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Abstract

The Safety Division of the OECD Nuclear Energy Agency provides the secretariat for the Committee on the
Safety of Nuclear Installations (CSNI), which deals with technological aspects, and for the Committee for Nuclear
Regulatory Activities (CNRA) dealing with regulatory aspects. Under these committees, activities are carried out
through five Principal Working Groups (PWGs). The relevant group for PTS is PWG-3 on the integrity of
structures and components. There is also PWG-2 on coolant system behaviour, but the thermal hydraulic aspects
of PTS have not been considered by PWG-2.

PWG-3 carries out its work in a similar manner to the IAEA IWG LMNPP, by preparing reports and organising
round robins, Specialists Meetings and Workshops. The general context of RPV PTS has been considered in
several workshops: on the 'Complementary roles of Fracture Mechanics and Non-Destructive Examination in the
Safety Assessment of Components' in Wuerenlingen in 1988; on the 'Safety Assessment of RPVs' in Espoo in
1990; and on 'Fracture Mechanics Verification by Large Scale Testing' (joint with IAEA) at Oak Ridge in 1992.
Activities specific to PTS have been an international survey on regulatory practices on PTS carried out in 1991,
and a series of fracture round robins addressing PTS conditions organised by GRS in Germany and ORNL in the
USA.

The first of these round robins was FALSIRE (Fracture Analysis of Large Scale International Reference
Experiments). This considered 6 large scale fracture tests with a limited amount of ductile tearing. 37 participants
from 19 organisations used a wide variety of analysis methods. The importance of correct structural analysis in the
first step was emphasised. Application of fracture methodologies was partially successful in some cases but not in
others. There was a workshop in Boston in 1990 to discuss the results, and the final report was issued on 1994.

There was a follow-on FALSIRE II, which addressed 7 reference cleavage fracture experiments, focusing
primarily on the behaviour of shallow cracks in the transition temperature region. Included were tests in which
cracks showed either unstable extension or two stages of extension. Also included were the effect of clad surfaces
and biaxial loading conditions. 30 participants from 22 organisations took part. The structural response scatter was
much improved over that from FALSIRE I. In specific cases, the loss of constraint effects observed required a
second fracture parameter to be introduced in the fracture model to characterise crack tip conditions. Additional
data are required to validate these approaches. A workshop was held in Atlanta on 1994 to discuss the results, and
the final report has been issued recently.

The current phase is the RPV PTS International Comparative Assessment Study (ICAS). This is by contrast a
purely analytical exercise, considering both the thermal-hydraulic and the fracture mechanical aspects in the
integrity assessment of a 4-loop RPV under loading due to emergency cooling. This has just started, with a
workshop scheduled in Paris in June 1997.

1. Introduction

The Safety Division of the OECD Nuclear Energy Agency provides the secretariat for the Committee on the
Safety of Nuclear Installations (CSNI), which deals with technological aspects, and for the Committee for Nuclear
Regulatory Activities (CNRA) dealing with regulatory aspects. Under these committees, activities are carried out
through five Principal Working Groups (PWGs). The relevant group for PTS is PWG-3 on the integrity of
structures and components. There is also PWG-2 on coolant system behaviour, but the thermal hydraulic aspects
of PTS have not been considered by PWG-2.

PWG-3 carries out its work in a similar manner to the IAEA IWG LMNPP, by preparing reports and organising
round robins, Specialists Meetings and Workshops. The general context of RPV PTS has been considered in
several workshops: on the 'Complementary roles of Fracture Mechanics and Non-Destructive Examination in the
Safety Assessment of Components' in Wuerenlingen in 1988; on the 'Safety Assessment of RPVs' in Espoo in
1990; and on 'Fracture Mechanics Verification by Large Scale Testing' (joint with IAEA) at Oak Ridge in 1992.
Activities specific to PTS have been an international survey on regulatory practices on PTS carried out in 1991,
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and a series of fracture round robins addressing PTS conditions organised by GRS in Germany and ORNL in the
USA.

2. Regulatory practices survey

In the period 1987-1990 PWG-3 carried out a survey of regulatory practices on PTS. The results were issued as a
restricted report (1991).The following general observations on the responses from ten countries may be made:

1. Although not formally required to be analysed in all responding countries, PTS is a transient, that in one way or
another is taken into account by all countries.

2. Different approaches and FM-Analyses methods are used world-wide to assess the consequences of PTS

3. The only country that has codified the PTS issue in detail is the USA (since July 23 1985). This is stipulated in
10 CFR Part 50 § 50.61 and Regulatory Guide I.-54

4. It should also be noted that a very detailed code of regulations, rules and guides for PTS comparable to those of
the USA does not exist on an official basis in other countries.

5. Since "Ageing" plays an important role in PTS, it is obvious that the main concern is related to "old" plants

6. It is also noted that for countries with a great number of plants the generic approach is certainly of advantage,
whereas for countries with only a few plants a case by case approach seems to be appropriate.

7. If the plants as they are, cannot satisfy the requirements and criteria, it seems clear that system changes and
other measures, where feasible, will be taken to satisfy the requirements.

8. Although probabilistic analysis is not yet generally accepted, it has been used by most countries to a varying
degree, either as the main analysis, as a supplemental analysis or as an aid in PTS-Analysis e.g. in choosing the
transient to be analysed.

9. The Screening Criterion as it is being applied in the USA is only accepted by 3 countries : Belgium, Japan and
Spain. The reasons why this screening criterion is not accepted by several countries, could be the following :

a) PTS is considered to be an important transient that has to be included in the specific integrity analyses of the
RPV
b) A Database specific to US-PWR has been used
c) The use primarily of generic embrittlement data (calculated) instead of specific data from the surveillance
program
d) Only a temperature criterion is employed without also considering the specific "USE" at hand, although this is
required in Appendix G of 10 CFR 50
e) The uncertainty in NDT-Temperature determination (old ASTM E-208 practice, which has been revised in
1984, pertaining to the deposition of the crack starter weld)
0 The surveillance programs of old plants (before ca. 1968) mostly contain only longitudinal Charpy-V specimens
instead of transverse specimens. Transverse specimens are presently required for the RTNDT and the
RTNDT-shift determination.

3. FALSIRE I

3.1 Description

The Project for Fracture Analysis of Large-Scale International Reference Experiments (Project FALSIRE) was
created by the Fracture Assessment Group (FAG) of Principal Working Group No. 3 (PWG/3) of the Organisation
for Economic Co-operation and Development (OECD)/Nuclear Energy Agency's (NEA's) Committee on the
Safety of Nuclear Installations (CSNI). Motivation for the project was derived from recognition by the
CSNI-PWG/3 that inconsistencies were being revealed in predictive capabilities of a variety of fracture
assessment methods, especially in ductile fracture applications. As a consequence, the CSNI/FAG was formed to
evaluate fracture prediction capabilities currently used in safety assessments of nuclear components. Members are
from laboratories and research organisations in Western Europe, Japan, and the United States of America (USA).
On behalf of the CSNI/FAG, the US Nuclear Regulatory Commission's (NRC's) Heavy-Section Steel Technology
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(HSST) Program at the Oak Ridge National Laboratory (ORNL) and the Gesellschaft fur Anlagen-und
Reaktorsicherheit (GRS), Koln, Federal Republic of Germany (FRG) had responsibility for organisation
arrangements related to Project FALSIRE. The group is chaired by H. Schulz from GRS, Koln, FRG.

To meet its objectives, the CSNI/FAG planned an international project to assess various fracture methodologies
through interpretative analyses of selected large-scale fracture experiments. A number of large-scale fracture tests
have been performed in recent years in several countries, and an even larger number of organisations have
become cognisant of them and employed test results in attempts to verify analytical methods. A survey of
large-scale experiments and related analyses was given at the first meeting of the group in May 1988 at Stuttgart
(FRG). Priority was given to thermal-shock experiments to include combinations of mechanical and thermal
loads. The reference experiments that were selected by the CSNI/FAG at their second meeting in August 1989 at
Monterey, California (USA), for detailed analysis and interpretation are given in Table 1.

Before the 1989 Monterey meeting, the CSNI/FAG established a common format for comprehensive statements of
these experiments, including supporting information and available analysis results. These statements formed the
basis for evaluations that were performed by an international group of analysts using a variety of structural and
fracture mechanics techniques. A 3-day workshop was held in Boston, Massachusetts (USA), during May 1990, at
which all participating analysts examined these evaluations in detail. Organisations that participated in the
workshop are listed in Table 2.

The experiments used in Project FALSIRE were designed to examine various aspects of crack growth in reactor
pressure vessel (RPV) steels under pressurised thermal shock (PTS) loading conditions. These conditions were
achieved in three of the experiments by internally pressurising a heated cylindrical vessel containing a sharp crack
and thermally shocking it with a coolant on the inner (NKS-3 and -4) or outer [PTSE Experiment (PTSE)-2]
surface. In the series of spinning cylinder (SC) experiments, a thick cylinder with a deep crack on the inner
surface was thermally shocked with a water spray while simultaneously spinning the cylinder about its axis in a
specially constructed rig. The Japanese Step B test used a large surface-cracked plate subjected to combined
mechanical loading of tension and bending, co-ordinated with a thermal shock of the cracked surface to model
PTS loading conditions. Data from the experiments provided the CSNI/FAG problem statements included pretest
material characterisation, geometric parameters, loading histories, instrumentation and measured data [e.g.,
temperature and strains, crack-mouth opening displacements (CMODs), and crack-growth histories]. The analyses
have concentrated on the phase of ductile crack growth having a range of 1 to 6% of the initial crack depth in the
NKS, SC, and Step B tests. In case of PTSE-2A, the first phase of ductile crack growth was -35% of the initial
depth; in PTSE-2B, the corresponding crack growth was 9% of the initial depth.

Based on the CSNI/FAG problem statements, 37 participants representing 19 organisations performed a total of 39
analyses of the experiments. A breakdown of the number of analyses contributed by the participating institutions
and of the analysis methods applied to each experiment is given in Table 3. The analysis techniques employed by
the participants included engineering methods (R6, GE/EPRI estimation scheme, DPFAD) and finite-element
methods. These techniques were combined with applications of JR methodology and the French local approach.
The Finite-element applications included both two- and three-dimensional models, as well as deformation
plasticity and incremental thermo-elastic-plastic constitutive formulations. Crack-growth models based on nodal
release techniques were used to generate both application- and generation-mode solutions for several of the
experiments.

For each of the experiments, analysis results provided estimates of variables including crack growth, CMOD,
temperatures, strains, stresses, and applied J and K values. Conditions of crack stability and instability were
identified in the experiments. Where possible, computed values were compared with measured data.

3.2 Conclusions

Based on results from the Project FALSIRE Workshop, several observations can be made concerning predictive
capabilities of current fracture assessment methodologies as reflected in the large-scale experiments described in
the previous chapters.

Generally, these experiments were designed to evaluate fracture methodologies under prototypical combinations
of geometry, constraint, and loading conditions. However, because complexities of the experiments do not permit
a clear separation of the effects of the many variables involved, it has proved difficult to interpret the analyses of
those transients for which expected results were not achieved.

Modelling requirements for the experiments incorporate history-dependent mechanical, thermal, and body force
loadings; temperature-dependent material and fracture-toughness properties; specially designed materials; residual



stress states; and 3-D effects. Interactions of both cleavage and ductile modes of fracture must be modelled for
certain transients. For these reasons, it could be anticipated that comparisons of analysis predictions with available
structural data from the experiments would yield results that vary significantly.

The discussion of the analysis results has focused on the discrepancies of the finite-element results and on
comparisons with the estimation scheme analyses. Many effects from the comparative assessment of the analysis
results have not yet been explained, but with this report there is a data base available for further studies on
separate effects. The structural mechanics behaviour of the test specimens could be approximated well in case of
the NKS experiments, but not in PTSE-2 (see Table 4). In the SC tests, structural mechanics results could not be
compared with experimental measurements. The largest differences are seen to occur in the PTSE-2A transient.
On the other hand, recent evaluations indicate a strong axial dependence of measured CMOD values, which has to
be investigated further in connection with the loading assumptions. The restrictions in some finite-element codes
to input stress-strain curves only by bilinear approximations produced large scatterbands in the results (CMOD
and J-integral). The measured onset of yield is very low (70 MPa) compared with the engineering yield stress (255
MPa) quoted for the vessel insert. The value used in the calculations ranges from 200 to 495 MPa, dependent on
whether the small strain or the larger strain region of the stress-strain curve is approximated well. Furthermore, an
increase in a0.2 of 50% from the vessel insert after transients A and B has been found. All the analyses assumed
material and physical properties to be independent of temperature because corresponding measured data were not
available. These factors may have contributed to the large underestimation of the measured CMOD in the
experiment. These analysis results highlight the importance of obtaining high-quality material properties and
structural response data (CMOD, strains, etc.) from the experiments to model structural behaviour of the specimen
before performing fracture mechanics evaluations. In particular, variables must be carefully selected and reliably
measured to provide a minimum set of data for validating these structural models. This requirement was not
uniformly achieved in all of the large-scale experiments examined in the Project FALSIRE workshop.

In applications of JR methodology based on small specimen data, all analyses correctly distinguished between
stable crack extension and ductile instability conditions for each experiment These include both ES and detailed
FE analyses. However, as a technique to predict crack extension, JR methodology was partially successful in some
cases (NKS experiments) but not in others (PTSE-2 and SC experiments). Fracture assessments based on CT
specimens overestimated stable crack growth in the case of NKS-4, SC-I and -II, and Step B PTS because the
crack resistance in the large-scale test specimens is greater than predicted by small specimens (e.g., CT-25). SC-I
and -II fracture results show that crack extension can be described quite well with the J-integral and the JR-curves
of the large-scale test specimen. In PTSE-2A, the first phase of stable crack extension is underestimated because
the crack loading also represented in CMOD is underestimated. Furthermore, differences between pretest
characterisation data and post-test in situ data for material and fracture toughness properties gave rise to questions
concerning whether JR curves from CT specimens were representative of the flawed region of the vessel. None of
these temperature-dependent JR curves were consistent with all phases of ductile tearing observed in PTSE-2. It
should be pointed out that the PTSE-2A transient included load-history (i.e., warm-prestressing) effects that were
not incorporated into the JR methodology. A summary of the fracture results is given in Table 5.

The substantial differences between fracture toughness curves generated from the SCs and from CT specimens
focused attention on other factors. These included the possibility that crack-tip behaviour in the SC is not
characterised by a single parameter fracture mechanics in terms of J. Alternative criteria under consideration
include two-parameter models in which K or J is augmented by the next higher order T or Q in the series
expansion of the stresses around the crack tip. Other measures considered in dealing with the transfer of small
specimen data to large structures include the stress triaxiality parameter q, which is proportional to the ratio of
hydrostatic to effective stress. The results indicate that q on the ligament is not sensitive enough to represent
changes of stress triaxiality responsible for geometry effects on crack resistance. The temperature dependence of
the crack resistance measured with CT specimens shows an increase with increasing temperature only for NKS-4
material but a decrease in the cases of PTSE-2 and Step B PTS. Also, the Local Approach has been applied as an
alternative to JR methodology for performing fracture-toughness evaluations in the ease of NKS-3. For the SCs,
clarification of the initial stress state in front of the crack tip (caused by cyclic fatiguing) may be an important
consideration.

A final report was prepared on FALSIRE I, which highlighted conclusions and recommendations derived from
interpretations of the comparative fracture assessments. These assessments confirmed the importance of
adequately modelling structural behaviour of the test specimens before performing fracture mechanics
evaluations. Applications of various single-parameter fracture methodologies were found to be partially successful
in some cases, but not in others. Some analyses were performed from a safety assessment perspective to achieve a
conservative prediction; the results tended to show significant deviation from experimental data and best-estimate
analyses. Proposals for follow-on work in the context of a FALSIRE II project were included in the report.
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4. FALSIRE II

4.1 Description

It was proposed that the follow-on FALSIRE II project should emphasise experiments that focus on behaviour of
relatively shallow cracks subjected to combined thermal and mechanical loading in the transition temperature
region. If possible, experiments for cracks showing two stages of extension (e.g., stable crack extension followed
by stable extension) should be included. Investigations of crack initiation and extension in connection with clad
surfaces were also proposed. In 1993, these criteria were utilised by the CSNI/FAG to select a new set of
experiments for the FALSIRE II project.

The experiments utilised in FALSIRE II examined various aspects of the cleavage fracture process in RPV steels
for a wide range of material crack geometries, and constraint and loading conditions. PTS loading transients were
applied in three of the experiments by internally pressurising a heated vessel containing a sharp crack and
thermally shocking it with a coolant on the inner surface (NKS-5 and 6, from Materialprufungsanstalt, Stuttgart,
Germany) or outer surface (PTS-I/6, from Central Research Institute of Structural Materials, Russia, VTT
Manufacturing Technology and IVO International Ltd., Finland). In the spinning cylinder experiment (SC-4, from
AEA Technology, United Kingdom), a thick cylinder with two deep cracks on the inner surface was thermally
shocked with a water spray while simultaneously spinning the cylinder about its axis in a specially constructed rig.
Clad beams DD2 and DSR3, from Electricite de France) subjected to uniform temperature and uniaxial four-point
bending were used to investigate initiation of shallow underclad cracks in the base material. The influence of out
of-plane biaxial trading on cleavage fracture toughness of shallow cracks in the transition temperature region was
studied using a biaxially loaded cruciform beam (BB-4, from Oak Ridge National Laboratory, U.S.). Data
provided in the CSNI FAG problem statements for these experiments included pretest material characterisation,
geometric parameters, loading histories, instrumentation, and measured results for temperatures, strains;
crack-mouth-opening displacements (CMODs), and crack extension histories

More than 30 participants representing 22 organisations from 12 countries performed a total of 45 analyses of the
7 reference fracture experiments in FALSIRE II. These organisations took part in the FALSIRE II Workshop held
during November 1994, in Atlanta, Georgia, to assess these analyses and the relevant fracture methodologies. The
analysis techniques employed by the participants focused primarily on finite-element methods; these techniques
were combined with single- or dual-parameter constraint methodologies for fracture mechanics assessments. A list
of Special Requirements (SRs) was prepared for each reference experiment and distributed to participating
analysts in advance of the workshop. The SRs comprise a set of quantities that characterise the thermal/structural
behaviour of the test specimens and the fracture behaviour of the cracks. Prior to the workshop, participants
provided the Organising Committee (OC) with analytical results for the parameters include in the SRs. For each of
the experiments, these parameters included temperature, CMOD, strains, stresses, crack loading in terms of
J-integral and stress intensity factor, as well as various constraint parameters. Also, conditions of crack initiation
were identified in the experiments, and where possible, computed values of parameters were compared with
measured data. The analysis results and measured data have been compiled into an electronic data base. For each
experiment, the results are available in 40 to 50 comparative plots generated from the data base using a
special-purpose evaluation program.

The report provides an overview of the comparative assessments, which are based predominantly on the fracture
mechanics results compiled from discussions of each reference experiment at the FALSIRE II Workshop and from
the analysis results data base. A comprehensive selection of comparative plots from the data base serves as the
focal point for discussion of these assessments. Analyses provided by organisations participating in FALSIRE II
are identified by an alphanumeric code to preserve the public anonymity of the contributor.

4.2 Conclusions

Some conclusions drawn from the FALSIRE II Workshop and from an evaluation of the analysis results data base
follow:

- The temperature distributions in the specimens loaded by thermal shock generally were approximated with high
accuracy and small scatter bands. Discrepancies appeared only for limited time periods during the transients and
could be traced to different assumptions concerning the heat transfer coefficients

• Structural response (i.e., CMOD, strains, etc.) of the test specimens was predicted reasonably well from best
estimate analyses. This outcome represents a significant change compared with some of the results achieved in
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FALSIRE I. In part, the change reflects a more widespread recognition that the assumptions adopted to ensure
failure avoidance in safety assessments are inappropriate when attempting to predict final failure.

• Discrepancies that appeared in the structural calculations could usually be traced to the assumed material models
and to approximations of material properties (i.e., stress-strain data).

• Calculations of fracture parameters such as J or K, and the parameter CMOD generally showed small scatter
bands. Discrepancies could be traced to the differences between elastic and elastoplastic approaches or
assumptions concerning material properties.

• The K, vs temperature diagram combined with material data curves describing fracture toughness vs temperature
were determined to be useful for fracture assessments of crack behaviour. Crack initiation could be predicted from
a single fracture parameter (K, J, etc.), reasonably well in tests where initiation was not significantly affected by
constraint effects.

When constraint effects become significant, a single parameter is not sufficient to characterised crack-tip
conditions, and a second parameter must be introduced into the fracture model. Candidate constraint parameters
employed by the participating analysts include Q-stress, stress triaxiality h, local approach of cleavage fracture,
and a strain based function of the plastic-zone width in the crack plane. In the SC-4 experiment, constraint effects
were quantified using the Q-stress and, to a more limited degree, the triaxiality parameter h. In PTS-I6 and
NKS-5, the parameter h showed indications of loss-of-constraint, while the Q-stress was not evaluated. Finally, in
BB-4, a shallow crack effect was demonstrated by the computed Q-stress, which indicated a loss-of constraint
associated with the departure of in-plane stresses from reference small-scale yielding conditions

• The Q-stress and other stress-based constraint methodologies have been applied successfully to correlate con-
straint conditions for in-plane (or uniaxial) loading conditions. However, prior studies have determined that
stress-based constraint methodologies (such as the Q-stress) are not sensitive to changes in constraint conditions
due to changes in out-of-plane biaxial loading. The plastic zone width was employed successfully to correlate
changes in constraint conditions for shallow cracks subjected to changes in out-of-plane biaxial loading ratios.
Further investigations are necessary to clarify whether one parameter can be recommended or a set of parameters
should be computed to assess constraint effects.

• Additional toughness data measured in the transition temperature region using a range of specimen geometries
and constraint conditions are required to validate the predictive capabilities of cleavage fracture methodologies
that incorporate constraint effects

Simulations of crack growth and crack arrest events (e.g., in NKS-6) showed large uncertainties among the
applied fracture methods.

Additional data concerning the HAZ fracture toughness are necessary for further refinement of analyses of
shallow subclad flaws.

Almost all participants elected to use the finite-element method in addressing the problems of FALSIRE II. This
represents a marked change from FALSIRE I, which included applications of a number of different estimation
schemes. The detailed information that participants were asked to provide from the analyses in FALSIRE II
encouraged the use of finite-element methods over estimation schemes. It should not be inferred from the outcome
of FALSIRE II that detailed finite-element analyses are always the preferred or necessary technique for structural
integrity assessments.

Regarding the original objective of the CSNI/FAG to evaluate the predictive capabilities of fracture assessment
methods for nuclear components it has been shown in the frame of the FALSIRE project that crack initiation and
ductile crack growth as well as cleavage fracture in large scale experiments can be predicted by fracture methods
based on the stress intensity factor calculated by the J-integral within tolerable scatterbands. In some cases which
are characterised by strong differences in stress triaxiality between the large scale test specimen and the small
scale fracture test specimens used to measure fracture toughness or fracture resistance the methods predict crack
initiation at smaller loads or earlier in time. Improvement can be achieved if constraint parameters are included in
the methodology of fracture assessment. The attempts to predict crack arrest resulted in large scatterbands which
indicate that more effort has to be put on this subject.
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5. International Comparative Assessment Study fRPV PTS ICAS )

For future work an International Comparative Assessment Study (ICAS) for a reactor pressure vessel (RPV) under
pressurised thermal shock (PTS) was proposed based on the experience achieved in FALSIRE. The RPV ICAS
Project is planned for the benefit of organisations concerned with evaluation of fracture methodologies used in
RPV integrity assessments. This project is motivated in part by the strong interest expressed by participants in
Phases I and II of FALSIRE to proceed with further evaluations of fracture mechanics analysis methods.

The integrity assessment of a RPV is a multi-step analysis including the selection of transients, thermo-hydraulic
calculations, structural analysis including fracture assessment based on specified material properties. Therefore,
participation in a comparative study concerning RPV integrity assessment on RPVs including structural and
fracture, as well as thermal- hydraulic aspects, has been called for.

At this stage the vessels are proposed to be Western type 4-loop RPVs with cladding. Country-specific concerns
are of interest. A detailed task matrix is provided with transient thermo-mechanical loading cases due to loss of
coolant accidents to be analysed with different assumptions concerning the cooling conditions. Asymmetric
cooling conditions will be considered as well as axisymmetric conditions. A set of different cracks assumed at the
position of near-core welds will be proposed. The primary focus of the analyses is proposed to be on the behaviour
of relatively shallow cracks (underclad and clad-through) under PTS loadings. In the frame of parametric studies
different thicknesses of the cladding as well as the influence of residual stresses, the level of yield stress and the
influence of elastic versus elastic-plastic approaches will be considered among others. Furthermore, probabilistic
tasks are given to analyse the conditional probability of crack initiation and crack penetration.

Concerning the determination of RPV loading conditions due to loss of coolant accidents and the importance for
the RPV integrity assessment, special emphasis is given to the interdisciplinary aspects. Especially the calculation
of the fluid temperature and the heat transfer to the structure, with consideration of fluid-fluid mixing as well as
steam condensation by thermo-hydraulic analysis techniques, will be of interest.

The problem statement is divided in 3 task groups (deterministic, probabilistic and thermal hydraulic) with several
main tasks. Additionally parametric studies are proposed to investigate the influence of certain parameters on the
results of the main tasks. For the tasks input was given by Siemens, ORNL, EDF and GRS.

The proposed partly fictitious RPVs refer to country specific concerns. In the deterministic task group a typical
vessel of German design is proposed. The cladding thickness is proposed to vary in the range of designs used in
USA, France, Germany and Russia. The postulated loading transients refer to a small break loss of coolant
accident typical for US PWR plants and transients due to leaks with different size typical for German PWR plants.
In the probabilistic task group a typical vessel of US construction is proposed loaded by specific transients. In the
thermal hydraulic task a fictitious vessel is proposed with wall thickness of a typical German RPV but with
internal measurements of the Upper Plenum Test Facility (UPTF) vessel in Mannheim (Germany).

The problem statement was distributed in December 1996. Intermediate results and progress of the work will be
discussed at a Workshop in June 1997. Participants in the ICAS will be requested to submit the final analysis
results during September 1997 with presentation and discussion on a Workshop scheduled for February 1998. A
report will be issued after completion of the analysis results.
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Table 1 Large-scale fracture experiments analysed in CSNI/FAG Project FALSIRE

Experiment Organisation Testing
country

NKS-3 Materialprufungsanstalt (MPA), FRG
Universitat Stuttgart

NKS-4 MPA, Universitat Stuttgart FRG
PTSE-2A ORNL USA
PTSE-23 ORNL USA
SC-I Atomic Energy Authority (AEA), UK

Risley
SC-II AEA, Risley UK
Step B PTS Japan Power and Engineering Japan

Inspection Corporation (JAPEIC)

Table 2. Organisations participating in the Project FALSIRE Workshop, Boston, May
1990

AEA
AS/Electric Power Research Institute (EPRI)
Babcock and Wilcox (B&W) Nuclear Services
Battelle Columbus Division
Central Research Institute of Electric
Power Industry (CRIEPI)
Centre D1Etudes Nucleaires de Saclay
Combustion Engineering (CE)
Electricite de France (EDF)
Fraunhofer Institut fur Werkstoffmechanik (IWM)
GRS
JAPEIC
Korea Institute of Nuclear Safety
MPA, Universitat Stuttgart
Mitsubishi Heavy Industries (MHI)
National Committee for Nuclear and
Alternative Energies (ENEA-DISP)
Nuclear Electric
OECD/NEA
Nuclear Installations Inspectorate
NRC
ORNL
Paul Scherrer Institut
Southwest Research Institute (SWRI)
Technical Research Centre of Finland (VTT)
University of Maryland
University of Tennessee
University of Tokyo

Participants: U.S.A. 17, FRG 5, France 4, UK 3, Japan 3.
Finland 2, Switzerland 1, Korea 1, Italy 1; Total 37

UK
U.S.A
U.S.A.
U.S.A.
Japan

France
U.S.A.
France
FRG
FRG
Japan
Korea
FRG
Japan
Italy

UK
France
UK
U.S.A.
U.S.A.
Switzerland
U.S.A.
Finland
U.S.A.
U.S.A.
Japan
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Table 3 Summary of Project FALSIRE a n a l y s i s techniques

NKS-3 NKS-4
(10 analyses) (6 analyses)

FE, JR
FE; JR, LA
FE, JR
FE; JR, LA
FE, JR
FE, JR
FE, JR
FE, JR
ES, J/T
ES, R6/1

FE, JR
FE, JR
FE, JR
FE, JR

ES, J/T
ES, R6/1

PTSE-2
(8

FE,
FE,
FE,
FE,
FE,
FE,
ES,
ES

analyses)

JR
JR
JR
JR
JR
JR
J / T

SC-I
(6

FE,
FE,
FE,
ES
ES
ES,

analyses)

JR
JR
JR

WF

SC-II
(8

FE,
FE,
FE,
FE,
ES
ES,
ES
ES

anal}

JR
JR
ES
ES

R6/1

STEP B PTS

FE, JR

FE = finite-element method
ES = estimation scheme
Al = analytic solution with numerical integration
A2 = handbook analysis of statically indeterminate model
JR = R-curve approach
J/T = J/tearing modulus approach
LA = local approach
R6/1 = R6 method/option I
WF = weight function method

Table 4 Comparative assessment of structural behaviour in Project FALSIRE reference
experiments

Availability of mechanical

properties

Measured
structural data

Scatterband of
structural
analysis

Tc-dependent T-independent CM0D)max

(mm)

Strains ACMODmax Strains

NKS-3
NKS-4
PTSE-2A
PTSE-2B
SC-I
SC-II

X
X

X
y

X
X

1.5
0 . 5 4
0 . 9
1.6

X
X
X
X

17
8

35 =
2 1 d

13
7

a Analysis results with wrong boundary conditions or crack assumptions ignored.
b T = Temperature.
c Relative to measured value.
d Underestimation of measured data.
e Some data of crack-tip opening have been provided after evaluation of the analyses.
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Table 5 Comparative assessment of fracture behaviour in Project FALSIRE
reference experiments

NKS-3

NKS-4

PTSE-2A

PTSE-2B

SC-I

SC II

Availability of crack
resistance curves

CT-25,
T = 160/220°C
CT-50,
T = 220°C
CT-25,
T= 160/240/280°C
CT-25 (10 mm thick)
T = 160°C
CT-25,
T = 100/175/250°C
CT-35,
T = 290°C
CT-25
T= 100/175/250°C
SC-I test specimen
CT-35
T= 150/290°C
SC-II test specimen

Measured crack
growth

Aa (mm)

3.6 (av.)

1.5b

5.1

2.8 (averaged)

3.7

0.75

Scatterband of
fracture

J (N/mm)
410-500

180-220h

100-175

470-560

145-225

200-490

analyses

Aa (mm)
3.0-4 8

2 0-3 2h

1.0-2.5

3.2-4.2d

1.4-2.9

0.2-0.8d

a Analysis results with wrong boundary conditions or crack assumptions ignored
b Deepest point of partly circumferential crack
c Middle of axial crack
d Determined with J1 curves of SC test specimen
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