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Dynamic Tests of Structures for 0il Tanks and Nuclear Power Plant
Seiichi Inaba

National Research Center for Disaster Prevention

Summary

In our country, it is necessary to build more nuclear power plants in order to
overcome the energy problem, and also to build large oil tanks in order to
increase the awount of researved crude oil. It becomes an important subject of
engineéring to design aseiswic structures for nuclear power plants, oil plents,
gas tenks, and other industrial plants for the purpose of preventing disasters
due to the earthquake. Under these circumstances, several dynamic tests of
plant structures have been carried out by using the large-scale shaking table of
the National Reseszrch Center for Disaster Prevention (NRCDP) in Tsukuba New Town.
This report is to introduce briefly the dynamic tests and their results of &
graphite snielding structure, oil tanks, fuel assemblies of nuclear reactor, and

& contaziner vessel of thin shell.

1. Introduction

The large-scale shaking table of the NRCDP was built in 1970. Since then,

numbers of vibration tests for structures have been performed under the joint
resezrch programs with engineers of other research organizations. Most of the
dynamic test projects have been related to the problems of soils, soil-structures,
and soil-structure interaction. Some of the test results were reported on the

former Joint Panels on Wind and Seismic Effects.

2. Dynamic Test of Graphite Shielding Structure

The dynamic test of graphite shielding structure for fast reactor was carried out
by the Power Reactor and Nuclear Fuel Development Corporation and the Building
Research Institute in June, 1971, using the large-scale shaking table of NRCDP.

The graphite shielding structure is a masonry -type structure composed of a great
number of graphite blocks to fill the space between & reactor vessel and z szfety
vessel. It is necessary to leave gzps between the blocks to absorb dimensional
changes due to thermal expansion and radiation effects of graphite. The graphite
blocks are connected by the graphile shear keys, and the outside rows of the

block® are linked by steel pins with the szfety vessel.
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Aseismic stability of this structure is to be proven directly by vibration test,
because it is difficult to analyse theoretically those structures with many gaps.
The model of the graphite shielding structure was built using the same materials
as those of the prototype, and the geometric scale was one half. The graphite
blocks of 11 layers wege piled up and jointed to = cylinder cell of 3200 mm in

outer dicmeter, 2270 mm in inner diameter, and 1067 mm in height.

The model structure was tilted to 30 degrees and then to 45 degrees on the
shaking table to apply the lateral force for & static test. Dymnamic tests were
carried out inducing sinusoidal waves of various frequency range and the design
earthquake waves obtsined from dynumic response at the installed elevation of the
graphite shielding structure. Measurements of stresses in the representative
blocks and keys, stresses of the pins, relative displacements of blocks, and
accclerations of the graphite blocks were widely made during the tilting test and
the vibration test. After the completion of these tests, an ultimate strength
test was curried out by applying static load to determine the ultimate strength
of the several graphite blocks of 1 or 3 layers and 3 rows connected by the shear

keys «nd pins.

The result of the ultimate strength test shows that the ultimate limit accelera-
tion of the block correcponding tc the collapse made around the pin hole ( the
limit scceleration for the pin ) was 52.4 g and the ultimate limit acceleration
of the block corresponding to the collapse mode around the key way ( the limit
acceleration for the key ) was 57.3 g.
The results of the static tilting test indicate that the limit acceleration for
the pin and that for the key were 31.8 g and 56.9 g respectively from the
measured stresa values due to the lateral force of 45°inclination. Therefore,
stress concentration on the model structure of actual rows was greater than
that of three rows. Dynamic amplification was decided from the data of the
vibration tests and the values for the pin and for the key were 6.8 and 3.5
respectively, Thus, tiae limit acceleration for the pin was 4.7 ¢ and that for

the key was 16.3 g. The vibration test of 1/2 simulation model shows that the
limit acceleration was 4.7 g, which is equivalent to 2.3 g in the prototype

atructure according to the similarity law.

The results of the response analysis of the reactor building and the safety
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vessel supporting the graphite shielding structure indicate that the maximum
regponse acceleration by design earthquake ( 0.15 g at the buse of the building

foundation ) was 0.43 g at the elevation of the graphite shielding structure.

It is considercd, therefore, that the graphite shielding structure was aseismic.
The safety vessel had high stiffness and the earthquake response of the vessel was
uniforr in the vertical direcfion, The effect of insufficient numbers of layer
for the model canr be ignored. The design of the graphite shielding structure

cas be applied to areas of greater design earthquake than this reactor, if the

pin is reinforced.

3. Dynamic Test of Fuel Assembly for Nuclear Reactor

The fuel assembly of nuclear reactor is one of the most important structures
constructing the boiling water reactor, and it is necessary to evaluate the
dynsmic characteristics of the fuel assmbly. The dynamic test of the fuel

asseubly was carried out by the Hitachi and the NRCDP in June,1974.

A unit of 4 fuel elements was used for the test. The element had a dimension of
4,500 mm in length, containine 49 fuel rods inside the channel box of 138 mm side
and 2.03 mm thickness. The model fuel element was built using the fuel rods made
from lead, of which density was approximately equivalent to that of the uranium
dioxide. A unit of 4 fuel elements was fixed with the supporting system inside

a steel tank of dimensions of 80C mm in dicmeter and 5200 mm in height.

The lateral forces of vibration were applied to two horizontal directions of 0
degree and 45 degrees which were the angles between the side of the fuel element
and tne direction of the dynamic force, The influence of the control rod insert-
ed to the gap oI cross shape between tne fuel elements was studied. The effects
of boiling water inside the reactor core were also tested by filling water into

the tank simulating submerged condition.

The upper joints of the fuel element are composed of the channel fasteies and the
upper lattice panel, and the channel fastener ( hereunder called spring joint )
is fixed by a spring in the original design. Tests using a wedge type fastener
were carried out to study the effect of fixed supporting system ( nereunder call-

ed pin joint ).
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Dynamic response of the structure was measured by accelerograms installed to the
fuel assembly, tank, and the shaking table. Sinusoidal waves of the frequency
range between 3.0 and 8.0 Hz at the sweeping speed 0.025 Hz/sec were induced for
the vibration tests. The input accelerations between 0.1 g and 0.3 g were chosen
to test the influence of the various vibrational force on the response. Design
earthquake response waves obtained from the analysis were also applied to the

model structure under several steps of maximum accelerations.

There were not much differences in the frequency characteristics between the test
results of sweeping from lower frequency to higher one and the tests results of
sweeping from higher frequency to lower one. This means that the non-linearity
of upper spring joint was not so apparent as was assumed. The acceleration
perpendicular to the direction of dynamic force of vibrating elements was 1/3 of
that of the direction of tavle vibration. The measured accelerations during
vibration of 45 degrees direction was smaller than those during the vibration of
0 degree direction, aud the difference became smaller as vibration force was in-
creased. The dynamic amplification ratio was greater for the O degree direction
than 45 degrees of vibration. In the cases of the spring joint system, the
resonant frequency became higher and the amplification ratio increased associated
vith the increase of the applied force. In the cases of the pin joint system,
the amplification ratio of the elements was constant even when the applied input
force was increased. The resonant frequency of the fuel assembly with inserted
control rod was not different from that of the structure without control rod.
when the fuel assembly was sunken into the water, the amplification factor of the
fuel element with control rod was reduced to the range between 1/2 to 1/4 of
that of the element without control rod. The data indicate the effect of control
rod. as damping, and the inserted control.rod can reduce the dynamic response due
to earthquake. Amplification ratio obtained from the earthquake vibration tests
were in the runge between 1.1 and 1.3, and the dynamic amplification ratio of 2.0

for the actual‘design of fuel element was conservative.

The results of tne dynemic tests show that it is necessary to design the fuel
assembly, in the case of structures, without control rods and with the force
direction of O degree. The non-linear characteristics of the fixing joint system
cause no problem on the response analysis under the comparatively greater design,

accelerations and also when the fuel assembly is submerged into the water.
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4. Dynamic Test of Thin Shell Container Vessel

Container vessels for the nuclear reactor are the shell type vessels with addi-
tional structure elements inside the wall, and it is assumed that such vessels
show complicated dynamic response due to earthquske. The dynamic test of a model
thin shell container vessel was carried out by the Hitachi and the NRCDP in July,
1974 after tae test of fuel assembly for the purpose of evaluation of the dynamic

behavior of the container vessel.

The model structure oif domed shape had the diuension of 2400 nm diameter, 3600 mm
height und 2 mm tnickness, and the material was vinyl chloride resin. The model
was bolted through the circular flange bonded to the bottom of tne vessel, and
was fixed on the large-scale shaking table., A model container vessel, a model
with supplement:ry weight inside the shell wall and a model with stifféner belt
outside the vessel were tested by vibration force. The sinusoidal waves sweeping
the fiequencies under constant acceleration and the earthquake waves were applied

for the vibration tests.

The accelerations of thin shell in normal direction and the stresses of the shell

in radial and vertical directions were measured using accelerograms and strain

gages.

The results of the dynamic tests indicate that the vibrational behavior of the
thin shell type vessel is mostly caused by the beam type vibration of vertical
direction, The resonant frequency was approximately 19 Hz and the resonance was
not so much influenced by the supplemeatzry weight or by the stiffener. In the
range of low frequency, some characteristics of shell type vibrztion were found,
but the amplification: was smaller than those of the beam effect. Effects
of shell increase the resonant frequencies of shell type vibration but reduce the

dynamic amplification in the lower frequency range.

5. Dynamic Test of 0il Tank

To increase the crude o0il reservation in Japan, it is necessary to build super-
scale oil tanks for crude oil. The dynamic test of model oil tank was carried
out to confirm the aseismic stability of the floating roof tanks. Such tanks
are conzidered to be suituble for the super-scale oil tank, The dynamic test

was carried out by the Nippon Kokan ( NKK ) and the NRCDP in February, 1974.
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The purpose of the test was to know the sloshing movement of fluia in the tank
and the stresses of shell wall due to the earthquake, and to design the aseismic
floating roof tanks. Wave heights of fluid, dynamic pressures, velecities, and
the strains of the tank shell were measured to obtain the dynamic characteristics
of tank cylinder and contained fluid. Sinusoidal, triangular, rectangular waves
were applied for the dynamic test and earthquake simulated waves of six represent-

ative earthquakes were also induced.

Three model tanks were built on the sheking table. A cylinder type model for
sloshing test ( diameter of 286C mm, height of 1219 mm, steel plate thickness of
4.5 mm ), a rectangular type model for slosaing test ( length of 20C0 mm, width
of 100C mm, height of 10UC mm, steel plate thickness of 4.5 mm ) and a cylinder
type model ( diameter of 2190 mm, height of 914 mh, steel sheet thickness of 0.4
mm ) were constructed for the dynamic tests. The cylinder type model tank for
sloshing test was also used to find damping effects of a floating roof with damp-
ing fins which were put on the fluid surface. The results of the dynamic tests
show that tne stresses of cylinder wall due to vibrational force were greater

but the stresses due to sloshing fluid were less than the stresses assumed from
the analysis. Netural frequencies of the sloshing fluid with free surfece were
in good agreement with tnose obtained from the theoretical snalysis. When the
sinusoidal waves of natural frequencies of 0.5 Hz of first mode, 1 Hz of second
mode, and 1.2Hz of third mode were applied to the model tank, the sloshing phenom-
ena in resonance were. apparently caused by the vibration of sinusoidal waves.

No sloshing phenomenon was observed in the range of frequency different from the

natural frequencies.

In order to reduce the sloshing movement of fluid surface, dynamic tests were
carried out for the cases using floating roof, floating roof with fins for damping
and & case in which some water as weights was filled on the floating roof. The
result of the tests with floating roof shows that the damping coefficient was not

different from thut of the free surface fluid. In the case of test for tanks of
floating roof with dauping fins, the damping coefficient of sloshing was three
times as much as that of free surface sloshing. 1In the case of test for tarks

with floating roof over which water was filled as weight, the damping coefficient
was two times as much as that of free surface sloshing. This means the effective-

ness of damping fins to reduce sloshing movement.
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6. Conclusion

This paper has briefly described the dynamic tests by using the large-scale shak-
' ing table of the NRCDP and their results on structures for nuclear power plants
and oil tanks, about which people of our country are concerned to prevent ihe

disasters due to the earthquake.

The fire of o0il tanks due to the Niigata Earthquake in 1964, and the crude oil
leskage and pollution caused by the collapsed tank to the Inland Sea in Ckayame
in 1974, and the possiole Kawasaki Barthquake predicted from the data on ground
upheaval have aroused people's concern in the field of earthquake engineering. and
in the aseismic stability of structures for industrial plants. But the industries
and the private organizations are mostly responsible for the design of such struc-
tures and the government institutions can not regulate the design of such struc~
tures. It is necessary to develop the theoretical analysis of the dynamic behav-
ior of plant structures and also to test the large-sczle structure on the shaking
table. We have to stimulate improvement of shaking table, development of tech-

nigue for dynamic test, and studies regarding simulation and modelling.

The Resources and Energy Agency of the Ministry of International Trade and Indus-
try has appropriated the part of the fund to build a new large-scale shaking table
in the budget for the fiscal year of 1975 - 1976. The shaking table of the 30 m
square size cerrying test structure of 1000 tons is to be built for the dynemic
test of structures for nuclear power plant in the future. However, there still

remains some problems on the construction of such super-scale shaking table.

It is hoped to exchange technical information concerning the problems through the

Joint Panel on Wind znd Seismic Effects.
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