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INTRODUCTION 

The way followed in France for analyzing fast fracture resistance of PWR primary 
components is the one of a deterministic analysis with safety coefficients imposed 
in the fracture criteria |1|. These safety coefficients are introduced as lowering 
coefficients to the toughness and depend on the transient category. 

A particular interest has been given to increase the accuracy of mechanical 
analysis models |Z| |3|. 
The study on margins towards fast fracture of the 900 MWe program vessels undertaken 
in 1982 |4| includes parametric evaluations of the influence of essential variables. 
It has stimulated further thoughts on the level of safety to fix in the analysis 
methodology, on the orientations for the choice of safety factors and on the manner 
to introduce them in the analysis. 

A first chapter tries to characterize the French approach in comparison to those of 
other countries. 

A second chapter examines the manner according to which safety factors can be 
introduced in the deterministic analysis. It presents the principle for a logical 
approach accounting for the interdependency of all factors and variables. It esta
blishes criteria for the selection of defect kind and size for the computation. 
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DIFFERENCES IN THE APPROACHES OF VARIOUS COUNTRIES 
FOR THE VERIFICATION OF RESISTANCE TOWARDS FAST FRACTURE 

GENERAL CONSIDERATIONS 

In mechanical resistance assessment, a distinction has to be made between two 
complementary and inseparable aspects of safety : the design, manufacturing and 
operating specifications which determine materially the fracture risk, and the 
various approaches which can be used to establish or verify the validity of a 
given set of specifications and practices. 

Verification analyses may be classified into three categories : 

- Probabilistic analyses which account for the variability of the various physical 
factors and lead to a quantified appreciation of the fracture risk : Judgement 
on the level of safety is made at the end of the analysis. 

- Deterministic analyses in which factor variability is overcome at the initial 
stage of analysis : this is done by choosing a value for each physical factor which 
ensures only a small risk that it could be passed on the unsafe side ; in addition, 
safety coefficients may be imposed in the assessment criteria ; here, judgement 
on the degree of safety is introduced into the methodology before initiating the 
analysis. 

- Global approaches based on the demonstration of satisfactory experimental 
behaviour on test mockups simulating cases similar to and more severe than those 
to be examined : Here, judgement on the degree of safety is exerted in the design 
of the more severe cases. 

These three approaches have actually all been followed, but being more or less 
marked by considerations of public acceptance. As a matter of fact, a safety 
specialist may be logically interested in disclosing the safety margins existing 
in a rather realistic situation, considering defect distributions enveloping those 
that can be expected in relation to manufacturing process, examination, and expe
rience of past fabrications. This point of view leads, for the deterministic 
analyses, to a pattern associated with rather small computational defects but definite 
large safety coefficients. However, consideration of public acceptance may lead to 
prefer, for an existing set of manufacturing specifications and practice, to disclose 
the largest critical defect size with reasonably safe values for the variables, 
but without safety coefficients in the criteria. Indeed, the unspecialized observer 
tends to keep in mind values of the most tangible variable,which the defect depth 
is, and to forget values of the abstracted variables,which the safety coefficients 
are. 
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Examination of the stands taken in the countries which construct PWR NSSS show 
very Large differences in the manner according to which influences of the different 
partners, manufacturers and utilities, licensing bodies, public representing 
organizations and intermediate technical bodies have affected the licensing or 
rule establishment process. 

FRENCH APPROACH 

The French approach on deterministic analysis is implemented in Appendix ZG of 
RCCM code |l|. The underlying concept is to consider fracture damage in a similar 
way as for plastic instability damage, by applying similar safety coefficients to 
an analysis model in which the variables are to be bounded on the safe side. 

Appendix ZG considers defect size enveloping those that can be expected in relation i 
manufacturing process and examination. (A typical size of IS mm is indicated but 
smaller sizes may be proposed). Safety coefficients are applied as decreasing 
factors to the material toughness and depend on the transient category. This set of 
rules evolved from discussions between a Limited number of specialists of the 
restricted circle made by the licensing bodies, the manufacturer and the utility. 

The fracture probability study |5| was launched by the research and development 
branch of Licensing body (Département de Sûreté Nucléaire du CEA), without direct 
link with the licensing of plants under construction. Its aim was to ensure that 
the event of vessel break could be neglected Vor designing the safety core cooling 
system. 

The results of the parametric analysis of margins with respect to fast fracture of tr 
900 MWe program vessels, now being close to achievement, together with those of 
the probabilistic analysis, have permitted to renew thoughts on the manner to 
determine and introduce the required Level of safety in the deterministic analyses. 

To sum up, the French approach to fracture resistance of PWR vessels combines 
"design by rule" with "design by analysis" approaches,the effective level of safety 
being obtained, according to RCCM rules, by compliance with the manufacturing 
specifications on steel composition and CHARPY toughness or RTNDT (for beltline 
material), and by verification analysis according to appendix ZG criteria, with, 
in addition, the licensing requirements on irradiation surveillance program. 

GERMAN APPROACH 

Germany adopted the overall "Basis Safety Concept" approach |6| in which verifi
cation of safety has been conducted, early, by failure investigations on targe test 
pieces according to the "worst case principle" and has been complemented, later on, 
by test on more sophisticated mockups and by fracture mechanics analysis according 
to the "validation principle". Consideration of public opinion and need to prepare 
testimonies for government enquiries and court hearings, has played a part in the 
definition of this methodology |7|. An intermediate technical body, the MPA, has 
played a significant part in the definition of the "Basis Safety Concept" approach. 
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The worst case principle approach consists mainly in demonstrating acceptable 
behaviour on test pieces with degraded material mechanical properties and unusually 
large defects. It introduces implicitly safety factors and safety coefficients 
by the definition of the levels of material degradation and of defect enlargement. 
But these factors are but a part of those which take part in the fracture process. 
Efforts to set forth more representative variable configurationsare now pursued 
according to the "validation principle" particularly through the pressurized thermal 
shock program. This approach/ which has the large merit of providing striking 
experimental evidence of the existence of the safety factors, does not 
allow to grasp the variety of variable configurations that can be encountered and 
does not lend itself to a quantitative risk evaluation. 

To sum up,the German approach to fracture resistance of PWR vessels is based mainly 
on a "design by rule" approach in which the effective level of safety is obtained 
by compliance with the manufacturing KTA specifications in steel composition and 
CHARPY toughness and on the licensing limitation |8| imposed on end of life neutron 
fluence on the vessel beltline. 

UNITED STATES APPROACH 

United States turned towards probabilistic and deterministic analyses as well. 
NRC incorporated early some evaluation of the consequences of vessel fracture in 
its overall risk assessment |9|, and used probabilistic evaluations to take a stand 
on problems affecting plant in operation or under construction such as the Pressu
rized Thermal Shock j10j and the Asymmetric LOCA Load. 

In parallel, manufacturers and utilities were implementing the deterministic ana
lysis patterns with safety coefficients of ASHE III Appendix G and ASHE XI Appen
dix A. Appendix A provides a definite acceptance analysis pattern for flaws iden
tified in operating plants. However, for design, there is no regulation requiring 
a verification applicable to all transients of the design list, as in French RCCH, 
either for the beltline or for other components. 

Following the path of Appendix G to fix limit state conditions for normal heat up 
and cool down conditions, efforts are being pursued to define limit state conditions 
for plant operators under abnormal pressurized thermal shock conditions. The very 
large manufacturers and utilities effort on pressurized thermal shock analysis of 
operating plants has been based on deterministic analysis without safety coeffi
cients and with reasonably safe assumptions on defect size bounds |11|. 

To sum up, the US approach to fracture resistance of primary components is based 
mainly on a "design by rule" approach in which the effective level of safety is 
obtained by compliance with the ASTM and manufacturer specifications on steel 
composition and with the new 10 CFR 50 requirement |12| to match screening criteria 
on end of life RTNDT, with in addition the licensing requirements on irradiation 
surveillance programs. 
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BRITISH APPROACH 

United Kingdom looks to have turned largely towards the deterministic analysis 
without safety coefficients, according to the Generic Assessment on the Integrity 
of PUR vessels |1S|. The fracture analysis resistance evaluation for the SIZEWELL 
enquiry looks to have followed the pattern of the Generic Assessment by demonstra
ting the stability of defect up to the rather large sizes of 2" (50 mm) in a safe 
analysis without explicit safety coefficients. 

Recommendations from the Generic Assessment |13| form the basis of tight manufac
turing and non destructive examination specifications. 
To sum up,the British approach to fracture resistance of PWR vessels seems to 
combine tightly "design by rule" with "design by analysis". The effective level of 
safety is obtained by compliance with specifications on steel composition and 
CHARPY toughness and on nondestructive in-shop defect characterization program 
and by verification analysis according to the pattern ;; the generic assessment 1131. 
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INCORPORATING SAFETY FACTORS 

I N THE DETERMINISTIC ANALYSIS 

PRINCIPLES FOR A LOGICAL APPROACH 

eB2iftiItiIIï£_SEËSÔïSêk.2£_IBË.fil!iLYSIS_FAÇTORS_ANO_yARIABL|| 

The striking feature in fracture mechanics analysis is the large number of factors 
and variables. 

Onset of cleavage crack instability which we take here as main reference calls for 
three factors, which call in turn for several variables. They are : 

1) Defect characteristics, shape, position and size : The probability of finding 
the defect considered for the ana Lys is in an actual vessel may vary in very 
large proportions, according to the hypothesis made on the variables which 
define them. 

2/ Stress and strain field characteristics which depend on the transient descrip
tion : once the variations of the state variables (pressure, fluid temperature, 
flow rates, external loads) are determined, the main remaining possibilities 
of inaccuracy or safety come from the definition of the boundary conditions, 
such as heat transfer coefficients or features of mechanical interface contact 
models. Otherwise, the linear stress and fracture analyses which are rather 
accurate are not affected by safety factors. The probability of having for a 
given transient, on an actual plant, a transient of the same severity as the 
one described is the product of the probability of occurrence of the transient 
initiating events by the probability that can be associated with the severity 
with which the state variable evolution has been described (this severity is 
introduced by overestimating pressure and flow rates and underestimating tempe
ratures). 

3) Fracture toughness, which is conventionally determined by a reference Kic 
toughness curve indexed towards a reference temperature RTNDT : The probability 
for having the reference Ki c value, on an actual vessel at a given temperature 
in the transition, depends on the factors of safety introduced in the drawing 
of the reference toughness curve, in the determination of the as-manufactured 
RTNDT, and in the formulas used to predict the RTNDT irradiation shift. The 
equivalent probability cleavage criterion |2| |3| can be used to set forth a 
convenient basis for the determination of such probabilities. Safety factors 
corresponding to probability of occurrence louer than 10"1 are typically intro
duced in the definition of each of these three variables which gives a combined 
probability of about 10~3 or lower. 

Owing to this multiplicity of factors or variables, the probability figure which 
characterizes the likeliness of a deterministic analysis case can vary in very 
large proportions, and the approaches in which safety factors are unduly put 
in the definition of each variable can lead to very low probability figures. 

.../... 
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ESi!S£ÏË!=ES_OF_THE_APPROAÇH 

Existing safety regulations give a reference to form an opinion on the significance 
of the probability figure which characterizes an analysis case : It is the order 
of magnitude of the probability of occurrence below which a transient is no longer 
considered among the fourth category transients of the transients design list, which 
is 10"* per year. 

According to this criterion, a reasonable degree of safety can be introduced in 
the analysis by seeing that the selection of variable does not lead, on any analysis 
case, to an overall probability of occurrence distinctly lower than this value. 
Safety coefficients ought to be incorporated in the analysis criteria only when the 
selection of variables lead to probability figures equal to or Larger than this value. 
In principle also, the safety coefficients could be weighed against the probability 
figure. 

DEFINITION OF COMPUTATIONAL DEFECTS FOR THE ANALYSES 

ËS*EÎI£*L_D£F£NITION_OF_DE£EÇT_ÇATEGORIiES 

For the study on réévaluation of fracture safety margins of the 900 MWe program 
vessels |4|, three categories of computation defect have been considered, the 
shapes and sizes are given at table 1 : 

1> "Envelope dejeeiV' of the same kind as the defects which have actually been 
observed during manufacturing or, that can be expected in relation to manufac
turing process, such as weld defects, underclad defects, defects in a cladding, 
with sizes just bounding those observed at the manufacturing or in service 
inspections. Defect sizes in depth vary from 3 to 6 millimeters. Probability of 
occurrence for defects of each kind in the irradiated part of any vessel beltline 
is not very low and is safely taken as one. 

2) "Exceptional dz&e.cjti" of the same kind as the bounding defects, but with Larger 
sizes. The larger size in depth is 12 mm for a weld defect being assumed conser
vatively to stay below the cladding. Probability of occurrence for the defect 
of each kind in the irradiated part of any vessel beltline may be considered to 
be lower than 10~3. 

3) An Emerging "Conve.rvU.onal de.$e.c£" cutting through the cladding, having its crack 
tip in the base metal forging or weld, and going to the depth of the bounding 
defects. Such defects can be considered as resulting from coincidence between 
an underclad base metal or weld defect with defects in the two cladding layers. 
The probability of occurrence of such a defect in the beltline of any vessel can 
only be very low. It may be considered to be lower than 10~*. 

http://Conve.rvU.onal
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ENVELOPE DEFECTS EXCEPTIONAL DEFECTS 

1. Base metal and weld 
joints : 
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3 . Underclad defects 
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CONVENTIONAL DEFECT 

TABLE 1 : REFERENCE DEFECTS FOR VESSEL BELTLINE 
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The manner in which the nature and size of a computation defect affect the safety 
of the deterministic analysis is complex : The probability of occurrence of defects 
of a given size decreases as the size increase, but the probability that a defect of 
a given size may lead to fracture increases with size. The combined probability of 
fracture by defect size may be larger for rather small defects than rather large 
defects, and may be the largest for an intermediate size. 

The probabilistic study of vessel fracture |5| gives an illustration of this 
behaviour. Table ? presents the total contribution to vessel fracture per defect 
size obtained by combining the defect probabilities by defect size of table XI of 
|5| with the conditional probabilities of fracture by defect size, in the beltline 
weld after 40 years of operation, of table 12.111 of |5|. 

Six* of defect 

in dtpth C M ) 
} A o 12 IS IS 21 24 Z7 

Contribution to 

froeture probability 
1,4.10"* M . i o - 1 0 S , M O - 1 0 9,4 . lO" 1 0 «,..«rn 

1,0.10"' 1 1,9.10~ 1 2 3,9.10" 1 3 4 , M O - " 

TABLE 2 

The larger probability obtained for the 3 mm defect comes from the fact that all 
indications observed have been assumed to be 3 mm deep (the assumed total number 
of such defects is i 14 per weld according to table XI of |5|).It also goes with 
the peculiarities of the Ki and K j c distributions obtained with the category 3 and 4 
transients presenting the high thermal shock cooling ates and tow asymptotic 
final temperatures going with the loss of natural flow in the primary piping. The 
other maximum is obtained for a defect size of 12 mm and the contribution to the 
global probability risk associated with defect sizes of 12 mm or smaller is 98% of 
the total probability. 



10/13 

SELE£TI0N_0F_Ç0MPyTATI0N_DEFEÇTS 

The best practice to obtain very accurate results should be to consider a set of 
computational defects, like the one defined above. The safety coefficient incorpo
rated in the criteria should depend on the overall probability of occurrence achieved 
in each case analyzed including contribution of factors related to toughness and 
transient. 

Observation that analysis with rather small defects tends to be iore reliable than 
analysis with rather large defects substantiates the choice, mad< several years 
ago, to base RCCH Appendix ZG analysis on rather small bounding defects. 

The principles presented above should not necessarily lead to codify in a design 
code complex rules including consideration of several computational defects but it 
seems appropriate : 

- to choose areaListic envelope defect size corresponding to a preponderant weight 
on the overall failure risk. 

- to take account of the simplification made, by decreasing the probability of the 
figure taken as reference for the determination of safety factors. 
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CONCLUSION 

The French appror -M is to consider fast fracture prevention as a whole and to 
choose the most conveniez »-/ to meet this gener.il goal from :>i economical and 
technical point of view. Arcirding to this approach, there are no specific limits 
imposed to such factors a. .-nd of life RTNOT or neutron Huence, which are taken 
as criteria in other countries. Appendix ZG of RCCM code is considered to have to 
provide explicit criteria to ensure the required safety level towai'is fast fracture 
and to allow consideration of fast fracture risks in the general design of the 
components and systems. 

In addition, RCCM specifications on steel chemical content and Charp. toughness, 
or RTNDT for beltline material, give a sound basis for safety, and the level of 
safety provided at fabrication will limit the n o d to perforin verifications by 
analysis to circumstances involving extreme loading conditions. 

Probabilistic analyses are not adapted for design studies which must be sufficiently 
easy to apply, but probabilistic considerations may provide guidance in establishing 
the conventions used in the deterministic analysis. They reveal, particularly, the 
close inter-dependancy that exists between defect size, transient category, and 
safety coefficients introduced in the analysis. 

http://gener.il
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