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SUMMARY

The seismic test program of a quarter-scale reinforced concrete containment model constructed in
Hualien, a seismically active site in Taiwan, has been conducted for the international project (U.S.,
Taiwan, Korea, France and Japan) to study actual behaviors of soil-structure interaction system, as
well as, to validate dynamic SSI analyses methodologies employed for seismic response prediction
of nuclear power plants. At the first stage of the analytical program, both the blind prediction and
the correlation analyses of the forced vibration tests before and after backfill were performed by
the organizations participating in this project. At the second stage, the blind prediction and the
correlation analyses of the earthquake record were subsequently carried out. The present paper
summarizes these analyses results in order to validate the dynamic SSI methodologies ranging
from simple soil-structure representation as Soil-spring model to more complex FEM, Lattice,
SASSI, Thin layer method and Hybrid methods. For the evaluation basis, we focused on peak
frequency and peak amplitude of response at roof. Statistical approach using these peak values was
introduced to assess these SSI modeling techniques. The blind prediction analyses using the
unified models of soils and structure after backfill showed that the peaks converged into a region
with coefficients of variation of 0.06 and over 0.30 for the peak frequency and amplitude,
respectively. As the prediction analyses results, whether or not soils just around the foundation
were represented by finite elements had a significant effect on the numerical results. FEM and
SASSI appeared to reflect a stiffer model than Soil-spring model. The correlation analyses
conducted by appropriate evaluation of the soils and structure profiles resulted in a good
comparison with the measurements. The validity of not only the conventional analysis methods
employed in practical seismic design of commercial nuclear power plants but also the new analysis
methods developed recently have been verified through the simulation analyses of the forced
vibration tests and of the earthquake records.

INTRODUCTION

Evaluating dynamic soil-structure interaction effects and backfill effects are important in seismic design of
nuclear power plants. Although methods of analysis for this purpose were studied by conducting the forced
vibration tests and by the earthquake observations, most of these tests and observations were performed in an
elastic region of low acceleration level, implying necessity for adequate verification of the analysis methods
under large earthquakes. In order to study actual behaviors of soil-structure interaction, as well as, to verify the
validity of various methods, the Hualien Large Scale Seismic Test program has been conducted since 1990 as the
international project (U.S., Taiwan, Korea, France and Japan) [Tang,H.T.et al 1991]. In this Hualien LSST
program that followed the Lotung LSST performed under the extremely soft soil conditions [Tang,H.T. et al
1987, Okamoto et al 1993a], a quarter-scale cylindrical containment model of reinforced concrete was
constructed at the stiff soil site in Hualien, a seismically active region in Taiwan where high-level earthquakes
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would be anticipated to occur. Fig. 1 shows the model structure and the soil conditions at the Hualien site. Both
the blind prediction and the correlation analyses were carried out by the participating organizations to validate
the technical basis for dynamic SSI analysis approaches. Those analyses were conducted not only for the forced
vibration tests before and after backfill but also for the earthquake records. The methodologies employed by the
consortium participants ranged from practical simple approach to more complicated 3-dimensional one. The
main scope of the present paper is to summarize the Hualien blind prediction and correlation analyses on the
basis of statistical approach.

ANALYSIS METHODOLOGIES

Table 1 lists the analysis methods employed in this Hualien project. The blind analyses to predict the response
before the records were not opened, as well as, the correlation analyses to fit the calculation with the records
were successfully conducted by the participating organizations using a variety of analysis methods being Soil-
spring model, FEM, Lattice model and SASSI used in the practical seismic design of commercial nuclear plants
and new analysis methods being Thin layer method, Hybrid methods developed recently. Table 1 also indicates
that the main current in SSI analyses is to deal with soils as 3-dimensional field including axisymmetric system.
In the present paper, since how to represent the soils just around the foundation were considered to affect the
response of the structure, the analysis methods were categorized into : 1) Soil-spring ; 2) Thin layer ; 3) FEM ;
4)Hybrid in which soils are represented by finite elements; 5) Hybrid in which soils are discretized by finite
elements; and 6) SASSI. To find out the effect of the representation of soils on the numerical results, the unified
soil model and the unified structural conditions were given to all the participants for conducting the blind
prediction analyses. These unified models made it possible to compare the blind analysis results under the
common conditions of the soils and the structure. Therefore, they revealed a significant difference in the analysis
results specific to the numerical techniques.
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ANALYSES OF FORCED VIBRATION TESTS

Forced Vibration Tests

The Hualien 1/4-scale reinforced cylindrical concrete containment model was constructed on the gravelly soils
after excavating the sandy layer of 5 meters depth, shown in Fig.1. Before starting earthquake observation, the
forced vibration tests of the model structure were carried out for horizontal excitation at roof and at 1st floor, as
well as, for the vertical excitation at 1st floor. These tests were executed to investigate the basic characteristics of
the dynamic soil-structure interaction system under low strain level. The forced vibration tests using an excitor
of 10tons were performed both before backfill and after backfill. The resonant frequency observed in the tests
before backfill were 4.1Hz with the damping factor of about 4% for horizontal excitation. After backfill, the
resonant frequency rose up to 6.1Hz and the damping factor increased up to 8% due to embedment effect.

Blind Prediction Analyses

A series of the geotechnical investigations, both field and laboratory ones, were carefully carried out to fully
characterize the site geotechnical conditions. Based on this Hualien geotechnical investigation, the unified soil
model shown in Fig.1 was proposed to conduct the blind prediction analysis [Okamoto et al. 1993b]. The design
drawings of the structure with the concrete properties of E=2.88x105 (kgf/cm2) and h=2% were also given for the
blind prediction analysis. Since the significant parameters for any of the analysis methods of the forced vibration
tests were the stiffness and the damping of the soil-structure interaction system, we dealt with the peak frequency
and the peak amplitude at the resonance curves. For horizontal excitation at roof and at 1st floor after backfill,
Fig.2 plots the relationship between the predicted peak frequency and amplitude normalized by exciting force.
Shown in Fig.2, the peak frequencies converged into about 7Hz, and at the same time, the normalized amplitudes
diverged around 40(μm/tf) and 5(μm/tf) for horizontal excitation at 1st floor and 2nd floor, respectively.

Tables 2 and 3 show the statistics of the analysis results using the unified models of soils and structure. Shown in
Table 1, the coefficients of variation before backfill were evaluated to be approximately 0.04 and 0.28 for the
peak frequency and the peak amplitude, respectively. On the other hand, shown in Table 3, the coefficient of
variation became larger after backfill, because various techniques were applied for modeling of the backfill soils
just around the foundation. Furthermore, these tables show the coefficients of variation for horizontal vibration at
1st floor are approximately equal to those for horizontal vibration at roof.
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frequency predicted by both SASSI and Hybrid method representing the soils just around the foundation by
finite elements was 7.6Hz approximately equal to that of FEM. The peak frequency predicted using the thin layer
method, 7.1Hz, fell in-between those predicted using Soil spring model and FEM. It has a significant effect on
the predicted response of the soil-structure interaction system how to represent the soils just near the foundation.
To clarify such effect, the stiffness ratio of the finite element representation to the soil-spring one, k kF S , was
estimated on the assumption that k kF S  was directly proportional to ( )f fF S

2 , where k = stiffness ; f = peak
frequency ; and the subscript S and F denote Soil-spring model and FEM, respectively. From the predicted
frequencies of f Hz and f HzS F= =6 3 7 4. .  after backfill [Kobayashi et al. 1996a], the stiffness ratio k kF S

was
estimated to be approximately 1.4. This significant ratio of 1.4 indicates that the finite element representation
provides the stiffer model by 40% than Soil-spring method. For the case before backfill, the stiffness ratio
k kF S was estimated to be approximately 1.1 from f Hz and f HzS F= =4 7 51. . . Depending mainly on the
representation of a displacement field of soils just near the foundation, such characteristics due to the analysis
methodology appeared in the numerical results. As is well known, when soils are discretized into smaller
meshes, since the displacement field defined in the finite element approximate better the field represented by
exact solutions based on an elastic wave theory of a homogeneous half space, the apparent stiffness of FEM may
approach that of Soil-spring model.

Post-Test Correlation Analysis

After comparing the prediction analyses with the measurements, the correlation analyses have been subsequently
conducted by the participating organizations. Most of the participants carried out the correlation analyses by
appropriate modification of the soil model and/or the structure model, employing the same methodologies used
in their prediction study. Shown in Fig.3 for horizontal excitation, the correlation analysis results converged into
a small neighborhood of the measurements. In this figure, starting and end marks of arrows denote the peaks at
the resonant curves obtained from the prediction and the correlation analyses, respectively. Fig.3 also
demonstrates that not only the more complex FEM and SASSI but also the simple soil-spring approach can
produce the adequate frequency response by using the appropriate soil and structure models.

ANALYSES OF EARTHQUAKE RECORDS

Earthquake Observation

Since April in 1993, the earthquakes have been observed to collect data at the Hualien site. The observation
included not only the measurement of acceleration by high-density accelerometer arrangement, but also the
measurement of earth pressure between base and soil. Furthermore, it included the measurement of pore water
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pressure and of both settlement and inclination of model structure during earthquakes. Although the records
obtained so far related only to the middle- and low-level earthquakes, the blind prediction analyses using the
earthquake data recorded on January 20,1994 (M=5.6, Epicentral distance=27km) was conducted by the
consortium organizations [Hanazato et al. 1996b].

Blind Prediction Analyses

The free field records at the ground surface (A15 in Fig.1) were given as the control motions to predict both the
ground motions along the downhole array and the responses of the structure and its surrounding soils. As well as
the blind analyses of the forced vibration tests, the unified models of soils and structure were given to all the
participating organizations. As for the free field soil system, a good comparison of the predicted and the
observed motions along the downhole array verified the validity of the deconvolution solutions employing one-
dimensional elastic shear wave propagation theory (ex. SHAKE) using the unified soil properties. As for the SSI
system, the participants employed the same techniques as they used in the blind analyses of the forced vibration
tests, summarized in Table 1. Shown in Fig.4, since the peak acceleration of the control motion was at 30-40gals,
they conducted linear response analyses using the unified models of soils and structure shown in Fig.1. In the
present paper, we focussed on the response of the structure to summarize the dynamic SSI analyses results,
dealing not only with the peaks of transfer functions from the roof response to the control motion but also with
the peaks of response spectra at roof. As results of the prediction analyses using the unified models, Figs 5 and 6
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plot the relationship between frequency and amplitude at the peak of the transfer function and the response
spectra at roof, respectively. Shown in Figs. 5 and 6, the peaks converged into about 7Hz in frequency. At the
same time, the peaks diverged around 4.0 and 350Gals in amplification and spectral acceleration, respectively.
Table 6 shows the statistics of the analysis results of the earthquake prediction using the unified models. Shown
in this table, the coefficient of variation of the peak frequency and the peak amplification at the transfer function
were evaluated to be approximately 0.06 and 0.32, respectively. It should be pointed out that these statistical
values were well compared with those obtained from the forced vibration tests after backfill shown in Table 3,
because each participant employed the same analysis methodology in this earthquake prediction study as used in
the analysis of the forced vibration tests. In table 5 showing difference in the predicted peak frequencies due to
the analysis methodologies, the same relationship between the methodologies and the peak frequency was found
out as that obtained from analyses results of the forced vibration tests after backfill. As was mentioned in 3.2 for
the forced vibration tests, FEM, SASSI and Hybrid method representing the soils around the foundation by finite
elements provided stiffer model than Soil-spring model.

Correlation Analyses

In Figs 5 and 6, since there showed some discrepancy in frequency and in amplitude between the prediction
using the unified models and the observation, the correlation analyses were subsequently carried out by
employing the same methodologies that they used in the prediction analyses and by appropriately modifying the
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soil and structure models. As results of the correlation analyses, Figs.7 and 8 show the peaks of the transfer
function and the response spectra, respectively. In these figures, arrows are drawn from prediction analyses using
the unified models to correlation ones. Fig.8 presents a good correlation between the analyses using the modified
soils and structure models and the observation.

CONCLUDING REMARKS

As results of the blind prediction analyses using the unified models of soils and structure, the coefficients of
variation were estimated to be about 0.06 for the peak frequency and over 0.30 for the peak amplitude at the
resonance curves in the forced vibration tests after backfill. These coefficients were evaluated to be
approximately equal to those at the transfer function during the earthquake from the response at roof to the
control motion defined at the ground surface. The coefficients of variation of the peak values obtained from the
blind prediction analyses before backfill were significantly smaller than those after backfill, because the effect of
the modeling of the backfilled side soils was neglected. .

Whether or not the soils just around the foundation were represented by finite elements showed a significant
effect on the predicted frequency responses of the SSI system. FEM and SASSI appeared to provide a stiffer
model than Soil-spring model.

As results of the correlation analyses conducted by evaluating appropriate models of the soil and the structure,
the methodologies ranging from those used practically in seismic design of nuclear power plants to more
advanced ones developed recently were well compared with the measurements. This verification demonstrates
that those methodologies can simulate well dynamic behaviors of ddynamic soil-structure interaction system
during both forced vibration tests and earthquakes. In order to observe a high-level earthquake motions at the
site, the duration of the Hualien earthquake observation is extended.
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