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For the European Fast Reactor, which is being developed
jointly in France, Germany and the U.K., qualified material
controlled fabrication processes and validated design rules
are essential to achieve cost reduction in components, and at
the same time, maintain the required standards of safety and
reliability.

In the framework of an inter-governemental agreement, the
R and D organisations : CEA in France, KfK and INTERATOM in
Germany and AEA Technology in the UK, have co-ordinated their
work to support the EFR project.

The details of the R & D organisation, its relationship
with the Design and Construction Companies and its programmes
have been provided in previous papers, reference in chapter 7.

In the Structural Integrity area, this co-ordination is
undertaken by the AGT 9B group, which :

- determines the requirements of the design customers.
Programme Sheets are drawn up to meet the needs defined by the
Design Compagnies Association, EFRA, on Objective Sheets.

Independantly of these formal links, maintains close
contacts with the Designers and the utilities. Specialists
invited by the national R & D organisations take part directly
in the AGT 9B work.
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- initiates and co-ordinates theoretical and experimental
programmes in support of the above objectives.

- advises and recommends design procedures and associated
methodologies. AGT 9B meets this objective by issuing
Milestone Reports. These reports synthesis the R and D results
which have been achieved and give consensus recommandations.
They are verified and endorsed by the specialist groups before
being approved by AGT 9B in plenary session.

The work in AGT9B is organised in four specialist groups
dealing with :

- Design Methodology
- Structural Analysis
- Dynamic Analysis
- Flaw evaluation

The Purpose of the present paper is to review the
progress which has been made up to the end of 1990, as
recorded by the 35 AGT9B Milestone Reports which had been
issued by this date.

Only a brief outline of the main results will be given.
Detained descriptions of the work will be found in the papers
presented to SMIRT Conferences in 1987, 1989 and 1991 and
referenced in chapter 7.

The results fall into five areas

- General design guidance
- Analysis of structures submitted to repeated loading
- Fracture mechanics
- Buckling
- Design rules for specific components.

1 - GENERAL DESIGN GUIDANCES

1.1. Negligible creep

The aim of the AGT 9B work is to limit the amount of
calculation which is needed when creep temperature limits are
exceeded but creep effects are still not significant.

For 316 L (N) components, one alternative is to consider
the relaxation time of a strain controlled stress from 1.5 Sm
to 1.2 Sn. The other alternative is to determine the factor to
be applied to Sm to achieve a creep rupture damage less than
1. As is shown in Fig. 1, both criteria are practically
identical for 316 L(N) material when the allowable stress to
be factored with safety coefficients is equal to 2.3 Sn.
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The next step is to eliminate the discrepancies between
the low and high temperature analysis rules. The problem
arises because the limits on general memebrane, local membrane
and primary bending stresses are not scaled in the same way in
the low and high temperature rules for normal, accidental and
hypothetical levels of loading.

It is recognised that he high temperature rules can be
conservative. At the same time, there is need to avoid
detailed creep fatigue analyses when using the simplified
rules. This could mean that it would be necessary to limit the
conditions of use of the simplified rules associated with the
creep crossover curve. Alternatively, it may be better to
improve the high temperature rules to reduce the over-
conservatism and thus eliminate the inconsistences between the
low and high temperature domains.

1.2. Multiaxial Criteria for Creep Damage

In order to avoid over conservât ism, AGT 9B aims to take
advantage of the reduction in creep damage which occurs under
compressive stress.

A bibliographic study has shown that the Von Mises and
Tresca criteria do not adequately describe the available
experimental data for failure under multi axial conditions.
The best correlation is obtained with the Hayhurst-Pineau
criterion .̂(Fig. 2) written as :

0^ ,-SHdC+ (1 - V ) 0^VM
where Oj^ is the hydrostatic pressure

^VM is the Von Mises equivalent stress
and y is an adjustable coefficient, experimentally

* determined as O.25.

It is noted that such a criterion requires the
knowledge of the actual stress tensor and needs to be
associated with inelastic analysis.

1.3 Margins on,Level D Criteria

The work on margins in Level D criteria is based on a
practical example.The assessment by AEA Technology of the PFR
intermediate Heat Exchanger under sodium water reaction
conditions.

Three methods have been c sidered : elastic analysis,
plastic analysis, plastic instate ity analysis, with the ASME
Section 3 appendix F limits.

There is a factor of 3 between the lowest permitted
pressure, obtained by elastic analysis, and the highest
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permitted pressure, obtained by plastic instability analysis.
In order to validate the results, AEA have carried out a
hydraulic test to failure on a scale model of the IHX.

In parallel, inelastic calculations have been performed
on simple beam structures with rectangular, circular and
annular cross sections. These show that the safety margins
between the current criteria and the calculated failure load
depends on the combinations of loads which are applied
(fig- 3).

These investigations have shown the need to specify the
strain limits which are applied to the inelastic analysis
methods. They have also shown that guidance is needed on
stress classification when using elastic methods. In
particular, no recommendation exists at present on the
treatment of displacement controlled or secondary stresses at
structural discontinuities.

2 - ANALYSIS OF STRUCTURES SUBMITTED TO REPEATED LOADING

2.1. Strain Range Enhancement and Elastic Follow-up

When creep fatigue damage is estimated from the results
of an elastic stress analysis, it is necessary to amplify the
calculated strain range, to allow for inelastic effects. Such
strain range enhancement factors must also take into account
elastic follow-up, in those situations where this can occur.

AGT 9 B work has shown that the strain range enhancement
factor, Ke as defined in ASME is unconservative for nominal
stress value less than 3 Sm and is over conservative for
higher values. The corresponding RCC-MR, procedure is less
conservative for higher stresses. It may, however, be unsafe
when applied to certain shape of structure with a large amount
of elastic follow-up.

A revised method of calculating Ke has been proposed.
This includes the strain amplification rule due to Neuber and
the elastic follow up factor calculated for a cantilever beam
(fig. 4)

Elastic follow up also affects the rate at which the
maximum stresses relax during creep, which is important in
creep damage estimation. AGT9B has confirmed by tests that a
knock down factor of 3 is adequately conservative in this
contexr.
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2.2» Faticrue damage assessment at sharp notches

In geometrical singularities where the notch radius
cannot be defined, it is proposed to perform the fatigue
damage assessment at a distance d below the notch tip. AGT 9B
work has validated this procedure from low cycles fatigue (102
cycles to failure) through to high cycles failure (108 to
failure) (fig 5) This has shown that a failure criterion based
on maximum principal strain predicts crack initiation better
than a Von Mises equivalent strain criterion. The latter shows
a large scatter in test data.

A practical procedure has been recommended. This is based
on linear elastic fracture mechanics, Creager's approximation
to estimate the elastic stress tensor around the notch and
Neuber's rule to take into account the effects of plasticity.

2.3. Alternative creep fatigue damage prediction methods.

AGT 95 has considered four of predicting creep fatigue
damage

- Conventional time and cycle fraction summation
- Continuum damage
- Damage rate
- Strais based, ductility exhaustion summation

The continuum damage and damage rate methods gave
predictions similar to those obtained by the time and cycle
fraction method. However, they involved a much greater amount
of analysis work.

Comparison of the time and cycle fraction and strain
based ductility exhaustion methods are shown in Fig. 6

When mean material data are used, the time and cycles
fraction and Strain based methods predict different balances
between creep and fatigue damages but the diagrams
experimental results analysis by the methods are in accordance
with the respective interaction diagrams wich are
corresponding with the mean damage curves at failure.
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2.4. Thermal Stripping

Experimental work on thermal stripping is undetaken
using the Somite and Supersomite facilities in the UK and
FAENA facility in France.

The results from the somite programme show that
isothermal high cycle fatigue data used in conjuction with
Miner's fatigue damage summation can be used successfully to
predict the onset of fatigue cracks in 316 L specimens. The
FAENA tests have demonstrated the detrimental effect of high
strain range thermal shock damage on subsequent striping
performance (fig. 7)

Calculations have been carried out using existing design
procedures, modified to take into account these results. These
have predicted an allowable thermal striping temperature range
much lower than experimental evidence and plant experience
show to be tolerable. Further work is now in hand to remove
this over conservatism in the method.

2.5 Progressive deformation

Progressive deformation due ratchetting has to be
assessed to confirm that the structure meets the excessive
deformation limits required by the design rules and to apply
the creep-fatigue damage criteria.

Two methods are currently under discussion by AGT9B

- The RCC-MR Efficiency Diagram
- Interaction Diagrams based on upper bound shakedown

theories

The Efficiency Diagram gives an upper bound on the
ratcheting strain. It has the advantage of simplicity but may
require a designer to make discerning decisions in the stress
classification in some cases such as the moving sodium front
in a cylindrical shell. So far, the Efficiency Diagram
validation is restricted to austenitic steels, but AGT9B
activities are aimed at extending the diagram to Incolloy 800,
2 1/4 Cr Mo steel and Mod 9 Cr 1 Mo steel which are expected
to used in the EFR (Fig. 8).

The Interaction Diagrams have been developed in
conjunction with the Commission of the European Communities
(CEC) Working Group on codes and Standards with the objectives
to give shakedown limits, including plastic shakedown, on load
interaction diagrams.

When shakedown, conditions are met, structure is free
from ratchetting and progressive deformation is restricted.
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The prospect of covering most of the designers requirements in
a few "master" diagrams is being examined (fig.9)

The experimental validation of these methods will be
improved on tests featuring the moving axial thermal gradient
due to a free level of liquid metal.

2.6. Inelastic simplified analysis

The expense of full inelastic analysis and the
incertainty of the results due to uncertainty in the
constitutive equations and the severity of full elastic
analysis due to the needfull to applied, on the elastic
results, enveloping corrections, taking into account
conservatively the inelastic material behaviour, simplified
methods of inelastic analysis have been developped.

In this way, Appendix 10.7 of the RCC-MR proposes a
method based on a kinematic bilinear modélisation of the
cyclic curve? Its application, at the most, only needs
calculation of the first elastoplastic cycle, and an elastic
calculation with modified elastic properties and an initial
plastic strain field. This method allows an estimate of
accumulated plastic strain and stabilized strain and stress
ranges to be obtained : Its application for the moment is
limited to the field of negligible creep.

An alternative method have been developed based on an
elastic perfectly plastic material and using shakedown
procedures.

A post processor program, ADAPT, has been developed which
operates on the output of an elastic analysis to sheck wether
elastic shakedown is achieved. When it is the case, relatively
straight forward methods can be used to evaluate creep and
fatigue damage. The method extension at high temperature and
its availability for creep damage assessment are under
discussion.

Nevertheless the experimental validation of the both
methods shall be improved mainly at high temperature, in
despite of the scarcity of ratchetting tests results involving
creep effects.

3 - FRACTURE MECHANICS

3.!.Defect Assessment below the Creep Range

Assessment Procedures are needed to show that the
components are tolerant to defects. In some cases, additional
margins of safety can be obtained by demonstrating leak-
before-break. In others, it is necessary to show that defects
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cannot grow through the wall of a component, thus ensuring
leak tightness.

AGT 9B has developed a simplified and conservative
approach set down in a formal procedural manner. In the
evaluation of fracture mechanics parameters, the preferred
method is Nuclear Electric1s R6 Defect Assessment Procedure.

The Leak-before-Break demonstration is carried out in
three stages :

- Calculation of the through thickness critical crack
length for fast fracture under maximum overload conditions

-Demonstration that the initial defect will, if it gows,
break through the wall at a length which is significantly
below the critical size and

-Demonstration that the crack opening area of the through
thickness defect is sufficient, under normal operating
conditions, for leakage to be detected easily.

The behaviour of all possible sizes of a defect at a
given location within a structure, under particular loading
conditions, may be represented on a LBB diagram (fig 10). Here
local and global instabilities are plotted on axes of crack
depth and crack length. The diagram is sub divided into areas
of leak, break, no failure and no growth.

In those situations where it is necessary to demonstrate
leak tightness crack growth is estimated in a similar way. It
is now necessary to demonstrate that, at the end of life, the
final dimensions of the crack are significantly lower than
those which would cause leakage.

The principles of such an approach are shown in Fig. 10.
The line b-b represents the maximum flaw sizes at the end of
life. If there is a large enough margin between this line and
the ligament instability area, then the component can be
considered to be leak tight.

3.2. Crack Growth at Elevated Temperature

The aim of AGT 9B is to provide recommended procedures
similar to those applicables at lower tempertures, described
above.

The initiation approach outlines two rules : the firsr is
based on the parameter C* (calculated using the Nuclear
Electric R5 document formulation) and a material tests based
curve of C* versus tj_ where t^ is the time to initiate a
significant amount of crack growth (say 50 n) ; the second is
an extension of the procedure proposed by RCC-MR for fatigue
analysis in crack-like singularity and uses the concept that
crack initiation can be related to smooth specimen failure by
considering conditions at a distance d akead of the defect
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(typically 50 /xrn) . Its advantage is the use of existing
failure curves generated on smooth material specimens.

The above approachs are being developed to cover sutdy
load and cyclic load (creep and creep fatigue) situations.

The crack growth approach is an adaptation of the Nuclear
Electric R5 procedure for fast reactor components.

4 - BUCKLING

4.1. Dynamic Buckling

In the thin shell structures in EFR, fluid-structure
interaction during a postulated seismic event can lead to
pressures of the same order of magnitude as the static
collapse pressure. Calculation of margins against buckling
is, therefore, an essential part of the design procedure.

An extensive research programme has been under way in
France for many years and, more recently Italy and the AGT9B
partners have been involved. This work has produced a good
physical insight into dynamic buckling phenomena, and has led
to a simple design methodology. As shown in Fig 11, this makes
use of a critical load enhancement factor wich is a function
of the ratio of the buckling mode eigen frequency to the
minimum significant earthquake frequency. A qualification of
this method now has to be carried out using the results of
ENEA and NNC tests.

4.2. Thermal Buckling

AGT 9B work on thermal buckling has been focussed on
specific types of component and particular loading conditions.
These include IHX tubes under thermal expansion, which
analytical solutions have been validated, and cylindrical
shells under axial thermal gradients, tension and external
pressure.

Buckling calculations, using load stepping procedures
have proved to be non trivial in those situations where both
thermal and mechnaical loads have to be applied, it is,
therefore, recommended that the designer should carry out a
series of calculations using proportional and non proportional
loading to evaluate the worst conditions.

In the case of cylindrical shells subjected to combined
loading, it has been found that there is very small
interaction between buckling loads due to pressure and axial
thermal gradient. There is, however, a significant effect due



- l O -

to axial tension. For cylinders with a R/t of 500, subjected
to axial tension and a spatially fixed thermal gradient,
extensive computation has produced the interaction diagram
shown in Fig.12

4.3. Progressive Buckling

Progressive buckling is a phenomenon resulting from the
interaction between buckling and ratchetting. In this case,
buckling occurs by the progressive increase of the initial
geometrical imperfections under the effect of cyclic secondary
stress combined with a steady primary load. This can lead to a
significant reduction in the critical buckling strength of the
structure.

In order to study this problem, an extensive experimental
test programme has been performed on tubes with various
slenderness ratios and initial imperfections. These have been
subjected to compressive axial loading together with cyclic
torsion. The results of these tests are presented and confirm
the validity of the present RCC-MR rule to predict the loss of
buckling strength under steady primary and cyclic secondary
loading.

5 - SPECIFIC COMPONENTS

AGT 9B activities have been concentrated on bolted joints
and, more extensively, on straight parts and elbows in
pipework.

5.1. Bolted Joint

On bolted joints, the aim of AGT 9B has been to validate
the RCC-MR rules, bellow the creep range, concerning the
optimum engagement length.

The experimental results have shown that failure occurs
in the threated part for low engagement length and that
maximum strenght is obtained when failure occurs in the screw
cross section. The relationship between yield strength of the
materials engagement length and crosssection area of the screw
has been established.

5.2. Piping components

The EFR piping systems consist of, on the one hand, the
secondary sodium pipework which operates at high temperature.
(Because of the low pressure there is a low ratio of thickness
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to diameter) and, on the other hand, the steam watrr pipework,
operating at lower temperature but with a high pressure level.
Therefore piping design rules required by an UIFBR Design code
covering a larger range of loading and geometries than used
for the PWR. With this objective AGT 9B reviewed the current
rules for nuclear piping, and developed design methodology
acceptable for class 1 piping design.

For that, a procedure based on Kachanov's approximation
have been developed to quantify the elastic follow-up effect
on creep usage factor due to thermal expansion stress or creep
rupture fraction and strain range enhancement in Creep-fatigue
damage apraisèment.

Experimental work has been carried out by AGT 9B to
investigate and improve the RCC-HR piping design rules for the
LMFBR relevant geometries and pressures levels. The results
provided information on the following :

The influence on the allowable moment of :
- material (austenitic steel versus ferritic steel),
- geometry
- internal pressure

It has been found that the flexibility factor for in
plane bending (k2) proposed by RCC-MR is acceptable and
accurately takes into account pressure effects. It is possible
to improve the factors which allow for the elbow angle.

The maximum local elastic stress evaluation can be
improved to reduce the overconservatism by modification of the
C2 factor (fig.13)

The current design rules do not provide adequate margins
for austenitic straight pipe or elbows under in plane bending
without internal pressure. Revised stress factors have been
proposed, taking account for geometry and internal pressure.

If it is more conservative than the current B2 factors
for non pressurized pipeworks, this proposal give for
pressurized elbows, allowable moments very close to ASME Code
Case N319 and much greater than B 3600 chapter or RCC-MR rules
(figure 14).

6 - CONCLUSIONS

The work so far completed by AGT 9B, summarised in the
paper, has led to propose significant improvements in design
procedures in the area of :

- Strain ehancement and elastic follow-up factors
- Fatigue analysis at geometrical singularities
- Flaw assessment below the creep range
- Dynamic buckling
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- Thermal buckling of large cylindrical shells
- Bolted Joints
- Rules for piping

Number of them are already implemented in RCC-MR by the
first and the second Addendas (1987 and 1991.

Others are under discussion within EFH associates or the
french commitee Tripartie in charge of RCC-MR writting

Works in progress are expected to lead to similar
improvements in the areas of :

- Over conservatism of primary stress limits in the creep
regime
- Simplified inelastic analysis
- Constitutive equations
- Creep fatigue evaluation
- Progressive deformation appraisement
- Defect assessment in the creep regime

In the futur years a significant activity is foreseen in
the area of dynamic loading where present design procedures
are seen to be over conservative.

Therefore, it is expected to provide the design
compagnies associated for the European Fast Reactor project
with less conservative and more accurate design rules for
elevated temperature components.
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Thermal load influence on reduction of critical buckling loads
- SMIRT 9. Vol. E, 209
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