STUDY ON DYNAMIC CROSSINTERACTION OF STRUCTURES
BY EARTHQUAKE OBSERVATION AND FORCED VIBRATION TEST

Atsushi SUZUKI P, Yoshio KITADA?, Michio IGUCHI?,

Nobuo FUKUWA 4 , Shinichiro TAMORI®

1) Seismic Engineering Center, Nuclear Power Engineering Corp.

4-3-13 Toranomon, Minato-ku, Tokyo 105-0001, Japan, Email: ts-suzuki @nupec.or.jp

2) Dr. Eng., Seismic Engineering Center, Nuclear Power Engineering Corp.

4-3-13 Toranomon, Minato-ku, Tokyo 105-0001, Japan, Email: kitada@nupec.or.jp

3) Prof.,,Dr. Eng. Dept. of Architectural Engineering, Fac. of Science & Engineering, Science Univ. of Tokyo

2641 Yamazaki, Noda-shi, Chiba 278, Japan, E-mail: iguchi @rs.noda.sut.ac.jp

4) Prof.,Dr. Eng. Center for Cooperative Research in Advanced Science & Technology, Nagoya Univ.

Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan,

E-mail: fukuwa@sharaku.nuac.nagoya-u.ac.jp

5) Associate Prof.,Dr. Eng. Dept. of Architecture and Civil Engineering, Shinshu Univ.

500 Wakasato, Nagano 380, Japan, E-mail: snowman@gipwc.shimshu-u.ac.jp

ABSTRACT NUPEC hasbeen carrying out experimental studies to understand basic Soil- Structure
Interaction (SSI), “Model Test on Dynamic Cross-Interaction Effects of Adjacent Structures (1994-
2001)". The study is currently ongoing. For this test we have constructed BWR reactor building
models of 1/10 scale and performed vibration tests and earthquake observations. In this paper, we first
present earthquake observation results including examples of an adjacent building effect, one of the
typical SSI effects. Secondly, we present an analytical SSI model for use in simulation analyses of the
vibration tests and earthquake observations. In the simulation of earthquake observations, the most
important issue is the modeling of geometrical condition around the building specimens. It is found
that certain modeling parameters exert alarger influence on the analytical results.
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1. INTRODUCTION

Soil-Structure-Interaction (SSI) is among the most
important factors in properly evaluating a structure s
earthquake response. In particular, reactor and/or
turbine buildings at nuclear power plants (NPP) are
generaly heavy and massive, so the SSI effect plays
an important role in their earthquake responses.
Especially, a reactor building is generdly
constructed closely adjacent to other buildings like a
turbine building. In such a condition, seismic
response of the reactor building might be affected by

the adjacent buildings. This paper calls the effect by
the adjacent building Dynamic Interaction Effect
(DC).

In order to understand DCI phenomena, NUPEC has
been carrying out experimental studies since 1994,
“Model Test on Dynamic Cross-Interaction Effects
for Nuclear Power Plant Buildings (1994-2001)”
[Kitada et a. 1998]. This test consists of Field Test
and Laboratory Test. In the Field Test, earthquake
observation and forced vibration tests were
performed on three kinds of building models with
some parameters considering actual plant buildings



condition and being expected to influence DCI
effect.

Simulation analyses have been carried out using
these earthquake observation records. In these
analyses, the SSI effects were modeled based on the
theoretical methodologies wusing soil  springs
postulated between the base of the buildings and
surrounding soil and using input motions supposed
to be applied to the models.

The soil springs were evaluated based on detailed
studies of vibration test data and achieved
satisfactory results. However, we are till having
problems with the evaluation of the seismic input.
The difficulties derive from the fact that earthquake
motions display great variety in  maximum
acceleration, duration, envelope, and vibration
frequency, depending on the properties of the
seismic source, such as magnitude, focal distance,
depth, directivity, etc.

In this paper, we will first present some earthquake
observation results under the condition without and
with embedment of the lowest story of the building
model. Representative characteristics by DCI effect
will be shown.

Second, we will show simulation analysis results of
the earthquake observation.

2. SUMMARY OF THE TEST

2.1 OUTLINES OF THE TEST

NUPEC conducted three research projects on SS|
phenomena from 1980 to 1994 to confirm the
adequacy of aseismic design analyses of NPP reactor
buildings. A project in particular, “Model Tests on
Embedment Effect of Reactor Buildings (Embedment
Test)” was conducted to evaluate the essential
problems of SSI, embedment effect [Fukuoka et a.
1995], [Ohtsuka et al. 1996]. “Mode Test on
Dynamic Cross-Interaction Effects of Adjacent
Structures (DCI Test),” succeeded to the project to
resolve the DCI effect by evaluating rational modeling
of soil spring and seismic input motion. In those

projects, earthquake observations were carried out
continuously and a large number of records have been
accumulated regarding acceleration time histories for
free field and building responses. The model
structures were constructed on three locations
(Locations A, B and D). The building conditions and
the plot plan are shown in Figure 1 The Embedment
Test compared two soil conditions, single building
without and with embedment of the lowest story of
the building model. In the DCI Test, three building
conditions are planned: single building model (SB,
hereafter), two identical adjacent buildings model
(TIB, hereafter) and two different adjacent buildings
model (TDB, hereafter). Figure 2 shows the locations
of the free field, the boring points and the models.
These models with embedment are shown in Photo 1.
The new free field observation point was almost
equidistant from each location. To discuss and analyze
the observed data, we have carried out soil surveys by
boring at several points around the models.

At this site, we have observed over 150 earthquake
events, including 26 earthquake events whose
recorded maximum acceleration in free field exceeded
10 Gal. The details of the events are shown in Table 1
Two of the events had maximum accelerations of over
100 Gal [Suzuki,et al. 1999].

2.2 EARTHQUAKE OBSERVATION RESULTS

Field testswere carried out at the test site used for the
preceding test project, “Modd Tests on Embedment
Effect of Reactor Building,” and the two model
buildings were inherited from that project

Figure? illustrates the model buildings used in the test.
Three model conditions— SB, TIB, and TDB were
employed to investigate the effect of adjacent
buildings on the SSI phenomena affecting the building
in question. The buildings used in this project are
models of a reactor building (BWR) and a turbine
building. The scale of the models was about 1/10 of
the actual buildings. The space between the two
different buildings (reactor building and turbine
building) was determined in reference to the closest



example of such buildings at an actual NPP. The space
between the identical buildings was set to obtain basic
data related to the dynamic interaction between the
model buildings. The dimensions of the model
buildings are shown in Figure 3. Earthquake
observations were made to investigate the interactions
between two adjacent buildings under actual
earthquake conditions. The tests consisted of two
series of testswithout and with embedment.

Two earthquake observation data from January 1998
and November 1998, without and with embedment are
shown as the examples. Figure 4 and Figure 5show
acceleration time histories and their Fourier Spectra
observed at free field surface (GL-3.0m). The source
locations of the two earthquakes are relatively near
each other and shapes of acceleration time histories
and spectra are similar each other. The earthquake
observations in the free field were done a the dte
independently of the model buildings. The data were
used to estimate the actual earthquake ground motion
applied to the building models.

Table 1 shows maximum response acceleration
obtained at the top of the A building models AA, BAs
and DA. In the case without embedment, acceleration
responses of SB and TIB are shown nearly the same
level. On the other hand, in the case with embedment,
acceleration responses of TIB tend to be smaller than
those of single building model. The responses of TDB
are relatively small because the lower half part of the
basemat is embedded into bearing stratum. Figure 6
and Figure 7 show the Fourier spectra of earthquake
acceleration time histories observed on the top of the
SB and TIB. Dominant frequencies of 6Hz and 13Hz
in horizontal and vertical without embedment,
respectively, are shifted higher by the embedment.
Peak amplitudes with embedment decrease due to
embedded effect.

With regard to comparison between SB and TIB after
embedment, horizontal peak amplitudes of TIB are
apparently smaller than that of SB, which is different
from the tendency before embedment. Significant
change of vertical response can not be observed.
Figures 8 and 9 show the earthquake records observed

at TDB, DA and DF, without and with embedment
respectively. In these figures, the corresponding
Fourier spectrum of the SB is also shown. Figure 8
compares the Fourier spectra of the acceleration
records at TDB, without embedment. Figure 9 shows
the comparison of the Fourier spectra of the
earthquake records of the same kind of buildings (AA
and DA) with embedment.

From these results, it is clear that the dominant peak
frequency in the spectra shift higher because of the
embedment. Furthermore, by comparing the response
of building AA, the single building structure, it is also
clear that the spectra of TDB in Figures 8 and 9
contains high frequency component around and over
10Hz. This phenomenon could be considered the DCI
effect of adjacent buildings.

In the following section, we present simulations of
test results of TDB without embedment, emphasizing
the simulation modeling. We aso demonstrate the
difficulty of earthquake response analysis, especialy
for estimating seismic input motion, even without
embedment.

3. SSMULATION OF EARTHQUAKE
OBSERVATIONS

In this section, we describe our simulation
methodology and the earthquake responses simulation
results of the model buildings. First, we show the
anaytical modeling procedure for earthquake
response using a model consisting of the building
models, surrounding soil and deep soil. The model
parameters are determined by simulating the forced
vibration test results. Second, we show the results of
the simulated earthquake responses of the modeled
buildings.

In this smulation analysis, the TDB used for the DCI
tests were selected as the actual test case.

3.1 MODELING FOR SIMULATIONS

Vibration tests of the modeled buildings using an
exciter were carried out to evaluate the vibrational



characteristics of the building models including
surrounding soil.

Furthermore, to understand the effects of embedment
on the DCI among adjacent buildings, the tests were
carried out with and without soil embedment.

The test model chosen for the explanation of the
modeling methodology is TDB, a reactor and a
turbine building (DA and DF).

Simulation analyses of forced vibration tests of the
TDB without embedment were performed using a soil
model obtained by the site soil survey. The results
were compared quantitatively with the test results to
learn how to simulate the DCI effect.

Figure 10 shows the anaytical model developed for
use in the smulation. Table 2 shows the
characteristics of the soil model used in the fina step
of the simulation. The analytical model of the TDB is
modeled by rigid solid elements without mass for
foundations and multi-lumped mass sticks elements
standing on the center of the foundations for upper
structures. The foundation of the DA is embedded 1m
in the soil. Therefore, both foundations and the soil in
the vicinity of the buildings were modeled together in
the three-dimensional FEM. The model of the soil
underneath the 3D-FEM model was treated separately
as horizontally layered soil. The analysis was carried
out using the “three dimensiona thin-layered element
method.” The soil model has a viscous boundary at
the bottom.

The analyses were performed in the following three
steps. First, we ignored the excavated soil for
modeling the SSI system. The model gave simulation
earthquake responses having a lower dominant pesk
frequency with a larger amplitude as compared to the
corresponding  earthquake  observation  results.
Therefore, in the second step, the excavated soil was
introduced into the soil model to add the effect of the
excavated soil the earthquake response of the
buildings. As a result, the analytica model produced
improved results, comparing with the tests of the
reactor building model. However, the dominant peak
frequency of the turbine model became higher than
that of the corresponding earthquake observation

result. Elastic wave exploration at the ground surface
had been performed on the test location just before
model construction, and a loose stratum had been
discovered in the soil underneath the buildings model,
softening the soil. Therefore, this relaxation of the soil
was introduced to the surface of the soil model in the
final step. The analytical results produced by the final
model, which included the cut soil and the relaxation
undernesth the modeled building, agreed well with the
test results for the TDB (Figs. 13(a) and (b)).

3.2S MULATION ANALYSIS OF
EARTHQUAKE RESPONSE

Simulation analysis of the TDB for the earthquake
observation records of January 1998 was performed
using the analytical model of the final step described
in the previous section. The input earthquake motion
to be applied to the model was calculated from the
free field observation data by the single-dimensional
wave propagation analysis. The soil characteristics
used for the andysis are shown in Table 3.
Comparison between the observed and calculated free
field acceleration time histories is shown in Figure 12.
The calculated acceleration time histories agree well
with the corresponding observed time histories.
Therefore, our method of wave propagation analysis
was confirmed to give satisfactory results.

Based on these results, earthquake response analyses
of the model buildings were carried out by applying
the calculated motion. The analyses were performed
in the three steps of the model shown in the previous
section. Calculated acceleration response spectra of
the building response are shown in Figure 13 together
with the observation results.

As it can be seen in this figure, there are some
unsatisfactory points that should be imposed in the
fitting between observed and calculated results around
5Hz and 10Hz. Comparing these smulation results,
we attribute the unsatisfactory results primarily to the
evaluation of the input motions applied to the
analytical model. We ae considering that the
evaluation of the input motion to be applied to the



model is one of big remaining problem. Particularly
for the 10Hz peak, the frequency correspondent is
considered directly related to the modeling of surface
layer. Therefore, it is thought that the evauation of
input motion causes disagreement with the observed
result around 10Hz. To understand the influence of
surface layer, we are carrying out the same kind of
simulation analysis for test results with embedment, in
which the lowest story of the building mode is
connected to the surface layer through the backfill
soil.

4. CONCLUDING REMARKS

NUPEC has conducted three SSI model tests in series
to study the Dynamic Cross-Interaction effect. In the
tests, earthquake observations and forced vibration
tests had been carried out continuously. As a resullt,
we accumulated data of 26 earthquake events whose
maximum observed free field acceleration exceed 10
Gal, in which data observed in

Using these test datay, NUPEC has performed
simulation analyses to confirm the adequacy of
current earthquake response analyses. The simulation
analyses for the forced vibration tests using soil
springs derived from soil surveys give results that
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Y reactor model

Table2 Characteristics of soil model

turbine model thickness| dampin
Layer depth Vs Poisson®s | density ping
N of layer| / ti ) factor
0. (m) m (m/sec) ratio (t/m) h(%)
0 4.002.0 2.0 165.0 0.20 1.64 5.0
0 2.000.0 2.0 250.0 0.25 1.83 5.0
0 0.005.5 5.5 255.0 0.445 1.70 5.0
0 5.509.0 3.5 510.0 0.450 2.05 2.0
0O 9.0021.2 12.2 1110.0 0.400 2.15 2.0
0 |21.2031.0 9.8 2010.0 0.360 2.25 2.0
31.00 semi-inginite soil (Layed No. )

r:1 I;’:lye.red

DF Single Model %L%I

(a) Whole model

note) Damping factor was calculated from Q Value. (Q=Vs/15, h=1/2Q)

surface loose stratum(t=0.5):Vs150m/sec,v =0.2
p =1.700 /0

,h=5%

(b) Portion of the building and vicinity of the building

Fig.10 Analysismodel of Two different buildings model (without embedment)
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Table3 Soil Characteristics of the New Free Field

Results of soil survey One dimensional wave
Layer propagation model
No. G Vs h Thickness Vs h
(tm’) (m/s) (%) (m) (m/s) (%)
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: 2 1.70 210 3.6 3.8 250
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Fig.12 Comparison between analysis and observation of freefield response

(Earthquake N0.157, Observation point (0-4, GL-27.0m)
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