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INTRODUCTION

The buckling strength of the cylindrical part of a reactor vessel is one of
the critical items in the seismic design of a fast breeder reactor (FBR). A
research project on estimating the buckling strength of FBR structures has been
made by Central Research Institute of Electric Power Industry and nuclear power
plant makers. It was sponsored by the Ministry of International Trade and
Industry of Japan. (Sawada et al, 1989, Hagiwara et al, 1989, Matsuura et al,
1989, Kawamoto et al, 1989, Murakami et al, 1989, ).

The shear type buckling mode is dominant for a pool-type FBR main vessel
when it is subjected to a horizontal seismic load. Not many studies have been
done on the shear buckling problems which can be applied to an anti-buckling
design for nuclear reactor vessels. Furthermore there is no design criteria
which takes account of such dynamic loads as seismic ones. (Kokubo et al, 1987)

It is important to clarify the post buckling behavior of the inertial loads
under seismic excitation for anti-buckling design.

The stable post buckling behavior is expected to be the seismic design
margin even if the applied load exceeds the critical buckling load. (Akiyama,
1987)

In this study, fundamental buckling behavior under inertial loads is
investigated through experiments and simulation analyses.

EXPERIMENTS

Vibration tests using cylindrical shells have been conducted to examine the
dynamic properties of the post buckling. Model shells with a diameter of 250mm
and a height of 125mm corresponding to about one-seventieth of a demonstration
class FBR reactor vessel size are machined to a 0.3mm thickness (type A) and a
0.6mm thickness (type B) from the stainless steel (type 304) pipes .

The ratio of radius to thickness (R/t) is 400 (type A) and 200 (type B).
The initial imperfection of the shells is within 50% of the thickness. The
material properties of the machine-made shells are shown in table 1.

The test apparatus is shown schematically in Fig.1. The upper flange
attached to the cylinder is connected to the large mass mounted on the linear
bearing. The friction force of the bearing is small compared to the buckling
force. A mass inertial force is directly applied to the cylinder in a lateral
direction when the base is excited by the shaking table.

Radial bearings are attached at both ends of the connecting link to prevent
momentum force loading. The weight of the mass is selected so that the natural
frequency of the test system falls into the available frequency range of the
shaking table. A mass of 6 tons is used for type A shells and 12 tons for type
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B shells. If the natural frequencies are 14.3 Hz (type A) and 13.3Hz (type B),
then the same input wave can be use for both type shells.

The screw jack is attached to the mass on the other side of the connecting
link to apply the static displacement for the static buckling test.

Random waves with a wide frequency band are used to the input of the
shaking table. Before performing the buckling test, a low level excitation test
is done to confirm the vibration properties of the test model within the elastic
shell deformation.

The response acceleration (AX) of the mass, the applied load (P) and the
beam type displacement (L) are measured. The results of the buckling tests are
shown in Table 2. The typical load-displacement relation under dynamic tests is
shown in Fig.2.

The energy absorption can be calculated from the hysteresis loop and the
input energy can be calculated from the response of the mass. (Table 3) The
energy E is expressed as the equivalent velocity V given in the equation,

= V2E / M
where M is the mass of the test system.

Elastic buckling appeared in the type A (R/t=400) shell tests. Even in the
post buckling region, the overall elastic properties of the shell can be
maintained if the buckling deformation is small. The hysteresis loop of the
load-displacement relation is different from that of the type B (R/t=200) shell,
and less energy is absorbed by the shell deformation.

Plastic buckling appeared in the type B shells. Shear stress exceeds the
yield stress and a hysteresis loop appears even if the applied load is within
the buckling load.

The load-displacement relations of the dynamic tests were confirmed to be
equivalent to those of the static buckling tests. This indicates that the shell
structure acts as non-linear stiffness and local shell deformation modes caused
by the dynamic response are negligibly small. ‘

The natural frequencies of the shell modes are much higher than those of
the fundamental beam type vibration mode that appeared in the dynamic tests.
This vibration characteristic of the test system is similar to that of the
actual size reactor vessel, and the post buckling behavior of the reactor vessel
can be predicted by the experimental results.

The dynamic buckling test results show that an abrupt collapse does not
occur and that the shell bending displacement response is stable. These dynamic
properties are due to the large energy absorption capacity of the shell
structures under excitation.

SIMULATION ANALYSES

Analyses using a one degree-of-freedom (DOF) model with a hysteresis
restoring force were carried out to simulate the dynamic buckling tests. The
load-displacement relation is defined by the simplified hysteresis rules imposed
on the experiment. The skeleton curves used in the one DOF model are shown in
Fig.3. Two different hysteresis rules were prepared, one for elastic shear
buckling (shell type A), and the other for plastic shear buckling (shell type
B).

The skeleton curve is identical to the load-displacement curve under
monotonous loading. Therefore, once the displacement gets into the
inexperienced region, the path follows the skeleton curve. In the plastic
buckling, the unloading path from the skeleton points to the buckling load point
on the opposite side, and then the loading path points to the last experienced
point on the skeleton. This loading path is approximated by the quadric curve.

In the elastic buckling, the unloading path returns to the initial skeleton
curve with a slope of 10 % of the elastic stiffness. The loading pass follows
the skeleton curve.

The base acceleration waves of the experiments are used for the analyses
input. The analytical results compared with the experiments are shown in table
3. The load-displacement relations are shown in Fig.l.
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The analytical results agree well with the experiment in both the maximum
response and energy absorption. The dynamic behavior of the cylindrical shells
including post buckling can be well explained by the simulation model with the
hysteresis restoring force.

DISCUSSION

As we got only two point data for each type shell, the simulation analysis
was carried out to investigate the dependency of the response to the input
acceleration. The maximum displacement for the input acceleration waves, which
are proportional to the base wave of the experiments, is shown in Fig.5. The
responses are nonlinear after the buckling and depend on the input waves. The
relations between the maximum displacement and the velocity Vd equivalent to the
absorption energy are stable, as shown in Fig.6. The maximum displacement can
be predicted from the energy-displacement relation for the design seismic waves
if the input energy is given.

An energy spectrum of the linear system with viscous damping (10 % to the
critical damping) can be used for the hysteresis system. (Akiyama, 1987) The
energy spectrum of the wave used in the test is shown in Fig.7. The equivalent
period of the hysteresis system depends on the response, and ranges from the
period in the elastic region to the post buckling region. The absorbed energy
corresponds to the input energy averaged throughout the equivalent periods.

The maximum input energy in the range of the equivalent period can be
predicted by the energy spectrum with 10% damping if the post buckling
displacement is large. The seismic design margin can be estimated by comparing
the input energy of the design seismic wave to the energy which induces the
allowable deformation in the post buckling region.

CONCLUSION
. The post buckling behavior of the short cylindrical shells under dynamic

inertial loads is clarified by model excitation tests. For the shear buckling
mode, the shells do not collapse immediately even if the shell deformation
exceeds the buckling and has an energy absorption capacity that causes a stable
post buckling response under a dynamic load.

The one degree-of-freedom model with the hysteresis restoring force can
well simulate the basic dynamic properties of the post buckling system.

The structural strength- margin at the buckling point can be evaluated by
the energy absorption capacity of the FBR main vessel after the buckling.
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Tablel. Model Geometry and Material Properties

Fig.1 Schematics of the Test Apparaﬁus

Linear Bearing
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. . . Young’s | 0.2%Proof
Radius Height Thickness
Model Type ' Modulus stress
R(mm) H(mm) t(mm) E(GN/m2) (MPa)
A 125 125 0.31 195 349
B 125 125 0.63 195 316
Table2. Results of Buckling Tests
Input Response | Response Max. Buckling
R/t |ModelNo.|] Accel. Accel. Disp. Load Disp.
(gal) (gal) (mm) (kN) (mm)
400 A3 153 186 2.10 11.7 0.33
A4 141 208 0.37 13.2 0.32
200 B2 275 361 1.16 45.8 0.57
B3 357 321 9.8 40.3 0.54
Table3. Absorbed Energy of the Test Models
Analytical Results
Experimental Results
Natural Input Response | Absorbed | Total Input
Model No. Freq. Accel. Disp. Energy Energy
(Hz) (gal) (mm) Vd(kine) Ve(kine)
1.72 9.1 124
A3 14.3 153 2.10 11.8 12.5
0.45 245 6.5
Ad 14.3 lad 0.37 1.20 4.1
1.21 16.1 19.2
B2 133 275 1.16 14.3 16.5
9.93 38.9 42.8
B3 13.3 357 9.80 422 44.7
Radial Bearing A-1X
Screw Jack
Model Shell P-1
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