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The reactor building of a BWR plant was subjected to dynamic testing, a minor:
earthquake, and a strong earthquake at different times. Analytical models simulating each;
of these events were devised by previous investigators. A comparison of the characteristicsi
of these models is made in this paper. The different modeling assumptions involved in the
different simulation analyses restrict the validity of the models for general use aand also
narrow the cocparison down to only a few modes. The dynamic tests successfully identified
the first mode of the soil-structure system. "
1. Introduction

During the course of an investigation sponsored by the U.S. Nuclear Regulatoryf
Commission on the utility of dynamic testing in the safety assessment of as-built nuclear
power plant structures, it was found that the reactor building of Unit 1 of the Fukushima:
Nuclear Pecwer Station complex in Japan was one cof the very few nuclear power plant
structures fer which response was recorded during both dynamic tests and natural
earthquakes. With the objective of evaluating the effectiveness of the dynamic tests for
obtaining the dynamic characteristics of the system and/or to form the basis for an
analytical model capable of predicting earthquake response, we made & comparison of the
analytical models that were devised by previous authors to simulate the different events.
As the recorded data were not available to us, this comparison had to be limited mostly to:
published literature.

2. Description of the Structure

Tte reactor building of Unit 1, which was subjected both to forced vibration tests andi
natural earthquakes is about 58 m in height from the base of the foundation mat, the depth
of embedment of which is about 14 m below ground level. The building consists of a
reinforced concrete structure up to a height of about 43 = from the base, and a steel.
structure and truss roof sbove this level. The reinforced concrete structure consists of
six floors, including the basement floor. The plan dimensions of the huilding are 42 m x 42
m at lower sections, and 42 m x 31 m at upper sections. - The building is structurally.
isolated from the adjacent turbine building and radwaste building. The reactor pressure

vessel is at the center of the building, surrounded successively by a concrete gamma shield
wall, a bulb-shaped steel containment vessel, and a reinforced concrete .shield wall. The
reactor pressure vessel is connected to the gamma shield wall with horizontal supports and
the steel containment vessel is connected to the gamms shield wall by a stabilizer. The
containment vessel is also connected to the other reinforced concrete shield wall with shear
lugs. '
The buildings were designed by both static and dynamic methods of aseismic design
procedure. In the static method, a seismic coefficient of 0.48 was used. The dynamic
design was based on & seismic analysis of response to a peak horizontal ground accelerationi

of about 0.18 g [3]. : ‘
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35 Porced Vibration Tests of 1969

A set of forced vibration tests were performed on the reactor building of Unit 1 in
November 1969, immediately after the completion .of the building [3,4). A sinusoidal ghaker
was installed on the 5th floor, the uppermost floor of the reinforced concrete stiuecture.
Steady-state excitation in two mutually-perpendicular directions (parallel to the outer
walls of the square building) was provided by the shaker. -The horizontal displacements at
the basement, 2nd floor, Sth floor, roof, reactor pressuce vessel, gamma shield wall and the
containment vessel were wmeasured. The rotational motion of the foundation mat was also
measured. The phase lags of all the respsnses ware meassured too. The peak displacemsent
amplitudes in the tests were of the order of 30-40 x 107" m.

The response data was acquired and analyced with the "MIK System” [5] in real time, to
give frequency response curves. The periods of vibrations were obtained from the peaks of
the resonance curves, the first three pericds being 0.25 s, 0.17 », and 0.089 s [3,4). The
mode shapes were obtained by plotting the modal amplitudes measured in the tests.

It appears that no attempt was made to estimate modal damping directly froa the test
data using methods such as half-power bandwidth or other similar ones. Instead a simulation
analysis of the tests was performed employing an analytical model with certain assumed
physical constants [3,4]. Apparently the physical constants .were adjusted uatil the
analytical resonsnce curves and mode shapes -agreed with corresponding test data. This
analyais gave the modal damping, as a porcentage of critical daeping, to be 33.7, 8.4, and
5.4 for the three modes.

The analytical model employed in the simulation analysis was the same as that used in
the dynaemic analysis to simulate the response to a 1970 earthquake, and is described in
f2]. This lumped-mass, bezm—element model consisted of vertical beams for walls and
horizontal springs .for slabs. The masses were lumped at each flcor level. The foundation
was divided into three elements with each connected to rotational and translational springs
representing the scil. This model also predicted natural periods and mode shapes that
agreed well with the ones obtained from the vibration tests.

Mode shapes for the first ihree modes were alsc computed by the authors of [3,4] from
the analytical model and were compared with the corresponding mode shapes directly obtained
from the test data. The comparison is generally very good, and the only significant
difference occurs in the first-mode mode shape vector at one iocation in the roof.

4. Earthquake of 1970

In May 1970, only a few months after the forced vibration tests, a minor earthquake,
whose center was located S50 ka offshore at a depth of 50 km,. occurred. As selsmographs had
been installed in the building two months before the earthquske, the North-South response of
the building at the following six locations was recorded: basement floor, 3rd floor, 5th
floor, roof, and the top and bottom of the gammn ghield wall. The peak accelerations
recorded at any of these locations are not given in [1,2].. However, the respomse spectra
with 52 damping show peaks of the order of 0.03 - 0.C6 g at the building locations.

The mathemstical mcdel, noted in the previous section, was used in the dynamic analysis
to simulate the earthquake response. The measured basement motion was applied as the base
excitation to the model in the dynamic analysis., The physical :constante of the model
(Young's modulus, Poisson's ratio, and a viscous damping coefficient) were adjusted until
the computed response agreed closely with the recorded accelerations at different locations
in zhe superstructure.

By considering the damped free vibrations of the analytical model, the authors of
f1,2], also determined the natural . periods, damping ratios, and the mode shapes for the
‘eight lowest modes. The damped natural period of the first ' three modes and the damping
ratio for the first two modes were identical with the correesponding vaiues obtained for the
wvibration-test model. The damping ratio for the third ‘mode (the dominant mode of the
reactor pressure vessel) was, however, obtained to be 1.62, in the case of the earthquake
respcnse analysis whereas it ‘was determined to be 5.4% in' the case of vibration test
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;ésponse ahalysis. Thio seems to be a conseqL;;ce of the unexplaiﬁ;d reduction in the value
used for the physical! constant representing damping in the steel reactor vessel in the

‘earthquake simulation analysis.

The authors ahow the first eight analytically determined mode shapes in [2]. However,
w8 there was no direct mode shape estimation from the recorded earthguake response, it 1s
ot possible to varify the analytical moce shspes by diract comparison.

5. Miyagiken—Oki Earthquzke of 1978

On June i2, 1978, about nine years after the vibration testing, the Fukushima olants
experienced a strong earthguaka, This earthquske, of Richter wmagnitude 7.4, had fits
epicenter at about 95 km from the coact of Miyag! prefecture of Japan. The approximate
epicentral distonce to Fukushiuoa was 140 k. The peak herizontel ground acceleration
recorded at the Fukushima plant site was 0.13 g aud the duration of the strong gound motion

was about 30 sec.
Seismographs and moving-coil accelerometers installed in and near the containment

building of Unit 1 of the Fukushima nuclear plant complex recorded the earthquske motions of
the soil and the building. The acceleration records uged in the sgipulation analysis to be
discussed telow [6] were the horizontal N-S motione (the direction parallel to the coast
line) obtained fronm seismographs installed at the following five locations: basement floor,
3rd floor, 5th floor, top floor, and in the soil &t an elevation of =40 m (i.e., 36 m
beneath the foundation). The maximum acceleration rezorded at the basement was about 0.08
g, and that at the fifth floor was abcout 0.15 g.

Adopting an approach similar to those reported in ({1-4], Tanaka and Nakahara [6]
performed a simulation analysis of the structural reapoanse .to the earthquake, instead of
applying cn inverse method to identify a dynamic model from recorded earthquake response.
The mathematical model devised by Tanaka and Nakahara [6] was quite different from that used
in [1-4]. In this model, the soil surrounding the building .war modeled with wmuch greater
detail and refinement. The soil region of the model extended to the level of ~40 m, and had
a length snd width of about 190 m and 63 o, respectively. (The length direction was
parallel to the N-S direction). The soil was divided into vertical colummns, each of which
were idealized as lumped-mass shear beams. The shear~wave ‘speed in the soil was taken to
vary with depth. The vertical soil columng were assumed to be fixed at their bottom
boundary at ~40 m and were interconnected by horizontal springs. The building was
represented by two vertical cantilevers, with lumped masses and a horizontal connecting
spring at each floor level. Rotational springs also connacted the ‘foondation to the socil.

The first part of the analysis was the determination-of natural frequencies, modal
damping ratios, wmode shapes and participaticn factors. - The authors give the periods,
participation factors, and mcdal damping values for ten modes. They also give the wmode
shapes for the first, third, and fifth modes.

The second -part of the analysis was the simulation of response to the 1978
earthquake. The recorded acceleration at the -40 m elevation was. used as the excitation for
the model. The computed acceleration histories at the baaement floor, third floor, and
fifth floor were compared with the corresponding earthquake records. According to the
authors the agreement between computed history and recorded history ia good for the basement
floor and the third floor. Prom the acceleration history.figures given in [6], it appears
that the fifth floor response is not as well simulaied by the model. However, a comparison
based on the acceleration responae spectra {for 5I damping), shown in [6], seems to indicate
that the simulation is satisfactory for respouse at the baserent, thtrd floor, and fifth
floor. On the other hand, this comparison indicates that the response of the roof truss at
frequencies greater than 4 Hz 1is not well simulated by the.uodel.

6. Comparisons
As the same mathematical model was ot used in all the three investigations, a direct
comparison of the physical parameters (e.g., stiffnesses) -assumed in the models 1s not

possible. Even the physicsl constants (e.g., elastic modulus of concrete or the soil) were
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dﬁfferent in different nodels because these vere in a sense equivalent material properties
that were influenced by the modeling assumptions. Moreover the physical constants were
adjusted, within the limits of available direct test data [7], to obtain good simulations of
dynamic tests or earthquake reaponse. Therefore it is more appropriate to use the modal
parameters (e.g., natural periods) as the basis for comparisons.

Table 1 shows all the natural frequencies identified from the 1969 test data and
computed from the two different models used for simulating the 1970 and 1978 earthqusakes.
The nactural frequencies are arranged in deacending order and each mode is identified by a
serial number for the sake of convenience. When & mode 1s identified with a number in the
following, it is thie serial number of Table I that is meant and not the numerical order of
the mode assigned by the authors of [1-6]. To make the comparisons shown in Table I, it was
first necessary to compave the mode shapes given by the different models and identify tliose
that are similar ac to pertain to the same mode. Since the two simulstion rodels for the
1969 tests and the 1970 earthquake were almost identical, the mode shapes given by boch
agreed very well. However, only two modes are seen to have been common to the tests znd the
two earthquakea, and one of these modes (fifth) 1a considered to be a local mode of the
gteel structure by all the authors. The other mode (third) appeara to be the fundamental
mode of the soil-structure syatem. There is reason to suspect that the first two modes of
periods 0.396 s and 0.322 s are not actusl system modes.

In the 1978 model a fixed boundary was assumed at the level of =40 m. Tanaks [7] noted
that since no such boundary exists, the first mode does not exist in. reality. The same
reasoning seems to apply to the se.ond mode also. Since in the 1970 wmodel the s0il was
replaced with soil-springs, no site modes were indicated to exist by this model. Thus it is
perhaps correct to assume that the fundamental mode of the system was correcily identified
by the dynamic tests. The slight difference in the calculated values of the natural perioad
of this mode between the 1970 and 1978 models is not significant. The fourth mode was not
ldentified in the dynamic tests or shown to exist by the 1970 model. It 1is possible that
like the first two modea of the 1978 model, this mode is .alao a consequence of the amodeling
assumptions and not physically reslizable. The fifth mode is identified both by the tests
and from the the two different models. Here again. the slight differences in the natural
periods obtained for this mode are not significant. PFor the aixth ard higher mod:as, the
comparison fails. Available information is not sufficient to deternire why modes 6-10 (if
they really exist) were missed by the dynamic tests.

The comparigon of modal damping valuea, =~ all. of them hased on the dynamic
ch;racteristics of the models that best simulate each event - 1s showm in Table II. It must
first be emphasized that none of the values in this table were 1dentified directly from the
test or earthquake response data through a parameter identification. procedure. Thus these
values have to be considered to be dependent on the analytical modeling assumptions involved
in the three models. It is also for this reason that the' comparison is reatricted to the
modes that were identified or indicated by more than one model.

Considering the fundamental mode of the soil-building system,. the large difference
between the values of the 1969/1970 models on the one hand ard the 1978 model on the other,
is explained by Tanaka [7] as due to the difference in the nature of the two models. His
explanatica may be interpreted to be that the damping value of 33.7% given by the 1969/1970
models ludes all the dissipative effects of aoil-structure-interaction, whereas the 8.842
given by the 1978 model does not include the energy dissipation within the soil. When one
considers that the 1978 model gave modal damping values of 10.08% and 10.15% for its first
two modes th<t are physically unrealizable, the combined dissipative effect of the first
three modes ° this model might be equivalent to a uigh damoing value indicated by che
1969/1970 models for the first mode indicated by them.

No explanation is available for the differences between the damping values for the
other two modes shown in Table Ii. Though the differences in.these modes are not as great,
they are not insignificant. Clearly they are a consequence' of different physical constants
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o8 nodellng assunptions made in the different models. From a practical point of view all
ithe above damping values s...uld be treated with .aution and only an analysis of the response
!data might help to ideatify acceptable damping values.-

7.  Conclusions ct e

! The low-level dynamic taets appear to have successfully identified the first mode and
the fundamental period of the Fukushima Unit 1 reactor building. Thie period has not
ishifted during the relstively ssall 1970 earthquake. There 1s a slight increase in its
value, from 0.25 s to 0.26 s for the larger 1978 earthquake. On the basis of available
i.1.nfot~-ntﬂ.oﬂ, it is not possible to determine whether thia'small incresse in the period is
idue to a softening of the system or due to modeling assumptions. The difference in damping
values obtained from the mudels simulating the differcnt events are significant enough to
'cast doubt on the practical validity of any of the damping values.

Thia exercise at- compariaon of teat and earthquake dynamfc characteristics has also
raised a question as to the utility of aimulation modele for predicting any reasponses to
excitations other than the ones they were originally deviged for. The simulation model for
the 1978 earthquake has shown that it could simulate the 1978 earthquake response correctly
despite the physically unrealistic assumption of a fixed boundary in the soil at the level
of -40 m. It 1is not known whether this model could successfully simulate the 1970
earthquake or the 1969 tests. Similar criticism also applies .to the simulation models of
the 1969 tests and 1970 earthquakes in which the choice of the. material constants seem to
have been adjusted to obtain good simulations apparently without any effort to relate these
constants to physical constants obtained from direct tests.

Perhaps more unambiguous 3nd more useful information could be obtained if the recorded
reaponse from the tesis and the two earthquakes are analyzed using the principles of system
identification techniques and applying the aame methodology (i.e., based on same modeling
assumptions) to all of them.

8. Acknowledgment
This work was supported by the Mechanical/Structural Branch-DET, Office of Nuclear

Regulatory Research, U.S. Nuclear Regulatory Commission. Dr. J. F.. Costello.was the U.S.

NRC technical monitor. Dr. H. Tanaka of the Tokyo Electrit Power Co., Inc. helped clarify

many issues relating to the comparative study. The assistance of both these gentlemen

during the course of this study is gratefully acknowledged.

Referances

.1, Muto, K.,. and Omatsuzawa, K., "The Earthquake Response Analysis for a BWR Nuclear Power
Plant Using Recorded Data,” Paper No. K2/1, Tranmsactions of the First International
Conference on Structural Mechanics in Reactor Technology, Berlin, 1971,

2. Muto, K. and Omatsuzawa, K., “Earthquake Response Analysia for a BWR Nuclear Power
Plant Using Recorded Data,” Nuclear Engineering and .Design, 20, 385-392, 1972,

3. Muto, K., Hayashi, T., Omatsuzawa, K., Ohta, T., Uchida, K., and Kasai, Y.,

: “Comparative Forced Vibration Test of Two BWR-Type Reactor Buildings,” Paper No. K 5/3,
Transactions of the Second Internmational Conference on Structural Mechanics in Reactor
Technology, Berlin 1973.

4. Muto, K., . Hayashi, T., Omatsuzawa, K., Ohta, T.,  Uchida, K., and Kasai, Y.,

“Comparative Forced Vibration Test of Two BWR-Type Resctor . Buildings,” RNuclear
: Engineering and Design, 27, 220-227, 1974,

5. Muto, K., Uchida, K., Kasai, Y, Ohta, T., and Adachi, K., "A New Measuring Method of
Vibration Using Correlation Technique, Proceedings of the Fifth World Conference on
Earthquake Engineering, Rome, V.2, 1412-1421, 1973. -

- 6. Tanaka, H. and Nakahara, M., "Investigation of Soil—Bailding Interaction Behavior of a
BWR Plant During Miyagiken-Oki Earthquake of 1978," Proceedings of the Seventh World
Conference on Earthquake Engineering, Iatanbul. V.6, 73-80, 1980.

i 7. Tanaka, H., Private Commrunications.

S
Distroctions e g

I The first line of cach page should begin on the same level as the letter A printed 10 blue inside the
Irame.
1. The tpeseript must under no crreunmstances extend outsede the blue frame,
I, New rihbons should preferabiy be used to obtain a light but deep-hlack impression.
IV, The pagimation should be mdicated outside the frame.
V. Your code number should be aritten in the top rght-hand corner and the name ol the senmor author on the



Frame lor offset pnint Gormat 1o« 23 enn

Table I. Comparison of Natural Periods

E Natural Period (in Bec.)
from measured from analytical model simulating
frequency response of response to
erial 1969 Tests 1970 Earthquake [1978 Earthquake
No. Mode Descriptiom (1) (2) (3)

1 Fuadamental mode of site(a) nut identified not indicated 0.396
not described not identified not indicated 0.322
FPundamental mode of soil- 0.25 0.25 0.26
building syatem(l'2'3)

3 not described not identified not indicated 0.21

5 Local bending mode of steel 0.17 0.18 0.182
trusa1:2+3)

6 0.163

7 0.159

8 not described not identifiecl not indicated 0.153

9 0.137

10 0.109
11 Local mode of reactor N
vesse1(1+2) 0.089 0.089
12 Translation & Rocking of
foundation mat (second mode
of aystem)(z) F 0.077
13 Local torsfonal mode of not computed
ateel ttuan(z) 0.051 f
14 Third mode of system(z) not 1dent1f1ed{ 0.050
15 Local translation mude
of steel truss(?) 0.048
16 | Local mode of shield wa11(2) 0.045 J
.

Table II. Comparison of Modal Damping Ratios
] Natural Period Damping (X of Critical Damping)
odg Description (aec.) Simulation Model for
Per (1) & (2) of Mode 1969 Tegts 1970 Earthquake 1978 Earthquake
(2) (3)
Fundamental Mode
of Soil-Building
System 0.25(1:2) | g.26(3) 33.7 33.7 8.84
Ld
Local Bending Mode 1,2) (3
of Steel Truss 0.18"*“7, 0.182 8.4 B.4 6.98
Local Mods of ) (1,2)
Reactor Vessel 0.089*"* 5.4 1.6 not computed
Dastrpcttons tew typung
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