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ABSTRACT
Buckling, which can affect structures like bars, beams and

shells when they are submitted to compressive stresses, can
lead to unacceptable deformations and ruptures. Consequently,
main Design Codes, especially those used in nuclear industry,
include rules and analysis methods in order to prevent this
phenomenon.

Generally speaking, it is required that no elastic or elastic-
plastic instability can occur for the specified loading multiplied
by a coefficient which depends on the Code and criterion level.
In addition, conservative methods are often given to assess
buckling (or critical) loading. These methods take into account
the material behaviour up to buckling (elastic or elastic-plastic)
and the possible existence of geometrical imperfections which
can drastically reduce the buckling strength.

In ASME Code, safety factors are defined in Section III,
Subsection NE 3200 (3.0, 2.5, 2.0 for levels A or B, C and D
respectively). Buckling loads for cylindrical and spherical
components under external pressure or axial compression can
be assessed by analytical and graphical methods of NE 3100
and Section II, Part D, Subpart 3. Code Case N-284 which is
presented as an alternative to NE 3200, gives lower safety
factors and develops more sophisticated design methods for
shell buckling analysis of components with more complex
geometries (including stiffened shells) and loading conditions.

Capacity reduction factors due to imperfections and plasticity
are explicitly defined and distinction is made between local and
general buckling.

In the case of structures operating at high temperatures,
ASME, Section III, Subsection NH, Appendix T-1500 provides
general buckling rules where creep buckling is considered and
distinction is made between load-controlled and strain-
controlled buckling. In this last case, lower safety factors are
defined (1.67, 1.4, 1.1 for levels A or B, C and D respectively).

RCC-M Code, used in France for PWR components, does
not include general buckling rules. It simply indicates in
Appendix Z IV rules for simple components submitted to
external pressure. The safety coefficients listed and the
analytical/graphical approach described in this Appendix are
similar to those given in ASME Section III, Subsection NE
3100.

Although they have not the status of a Design Code, the
Recommendations for Buckling of Steel Shells elaborated by
ECCS (European Convention for Constructional Steelwork) are
often used to verify the acceptability of loading as regards
buckling in various configurations including stiffened shells. In
each case, partly empirical formulae and/or charts are given to
calculate the buckling load when the imperfection does not
exceed a prescribed value. Then, adequate safety factors have to
be applied to check the rules of Design Codes.
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Finally, RCC-MR Code which is the French Design Code
for FR mechanical components, has specially developed rules
and methods in the field of buckling analysis considering the
sensitivity of main components to this phenomenon. In Chapter
RB 3270, separate rules are given for load-controlled and
strain-controlled buckling. In the case of buckling under
monotonic loading without creep, safety margins (2.5, 2.0, 1.3
for levels A, C and D respectively) are lower than the
corresponding ones in ASME Code. Specificity of buckling
analysis in RCC-MR mainly concerns the approach to take
geometrical imperfections into account at the design stage. This
approach is described in Appendix A7 which includes also a
simplified and conservative method based on beam models.
Furthermore, special methods have been developed to cover the
buckling initiated by creep or cyclic loading. These methods
are being improved in the frame of a working group involving
FRAMATOME, CEA and EDF experts. Other works are in
progress in the field of buckling under seismic loading where
the dynamic and transient aspects have to be considered.

Comparative results about a simple case representative of
nuclear industry are provided

INTRODUCTION
In order to prevent buckling which can lead to

unacceptable deformations and ruptures in structures like
beams and shells submitted to compressive stresses, Design
Codes used in nuclear industry have developed analysis
methods to predict critical loading and rules which define the
margins between allowable loading and critical loading.

In this paper, a review of buckling rules and/or analysis
methods existing in ASME, RCC-M, RCC-MR and European
Recommendations is performed. Then, these rules and methods
are applied to the case of a cylinder filled with water and
submitted to a seismic loading and results are compared. In the
last part, current developments of methods to analyse creep
buckling and dynamic buckling which should come and
complete RCC-MR soon are presented.

BUCKLING ANALYSIS IN ASME AND RCC-M

ASME. Section III. Subsection NE and RCC-M.
Appendix Z IV

ASME, 1998 Edition is the American Design code used in
nuclear industry. In paragraph NE-3222, general buckling rules
are given.

First, a basic compressive allowable stress is defined which
is one-third the value of critical stress. The latter should be
determined by rigorous analysis considering the effects of
geometric imperfections, material non-linearities and large
deformations or by classical linear analysis reduced by margins
reflecting the differences between theoretical and actual load
capacities or by tests of physical models. An alternative method

to assess the basic compressive allowable stress in some typical
cases is to use the applicable rules of NE-3133 (see below).

Then, stability stress limits for the different conditions are
provided : the basic compressive allowable stress shall not be
exceeded for design conditions and level A and B service limits,
120 % of the previous value shall not be exceeded for level C
service limits and 150 % of the previous value shall not be
exceeded for level D service limits. These stress limits mean
that the margins to meet in the different conditions are 3.0, 2.5,
2.0 respectively.

In NE-3133, rules are given for determining the thickness
under external pressure loading especially in cylindrical and
spherical shells with or without siffeners. Charts to assess the
stresses in shells are provided in Section II, Part D, Subpart 3.

Cylindrical shell : The steps to determine the thickness of a
cylindrical shell under external pressure are briefly described
below. A similar route is defined in the case of a spherical shell.
1. Assume a value of thickness t and determine the ratios L/Do

and Dp/t.
2. Section II, Part D, Subpart III, Fig. G gives the value of

coefficient A which is characteristic of the shell geometry
as regards buckling.

3. Using the value of A, the applicable material chart in
Section II, Part D, Subpart 3 for the material under
consideration gives the value of coefficient B. Figure 1
shows the chart applicable for austenitic steels.

4. Using this value of B, calculate the maximum allowable
external pressure Pa with the following formula:

P
' 3(D0/t)

5. If Pa is smaller than the applied design pressure, select a
larger value for t and repeat the design procedure.

A similar graphical method to choose the thickness of a
cylindrical shell under external pressure, based on the same
geometrical and material diagrams, is included in RCC-M,
Appendix ZIV.

Code Case N-284
The provisions of this Case may be used as an alternative to

the requirements of NE-3222.
The basic Code buckling rules (NE-3222 and NE-3133) as

well as the rules of this Case are based on the fabrication
requirements of NE-4222.

The methods of buckling evaluation are given in § -1700.
The buckling evaluation is made by either of two methods. The
first one is contained in § -1710 and utilizes formulae and
interaction equations which must be satisfied. The alternate
method involves checking adequacy against buckling as
computed by computer codes in accordance with § -1720
(axisymmetric shell bifurcation analysis) or § -1730 (three-
dimensional thin shell bifurcation analysis). The procedures for
these methods are outlined below.
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For both methods, the following items are calculated :

(a) a set of stress components, cTj, from applied loads are
computed in accordance with § -1300,

(b) a factor of safety, FS, is determined from § -1400,
(c) capacity reduction factors due to geometrical

imperfections, CXy, are computed from § -1500,
plasticity reduction factors, r|j, are obtained from § -1600.

• Local buckling : buckling of one part of the shell between
stiffeners only,
- cylindrical shells (unstiffened and ring stiffened),
- cylindrical shells (stringer stiffened or ring and stringer
stiffened),
- spherical shells (stiffened or unstiffened),
- toroidal and ellipsoidal shells (stiffened or unstiffened).

• Stringer buckling and general instability : buckling of
the shell and stiffeners,
- cylindrical shells (ring stiffened),
- cylindrical shells (stringer stiffened or ring and stringer
stiffened),
- spherical shells (one-way or two-way stiffeners),
- toroidal and ellipsoidal shells (meridional and/or

circumferential stiffeners).

When the buckling evaluation is by computer code (§ -
1720 and -1730), sets of amplified stress components G-,S =
CTiFS/cxy and OjP = ajf]-, are calculated and compared with the
linear bifurcation predictions of the computer code. Direct
prediction of the critical stresses with a computer code taking
geometrical imperfections and plasticity into account is not
foreseen.

ASME, Section III. Subsection NH (high temperature)
The stability limits in ASME, Section III, Subsection NE

or Code Case N-284 include the effects of initial geometrical
imperfections permitted by fabrication tolerances on vessel
shells. However, these limits do not consider the effects of
creep due to long term loadings at elevated temperatures. The
T-1500 rules of ASME, Section III, Subsection NH provide
additional limits which are applicable to general geometrical
configurations and loading conditions that may cause buckling
or instability due to time-independent as well as time dependent
creep behaviour of the material. For the limits specified in T-
1500, distinction is made between load-controlled buckling and
strain-controlled buckling.

• Time-independent buckling : For load-controlled
buckling, the Load Factor and for strain-controlled
buckling, the Strain Factor, shall not exceed the following
values to guard against instantaneous buckling :

Load Factor Strain Factor
Design Loadings, Level A 3.0 1.67

Level B 3.0 1.67
Level C 2.5 1.4

Level D 1.5 1.1
Test 2.25 1.67

The design limits of NE-3133 may be applied for
cylindrical and spherical shells under external pressure.

• Time-dependent buckling : When creep is significant, to
protect against load-controlled time-dependent creep
buckling, it shall be demonstrated that instability will not
occur during the specified lifetime for a load history
obtained by multiplying the specified loadings by the
factors given below:
Service Loadings
Level A 1.5
Level B 1.5
Level C 1.5
Level D 1.25
No specific method is provided to obtain critical load or
critical time leading to creep instability.
A design factor is not required for purely strain-controlled
buckling because strain-controlled loads are reduced
concurrently with resistance of the structure to buckling
when creep is significant.
The temperature limits below which creep buckling has not
to be considered are given in terms of design life and
geometry (radius-to-thickness ratio).

ECCS RECOMMENDATIONS FOR BUCKLING OF
STEEL SHELLS

European Recommendations for Buckling of Steel Shells,
Fourth Edition, 1988 are not meant to be mandatory. Designers
and manufacturers are always free to base the design of a shell
structure on tests and/or properly verified buckling calculations
where, in particular, the shape imperfections and the assumed
boundary conditions have to be taken into account adequately.

The Recommendations do not include margins or safety
factors as a Design Code.

Cylindrical shells

Buckling under axial compression
• Range of applicability : The length 1 of the cylinder must

not exceed the limit defined by — < 0.95.. |— .
r Vt

• Limitation of imperfection : The amplitudes of the
imperfection are measured from a straight rod and a

circular template whose length is lr = 4 vrt . The ratio of
the largest measured amplitude to the corresponding lr must
not exceed 0.02.

• Strength condition : The design value of the axial
membrane compressive stress shall not exceed the design
value of the buckling stress :
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Y
•, with y = 4/3 when ccccr < 0.5 fy V

and : <7d < fy

s0.6

1-0.4123 —*- when aacr>0.5fy.

In these equations, fy is the yield stress, acr is the classical
critical compressive stress for an axially loaded and perfect
elastic cylinder, a is a reduction factor which is given versus r/t
by formulae or diagrams. Its minimum value is close to 0.12.

Extension to buckling under axial bending : Previous
equations can be applied to buckling of a cylinder under axial
bending, provided that the reduction factor a is replaced by ov
^ is also given analytically or graphically and is always greater
than a.

Other expressions of a are proposed in the cases of an
axial compressive load combined with bending and/or internal
pressure.

Buckling under external pressure
• Range of applicability : The procedure applies only to

cylinders for which deviations from the nominal circular
geometry are less than 0.5 % of the radius measured from
the true centre.

• Strength condition : The strength requirement in this case
is :
Pas Pu. where pu is determined as follows.

First py is obtained from : p =—fv (pressure at which
r

the mean hoop stress reaches the yield stress). Then, the
buckling pressure pcr of an elastic cylindrical shell is calculated
using small-deflection shell bending theory :

pcr = E— pmin, where Pn,;,, is a function of the dimensions of
r

the cylinder and can be read directly from a chart.

Third, one determines A = I—— . When A > 1 (elastic
VPcr

buckling), pu is found from a simple expression : pu = ocpcr with
a = 0.5. This coefficient takes into account conservatively the

effects of geometrical imperfections. When A < 1 (plastic
buckling), the value of pu / py is obtained directly from a curve

with A used as abscissa.

Shear buckling
• Range of applicability : The design value of the shear

stress %i results from the application of a shear load V
and/or a torque T :

met 2m• t

Limitation of imperfection : Deviations from the nominal

cylindrical geometry should be limited to r-t,. • < 0 . 0 1 .

Strength condition : The design value of the shear stress xd

is not permitted to exceed the design value of the buckling
stress:

The critical stress xcr for a perfect cylinder subject to shear
buckling in the elastic range is first calculated using analytical
formulae or a diagram and then xu is obtained applying a
reduction factor aT as in the case of the cylinder under axial
compression. Different formulations are used for Or in the
elastic and plastic ranges.

• Combined loading : Shear and/or torsion loads may act
simultaneously with axial compression and external
pressure. In this case, the buckling strength may be checked
by means of a linear interaction formula:

^u Pu Tu
tfu> Pu> tu are the design values of the buckling stresses for

each type of loading acting alone.

Spherical shells under external pressure
• Range of applicability : The procedure applies only to

spherical shells for which deviations from the nominal
geometry are less than 1.0 % of the radius measured from
the true centre.

• Strength condition : The strength requirement in this case
is, once again:

Pas Pu> where pu is determined as follows.

First py is obtained from : p = 2—f (pressure at which
y r y

the membrane stress reaches the yield stress). Then, the
critical pressure pcr on a complete perfect elastic sphere is
given by the ZOELLY formula :

p c r = 1.21E - (assuming v = 0.3).

Third, one determines A = I——. Using this value of A
VPcr

as abscissa, the corresponding value of pu / py is found from a
curve as in the case of the cylinder under external pressure. For
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elastic buckling (A > V 2 ) , the collapse pressure of the
imperfect spherical shell is given by pu = 0.18 pcr, which shows
the extreme sensitivity of imperfect thin spherical shells to
buckling.

Numerous other analysis cases are included in the
Recommendations, in particular cylindrical shells with
longitudinal and/or ring stiffeners, unstiffened cones subject to
various types of loading, liquid-filled unstiffened conical shells,
torispherical shells subject to uniform internal pressure.

BUCKLING ANALYSIS IN RCC-MR

RCC-MR rules (RB 3270)
RCC-MR, May 1993 Edition is the French Code for

mechanical design of structures in Fast Reactors and new
concepts of reactors. In paragraph RB 3270, it gives different
prescriptions for load-controlled and strain-controlled buckling.
Additional rules have to be verified if creep is significant.

• Negligible creep
No elastic or elastoplastic instability must occur for a

loading equal to the loading to be considered multiplied by a
coefficient k which depends on the applicable level criterion:

Level A : k = 2,5
Level C : k = 2,0
Leve lD:k= l ,3

It can be noted that these values are also those prescribed
in RCC-MR for the margins as regards plastic instability and
that they are lower than the corresponding margins given by
ASME, Section III, Subsection NE. In fact, the RCC-MR
coefficients implicitly consider the possibility to take into
account with accuracy the influence of geometrical
imperfections and their magnitude (see inelastic method of
A7.3000).

If the solicitations acting on the structure can be classified
as strain-controlled, buckling may be considered as acceptable :
RCC-MR only requires to examine the consequences for
fatigue and ratcheting under level A loading and does not give
any prescription under level C and level D loadings.

• Significant creep
The previous rules have to be verified during the whole

lifetime of the structure, taking into account shape
modifications due to creep under specified loadings (without
increase). In addition, RCC-MR prescribes that no instability
appears when multiplying level A and level C loadings by 1.5
and level D loading by 1.25 (without additional margin).

Methods of analysis (Appendix A7)
Appendix A7 of RCC-MR provides methods of analysis to

apply the rules of Chapter RB 3270.

Simplified elastic method (A7.2000)
The simplified method of A7.2000 does not need any non-

linear calculation, It consists of calculating first the Euler
critical loading considering the structure without imperfection
and then assessing a reduction coefficient representing the
effects of plasticity and geometrical imperfections using
diagrams provided by the Appendix. In that sense, the method
of RCC-MR A7.2000 can be compared to that of Code Case N-
284. The resultant reduced critical loading must verify the
margin prescribed in RB 3270. Different diagrams have to be
used for stable post-buckling (figure 2) and unstable post-
buckling. They are issued from numerical calculations on
Shanley beam models and are valid for austenitic steels. The
experience shows that they are very conservative when applied
to shell structures.

Inelastic method (A7.3000)
The aim of the inelastic method described in A7.3000 is to

determine accurately the critical loading and the associated
buckling mode, on the one hand taking into account the most
severe shape imperfection of the structure as regards buckling
which is compatible with manufacturing tolerances, and on the
other hand considering the real elastoplastic behaviour of the
material. The resistance of the imperfect structure to buckling is
then determined performing an incremental non-linear
calculation including the effect of large deformations. The
different steps of the method can be summarised as follows :

Loading
+

Nominal geometry Tolerances Loading

Elastic buckling
calculation

(buckling modes)

Modified
geometiy

Elastoplastic
calculation

Large deformations

Acceptance
conditions

The choice of the geometrical imperfection which
maximises the reduction of buckling load is generally based on
the first elastic buckling mode. Other choices are also possible.
The accuracy of this methodology has been proved comparing
the results to experimental tests.

Methods of analysis under cyclic loading (A7.4000)
Two alternative methods are proposed in order to assess

elastoplastic instability under cyclic loading (progressive
buckling). Both need to perform an elastic analysis on the
structure with its nominal geometry. They are applicable to
thin shells submitted on the one hand to constant primary
stresses, and on the other hand to variable secondary stresses.

In the first method, stresses issued from the elastic analysis
are modified to take the imperfection into account. The
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modified stresses must verify the rules of RB 3270 without
considering the effect of secondary stresses and also the
ratcheting rules (RB 3261) with Sm being replaced by 0.66Sm.
This last requirement ensures that the imperfection will not
grow up during lifetime.

In the second method, an evolution of the geometry due to
cyclic stresses is permitted. The modified stresses calculated
with the initial geometry are changed again into efficient
primary stresses using the so-called efficiency diagram of RCC-
MR. These efficient stresses have to meet the requirements of
RB 3270.

COMPARISON OF RULES FROM A PRACTICAL CASE

Geometrical and mechanical data
As an example, we consider a cylindrical vessel with the

following dimensions:
Mean radius : 5 700 mm
Thickness : 13.5 mm
Height :16 000 mm

The radius-to-thickness ratio ( = 345) indicates that the
vessel is a thin shell for which buckling is the main problem.
It is filled with water up to 15 700 mm and is closed with fiat
ends. The bottom is rigidly clamped to ground. The constitutive
material is the grade 304 L of austenitic steel.

The structure, which is representative of a storage vessel in
a PWR plant, is submitted to internal pressures due static and
dynamic actions of water during an earthquake. First, the
seismic response of the vessel is determined using a spectral
response calculation with fluid-structure interaction. The
pressure components acting on the structure are obtained and
consist of:

• A static part due to water weight,
• A dynamical part due to vertical earthquake which

is axisymmetrical (mode 0),
A dynamical part due to horizontal earthquake with a

sinusoidal azimutal variation (mode 1).

As far as buckling is concerned, the last component is the
most important. The resulting loading is an horizontal effort
which can induce a shear buckling or a bending buckling
(Matsuura et al., 1995). The figure 3 issued from this reference
indicates that, with the above dimensions, we are near the
boundary between the two types of buckling. The two other
components do not induce buckling by themselves but can lead
to buckling in the plastic range rather than in the elastic one.

Results
The vertical distributions of the pressures are shown in

figure 4.
In order to compare the buckling rules developed in the

previous paragraphs, a reference buckling loading is calculated
using a finite element model and applying the inelastic RCC-

MR methodology (A7.3OOO). The elements of the modelling are
specially adapted to buckling analyses of axisymmetrical
structures submitted to any type of loading thanks to a Fourier
decomposition approach.

First, an Euler buckling calculation is performed
considering the structure without imperfection. The first
buckling mode is obtained multiplying the nominal loading by
9.26 and is represented in figure 5. This calculation shows that,
in the present case, bending buckling arises at first and that the
real buckling load is in the elastoplastic domain.

Then, an incremental inelastic calculation is carried out
considering an elastoplastic behaviour of the material with
isotropic hardening and introducing a geometrical imperfection
(amplitude = 0.75*thickness) on the unloaded structure which is
homothetical to the first Euler buckling mode. At each step, an
eigenvalue analysis is performed in order to test the equilibrium
stability. An elastoplastic instability is detected when the
multiplying coefficient of the loading reaches 1.3. The shape of
the buckling mode is closed to the elastic one.

The reference calculation indicates that RCC-MR criteria
for a level D loading (Seismic Shutdown Earthquake) are
satisfied without additional margin.

The level of the buckling load is also assessed with the
following methodologies :

• RCC-MR elastic approach (A7.2000),
• Code Case N 284 formulation,
• ECCS Recommendations.

The following table compares all the results obtained and
recalls also the margins which should be met in accordance with
the Design Codes. It can be seen that only the inelastic method
of RCC-MR A7.3000 gives an acceptable value of the buckling
coefficient. On the other hand, it appears that buckling analysis
using the simplified method of A7.2000 is over-conservative.
Application of Code Case N-284, with bifurcation analysis by a
computer program, gives much less pessimistic results. Finally,
the evaluation of buckling load using the analytical/empirical
method of ECCS Recommendations is quite good.

Assessment method

RCC-MR A7.3000
(reference)

RCC-MR A7.2000

Code Case N-284

ECCS
Recommendations

Buckling
coefficient

1.30

0.38

1.01

1.19

Code margin
(level D)

1.3

1.3

1.34

No specified
margin

Code
acceptance

Yes

No

No

-
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FUTURE DEVELOPMENTS

Creep buckling
When creep is significant, chapter RB 3270 of RCC-MR

prescribes additional rules to prevent from creep buckling (or
delayed instability). In order to apply theses rules in practical
cases, a simple method has been developed to assess time to
buckling for a compressive loading which is under the level
corresponding to immediate buckling. This method, applicable
only for 316 SPH steel at the present time, is based on a
Shanley ring model with perfect plasticity and has been
validated by comparison with experimental results obtained on
cylinders under external pressure (Combescure, 1998). It gives
conservative values of time to buckling from failure curves
depending on temperature, slenderness of the structure and
initial imperfection. It has to be approved by a working group
involving FRAMATOME, CEA and EDF experts before being
included in Appendix A7 of RCC-MR. The different steps of
the design methodology using this approach can be summed up
as follows:
• Determine the temperature at which the structure is

working and choose the diagrams with the corresponding
temperature,

• Compute the elastic buckling load at this temperature, say

Pa
• Compute the load PL for which the structure plastifies,

deduce the structure slenderness ratio (Pg / PL) and choose
the diagram corresponding to the slenderness parameter
just above (figure 6),

• Compute the ratio x = P / PE, P being the applied load,
• Determine the ratio of initial imperfection over thickness, y

• If the point M (x,y) is under the failure curve
corresponding to the creep time to consider, creep buckling
will not occur.

A similar method should be applicable to the analysis of
progressive buckling, the creep time being replaced by the
number of cycles. Such an approach is presently discussed in
the working group in order to complete the two methods
already existing in A7.4000 (see § 4.2.3).

Dynamic buckling
In Japan, nuclear reactor facilities are designed to

withstand maximum design earthquakes SI, and extreme
designed earthquakes S2. In the frame of the Demonstration
Test and Research Program of Buckling of FR, a seismic
buckling design guideline has been established after a co-
operative work between university, engineering companies and
utilities (Akiyama et al., 1995). The guideline, based on
numerous experimental tests and analytical formulations,
provides seismic stability criteria for determining the structural
adequacy against shear-bending buckling of cylindrical shells
satisfying the following conditions :

Radius-to-thickness ratio : 50 < R/t < 400
Height-to-radius ratio : 1.0 < H/R < 5.0
The main idea of the guideline is that (in conventional

reactor buildings) occurrence of buckling does not always mean
the arrival of the limit state, because the total energy brought to
the structure by seismic motion is finite and the structure's
deformation can remain acceptable by the energy absorption
capability of the structure in the pre- and post-buckling stages.
Therefore, the most important points of the guideline are the
following:
• To simplify the problem, the main vessel is represented as a

one d. o. f. system. The behaviour of this system in the
domains of pre- and post-buckling and also its cyclic
behaviour can be defined with a numerical modelling or
analytical formulae issued from shear and/or bending
buckling test results. The force - displacement curve
obtained for the simplified system is of the type shown in
figure 7 and is rather close to the real one. This modelling
and the buckling analysis performed using global efforts
implicitly suppose that no critical local effects occur under
the maximum loading. This is in accordance with the test
results.

• The first safety requirement as regards buckling is that the
displacement corresponding to the maximum resistance
point (point B) must not be exceeded during earthquake SI.
Formulae taking into account the interaction between shear
force, flexural moment and axial force and also the
influence of geometrical imperfections allow the maximum
shear force to be determined. If a linear seismic analysis is
performed, this requirement is equivalent to divide the
seismic excitation by a coefficient u, > 1. This coefficient is
called "ductility" or "behaviour" coefficient. Empirical
expressions are provided to assess it.

We have to note that, in the case of a base-isolated reactor
building, the "ductility" approach cannot be employed, because,
in this case, the floor spectrum has a narrow band with a large
amplification corresponding to the building frequency (< lHz)
which is much lower than the first significant frequency of the
main vessel. The system is too stiff and the available ductility is
not enough compared to that which would be necessary.

In France, a practical rule for seismic buckling design has
not yet been included in RCC-MR. Recently, a state of the art of
dynamic buckling of FR's vessels has been published
(Politopoulos, 2000). Results of experimental tests carried in the
80's and 90's at CEA Saclay and INSA Lyon for cylinders under
sinusoidal solicitations (external pressure or shear) are recalled
but they are not sufficient to establish a practical and reliable
rule. The interest of the Japanese approach for the main vessel is
pointed out, but it is also noted that such an approach is in fact a
"static" one and would not be valid for the buckling analysis of
internal vessels under seismic loading, due to the possibility of a
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true "dynamic instability" which has to be investigated with
the coupled Hill equations.
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Figure 1 - ASME material chart for determining factor B
(316L steel)
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Figure 2 - RCC-MR buckling diagram
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Figure 4 - Cylinder filled with water - Distribution of static and seismic pressures

Figure 5 - Cylinder filled with water - Shape of elastic buckling mode



ooo©

P/Pt»0.5 316 SPH 600°C

-»- t a=1000h

- - * — t =10000h

Applied load P If \ ; \ V ; \
0.01

0.2 0.4 0.6 0.8 1

Figure 6 - Chart for simplified creep buckling
analysis (316 SPH steel)

Oe Ocr Ou

Figure 7 - Ductility of cylinders under
horizontal loading
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