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ABSTRACT

The primary objective of the Hualien Soil-Structure Interaction Experiment, also known as the 
Hualien Large Scale Seismic Test (LSST), is to obtain seismic soil-structure interaction (SSI) 
data for stiff soil site conditions that might resemble those encountered at prototypical nuclear 
power plant sites. An international consortium was established to carry out the Hualien LSST 
project. The consortium consisted of: the Electric Power Research Institute (EPRI), the Taiwan 
Power Company (Taipower), the U.S. Nuclear Regulatory Commission (NRC), the Tokyo 
Electric Power Company (TEPCO), the Central Research Institute of the Electric Power Industry 
(CRIEPI) of Japan, the French Commissariat A L'Energie Atomique (CEA), the Electricite de 
France (EdF) and Framatome.  

ARA acted as a subcontractor to the City College of New York (CCNY) and CCNY was the 
primary technical contractor for the NRC for the Hualien SSI Experiment. The scope of work 
done by ARA for the Hualien SSI experiment was, primarily, to assist CCNY and the NRC with: 
site characterization issues, the development of site models and the review of the instrumentation 
plan for the project. In this report, a review and assessment of the geotechnical site 
characterization is presented. The report consists of a detailed description of the methods used 
and of the results obtained as well as an assessment of those results and of the recommended soil 
parameters. This review is followed by analysis of the forced vibration test data and selected 
recorded earthquake loading data for further interpretation and evaluation of site conditions and 
soil parameters to be used in analytical calculations. The report concludes with a summary of the 
major findings and uncertainties encountered in the site characterization and their implications on 
the interpretation of the results of the experiment and on soil-structure interaction analysis 
procedures, as well as recommendations for further studies related to the Hualien SSI experiment.  

Of special significance is the identification of anisotropic in-situ conditions for the stiff gravelly 
soils beneath the foundation of the model. For this soil, the propagation speed of the shear 
waves varies with the horizontal direction considered. This condition was not expected during 
the site characterization efforts and only was identified after analysis and interpretation of the 
forced vibration tests of the model performed prior to and following the placement and 
compaction of the backfill.
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EXECUTIVE SUMMARY

The primary objective of the Hualien Soil-Structure Interaction Experiment, also known as the 
Hualien Large Scale Seismic Test (LSST), is to obtain seismic soil-structure interaction 
(SSI)data for stiff soil site conditions that might resemble those encountered at prototypical 
nuclear power plant sites. An international consortium was established to carry out the Hualien 
LSST project. The consortium consisted of: the Electric Power Research Institute (EPRI), the 
Taiwan Power Company (Taipower), the U.S. Nuclear Regulatory Commission (NRC), the 
Tokyo Electric Power Company (TEPCO), the Central Research Institute of the Electric Power 
Industry (CRIEPI) of Japan, the French Commissariat A L'Energie Atomique (CEA), the 
Electricite de France (EdF) and Framatome.  

ARA acted as a subcontractor to the City College of New York (CCNY) and CCNY was the 
primary technical contractor for the NRC for the Hualien SSI Experiment. The scope of work 
done by ARA for the Hualien SSI experiment was, primarily, to assist CCNY and the NRC with: 
site characterization issues, the development of site models and the review of the instrumentation 
plan for the project. In this report, a review and assessment of the geotechnical site 
characterization is presented. The report presents a detailed description of the methods used and 
of the results obtained as well as an assessment of those results and of the recommended soil 
parameters. This review is followed by analysis of the forced vibration test data and selected 
recorded earthquake loading data for. further interpretation and evaluation of site conditions and 
soil parameters to be used in analytical calculations. The report concludes with a summary of 
the major findings and uncertainties encountered in the site characterization and their 
implications on the interpretation of the results of the experiment and on soil-structure 
interaction analysis procedures, as well as recommendations for further studies related to the 
Hualien SSI experiment.  

A comprehensive site characterization program was conducted by CRIEPI between 1990 and 
1994. This site characterization program paid particular attention to the soil conditions to a 
depth of about 12 m below the ground surface (GL-12m). In this regard, the site characterization 
was at least as thorough as those commonly used for actual, prototypical, sites. In particular, a 
detailed characterization was made for the ,surface layer of sand from GLO to GL-5m, for the 
gravel beneath the foundation and in the free-field from GL-5m to GL-12m, and for the as-built 
backfill soil. A somewhat less detailed characterization was provided for the gravel between 
GL-12m and GL-20m. The site characterization for depths below about GL-20m appears to 
have been beyond the scope of the effort by CRIEPI and, at present, it seems to rely almost 
exclusively on the scoping geophysical study performed in the early stages of the Hualien SSI 
program by the Institute of Earth Sciences (IES) of the Academia Sinica. This characterization 
may be limited for the purposes of detailed correlation analysis studies with the ground 
accelerations recorded in the down-hole arrays, which extended to a depth of about GL-52.5m.  
Examples of such correlation studies are: site amplification studies and deconvolution analysis.  

An important feature of the site characterization was that it paid particular attention to the effect 
of the various construction operations on the in-situ shear wave speed and soil stiffness. This 
was shown by CRIEPI to be important for the cohesionless soils encountered whose stiffness and 
strength depend on the effective stress conditions at the site.
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The procedures and results of the site characterization program conducted by CRIEPI, which 
took place over a span of about 4 years from 1990 to 1994, were periodically reported to the 
other members of the Hualien SSI consortium and their contractors. They and CRIEPI evaluated 
these procedures and results and recommended new tests as deemed necessary. As a 
consequence, the results obtained by CRIEPI and given in this report have been thoroughly 
reviewed and provide an adequate representation of the site conditions. However, additional 
comments need to be made pertaining to some aspects of the data obtained by CRIEPI and 
reproduced in this report. These comments are as follows.  

Shear wave speeds measured with down-hole, cross-hole and suspension logging, are 
consistently greater than those inferred from laboratory tests on samples collected by ground 
freezing techniques from the gravelly soil layer at and below the depth of the model foundation 
(5 m below the ground surface). The reasons for such discrepancies are not known at present.  
These discrepancies have been attributed to possible samples disturbance resulting from high 
fine contents of the order of 15 to 25%. They may be the result of numerous pebbles or cobbles 
as large as 10 to 20 cm in diameter that would require testing specimens greater than those used, 
or a result of the difficulty to obtain in-situ shear wave speed measurements for a gravel with 
numerous pebbles or cobbles as large as 10 to 20 cm in diameter. They may also be the result of 
soil anisotropy as discussed below.  

In-situ saturated densities recommended by CRIEPI for the as-built backfill soil and the gravelly 
soil to a depth of about 20 m below the ground surface (GL Om) are about 2,390 kg/m3 (a dry 
density of 2,200 kg/m3) and 2,420 kg/m2, respectively. These are unusually high densities, 
which are similar to those of concrete. The gravelly soil is a well-graded soil for which 
coefficients of uniformity of the order of 150 to 400 were computed. Such a gradation may lead 
to a very low void ratio, which would explain the high bulk density of this soil. The backfill soil 
is not well graded, and its reported dry density of about 2,200 kg/m2, which is based on the 
quality control tests conducted for the backfill compaction, is unusually high for a compacted 
soil. It is also noted that the dry densities for the reconstituted backfill material used to establish 
the variation of the secant shear modulus and damping ratio with shear strain (see Figure 33 in 
the report) are about 10% less than that recommended for the in-situ conditions for FVT-2 
analysis.  

A Poisson's ratio of 0.48 is recommended for the backfill soil between GL-2m to GL-4m 
(backfill 2 in Figure 6) for the FVT-2 analysis. The Poisson's ratio for this soil computed from 
measured S and P wave speeds is 0.24. Full saturation must be assumed for a Poisson's ratio of 
0.48. It is improbable that the backfill soil from GL-2m to GL-4m would have been fully
saturated at the time of the FVT-2 test. Full saturation is more likely in early 1994 when 
significant earthquake loads were recorded at the site. Nevertheless, full saturation will depend 
on whether the depth of the groundwater table at the site remains approximately equal or changes 
significantly from year to year and/or throughout the year.  

Cross-hole logging results reveal S wave speeds from GL-5m to about GL-12m that appear to be 
significantly different in two approximately orthogonal directions both before excavation and 
after construction of the model. The data, however, show considerable scatter and the difference 
between the wave speeds in the two orthogonal directions is apparent only in terms of the 
averages of the measurements in each direction. Prior to the forced vibration tests, the 
possibility of anisotropic site conditions with two principal directions of shear wave propagation 
in the horizontal direction was not expected. The forced vibration test data and the recorded
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earthquake ground motion data, however, reveal that this anisotropy appears to be the actual site 
condition.  

Soil anisotropy may also be responsible, in part, for the smaller shear wave speeds inferred from 
the laboratory testing as compared to those from in-situ shear wave speed measurements.  
Assuming that the soil anisotropy is preserved through the sampling process, the shear 
deformation of the soil under torsional and triaxial loading conditions is not likely to be 
representative of the soil stiffness in the strong direction. Indirect evidence of this is that the 
shear wave speeds in the sands measured in the laboratory are not less than those measured in the 
field, and the sands encountered in the upper 5 meters appear to be isotropic. It is also possible 
that the soil anisotropy is not preserved during sampling and that a simple consolidation of the 
specimen under isotropic stress conditions will not properly reconstitute the in-situ conditions.  
Shear strength parameters for the gravelly obtained from triaxial testing are also likely to be 
affected by anisotropy and the triaxial test results are more likely to be representative of the soil 
strength in the weak direction rather than that in the strong direction, if the soil strength is 
anisotropic as the shear stiffness appears to be.  

Forced vibration test (FVT) data were analyzed to assess the suitability of the soil models 
proposed by CRIEPI for the analysis of those forced vibration tests. Analysis of the forced 
vibration test data permits the identification of two sets of soil properties that provide the best 
correlation between the measured and computed FVT-1 (without embedment) and FVT-2 (with 
embedment) responses, and are designated the best-estimated soil properties for FVT-1 and 
FVT-2, respectively. Of greater interest for the interpretation of the SSI response under 
earthquake loading are the best-estimated soil properties for the embedded foundation. These 
best-estimated soil properties account for the site anisotropy, are average values over the volume 
of the gravel soil beneath the foundation and over the backfill height, and are suitable for SSI 
analysis under low-level earthquake loading, i.e., such that the response remains in the linear, 
low-strain, range. For stronger earthquake loads, they should be coupled with the nonlinear 
stress-strain parameters obtained by CRIEPI and described in this report, in order to obtain 
constitutive models with various degrees of sophistication for the soils at the site.  

The following observations and conclusions can be made on the basis of the review and analysis 
described in this report: 

1. Analysis of the forced vibration test data indicated that the soil model proposed by CRIEPI 
could not reproduce well the observed results. Specifically, analysis of the forced vibration test 
data prior to the construction of the backfill (FVT-1) revealed anisotropic in-situ conditions for 
the gravel beneath the foundation, with different shear wave propagation speeds in different 
horizontal directions. The causes of the gravel anisotropy, however, still remain to be explained.  
Analysis of the forced vibration test data for the embedded case (FVT-2) permitted identification 
of average soil properties for the backfill and foundation soil.  

2. On the basis of the FVT-2 data analysis a set of soil parameters denoted the best-estimated 
soil properties for FVT-2 are recommended for the soil-structure interaction analysis of the 
model under low-level lateral dynamic loading, including earthquake loading, i.e., lateral loading 
such that the response remains in the linear, low-strains, range. The values recommended are 
spatial averages. Namely the value for the foundation soil is an average over the volume of the 
soil beneath the foundation to a depth of 12 m below ground level, and the value for the backfill 
soil is an average over the height of the backfill. The values recommended here differ somewhat
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from those proposed by CRIEPI, with the major difference being the identification of anisotropy 
in the foundation soil.  

3. For strong lateral dynamic loading, including earthquake loading, such that non-linear soil 
behavior is anticipated, the best-estimated soil properties for FVT-2 should be used together with 
the values obtained by CRIEPI for the properties that describe the non-linear soil behavior.  
These properties include, at a minimum, the variation of the secant shear modulus and damping 
ratio with shear strain. For more sophisticated constitutive modeling, appropriate for nonlinear 
time-history analysis, additional soil properties such as shear strength parameters, soil response 
under cyclic hydrostatic loading, and the secant shear modulus for triaxial compression tests, 
were obtained by CRIEPI and are reported here. However, all properties needed for nonlinear 
soil modeling have been determined on the basis of laboratory testing and may not account for 
the in-situ soil anisotropy.  

4. The site investigations conducted by CRIEPI focused primarily on the soils encountered to a 
depth of about 20 m below ground level. The site characterization for depths greater than about 
20 m relies on scoping geophysical studies conducted by the IES either on the planning or 
preliminary stages of the Hualien SSI Experiment and large penetration test data at one location.  
A more detailed characterization of the free-field soils at depths greater than 20 m below ground 
level may be desirable for site amplification and deconvolution analysis studies for correlation 
analysis with the ground motions recorded in the down-hole arrays, which extend to a depth of 
about 52.5 m below ground level.  

5. A very comprehensive and rigorous site characterization program was conducted by CRIEPI 
between 1990 and 1994, which was at least as thorough as those commonly used for actual 
power plant sites. Nevertheless, considerable scatter can be observed on the data collected, 
particularly, for the in-situ shear wave speed measurements. Some of the scatter is the result of 
the soil anisotropy and some may be the result of random spatial variability of the shear wave 
speed. However, large uncertainties can still be observed even when the soil anisotropy is taken 
into consideration. Even greater scatter was encountered in the identification of the shear wave 
speed in the backfill.  

6. Average values, averaged over a given soil volume, of the shear wave speeds were 
recommended by CRIEPI and in this study. Such spatial averages are useful for SSI analysis 
with the so-called spring method of analysis but may create difficulties with the more detailed 
and comprehensive finite element procedures whose results may be sensitive to local variations 
of the soil properties.  

7. After the FVT-2 test, the shear wave speeds initially proposed for the as-built backfill (Phase 
IV-A) were found to be much too large and not representative of the backfill conditions near the 
containment walls. New in-situ tests were conducted (Phase IV-B) which lead to shear wave 
speeds in the backfill near the containment wall about 30 percent less that those initially 
estimated.  

8. Cross-correlation analysis of earthquake ground accelerations recorded with the down-hole 
array indicates that the vertical shear wave propagation speed in the gravel differs significantly 
for particle motions in the NS and EW directions, with the larger wavespeeds in the NS 
direction. Those results were confirmed by cross-spectral density analysis of recorded down
hole ground accelerations conducted by CRIEPI.
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9. The fundamental soil-structure interaction frequencies under some of the recorded earthquake 
loads computed using the best-estimated soil properties for FVT-2 are 15 to 20 percent greater 
than those identified on the basis of the recorded responses. This, implies that non-linear effects 
may have influenced the soil-structure interaction under the recorded loads. It is noted that the 
earthquake loads recorded are considered to be weak to moderate as compared to the seismic 
design loads (SSE) for most nuclear power plant seismic category I structures.  

10. A limited sensitivity analysis of the SSI response under two recorded earthquake loads was 
conducted using a cross-anisotropic spring model for SSI analysis. Equivalent linear parameters 
were found which provided a fair agreement between the observed and computed responses.  
Floor response spectra were predicted well with the equivalent linear system for frequencies 
greater than about 4.5 Hz, which includes the apparent fundamental SSI frequencies. However, 
the floor response spectra ordinates computed with the equivalent linear system were smaller 
than those observed for frequencies between about 1.5 and 4.5 Hz.  

11. Transfer functions from the free-field motion to the roof response under recorded earthquake 
loading show evidence of site anisotropy beneath the foundation. Since the effects of the site 
cross-anisotropy were not significant for the embedded foundation under the forced vibration 
testing (FVT-2) as a consequence of the lateral constraint of the isotropic backfill, this also 
appears to be evidence of reduction of the backfill contribution to the stiffness and damping of 
the SSI system.  

Uncertainties in the in-situ values of the soil properties were clearly illustrated with the results of 
the forced vibration tests, which revealed the unexpected effects of site anisotropy in the soil
structure interaction. Site anisotropy is not normally considered in most soil-structure interaction 
studies. This experiment indicates that, however, that the cross-anisotropy might occur.  

Apart from the site anisotropy, the site characterization results show that considerable scatter in 
the in-situ values of the soil properties is still present even when thorough and sophisticated site 
characterization procedures are used. While spatial averages of the measured values may be 
adequate for SSI analysis with the simple spring method, the spatial variability of the soil 
properties creates difficulties for detailed finite element models whose results may be sensitive to 
localized variations in the soil properties.  

Modeling uncertainties are, however, more evident in the analysis of the response under 
earthquake loads. The results of the experiment indicate that non-linear soil behavior seems to 
be have occurred under weak earthquake loads. The behavior of the model under a more severe 
earthquake loading remains to be observed. In face of the already observed non-linear effects 
under weak earthquake loading and the unexpected effect of soil anisotropy, it appears 
worthwhile to extend for some time monitoring of the instrumentation already installed for the 
Hualien SSI experiment.  

Furthermore, more detailed analysis of the recorded earthquake data at the site should also be 
continued. This analysis should address the following: (1) site amplification and deconvolution 
analysis studies, including the effect of soil anisotropy; (2) the adequacy of nonlinear time
history analysis procedures used in conjunction with simplified SSI methods such as the spring 
method, and of equivalent linearization procedures used with complex finite element methods, to 
represent the localized non-linear effects observed under earthquake loads; (3) the effects of 
kinematic interaction and wave scattering in the response; and (3) the sensitivity of the response
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under earthquake loading to modeling and parametric uncertainties, including site cross
anisotropy and non-linear effects.
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1. INTRODUCTION

The primary objective of the Hualien Soil-Structure Interaction Experiment, also known as the 
Hualien _Large Scale Seismic Test (LSST), is to obtain seismic soil-structure interaction (SSI) 
data for stiff soil site conditions that might resemble those encountered at prototypical nuclear 
power plant sites. Specifically, the objectives of the Hualien LSST project can be summarized as 

follows (Tang et al., 1991): 

1. To obtain SSI data under earthquake loads at a stiff soil site having soil conditions similar to 
those encountered at prototypical nuclear power plant sites; 

2. To verify the applicability for prototypical plant sites of the SSI methodologies and findings 
qualified against the Lotung LSST; 

3. To quantify issues such as structural deformation, torsional response, spatial in-coherency 
effects and others, that could not be investigated or lacked resolution during the Lotung 
study;, 

4. To further promote and develop the technical approaches for realistic SSI analysis; 
5. To support the resolution of USI A-40 - Seismic Design Criteria - (Shaukat, Chokshi and 

Anderson, 1989).  

A international consortium was established to carry out the Hualien LSST project. The 
consortium consisted of: the Electric Power Research Institute (EPRI), the Taiwan Power 
Company (Taipower), the U.S. Nuclear Regulatory Commission (NRC), the Tokyo Electric 
Power Company (TEPCO), the Central Research Institute of the Electric Power Industry 
(CRIEPI) of Japan, the French Commissariat A L'Energie Atomique (CEA), the Electricite de 

France (EdF) and Framatome. To accomplish the program objectives, the following tasks were 
initially planned by the consortium: 

1. Site characterization 
2. Model design and construction 
3. Instrumentation layout and implementation 
4. Forced vibration testing 
5. Analytical evaluation 
6. Synthesis of results and findings 
7. Development of technical guidelines for realistic SSI analysis approaches 

ARA acted as a subcontractor to the City College of New York (CCNY) and they were the 
primary technical contractor for the NRC for the Hualien SSI Experiment. The scope of work 
done by ARA was, primarily, to assist CCNY and the NRC with: (1) site characterization issues 
and the development of site models, and (2) the review of the instrumentation plan for the 
project. Specifically, during the course of the project ARA reviewed and analyzed geologic and 
soil data obtained by others, recommended in-situ measurements to improve the reliability of soil 

data, recommended soil parameters for use in analytical calculations, and reviewed the suitability 
of the instrumentation plan and instruments developed and/or installed by others.  

In this report, a review and assessment of the geotechnical site characterization is presented. The 
summary and review of the instrumentation plan are included as part of the CCNY report on the 

Hualien SSI experiment. Since the geotechnical investigations for the Hualien SSI experiment
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were divided into several phases that took place over a number of years, a chronological review 
of those investigations has been selected in order to facilitate the interpretation of the results 
obtained. The report presents a detailed description of the methods used and of the results 
obtained as well as an assessment of those results and of the recommended soil parameters. This 
review is followed by analysis of the forced vibration test data and selected recorded earthquake 
loading data, for further interpretation and evaluation of site conditions and soil parameters to be 
used in analytical calculations. The report concludes with a summary of the major findings and 
uncertainties encountered in the site characterization and their implications on the interpretation 
of the results of the experiment and on soil-structure interaction analysis procedures, as well as 
recommendations for further studies related to the Hualien SSI experiment.
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2. SOURCES'

The site characterization program for the Hualien SSI experiment was, primarily, developed and 
conducted by CRIEPI. The program which included soil sampling by ground freezing 
techniques, large penetration tests (LPT), seismic refraction surveys, PS-logging, laboratory soil 
testing and analytical soil modeling, was divided into several phases executed between 1990 and 
1994. At the planning phases of the project, scoping geologic and soil data were obtained by the 
Institute of Earth Sciences (IES) of the Academia Sinica and by United Geotech, Inc. on behalf of 
Taipower. The major sources for this review are, therefore, the results of studies conducted or 
sponsored by members of the consortium such Taipower and CRIEPL Under the consortium 
agreement, data generated for the Hualien SSI project by a member of the consortium are 
available to all members'. The primary sources used for this review consist of: 

1. Institute of Earth Sciences (IES), "Briefing on Hualien Stiff Site," (slides summarizing 
results of a preliminary study by IES of the Hualien site).  

2. United Geotech, Inc., (1990), "Final Report of Geophysical Survey at Hualien Stiff Site for 
Lotung Large Scale Seismic Test Program," prepared for Taiwan Power Company, February.  

3. CRIEPI, (1991), "Interim Report on the Geotechnical Investigation (Oct. to Dec. 1990) of 
Hualien Site," CRIEPI, August.  

4. CRIEPI, (1992), "Interim Report on the Geotechnical Investigation Results of Hualien Site 
(Part 2)," CRIEPI, April.  

5. CRIEPI, (1993a), "Status Report on Geotechnical Investigation at Hualien Site," CRIEPI, 
January.  

6. CRIEPI, (1993b), "The Unified Model of the Ground for FVT-l Analysis," CRIEPI, January 
15, 1993, (addendum: fax to H. L. Graves, US NRC from T. Kokusho, CRIEPI, March 13).  

7. CRIEPI, (1993c), "On the Unified Model for Analysis," CRIEPI, April.  
8. CRIEPI, (1993d), "The Unified Model of the Ground for FVT-2 Analysis," CRIEPI, July 23.  
9. CRIEPI, (1993e), "Main Results of March'93 CRIEPI Investigation," CRIEPI, November 1.  
10. CRIEPI, (1993f), "Raw Data of Laboratory Test Results of Backfill Material," CRIEPI, 

November.  
11. CRIEPI, (1994a), "Status Report on Geotechnical Investigation at Hualien Site," CRIEPI, 

January, 1993, rev. June 7-8, 1994.  
12. CRIEPI, (1994b), "Digital Data of G/G0 - 7'/7r and h - G/G0 Relations of the Backfill 

Material for Numerical Analysis," CRIEPI, June 7-8.  
13. CRIEPI, (1994c), "Additional Geophysical Survey on the Gravel Ground and the Backfill in 

1994," CRIEPI, June.  
14. CRIEPI, (1995a), "Non-Linearity of Ground Materials," CRIEPI, April, 18.  
15. CRIEPI, (1995b), "Result of the Additional Geotechnical Site Soil Investigation: Focusing on 

the Survey of the Heterogeneity of Backfill and Foundation Gravel Zones Around the Part 
Just Underneath the Contact Plane Carried out Partly in April'94 and Mainly in October'94 
by CRIEPI," CRIEPI, July.  

1 The authors have the owners permission to publish (adapt or reprint) figures and tables provided in the sources 
listed.
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Other sources, which are listed only in the REFERENCES section of this report, include: 

1. Technical articles presented at the 11', 12th and 13th SMiRT Conferences held in 1991, 1993 
and 1995, respectively, and at the 11"th World Conference on Earthquake Engineering held in 
1996; 

2. Reports describing the instrumentation, forced vibration tests and earthquake data collected 
as part of the Hualien SSI experiment; and 

3. Prediction and correlation analyses conducted by members of the Hualien SSI experiment 
consortium or their contractors for the forced vibration tests and recorded earthquake events.  

All sources are referred to as needed' 

1 The authors have the owners permission to publish (adapt or reprint) figures and tables provided in the sources 

listed.
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3. GENERAL SITE DESCRIPTION

The site for the Hualien SSI experiment is located in an area of high seismicity along the east 

coast of Taiwan, as shown in Figure 1, which was subjected in the past to about as many 

destructive earthquakes as the site for the Lotung SSI experiment (Tang et aL, 1991). According 

to a study performed by Taipower and the Institute of Earth Sciences (IES) of the Academia 

Sinica, the geology of the Hualien site is part of the Milun formation which, in general, consists 

of unconsolidated, massive and poorly-bedded conglomerative composed of pebbles with 

diameters varying from 10 to 20 cm (4 to 9 in.). The gravel at the site is made up of the by

products of metamorphic rocks such as quartzite, chlorite schist, graphite schist and crystalline 

limestone. Geologic logging identified the following soils at the site: a backfill material from 0 

to 0.85 m depth; a silty sand with little gravel from 0.85 m to about 5.40 m depth; and a gravel 

with medium to coarse-grained sand from about 5.40 to about 50.0 m.  

The location of the groundwater table at the site appears to have significant fluctuations.  

Accordingly, it was measured to be at 2.0 m to 4.4 m below grade in September of 1989, whereas 

a measurement in April of 1990 reported a measurement of 0.66 m below grade. There appears 

to be some uncertainty as to the depth of the groundwater table at the site.  

Geophysical and boring tests conducted in 1989 by United Geotech, Inc. (United Geotech, Inc., 

1990) for Taipower, indicated the presence of a gravel formation extending to a depth of about 

125 to 140 m, underlain by a mudstone formation with a thickness of about 130 m, which is 

likely to be underlain by metamorphic rocks. The P and S wave velocities identified by United 

Geotech, Inc. (1990) are as given in Table 1.  

Table 1. P and S wave speeds at the site from a preliminary geophysical survey 

Depth Lithology P-wave S-wave Comment 
Speed Speed 

(m/sec) (m/sec) 
1.4 - 5 m Overburden 400 133 Vp: refraction data 

sand and zravel _ Vs: down-hole data 
5 - 50 m Gravel 1800-2000 333-556 VP: refraction and 

formation reflection data 
Vs: down-hole data 

50- 140 m 
140 - 270 m Mudstone -2700 - Vp: reflection data 

material 

> 270 m Underlying -3200 - Vp: reflection data 
rock 

The wave speeds shown in Table 1 are to be used for qualitative assessments only.  

Shear wave speeds from 18.5 to 200 m depth were measured with a PS-logging survey conducted 

by the Institute of Earth Sciences (IES). The values obtained have been reported by CRIEPI 

(1993d) and are shown in Table 2.
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Table 2. Shear wave speeds from 18.5 m to 200 m from a ES survey 
Depth (:m) 18.5 - 47.0 47.0-70.0 I 70.0- 116.5 116.5 - 160.0 160.0- 176.0 I 176.0-200.0 
V (rn/sec) 478 545 502 624 667 885 

Initial soil borings and LPT tests conducted by CRIEPI (CRIEPI, 1991) revealed that the top 5 m 
below ground level consist of loose to medium silty sand and the layer below consists of dense to 
very dense gravelly soils with gravel size particles ranging from 3 cm to 7 cm.

Northi

Site

Stiff Site

Figure 1 Location of Hualien and Lotung large scale seismic testing sites [from Tang et al., 
1991]
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4. SPECIMEN STRUCTURE

A brief description of the test model is presented here. This description is needed to identify 

critical dimensions, the shape of the model and some of its material properties, as well as the 

various soil zones, including the backfill, for which detailed geotechnical characterizations are 

required. It is also needed for the interpretation of the forced vibration and earthquake loading 

data.  

The test specimen is, approximately, a ¼-scale model of typical commercial reinforced concrete 

cylindrical containment buildings in the USA, France, Taiwan and Japan. A cross-section of the 

model before construction of the backfill together with some of its relevant dimensions are 

shown in Figure 2. The diameter of the cylindrical shell portion of the model is about 10 m and 

its wall thickness is 0.30 m. The total height of the model is 16 m, which includes a 3.0 m thick 

foundation slab and a 1.5 m thick roof slab. The total weight of the model is about 14,000 kN, 

which is more than ¼ of the prototype weight in order to achieve the desired soil-structure 

interaction frequency requirements and soil bearing conditions. The foundation plate of the 

model was placed on the top of the dense to very dense gravelly soil layer at a depth of 5 m 

below the ground surface (GL -5m), which is the approximate location of the horizontal 

boundary between the uppermost loose to medium sand layer and the dense to very dense 

gravelly soil layer.  

Material properties of the concrete shell are, approximately:. Young's modulus, E. = 28,200,000 

kN/m2 (4,093 ksi); unit weight, y. = 24.5 kN/m3 (156 pct); and Poisson's ratio v = 0.2.  

A plant north has been defined for the Hualien LSST (TECPO, 1993a). As indicated in Figure 2, 

the plant north is obtained by rotating 41.250 from the magnetic north to the west. This direction 

coincides with the alignment of the entrance to the marble plant facility where the SSI 

experiment is located as discussed below (see Figure 5), which is a direction of significance for 

the site characterization as discussed in the next chapter. The assumed plant north direction was 

defined and used as a reference direction for the forced vibration tests. In fact, lateral loading 

directions for the forced vibration tests were in the assumed plant NS and plant EW directions 

and, accordingly, horizontal displacement responses for those tests were also recorded in those 

two assumed directions. This convention was not used for any other purpose during the HLSST 

experiment.
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Values are copied from 
design drawings and the 
figure is not to scale.

Roof Floor Plan 

1,383 

51 

CD) 

Section 

Cut for Sump Pump 

Back Fill / G.L.

Base Floor Plan

Shaker North

/•7 Magnetic North Y41.250 

In the forced vibration tests the 
shaker north is obtained by rotating 
41.25' west from the magnetic north.

Figure 2. Structure and foundation of containment model (all dimensions are in mm) [Morishita 
et al., 1993, TEPCO, 1993a]
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5. GEOTECHNICAL INVESTIGATION

In-situ testing, soil sampling and laboratory testing were extensively conducted to quantify the 

properties of the natural soils and backfill deemed relevant for the interpretation and prediction 

of the test results. In particular the following aspects were given special attention: (1) location of 

layer boundaries; (2) in-situ soil density, shear wave speed and material damping at small-strains; 

(3) nonlinear stress-strain properties, i.e., variation of damping and secant shear modulus with 

strain; (4) water saturation; (5) spatial variation of soil properties; and (6) testing and 

characterization of the as-built backfill material.  

The site characterization program was designed to address the need for accurate soil properties at 

the various phases of the Hualien SSI experiment. The Hualien LSST requires that the model 

structure be subjected to forced vibration tests before and after construction of the backfill in 

order to investigate the effect of embedment in the soil-structure interaction. Since the shear 

wave speeds of the cohesionless soils encountered at the site depend on the effective confining 

pressure, the soil properties beneath the model foundation and its proximity are expected to 

change during the various phases of the experiment as a result of excavation, model construction 

and backfill placement and compaction. To address those needs, the site characterization 

program by CRIEPI consisted of a initial site characterization using soil borings and large 

penetration tests (LPT) and the following 4 phases: 

I. The collection of undisturbed soil samples and the performance of a series of geophysical 

tests prior to the excavation operations required for the model foundation.  

II. Geophysical tests and the collection of undisturbed soil samples following the excavation 

operations.  

Il. Geophysical tests conducted after construction of the model and before the backfill 

placement, which are needed to interpret the results of forced vibration tests without 

embedment.  

IV. Large penetration tests and geophysical tests conducted after placement of the backfill, which 

are needed to establish the soil properties required to interpret the forced vibration tests with 

embedment and the model response to earthquake loading.  

Laboratory tests were, of course, conducted on the soil samples collected in the various phases 

indicated above. Analyses were also conducted to simulate the effect of excavation, de-watering, 

containment bearing pressure and backfill placement on the effective stresses.  

For further reference, a general view of the Hualien site, which is located inside a marble plant 

facility in Hualien, as well as views of the LPT boring locations and refraction survey lines for 

the initial subsurface exploration are shown in Figures 3, 4 and 5, respectively. Also for further 

reference, the soil layers and soil types for which detailed geotechnical characterization was 

conducted are shown in Figure 6.  

5.1 Initial Site Characterization Using the Large Penetration Test (LPT) 

The large penetration test (LPT) is a penetration test similar in concept to the standard 

penetration test (SPT) and was especially developed to investigate gravelly soils in Japan. Like 

the SPT, the LPT allows for the collection of disturbed soil samples and the measurement of the
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penetration resistance of the soil in terms of the numbers of blows required to achieve a 
standardized penetration of the probe. Specifically, the LPT penetration resistance, NLpT, is 
measured by the number of blows by a free-falling mass of 100 kg dropping from a height of 150 
cm required for a 30 cm penetration of the probe. Detailed LPT description and comparisons 
between the LPT and SPT can be found in Yoshida et al. (1988). In particular, an empirical 
relation used by CRIEPI (CRIEPI, 1993a) is as follows: NspT = 1.5XNLpT for sand and NspT = 
2 .OXNLpr for gravel.  

LPT locations are shown in Figures 4 and 5 (locations B1, B2, B3, B4 and B4'). Disturbed soil 
samples were also collected at those locations for further laboratory testing for soil classification 
purposes. For further reference, it is noted that boreholes B3, B2 and BI are not aligned in either 
the actual NS direction or the so-called plant (or shaker) NS direction as shown in Figure 5.  

Table 3. LPT results (reproduced from CRIEPI, 1993a) 

Depth (m) B-1 B-2 B-3 B-4 B-4' 

1.15-1.45 5 5 6 6 
2.15-2.45 7 5 5 6 

3.15-3.45 9 5 7 8 10 
4.15-4.45 8 7 7 15 -

5.15-5.45 28 22 28 36 

6.15-6.45 25 33 29 33 25 
7.15-7.45 33 25 30 28 -
8.15-8.45 38 21 28 21 

9.15-9.45 33 22 25 19 27 
10.15 -10.45 38 25 30 29 
11.15 - 11.45 24 36 28 24 
12.15 - 12.45 23 46 23 36 30 
13.15- 13.45 29 23 35 44 -

14.15 - 14.45 25 41 25 30 

15.15 - 15.45 33 39 25 49 39 
16.15 - 16.45 35 56 26 49 
17.15 - 17.45 40 30 26 52 

18.15 -18.45 30 44 33 59 41 
19.15 -19.45 32 -- 27 60 

20.15 - 20.45 31 - 66 -

Large penetration tests were conducted to about GL-20m at boreholes B I, B3, B4 and B4' and to 
about GL-40m at borehole B2 which is located under the center of the model foundation. NLpT 

values ranged from 5 to 10 for the sandy soils encountered in the upper 5 m and from 20 to 40 for 
the gravelly soils encountered from GL-5m to GL-20m (CRIEPI, 1991, 1992 and 1993a).  
Correlations between LPT measurements and soil index properties indicate a loose to medium 
sandy soil down to GL-5m and a dense to very dense gravelly soil from about GL-5m to GL
20m. This pattern was consistently observed at all locations where large penetration tests were 
conducted, which indicates an approximately horizontal boundary between the two soil layers at 
about GL-5m. The results reported by CRIEPI are shown in Table 3 above.
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5.2 Seismic Refraction and PS-Logging 

A summary of the geophysical surveys initially planned for the site characterization is presented 

below. Those surveys took place between November of 1990 and June of 1993. However, it 

was determined late in 1993 that a new series of in-situ tests including geophysical surveys were 

needed to better characterize the in-situ soil properties of the as-built backfill in the vicinity of 

the model. Those new tests were conducted in April and October of 1994 and are addressed in 

Section 5.2.4 below.  

Refraction Surveys. - Refraction surveys were conducted early in the site investigation, before 

excavation, along two 115-mr lines that passed through the center of the model and are denoted 

line-A and line-B. As shown in Figure 5, Line-A runs in the direction of boreholes B3 and B5 

and line-B is inclined 450 counterclockwise with respect to line-A. Elastic waves generated at a 

point in each of the seismic lines were picked up by geophones spaced at 5-m intervals along 

line-A and line-B. Pulses for the P and S waves were generated by the vertical and horizontal 

strike of a sledge-hammer on the top and side of plank placed on the surface of the ground. For 

the S wave generation the plank was stabilized by the weight of the front wheel of a van. After 

excavation, refraction surveys were also conducted along those same directions but on two 10-mr 

long seismic refraction lines.  

To measure the shear wave velocities in the backfill, refraction surveys were conducted 

following its construction along three 10-m. long lines denoted A-line, B-line and C-line and one 

5-m. long line denoted D-line, all located in the proximity of the model as shown in Figure 7.  

Down-Hole Logging. -- A schematic representation of the down-hole logging procedure utilized 

is shown in Figure 8. P waves were generated by a vertical blows of a sledge-hammer to the top 

of a plank placed on the ground surface, whereas S waves were generated by horizontal strikes to 

the side of the plank which was stabilized by a vertical weight. Down-hole loggings were 

conducted at borings Al, B2, B2', B5, and B6 whose locations are shown in Figures 4 and 9.  

P and S wave velocities were measured at Al, B2, B2', B5 and B6 before the excavation, at Al 

and B3 after the excavation and before the backfill construction, and at Al and B2' after backfill 

construction.  

Cross-Hole Logging. - A schematic representation of the cross-hole procedure utilized is shown 

in Figure 10. S wave motions were created within the source borehole using a S-wave generator.  

Wave propagation paths for the cross-hole loggings are shown in Figure 9. S wave velocities 

were measured on three different paths identified as follows: 

1. Method A, for shear waves generated at B2' and received at B5, A3 and B6; 

2. Method B, for shear waves generated at A2 and received at B2', A3 and B6; and 

3. Method C, for shear waves generated at A4 and received at B2' and Al.  

Except for the A-method from B2' to A3, S wave velocities were measured by those 3 methods 

before excavation, after excavation and after the model construction. After the backfill 

construction shear wave velocities were measured only the A-method from B2' to A3.  

Following the backfill construction cross-hole logging was conducted between two new 

boreholes denoted C l and C2 (see Figure 7) to measure the shear wave speed in the backfill.

NUREG/CR-6584I1



Seismic Tomography. - This method is similar to the cross-hole logging and utilized boreholes 
B2' and Al. Elastic S waves generated within B2' were picked up by the geophone set within Al 
and 6 velocity gages located between the boreholes and under the containment foundation plate 
as shown in Figure 11. This model was used after the excavation (phase iE) and after the model 
construction (phase III).  

5.2.1 Phase I - Before Excavation 

The results of the refraction surveys, down-hole and cross-hole P and S waves speed 
measurements obtained by CRIEPI (CRIEPI, 1993a) are shown in Figures 12 to 14.  

Sand Layer. -- Down-hole measurements indicate a layer down to GL-2m with shear wave speeds 
Vs = 90 to 130 m/sec, over a layer with Vs = 190 to 230 m/sec that extends to about GL-5m (see 
Figure 12).  

The cross-hole measurements indicate a gradual increase of the shear wave speed from about 150 
m/sec to about 230 m/sec from the ground surface to GL-5m (see Figure 12).  

The refraction survey results shown in Figure 13 indicate shear wave speeds ranging from 194 
m/sec to 158 m/sec along line-A and from 192 m/sec to 182 m/sec along line B. It also identified 
a nearly horizontal layer boundary at a depth ranging from 5 to 6 m.  

Down-hole measurements indicate a P wave speed Vp = 330 to 390 m/sec from the ground 
surface to GL-2m, and Vp = 880 to about 1200 m/sec from GL-2m to GL-5m (see Figure 14).  

From the ground surface to a depth of about 2 m the refraction survey identified P wave speeds 
ranging from 310 m/sec to 550 m/sec along line-A and from 280 m/sec to 640 m/sec along line-B 
(see Figure 13). From GL-2m to a depth of about 5 to 6-m the P wave velocities measured by the 
refraction method ranged from 950 m/sec to 1,150 along line-A and from 850 m/sec to 1,110 
along line-B (see Figure 13).  

Gravel Layer. -- Down-hole measurements identify a layer with Vs = 310 to 390 m/sec from GL
5m to GL -12m, and a lower layer below GL-12m with Vs = 480 m/sec (see Figure 12).  

Cross-hole measurements indicate shear wave speeds between GL-5m and GL-12m that range 
from about 270 m/sec to about 400 m/sec (see Figure 12).  

S wave speeds from 320 m/sec to 363 m/sec along line-A and from 330 m/sec to 377 m/sec along 
line-B were measured by the refraction survey to a depth of about 20 m (see Figure 13).  

Down-hole measurements shown in Figure 14 indicate P wave speeds ranging from 1250 to 
about 1500 m/sec from GL-5m to GL-12m, and a P wave speed of about 2270 m/sec below GL
12m.  

P wave speeds measured with the refraction method (see Figure 13) range from 1,730 m/sec to 
2,050 rn/sec for line-A and from 1,660 to 1,800 rn/sec along line-B.  

A summary of the Phase-I results is shown in Table 4.
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Table 4. P and S wave speeds measured before excavation (data from CRIEPI, 1993a) 

Depth Layer Down-Hole Cross- Refraction Survey 

(M) Description Hole 
Vs VP Vs Vs VP 

(m/se_) (m/sec) (m/sec) (m/sec) (misei ) 

0-2m Loose to 90-130 330-390 Gradual 160-190 280-640 

medium sand increase 

2-5m Lose to 190-230 880-1200 from 150 850-1150 

medium sand to 230 

5 - 12 m Dense to very 310-390 1250-1500 270-400 320-390 1660-2050 

dense gravel 

>12m Dense to very 480 2270 
dense gravel 

5.2.2 Phase II - After Excavation 

As a result of the dependency of the soil shear modulus and, consequently, the shear wave speed 

on the effective confining stress, it was deemed necessary to determine the shear wave speed in 

the soil layers following excavation. Comparisons of the S and P wave velocities obtained by 

CRIEPI before and after excavation are shown in Figures 15 and 16. The general trend is for the 

shear wave speeds after excavation (labeled 92 in Figures 15 and 16) to be significantlysmaller 

than those before excavation at about GL-5m and to approach the S wave speeds prior to 

excavation as the depth increases. At about GL-12m the differences in S wave speeds before and 

after excavation are small.  

To establish an empirical relation between the effective confining stress and the S wave speed, 

laboratory cyclic triaxial tests were conducted on 300 mm diameter undisturbed soil samples 

recovered from below GL-5m using a ground freezing sampling technique. This procedure lead 

to an empirical relationship of the form Vsoc (O'3m)0°3 , where &3m is the mean effective 

confining stress.  

This empirical relationship together with the change in mean effective ground stress resulting 

from the excavation (computed using the solution for a uniformly loaded area on a elastic 

homogeneous half-space) was used to predict the S wave speed after excavation. Good results 

were obtained by CRIEPI using this procedure (CRIEPI, 1993a, Kokusho et al., 1993). On this 

basis, it was concluded that the reduction of the S wave speed following excavation was a result, 

primarily, of the reduction in confining stress and not the result of soil disturbance from the 

excavation operations.  

The results of the seismic refraction surveys conducted along 10-m long lines oriented as those 

used in Phase I, indicated P wave speeds from 1820 to 1830 m/sec from GL-5m to GL-8m and S 

wave speeds from 120 to 150 m/sec from GL-5m to GL-6.5m, and from 240 to 260 m/sec from 

GL-6.5m to GL-8 m.  

5.2.3 Phase III - After Model Construction 

S wave speed measurements under the containment were made following construction of the 

model in November of 1992 using the cross-hole and tomography procedures described above.
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The results obtained by CRIEPI are shown in Figure 17 (CRIEPI, 1993c). The measured shear 
wave speeds show a large scatter with an average value of about 317 m/sec. Furthermore, the 
values obtained for the S wave velocities were, generally, significantly less than those predicted 
on the basis of the computed change in effective confining stress, with the exception of those 
obtained between B2' and Al.  

The results indicate the highest shear wave speeds between B2' and Al, and the lowest speeds 
also in the B2'-A1 direction but between A4 and B2', i.e., the shear wave velocities are higher 
near the center of the containment and lower near the periphery. It is noted that the velocities 
near the center of the containment were actually similar to those predict by the change in 
effective confining stress from construction of the model. Additionally, the velocities measured 
from A2 to B2', are less than those obtained along the B2'-B6 and B2'-B5 paths. This, could also 
be because the A2-B2' path is affected more by the conditions in the containment periphery than 
the other two paths.  

It is also noted that, the S wave speeds measured in the A4-Al direction are generally higher than 
those measured in the directions transverse to it. Also, as shown in Figure 17, average shear 
wave speeds at a given depth in the A4-Al direction are considerable greater than average shear 
wave speeds at the same depth but on the transverse direction. In general, it appears that the 
average S wave velocities in the A4-A1 direction are greater than those in the direction 
perpendicular to it. It also seems that the S wave velocities are greater near the center of the 
containment and smaller near its periphery. This latter observation could be a result of smaller 
confining stresses near the periphery of the foundation as a result of zero lateral surcharge prior 
to the construction of the backfill, as well as of more severe soil disturbance near the foundation 
periphery from excavation and construction operations.  

5.2.4 Phase IV - After Backfill Construction 

The objectives of the subsurface investigation conducted in this phase were: (I) to determine the 
dynamic properties of the soils under the foundation following construction of the backfill; and 
(11) to determine the dynamic properties of the as-built backfill soil.  

Early geophysical and laboratory tests for this phase were conducted in March and June of 1993.  
However, it was later determined that most of the in-situ tests for the backfill soil had been 
conducted a too great a distance from the model (about 3.0 m) and that additional tests would be 
needed to characterize the backfill properties closer to the containment walls. Therefore, another 
series of in-situ tests was carried out in April and October of 1994. Accordingly, this phase is 
divided into phases IV-A and IV-B for the purposes of this review.  

Phase IV-A: March and June of 1993. - CRIEPI performed the following tests: 

1. For soils just beneath the foundation: 
1.1. down-hole method at B2' and 
1.2. cross-hole method between B2' and A3.  

2. For the backfill: 
2.1. soil sampling and laboratory testing, 
2.2. down-hole method at C2, 
2.3. cross-hole method between C l and C2 and 
2.4. refraction survey along the lines A-D located around the model.
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The locations of the new boreholes and seismic refraction lines are shown in Figure 7.  

S wave speeds obtained by the down-hole and cross-hole methods for the soil under the model 

are shown in Figure 18. The down hole data were obtained at two sensors placed 1-rn apart.  

Data from the lower sensor is denoted series-i whereas data from the upper sensor are denoted 

series-2. The measured speeds are highest near the base of the model and gradually decrease to 

about GL-7m. Below about GL-7m the S wave speeds again increase as the depth below the 

foundation increases. The observed behavior seems to be in agreement with the increase in 

confining stresses from the containment bearing pressure. From the data shown in Figure 18 an 

average value of 383 m/sec for the S wave speed was determined by CRIEPI (CRIEPI, 1993f) 

for the soil beneath the foundation from GL-5m to GL-12m.  

The S wave speeds computed from the geophysical tests on the backfill are shown in Figure 19.  

The cross-hole results which indicate S wave speeds less than those measured by the down-hole 

method, were deemed to be unreliable because of the difficulty in picking the arrival times of the 

waves. Therefore, CRIEPI recommended the average shear wave speed from the down-hole 

method for the as-built backfill soil, Vs = 400 m/sec. These results were later found to be 

insufficient to characterize the backfill properties in the vicinity of the model.  

Phase IV-B: April and October of 1994.  

A series of in-situ tests were conducted to better establish the in-situ properties of the as-built 

backfill soils in the vicinity of the containment. The following tests were performed by CRIEPI 

(CRIEPI, 1995b) for that purpose: 

1. Five LPT tests at locations D1, D4, D5, D6 and D10 to a depth of 15.3 m below grade level 

(borehole locations are shown in Figures 20 and 21); three LPT tests at locations D3, D8 and 

D11 to a depth of 5.3 m below grade level; and a SPT at location D9 to 15.3 m below grade.  

2. Eight suspension logging tests at boreholes D3, D4, D5, D6, D8, D9, D10 and B6, for direct 

in-situ measurement of S wave velocities.  

3. Three down-hole logging tests at boreholes C1, D5, D6 and D9.  

The LPT data are shown in Table 5. The following observations can be made on the basis of the 

data shown in Table 5 and their comparison with the LPT data from 1990 shown in Table 3: 

1. LPT blowcounts around the containment from about GL-5m to about GL-7m are consistently 

less than those obtained during the initial phase of the subsurface investigation at boreholes 

B1, B2, B3 and B4; and 

2. LPT blowcounts in the backfill range from 10 to 18 but consistently decrease to small values 

at a depth of about 4.3 m below grade, indicating that the backfill may not be well compacted 

at that depth (about 4.3 m below grade).
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Table 5. LPT and SPT data (reproduced from CRIEPI, 1995b) 

Depth D1 D4 D5 D6 D10 D9 D3 D8 Dll 
(M) (SPT) 

1.3 10 17 17 8 29 23 11 15 12 
2.3 14 13 16 14 12 20 10 15 8 
3.3 18 7 19 18 14 29 18 24 15 
4.3 5 0.42 5 9 10 17 10 5 14 
5.3 14 12 31 15 12 16 24 23 
6.3 21 42 33 15 19 31 
7.3 33 26 29 17 26 33 
8.3 22 24 24 70 22 35 
9.3 23 22 37 30 25 53 _ 

10.3 38 20 50 38 24 44 
11.3 47 85 42 39 17 41 
12.3 43 46 33 35 21 87 
13.3 26 43 32 33 20 121 1 1 
14.3 30 25 33 41 25 46 
15.3 32 43 57 60 31 87 

With the data collected CRIEPI proposed empirical correlations between the large penetration 
test blowcount and the S wave speed at the site, as well as a correlation between the SPT and 
LPT blowcounts. Shear wave speeds measured with the geophysical tests and computed from 
the correlations with the LPT are shown in Figures 22 to 25 for the backfill and the gravel below 
the area adjacent to the boundary of the foundation (gravel 2' in Figure 6), respectively. The data 
show considerable scatter. The S wave speeds computed from the LPT data appear to show less 
scatter than those from direct geophysical measurements. However, it must be noted that scatter 
in the S wave speed correlations with the LPT have not been accounted for in Figures 23 and 25.  

On the basis of the results shown in Figures 22 to 25, CRIEPI (CRWEPI, 1995b) suggested 
average values for the S wave velocities for the backfill in the vicinity of the containment and for 
the gravel soil in the outer periphery of the foundation from GL-5m to GL-8m, which is labeled 
gravel 2' in Figure 6. The suggested average values are shown in Table 6.  

Table 6. S wave speeds for soils in the vicinity of the model (reproduced from CRIEPI, 1995b)1 

Soil Type Backfill 1 and 2 Backfill 3 Gravel 2' 
(GLO - GL-4m) (GL-4m - GL-5m) (GL-5m - GL-8m) 

Shear Wave Speed 300 250 280 
(/lsec) 

Soil layers and types are identified in Figure 6.  

5.2.5 Poisson's Ratio 

Poisson's ratio for the soils were determined based on the P and S wave velocities measured for 
the various soil layers and zones and taking the average values (CRIEPI, 1993d; CRIEPI, 1995b).  
The values obtained are shown in Table 7.

NUREG/CR-6584 16



Table 7. Poisson's ratios computed from measured P and S wave speeds (reproduced from 
RPTFPT~ 195' --- I ______h______

The Poisson ratio for this layer computea from me measureu r viuu , waw v~iuoi , .......  

0.48 was suggested by CRIEPI assuming full saturation and a groundwater table at about GL-2m.  

5.3 Soil Sampling 

In addition to the disturbed samples collected with the LPT probe, the sampling methods used by 

CRIEPI included the collection of undisturbed samples using both non-freezing and freezing 

sampling techniques as summarized in Table 8 below (CRIEPI, 1993a).  

Table 8. Undisturbed sampling methods used (reproduced from CRIEPI, 1993a) 

Sample size Sampling method [Sampling Depth Date 

(for triaxial testing) I I (m) I 
Silty sand Non-freezing 1.0 - 5.0 m December 1990 

=50 mni, H = 100 mm sampling 

Sand and gravelly soil Freezing sampling 5.0 - 20.0 m December 1990 

= 100 mm, H = 200 mm 

Gravelly soil Freezing sampling 5.0 - 6.0 m March 1992 

= 300 mm, H = 600 mm I I 

Non-freezing sampling was performed using a sampler with triple tubes with a inner-diameter of 

approximately 120-mm especially developed to obtain high-quality samples of sands. The non

freezing sampling locations are indicated in Figure 26. To minimize sample disturbance the 

samples taken from the ground were frozen while still in the PVC inner tube of the sampler.  

After freezing the samples, the PVC tube was removed, the samples were cut with a portable saw 

into parallelepipeds 120-mm long with a 80x80 mm2 cross-section, and then wrapped and kept 

in cooling boxes with dry ice for shipping to the laboratory. A detailed description of the 

samples collected can be found in CRIEPI (1993a). Fine sand, medium sand with boulders and 

silt were encountered above a depth of about 4 m whereas sand and gravel were encountered 

below that depth. The samples collected in this manner were later used for testing in a triaxial 

apparatus for 50 mm diameter samples.  

The location of freezing sampling with 100 mm diameter samples are also shown in Figure 26.  

A detailed description of the freezing sampling method is given in CRIEPI (1993a). With this 

method the ground was frozen by injecting liquid nitrogen in boreholes located on the sides of
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Soil Type 1 Before Backfill After Backfill 
(FVT-1) (FVT-2 and Earthquake) 

Sand 1 (0 - 2.0 m) 0.38 0.38 

Sand 2 (2.0 - 5.0 m.) 0.48 0.48 

Gravel 1 (5.0 - 12.0 m) 0.47 0.48 

(Ruder the foundation) 
Gravel 2 (5.0 - 12.0 m) 0.47 0.47 

Gravel 2' (5.0 - 12.0 m) 0.47 0.47 

Gravel 3 (12.0 -20.0 m) 0.47 0.47 

Backfill I Q - 2.0 m.) - 0.38 

Backfill 2 (2.0 - 4.0 m) 0.48' 

Backfill 3 (4.0 - 5.0 Ln) 0.48
• •t•
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the locations from were the samples would be extracted. The sampler used had a inner diameter 
of 101 mm and a diamond bit at the lower end for coring the samples. A detailed description of 
the samples is also given in CRIEPI (1993a). Large boulders or cobbles with diameters ranging 
from 6 cm to more than 20 cm were encountered in the sampled cores particularly between GL
5m and GL-8m. The samples collected were tested in a triaxial apparatus for 100 mm diameter 
samples.  

Frozen samples with 300 mm diameter samples were extracted from the locations shown in 
Figure 27 using another ground freezing sampling technique. The samples were used for a more 
detailed investigation of the gravelly soils with boulders and cobbles encountered between GL
5m and GL-6m, in particular to study the effect of sample size (diameter) on the shearing stress
strain relation. With this ground freezing sampling technique, a soil block with an approximate 
diameter of 1,500 mm and a depth of about 1,250 mm was frozen in-situ by the circulation of 
liquid nitrogen through the ground and subsequently removed from the ground. This soil block 
was then placed in a cooling box and bored to remove cylindrical specimens 300 mm in diameter 
and about 600 mm long. Those samples were tested in a triaxial testing apparatus for 300 mm 
diameter samples. A detailed description of the sampling process and the cored samples can be 
found in CRIEPI (January, 1993a).  

5.4 Laboratory Testing 

The Specific gravity and grain-size distribution tests.  

1. Soil density testing.  
2. Monotonic triaxial extension and compression testing.  
3. Cyclic compression tests (triaxial consolidation tests).  
4. Strain-controlled and stress-controlled cyclic triaxial tests.  

The specific gravity and grain-size distribution tests were performed using disturbed samples and 
all other 

Monotonic static triaxial compression and extension tests were performed to obtain the strength 
properties of the soils, i.e., effective stress internal friction angle and apparent cohesion, as well 
as the E50 secant shear moduli for the soils, which is the secant shear modulus measured in the 
triaxial compression tests at a deviatoric stress equal to one-half the deviatoric stress at failure.  

The cyclic compression tests were performed to establish the soil behavior for loading and 
unloading under hydrostatic stresses as needed for constitutive modeling. These tests were 
conducted using the triaxial apparatuses for 50 and 100 mm diameter samples and especially 
designed instrumentation as described in CRIEPI (January, 1993a).  

Strain-controlled triaxial tests were conducted to determine the nonlinear shearing stress-strain 
properties for the soils which were given in terms of strain-compatible modulus and damping 
(i.e., the so-called G/G 0 - y/Yr and h - G/G0 relations); whereas stress-controlled triaxial tests 
were performed to determine the undrained cyclic strength of the soils.
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5.4.1 Specific Gravity and Grain-Size Distribution 

Gravel. -- The specific gravity of the soil particles tested ranges from 2.646 for grain-sizes 

between 38.1 and 50.8 mm, to 2.798 for grain-sizes between 0.074 and 0.105 mm. In general, 

the specific gravity was found to be greater for the smaller size particles.  

The grain-size distributions for the gravelly soils tested indicate fines content from 15% to 25%, 

maximum grain-sizes from 25.4 mm to 100 mm and mean grain-sizes from 0.4 mm to 3.5 mm.  

The gravelly soils encountered were found to be well-graded soils with coefficients of 

uniformity, Cu, ranging from about 68 to about 437 with most values of the order of 200.  

Backfill. - The specific gravity for the backfill soils ranges from 2.651 for grains-sizes between 

4.76 and 9.52 mm to 2.753 for grain-sizes less than 0.25 mm. Generally, the specific gravity of 

the backfill soil particles was found to increase as the grain-size diminished.  

Grain-sizes for the backfill soils ranges from 38.1 mm to less than 0.25 mm, with about 8.8% by 

weight less than 0.25 mm. With a coefficient of uniformity of about 28 and a coefficient of 

curvature of about 5.5, this is a gap-graded soil according to the USCS standards.  

5.4.2 Dry Density 

The dry densities for the loose to medium sand and the dense to very dense gravel were 

calculated from the size, weight and water content of the undisturbed samples obtained by the 

ground freezing sampling method, and were found to be almost constant through the depth of 

each layer. The dry densities of the sands and gravels are about 1.5 (g/cm3) and 2.2 (g/cm3), 

respectively. Saturated densities for the sands and gravels were found to be 1.93 (g/cm3) and 

2.42 (g/cm3), respectively.  

The saturated and dry densities of the gravelly soil appear to be extremely high, with the 

saturated density approximately equal to that of concrete. This appears to be, in part, the result of 

a well-graded grain size distributions with coefficients of uniformity of the order of a few 

hundred. It is noted that dry densities of the order of 2.2 (g/cm 3) have been reported for some 

well-graded silty gravels with similar coefficients of uniformity (Hough, 1969; Holtz and 

Kovaks, 1982). The densities reported by CRIEPI (CRIEPL 1993a) may, therefore, be credible 

for the gravelly soils encountered at the site.  

The dry density of the backfill soil was determined by in-situ quality control tests for the backfill 

compaction performed by Taipower Corporation (TPC), and was found to be almost uniform 

with depth and approximately equal to 2.22 (g/cm3) (CRIPI, 1993f). Dry densities as high as 

these have been reported for compacted gravelly soils (U.S. Army Engineer Waterways 

Experiment Station, 1960). The dry densities were used by CRIEPI to compute bulk densities for 

the backfill assuming the degree of saturation for each layer. On this basis, the total densities of 

the backfill soil were reported to be: 2.33 (g/cm3) from the ground surface to GL-2m; and 2.39 

(g/cm3) from GL-2m to GL-5m. Those densities were not altered upon revision of the shear 

wave velocities of the backfill soils in the vicinity of the model (CRIEPI, 1995b), a revision that 

resulted in a considerable reduction of the shear wave speed.
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5.4.3 Monotonic Triaxial Compression and Extension Tests 

Triaxial compression and extension tests were conducted to determine the shear strength 
parameters of the sand and gravel under monotonic loading to failure. Sand samples were cut to 
a 5 cm diameter and a 10 cm length, whereas all gravel samples were cut to a 10 cm diameter and 
a 20 cm length. The specimens were consolidated isotropically and then the axial load was either 
increased or decreased to failure under drained conditions at a strain rate of 0.5%/min. A 
detailed description of all samples used and of the results obtained can be found in CRIEPI 
(January, 1993a). A summary of the principal results thus obtained is given in Table 9.  

Table 9. Shear strength parameters under monotonic loading (reproduced from CRIEPI, 1993a) 

Triaxial Compression Triaxial Extension 

Soil Type Internal Apparent Internal friction angle Apparent 
friction angle cohesion (degrees) cohesion 

(degrees) (kN/m2) (kN/m2) 

Sandy soil 27.6 17.2 
GL-3.56m - GL-4.04m) 

Gravelly soil 39.7 32.3 35.8 
(GL-8. lm - GL-8.9m) (GL-8.92m - GL-9.54 

m) 
Gravelly soil 40.2 94.1 

(GL-17.7m- GL-18.3m) 1 _ 1 

The relation between the E50 secant modulus, i.e., the secant modulus for a deviatoric stress equal 
to (1/2)x(oy - C3)faijur, and the effective confining pressure, was also obtained from the triaxial 
compression tests. These relations, which are important for constitutive modeling of the soil, are 
shown in Table 10.  

Table 10. E50 Secant modulus vs. effective confining stress (reproduced from CRIEPI, 1993a) 

Soil Type E50 Secant modulus vs. Effective Soil ype confining stress, a,' (kN/m2) 

Sandy soil E50 = 838.9 a,' 0.70 

(GL-3.56 - GL-4.04m) 
Gravelly soil E50 = 21,315 ac' 0.40 

(GL-8.1m - GL-8.9m) 
Gravelly soil E= 11,858 a,' 0.55 

(GL-17.7m - GL-18.3m) 

5.4.4 Consolidation Tests 

Cyclic hydrostatic (consolidation) tests were also conducted by CRIEPI (CRIEPI, 1992, 1993a) 
using the triaxial apparatus to obtain parameters required for constitutive modeling of the soils.  
Non-contact lateral displacement sensors were used to avoid membrane penetration effects. Each 
consolidation test consisted of a initial isotropic consolidation phase followed by the application 
of loading-unloading cycles of increasing hydrostatic pressure. Specimen volume changes were, 
of course, measured at each loading step. Idealized consolidation properties for the sand and 
gravel obtained on the basis of those tests are given in Table 11 below.
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Table 11. Idealized consolidation properties (reproduced from CRIEPI, 1993 a) 

Soil Type Mean Effective Compression Swelling 
Stress in =kN/m 2) Index. C. Index, Cs 

29.4 -98 0.0226 0.0128 

Sandy soil 98-294 0.0300 0.0212 
294-588 0.0737 0.0226 

49-98 0.00546 0.00446 

Gravelly soil 98-294 0.0152 0.00503 
294-588 0.0169 0.00373 

5.4.5 Nonlinear Shearing Stress-Strain Relation 

Strain-controlled cyclic triaxial tests were carried out to determine the strain-dependency of the 

secant shear modulus and damping ratio with shear strain (CRIEPI, 1994a) for strains ranging 

from about 10-5 to about 10"3. To establish the secant shear modulus and damping ratios CRIEPI 

used triaxial tests and the following specimen sizes: 
1. 100 mm and 300 mm diameter samples, with lengths of 200 and 600 mm, respectively, for 

gravel; and, 
2. 50 mm and 100 mm diameter samples for sands.  

Special instrumentation procedures were used to obtain reliable results. Those procedures 

included: installation of the load transducers in the pressure cells to avoid friction between the 

axial rod and the pressure chamber; use of non-contact type displacement transducers without 

hysteretic damping installed in the pressure chamber; and targets for the displacement 

transducers attached to the lateral surface of the samples to avoid bedding errors at the sample 

ends. Accelerometers were also attached to the lateral surface of the gravel samples to measure 

the shear wave speed in a sample under a given confining pressure subjected to torsional shear 

waves generated by the blow of hammer on a steel plate projecting from a rod aligned with the 

axis of the sample.  

Conventional triaxial testing procedures used in Japan were used for the soils sampled by non

freezing methods. For the samples obtained by the freezing method special procedures were 

used as described next. The samples were allowed to thaw completely under drained conditions 

under a isotropic pressure less than the effective confining stress for cyclic loading. After 

thawing, the specimens were saturated through a procedure that included the use of back pressure 

until the B-coefficient became equal to or greater than 0.90. For the cyclic loading the effective 

confining pressure was, in principle, made equal to the effective overburden pressure. Then, 

cyclic shear strains at 1 Hz frequency were applied under undrained conditions. After cycling at 

a given loading level, the specimens were drained to remove any excess pore pressure that might 

have been generated, and then subjected to undrained cyclic loading at a higher strain level.  

Laboratory determination of shear wave speed 

Gravel -- The samples depth, effective confining pressure of the test, ac', small-strains shear 

modulus (Gm at y3,.5x10"6), bulk density and the computed shear wave speed under the test 

effective confining pressure are shown in Table 12 [Tajimi Engineering Services, Ltd., 1996].
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Table 12. Small-strain shear modulus and shear wave speeds for gravel from triaxial tests (from 
Tajimi Engineering Services, Ltd., 1996) 

Sample Depth 1 Gm at y5x 10-6 Pt Vs CY [ Vs1 

No. [ (in) k( m) (ton/m 3) (m/sec) [dM/im) (m/sec) 

2 5.06-5.62 78.4 140,140 2.47 238 64.7 224 
3 5.14-5.78 78.4 176,400 2.47 267 66.6 254 
5 5.18-5.78 78.4 140,140 2.46 239 67.6 229 
6 5.14-5.78 78.4 175,420 2.48 266 66.6 253 
8 5.18-5.78 78.4 156,800 2.46 253 67.6 242 
9 5.08-5.68 78.4 142,100 2.46 241 65.7 229 

S 1-2c 5.38-5.58 88.2 227,360 2.55 285 67.6 262 
S1-3a 6.06-6.26 88.2 222,460 2.49 299 76.4 287 
S1-3c 7.09-7.29 98.0 161,700 2.39 268 91.1 262 
S1-4c 7.81-8.01 118 145,040 2.34 249 101 229 
S1-4d 8.02-8.22 118 147,000 2.37 249 104 229 
SI-4e 8.23-8.43 118 160,720 2.40 259 107 251 
S1-4f 8.44-8.64 118 200,900 2.41 289 110 283 
S2-5a 9.90-10.10 137 243,040 2.42 317 130 311 
S2-5b 10.41-10.61 147 203,840 2.45 289 137 283 
S2-7a 11.88-12.08 167 308,700 2.44 356 144 342 

Corrected for actual effective confining pressure which was less than that used in the test.  

The shear wave speeds computed from the triaxial test data are less than those obtained from the 
in-situ geophysical tests, namely, down-hole and cross-hole logging. It has been pointed out in 
(Tajimi Engineering Services, Ltd., 1996) that the estimated effective overburden pressure for the 
free-field are 10 to 20% less than the effective confining pressure in the free-field. Taking into 
account that the shear speed measured in the laboratory for 300-mm diameter specimens is 
approximately proportional to (0-°') 0 3 the shear velocities shown in Table 12 can be corrected to 
the estimated overburden effective stress in the free-field. The corrected values obtained by 
Tajimi Engineering Services, Ltd., are shown in Table 12.  

The shear wave speeds for the gravel computed on the basis of the triaxial tests (and shown in 
Table 12) are about 20 to 25% less than those obtained using PS-logging. The reasons for these 
discrepancies have not been explained. Results reported by CRIEPI (CRIEPI, 1993a) indicate 
that shear wave speeds for the gravel measured using triaxial testing data and torsional shear 
wave tests are generally less than those from the in-situ shear wave measurements with down
hole and cross-hole logging, whereas the shear wave speeds for the sands measured in the 
laboratory are similar to those measured in the field. The reasons for the shear wave speeds in 
the gravel measured in the laboratory to be smaller than those measured in the field has not been 
explained. It is, however, of interest to notice that to a depth of about 15 m below ground level 
shear wave speeds measured in the laboratory are approximately equal to the lower bound of the 
shear wave speeds measured with the cross-hole logging method.  

Backfill. -- Shear wave speeds for the backfill soils determined on the basis of cyclic triaxial data 
are shown in Table 13. The average shear wave speed from the laboratory data compares well 
with the 300 m/sec average suggested by CRIEPI on the basis of the phase IV-B PS-logging and 
LPT data.
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Table 13. Small-strain shear modulus and shear wave speeds for backfill from triaxial tests 

(from Tajimi Engineering Services, Ltd., 1996) 

Sample a' G. at Yf5xIO"6 Pt Vs 

No. ] ý (kN/m)m) tm) (mlsec) 

1 98.0 222,460 2.39 305 
2 49.0 147,000 2.39 248 
3 49.0 94,080 2.39 198 

5 49.0 231,280 2.39 311 
6 29.4 156,760 2.39 258 

49.0 201,880 2.39 291 
68.6 237,160 2.39 315 
98.0 292,040 2.39 350 

Strain-Dependent Secant Shear Modulus and Damping Ratio 

The strain-dependency data for the secant shear modulus and damping ratio of sands and gravels 

(CRIEPI, 1993a, 1994a) are shown in Figures 28 to 32 for various confining pressures. The data 

are from specimens obtained using freezing sampling methods and for 100mm- and 300mm

diameter specimens. The specimens identified by the S symbols are 100mm-diameter specimens 

while specimens No. 5 and No. 6 are 300mm-diameter specimens. The data indicate the 

following damping ratio (h) at small strains: 

1. 2-percent for the sandy soils (100mm-diameter specimens), and for the 300mm-diameter 

specimens of gravelly soil (No. 5 and No. 6) sampled between GL-4.5m and GL-6.5m and 

tested at confining pressures of 78.4 kN/m2 (representing soil between GL-4.5m and GL-6.5 

m) and 588.0 kN/m2 representing soil below GL-20m.  

2. Between about 5- and 7-percent for the 100 mm specimens of gravelly soils.  

It was noticed by CRIEPI (CRIEPI, 1993a), that the damping ratio of gravelly soils is smaller for 

the 300mm-diameter specimens than for the 100mm-diameter specimens, especially at the low 

strain levels (y less than about 2x10"5), whereas the secant shear moduli are approximately equal 

for both sample sizes. That is, there appears to be a scaling effect as far as the small-strains 

hysteretic damping of the gravelly soil is concerned.  

Cyclic triaxial tests were also conducted to establish the secant shear moduli and damping ratios 

for the as-built backfill soils. The specimens tested were reconstituted by vibration compaction 

(CRIEPI, 1993f, 1994b). The results obtained are shown in Figure 33.  

On the basis of the data shown in Figures 28 to 33, and on the basis of the apparent scaling effect 

on the equivalent damping ratio, CRIEPI (CRIEPI, 1995a) recommended strain-dependent secant 

shear moduli and damping ratios for use in the FVT-2 and earthquake response analysis. Their 

recommended values are shown in Tables 14 and 15 for the soil types shown in Figure 6.  

Nonlinear stress-strain relations were not recommended for the gravelly soil below GL-20 m.  

The shear modulus ratio and damping ratio for sand and backfill soils are based on the test data 

shown in Figures 28 and 33, respectively. The shear modulus ratio vs. shear strain relationships 

(G/Gm - y) for gravel 1 and gravel 2 are based on the test results for the 100mm-diameter
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specimens taken from depths between GL-6.5m and GL-13.0m, i.e., those shown in Figure 30.  
This relationship for gravel 3 is based on the data shown in Figure 31.  

The damping ratio vs. strain (h - y) relationship for gravel 1 and gravel 2 is derived from the 

(G/GmI - y) relation adopted for this soil as indicated above and the (G/Gm - h) relation obtained 
with the 300mm-diameter specimens taken from depths between GL-4.5m and GL-6.5m (see 
Figure 29). Similarly, the (h - y) relation for gravel 3 is derived from the (G/Gmn - y) relation 
adopted for this soil as indicated above and the (G/Gmn - h) relation obtained with the 300mm
diameter specimens taken from depths between GL-4.5m and GL-6.5m (see Figure 29). This is 
done to account for the effect of sample size on the damping ratio that was detected by 
comparing the results of tests with 100mm- and 300mm-diameter specimens.  

It is noted that the shear strains in Figures 28 to 33 are scaled with respect to the confining 
pressure and that the cyclic triaxial tests were performed under isotropic confining pressures. It 
is, however, recommended in CRIEPI (1995a) that the vertical effective stress be used in lieu of 
the confining pressure to assess the effect of confinement on the nonlinear shearing stress-strain 
relation. This approach was used by CRIEPI to obtain the relationships recommended in Table 
14 and Table 15. For the sand, backfill, and gravel 2, the vertical effective stress was taken to be 
the overburden stress, while for gravel 1 and gravel 3, the vertical effective stress was calculated 
taking into account the effect of the sequence of construction operations (including excavation) 
on the vertical effective stresses.  

Table 14. G/Gmn- y and h - y for FVT-2 and earthquake response analysis for sands and backfill 
soils (reproduced from CRIEPI, 1995a) 

Sand 1 and 2 Backfill land 2 
• [ G/Gm h(%) _ _ G/Gm ] (%) 

<4.4E-06 1.00 2.0 < 2.5E-06 1.00 2.0 

5.3E-06 0.99 2.0 3.4E-06 0.99 2.0 
7.OE-06 0.98 2.1 4.2E-06 0.98 2.0 
8.8E-06 0.96 2.2 5.1E-06 0.97 2.0 
1.3E-05 0.94 2.3 6.7E-06 0.94 2.0 
1.8E-05 0.91 2.5 8.4E-06 0.92 2.0 

2.6E-05 0.87 2.8 1.3E-05 0.87 2.1 
3.5E-05 0.83 3.2 1.7E-05 0.83 2.3 
4.5E-05 0.81 3.5 2.5E-05 0.76 3.0 
5.3E-05 0.78 3.9 3.4E-05 0.70 3.7 
7.OE-05 0.74 4.5 4.2E-05 0.66 4.3 

8.8E-05 0.70 5.1 5.1E-05 0.62 4.8 
1.3E-04 0.63 6.4 6.7E-05 0.55 5.9 

1.8E-04 0.57 7.5 8.4E-05 0.50 6.7 
2.6E-04 0.47 9.5 1.3E-04 0.40 8.4 

3.5E-04 0.39 11.4 1.7E-04 0.33 9.7 
4.4E-04 0.33 13.0 2.5E-04 0.25 11.2 
5.3E-04 0.29 14.3 >3.4E-04 0.21 12.3 

>7.0E-04 0.24 16.0 --
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Table 15. G/Gm- y and h - y relations for FVT-2 and earthquake response analysis for gravel soils 
(reproduced from CRIEPI, 1995a) 

Gravel 1 (5 -12 m) Gravel 2 (5 - 12 m) Gravel 3 (12 - 20 m) 
(under foundati*on) (free-field I 
.L G/Gm h (%/6) Q G/Gm h(%) y j G/Gn h h (o) 

_5.1E-06 1.00 2.0 _<4.7E-06 1.00 2.0 _<4.9E-06 1.00 2.0 

6.1E-06 0.99 2.1 5.7E-06 0.99 2.1 5.9E-06 1.00 2.0 

8.lE-06 0.96 2.2 7.5E-06 0.96 2.2 7.8E-06 0.98 2.1 

1.OE-05 0.94 2.4 9.4E-06 0.94 2.4 9.8E-06 0.96 2.2 

1.5E-05 0.89 2.9 1.4E-05 0.89 2.9 1.5E-05 0.92 2.6 

2.OE-05 0.85 3.4 1.9E-05 0.85 3.4 2.0E-05 0.89 2.9 

3.1E-05 0.78 4.2 2.8E-05 0.78 4.2 2.9E-05 0.83 3.5 

4.1E-05 0.73 4.9 3.8E-05 0.73 4.9 3.9E-05 0.79 4.1 

5.1E-05 0.69 5.4 4.7E-05 0.69 5.4 4.9E-05 0.75 4.6 

6.1E-05 0.65 6.0 5.7E-05 0.65 6.0 5.9E-05 0.72 5.0 

8.1E-05 0.59 6.9 7.5E-05 0.59 6.9 7.8E-05 0.67 5.6 

1.OE-04 0.54 7.6 9.4E-05 0.54 7.6 9.8E-05 0.63 6.3 

1.5E-04 0.47 8.8 1.4E-04 0.47 8.8 1.5E-04 0.56 7.4 

2.OE-04 0.41 9.8 1.9E-04 0.41 9.8 2.OE-04 0.50 8.3 

3.1E-04 0.34 11.0 2.8E-04 0.34 11.0 2.9E-04 0.42 9.6 

4.1E-04 0.29 11.9 3.8E-04 0.29 11.9 3.9E-04 0.37 10.6 

5.1E-04 0.26 12.4 4.7E-04 0.26 12.4 4.9E-04 0.33 11.1 

6.1E-04 0.24 12.8 5.7E-04 0.24 12.8 5.9E-04 0.29 11.8 

>8.1E-04 0.20 13.4 >_7.5E-04 0.20 13.4 >7.8E-04 0.24 12.7 

For each soil, the shear modulus ratio (G/Gm) is taken to be 1.0 for strains less than those shown 

in Tables 14 and 15, and it is kept equal to the minimum value shown in Tables 14 and 15 for 

strains greater than those shown in these tables. Similarly, the damping ratios (h) are kept equal 

to the maximum values in Tables 14 and 15 for strains greater than those shown in these tables, 

and it kept equal to 0.02 for strains less than those shown in the tables.  

5.4.6 Undrained Cyclic Shearing Strength 

Undrained stress-controlled triaxial cyclic loading tests were conducted by CRIEPI to investigate 

the soil potential for liquefaction. The tests conducted measured the cyclic stress ratio ad/(2o-), 

where ad is the deviatoric stress and a,, is the effective confining stress, required to reach a 

double-amplitude (DA) strain of 2% and 5% (sands) and 2% (gravelly soil). The effective 

confining stress for each sample was representative of that at the depth from which the sample 

was taken. For the sand (GL-3.19m - GL-3.81m) the cyclic stress ratios to reach a DA of 5% 

and 2 % in 20 cycles were 0.35 and 0.26, respectively. For the dense gravelly soils and 100mm

diameter specimens, the cyclic stress ratios required to reach a DA of 2% were: 0.44 (GL-5.06m 

- GL-6.26m), 0.24 (GL-7.81m - GL-8.64m) and 0.35 (GL-14.92 - GL-16.27m). For a 300mm

diameter sample of the dense gravelly soil taken between GL-5.06m - GL-6.26m, the cyclic 

stress ratio was 0.26. More Details description of these tests can be found in CRIEPI (1993a).
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The undrained cyclic shear strengths of the gravelly soil are generally higher than those of the 
sandy soils encountered at the site. However, the undrained cyclic resistance of the gravel 
determined on the basis of the stress-controlled triaxial tests on samples taken by a ground 
freezing technique, is not that much higher than those for the sand. This does not appear to be 
consistent with the fact that the undrained cyclic strengths of the gravel predicted on the basis of 
the LPT blowcount are much greater than those of the sand. Given that the fine contents of the 
gravel samples ranges from 9.4% to 25.8%, CRIEPI suggested that the samples obtained by the 
freezing method may still be disturbed for the purpose of determining the undrained strength of 
the soil, which is a credible explanation considering the very high in-situ density estimated for 
this soil. For that reason, CRIEPI proposes that the undrained cyclic shear strength of the gravel 
be determined from correlations with LPT results. This, leads to much higher undrained shear 
strengths for the gravel than those predicted on the basis of the laboratory data. On this basis, 
CRIEPI (1993a) proposed the undrained cyclic strengths summarized in Table 15 for the granular 
soils encountered at the site.  

Table 16. Undrained cyclic shearing strength for 2% double amplitude (DA) strain in 20 cycles 
(reproduced from CRIEPI, 1993a) 

Soil Type Depth Undrained Cyclic Shearing 
I (M) Resistance (ad/2 a,') 

Loose to medium sand 0 -4.5 m 0.32 (for DA=5%) 
Dense to very dense gravel 4.5 - 6.5 m 0.99 
Dense to very dense gravel 6.5 - 13 m 0.49 
Dense to very dense gravel 13 - 20 ra 0.38 

5.5 Commentary 

A comprehensive site characterization program was conducted by CRIEPI between 1990 and 
1994. Their site characterization program paid particular attention to the soil conditions to a 
depth of about 12 m below the ground surface (GL-12m). In this regard, their site 
characterization program was at least as thorough as those commonly used for actual, 
prototypical, sites. In particular, a detailed characterization was made for the surface layer of 
sand from GLO to GL-5m, for the gravel beneath the foundation and in the free-field from GL
5m to GL-12m, and for the as-built backfill soil. A somewhat less detailed characterization was 
provided for the gravel between GL-12m and GL-20m. The site characterization for depths 
below about GL-20m appears to have been beyond the scope of the effort by CRIEPI and, at 
present, it seems to rely almost exclusively on the scoping geophysical study performed in the 
early stages of the Hualien SSI program by the Institute of Earth Sciences (IES) of the Academia 
Sinica. This characterization may be limited for the purposes of detailed correlation analysis 
studies with the ground accelerations recorded in the down-hole arrays, which extended to a 
depth of about GL-52.5m. Examples of such correlation studies are: site amplification studies 
and deconvolution analysis.  

The procedures and results of the site characterization program conducted by CRIEPI, which 
took place over a span of about 4 years from 1990 to 1994, were periodically reported to the 
members of the Hualien SSI consortium and their contractors. They and CRIEPI evaluated those 
procedures and results and recommended new tests as deemed necessary. As a consequence, the 
results obtained by CRIEPI and summarized above have been thoroughly reviewed and should
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provide an adequate representation of the site conditions. However, additional comments need 
to be made pertaining to some aspects of the data obtained by CRIEPI and presented above.  

These comments are as follows: 

Shear wave speeds measured with down-hole, cross-hole and suspension logging are consistently 

greater than those inferred from laboratory tests on samples collected by ground freezing 

techniques. The reasons for such discrepancies are not known at present. These discrepancies 

have been attributed to possible samples disturbance resulting from high fine contents of the 

order of 15 to 25%. They may be the result of numerous pebbles or cobbles as large as 10 to 20 

cm in diameter that would require testing specimens greater than those used, or a result of the 

difficulty to obtain in-situ shear wave speed measurements for a gravel with numerous pebbles or 

cobbles as large as 10 to 20 cm in diameter. They may also be the result of soil anisotropy as 

discussed below.  

In-situ saturated densities recommended by CRIEPI for the as-built backfill soil and the gravel to 

a depth of about 20 m below ground level are about 2,390 kg/m3 (a dry density of 2,200 kg/m3) 

and 2,420 kg/m2, respectively. These are unusually high densities which are similar to those of 

concrete. The gravel is a well-graded soil for which coefficients of uniformity of the order of 

150 to 400 were computed. Such a gradation may lead to a very low void ratio which would 

explain the high bulk density of this soil. The backfill soil is not well-graded, and its reported 

dry density of about 2,200 kg/m2, which is based on the quality control tests conducted for the 

backfill compaction, is unusually high for a compacted soil. It is also noted that the dry densities 

for the reconstituted backfill material used to establish the variation of the secant shear modulus 

and damping ratio with shear strain (see Figure 33) are about 10% less than that recommended 

for the in-situ conditions for FVT-2 analysis.  

A Poisson's ratio of 0.48 is recommended for the backfill soil between GL-2m to GL-4m 

(backfill 2 in Figure 6) for the FVT-2 analysis. The Poisson's ratio for this soil computed from 

measured S and P wave speeds is 0.24. Full saturation must be assumed for a Poisson's ratio of 

0.48. It is improbable that the backfill soil from GL-2m to GL-4m would have been fully

saturated at the time of the FVT-2 test. Full saturation is more likely in early 1994 when 

significant earthquake loads were recorded at the site. Nevertheless, full saturation will depend 

on whether the depth of the groundwater table at the site remains approximately equal or changes 

significantly from year to year and/or throughout the year.  

Cross-hole logging results reveal S wave speeds from GL-5m to about GL-12in that appear to be 

significantly different in two approximately orthogonal directions both before excavation and 

after construction of the model. The data, however, show considerable scatter and the difference 

between the wave speeds in the two orthogonal directions is more apparent in terms of the 

averages of the measurements in each direction. Prior to the forced vibration tests, the possibility 

of anisotropic site conditions with two principal directions of shear wave propagation in the 

horizontal direction was not expected. The forced vibration test data and the recorded earthquake 

ground motion data, however, reveal that this anisotropy appears to be the actual site condition.  

Soil anisotropy may also be responsible, in part, for the smaller shear wave speeds inferred from 

the laboratory testing as compared to those from in-situ shear wave speed measurements.  

Assuming that the soil anisotropy is preserved through the sampling process, the shear 

deformation of the soil under torsional and triaxial loading conditions is not likely to be
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representative of the soil stiffness in the strong direction. Indirect evidence of this is that the 
shear wave speeds in the sands measured in the laboratory are not less than those measured in the 
field, and the sands encountered in the upper 5 meters appear to be isotropic. It is also possible 
that the soil anisotropy is not preserved during sampling and that a simple consolidation of the 
specimen under isotropic stress conditions will not properly reconstitute the in-situ conditions.  
Shear strength parameters for the gravel obtained from triaxial testing are also likely to be 
affected by anisotropy and the triaxial test results are more likely to be representative of the soil 
strength in the weak direction rather than that in the strong direction, if the soil strength is 
anisotropic as the shear stiffness appears to be.  

In the following, the forced vibration test data is analyzed to assess the suitability of the soil 
models proposed by CRIEPI for their analysis. Analysis of the forced vibration test data permits 
the identification of two sets of soil properties that provide the best correlation between the 
measured and computed FVT-l and FVT-2 responses, and are designated the best-estimated soil 
properties for FVT-1 and FVT-2, respectively. Of greater interest for the interpretation of the 
SSI response under earthquake loading are the best-estimated soil properties for FVT-2, i.e., for 
the embedded foundation. Those best-estimated soil properties account for the site anisotropy, 
are average values over the volume of the gravel 1 soil and the backfill height, and are suitable 
for SSI analysis under low-level earthquake loading, i.e., such that the response remains in the 
linear, low-strain, range. For stronger earthquake loads, they should be coupled with the 
nonlinear stress-strain parameters obtained by CRIEPI and described above, in order to obtain 
constitutive models with various degrees of sophistication for the soils at the site.
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Figure 6 Soil layers and soil types identified in the site characterization [reproduced from 
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Figure 8 Setup for down-hole logging [reproduced from CRIEPI, 1991]

Method C

Figure 9 Down-hole logging locations and wave paths for cross-hole logging [reproduced from 
CRIEPI, 1993c]
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F[Figure not1 

Figure 10 setup for cross-hole logging [reproduced from CRIEPI, 1991]
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Figure 11 Seismic tomography location [reproduced from CRIEPI, 1993a]
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S-wave speeds before excavation 
by down-hole and cross-hole methods
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Figure 12 S-wave velocities before excavation by down-hole (DH) and cross-hole (CH) logging 
[reproduced from CRIEPI, 1993a]
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Figure 13 Results of seismic refraction survey before excavation [reproduced from CRIEPI 
1993a]
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P-wave speeds before excavation 
by down-hole logging
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Figure 14 P wave velocities before excavation by down-hole (DH) logging [reproduced from 
CRIEPI, 1993a]
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S-wave speeds before and after excavation
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Figure 15 S-wave velocities measured before and after excavation [reproduced from CRIEPI, 
1993a]
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P-wave speeds before and after 
excavation by down-hole logging
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Figure 16 P wave velocities measured before and after excavation [reproduced from CRIEPI, 
1993a]
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S-wave speeds beneath foundation before backfill construction
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Figure 17 S wave velocities beneath the model foundation after model construction and before 

backfill placement [reproduced from CRIEPI, 1993c] 
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Figure 18 S wave velocities beneath the model foundation after backfill construction 
[reproduced from CRIEPI 1993d]
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S-wave speeds in backfill measured in Phase IV-A
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Figure 19 S wave velocities in the backfill measured in 1993 (Phase IV-A) 
CRIEPI 1993d]

[reproduced from
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Figure 21 Details of 1994 LPT locations (Phase IV-B) [reproduced from CRIEPI, 1994c]
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S-wave speeds in backfill (Phase IV-B)
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Figure 22 S wave velocities in the backfill by PS-logging (Phase IV-B) [reproduced from 
CRIEPI, 1995b] 
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Figure 23 S wave velocities in the backfill from LPT data (Phase IV-B) [reproduced from 
CRIEPI, 1995b]
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S-wave speeds in gravel 2' (Phase IV-B)
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Figure 24 S wave velocities in gravel 2' by PS-logging (Phase IV-B) [reproduced ftom CRIEPI, 
1995b] 
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Figure 25 S wave velocities in gravel 2' from LPT data (Phase IV-B) [reproduced from CRIEPI, 
1995b]
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Figure 26 Sampling locations before excavation [reproduced from CRIEPI, 1993a]
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Figure 27 Location of ground freezing sampling after excavation at GL-5m [reproduced from 
CR]EPI, 1993a]
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Figure 28 Secant shear modulus ratio (G/Gmn) and damping ratio (h) for sand [reproduced 
CRIEPI, 1994a]
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Figure 29 Secant shear modulus ratio (G/Gm) and damping ratio (h) (GL-4.5m to GL-6.5m) 
[reproduced from CRIEPI, 1993a and 1994a]
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Figure 30 Secant shear modulus ratio (G/Gm) and damping ratio (h) (GL-6.5m to GL-13m) 
[reproduced from CRIEPI, 1994a]
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Figure 31 Secant shear modulus ratio (G/Gm) and damping ratio (h) (GL-13m to GL-20m) 
[reproduced from CRIEPI, 1994a]
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Figure 32 Secant shear modulus ratio (G/Gm) and damping ratio (h) for gravel below GL-20m 
[reproduced from CRIEPI, 1994a]
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Figure 33 Secant shear modulus ratio (G/Gm) and damping ratio (h) for as-built backfill 
[reproduced from CRIEPI, 1994b]
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6. FORCED VIBRATION TESTS 

Forced vibration tests designated Forced Vibration Test 1 (FVT-1) and Forced Vibration Test 2 
(FVT-2) were conducted in October and November of 1992 (FVT-1) and in February of 1993 
(FVT-2), with the purpose of determining the dynamic behavior and properties of the soil
structure system at low-level vibrations, i.e, in the linear elastic range. To assess the effect of 
embedment, the FVT-1 was conducted before construction of the backfill and the FVT-2 after 
construction of the backfill. For both tests horizontal steady-state excitations in two orthogonal 
directions (plant NS and EW directions as shown in Figures 2 and 5) were applied to the roof 
floor (RF) and first floor (FF), which is the top of foundation slab, whereas vertical excitations 
were applied to the first floor level only. Both tests were conducted by TEPCO and Kajima 
(TEPCO, 1993a; TEPCO and KTRI, 1993a; TEPCO, 1993b; Morishita et al., 1993, Kobayashi et 
al., 1996).  

External steady-state harmonic forces were generated by the exciter described in Morishita et al.  
(1993) mounted either on the roof floor (RF) or on the first floor (FF) of the model. Horizontal 
loads were applied in both the NS and EW direction at both the roof floor and first floor and 
vertical loads were applied only at the first floor. The response of the test model and surrounding 
soil at each sensor is given in terms of the displacement amplitude and phase lag to the exciting 
force, measured using displacement-meters with the layout shown in Morishita et al. (1993). To 
reduce noise, special recording and measuring procedures based on cross-correlation analysis 
between the loading and response records were used.  

At least two approaches can be used to interpret in-situ soil properties from the measured FVT 
data. One approach is to compare measured responses to those predicted by analytical models 
incorporating the soil properties. This is an indirect approach because the analysis results 
integrate the effects of all model parameters (Vp, Vs, p, v, etc.) and do not easily permit 
discrimination of the effects of individual parameters. A second approach involves direct 
interpretation of soil wave-speeds from measured soil responses at various ranges from the 
rocking structure. This approach permits direct estimates of soil wave-speeds. Both approaches 
are considered here.  

6.1 Forced Vibration Test 1 (FVT1) 

Observed Response 

The more significant aspects of the observed response under lateral loading can be identified 
from the results shown in Figures 34 to 39. Shown in those figures are: (1) NS and EW roof 
responses for NS roof loading (Figures 34 and 35); (2) EW and NS roof responses; for EW roof 
loading (Figures 36 and 37); and (3) vertical roof response under vertical first floor loading 
(Figures 38 to 40). The relevant aspects of the data shown are as follows: 

1. The fundamental frequency of the soil-structure system under the horizontal loads appears to 
be between 4.1 and 4.6 Hertz; 

2. The system response under horizontal loads is non-classical in the sense that its transfer 
function shows two closely spaced peaks at 4.1 and 4.6 Hertz; 

3. The response under the NS horizontal loading differs from that under the EW horizontal 
loading;
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4. For horizontal loading in one direction there is significant response on the transverse 

direction (cross-axis response) which indicates that anisotropic soil conditions or non

homogeneous soil properties exist at the site; 
5. The EW direction appears to be stiffer than the NS direction; and 

6. The results from the vertical excitation indicate a vertical system frequency of about 11 Hertz 

and a highly damped vertical vibration mode. The vertical frequency response function 

differs from the classical response of rigid foundations in that it exhibits two peaks: one at a 

frequency slightly less than 10 Hz and the other at a frequency slightly above 10 Hz. This 

non-classical behavior appears to be related either to the deformation of the foundation plate 

or to the soil anisotropy. A comparison of the roof and basement responses indicates that the 

axial deformation of the containment shell contributes to about 12% of the total roof 

response.  

Although not shown in Figures 34 to 38, it is noted that analysis of the data collected reveals 

little or negligible torsional response of the model under all loading conditions and insignificant 

rocking response under the vertical loading. The absence of significant torsional response under 

lateral loading, implies that the cross-axis response observed cannot be explained as a result of 

torsion. It also implies that, for a given direction, the horizontal responses under lateral loading 

recorded at each floor do not differ much from sensor to sensor and can be well represented by 

the motion of any of the floor sensors in the direction of interest.  

A summary of the peak roof responses that includes the contributions of rigid body sliding, rigid 

body rocking and structural deformation to the total response is given in Table 16. The results 

shown are averages of displacements recorded or computed directly from the data.  

Table 17. Summary of observed lateral peak roof responses for FVT-I roof loading 

Response in NS EW (ýtm/ton) Loading Loading 
NS-Re onse EW EW-Response NS 

1st Peak 2' Peak Response 11" Peak 2f Peak Response 

Total Response 216.1 120.8 133.6 132.1 180.3 128.6 

(4.1 Hz) (4.6 Hz) ) (4.1 Hz) (4.6 Hz) (4.2 Hz) 

Rigid Body 23.6 15.4 15.7 16.8 20.1 15.5 

Sliding (10.9%) (12.8%) (11.8%) (12.7%) (11.2%) (12.1%) 

Rigid Body 145.8 80.3 97.2 85.1 123.6 96.5 

Rocking (67.5 %) (66.5 %) (72.8 %) (64.4 %) (68.6 %) (75.0 %) 

Structural 46.7 25.1 20.7 30.2 36.6 16.6 

Deformation (21.6 %) (20.8 %) (15.5 %) (22.9 %) (20.3 %) (12.9 %) 

The observed results indicate significant structural deformation contribution to the total response.  

This is to be expected and it is indeed a welcome result, since the experiment has been designed, 

in part, to analyze the effect of the structural response on the soil-structure interaction, an effect 

that could not be properly investigated with the Lotung LSST. When the structural deformation 

contributes significantly to the total response, it must be accounted for in the SSI analysis (Wolf, 

1985) and rigid body models cannot be used. Accordingly, the flexibility of the structure is 

accounted for in all SSI analysis conducted for this study.
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Comouted Response Under Lateral Loading

The unified soil model for the FVT-1 analysis was suggested by CRIEPI (CRIEPJI, January 15, 
1993) based upon the site characterization effort reviewed above. Soil properties relevant for the 
FVT-l are shown in Table 17. The model assumes homogeneous and isotropic soil conditions at 
the site.  

Table 18. Unified model properties for base soil before backfill (FVT-1) 

Material Depth Mass Shear Wave Poisson's Damping 
Density Speed ratio Ratio 

(M) (kg/m3 (m/sec) (%) 

Foundation 5- 12 2420 317 0.47 2 
Base > 12 2420 476 0.47 2 2 

Classical foundation vibration models, the so-called spring-method models for soil-structure 
interaction (SSI) analysis, are used in this study to verify the ability of the unified soil model to 
produce the measured FVT1 results. Since the FVTl results show strong evidence of either a 
non-isotropic soil condition or non-homogeneous soil properties under the foundation, an 
extension of the spring-method that can account for non-isotropic horizontal soil conditions is 
proposed and used here for the soil-structure interaction analysis.  

The major assumptions of the SSI model used are: 

1. There are two orthogonal horizontal directions, denoted here as principal directions, such 
that loading in each one of these directions produces no cross-axis response; 

2. For loading in a principal direction the soil-structure system can be analyzed using the 
classical stick model approach and their respective impedance functions developed for 
isotropic soil conditions on the basis of the S wave speed for this principal direction; 

3. The impedance functions for isotropic soil conditions determined for each principal direction 
can be combined in the same manner as the stiffnesses of a beam with a non-symmetric 
cross-section under pure biaxial bending; and 

4. The structural stiffness and the inertia of the structure and its foundation are considered 
isotropic.  

Besides the customary parameters used for SSI analysis the following two parameters are 
introduced: the ratio, n, of the impedance in the major principal direction to the impedance in the 
minor principal direction (greater than one) and the angle, (x, measured counterclockwise from 
the major principal direction (i.e., the direction with the greatest S wave speed) to the direction of 
loading.  

The method and equations proposed by Beredugo and Novak (1967) are used to determine the 
soil impedance functions for the principal directions. Although that method does account for 
coupling between the rocking and sliding modes of vibration in the case of a surface foundation, 
the results obtained with it are generally similar to those obtained with other procedures that 
account for this coupling effect, e.g., Kausel et al. (1978). However, for the case of embedded 
foundations, the approach by Beredugo and Novak has definite advantages over most other 
spring-methods for soil-structure interaction. Most notably, its advantages include (Lin, 1982): 

1. different elastic properties can be used for the backfill and underlying foundation soil, which 
is the most commonly encountered situation and the case for the Hualien LSST;
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2. the frequency dependence of the side layer impedance functions is independent of that for the 

underlying foundation material; and 
3. different functions have been developed for the impedance functions of the side layer for 

sliding, rocking and torsional modes of vibration.  
Given its advantages for the SSI analysis of embedded structures the approach by Beredugo and 

Novak is chosen for the SSI analysis. Details of the SSI model used for this study are given in 

Appendix A.  

The fixed base structure is represented by a massless cantilever with cross-section properties 

equal to those of the containment shell, and with the roof mass concentrated at the free end. Both 

bending and shear deformations are accounted for in the calculation of the lateral stiffness of the 

containment shell. The fundamental frequency of the fixed-base structure computed in this 

manner with E, = 28,200,000 kN/m2 (as given in Ch. 4) and v = 0.2, is 11.1 Hz, which is similar 

to the fundamental frequency of 10.7 Hz computed with more refined structural models (Miller 

and Costantino, 1994).  

The SSI response obtained using the unified soil model for FVT-1 and the fixed-base structural 

stiffness indicated above matches well the recorded responses. However, analysis of the 

contribution from each mode of deformation to the total response lead to the conclusion that the 

fixed-base structure was too stiff and that the rocking response of the soil was excessive.  

Accordingly, the stiffness of the fixed-base structure was reduced and the soil properties varied 

until a good fit to the contribution of each mode of deformation to the total response was 

obtained. The best-estimated soil properties obtained in this manner are shown in Table 18. To 

obtain a good fit to the structural deformation response, the fixed-base structural stiffness was 

reduced to about 71% of its original value, i.e., Er = 20,000,000 kN/m2 was used. This stiffness 

reduction is needed because the concrete shell stiffness is less than its linear elastic stiffness; and, 

as discussed in Appendix A, only the mass of the roof is included in the fixed-base structural 

model whereas the mass of the concrete shell is considered as part of the rigid foundation.  

Table 19. Best-estimated soil properties from SSI analysis of FVT-1 

Material Depth Density S-Wave Speed Poisson's Damping 
(kg/rm) Principal n a ratio Ratio 

(in) Direction (m/sec) (%) 
Foundation 5 - 12 2420 319 1.25 1-350 0.48 2.5 

It is noted that the shear wave speed shown in Table 18 is for the major principal direction, 

which, for n = 1.25, implies a S wave speed of 285 m/sec for the minor principal direction and S

wavespeeds of about 296 m/sec for the plant NS direction and 308 m/sec in plant EW direction.  

The major principal direction, i.e., the one with the greatest S wave speed, is found by rotating 

350 counterclockwise from the plant (shaker) EW direction. Using a different approach 

Morishita et al. (1993) determined that the major principal direction as defined here could be 

found by rotating 340 counterclockwise from the plant EW direction.  

Since this is a layered site with a softer layer underlain by a stiffer layer at a depth H, the rocking 

stiffness was multiplied by the following factor suggested by Gazetas (1982)

NUREG/CR-658455



6-H 6 H G2 ) 

where R = foundation radius, H = depth to the underlying stiffer layer, G1 = soil shear modulus 
for the upper (foundation) layer and G2 = soil shear modulus for the lower (base) layer. Here, the 

shear modulus for the foundation soil was computed with the data in Table 18 and that for the 
base layer with the data in Table 17.  

Table 20. Summary of computed lateral peak roof response for FVT- I roof loading 

Response NS Loading EW Loading 
([m/10kN) NS-Response EW-Response EW-Response NS-Response 

Total Response 219.4 133.4 181.7 133.4 
(at 4.2 Hz) (4.3 Hz) (4.6 Hz) (4.3 Hz) 

Rigid Body 16.7 - 13.3 

Sliding (7.46%) (7.3 %) 
Rigid Body 158.5 -- 126.8 

Rocking (72.2 %) (69.8 %) 

Structural 44.2 -- 41.7 
Deformation 20.1% (22.9 %) 

The results obtained with the best-estimated properties are shown in Figures 41 to 46 for the 

lateral loading and a summary of the peak results obtained is shown in Table 19. The total 

response results shown in Figures 41 to 46 compare well with the measured ones. The computed 

contributions of each mode of deformation to the total response also compare well with the 
measured ones but not as well as for the total response.  

On the basis of the observed test results and of the analytical modeling the following conclusions 
can be made: 

1. Site conditions averaged under the model foundation and its periphery are &aisotropic as a 
result of possible non-homogeneous soil conditions.  

2. The plant EW direction appears to be stiffer than the NS direction, a conclusion, which is 

somewhat evident in the S wave speed data shown in Figure 17.  
3. The major principal direction (i.e., that with the greatest stiffness) can be obtained by rotating 

350 counterclockwise from the plant (or shaker) EW direction.  
4. Average S wave velocities in the major and minor principal direction for the soil under the 

foundation from GL-5m to GL-12m are found to be, approximately, 319 m/sec and 285 
m/sec, whereas the average S wave velocities in the EW and NS directions are about 308 and 
296 m/sec, respectively.  

5. Rigid body sliding appears to be underestimated by the analytical model.  

6. A hysteretic damping ratio h : 2.5% leads to analytical results that more closely match the 
observed response than the 2% value recommended by CRIEPI.  

Computed Response Under Vertical Loading 

The vertical response was analyzed using the so-called spring method for soil-structure 

interaction analysis to verify the ability of the unified soil model to produce the observed results.  

Since the observed data show significant axial deformation of the containment shell and some 

deformation of the foundation plate, an attempt was made to include such modes of deformation
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in the SSI analysis. Accordingly, the model used in the analysis considered the following three 
degrees-of-freedom: the rigid body vertical deformation of the foundation; the axial deformation 

of the containment shell; and the relative deformation between the rigid body deformation of the 

foundation and the total deformation of the center of foundation plate. In the model, the 

containment shell is supported on the rigid foundation whereas the foundation plate is partly 

supported in the rigid foundation and partly supported on the ground.  

The foundation plate is on top of a 7-m thick layer of gravel with an estimated shear wave speed 

of about 317 m/sec according to the unified model for FVT-1 (see Table 17) which is underlain 

by a stiffer layer of gravel with an estimated shear wave speed of 476 m/sec. Given that the 

foundation radius is 5.41 m, this implies that layered site conditions must be accounted for in the 

analysis. As an approximation, the impedance functions for a rigid square foundation on a layer 

with shear wave speed increasing from VST at the top to VSB at the bottom, over a half-space with 

shear wave speed VSR, are used in this study, with the static stiffness for a circular foundation 

used in place of that for the square foundation. These impedance functions are taken from Wolf 

(1988) and are based on the results obtained by Wong and Luco (1985). The impedance 

functions reported are for a Poisson's ratio, v = 1/3. However, the soil below the foundation is 

believed to be saturated, which means that its Poisson's ratio is, approximately, equal to 0.5.  

Generally, the frequency term of the impedance function for v = 0.5 is much smaller than that for 

v = 1/3 for frequencies greater than about 1.5 VsIR, where R is the foundation radius and Vs is 

the shear wave speed. Accordingly, the stiffness term of the impedance function at a given 

frequency is multiplied by a correction factor. This correction factor is equal to the ratio of the 

stiffness for v = 0.5 to that for v = 0.4 reported in Gazetas (1991) for the vertical vibration of a 

rigid circular footing on a homogeneous half-space. The damping term is not corrected because 

it is, generally, not significantly affected by this change in Poisson's ratio.  

As referred to above, a 3 degrees-of-freedom model is used in the analysis. One of the degrees

of-freedom is used to account for the flexibility of the base plate. This degree-of-freedom is 

supported by the rigid foundation degree-of-freedom and by the soil. Concentrated springs and 

dampers are used to represent those supports. The stiffness and damper of the ground support are 

taken to be those for a rigid circular plate with half the radius of the foundation plate, and they 

are assumed to be frequency independent, i.e., the zero-frequency values are used. The stiffness 

of the attachment to the rigid foundation should, in principle, be derived from the first mode of 

vibration of a clamped thick circular plate. Here, for simplicity, that stiffness is computed such 

that the total deformation of the plate under static loading is, approximately, that observed under 

low-frequency loading. The mass of this degree-of-freedom is taken to be that of a plate with a 

radius equal to one-half the radius of the foundation plate. A sensitivity analysis revealed that 

the response of the roof plate is relatively insensitive to the stiffness, damping and mass used for 

the supports of this degree-of-freedom.  

The results obtained with this SSI model and the soil properties shown in Table 20 and a 

Young's modulus of 20x10 6 kN/m2 for the concrete shell are shown in Figures 47 and 48. A 

relatively good agreement between the calculated and measured responses is observed. The 

analytical model cannot represent the double peak in the observed response and the rapid 

amplitude decay for frequencies greater than those for the peak values. Such discrepancies may 

be either the result of using frequency dependent stiffness and damping derived for a rigid 

foundation when this is a flexible foundation, or the result of soil anisotropy.
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Table 21. Best estimate soil properties from SSI analysis of FVT-1 vertical loading 

Material Depth Mass Shear Wave Poisson's Damping 
Density Speed ratio Ratio (M) (kg/my) (m/sec) % 

Foundation 5-12 2420 305 [=0.48 2 
Base > 12 2420 4671 0.48 J 2 

A value of 410 rn/sec was used in the calculations to account for the fact that the impedance 
functions considered were derived for a underlying half-space with a mass density equal to 1.3 
times the density of the surface layer, whereas the densities of the surface layer and half-space 
are identical for this site.  

Soil Wave-Speeds from Measured Soil Responses 

During the FVT-1 tests, soil response was measured at three ranges from the structure.  
Measurements were made along a North Radial and along a East Radial. The measurements 
were made at the foundation level (designated BS) at a range of 1.5 m, at the mid-depth in the 
excavation (designated MS) at a range of 6.0 m and at the ground surface (designated TS) at a 
range of 9.5 m. Figure 49 shows the location of the measurements in both FVT-1 and FVT-2.  

The soil response can be used to estimate the wavespeeds in the soil. The analysis is based upon 
the fact that a traveling wave emanating from a steady state source will show a continuously 
increasing phase shift with respect to the wave source as the distance from the source increases.  
In uniform, elastic material the increase will be linear. The wavespeed can be computed from: 

2fAR CR AO 

where CR = wavespeed,f= frequency, AR = distance between measurements and A4 = phase shift 
difference between two measurements. For a vertically vibrating foundation, most of the energy 
propagating away is in the Rayleigh (surface) wave. The vertical vibrating foundation condition 
is a convenient experiment for estimating the Rayleigh wave speed. Since the Rayleigh wave 
speed is 90 to 95% of the shear wave speed (93% for v = 0.25, 96% for v= 0.50) an estimate of 
the shear wavespeed can be derived. Richart, Hall and Woods (1970) described the analysis 
method. They suggest that, since the bulk of the surface wave travels in a zone about one wave 
length deep, at a layered site the inferred wavespeed can be estimated as representative of the 
speed at a depth of one-half the wave length. More recently, it has been suggested (e.g., Gazetas, 
1991) that for inhomogeneous soil deposits the Rayleigh wave speed from the above equation 
corresponds to a depth of about 1/3 of the wavelength, the depth of the center of the surface wave 
displacement profile.  

In the following, the north and east sides and directions refer to the plant north and corresponding 
east identified in Figure 2. Under the FVT-1 vertical loading test (FF-LUD), ver:ical responses 
were measured as follows: 

1. East side at the BS and MS levels; and 
2. North side at the MS level.  

The data set has limitations for several reasons, namely:
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1. measurements were made at different elevations (BS, MS, TS); 
2. measurements were relatively close to the source (surface waves not fully developed); 

3. measurements were only made on the east and north sides; and 

4. only a few measurements were made.  

Nevertheless, the data are used here to gain further insight into the implied wavespeeds. The 

slant range between measurement locations was used in the analysis rather than the radial 

distance. Amplitude and phase measurements at the foundation and at the BS and MS locations 

are shown in Figures 50 and 51. The amplitude data clearly shows the attenuation of amplitude 

with distance. However, there is strong similarity in the spectral shape in the neighborhood of 

the peak responses. The phase relations contain both foundation response information and 

traveling wave information. Traveling wave information is obtained by computing the phase 

differences between different locations.  

The phase differences BS-FF, MS-FF, and MS-BS are shown in Figure 52 and the phase 

differences MS-FF(east) are shown in Figure 53. These should show linear relations for a half

space. The results are approximately linear to about 14 Hz. The results below 14 Hz can be used 

to estimate the surface wavespeeds at depths corresponding to one-third of the wavelength for 

frequencies below 14 Hz. The data above 14 Hz are irregular. Since the higher frequencies 

sample the shallower depths, these results may indicate layering and/or be tainted by stepped 

measurement locations and/or result from the lack of a fully developed surface wave at these 

frequencies.  

Wavespeeds estimated from the linear fits to the phase difference measurements on the East side 

of the structure are shown as a function of depth in Figure 54. The wavespeeds computed 

between FF and BS are the lowest, between BS and MS the highest and between FF and MS in 

between. The average of the cross-hole logging results beneath the foundation for two 

approximately orthogonal directions are also shown in Figure 54. The cross-hole speeds shown 

are averages for measurements in the A1-A4 direction (see Figure 9) labeled EW in Figure 54, 

and for measurements in the B2'-B6 direction (see also Figure 9) labeled NS in Figure 54. It is 

noticed that the S wavespeeds inferred from the forced vibration tests are lower than those 

recommended by CRIEPI for the unified soil model for FVT-1 (CRIEPI, 1993c).  

S-wave speeds computed from the phase differences for the north locations are also shown in 

Figure 54. The estimates suggest that the north wavespeeds are about 90% of the east 

wavespeeds. The averages of the cross-hole measurements under the foundation show a similar 

trend.  

6.2 Forced Vibration Test 2 

Observed Response 

The more relevant aspects of the observed response can be identified from the results shown in 

Figures 55 to 60. Shown in those figures are: (1) NS and EW roof responses forNS roof loading 

(Figures 55 and 56); (2) EW and NS roof responses for EW roof loading (Figures 57 and 58); 

and (3) vertical roof response under vertical first floor loading (Figures 59 and 60). The relevant 

aspects of the data shown are as follows:
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1. The fundamental frequency of the soil-structure system under the horizontal loads appears to 
be about 6.1 Hertz for both directions.  

2. The system response under horizontal loads shows only one peak for each loading direction.  
3. NS and EW along-axis and cross-axis responses are similar for both loading cases.  
4. Cross-axis responses although significant are a much smaller percentage of the along-axis as 

compared to the FVT-l response.  
5. Vertical excitation results indicate a vertical system frequency of about 12 Hertz (based on 

the frequency for a phase angle of 900) and a highly damped vertical vibration mode. The 
maximum displacement is about 60% of that for the FVT-l, whereas the fundamental 
frequency was approximately equal to that measured in the FVT- 1, indicating that the backfill 
effect is an increase in damping (Miller and Costantino, 1994). Horizontal displacements 
were negligible for this mode of vibration, but the containment shell axial deformation 
appears to contribute about 12% to the displacement of the roof plate. Additionally the 
response appears to differ from the classical response for rigid foundations in that it has two 
peaks in the vicinity of 10 Hz.  

Although not shown in Figures 55 to 60, analysis of the data collected reveals little or negligible 
torsional response of the model under all loading conditions. This implies that the cross-axis 
response observed cannot be explained as the results of torsion. It also implies that, for a given 
direction, the horizontal responses under lateral loading recorded at each floor do not differ much 
from sensor to sensor and can be well represented by the motion of any of the floor sensors in the 
direction of interest.  

A summary of the more significant peak responses under the lateral loading including the 
contributions of rigid body sliding, rigid body rocking and structural deformation to the total 
response is given in Table 21. The results shown are averages of the displacements recorded or 
directly computed from the data.  

Table 22. Summary of observed lateral peak roof response for FVT-2 roof loading 

Response in NS Loading = EW Loading 
(pm/ton) [ NS-Response EW-Response EW-Response [ NS-Response 

Total Response 63.9 13.1 59.5 13.2 
(6.1 Hz) (6.2 Hz) (6.2 Hz) (6.2 Hz) 

Rigid Body 2.5 0.82 2.8 0.84 
Sliding (3.9 %) (6.3 %) (4.7 %) (6.4 %) 

Rigid Body Rocking 34.7 8.49 34.1 7.55 
(54.3 %) (64.8 %) (57.3 %) (57.2 %) 

Structural 26.7 3.79 22.6 4.81 
Deformation (41.8%) L28.9 %) (38.0%) 136.4 %) 

Computed Response Under Lateral Loading 

The unified soil model for the FVT-2 analysis was suggested by CRIEPI (CRIEPI, 1995b) on the 
basis of the site characterization work reviewed above. Soil properties relevant for the FVT-2 
analysis are shown in Table 22. As for the FVT-l case, the unified soil model assumes 
homogeneous and isotropic soil conditions at the site.
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SSI analyses for the FVT-2 case were conducted using the lumped-mass SSI model for 

anisotropic site conditions described above. All the assumptions made in the development of the 

model for the FVT-l analysis are retained and, in addition, a isotropic as-built backfill soil is 

assumed. For the gravel-l, it is assumed that the ratios of the S wave speeds in the major and 

minor principal directions and the orientation of the principal directions are those determined on 

the basis of the FVT-l data.

Table 23. Unified model properties for base soil after backfill' 

Material Depth Mass Shear Wave Poisson's Damping 
Increment Density Speed ratio Ratio 

I(m) Dstmy) (m/see) (%) 
Sand 1 0-2m 1690, 133 0.38 2 

Sand 2 2-5m 1930 231 0.48 2 

Backfill-1 0-2m 2330 300 0.38 2 

above W.T.  

Backfill-2 2-4m 2390 300 0.48 2 

below W.T.  

Backll-3 4-5 m 2390 250 0.48 2 

below W.T.  

Gravel-1 5 - 12 m 2420 383 0.48 2 

(foundation) 
Gravel-2' 5-8m 2420 280 0.48 2 

Gravel-2 5 - 12 m 2420 333 0.47 2 

Gravel-3 12-20 m 2420 476 0.47 2 

The soil types are identified in Figure 6.

The containment stiffness and the soil properties were varied to obtain a good fit to the observed 

response including the contributions of the various modes of deformation to the total response.  
The "best-estimated" soil properties obtained on this basis are shown in Table 23.  

Table 24. Best-estimated soil properties for base soil and backfill from SSI1 analysis of FVT-2

Material Depth Density S Wave Poisson's Damping 
Speed n a ratio Ratio 

(m) (kg/m=) (m/sec) (%) 

Backfill 0-5m 2390 309 1.0 -- 0.33 2 

Gravel-1 5 - 12 m 2420 3932 1.25 -35o 0.48 2 

(foundatiLon) 
Gravel-3 12-20 m 2420 476 1.25 -35 0.48 2

The soil types are identified in Figure 6.  
For the major principal direction.

To obtain a good fit to the structural deformation response and still use a simple single-degree

of-freedom model for the fixed-base structure, the Young's modulus of the containment shell 

concrete was reduced to about 81% of its original value, i.e., E, = 23,000,000 kN/m2 was used.  

The structural stiffness for the FVT-2 analysis is greater than that for the FVT-1 case because the
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lower part of the containment shell is confined by the backfill, which effectively reduces its free 
span.  

The S wave velocities for gravel-1 for the two principal directions determined on the basis of 
SSI analysis of the FVT-2 data are 393 and 352 m/sec, respectively, whereas those for the 
loading directions, plant NS and EW, are 380 and 365 m/sec, respectively. An important 
parameter for the SSI analysis of embedded structures is the effective embedment length, i.e., the 
depth of effective contact between the backfill and structural walls. Here, an effective 
embedment of 5.0 m is used. It should be noted, however, that other combinations of effective 
embedment lengths and S wave velocities for the backfill may also provide a good fit to the 
observed response. Embedment lengths slightly less than the actual one may be justified on the 
basis that the stiffness and strength of the backfill near the ground surface are likely to be small.  

A summary of the response obtained using the best-estimated soil properties is given in Figures 
61 and 62 and in Table 24. A good agreement can be obtained between the measured and 
computed responses, but the SSI model used appears to overestimate the damping of the SSI 
system.  

Table 25. Summary of computed lateral roof responses for FVT-2 roof loading 

Response in NS Loading EW Loading 
(pm/10 kN) NS-Response EW-Response EW-Response NS-Response 

Total Response 56.0 11.5 55.7 11.2 
(6.1 Hz) (6.2 Hz) (6.25 Hz) (6.2 Hz) 

Rigid Body 2.3 - 2.2 
Sliding (4.1 %) (4.0 %) 

Rigid Body Rocking 32.8 32.0 

(58.6 %) (57.4 %) 
Structural 20.9 21.5 

Deformation (37.3 %) (38.6 %) 

The following observations pertinent to the site characterization can be made on the basis of the 
measured and computed responses and the soil properties in Tables 19 and 20: 

1. Local soil anisotropy is not as evident as it is for the FTV-1 case; this, is because the SSI is 
dominated by the foundation embedment and the as-built backfill appears to be isotropic.  

2. The best-estimate average soil properties for the soil under the foundation are similar to those 
proposed in the unified model for FVT-2 analysis.  

3. The contributions of all deformation modes to the total response appeax to be well 
represented by the analytical model, including the contribution from rigid body sliding which 
was considerably underestimated by the FVT-1 analysis. It is possible that the rigid body 
sliding was underestimated in the FVT-1 analysis as the result of a thin weak soil layer under 
the foundation that may have been significant for the FVT-l case but not significant for the 
embedded case.  

Computed Response Under Vertical Loading 

The soil-structure interaction response under vertical loading was computed using the same 
analytical model as for the FVT- 1 case. To account for the embedment, the static stiffitess of the 
corresponding surface foundation is usually multiplied by a factor greater than one, which
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depends on the ratio of the embedment depth to the foundation radius. Those factors are, 

generally, available for cases in which the backfill soil and the soil above the embedment depth 

have the same properties as the soil below the foundation plane. Here, the backfill soil and the 

soil above the foundation plane are considerably less stiff than the soil beneath the foundation.  

For this reason, as well as for simplicity, the static stiffness for the surface case is not corrected 

for the embedded condition. The damping coefficient for the embedded case is taken to be 25% 

greater than that for the surface case for all frequencies. This is based on the fact that the 

damping coefficients for an embedded foundation on a homogeneous half-space are about 25% 

greater than those for a surface foundation on the same half-space. However, the stiffness 

coefficient is multiplied by the following corrective factor suggested in Gazetas (1991): 

X = [1.0- 0.09(D / R)3 4 a ] 

where D = depth of embedment, R = foundation radius and ao = o)R/Vs, where co = frequency in 

rad/sec and Vs = shear wave speed. The response results computed in this manner, with the soil 

properties shown in Table 25 and a Young's modulus of 20x 106 kN/m2 for the concrete shell are 

shown in Figures 63 and 64. The resonant frequency based on a phase lag of 90 degrees is about 

12 Hz, which is similar to that observed in the test. However, the computed frequency response 

function does not represent well the amplitude decay for frequencies greater than those of the 

peak response. This could be because the stiffness and damping vary with frequency in a manner 

that differs from that assumed here.  

Table 26. Best-estimated soil properties from SSI analysis of FVT-2 vertical loading 

Material Depth Mass Shear Wave Poisson's Damping 

Density Speed ratio Ratio 

(M) fk/m) (rn/see) (%) 

Foundation 5-12 2420 365 0.48 2 

Base _> 12 2420 467 0.48 2 

A value of 410 m/sec was used in the calculations to account for the fact that the impedance 

functions considered were derived for a underlying half-space with a mass density equal to 1.3 
times the density of the surface layer, whereas the densities of the surface layer and half-space 
are identical for this site.  

Soil Wave-Speeds from Measured Soil Responses 

The method described to estimate surface wave speeds in the ground from the measurements of 

soil response under the FVT-1, is used here in conjunction with the FVT-2 vertical loading.  

Measurements were made at the same locations as in the FVT-1 (see Figure 49) except that all 

measurements were made at the ground surface, which simplifies the geometry. In the following, 

the north and east sides and directions refer to the plant (or shaker) north and corresponding east 

referred to in Figure 2.  

East side measurements at the foundation and at the BS and MS locations are shown in Figures 

65 and 66. The amplitude plot clearly shows the attenuation of amplitude with range. However, 

the BS amplitudes are not as attenuated as in the FVT-1, apparently due to the backfill. Since the 

phase relations contain both foundation response information and traveling wave information, the
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traveling wave information is obtained by computing the phase differences between different 
locations.  

The phase differences BS-FF, MS-FF, and MS-BS are shown in Figure 67. These show 
piecewise linear relations. Since the higher frequencies sample the shallower depths, these 
results may indicate layering and/or the lack of a fully developed surface wave at these 
frequencies.  

The phase differences between the foundation and the MS measurements on the north and east 
sides are compared in Figure 68. The phase differences for the north direction are about 20-25% 
higher than those for the east direction. This implies that wavespeeds in the north direction are 
about 80-85% of those in the east direction. This is consistent with the FVT-1 results and with 
an estimate that the NS axis speed is about 80-90% of that in the EW direction.  

Wavespeeds estimated from the piecewise linear fit to the phase differences on the east and north 
sides of the structure are shown in Figure 69 as a function of depth. The data show an increase in 
wavespeed with depth. Average shear wave speeds for the free-field from cross-hole logging 
before the excavation are also shown in Figure 69. These wavespeeds are averages of the 
measurements in A1-A4 direction (see Figure 9) labeled EW in Figure 69 and of the 
measurements in the B2'-B6 direction (see also Figure 9) labeled NS in Figure 69. As in the 
FVT-1 analysis, the shear wavespeeds in the base material are less than those recommended for 
the free-field in the FVT-2 unified model and the wavespeed to the north is lower than to the 
east, as noted earlier.  

6.3 Summary of FVT Analysis 

The following conclusions can be derived from the SSI analysis of the forced 'vibration tests 
presented above: 

1. Soil conditions at the site are non-isotropic, i.e., there appear to be two principal directions of 
shear wave propagation in the gravel beneath the foundation. The major principal direction 
that with the highest S wave speed - can be obtained by rotating 350 counterclockwise from 
the plant (or shaker) EW direction.  

2. The average soil properties recommended by CRIEPI for the gravel-I soil for the FVT-1 and 
FVT-2 analyses are, approximately, equal to the best-estimated gravel-i properties in the 
major principal direction.  

3. Average soil properties recommended by CRIEPI (CRIEPI, 1995b) for the gravel 1 soil and 
for the as-built backfill soil for the FVT-2 analysis, are similar to the best-estinmate properties 
determined on the basis of the SSI analysis of the FVT-2 data.  

4. The effects of soil anisotropy are only slightly evident under the FVT-2 loading. This is 
because the SSI is strongly affected by the confining backfill which may be considered 
isotropic.  

5. The shear wave speeds for the soil beneath the foundation required to compute vertical 
responses similar to those observed in the tests are about 10% less than those in the unified 
soil model for both the FVT-1 and FVT-2 cases.  

6. The best-estimated soil properties determined on the basis of the FVT-2 data, which are 
shown in Table 23, are similar to those in the unified soil model for FVT-2 recommended by 
CRIEEPI (CRIEPI, 1995b). Use of the soil properties in Table 23 should provide adequate
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estimates of SSI response under low-level lateral loads, i.e., lateral loads such that the soil 
behavior will remain in the linear range.  

The SSI analyses presented do not allow for accurate statements about the in-situ S wave speeds 
in the gravel-3 as well as the assessment of other constitutive modeling soil properties needed for 
soil modeling in the nonlinear and inelastic ranges. Given the dimensions of the containment 
model, the depth of the gravel-3 layer and the small stresses induced by the shaker loading, this 
soil (gravel 3) is not expected to have been a major factor in the SSI response under the forced 
vibration tests. In this study, the stiffness of the gravel-3 is used only to modify the stiffness of 
the gravel-i, as indicated above, with the assumption that the gravel-3 is anisotropic with the 
same principal directions and the same ratio of the S wave speeds in the directions as the gravel
1.
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FVT1: EW Roof Loading
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Figure 34 NS and EW roof responses under NS roof loading (FVT-1) 

FVT1: NS Roof Loading
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Figure 35 Phase angles for NS and EW roof responses under NS roof loading (FVT-1)
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FVTI: EW Roof Loading

" 180 - ,.o f ,VI ,,pU I 
2 ~~ ~~ ------ ...... ............... .......  

r- 160
S140 ------------- ............. -------

.2 120 E 
w 100 

80 

L 60 
4 40 -- - ---- 

20 

0 2 4 6 8 10 12 

FREQUENCY (Hertz) 

Figure 36 EW and NS roof responses under EW roof loading (FVT-1) 

FVT1: EW Roof Loading 
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Figure 37 Phase angles for NS and EW roof responses under EW roof loading (FVT-1)
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FVT1: First Floor Response Under First Floor Vertical Loading 
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Figure 38 First floor response under first floor vertical loading (FVT-ll) 

FVT1: First Floor Vertical Loading
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Figure 39 Phase angles of first floor response under first floor vertical loading (FVT-1)
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FVTI: Vertical Response Under First Floor Vertical Loading
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Figure 40 Vertical roof response under first floor vertical loading (FVT-1) 

FVTI: NS Roof Loading
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Figure 41 Computed NS roof response for NS roof loading (FVT-1)
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FVT1: NS Roof Loading
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Figure 42 Computed phase angle for NS roof response under NS roof loading (FVT-1) 

FVTI: NS Roof Loading 
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Figure 43 Computed EW roof response for NS roof loading (FVT-1)
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FVTI: EW Roof Loading
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Figure 44 Computed EW roof response for EW roof loading (FVT-1) 

FVT1: EW Roof Loading
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Figure 45 Computed phase angle for EW roof response for EW roof loading (FVT-1)
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FVTI: EW Roof Loading
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Figure 46 Computed NS roof response for EW roof loading (FVT- 1) 

FVT1: Vertical Response Under First Floor Vertical Loading

-.25 L
0

FREQUENCY (Hertz)

Figure 47 Computed vertical roof response under vertical loading (FVT 1)
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FVT1: Roof Response Under First Floor Vertical Loading
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Figure 48 Computed phase angles for vertical roof response under vertical loading (FVT-1)
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Measuring Points on East Radial (all dimensions in meters) 
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Figure 49 Locations of ground response measurements for FVT-1 and FVT-2
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FVT-1: East side soil response from first floor vertical loading
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Figure 50 Vertical response amplitude on the east radial from FVT-1 vertical load 

FVT-1: East side soil response from first floor vertical loading 
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Figure 51 Vertical response phases on the east radial from FVT-I vertical loading
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FVT-1: East side soil response from first floor vertical loading
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Figure 52 Phase differences for vertical measurements on east radial (FVT-1 vertical loading)

FVT-1: Soil response from first floor vertical loading
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Figure 53 Phase differences along north and east radial (FVT-1 vertical loading)
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S-wave speeds inferred from vertical soil response under FVT-1 
first floor vertical loading (S-wave speed = 1.05 Surface wave speed)
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Figure 54 S-wave velocities interpreted from soil response under FVT-l vertical loading 
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Figure 55 NS roof response for NS roof loading (FVT-2)
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FVT2: NS Roof Loading
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Zigure 56 EW roof response for NS roof loading (FVT-2) 

FVT2: EW Roof Loading
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Figure 57 EW roof response for EW roof loading (FVT-2)
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FVT2: EW Roof Loading
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Figure 58 NS roof response for EW roof loading (FVT-2) 

FVT2: First Floor Response Under First Floor Vertical Loading 

1 1r

0.8 

0.6 

0.4 

0.2 

0

-0.2
0 5 10 15 20 

FREQUENCY (Hertz) 

Figure 59 First floor response under first floor vertical loading (FVT-2)
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FVT2: Vertical Response Under First Florr Vertical Loading
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Figure 60 Roof response from first floor vertical loading (FVT2) 

FVT2: Roof Response from NS Roof Loading
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Figure 61 Computed NS and EW roof responses for NS roof loading (FVT-2)
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FVT2: Roof Response from EW Roof Loading
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Figure 62 Computed EW and NS roof responses for EW loading (FVT-2) 

FVT2: Roof Response Under First Floor Vertical Loading
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Figure 63 Computed vertical roof response under vertical loading (FVT-2) 
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FVT2: Roof Response Under First Floor Vertical Loading
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Figure 64 Computed phase angles for vertical roof response under vertical loading (FVT-2) 

FVT-2: East side soil response from first floor vertical loading 
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Figure 65 Vertical response amplitudes on the east radial under FVT-2 vertical loading

NUTREG/CR-6584

T 
S 
CD 
CD 

,.I 

Z 

0.  

0.

82



FVT-2: East side soil response from first floor vertical loading
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Figure 66 Vertical response phases on the east radial from FVT-2 vertical loading 

FVT-2: East side soil response from first floor vertical loading
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Figure 67 Phase differences on east radial (FVT-2 vertical loading)
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FVT-2: MS soil response from first floor vertical loading
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Figure 68 Phase differences along the north and east radial (FVT-2 vertical loading) 

S-wave speeds inferred from vertical soil response under FVT-2 
first floor vertical loading (S-wave speed =1.05 Surface wave speed) 
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Figure 69 S-wave velocities interpreted from soil measurements under FVT-2 vertical loading
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7. EARTHQUAKE LOADS

Recorded earthquake ground motions at the site are used here, primarily, to assess the results of 
the site characterization program reviewed above. Accordingly, the following analyses were 
conducted: 

1. cross-correlation analysis of recorded ground motions have been conducted to investigate the 
predominant direction of the shear wave propagation at the site as well as the vertical 
propagation speed of the shear waves at the site; 

2. soil-structure interaction analysis of the model under selected earthquake loading.  

The analysis results, which are summarized below, indicate the following: 

1. A nearly vertical propagation of the shear waves in the upper 52.5m for the earthquake 
ground motions considered in this study.  

2. The vertical shear wave propagation in the free-field appears to be significantly different for 
the NS and EW ground motions, which indicates anisotropic site conditions, i.e., shear waves 
that propagate at different speeds for particle motions in NS and EW directions. Similar 
results have been reported by Ueshima and Okano (1996) on the basis of cross-spectral 
analysis of recorded ground-motions.  

3. The fundamental frequencies of vibration for the soil-structure interaction system under the 
earthquake loads analyzed are significantly smaller than those observed under the FVT-2, 
which implies either nonlinear soil deformation or containment-soil separation under the 
earthquake loads examined, or both. Since the recorded earthquake ground motions were not 
particularly strong it seems that nonlinear effects will play an even more significant role 
under severe earthquake loads.  

Earthquake ground accelerations at the site have been recorded in the vertical direction (V) and 
in two orthogonal horizontal directions. The horizontal directions chosen were the magnetic 
north and the magnetic south directions, which are designated the L and T directions, 
respectively. The magnetic declination at the site is, approximately, 30 west and, therefore, the 
ground accelerations are approximately recorded in the actual NS and EW directions.  

The ground motion instrumentation layout is shown in Figure 70. There are 15 surface ground 
motion stations (A-series) located along 3 lines denoted ARMI, ARM2 and ARM3 as shown in 
Figure 70. On each arm 5 ground motion stations are installed as follows: the first station is 
located close to the outside wall of the containment and the other 4 stations are located at, 
approximately, D/2, 1.5D, 2.5D and 5D from the first station, where D is the diameter of the 
model. Three down-hole arrays (D-series) have also been installed as follows: one at the end of 
ARM1 and two others located at the beginning and end of ARM2. All down-hole arrays consist 
of 4 accelerometers at depths of, approximately, 5.25, 15.75, 26.25 and 52.5 meters below grade.  

Reference directions used in the Hualien LSST project are also shown in Figure 70. Those 
directions are: the NS direction which is used as a reference for the horizontal components (L) of 
the earthquake accelerations (ground accelerations and structural responses), as well as a 
reference for the placement of accelerometers in the model; the shaker or plant north direction 
which was used as a reference for the forced vibration tests; and the entrance road alignment
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which can be used as a reference for some of the seismic refraction survey lines and cross-hole 
logging paths. In the Hualien SSI experiment, the shaker (plant) North-South coincides with 
entrance road alignment.  

Accelerometers were also installed in the containment model at the following elevations: at the 
top of the basement on the inside of the containment wall (BA-series); inside the containment 
wall mid-way between the ground level and the bottom of the roof plate (WH-series); at the top 
of the roof plate (RF-series); and inside the containment wall at about the ground level elevation 
(WL-series). The BA, WH and RF series consist of 4 accelerometer stations installed at the 
north, south, east and west ends of the model, whereas the WL series consists of only two 
stations located at the north and east ends of the containment Additionally, a fifth accelerometer 
station is located near the center of the roof plate. All those accelerometer stations can record 
accelerations in the V, L and T directions.  

Additional site instrumentation consisted of: pressure transducers beneath the foundation and 
between the embedded wall and backfill; pore pressure and settlement gauges; and inclinometers.  
A detailed description of the location and characteristics of that instrumentation is not given here.  
Instead, they will be referred to as needed.  

Since the data acquisition instrumentation has been fully operational several earthquakes have 
been recorded at the site. A list of the earthquakes recorded and their principal characteristics is 
given in Tables 27 and 28 (Yang et al., 1995, Ueshima and Okano, 1996).  

Table 27. Characteristics of earthquakes recorded at the Hualien SSI experiment site 

Focal 

Event Date Magnitude Depth Epicenter 

Label (ML) (km) Distance Longitude Latitude 

(kin) (N) 

EQI Sep.09.93 4.2 21.1 7.6 121 - 40.34 23 - 58.16 

EQ2 Jan.20.94 5.6 49.5 24.4 121 - 51.14 24- 03.89 

EQ3 May.30.94 4.5 18.5 9.6 121 - 34.20 24 - 05.40 

EQ4 Jun.05.94 6.2 5.3 54.0 121 - 50.40 24-27.60 

EQ5 Oct.05.94 5.8 31.3 - 121 - 43.22 24-09.38 

EQ6 Feb.23.95 5.8 21.7 21.8 121 - 41.22 24 - 12.22 

EQ7 May.01.95 4.9 8.4 4.6 121 -39.11 24- 02.66 

EQ8 May.02.95 4.6 8.9 1.7 121 - 38.04 24- 00.74
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Table 28. Characteristics of earthquakes recorded at the Hualien SSI experiment site (cont'd)

2

3 

4

Maximum acceleration 

Event Date Azimuth1  A, P, SI 2  (gal) 

Label Roof Ground 

I , (degree) (RFEL 3) (A15L4) 

EQe Sep.09.93 133.67 26,00,0,92 32.9 11.6 

EQ2 Jan.20.94 77.48 42,42,7,92 71.3 32.2 

EQ3 May.30.94 328.40 34,41,7,92 37.6 34.1 

EQ4 Jun.05.94 24.50 36,41,7,92 64.7 41.8 

EQS Oct.05.94 173.8 32,35,7,92 -

EQ6 Feb.23.95 18.75 42,41,7,92 53.8 48.9 

EQ7 May.01.95 48.71 42,41,7,92 166.6 134.8 

EQS May.02.95 107.65 42,41,7,92 72.8 87.9 
A 4_-+U e 1- 4! +U,- ,_.+. 4P+k6ý ýý +rý +', &i -a+

A = number of accelerometers triggered; P = number of pressure gages triggered; S = 

number of settlement transducers triggered; and I = number of recording stations installed.  
L-direction motion measured on the roof of the model.  
L-direction motion measured at ground level.

7.1 Cross-Correlation Analysis 

The cross-correlation function between two down-hole ground acceleration time-histories, Cij(4), 
has been used extensively to determine the travel time of random signals between two recording 
stations (Bendat and Piersol, 1986, Bendat and Piersol, 1980) and has been applied for the 
identification of shear velocities in Lotung LSST site (Elgamal et al., 1995). The method relies 
on the fact that the major peak of the cross-correlation function between the ground acceleration 
time-histories recorded at two down-hole stations will be offset from the origin (time) by an 

amount rd, as opposed to the major peaks of the auto-correlation function for each of those time

histories which occurs at c = 0. For vertically propagating shear waves and two recording 
stations a distance d apart the signal propagation speed, i.e., the shear wave speed in the soil for 
vertically propagating shear waves, is given by 

Vs =d /d 

Certain conditions must, however, be met to obtain reliable estimates of the shear wave 
velocities. In particular, the method cannot be applied to narrow-banded records (Bendat and 
Piersol, 1980) because the major peak of the cross-correlation function cannot be estimated with 
sufficient accuracy. It is also desirable that the wave propagation speed allow for a sufficient 
large travel time so that measurement errors are not a large percentage of the travel time itself.  
Additionally, it is expected that the earthquake loading does not induce significant nonlinear soil 
response. Also, when the objective is the measurement of vertically propagating shear waves, it
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is necessary that the recorded time-history is not dominated by surface waves (Elgamal et aL, 
1995).  

Earthquakes EQ2, EQ6 and EQ7 were the only ones used for this study since data for other 
earthquakes were not available to the authors at the time of the analysis. The auto-correlation 
functions of the recorded accelerograms revealed that the band-width of earthquake EQ6 may not 
be sufficiently large to obtain accurate results. Therefore, only earthquakes EQ2 and EQ7 were 
used. Prior to the determination of the shear wave speed, a sensitivity analysis was performed to 
determine the sensitivity of the cross-correlation and auto-correlation functions to the time
windows used for the analysis. On that basis, it was concluded that the cross-correlation 
functions were not too sensitive to the time-windows used and, more importantly, the sensitivity 
of the time delay cd to the time-windows selected was not significant. On the basis of that 
sensitivity analysis time-windows were also selected for each earthquake.  

Cross-correlation functions for ground accelerations recorded at the same depth are shown in 
Figures 71 to 80 for earthquakes EQ2, EQ6 and EQ7. The major peaks of the cross-correlation 
functions are offset by negligible or very small time lags, indicating a near vertical propagation of 
shear waves at the site for the three earthquakes.  

Examples of cross-correlation functions for ground motions recorded in the down-hole array at 
the end of ARM2 (see Figure 70) are shown in Figures 81 to 84. The wave propagation delays, 
rd, for the incident waves (positive time delays) can be seen in those figures. Time delays, 
however, become difficult to identify for the more closely-spaced stations such as, for example, 
stations D27 and D28. This is, in part, the result of relatively high shear wave velocities at the 
Hualien stiff soil site. A summary of the shear wave velocities between down-hole recording 
stations directly determined from the cross-correlation functions of the ground accelerations 
recorded at those stations is shown in Table 27.  

Table 29. Shear wave velocities between down-hole recording stations 

jEQ2 IEQ7 
Down-Hole NS (magnetic) EW (magnetic) NS (magnetic) EW (maetic 

Stations l d Vs lTd iVS Td d VS 

(sec) (m/seL) (see) (m/sec) (sec) (m/sec) (sec) (m/sec) 
D28 - A25 0.1225 429 0.185 284 0.1425 368 0.2075 253 
D28 - D25 0.105 450 0.180 263 0.115 411 0.180 263 
D28 - D26 0.075 490 0.110 334 0.080 459 -
D28 - D27 0.05 583 0.070 375 0.050 525 0.075 350 
D27 - D25 0.0575 365 0.100 210 0.0675 311 0.080 263 
D26 - D25 - - 0.0425 247 0.040 265 -
D14 - A15 0.115 457 0.170 308 0.1475 356 0.190 276 
D14 - D11 0.100 473 0.165 286 0.120 394 0.1575 300 
D14 - D12 0.070 525 0.105 350 0.085 432 0.105 350 
D14 - D13 0.035 750 0.06 438 0.055 477 0.070 375 
D13 - D11 0.050 420 0.0975 215 0.065 323 0.060 350 
D12-Dll - - 0.05 210 - - 0.045 233 

The following observations can be made on the basis of the results shown in Table 27:
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1. for both earthquakes the shear waves appear to propagate significantly faster for particle 
motions in the NS plane than for particle motions in the EW plane which may imply 
anisotropic site conditions; 

2. SV wave velocities for the NS direction are similar to those obtained from the geophysical 
survey but those for the EW direction are significantly smaller, and 

3. NS shear wave speeds inferred from the EQ7 data are smaller than those predicted on the 
basis of the EQ2 data; since the peak ground accelerations from EQ7 in the NS direction are 
greater than those from EQ2, this appears to be the result of nonlinear soil response under 
EQ7.  

The results in Table 27 show some apparent discrepancies such as, for example, the decrease in 
the average shear wave speed from D28-A25 to D28-D25 for EQ2 in the EW direction, as well 
as the rapid decrease in the average wave speed from D28-D25 to D28-A25 for EQ7 in the NS 
direction. Additionally, the time delays for the reflected wave, negative peak values, differ 
significantly from those of the incident waves.  

Such discrepancies may be the result of soil anisotropy and possible nonlinear soil response. For 
an anisotropic medium the cross-correlation analysis should take into consideration that the 
recorded signal for a given direction at a specified station (output) depends on the recorded 
signals in two orthogonal directions at a lower station (input). Such coupling between the two 
ground motion directions, which in the linear range exists for all but the two principal directions, 
is not accounted for in this study. As previously mentioned, the shear wave speeds at the site 
were also investigated by Ueshima and Okano (1996) using cross-spectral density analysis of the 
recorded accelerations. On the basis of their study, Ueshima and Okano concluded that the major 
principal direction (strong axis) is oriented aboutl0° east from the magnetic north at the site.  
Since the angle of the principal directions with the L and T directions is small, the error on the 
uncoupled cross-correlation analysis presented here is also expected to be small. However, non
linear soil response may have occurred under the EQ6 load, which may explain, in part, some of 
the discrepancies in the results.  

The results shown in Table 27 and wavespeeds between other down-hole stations computed from 
them are shown in Figures 85 and 86. Those results can be compared with the average shear 
wave speeds for the free-field identified by Ueshima and Okano on the basis of EQ2 and EQ4 
data which are shown in Table 28.  

Table 30. Average free-field shear wave speeds identified by Ueshima and Okano (1996) 

]LAYER Shear Wave Speed (m/sec) 
Unified Model for Strong Weak Axis 

FVT-2 Axis 
GLO.0 - GL-5.Om 192 209 183 

GL-5.Om- GL-12.Om 333 341 201 
GL-12.Om- GL-52.5m 476 469 358 

One-dimensional deconvolution studies conducted by others for the prediction and correlation 
analyses, using methods like those in the program SHAKE (Schnabel, 1972) together with the 

unified soil model for FVT-2 recommended by CRIEPI (CRIEPI, 1993d and 1995b), resulted in 
good predictions of the observed free-field peak ground accelerations for the L-direction (NS) 
and poor predictions of the observed free-field peak ground accelerations for the T-direction
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(EW). This may be a consequence, in part, of the anisotropic free-field site conditions with soil 
properties in the NS direction similar to those of the unified soil model but significantly different 
for the EW direction. The following two alternatives can be used in deconvolution studies for 
correlation with the observed soil responses: (1) a conventional deconvolution analysis using 
ground motions and soil properties referred to the principal directions and (2) a deconvolution 
analysis that accounts for soil anisotropy and coupling between ground motions in two horizontal 
directions together with the recorded ground motions (L and T directions). The second 
alternative should be used if the principal directions vary from layer to layer.  

7.2 Earthquake Response Analysis 

Soil-structure interaction analyses of the containment model under the EQ6 and EQ7 earthquake 
loads were conducted to interpret in-situ soil properties from the recorded data. These were the 
only earthquake loads analyzed, primarily because ground motion and structural response records 
from other earthquake events were not available to the authors when the analyses were 
performed. Nevertheless, those two earthquakes (EQ6 and EQ7) have significantly different 
ground motion intensities and frequency contents such that different soil-structure interaction 
responses are expected under each one of those loads.  

The soil-structure interaction model used for the earthquake response analysis is identical to the 
one used for the interpretation of the FVT-2 test data. The method accounts for anisotropic soil 
conditions and earthquake loading in two orthogonal horizontal directions. It is recalled that, 
with the exception of the of the soil anisotropy, the small strain values of the soil properties 
recommended in the unified soil model for FVT-1 analysis appeared to represent well the 
average soil properties beneath the model's foundation for that phase of the project It is also 
recalled that the unified soil model for FVT-2 analysis recommended in CRIEPI (1995) also 
appears to represent well the average properties at low-strain levels of the as-built backfill soil as 
well as the soil beneath the foundation. The best-estimated average properties for the backfill 
and foundation soil, i.e., those that provided a better match to the observed response, are shown 
in Table 23. Soil-structure interaction analysis of the model under lateral loading using those 
soil properties should provide adequate estimates of the response under low-level earthquake 
loads, i.e., such that the soil response remains in the linear range.  

Soil-structure interaction analysis of the containment model under the selected earthquake loads 
revealed that the fundamental frequency of the soil-structure system computed with the soil 
properties shown in Table 23 is about 15 to 20% greater than those inferred from the data. Since 
the soil-structure interaction model together with the soil properties shown in Table 23 represents 
well the soil-structure interaction system in the linear range, it can be concluded that nonlinear 
effects have significantly affected the soil-structure interaction under these earthquake loads. It 
must be noticed, however, that the backfill stiffness below about GL-2m may be somewhat less 
than that for the FVT-2 test as a result of a higher water table in the backfill at the time of the 
earthquake loads.  

To assess the extent of the soil stiffness and support reductions as compared to those in the FVT
2 test, a brief sensitivity analysis was conducted to estimate equivalent linear soil properties and 
other SSI parameters such as an effective embedment length, d, that result into a fair agreement 
between the observed and computed responses. Accordingly, the soil properties of the backfill 
and foundation soil were varied until the desired fair agreement to the observed structural
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response was obtained. In this sensitivity analysis, the angle between the principal direction of 
soil stiffness (higher stiffness) and the magnetic EW direction (T) was kept equal to 75-degrees, 
i.e., a value of t =--750 was used as input for this SSI analysis. It is recalled that, on the basis of 
the FVT-l and FVT-2 analyses, the major principal direction for the site anisotropy was found to 
be about 35-degress counterclockwise from the plant (shaker) East, which corresponds to 76.25
degrees counterclockwise from the magnetic East (T). As an approximation the value of 75
degress was used in the sensitivity analysis.  

Here, the computed and observed responses are compared on the basis of the pseudo-acceleration 
response spectra of the roof response for a damping ratio of 0.5-percent. Further evaluation of 
the computed response is made by comparing the analytical transfer functions of the roof 
response with those obtained on the basis of cross-spectral analysis of the recorded roof and free
field accelerations.  

Ground accelerations recorded at station A13 are used as the input free-field ground accelerations 
for all analyses. To account for kinematic interaction effects, the following approximation has 
been suggested to compute the input ground motions at the base of the SSI springs (Kausel et 
aL,1978): 

=TF(n)CO -f f f< 0.7f, 

F(ni) x 0.453 ,if f > 0.7f, 

= F(91)x0257x 1-co -. 31/R, iff<f, 

I F(n) x 0257 / R ,if f > f" 

Where t = horizontal ground acceleration, q = acceleration of the rigid foundation rotation, 

F(n) = Fourier spectrum of the free-field surface ground acceleration, R = foundation radius, IFT 
= inverse Fourier transform, f = frequency in Hz, fn = Vs/4H, where H = depth from ground 
surface to the foundation plane and Vs = shear wave speed from the ground surface to H.  
Sensitivity analysis shows that, for this SSI system, the response spectra ordinates of the 
computed roof accelerations do not change significantly whether either the surface ground 
motions or the kinematic motions are used as input. For simplicity, the results presented below 
are for input horizontal ground accelerations equal to the recorded surface ground accelerations 
and input rocking accelerations equal to b.  

7.2.1 Earthquake of February 23, 1995 (EO6) 

Pseudo-acceleration response spectra for 0.5% damping of the L and T components of the free
field ground accelerations (station A13), and of the L and T components of the roof response 
(station RFN) are shown in Figures 87 and 88, respectively. These figures allow for a quick 
identification of the frequency content of the input and output motions. Pseudo-acceleration 
response spectra of the recorded and computed NS and EW components of the roof response, for 

a damping ratio of 0.5%, are shown in Figures 89 to 92 for two sets of soil properties. The 
response spectra shown in Figures 89 to 90 are for the soil properties in Table 29, whereas the
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response shown in Figures 91 and 92 is for the properties in Table 30. In one case full 
embedment (d = 5.0 m) is considered whereas a partial embedment of 3.5 m is considered for the 
other case. Higher shear wave speeds are used for the partially embedded case as compared to 
the full embedment case, in order to obtain similar fundamental frequencies of vibration. The 
results obtained for d = 5.0 m appear to compare better with the observed response than those for 
d = 3.5 m. For both cases, the computed response does not compare well with the observed 
response for frequencies between about 1.5 and 5.0 Hz. This may be a consequence of 
approximating a nonlinear system by an equivalent linear system, and using input motions at the 
base of the SSI springs that do not properly account for the so-called kinematic soil-structure 
interaction effects.  

Recorded and computed time-histories of the roof response for d = 5.0 m are shown in Figure 93.  
It can be seen that the compute response differs from the recorded one for the longer period 
components. Transfer finctions between the free-field acceleration and the roof response are 
shown in Figures 94 and 95. The cross-spectral density analysis reveals fundamental frequencies 
of 5.4 and 5.0 Hz, for the L and T directions, respectively, whereas the fundamental frequencies 
from the SSI analysis are about 5.4 Hz for both the L and T directions. Although the foundation 
soil is considered anisotropic, it is assumed in the analysis that the soil stiffness reduction and the 
embedment condition are the same in all directions. This, may not be the actual case.  

Table 31. Soil properties for the earthquake response analysis with d = 5.0 m (EQ6)

Material1  Depth Density S-Wave Poisson's Damping 
Speed' n a ratio Ratio 

(m) (kg/m) (mn/see) (_ 

Backfill 0-5m 2390 220 1.0 - 0.33 2 

Gravel-1 5-12m 2420 3402 1.25 -75 0.48 2 
(foundation) 12_-_20 ____ _ 227 1 -5 04 

Gravel-3 12 -20 m 2420 476 1.25 -75 0.48 2

I The soil typDes are identified in Figure 6.  
2 For the major principal direction.  

Table 32. Soil properties for the earthquake response analysis with d = 3.5 m (EQ6)

Material' Depth Density S-Wave Poisson's Damping 
Speed' n l a ratio Ratio 

(B) (kg/mA ) (m/sec) (%) 
Backfill 0-5m 2390 250 1.0 -- 0.33 2 

Gravel-1 5 -12m 2420 3602 1.25 [-75 0.48 2 
(foundation) 

Gravel-3 12-20m 2420 476 1.25 -75 0.48 2 
The soil types are identified in Figure 6.  

2 For the major principal direction.  

Less soil stiffness reduction would be required if the shear wave speeds for the gravel determined 
on the basis of laboratory testing (see Tables 12 and 13) were used in the analysis. There appears
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to be however, no strong reason to prefer the laboratory based shear wave speeds over those from 
direct shear wave measurements. In fact, the best-estimated soil properties determined on the 
basis of the FVT-2 analysis are closer to the in-situ measurements than to the wavespeeds 
determined on the basis of the laboratory tests.  

7.2.2 Earthquake of May 1. 1995 (EQ7) 

Pseudo-acceleration and pseudo-speed response spectra for 5% damping of the L and T 
components of the free-field ground accelerations (station A13) and of the L and T component of 
the roof response (station RFN) are shown in Figures 96 and 97. As before, these response 
spectra allow for an approximate identification of the frequency content of the input and output 
motions as well as of the dominant SSI frequencies. Pseudo-acceleration response spectra for 
recorded and computed NS and EW components of the roof response and for a damping ratio of 
0.5% are shown in Figures 98 and 99 for two sets of soil properties. The computed response 
spectra shown in Figure 98 is for d = 5.0 m and the soil properties in Table 31, whereas that in 
Figure 99 is for d = 3.0 m and the soil properties in Table 32. As before, the fundamental 
frequencies of vibration are the same for both sets of soil properties and embedment depths.  
With the exception of the frequencies between 1.5 and 4.5 Hz, the computed response compares 
well with the measured response for both the L and T directions.  

Recorded and computed roof response time-histories d = 3.0 m are shown in Figure 100. The 
peak accelerations of the roof response are underestimated by the model, particularly for the T 
direction. Transfer functions between the free-field ground acceleration and the roof response 
are shown in Figures 101 and 102. The fundamental frequency in the L direction from the cross
spectral analysis is about 5.1 Hz, whereas those from the SSI analysis are about 5.15 Hz for both 
directions. The cross spectral density analysis does not reveal a clear resonant frequency for the 
T direction which, however, appears to be between 5.0 and 5.5 Hz. The transfer functions 
computed with the SSI model and the cross-spectral analysis show evidence of anisotropic site 
conditions.  

Table 33. Soil properties for the earthquake response analysis with d = 5.0 m (EQ7) 

Material1  Depth Density S-Wave Poisson's Damping 
Speed2 n cc ratio Ratio 

(m_) (_m_) (mlsec) (%__)_ 
Backfill 0-5m 2390 210 1.0 - 0.33 2 

Gravel-1 5- 12m 2420 3307 1.25 -750 0.48 2 
(foundation) 

Gravel-3 12 - 20 m 2420 476 1.25 -750 0.482 
The soil types are identified in Figure 6.  

2 For the major principal direction.
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Table 34. Soil properties for the earthquake response analysis with d = 3.0 m (EQ7)1 

Material2  Depth Density S-Wave Poisson's Damping 
Speed3  n a ratio Ratio 

(M) _ _._m_) (m/se_ ) (%) 
Backfill 0-5m 2390 250 1.0 - 0.33 2 

Gravel-1 5 -12 m 2420 3552 1.25 -750 0.48 2 

Gravel-3 12 -20 m 24-20 476 11.25 -7:5° _0.482 

Ld = 3.0 m .for the L direction and d = 4.0 m for the T direction.  
2 The soil types are identified in Figure 6.  
3 For the major principal direction.  

It is noteworthy that nonlinear effects are significant under earthquake loads that can be 
considered weak to moderate as compared to those used in the design of most nuclear plant 
seismic category I structures. This may be a result, in part, of the stiff foundation soils and as
built backfill soils considered in the experiment. For those soils, the secant shear stiffness 
decreases very rapidly with shear strain. This can be observed, for example, with the data in 
Table 14a, which indicate that the secant shear modulus of the backfill is reduced to about 62% 
and 40% of the elastic modulus for shear strains of the order of 5.1x10"5 and 1.3x10-4, 
respectively. Under the EQ7 load, peak rigid body rocking rotations equal to about 5.2x 10-5 were 
computed in the SSI analysis. Assuming that the rigid body rocking rotation of the model with 
respect to the baseline of the SSI springs is an approximation to the shear strains in the backfill in 
the vicinity of the model, the computed rocking rotation is an indication of nonlinear response of 
the backfill soil at the interface with the containment walls. This implies that, for this case, the 
decrease of the fundamental frequency of vibration can be attributed to the non-linear 
deformations imposed by structure on the backfill and, possibly, the foundation soil.  

7.3 Summary of Earthquake Data and Response Analysis 

Cross-correlation analysis of the earthquake ground motion data recorded indicates that the 
earthquake induced shear waves at the site propagate in a nearly vertical direction for the three 
earthquake events analyzed, and that there appear to a strong free-field anisotropy such that the 
speed of vertical shear wave propagation in the gravel is 20 to 40% greater for particle motions in 
the NS direction than for particle motions in the EW direction. Site anisotropy had also been 
determined on the basis of the analysis of the forced vibration test data. The cross-hole logging 
data obtained prior to the excavation and after excavation and construction of the model show 
evidence of this site anisotropy to about GL-12m.  

The site anisotropy identified above, i.e., vertical shear wave propagation speeds that differ for 
particle motions in the NS and EW directions, should be taken into consideration for site 
amplification and deconvolution analysis studies for correlation analysis with the recorded 
ground motions at the site. It should also be taken into consideration for the study of kinematic 
soil-structure interaction effects and the evaluation of scattering motions.  

The earthquake response analyses presented indicate that the soil-structure interaction response 
under the earthquake loads investigated has been affected by nonlinear effects. Namely, transfer
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functions from the free-field ground motions to the roof response indicate dominant soil-structure 
interaction frequencies that are about 15 to 20% less than those observed in the FVT-2 test.  
Those transfer functions also indicate the evidence of soil anisotropy in the foundation soil.  
Since the effects of soil anisotropy are not so readily apparent in the FVT-2 test (embedded case) 
as they are in the FVT-1 test (surface foundation), this seems to imply that either the backfill 
stiffness was reduced under the earthquake loading or the effective embedment length decreases 
in such a manner that the anisotropy of the foundation soil becomes apparent.  

It is noteworthy that nonlinear effects have shown to be significant under earthquake loads that 
may be considered weak to moderate as compared to those used in the design of most nuclear 
power plant seismic category I structures.
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January 20, 94 Earthquake - N-S Direction (12 - 20 sec)
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Figure 71 Cross-correlation function for surface NS accelerations (EQ2) 
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Figure 72 Cross-correlation function for surface EW accelerations (EQ2)
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January 20, 94 Earthquake - N-S Direction (12 - 20 sec)
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Figure 73 Cross-correlation function for NS accelerations at -52.5 m (EQ2) 
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Figure 73 Cross-correlation function for NS accelerations at -52.5 m (EQ2) 
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February 23, 95 Earthquake - N-S Direction (14 - 31 sec)
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Figure 76 Cross-correlation function for EW accelerations at the same level (EQ6)
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May 1, 95 Earthquake - N-S Direction (15 - 20 sec)
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Figure 77 Cross-correlation function for surface NS accelerations (EQ7) 
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Figure 78 Cross-correlation function for surface EW accelerations (EQ7)
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May 1, 95 Earthquake - N-S Direction (15 - 20 sec)
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Figure 79 Cross-cofrelation functions for NS accelerations at -52.5 m (EQT) 
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Figure 80 Cross-correlation functions for EW accelerations at -52.5m (EQ7)
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January 20, 94 Earthquake - N-S Direction (12 - 20 sec)
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Figure 81 Cross-correlation functions for NS down-hole accelerations (EQ2) 
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Figure 82 Cross-correlation functions for EW down-hole ground accelerations (EQ2)
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Shear wave speeds inferred from cross-correlation 
analysis of recorded down-hole ground accelerations (EQ2)

-60 0

AVERAGE SHEAR WAVE SPEED (m/sec)

Figure 85 Average shear wave velocities inferred from cross-correlation analysis of down-hole 
ground accelerations (EQ2) 
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Figure 86 Average shear wave velocities inferred from cross-correlation analysis of down-hole 
ground accelerations (EQ6)
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DAMPING = 0.5%
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Figure 87 Response spectra for 0.5% damping: EQ6 L-direction
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Figure 88 Response spectra for 0.5% damping: EQ6 T-direction
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Vsoil : 340 mlsec; Vfill : 220 m/sec; Embed. : 5.0 m - EQ6 (2/23/95) 
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Figure 89 Observed and computed response spectra for 0.5% damping: EQ6 L-direction 
(embedment, d = 5.0 m) 
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Figure 90 Observed and computed response spectra for 0.5% damping: EQ6 T-direction 
(embedment, d = 5.0 m)
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Vsoil = 360 m/sec; Vfill = 250 m/sec; Embed. = 3.5 m - EQ6 (2/23/95)
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Figure 91 Observed and computed response spectra for 0.5% damping: EQ6 L-direction 
(embedment, d = 3.5 m) 
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Figure 92 Observed and computed response spectra for 0.5% damping: EQ6 T-direction 
(embedment, d = 3.5 m) 
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Figure 93 Observed and computed roof response time-histories: EQ6
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TRANSFER FUNCTION: RFNLIA13L EQ6(2/23/99)
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Figure 94 Transfer fimctions from free-field motion to roof response: EQ6 L-direction 
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Figure 95 Transfer functions from free-field motion to roof response: EQ6 T-direction-
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DAMPING RATIO = 0.5%
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Figure 96 Pseudo-acceleration response spectra for 0.5% damping for EQ7
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Figure 97 Pseudo-Velocity response spectra for 0.5% damping for EQ7
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Vsoil = 330 m/sec; Vfill = 210 m/sec; Embed. = 5.0 m - EQ7 (5/1/95)
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Figure 99 Observed and computed response spectra for 0.5% damping: EQ7 (d = 3.0 m)
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TRANSFER FUNCTION: RFNLIA13L EQ7(5/1/95) 
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Figure 101 Transfer functions from free-field motion to roof response: EQ7 L-direction 
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8. SUMMARY AND CONCLUSIONS 

A review of the site characterization program for the Hualien SSI Experiment has been 
presented. The review includes a detailed description of the methods used and of the results 
obtained, as well as an assessment of those results and of the recommended soil properties. It 
also includes further interpretation and assessment of the site conditions on the basis of the 
analysis of forced vibration test data and selected recorded earthquake loading data. An 
important feature of the site characterization was that it paid particular attention to the effect of 
the various construction operations on the in-situ shear wave speed and soil stiffness. This was 
shown by CRIEPI to be important for the cohesionless soils encountered whose stiffness and 
strength are controlled by the effective stress conditions at the site. The following observations 
and conclusions can be made on the basis of the review and analysis described in this report: 

1. Analysis of the forced vibration test data indicated that the soil model proposed by CRIEPI 
could not reproduce well the observed results. Specifically, analysis of the forced vibration 
test data prior to the construction of the backfill (FVT-1) revealed anisotropic in-situ 
conditions for the gravel beneath the foundation, with different shear wave propagation 
speeds in different horizontal directions. The causes of the gravel anisotropy, however, still 
remain to be explained. Analysis of the forced vibration test data for the embedded case 
(FVT-2) permitted identification of average soil properties for the backfill and foundation 
soil.  

2. On the basis of the FVT-2 data analysis a set of soil parameters denoted the best-estimated 
soil properties for FVT-2 are recommended for the soil-structure interaction analysis of the 
model under low-level lateral dynamic loading, including earthquake loading, i.e., lateral 
loading such that the response remains in the linear, low-strains, range. The values 
recommended are spatial averages. Namely the value for the foundation soil is an average 
over the volume of the soil beneath the foundation to a depth of 12 m below ground level, 
and the value for the backfill soil is an average over the height of the backfill. The values 
recommended here differ somewhat from those proposed by CRIEPI, with the major 
difference being the identification of anisotropy in the foundation soil.  

3. For strong lateral dynamic loading, including earthquake loading, such that non-linear soil 
behavior is anticipated, the best-estimated soil properties for FVT-2 should be used together 
with the values obtained by CRIEPI for the properties that describe the non-linear soil 
behavior. These properties include, at a minimum, the variation of the secant shear modulus 
and damping ratio with shear strain. For more sophisticated constitutive modeling, 
appropriate for nonlinear time-history analysis, additional soil properties such as shear 
strength parameters, soil response under cyclic hydrostatic loading, and the secant shear 
modulus for triaxial compression tests, were obtained by CRIEPI and are reported here.  
However, all properties needed for nonlinear soil modeling have been determined on the 
basis of laboratory testing and may not account for the in-situ soil anisotropy.  

4. The site investigations conducted by CRIEPI focused primarily on the soils encountered to a 
depth of about 20 m below ground level. The site characterization for depths greater than 
about 20 m relies on scoping geophysical studies conducted by the IES either on the planning 
or preliminary stages of the Hualien SSI Experiment and large penetration test data at one
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location. A more detailed characterization of the free-field soils at depths greater than 20 m 
below ground level may be desirable for site amplification and deconvolution analysis studies 
for correlation analysis with the ground motions recorded in the down-hole arrays, which 
extend to a depth of about 52.5 m below ground level.  

5. A very comprehensive and rigorous site characterization program was conducted by CRIEPI 
between 1990 and 1994, which was at least as thorough as those commonly used for actual 
power plant sites. Nevertheless, considerable scatter can be observed on the data collected, 
particularly, for the in-situ shear wave speed measurements. Some of the scatter is the result 
of the soil anisotropy and some may be the result of random spatial variability of the shear 
wave speed. However, large uncertainties can still be observed even when the soil anisotropy 
is taken into consideration. Even greater scatter was encountered in the identification of the 
shear wave speed in the backfill.  

6. Average values, averaged over a given soil volume, of the shear wave speeds were 
recommended by CRIEPI and in this study. Such spatial averages are useful for SSI analysis 
with the so-called spring method of analysis but may create difficulties with the more detailed 
and comprehensive finite element procedures whose results may be sensitive to local 
variations of the soil properties.  

7. After the FVT-2 test, the shear wave speeds initially proposed for the as-built backfill (Phase 
IV-A) were found to be much too large and not representative of the backfill conditions near 
the containment walls. New in-situ tests were conducted (Phase IV-B) which lead to shear 
wave speeds in the backfill near the containment wall about 30 percent less that those initially 
estimated.  

8. Cross-correlation analysis of earthquake ground accelerations recorded with the down-hole 
array indicates that the vertical shear wave propagation speed in the gravel, differs 
significantly for particle motions in the NS and EW directions, with the larger wavespeeds in 
the NS direction. Those results were confirmed by cross-spectral density analysis of recorded 
down-hole ground accelerations conducted by others.  

9. The fundamental soil-structure interaction frequencies under some of the recorded earthquake 
loads computed using the best-estimated soil properties for FVT-2 are 15 to 20 percent 
greater than those identified on the basis of the recorded responses. That observation implies 
that non-linear effects have strongly influenced the soil-structure interaction under the 
recorded loads. It is noteworthy that non-linear effects have significantly affected the 
response of the model under earthquake loads that are considered to be weak to moderate as 
compared to the seismic design loads for most nuclear power plant seismic category I 
structures.  

10. A limited sensitivity analysis of the SSI response under two recorded earthquake loads was 
conducted. Equivalent linear parameters were found which provided a fair agreement 
between the observed and computed responses. Floor response spectra were predicted well 
with the equivalent linear system for frequencies greater than about 4.5 Hz, which includes 
the apparent fundamental SSI frequencies. However, the floor response spectra ordinates 
computed with the equivalent linear system were smaller than the observed ones for 
frequencies between about 1.5 and 4.5 Hz. The discrepancies may the result of non-linear 
behavior and of inaccurate input motions at the base of the SSI springs.
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11. Transfer functions from the free-field motion to the roof response under recorded earthquake 
loading show evidence of site anisotropy beneath the foundation. This is, of course, evidence 
of a significant reduction on the contribution of the backfill to the stiffness and damping of 
the SSI system.  

Uncertainties in the in-situ values of the soil properties, including random spatial variability, and 
modeling uncertainties were clearly illustrated with the results of the forced vibration tests, 
which revealed the unexpected effects of site anisotropy in the soil-structure interaction. Site 
anisotropy is not normally considered in most soil-structure interaction studies. This experiment 
indicates that it may be present and should be investigated for stiff soil sites.  

Apart from the site anisotropy, the site characterization results show that considerable scatter in 
the in-situ values of the soil properties is still present even when thorough and sophisticated site 
characterization procedures are used. While spatial averages of the measured values may be 
adequate for SSI analysis with the simple spring method, the spatial variability of the soil 
properties creates difficulties for detailed finite element models whose results may be sensitive to 
localized variations in the soil properties.  

Modeling uncertainties are, however, more evident in the analysis of the response under 
earthquake loads. The results of the experiment indicate that non-linear soil behavior is to be 
expected for a stiff soil site under weak earthquake loads. The behavior of the model under a 
more severe earthquake loading remains to be observed. In face of the already significant non
linear effects under weak earthquake loading and the unexpected effect of soil anisotropy, it 
appears worthwhile to extend for some time monitoring of the instrumentation already installed 
for the Hualien SSI experiment 

Furthermore, more detailed analysis of the recorded earthquake data at the site should also be 
continued. That analysis should address the following: (1) site amplification and deconvolution 
analysis studies, including the effect of soil anisotropy, (2) the adequacy of nonlinear time
history analysis procedures used in conjunction with simplified SSI methods such as the spring 
method, and of equivalent linearization procedures used with complex finite element methods, to 
represent the localized non-linear effects observed under earthquake loads; (3) the effects of 
kinematic interaction and wave scattering in the response; and (3) the sensitivity of the response 
under earthquake loading to modeling and parametric uncertainties, including nonlinear effects.
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A APPENDIX A

Soil-Structure-Interaction Analysis.  

Consider the 2-dimensional soil-structure interaction system with a rigid foundation shown in 
Figure A.1. The system's governing equations of motion, which can be obtained by imposing 
equilibrium of all horizontal forces and all moments about the base of foundation, are as follows: 

ra Mh, mh-9 [k 0 0klL l pP} 

m r m,+m msh+mz J Uo + 0 k, k., =r (1) 
M,h mz, + Mh Mh2+ =.2+Io+I1l•J _0 k.v kvw P1 

where, uo = displacement of the base (rigid body sliding), y = displacement of the SDOF 
structure with respect to its fixed base, qV = rotation of the foundation about its center of gravity 
(rigid body rocking), m, = lumped mass of the SDOF structure, m = mass of the foundation, 10 = 
mass moment of inertia of the foundation about its center of gravity, 1 = mass moment of inertia 
of the roof plate with respect to an axis passing through its center of gravity and perpendicular to 
the plane of the figure, z, = distance from center of gravity of the foundation mass to the base, h 
= height from the foundation plane to the center of gravity of the lumped mass of the SDOF 
structure, I = distance from the foundation plane to the point of application of the lateral load, P 
= dynamic lateral load, and 

[Kf] kx kxtiVr (2) 

is the frequency-dependent foundation impedance matrix, such that 

{M} = f ; (3) 

are the horizontal force and moment reactions, respectively, at the base of the rigid foundation.  
A frequency-domain formulation is, of course, implied in the above formulation.  

To extend this formulation to an anisotropic site condition, the following assumptions are made: 

1. There are two orthogonal horizontal directions, denoted here as principal directions, such 
that loading in each one of these directions produces no cross-axis response; 

2. For loading in a principal direction the soil-structure system can be analyzed using the 
classical stick model approach and their respective impedance functions developed for 
isotropic soil conditions on the basis of the S wave speed in this principal direction; 

3. The impedance functions for isotropic soil conditions determined for each principal direction 
can be combined in the same manner as the stiffness of a beam with a non-symmetric cross
section under pure biaxial bending, and 

4. The structural stiffness and the inertia of the structure and its foundation are considered 
isotropic.
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Let ul and u2 be the displacement vectors (y, u., V/]T in each of the principal directions under 
lateral loading Pi and P2 acting in the principal direction 1 and 2, respectively. Then, the 
displacement vectors in two orthogonal directions E and N making an angle a with the directions 
1 and 2, respectively, are given by 

{UE} [[0co C0 [I]] [40 sina }=T{}(4) 
0 -. sina [I]] [0 Cosa [I]]J 

where I is a 2x2 stiffness matrix. When the mass of the structure is not considered, the 
displacements ul and u2 are given by 

[ilk 02 rP 
luk 0 IF, 0 P2lJL [F]1 (5) 

00 [F 2  f2 
0 I~F 2 P •P21 ,J .  

where, F1 and F2 are the compliance matrices of the foundation for the principal directions 1 and 
2, which are the inverse of the impedance matrix Kf for each principal direction. The load vector 
for the principal directions can also be expressed in terms of the load vector for the E and N 
directions as follows: 

P2' '1 (6) 

Replacing (5) and (6) into (4) it is 

{ UE} [T][FI[T T{ E}I = [F*]{pE}1 (7) 

Therefore, the stiffness matrix for the anisotropic soil-structure interaction system referred to the 
E and N axes is [K)] = [F*]'= [T]'T[F]-'[T]"I, where 

[F]-' = I]]]; [KI]-- [F,]-'; [K2  [F2  (8) 
10 [K2 

The equations of motion for the displacement in the E and N directions under lateral loads PE and 
PN can now be written as follows:
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E 0 I]iiE }+[K* *f J {U E}={;(9) 

where m is the 3x3 mass matrix in (1). The above equations of motion with 6 unknowns can be 
easily solved in the frequency domain. For an embedded foundation the impedance matrix for a 
given principal direction includes terms associated with the foundation soil and terms associated 
with the backfill. In this study, the backfill is considered to be isotropic for most of the analyses 
presented.  

In the case of an earthquake loading, the loading vector is modified to account for the ground 
accelerations resulting from the kinematic interaction, which consist of a translation and a 
rotational component in each orthogonal direction. The right-hand-side of the equations of 
motion for this case becomes: 

mS + m [E msh + m, ] OE 1 2 rmzc + mSh { mh + 10 + }1, 
_r} - (10) 

mS +{ m aIN 2ash + MON 
.lraz + rashJ =c2c + rah2 + I0 1 

nzmzc ++m~hh+Io+I 

where a and 0 are the horizontal and rotational accelerations at the base of the soil springs with 
the symbols E and N denoting the loading directions. Those input accelerations are to be 
determined from the kinematic soil-structure interaction analysis. For the spring method, 
simplified procedures to determine the kinematic ground accelerations from the free-field ground 
accelerations have been proposed by Kausel et al. (1976) for isotropic site conditions and are 
utilized for this study.  

Fixed-Base Single-Degree-of-Freedom Model of the Containment 

The containment shell is modeled with a massless cantilever beam with a concentrated mass at 
the top equal to the mass of the roof plate, cross-section properties equal to those of the 
containment shell, and span from the top of the foundation plate to the center of gravity of the 
roof plate. The stiffness of the beam was computed accounting for both shear and flexural 
deformations. Using a Young's modulus of 28,200,000 kN/m2 and a Poisson's ratio of 0.2, a 
natural frequency of 11.1 Hertz is computed for this single-degree-of-freedom system, which 
compares well with a frequency of 10.7 Hertz obtained with more complex structural models.  
With this model, the mass of the containment shell is not included in the fixed-base model.  
Instead, the mass of the shell is included in the mass of the rigid body foundation and is 
accounted for in the calculation of the total mass, center of gravity and mass-moment of inertia of 
the rigid foundation.  

The stiffness and mass calculated for the fixed-base structural model as well as the elements of 
the mass matrix in (1) are shown in Table A.1.
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Table A.1 Properties of fixed-base model and rigid foundation 

Property k Ims Ii m Io z 
(kN/mr) (ton) (ton-m2) (ton) (ton-m2) (m) 

Value 0.0893EI 207.8p 2,329p 387.9p 9,203p, 3.613 

where E, and Pc are the Young's modulus and density of the concrete, respectively.  

uOh y

P

Figure A- 1. Two-dimensional SSI model
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