the safe-end exercises, 25% T 
defectS were either missed or, undersized and accepted [15}. 

Using the PISC data, as it is currently available, and treated using the BTB Code, it is possible to provide 
answers to a variety of questions relating to the presence of defects in structures. This can be realised by 
an analysis of representative examples generated by very realistic inspections. 

Conclusion 
. 

It is envisaged that the PISC database could be used to evaluate the probabilities of both "non
'detection" and "incorrect evaluation" with respect to the PISC assemblies, and to suggest potential 
correlations of flaw pc;lrameters~ component types, and inspection methods as functions of these 
probabilities of non-detection and incorrect evaluation. 
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. Figure 1· Possible flaw distributions resulting from a detai/ed destructive 
examination of the PISC heavey section assemblies. Flaw counts for equivalent 
diameters of 3 and 10mm correspond to actual results from destructive examination· 
exercises on a cumulative weld length of 13m normalised to 100m. 
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Rgure 2a - Alignment of small cracks and inclusions in a weld HAl (PISC assembly 204) 

Rgure 2b - Illustration of a defect. typical of 
those found in the PISC I plates. 
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Figure 2c • Illustration of defect No.1 of the PISC /I assembly No.1 

Figure 2d· Components of flaw No27 of the Safe-end assembly, PISC /I No. 24 
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Rgure 3 - Macrograph and Radiograph showing flawed 
area NO.5 and volumetric flaws at the root of the weld 
(PISC III, action Full Scale Vessel) 
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Figure 4 - Crack at the root of the weld in assembly No. 20, Safe-end 
(Austenitic weld No. 22) 
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Figure 5 • Comparison of flaw dimension distributions as reported by ultrasonic inspections procedures 
and destructive examination exercises. 
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Rgure 6 - Suggested trends for the probability of non-cietection of defects in P/SC 
Plate No.3 as a function of normalised flaw size, categorised by inspection 
procedures. 
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Figure 7 - Suggested trends for the probability of non-detection of all defects in 
Nozzles and DMWs as a function of normalised flaw size 
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Rgure 8 . Suggested trend for the probability of non-cietection of the combined set 
of IGSCC and non-/GSCC type defects in PISC 11/ action 4 wrought - wrought 
primary piping assemblies, as a function of normalised flaw size. 
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ABSTRACT 

For flawed. pipe section of reactor piping systems the model 
features a system of random short semi-elliptical surface cracks 
havinH a certain probability functions distribution in depth and 
length. The process of fatigue growth of short cracks, their 
interaction, coalescence and macrocrack forming under multiaxial 
varial:)le loading is modelled through Short Cracks Mechanics using 
computer code FATlGUE-2. The program uses both deterministic and 
random mechanical properties. For assessment of probability of 
failure and LBB behavior a simple methodology is presented. 

1. INTRODUCTION 

For deterministic assessment of failure resistance of reactor 
pipin~r systems operated in temperature region corresponding to 
ductile behaviour of material, the dif.ferent· fracture me'chanics 
criteria such as limit load, net-section collapse, moments 
method, J-integral/tearing modulus method etc. are used. However, 
these methods are not suitable for assessment of system of short 
defect:s which with some probability may be present either in thE;! 
base metal or the weld me.tal of pipe and due to fatigue mechanism 
they may grow forming a resulting macrocrack. Then, this 
phenomenon may lead either to (1.) stable growth of macrocrack 
throusrh the wall with local break of the ligament and forming of 
leaking through-wall crack (TWC) which will propagate further in 
the circumferential or axial direction remaining stable or to (2) 
unstable crack growth before or after breakthrough and 
catastrophic failure. 'First case is Leak-Before-Break (LBB) 
behaviour when initial leaking TWC will be less than the critical 
crack length (CCL) for unstable propagation. 

The considerable variability in the parameters that may affect 
LBB evaluation has led to the probabilistic methods of LBB 
analysis (see Ref. 1., Ref. 2, Ref. 3 and Ref. 4). The modelling of 
possible subcritical growth of short defe6ts, their interaction 
and coalescence under multiaxial variable loading· during 
operation of nuclear plant should be taken into ~ccount for 
probabilistic assessment of pipe failure. 

Both leaking TWC and CCL parameters have a certain probability 
distribution related to random initial distribution of short 
crackEl, number of loading cycles N or variability of deviation 
values for maximum design loap, basic material properties and 
fracture toughness parameterJc • Monte Carlo (MC) method is used 
to det.ermine the probabilistic'leaking TWC characteristic. 
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2. FRACTURE MECHANICS CRITERIA 

Both local and full instability of cracked pipe section can be 
analyzed using two-parameters elastic-plastic fracture mechanics 
(EPFM) methods such as R6 calculational procedure [Ref.5] and the 
generalized energy fracture (GEF) criterion [Ref.6]. 

2.1. R6 Ca1culational Procedure 

In the R6 method [Ref.i] I a crack stability analysis is performed 
using normalized two fracture parameters KR and LR• In the more 
conservative Option 1 procedure, universal failure assessment 
curve f R6 (LR } is used for any material, crack type or structural 
geometry. Instability would occur if 

K (l+Al) = J(l+Al) = Kf 
[ ]

1/2 

R JR(Al) R, 
(1 ) 

= dK: 
dl1+dl ' 

(2) 

This method can be used also for estimation of J-integral 

J= 
K; (1 - v2 ) 

(4) 

Here, 1 is depth or length of crack, J R is crack growth 

resistance curve, KI is the stress intensity factor, E is Young 

modulus, p is Poisson ratio, p is stress interaction factor. 

2.2. Generalized energy fracture criterion 

In accordance with an energy analysis [Ref.6], the GEF failure 
criterion derived for a body with crack-like defects of various 
sizes can be used 

def W 
L = - + 

We 
= 1 (5 ) 

wh~re W = J 0eff d€eff is a nominal effective strain energy density 

for the flawed pipe section. Value, We is determined from the 
material's true stress-strain curve (see Ref.6), J e is fracture 
toughness of the material. The criterion (5) enables one to 
describe the short crack size effect on fracture parameters and 
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eliminate a general contradiction of infinite nominal critical 
stress at the nil crack-size situation. 

3. SUBCRITICAL FATIGUE CRACK GROWTH ANALYSIS 

The assessment of local or full instability should be done taking 
into account possible subcritical defects growth due to fatigue 
or IGSCC type mechanism. Stress _ corrosion cracking is not 
considered further. A surface crack arrest, stable, unstable and 
dynamic crack growth through the pipe wall dealt with significant 
change of temperature and load conditions also are ignored. These 
possibilities which may occur in reactor pressure vessels have 
been analyzed in Ref.4; but 'they are unlikely for reactor piping 
systems under consideration at design operating conditions. 

3.1. -Statistical characterization of defects 

Using normai operating loads and the results of pre-service and 
in-service inspection for reactor piping system a flawed pipe 
section is chosen. Then, a system of random short surface, 
semi-elliptical cracks (depth, ao and length, 2co ) is postulated 
in this section. It is assumed that quantity, mo, and sizes of 
short crack have a certain distribution given by the probability 
density functions fa {aJ I fc (c.) and fm {mo}. The probabilistic 
characteristics of these parameters can be estimated and modeled 
as ra.ndom variables using the computer code FATIGUE-2, which 
allows to introduce arbitrary distribution function. 

3.2. Crack growth calculation 

By introducing the generalized dimensionless load, L , for a 

cracked body, the following expression for the fatigue, crack 
growth can be represented [Ref.6] 

Here, 

dl =B(AL)P 
dN 

(6) 

where, AKth (R=O) is threshold value determinated for stress ratio 
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R =0, Band p are dimensionless parameters connected to the 

Paris law parameters C(R=O) and m(R=O) determined at R =0 

P 
B = C(R=O) (E~) , P = m (R=O)/ 2 (7 ) 

Thus, parameters B , P and AL~ are independent on stress ratio 

R . The Eq. (6) allows to remove the effects of stress ratio (in 

particular, the effect of compressive part of loading cycle), 
nominal stress level and three-axiality on fatigue growth of 
short cracks. 

For LEFM the Eq. (6) can be rewritten in the form 

dl/dN C (K2 -K2 . _ "K2 ) m(R_OI!2 = (R=O) I max I ml.n Ll t:h 
(8 ) 

Using Eq. (6), the fatigue increment of each crack of system is 

computed in depth a and length c will be 

aN = a o + L B(llLa)P IlN 
N 

CN = Co + LB(IlLc )P IlN 
N 

(9) 

(10) 

Note, that the base part of initial short cracks do not propagate 

as a rule. The crack sizes after i -th and (i +1) -th ones 

coalescence are equal to: a=max (ail a i +1 ) I C=Ci +Ci +1 • 

Due to fatigue crack growth of short cracks part and their 
coalescence under multiaxial variable loading, the leading 
macrocrack (one or more) is formed and may further grow through 
the wall thickness. 

4. LEAK RATE CALCULATION 

Leak rate calculation includes the evaluation of crack shape at 
breakthrough, leakage area and leak rate for TWC. These 
estimations can be performed using deterministic EPFM and thermal 
hydraulic models or better SQUIRT computer program. This program 
takes into account friction losses due to surface roughness, 
additional losses due to part tortuosity and the change of crack 
opening area from the internal to external pipe surfaces. For 
complex crack when a long surface crack penetrates the thickness 
over a short length the leakage area is assumed to be minimum 
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value of crack opening area on the inside or outside of the wall. 
Compu·ter code FATIGUE-2 allows estimate number of loading cycles 
required for forming TWC and its front and back face length at 
breakthrough .. If assume that surface crack penetrates the wall 
thickness but remains stable, the occurrence of middle leakage 
(1 ~g/min < leak rate < 100 kg/min) is more likely for re.actor 
pipin9' systems. Further TWC growth will yield large or 
catastrophic leakage. 

Including crack morphology variables such as surface roughness, 
number of turns in the leakage path, and entrance loss factors, 
a more realistic calculation of leak rate and probabilistic 
histo9-ram of leaking TWC can be. modeled (see Ref.2) . 

5. PROBABILISTIC LBB METHODOLOGY 

The application of the LBB methodology requires (1) knowledge of 
the pipe loads during various operating conditions of power 
plants, (2) details of geometry and materials properties of the 
pipe, (3) knowledge of the anticipated cracking mechanisms and 
resu11:ing morphology variables for leak-rate analysis, and (4) 
methods for thermal-hydraulic and fracture mechanics analysis of 
a flawed pipe [Ref.1]. Some of this items are subject to inherent 
statistical variability. 

The steps of the probabilistic evaluation are very similar to 
steps of the deterministic LBB methodology: 

(1) identify the locations in the pipe at which the highest 
stresses occur in combination with the least favourable 
material properties; 

(2) uedng ·the resul.tsof pre-~ervice and in-service inspectiQn' 
for reactor piping system, characterize initial distribution 
of: short cracks system by a probability density functions 
fa (ao), fc (co) and fm (Illo) ; 

(3) dE~termine the CCL under maximum load (2cc ) i 

(4) pE~rform fatigue crack system growth analysis up to the 
ligament break 'and calculate critical depth (ac) and. TWC 
length at breakthrough. (2cN ) i 

(5) estimate possibility of pipe rupture for this realization: 

* 

* 

any macrocrack grows through the wall but remains stable 
if (2cN < 2~) , then "Leak-Before-Break"; 

any macrocrack becomes unstable before or after breakthrough 
if (2cN > 2cc ) , then "Break-Before-Leak". 

For each realization, the leaking TWC (2cN) and the CeL (2cc ) will 
be a random variable (see Fig .1) . 

Simila.rly to NRC approach [Ref.1), the failure condition can be 
conveniently expressec?- in terms of a random function: g eX) <0, 
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where the performance function, 

( 11·) 

in which X = {~,Xk} is an augmented vector of input random system 
parameters. The performance function, g(X), itself is random, 
because it depends on the input vector, X, which is random too. 
The conditional probability that failure will occur during or 
beyond the design life is 

Pc = P[g(X)<O] = (X)<o fx(X)dX , (12) 

where fx (X) is the joint probability density function of the 
random vector, X, which is assumed to.be known. 

In general, the multi-dimensional integral in Eg. (12) cannot be 
determined analytically. As an al ternati ve, numerical integration 
using MC simulation can be performed. Here, a few simplifications 
can be made due to the nature of input data {~,Xk}' 

The operating and maximum design loads, pipe geometry, base 
mechanical properties including fatigue crack growth data and 
value Wc are assumed to be deterministic characteristics because 
some of them can be calculated, other are specified. Their 
influence on TWC length and eCL are negligible in comparison with 
the uncertainties of initial distribution of random short cracks 
and statistical variability of the fracture toughness parameter 
J c • 

Therefore, for each realization fatigue crack growth calculations 
can be made in a deterministic way. Taking into account high 
sensitivity of the modern leak detection systems (LDS) applied at 
operating plants, the leaking TWC is assumed to be detected at 
first breakthrough. In this case, fatigue TWC growth analysis is 
not performed, deterministic calculation of leak rate is made for 
each realization to estimate resulting leakage at breakthrough 
comparatively to LDS sensitivity. 

Probability of occurrence of m cracks over length L can be 
described by Poisson law, crack sizes distribution, by Weibull, 
gamma or exponential function. A lognormal probability density 
function is assumed could be fitted for fracture toughness 
parameter J c • Other functions may be used if justified 
statistically. Also, a usual assumption is a statistical 
independence of crack depth, a and length, 2c. Probability to 
detect cracks during inspections depends on their length and a 
corresponding distribution is shown in Fig.2. 

The distribution of leaking TWC and CCL are selected by the MC 
process [Ref.3] which is repeated at each distribution of short 
cracks and fracture toughness parameter J c to create independent 
realization, for which the TWC is compared with the CCL. The 
probability of pipe rupture is defined by extrapolation of 
modeled probability distribution curves as shown in Fig.3. To 
ensure that the selection process is as random as practical, the 
number of run should be of the order of 103

• 
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6. CONCLUSION 

The computer code FATIGUE-2 based on GEF approach of Short Cracks 
Mechanics was developed to model the process of fatigue growth of 
short cracks, their interaction, coalescence and forming of 
resulting macrocrack in flawed piping section under multiaxial 
variable operating loading up to ligament break. The code allows 
to . introduce arbitrary distribution function of short. cracks 
system, uses both deterministic and random mechanical properties. 

. . 

The simple LBB procedure using Monte Carlo simulation with two 
probabilistic characteristics TWC and CCL can be applied to 
predict the probability of pipe rupture or forming of leaking 
TWC. For each random realization the ,analysis can be made in 
deterministic way. Leak rate calculation is made for each case to 
estimate resulting leakage comparatively to LDS sensitivity. 
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Fig.1. Block-Digram For Pipe Failure Probability Evaluation 
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Fig. 2. Probability to reveaie cracks during inspection 
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Fig.3. Pipe leak and break probability distributions 
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~~--------- - -

1. INTRODUCTION 

* DETERMINISTIC LBB ANALYSIS 

- postulation of credible-sized flaws from NDE 
at the high-stress location 

- fatigue crack growth analysis 

-leak rate evaluation 

- comparison of low-bound CCl 
with upper-bound LCL 

- assessment of margins 

> > Only one scenario of failure, LBB or BBL, occurs 

* PROBABILISTIC LBB ANALYSIS 

- distribution and variability of parameters: 
crack sizes and crack location 
loading condition 
material properties 
crack -morphology parameters 

- uncertainties for assessment 
cracking mechanisms 
leak -rate and thermal-hydraulic analysis 
leak detection sensitivity 

> > Entire set of possible realizations of failure 
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2. FRA.CTURE MECHANICS CRITERIA. 

2.1. R6 Calculational Procedure 

Instability would occur ·if 

K (1+il1) = J(1+il1) 
[ ]

1/2 

R J
R 
(ill) , 

(1) 

= 
dKi 

d1 1 +d1 ' 

(2) 

This method can be used also for estimation of,J-integral 

J= 
K; (1 - v2 ) 

(4) 

2.2. GEF criterion 

def W 
L::: + J 

== 1 (5 ) 

where If = f (J eff d€eff • 

The criterion (5) enables one to describe the short crack size effect 
on fracture parameters and eliminate a general contradiction of 
infinite nominal critical stress at the nil crack-size situation. 



3. SUBCRITICAL FATIGUE CRACK GROWTH ANALYSIS 

dl =B (AL) P 
dN 

(6 ) 

Here, 

AL = Lmax - !min - ALth ' 

P 
B = C(R=O) (EJe ) , P = m (R=O) I 2 (7) 

For LEFM 

dl/dN C (K2 K2 AK2) m(R=o)/2 (8) = (R=O) Imax- Imin- U th • 

Crack increment is computed in depth, a, and length, c, will be 

aN = a o + L B (L1La) P AN I (9) 
N 

CN = Co + E B (!l.Le) P!l.N . (IO) 
N 

The crack sizes after i-th and {i + 1 )-th ones coalescence are equal 

to: a=max (ai' a i +1 ) , C=Ci +Ci + 1 • 

Due to fatigue crack growth of part short cracks and their 
coalescence under multiaxial variable loading, the leading 
macrocrack (one or more) is formed and may further grow through 
the wall. 
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4. LEAK RA TE CALCULATION 

* Evaluatiqn of crack_ shape at breakthrough 

* Leakage area calculation 

* Leak· rate analysis 

These estimati'ons can be performed using deterministic EPFM 
\ and thermal-hydraul ic models or better SQUIRT computer 
1...' ! program. 

For c9mplex crack the leakage area is assumed to b(3 
minimum value of crack opening area on the inside or outside 
of the wall. 

Computer code F A TIGUE 2 allowes estimate number of 
loadin~J cycles required for forming TWC and its front and, 
back face I enght at br:eakthrough. 

If assume that surface crack penetrates the wall thickness but 
remains stable, the occurence of middle leakage is' more 
likely for reactor piping system. Further TWC growth will 
yield large, or catastrophic leakage. 
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5. PROBABILISTIC LBB METHODOLOGY 

The steps of the probabilistic evaluation are very similar to steps 
of the deterministic lBB methodology: 

(1) identify the locations in the pipe 
(2) characterize initial distribution of short cracks system 
(3) determine the Cel under maximum load (2ce) 

(4) perform fatigue crack system gr~wth analysis up to the 
ligament break and calculate critical depth (ae) and TWC 
length at breakthrough (2cN) 

(5) estimate possibility of pipe rupture for this realization: 
* any macrocrack grows through the wall but remains stable, 

if (2cN < 2ce) , then "leak -Before-Break II 
* any crack becomes unstable before or after breakthrough, 

if (2cN > 2ce ) , then "Break-Before-leak" 

For each realization, the leaking TWC (2cN) and the CCl (2ce) will 
be a random variable. The failure condition can be conveniently 
expressed in terms of a random function: 
g(X) < 0, where the performance function, 

(11 ) 

in which X = {xj , x k } is an augmented vector of input random 
system parameters. The function, g(X), itself is random, because 
it depends on the input vector, X, which is random too. 

The conditional probability that failure will occur during or beyond 
the disign life is 

PI = P [g(X) < 0] = f g(xl<O fx(X) dX • (12) 

where fx (X) is the joint probability density function of the random 
vector, X. 
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Numerical integration using Monte Carlo simulation can be 
perforllled (Fig.1). Here, a few simplifications can be made due to 
the nature of input data Xj' X k • Only uncertainties ,of initial size 
distribution 'of short defects system and statistical variability of the 
fracturE~ toughness p~rameter Jc are assumed to be random 
parameters. Therefore, .for each realization fatigue crack growth 
calculations can be made in a d~terministic way. Also, the leaking 
TWC is assu.med to be detected at first breakthrough. 
Deterministic analysis of leak rate is made for each case to 
estimate resulting leakage at breakthrough comparatively to lOS 
sensitivity. 

Assum«~d functions of parameters distribution: 

fm(m) is Poisson, . 
fa(a) and fc(c) are gamma or exponential or other, 
fJc(Jc} is lognormal. 

Probability .to detect pre,..service or in-service defects depends on 
their length and a corresponding distribution is shown in Fig.2. 

The distribution of leaking TWC and. CCl are selected by the MC 
process which is repeated at each distribution of short cracks and 
fracturE~ toughness parameter J c to create independent .realization. 
For each realization, the predicted TWC is compared with the 
estimated CCl. 

The conditional probability of pipe rupture is defined by a 
extrapolation of .modeled probability distribution curves as shown . 
in Fig.3. To ensure that the selection 'process is as random as 
practiced, the number of run should be of the order of 103

• 
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6. CONCLUSION 

The computer code FA TIGUE-2 based on GEF approach of 
Short Cracks Mechanics was developed to model the process 
of fatigue growth of short cracks, their interaction, 
coalescence and forming of resulting macrocrack in flawed 
piping section under multiaxial variable operating loading up 
to ligament break. The code allows to introduce arbitary 
distribution function of short cracks system, uses both 

. deterministic and random mechanical properties. 

The simple LBB procedure using Monte Carlo Simulation with 
two probabilistic characterictics TWC and Cel can be 
applied to predict the probibility of pipe rupture or forming 
of leaking TWC. For each random realization the analysis can 
be made in deterministic way. leak rate calculation is made 
for each case to estimate resulting leakage comparatively to 
lDS sensitivity. . 
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ABSTRACT 

The deterministic analysis is used for estimation of reliability 
of NPP equipment in our country mostly. At the same time 
probabilistic safety assessment starts to be applied more 
often.· It is necessary to know foi~rea.lization of this appr.oach 
statistical distri5ution of mechanical properties and structure 
integri ty characteris.tics for base materials,· from which was 
manufactured this equipment, and their weldments and .also quality 
of manufacture and service conditions. 

In this paper statistical distribution of mechanical properties 
for reactor pressure vessels VVER-440 and VVER-1000, produced in 
Izhora plant,and steam generators PGV-440 and PGV-l000 are shown. 
To determina the service reliabilityof·a pressure vessel weld 
and to resolve problems dealing with operating capacity of a 
structure with. defects, informati~n related to their effect on 
structure performance under various load conditions is needed. 
In this paper the distribution of defects in reactor vessel 
detected by the application of yarious non-destructive 
techniques is also performed. 

THE STATISTICAL ANALYSIS OF DATA ON CHEMICAL COMPOSITION AND 
MECHANICAL PROPERTIES O~PRESSURE VESSELS 

Originally, the· data analysis with statistic methods for .pressure 
vessels was carried out in Izhora plant. When the collection of 
data was completed· the information was obt~ined, in all, for 27 
pressure vessels of the type VVER-440 react·or and 10 pressure 
vessels of VVER-100Q reactor. The source of information was 
the data on composition and propert.ies control of samples, used 
for the production of pressure vessel components as well as on 
the control of welded samples, manufactured according to the 
standard technology with welding materials,. applied to weld 
pressure vessel components. Thus, the obtain~d information is 
reliable from a position of the estimation of production 
processing, quality and characteristics of materials for native 
nuclear power plants. 

The initial information on VVER-440 and VVER-1000 reactor 
pressure vessel properties was treated with mathematical 
statistics methods. The main mechanical properties (UTS. YS~ A, 
Z) were analysed at 20 and 3500 C, impact st.rength (KCV) at 20 0 C; 
it was also analysed DBTT (T1<o) and the con ten t of P and Cu, the 
concentration of which influences greatly the tendency to 
embrittlement under irradiation and from a position of structure 
material strength estimation their amount is of a decisive 
importance . 

. For each stated parameter on the. empirical distribution of the 
frequences of the parameter value appearance it was selected .a 
theoretical law of probability distribution. By this, as 
possible theoretical ·law~ Weibull probability law, normal and 
logarithmic-normal were taken. ·The verification of the 
agreement of theoretical and empirical distribution was carried 
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out with Pirson. Kolmogorov and ~2 criteria for the confidence 
level 95%. The best agreement was observed by normal 
distribution for all parameters stated. and it agrees with the 
results, presented in [1-3J. For most samples on the stated 
confidence level the normal law can be accepted as the 
approximation of the experimental data obtained. The normal law 
can also be accepted for the rest parameters by considering the 
stated above factors, though for concrete samples this hypo
thesis was confirmed with the probability below that, which was 
accepted. The results of statistical analysis in the form of 
differental and integral curves are given in Figs.1-4 with regard 
for data in [4-7]. To compare real values with the requirement 
level of drawing and technological documentation, the figures 
show also the corresponding normative values. In Fig.4 (on the 
ground of each plot) the relations are given for two accepted in 
industry variants of welding technology ~or core shel~s of the 
type VVER-IOOO reactor, and it permits to compare these; variants 
on the characteristics of the weld metal being formed. The plot 
of probability density distribution is presented in the upper 
part of Figs.1-4. The function value, plotted on the vertical 
axis. means here a probility of the appearance of the 
corresponding argument value, plotted on the horizontal axis. 
This curves demonstrate obviosly material properties w~th 
regard for a natural ~pread in experimental data and permit to 
compare qualitatively the level of properties and their stability 
for various variants and technologies. In the lower part of the 
figures the corresponding values of integral probability are 
given. This value means the probability of the fact, that the 
material parameter has the value, which is not higher, than the 
corresponding value of the argument. The greater the kurtosis of 
the relation of .integral probability, the less the spread in the 
parameter investigated, the more stable the given characteristic 
of the material and the technology of its production. The more 
left-handly locates the curve, the higher the value of the 
corresponding parameter of the material at the given level of 
probability. The point of intersection of the curve with the 
given in the technical documentation value of the parameter 
indicates that the material parameter value remains not 
higher, than the required one. The probability of the parameter 
to have the value above (but not below) the given one, is equal, 
apparently. to the value pi = 1 - P, where P is the integral 
probability, described above and shown in Figs.1-4. The use of 
either probability function (P or pi ) may be more convinient or 
obvious dependin~ on th~t. how the comparison with the given 
value (both maximum and minimum value) is carried out. The 
relations of integral probability (given in Figs.1-4) beyond the 
scatter band of data are constructed by extrapolation (dotted 
line) . 

The performed analysis showed, that according to most indeces 
investigated shell and weld metal of the pressure vessel core met 
the requirements' of the technical documentation. Th'e accepted in 
industry technology permits to produce metal with the given pro
perties of a high reliability. In the samples investigated the 
values below the specified ones were obtained. practically. only 
for UTS and A at elevated temperature. By this, the required 
level fo~TS is achieved with a small guarantee 70% by welding 
with the type Sv-08XGHHTA wire and about 50% by welding with 
Sv-10XGHMA wire (see Fig.4). 

Production processings of pressure vessel components have some 
pecularities. From one detail to the other the weight of ingots, 
sample thickness. plastic metal working and heat treat~ent are 
varying. Accordingly. the details must differ in metal 
composition and properties. By considering the earlier obtained 
data [4J the statistical analysis of mechanical properties was 
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carried out on the following groups of samples: flange, nozzle 
zone shells, shells of a smooth part of pressure vessel an~ 
bottom. The samples were united in groups on the indications of 
the likeness of thickness design and technology. The latter, in 
particular, was the reason to classify shells and bottoms in 
separate groups, inspite of the likeness of thicknesses and 
covers, because in contrast to shell samples the samples for 
bottom and covers are forged from the ingot wholly without core 
removemen t ,and besid es, bot toms and covers are subj ected 
additionally to one more operation attended by plastic 
deformation - stamping. The statisti6al analysis results of the 
variation of each component properties in the form of integr~l 

curves of probability are given in Figs.5 .and 6. The 
approximation of bar graph histograms was carried out by the law 
of normal distribution for which the best 'agreement with 
experimental data' was observed. The agreement verification of 
theoretical and' empirical distribution was made on: Pirson, 
Kolmogorov and u)2.cr iteria. The comparison of probability curves 
(Figs.5 and 6) shows, that from four samples considered bottom 

ones are: especially destinuished. The metal of ,these details has the 
highest strength characteristics UTS and YS and the lowest 
ductility characteristics A and Z. Among th~ rest groups there is 
also some difference, but not so ~reat. Specially,' the problem 
concerning the importance of the variation of properties on 
groups was not studied. However, at least the deviation of 
bottom ~eld properties from the properties of metal of the rest 
types of details, apparently is not possible explain by only 
accidental factors. The more so, the direction of these 
deviations coincide with those, which should to be expected from 
the pecularities of the technology of their production. As it 
can be seen from thr comparison of Figs.5 and 6 from the 
qualitative view the character of special variation of pressure 
vessel metal of both reactor types is practically the same. 

TH~: STATISTICAL ANALYSIS OF STRUCTURE INTEGRITY CHARACTERISTICS 

The estimation of realibility and safe loading conditions of 
nuclear power equipment, in the main, cannot base on the 
deterministle values of material characteristics, reflecting 
its fracture resistance at three main stages of this process 
(fatigue crack nu.cle'ation, stable crack propagation and brittle 
fracture on the accepted at present criteria, used in engineering 
practice, but must take into account a possible dispersion of 
properties and composition on this type of steel (weld, metal). 
To provide a high reliability of equipment and connected with it 
the operation safety the probabilistic methods of strength and 
service life calculation are more widely used at present, which 
are based on material characteristics, obtained with either 
degree of bonfidence. The accumulated lately scope of 
experimental data on fracture resistance for pressure vessel 
materials permits to carry out the statistical analysis and 
det.ermine these characteristics at each stage of fracture p'roce~s 
in the probabilistic aspects in order to obtain a trustworth 
initial information for reliability prediction of power plant 
engineering structures. 

The stated characteristics for each type of material must take 
int.o consideration intra- and interheat dispersion of properties. 
Below, in the next three section we have analysed the 
experimental data on low cycle fatigue resistance, fatigue crack 
propag~tion resistance and brittle fracture resistance of 
pressure vessel of high ·temperature steels of th~ ty~es 15X2MFA 
and 15X2HMFA and also their welds with regard for dispersion. 
'fhE~ expel'imentaWnatel'ial for the statistie:al treatment was on the 
whole obtained by the author. For structures,operating under 
conditions of cyclic loading. induced by the variation of 
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operating pressure and temperature it is necessary, in the first 
place, to determine material resistance to fatigue damage. 

LOW CYCLE FATIGUE RESISTANCE 

Below, the statistical analysis is presented of fracture 
resistance under low cycle fatigue loading conditions of 15X2HFA 
steel on experimental data and calculation relations, constracted 
by consedering the dispersion of material mechanical 
characteristics. The analysis was carried out on the electronic 
computer with a special program. Originally, the statistical 
analysis of data on low cycle fatigue crack nuclea'tion was 
carried out for one heat of 15X2MFA steel in order to determine 
intra-heat dispersion. The mechanical properties of this 
material, determined by short-term statistic tests, varied within 
the following limits: UTS = 619-745 MPa, YS = 484-656 MPa, A = 
18.7 - 26%, Z = 70.4-78.6%. The specimens, manufactured from 
this material, were tested by three levels of deformation - 2.02; 
0.86; 0.395% on the scheme of rigid symmetric loading "tension 
compression" at rOOm temperature. At each deformation level 20 
specimens were tested with net section 10x30 mm and 30 specimens 
with net section 4x12 mm. Besides, two large scale specimens 
with net section 40x120 mm by the amplitudes of total 
deformation. In the process of testing the number of cycles was 
fixed to fatigue crack appearance and number of cycles to a 
complete rupter of a specimen. The obtained experimental results 
(Fig.8) show a good agreement of average values of lifetime on 
the moment of fatigue crack appearance for specimens of various 
sizes [9-11J. 

As applied to core shells. manufactured from 15X2MFAA steel, the 
estimation of low cycle fatigue resistance was carried out in the 
statistical aspects, From one heat of this steel with the 
mechanical properties at 20°C UTS = 670 MPa, YS = 545 MPa and Z = 
76% the tests were performed in a rigid regime on 15 specimens of 
the same type at3 levels of deformation amplitude (the same as 
for steel of common melting method. In Fig.9 the obtained 
results are compared in coordinate grid of the law of 
logarithmitical~normal distribution. It should be noted, that 
15X2MFAA steel is characterized by a greater stability, 
demonstrated by a greater curve slope to the axis of abscissas at 
all levels of loading, and the slope angle decreases with the 
reduction of deformation amplitude. However, for steel of a 
common melting the slope angle is always smaller, and 
correspondingly, the dispersion on lifetime at one deformation 
level is always higher. Fig.9 shows that only at E = 2.02% the 
advantage of more "pure" steel does not demonstrate any advantage 
at the stage of fatigue crack initiation. Apparently, it is 
associated with the fact that at N > 103 cycles strength 
characteristics which are higher in steel of a common melting, 
influence greatly fatigue fracture resistance. 

FATIGUE CRACK PROPAGATION RESISTANCE 

In the last ten years a great number of investigations have been 
carried out on the estimation 6f fatigue crack growth rate in 
various materials. It is not accidental, as the problem of 
service life increase of the main structures was always highly 
actual. For some large scale structures the requirements to 
service life increased, for a comparatively short time, by 5-10 
times (the requirements to safety remained). It is natural to 
suppose,that it is hardly possible to meet such requirements on 
account of new structural and technological solutions. Du~ to 
technological measures the service life can be increased not 
more, than by 2-3 times but not in all types of equipment, 
because in some branches of industry the service life, in a large 
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growth stage in strength calculations for reactor pressure 
vesse Is. However, in the statist ieal aspect for mater ials, used 
in nuclear power engineering, this problem has not been studied 
insufficiently. There are some investigat.ions [12,13], in which 
~rsck ~r~N~h ~.b~ WB~ studied in zones of structural 
concentration of stresses, including high temperatu~~ p~~~¢4~~ 
vessel steel of the type 15X2HMFA. 

Below the eXperimental results are presented on the determination 
of fatigue orack growth iBte in high temperature 15X2MFA steel 
and its welded joints, produced by submerged arc welding with the 
type Sv-10XHFT wire under AH-42 flux and by manual electric 
welding with the type YONI-13/45 electvods5. By th!~: fQr b~~~ 
metal the resistance to fatigue crack propagation was evaluated 
both for one steel heat and by considing inter-heat dispersion of 
chemical composition and mechanical properties of semi-products, 
used to manufacture specimens. In main. all tests were performed 
by testing with pulsating loading of three point bend specimens 
of the dimension 50x100x450 mm. By carrying out of the 
experiment on the estimation of intra-heat dispersion effect on 
fatigue crack growth rate of 15X2MFA steel plated of i40 mm 
thickness were used (the chemical composition: 0.13% C; 0.20% 
Si; 0.46% Mn; 2.38% Cr; 0.27% Ni; 0.62% Mo; 0.26% V; 0.012% S; 
0.008% P. Therteen specimens were cut in one direction relative 
to deformation direction. so that a mechanical notch was 
perpendicular to rolling direction. The slab. before the 
fabrication of specimens, was heat treated on the regime: 
quenching at 1000 o C, exposure- 13 hours. cooling in air. The 
mechanical properties of the heat investigated (at 20° C) are: 
UTS = 703 MPa, YS = 603 MPa, A = 20.2%, Z = 73%. All specimens 
were tested on a common procedure. At first, from 7 mm deep 
mechanical notch a fatigue crack was made so such on the specimen 
height 100 mm the summarized notch length of the notch and the 
crack was 11.5 mm from both sides of 13 specimens. Theri the 
crack growth rate was estimated by the pulsating loading at room 
temperature and frequency 400 cycles/min. The primary test 
results. characterizing the dependence of crack length on 
lifetime, are given in Fig.10. At the same crack length the 
spread in lifetime is sufficiently great (minimum and maximum 
numbers of cycles differ by 3-4 times). The performed 
investigations permitted to contruct for each specimen the 
dependence of fatigue crack growth on stress intensity factor 
range. The experimental results for 13 specimens tested are 
located in a sufficiently narrow scatter band, presented in 
Fig.11. The experiments were carried out within a comparably 
narrow range of ~K variation from 10 to 20 MPa JID, which 
corresponded the va.iiation of.,crack growth rate approximately by 
1.5 order from 5x10 to 1.2x10 m/cycle. By comparing the obtained 
data with test results of 15X2MFA steel of various heats and its 
welded joints in a wider range of fatigue crack growth rate 
variation, it can be marked a full coincidence of files of 
experimental dots. The upper envelope, characterizing the 
ultimate fatigue crack growth rates in this high temperature 
steel is described by Paris equation with m = 2.47 and C = 
8.75x1~~ In the file of experimental dots for 15X2MFA steel and 
its welded joints. constructed in a wider range of fatigue crack 
grow rate variations from 4x10~to 6x10Gm/cycle, also the data are 
located for the heat considered. In [14] slightly other range of 
K variation was selected and, thus, fatigue crack growth rates 
were different and varied within the limits 10·"1- 10·&m/cycle. In 
this case the statistical treatment was carried out on the 
parameters m and C of the Paris equation. Indeed. each specimen 
is in keeping with its pair of accidental values of these 
parameters. Thus, the dispersion of fatigue crack propagation 
rates and material lifetime at this stage of fracture process is 
the result of dispersion of these parameters. 

By testin~ specimens of different heats of steel an additional 
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verification of the uniformity of the initial information on ·the 
criteria of mathemati~al statistics. The verification of the 
uniformity of initial values of the parameter m for base metal 
selection on Irwin and Grubbs criteria showed that in the 
statistical distribution of test results of metal from different 
heats the very prominent values of this parameter are absent in 
the variational row. For each selection of m values the 
histograms of statistical distribution (Fig.12) were constructed 
and according to their shapes a hypothesis was assumed about a 
possible approximation of these data for the corresponding 
theoretical laws of distribution with the subsequent verification 
of the permissibility of such hypothisis on the agreement 
criteria. All operations after the preparation of initial 
selections were performed on electronic computer on a special 
program, providing to obtain the necessary parameters for four 
main laws of distribution . For the presented values of exponent 
m for 15X2MFA steel the best agreement is provided by 
approximating statistical data by the law of normal distribution. 
It is seen in Fig.12,that the theoretical function of distribution 
density of m value retains, on the whole, the pecularities of 
initial data (histogram). By the known law of the distribution of 
an accidental value one usually uses the determined relations, 
constructed in probabilistic coordinates. In such interpretations 
these relations represent straight lines with a certain angle of 
slope, characterizing the dispersion of the value investigated. 
Fig.13 shows such relation of the parameter m for 15X2MFA steel 
in comparisin with analogous relations for weld metal, produced 
by relations for weld metal, produced by submerged arc welding 
with the type Sv-10XMFT wire and by manual electric arc welding 
with YONI-13/45A electrodes, for which it was also studied the 
dispersion of fatigue crack growth rate for three lots of welding 
materials. 

It is known [15], that the Paris equation parameters m and Care 
correlated with the expression: 

m + q InC = p, (1) 
where q and p are material constants. 
In the graphical form the correlation of these parameters for 
materials investiga~ed can be presented in InC - m coordinates 
with a straight line. As it follows from Fig.14 for 15X2MFA steel 
and weld metal produced by submerged arc welding with the type 
Sv-10XMFT wire under AH-42 flux, the correlation of m and~ C 
par~meters of the Paris equation can be expressed as C=6.92x10 / 

1(190.6)"", and for weld metal, produced by manual electric arc 
welding with YONI-13/45A electrodes - as C = g.4xl0~/(130.3)m. 
Having taken the logarithm. of the Paris equation and substituted 
C from Eq.(l), we have: 

In dl/dN = p/q + m ClnAK - l/q). (2) 
At the given stress intensity factor range A K between the acci
dential values m and In V =In dl/dN there is a linear correlation, 
therefore,if the first value obeys the normal low of distribution 
the crack propagation rate will have the logarithmically-normal 
distribution. The distribution density characteristics, decribing 
crack growth rate can be expressed as: 

( I V ) 1 [( Q.n V - ~) 2J ( ~ ) 
p n = 'fflr. S . e.xp - 2. S Ii ) ~ 

env tnl' 
where In V = p/q + iii (In A K - l/q) is the mathematical expe0tion 

of crack growth rate logarithm; 
Senv = Sm\ln A K - l/q\ is the average square-law deviation of 

crack growth rate logarithm. 
The value Stnv depends on the dispersion of the exponent of the 
Paris equation,stress intensity constants q.ln the most important 
from a practical point of view,area In AK > l/q the dispersion of 
crack growth rate increases with the increase of stress intensity 
factor range. On the base of the information about the dispersion 

126 



~~P~~aHbHHe KpHBUe pacrrpe~eneHRH llOKaSaTeRff CTelleHE YpaB_ 
HeRM IIapHca Mff CTamr 15X2fh1!A 

p 
o,5 

0,4 

q3 

0,2 

0,1 

0 
I 2 

2 

I 

3 4 

PHc.12. 

5 6 

1- theoreticalla'W 
2. -. hi~d:ograrn 

rn 

Fig.12. Differential curve of the distribution of Paris 
equation exponent for 15X2MFA steel. 

H~Terpa~HHe Kp~Re paCllpe~e~eHIDi ITOKa3aTena CTeITeHH ypaBHeHHR 
IIapHca .IQIR HCC.lle~OBaH.HI:lX MaT8PHaJIOB 

p 
°,99 
q96 
~90 

0,60 
0,40 

O,IO 

'/ 
7. 

// 
3 I~2 

I-f--j ., 
-/--/' 

Iv 
r~ 

.Q 

v.~ 

2 3 4 5 

!'Kc. 13. 

x - rSX2MFA 
2. -Sv-tOXMFT 

3 - YONI-!'3/'t5A 

Fig.13. Integral curves of the distribution of the 

Paris equation exponent for investigated materials. 

127 



Pac'l6THaJI OQ6Hlta ){OlIl'OBe'lHOCTR aJIeueHTOB ROHC'l'Prro:om Ha 

CTa,IOIR nOJij)BCt'aIDIH Tpe~ll 01' RCXO){HorO 'l'6XHOJIOrlr'leCROI'O 

JtecpeRTa IIO IIapaMe'l'PY BepOHTHOCTH pajpymeHltfl. 

<1 
N'IO \.VIa , 

a 
10,0 

7,5 

51) 

2.,5 
0 

10,0 

7,5 
20 
30 

i5X2MFA 

Sf) ~ Sv~IOXMFT 
~::=:::::~90 

2,5 9S 
0 

;~~ l~a:NH~~A 
08 10 IS 20 is 35 

PRe. 15. 

Fig.15. The calculated dependence of structure component 
life time at the stage of crack increament from 
initial production defect on the fracture probability 
parameter. 

3aBHCHMOCTh K6~ uapaMerpsMH ypa~eHHft UspKca Ann Hccne
~OB8U~x K8fepH8noB •• 

enC,..--.---__ -..----.. 

~~---';l.-_--L __ -I m 
2 345 

PaC. 14. 

• - ISX2MFA 

x - SV-I0XMFr 

o - YONl-I3/lfSA 

Fig.14. Dependence between the Paris equation parameter 
for investigated materials. 

128 



of data. characterizing fatigue crack growth rate in materials 
investigated it is possible to estimate service life of structure 
elements with cracks on the probability parameter. To determine 
the function of lif~time distribution it is necessary to integrate 
the Paris equation for a most wide-spread type of a defect (for 
example. for a surface semi-elliptical crack). By integrating we 
m~ke the following assumptions: the relation of crack depth to 
its length is constant; crack depth does not exceed 0.5 structure 
element thickness. Therefore it is possible not to take into acco
unt the effect of free surface on stress intensity factor along 
the crack front. 

From the Paris equation for m = 2 we obtained: 
l(&-1,p-J -1 (!-If) 

N = - I< 0 (4) 
C(~- ~)·cltn.6'1YI 

where IK- is the finite defect size, determined by the condition 
of brittle fracture resistance ensuring; 

10 - is the initial defect size, determined by NOT results; 
~ - is the constant, determined by the relation of crack 

depth to its length; 
~ - is the amplitude of variable stress. 

Having taken the logarithm of Eq.(4) with regard- for the correla
tion of m and C parameter according to Eq.(l) we o~tain:-

In N = In 11<- p/g + m (l/q - 0.5·1n l'f!- Ino.. - In(5)+ i'(m), (5) 

( e.,)(~-~ 
I.here t(m) = In ~- r.. . (6) 
Owing to [15J for te~i""value of m, real sizes of the initial - de
fect 10 , mean and high levels of stress, it is possible- to obtain 
non-linear expansion of t(m) f~nction, which is a highly exact 
approximation to the function considered. With the accuracy for 
two members, by m values close to the mathematical expectation ., 

'Y(m) = t(iiD + tl(iii). (m - ill), (7) 
~ -(b)'{-/fl 

.There tOil) = In :1- "" 

t'(.fii) = :!-V~."'S~~~fol)[~ -(~ -if) th ·k 
Q(!- ~)(~_(~)U-fiih.)J 

(8) 

(9) 

After the substitution Eg.(?) in Eg.(5) 
In N = In 1 - pig + (m) + m (m) + m{l/g -In 1 + (m)], (10) 
Hence, by the normal distribution m,we obtain the logarithmically 
normal distribution of lifetime with the parameters: 

10---11 = In l~- p/g-+t(iil) + iii(l/q - InJ..- 0.5 In 11<- InS) (11) 

Sr. .. w = St\1\l/q - lnct- 0.5 In lK +tl(m) - ln6"\ (12) 
Having a knowledge about the exponent m dispersion, it is possible 
to evaluate exactly for the given probability structure element 
service life at the stage of crack increament. For this purpose 
IllOSt typical variants of units, containing crack like defects,were 
considered - VVER-440 reactor pressure vessel with a surface semi
elliptical crack of the depth egual to the anticorrosive cladding 
thickness 10= 9 mm, propagating in base metal (first case) and 
circumferential weld (second case) as well as circumferential weld 
of piping during its production by manual electric arc welding with 
YONI-13/45 electrodes a defect o-f elliptical shape of 10 = 8 !Dm' was 
detected. the final sizes of defects for structure elements consi
dered we~e determined, proceeding from the conditions, ensuring 
brittle strength. 
The calculated lifetime estimation of structure units at the stage 
of fatigue crack increament withregard for the _stated above initial 
data was carried out for a semi-elliptical crack (with the relation 
of axes egual t6 ~), operating under the action of cyclic loads -
along equidistance circumferences. On the perimeter of this crack 
a constant value of AK is provided. The lifetime prediction at the 
stage of crack growth with regard ~or the disp~rsion of characte
~istics was performed only at 20°C without conside~ing a possible 
effect of various operation factors (corrosive environment. neut-
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ron fluence, thermal exposures, etc) on the variation of fracture 
resistance characteristics by static and cyclic loadings. Appare
ntly, such effect can be taken into consideration by means of 
proper corrections_of fracture characteristics for each concrete 
case. 
Fig.I5 gives the calculated results of lifetime for three NPP 
pressure vessels stated at the stage of fatigue crack propagation 
in shell base metal (15X2MFA steel), circumferential weld metal, 
produced by submerged arc welding with the type Sv-10XHFT wire 
under AH-42 flux and also weld metal of welding to nozzle,produced 
by manual electric arc welding with the type YONI-13/4~A electrodes. 
During the calculated service life of NPP - 1200 reduc'ed cycles of 
loading with regard for the accepted at present margin of lifetime 
nN = 10 and confidential probability 95% a crack is growing on 3.5 
mm in base metal and bn 5.5 and 3.8 mm in weld metal, produced by 
submerged arc and manual welding, respectively. Thus, if lifetime 
for the considered above three typical units of NPP is calculated 
only at the stage of fatigue crack propagation, then in all cases 
the required service life is provided with a high probability. 

BRITTLE FRACTURE RESISTANCE 

The main criteria, determining material brittle fracture 
resistance are the ductile brittle transition temperature T~ and 
fracture toughness, characterized by the critical value of the 
stress intensity factor Ktt , between which, as it was shown in 
[15] there exists a certain correlation. The first 
characteristic stated is usually determined during inspection 
acceptance of various types of semi-products, from which NPP 
equipment elements are manufactured, and on inspection samples 
from weldments, manufactured wuth the same welding materials, by 
the same welders and on the same regimes, that was applied for 
finished products. By this, it must meet the requirements of the 
corresponding specifications and standards. The critical 
brittleness temperature of material as its main characteristic 
was used in power- plant engineering at the end of ieventies. 
Nowadays some experience has been accumulated for its 
determination both for base metal and welds. For the first time 
its obligatory determination was accepted for welds of main 
nozzles of power plants of block types, produced, as a rule, by 
manual electric arc welding with the type YONI-13/45A electrodes 
without a subsequent heat treatment. On the base of a great 
statistical information for these welds it has been established, 
that ~with 95% probability is provided as 20°C. In Fig.16 the 
histogram of the distribution of DBTT values and its theoretical 
approximation by the law of normal distribution is presented for 
this weld metal. The same treatment was also performed for other 
materials, used in nuclear power engineering [16, 17]. Fig.17 
gives real data on T distribution for materials, used to produce 
reactor pressure vessels of various purpose. These relations are 
constructed on the base of test results of 15-30 heats of 
materials. For metal of electroslag welds, and also welds 
manufactured by submerged arc welding with pure welding materials 
one did not succeed in estimating the dispersion of this 
characteristic because of the insufficient scope of statistical 
information. For materials, shown in Fig.17 the DBTT, determined 
by with the given probability (95%), is within the limits from 
-25 0 C to +40 0 C. For reac tor stee Is depend ing on alloying 
composition and contamination with harmful impurities (first of 
all P) it is below aOc, and for their welds - above OoC. 
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The critical brittleness transition temperature T~is used both as 
delivery and calculated characteristic. In the first case, TM is 
used to be convinced of semi-product quality at this stage of 
technological process, i.e. to verify if the requirements of 
corresponding specifications and GOST are met. If these 
requirements are not met (T~ values are higher than those 
specified by TY and GOST), then a semi-product is additionally 
heat treated or rejected. The application of TlCOas acalculation 
characteristic is foreseen by [18J. Its application permits to 
determine the permissible loading condition of the power 
e~uipment element by considering the variation of this 
charactaristic in the process of operation and to determine 
structure service life. The calculation on brittle fracture 
resistance includes the determination of T shift and the curve of 
permissible stresses in the period of operation as well as the 
comparison of this dependence with the curve of actual ~tresses. 
The trend of the curve ~f permissible stresses is determined by 
the other criterion - material fracture toughness. 

Below the estimation of fracture toughness dispersion of RPV 
materials is carried out. By constructing temperature 
dependences of the critical value of the stress intensity factor 
~of these materials the test results of specimens of various 
dimensions were analysed statistically. Their use is pemitted by 
the available normative and technical documentation, as under 
conditions of the maximum constraint of deformations at the crack 
tip (plane deformation) specimens of various scales give 
identical results. However, by the developed range of plastic 
deformation (in incorrect area) the specimens of large dimensions 
give, accordingly, higher values of the critical stress intensity 
factor. In the temperature range from -40°C to 20°C the data 
were partially incorrect as far as by the statistical analysis 
the values KIC ' obtained by testing not only large-scaled 
specimens but also those of the section 60x60 and 30x30 mm were 
used. 

The fracture toughness of pressure vessel high temperature steels 
was estimated by considering the intra- and inter-heat dispersion 
of composition and properties of these materials. For the type 
15X2MFA steel the intra-heat dispersion of K~ values was 
determined by testing 13 specimens of the dimension 50xl00x450 mm 
on three point bend at the temperature -40 Q C. By this, one used 
the same specimens, as by estimating fatigue.crack growth rate 
(test results are presented in Fig.10 and 11). Thus, for Cr-Mo-V 
steel the fracture toughness dispersion under the same conditions 
of the experiment and on one heat was determined for steel plate. 
The specimens from 15X2HMFA steel to estimate intra-heat 
dispersion were cut from forging the nozzle zone Du850 of 
VVER-I000 reactor was used). Fifteen specimens of the same type 
and size were manufactured for testing on three point bend. By 
takinginto account the lower values of the critical brittleness 
transition temperature of this steel in comparison with 15X2MFA 
steel, the fracture toughness tests were carried out at a lower 
temperature (-80°C). The chemical composition was the following: 
0.15% C; 0.22% Si; 0.42% Hn; 0.012% 5; 0.008% P; 2.0% Cr; 1.13% 
Ni; 0.61% Mo; 0.10~ V; 0.09% Cu and mechanical properties at 20°C 
were UTS = 725 MPa,YS = 620 MPa, A = 20.5%, Z = 69.5%, KCU = 
2400 kJ/m&. The statistical analysis results of both steels on 
one heat of each steel, which characterize the intra-heat 
dispersion of fracture toughness, are given in Fig.18 as integral 
curves of distribution. Simultaneously, the dispersion of Kx 
values was evaluated with regard for inter-heat spread. 

The critical stress intensity factor Kkby static loading was 
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determined for the types 15X2MFA and 15X2HMFA steels on 7 heats 
of each material, which were produced on the standard technology 
for VVER reactor pressure vessels and in its chemical composition 
and mechanical properties met the specification requirements. 
The chemical composition of 15X2MFA steel of the heats 
investigated met the requirements of sertification. The 
mechanical properties at 20° C after a full heat treatment 
(quenching, tempering and an additional tempering of various 
duration right up to 100 hours) were UTS = 637-717 MFa, Y8 = 
529-585 MFa, A = 18.5-22.6%, Z = 71.0-74.3%, ~o= -25~OoC.For 
15X2HMFA steel heats, investigated on fracture toughness, the 
chemical composition and the level of mechanical properties also 
met the specification requirements: UTS = 600 MFa, YS = 500 MFa, 
A = 14%, Z = 60% at 20°C; UTS = 500 MFa, YS = 400 MFa, A = 14%, Z 
= 60% ar 350°C. 

The statistical analysis of K values for weld metal, produced by 
submerged arc welding with the type Sv-10XMFT and Sv-08XGHMTA 
wires and by manual electric arc welding with YONI-13/45A 
electrodes, was carried out on the test results of not less, than 
5 welds, manufactured with various welding materials. 

On the base of the obtained experimental data on temperattire 
dependences of fracture toughness of heat resistant pressure 
vessel steels and their welded joints [19-21] it is possible to 
analyse the character of K~values distribution (with regard for 
inter-heat dispersion) at various test temperatures. At above 
zero temperatures the estimation of this parameter was carried 
out very relatively, because the conditions of plane deformation 
for specimens tested were not kept strictlY. The distribution of 
~evalues for all tested materials were determined mainly at the 
temperatures -196, -100, -60, -20, +20 0 C, as at these test 
temperatures the number of failered specimens, necessary for 
statistical analysis). Where this condition was not fulfilled, 
the temperature somewhat differed from those established. For 
the type 15X2MFA steel the statistical analysis was carried out 
additionally at the temperatures -150 and 40°C. The data of 
experiments, performed at various temperatures are approximated 
best of all by the theoretical law of normal distribution. In 
Fig.19 it is shown the relation of the distribution thee fracture 
toughness parameter at different temperatures for weld metal, 
produced with the type YONI-13/45A electrodes. These relations 
in the coordinate grid of the law of normal distribution are 
presented in the form of straight lines with a different angle of 
slope, which characterizes the spread in the values of ~e 
parameter. By elavating test temperature the spread in the 
values of stress intensity factor increases. For the other 
materials investigated the integral curves of the distribution of 
fracture toughness values are given in Fig.20 the dotted lines, 
characterizing the intra-heat dispersion, show a higher kurtosis 
to axis of abscissas and it means that the dispersion of KKvalues 
is less, than by the treatment of analogous results for different 
steel heats. 

On the results of the statistical treatment for all materials 
investigated the temperature dependences of fracture toughness 
were constructed on the parameter of fracture probability. In 
Fig.21 these dependences of high temperature pressure vessel 
steels and their welds are given in the form of curves, 
corresponding to an equal fracture probability from 1 to 98%. By 
comparing the presented data it can be noted, that the 
temperature dependence of Ku , constructed on 1% fracture 
probability, for 15X2MFA steel is located below than for 15X2HHFA 
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Fig.20. Integral curves of fracture toughness distriqution 
of RPV materials at various test temperatures. 
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steel. This difference is especially evident in brittle region 
at the temperatures below -70 0 C, where on KIevalue the materials 
differ from each other by 1.5 times. The stated difference is, 
apparently, associated with a favourable influence of nickel on 
britte fracture resistance of high temperature pressure vessel 
steel in the absenbe of neutron fluence attack. It is known that 
for the type 15X2HMFA steel the low level of fracture toughness 
temperature dependence shelf decreases appreciably. In the 
temperature range above .-30 0 C the difference of temperature 
dependencies of fracture toughness for 15X2MFA and 15X2HMFA 
steels is practically not observed. 'The dispersion value of the 
critical stress intensity factor is approximately identical for 
both types of reactor steels at the same temperatures. The 
temperature dependences of K.for the type 15X2MFA steel and its 
weld, produced by submerged arc welding with the type Sv-10XMFT 
wire, corresponding to 1% probability, practically, coincide 
within the whole range· from -190 to -20°C; it is not observed for 
the type 15X2HMFA steel and its weld, produced by submerged arc 
welding with Sv-08XGHMTA wire. The dispersion of KIc values for 
weld metal is slightly less than for the corresponding base 
metal, which, apparently, may be explained only by smaller sizes 
of samples in the first caSe (five lots of welding materials 
against 7 steel heats). However, the low bounds of fracture 
toughness temperature dependences, corresponding to 1% fracture 
probability, and in this case reflect reliably the properties of 
the corresponding materials. 
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PROBABILITY 
AND THEIR 

DETECTION 
WELDHENTS 

OF DEFECTS IN TUBES 
USING NON-DESTRUCTIVE 

B. T. Timo£eev. H. V.Rozina 

CRISM"Prometey", St.Petersburg, Russia 

A b s t r act 

COHPONENTS 
HETHODS 

A methodology of estimation of. the probability of defects 
. det,ection and the probability of defects absence in tubes 
components and welcfutents is presented. The suggested approach 
gives an important information and may be applied for the service 
·life assessment of NPP equipment. 

I n t rod u c t ion 

The degree of NDT system perfection is characterized by its 
detactibility of defects which are considered to be not permissible 
in accordance with normative and technical documentation. By 
inspection with several techniques the tolerance of products is 
estimated by various parameters. Thus, by US testing of weldments 
the measurable parameter will be the equivalent defect area, and by' 
X-ray inspection - i'ts projection on the film. Both parameters 
define indirectly the true defect size, but their correlation with 
real sizes is different. Besides. ,two NDT ~echniques are used for 
welded joints~ only because they have· various detactability of 
defects of various types. As a rule, US detects cr.acks and lack of 
fusion best.of all, and X-ray - pores, cavities, slag inclusions. 
The calculation of the reliability of each method and NDT system as 
a whole, conducted for concrete welds, permits to solve the problem 
of the optimal combination of these methods regarding their 
application. Let X is the defect parameter, the sipe of which may 
be measured or estimated by NDT method. More often this parameter 
defines directly or indirectly defect size, for example, by 
ultrosonic or eddy current inspection such parameter appears to be 
signal amplitude; by X-ray inspection - the size of darkening on 
the fllm. 

In normative documents such level of x1)is indicated, that 
by x ~ x'l) a product is considered to be rejected and requires 
repair. In any case, if the inspection system detects al:l. defects 
wi th the parameter x . ~ Xl), it may be considered as reliable _. 
Indeed, owing to inevitable errors of NDT system in the estimation 
of the parameter X, the products with the parameter x ? Xo may get 
into permissible products (inaccurate omission of defects) and 
permissible products with the .parameter X < Xo may get ·int·o the 
rej ected lot (inaccurate rej ection). . Depending on the consequence 
of such errors or the degree of importance of inspected products, 
one takes def.inite quantitative indexes of NDT inspection system 
and selects various criteria to solve problems of its optimization 

[1 - 3]. For more important products, when the results of inaccurate 
omission of defects' may appear to be <;:atastrophic or incomparable 
with the consequences of inaccurate rejection, the system of 
reliability should be defined by the after - inspection probability 
of .absence of defects G, i.e. the probability of the absence-of 
products wi th the parameters x ~ Xo in such products, which are 
considered to be permissible, basing on inspection results. 
Sometimes, by products service life calculations, .the other . safety 
indications are used: 
m - probability of unpermissible defects presence in accepted products· 
m(x) - distribution denssity of unpermissible defects in accepted 

products_ 
CSNI - pwe3 workshop on Probabilis~ic structural Integrity Analysis 

and its Relationship to Deterministic Analysis 
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Pro c e d u l' e o f N D T l' eli a b i lit Y 
est i mat ion 

The criter'ium of the optimazation problem solution by products 
inspection should be, in the first place, the attainment of the 
prescribed level 6f reliability with minimum expenses. Such 
criterium is to be more rigid than, for. example, the criterium of 
an average risk (11 , but it is the only possible way. 

To calculate the reliability index G it is suggested to use a 
composition of statistic laws of the inspection system parameter 
and errors distribution in its estimation [4,51. For this purpose it 
is necessary to obtain experimentally tWQ distributions - of 
probability density of f(x) occurance and probability detection 
~ (x) of products with the parameter x. The first distribUtion 
characterizes the production system and is usually described with 
the monotonically decreasing function (small defects are found more 
often than large ones). In this case the probability f (x~ ) is 
calculated as the relarion of the number of product units, 
characterized by the parameter x~to the total number of product 
units in a lot. The latter characterizes the -inspection system and 
is usually .described by the monotonically increasing function 
(large defects are detected better. than small ones). which changes 
from 0 to 1 (Fig.i) and is calculated as the relation of-the number 
of product units with the parameter ,x (which can be detected only 
by the given NDT system) to the total number of product units with 
the parameter x . 

In many cases, especially by the use of .i.nstrument methods, the 
function t (x) is defined by the integral er1'ors distribution of 
the NDT system in the estin1ation of the parameter x with the 
location of the distribution center in the x dott4-S1. The product 
p(x)=f(x). t(x) defines the parameter x distribution in the product 
which is rejected as defective basing on the inspection results. 
By integrating the functions p(x) and f (x), it is possible to 
calculate the probability to make one or nother decision and the 
reliability indexe~ G and ffi. 

For reliability determination, the following probabilities are 
used: 

- the true number of rejects or the probability of the occurrence 
of products with the parameters x > x 

xlI'Ial' 

P ~CT = xI f ( x) • dx , (1 ) 

which is calculated as the relation of the number of product units 
with the parameters x ~ x" to their total number in a lot; 

- the probability of defect detection 01' the probability of 
product rejection, 

X "'"a>< 

P = S p(x)dx, (2) 
)( ..u" 

which is calculated- as the relation of the number of product uni ts-, 
rejected by the inspection. to the total number. In this lot one 
may find some ~ood units of products (with the parameter x < x o )' 

but some unpermissible units may not get into the lot (with the 
parameter x ~ x o )' To calculate the probability of the lack of 
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rejection it is necessary to know the probability of product unit 
detection with the parameter x ~ Xo or the probability of correct 
detection, 

Xr..ax 

Po = S-pUd.dx, (3) 
Xo 

which is calculated as the relation of the number of product units 
wi th the parameter x ~ Xo , rejected by the inspection, to their 
total number. The probability of the lack of accepting of a product 
with defects is defined by the expression 

m = P~<:'T - Po' 

The reliability index is calculated with the use of the equation 

h'1 
G = 1 - ~ 

m = 1 

m(x) = 
G, 
f(x)-p(x) 

l-P at 

( 4 ) 

(5 ) 

( 6) 

Equations (1)-(4) demonstrate that all the probabilities of 
making one or another decision by inspection and the reliability 
index depend on the inspection system, as well as on the 
manufacture system of products. Therefore it is evident that the 
way to increase reliability is the improval of the inspection 
system and also the perfection of products manufacture process. 

The e x per i e n ceo f N D T s y s t e 
reI i a b iIi t y cal cuI a t ion for 

tub e san d weI d e d j 0 i n t s 

m 
N P P 

By the estimation of NDT systems for tubes and tube systems of 
steam generators various tasks were put in. Some of them are being 
considered on concrete examples. 
1. Tubes to be used for steam generators are ultrasonically tested, 
their inner surfaces are examined with a periscope. The inspection 
is carried out twice: acceptance inspection at the plant-supplier 
and incoming inspection at the plant, performing steam generator 
assembling. The analysis of the results, obtained during 3 - 9 
years (for various dimension types) permitted to estimate the 
probability of defects detection and to calculate reliability 
indexes of the inspection system. 

By tubes ultrasonic inspection the parameter X is an equivalent 
mark (notch) depth on tube surface expressed in percents from tube 
wall thickness. In such case, f(x) distribution is satisfactorily 
described by the exponential law 

. -1\(x-8) 
f(x)=1\.·e 

-
(7) 

The distribution parameters for various dimension types of tubes (7 
- 16 mm diameter, 1 - 2 mm wall thickness) lie in the ranges 0.2~1\~ 
~ 1 and (3 ~ O';s; 4. The rejection level x c for steam generator 
tubes lies in the range 'of 4%h ~ Xc ~ 10%h, where h - tube wall 
thickness. Reliability G varies from 0.95 to 0.997. 
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By the examination of inner surface with a periscope, no measurable 
parameter is used for quality evaluation, but one orientates on 
'qualitative indications of unpermissible defects. As a result, 
there is no possibility to'estimate the function 'of m(x), and the 
.indexes G and m were evaluated on the base of comparison of ·the 
tubes acceptance and· inc.oming inspect ions by this techniques. For 
the tubes of the'dimension ¢ 13.8xl.5 mm. defects of the type of a 
ccwity or. a hollow may be missed after double sampling with the 
p!'obabi 1 i ty m =,2. 7x10'11 ; defects of the. type of a mark - with the 
P!'ol:>ability, 2.6x10-S~ 

2. Butt welded joints of steam generator tubes are inspected by 
X-·ray method. In normative documentation no instructions are given 
as regards the rejection level xI)' Welds.> containing even only one 
defect is rejected. In such 'case it if? impossible to define the 
value G; only the estimation of m(x.) distribution is possible. 

The inv!3st,igation of the true distribution of defectp rex) was 
performed by metal removing layer by layar and metallogra~.hic study, 
and also by X-ray inspection of the investi'gated 'welds from 6 
directions (instead of 2 directions, prescri~ed by standard 
techniques). The' main defects. characteristic of these' welds'. are 
pores'. If' x (nun) - pore siz~, then f(x) distribution is' well 
described with Weibull~s law (Fig. 2). This law (with other 
parameters) also describes p(x) and m(x) distribution of' ,defects, 
permitted for accepted products, is obtained: 

X f.S 

m(x) = 0.58S·xo.s.e-Q.026 (8) 

3. Welded joints, connected tubes and tube sheets are inspected by 
X-ray method to detect dlscontinuties and ultrasonic 'method to detect 
zones' withunsufficienties and ultrasonic method to'detect ZOnes with 
uD-sufficient weld section hight. The task .of X-ray inspection is 
similar to that for butt welds (it was discussed above). MOl.'e 

. interesting is the task of ultasonic inspection. In this case, X (mm) 
- we'Id section hight. The distribution of f(x) was constructed on the 
base of surveillance specimens cut and their metallographic analysis. 
It is satisfactorily described by a standard l'aw (Fig.3) with parameter 
In this case the prescribed rejection level Xo = 3 mm, and the welds 

to be ,rejected are those, for which x 4 Xo Therefore the ~ (x) 
function is monotonically decreasing, and all limits of integration by 
probabilities calculation appear to be" different from those, having 
been consider~d in the first part of this paper, namely; 

Xo 

P~eT = J f(x). dx; 
X""j" 

= S~P(x). dx 
X ...... 'r'\JIC'M 

= Jp(x), ci.x 

p .. 
Q 

p 

~""" f(x) - p(x) 
m (x) --'''''-'-:'1----'"---p , 

As a result the reliability indexes were calculated: 

G., = -~ 0.992; ill = 8.1x10 
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Con c 1 u s ion 

The methodology of probability indexes calculation of 
continuous NDT systems reliability has been developed. 

It is suggested to estimate the reliability of these systems 
with the following indexes: 

probabili ty of unperlnissible 
defectoscopy systems for products 
varies from 0.8 to 0.9S; 

defects detection, in real 
of nuclear power this index 

probability of unpermissible defects absence in tolerated 
products, intended for operation; this index varies from 0.98 to 
0.999. 

At .the request of a customer, one calculates the distribution 
density of those defects which are unpermissible, but are accepted 
by mistake and got into operation. 

These indexes are use for: 
- inspection system optimization; 
- regulation of products manufacture system; 
- estimation and prediction of products operation characteristics .. 

for example, service- life. 
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MAIN TOPICS OF RSG ADVICE 

• Probabilistic fracture tnechanics ll1ethodology for MAGNOX 
pressure vesse1s (NE) 

• State of the Art Review of reliability analysis for structural 
· assessment by the UK nuclear industry cNE) , 

• Review of defect distributi,ons with particular reference to 
methods of determining the probabilities of large defects (NE) 

• Requirements for incredibi1ity of failure safety cases (NIl) 
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DEFECT SIZE DISTRIBUTIONS 

ADVICE TO TAGSI FROM 
THE RISK SUB GROUP 

NE REQUEST FOR ADVICE 

"To review available defect size distributions for use in 
probabilistic fracture mechanics calculations and to examine 
critically their suitability for defects greater than 15 mm in 
through wall extent. Also to consider approaches which might 
be used to estimate size distributions for such defects" 
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SCOPE OF .FIRST RESPONSE: TAGSI/P(95)78 

• Review of available defect distributions 
(Marshall, Magnox, Dufrense etc) 

• Limitations of available distributions for large defects 

• New approaches for large defects probabilities 

- Use of non nuclear and weld repair data 
- Identification of metallurgical factors 
- Expert elicitation 
- I~spection lTIodelling 
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CONCLUSIONS FROM FIRST RESPONSE 

• Available defects distributions based on data of small 
defects from inspections are of limited validity for 
large defects because of possible differences in 
population and errors in extrapolation 

• Defect data frOlTI non nuclear structures can increase 
the database relevant to nuclear welds if the welding is 
sufficiently similar 

• An understanding of the metallurgical factors leading 
to large defects may identify mechanisms capable of 
probabilistic treatment 

• The expert system developed at RRA takes into 
account a range of manufacturing factors and 
discriminates bet\veen types of defect - although 
strongly judgenlental, it is a significant advance 

• New approaches are becofiling available to 
understanding inspection efficiency using neural 
networks but require further development 
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SCOPE OF SECOND RESPONSE 

.' 

Further advice was requested by T AGSI on the following are:as: 

• Evidence of large defects fronl weld repair data 
(Dr H Pisarski - TWI) 

• Defect data from inspections of non nuclear structures 
(Mr R Warwick) 

• Metallurgical mechanisms for large defect formation 
(Professor F M Burdekin FRS) 

• Methodology for autonlated analysis of radiographs for large 
defects (Mr V Chapman - RRA) 
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Session 2: Random mode~~ing of defects and materia~ properties, Chairman M. 
Leger. 

Mi Bieth, S._Crutzen, P. Le;rnaitre and S. McAIJister. 'The use of PISC data to 
support~ probabilistic structural integrity analysis' 

In the discussion, Dr. Bieth said that the results would be evaluated 
statist.ically, if it could be done as part of a programme. They needed 
destructive examination to obtain the full distribution for defects smaller than 
3mm. The information was published in PISC reports, but this contained all the 
NDE det.ails. The distribution of errors could be obtained, as -for example there 
.had been 20 teams involved in the SG tube exercises. The intention had been to 
use art.ificially induced defects, but there had also been unintentional 
(unexpe!cted) defects .. However even for the the intended narrow slots the results 
were poor. 

Prof. Nilsson commented that there may be a dependence between the detection and 
sizing events, and that it would be interesting to carry o~t ~urther analysis on 
the PISC results. Mr. Hedner said that PWG3 had set up a Task Group on NDE, and 
one issue was the further use of the PISC database. He welcomed proposals from 
this group. 

V. A. Kiselyov, E. A .. Shiyerski and· A. N. Vasyutin. 'Numerical modelling of 
fatigue cumulative damage and limit condition of reactor piping systems with t~e 
use of random short cracks growth' 

In response to Mr. Beliczey, Dr. Kiselyov said that the pipe leak and break PDFs 
were for RBMK and.VVER large diameter piping, and that they used experimental 
results. They were conditional values, for a failure in the rest of the life. 
Mr. Beliczey commented that the ordinate would be better described as a 
frequency than a probability. 

B. T. Timofeev, 'Probabilistic distribution of mechanical properties and 
structure integrity characteristics for RPV materials' . 
B. T. Timofeev·and M. V. Rozina, 'Probability detection of defects in tubes 
components and their weldffient using non-destructive methods' 

Dr. Legl9r asked if the distribution of material properties was different for 
different vessels. Dr. ~imofeev replied that the distributions were different 
for different components (plate, shell, different thicknesses), for the RPV and 
SG, and depended on the manufacturing plant (Izora or Skoda) . 

Mr. Chapman commented on the strong correlation between C and n on the Paris, 
implyinq a crossover in the crack growth curves. Dr. Timofeev said that there 
had been only 15 samples. Prof. "Nilsson said that· other data showed a similar 
effect, even without assuming a Paris Law. It was better to transform the data 
rather than to use C and n as parameters. 
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J. Wintle,'Recent development in risk based assessment of structural failure' 

Dr. Wintle started by saying that he dedicated his talk to Lord Marshall, who 
had died the previous week. 

He said that the group was only considering manufacturing defects, and did not 
consider in service growth. The data could be extrapolated to larger flaws, but 
the results were not significant. The situation was worse if you did not observe 
large flaws. Dr. Wilson commented that defects that spanned several weld beads 
were needed, and the group had focused on large (l5mm) defects. Prof. Nilsson 
and Mr. Chapman agreed that it was not even certain that large and small defects 
belong to the same statistical population. 

The existing data for large defects was negligible. What was needed was details 
of repairs, and the TAGSI group had some of this. Prof. Nilsson commented that 
there were some Swedish data on weld repair. There was an NEA initiative to 
assemble defect distribution data, with a PWG-3 NDE task group. 

Mr. Chapman said that the TAGSI group were reluctant to accept equating 
Inc~edibility Of Failure (IOF) with a probability of 10-7 , and there was a 
preference for a qualitative verbal description, which was imprecise. 
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Issues Arising During the Implementation of a Probabilistic vs. a Deterministic 
Assessment of Reactor Component Integrity 

F. Camach01 

G. W. Newman2 

Abstract 

This paper discusses some of the issues associated with the development 
and application of a probabilistic and a deterministic assessment of 
delayed hydride· cracking (DHC) initiation in Ontario Hydro's CANDU 
Reactor Fuel Channels. _. 'Both approaches are in part derived from the -
same experimental data set that relates specimen peak notCh-tip stress to 
the~ number of thermal cycles required to initiate DHC. The results are 
used to evaluate in-service fret marks which occur in the Zirconium 
Niobium Allay pressure boundary material. 

1. Introduction 

In many circumstances nuclear generating station pressure boundary components ;!.ustain in
service damage levels which exceed the original design allowances. As a result, it is n'~cessary 
to demonstrate component fitness-for-purpose to Regulatory Agencies which also infi'J~';ilCeS run, 
repair and replacement strategies. This demonstration exercise normally j. :~uives the 
determination of s.afety margins against catastrophic failure over the next operating jJOIiod, which 
could be to the end of the original system design life. 

Ontario Hydro currently owns and operates twenty CANDU reacton;. Fuel bundle fretting 
damage has been known to occur in the fuel channels of some 900 MW units. Conditions of 
turbulence, acoustic effects and unusual fuel bundle support conditions at the 'channel inlet ends 
have rEtsulted in bundle bearing pads fretting the pressure tube thus producing blunt flaws in the 
primary pressure boundary. Many ofthese flaws exceed the allowable depth (0.15 mm) at which 
disposition is required. The fuel channel pressure tubes are fabricated using a Zr-2.5wt%Nb 
material' which continuously increases in deuterium concentration over the operating life of the 
reactor mainly through·the .corrosion process. Small notched specimen testing has shown that 
given the necessary conditions of adequate hydrogen isotope concentration, time, stress and 
temperature cycles, this material is prone to Delayed Hydride Cracking (DI-fC) initiation and 
crack growth. . 

A small sample of pressure tubes are subject to full volumetric non-destructive examination 
based on periodic inspection requirements. Information from these inspection campaigns can 
lead to a more. expanded scope of inspections depending on the results. It is normally not 
considered to be economically feasible to perform complete inspection programs which would 
approaeh 100% volumetric inspection since for operating reactors in Ontario this would require 
inspection of a large proportion of the 8,840 pressure tubes currently in-service. This would be 
even less attractive if the in-service damage mechanism was expected to change with time. If 
large scale inspection programs could somehow be justified, each flaw indication. could be 

1Advanced Systems Technology Unit, Ontario Hydro Technologies, 800 Kipling Avenue, 
Toronto, Ontario, Canada, M8Z 5S4 

2 Ontario Hydro Nuclear - Attached to Reactor Engineering Services Department, Atomic Energy 
Company Ltd., 2251 Speakman Drive Mississauga, Ontario, Canada, L5K 1 B2 
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evaluated against existing deterministic criteria which would provide the basis for return to 
service (Le. simple pass I fail scenario). 

Reality dictates that the operator will have to demonstrate system acceptability to the regulator 
armed with incomplete information. It is not clear how this should be accomplished. The 
following approaches could be considered. 

• Demonstrate acceptability using observed damage coupled with technical arguments as to 
why this assessment should be considered bounding for the balance of the system. This 
{Iormally takes the form of a deterministic argument. The supporting technical arguments as 
to the acceptability of as-yet uninspected components would require a priori understanding of 
the in-service damage mechanism. However, this understanding may not always be 
available, particularly at the beginning of the process~ 

• Demonstrate acceptability using a postulated severe case of in-service damage. This 
normally takes the form of a deterministic argume'nt. If this postulated case does not result 
in operating restrictions, it is quite appealing. On the other hand, if the postulated case 
results in operating restrictions, an argument can be made that such a case is extremely 
unlikely. 

• Demonstrate acceptability using probabilistic methods. These will extend the existing 
information to establish the operability of the system. These may have many forms of 
different extents and sophistication, but if properly used should be able to provide a more 
comprehensive and potentially less restrictive assessment of the operating system. 

This paper will discuss some of the issues ariSing in the application of probabilistic assessment 
in the operation of CANDU reactors. It will attempt to demonstrate why a probabilistic 
assessment, albeit more complex, may be the preferred approach when only partial information 
is available. In addition it will provide a deSCription of the require<;t link between probabilistic and 
deterministic assessments which will be demonstrated 'through the use of sOlT!e simple 
examples. 

2. Deterministic Assessment 

The blunt flaw deterministic DHC initiation assessment methodology and acceptance criteria was 
developed using a philosophy consistent with' that of standard ASME safety margin design 
methodology (Scarth, et ai, 1996). The acceptance criteria provides a boundary line in the peak 
notCh-tip stress versus thermal -cycles-to-initiation space below which blunt fret marks are easily 
dispositioned. A complete thermal cycle is normally defined as reactor heat-up from 

, maintenance cooling conditions, followed by a cool-down to a maintenance cooling state. This 
criteria is used fOf disposition of observed frets detected during inspection campaigns. This 
approach is Similar to standard ASME Section XI in-service damage assessment methodology 
and typically considered to be acceptable by both Regulatory AQencies and Operators. 

Acceptance Criteria 

The acceptance criteria was developed based on notched cantilever beam specimen test results 
prepared from pre-service Zr-2.5wtO/ONb preSsure tube material. The test program was designed 
to provide a bounding set of conditions as compared with actual operating reactors. Based on the 
use of a fatigue initiation analogy, factors of safety were derived for peak stress and the total 
number of allowable thermal cycles (ASME, 1985; Cooper, 1992). Based on these factors, a line 
was drawn which provided a lower bound to the available specimen test information. Such an 
acceptance envelope is represented schematically in Figure 1. 
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Figure 1: Schematic ofDHC Initiation Acceptance Envelope 

Assessment Procedure 

Fret mark geometry is established through the combined application of ultrasonic and replication 
techniques. The flaw axial length. circumferential width, depth and -root radius are established. 
Two idealized flaw components are determined by projecting the flaw geometry information into 
the two main, axes of the pressure tube .. As a result of the anisotropic behavior of the pressure 

. tube material, DHC initiation is not considered to be a concern for the circumferential flaw 
component. Therefore only the axial component of the fret mark is further evaluated based on 
c(;msidE~ration of all Service Level A and 8 operatin1J conditions. The applied hoop stress is 
determined due to system pressure, including pressure acting on the flaw face, and when 
appropriate, residual assembly stresses which exist in the rol/ed-joint region of the fuel channel. 

The stress concentration factor is calculated using empirical fits to 3D finite element analysis 
results. The peak notch-tip stress is then calculated by multiplying the total applied hoop stress 
by the stress concentration factor. The total number of allowable thermal cycles are determined 
by considering the peak stress versus thermal cycle acceptance envelope. The remaining 
number of allowable thermal cycles is determined by subtracting the number of thermal cycles 
already experienced at the flaw location (Scarth, et ai, 1996). Thermal cycles are' included if 
hydridets are predicted to be 'present at the flaw tip during sustained operating conditions. This 
assessment procedure is repeated for the most severe fret mark from each pressure tube. 

3. Probabilistic Assessment 

The need for a probabilistic assessment could arise in at least two distinct ways. The first is 
when if: is not feasible to do an exhaustive inspection to assess the distribution of flaws and flaw 
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geometry on the system. The second case arises even when it is possible to do a complete 
inspection if the detected flaw has a random chance of developing into a undesirable condition 
that may affect the integrity of the system. On many occasions it is a combination of the two 
situations that occurs. 

When only partial information is available, it is necessary to extrapolate the results of the 
inspection to the complete reactor. Methods of extrapolating sample or inspection information to 
the complete system have been studied elsewhere (see for example Sampling Theory, Cochran, 
1983; Theory of Statistics, Cox and Hinkley, 1974). These methods are based on probabilistic 
concepts, which immediately bring the assessment of the system into a probabilistic framework. 
If the given flaw is well understood and the inspection is a random sample, the assessments are 
usually straight forward: probability distributions are fitted to the inspection results and estimates 
are made of confidence values and frequencies above certain size limits. If the insp-ections are 
not random, more sophisticated techniques (see Cochran, 1983) need to be used. 

When the flaw has a chance to deteriorate into an undesirable condition, the situation is 
somewhat different. Ideally, what one would like to be able to do is to evaluate the risk 
(probability) that an observed flaw will deteriorate and eventually cause a problem. Probabilistic 
models that link physical dimensions of the flaws with the probability of failure are usually 
proposed. Many of these fall in the domain of Life Regression Models (see Lawless, 1982). 
When only partial information is available, in addition to having uncertainty with respect to the 
deterioration of the flaw, the assessment will need to incorporate the uncertainty associated to 
the lack of information in the estimation of the probability. The net effect is to, add complexity to 
the assessment model. 

The assessment of blunt fretting marks observed in the Zr-Nb pressure tubes is considered 
below. The main risk associated with these fret marks is that these may produce defayed 
hydride cracking (DHC) initiation sites which could lead to tube leakage and potential instability if 
the leak was not detected. The prinCiples of defense-in-depth require both the demonstration of 
low potential of DHC initiation as well as confidence in leak-before-break. Since the conditions 
leading to DHC are still under development the assessment is not straight forWard and 
necessitates the use of several models and Monte-Carlo si!"ulations. 

Acceptance Criterion 

The results of any probabilistic assessment of integrity must be compared with an acceptance 
standard which is established independently. In the case of CANDU reactors, the consequences 
of pressure tube failure have been evaluated for the safety analYSis of the reactor. An 
acceptable frequency of failure is then derived such that the risk of operatio;l of a CANDU is 
acceptable low. The results of the probabilistic assessment of integrity are stated in terms of the 
expected frequency of failure to show that the frequency associated with the safety case is not 
compromised. In the current assessments, DHC initiation is equated with tube failure and the 
benefit of leak-before-break is not taken into account thus providing a conservative estimate. 

Assessment Procedure 

To assess a fretting flaw it is necessary to find a way to link the physical properties of the fret 
with the probability that it will develop into a DHC crack. Although there is now a considerable 
understanding of the development of hydride regions at stressed notches under conditions of 
thermal cycling, the precise conditions leading to hydride fracture are less well understood. The 
experimental tests show a large scatter in failure cycles for nominally similar conditions. Some 
of these data are reported by Sagat et al (1993). These data consist of 249 tests of notched 
specimens exposed to thermal cycles under a constant load. For each speCimen; the notched 
geometry and applied load can be used to calculate the peak stress acting perpendicular to the 
notch. These tests are considered to provide accelerated conditions for the failure mechanism. 
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A probabilistic model that relates the number of thermal cycles to initiation to the applied peak 
stress can be constructed where the distribution of the logarithm of the number of thermal cycles 
to DHG initiation, log(Cyc) , of specimens subject to a peak stress value Peak, is, assumed to 
have a normal' distribution with mean p(peak) and standard deviation 0: Furthermore, it is 
assumed that the parameter p varies linearly with Peak: 

p(peak). = a + p·Peak 

and that £Tis independent of Peak. This model is referred to as a log-linear life regression model. 
Probabilistic methods, such as those reported in Lawless (1982), are used to estimate the 
paraml~ters of the model and statistical software packages like SAS (1987) can be used to assist 
with thl~ calculations. Figure 2 illustrates this model. 
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Figure 2: Life regression analySis: observed data and mean regression line. Arrows indicate 
non-failures. Model assumes a lag-normal distribution at each peak stress value (see text) 
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Using the life regression model, it is possible to evaluate the probability of initiation for each 
blunt flaw. If the peak stress at the tip of the blunt flaw is Peak and the flaw has already 
experienced Co thermal cycles, then the probability of having DHC initiation associated with the 
fret within the next en thermal cycles is give by: 

Pr( DHC initiation in next cn cyclesl Co cycles, Peak) = 

1 _ Pr{Z > ~og(co + cn) - ~(peak» I cr} 

Pr{Z > (Iog(co) - ~(Peak» I cr} 

- .. -

where Z represents the standard normal distribution. The above expression is nothing but the 
conditional probability of having initiation in the time (cycles) interval [Co+1, Co+en] given that no 
failure occurred in the interval [0, Co]. If Co = 0, then the above express!on is reduced to 

Pr( DHC initiation in cn cycles I Peak) = 1 - Pr{Z > (Iog(cn ) - ~(peak» I cr} . 

Note that the flaw assessment result is a probability value that now has to be considered by the 
operator. Intuitively, small values should be an indication that the flaw is not of major concern 
while large value values indicate that the flaw may be an integrity concern. If an established 
acceptance Criterion had been set, it shouLd be very easy for the operator to demonstrate that the 
system can be operated safely. 

If the peak stresses and number of thermal cycles experienced by all blunt flaws existing in the 
reactor are known, the probability of DHC initiation in the reactor can be evaluated. Also, the 
expected frequency of tubes with initiation can be evaluated. These calculations are straight 
forward when one assumes independence of the initiation mechanism amollg flaws. The 
operator could then easily compare these numbers with the pre-established acceptance criterion 
and decide whether or not to operate the system. 

However, in general not all the blunt flaw information is available. This creates difficulties in 
trying to assess the core, since it is now necessary to integrate the probabilities over all possible 
flaws that could be present in the reactor and all possible numbers of cycles and all possible 
stresses. It is necessary to postulate models for these variables. Some of these models, such 
as the number of frets and the physical characteristics of the frets should be consistent with the 
inspection results and are probabilistic in nature; these are referred to as population models. 
Others relate the physical characteristics of the flaws to the peak stresses. These are usually of 
an engineering nature, and are referred to as engineering models. The introduction of these 
additional models increase the complexity of the assessment model. As complexity increases 
the use of Monte-Cano techniques is introduced to evaluate the probability of initiation. 

The Monte-Cano method assesses the reactor simulating thousands of different combinations of 
geometries, numbers of cye/es and stresses. The population models are derived from~ the 
existing inspection data. Most of the flaw geometry parameters are obtained from reactor 
specifiC data, except the model for flaw root radii which, in our case, was obtained combining all 
available information since only a few observations were available from each reactor. The 
engineering models are provided by the engineering team and, when poss:ble, parallel those 
used in the deterministic assessments. All these simulations are then combined in providing an 
assessment for the reactor. Quality assurance procedures have also been put in place to ensure 
that proper methodology is used and that each assessment incorporates the proper information. 
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4. Comparison Between Deterministic and Probabilistic Criteria 

It is interesting to provide some comparison between the deterministic and the probabilistic 
criteria. Using the probabilistic assessment model it is possible to provide probability contour 
curves in the -Peak stress - Number of Thermal cycles space. This is illustrated in Figure 3 
where contour probabilities associated with the probability of surviving Cn cycles are calculated 
assuming the flaw has not experienced prior thermal cycles. If the deterministic acceptance 
criteria were to b.e superimposed on it,' one could easily estimate the probability association with 
each part of the deterministic acceptance criterion. For example, if the dotted line in Figure 3 
represEmts the deterministic acceptance criterion, the implicit acceptance probability would be . 
0.001. In this case~he maximum acceptable peak stress would be 800 MPa with 5 thermal 
cycles allowed. At about 600 MPa,80 thermal cycles would be allowed. . 

Note that if a clear understanding of the allowable probability for this single mechanism is 
available, ·this criteria could be used to design.. a deterministic criterion curve that would have 
been more consistent with the probabilistic criterion: one could simply define the curve along the 
isoline with the probability value equal to the acceptable probability. 

900~------~----~----------------~--------------------~~~ 
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Figure 3: contour probability plots for the probability of DHC initiation for a fret at peak 
stress Peak and given number of thermal cycles. Calculations based on life-regression m9del 
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As shown above, it would be possible to embed all assessments into a probabilistic framework. 
Furthermore, as shown is Section 3, there are compelling reasons to use probabilistic 
assessments, the most important being the fact that there is no other way to provide a realistic 
assessment of a system when there is incomplete information. The probabilistic assessments 
when properly carried out incorporate all the pertinent information and understanding to provide 
the best assessment of the system. In the case of the CANDU reactors the probabilistic 
assessments are becoming essential in demonstrating integrity of some sub-systems. 

The probabilistic framework has the additional advantage of easily lending itself to sensitivity 
studies. These studies can analyze the impact on the reactor of different conditions assumed for 
the uncertainty elements. This would allow a screening of the many uncertainty variables to find 
out which are the most important giving some light on where to concentrate future efforts. 

Although the probabilistic assessments may have many advantages, it is not a simple idea to 
accept or to implement. Some of these issues we have encountered during the im ,Iementation 
of the probabilistic assessment of DHC initiation are discussed below. 

• Deterministic assessments are preceived to be sufficient. Given the wide acceptability of the 
deterministic approach, there is a preference to try and reduce all Situations to applications of a 
deterministic approach. For example, when incomplete information is available, a simple 
alternative could be to use 95% upper confidence values (or simply the mean plus two standard 
deviations) for the size of the flaw and then apply the deterministic criteria to this value. This 
would provide a conservative assessment ,if only a few flaws are expected. If map), frets are 
expected, the bounded condition would not provide a/l the information needt.. t~ make a 
decision. 

• Probabilistic assessments are new. This creates a situation where • " process is 
continuously being revised and upgraded. This is a very dynamiC process where new knowledge 
is being introduced as it is gathered; models, data, procedures, etc. are changed and upgraded 
with the intention of improving the quality of the assessments, but at the same time introducing 
confusion to operators and regulators who see models come and go with f(. ;ults changing, 
leading to question whether a probabilistic assessment was a good idea in the first place. 
Deterministic assessments are more established in the engineering community and are therefore 
more acceptable. 

• Models are not necessarily robust. New observations may substantially change the 
proposed probabilistic models which in tum may significantly affect the ac:~ssment results. 
Also, different models producing different results may be consistent with the available data and 
the question arises of what is the right model to use. Deterministic criteria on the other hand are 
built with some robustness due to the application of safety factors. However, these lack the 
capability of asseSSing situations corresponding to large number of flaws. 

• There is a need to rationalize the occurrence of extreme events observed in the probabilistic 
assessments. Given the nature of the probabilistic assessments it is necessary to postulate 
extreme situations that may not have apparent parallel in the operational experience. For 
example, the Monte-Carlo method may postulate a fret that would experience a peak stress 
above 900 MPa, which would be predicted to initiate within a few cycles. Since no initiations 
have been observed in the reactor and only flaws with low peak stresses have been observed, 
an argument can be made that it is impossible to have such flaws in the system and therefore 
the assessment procedure should be modified to avoid simulating such flaws in the assessment. 
Even if it is shown that the 900 MPa flaw would have a probability that makes such a situation 
consistent with experience, the possibility of situations Significantly outside the range of 
experience are difficult to accept. 



• Complexity of models. This may create difficulties in acceptance of the rhodel due to the 
numbE~r of approximations, simplifications, conservatism, etc., that are introduced in the model 
giving the impression of poor accuracy or lack of model adequacy. Questions regarding the. 
levels of conservatism included in the calculations and their impact on operation are always 
raised by operators. 

• Laok of confidence in the data. Sinc.e the probabilistic assessment considers a larger range 
of possible flaws than the deterministic assessment, it can be perceived that the data available 
to develop the life regres~ion model is not sufficient to cover the range of' application. Also, 
given that more extreme flaws are likely to produce higher probabilities, questions of whether the 
data mpresent actual situations in the reactor .are more likely to be raised. Data that appear to 
be uSE~ful in establishing deterministic criteria may not be sufficient to establish probabilistic 
assessments. - -- . . 

• A need to demonstrate that the deterministio and the probabilistic assessments are not 
contradictory. The situation where all observed flaws are within the deterministic acceptance 
envelop, but a probabilistic assessment may indicate an unacceptable probability is not easily 
accepted by the operator. Of course, this is only conceivable· if there is a very large number of 
flaws in the system, so that when a complete probabilistic analysis is made, the probability 
exceec/s the acceptance criterion. Such situations are not likely to occur in systems where 
relativE~ly low numbers of flaws are expected. 

• Probabilistio concepts are abstract and more difficult to interpret. In general, it is more 
difficult to explain and convey probabilistic·concepts creating a more difficult selling job for the 
probabilistic assessment. For example, how is the operator to interpret a criterion that states that 
reactor safety could allow 0.01 tube fractures per operating year? If the operator has the 
responsibility for 10 reactors, after 10 years with no failure, is he to be allowed one failure? Or 
does it means that every year he will have to demonstrate for each reactor that the probability 
does not exceed 0.01 tubes fractures? 

5. Conclusions 

Probabilistic assessment is the best tool available to provide proper reactor assessments in the 
preseO!~ of incomplete information. These, without a doubt, will become more important in the 
future. Economics. and reality indicate that to keep operating large systems safely, regulators 
and operators will need to familiarize themselves with the concepts and their limitations. This, 
hOWeVE!r, will not be a straight forward exercise and much is needed to be learned and gained 
from expenence. . 

To be successful, regulators, operators, engineers and scientists and system developers will 
need tel work together. They need to obtain adequate system understanding, comprehend the 
intrinsic: limitations of data and modeling systems, realize the sensitivity (or lack thereof) of the 
models. They need to propose methodologies that are sensible, that can be implemented; that 
are sufticiently accurate without being taxed, and most important that are practical and useful to 
allow the safe operation of the systems. 

A cros~. fertilization between engineering, physical sciences and statistics will likely result in 
better procedures, more robust models, better experiments and hopefully, in better operational 
practiCE!5. 
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Application of Structural Reliability to support deterministic integrity 
analyses of Reactor Pressure Vessel subjected to transient conditions 

1. Introduction 
In the last decade, there has been an increasing interest at EDF in developing and applying 

probabilistic methods for a variety of pwpose. In the field of structural integrity and reliability they are 
used to evaluate the effect of deterioration due to aging mechanisms, mainly on major passive structural 
components such as reactor pressure vessel, steam generator and piping in nuclear plants. Because there 
can be numerous uncertainties involved in perfonning an assessment of the risk of failure of these 
components and because pessimistic assumptions used in deterministic methods give results too far from 
reality to be applicable to support effective decisions, the probabilistic approach provide an attractive 
supplement to the more conventional deterministic method. 

The benefits of a probabilistic approach are the clear treatment of uncertainties and the 
possibility to perform sensitivity studies from which it is possible to identify and quantify the effect of 
key factors and mitigative actions. They thus provide informatiOn to support optimal decisions related to 
in-service inspection planning and maintenance strategies, lifetime prediction or reassessment, integrity 
assessment of degradation and definition of in~service acceptability criteria. 

Apart from a clear modelisation of fracture mechanics concept and detailed knowledge of the 
input data, application of this type of analysis requires a tool capable of making a reasonably easy 
numerical estimate of the probability of failure. For this putpose a benchmark problem has been 
performed by EDF, FRAMATOME and CEA to clarify the difficulties and differences in numerical 
processes. In this study, general state-of-the-art structural reliability methods known as First and 
Second Order Reliability Methods (FORMISORM) along with Monte Carlo Simulation and Importance 
Sampling were tested on a rather complex mechanical model. This model concerns the risk of brittle 
rupture of a PWR vessel subjected to transient conditions. 

The objective of this paper is to present the results of this benchmark exercises used also to 
validate the probabilistic model and its input random parameters. By performing sensitivity studies and 
analyzing the co-ordinate value of the design point (most probable failure point given by FORM 
method), the most influential parameters have been identified on this case study. Special data base have 
therefore been collected and sophisticated statistical treatment performed to update more precisely the 
probability distribution of these parameters (the fracture toughness transition curve, the irradiation
induced shift prediction, the flaw size, the reliability ofNDE .... ). 

Results from these probabilistic analyses can now be used to calibrate explicit safety factors in 
relation to implicit safety margins, and define in-service acceptability criteria. The « deterministic» 
approach is then treated as a special case of the more detailed «probabilistic» formulation of the 
problem. 

2. Nuclear Reactor Vessel application 
Among all the components of a PWR nuclear power plant, the reactor pressure vessel is of 

major importance for safety. The integrity of this structure must be guaranteed in all circumstances, 
even in the case of the most severe accidents, and its mechanical state can be decisive for the lifetime of 
the plant. The vessel wall is one of the most affected zone by embrittlement due to neutron radiation 
damage. This aging problem has been anticipated at the design stage. This accordingly led to define the 
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service conditions and the materials requirements and to carry out a surveillance program of the steels 
embrittlement and in-service inspections. The brittle rupture is thus the potential hazard which must be 
studied in order to ensure that the neutron radiation effects are consistent with predictions. 

Concerning the Reactor Pressure Vessel, the- French conventional approach to assure structural 
integrity relies on «semi-probabilistic}) concept : «deterministic» safety margins to be applied are 
dependent on the combined probabilities of the transient and reference defect .class under consideration 
[Noel 90, Pelissier-Tanon 90]. A generic reevaluation of the margins with respect to fast fracture has 
been launched in 1994 in order to take into account the evolution of knowledge and feedback from 
experience (neutronic irradiation, material characteristics, non-destructive examination, fracture 
mechanics model ... ). To support the updating of this margin study, a Probabilistic Fracture Mechanics 
model is carried out in order to : 

(i) estimate the likelihood of vessel failure and perfonn sensitivity studies, 

@ identify the relative influence of key input parameters, 

® assess the effect conservatism introduced in deterministic analysis,. 

@) help to define acceptability in-service criteria. 

It should be noted that the- evaluated risks correspond to conditional failure probabilities. They 
result from the combined effects of simultaneous pressure and thennal shock loadings, embrittlement of 
the vessel material due to cumulative irradiation exposure over the operating life of the vessel, and the 
possiblEI existence of crack-like defects near the inner surface of the vessel. Calculated risks are 
therefore conditioned by the occurrence probability on one hand of defects in the vessel wall and on the 
other hand of the specific accidental operating condition. 

3. Development of Probabilistic Model 
The structural reliability analysis is thus based strictly on the introduction of probabilistic 

concept into the deterministic calculation. The failure criterion is characterized by the exceedance of the 
toughness K1C, which is a property of the material at a given temperature, by the stress intensity factor 
Kh which characterizes the mechanical state of the flaw subjected to the operating stresses. The failure 
criterion is thus : Kl~lC. In order to conduct the analysis with the optimal conditions for brittle 
fracture:. crack-like defects in the inner surface of the vessel are considered and the material is supposed 
to have lost some of its ductility due to neutron radiation during its operating life and that it is subject to 
transient condition. The feasibility study has been perfonned on a circumferential subclad defect subject 
to a cold « Pressurized Thennal Shock» (PTS) due to a severe transient. The transient is caused by a 
small break of a primary pipe and the material is supposed to have lost some of its ductility due to 
neutron radiation during its operating life. The main input parameters taken into account as stochastic 
variables are: 

· the flaw size, 
· the neutron fluence, 
· the chemical element contents of steel embrittlement, 
· the initial reference transition temperature RT NDT, 

· the shift in the RTNDT, 

· the material toughness, 
· the yield stresses. 

'The deterministic fracture analysis model has been built according to the RCC-M rules [RCC
M 88] and is precisely described in the references [Noel 90, Pelissier-Tanon 90]. Only a brief summary 
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of the fracture mechanics model will be presented here. The main formulations have been adapted to the 
studied case and are summarized below. The general procedure is illustrated on figure 1. 

operating loading conditim (transient) 

Temperatures and stresses calculations 
in the structure wall thickness 
with regard to time 

material toughness 
with regard to 
temperature 

Fluence 
(irradiation) 

KlccaIculatim 
at the defect tip 

Figure 1 : Simplified organization chart of the model. 

3. 1 Defects modeling· 
The defects studied here are supposed to be of elliptic type, of circwnferential orientation and 

located at the cladding base metal interface (cf. Figure 2). Other types of defects can be considered: for 
example surface cracks or with longitudinal orientation. 2a corresponds to the ellipse small axis length, 
21 to the long axis, r is the cladding thiclmess, t is the basic metal thiclmess and rj is the vessel internal 
radius. A and B are the defect small axis tips. 

prilnary intetnal 
fluid L:' Sun8"" 

~ 
28 

A B 
r . 

..;;( .... _. 

r 

1< >1< 
~ It 

>1 
cladding basic 

metal 

Figure 2: Geometric configuration of the defect type taken into account in the example. 

The probability density fimction f(a) for flaw depth has the form of an exponential distribution 
whose parameters (see table 1) are chosen to cover the reference envelope (6mm x 6Ornm) and 
exceptional defects (12mm x 72mm) with the probability of occurrence equal to 10-1 and 10-2 

respectively. 

3.2 Loading 
Each loading condition is defined by a variation of fluid temperature and pressure with regard 

to the elapsed time since the beginning of the transient. A finite element (FE) code is used to evaluate the 
temperature T and stress cr distribution in the vessel wall with regard to time, during the transient, from 
the geometric (r,t,ri) and thermo-mechanical (heat transfer coefficient H, Young modulus E, dilatation 
coefficient X, thermal conductivity A, calorific capacity pC) parameters. These data (T and cr), 
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necessary to evaluate K 1 and K 1 C, are obtained through FE calculations and are expressed by 
analytical functions which have been statistically fitted to these data. Some specific research actions are 
under development in order to automatically link :finite element model and probabilistic procedure 
[Venturini 95]. _ 

3.3 Stress intensity factor K1 calculation 
The following formulas correspond to calculations for strip defects in an infinite plate to which 

edge fa(::tor Fb calculations are applied, carried out at points A and B. With cr representing stress, 

fa o(u) ~-u 
KIA = FbA' ~. --.du 

-a v7rCI a+u 
(3.1) 

fa o(u) ~a+u 
KlB = FbB' ~. --.du 

-a v7rCI a-u 

To take plastification during the transient into account, Irwin and "a" type factor corrections are 
integrated in the model [pelissier-Tanon 90] : 

2a+ryA +rYB 
Kcp ==a.K1A,B' (3.2) 

2a 

where ry r~tesents the size of the plastic zone: r )'A.B = _1_.[K1A,B J; 
6,. O"y 

and a ii; given according to the width of the ligament r between the crack tip and the free surface : 

{

I, if ~A::; 0.05 * r 

a = [r .:. 0.05 * r]2 (3.3) 
min(1.6,1 + 0.15 * yA , if rYA ~ 0.05 * r 

0.035*r 

Finally" to obtain Kl, an elliptical correction factor equal to min(l; V~;;) is applied to Kcz,. It 

represents a probabilistic correction factor which takes into accOunt the length of the crack front. 

3.4 Toughness K1C calculation 
The toughness of the material is characterized by the reference nil-ductility transition 

. temperature RT NDT which is defined as the temperature at which it undergoes a transition from ductile to 
brittle behavior. KIC is modeled for the basic metal as a normal distribution whose mean J.l and 
standard deviation cr depend on the equivalent temperature TE: 

{
f.l = min(314.6;1.43 *(36.5+3.1 * exp(O.036 * (Te +55.5») 

(J' = 0.15 * J.l 
(3.4) 

TE depends on the nil-ductility reference temperature RTNDT which is given as the sum of an initial 
RTNDT (RTNDTinit) and a shift: term ARTNDT predicting the increase due to radiation damage through its 
design life : 

(3.5) 
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The reference temperature shift is a function of neutron fluence and the chemical composition of key 
residual element. ART NDT is modeled as a 3 standard deviations truncated normal variable, with : 

If.! =[ 17.3 + 1537([P] - 0.008) + 238([Co] -0.08) + 191[Ni]2 [CO]]C:19 r~5 

[ 
; ]0.35 

a=4+335 10 19 

(3.6) 

where [P], [Co] et [Ni] are the respective phosphorus, copper and nickel contents; [P] and [Co] are 
truncated at 0.008% and 0.08% respectively. 

The fast neutron fluence takes into account age <ka coefficient), maximum value prediction (fmoJ and 
position in the vessel (ka ,kp and kz) and is given by : 

(3.7) 

3.5 Random variables 
Table 1 below sums up the input distribution function used for the benchmark exercise. 

Table 1 
Probability distribution of key random variables for the benchmark 

Variable Unit Assumed Value 
a m exponential distribution f(a) = 767.Sexp(-767.5a) 
1 m 2a+ 0.024 

fmax n.cm-2 normal distribution (Jl = 7.5, 0" = 0.2) 
P % weight normal distribution (Jl = 10-2,0"= 1.2 10-3

) 

Co % weight normal distribution (Jl = 7.4 10-2, 0" = 1.14 10-2) 

Ni % weight normal distribution (Jl = 0.74, 0" = 2.2 10-2) 

RTNDimit °C normal distribution (Jl = -23.8,0" = 8.7) 

lea - truncated normal (Jl = -1,0" = 0.85, inf= 0.48, sup = 1) 
KJC MParm normal distribution (Jl = 111,0" = 15) 

4. Probabilistic analysis of the transient 
It should be pointed out that these probability estimates are relative to the benchmark exercise 

and are used in a comparative way for purpose of illustration rather than an absolute way. 

4.1 Evolution of fracture toughness and stress intensity factor 
Figure 3 shows the variation of the mean values and dispersions resulting on Kl and KlC during 

the transient. It can be noticed that the mean value and dispersion on stress intensity factor is maximum 
arOlmd 2500s but the dispersion on fracture toughness is maximum aroWld 3500s when Kl and KlC are 
decreasing. Up to 2500s KlC remains on the ductile level (cfformula 3.4). 

4.2 Conditional probability of failure during transient 
Figure 4 shows the best-estimate evolution of the conditional failure probability during the 

transient. It can be seen that risk increases with time, reaches a maximum at 3500s (where dispersion on 
K 1C is the highest) and then decreases. For illustration, on figure 5 is plotted the probability distributions 
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of Kl and KlC evaluated at 3500s, which allows to visualize the rupture domain (Kl~lc) produced by 
the overlapping of these two distributions. 

4.3 Design point values 
The same probabilistic analysis can be used to identify which uncertainties contribute the most 

to the failure probability. The major contribution to failure probability is obtained through the co
ordinat!:: of the design point (most probable failure point) and importance factors [Madsen 1986].The 
results obtained at 35QOs are summarized table 2. The « probability fractile» column shows the 
probability corresponding to the fractile at the design point for each distribution variable. 

Table 2 
Design point and importance factors at 3500s when risk is maximum 

random variable Design point value Probability Fractile Importance (%) 

KlC 53 MPa..Jm 0.0027 40% 

2a 9mm 0.968 18% 

ARTNi:>T 83°C 0.958 16% 

RTNDTtnil -UoC 0.927 11% 
Copper 0.887% 0.902 9% 
Others 6% 

It can be noticed that the most influential variables in this example are KlC , then a, ARTNDT , 
RTNDTillit and Co, according to the importance factor and with design point values located in the tail of 
their distribution. Moreover, the configuration that contributes most to the failure probability 
corresponds to a toughness (KlC = K1) equal to 53 Mpa..Jrn, a crack size of 9 mm and a shift term 
ARTNDT equal to 83°C. 

. These results are given to demonstrate the interest of obtaining the design point co-ordinate. It 
provides valuable information which reflects the sensitivity of the estimated risk to input parameters, 
and which is also used to calibrate safety factors [ Ardillon 1995} . 

4.4 Sensitivity analysis 
Figure 6 and 7 show changes of failure probability with age and crack size. The change of the 

failure probability is almost linear with age between 10 and 50 years for this eXample. Above 10mm, 
.the effect of crack size is not sensitive, because the inner surface sees both the highest level of neutron 
irradiation as well as the highest thermal stresses. 

5. Numerical methods 
Different numerical methods, implemented on different tools, were compared, including 

FORMJSORM approximation methods, directional simulation, crude Monte-Garlo. The main objective 
is to obtain a good precision with a short computation time, the limit state function being quite complex 
and the estimated probabilities rather low. 

The M.C.simulation methods may be highly time consuming but they present the advantage to 
give an estimation of the standard error on the estimated probability. The precision can therefore be 
expressed as the ratio standard error / estimated probability (coefficient of variation). On the other hand, 
approximation methods such as First and Second Order Reliability Methods (FORMISORM) require 
very little computation time but do not provide any error term, so that the results validity must be 
verified by other considerations: A good solution can consist in doing simulation calculations before 
using approximation reliability methods for sensitivity analyses. 
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As far as simulation methods are concerned, the crude Monte-Carlo method, which simulates 
the conditional cumulative probability function of the Gaussian variable K 1C, has appeared rather 
efficient, especially when KlC has importance at the beginning and end of the transient. Some 500,000 
simulations, which take a few dozens CPU seconds on a HP 90001735, lead to precise results at each 
step of the transient, with coefficients of variation lower than 0.1. These results corroborate those 
furnished by the directional simulation implemented in the PROBAN software (Det Norske Veritas), but 
the directional simulation is much more time consuming, i.e. several thousands of CPU seconds on a HP 
90001755, for calCulating one probability in the transient with the same precision. Figure 8 below shows 
the evolution of the conditional failure probability over the transient, obtained by both methods. The 
difference between both curves do not exceed 0.9 decade. 

Three different codes have been tested for the FORM approximation method : PROBAN, in 
which the optimization algorithm corresponds to the Sequential Quadratic Programming method, 
COMREL (MUnchen University) which uses the Schittkowski algorithm, and PALLAS 
(FRAMASOFT). Very small calculation times are obtained, i.e. up to a few seconds, but convergence 
problems appear in some parts of the transient, due to a complex form of the failure surface and to some 
functions that are not always differentiable. Convergence and linearization algorithms may be very 
sensitive to the choice of optimization parameters (convergence criterion, differentiation increment, limit 
state function formulation, starting point for optimization ... ). But when the algorithms converge, the 
numbers of simulation are similar and the estimated probabilities are very close to one another. The 
evolution of the conditional failure probabilities, estimated with each one of the codes, can be compared 
on figure 9. 

. Other comparisons have been realized with these softwares, such as design point co-ordinates 
and importance factors calculations, SORM evaluations, bi-dimensional failure surface representations, 
sensitivity analyses ... , and results have revealed themselves logically consistent. 

6. Concluding remarks 
Different numerical methods of different probabilistic tools were compared by applying the 

RPV benchmark exercise. The major concluding remarks derived are summarized as follows: 

- The probabilistic analysis provides valuable information in supplement to the conventional 
deterministic calculation. It requires an analysis of the whole transient together with the same detailed 
formulation of fracture mechanics used for the deterministic structural integrity. nus effort can be 
computational expensive. 

- Modern FORMISORM reliability methods can provide accurate estimates with much less 
computational effort than Monte Carlo simulation particularly when the. failure probabilities are in the 
low range. Another advantage is· that these methods provide the co-ordinate of the «most probable 
failure point» , the so-called design point, that can be used to assess the relative influence of key input 
parameters and to calibrate safEty factors. However, with a complex mechanical model these methods 
may be difficult to operate and have to be validated. 

- Improved Monte-Carlo simulation (Conditional Me and Directional Simulation) can provide 
accurate estimates of failure probability with more or less reasonable computational time. These results 
can serve to validate FORMISORM results before using them for sensitivity analysis. 

- The basic problem of coupling non explicit finite element thermo-mechanic calculation with 
reliability methods has been solved for this benchmark with analytical response surface functions. Some 
research work is under development in order to automatically link finite element model and probabilistic 
procedures. Before adding this computational effort, the reliability results have to be validated and 
optimized to give consistent results with small calculation time. 
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PROBABILISTIC INTEGRITY ANALYSES 

USNRC is placing a considerable amount of emphasis on probabilistic safety 
analyses 

Probabilistic integrity analyses are being considered for addressing 
reactor vessel and steam generator tube integrity issues 

Steam generator tube integrity rule is being developed 

Risk informed and performance based 

Anticipate probabilistic analyses to complement deterministic analyses 

Probabilistic integrity analyses is an important part of the voltage-based 
repair criteria for predominantly axially oriented outside diameter stress 
corrosion cracking (OOSCC) at the tube support plate (TSP) elevations 



~ 

BACKGROUND 

Predominantly axially oriented OOSCC at TSP elevations is one of the 
dominant degradation mechanisms affecting U.S. steam generators wi~h mill 
annealed alloy 600 tubes 

Alternate repair criteria was developed to address this form of degradation 

Methodology documented in USNRC Generic Letter 95-Q5 which was 
issued in August 1995 

'I Structural integrity 
\.0 

Empiri~al correlation relating tube burst pressure to bobbin coil 
voltage 

Leakage integrity 

Empirical correlation relating leakage to bobbin coil voltage 

Separate correlations exist for tubes with 3/4-inch and 7/8-inch 
diameters . . 
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BACKGROUND (cont'd) 

Tube repair limits derived deterministically from burst pressure correlation 

Margins of safety consistent with Regulatory Guide 1. 121 

Probabilistic criteria set to limit the probability of tube rupture 'under 
postulated accident (e.g., main steam line break) conditions 

Reporting threshold for conditional probability of steam generator tube 
rupture (SGTR) given a steam line break (SLB) established at 1 x 10-2 



GENERIC LET-TER 95-05 

Generic ietter applicable only to predominantly axially oriented OOSCC at the 
tube support plate (TSP) elevations 

Bobbin coil voltage is related to the burst -pressure of the speci:men 

The burst pressure that steam generator tubes should exhibit is addressed in 
Regulatory Guide 1. 121 which specifies deterministic margins of safety 

;; - M~st limiting structural criteria from Regulatory Guide 1. 1 21 typically are 
~ 

Factor of safety of 3 for normal operating pressure- (3xNOP) differentials 

Factor of safety of 1.4 for postulated accident conditions ( -- 3660 psi) 

The 3xNOP limit is inherently satisfied under normal operating conditions for 
corrosion at the TSPs due to the presence of the TSP which prevents tube 
burst 

Burst pressure/bobbin voltage correl-atien is used to determine the voltage at· 
which the factor of safety of 1.4 is met . 
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DETERMINISTIC DETERMINATION OF STRUCTURAL LIMIT 

Burst pressure correlation is empirical 

Range of burst pressures for any given voltage 

Data is normalized to a given set of material properties 

Lower 95% prediction interval is determined statistically 

--a. Lower 95 % prediction interval is adjusted downward to account for lower 
~ 95/95% material properties 

Structural limit determined from intersection of required burst pressure 
(1.4xSLB === 3660 psi) and the lower 95% prediction interval curve adjusted 
for lower tolerance limit (L TL) material properties 

Structural limit for 7lB-inch diameter tubing === B.B volts (for this 
example) 
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DETERMINISTIC DETERMINATION OF REPAIR LIMIT 

To determine the repair limit, the structural voltage limit is adjusted 
downward to account for flaw growth and non ... destructive· examinatio~ 
uncertainty . 

Upper voltage repair limit is plant specific since growth is plant specific 

Upper voltage repair limit changes as growth rate ·changes and as 'burst 
pressure correlation changes 

~ Non-destructive examination' uncertainty evaluated at 95% confidence; 
flaw growth is an average gro'wth rate 

A lower. voltage repair limit was established to account for 

Higher than average growth rates 

Limited amount of pulled tube data above -4.0 volts 

Limited operating experience with methodology 

Ensuring tubes exhibit acceptable deterministic structural margins 
pursuant to Regulatory Guide 1. 1 21 



PROBABILISTIC STRUCTURAL ASSESSMENT 

Limitations of deterministic approach 

Tail of burst pressure correlation is not considered (95% prediction 
interval versus 99%, 99.9%, etc.) 

Flaws below the threshold of detection not accounted for (i.e., 
probability of detection adjustment) 

~ Cumulative effect of entire distribution of indications not accounted for 
co 
-'=' 

Tails of material properties distribution, non-destructive examination 
uncertainty models, and the growth rate distribution are not considered 

Conditional probability of burst given a SLB (i.e., postulated accident 
conditions) is calculated after every inspection· to account for these 
limitations 

Provides assurance that repairs are adequate from a structural integrity 
standpoint 
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PROBABILISTIC STRUCTURAL ASSESSMENT (cont'd) 

Conditional probability of burst calculational methodoiogy 
. . 

Sample projected end-ot-cycle CEOC) voltage distribution 

Sample burst pressure correlation 

Sample- material properties distribution 

Repeat for every indication in EOC voltage distribution to obtain 1 trial 

Repeat to obtain many trials (e.g.;, 106
) 

Probability of burst is determined from the number of trials with burst 
pressures less than the SLB pressure divided by the total number of 
trials 
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PROBABILISTIC STRUCTURAL ASSESSMENT (cont'd) 

Threshold criteria established at 1 x 1 0-2 

1 15th of value assumed in NUREG-0844 (USNRC generic safety 
assessment for steam generators) 

Provides indication that a tube may exceed Regulatory Guide 1. 1 21 
deterministic structural limits 

1 x1 0-2 evaluated at SLB pressure (i.e., 2560 psi) 



DETERMINISTIC VERSUS PROBABILISTIC ASSESSMENT 
, 

Adequate margin in deterministic analyses? 

Depends on input ~ssumptions (e.g., confidence level. imposed on flaw 
growth, burst pressure, etc.) 

Depends on the extent of the degradation (i.e., number of indications) 

Evaluated various deterministic margins of safety to determine probability of 
~ failure' for one indication . 
...... 

Evaluated structural voltage limit rather than repair limit voltage . 

Oniy accounts for the tails in the burst pressure and material 
properties distributions 
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DETERMINISTIC vs PROBABILISTIC ASSESSMENT (cont'd) 

Interpretation of graphs: 

Pressures are in 'pounds per square inch (psi) - 14.5 psi/bar 

U.8. calibration for voltages 

Based on randomly generated burst pressure versus bobbin coil voltage 
database 

3660 psi has a deterministic safety factor of 1.4 on postulated accident 
condition pressure 

4300 psi has a deterministic safety factor of 3 on normal operating 
pressure 

2560 psi is the maximum postulated accident pressure (safety 
factor = 1.0 on postulated accident condition pressure) 
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DETERMINISTIC vs PROBABILISTIC ASSESSMENT (cont'd) 

Deterministic cases evaluated: 

1. Voltages for-given pressure obtained using lower 95% burst 
pres_sure prediction interval curve adjusted for lower 95/95% 
material properties (as described above): [-95%, LTL] 

2. Voltages for given pressure obtained using mean b~rs1 pressure 
curve with no adjustment for material properties: [Mean, No L TL] 

~ 3.; Voltages for given pressure obtained using lower 1 sigma bound, on 
burst pressure curve with no adjustment for material properties: 
[Mean - 10', No L TL] 

Each of the above cases were evaluated with various deterministic margins 
of safety on pressur,e 



-. '-0 
C> 

DETERMINISTIC vsPROBABILISTIC ASSESSMENT (cont'd) 

The first 3 graphs show the effects of different deterministic margins of 
safety (1.0xSLB = 2560; 1.4xSLB = 3660; 3xNOP = 4300) using a . 
specified prediction interval and material properties for the burst pressure 
correlation (e.g., -95%, L TL) 

The second 3 graphs show the effects of using different burst pressure 
prediction intervals and material properties assumptions (e.g., -95% L TL 
versus Mean, No L TL) using a specified deterministic margin of safety 

Graph interpretation example (7/8" Tubing: Voltages at -95%, L TL) 

The probability that a tube with a deterministic margin of safety of 
1.4xSLB (i.e., 8.78 V, 3660 psi) will burst at a pressure of less than 
2500 psi is approximately 5x 10-4 
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DETERMINISTIC vsPROBABILISTIC ASSESSMENT (cont'd) 

Summary 

Use of appropriate deterministic· margins of safety are important in 
ensuring acceptable failure probabilities 

All input parameters should be evaluated to ensure acceptable safety 
results 

Use of average versus· worst case values (e.g., flaw growth, 
non-destructive examination uncertainty, material properties) 

Use of appropr.iate deterministic margins of safety 



TUBE SUPPORT PLATE ELEVATION 
DEGRADATION 

Voltage-based repair criterion applies 
to the following degradation: 

Corrosion 
Product Minor Denting 

192 

Voltage-based repair criterion does not 
apply to the following degradation: 

Fretting. Wear. Corrosion 
Thinning 
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CALCULATING THE PROBABILITY OF RUPTURE 

ECC DISTRIBUTION 

+ 

Bobbin Voltage 
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BURST PRESSURE CORRELATION 

+ 

Bobbin Voltage (log) 

Probability of Rupture 
Given a MSLB 

DlSTRleUTION OF MATL PROPERTIES 

Flow stress (ksi) 
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Abstrakt 

This paper deals with approaches used for the estimation of brittle fracture probabi~jty 

of PWR type _reactor pressure vessels under pressurized thc:rmal shock conditions suitable for 

WWER type RPV s. As a part of this the input data analysis has been performed. Except for 

approach based on Monte Carlo method a possjbility of the application of approaches of first 

order and second order reliability methods (FORM and SORM) used for the estimation of brittle 

fracturre probability is presented for VVER type reactor pressure vessels under VVER specific 

pressurized thermal shock conditions, for VVER specific material properties' and design 

paramt:ters. This application based on previous experience is demostrated for simplified V -213 

RPV reliability model under typical VVER pressurized thermal shock conditions. 

Input Data Analysis 

In detail the results of analysis of static fracture toughness and crack arrest fracture toughness 

are pre:sented in the following text. 

Static Fracture Toughness 

Static fracture toughness K1c data are usually treated by a nonlinear regression 

methodology which enables mean KIc curve determination (dependence of K1c mean value on the 

reference temperature T J and an estimation of lower-bound curves (based on tolerance limits 

of assumed normally distributed static fracture toughness). Th~ scatter of experimental results 

of brittle fracture toughness can be, according to a special statistical estimation methodology 

based on Wei bull distribution, described with the equationlll 

[ [ 
Kl - ~in ) 4 ] 

Pf = 1 - exp - . K., - ~in (1) 

where P f is the cumulative failure probability at a: stress intensity factor level KJ, 

~ is a specimen thickness and temperature dependent normalization parameter, and 

Kmin is the lower bound fracture toughness (close to 20 MPa.m1l2 for steels). 

The above mentioned scatter of brittle fracture toughness for 15Kh2MFA steel (SKODA, 

Czech provenience) is given in Fig.l and for the same steel (IZORA Plant, Promethey, 

Russic:(n production) in the Fig.2. 



The ahcl"e mentioned temperature dependence of K" lMPa.m IC ] can he de~crihed with the 

equation: : 

Ko = a + t3 exp( T' (T - T,,») (2) 

Fig. 1 Static fracture toughness for 15Kh2MFA steel (SKODA Concern. Czech 

provenience) 

As parameters a. t3 and 'Yare practically material independent for steels;:' the resulting 

equation for the temperature dependence of K" can be wrinen in the fonn:' ~ 

Ko = 31 + 77 exp( O.019(T-T,,)) (3) 

In the case of brittle fracture. static fracture toughness K1c can be thickness corrected with 

the equation': : 
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Thus. rnodifyingequatlon (3) ac:cording to (4). the temperature dependence of static fracture 

toughness K1C for Charpy type specimens can be expressed as : 

Ko = 34 + 97 exp( O.019(T-To)) (5) 

The equations (4) resp. (5) can be derived easily. 

Comparison of the scatter of .brinle fracture toughness for 25 mm thick specimens with 

the lAE!5/1ower:..bound curve for 15Kh2MFA steel resp. for Charpy test specimens indicates 

that 94-95 % scatter curve resp. 97-98 % scauer curve is in the conformity with the lAE "eye 

'ball" lower bound curve. 

400, , 
I {I I 
j Tc;=-~,2~C] ! j 

::: f ?~c~.t.bL, hera ?l.~t d.,. 9S~ / I 
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Fig.::! - Static fracture toughness for 15Kh2MFA steel tlZORA Plant. Promethey. Russian production) 
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Crack Arrest Fracture Toughness 

In this paper determined crack arrest fracture toughness KIa mean resp. lower-bound 

curves (depedance of KIa mean value E[KIal or tolerance limits on reference temperature T R) 

for 15Kh2MFA steel are based on the experimental data set specific for VVER 440 type 

reactor pressure vessel material of Czech provenience. Owing to the fact that these curves 

are based on smaller number of specimens a certain number of further experiments would 

be desireable. 

NRI mean and lower bound crack arrest fracture toughness curves derived by non-linear 

regression analysis from data available in 161 17/ are 

NRI mean curve 

(6) 

NRI lower-bound curve 

KIa = 20.00 + 43.47 exp(0.015 TR), -50 < TR ~ 20 [0C] (7) 

PNL/8' mean curve function of the crack arrest fracture toughness KIa as a function of 

reference temperature T R = T - RT NDT was obtained by nonlinear regression 

KIa = 21.87 + 66.30 exp(0.0178 TR), TR s lOoC 

KIa = 77.1 + 13.38 exp(0.0353 TR), TR > lOoC (9) 

Nuclear Regulatory Commission (NRC) mean curve/9' 

KIa = 21.9 + 48.2 exp(0.0179 TR), TR S 28°C 

KIa = 77.0 + 7.14 exp(O.0353 TR), TR > 28°C 

(8) 

(10) 

(11) 

The fracture toughness relations included in OCA-pl9I cover ASME Sect. XI and ORNL'9! 

crack arrest fracture toughness lower bound curves : 

AS ME Sect. XI lower-bound curve 

Kia = 29.5 + 1.344 exp( 0.0261 (TR + 89» (12) 
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Th~ lower-bound crack arrest fracture toughness curve used in OCA-P is taken from AS!\1E 

Section XI. The estimate of ORNL mean curve is also based on ASME Code Sect. XI lower

bound curve equation (12) and gained by multiplication factor 

KIa = 1.25 KIa ASME XI lower.hound (13) 

The above mentioned curves are given in Fig. 3. The highest values for crack arrest mean 

curve are given by PNL mean curve, which appears to be to some extent an upper bou'nd 

curve of crack arrest fracture toughness for 15Kh.1v.lFA steel. All the data used for NRl crack 

. arrest fracture toughness mean curve estimate are covered by ASME Sect. XI lower bound 

curve. From Fig. 3 can be seen that NRI crack arrest fracture tou!!hness mean curve seems - -
to be close to the NRC mean curve. 

:\1 a for 

-iCtO -50 -20 o 20 - ~ C_' 

Fig. 3 - Comparison of crack arrest fracture toughness cun'es used jor PWR RP\· steels \\iIh Ihe 

corresponding temperature dependance for 15Kh2~1FA steel 
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As an available 15Kh2MFA steel crack arrest fracture toughness data set enables to, 

determine crack arrest fracture toughness curves at the temperature range of -50 :5 T R :5 20 

[0C] and the data set is not enough large, the NRC mean curve can be regarded as a suitable 

estimate of crack arrest fracture toughness mean curve for 15Kh2MFA steel. 

An application of FORM and SORM reliability methods 

FORM and SORM methods have been developed in the statistical realibility theory 1101 

as a consequence of a need for efficient approximative methods with acceptable accuracy of 

results. Possibilities of the application of the FORMISORM methods in PFM are described 

for example in 1101. The theoretical background of the FORMISORM methods, has been used 

to calculate the conditional probalility of brittle fracture of VVER 440 type RPV under 

accident conditions (VVER specific PIS event). The PFM approach utilizes the failure 

criteria ("brittle fracture" of VVERtype RPV) provided by fracture mechanics to estimate 

the failure probability of a cracked component (RPV). However, an application of FORM 

method can be limited by the absence of an error estimation possibility, although SORM tend 

to be asymptotically correct. 

A Brief Description of the Simplified Reliability Model 

The FORM and SORM theoretical background is described in detail in 1101.1111. In this 

case a simplified failure criterion can be defmed for the LEFM failure mode as follows : 

g(a,a/c,K1c'o) = Klc - KI (4.2.1) 

where 

a - crack depth (through wall dimension) 

alc - crack depth to length ratio 

g - failure function 

K lc - static fracture toughness 

KI - stress intensity factor 

a - nominal stress. 

The conditional failure probability Pf for the above mentioned simplified failure 

criterion can be decribed as a function of normalization parameter Ko (see (3». For an 

irradiated material can be used the following analogous expression : 

Ko = 31 + 77 exp (O.OI9(T-Tk) ) (4.2.2) 
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where· 

Tk - temperature of brittleness according to 151. 

The critical temperature of brittleness Tk can be simply expressed as 151. 

Tk = Tko + dTF 

where 

(4.2.3) 

Tko - initial critical temperature of brittleness according to 151 (supposed to be 

practically the same like RTNDT) and by meaning roughly corresponds with 

the To according to 14/, 

dT F - shift of critical temperature of brittleness caused by neutron irradiation. 

This shift can be written in the form 

dTF = AF (F 10·22)n (4.2.4) 

where 

AF - coefficient of brittleness 

F fluence on the inner RPV surface 

n exponent (0.3-0.5 for VVER RPV material) detemined by regression analysis. 

RPV loading 

PTS event: V20C4 "rupture of the pipeline of 20 mm diameter, water s~pply with 4 

pumps", 

crack ~ : circumferential, 

crack distribution: Marshall (exponential), SKODA (exponential)1l31 

KIc distribution : Weibull 

KI calculation : influence functions method, deterministic. 

Discussion of Results 

The results are shown globally in the Tab. 1 as a sensitivity analysis. For the practical 

reasons the value of normalization parameter Ko is given as a function of fluence and 

parameters of brittleness in Tab. 2. 
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Tab. I Dependence of conditional failure probability for VVER 440 type RPY under SLOCA conditions 

(V20C4 transient - the rupture of 20 mm pipeline, water supply with 4 emergency pumps) 

K. Marshall crack distributon SKODA crack distribution 

[MPa.m'12] FORM SORM FORM SORM 

67 0.47e·2 O.36c·2 0.7Sc·' 0.73e" 

84 a.20c'2 a.IRe" O.3lc" O.35c·' 

108 0.73e" O.47e" O.lk' O.ISe·' 

144 O,24e" O.22e·) 0.36e'" O.44e'" 

196 O,70e'" O.57e'" 0.1 Ie'" 0.74e" 

230 0.37e'" O.20e'" O.S1e" O.38e·' 

Tab. 2 Normalization parameter K" as a function of fluence and parameters of brittleness 

F Tko n K. 

at the beginning of NPP -50 113 1362 

service 0 113 546 

F=O 20 113 383 

-50 113 421 

0 113 182 

20 113 134 

F = 8e23 -50 112 135 

0 112 71 

20 112 59 

-50 113 282 

0 113 128 

20 1/3 98 

F = 2e24 -50 112 55 

0 112 40 

20 112 37 

The Tab. 2 shows that the values of Ka selected in the Tab. 1 are roughly conservative 

enough for VVER 440 RPV material under operational conditions (after 30 years of service). 
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This preliminary simplified analysis demonstrates the necessity of very careful and 

responsible selection of input data and first of all of the crack depth distribution function. 

The simplified model based on Monte Carlo method application can be seen in Fi~. 4. 

Examples of types of results for comparison with FORM SORM approach are in Fig. 5 and 

Fig. 6. 

Conclusions 

This research report deals with applications of PFM in brittle fracture prediction of 

VVER 440 type RPVs. Two basic approaches are considered and applied. The fIrst one 

includes Monte Carlo method used for the estimation of brittle fracture probability of PWR 

type reactor pressure vessels under pressurized thermal shock conditions. The second 

approach demonstrates the applicability of FORM and SORM reliability methods. 

The possibility of application of FORM and SORM reliability methods used for the 

estimation of brittle fracture probability is presented for VVER type reactor pressure vessels 

under VVER specifIc pressurized thermal shock conditions, for VVER specifIc material 

propeIties and design parameters. This application based on previous e~perience is 

demostrated for simplifIed V -213 RPV reliability model under typical VVER pressurized 

thermal shock conditions. 
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Presentation of Results : 
Conditional Probability of Brittle Fracture 

with Tolerance Limits for PTS with Different Transients 
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. SUMMARY 

.. "-

The relationship between a reserve factor and the corresponding failure probability is 
examined using the detenninistic R6 procedure. Both primary and combined primary and 
secondary loads are considered. It is shown that there is not a unique relationship between 
reserve factor and failure probability. Instead, there is a dependence on both position on the 
R6 failure assessment diagram and the widths of the material property distributions. Results 
are presented for different combinations of primary and secondary loads for the extremes of 
fracture and collapse dominated behaviour and in the more complex intermediate elastic
plastic reginie. 

I' INTRODUCTION 

The R6 assessme1i1t procedure is widely used for structural integrity assessments of defective 
components and structures [1]. The R6 procedure is deterministic, and uncertainty in 
quantities such as fracture toughness, yield stress and defect size' are usually taken into 
account by the use of conservative values for' each input parameter. In addition, adequate 
reserve factors ( or margins) are required between ('the assessed conditions and the limiting , 
conditions which would cause failure. Specific values of reserve factor are not however 
recommended within R6. 

The reserve factor on primary load, FL
, defined as the ratio of the primary load that would 

produce a limiting R6condition to the actual primary load is most commonly used in 
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assessments. However, reserve factors on other attributes such as temperature, material 
properties and defect size are also sometimes quoted. In general the higher the reserve factor 
(margin) the lower the failure probability and so conversely the higher the reliability or 
integrity of the structure. 

In principle, the reliability of the structure may be quantified directly using a probabilistic 
approach and advice is given in Appendix 10 of R6. However, difficulties in defIning the 
distributions for defect size and material properties may mean that in some cases the benefits 
of calculations are in providing relative failure probabilities for ranking assessment locations 
rather than for estimating true failure probabilities. At the present time, therefore, most 
assessments of structural integrity remain deterministic and it is important to understand in 
general terms the relationship between the reserve factor obtained using a particular 
assessment method and the failure probability. This paper initially examines the relationship 
for two very simple assessment procedures based on a single failure mechanism. The 
extension of the argument to the two-parameter R6 approach based on a. failure assessment 
diagram is then presented. It is shown that, in each case, a given reserve factor does not 
imply a single value for failure probability. The relationship between the two quantities is 
examined in terms of the location of the assessment point on the R6 diagram (Le. whether 
the failure is fracture dominated or plastic collapse dominated) and the shapes of the material 
property distributions. Both primary and secondary loads are considered. The results of the 
various analyses are presented in Section 3 and are discussed in Section 4. 

2 THEORY 

2.1 Simple examples for a single failure mechanism 

An example of the simplest form of probabilistic assessment of structural integrity is where 
a structure is subjected to a distribution of loadings characterised by a single parameter P 
which may depend on quantities such as defect size and applied forces .. The resistance to 
these loadings is characterised by a single value which is dependent on material properties. 
This is shown schematically in Figure 1. A very similar situation is when a distribution of 
resistances is compared with a single loading value. 

Consider the first situation. If the distribution of loadings is expressed in the form of a 
probability density function,then the failure probabitity is equal to the shaded area in Figure 
1. The corresponding reserve factor on mean loading, P, is given by 

pL ::: Peril (1) 
P 

where P cril is the critical loading. The value of P cril is simply equal to the resistance value. 
In the case of a normal distribution for the loadings, a simple relationship exists between 
failure probability, Pr, reserve factor on load, pL, and the width of the distribution. It is 
convenient to express the width of the distribution in terms of its standard deviation divided 
by its mean value, and this quantity, known as the coefficient of variation, will be denoted 
by vL • The failure probability, Pr, may be easily shown to be given by 
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(2) 

where <PO is the standard normal cumulative distribution. It is clear from' equation (2) that 
a given reserve factor does not imply a, unique failure probability as the latter will also 
depend on the value of vL

• 

A more general case is when both loadings and resistances are considered to be variables and 
is shown schematicalIy in Figure 2. The left hand probability density function represents the 
loadings applied to the structure and the right-hand one shows the distribution of r~sistances 
to tht:se loads. It is assumed that the loadings and resistances are statistically independent 
so that the failure probability, Pf' can be expressed as 

Pf = f 00 R(x) f co P(x') dx' dx 
o x, 

(3) 

where P(x') and R(x) are the probability density functions for loading and resistance, 
respectively. The failure probability is proportional to the shaded area m Figure 2. If the 
mean values of each distribution are used to derive the reserve factor it is given by RIP. If 
the widths of the two distributions are reduced while the mean values are unchanged as 
shown in Figure 3 there will be no change in the re&erve factor. However, it is clear that . 
the failure probability will be reduced from the reduction in the shaded area. Thus, as 
before, there is no single-valued function relating failure probability to reserve factor as the 
forme:r will always depend on the widths of the various distributions 

2.2 The R6 Approach 

Moving from the simple one-dimensional approach described above to a two-dimensional 
assessment approach, the R6 method will now be considered. The R6 procedure involves 
the computation of two dimensionless parameters, Lr and Kp which characterise the 
proximity of the component to failure by plastic collapse or crack-tip fracture respectively. 
In the: absence of second~ loads, 4 and Kr are defmed by 

= (4) , 
P 

and 

Kr = K Il(P, a) (5) 
Krc 

In the above, P, a, Krc and (Jyare the values selected for primary load, defect size, fracture 
toughness and yield stress. The quantities PL , (Jref and KP are the rigid plastic limit load for 
the component of defect size a and yi~ld stress (Jy, the corresponding reference stress and the 
primary stress intensity factor, respectively. 

Once Lr and Kr have been computed, they may be plotted as an assessment point on a failure 
assessment diagram, which contains a failure assessment line. Figure 4 shows the R6 Option 
1 failure assessment line [1]. The structure is deemed to be 'safe' if the assessment point, 
A, lies jnside the failure assessment line and 'unsafe' if the point lies on or outside the line. 
The reserve factor on load for the sim{Jle primary load is given by the ratio OB/OA, 
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assuming that only primary loads are being considered. The reserve factor on fracture 
toughness, FK, is given by O'B'/O'A and that for yield stress, P, is given by O"B"/O"A as 
changes in ~c and (Jy affect only ~ and Lr respectively. 

Figure 5 shows the corresponding reserve factors for the case where secondary loads are 
present. In this case, Lr is still given by equation (4) above in terms of the primary load 
alone, whereas Kr becomes 

(6) 

with p an interaction term which depends on the both the primary and secondary loads. The 
effect of the secondary stress is simply a shift of the assessment point on the ~ axis. For 
simplicity the interaction term, p, has been neglected in the present calculations. 

Variability in the material properties KIC and (Jy will cause corresponding variations in ~ and 
1;.. Thus in a probabilistic R6 assessment [2] the failure probability' for a defect of given 
size, a, and specified loading conditions and geometry is given by 

(7) 

where pCKr, Lr) is the bivariate probability density function which expresses the variability 
of ~ and L r • The integration is performed over AFAIL which is the region outside the failure 
assessment line where failure is predicted according to the R6 criteria (see Fig.6). 

Figure 6 shows, schematically, contour plots of the bivariate probability density function, 
pCKr, Lr) superimposed on the failure assessment diagram. Changes to the widths of the 
fracture toughness and yield stress distributions will affect the shape of the contour plot and 
hence the failure probability. However, the reserve factor (calculated for mean material 
property values) is independent of the widths of the distributions and so for the R6 approach 
it is apparent that a given reserve factor does not imply a single failure probability. 
Furthermore, if the widths of the distributions are held constant while the position of the 
assessment point is varied for a fixed reserve factor the shape of the FAD will cause a 
variation in calculated failure probability. Thus the relationship between reserve factor and 
failure probability in the R6 approach will depend on both distribution width and the location 
of Lr and Kr on the R6 diagram. This relationship has been investigated by means of a series 
of calculations which are described in the following section. 

3 RESULTS 

An arbitrary structure, crack size and material property distributions have been considered. 
Fracture toughness and yield stress are assumed to be described by independent normal 
distributions. Appropriate values of stress intensity factors, K.P and KS, and reference stress, 
(Jref' defined by equation (4) have then been defined so that values of I.;. and Kr in equations 
(4) and (5) are obtained such that the assessment point (I.;., Kr) lies at an angle 0 to the Lr 
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axis (see Figure 4) with a reserve factor pL. The relative magnitudes of the primary and 
secondary stresses is characterised by the parameter 

(8) 

Rangl!s of mean fracture toughness and mean yield stress have then been considered such that 
the R6 diagram is scanned between 0=10 and 0=890 with reserve factors, pL, in the range 
1.0 to 2.5 for a=O, 1 and 2. Fracture toughIiess and yield stress were assumed to be 
described by independent normal distributions. -

Por each combination -of FL , a and 0, three sets of probabilistic fracture mechanics 
calcwations were performed using the computer program STAR6. They correspond to the 
following cases: 

(i) _ the widths of the fracture toughness and yield stress distributions specified as pairs 
(0.06, 0.04), (0.12,' 0.08) and (0.18, 0.12) for the respective co-efficients of 
variation. These cases are referred to as the 'narrow', 'medium' and 'wide' 
distributions respectively ; 

(ii) the width of the fracture toughness distribution made very small so that the only 
significant ,variability is in yield stress; 

(iii) the width of the yield stress distribution made very small so that the only significant 
variability is in fracture toughness. 

The results are shown in Figures 7 to 12 for sample combinations. The solid liIie on both 
, of these figures corresponds to Case (i) above, and the dotted line corresponds to the sum 

of the failure probabilities determined in Cases (ii) and (iii) for the same values of pL, 0 -and 
a. 

4 DISCUSSION 

It can be seen from Figures 7 to 12 that the sample analyses confirm the result discussed in 
Section 2.1: a given reserve factor does not imply a unique failure probability. Comparison 
of Figures 7-12 shows that the relationship is dependent on the coefficients of the variation 
of yield stress and fracture toughness distributions. It can also be seen from these figures 
that the relationship between reserve factor and failure probability depends on the angle, 0, 
of the assessment point to the Lr axis, as determined from mean properties, and the'ratio a 
of primary to secondary loads. 

The dependence on angle, 0, may be understood from the simple Case (ii) analyses in Section 
3 for :primary loading alone, where only variability in yield stress is considered. In this case 
the fallure probability is given by a similar expression to equation (2) but with pL replaced 
by FU and vL taken as the coefficient of variation for yield stress" yO': 

Pf = q, (9) 
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Now Pu can be related to pL from Pigure 4 as 

[
OIlBlll pO" = pL 
00/11 

(10) 

so that clearly Pu> FL. For the R6 Option 1 failure assessment curve, equation (10) can be 
evaluated in a straightforward way. Algebraic details are omitted here but the result enables 
the failure probability to be calculated very simply from equations (9) and (10). As 
expected, where fracture is dominated by plastic collapse, low 0, the results are very close 
to those obtained by the solution of equation (7). Similarly, the Case (iii) analyses of Section 
3 can be performed simply and these are very close to the full solution at high 0 where only 
variability in fracture toughness is important. 

It can be seen from Figures 7 to 12 that addition of the Case (ii) and Case (iii) results is a 
good approximation to the complex Case (i) analysis. The strong variation with angle 0, in 
Figure 6, is captured by the simple analyses and the dips in the curves arise from equation 
(10) which shows FO"> FL and the corresponding equation for Case (iii) which shows P'> FL. 
This suggests that approximate estimates of failure probability can be obtained provided a 
deterministic R6 analysis is performed for mean material properties (to determine FL, 0) and 
that the coefficients of variation for the material properties are known. Clearly, additional 
uncertainties in quantities such as load, crack size etc. can be handled by summation of the 
solutions illustrated here. 

The effect of reducing the widths of the material property distributions cali be seen from 
Figures 7 to 12. The functions of failure probability with angle, 0, with respect to 
variability in just fracture toughness or just yield stress fall off more rapidly as the width of 
the relevant material property distribution is reduced. It can be seen from Figures 7 to 9 that 
for medium width distributions the sum of the two failure probability functions show a 
pronounced minimum in the region where the two functions intersect. In the case of wider 
distributions (Figures 10 and 11) the variation in the sum of the failure probabilities is not 
as great and the resulting function of 0 is relatively flat. 

Where the distributions are relatively narrow such as shown in Figure 12 it can be seen that 
the two failure probability functions may fall off so rapidly that they do not intersect within 
the limits of the plot. However, it can be seen that the full probabilistic fracture mechanics 
calculations which take account of the variability in both fracture toughness and yield stress 
gives fInite results. Thus there are limits on the width of the material property distributions 
below which the sum of the two failure probabilities ceases to be a good approximation to 
the actual failure probability. 

It can be seen from the plots that, as expected, the inclusion of secondary stresses affects 
only the failure probability function for variability in fracture toughness and not that for 
variability in yield stress. The failure probability increases for increasing values of the 
secondary stress factor, ex. 
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5 CONCLUSIONS 

The relationship between con,ditional failure probability and reserve factor has been examined 
using the R6 defect assessment procedure in· the case of combined primary and secondary 
loadings. It -is concluded that:-

(1) The relationship between failure probability and reserve factor depends on the widths 
of the material property distributions and the position on the failure assessment 
diagram; . 

(2) Good estimates of the failure probability can be obtained b.y adding probabilities from 
analyses in which the only variability is in fracture toughness and yield stress, 
respectively. ' 
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Development of Analysis Procedure for Russian NPP Piping Failure Probability 
" on the Basis of R6 Crack Resistance Assessment Method 

Bougacnko S.B. Denisov tN. 
ECS MAE RDJPE 

. Abstract 

(''urrenl failure criteria (M -01-88, M -02-91 et.e.) used in Russian" nuclear instit.utions 
had been developed for dete~inistic analyses and therefor an attempt to use them. for 
probabilistic ones bas demonstrated some deficiencies inherent to them. They can in
clude a polygonal failure surface in the space of random variables that makes this 
surface undifferentiable at some point. "Moreover, the failure criteria are assumed by 
such mathematical expressions which sometimes loses their meaning ill the area of 
lower tail values in random distributions. In this connection this work has' considered 
as a criterion basis the R6 criterion which sufficiently avoids the aforementioned dc~ 
fici'~ncies and has illustrated experimentally the conservatism of its a.~se8sment. 
The weJl known R6 methodology, developed by CEGB, has found a wide application 
in dctcnninistic assessments to analyze crack resistance of NPP real pipe structures. H 
is based on considering a crack 'behavior described by the two variables KIt and LR. 
The variable KR determines relation between stress intensity factor (SIF) of plasticity 
analysis and fracture toughness. The factor Ll{ is determined by relation between the 
app]j~ load and the material yields area. At the same time th~" deterministic ~alysis 
does n()t give a complete answer to the question of structure operability as such due to 
definitely random nature of mechanical characteristics in the structure material and 
the load ~pplied. In the deterministic analysis the methods forcedly bear ma~8in fac
tors whose aim is to "cut llff' the.random nature of calculational paraineters and re
duce the task to Ii purelyldctenninistic One. In doing so, the margin factor is more of
ten chosen on tIle basis of expcrtiie based of the cstablished practice and it is not as
sessed by allY calculations. It may be easier to assess correctJvene.~s of the ch9ice of 
some margin coefficient. through probabilistic metho9s. 
Here a llumbers of quest.ion a)so arise with respect to a nonrandom value, e.g. mc~ 
chanica) characteristics of the malerial. Usually they are chosen as a quantile, .c.g. 
95% Jower boundary (enveloping) from the sampling of mechanical test values. Thus 
it may be asserted that all the detcnninistic calculat.ions present some simplified real 
work 'Of structure and they are widely used due to traditions and. peculiarities 
(constraints) ofltuman perception. To evaluate completely the operability of structural 
clements of atomic power facilities besides deterministic evaluations, probabilistic' . . cvalu!lti()ns should be used too. 

Taking into account the above-said an· attompt has been made in this work to join the 
probahilistic method with the R6' one in su"ch a ronn in which it was adapted by 
Swedish company SA. 
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TIle currently used methods by Ru!;sian institutions 10 evaluate the probability of 
crack~induccd piping failures have 50me hicks the main of which is 8$sociated with 
reducing the task to calculatc the n-fold multiple integral which directly foJJows from 
the traditional probabilistic ~pproach. Jllc integral ratio is directly to a number of the 
random variables usc in the analysis. In this approach the increase in a number unit of 
the random variables increase conditional operations by the order by one and under 
the sufficiently "large number of random variable.~ thc calculational scheme becomes 
too complicated (tlme-consuming). 

In the quality of probabilistic methods of analysis the variety of the so-callcdFast 
pf()bability Integration methods. namely thc Chen-Lind (eL), has been used. The 
essence of this method is to -sea~h the shortest distance fTQ!I1 tl1e failure surfacc to the 
origin in the rearranged normalized-normal space of random variables. Here the fail
ure surface iSW1derstood to be a surface created by the random variables in the sim
plest case in such a statement: the load docs not exceed the strength where the terms 
"load" and "strength" mean random variables. It foJ1ows from the theory of these 
methods that this distance is equal to the safety index Hasofer-Und 13HL which is in a 
unique fashion associated wjth the failure probabiJity of the structural system. The 
FI)1 methods arc extremely fast to evaluate the fanurc probability for a system with 
many random variables under 5ufficienUy good accuracy. The traditional Monte· 
Carlo methods used to solve similar tasks are too slow and onen can not be applied to 
evaluate tlle values of the order of 10.6 and less. A solution of such tasks by calculat
ing the integrals of large ratios is also jneffective. 

Howevcr in using the FPI methods one should carefully select the i~ilial approxima
tion for the failure surface whose quality affects both the convergence speed and the 
algorithm convergence itself under a complex structure of the failure surface. Besides 
the CL algorithm of FPP methods is iterationaJ and each new approximation lies on 
the hyperplane tangential to the point (')f the initial approxjmation in the space of the 
random variables and not in the surface it.~olf. It mean" that with each new step we 
have to reflect this new approximation jnto the failure surface by a special aJgorithm. 
The curve KR-LR has the meaning of a failure surface but in the essence it is not so . 
. The Curve (If R6 method" is the reflection of the failure surface in the space of the 
variables LR and KIt. 

Sinee the variables KR and Lit arc functional, it is i~PossibJe to place each point in 
tl1C diagram KR-LR in corre.~pondence with a point in the "pace of variables. 
The R6 method in the probabiUstic statement ha.~ required some modifications. First 
of all UlCSC modifications arc related to the coefficients of load, dimensions and ma
terial which have the meaning of margin fact.ors in the applWprJate charaeteristic.~. All 
these cocmcjcnL~ in probabilistic analysis have been assumed to be equal to unit by 
the reason discussed above. A detailed analysi~ has been carried out to evaluate a 
failure probability of a perlite weld .in the primary circuit piping of RUssian NPPs. 
The resull~ of these calculations allow to make the following conclusions: 
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I. Under normal operational conditions the probability of a weld seam fracture 
through a type crack is very small (by the order of 10-16). ' 

2. The hydrotest regime increases a failure probability by the order of the four but 
{he final value is also very small. 

3. Sincc tlle calculated point. in the analysis. of probability by the FPl methods is in 
the failure surface, it is of intcre.~t to study the areas of thc aJgorithm conver
gence. In al1 examples coJt.~idered the process converged on the vertical Jinc un
der LRnlax in the R6 dia,gram. T1lUS the failure (lfthe considered weld pJpe o~curs 
due to thc area stresses searching a yield, with the critical S] F practically m~king 
no influence on the final result There is an jnfluences of the depth and length of 
a 'crack on the failure probability but this influence is not so sufficient as it should ,,< 
be expected. The more serious influence on a failure' probability makes the value:" 
of the initial stresses (pressure-induced ones). 

Th(~ experience gained in carrying out these calculations allows the assertion that the 
algl'lrithm CL of FI)1 methods can be applied successfully to' evaluate a. structure fail· 
UfO probability using the R6 methods. 
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ABSTRACT 

In this paper the probabi.1ity of break of the pipeline is assessed. It assumed that the break 

can be caused by 

end of the life-time (the cumulative damage factor is equal 1 or higher) 

an accident event as a SSE occurrence 

an transient event such as steam or feedwater hammer. 

The methodology is based on the fragility approach and net section collapse assumption. The 

probability of pipeline break is assumed in the form of standard Gaussian distribution 

function. 

INTRODUCTION 

In the last years a number of NPPs were assessed by PSA level 1. In all cases as the 

iniciation events are postulated the break of the main' steam or feedwater headers and steam 

piping or feedwater line in the non separable part. The main problem is the assessment of 

the probability of occurrence of above mentioned initiation events. Usually the following 

approach is useq 

the PRAISE code for austenitic piping (class 1) 

or 

the EPRI r.eport "Pipe Failures in the U.S Commercial Nuclear Power Plants", for 

class 1 and 2 pipelines. 

The direct application of both methods to only hot leg of Vv\VER 440/213 type reactor give 

following results. 

the probabilistic fracture mechanics code PRAISE 

the estimated probability for a pipe leak ranges from 10-9 to 10 -8 per hot leg 

year and 30 years of operation 
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the estimated probability for a direct DEGB range from JO- iJ to lO-J~ per hot 

leg year and 30 years of operation 

the ratio of leaks to breaks is 1O~ 

EPRI report indicate in table 4.4-2 the rupture failure rate for ASME III. Class 1 

piping and Westinghouse PWRs is around 3 x 10.10 per sectionhour. This is an 

average for all pipe diameters. Since hot leg of \V\VER 440/213 type reactor constist 

of two sections as the result we obtain the probability about 5 x 10-6 per hot leg year. 

The average leak to break ratio was estimated of 10. 

From the comparison of related numerical values may be concluded that the discrepancy 

between leak to break ratio is of as much concern as the discrepancy in break probability. 

It suggest the PRAISE code analysis cannot be used for either absolut or relative predictions. 

From this reasons in NRI Ref, Integrity and Material Division is used the "fragility" 

approach. The basic principles are described in following. 

THE ELEMENTS OF FRAGILITY MODEL 

In current PRA analysis every component exist only in two S4iges: success or failure states. 

The use of this approach is dictated by Boolean Algebra and the fault tree analysis technique. 

In general the failure of any component may occur at some value g of the failure indicator 

G which is a parameter associated with a loss of function 11/. The cumulative probability of 

failure F (g), called the fragility curve is presented in Fig. la. This curve presumes that for 

identical components failure always occurs at the some value of the failure indicator. 

However, in actual tests, even so called "identical" components would fail at different values 

of the failure indicator g. Therefore the value of the failure indicator g at which a 

component fails is random with a density function f, (g. e) \,,·here e is a set of parameters 

like mean, standard deviation, etc. 

This function and a corresponding cumulative function F (g) are presented in Fig. 1 b. The 

variability of the failure indicator value at which a failure occurs is referred to be as 

randomness. Parameters e could be found from test data . . 
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BC'L3l!~e (If the finite size of lhe existing data hase. there is S(lme unccnainly ;;) jlctrafT)cters 

B, If we measure a failure indicator indirectly or ba~e on the exptrt jud~C:IT1(:nl. then 

additional uncertainty exists due to the vagueness of the re1atiomhip helwecn a measured 

\'mabJe and a failure indicator. \Ve may quantify this uncertainty with a distribution density 

function fu (8). The set of fragility curves with a different likehood due to uncertainty is 

shown in Fig. 2. 

When we apply above mentioned theory to class 1 and 2 pipings then 

• the failure indicator is the net section collapse and g is either the flow stress or limit 

load moment 41. Rf R;tF(f:t) 

• the density function is the Gaussian lognormal distribution function 

• the uncertainties are due to modeling assumptions. 

CALCULATION OF THE PROBABILlT't OF THE PIPELINE BREAK 

Under assumptions mentioned in previous two chapters the probability of the pipeline break· 

is given by the relation 

(1) 

where the 

PI is the probability of pipe break 

P2 frequency the occurrence of an initiation event 

The probability of pipe break PI is first assesse.d. It is generally assumed that, each pipeline 

is licensed for certajn types of loads including: normal operation. ~1DE, and dynamic effects. 

Integrity is assured by meeting the requirements of allowable loads. Break occurs for the net

section collapse, see Figs 3 and 4. 

Thus the ideal condition has the form of 

(2a) 
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for the untracked pipe where the 

(0)2 the pri mary stresses unde~ normal operation 

(oh the primary stresses under accident or transient conditions 

Rf the material flow stress 

or (2b) 

for the pipe with surface crack or leakage crack where the 

MNSC the net section collapse limit load moment MNSC = 41tRf R;t F('b) 

Mz the bending moment due to mechanical loads under normal conditions 

M D the bending moment due to mechanical loads under accident or transient conditions 

Rs mean radius and wall thickness of pipework 

F('b) correction function, see 121 

To reach the state conforming with the Figs. 3 and 4, a relation must be fulfilled such that 

or 

where 

F is :a safety factor, which can be defined by words in such a form: /3/ 

F = actual dynamic capacity of the pipework = 

actual response on the accident event 

actual capacity design resp. on the accid. ev. 
--------~~~--~--x--~~--~----------~-

design resp. on the accid. event actual resp. on the accid event 
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here the 

Fe is the so ,called capacity factor of the pipeline 

F P.E is the coefficient of the pipeline response 

F R5 is the coefficient of the structure response, considered only for the earthquake case 

/3/. 

For all the considered initiation events, the capacity factor can be expressed in the form: 

(5) 

where the 

Fs is a strength factor 

Fu is an ductility factor 

For the sttength factor a general relation is valid. 

or (6a) 

this is only a rearrangement of equation (2a, b). \Vhen the initiation event is of the type 

normal oDeration mode it is necessary to apply another modification: 

or (6b) 

The physical reason of the factor Fu can be explained by Figure 5., where theEn=; 

corresponds to a maximum possible deformation, resulting from the elasto-plastic calculation 

and the E}, is the deformation at the yield point. 
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G 

E max 

Fig.5 

The coefficient F RE ' includes the factors influencing the response variability i.e. 

qualification of pipework 

modelling of the pipework 

the damping 

qualification method of exciting force 

combination of the excitation force components. 

The coefficient of the structure response depends generally on the siting of the pipeline in 

the reactor building or the turbine hall. The physical sense of it is, that it provides a certain 

reserve in case the pipeline dynamic capacity level may, be reached while the structure 

response is still in the elastic range. It is evident, that this factor can only be applied in a 

seismic event It is concerned with the following components /3/: 

spectral shape 

damping 

modeling 

the soil/structure interaction 
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From the relations l6a) and (6b), it is obyious. that the Fs has a character of a random 

variable, because (0)2' as welJ as the (0 D)2 can be anticipated as statist1c sets of data. In the 

same \A:ay it is possible to generalize on some othet safety factors. From this reasons and 

from the principles of fragility model the following relation is valid 

(7) 

where 

F is the median of the safety factor 

EU is a random variable with a unit-median and a logarithmic standard deviation, 

respecting the uncertainties, entering into the .calculation 

ER is a random variable, which is - similarly to the previous case - characterizing the 

randomness entering into the calculations. These are created mainly by the material 

characteristics and the character of exciting. 

The individual components of Fi' P U.i and PR,i' are provided and the final expressions have 

the fDIm: 

(8a) 

(8b) 

(8c) 

On the basis of previous considerations, the relation for the probability of the pipe breakP1 

can be formulated. 

251 



On the assumption of perfect calculation methods, it is possible 10 consider only randomness(p R) 

and the probability PI will then have the form of 

(9) 

where the 

4> is a standard Gaussian distribution function. 

As the calculation methods are not perfect, the simplest way to introduce the uncertainties 

is based on the so called two-components logarithmic standard deviation. 

(10) 

to which the correponding plastic collapse frequency corresponds to: 

(11) 

which can be interpreted as the" best estimate". 

A more complicated form of the calculation of the -PI includes the so called "confidence 

levels", for which the required conditions were for values of 5 %. 50 % and 95 %, This mode 

of computation is used in seismic PSA studies, 

The frequency of the occurence of the initiation event P2 is now determined. The follov.:ing 

,values or relations can be used: 

for the MDE P2 = 10..J/year automatically 



for the steam or the feed .water hammer it is necessary to start irol11 the operating 

values of the \VWER type reactors. The real parameters will be defined for the real 

cases. 

at the normal operating conditi-ons P2 is a function of the damage cumulation 

L nJN. It is reCommended to apply the following relation 

(12) 

where the 

is again an Gausian distributive function. 

Equation (43) has its logic, because at the beginning of the operation L nilN = 0; 

therefore also the P2 = 0, whereas after the service-life expiration (L nJN :;::; 1) and this 

leads to the P2 = 1. 

NUMERICAL EXAMPLES 

In this chapter the above presented theory will be demonstrated on the two practical examples 

• case 1: 

• case 2: 

Case 1: 

main circulating loop (class 1 piping) of the \V\VER 440/213 tYJ?e 

reactor, normal operation mode 

steam piping outside hermetic zone (class 2 and 3 piping) under steam 

hammer transient loading. The steam hammer event is induced by the 

sudden closing of the turbine stop val ue. 

the top view on the main circulation loop is shown in Fig. 6, the distribution 

of primary stresses in Fig. 7. The resulting safety coefficients are summarized 

in following table 1 
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Table 1 

Factors -
F 

• capacitv 
strength 6.87 
ductility 1.5 
subtotal 10.31 

• pipinl! response· 
qualification 1.0 
modeling of. res. str. .LQ 
subtotal 1.0 

Total combination 10.31 

As a result we obtain 

Pu 

0.294 
0.16 
0.335 

0.1 
0.15 
0.18 

0.38 

= 0[lg (1/10.31)] 
0.41 

= 0[ - 5.69052 J 

= 0.64x 10-8 /reactor year 

PR 

0 
0.16 
0.16 

0 
Q 
0 

0.16 

The pesimistic value of cumulative damage factor after 30th years of operation is estimated 

to be 0.1 /4/. Thus 

= 0[ - 2.30258] 

= 1.07 X 10-2 
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As the result we obtain 

Case 2..;, 

. = 0.685 X 10-10 

the axonometric view on the steam piping form SG 1 of NPP Dukovany. unit 

No 1 is shown in Fig. 8 Three subcases are studied 

• A ..... . 

• B ..... . 

• c ..... . 

design wall thickness to. design material parametrs 

wall thickness uniform thinning to 0.85 to in all elbows 

and bends (aging effect) 

case B + changes in ~0.2 and Rm due to dynamic strain 

aging 
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The resulting safety coefficients are summarized in following table 2 

Table T2 

Factors -
F Pu PR 

• ca12acit~ 
strenQ:th case A 6.34 0.4 0.0 ..... 

B 1.882 0.367 0.0 
C 1.66 0.37 0.0 

ductility 1.5 0.16 0.16 

total case A 9.51 0.431 0.16 
B 2.823 0.4 0.16 
C 2.49 0.4 0.16 

• . . 
pIpIng response 
qualification 1.0 0.15 0 
modeling 1.0 0.15 0 
damping 1.4 0.3 0.06 
SH qualification 1.0 0.1- 0 
wave combin. 1.0 0.1 0 
total 1.4 0.39 0.06 

Total' 
combination A 13.3 0.58 0.17 

B 3.95 0.56 0.17 
C 3.486 0.56 0.17 
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The resulting probabiJities PI are summarized and compared in follov,.'ing tabJe T3 

Table T3 

Case PI P1,B I PI,A PI,A I PI,c PI,c I P1,B 

A 1.131 E-5 - - -

B 7.143 B-3 631.5 - -
C 1.65 E-2 - 1458.9 2.31 

CONCLUSIONS 

In this paper the fragility model for eValu.ation of probability of pipework break have been 
described. The following conclusion may be formulated 

the methodology is possible apply to all operation modes i. e. normal, transient an 
accidental . 

the structure of safety coefficients and their logarithmk standard deviation depend on 
the operation mode 

the resulting values of propability of pipework break are higher than the probabilistic 
fracture mechanics results for normal and accidental operation modes 

the resulting values for the transient operational modes and class 2 or 3 piping are 
very close to EPRI Report values 
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the effect of aging may be included in the evaluation. 
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ABSTRACT 

ON THE PROBABILISTIC APPROACHES 
APPLIED TO THE MAINTENANCE OF 

DEGRADED STEAM GENERATOR TUBES 

L.Cizelj, B.Mavko, H.Riesch-Oppermann* 

"Joief Stefan" Institute, Ljubljana, Slovenia 
*Forschungszentrum Karlsruhe, Karlsruhe, Germany 

This paper 'is . divided into three main parts. The first two parts address probabilistic 
approaches applied to the analysis of two most important failure modes of the degraded tubing. 
The third part discusses some possibilities for the future development. . 

Bursting of tubes. The probabilistic tackling of this failure mode is describe~ by using the 
example of axial stress corrosion cracking in expansion transition zones. The influencing 
parameters accounted for in the analysis are: (1) a deterministic model of tube failure, (2) a 
detenninistic model of crack propagation, (3) maintenance of tubes with special emphasis on 
detection probability, sizing accuracy, potential human errors and effects of sampling inspection. 
A numerical example evaluates the state of steam generators of Slovenian power plant at Krsko. 
The resulting single and multiple tube rupture probabilities are presented as a function of 
maximum allowable length of cracks left in operation. The relative importance of influencing 
parameters is showing dominating influence of detection probability. Also, some comments are 
made on the impact of human errors. Comparison with results obtained by pure deterministic 
methods is also given. 

Excessive leak rates through degraded tubing. This failure mode is of special concern 
in cases where most through-wall defects may remain in operation. A particular example is the 
appli(:ation of alternate (bobbin coil voltage) plugging criterion to Outside Diameter Stress 
Corrosion Cracking at the tube support plate intersections. It is our aim to discuss some possible 
modeling options that could be applied to solve the problem formulated as: The sum of all 
individual leak rates through degraded tubes should be less than predefined acceptable value. 
The failure of a steam generator is then declared when this value is exceeded. The probabilistic 
approach is of course aiming at reliable and computationaly bearable estimate of the failure 
probability. 

Future work Some comments on the applicability of stochastic geometry methods in the 
futurE: assessment of stress corrosion cracking are given. In particular, these methods are 
considered able to address both failure modes and the performance of the nondestructive 
examination using the same geometrical model. . . 

Cizelj, Mavko, Riesch.Qppermann 



1 INTRODUCTION 

Two failure modes of degraded steam generator tubes (PWR nuclear power plants) are of 
special concern with respect to the plant safety and reliability [1]: 
• Bursting of tubes (single or multiple steam generator tube rupture (SGTR»; 
• Excessive leak rates through degraded tubing. 

The main goal of all maintenance activities is to prevent the occurrence of either of these 
failure modes. In practice, this is essentially achieved by periodic inspection of tubes, followed by 
repair of tubes that are excessively damaged. The allowable degree of damage is determined 
according to fitness for service criteria. Most of the fitness for service criteria that are 
implemented today are based exclusively on deterministic considerations [1]. 

In recent years, growing attention has been paid to the reliability and safety issues of 
degraded steam generator tubing. The probabilistic approaches were applied for axial stress
corrosion cracking in expansion transition zones. We should stress here that the deterministic 
description of the tube failure is very well defined and generally accepted. Pitner et al [2] 
concentrate on supporting a particular maintenance strategy by using probabilistic fracture 
mechanics techniques. On the other hand, Mavko and Cizelj [3] and Cizelj [4] proposed similar 
probabilistic fracture mechanics techniques to estimate the reliability of degraded steam generator 
tubing treated by a set of possible maintenance strategies. The maintenance strategies covered are 
based on a defect (crack) length and defect depth pluggirig criteria [4]. The aim of the first part 
of this paper is to discuss some results of probabilistic studies on axial stress corrosion cracking 
obtained by the authors. Some attempts have also been made to address failure probability of 
tubing affected by outside diameter stress corrosion cracking at tube support plates [5]. 

To the best knowledge of authors, there is no published material on the probabilistic 
treatment of the second failure mode. The aim of the second part of the paper is therefore the 
probabilistic formulation of the problem of a total leak rate through damaged tubes. In particular, 
we want to redefine the problem estinude the IIUIXinuun value in more probabilistic way: eslimllte 
the prolHlbility of exceeding the limiting value. The interesting and rather new leak rate model 
proposed by EPRI [6] will be discussed. The main feature of the EPRI model is that the 
relationship between the defect size and the leak rate through the defect is based on a classical 
regression analysis, which is then used in combination with Monte Carlo simulation to obtain a 
deterministic value ofa maximum totaIleak rate (fixed at 95%/95% probability/confidence levels). 
This is a rather weak description of the failure mode and can significantly influence the quality of 
the entire probabilistic analysis. 

In the third part of the paper, some thoughts for future work are discussed. Some better 
physical ground is needed for ODSCC to make the probabilistic analysis more useful and efficient 
in the future. In particular, an attempt toward the probabilistic modeling of stress-corrosion crack 
propagation considering the randomness of the grain structure is currently underway. Although it 
can presently only give some qualitative results, some promising features support further 
development. 

2 AXIAL STRESS-CORROSION CRACKS 

This section discusses the results of the work published elsewhere ([3], [4], [7]). It is our 
purpose to show some typical results obtained from probabilistic analysis as compared with pure 
deterministic approaches. 

Axial stress-corrosion cracking in expansion transitions is addressed here. Only the first 
failure mode (tube rupture) is considered in the analysis. The probability of tube failure Pf is 
determined from the scatter of the applied loads, crack size and structural resistance propertIes. 
The failure behavior of the tube is assumed to follow the failure function g(x), which depends on 

262 
Cizelj. Mavko. IU.ch-Oppermann 



basic random variables x=(x)J ... , xJ denoting applied loads, crack size and structural resistance 
parameters.g(x)<O implies failure and no failure occurs for g(x»O. The failure probability Pfis 
then calculated as the probability content of the failure domain g(x)<O: 

p ,; 
f f (1) 

whereJ;(xJ represent the probability densities of the respective basic variables Xi' Further details 
are given in [4] and [8]. 

A typiCal Westinghouse D-4 steam generator as installed in the KrSko nuclear power plant 
was considered in the numerical example. A detailed model and data specification is given in [4]. 
The main features accounted for in the analysis are however listed below: 
• a deterministic model of tube failure (axial through wall crack) 
• a deterministic model of crack propagation (allows for scatter in growth law and residual 

stresses). The scatter in residual stresses is based on a finite element analysis of different 
configurations of tube to tubesheet clearance before expansion, tube yield strength and 
tube wall thickness [9]. 

• maintenance of tubes ("state-of-the-art" nondestructive examination techniques as available 
in the literature ([2], II 0]) were assumed): 
o detection probability 
o sizing accuracy 
o potential human errors 
o effects of sampling inspection 
o plugging of tubes 

• single (i=l) and multiple (h2) tube rupture probabilities are assumed to be a function of 
a specific sample of N tubes and are therefore based on the Poisson distribution: 

p{i) = (N.~fY e -NPj 

1. 
(2) 

Each steam generator is considered to represent one sample. 

Plugging limit PL [mm] 

Fig. 1 Fraction of failed tubes 
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A feed-line break accident is assumed to occur leading to the pressure difference of 
196.5bar. The failure probabilities presented below are therefore conditional, given a pressure 
difference of 196.5 bar. A strictly deterministic procedure applied to the same set of data yielded 
a plugging limit PL = 10 mm [11]. This is interpreted in practice as: all tubes with cracks shorter 
than 10 mm may remain in operation. 

The fraction of failed tubes PI is given as a function of plugging limit PL in Fig. 1. The 
four different curves are based on different assumptions about the beginning-of-cycle distribution 
of crack lengths. Three distinct regions of PL can be observed: 

• 

• 

• 

At high PL values (>20 mrn), the plugging limit does not affect the value of Pf Except for 
lognormal distribution, the probability of finding crack lengths in this region is virtually 
zero. This result also means that, for a given population of cracks, plugging at PL>20 mm 
corresponds to no plugging at all. 

The intermediate region defines the efficiency of the nondestructive examination method 
implemented in terms of tube failure probability. Regardless of the distribution type used, 
the PI value can be decreased by four orders of magnitude by implementing lower PL 
values. 

At low PL ~alues «10 nun), a plateau behavior of Plis observed again. It is caused by the 
non-detection probability of the nondestructive examination method simulated. In simple 
terms, non-detected long cracks become at least as probable as the unfavorable 
combination of structural resistance properties at cracks with length close to the value of 
PL. The value of PL where the plateau and the intermediate region intersect is an obvious 
candidate for the optimal PL value. . 

Effects of Human Errors and Sampling Inspection. The prior discussions assumed inspection 
of all tubes and neglected any possibility of human errors during the inspection or plugging 
procedures. This may not fully reflect the situation in reality. Consider the following possible 
situations, which may result in operation with excessively long cracks: 
• Only a randomly selected sample of cracked tubes is inspected. 
• A cracked tube was inspected but erroneously declared sound after inspection. 
• Finally, an inspected cracked tube is scheduled for plugging, but because of an error it is 

not plugged. 
All of the above events are assumed to be caused by an incorrect decision of the human 

operator. Only those potential human errors that do no~ depend on the crack length are covered by 
the present model. All of them are modeled in a similar way using residual non-detection 
probability En-

Setting the value of ED= 104 showed virtually no deviation from above results and therefore, 
did not significantly affect the overall success of the maintenance strategy. However, larger values 
of ED (10-3 and 10-2

) decrease the maintenance efficiency by one or two orders of magnitude, 
respectively (see Fig. 2). It is therefore irrelevant in which maintenance step the cracked tube is 
missed. Nevertheless, missing about 1% of them may significantly change the overall safety of the 
plant. 

Single and multiple tube rupture probability. The event of tube rupture is dominated by the 
single tube rupture for PL < 12 mm (Fig. 2). However, the no plugging at all (PL-oo) region is 
dominated by multiple tube rupture. A hypothetical feed-line break accident would therefore cause 
the following: 
• at PL < 12 mm, a single steam generator tube rupture (SGTR) in approximately 0.1 % of 

cases and multiple SGTR in less than one out of a million cases. 
• at PL-oo a virtually certain multiple SGTR event is to be expected. However, the 

probability of multiple SGTR might be considerably decreased by implementing a reliable 
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leak detection method. Quantitative assessment could be done by .inclu!iing the leak 
detection in the model, which is planned to be done in the future. 

3 EXCESSIVE LEAK RATES 

Recently, a very specific fitness-for-service criterion has been proposed [6] and accepted 
[12] in the USA Basically, it addresses the outside diameter stress corrosion 'cracking at tube 
support plates. The demonstration of safety against both failure modes is based on a rather simple 
regression analysis of defect sizes vs. burst pressures and individual leak rates. The data base used 
in regression analysis was obtained from a sample of tubes pulled out from operating steam 
generators and model boiler facility [6]. In the following, only the excessive leak rates will be 
addressed. The tube failure probabilities are addressed elsewhere [5]. 

A linear regression analysis resulted in the following leak rate model: 

log(Q) = a + b log(V) + E (3) 

When) Q represents the individual leak rate through a defect. Defect size V is expressed simply as 
the signal amplitude (in Volts) obtained from a bobbin coil: An extensive analysis was also done 
to characterize the confidence intervals of the regression model parameters (intercept a, slope b 
and error term E ) [6]. 

The total leak rate means a sum of individual leak rates through all detected defects in a 
given steam generator. To obtain a conservative estimate of the upper limit, the measured defect 
sizes are grouped together in small intervals (e.g."O.1 V). Each class contains mj defects with 
maximum size V;. The upper 95% limit (with 95% confidence) of the total leak rate is defined as 
[6]: 
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n 

Q~ = L m. Q(V.) 
L ;=1 I '96111000 

(4) 

The subscript 96111000 means that 1000 values of ~(vJ are generated using Monte Carlo 
simulation and then sorted in ascending order. The 961 value of this ordered set is then chosen 
as a representative value for the entire class of defects. Allowances for defect growth and 
measurement errors are also provided and affect the actual value of 1';. Using the KrSko power 
plant specific values (for beginning of cycle defect size distribution see Fig. 3), a value of25 1Ih 
was obtained for the most unfavorable accidental conditions. 

The statistical stability of the 95% total leak rate estimate was analyzed using 
Monte Carlo simulation (Table 1) and was considered reasonable. A big scatter is however 
observed in sums obtained by averaging over 1000 samples of each data class or simply taking 
their maxima. This scatter is mainly caused by the large influence of the residual term in the leak 
rate model (eqn. (3». We should stress here that the maximum expected leak rate as predicted by 
the EPRI model always exceeded the 95% upper limit by at least one order of magnitude. 

Results from 100 numerical experiments[JIh) 
Total leak rate 

based on eqn. (4): Mean Median Std.Dev. Minimum Maximum 

min (i=l) <10-4 <10-4 <10-4 <10-4 <10-4 

median (i=501) 0.36 0.36 0.01 0.33 0.38 

958/8 (i=961) 26.27 26.3 l.32 23.3 29.5 

max (i= 1000) 4296 2478 5347 872 33432 

averaged 1000 10. 8.32 5.6 6.0 38.9 

Table 1 Statistics of selected parameters obtained from EPRI procedure for the total leak 
rate 

3.1 Probabilistic Fonnulation of the Problem 

In the following discussion we assume an existing deterministic model describing the 
individual leak rate as a function of defect size (e.g., eqn. (3». Then, the individual leak rate 
through a single defect can be described as a random variable, denoted by Q;. Its probability 
density function is denoted by flQJ. Some additional useful assumptions are: 
• all individual leak rates are members of the same population. This leads to a unique 

probability density function: 

(5) 

• individual leak rates are statistically independent This simplifies the joint probability 
density function: 

n 

.f{Ql,Q2, .. ·Qn) = IT .f{Q;) (6) 
;=1 

The total leak rate Q is simply a sum of all individual leak rates Q;. Let us therefore define 
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the failure of a steam generator by the event "total leak rate Q exceeds allowable leak rate QJ,£4X' " 
The failure probability Pf is then given by: . 

Pf = P(Q > QMAX)= 1 t Q, >QMAX) (7) 

Using the well-known procedures from statistical reliabil~ty theory, the failure probability 
Pf can be calculated by the int.egration of the probability content of the failure space (Q>Q.M4.J;-): 

n 

'Pf = J 11 (J(Q;) dQi} 
g~I,Q2,· .. ,Qn}0 -

(8) 

g('; represents the failure function, which is by definitiotl positive in the safe space and negative 
in thf~ failure space (Q>Q.M4X)' Therefore, it is given here as: 

n 

g(Ql,Q2,···,Qn) = QMAX - L Q; (9) 
;=1 

The hyper surface obtained by setting g( -) = 0 represents a boundary between safe and failure 
space and is usually called failure surface (also limit state surface). 

3.2 On the Possible Solutions 

Closed form solutions of eq. (8) are possible for some special types of individual leak rate 
distributions. Especially exponentialf(Qj) yields a very convenient solution. Here, the failure 
probability (eq. (8» is simply given by: 

P _ ( _ Qmax) ~ 1 ( .Qrnax) i 
f - exp --.L.J 7" --

P i=O I! ~ 
(10) . 

This can be interpreted as a cumulative Poisson distribution with parameter QMAX!'P [13]. 13 
represents the mean of all individual leak rates. The ratio Qmar / P represents a number of average 
individual leak rates required to exceed the allowable leak rate. 

Numerical solutions. Among available numerical solutions, the direct Monte Carlo simulation 
may be a very convenient and straightforward method to implement. It'is however computationaly 
very intensive. For example, a realistic case with 103 individual leak rates and failure probability 
in the order of 10-4 would require about 108 evaluations of the leak rate model. This may be 
computationaly prohibitive. It is therefore not convenient for routine use, but may serve very well 
for the verification purposes. It should be mentioned here that directMonte Carlo is considered 
an "exact" method in the literature and is also accepted as a tool in the assessment of reliability of 
steam generator tubes by the U.S. NRC [12]. 

Appr'oximate methods such as First and Second Order Reliability Methods (FORM and SORM, 
respe:ctively' [14], [15]) were recently successfully implemented in safety assessment of cracked 
steam generator tubes [8]. In particular. the failure probabilities of axially cracked tubes were 
analyzed using FORM and SORM [7]. Thus, studying their behavior also in assessment of 
exce!;sive leak rates may be worthwhile, as described below. 
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3.3 First Order Reliability Method 

The basic idea behind FORM is to transform all basic random variables to the space of 
uncorrelated standard normal variables. A point on the transformed failure surface with the 
minimum distance toward the origin of the space of uncorrelated standard normal variables is to 
be found. This point is traditionally called design point Finally, the failure surface is approximated 
by a hyperplane passing through the design point and being nonnal·to the position vector of the 
design point. Then, a simple solution of the failure integral (eq. (8» exists: 

Pr. RJRM = <1>( - PI) (11) 

<I>(e) is standard normal distribution and ~fthe reliability index, which represents the distance 
between the design point on the failure surface (g{-)=O) and the origin of the space of standard 
normal variables. Further details on the implementation of the method are described in [8], [16] 
and references therein. 

The assumptions on the individual leak rates (eqs. (5) and (6» allow for some 
simplifications of FORM. Recalling eq. (9) and identical probability densities of individual leak 
rates, the design point in the physical space is given as: 

QMAX Q1 = Q2 = ... = Qn = -- (12) 
n 

Essentially, this means that exceeding the limit by a sum of smaller leaks is more likely than by 
extreme individual leaks. The coordinates of the design point are then transformed to the standard 
normal space by [14]: 

"'., = "~. = ... = " •.• = "'+{ Q:)] (13) 

This suggests a strong dependence on n and defines reliability index ~f as: 

PI = u1.nlii (14) 

The FORM approximation of the failure probability is therefore given by: 

Pf,FORM = '" (-Pr) = +rn-'" -H Q;-) ~ (15) 

For n=l, an exact solution is obtained. The case with n=2 shows an underestimate, which increases 
by increasing n. This n-dependence is a serious drawback of FORM. It can be illustrated by 
considering the case u1,11 ::: U 1".+1' It is rather straightforward to show that. this requires the condition 
of F{Q-/n) :::F{Q""./{n+ 1)). Recalling eqs. (14) and (15), it is obvious that FORM could assign 
a lower failure probability to a case with more leaks. Therefore, the application of FORM would 
be of limited practical value. 

3.4 Second Order Reliability Method 

Second order reliability method approximates the failure surface in the design point by a 
quadratic hyper surface (instead of hyperplane in FORM). The design point and reliability index 
pfobtained by FORM is generally used for this purpose. The main curvatures of the quadric are 
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identical with main curvatures of the failure surface in the design point. For a rotationally 
symmetric quadric, the approximate value of failure probability is obtained by [15]: 

Pf, SORM = j q,( -( 2~ + pa) X'.-I (t) dt 
o 

(16) 

x2J...) is chi-square probability density with n degrees of freedom. R is the radius of the curvature 
in th(~ design point. The rotationally symmetric hyper quadric is rotationally symmetric with 
respect to the position vector of the de~ign point and has its apex in the design point. . 

3.5 Selected Results 

The distribution of defect sizes is given in Fig. 3. In the calculations, both empirical and 
lognormal distributions were used. Both distributions gave essentially the same results. This is 
caused by rather large uncertainty of the regression model. The number of defects was set to 495 
for the EPRI point estimate calculations outlined above. The value of 25 l/h was obtained as a 95% 
upper limit. By setting the allowable leak rate value to 25 lib, this essentially suggests failure' 
probability of 5%. 

The probabilities of exceeding the maximum leak rate (set to 25 lib) are given in Fig. 4. 
EPRI point estimate clearly coincides very well with the direct Monte Carlo (DMC) simulation 
results. SORM slightly underestimates the DMC results, while FORM tends to give a rather 
serious underestimation. At the 95% reliability level, targeted by the EPRI procedure, both 
methods give the exact order of magnitude of the failure probability. 
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Fig.3 Distribution of the beggining of cycle defect sizes (in Volts) 

Another interesting result is that although the EPRI point estimate is intended to be 
COnSt3rvative, direct Monte Carlo gives virtually the same value of the failure probability. The main 
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Fig. 4 Comparison of different results 

difference between the procedures is of course in the fact that Monte Carlo simulation does not 
accumulate the conservative estimates from different steps of computation. 

A probable explanation of this paradox is given in Table 1. Simply, it can be expected that 
the uncertain regression model causes a lot of scatter in the results (very large maxima as compared 
to the average or median values). Thus, single large leak values dominate the sum of all leak rates, 
which was verified by preliminary analyses of (simulated) data. 

A good correlation that exists between the maximal individual leak and the sum of all leaks 
within a tube bundle suggests future use of extreme value statistics. In addition, some 
improvements in the leak rate modeling may be crucial for the success of probabilistic studies. 

4 ON THE STOCHASTIC GEOMETRY TECHNIQUES 

The complex morphology of the defects encountered at tube support plates virtually 
prohibits reliable sizing and characterization of the defect. Basically, the defects are networks of 
stress corrosion cracks, which tend to show mainly axial orientation. Unfortunately, the present 
methods of fracture mechanics were developed for the characterization of single cracks and are 
therefore not very well suited to characterize a network of cracks. 

Recently, there is a growing interest in stochastic geometry methods, which may be used 
as a basic tool to characterize the networks of cracks. Stochastic geometry techniques provide a 
means to consider the random grain structure. The use of Incomplete random tessellations already 
showed promising results in case of cracking caused by thermal fatigue (see Fig. 5 taken from 
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[18]), where similar development of crack patterns has been observed. In particular, 'the foHowing 
topics have been addressed in the above-mentioned research [18]: 
• Experimental results of metallographic analyses were used to support the results of 

simulations in a qualitative manner and to supply basic information about the 
microstructure of the material. 

• Modeling of possible crack paths using random tessellation technique 
• Data base of fracture mechanics parameters of complicated branched cracks, including 

interaction between them (at the present limited to a planar equibiaxial stress field) [19]. 
The results obtained using the damage modeling using stochastic geometIy include: 
.' qualitatively correct simulated crack patterns. This results are considered to be advanced 

compared to known classical results; 
• possibilities to extract informative statistical data ~n the behavior of cracks [17]. 

Stress corrosion cracking is a stochastic phenomenon. A stochastic mod~ling approach is 
recommended to enhance the existing modeling capabilities. 

5 CONCLUSIONS AND RECOMMENDATIONS 

. In the first part of the paper, a review of results obtained by a probabilistic analysis of 
cracked steam generator tubes is given. In particular, axial stress corrosion cracks in tube 
expansions are studied. Some important findings such as importance of detection reliability are 
given. The deterministic results are shown comparably to the probabilistic ones,. although 
_proba:bilistic analysis point out a larger range of information. 

, In the second part of the paper, another example connected with degraded tubing steam· 
generators is given. After assessing some drawbacks of the deterministic approach, a probabilistic 
approach is sugg~ted. It is shown tliat the intentioned built in conservativity of the deterministic 
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approach is not exactly reached. This is caused by rather large uncertainty of the leak rate model, 
which is based on a regression analysis. Basically, use of extreme value statistics is suggested 
besides the improvements ofthe leak rate model. 

In the last part of the paper, some comments on the suggested future work are made. In 
particular, the Incomplete Random Tessellation technique is recognized as a very promising 
method able to characterize networks of stress-corrosion cracks. Thus, such a method would go 
significantly beyond the capabilities of the present fracture mechanics methods. 
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Session 3: Applications of probabilistic modelling to nuclear components. 
Chai:arum F. Nilsson. 

F. Camacho and G. W. Newman. 'Issues arising during the implementation of a 
probab-Llistic vs. a deterministic assessment of reactor component integrity' 

, In response to Prof. Nilsson, Dr. Camacho said that peak stress was sensitive to 
the root radius, which was measured by ,replication. Both probabilistic and 
deternLtnistic assessment were needed for restart permission. The probabilistic 
analysis had 'been performed in response to the regulator's question on the 
uninspE~cted tubes, and it had been the operator who had needed persuasion to 
accept the probabilistic analysis. 

There was discussion on what was meant by deterministic analysis, and this was 
discussed again in the final session. 

P. Pitner, M. Persoz., E. Meister, J. Heliot and M. Marq].les, 'Ap,plication of 
structural reliabjlity to support deterministic integrity analyses of reactor 
pressure vessels subjected to transient conditions' 

Mr. Pitner said that the results 'were for a single defect, with the pdf being 
t1;l.e probability conditional on the occurrence of the transient. The relative 
independence of the crack size in the region 10-30mm was due to the compensating 
effects of the thermal shock and embrittlement through the thickness on the one 
hand, and the crack geometry on the other. Both the surface and deepest points 
had beem analysed, but the deepest points was always limiting. Prof. Nilsson 
commented that under thermal conditions it was possible that intermediate points 
were lj~~ting. Residual stress had not been included, as this was a generic 
study. The SIF values came from a FE pre-calculation, with a regression 
equation. 'The 3 in. tube rupture was simply a postulated case. 

There was some discussion on the relationship of deterministic and probabilistic 
analysis, which is reported later under the general discussion. 

K. J. Karwoski,'US NRC activities in probabilistic component integrity analysis' 

Dr. Ci2:elj commented that a, similar analysis had been done for' Krsko, with Monte 
Carlo, FORM and SORM. The regression uncertainty gave 90% of the uncertainty. 
Mr. Ka:r:woski agreed, saying that the burst pressure correlation was the dominant 
uncertainty. However the burst pressure tests had been evaluated more rigorously 
than the field data, so it was logical to treat the pressure test results and 
the fie!ld results differently. The material data had been separated from the 
burst pressure data because there was much data for the first, but little for 
the second. The ,material properties (yield stress) had been assumed to follow a 
normal distribution. The probability of detection had been chosen arbitrarily at 
60% to cover non detection and measurement errors. Repairs had been taken out, 
and an allowance made for (the voltage) growth and uncertainties. Plant 
measurements were used for the voltage growth rate. 

Mr. Hedner commented that they, had' statistically based plugging criteria for 
PWRs. As the growth rates were different for different plants, plant specific 
data were needed.' 
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Dr. Bieth asked if the top tube support plate would,be analysed, where there was 
no limit to the defec,t size. Dr. Cizelj replied that a new rule was being 
developed, balancing deterministic and probabilistic requirements. 

L. Horacek (presented by Pecinka),'Input data availability and a brief 
comparison of different approaches used for determination of WWER t2Pe RPV 
brittle fracture probability' 

Mr. Pecinka apologised that Dr. Horacek was attending an ASME meeting, and that 
he was not personally familiar with the details of the work. The topic was 
related to Mr. Pitner's RPV results presented earlier, and to the Timofeev paper 
on material properties. In response to Mr. Beliczey he said that the initiating 
event was taken deterministically. Mr. Pitner commented that it was difficult,to 
make a direct comparison, as different transients had been used, and the Czechs 
used crack arrest, which the French did not. The French had analysed the 
transient step by step, whereas the USA code OCA-P did not, which would give a 
higher cumulative probability. Neither party had used a crude Monte Carlo, and 
Mr. Pitner estimated that it would take 1 year of computer time. 

R. Wilson, B. J. Mitchell and P. J. BUdden, (presented by Wilson) 'An 
investigation into the relationship between R6 reserve factor and Conditional 
failure probability' 

Dr. Wilson added that PROF was being used to study correlations, such as those 
between toughness and yield stress. In response to Dr. Kiselyov, he said that 
only single defects were considered. Multiple defects were much more complicated 
in probabilistic analyses and assumptions must be made, such as independent or 
common properties, or interactions. If the stress was not constant, that also 
complicated the issue. There were proximity rules for combining defects for 
deterministic analyses, which could also be used. 

L. Pecinka and J. Zdarek, 'Assessment of the probability of the Class 1 and 2 
pipeline break of YVER type reactors' 

Prof. Nilsson asked what was the reason for the difference in results between 
PRAISE and the EPRI code. Mr. Pecinka replied that PRAISE included the crack 
size, whereas the EPRI code used realistic values. The fragility model, gave 
very close results to the EPRI model. 

L. Cizelj, B. Mayko and H. Biesch-Qppermann, 'On the probabilistic approaches 
applied to the maintenance of degraded SG tubes' 

Prof. Nilsson commented that both this paper and the Karwoski paper showed that 
SG tubes were well suited for probabilistic modelling, and Dr. Cizelj agreed, 
saying that it was because there was a large population, 4000 tubes in a SG. Mr. 
Hedner added that it was also because the conditional probabilities were high 
(0.01 given a SLB) . 
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Dr. Bieth commented that the detection reliability depended greatly on the 
defect location. There were many primary cracks at the top of the tube sheet. 
This was well inspected with rotating probes. In other areas, especially the 
outer secondary side, inspe~tion was usually by bobbin coil, which only'detected 
deep cl:acks. Dr. Cizelj said that the results here were for rotating coil 
inspection of the tube sheet. The assumed properties of the inspection method 
had been filtered out. The crack distribution changed with plugging. The effect 
of'residual stress had been modelled and there was a report aVi'lilable. 

Dr. Roussel asked about the leak rate distribution. Dr. Cizelj said that this 
had no effect on the results, which were 90% dominated by'the uncertainty of the 
regres~lion line. 

Mr. Pit.ner said that the plugging limit in France was l3mm. Two means of 
validat.ing the growth rate law had been used. 
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session 4. Concluding discussion on 'Pros and and cons of probabilistic 
modelling for assessment of structural integrity', Chairman F. Nilsson .. 

General discussion from ear.lier papers 

Mr. Pitner's paper prompted discussion on what. was meant by 'probabilistic (P) 
analysis supplementary to deterministic (D) analysis'. Prof. Nilsson offered 4 
categories of analysis possibly leading to acceptance: only D; only P; D and P; 
D or P. He posed the question if inspectorates accepted the option (D or P) . 

Mr. Chi9.pman put the view that (D or P) was an option in .the following sense: 

D OK - no reason to pay for P, as nothing to gain 
D not OK - do P 
P'OK - accept 
P not OK - redefine criteria for D. 

Dr. Wi~son put the view that the manufacturers were doing both D and P at the 
moment, but were only offering D to the regulator. There was a move towards P. 

Prof. Nilsson commented that the US PTS rule was a deterministic rule, but with 
a dete:aninistic basis. 

The chCiirman offered the following definition of determinism: 

A process (in nature) is deterministic if the state of the influencing factors 
at one time instant uniquely determines the process of any subsequent time 
instant. 

A mathE~atical model (of a process) is determ~nistic if there is a unique 
relation between the input quantities and any other variables in the model. 

Note - Nature may be deterministic while the model used to describe it is not. 

Thus the failure (e.g.) probability will depend on the model. In a sense the 
failure probability is a measure of our lack of knowledge. Therefore if failure 
probabilities are to be interpreted, a common frame of models is needed. 

Ouest ions for discussion 

The following topics were suggested as needing further discussion: 

What was necessary for further development of quantitative description of 
input: ·quantities to ·PFM? 

- Is there a lower bound cut-off for Borne properties - do the distribution tails 
exist.? 

- What is the meaning/interpretation of very low probabilities? 
- The usefulness of the hydrotel?t. 
- What does Inspection Qualification buy? 
- probaoilistics are for the known, safety factors cover also the unknown. What 

can be done for unknown mechanisms?· 
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- What can be done if the statistics are zero fault? (Also a problem for 
deterministic analysis.) 

- Confidence requirements on probabilistic models. 
- Inspection requirements for PSA - is 60% detection adequate for 5G tubes. 
- Procedures to obtain set requirements on sizing and detection of defects 

The chairman put the following questions in order to provide a framework for the 
discussion: 

l)What is needed to provide sufficient confidence in probabilistic methods? 
- methodology 
- crack distributions 
- inspection efficiency 
- material data 
- computational 
- loading 

2)To what extent can PM be a supplement or alternative in 
- licensing assessment of occurred damage 
- damage tolerance assessments 
- lSI strategies 
- general PSA 

3)Problems with probabilistic distributions 
- variation within vs. between components 
- break down of mechanisms 

4) Interpretation of failure probabilities 
- is there a lower limit (typically 10-7 ) below which failure probabilities are 

not meaningful? 
- absolute versus relative interpretation. 

Questions, discussion and conc~usions 

l)Question - What is needed to provide sufficient confidence in probabilistic 
methods? 

Concerns were expressed about the lack of reproducibility of probabilistic 
calculations, and hence the need for good explanations and standardisation. The 
uncertainties in the approach needed to be explained clearly. If there were good 
statistics or good understanding of the mechanisms, then the analysis worked 
well. In other cases, where there was a lack of knowledge, and assumptions had 
to be made, the answers were poorly defined, and open to criticisms of the 
validity. 

Safety factors were better accepted. However they were also subject to expert 
opinion, and they gave no ranking on needed improvements. Probabilistic 
caloulations provided this information, and also the relative importance of 
different parts of the data. Although ASME was outdated, it rested on a large 
amount of data. It was necessary to convince utilities that there was an 
advantage in doing more than an ASME analysis. 
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Conclusion - There are possible definite advantages in the use of probabilistic 
modelling for structural assessment. Some applications (e.g. steam generators) 
are more directly acpessible for probabilistic models. For other applications 
there .is a need for standardisation. 

Mr. Pi,tner said that there had been a meeting in France with other industries 
such as the offshore industry to discuss the state of the art in probabilistic 
analysis. There had been a half day on uncertainties and their meaning, arid a 
half day on applications and calibration. Prof. Nilsson said that there was much 
world wide activity, and there had been a conference in Innsbruck 2 years ago on 
the topic. The offshore industry used PFM in,its codes. ASME brought in 
expertise from the bridge and aerosp~ce industries. 

Conclusion - It is recommended to promote co-operation with other industries. 

2) Quest,ion - crack distributions 

Most of the data was for the occUrrence of small cracks. There was a need for 
but a lack of data for 'large cracks. All the information in the chain of the 
calculation was equally important. If the inspection efficiency was known, the 
crack distribution could be inferred backwards. There was a need to identify 
populations, especially in cases such as the Belgian steam generators. Did the 
findin~J of defects there imply the occurrence of defects in other Westinghouse 
steam ~Jenerators? Information had to be broken down by mechanisms. 

The PISC data was mainly on inspection efficiency. The minimum level for further 
use of the PISC data would be to collect the data into usable volumes. There was 
information on ~V welds, piping, SG tubes, dissimilar metal welds. 

There ~~as an SKI d?ltabase on in-service induced defects. NRC had a programme for 
PTS to improve the defect distributions, as the Marshall distributions had been 
used before. There were two unused US RPVs from Midland and Ruff(?). The UK 
TAGSI group were collecting data for the OCCurrence of large; defects that had 
been rElpaired. 

Conclusions 

- Data for several types of equipment are o'f interest. It is however important 
to bl:eak down the results into components and mechanisms. 

- It is strongly recommended that further analysis of PISC data pertaining to 
inspe!ction efficiency shol)ld be performed. 

It i8 possible that some useful information about crack distributions can be 
obtained. 

- Curremt programmes should be co-ordinated and conclusions drawn. A. 
standardised format is needed. 
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3)Question - material data 

Very little was known about SCC. Paris law constants C-n and their correlation 
were a problem, but see was the greater threat. There were well established 
fracture toughness models both with and without embrittlement. However thermal 
ageing still needed better understanding. 

Conclusion 

- It is recommended to develop further understanding of probabilistic 
interpretation of crack growth processes - fatigue, stress corrosion cracking, 
and erosion-corrosion. 

It is recommended to develop a probabilistic description of thermal ageing. 

4)Question - loading 

It was felt that in general there was a reasonable understanding of loading. In 
some countries for example large and small earthquakes were maybe different 
statistical populations. For SCC the time history was important, and difficult 
to determine. 

Conclusion - It is recommended to develop the statistics of pressure and 
temperature transients and of seismic loading. 

5)Question - computational 

It was noted that sometimes the numerical evaluation of low probabilities set 
high demands on the computatio~al accuracy and efficiency, but in general it was 
felt that computational methods were adequate. 

Conclusion - none needed 

6)Question - Interpretation of failure_~robabilities 
- is there a lower limit (typically 10 ) below'which failure probabilities are 

not meaningful? 
- absolute versus relative interpretation. 

Mr. Beliczey said that in Germany 10-7 was equivalent to exclusion. In the 
German Risk Study lower figures were regarded as meaningless, and these figures 
were not manipulated by normal arithmetic, but were regarded as orders of 
magnitude. Mr. Hedner said that there was an interest in some countries to 
improve the figures for passive components. Mr. Pitner said that the figures 
were usually rates per annum, per metre etc. There were two limits to the 
absolute figures: firstly relative to mechanical degradation, and not all 
material was degraded; secondly, the figures were not a property of the 
structure, but of our confidence. Mr. Chapman said he was more concerned about 
the tails beyond 5 standard deviations, than about low absolute values, which 
could be obtained in many ways. 
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There was discussion about whether figures of such a magnitude should be 
supplied to PSA studies, as they were not always well founded, but it was agreed 
that they should be, as figures would be used in any case in PSA. For high 
failur,~ probq.bilities there, was a need for absolute failure probabilities. In 
the design stage passive components had low failure probabilities .compared with 
active components. However degradation could lead to appreciable failure rates 
for pa~;sive components, and there was a need to. verify that lSI and maintenance 
m~intained the target values. The failure rates for acti~e components had also 
been significantly reduced, and the rates for active and passive components 
could be comparable. 

Conclusion - It is recommended to give advice to PSA studies. 

These conclusions are assembled at the end of the discussion section. 
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Comments afte~ the workshop from G. Redner, SKI 

After i:he workshop on Probabilistic Structural Integrity Analysis held in 
Stockholm on. Feb 28 - March 1 1996, a few thoughts have come to mind which I 
would like to share with you. 

One of the problems associated with probabilistic methods in general and 
probabilistic fracture mechanics in particular, seemed to be the difficulty to 
get acceptance fqr the results. This· could be improved, I believe, if· the 
customers have the possibility to convince themselves that the input data to the 
analysE::s is correct and relevant for the intended purpose. The suspicious 
customE::r should even, at least in principle, be able t,o repeat the analysis 
based on the same facts as were available to the analyst. This can be done if 
the analyst provides more information than only the result. 

Hence i:he analyst must inform about 
- the purpose.of the probabilistic analysis 
- what population is covered by the analysis 
- 'what facts were used to generate the input distribution functions 
- what mathematical, statistical or numerical model were used 
- the analyst's own estimate of the precision of the probabilistic result.· 

These points are discussed somewhat more in detail below. 

Because there may be a big difference in demands on underlying data depending on 
. pUrpOSE! of the analysis, the purpose should be stated explicitly. For instance, 
if the analysis has the purpose to compare within a certain structu~e the 

. probability of failure between parts or components of the structure, some data 
may be common and then have little influence on the final result. If the 
analysis has the purpose to compare probabilities of failure between different 
structures or components, no data are common and the comparison will require 
much st:ronger demands on all data. Another extreme would be if ·the analysis 
serves the purpose to make an order-of-magnitude comparison to evaluate the 
influence of different factors on the probability of failure. 

An exan~le is the analysis required to compare the risk of failure in various 
parts 'of a RPV in order as a basis for the lSI allocation. In this case the 
materials data or the loading frequency data may be the same for the entire RPV, 
and mecm little to the result. If on the other hand the result is to be used to 
whetheI: lSI should at all be allocated to the RPV when compared to the steam 
generat.or tubes or other piping, also the materials or load data become 
relevant. And if the result is to be used to determine if the total risk 
contribution is below a cut-off limit, all input data must be treated as equally 
important. 

Populat.,iQu 

It is a.lso important to specify what population is intended to be covered by the 
analysis. Most deterministic analyses deal with one component or structural 
part, whereas probabilistic analyses often consider not single objects but 
groups of objects. To be able to make use of the probabilistic results it is 
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necessary that a clear definition is given, so that it can be determined whether 
a certain object belongs to the population or not. 

As an example, it should be clear if the analysis covers all piping welds of a 
certain type, of a certain plant, of a certain system of all plants of the same 
type world-wide, etc. 

Facts and input data 

This is perhaps the most important part of the probabilistic analysis and the 
one which affects the result the most. 

In order to have relevance for the real world application, the probabilistic 
analysis must be related to the real world. This coupling is via the input data. 
If the quality of the input data cannot be judged, the result of the analysis is 
also subject to doubt. So a report of a probabilistic analysis should be rather 
detailed on the quality of the input data. It is understood that sometimes it is 
necessary for the analyst to assume input data distributions due to lack of 
relevant data, but then this should be clearly stated. If statistical facts are 
used for the input distribution functions, the source of the facts should be 
given as a minimum. 

For probabilistic analyses the input is in terms of distribution functions. The 
underlying facts, from experiments or experience or other sources, should be 
stated. In this way the customer can compare the purpose and population of the 
analysis, and make a judgement if the data used are relevant in his opinion. 

Also, and particularly if the distribution function tails will give a 
substantial contribution to the result of the analysis, some measure of the 
confidence in the distribution function should be given by the analyst and be 
reported with the result. 

For instance in the airline industry there are procedures discussed which intend 
to evaluate the quality of input data to probabilistic analyses. A great deal 
might be learned from other industries in this respect. 

Methods used for the analysis 

It is obvious that this information should be reported along with the result of 
the analysis. 

The analyst's own opinion on the confidence of the results 

The confidence should be coupled to the purpose of the analysis. This 
information could be based on a judgement or a statistical evaluation of the 
input data, depending on the purpose of the analysis. 
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Comment:s after the workshop from Kazimieras Petkevicius, Kaunas University of 
" Techrlology, Lithuania, 

I am representing the workiIlg group of Kaunas University of Technology and 
Lithuanian Energy Institute, which is involved i,n structural integrity problems 
of Ignalina NPP. In a number of jobs we also are working as the technical 
support" organisation of Lithuanian Nuclear Regulatory Body (VATESI). Our 
activit.ies include the following jobs, related to structural integrit"y problems 
of Igna.lina NPP: 

- analysis of stress state of accident localisation system of Ignalina NPP; 

- analysis of structural integrity, related with storage of spent fuel 
probl.ems; 

ageing, durability and life time of pipes and pressure vessels; 

- safety assessment of components with cracks using fracture mechanics. 

This work we perform using codes and software, which were developed in West 
·European countries and US. We receive much help from SIP, SAQ Kontroll, TRC 

(Sweden), AEA Technology (UK), NRC, Northern Illinois University, ALGOR Inc. 
(USA), French Nuclear Research Centre. 

In. the structural integrity problems of Ignalina NPP, t~e probabilistic 
assessment of results is very important. At present in the work probabilistic 
methods are not sufficiently included. Probabilistic aspects are now very 
relevant for the basis of reliable predictions for operation life time of unit 
1 and unit 2 Ignalina NPP. Those predictions are dependent on gas gap closing 
between zirconium tubes ·and g.raphite bricks, DHC, corrosion and erosion, IGSCC 
of pipes, pressure vessels and components. In my opinion probabilistic 
structural integrity estimatio~ is very important for the following reasons: 

- physical processes causing ageing of structures are not adequately described 
mathematically; 

- measurements of dimension change of the fuel channels and graphite bricks 
should be described according to the reliability of operational life 
predictions; 

- the NDT results in pressure pipes show large scatter, therefore for a 
deterministic analysis it is necessary to provide a sensitivity analysis from 
the standpoint of reliability of NDT measurements. 



PWG-3 Workshop on Probabilistic structural integrity analysis 
Stockholm 28/2/96 - 1/3/96 

Conclusions _ 

There are possible definite advantages in the use of probabilistic modelling to 
aid structural assessment. Some applications (e.g. steam generators) are m~re 
directly accessible for probabilistic models. For other applications there is a 
need for stand~rdisation, and considerable improvement of the input data. 

Data for several types of equipment are of interest. It is however important to 
break down the results into components and mechanisms. 

It is possible that some useful information about crack distributions can be 
obtainl"d through systematic collection of data, primarily' from utilities. 

Recommendations 

As a gE"neral recommendation, current programmes should be co-ordinated and 
conclusions drawn. A standardised format is needed. 

It is strongly recommended that further analysis pertaining to inspection 
efficiency should be performed, possibly by use of PISC data .. 

It is recommended: 

- to dE~velop further understanding of probabilistic interpretation of crack 
grow1:h processes - fatigue, stress corrosion cracking., and erosion-corrosion. 

- to develop a probabilistic description of thermal ageing. 

- to dE~velop the statist-ics of pressure and t'emperature transients and of 
seismic loading. 

- to establish in-service inspection strategies. 

- to pE~rform sensitivity studies. 

- promote co-operation with other industries. 

- to give advice to PSA studies. 
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Programme OECD/CSNIINEA PWG3 _Workshop 

28th February - 1st March 1996 

PROBABILISTIC STRUCTURAL INTEGRITY ANALYSIS AND ITS 
RELATIONSHIP TO DETERMINISTIC ANALYSIS 

Wednesday 28th February 

13.00 registration 

14.00 Welcome address by L. Hogberg, GD SKi 

Session 1. Development of probabilistic models, Chairman -G. Hedner (SKi) 

F. Nilsson (Kungliga Tekniska Hogskolan), "Is probabilistic modelling a viable alternative to safety 
factor philosophy?". 

V. Troschenko (Institute for Problems of Strength), "Some remarks concerning the construction of 
probabilistic models of structunil integ~ity" . 

V. Tkatchev (Russian Research Center "Kurchatov Institute"), "The using of the probabilistic and 
statistical method for the structural integrity analysis and verification in the conditions of uncertainty". 

O. V. Chapman and A. D. Crossland (Rolls-Royce and Associates ltd), "A neural network to 
evaluate the probability of failure of pipe welds ". -

B. Barthelet and E. Ardillon (EDF), "Simplified probabilistic approach to determine safety factors in 
deterministic ~aw acceptance criteria" . 

Thursday 29th February 

09.00 Session 2 Random modelling of defects and material properties, Chairman M. Leger 
(Ontario Hydro Technologies) 

S. Crutz.:en, F. Franck and P. Lemaitre (presented by M. B~eth) (EU JRC Petten), liThe use of 
PISC data to support probabilistic structural integrity analysis." 

V. A. Kiselyov and A. N. Vasayutin (The Russia Minatom Engineering Center of Atomic Equipment 
Strength, Reliability & Lifetime), "Numerical modelling of fatigue cumulative damage and limit 
condition of components with the use of random small cracks growth". 

B. T. Timofeev (CRISM "Prometey"), "Probabilistic distribution of mechanical properties and 
structure integrity characteristics for RPV materials". * 

B. T. Timofeev and M. V. Rozina (CRISM "Prometey"), "Probability detection of defects in tubes 
components and their weldment using non-destructive methods ". * 

1. Wintle (ABA Technology) ,"Recent devel<;>pment in risk based assessment of structural failure". 
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12.00 Lunch 

13.00 Session 3a Applications of probabilistic modelling to nuclear components. Chairman F. 
Nilsson (Kungliga Tekniska Hogskolan) 

F. Camacho and G. Newman (Ontario Hydro Technologies, Atomic Energy Company), "Issues 
arising during the implementation of a probabilistic vs a deterministic assessment of reactor 
component integrity". -

P. Pitner, M. Persoz, E. Meister, 1. Heliot and M. Marques (EDF), "Application of structural 
reliability to support deterministic integrity analysis of reactor pressure vessels subjected to transient 
conditions" . 

1. Strosnider (presented by K. Karwoski) (US NRC),"Survey of US NRC activities in-probabilistic 
component integrity analysis". ' . 

L. Horacek (presented by Pecinka) (Nuclear Research Institute),"Input data availability and a brief 
comparison of different approaches used for determination of WWER type RPV brittle fracture 
probability" . 

19.00 Dinner, hosted by SKi 

Friday 1st March 

09.00 Session 3b Applications of probabilistic modelling to nuclear components. 
Chairman A. Miller (OECD NEA) 

R. Wilson, D. 1. Mitchell and P. 1. Budden (Nuclear Electric pIc), "An investigation into the 
relationship between R6 reserve factor and conditional failure probability". 

S. E. Bougaenko (The Russia Minatom Engineering Center of Atomic Equipment Strength, 
Reliability & Lifetime), "Development of analysis procedure for Russian NPP piping failure 
probability on the basis of R6 crack resistance method". 

L. Pecinka and 1. Zdarek (Nuclear Research Institute), "Assessment of nuclear pipework Class 1 
and 2 rupture probability". 

L. Cizelj and B. Mavko, ("Jozef Stefan" Institute),"On the probabilistic approaches applied to the 
maintenance of degraded sa tubes". 

Session 4 Concluding panel discussion on "Pros and and cons of probabilistic modelling for 
assessment of structural integrity", Chairman F. Nilsson (KungligaTekniska Hogskolan) 
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