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ABSTRACT 
 
To investigate the applicability of existing seismic soil-structure interaction (SSI) computer 
codes to deeply embedded and/or buried (DEB) structures, Brookhaven National Laboratory 
(BNL) performed a correlation analysis. The correlation analysis was performed using recorded 
earthquake response data from tests conducted by the Nuclear Power Engineering Corporation 
(NUPEC) of Japan.  The NUPEC tests used 1/10th scale models, based on outer structural 
dimensions similar to the advanced boiling water reactor (ABWR) building structures. The 
ABWR models were embedded below grade to approximately 50% of the overall height of the 
model. The NUPEC earthquake response data were provided by the Japan Nuclear Energy 
Safety Organization (JNES, successor of NUPEC seismic test data) as part of the US-Japan 
collaborative effort in the area of seismic engineering research. The computer programs used in 
the correlation analysis are the System for Analysis of Soil-Structure Interaction (SASSI) and 
LS-DYNA programs, which represent the sub-structuring sub-traction and direct finite element 
methods.  An assessment of the SASSI and LS-DYNA programs was made based on the 
insights gleaned from the correlation results.   
 
The following results are discussed: 1) the correlation analysis using SASSI and LS-DYNA with 
the recorded earthquake response data in terms of the in-structure response spectra (ISRS) 
and seismic induced soil pressures, 2) an assessment of the adequacy and performance of the 
analysis methods, and 3) quantification of the effect of the soil uncertainty on the seismic 
response computations by SASSI and LS-DYNA. This study concludes that for moderate 
earthquakes, the computer codes SASSI and LS-DYNA have reasonably captured the seismic 
response parameters in terms of ISRS and the seismic induced side and base pressures for the 
DEB structures.  Furthermore, the level of uncertainty in the soil properties for the site was 
estimated by SASSI and LS-DYNA programs using the best fit with the ISRS from the recorded 
response data, which is within the range currently considered in the geotechnical engineering 
practice. 
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FOREWORD 
 
Over the past three decades, the scientific community has performed extensive research 
to study the phenomenon of soil-structure interaction (SSI) and its impact on seismic response, 
especially for nuclear power plant (NPP) structures.  To date, this research has considerably advanced 
the understanding of the interacting mechanisms associated with SSI, led to the development 
of analytical methods and computer programs for seismic response, and been the source of 
much-needed field data from actual earthquake events. 

The established computer codes used for SSI analysis in the nuclear industry have primarily 
been developed for current light-water reactors, and applied to coupled SSI models in which the 
structures are founded at or near the ground surface with shallow embedment.  Several NPP 
designs have proposed utilizing deeply embedded and/or buried (DEB) structural configurations.  
For example, in two new designs that have been submitted for preliminary review by the U.S. 
Nuclear Regulatory Commission (NRC), the entire reactor building and a significant portion of 
the steam generator building are either partially or completely embedded below the ground 
surface. 

The current seismic analysis methods have been developed for shallowly embedded structures and the 
existing regulatory guidance, codes, and standards suggest that simple formulations may be used to 
model the embedment effect when the depth of embedment is less than 30% of the structure’s 
foundation equivalent-radius.  [Consider, for example, the American Society of Civil Engineers 
Standard No. 4 (ASCE-4), “Seismic Analysis of Safety-Related Nuclear Structures.”]  Therefore, 
to support the review of preliminary applications for new reactor designs, the NRC sponsored 
a research program, under which Brookhaven National Laboratory (BNL) investigated the extent 
to which the existing regulatory guidance, seismic design practices, and SSI codes (acceptable 
for shallow embedments) also apply to deeper embedments.  In so doing, the overall objective 
of this research is to recommend any modifications that may be necessary to adapt the existing 
guidance, design practices, and computer codes to DEB structures. 

This report, produced in connection with the BNL investigation, discusses the SSI models used in 
the System for Analysis of Soil-Structure Interaction (SASSI) and the Livermore Software 
Dynamic Finite Element Analysis (LS-DYNA) computer code for the one-tenth scale model 
of an advanced boiling-water reactor (ABWR) containment with 50% embedment.  In addition, 
this report assesses the adequacy of the SASSI and LS-DYNA SSI models to predict 
the seismic responses of embedded structures, and it correlates the analytical results 
with recorded field data from actual earthquake events. 

The study concludes that existing linear SSI methods can be extended, to varying degrees, to 
produce acceptable SSI response calculations for DEB structures.  However, extending the 
existing methods requires that (1) the SSI response induced by the ground motion must be very 
much within the linear regime, or (2) the non-linear effect (such as those experienced in strong 
ground motion) must not be expected to control the SSI response parameters.  If the existing 
methods were to be utilized for strong ground motion non-linear conditions, it is recommended 
that the models be validated against strong ground motion response data from additional tests or 
earthquake recordings. 
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EXECUTIVE SUMMARY 
 
As seismic analysis methods that incorporate the effect of soil-structure interaction (SSI) 
have improved over the years, the development of numerical simulation programs which 
implement various SSI methods has also improved, especially for nuclear power plant 
(NPP) structures. However, it is understood that established SSI analysis computer 
codes which are used in the nuclear industry have been primarily developed for the 
current generation of Light Water Reactors (LWRs) and applied to coupled soil-structure 
models where the structures are founded at or near the ground surface with shallow 
embedment. Therefore, from a regulatory standpoint the applicability of SSI methods 
and associated computer programs used to predict the seismic response of deeply 
embedded and/or buried (DEB) structures should be assessed. The adequacy of various 
SSI programs should also be validated against known recorded earthquake ground 
motion data with DEB structural features.  
 
In an effort to collect earthquake response data of embedded NPP structures, the 
Nuclear Power Engineering Corporation (NUPEC) of Japan conducted a multi-year field 
test for the 1/10th scale models, based on overall structural dimensions similar to the 
advanced boiling water reactor (ABWR) building structures; these structures were 
embedded below grade to about 50% of the structural height. Recently, as part of the 
US-Japan collaborative effort in the area of seismic engineering research, the Japan 
Nuclear Energy Safety Organization (JNES, successor of NUPEC) has provided 
Brookhaven National Laboratory (BNL) with the field recorded earthquake data from the 
NUPEC tests. As part of a U. S. Nuclear Regulatory Commission (NRC) research 
program, BNL has performed a correlation analysis of the JNES earthquake response 
data, using the SASSI and LS-DYNA computer programs. An assessment of the 
analysis programs was made based on the insights gleaned from the correlation 
analysis.  This report presents and discusses the BNL correlation analysis and 
assessment of the SASSI and LS-DYNA computer programs.     
 
The objectives of this study are to 1) develop SSI models using SASSI and LS-DYNA, 
and generate SSI analysis solutions in terms of the in-structure response spectra (ISRS) 
and seismic induced soil pressures for the JNES model structures and compare the BNL 
analysis results with the recorded data provided by JNES, 2) assess the adequacy and 
performance of the analysis methods which are employed for the correlation study, and 
3) determine the effect of the soil uncertainty on the seismic response computations. 
 
The earthquake data provided by JNES consist of a low level ground motion with the 
maximum free field acceleration less than 0.1g. It is believed that such small ground 
motions are insufficient to induce any non-linearity in the response of the SSI test 
models. However, these data are valuable for validating the adequacy of the SSI 
analysis methods in computations of the linear response. Therefore, the scope of the 
correlation analysis is limited to SSI response calculations within the linear regime.  The 
response parameters considered in the correlation analysis include the ISRS and the 
seismic induced soil pressure on the structural wall below grade.  
 
In the process of performing the SSI analyses, the JNES geotechnical soil data were 
treated as the best estimate or mean soil properties, and the uncertainty of the soil 
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properties was estimated by the SASSI and LS-DYNA computer codes using the best fit 
to the recorded ISRS. By incorporating the soil uncertainty in the SSI analyses, an 
assessment can be made of the analytical capability of the two codes, which employed 
vastly different approaches to treating the SSI effect. The insights into the modeling 
performance by both computer codes are also obtained from the comparisons between 
the analysis results and the JNES recorded response data.  
 
Based on the study performed, the following observations and conclusions are reached. 
 

1. For the low level ground motion analyzed, both SASSI and LS-DYNA performed 
extremely well in predicting ISRS for the test models, as exhibited by the 
comparisons.  

 
2. The level of uncertainty in the soil properties for the site was estimated by the 

SASSI and LS-DYNA programs through best fit to the ISRS computed from the 
JNES recorded response data. Although the soil uncertainty level is computed 
differently for the two computer codes, the uncertainty estimates are well within 
the range of acceptable practice in geotechnical engineering applications. 

 
3. The computation models by both codes appear to have difficulties in capturing 

the ISRS peaks induced by the structure-structure interactions. This may be due 
to the lack of information on the soil property of the backfill between the 
structures (The analysis assumes the free field property for the backfill).  

 
4. For seismic induced side soil pressures, both codes can generally capture the 

frequency content of the test data and the analyses using modified soil columns 
correlate well with the recorded pressures. In addition, the LS-DYNA computed 
pressures appear closer to the recorded pressures than the SASSI results, 
although not to the extent that one would reach a different conclusion about the 
performance of the two computer codes. 

 
5. As discussed in Section 4.3, a number of pressure gauges were identified having 

been contaminated with noises, thus resulting in differences in the comparison of 
the recorded data with the computed response. 

 
6. With respect to the vertical response analyses, both codes computed very similar 

ISRS that are close to the recorded data. Similar to the horizontal analyses, the 
uncertainty estimates of the soil columns for the site by the two computer codes 
are slightly different with LS-DYNA having a smaller range.  

 
7. For the vertical soil pressures, SASSI estimates the vertical soil pressures much 

closer to the recorded pressures than LS-DYNA. However, for some frequencies, 
the SASSI estimate of the soil pressures fall below the recorded pressures. On 
the other hand, LS-DYNA over-predicts the pressures with respect to the 
recordings. It should be mentioned that the upward drift in the low frequencies of 
the recordings should be ignored due to the noise contained in the recorded data.  

 
8. With respect to the effort required to develop the SSI models and to compute the 

SSI responses, the level of effort required for running the SASSI program 
amounts to only a small fraction of what is required for executing the 
corresponding LS-DYNA analysis. Although LS-DYNA has an advantage of 
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many built-in non-linear features, it would not be a practical and effective choice 
when linear SSI responses are sought. For such cases, SASSI is the better 
choice.  

 
In summary, the SASSI and LS-DYNA computer codes have reasonably captured the 
seismic response parameters in terms of ISRS and the seismic induced side and base 
pressures when the response parameter is in the linear regime. The level of soil 
uncertainty for the site estimated by both computer codes through best fitting the 
recorded ISRS is well within the range currently employed in the geotechnical 
engineering practice. 
 
However, this study only validated the methods for linear SSI response analyses, which 
can not be extended to addressing SSI effects due to strong ground motions. In the 
latter cases, many non-linear phenomena are expected to occur in the response of the 
soil-structure systems, such as the soil-structure interface separation and large 
degradation in the soil properties, which affect the SSI response calculations by various 
codes. The adequacy and accuracy of the SSI analyses performed using the SASSI and 
LS-DYNA computer codes remain to be validated for documented strong ground motion 
data.   
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1 INTRODUCTION 

1.1 Background 
Motivated by many design and access considerations, several conceptual designs for 
advanced reactors have proposed that certain safety related nuclear power plant (NPP) 
structures will be partially or completely embedded below grade. For the seismic design 
and analysis of these types of deeply embedded structures, the soil-structure interaction 
(SSI) effect needs to be considered. Sponsored by the US Nuclear Regulatory 
Commission (NRC), Brookhaven National Laboratory (BNL) has undertaken a multi-year 
research program to provide information and research necessary for developing a 
technical basis to support the safety evaluation of deeply embedded and/or buried (DEB) 
structures as proposed for advanced reactor designs. 
 
As seismic analysis methods that incorporate the effect of soil-structure interaction (SSI) 
have improved over the years, the development of numerical simulation programs which 
implement various SSI methods has also improved, especially for nuclear power plant 
(NPP) structures. However, it is understood that established SSI analysis computer 
codes which are used in the nuclear industry have been primarily developed for the 
current generation of Light Water Reactors (LWRs) and applied to coupled soil-structure 
models where the structures are founded at or near the ground surface with shallow 
embedment [Xu, et al., 2003]. Therefore, from a regulatory standpoint the applicability of 
SSI methods and associated computer programs used to predict the seismic response 
of deeply embedded and/or buried (DEB) structures should be assessed. The adequacy 
of various SSI programs should also be validated against known recorded earthquake 
ground motion data with DEB structural features.  
 
In a recent study, BNL has performed a methodology assessment [Xu, 2005] to 
determine the applicability and the performance of representative analysis methods and 
the associated computer programs commonly utilized for computation of the seismic 
responses including the soil-structure interaction (SSI) effects for DEB structures.   
 
In the BNL study, several SSI programs representative of methodologies typically 
employed by the nuclear industry were assessed to determine the extent to which 
computer programs that implemented these analysis methodologies can capture the 
major seismic design and analysis parameters pertaining to DEB structures. The BNL 
study has found that the SSI responses computed with these programs are sensitive to 
the pertinent assumptions made in different methodologies and modeling details of the 
SSI system, especially involving structures with deep embedment. This assessment 
further substantiates the need for making available more experimental data to validate 
the important aspects of analysis programs and the SSI modeling details.  
 
Over the last two decades or so, systematic experimental programs to provide seismic 
response data on large scale NPP model structures have been seriously attempted, with 
the most prominent one being the Lotung and Hualien SSI model experiments [EPRI, 
1989] for the PWR containment, jointly sponsored by EPRI and NRC, in association with 
other international partners. For deeply embedded NPP structures, the Nuclear Power 
Engineering Corporations (NUPEC) has conduct a multi-year field test for the 1/10th 
scale models, based on outer structural dimensions similar to the advanced boiling water 
reactor (ABWR) building structures; these structures are embedded below grade to 
about 50% of the structural height. Recently, as part of the US-Japan collaborative effort 
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in the area of seismic engineering research, the Japan Nuclear Energy Safety 
Organization (JNES, successor of NUPEC seismic test data) has provided BNL with the 
field recorded data from the NUPEC test. It is the subject of this report to present and 
discuss the BNL correlation analysis with the JNES recorded data.     

1.2 Scope and Objectives 
The study reported hereinafter is part of a research program, sponsored by The Office of 
Nuclear Regulatory Research (RES) of the US NRC under JCN Y-6718. The overall 
objective of this research program is to provide information and research necessary to 
develop a technical basis to support the safety evaluation of DEB structures proposed 
for advanced reactor designs. For two of the new reactor designs submitted to the NRC 
for preliminary review [NRC RES, 2002, General Atomics, 1996], the entire reactor 
building and a significant portion of the steam generator building are to be partially or 
completely embedded below grade. Therefore, it is imperative that from a regulatory 
standpoint, all practical aspects of existing methods and computer programs need to be 
evaluated to determine their applicability and adequacy in capturing the seismic behavior 
of DEB NPP structures.  
 
The objectives of this study are to 1) develop SSI models using SASSI and LS-DYNA, 
and generate SSI analysis solution in terms of the in-structure response spectra (ISRS) 
and seismic induced soil pressures for the JNES model structures and compare the BNL 
analysis results with the recorded data provided by JNES, 2) assess the adequacy and 
performance of the analysis methods which are employed for the correlation study, and 
3) determine the effect of the soil uncertainty on the seismic response computations. 
 
The earthquake data provided by JNES consist of a low level ground motion with the 
maximum free field acceleration less than 0.1g. It is believed that such small ground 
motions are insufficient to induce any non-linearity in the response of the SSI test 
models. However, these data are valuable for validating the adequacy of the SSI 
analysis methodologies in computations of the linear response. Therefore, the scope of 
the correlation analysis is limited to SSI response calculations within the linear regime.  
The response parameters considered in the correlation analysis include the ISRS and 
the seismic induced soil pressure on the structural wall below grade. 
 
It is expected that the findings from the correlation analysis will provide insights into the 
performance of the SSI analysis methods, and confirm and validate computer programs 
for computing linear response of DEB NPP structures.  

1.3 Report Organization 
This report is organized in five sections. Section 1 is the introduction. Following this 
section, a description of the NUPEC field test programs and the recorded data provided 
by JNES are described in Section 2.  
 
Two computer programs are used for the correlation analysis, which are SASSI and LS-
DYNA, respectively, and are described in Section 2. SASSI is a linear SSI program 
using the sub-structuring method, while LS-DYNA is a general purpose finite element 
program with an explicit solution algorithm and interface modeling capability. Both 
programs were used in a previous BNL study [Xu, 2005] for assessing pertinent SSI 
effects associated with DEB structures and the capability of the programs to capture 
them. The SASSI models for the NUPEC test structures and the analysis results are 
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discussed in Section 3, including both ISRS and seismic induced soil pressures and their 
comparisons with field recorded data at various channels. Section 4 describes the LS-
DYNA models and the corresponding analysis results, as well as the response 
comparisons with the recorded channel data.  
 
Based on the results of the correlation analysis and discussions, conclusions and 
recommendations are provided in Section 5.  
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2 DESCRIPTION OF FIELD TESTS AND COMPUTER PROGRAMS USED FOR 
PREDICTIVE ANALYSES 
This section provides a general description of the field tests and the test data which were 
provided to BNL by JNES. Also described in this section are the methods and 
associated computer programs employed for the correlation analysis to be performed in 
this report. 

2.1 Description of Field Tests 
Prior to the establishment of the Japan Nuclear Energy Safety Organization (JNES), the 
Nuclear Power Engineering Corporation (NUPEC) of Japan conducted a series of large-
scale field tests for the Ministry of Economy, Trade and Industry (METI) of Japan to 
address various aspects of the soil-structure interaction (SSI) effect on the seismic 
response of nuclear power plant (NPP) structures. The experimental studies used 
several scaled models of nuclear power plant buildings, which were constructed at field 
sites typical of an actual NPP site.  The following programs have been conducted by 
NUPEC since 1980: 
 
1. Model Tests on Dynamic Interaction between Reactor Building and Soil (1980-
1986)  [Iguchi, 1987] 
 
2. Model Test on Embedment Effect of Reactor Building (1986-1994) [Nasuda, 
1991] 
 
3. Model Test on Dynamic Cross-Interaction Effects of Adjacent Structures (1994-
2002)  [Kitada, 2001] 
 
The field tests for the second and third programs listed above were performed at the 
same site which is located at the Higashi-dori site in Aomori Prefecture in the northern 
part of Honshu Island in Japan as shown in Figure 2-1, a region which experiences 
frequent seismic activities. Large-scale models with dynamic characteristics similar to 
typical NPP structures were constructed on the soils at this site which are representative 
of actual NPP sites. The third program, which is the subject of an earlier NUPEC-NRC 
collaborative study [Xu, 2003], made use of some of the model structures from the 
second program. Some of the recorded earthquake motions from the second program 
were also made available for use in this collaborative study to investigate the 
embedment effect on the in-structure response spectra (ISRS). 
 
The Dynamic Cross-Interaction (DCI) tests were carried out by NUPEC as an 8-year 
project from Japanese fiscal year 1994 to 2002 (each fiscal year in Japan starts on April 
1 of that year).  The tests considered three building construction conditions: a) single 
reactor as reference for comparison purposes, b) closely spaced twin reactors, and c) a 
reactor and a turbine building in close proximity to each other. The field tests also 
considered both excavated and embedded foundations and two types of loading 
conditions: 1) forced vibrations and 2) observations of the structural response to real 
earthquake ground motions. The latter was accomplished by pre-installed seismometers 
in the structures and free field. Figure 2-2 shows the overall plan for the field tests. 
 
To supplement the field tests, laboratory tests were also performed by NUPEC using a 
shaking table and smaller scaled DCI soil-structure models.  The distance between 
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adjacent buildings and the adjacent effect of three closely constructed buildings were the 
main test parameters for these tests. These tests were carried out using 1/230-scale 
building models made of aluminum and an artificial ground model made of silicone 
rubber.  The evaluation of these tests was not included in this collaborative study. 
Further information on these tests can be obtained in papers by Kitada [Kitada, 2001] 
and Hirotani [Hirotani, 2001]. 
 
Figure 2-3 depicts a plan layout of the NUPEC DCI field test models.  The single reactor 
building is designated as Model AA, the closely constructed twin reactor buildings are 
designated as Models BAN and BAS, and the reactor and turbine building models are 
designated as Models DA and DF, respectively. 
 
Although three different model-building configurations were utilized in the NUPEC tests, 
there are only two structurally distinct model buildings, namely, the reactor building and 
the turbine building. The reactor building is a three-story reinforced concrete structure 
(1/10th scale of outer structural dimensions similar to the typical reactor building in a 
commercial NPP in Japan). The building has dimensions of 8m by 8m in plane and 
10.5m in height and weighs about 660 metric tons. The turbine building is a two-story 
reinforced concrete structure and is 6.4m by 10m in plan and 6.75m high and weighs 
about 395 metric tons. A cross section of the reactor and turbine building models is 
shown in Figure 2-4. The single reactor building is situated in the base of a pre-
excavated pit of trapezoidal shape as shown in Figure 2-3 and Figure 2-5. For the single 
reactor building, the excavated pit is 10m by 10m in plan at the base and 20m by 20m in 
plan at the ground surface. The base of the pit is 5m below the ground surface with the 
sidewalls inclined at a 45-degree angle with the ground surface. The excavated pit for 
the twin-reactor building is located to the east of the single reactor building and has a 
rectangular opening of 10m by 18.6m at the base and 20m by 28.6 at the ground surface, 
and is 5m deep. The longer side of the pit is in the north-south direction (x-axis). As 
shown in Figure 2-3, the twin-reactor buildings are situated in the north-south direction at 
the base center of the pit with a gap of 0.6m between the two reactor buildings. The 
reactor-turbine buildings are situated in an excavated pit, which is located to the north of 
the twin reactor buildings and has an opening of 11m by 17.2m at the base and 19m by 
25.2m at the surface. The pit is 4m deep and the basemat of the reactor building is 
embedded into the base foundation by 1m as indicated by Figure 2-4. As shown in this 
figure, the gap between the reactor and the turbine buildings is 0.1m. 
 
Photographs of the NUPEC field test models, both with and without embedment, are 
shown in Figure 2-6 through Figure 2-11. 
 
The site geological features consist of primarily weathered-pyroclastic and pyroclastic 
rocks overlain by a 5-8m layer of overburden comprised of weathered sandstones and 
diluvial loams. The site water table is located between 7-10m from the ground surface. 
Ultrasonic wave tests were performed at the locations where the test models were built. 
In addition, the site geological features were examined.  The locations of the boring 
points under the building models are shown in Figure 2-12. The soil profiles under the 
buildings, as shown in Figure 2-13 through Figure 2-15, indicate fairly horizontal 
uniformly layered soils across the site. 
 
During the period of 1989-1999, the test site experienced 27 earthquake events with 
maximum free-field accelerations exceeding 10 gal (Note: 980 gal = 1g).  Two of these 
events had recorded maximum free-field accelerations of over 100 gal. As part of the 
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US-Japan collaboration effort to investigate the DCI phenomenon, NUPEC provided the 
seismometer measurements of responses in both structures and free fields from eight 
earthquake events, including two major events with maximum free-field accelerations of 
109 and 174 gal. Table 2-1 summarizes these events with respect to their occurrence 
time, source location, magnitude, epicenter and focal distances from the site, as well as 
maximum acceleration induced in the free field. A study [Xu, 2003] was performed by 
BNL to assess the current regulatory approach to accounting for local soil uncertainty in 
the computation of seismic induced ISRS. This study was carried out using the SASSI 
program and the procedure outlined in the NRC standard review plan [NUREG-0800, 
1989] for soil uncertainty consideration to predict the earthquake data (the recorded 
ISRS) afforded by NUPEC. For the earthquake events provided, BNL analyses had 
shown that the regulatory procedure of accounting for soil uncertainty in SSI ISRS 
calculations are conservative. 
 
As part of the NRC program under JCN Y-6718, BNL performed studies to investigate 
the seismic characteristics of deeply embedded and/or buried (DEB) structures and 
analysis methods for quantifying their effects. The primary aim of the BNL methodology 
assessment [Xu, 2005] is the capability of the SSI methodologies to capture seismic 
induced passive soil pressure response, in addition to the seismic induced ISRS. At the 
request of NRC, JNES (part of NUPEC was integrated with some other organizations to 
establish a new organization called JNES) furnished the recorded response data due to 
the earthquake event No. 172, including both ISRS and the seismic induced earth 
pressures on the test structures which are the source of the subject study summarized in 
this report.  
 
Of the earthquakes listed in Table 2-1, the seismic induced soil pressures were recorded 
for only one event (No. 172). As indicated by the note for Figure 2-16, even though the 
backfill of the excavations was completed for the test structures, the event No. 164 
occurred before the installation for the recording instruments for pressures was 
completed for the test structures. As provided in Table 2-1, the maximum acceleration of 
the free field induced by the event No. 172 is less than 14 gal, which is a small ground 
motion and unlikely to induce any non-linear response in the test structures. However, 
this small level ground motion is suitable for checking linear analysis methods, especially 
for the computation of seismic induced passive pressures.  
 
Figure 2-17 through Figure 2-21 provide the locations and designations of the pressure 
sensors which were installed on the test structures. Since the recorded event was small, 
very few sensors actually recorded the seismic pressures. While the symbols of circles 
represent the locations of the installed pressure sensors, only the solid circles represent 
the sensors which have recorded the earthquake induced soil pressure data. Of the 
three test configurations, the data recorded for the single reactor structure (designated 
as AA) do not resemble earthquake response and appear to be completely masked by 
the noise of the instrument. Therefore, the AA structure was removed from the BNL 
study. 

2.2 Computer Programs Used for Predictive Analyses 

2.2.1 SASSI Sub-structuring Method for SSI Responses 
One of the numerical models developed for the predictive SSI analysis of the JNES test 
data uses the sub-structuring method as implemented in SASSI2000, which was 
developed by Lysmer and his team at U.C. Berkeley [Lysmer, 1981 and 1999]. The 
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SASSI program has gone through extensive improvement in recent years, especially 
SASSI 2000. In addition to the sub-structuring methods such as the flexible volume, 
flexible boundary and rigid boundary methods as in the previous versions, SASSI 2000 
implemented a subtraction method, which the BNL study used to carry out the SSI 
response calculations for the JNES test structures. Given the overwhelming amount of 
SSI calculations required for the BNL study, it would have been an insurmountable task 
without using the subtraction method. The subtraction method has proven to be quite an 
efficient algorithm with no compromise for quality for the SSI response calculations. This 
sub-section describes briefly the basic approach in the sub-structuring methods, with 
special emphasis on the subtraction method. The material used in the following 
discussion was drawn primarily from the SASSI 2000 theoretical manual [Lysmer, 1999]. 
 
The sub-structuring approach divides the SSI problem into several sub-problems 
including: 1) the site response problem (the free field with the absence of structure), 2) 
the scattering problem, 3) the impedance problem, and 4) the structural response 
problem. For the rigid and flexible boundary methods, since the embedment is explicitly 
modeled in the free field, all four sub-problems are required to be solved. While for the 
flexible volume and subtraction methods, the scattering problem is not required due to 
the use of superposition to avoid explicit modeling of the embedment in the free field; 
although the other three sub-problems are still needed to be solved. However, the 
treatment of impedance analysis for the flexible volume and subtraction methods is quite 
different from the rigid and flexible boundary methods. The impedance is computed for 
the rigid and flexible boundary methods in the free field with the indentation of the 
structural embedment.  For the flexible volume and subtraction methods, the impedance 
is calculated in the free field without the indentation of the structural embedment, 
therefore significantly simplifying the SSI problem. 
 
In contrast to the impedance treatment for the flexible volume method which computes 
the impedance at every nodal point within the embedment, the newly implemented 
subtraction method recognizes that the soil-structure interaction takes place only at the 
common boundary of the soil and the structure, and formulates the dynamic equations of 
motion in such a way that the interior nodes of the embedment are eliminated. Therefore, 
for the subtraction method, the impedance is computed only for the interfacing nodes of 
the soil and the structure, resulting in significant savings in computing time. In addition, 
the site response calculation for the subtraction method is performed only for the 
interaction nodes as opposed to all nodes within the embedment for the flexible volume 
method. This results in additional savings for the subtraction method. For a more 
detailed description, the reader is referred to the SASSI 2000 theoretical manual. 
 
The treatment of damping in SASSI is to use the material damping in the formulation. 
The advantage of the material damping is that the damping is frequency independent 
and is easily implemented in a frequency domain analysis which modifies the stiffness 
term by (1+i2ξ), where ξ represents the material damping and i is equal to (-1)-2. The 
material damping also affects the stress calculations since the same damping term is 
used to modify the Young’s and shear moduli, which is different from other 
representations of damping which only affects the motion parameters but not the stress 
computations. 
 
Because of the frequency domain solution algorithm employed by SASSI, which implies 
application of the principle of superposition, the SASSI code is limited mainly to linear 
problems. As discussed previously, the earthquake No.172 is a small ground motion 

 8



 

event which is not expected to induce any non-linear effect on the site. Therefore, SASSI 
is an appropriate code to be used in this context. However, to assess the aspect of the 
SASSI capability in addressing strong earthquake induced non-linear SSI phenomena, 
strong ground test data are required, which are scarcely limited to date. 

2.2.2 LS-DYNA Method for SSI Responses 
The second numerical model used for the predictive SSI analysis is LS-DYNA [LSTC, 
2001], which is a code that operates in time domain as opposed to the frequency domain 
programs such as SASSI, but is specialized for non-linear problems, including both the 
material non-linearity and the geometric non-linearity effects. LS-DYNA is a general-
purpose transient dynamic finite element (FE) program capable of simulating complex 
real world problems. Its versatility and reliability for modeling a wide spectrum of different 
physical problems makes it popular in applications such as: crashworthiness, occupant 
safety, metal forming and cutting, biomedical, blast loading, fluid-structure interaction, 
and earthquake engineering. LS-DYNA has extensive element and material libraries as 
well as well-defined interfaces, which are suitable for the non-linear effects such as 
separation of the foundation walls from the surrounding soil and large strains in soils that 
are expected in a strong ground event.  
 
A key aspect associated with DEB structures is the interaction effect at the interface 
between the part of the structure below grade and the surrounding soils. The 
conventional linear analyses, such as SASSI, typically assume perfect bonding between 
the structure and the surrounding soils. Therefore, such analyses are incapable of 
addressing the non-homogeneous behavior of soils, as well as the possible separation 
effect occurring at the soil-structure interface. However, unlike SASSI which uses a 
closed form solution to address the wave propagations in the half-space, LS-DYNA must 
resort to an approximate approach to this issue. Since LS-DYNA can only model the 
physical world with explicit finite elements, the half-space wave propagation problem has 
to be modeled with a finite domain with a transmitting boundary to ensure that the 
outgoing waves are not reflected. 
 
The LS-DYNA models developed in the BNL study fall into the category of continuum 
models. While following the philosophy of the direct method, the LS-DYNA models are 
developed in the 3-dimensional domain. The soil and structure are modeled with explicit 
FEs, and the boundaries of the FE soil model are connected with a series of viscous 
dampers which are to ensure non-reflection of outgoing waves. In LS-DYNA, the 
approach used by Cohen and Jennings [Cohen, 1983] who in turn credited the method 
to Lysmer and Kuhlemeyer [Lysmer, 1969] was implemented, in which viscous normal 
and shear stresses are applied to the boundaries in a manner as defined in the following 
equations: 
 
                               σnormal  =  - ρcdVnormal   
 
                                 σshear  =  - ρcsVtangential 
 
where ρ, cd, and cs are the material density, material longitudinal and shear wave 
velocities of the transmitting media. These equations reveal that the magnitude of these 
stresses at the boundaries is proportional to the particle velocities in the normal, (Vnormal) 
and tangential, (Vtangential) directions. 
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The Lysmer’s dampers placed on the artificial boundary are effective in reducing 
unwanted wave reflections if the boundary of the finite element mesh is sufficiently far 
outward. However, in doing so, the size of the near field finite element mesh is increased 
significantly and so is the cost of running the dynamic analysis. The exact stress field on 
the soil boundary of the given problem is a function of frequency dependent dampers 
and springs. As shown by Wolf [Wolf, 1999], the springs dominate the boundary stress 
field in low frequencies and near field, and as the frequency and the mesh boundary 
approaches infinity, the boundary stress field becomes a function of dampers only. 
Therefore, for a finite mesh of the unbounded soil medium, an improved transmitting 
boundary can be developed by applying a combination of springs and dampers to the 
boundary.  
 
Wolf [Wolf, 2000] and Luco [Luco, 2004] have proposed such advanced transmitting 
boundaries, which can be incorporated in codes that are amenable to source changes. 
In the BNL predictive analysis, the soil mesh for the LS-DYNA models is extended 
sufficiently far outward from the structure to negate the impact of not including the 
springs in the transmitting boundary.  In addition to the transmitting boundary, a circular 
boundary is placed on the lateral end of the soil mesh to ensure proper wave 
propagation near the boundary and to avoid the so called “corner effect” which would 
occur if a rectangular boundary is imposed on the mesh. 
 
The treatment of damping in the LS-DYNA analysis by BNL is to apply the Rayleigh 
damping to different material parts. This approach requires specification of two end 
frequencies for each material group encompassing the frequency range of interest to the 
analysis. The LS-DYNA User’s Manual [LSTC, 2001] provides a guidance for the choice 
of these end frequencies. Since the damping is of viscous type, it should affect the 
computation of the motion parameters only, but not the stress calculations.  
 
In computing the seismic induced soil pressure, an important consideration and a real 
challenge is how to represent the structure-soil interface as close as possible to the real 
situation. For the linear response, the bonding between the soil and the wall is not 
expected to break. Therefore, perfect bonding is reasonable assumption for the SSI 
model. This type of the interface condition is modeled in LS-DYNA using the LS-DYNA 
keyword *CONTACT_TIED_SURFACE_TO_SURFACE. The effect of the tied interface 
is to ensure that soil and the structure move together at the interface, so that nonlinearity 
due to the soil/structure interface opening does not occur. This modeling approach is 
employed in this report for the LS-DYNA models.  
 
Although not utilized in the analysis summarized in this report, it is informative to state 
that LS-DYNA has other interface models which can be used to represent many 
soil/structure interface conditions that are expected to occur during strong ground motion 
events, notably the separation and slipping between the soil and the structure. One 
approach to modeling these non-linear effects is to use the LS-DYNA keyword 
CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. The contact interface permits 
opening/closing and slipping at the soil/structure interface, which induces the effect of 
geometrical nonlinearity in the SSI model. The contact interface model is considered 
more realistic from a theoretical viewpoint. Practically speaking, however, the 
nonlinearity which is associated with the use of the contact interface requires more 
delicate treatment in developing the SSI model. Any mishandling could potentially trigger 
other numerical issues that may compromise the analysis result.  
 



  

 
 
 
 
 

Table 2-1 Earthquake Events Recorded at the Field Test Site 
 
 
 
 
Earthquake 

No. 

 
 
 

Earthquake 
Occurrence Time 

 
 

Source Location 
East              North 

Longitude    Latitude 

 
 

Earthquake 
Magnitude 

(M) 

 
 
Epicenter/Focal 

Distance 
(km) 

Max old free field 
point acceleration 

GL-1.5m 
(gal) 

NS                EW 

Max new free field 
point acceleration 

GL-3.0m  
(gal) 

NS              EW 
34 03-05-1991 141'41.0         41'16.0 4 28/46 15.8                9.6  
89 12-28-1994 143'43.3         40'27.1 7.5 213/213 123.0          174.0  

131 02-17-1996 141'23.0         40'47.0 4.6 43/45   15.9            17.3   15.1             13.3 
139 02-20-1997 142'52.0         41'45.0 5.6 140/146     9.3              8.9   11.4             11.6 
157 01-03-1998 142'04.0         41'28.0 5.1 66/89   28.5            26.7   20.8             30.2 
63 01-15-1993 144'23.0         42'51.0 7.8 294/310 109.0            98.0  

164 11-07-1998 142'03.0         41'34.0 4.6 71/95     8.9              8.5     6.3             10.8 
172 05-11-1999 143'55.0         42'57.0 6.4 288/305   13.5            13.6   13.3             10.8 
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Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic 
Field Test Data for NPP Structures, NUREG/CR-6822, U.S. Nuclear Regulatory 
Commission, Washington, DC, June 2003. 

 
Figure 2-1 Location of Field Test Site in Japan  
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Figure 2-2 Overall Plan for Field Tests   

 
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-3 Layout of Models at Field Test Site [unit: mm; GL : m] 

 
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field 
Test Data for NPP Structures, NUREG/CR-6822, U.S. Nuclear Regulatory Commission, 
Washington, DC, June 2003. 
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Figure 2-4 Cross Section of Reactor and Turbine Building Model [unit: mm] 
 

Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003.
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Figure 2-5 Embedment Conditions for the Building Models  
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 
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Figure 2-6 NUPEC Field Test Model of Reactor Building without Embedment   
 
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 

 



 

 

18 

Figure 2-7 NUPEC Field Test Model of Adjacent Twin Reactor Buildings without Embedment  
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 
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Figure 2-8 NUPEC Field Test Model of Adjacent Reactor -Turbine Buildings without Embedment  
Source:  J. Xu, C. Costantino and C.Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 
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Figure 2-9 NUPEC Field Test Model of Reactor Building with Embedment  
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 
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Figure 2-10 NUPEC Field Test Model of Adjacent Twin Reactor Buildings with Embedment  
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 
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Figure 2-11 NUPEC Field Test Model of Adjacent Reactor-Turbine Buildings with Embedment  
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 
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Figure 2-12 Location of Boring Points under Building Models and Cross Sections for Soil Profiles  

 
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003. 

 

 



 

 
 
 
 
 

 

Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field Test Data for NPP Structures, 
NUREG/CR-6822, U.S. Nuclear Regulatory Commission, Washington, DC, June 2003.  

Figure 2-13 Soil Profile for Section A-A (Refer to Figure 2-12 for Section Location)  
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Figure 2-14 Soil Profile for Section B-B (Refer to Figure 2-12 for Section Location)  

Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic Field 
Test Data for NPP Structures, NUREG/CR-6822, U.S. Nuclear Regulatory Commission, 
Washington, DC, June 2003. 
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Figure 2-15 Soil Profile for Reactor-Turbine Buildings  

  
Source:  J. Xu, C. Costantino and C. Hofmayer, Collaborative Study of NUPEC Seismic 
Field Test Data for NPP Structures, NUREG/CR-6822, U.S. Nuclear Regulatory 
Commission, Washington, DC, June 2003. 
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Figure 2-16 Test Configurations for Seismic Induced Earth Pressures  

Source:  Earth Pressure Data of Dynamic Cross Interaction Test, Technical Report, 
Japan Nuclear Energy Safety Organization (JNES), Tokyo, Japan, April 2004. 
Permission to use this copyrighted material is granted by JNES. 
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Figure 2-17 Locations of Pressure Sensors for the Test Structures under the 

Basemat [unit: mm] 
 
Source:  Earth Pressure Data of Dynamic Cross Interaction Test, Technical Report, 

Japan Nuclear Energy Safety Organization (JNES), Tokyo, Japan, April 2004. 
Permission to use this copyrighted material is granted by JNES.
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Figure 2-18 Locations of Pressure Sensors for the BAs Structure on Side Wall 

[unit: mm] 
 
Source:  Earth Pressure Data of Dynamic Cross Interaction Test, Technical Report, 
Japan Nuclear Energy Safety Organization (JNES), Tokyo, Japan, April 2004. 
Permission to use this copyrighted material is granted by JNES. 
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Figure 2-19 Locations of Pressure Sensors for the BAn Structure on Side Wall 

[unit: mm] 
Source:  Earth Pressure Data of Dynamic Cross Interaction Test, Technical Report, 
Japan Nuclear Energy Safety Organization (JNES), Tokyo, Japan, April 2004. 
Permission to use this copyrighted material is granted by JNES. 
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Figure 2-20 Locations of Pressure Sensors for the DA Structure on Side Wall 

[unit: mm] 
Source:  Earth Pressure Data of Dynamic Cross Interaction Test, Technical Report, 

Japan Nuclear Energy Safety Organization (JNES), Tokyo, Japan, April 2004. 
Permission to use this copyrighted material is granted by JNES.  
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Figure 2-21 Locations of Pressure Sensors for the DF Structure on Side Wall 

[unit: mm] 
  

Source:  Earth Pressure Data of Dynamic Cross Interaction Test, Technical Report, 
Japan Nuclear Energy Safety Organization (JNES), Tokyo, Japan, April 2004. 
Permission to use this copyrighted material is granted by JNES.
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3 SASSI ANALYSIS 
This section describes the correlation analysis of the JNES test structures using SASSI. 
The analysis is performed for two configurations. One configuration has two identical 
reactor buildings (Twin reactor model) located in close proximity to each other, and the 
second configuration consists of a reactor building and a turbine building in close 
proximity (R-T model). The SASSI analysis models are described first, followed by the 
discussion of the results of comparisons with the JNES recorded data, and a 
performance assessment of the SASSI analysis. 

3.1 Twin-Reactor Configuration 

3.1.1 Test Modeling Description 
The twin reactor configuration consists of two identical three-story reinforced concrete 
structures (1/10th scale of outer structural dimensions similar to the typical ABWR reactor 
buildings in Japan). The building has dimensions of 8m by 8m in plane and 10.5m in 
height, and weighs about 660 metric ton. The space between the buildings is 0.6m. 
 
The soil profile including backfills which are used by the BNL analysis is shown in Figure 
3.1-1. The soil properties shown in this figure were provided by JNES, and are 
considered as the low strain best-estimate (to be referred to as the mean property in the 
BNL analysis). Since the earthquake event to be analyzed is not expected to excite large 
strain responses, the soil properties in Figure 3.1-1 are directly applied in the SASSI 
analysis.  
 
The location and designation of seismometers installed on the twin reactor structures are 
shown in Figure 3.1-2. Dimensions applied in this figure are units in terms of millimeters. 
As shown in this figure, the seismometers within soil away from the structures are 
designated as SA-NS1 for the horizontal direction and SA-V1 for the vertical direction. 
They are located directly underneath the twin structural basemat about 13.2m below the 
ground surface. The 5% damped response spectra for the accelerations recorded by 
these two channels are plotted in Figure 3.1-3 and are used as the input motions to the 
BNL SASSI analyses.  
 
Figure 3.1-4 and Figure 3.1-5 show the analysis model generated using the SASSI 2000 
program. As depicted in Figure 3.1-4, the twin reactors and the surrounding soils are 
modeled in detailed finite elements. For the reactors, the portion located below the 
ground surface is modeled with explicit finite elements (e.g., 3-D bricks, shells and 
beams), while the superstructure above the ground surface is represented with simple 
lumped masses and 3-D beams. Three layers of brick elements were used to represent 
the soils that surround the structures. The purpose of using the soil brick elements is to 
compute the seismic induced soil pressure on the structures. It is done by calculating the 
stress component directly from the soil brick elements, which is perpendicular to the 
structural wall. Since the sub-structuring subtraction method is used by SASSI, the 
excavated soils need to be explicitly modeled. Figure 3.1-5 shows the excavated soil 
model with brick elements. 
 
The SASSI model consists of a total of 4846 nodes with 922 nodes on the soil-structure 
interface as interaction nodes. The soil space replaced by the structure-soil system is 
defined as excavated soils which are modeled using 2322 brick elements. For the 
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structural portion, which includes the surrounding soils, the SASSI model contains 1890 
brick elements, 504 shell elements and 156 beam elements. The masses of the 
superstructure, which are lumped at the floor locations assuming rigid diaphragm for 
floor slabs, are represented by three concentrated mass elements for each of the two 
reactors.  The input motions are defined in the soil located at 13.2m below grade, which 
are provided by JNES as shown in Figure 3.1-3. 

3.1.2 Results and Comparisons with JNES data 
The following sub-sections discuss the key results from the SASSI analysis and their 
comparisons with the JNES measured response data. The horizontal responses are 
discussed first, followed by the comparisons of the vertical responses. The key results 
include comparisons of ISRS and the soil pressures between the SASSI analysis and 
the JNES recorded data.  
 
Horizontal Response Analysis 
 
The horizontal response analysis is performed by applying the input motion in the north-
south (NS) direction. The ISRS results are computed at the centers of the basemat and 
the roof. At these locations of the test structures, accelerometer recordings are 
designated in Figure 3.1-2 as B1A-NS0 and RFA-NS0, respectively. The comparisons 
between the SASSI predicted ISRS and the accelerometer recordings are shown in 
Figure 3.1-6 and Figure 3.1-7, for the basemat and the roof, respectively.  
 
Also in these figures, two sets of the SASSI analysis results are presented. The first 
analysis is performed using the JNES soil geotechnical data, which is interpreted as the 
best estimate soil property shown in the figures for this study as the mean soil Vs (Vs 
represents the material shear wave velocity of the soil). The second analysis is 
performed by adjusting the mean soil Vs to achieve the best fit of the computed ISRS to 
the recorded ISRS. The purpose is to assess the soil uncertainty effect on the response 
calculation.  
 
Due to the nature of the narrow frequency band inherent in the seismic input, the ISRS 
computation is sensitive to the property of the soil column. As exhibited in Figure 3.1-6 
and Figure 3.1-7 for the basemat and roof ISRS comparisons, the predicted spectral 
peak using the mean soil profile is shifted to the right in the frequency band from the 
recorded spectral peak. This suggests that the mean soil column appears stiffer and the 
soil column employed in the analysis should be softened with respect to the mean soil 
properties. The best fit of ISRS to the recordings is obtained in this analysis by reducing 
the shear wave velocity Vs of the soil column by 10%, which are shown as the solid lines 
in these figures. The analysis using the modified soil column results in an excellent 
match for the basemat spectral response. For the roof response, the recording shows 
two salient peaks, and the second peak appears to be associated with the adjacent 
structure-structure effect. However, the two peaks in the computed spectrum for the roof 
do not separate as much as that shown in the recorded spectrum. 
 
In addition, the 10 percent reduction in Vs of the mean soil profile is equivalent to about 
20 percent in the stiffness reduction of the corresponding soil column. In an uncertainty 
analysis, if the lognormal distribution is assumed for the soil stiffness, it translates to a 
value of about 0.2 for the COV of the soil stiffness reduction (coefficient of variation 
which is defined as [standard deviation]/mean). The value of COV equal to 0.2 for the 
soil stiffness is within the range of uncertainty typically used in geotechnical engineering 
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applications, and the BNL ISRS comparisons further substantiate the engineering 
practice to account for the soil uncertainty. 
 
Figure 3.1-8 through Figure 3.1-13 present the JNES recorded seismic induced pressure 
time histories and the corresponding SASSI results for the pressure sensors at the 
various side wall locations of the twin reactors. The pressure sensors were installed on 
the test structure with their locations shown in Figure 2-18 and Figure 2-19. As indicated 
in the figures, the locations where the pressure sensors were installed are designated as 
circles. However, only the solid circles represent the sensors which have actually 
recorded the earthquake event. The sensors selected for the pressure comparisons are 
S1, S2 and S4 on the south side, and N3, N6 and N13 on the north side. 
 
The seismic induced pressures from the SASSI model are computed in the soil elements 
closest to the locations of the pressure sensors, using the stress component 
perpendicular to the wall. Similar to the ISRS comparisons, two soil columns were 
applied for the pressure computation, which are the mean soil profile and the mean 
minus COV profile, respectively.  
 
The comparison between the recorded time pressure and SASSI calculations for the 
sensor S1 near the base on the south side is shown in Figure 3.1-8. The SASSI result 
appears to be much larger than the recorded pressure (about a factor of 2). The 
occurrences of the pressure peaks are about consistent between the sensor and the 
computed results. They also indicate that there is a phase correlation between the 
SASSI model and the test data.  
 
Figure 3.1-9 shows the comparison for the sensor S2 which is located near the mid 
height of the wall below grade. As indicated in the figure, the recorded sensor appears to 
have much smaller pressure amplitude (the pressure peak is around 70kN/m2 compared 
to S1 which is about 500kN/m2). Further, it is observed that the time history of the 
sensor appears to have much higher noise to signal ratio, because its shape is 
inconsistent with typical earthquake response, and as indicated later in this section, the 
Fourier spectrum of the pressure sensor reveals a trend of upward drift of the Fourier 
amplitude in the low frequency range. The computed pressure in this case is smaller 
than the sensor. 
 
The pressure comparison between the analysis and the recorded data for the sensor on 
the upper portion of the wall, as shown in Figure 3.1-10, is much better than the lower 
portion of the wall. This is due to a relatively larger pressure magnitude and lower 
noise/signal ratio for the sensor near the ground surface than other locations. Therefore, 
better comparison is achieved by the analysis. However, the pressure estimate does not 
seem to be much affected by changing the soil column stiffness by 20 percent as 
opposed to the ISRS calculation in which the soil stiffness plays a critical role in 
matching the spectral peaks. 
 
Figure 3.1-11 through Figure 3.1-13 present the pressure time histories on the north side 
of the twin structures for both the sensors and the SASSI analyses. As shown by these 
figures, the observations made for the characteristics of the pressure comparisons for 
the south side of the structures can be extended to the north side. Since such a small 
earthquake event virtually ensures the linear elastic response for the structures, and also 
the fact that the same pressure transducers were installed leads to the high probability of 
similar recording quality (in terms of noise/signal ratios) for these sensors, the striking 
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similarity in the pressure comparisons for both sides of the structures reveals neither a 
surprise nor a coincidence.  
 
Furthermore, because of the oscillatory nature of the earthquake responses, it is often 
more advantageous to determine the characteristics of SSI responses in the frequency 
domain. To this end, the Fourier spectra of the pressure time histories from both the 
recorded data and the SASSI analysis are computed and presented in Figure 3.1-14 
through Figure 3.1-19. The Fourier spectra shown in these figures are smoothed with a 
triangular smoothing window to reduce unwanted spikes. The triangular window 
employed in this analysis is defined as: 
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where, 
   
  Δfm Width of the applied frequency window (0.5 Hz used for this study) 
  As(fm) Smoothed Fourier ratios 
  Ar(fi) Fourier ratios of recorded motions. 
 
For the pressure sensors near the basemat (S1, N3) as indicated in Figure 3.1-14 and 
Figure 3.1-17, the comparison of the Fourier spectra show that the frequency content is 
closely matched between the computed and recorded pressure responses, and further, 
the pressure amplitudes from the SASSI analysis appear less agreeable to but generally 
higher than the recordings. The less accurate comparison in the pressure amplitudes 
may be due to the fact that in the computation algorithm, the soil pressure is treated as 
the secondary response in the SH wave field.  
 
Previously, the examination of the pressure time histories for the sensors located near 
mid height of the wall (S2, N6) leads to the observation that there appear to have very 
high noise/signal ratio present in the recorded pressures at these locations. The Fourier 
spectra of these recorded pressures, as depicted in Figure 3.1-15 and Figure 3.1-18, 
also indicate that a persistent pattern of an upward drift of the Fourier amplitudes in the 
low frequency range is evident. Since these pressure time histories represent only the 
dynamic response to the seismic event, the Fourier amplitude should trend to null as the 
frequency approaches to zero. Therefore, the fact that the low frequency Fourier 
amplitudes of the recorder pressures drift higher in low frequencies further substantiates 
the observation made earlier in the time domain comparisons. 
 
Finally, the frequency domain comparison for the sensors near the ground surface (S4, 
N13) as shown in Figure 3.1-16 and Figure 3.1-19 indicates very good match between 
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the recordings and the SASSI results in the dominant frequencies of interest. Also 
shown in these figures, the recorded responses still indicate the upward drift in low 
frequencies, which are apparently induced by the noise inherent in the pressure 
transducers. For frequencies between about 2-10 Hz, the estimated pressures mostly 
envelop the recordings and also achieve a good match in the frequency content. Further, 
the pressure result computed with the mean minus COV=0.2 soil column appears to be 
better than the pressure estimate with the mean soil column. This observation is also 
consistent with the ISRS results as discussed above. 
 
Vertical Response Analysis 
 
As opposed to the horizontal response analysis, the vertical seismic analysis is a rather 
complicated process in which the response quantities are influenced by both two 
orthogonal horizontal motions and one vertical motion. Apparently, there are many ways 
to compute the vertical seismic response, which all involve the three orthogonal seismic 
inputs. In this study, however, a simplified approach is taken in that the recorded 
sensors on the basemat of the structure are averaged to remove the influence due to the 
horizontal seismic input motions. Therefore, the averaged sensor pressure response is 
compared with the SASSI analysis using the vertical seismic input only. This approach 
greatly simplifies the SASSI analysis required for the comparison purpose. 
 
Following the simplified analysis approach described above, the vertical response 
analysis is performed by applying the recorded free field motion in the vertical direction 
at the control point located 13.2m below grade. The vertical ISRS results are computed 
at the center of the basemat and the roof, which have accelerometer recordings 
designated in Figure 3.1-2 as B1A-V0 and RFA-V0, respectively. The comparisons 
between the predicted vertical ISRS and the vertical accelerometer recordings are 
shown in Figure 3.1-20 and Figure 3.1-21 for the basemat and the roof, respectively.  
 
Similar to the SASSI analysis performed for the horizontal responses, the effect of the 
soil uncertainty is considered. The first analysis is performed using the JNES soil 
geotechnical data, which is interpreted as the best estimate soil property which is 
designated in the figures for this study as the mean soil Vp (Vp represents the material 
compressional wave velocity of the soil). Since the vertical response is controlled by the 
compressional wave, the second analysis is therefore performed by adjusting the mean 
soil p-wave velocity Vp to achieve the best fit of the computed vertical ISRS to the 
recorded ISRS.  
 
As shown in these figures for the vertical ISRS comparison, the SASSI prediction 
captures very well both the frequency content and the spectral peaks of the recorded 
ISRS. The uncertainty in the soil property is believed to be within 10% of the mean soil 
p-wave velocity (equivalent to 0.2 for the COV of the soil stiffness reduction). It is also 
observed that the vertical SASSI analysis achieves much better comparison between the 
computed vertical ISRS and the accelerometer recordings than the horizontal response 
analysis.  
 
The seismic induced pressures on the basemat are then computed from the SASSI 
analysis for the soil columns with both the mean and the mean minus COV properties. 
As mentioned above, in order to remove the influence of the horizontal inputs from the 
recorded vertical pressure measurements on the basemat, the sensor pressures at the 
corner locations as shown in Figure 2-17 are averaged. The averaged vertical sensor 
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pressures are then compared with the predicted pressures computed at the center of the 
basemat. Figure 3.1-22 and Figure 3.1-23 show the averaged vertical pressure time 
histories from the JNES recorded vertical pressures and the computed basemat 
pressures for both the north and south structures. As indicated in Figure 2-17, the north 
structure has pressure sensors at all four corners of the basemat, while the south 
structure only has functional pressure sensors at the two corners. Because of the fewer 
sensors participating in the averaging scheme for the south structure, the averaged 
vertical pressure does not have as a good quality as the north structure which have all 
four corners participating in the averaging scheme. Figure 3.1-22 and Figure 3.1-23 
reveal that the pressure comparison for the north structure is much better than the south 
structure. 
 
These pressure comparisons can be further examined by their respective Fourier 
spectrum plots, which are shown in Figure 3.1-24 and Figure 3.1-25. These Fourier 
spectra are also smoothed using the triangular window as described earlier. The Fourier 
spectra for the averaged recorded pressures indicate the upward drift in the low 
frequency range, which implies that the recorded pressures have high noise/signal ratio. 
For the south structure, the recorded pressure is mostly higher than the predicted 
response, while for the north structure, the predicted pressure mostly envelops the 
recording. As far as the frequency content is examined, the analysis captures most of 
frequencies, except for a few isolated frequencies for the north structure where the 
computed peaks appear to be inverted as opposed to the peaks from the averaged 
recorded responses.  
 
Finally, the soil uncertainty has little effect on the vertical pressure calculations. This may 
be due to the fact that the computed vertical ISRS are also less affected by the soil 
columns with different soil stiffness. Although in this case, the ISRS comparisons display 
an excellent match between the computed and recorded ISRS, the pressure 
comparisons are of much less quality. 
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Figure 3.1-1 Twin Reactor Configuration Soil Profile and JNES Properties  

Source:  Model Test on Dynamic Cross Interaction Effect on Nuclear Power Plant 
Buildings, Technical Report, Japan Nuclear Energy Safety Organization (JNES), Tokyo, 
Japan, March, 2002. Permission to use this copyrighted material is granted by JNES. 
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Figure 3.1-2 Twin Configuration Seismometer Locations and Designations, [unit: mm] 
Source:  Model Test on Dynamic Cross Interaction Effect on Nuclear Power Plant 
Buildings, Technical Report, Japan Nuclear Energy Safety Organization (JNES), Tokyo, 
Japan, March, 2002. Permission to use this copyrighted material is granted by JNES.
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Figure 3.1-3 Input Ground Motions for Twin Configuration Analysis 

 
Figure 3.1-4 SASSI Model for Structures and Surrounding Soil 

 

 41



 

 
Figure 3.1-5 SASSI Model for Excavated Soil 
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Figure 3.1-6 Comparison of Horizontal Response Spectra at Basemat Center  

of Twin Model 
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Figure 3.1-7 Comparison of Horizontal Response Spectra at Roof Center of Twin Model 
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Figure 3.1-8 Comparison of Seismic Induced Soil Pressure at Sensor BAS-SE-S1 
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Figure 3.1-9 Comparison of Seismic Induced Soil Pressure at Sensor BAS-SE-S2 
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Figure 3.1-10 Comparison of Seismic Induced Soil Pressure at Sensor BAS-SE-S4 
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Figure 3.1-11 Comparison of Seismic Induced Soil Pressure at Sensor BAN-SE-N3 
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Figure 3.1-12 Comparison of Seismic Induced Soil Pressure at Sensor BAN-SE-N6 
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Figure 3.1-13 Comparison of Seismic Induced Soil Pressure at Sensor BAN-SE-N13 
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Figure 3.1-14 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S1 
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Figure 3.1-15 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S2 
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Figure 3.1-16 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S4 
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Figure 3.1-17 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N3 
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Figure 3.1-18 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N6 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.01 0.1 1 10 100
Frequency (cps)

P
re

ss
ur

e 
(N

/m
^2

)

Recorded Data

Sassi with JNES Mean Soil

Sassi with Mean-COV Soil

BAN-SE-N13

 
Figure 3.1-19 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N13 
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Figure 3.1-20 Comparison of Vertical Spectra at Basemat Center of Twin Model 
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Figure 3.1-21 Comparison of Vertical Spectra at Roof Center of Twin Model 
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Figure 3.1-22 Comparison of Averaged Vertical Seismic Induced Soil Pressure for BAN  
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Figure 3.1-23 Comparison of Averaged Vertical Seismic Induced Soil Pressure for BAS 
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Figure 3.1-24 Comparison of Fourier Spectra of Soil Pressure for BAS Basemat 
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Figure 3.1-25 Comparison of Fourier Spectra of Soil Pressure for BAN Basemat 
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3.2 Reactor-Turbine Configuration 

3.2.1 Test Modeling Description 
The configuration for the reactor-turbine (R-T) model consists of a scaled reactor 
structure (the same structure as the twin reactor configuration) and a turbine structure, 
which is located about 0.1m from the reactor structure as shown in Figure 2-4. The 
turbine building has dimensions of 6.4m by 10m in plane and 6.75m in height, and 
weighs about 395 metric ton, and is embedded about 4m in the soil.  
 
The soil profile including backfills for the R-T configuration used for the BNL analysis is 
shown in Figure 3.2-1. The soil properties for the profile shown in Figure 3.2-2 are 
provided by JNES, and are considered as the low strain best-estimate (to be referred to 
as the mean property in the BNL analysis). Since the earthquake event to be analyzed is 
not expected to excite large strain responses, the soil properties in Figure 3.2-2 are not 
expected to degrade with strains and are therefore directly applied in the BNL SASSI 
model.  
 
The locations and designations of seismometers installed on the R-T test model are 
provided in Figure 3.2-3. Dimensions shown in this figure are units in terms of 
millimeters. As shown in this figure, the seismometers within the soil are located directly 
below but distant from the test model as designated by D-SA-NS1 for the horizontal 
direction and D-SA-V1 for the vertical direction. They are located directly underneath the 
R-T basemat and measured about 35m below the ground surface. The 5% damped 
response spectra for the recorded accelerations of both the horizontal and the vertical 
accelerometers are shown in Figure 3.2-4, which are to be used as the input motions to 
the BNL SASSI analyses for the R-T configuration.  
 
The SASSI model developed for the R-T configuration is shown in Figure 3.2-5 and 
Figure 3.2-6 for the structural model with the surrounding soils and the soil excavation 
model. As displayed in Figure 3.2-5, the R-T structures and the surrounding soils are 
modeled in detailed finite elements. The portion of the R-T model located below the 
ground surface is modeled with explicit finite elements (e.g., 3-D bricks, shells and 
beams), while the superstructure above the ground surface is represented with simple 
lumped masses and 3-D beams. Three layers of brick elements were used to represent 
the soils that surround the structures. The purpose of using the soil brick elements is to 
compute the seismic induced soil pressure on the structures, which is done by 
calculating the stress component in the soil brick elements that is perpendicular to the 
respective structural wall. Since the sub-structuring subtraction method is used by 
SASSI, the excavated soils need to be explicitly modeled. Figure 3.2-6 shows the 
excavated soil model with brick elements. 
 
The SASSI model for the R-T response analysis consists of a total of 6076 nodes with 
1088 interaction nodes defined at the soil-structure interface. The excavated soil which 
is replaced by the structure-soil system is modeled using 2975 brick elements. For the 
structural portion, which includes the surrounding soils, the SASSI model contains 2303 
brick elements, 750 shell elements and 123 beam elements. The masses of the 
superstructure, which are lumped at the floor locations assuming the rigid diaphragms 
for floor slabs, are represented by three concentrated mass elements for the reactor 
structure and two concentrated mass elements for the turbine structure.  The input 
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motions are defined in the soil located at 35m below grade, which are provided by JNES 
as shown in Figure 3.2-4. 

3.2.2 Analysis Results and Comparisons with Recorded Data 
The key results from the SASSI analysis and their comparisons with the JNES measured 
response data for the R-T configuration are discussed in this section. The horizontal 
responses are presented first, followed by the comparisons of the vertical responses. 
Similar to the twin configuration, the results of both the ISRS and the soil pressures are 
included for the comparison between the SASSI analysis and the JNES recorded data. 
 
Horizontal Response Analysis 
 
The horizontal response analysis is performed for the input motion applied in the north-
south (NS) direction. The ISRS results are computed at the centers of the basemat and 
the roof of the reactor and the turbine buildings, and the respective accelerometer 
recordings are depicted in Figure 3.2-3 as B1A-NS0 and RFA-NS0 for the reactor, and 
B1A-NS23 and RFA-NS0 for the turbine building. The comparisons between the SASSI 
computed ISRS and the JNES accelerometer recordings are plotted in Figure 3.2-7 and 
Figure 3.2-8, for the basemat and the roof of the reactor building, and Figure 3.2-9 and 
Figure 3.2-10 for the basemat and the roof of the turbine building.  
 
The comparisons shown in these figures present two sets of computed responses from 
the BNL SASSI analysis. These two computed SASSI responses are obtained using the 
JNES best estimate soil data (referred to as the mean soil column) and the soil column 
which considers the soil uncertainty by best fitting to the recorded ISRS response, 
respectively. The uncertainty in terms of the soil stiffness is determined by fitting to the 
ISRS between the SASSI analysis and the recorded data, and is estimated to be about 
COV = 0.1. As displayed by these comparisons, The SASSI computed ISRS using both 
soil columns produce a close match with the recorded data, except that SASSI analysis 
does not match the frequency for the recorded spectral peak near about 10Hz for the 
roof of the reactor building. The spectral peak near 10Hz is believed to be excited by the 
cross interaction between the two structures. Since the soil property of the backfill 
between the two buildings is not well characterized in the JNES data, the free field 
property is applied in the SASSI analysis. That may be the reason why the computed 
peak is shifted toward higher frequency than the recording.  
 
The seismic induced soil pressure time histories on the R-T structural walls are then 
computed from the SASSI results, which are calculated using both soil columns. These 
computed pressure time histories are then compared with the recorded pressure time 
histories from the respective pressure sensors. Figure 3.2-11 through Figure 3.2-16 
present both computed and the JNES recorded seismic induced pressure time histories 
for the pressure sensors located on the test structures as indicated in Figure 2-20 and 
Figure 2-21, which designate the locations with circles where the pressure sensors were 
installed. However, only the solid circles represent the sensors which have actually 
recorded the earthquake event. The sensors selected for the pressure comparisons are 
N1, N2 and N4 on the north side wall of the reactor building, and S1, S2 and S4 on the 
south side wall of the turbine structure. 
 
The seismic induced pressures from the SASSI model are computed from the stresses 
in the soil elements closest to the locations of the pressure sensors, using the stress 
component perpendicular to the wall.  
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The comparison between the recorded time pressure and SASSI calculation shows that 
the computed pressure peak appear to be much larger than the recorded pressure 
(about a factor of 2) for the sensor located on the reactor near the base (N1). For the 
sensor near the mid height of the embedded reactor wall (N2), the computed pressure is 
significantly less than the recorded pressure. However, the peak pressure for N2 
(250N/m2) is only a fraction of the peak pressure for N1 (1000N/m2), and the large gap in 
the pressure comparison may be due to the large noise/signal ratio present in the 
recording, as will be discussed in the Fourier spectra analysis later in this section.   
 
For the pressure sensor near the ground surface (N4), Figure 3.2-13 shows the lower 
prediction of the peak pressure by SASSI than the recorded pressure. However, as will 
be shown later, if the low frequency content of the recorded pressure is appropriately 
adjusted, the comparison between the computed and recorded pressures in the 
frequency range of interest would be much closer to each other. It is noted that the low 
frequency amplitudes in the Fourier spectrum are primarily attributed to the noise 
inherent in the pressure recording instrument.  
 
For the turbine building, the trend of higher computed pressures than the recordings is 
evident for all the pressure sensors being compared, as indicated in Figure 3.2-14 
through Figure 3.2-16. Also observed in these figures is that the pressure comparison 
made for the sensor near the ground appears better than the other sensors. This is due 
to the relatively larger pressure magnitude and lower noise/signal ratio for the sensor 
near the ground surface.  
 
To compare the SASSI results with the sensor data in terms of the frequency content, 
the time history responses of both computed and recorded data are transformed in the 
frequency domain in terms of Fourier spectra of the respective quantity. Figure 3.2-17 
through Figure 3.2-19 present the Fourier spectra of the pressure responses on the 
north side wall of the reactor building. The Fourier spectra shown in these figures are 
smoothed using the algorithm described in Section 3.1.2 of this report. These 
comparisons show that relatively good match of the frequency content is achieved by the 
SASSI analysis for all three locations. However, the Fourier amplitudes of the SASSI 
estimate are off compared with the sensors. For the sensor near the base (DA-SE-N1), 
the computed Fourier amplitude mostly envelope the sensor, except for low frequencies 
where it is believed that the sensor data were affected by the noise present in the 
recorded data. For the pressure sensors near the mid height wall (DA-SE-N2) and the 
ground surface (DA-SE-N4), the SASSI estimates fall below the recorded pressure 
response for both sensors. 
 
For the turbine building, the comparisons of the Fourier spectra of the pressure 
responses between the SASSI estimate and the sensor recorded pressures are plotted 
in Figure 3.2-20 through Figure 3.2-22. These comparisons show that the SASSI result 
captures the overall frequency behavior of the recorded pressure response for the 
sensors compared. Furthermore, an excellent match for Fourier amplitude in the 
frequency band of interest is also achieved between the SASSI result and the recording 
for the sensor near the ground surface, as shown in Figure 3.2-22. Similar to what is 
observed in the quality of the sensor data for the twin reactor configuration, there is a 
persistent upward drift of the Fourier amplitude in low frequencies for the sensor 
pressure data. It is believed that this low frequency behavior is due to the presence of 
high noise/signal ratio in the recorded data. 
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Vertical Response Analysis 
 
Similar to the twin reactor configuration, the correlation for the vertical seismic response 
is not as a straightforward process as for the horizontal response comparisons. The 
vertical seismic response is induced not only by the vertical seismic input, but also due 
to the two orthogonal horizontal seismic inputs through the rocking modes. Given the 
layout of the pressure sensors on the footprint of the R-T model shown in Figure 2-17, 
only the transducers located on the edges of the building basemat have actually 
recorded the pressure response; those sensors inside the basemat did not record any 
data. Therefore, in order to compare the vertical response analysis results with the 
recorded vertical pressure data, the horizontal effect on the vertical recorded pressure 
data need to be removed. This is done by taking an average over all vertical pressure 
data on the basemat. Therefore, the SASSI vertical response result is compared with the 
averaged sensor pressure response.  
 
Following the approach described above, the vertical response analysis is performed by 
applying the recorded free field motion in the vertical direction at the control point located 
35m below grade. The vertical ISRS results are computed at the center of the basemat 
and the roof, and are compared with the respective accelerometer recordings at these 
locations as designated in Figure 3.2-3 as B1A-V0 and RFA-V0, respectively. Note that 
the roof center of the reactor building was not instrumented for the vertical direction; 
therefore, the accelerometer installed on a corner of the roof is used for the comparison. 
The comparisons between the predicted vertical ISRS and the vertical accelerometer 
recordings are shown in Figure 3.2-23 through Figure 3.2-26, for the basemat and the 
roof, respectively.  
 
Similar to the soil uncertainty considered for the horizontal response analysis, the effect 
of the soil uncertainty is also considered for the vertical response analysis by varying the 
P-wave velocity of the soil (Vp). One set of results is computed using the JNES soil 
geotechnical data, which is interpreted as the best estimate soil property, designated in 
the figures for this study as the mean soil Vp. Since the vertical response is controlled by 
the compressional wave, the second analysis is therefore performed by adjusting the 
mean soil p-wave velocity Vp to achieve the best fit of the computed vertical ISRS to the 
recording.  
 
As shown in these figures for the vertical ISRS comparison, the SASSI prediction 
captures both the frequency content and the spectral peaks across the most of the 
frequency band, except for the high frequency peak at which the SASSI result with the 
JNES soil shifts to a lower frequency. However, when the uncertainty of about 10% the 
mean soil p-wave velocity (equivalent to a value of 0.2 for the COV of the soil stiffness 
reduction) is incorporated, excellent comparisons are achieved between the SASSI and 
recorded ISRS, with the exception of the reactor roof. As described in the previous 
paragraph, the accelerometer used for the roof comparison is located on a corner rather 
than in the center of the roof, therefore, the recorded ISRS at this location has both 
vertical and horizontal inputs, which is the reason why the SASSI result did not agree 
with the recorded ISRS response for the reactor roof.  It is also observed that the vertical 
SASSI analysis achieves much better comparison between the computed vertical ISRS 
and the accelerometer recordings than the horizontal response analysis.  
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The seismic induced pressures on the basemat are then computed from the SASSI 
analysis for both the mean and the mean minus COV soil columns. As mentioned above, 
in order to remove the influence of the horizontal inputs from the recorded vertical 
pressure measurements on the basemat, the sensor pressures at the corner locations 
as shown in Figure 2-17 are averaged. The averaged vertical sensor pressures are then 
compared with the predicted pressures computed at the center of the basemat. Figure 
3.2-27 and Figure 3.2-28 plot the averaged vertical pressure time histories from the 
JNES recorded vertical pressures and the SASSI computed basemat pressures for both 
the reactor and the turbine structures. As indicated by these figures, comparable 
pressures are obtained by the SASSI analysis.  
 
The computed and recorded pressure data are then transformed in the frequency 
domain where their respective Fourier spectra are computed and smoothed using the 
algorithm described in Section 3.1.2 of this report. These Fourier spectra are then 
plotted and compared, as shown in Figure 3.2-29 and Figure 3.2-30. The Fourier spectra 
for the averaged recorded pressures still have a finite amplitude approaching to the zero 
frequency similar to the observation made in other cases as discussed earlier, 
suggesting high noise/signal ratio in the recorded data. As far as the frequency content 
is concerned, the analysis result predicted most of the frequencies. Although less 
accurate than the ISRS comparison, the computed pressure amplitudes for the vertical 
direction achieve much better comparisons with the recorded data than for the horizontal 
direction. 
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Figure 3.2-1 JNES R-T Configuration Soil Profile  

Source:  Model Test on Dynamic Cross Interaction Effect for Nuclear Power Plant 
Buildings, Technical Report, Japan Nuclear Energy Safety Organization (JNES), Tokyo, 
Japan, March 2002. Permission to use this copyrighted material is granted by JNES.
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Figure 3.2-2 JNES R-T Configuration Soil Properties 

 
Source:  Model Test on Dynamic Cross Interaction Effect for Nuclear Power Plant 
Buildings, Technical Report, Japan Nuclear Energy Safety Organization (JNES), Tokyo, 
Japan, March 2002. Permission to use this copyrighted material is granted by JNES. 
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Figure 3.2-3 Locations and Designations of Seismometers on R-T Model  

[unit: mm] 
Source:  Model Test on Dynamic Cross Interaction Effect for Nuclear Power Plant 
Buildings, Technical Report, Japan Nuclear Energy Safety Organization (JNES), Tokyo, 
Japan, March 2002. Permission to use this copyrighted material is granted by JNES. 
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Figure 3.2-4 R-T Model Input Motions 

 
Figure 3.2-5 SASSI R-T Structural Model 
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Figure 3.2-6 SASSI R-T Excavated Soil Model 
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Figure 3.2-7 Comparison of Horizontal Response Spectra at Basemat Center 

of Reactor for R-T Model 
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Figure 3.2-8 Comparison of Horizontal Response Spectra at Roof Center of Reactor for 

R-T Model 
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Figure 3.2-9 Comparison of Horizontal Response Spectra at Basemat Center of Turbine 

for R-T Model 
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Figure 3.2-10 Comparison of Horizontal Response Spectra at Roof Center of Turbine for 

R-T Model 
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Figure 3.2-11 Comparison of Seismic Induced Soil Pressure at Sensor DA-SE-N1 
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Figure 3.2-12 Comparison of Seismic Induced Soil Pressure at Sensor DA-SE-N2 
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Figure 3.2-13 Comparison of Seismic Induced Soil Pressure at Sensor DA-SE-N4 
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Figure 3.2-14 Comparison of Seismic Induced Soil Pressure at Sensor DF-SE-S1 
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Figure 3.2-15 Comparison of Seismic Induced Soil Pressure at Sensor DF-SE-S3 
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Figure 3.2-16 Comparison of Seismic Induced Soil Pressure at Sensor DF-SE-S4 
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Figure 3.2-17 Comparison of Fourier Spectra of Soil Pressure at Sensor DA-SE-N1 
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Figure 3.2-18 Comparison of Fourier Spectra of Soil Pressure at Sensor DA-SE-N2 
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Figure 3.2-19 Comparison of Fourier Spectra of Soil Pressure at Sensor DA-SE-N4 
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Figure 3.2-20 Comparison of Fourier Spectra of Soil Pressure at Sensor DF-SE-S1 
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Figure 3.2-21 Comparison of Fourier Spectra of Soil Pressure at Sensor DF-SE-S3 
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Figure 3.2-22 Comparison of Fourier Spectra of Soil Pressure at Sensor DF-SE-S4 
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Figure 3.2-23 Comparison of Vertical Response Spectra at Basemat Center of Reactor 

for R-T Model 
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Figure 3.2-24 Comparison of Vertical Response Spectra at Roof Center of Reactor for  

R-T Model 

 78



 

 

0.00

0.01

0.02

0.10 1.00 10.00 100.00

Frequency (cps)

Ac
ce

le
ra

tio
n 

(g
)

Recorded Data

SASSI with JNES Mean Soil

SASSI with Mean-COV Soil

 
Figure 3.2-25 Comparison of Vertical Response Spectra at Basemat Center of Turbine 

for R-T Model 
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Figure 3.2-26 Comparison of Vertical Response Spectra at Roof Center of Turbine for  

R-T Model 
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Figure 3.2-27 Comparison of Averaged Vertical Seismic Induced Soil Pressure for DA 
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Figure 3.2-28 Comparison of Averaged Vertical Seismic Induced Soil Pressure for DF 

 81



 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.01 0.1 1 10 100
Frequency (cps)

Pr
es

su
re

 (N
/m

^2
)

Recorded Data

SASSI with JNES Mean Soil

SASSI with Mean-COV Soil

DA Averaged at 4 Corners

 
Figure 3.2-29 Comparison of Fourier Spectra of Vertical Soil Pressure at DA Basemat 
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Figure 3.2-30 Comparison of Fourier Spectra of Vertical Soil Pressure at DF Basemat 
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3.3 Methodology Assessment 
As discussed above, BNL performed SASSI analyses for the JNES test models of both 
the twin reactor and R-T configurations. Comparisons were made between the SASSI 
results and the JNES field recorded earthquake responses in terms of ISRS and the soil 
pressures for both horizontal and vertical directions. Insights learned in comparing the 
analysis with the test data are then used to assess the performance of the SASSI 
analysis.  
 
For the ground motion analyzed, SASSI performed extremely well in predicting the test 
model’s ISRS response, as exhibited by the comparisons. Although the soil uncertainty 
plays a critical role in the correlation, the level of the soil uncertainty is well within the 
range of the current understanding in geotechnical applications. Due to the nature of the 
narrow band frequency content of an actual earthquake motion, the correlation of the 
analysis with test data is sensitive to the uncertainty inherent in the soil property. In 
addition, SASSI did not capture well the spectral  peak at the roof of the reactor building. 
 
However, for seismic induced pressures, the correlation between the analysis and the 
test data indicates that 1) the analysis can generally capture the frequency content of the 
test data, and 2) better prediction is obtained for the vertical analysis than the horizontal 
analysis. The reason for less accurate horizontal pressure correlation, aside from the 
high noise/signal ratio inherent in the recorded data, is that the horizontal response is 
primarily induced by the SH-waves which generate the predominant shear stress in the 
soil, therefore, the soil pressure becomes a secondary stress component.  While for the 
vertical response, the system is subjected to the P-wave which induces pressures as the 
primary stress in soils. Therefore, as shown by these pressure comparisons, the 
pressure correlations were much better for the vertical response than the horizontal 
response.  
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4 LS-DYNA ANALYSIS 
This section describes the correlation analysis of the JNES test models using the LS-
DYNA code. The LS-DYNA analysis is performed for the same two configurations as 
were analyzed using SASSI. One configuration has two identical reactor buildings 
located in close proximity to each other, and the second configuration consists of a 
reactor building and a turbine building in close proximity. The LS-DYNA analysis models 
are described first, followed by the discussion of the results of comparisons with the 
JNES recorded data, and the performance assessment of the LS-DYNA analysis.  

4.1 Twin Reactors Test Model 

4.1.1 LS-DYNA Modeling Description 
The approach taken for the LS-DYNA analysis of the twin reactor configuration is to 
represent the structures and the near field soil in an explicit finite element model, and to 
connect the boundaries of the near field soil to a series of transmitting boundary 
elements to prevent the outgoing waves that approach the boundaries from reflecting 
back into the soil-structure system. This is often referred to as the direct method for 
treating the SSI solution.    
 
Given the size of the model structures and the amount of soil which needs to be included 
in the finite element model, it is a monstrous task to develop the explicit finite element 
model using LS-DYNA. Based on an experience learned from a companion study [Xu, 
2005] on developing the SSI models using LS-DYNA, a LS-DYNA explicit finite element 
model is carefully constructed considering the wave propagation issues balanced with 
the time needed to obtain the solution. Figure 4.1-1 shows the finite element mesh of the 
soil-structure model and Figure 4.1-2 provides a zoom-in view of the structures and the 
surrounding soil. To take advantage of the symmetry, only a half of the soil-structure 
system is included in the model. The near field soil is modeled with brick elements and is 
connected with a circular outer boundary to prevent outgoing waves from being trapped 
in possible corners of any discontinued boundary (so called “corner effect”). Since the 
ground motion input is specified at a depth of 13.2m below the ground surface, the mesh 
for the near field soil is then extended 1m below the location of the ground input motion 
definition to allow for simulating the bedrock in the transmitting boundary elements in LS-
DYNA. The transmitting boundary used in the LS-DYNA analysis is of the Lysmer type 
[Lysmer, 1969] and is described in detail in Section 2.2.2 of this report. 
 
As shown by the zoon-in view of the model in Figure 4.1-2, the twin structures are 
modeled with detailed finite elements, including bricks and shells. The structures are 
connected with the surrounding soil using the tied interfaces which are discussed in 
Section 2.2.2 of this report. Since the ground motion input is very small and is not 
believed to induce any non-linear behavior of the soil-structure system (such as interface 
separation or relative slipping, etc.), the gravity effect is not included in the analysis 
model. The damping is modeled using the frequency independent part damping option in 
LS-DYNA which is essentially a Rayleigh damping for different material parts as 
discussed in Section 2.2.2 of this report.    
 
In order to comprehend the size of the LS-DYNA model for the twin reactor configuration, 
the model statistics are provided as below. The LS-DYNA model of the soil-structure 
system requires 212428 nodes, 189078 brick elements and 1500 shell elements. It is 
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believed that given the size of this model, it may not be practical and effective to apply 
the same approach in an actual design of a NPP facility in the context of the linear 
response analysis. However, in the context of this study, such detailed LS-DYNA 
modeling is an important and necessary exercise to validate the adequacy and accuracy 
of other relatively more effective and practical approaches to SSI analysis.  

4.1.2 LS-DYNA Analysis Results and Comparisons with JNES Recorded Data 
The following sub-sections discuss the results from the LS-DYNA analysis and their 
comparisons with the JNES measured response data. The horizontal responses are 
discussed first, followed by the comparisons of the vertical responses. The key results 
used for the comparison between the LS-DYNA analysis and the JNES recorded data 
include ISRS and the seismic induced soil pressures. 
 
Horizontal Response Analysis 
 
The horizontal response analysis is performed by applying the input motion in the north-
south (NS) direction. The ISRS results are computed at the centers of the basemat and 
the roof, and the respective accelerometer recordings are designated in Figure 3.1-2 as 
B1A-NS0 and RFA-NS0, respectively. The comparisons between the LS-DYNA 
predicted ISRS and the accelerometer recordings are plotted in Figure 4.1-3 and Figure 
4.1-4, for the basemat and the roof, respectively.  
 
Two sets of the analysis results are presented in these figures, which consider the effect 
of the soil uncertainty on the response parameters in the LS-DYNA results. The first 
analysis is performed using the JNES soil geotechnical data, which is interpreted as the 
best estimate soil property referred to in the figures for this study as the mean soil Vs (Vs 
represents the material shear wave velocity of the soil). The second analysis is 
performed by adjusting the mean soil Vs to achieve the best fit of the computed ISRS to 
the recorded ISRS. The purpose is to assess the soil uncertainty effect on the response 
calculation.  
 
Due to the nature of the narrow amplified frequency band inherent in the seismic input, 
the ISRS computation is sensitive to the property of the soil column. As depicted in 
Figure 4.1-3 and Figure 4.1-4 for the basemat and roof ISRS comparisons, the predicted 
spectral peak using the mean soil profile is much higher than the recorded spectral peak. 
The best fit of ISRS to the recordings is performed by reducing the shear wave velocity 
Vs of the soil column by 5%, which are shown as the solid lines in these figures. 
Although there is still some mismatch in the amplified high frequency range, the overall 
comparison between the analysis using modified soil column and the recorded ISRS is 
fairly good. For the roof response, the recording shows two salient peaks in the amplified 
frequency range, and the second peak appears to be associated with the adjacent 
structure-structure effect. Similar to SASSI analysis, the LS-DYNA analysis model does 
not appear to capture well the second spectral peak. 
 
In addition, a 5 percent reduction in Vs of the mean soil profile is equivalent to about 10 
percent in stiffness reduction of the corresponding soil column if the lognormal 
distribution is assumed for the soil stiffness. In an uncertainty analysis, this translates to 
a value of about 0.1 for the COV of the soil stiffness reduction (coefficient of variation 
which is defined as [standard deviation]/mean). The value of 0.1 for the soil COV is 
within the range of uncertainty typically understood in geotechnical engineering 
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applications, and even smaller than the analysis performed by SASSI as discussed 
earlier using a COV=0.2 for the same test configuration. 
 
Figure 4.1-5 through Figure 4.1-10 present the JNES recorded time history data of the 
seismic induced soil pressure and the corresponding LS-DYNA analysis results using 
the aforementioned soil columns. The soil pressure sensors were installed on the test 
structure, the locations of which are indicated in Figures 2-18 and 2-19. As shown in the 
figures, the locations where the pressure sensors were installed are designated with 
circles. However, only the solid circles represent the sensors which have actually 
recorded the earthquake event. The sensors selected for the pressure comparisons are 
S1, S2 and S4 on the south side, and N3, N6 and N13 on the north side. 
 
The seismic induced soil pressures from the LS-DYNA model are computed in the soil 
elements closest to the locations of the pressure sensors, using the stress component 
perpendicular to the wall. Unlike the SASSI program, which applies the material damping 
in computing soil pressures, the damping does not affect the soil pressure calculation in 
the LS-DYNA analysis. 
 
The comparison between the recorded pressure time history and the LS-DYNA result for 
the sensor S1 is shown in Figure 4.1-5, which is located on the north side wall near the 
basemat. The LS-DYNA result appears to be slightly larger than the recorded pressure 
(about a factor of 2). The occurrences of the pressure peaks are consistent between the 
sensor and the computed results, which indicate that there are good phase correlation 
between the LS-DYNA model and the test data.  
 
Figure 4.1-6 shows the comparison at the sensor S2, which is located near the mid 
height of the wall below grade. As indicated in the figure, the recorded sensor appears to 
be overwhelmed by the noise present in the record. In addition, the pressure amplitude 
is much smaller than other locations (e.g., S1).  There does not seem to be a 
comparable comparison between the analysis and test data at this sensor location. 
 
The pressure comparison at the sensor on the upper portion of the wall is presented in 
Figure 4.1-7, which shows comparable time history responses between the analysis and 
the recorded data. However, the pressure estimate appears less sensitive with changing 
the soil column stiffness by 10 percent as apposed to the ISRS calculation in which the 
spectral peaks are keyed to the prescribed soil stiffness. 
 
Figure 4.1-8 through Figure 4.1-10 present the pressure time histories on the south side 
of the twin structures both for the sensor recordings and the LS-DYNA results. As shown 
by these figures, the observations made for the characteristics of the pressure 
comparisons on the north side of the structures are very similar to that of the south side. 
Since the ground input analyzed is a small earthquake event which virtually ensures the 
linear elastic response for the structures, the similarity in the pressure comparisons for 
both sides of the structures is therefore expected.  
 
The comparisons of the SSI characteristics between the analysis and the recorded data 
are further examined in the frequency domain. To this end, the Fourier spectra of the 
pressure time histories from both the recorded data and the LS-DYNA analysis are 
computed and presented in Figure 4.1-11 through Figure 4.1-16.  For the pressure 
sensors near the basemat (S1, N3) as indicated in Figure 4.1-11 and Figure 4.1-14, the 
comparison of the Fourier spectra show that the frequency content is closely matched 
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between the computed and recorded pressure responses, and the computed amplitudes 
also mostly envelope the recordings. The recorded amplitude is higher than the 
computed amplitude in the frequencies less than 0.7 Hz. In addition, the recorded 
Fourier spectrum has finite amplitude near zero frequency, which appears to be induced 
by the noise in the recording. 
 
The irrational behavior of the low frequency response in the recordings is further 
corroborated with the earlier examination of the pressure time histories for the sensors 
located near mid height of the wall (S2, N6). As depicted in Figure 4.1-12 and Figure 
4.1-15, a very high noise/signal ratio appears to be present in the recorded pressures at 
these locations. The frequency domain comparisons further substantiate the observation 
made earlier in the time domain comparisons. 
 
Finally, the frequency domain comparisons for the sensors near the ground surface (S4, 
N13) are shown in Figure 4.1-13 and Figure 4.1-16. For these sensors, the LS-DYNA 
results generally envelope the recorded data. Especially for the sensor N13, a nearly 
perfect match was obtained between the LS-DYNA result using the modified soil column 
and the recording. Similar to other locations, the recorded pressure responses still show 
the upward drift in low frequencies. 
 
Vertical Response Analysis 
 
As explained in Section 3.1.2 of this report, the vertical seismic analysis is a rather 
complicated process in which the response quantities are influenced by both two 
orthogonal horizontal motions and one vertical motion. Therefore, the averaged sensor 
pressure response is computed to remove the horizontal influence and is then compared 
with the LS-DYNA analysis using the vertical seismic input only.  
 
Following this analysis approach, the vertical response analysis is performed by applying 
the recorded free field motion in the vertical direction at the control point located 13.2m 
below grade. The vertical ISRS results are computed at the center of the basemat and 
the roof, which have accelerometer recordings designated in Figure 3.1-2 as B1A-V0 
and RFA-V0, respectively. The comparisons between the predicted vertical ISRS and 
the vertical accelerometer recordings are shown in Figure 4.1-17 and Figure 4.1-18 for 
the basemat and the roof, respectively.  
 
Similar to the horizontal response analysis, the effect of the soil uncertainty is 
considered by the LS-DYNA model. The first analysis is performed using the JNES soil 
geotechnical data, which is interpreted as the best estimate soil property which is 
designated in the figures for this study as the mean soil Vp (Vp represents the material 
compressional wave velocity of the soil). Since the vertical response is controlled by the 
compressional wave, the second analysis is therefore performed by adjusting the mean 
soil p-wave velocity Vp to achieve the best fit of the computed vertical ISRS to the 
recorded vertical ISRS.  
 
As shown in these figures for the vertical ISRS comparison, the LS-DYNA results with 
both JNES soil data and the BNL best fit soil column compare very well with the 
recorded ISRS in both frequency content and spectral peaks. The uncertainty in the soil 
property is small, which is 2.5% of the mean soil p-wave velocity (equivalent to 0.05 for 
the COV of the soil stiffness reduction) in achieving the best fit of the response spectra. 
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In addition, the vertical response result appears to have a better comparison with the 
recordings than the horizontal response analysis.  
 
The seismic induced pressures on the base of the test model are computed by LS-
DYNA using both soil columns. As mentioned above, to remove the influence of the 
horizontal inputs from the recorded vertical pressure measurements on the basemat, the 
averaged sensor pressures are used to compare with the LS-DYNA calculated soil 
pressure on the basemat. Figure 4.1-19 and Figure 4.1-20 show the averaged vertical 
pressure time histories from the JNES data and the computed basemat pressures for 
both the north and south structures. The analysis appears to over-predict the vertical 
pressure for both structures, when comparing with the averaged value of the recorded 
pressures.  
 
To examine these pressure comparisons in frequency domain, the pressure time 
histories are transformed into the frequency domain as Fourier spectra, as shown in 
Figure 4.1-21 and Figure 4.1-22. By comparing respective Fourier spectrum plots 
between the recording and the analysis results, it is shown that the analysis predicts 
similar frequency content of the pressure response, however, this is much higher 
amplitude than the recordings. This observation is consistent with the time history 
comparisons. Further, the recording for the south structure shows the upward drift in 
Fourier amplitude in low frequencies, which implies that the recorded pressures have a 
high noise/signal ratio.  
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Figure 4.1-1 LS-DYNA Model for Twin Reactors Test Configuration 

 
Figure 4.1-2 Zoom-in View of LS-DYNA Model of R-T Test Configuration 
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Figure 4.1-3 Comparison of Horizontal Response Spectra at Basemat Center of Twin 

Reactors Model 
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Figure 4.1-4 Comparison of Horizontal Response Spectra at Roof Center of Twin 

Reactors Model 
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Figure 4.1-5 Comparison of Seismic Induced Soil Pressure at Sensor BAS-SE-S1 
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Figure 4.1-6 Comparison of Seismic Induced Soil Pressure at Sensor BAS-SE-S2 
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Figure 4.1-7 Comparison of Seismic Induced Soil Pressure at Sensor BAS-SE-S4 
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Figure 4.1-8 Comparison of Seismic Induced Soil Pressure at Sensor BAN-SE-N3 
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Figure 4.1-9 Comparison of Seismic Induced Soil Pressure at Sensor BAN-SE-N6 
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Figure 4.1-10 Comparison of Seismic Induced Soil Pressure at Sensor BAN-SE-13 
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Figure 4.1-11 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S1 
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Figure 4.1-12 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S2 
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Figure 4.1-13 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S4 
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Figure 4.1-14 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N3 
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Figure 4.1-15 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N6 
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Figure 4.1-16 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N13 
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Figure 4.1-17 Comparison of Vertical Response spectra at Basemat Center of Twin 

Reactors Model 

0

0.005

0.01

0.015

0.02

0.025

0.1 1 10 100

Frequency (cps)

Ac
ce

le
ra

tio
n 

(g
)

Recorded Data

LS-DYNA with JNES Mean Soil

LS-DYNA with Mean-COV Soil

 
Figure 4.1-18 Comparison of Vertical Response spectra at Roof Center of Twin Reactors 

Model 
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Figure 4.1-19 Comparison of Vertical Soil Pressure on BAN Basemat of Twin Reactors 

Model 

 102



 

-700

-500

-300

-100

100

300

500

700

0 5 10 15 20 25

Pr
es

su
re

 (N
/m

^2
)

BAS  Recorded Data

 

-700

-500

-300

-100

100

300

500

700

0 5 10 15 20 25

Pr
es

su
re

 (N
/m

^2
)

BAS  LS-DYNA with JNES Mean Soil

 

-700

-500

-300

-100

100

300

500

700

0 5 10 15 20 25

Time (sec)

Pr
es

su
re

 (N
/m

^2
)

BAS  LS-DYNA with Mean-COV Soil

 
Figure 4.1-20 Comparison of Vertical Soil Pressure on BAS Basemat of Twin Reactors 

Model 
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Figure 4.1-21 Comparison of Fourier Spectra of Vertical Soil Pressure on BAN Basemat 

of Twin Reactors Model 
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Figure 4.1-22 Comparison of Fourier Spectra of Vertical Soil Pressure on BAS Basemat 

of Twin Reactors Model 
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4.2 R-T Test Model 

4.2.1 LS-DYNA Modeling Description 
The configuration for the reactor-turbine (R-T) model consists of an scaled reactor 
structure (the same structure as the twin reactor configuration) and a turbine structure 
which is located about 0.1m from the reactor structure as shown in Figure 2-4. The 
turbine building has dimensions of 6.4m by 10m in plane and 6.75m in height, and 
weighs about 395 metric ton, and is embedded about 4m in the soil.  
 
The LS-DYNA model developed for the R-T configuration uses the same approach as 
that for the twin reactor configuration. The finite element mesh of the model and the 
zoom-in view of the test model and the surrounding soil are shown in Figure 4.2-1 and 
Figure 4.2-2. Since the input motion for the R-T model is defined at about 35m below the 
ground surface, the LS-DYNA finite element mesh, therefore, extends in the vertical 
direction 1m below the depth for the input motion (36m below the ground surface). The 
reason is to allow for the transmitting boundary elements to assume the property of the 
half-space rock foundation.  
 
In the horizontal direction, as depicted in Figure 4.2-1, the near field soil model extends 
out to about 300m from the center with a circular outer boundary. Both the base and side 
boundaries are attached to the transmitting boundary elements simulated with the 
Lysmer dampers to ensure non reflection of outgoing waves. The R-T structures are 
modeled with explicit 3-D brick and shell elements. Given the small ground input, only 
elastic response is expected for the R-T structures. Therefore, the LS-DYNA model 
ignores the gravity effect and applies the LS-DYNA tied-interface feature (see Section 
2.2.2 for details) to connect the structures to the surrounding soil.  
 
The LS-DYNA model for the R-T response analysis consists of a total of 303047 nodes, 
279264 3-D brick elements, and 1140 3-D shell elements. The input motions are defined 
in the soil located at 35m below grade, which are provided by JNES as shown in Figure 
3.2-4. 

4.2.2 LS-DYNA Analysis Results and comparisons with JNES Recorded Data 
The key results from the SASSI analysis and their comparisons with the JNES measured 
response data for the R-T configuration are discussed in this section. The horizontal 
responses are presented first, followed by the comparisons of the vertical responses. 
Similar to the twin configuration, the results of both the ISRS and the soil pressures are 
included for the comparison between the SASSI analysis and the JNES recorded data. 
 
Horizontal Response Analysis 
 
The horizontal response analysis is performed for the input motion applied in the north-
south (NS) direction. The ISRS results are computed at the center of the basemat and 
the roof of the reactor and the turbine buildings, and the accelerometer recordings are 
depicted in Figure 3.2-3 as B1A-NS0 and RFA-NS0 for the reactor, and B1A-NS23 and 
RFA-NS0. The comparisons between the LS-DYNA computed ISRS and the JNES 
accelerometer recordings are shown in Figure 4.2-3 and Figure 4.2-4, for the basemat 
and the roof of the reactor building, and Figure 4.2-5 and Figure 4.2-6 for the basemat 
and the roof of the turbine building.  
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These comparisons show two sets of response results from the LS-DYNA analysis. 
These two responses are computed using the JNES best estimate soil data (referred to 
as the mean soil column) and the soil column which considers the soil uncertainty by 
best fitting to the recorded ISRS response, respectively. The soil uncertainty in terms of 
stiffness is determined by fitting the ISRS between the LS-DYNA analysis and the 
recorded data, and is estimated to be about COV = 0.2. The LS-DYNA computed ISRS 
using both soil columns are compared very well with the recorded spectra at the base. At 
the roof, the recorded spectra show two major peaks and the analysis is able to match 
the low frequency peak which is the primary peak. The second peak in the recorded 
spectra is located to the right of the primary peak, and is believed to be attributed to the 
structure-structure interaction. Although the LS-DYNA is able to predict this spectral 
peak, it could not match the frequency at which the spectral peak occurs. However, it 
may be explained by the fact that the soil property of the backfill between the two 
structures is not well characterized, and instead, the free field property is used in the LS-
DYNA analysis.  
 
The seismic induced soil pressure time histories on the R-T structural walls are then 
computed from the LS-DYNA results calculated using the two soil columns. These 
pressure time histories are compared with the recorded pressure time histories from the 
respective pressure sensors. Figure 4.2-7 through Figure 4.2-12 present both computed 
and the JNES recorded seismic induced pressure time histories for the pressure sensors 
located on the test structures as indicated in Figure 2-20 and Figure 2-21, which show 
the locations with circles where the pressure sensors were installed. However, only the 
solid circles represent the sensors which have actually recorded the earthquake event. 
The sensors selected for the pressure comparisons are N1, N2 and N4 on the north side 
wall of the reactor building, and S1, S3 and S4 on the south side wall of the turbine 
structure. 
 
The seismic induced pressures from the LS-DYNA model are computed from soil 
elements closest to the locations of the pressure sensors, using the stress component 
perpendicular to the wall.  
 
The comparison between the recorded pressure time history and the LS-DYNA 
computed pressure time histories shows a reasonable match for the sensors located on 
the reactor near the base (N1) and near the mid height of the embedded reactor wall 
(N2). For the pressure sensor near the ground surface (N4), Figure 4.2-9 shows a lower 
estimate of the peak pressure by LS-DYNA than the recorded pressure.  
 
For the turbine building, the trend of higher computed pressures than the recordings 
appears to be evident for all the pressure sensors compared, as indicated in Figure 
4.2-10 through Figure 4.2-12. Also observed in these figures is that the pressure 
comparison made at the sensor near the ground appears better than the other sensors.  
 
To compare the LS-DYNA results with the sensor data in the frequency domain, the 
pressure time history responses of both computed and recorded data are transformed in 
the frequency domain in terms of Fourier spectra of the respective quantity. Figure 
4.2-13 through Figure 4.2-15 present the Fourier spectra of the pressure responses on 
the north side wall of the reactor building. The Fourier spectra shown in these figures are 
smoothed using the algorithm described in Section 3.1.2 of this report. These 
comparisons show that a relatively good match of the frequency content is exhibited for 
all three locations. For all three sensor pressure data, there is a persistent upward drift in 
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the Fourier spectral amplitude in low frequency range. As discussed earlier in the SASSI 
comparisons, it is believed that the sensor data were affected by noise (due to the 
presence of finite amplitude near the zero frequency).  
 
For the turbine building, the comparisons of the Fourier pressure spectra between the 
LS-DYNA estimate and the recordings are plotted in Figure 4.2-16 through Figure 4.2-18. 
As shown in these figures, the LS-DYNA analysis compares very well with the 
recordings for the sensors: DF-SE-S3 and DF-SE-S4. For the sensor DF-SE-S1, the 
estimate of the analysis is significantly higher than the recording. However, the overall 
frequency behavior of the recorded data for all sensors is captured by the analysis. The 
only problem area is the low frequency response where the recorded data show a 
persistent upward drift due to high noise/signal ratio in the recorded data. 
 
Vertical Response Analysis 
 
For the vertical pressure response, the layout of the pressure sensors on the basemat of 
the R-T model is shown in Figure 2-17, in which only the transducers located on the 
edges of the building basemat have actually recorded the pressure response; those 
sensors inside the basemat did not record any data. Therefore, in order to compare the 
vertical response analysis results with the recorded vertical pressure data, the horizontal 
effect on the vertical recorded pressure data need to be removed. This is done by taking 
an average over all vertical pressure data on the basemat. Therefore, the LS-DYNA 
vertical response result is compared with the averaged sensor pressure response.  
 
The LS-DYNA vertical response analysis is performed by applying the recorded free field 
motion in the vertical direction at the control point located 35m below grade. The vertical 
ISRS results are computed at the center of the basemat and the roof, which are 
compared with the respective accelerometer recordings at these locations as designated 
in Figure 3.2-3 as B1A-V0 and RFA-V0 respectively. Note that the roof center of the 
reactor building is not instrumented with the accelerometer in the vertical direction; 
therefore, the accelerometer installed on a corner of the roof is used instead for the 
comparison. The comparisons between the predicted vertical ISRS and the vertical 
accelerometer recordings are shown in Figure 4.2-19 and Figure 4.2-22, for the basemat 
and the roof, respectively.  
 
Similar to the soil uncertainty considered for the horizontal response analysis, the effect 
of the soil uncertainty is also considered for the vertical response analysis by varying P-
wave velocity of the soil (Vp). One set of results is computed using the JNES soil 
geotechnical data, which is interpreted as the best estimate soil property which is 
designated in the figures for this study as the mean soil Vp. Since the vertical response is 
controlled by the compressional wave, the second analysis is therefore performed by 
adjusting the mean soil p-wave velocity Vp to achieve the best fit of the computed vertical 
ISRS with the recording.  
 
As shown in these figures for the vertical ISRS comparison, the LS-DYNA estimates 
match both the frequency content and the spectral peaks across most of the frequency 
band, except for the high frequency peak at which the SASSI result with the JNES soil 
shifts to a lower frequency. However, when the uncertainty of about 10% the mean soil 
p-wave velocity (equivalent to 0.2 for the COV of the soil stiffness reduction) is 
incorporated, excellent comparisons are achieved between the LS-DYNA calculated 
spectra and recorded ISRS, with the exception for the reactor roof. As described above, 
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the accelerometer used for the roof comparison is located on a corner rather than in the 
center of the roof, therefore, the recorded ISRS at this location has both vertical and 
horizontal inputs, which is the reason why the LS-DYNA result did not agree with the 
recorded ISRS response for the reactor roof.  Furthermore, the vertical LS-DYNA 
analysis achieves much better comparison between the computed vertical ISRS and the 
accelerometer recordings than the respective horizontal response analysis.  
 
The seismic induced pressures on the basemat are then computed in the LS-DYNA 
analysis for both the mean and the mean minus 0.2 of COV soil columns. As mentioned 
above, to remove the influence of the horizontal inputs from the recorded vertical 
pressure measurements on the basemat, the sensor pressures at the corner locations 
as shown in Figure 2-17 are averaged. The averaged vertical sensor pressures are then 
compared with the predicted pressures computed at the center of the basemat. Figure 
4.2-23 and Figure 4.2-24 plot the averaged vertical pressure time histories from the 
JNES recorded vertical pressures and the LS-DYNA computed basemat pressures for 
both the reactor and the turbine structures. As indicated by these figures, LS-DYNA 
computed pressures match well with the averaged recorded vertical pressure data.  
 
Comparison of the computed and recorded pressure data is then made by transforming 
the time history data into the frequency domain where their respective Fourier spectra 
are computed and smoothed using the algorithm described in Section 3.1.2 of this report. 
These Fourier spectra are plotted and compared as shown in Figure 4.2-25 and Figure 
4.2-26. Again, good comparisons are obtained between the analysis and recorded 
vertical pressure data. 
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Figure 4.2-1 LS-DYNA Model of R-T Test Configuration 

 

 
Figure 4.2-2 Zoom-in View of LS-DYNA Model of R-T Test Configuration 
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Figure 4.2-3 Comparison of Horizontal Response at Basemat Center of R-T Reactor 
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Figure 4.2-4 Comparison of Horizontal Response at Roof Center of R-T Reactor 
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Figure 4.2-5 Comparison of Horizontal Response at Basemat Center of R-T Turbine 
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Figure 4.2-6 Comparison of Horizontal Response at Roof Center of R-T Turbine 
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Figure 4.2-7 Comparison of Seismic Induced Soil Pressure at Sensor DA-SE-N1 
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Figure 4.2-8 Comparison of Seismic Induced Soil Pressure at Sensor DA-SE-N2 
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Figure 4.2-9 Comparison of Seismic Induced Soil Pressure at Sensor DA-SE-N4 
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Figure 4.2-10 Comparison of Seismic Induced Soil Pressure at Sensor DF-SE-S1 
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Figure 4.2-11 Comparison of Seismic Induced Soil Pressure at Sensor DF-SE-S3 

 116



 

-300

-200

-100

0

100

200

300

0 5 10 15 20 25

Pr
es

su
re

 (N
/m

^2
)

DF-SE-S4 Recorded Data

 

-300

-200

-100

0

100

200

300

0 5 10 15 20 25

Pr
es

su
re

 (N
/m

^2
)

DF-SE-S4 LS-DYNA with JNES Mean Soil

 

-300

-200

-100

0

100

200

300

0 5 10 15 20 25

Time (sec)

Pr
es

su
re

 (N
/m

^2
)

DF-SE-S4 LS-DYNA Mean+COV Soil

 
Figure 4.2-12 Comparison of Seismic Induced Soil Pressure at Sensor DF-SE-S4 
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Figure 4.2-13 Comparison of Fourier Spectra of Soil Pressure at Sensor DA-SE-N1 
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Figure 4.2-14 Comparison of Fourier Spectra of Soil Pressure at Sensor DA-SE-N2 
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Figure 4.2-15 Comparison of Fourier Spectra of Soil Pressure at Sensor DA-SE-N4 
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Figure 4.2-16 Comparison of Fourier Spectra of Soil Pressure at Sensor DF-SE-S1 
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Figure 4.2-17 Comparison of Fourier Spectra of Soil Pressure at Sensor DF-SE-S3 
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Figure 4.2-18 Comparison of Fourier Spectra of Soil Pressure at Sensor DF-SE-S4 
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Figure 4.2-19 Comparison of Vertical Response Spectra at Basemat Center of R-T 

Reactor 
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Figure 4.2-20 Comparison of Vertical Response Spectra at Roof Center of R-T Reactor 
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Figure 4.2-21 Comparison of Vertical Response Spectra at Basemat Center of R-T 

Turbine 
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Figure 4.2-22 Comparison of Vertical Response Spectra at Roof Center of R-T Turbine 
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Figure 4.2-23 Comparison of Seismic Induced Vertical Soil Pressure on Basemat of R-T 

Reactor 
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Figure 4.2-24 Comparison of Seismic Induced Vertical Soil Pressure on Basemat of R-T 

Turbine 
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Figure 4.2-25 Comparison of Fourier Spectra for Vertical Soil Pressure on Basemat of  

R-T Reactor 
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Figure 4.2-26 Comparison of Fourier Spectra for Vertical Soil Pressure on Basemat of  

R-T Turbine 
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4.3 Methodology Assessment 
As discussed above, BNL performed LS-DYNA analyses for the JNES test models of 
both the twin reactor configuration and R-T configuration. Comparisons were made 
between the LS-DYNA results and the JNES field recorded earthquake responses in 
terms of ISRS and the soil pressures for both horizontal and vertical directions. Based 
on these comparisons, an assessment can be made regarding the performance of the 
LS-DYNA models.  
 
For the small level ground motion analyzed, the linear analysis using LS-DYNA 
performed extremely well in predicting the test model’s ISRS, as exhibited by the 
comparisons. Although the soil uncertainty estimated for the LS-DYNA analysis is 
different in some cases from the corresponding SASSI analysis, nonetheless, the range 
of the soil uncertainty is well within the range acceptable in geotechnical engineering 
applications. The only exception is that in the ISRS comparison for the DA roof location, 
the LS-DYNA analysis fails to capture the second spectral peak which is deemed to be 
due to the structure-structure interaction effect. The reason for it may be due to the lack 
of information on the soil property of the backfill between the reactor and the turbine 
structures (The analysis assumes the free field property for the backfill).  
 
For seismic induced pressures, the correlation between the analysis and the test data 
indicates that 1) the analysis can generally capture the frequency content of the test data, 
and 2) better prediction is obtained for the vertical analysis than the horizontal analysis. 
The reason for less accurate horizontal pressure correlation, aside from the high 
noise/signal ratio inherent in the recorded data, is that the horizontal response is 
primarily induced by the SH-waves which generate shear stress predominant in the soil, 
therefore, the soil pressure is a secondary stress. While for the vertical response, the 
system is subjected to the P-wave which induces pressures as the primary stress in soils. 
Therefore, as shown by these pressure comparisons, the pressure correlations were 
much better for the vertical response than the horizontal response. The same conclusion 
was also reached for the SASSI analysis. 
 
To place the assessment of the modeling performance in a broader perspective, the twin 
reactor configuration is selected to compare the response parameters computed from 
the LS-DYNA and SASSI analyses. For the ISRS, Figure 4.3-1 and Figure 4.3-2 present 
the comparison of the LS-DYNA and SASSI computed horizontal ISRS, together with the 
JNES recorded data. These figures show that using the JNES soil column, LS-DYNA 
and SASSI compute similar ISRS in both the shape and the amplitude, when 
incorporating the soil uncertainty, both codes also predict about the same ISRS which 
agree reasonably with the JNES recorded data, though slightly different ranges of the 
soil uncertainty are employed by the two codes. 
 
Further, to examine the soil pressure predictions by the two codes, Fourier spectra of the 
computed horizontal soil pressures by the two codes, together with the recorded sensor 
pressures, are plotted in Figure 4.3-3 through Figure 4.3-8. As shown by these 
comparisons, the pressures computed using the two codes mostly envelop the recorded 
pressures, with the exception for the sensors BAS-SE-S2 and BAN-SE-N6, which are 
shown in Figures 4.3-4 and 4.3-7.  As indicated in these figures the computed pressures 
are much lower than the respective recorded data, especially for low frequency range. 
As discussed in the previous sections of this report, these two sensors which are located 
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near the mid-height of embedded wall appear to be contaminated with noises (upward 
drift in low frequencies). For other pressure sensors, the results using modified soil 
columns correlate better with the recorded pressures. In addition, the LS-DYNA 
computed pressures appear closer to the recorded pressures than the SASSI results, 
although not to the extent that one would reach a different conclusion about the 
performance of the two codes. 
 
With respect to the vertical response comparisons, Figure 4.3-9 and Figure 4.3-10 
provide the vertical ISRS computed by the two codes, together with the JNES recorded 
ISRS. The two computer codes basically predict very similar ISRS that are close to the 
recorded ISRS. Similar to the horizontal analyses, the uncertainty range of the soil 
columns estimated by the two codes are slightly different with LD-DYNA having a 
smaller value. For the vertical soil pressures, Figure 4.3-11 and Figure 4.3-12 present 
the comparisons between the two codes and with the recoded pressures. From these 
comparisons, SASSI estimates the vertical soil pressures much closer to the recorded 
pressures than LS-DYNA. However, for some frequencies, the SASSI estimate of the 
soil pressures fall below the recorded pressures. On the other hand, LS-DYNA grossly 
over-predicts the pressure responses. It should be mentioned that the upward drift in the 
low frequencies of the recordings should be ignored for the reason as discussed earlier 
in this section.  
 
Finally, the uncertainty in the soil properties was estimated by both SASSI and LS-DYNA 
by fitting the ISRS response. The uncertainty of the soil property is characterized by the 
COV of the soil stiffness. With a total of eight different cases analyzed, the two codes 
estimated the same COV for only one case. Nonetheless, for all cases, the estimated 
COVs never exceed 0.2, which is well with the range of the geotechnical engineering 
understanding. Figure 4.3-13 summarizes the various analysis cases performed for both 
JNES soil data and BNL estimated soil uncertainties using both SASSI and LS-DYNA. 
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Figure 4.3-1 Comparison of Response Spectra at Basemat of Twin Reactors Model 

between LS-DYNA and SASSI 
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Figure 4.3-2 Comparison of Response Spectra at Roof of Twin Reactors Model between 

LS-DYNA and SASSI 
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Figure 4.3-3 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S1 of 

Twin Reactors Model between LS-DYNA and SASSI 
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Figure 4.3-4 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S2 of 

Twin Reactors Model between LS-DYNA and SASSI 
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Figure 4.3-5 Comparison of Fourier Spectra of Soil Pressure at Sensor BAS-SE-S4 of 

Twin Reactors Model between LS-DYNA and SASSI 
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Figure 4.3-6 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N3 of 

Twin Reactors Model between LS-DYNA and SASSI 

 130



 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.1 1 10 100Frequency (cps)

Pr
es

su
re

 (N
/m

^2
)

Recorded Data

LS-DYNA with JNES Mean Soil

LS-DYNA with Mean-COV Soil

SASSI with JNES Mean Soil

SASSI with Mean-COV Soil

BAN-SE-N6

 
Figure 4.3-7 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N6 of 

Twin Reactors Model between LS-DYNA and SASSI 
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Figure 4.3-8 Comparison of Fourier Spectra of Soil Pressure at Sensor BAN-SE-N13 of 

Twin Reactors Model between LS-DYNA and SASSI 
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Figure 4.3-9 Comparison of Vertical Response Spectra at Basemat of Twin Reactors 

Model between LS-DYNA and SASSI 
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Figure 4.3-10 Comparison of Vertical Response Spectra at Roof of Twin Reactors Model 

between LS-DYNA and SASSI 
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Figure 4.3-11 Comparison of Fourier Spectra of Vertical Soil Pressure on BAN Basemat 

of Twin Reactors Model 
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Figure 4.3-12 Comparison of Fourier Spectra of Vertical Soil Pressure on BAS Basemat 

of Twin Reactors Model 
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Figure 4.3-13 Summary of Analytical Cases and Associated Soil Uncertainties 

Performed for this Report 
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5 CONCLUSIONS AND RECOMMENDATIONS 
This report presented a correlation analysis in which two computer codes, namely 
SASSI and LS-DYNA, were employed to perform SSI analyses for the JNES field test 
model structures. The analysis results in terms of in-structure response spectra (ISRS) 
and the seismic induced soil pressures were compared with the JNES recorded data at 
different sensor locations. The correlation analysis was performed for an earthquake 
event which is believed to induce only elastic response in the soil-structure systems 
studied, and no soil degradation is deemed to occur. 
 
In the process of performing the SSI analyses, the JNES soil data were treated as the 
best estimate or mean soil properties, and the uncertainty of the soil properties was 
estimated by the SASSI and LS-DYNA computer codes using the best fit to the recorded 
ISRS. By incorporating the soil uncertainty in the SSI analyses, an assessment can be 
made of the analytical capability of the two codes, which employed vastly different 
approaches to treating the SSI effect. The insights into the modeling performance by 
both computer codes are also obtained from the comparisons between the analysis 
results and the JNES recorded response data.  
 
Based on the study performed, the following observations and conclusions are reached. 
 

1. For the low level ground motion analyzed, both SASSI and LS-DYNA performed 
extremely well in predicting ISRS for the test models, as exhibited by the 
comparisons.  

 
2. The level of uncertainty in the soil properties for the site was estimated by the 

SASSI and LS-DYNA programs through best fit to the ISRS computed from the 
JNES recorded response data. Although the soil uncertainty level is computed 
different for the two computer codes, the uncertainty estimates are well within the 
range of acceptable practice in geotechnical engineering applications, see 
Section 4.3.  

 
3. The computation models by both codes appear to have difficulties in capturing 

the ISRS peaks induced by the structure-structure interactions. This may be due 
to the lack of information on the soil property of the backfill between the 
structures (The analysis assumes the free field property for the backfill).  

 
4. For seismic induced side soil pressures, both codes can generally capture the 

frequency content of the test data and the analyses using modified soil columns 
correlate well with the recorded pressures. In addition, the LS-DYNA computed 
pressures appear closer to the recorded pressures than the SASSI results, 
although not to the extent that one would reach a different conclusion about the 
performance of the two computer codes. 

 
5. As discussed in Section 4.3, a number of pressure gauges were identified having 

been contaminated with noises, thus resulting in differences in the comparison of 
the recorded data with the computed response. 

 
6. With respect to the vertical response analyses, both codes computed very similar 

ISRS that are close to the recorded data. Similar to the horizontal analyses, the 
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uncertainty estimates of the soil column properties for the site by the two 
computer codes are slightly different, with LS-DYNA having a smaller range.  

 
7. For the vertical soil pressures, SASSI estimates the vertical soil pressures much 

closer to the recorded pressures than LS-DYNA. However, for some frequencies, 
the SASSI estimate of the soil pressures fall below the recorded pressures. On 
the other hand, LS-DYNA grossly over-predicts the pressures with respect to the 
recordings. It should be mentioned that the upward drift in the low frequencies of 
the recordings should be ignored due to the noise contained in the recorded data.  

 
8. With respect to the effort required to develop the SSI models and to compute the 

SSI responses, the level of effort required for running the SASSI program 
amounts to only a small fraction of what is required for executing the 
corresponding LS-DYNA analysis. Although LS-DYNA has an advantage of many 
built-in non-linear features, it would not be a practical and effective choice when 
linear SSI responses are sought. For such cases, SASSI is the better choice.  

 
In summary, the SASSI and LS-DYNA computer codes have reasonably captured the 
seismic response parameters in terms of ISRS and the seismic induced side and base 
pressures when the response parameter is in the linear regime. The level of soil 
uncertainty for the site estimated by both computer codes through best fitting the 
recorded ISRS is well within the range currently employed in the geotechnical 
engineering practice. 
 
However, this study only validated the methods for linear SSI response analyses, which 
can not be extended to addressing SSI effects due to strong ground motions. In the 
latter cases, many non-linear phenomena are expected to occur in the response of the 
soil-structure systems, such as the soil-structure interface separation and large 
degradation in the soil properties, which affect the SSI response calculations by various 
codes. The adequacy and accuracy of the SSI analyses performed using the SASSI and 
LS-DYNA computer codes remain to be validated for documented strong ground motion 
data.   
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