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SUMMARY

In order to evaluate the vibrational characteristics of reactor buildings
of 1JTkata Nuclear Power Stations, forced vibration tests were carried out
and earthquake motions were observed. Using four kinds of analytical models
and methods, including those used for the seismic design of the power statioms,
the dynamic analyses were performed to simulate the vibrational characteristics
evaluated from the tests and the observed earthquake motions. The vibrational
characteristics obtained by each of the four kinds of simulation analyses
agreed well with the characteristics obtained by the forced vibration tests
and the observed earthquake motions.

INTRODUCTION

The Ikata Nuclear Power Stations, Unit No.l and Unit No.2 of the Shikoku
Electric Power Co.,Inc. are PWR-Type 2-loop plants of 566 MWE each. Unit No.l
has operated since Sept. 1977 and Unit No.2 since March 1982. (Fig.l) The
forced vibration tests were performed on the reactor containment facilities
(Reactor Building) of Unit No.2 in Feb. 1981 before operation. Three signifi-
cant earthquakes have been observed at the reactor containment facilities and
in the rock under the foundation of Unit No.l so far; Bungo Channel FEarthquake
(1977, M = 4.2, A= 21km), Suoh-Nada Earthquake (1979, M = 6.1, A= 47 km) and
Iyonada Earthquake (1981, M = 5.0, A= 15km).

The Suoh-Nada Earthquake gave larger accelerations than others. This report
describes the forced vibration test of Unit No.2, the Suoh-Mada earthquake

motion recorded at Unit No.l and the simulation analyses for them. With the
results we have confirmed the adequacy of the seismic designs of Structures.

FORCED VIBRATION TESTS OF UNIT NO.2

The reactor containment facilities consist of an outer shield wall (0/8),

an inner concrete structure (I/C), and a steel containment vessel (C/V)for
each unit. All of the buildings of the facilities were finished and most of
the machinery and piping system was set up when the tests were performed.
The locations of the measuring points for the beam vibration test for the
1/C in Y direction is shown in Fig.?2 as an example. The resonance and phase
Lag curves were obtained at measuring points in the structures.

The resonance and phase lag curves at the operating floor of the I/C in
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Y direction is shown in Fig.3 and Fig.4 shows the resonance curves at the
measuring points of the I/C were drawn together in Y direction as examples.
The first-mode and the second-mode shapes, including the sway-rocking mode of
the foundation, is shown in Fig.5. The resonance frequencies and the damping
factors of the 0/S and the I/C in regard to the beam vibration are shown in
Table I along with the resonance frequencies in the seismic design.

Using three kinds of analytical models and methods, including those used
for the seismic design of the power stations, the dynamic analyses were per-
formed to simulate the vibrational characteristics evaluated from the tests.
(Fig.6) To evaluate the soil-structure interaction we used the following
three different models. In these models the same lumped mass model was used
for the superstructure. The only difference in the models was the soil model.

(1) A static swaying-rocking spring model (Fig.7)
The dynamic analysis was performed using the static swaying-rocking
spring (Table II) and the modal superposition method with strain-
energy modal damping. This model and method were used in the design.

(2) A dynamic swaying-rocking spring model (Fig.7)
A dynamic swaying-rocking spring was frequency-dependent and was cal-
culated on the base of Dr. H. Tajimi's vibration admittance theory of
the soil-structure interaction. The dynamic analysis was
performed using Fast Fourier Transform (FFT).

(3) Three dimensional thin layered element model (Fig.8)
Transfer functions were calculated using the three dimensional thin
layered element method developed by Dr. H. Tajimi. The dynam-
ic analysis was performed using FFT.

The, strain level of the structures by the forced vibration tests were
small and the material properties in this level have to be investigated for
the simulation analyses. During the construction of the 0/S, eighteen test
pieces of the concrete were made. Using these pieces, static and dynamic
elastic moduli of concrete in the range of small strain were obtaianed. The
result is shown in Table III and the elastic modulus of concrete was evaluat=
ed to be Ec = 3.7 - 4.0 x 10° kg/cm?.

The Simulation Analysis (1) (ANAL.1) The first-mode frequencies obtained
by the eigen value solution with the elastic modulus of concrete at Fe = 3.9
x 105 kg/cmz, are shown in Table I. The response analysis was performed
using the analytical shaking force of a sine wave having the amplitude of one
ton, and acting at the same place vibrated in the test. The damping factors

obtained by the forced vibration tests with the 1/Y7 method were used for the
structures. For the sway-rocking spring, the same value of 5% was used as

the design. The displacements per unit of the shaking force are shown in
Fig.1l0 and Fig.ll along with the results of the tests.

The Simulation Analysis (2) (ANAL.2) The dynamic sway-rocking spring and
the dimensionless frequency (ae = r-w/Vs, w : circular frequency) are shown
in Fig.9. The resonance and phase lag curves were analyzed using the dynamic
spring, and are shown in Fig.10 and Fig. 11 compared with the results in tests.

The Simulation Analysis (3) (ANAL.3) The analytical model is shown in Fig.
8. The rock is modeled with ten thin layered elements. The analyzed reso-
nance and phase lag curves are shown in Fig.l0 and Fig.11.

Fig.1l0 and Fig.ll show that the results of three kinds of analyses are similar
to each other and are nearly equal to those of the tests.

THE SUOH-NADA EARTHQUAKE OBSERVED AT UNIT NO.1
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Tﬁe Sgoh—Nada earthquake was observed by the electromagnetic seismographs
shown in Fig.12. Twenty-five horizontal and 13 vertical units of seismographs
were located at 16 points in the rock under the foundation, on the foundation,
and on the structures (0/S, I/C, C/V and A/R).

Fig.13 shows the observed horizontal waves of the Suoh-Nada Earthquake
which were measured on top of the main structures and in the rock. This
figure shows the propagation of the earthquake motion from the rock to the
tops of the structures.

The distribution of the maximum horizontal accelerations of the Suoh-Nada
Earthquake are shown in Fig.l4.

Using the following four kinds analytical models and methods, those of
(1), (2), (3) are used for the simulation analyses for the forced vibration
tests of Unit No.2, the dynamic analyses were performed to simulate the
vibrational characteristics evaluated from the observed earthquake motions.

In these models the same lumped mass model was used for the superstructure.
(1) A static swaying-rocking spring model (Fig.15, Table IV)
(2) A dynamic swaying-rocking spring model (Fig.15, Fig.18)
(3) Three dimensional thin layered element model (Fig.16)
(4) Finite element model (Fig.17)
The rock is modeled with finite elements and the approximate three
dimensional dynamic analysis was performed using FFT .

Fig.19 shows the flow chart of the simulation analysis. The eigen value
solution were performed by changing the elastic modulus of concrete paramet-
rically.

Tg; natural frequencies of the analytical model agree with those of the
structures obtained from the observed motions when the elastic modulus of
conerete is 3.4 - 3.5 x 10% kg/em?. Considering that the strain level of the
structures was small, these elastic moduli of concrete are appropriate.(TableV)
The appropriate damping factors of the 1/C, the 0/$, and the C/V were obtain-
ed by changing them parametrically in time history analyses, where the
observed earthquake motion in the rock under the foundation (EL-14.4M) was
used.

By 1//Zmethod the average damping factors were h = 3% (I/C), h = 3.57%
(0/8), and h = 2% (C/V). 1In comparing the appropriate damping factors obtain-
ed by the simulation analyses, it is found that the C/V and the I/C have the
same values as mentioned above but the 0/8 has 25% lower value than that above.

Fig.20 shows the Fourier spectra of the tops of 0/§, 1/C, C/V and the
foundation obtained by the four kinds of analyses. Fig.21 v Fig.24 show the
response waves by the analyses.

Four kinds of analyses give very similar Fourier Spectra and response
waves to each other and they agree with those of the observed motions.

Conclusion

The vibrational characteristics obtained by each of the four kinds of
simulation analyses agreed well with the characteristics obtained by the
forced vibration tests and the observed earthquake motions (three kinds).
The static swaying-rocking spring model and the modal superposition method
which we employed in our seismic designs were simpler for the soil-structure
modeling and gave shorter computer running time than the others, and they
provided similar accurate results to the others. This model and method in
the actual seismic designe is considered to he effective and practical.
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