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ABSTRACT: Dynamic experimental studies of the plastic shear/bending buckling of
cylindrical shells were performed. They clarified the inelastic response reduction and
the seismic margin of FBR reactor vessels. The test results were incorporated into the
draft of the seismic buckling design guidelines of FBR.

1 INTRODUCTION

Reactor vessels of FBRs are cylindrical shell structures, whose critical failure mode
during earthquakes is plastic buckling in shear or bending mode. In buckling prevention
of the reactor vessels, it is of primary importance to realistically evaluate the inelastic
response reduction in the pre-buckling stage and the seismic margin between the design
conditions and the ultimate state defined in the post-buckling stage.

The authors have conducted dynamic and pseudo-dynamic buckling tests in order to
collect experimental data which form the background of the draft of the seismic buckling
design guidelines for FBR. This paper summarizes the accomplishment of the dynamic
experimental studies and its contribution to the final guidelines.

2 PRELIMINARY STUDIES

Preliminary dynamic buckling tests using small scale models were performed from
FY1987 thru FY1989 (Hagiwara et al. 1989; Nakagawa et al. 1989; Hagiwara et al.
1991a). These tests clarified the fundamental qualitative characteristic of the plastic
shear/bending buckling, that is the response reduction effect due to pre-buckling plasticity
and the seismic margin contributed by the post-buckling energy absorption.

Pseudo dynamic buckling tests were performed from FY 1988 thru FY 1990 (Hagiwara
et al. 1991b; Kokubo et al. 1991; Murakami et al. 1991; Ishihama et al. 1992; Hagiwara
et al. 1993b). The pseudo dynamic tests can cause buckling on relatively large scale
models made of steel and the tests were performed under elevated temperature that
corresponds to the operating temperature of FBR. The results of pseudo dynamic buckling
tests were the first quantitative results on the nonlinear dynamic response of cylinders
including buckling occurrence.

A couple of studies were performed by one of the authors apart from this research
project (Kawamoto et al. 1989), which also contributed our knowledge on the dynamic
buckling problems of cylinders.
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3 DYNAMIC BUCKLING TESTS

Dynamic buckling tests were performed from FY1990 thru FY1993 as the final procedure
to prepare the fundamental experimental data on the dynamic nonlinear effect.

The test apparatus for the dynamic buckling tests is an idealized nonlinear SDOF
system which includes a cylindrical shell model and a large mass (Fig. 1). The material
of the models are stainless steel, SUS304, and aluminum alloy, A3003P-O. The stainless
steel models' temperature were elevated up to 500 C.

The test apparatus was anchored to the dynamic buckling test facility, a shaker table,
and the dynamic buckling tests with seismic excitation were performed. Two seismic
motions were used in the tests. ENVELOPE is a simulated seismic motion whose
spectrum envelops a several floor response spectra calculated for a hypothetical hard
rock site and half-embedded reactor buildings. FR4 is a floor response for a hypothetical
relatively-soft rock site and a surface-mounted reactor building. The fundamental natural
frequencies of reactor vessels were assumed to be 6.5 Hz in all conditions, and the time
axes of the seismic motions were so scaled that the cylindrical_model-mass SDOF
systems’ natural frequencies correspond to 6.5Hz under the scaled time. The acceleration
and the displacement responses of the model, the mass and the table, and the load
applied to the model were measured in each test.

4 RESPONSE REDUCTION EFFECT

The nonlinearity of load-displacement relations due to plasticity appears prior to the
occurrence of buckling. Under repeated seismic loading, load-displacement hysteresis
significantly damps vibration of the structures. This inelastic response reduction gives
the biggest impact on the seismic buckling design, because its consideration reduces the
design seismic loadings on the reactor vessels down to 50~70% of the loadings on the
linear systems which structures are assumed to be in the conventional seismic design
methodology of nuclear systems (Hagiwara et al. 1991b; Kawamoto et al. 1991).

The draft of the seismic buckling design guidelines requires a set of equations for the
prevention of the plastic shear/bending buckling with the form of Eq. (1) (Hagiwara et
al. 1993a). In the equation, the response reduction factor which reduces the seismic load
evaluated by the linear seismic analysis is introduced.

Dsca(Qi/Qal)<l (N

where, D; = response reduction factor, C = response amplification factor by vertical
seismic loading, o = load safety factor, @ ; = seismic load evaluated by linear seismic
response analysis, Q 4 = allowable buckling load.

D is defined by following ratio of the loads under the seismic motion amplitude
when the elasto-plastic buckling occurs.

D.= the load actually applied when the buckling occurs
s the load evaluated by the linear analysis

@)

Based on the preliminary studies, following set of equations were proposed as the
expressions for the response reduction factor for the draft guidelines.
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1/ y ;8S4(To)/ZPAZ2
D,={ 27ZPA/S s(T¢);2<8,(To)/ZPA<2 y (3)
1 38 4(To)/ZPAS2

where, g = nonlinearity factor, S4(T¢)/ZPA = acceleration amplification factor at
the structure's fundamental period T, S 4(T) = acceleration response spectrum at
period T (with damping h=0.01 ), ZPA = Zero Period Acceleration of S 4 (7T) (
=38 4 (0) ). The nonlinearity factor u is defined by Eq. (4).

p=8018,=841Qu ko) )

where, &, = buckling displacement , §, = the displacement when a linear system
reaches the buckling load, k¢ =initial stiffness.

Based on the dynamic buckling test results, the applicability of the proposed expression
of the response reduction factor (Eq. (3)) was examined. Figure 2 shows the comparisons
of the maximum load actually applied to the cylindrical models during the tests, the
load evaluated by the tentative expression of the response reduction factor (D =1/ )
which disregards the effect of seismic motion characteristics (Hagiwara et al. 1991b,
Kawamoto 1991), the load evaluated by the proposed expression (Eq. (3)), and the load
on the linear systems. The proposed expression Eq. (3) was always conservative because
of the limitation of D based on the acceleration amplification factor.

5 DUCTILITY

As shown in Eq. (4), the nonlinearity factor y is the ductility factor when the buckling
occurs. The nonlinearity factor y is evaluated by an empirical expression, Eq. (5)

p=1+15exp (-8 (Sy/g) - (R/t)) )

where, R/t =radius / thickness, S, /E = yield stress / Young's modulus.

Figure 3 shows the comparisons between Eq. (5) and the static buckling test results
for stainless steel cylinders and the dynamic/pseudo-dynamic buckling tests. Both the
static and the dynamic test results show that Eq. (5) gives conservative evaluation.

6 SEISMIC MARGIN

The shear/bending plastic buckling during earthquakes can be stable even in the post-
buckling region where the load carrying capacity reduces. This implies that the earthquake
loadings are not the load-controlled type. In the load-controlled-type phenomena, such
as the buckling of cylinders under dead-load compression or hydrostatic pressure, the
reduction of the load carrying capacity directly means the total collapse, or, the occurrence
of the ultimate state of the structures. This never occurs under earthquake loadings
because of the finite energy input of seismic motions and the energy absorption capacity
still maintained in the post-buckling region. For the earthquake-induced shear/bending
plastic buckling, it is necessary to evaluate the seismic margin regarding the ultimate
state which exists in the post-buckling region in order to know the realistic seismic
safety.

471



E016-4

The draft of the seismic buckling design guidelines requires confirming sufficient
seismic margin. The seismic margin in the guidelines is defined as follows.

the seismic input level when a structure reaches the ultimate state

f= the seismic input level of a design earthquake motion (6)

The draft guidelines require that the seismic margin for S2 earthquakes should be
bigger than 1.5 regarding the ultimate state defined as the relative displacement of

cylinders, &, , which is defined as follows:

Su=min.{ 28,55, %)

The seismic margin can be assessed by either of the following two methods.
1. Nonlinear SDOF analysis

2. Energy balance method

The nonlinear SDOF analysis is convenient for the detailed assessment regarding
specific conditions. A restoring force model of the plastic shear/bending buckling was
developed for the analysis, in which the skeleton curve is defined by Rarberg-Osgood
model and piecewise linear segments. The hysteresis rules is based on Ramberg-Osgood
model modified by Jennings (Jennings 1964) and extended by the authors for the
post-buckling region (Hagiwara et al. 1995).

The energy balance method (Hagiwara et al. 1991c¢) is suitable for the comprehensive
assessment regarding generic conditions. In this method, the seismic motion intensity is
evaluated by the energy spectra of highly-damped linear SDOF systems. On the other
hand, the structure’s capacity of energy absorption is generically evaluated by the nonlinear
SDOF analysis or the dynamic buckling tests. The seismic margin is assessed by the
ratio of the energy absorption capacity to the energy spectrum in velocity dimension.

7 EFFECT OF VERTICAL SEISMIC MOTION

In order to know the effect of vertical seismic motion on the nonlinear horizontal
response induced by horizontal seismic motion, bi-axial pseudo-dynamic buckling
tests were performed (Nakagawa et al. 1993) of which results were incorporated into
the draft guidelines as the response amplification factor by vertical seismic loading (see
Eq. (1)). The recent advances in this problem will be presented in another place of this
conference.

8 CONCLUSIONS

This comprehensive experimental work on the inelastic seismic buckling of cylindrical
shells enables us to quantitatively assess following seismic response characteristics of
FBR reactor vessels:

1. Inelastic response reduction

2. Pre-buckling ductility

3. Post-buckling response and the seismic margin

Consequently, it is clarified that the reactor vessels can survive severer earthquakes
than we expected before these studies began. In other words, thinner reactor vessels
may be feasible now, which also contribute the long-term structural safety of FBR
through the reduction of thermal stresses.
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Fig. 1. Dynamic buckling test apparatus and the test model (R = 500~640mm in the
aluminum models, 400mm in the stainless steel models, L/R = 1~1.5, H/R = 1.5~2.5)

linear re'sponse' (analy'tical; h=1 %)
|.Ds = 1/
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| Eq. 3)
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Fig. 2. Inelastic response reduction in the dynamic tests (AL: aluminum, HS: high
temperature / stainless steel, numbers after AL/HS: R/t, ENV: ENVELOPE)
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Fig. 3. Test results on the nofilinearity factor ( (a) static tests; (b) dynamic tests )
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