NUREG/CR-2077

UCRL-53026
DO NOT MICROFILM WMASIER
CbVLﬁ

Uncertainty in Soil-Structure
Interaction Analysis Arising from
Differences in Analvtical
Techniques

O. R. Maslenikov, J. C. Chen, and ]. J. Johnson

Prepared for
U.S. Nuclear Regulatory Commission

National

DISTRIBUTION OF THIS DUGLMENT 1S URLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any agency thereof.

This work was supported by the United States Nuclear Regulatory Commission under a Memorandum of
Understanding with the United States Department of Energy.

Available from
GPO Sales Program
Division of Technical Information and Document Control
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555
and

National Technical Information Service
Springfield, Virginia 22161



: ' | NUREG/CR-2077 .
. : ‘ o UCRL-53026
RD, RM

NUREG/CR=--2077

DE82 021087

\

Uncertainty in Soil-Structure
Interaction Analysis Arising from
Differences in Analytical
Techniques -

Manuscript Completed: July 1982
Date Published:

Prepared by
O. R. Maslenikov and J. C. Chen, LLNL
]. ]. Johnson, Structural Mechanics Associates, San Ramon, CA

Lawrence Livermore National Laboratory
7000 East Avenue
Livermore, CA 94550

Prepared for ’
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555 ' '

NRC FIN No. A-0130

‘ DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government,
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
wareanty, express of implied, or assumes any legal Liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, progyct. or arncess disclosed, or
EpTESENTS TNaT 1ts use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
not noesaxsrily Wonsllivie v Imply 115 encorsément, recommendation, or favoring by the United

States Government of any agency thereof. The views and opinions of authors expressed herein do not
necessarity sigte of reflert thnse af the United Statos Cavernment or any agency thereaf, .
‘
N

UTEERIBUTION OF THIS DOCUMENT IS UNLIMITED

’



 THIS PAGE |
WAS INTENTIONALLY
 LEFT BLANK



UNCERTAINTY IN SOIL-STRUCTURE INTERACTION ANALYSIS
ARISING FROM DIFFERENCES IN ANALYTICAL TECHNIQUES

\

ABSTRACT

This study addresses uncertainties arising from variations in different
modeling approaches to soil-structure interaction of massive structures at a
nuclear power plant. As part'of the Nuclear Regulatory Commission's Seismic
Safety Margins Research Program, its findings will be incorporated in a
comprehensive systems analysis methodology for.assessing nuclear safety
reguirements more realistically than current processes allow.

To perform a comprehensive systems analysis, it is necessarylto quantify,
for each phase of the ﬁraditional analysis procedure,rboth the realistic
seismic response and the uncertainties associated‘with them. Iﬁ this study
two linear soil-structure interaction techniques were psed to analyze the ’
Zion, Illinois nuclear power plant: a direct method using the FLUSH computer
program and a substructure approach using the CLASSI family of computer
programs. In-structure response from two earthquakes, one real and one
synthetic, was compared. Structure configurations from relatively simple to
complicated multi-structure cases were analyzed. The resulting variations

help quantify uncertainty in structure response due to analysis procedures.
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EXECUTIVE SUMMARY

. Under the Nuclear Regulatory Commission's Seismic Saféty Margins Research
Program {(SSMRP), Lawrence Livermore National Laboratory (LLNL) is developing
probabilistic methods to realistically estimate the behavior of nuclear power
plants during earthquakes. Two requiremgnts govern the analysis methodology:
(1) the analysis should be realistic, and (2) probabilistic methods should be
used to model uncertainties. This study investigates potential uncertainties
in soil-structure interaction (SSI) arising from two alternative analysis
techniques. ‘

The process of predicting the seismic response of stiff, massive
structures, such as those found at a nuclear power plant,‘while taking into
account the effects of SSI, introduces a number of uncertainties. A principal
.source of uncertainty is the differences in SSI analysis technigues. Two
procedures are available to treat SSI: (1) the direct method, which analyzes
the soil-structure system in a single step, and (2) the substructure approach,
which treats the problem in a series of steps (determining the foundation
input motioa, determining foundation impedances, and analyzing the coupled
soil-structure system). Both methods can be discussed in terms of two basic
procedures: specifying the local free-field ground motion and idealizing the
soil-structure system. In the second of these, it is necessary to model the
configuration and properties of the soil, the geometry and stiffness of the
foundation, and the complexities of the soil itself. This study addresses the
‘uncertainties that arise from both of these procedures with regard to the
soil-structure system.

A demonstration of the SSMRP methodology is currently being applied to
the Zion Nuclear Power Plant invzion, Illinois. This plant is the subject of
the present study. It consists of two nuclear steam supply systeh (NSSS)
units with power ratings of 1100 MW(e) each. The plant has three basic
foundation structures to which SSI applies: the two reactor containment
buildings, éach with its own foundation; and the auxiliary, fuel-handling, and
.turbine generator (AFT) complex of buildings, which is supported on a
foundation of various elevations and thicknesses. The complex is also

connected by continuous slabs and walls in its upper stories.



We applied two alternative analytical techniques to the Zion plant. The
first was a lineag finite element approach using the FLUSH computer program.
To allow for the two-dimensional charaéter of FLUSH, we took Eeveral cross
sections fhroughout_the plant to estimate three-dimensional response. Thev
significant dynamic characteristics of the structures were represented by
simple sets of models with a single degree of freedom and with appropriate
mass, stiffness, and damping éharacteristics. We obtained guasi-three-
dimensional response at the basemat level at intersections of analytical cross
sections. A second-stage structurai analysis then enabled us to compute
detailed structural response. '

Our second method was a substructure approach employing the CLASSI
computer program. CLASSI is in general three-—-dimensional. Its formulation
allows us to incorporate detailed structural mudels into the analysis. ‘fThe
structures' dynamic characteristics are represented by their modal
" properties. 1In our analysis, the reactor building (containment shell,
internal structure, and simplified NSSS model) was modeled by 72 modes and the
AFT complex by 113. 1In the CLASSI analysis, embedment effects for the reactor
building were ébtained by genérating the foundation input motion and
‘impedances for assumed axisymmetric embedded fohndations, The AFT foundation
impedances were calculated using a flat foundation of appropriate shape with
corrections applied to account for eﬁbedment. - Embedment also has a
significant effect on the AFT foundation input motions, and therefore they
waere calculated éssuming an équivaleht embedded cyliﬁdrical foundation.
Structure-to-structure interaction effects were computed assuming [lat
‘foundations.

We compared in-structure response, in the form of peak values and
response spectra, at selected éoints throughout the structures. The results
demonstrate the variability in response due to alternative analysis
technigues. In a systems analysis context, variations im in-structure
response spectra are interpreted ac variations in subsystem or component
response. Subsystems are ¢omponents supported within the structure,
identified as important to accident mitigation, and whose seismic response may

be related to spectral acceleration at its fundamental frequency and estimated

damping.
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To evaluate the effects of structure-to-structure interaction, we
analyzed the reactor buildings and AFT complex first as isolated structures
and then together as a coupled soil-structure system. Our analysis of the
reactor building as an isolated structure represented a benchmark comparison
between FLUSH and CLASSI. The physical situation was relatively simple but
representative of a real structure and foundation. Results of this comparison
showed excellent agreement between FLUSH and CLASSI for horizontal
response--there was less than lQ% difference over the entire response spectra,
except at narrow fregquency ranges near the resonant frequencies of the coupled
soil-structure system, where differences approached 35%. Vertical response
did not compare as well as horizontal. Variations in peak acceleration ranged
up to about 25%, and in the amplified frequency range (<33 Hz) went as high
as 50%, depending on structure location and the control motion. Subsequent
investigations of the elements of each analysis revealed basic differences
that require further study: ‘

Whereas the reactor building was straightforward to model, the AFT
complex required significant simplification. In the CLASSI analysis, the
structure model was very detailed, but the foundation embedment and rigidity
were ideaiized. In the FLUSH analysis, two—dimensidnal models of the
structure and foundation were required, and modal equivalent models of the
structure were used. Results from the analyses'of the AFT complex as an
isolated structure showed that peak horizontal accelerations varied by less
than 25% (about 10% on the average). Spectral accelerationE_in the amplified‘
frequencf range varied somewhat more.

Variations in the vertical direction were less than for the horizontal,
typically less than 20%8. The agreement between the FLUSH and CLASSI results
for the isolated AFT complex was surprisingly good, considering the
differences in the assumptions for the two methods. This may be explained by
the fact that, because of the large horizontal area of the foundation, there
was relatively little rocking. If foundation rocking had been more important,
we would expect to see greater differences in the structural response.

Two aspects of the multi-sttucture analyses were considered: the effect
of structure-to-structure interaction on structure response and the
variability in structure response as predicted by CLASSI and FLUSH, including

structure~-to-structure interaction. The effect of structure-to-structure



interaction on the response of the Zion reactor buildings and the AFT complex
was assessed by comparing the results of the CLASSI analyses with and without
interaction between the structures. The results show that the reactor
buildings have a very small effect on the AFT complex. However, the effect of
structure-to-structure interaction on the reactor buildings is substantial.

-A comparison of the reactor building's response as predicted by CLASSI
and FLUSH, including structure~to-structure interaction, showed substantial
differences--200% or more in some cases. Poor correlation between the two was
due to the FLUSH modeling assumptions for the AFT complex. The FLUSH model
"properly represented the state of stress in the soil under the AFT complex but
underestimated the structure's total mass. Consequently, the reactor building
mass in the FLUSH modcl was twice that uf the AFT complex. Modeling
" three-dimensional configurations with equivalent Lwo-dimcnsional mudels is an
issue that reguires careful éonoidorafinn.

Several conclusions concerning the application of SSI analysis technigues
were drawn.

) Variability in structural response due to SSI analysis procedures
increases with increased complexity in the physical cituatinn to be
modeled.

® Variability of in-structure response is greatest near the resonant’
frequencies'Of the coupled soil-structure system and least at the
zero period amplitude (ZPA). ‘

® Eguipment. and componcnts with trequency characteristics in the
amplified [requency range (< 33 Hz) have ygreater uncertainiLy in
response than those subjected to the ZPA.

K J Reduced models, in terms of two dimensions vs three dimensions or
fewer degrees of freedom must be developed carefully, reproducing
three-dimensional detailed model characteristics.

® When performing a second-stage analysis, it is essential to
recognize thét both translations and rotations must be used in
exciting the system. 1In additioén, horizental translation and
rocking have a unique phase relationship, which should be maintained}

® The effect of structure-to-structure interaction was found to have a
significant effect on the émplitude and frequency content of the

response of the least massive of the two structures.



1.0 INTRODUCTION
1.1 BACKGROUND

For some time it has been evident that traditionai seismic analysis and
design of nuclear. power plants does not fully address the issue'of
uncertainties. At each stage of this complex, multidisciplinary process,
conservatism is introduced to account for uncertainties, and it accumulates
from one stage to the ﬁext. Because the uncertainties are unquantified,
however, the effect of compounding this conservatism haé not been
established. The result may be a design that is too conservative for the
estimated seismic hazard in relation to, and perhaps at the expense of, other
accident conditions, as well as for normal operating conditions.

To address this problem,'Lawrence Livermore National Laboratory (LLNL) is
currently developing a methodology for examining the seismic analysis and
design of nuclear power plants in a comprehensive systems context.l Phase I
of our Seismic Safety Margins Research Program (SSMRP) concentrates on
developing a probabilistic procedure that more realistically estimates the
behavior of nuclear power plant structures and systems during a hypothetical
earthquake. This methodology will be used to perform sensitivity studies
which can yield new, more fundamental inéights into seismic safety
requirements. '

To perform a comprehensive systems analysis, it is necessary to obtain
guantitative values for both the realistic or best-estimate seismic response
and for the uncertainties associated with these values. This entails .
examininy traditional seismic analysis and design methodology, which comprises
four'phases: seismic input characteristics, soil-structure interaction (SSI),
major structural response, and subsystem response.

The seismic input consists of the earthgquake hazard near a nuclear power
plant and a deséription of the free-field motion. (The earthquake hazard is-
defined by an estimate of the seismic hazard function, i.e., the relationship
between the probability of occurrence and a measure of an earthquake's size.)
Ss1 gnalysis has the broad objective of transforming the free-field ground
motion into basemat or in-structure response, taking into account the

interaction of the soil with the massive stiff structures usually



present at a nuclear power plant. In the major structure response phase,

major structures commonly denote buildings but may also include very large
components. The final step, predicting subsystem structural response, uses
the response of the major structures as input. This report concentrates on

uncertainties in the SSI phase of the process.

1.2 OBJECTIVE AND SCOPE

Predicting the effects of SSI on the seismic response of stiff, massive
structures, such as those at a nuclear power plant dan be discussed in terms
" of two basic elements: specifying the local free-field ground motion and
idealizing the soil~structure system. Describing the free-field ground motion
includes specifying the control point, the amplitude and frequgncy
characteristics of the motion, and the spatial variation of the motion.
Idealizing the soil-structuge system entailé‘modeling the configuration and
properties of the soil, the geometry and stiffness of the structural
foundations, and the complexities of the structures themselves. In addition,
structure-to-structure interaction and l1l6¢allzed nonlinear hehavior
(primarily, separation of soil and structﬁre during the earthquake) require
consideration. Tou perform SSI analysis, queling decisions concerning each of
these aspects of 83I muot be made. In addition, uncertain;ies are introduced
due to our inability to represent all facets of SSI precisely.

Several side studies were performed Lo guide us in our modeling decisions
and provide a petspcotivé'nn the approximations we elected tu use in the SSMRP
Phase I systems analysis. Each side study emphasizes the best estimate
mndeling of the phenomenon and guantifying uncertainty associated with it.
Initially, Wong and Luco2 investigated: the effect of assumiing nonvertically
incident plane waves as the wave propagation mechanism at the Zion site;
embedment of the Zion reactor building foundation; and the effect of soil
layering on SSI parameters. The present study uses the results of Ref. 2
while expanding the side studies to ilnvestigate the effects of u
structure-to-structure interaction at the Zion site and uncertainties in

structure response introduced by different SSI analysis techniques..



We applied two alternative.linear analysis techniques to the SSI analysis
of the Zion Nuclear Power Plant. The first was a direct method using the
FLUSH computer program.3 The second was-a substructure approach using the
CLASSI computer program.4 In each case, significant simplifications were
necessary due to the complexity of the physical situation. These
simplifications, and the differences inherent in the two approaches, led to
nonunique predictions of response. We studied each of the majof Category 1
structures at Zion first as isolated structures, unaffected by motions from
adjacent structures, and then as a multistructure system with foundations
coupled through the underlying soil. In-structure response in the form of
peak values and response spectra were then computed and compared to quantify
variability due to analysis procedures. '

Section 2.0 describes the structural and geotechnical configuration of
the Zion Nuclear Power Plant, comprising soil conditions and structufes.
Section 3.0 contains a brief description of the two categories of SSI analysis
technigues: substructure methods and direct methods. Section 4.0 itemizes
the elements of the analyses, such as defining the free-field ground motion
and modeling soil and structural characteristics. Section 5.0 presents the
results of the analyses for a hypothetical isolated reactor building and AFT
complex and for the multi-structure Zion Nuclear Power Plant. Conglusions are

given in Section 6.0.



2.0 ZION NUCLEAR POWER PLANT

The Zion Nuclear Power. Plant is situated on the southwestern shore of
Lake Michigan, approximately 40 miles north of Chicaéo, Illinois. The plant
‘consists of two nuclear steam supply system (NSSS) units which were licensed
tq operate in 1973. Each has a powezlrating of 1100 MW(e). The facility's
design was completed in the late 1960s and early 1970s. Figure 2.1 shows a
plan view of the plant. Fof—SSI analysis, three structures are of interest:
the two reactor buildings and the auxiliary/fuel-handling/turbine building
complex (AFT complex). Each reactor building houses an NSSS unit, and the AFT
complex contains the power generation and safety equipment for both.

The Zinn s8ite is characterized by approximately 110 ft of soil overlying
a bedruck of Niagara dolomite. The svil is stratified in three wajor layers,
as shown in Fig. 2.2. The top layer, 30 to 35 ft in thickness, ¢onsists of
granular lake deposits of dense, fine-to-medium sands with variable amounts of
coarse sand and gravel and occasional pockets of peaﬁ and organic material.
In general, the foundations of the major plant structures wére excavated
through this material into the second layer. This second layer is about 30 ft

thick and is a cohesive, firm-to-hard glacial till and glacial Lacustrine

Unit 1 cf Unit 2
Reactor huildiny — ,r’/F Fuel-handling building

Reactor building

Diesel-generating Uiesel-gernie ating

building . building
Auxiliary '
building

Service _
- building Turbine building
@ N Crib

house

FIG. 2.1. Plan view of the Zion Nuclear Power Plant.
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Elevation view of the Zion site, showing geological

stratification. View is taken through the reactor building centerline.

deposit with variable amounts of sand and gravel. The bottom layer, about

45 ft thick, is primarily a cohesionless glacial deposit of dense sands and

gravels.

The average low-strain, shear-wave velocity in the upper layer, as

determined from in-situ tests made prior to construction of the plant, is

about 920 ft/sec. The average shear-wave velocity in the two lower layers is

about 1650 ft/sec. The water table is about 5 ft below finished grade.

The Zion reactor building is composed of two essentially independent

structures--the containment shell and the internal structure. Figure 2.3

shows a simplified elevation view of the building. The containment shell is a

prestressed-concrete right circular cylinder topped by an elliptical dome. It

is 147 ft in diameter and rises 211 ft above the foundation mat. (Note the

point on the containment shell at which the structural response was

computed.)

For this study, the term "internal structure" denotes both the

NS55's reinforced concrete support structure and the NSSS itself (including

the reactor pressure vessel, steam generators, piping, and coolant pumps).
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FIG. 2.3. Simplified elevation view of Unit 1 reactor building, facing west.
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The internal structure extends about 50 ft above the foundation mat to
the operating floor, at which an additional response was computed. The
containment shell and the internal structure interact only through the
foundation, which is 157 ft in diameter and about 13 ft thick, with an
embedment depth of 36 ft. A sump, located at the center of the slab, extends
about 30 ft below the bottom of the foundation. Only the mass properties of
the sump were included in the SSI analyses. The foundation was assumed flat,
with no additional lateral or vertical resistance due to the sump.

The AFT complex consists of a T-shaped auxiliary building, two turbine
buildings, a fuel-handling building, and two diesel generator buildings. The
denotation of the different buildings is functional rather than structural;
physically, the AFT complex is a single structure supported on a common
foundation and interconnected throughout by continuous walls and floor slabs.
An isometric view of the foundation configuration is shown in Fig. 2.4. The
auxiliary, fuel-handling, and diesel generator buildings are constructed of
reinforced concrete, with the turbine building made of braced steel frames.
The complex is essentially symmetric with respect to an east-west plane that

divides the two generating units. The foundation consists of adjoining,

o

Grade E| 591

All elevations in feet

FIG. 2.4. Isometric view of the Zion foundation excavation configuration.
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deeply embedded basemats having light peripheral foundations at the ground
surface. The deeper portions vary in depth from 20 to 54 ft and in thickness
from 4 to about 15 ft, except for the turbine pedestals, which are about 20 ft
thick. Figure 2.5 shows simplified elevations taken through two cross
sections of the AFT complex.

The mass distributions of the structures are shown in Table 2.1. About
60% of the structural mass of the AFT complex is concentrated in the auxiliary

and fuel-handling buildings, even though their foundation areas are much less

| Turbine building Auxiliary building Fuel-handling building

Y

mm
__I:EI. 576

31, 592

=23

El. 560

. 164 I 160
All elevations and dimensions in feet

8

72—~

\ Turbine- IH

El. 592 —; ll : M—u U

El; h52

164 -
All elevations and dimensions in feet

FIG., 2.5. 8implified elevation views of the auxiliary/fuel-handling/turbine

(AFT) building complex. The top figure shows the view through the auxiliary
building centerline, facing south; the bottom figure shows the view through
the centerline of the turbines, facing west.
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TABLE 2.1. Distribution of mass among major
structures of the Zion Nuclear Power Plént

(kip-sec?/ft) .

Reactor buildings

Containment shell . 1,850
Internal structure (including NSSS) 940
Foundation 1,270
Total . . 4,060

AFT complex

Auxiliary and fuel-handling building 7,000
Turbine buildings (both) -~ 5,000
Foundation ' . | 9,000
Total : 21,000

than 60% of the total. Table 2.1 shows the total mass of the AFT complex tb
be about five times the total for each reactor building, which suggests that
the effect of structure-to-structure interaction should be more significant on
the reactor buildings.

The reactor buildings and the AET complex are gquite cldse together at the
foundation level and in the superstructure. The distance between foundations
varies around the circumference of the reactor building, averaging 15 to 20 ft
at the deeper foundation levels and having a minimum separation of 1 in. at

locations where piping tunnels from the AFT complex abut the containment shell.

13



3.0 METHODS OF ANALYSIS

There are two broad categories of SSI analytical techniques: the direct
method and the substructure approach. The direct method analyzes the
idealized soil-structure system in a single step, whereas the substructure
approach treats the problem in a series of steps, typically three, that
culminate in a prediction of the response of the coupled soil-structure

system.

3.1 DIRECT METHOD

In general, a direct analysis proceeds by applying a consistent
free-field ground motion to the boundaries of a discrete model and then
computing the response of the combined soil-structure system. Hence a direct
method determines the response of the soil and structure simultaneously. In
practice, the structural model used in a direct method of analysis represents
only the overall dynamic behavior of the structure. A second-stage structural
analysis, using the results of the SSI analysis as input, must then be
performed to obtain detailed structural response. This(was the procedure we
used.

Direct methods have several unique fralures:

® The soil and structure are idealized by discrete finite-element or
finite-difference models.

[ ) The free-field motion of the boundaries of the model must be known,
assuméd, Or cumpuled as a prcoondition nf the analysis.

@ During SSI, the vibration of the structure introduces'motions in the
s0il not present in the free-field. To simulate free-field
conditions at large distances from the structure, the boundaries of
the model must receive special treatment.

o The state of stress in the soil c¢an be computed easily.

® Three~dimensional nonlinear analysis is theoretically possible.

Implementation of a direct method requires (1) solution of the free-field
ground-motion problem (sometimes called the site response problem), (2)
analysis of the coupled soil-structure system, and (3) a detailed second-stage
analysis to determine structural response. To carry out our analysis, we used

the FLUSH computer program, which is characterized by several key features:

14



FLUSH employs the complex response method, which uses a complex
modulus to describe the stiffness and damping of the soil. ' The
solution is implemented in the frequency domain.

An iterative linear proeedure is used to approximate nonlinear
material behavior. Although a nonlinear process cannot be broken
into component parts, analyzed, and the results superposed, a
concebtual separation is helpful for understanding the aspects of
nonlinear behavior treated by an analysis technique. "Primary
nonlinearity"” is attributed to the seismic excitation alone. It is
ehe nonlinear soil behavior associated with the state of deformation
induced by the free-field ground motion. "Secondary nonlinearity"
is due to the SSI process. It israssociated with the soil
deformations caused by structural vibration, and can, in a sense, be
thought of as a perturbation of the primary nonlinearity. Our
analysis of the soil and structure was,'strictly speaking, linear.
However, linear material properties were determined by an iterative
process that estimates material constants as functions of an average
strain level over the duration of the excitation. In general, a
direct method accounts for both primary and secondary elements of
nonlinear behavior. '

The basic formulation of FLUSH is two-dimensional. Hence the
analysis of a single structure or a multiple set of structures
requires consideration of several slices through the layout. 1In
these cases structural response is assumed to be uncoupled in two
orthogonal horizontal directions. To simulate three-dimensional
radiation damping effects, additional viscous dampers are applied to
soil elements. ' .
Transmitting boundaries are located on the lateral boundaries of the
models to simulate radiation of energy awey from the structure in
the free field.

A second-stage fixed-base structural analysis was performed to
obtain detailed three-dimensional structural response for comparison
with the substructure approach. Because the fixed-base analysis is
three~dimensional, the effect of coupled horizontal and torsional
motion in the structure is obtained. The excitation for this
second-state analysis consists of translations and rotations of the
foundation.

15



3.2 SUBSTRUCTURE APPROACH ’

The substructure approach divides the SSI problem into a series of

simpler problems, solves each independently, and superposes the results. The

following steps comprise the substructure approach we applied:

As a preliminary step, the free~field ground motion is specified and
free-field soil prbperties are obtained from a one-dimensional
solution of the site response problem.

The foundation input motion is determined. In this step, kinematic
boundary conditions are applied along the soil-foundation interface
to model the expected deformation of the foundation. This step is
sometimes called the kinematic interaction problem or determination
of the response of a massless foundation.

The foundation stiffnesses or impedance functions are determined.
The coupled soil-structure system is analyzed by solving the

appropriate equations of motion,

In this study we used the substructure approach implemented in the CLASSI

family of computer programs. These programs are characterized by the

\following key elements:

The problem is solved in the frequency domain, which permits the
behavior of the svuil tu be‘modeled by froguency-dependent
impedances. Fourier transform techniques are applied to find the
time-history response.

Our analysis assumed rigid foundations, the most common assumption
in the substructure approach. The reactor building foundations were’
assumed embedded and cylindrical in shape. This assumption is _
appropriate because it accurately describes the actual confiéuration
of the reactor buildings. But significant simplification was
required for the AFT complex because of its extremely complicated
foundation Qeometry. Thus, for the purposes of computing
impedances, the AFT foundation was modeled as a flat T-shaped
surface foundation, appropriately shaped and situated on a soil
layer equal in thickness to the average soil thickness‘bepeath the
actual foundation. The impedances thus calculated were corrected

for embedment effects using an embedded cylinder equal in area and
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excavated volume to that of the foundation, (i.e., the soil depth
beneath the cylinder was equal to that beneath the T-shaped model).'
The foundation input motions for the AFT complex were computed using
the equivalent embedded cylinder. A further discussion is found in
paragraph 4.4. '

The final step in the substructure approach is the actual SSI
analysis. The foundation input motions and impedance functions are
combined with a dynamic model of the structure to solve the
equations of motion for the coupled soil-structure system. The
technique used in CLASSI to complete this final step is extremely
powerful. As the structure is modeled by its eigensystem and modal
damping factors, a great degree of complexity may be included; the
effect of the structure is then projected onto the'foundation. The
computation for a single foundation requires the solution of six
simultaneous equations.

Structure-to-structure interaction is included in the multiple
structure case. The coupling characteristics of the soil are
modeled in an approximate fashion. In our case we used the same

+

assumption of flat surface foundations as for the AFT complex.
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4.0 §SSI ANALYSIS

There are two basic elements of any SSI analysis--specifying the
free-field ground motion and idealizing the soil-structure system. The latter
involves modeling the configuration and properties of the soil, the geometry
and stiffness of the structural foundation,‘and the complexities of the
structure itself. Specification of the SSI problem and aspects of the
solution procedures that apply té our study are discussed in this section.

Elements unigue to a solution procedure--CLASSI or FLUSH--follow more general

discussions.
4.1 FREE-FIELD GROUND MOTION

Specification of the free-field ground motion is one of the most
important factors in SSI analysis. Hence it is essential, in comparing
analysis technigues, to maintain a consistent definition of the free-field
ground motion.' Three aspects of the free-field motion are important:
location of the control point, the spatial yariation of the motion, and the
frequency characteristics of the control motion. In all analyses reported
here, (1) the control point was located on the surface of the soil, (2) the
spatial variation of motion was defiﬁed by vertically propagating shear and
dilatational waves, and (3) the frequenéy characteristics of the motion were
represented hy two earthquakes, one réal and one synthetic.

Theée earthguakes each consisted uf Lhree componente of motion: two
horizontal, aligned in the north-south (N-S) and east-west (E-W) directions,
and one vertical. The real earthquake was recorded in the Imperial Valley of
California, at EL Centro, on May 19, 1940. It is identified in the California
Institute of Technology data set5 as accelerogram IIA001 and is denoted here
as El Centfo. The first 36 sec, digitized at 0.02 sec, were used in the
analysis. CLASSI and FLUSH solve the SSI problem in the frequency domain
using the Fast Fourier Transform (FFT) technique; hence a guiet zone was added
to create excitations totalling 40.96 sec in duration, corresponding to 1024
frequency points. The major component, N-S, was scaled to a peak acceleration
of 0.2 g, which approximately corresponds to the Zion SSE level of 0.17 g.

The remaining two componenfs were scaled by the same factor. The resulting
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peak accelerations of the N-S, E-W, and vertical components are 0.2 g, 0.12 g,
and 0.12 g, respectively. The accelerograms are shown in Fig. 4.1, and the
corresponding responseAspectra are plotted in Fig. 4.2.

The comparative analyses were also performed for a synthetic earthguake
generated to 1oosely match target pseudo-velocity spectra considered typical
of 0.20 g free-field motion at the Zion eite. Each accelefation time history

was from a random seed. The horizontal components were scaled to 0.2 g; the
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FIG. 4.1. Accelerograms recorded at El Centro, California in the Imperial
Valley earthquakec of May 14, 1940. Shown are (a) E=W translation, (b) N-S
translation, and (c) vertical translation.
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vertical to 0.13 g. The duration of motion was 15 sec, discretized at time
intervals of 0.01 sec. A quiet zone was added to produce excitations
totalling 20.48 sec, which corresponds to 1024 frequency points as above. The
acceleration time histories are plotted in Fig. 4.3 and the corresponding

spectra in Fig. 4.4.
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FIG. 4.3. Synthetic earthquake accelervyrams. Shown are (a) E-W translation,
(b) N-S translation, and (c) vertical translation.
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4.2 MODELING STRESS-STRAIN BEHAVIOR OF SOIL

The mathematical model selected to represent the stress-strain bebavior
of soil for the CLASSI and FLUSH analyses is based on a linear visco-elastic
theory. The parameters defining the model produce constant hysteretic (i.e.,
frequency-independent) damping. They consist of two elastic constants, in our
case shear modulus and Poisson's ratio, and a damping factor.

In general, the stress-strain behavior of soil is nonlinear. For the
Zion site, estimates of shear modulus and damping as functions of depth and
strain level are shown in Figs. 4.5 and 4.6. The figures also show variations

in the parameters for a constant strain level, emphasizing our inability to
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FIG. 4.5. Variation of soil low-strain shear modulus with depth.
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define their values precisely. Although we tully recognize the need to
consider parameter variations, especially in a design context, our present
comparison was based on the "best estimate" curve.

The nonlinear behavior of 80il was taken into account in both analyses by
using equivalent linear techniques. The basic procedure was iterative;
maximum strains were computed at representative points tor each suil sublayer
or finite element. Values of shear modulus and damping corresponding to a
characteristic strain (65% of maximum in our analysis) were obtained from the
curves shown in Figs. 4.5 and 4.6. A new‘analysis was then performed using
the soil propertiés so determined. The process was continued until soil
propcrtice obtained in twn consecutive analyses differed by less than the
specified tolerance. »

Because only the "primary nonlinearity" is treated in the CLASSI analysis
(paragraph 3.2), this iterative pProcess was applied to the free-field
ground-motion problem. The soil profile, was discretized into a series of
uniform layers, and a one-dimensional wave propagation analysis was

performed. The excitations were vertically propagating shear and dilatational
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waves, normalized to a peak acceleration of 0.2 g on the soil surface. The
resulting equivalent linear material properties ére‘shown in Fig. 4.7,
discretized for the FLUSH analyses. Figure 4.7 also depicts the discrete
soii—layer model input to CLASSI. The mass density and Poisson's ratio
assumed for the analyses are summarized in Tablé 4.1.

Two cases were considered in the FLUSH analysis. The first, referred to
as "free-field properties,” corresponds to the representation of material
propefties discussed above. The second case is a result of applying the
iterative process to the coupled soil-structure syétem, which accounts for
both "primary" and "secondary" nonlinearities. We refer to this case as
"iterated properties.”

Finally, in both cases we assumed a constant Poisson's ratio, which ,
implies that bulk behavior of soil is functionally the same as deviatoric .
behavior. It is doubtful, however, that the degradation of stiffness observed
in shear behavior also oc;urs_in bulk behavior, espécially for saturated
soils. This assumptioﬁ requires further evaluation beyond the scope of this

. study.
4.3 THREE—DIMENSION@L STRUCTUkAL MODELS

Three structures were included in‘our SSI analysis--the two reactor

buildings, which we assumed were identical, and the AFT complex. Detailed

TABLE 4.1. Summary of soil properties.

Soil depth Mass density

(ft) (lb—secz/ft4) Poisson's ratio Description

0-6 3.6 0.39 Lake deposits above

water table-

6-36 4.1 0.39 Lake deposits below
. water table
36-111 4.4 0.46 : Glacial till
111- 5.0 0.27 Niagara dolémite
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three-dimensional struéturalrmodels developed for the SSMRP résponsé
calculations6 were used in our CLASSI and FLUSH analyses. These models are
capable of defining 'in-structure response at a large number of points, and
their sophistication r;flects current'state-of—the—art "best estimate"
modeling. The solution procedure in the final step of the substructure
approach, as implemented by CLASSI, permits the incorporation of extreme;y
detailed structural models (paragraph 3.2); In fact, the structural models
discusséd‘here were used directly in the CLASSI analysis. A two-stage
analysis was performed with FLUSH. In the first stage we used simplified
structural models based on their deéailed counterparts as described in
paragraph 4.5. In the second-stage analysis we used the detailed structural
models.

The fixed-base dynamic characteristics of the structural models were
obtained and serve as the basis of the following discussion. ‘Table 4.2
contains a summary of the importaht vibrational modes of these models. A
detailed description of the structures and the way in which they were modeled

'

may be found in Ref. 6.

4.3.1 Reactor Building Models

The two reactor buildings (Units 1 and 2) were constructed as mirror
images. For the purposes of this study, the structures were assumed to be
identical and were represented by the same models. As the containment shell
and the internal structﬁre composing the reactor building are connected only
through the basemat (Section 2.0), we modeled each structure separately.

The containment shell was modeled using a series of vertical beam
elements, with shear and bending characteristics appropriate for a circular
cylindrical shell. Masses and rotational inertias were lumped at nodal
points. Inertias affecting both bending and torsional response of the shell
were included. The top element Qas assigned special stiffness properties to
simulate the response of the elliptical dome. We investigated two fixed-base
conditions--one in which the shell was fixed at its basemat and one in which
it was fixed everywhere along the soil-structure interface. We found that the
difference in coupled SSI response was minimal in the two cases, and we used
the latter in the analysis. This is consistent with the basic assumption in
the CLASSI analysis that there is a rigid embedded cylindrical boundary at the

soil-structure interface. The model of the containment shell included 12
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TABLE 4.2. Summary of significant structural modes. Table includes all modes

baving at least 5% mass participation.

Frequency Participating

Mode number (Hz) mass (%)

Mode description

Reactor containment shell

1 4.8 77.6
2 4.8 77.6
3 8.5 | 84.6
4 12.0 | 92.3
5 14.8 16.0
6 : 14.8 ' 16.0

Reactor building internal structure

1 6.5 10.8

17 12.9 6.8
20 14.0 ‘ 11.5
22 ' 14.3 » 6.9

15.6
23 14.5 17.7
24 15.4 8.5
25 16.2 17.9
26 17.2 15.6
29 19.4 13.8
3Y 22.6 ©12.5
44 25.8 10.1
46 26.7 11.2
54 31.7 11.1

28

First N-S shear mode
First E-W shear mode
First torsional mode
First vertical mode

Secund N-8 shear modce

Second E-W shear mode

E-W lateral, steam‘genenators
E-W ‘lateral, pressurizer
compartment
Vertical, NSSS
E-W lateral,
reactor coolant loop
N=3 lateral rcaotor coelant
loop
E-W lateral,
reactor coolant loop
N-S 'lateral, steam generators
E-W lateral, steam generators
N-S lateral, steam generators
Torsion mode
N-53 shenr mode
Torsion mode
Torsion mode

Vertical mode



TABLE 4.2 (cont'd)

Fregquency Partiéipating
Mode number (Hz) mass (%) Mode descfiption
AFT complex

6 3.7 18.4 Torsion mode, turbine pedestal

7 3.7 17.4 E-W lateral, turbine building

8 3.8 25.8 Torsion mode, turbine building

11 4.8 17.4 N-S lateral, turbine building

12 4.9 6.9 E-W lateral, turbine and
diesel generator buildings

21 .5 21.3 E-W lateral, auxiliary building

22 8.8 6.6 N-S lateral, fuel-handling and
auxiliary buildings

22 8.8 7.1 Torsion mode, fuel-handling
and auxiliary buildings

24 9.9 6.5 N-S shear, turbine building

30 11.3 5.1 Vertical, auxiliary building

34 13.2 6.7 Vertical, auxiliary building

38 14.4 5.5 Vertical, fuel-handling and
auxiliary'buildings

65 21.2 9.2 E-W shear, auxiliary building
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modes below 33 Hz, and it was used for both the FLUSH and CLASSI‘analyses sO
that in-structhre response could be directly compared. Two-percent damping
was used.- for all modes. -

The reinforced cobcrete internal structure was represented by a
three-dimensional finite elément'model consisﬁing of plate and beam elements
and included a simplified model of the NSSS. Important modes are itemizedAin
Table 4.2. The internal structure model contained about 3800 structural
degrees of freedom; 60 modes, with 2% damping, were used to represent its

dynamic characteristics up to 33 Hz.

4.3.2 Model of the AFT Complex

The finitc clement model of the AFT complex efiployed thin plate and cshell
elemento to represent ;he concrete shear walls, and beam and truss elements to
model the braced frames. To reduce the number of dynamic degrees of frewdom
in the modal represéntation of this extremely complicated structure, mass was
lumped at selected node points, leaving other node pvints masélessﬂ This
method reduces the nﬁmber of dynamic degrees of freedom, yet retains the more
‘detailed stiffness definition of the model for computing modal ‘
characteristics. The location and number of lumped-mass points were chosen to
minimize the errors this procedure introduces ou Lhe responoc in the anxiliary
building area and to suppress "local modes" ‘in the turbine building.

The size of the model was further reduced by taking advantage of the
structure's pianat symmetry arounhd the centerline of the auxiliary and

fuel-handling buildings. Applying symmetrical and antisymmetrical boundary
' conditions at the centerline, we used a half-model to obtain the symmetrical
and antisyﬁmetrical modes of the full structure. In total, 113 modes were
used to represeﬁt the dynamic cﬁaractgristics of ‘the AFT compiex. Two-percent

damping was used for all modes.‘
4.4 CLAGRT BSI ANALYSIS:

As discussed in paragraph'3.2, the substructure approach divides the SSI
ptoblém into a series of simpler problems, solves each independently, and

superposes the results. There are three steps to the final solution:

.determination of the foundation input motion, determination of the foundation
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impedances, and analysis'of'the coupled soil-structure system. All
‘célculatibns are performed in the frequency domain.

_ The first two steps depend on the characteiistics of the soil and the
geometry and stiffness of the foundations. For our CLASSI analyses, we
modeled the vertical distribution of free-field soil properties (Fig. 4.7)
with_three soil layers and an underlying halfspace, using the average soil
properties (modulus and damping) within each layer. Preliminary calculations
indicated that this model of the soil'adequately represented its behavior in
the CLASSI analyses.

We computed the soil impedances and foundation input motions for the
reactor building foundations assuming that they were rigid cylinders with
radii of 78.5 ft, embedded 36 ft in soil. 'A previous study by Wong and
Luco2 concluded that embedment of the reactor building foundation has a
significant effect on reactor building response to earthquake excitations and
warrants the additional computational effort necessary for embedded

" foundations. The above assumptions are realistic for the reactor building
foundations, as they give an accurate representation of the actual geometric
conditions. .

We modeled the foundation of the AFT complex as a flat, T-shaped surface
foundation having the same plan configuration as the deeply embedded portions
of the actual structure. We corrected the impedances for embedment based on
studies which indicated that embedment has a. significant effect on horizontal
translations, due largely to radiation damping effects. Foundation input
motion was generated for an egquivalent embedded cylinder diécussed below.

We modeled foundation-to-foundation interaction effects using the same
methods as described above. The reactor building foundation impedances were
computed for an embedded cylinder. The AFT foundation impedances were for a
flat T-shaped surface foundation corrected for.embedment; Impedance terms for
interaction between foundations were computed for the multiple flat surface
foundations. The terms of the scattering matrix were the same as those for
the individual isolated foundations, with no coupling terms between
foundations.

The final step in the substructure approach is to perform the actual SSI
analysis. The results of the first two steps are combined with dynamic models
of the structures to solve the equations of the coupled soil-structure
system. The structure's dynamic characteristics are projected as modal

participation factors to a reference point on the foundation where SSI
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response of the foundation is determined. For a single rigid foundation, the
SSI response computation requires simultaneous solution of, at host, six
complex-valued equations for each frequency. The models used for the CLASSI
analyses are the detailed three-dimensional structural models described in
Section 4.3. |

Each step of the substructure approach is discuésed in the following

paragraphs.

4.4.1 Foundation Impedance Studies
/

Foundation impedances are complex-valued, frequency-dependent functions
relating the.dynamip forces the foundation exerts on ﬁhe suil te the resulting
- soil displacements. Impedance functione depend on the éeometry aud
flexibility of the foundation and on the dynamic characteristics of thé soil
deposit. For a single figid foundation, the impedance functions are defined
for each frequency by a 6 x 6, complex-valued matrix. Each complex term in
the impedance matrix can be regarded as a pair of normalized coefficients

representing the soil's stiffness and damping effects.7

Reactor Building. Figure 4.8 shows representative impedances for a rigid

embedded cylinder with a radius of 78.5 ft and an embedment depth of 36 ft.
We used this idealization for the foundatiuns of the reactor buildings. The
left half of each figure shows the real part of the impedance, which
represents the stiffness of the foundation-soil system. The right half shows
the imaginary part divided by frequency, which represents energy dissipation
in the soil medium, including poth radiation and material damping. These
impedances are the same as those used by Wong and Luco2 for their

seéheitivity studies.,

AFT Complex. Significant effort was devoﬁed to modeling the foundation of the
AFT complex. Our final model (for impedances) ldealized it as a flat,
T—éhaped surface foundation corrected for embedment éffects. In arriving at
this idealization, several cases were investigated.and are itemized below.

(In all cases, the bottom of the foundation was assumed to lie 42 ft from
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Fig. 4.8. (Continued). (c) vertical term K33, (d) rocking terms K44 and
Kgg, (e) torsional terms Kgg.

the soil surface, which corresponds to the average soil depth of the actual
foundation.) The cases examined in significant detail Qéré:
® Flat, 'I'-shaped su;facg foundation. The flat, T-shaped foundation

has the same configuration in the plan view as the dccply embedded
positions of the actual structure. Figure 4.9 shows a plan view of
the model's geometry, including the discretization used in computing
the impedances. One advantage of this idealization is the retention
of basic characteristics of the impedances, such as different

horizontal and rocking impedances for the two horizontal
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FIG. 4.9. Plan view of the AFT foundation model used for calculating
impedances for CLASSI analyses.

directions. Note that the reference point (origin of coordinate
system) is located approximately at the center of gravity of the
foundation shape and was selected to minimize the coupling
impedances between N-S horizontal and torsional motion, and vertical
and E-W rocking motion, as discussed below.

Equivalent embedded cylinder. A circular cylinder with dimensions
selected to yield egual surface area and excavated volume to that of
the actual foundation was considered. This resulted in an

equivalent cylinder with a radius of 175 ft and embedment depth of
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42 ft. 1Its impedance and scattering characteristics are discussed
below.

[ ] Circular plate. A circular plate with identical surface area to the
equivalent embedded cylinder.

@ Flat, T-shaped foundation corrected for embedment effects. The
flat, T-shaped foundation described above with each term of the

impedance matrix corrected for embedment effects.

Embedment effects for the AFT complex. The effect of embedment on the AFT

complex impedances was assessed by comparing the impedances of the eguivalent
embedded cylinder with those of the circular disk. Figure 4.10 shows this
comparison for horizontal, vertical and rocking terms. In general, the
embedded and flat foundation impedances agree well, al leasL in Lhe low
freguencies. One exception worth noting is the damping coefficient for the
horizontal term (Fig. 4.10a). From about 3 to 20 Hz the damping coefficient
for the embedded case is consistently higher than that for the flat case, due
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Fig. 4.10. Comparison of impedances for the flat circular plate and embedded
circular cylinder of the AFT complex. Shown are (a) horizontal translation
terms Ky and Kpj.
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Fig. 4.10. (Continued). (b) wvertical term K33, and (c) AFT complex flat
circular foundation, rocking term K44 and embedded circular cylinder,
rocking term Kgg.
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to the effects of radiation damping. We found that this difference was
significanﬁ; we performed SSI analyses of the AFT complex using impedances for
both flat and embedded cases and found that the flat case gave us horizontal

foundation response that showed spectral amplification greater than free-field

"values in the range from 3 to S5 Hz. This amplification was not present in the

results from the embedded case. Hence, we concluded that embedment effects

are significant for the AFT complex.

AFT complex foundation shape. The effects of foundation shape on the

impedances were assessed by comparing the impedances for the flat circular
plate described above with those of our flat, T-shaped foundation model. One
pffect is the coupling of translational and rotational motions caused by the
foundation's lack of symmetry in the east=west difection. In the case of a
circular plate, coupling impedances between horizontal translation and
torsion, and between vertical translation and rocking, are zero at all
frequencies due to symmetry of the foundation shape. For the AFT foundation,
the location where these terms decouple varies with freguency and, in general,
will not be the same for horizontal/torsional coupling as for vertical/rocking
coupling. At low frequencies, however, where the impedances are dominated by
soil stiffness, these locations remain fairly constant and close to that for
the static solution. To decouple these impedance terms for our T-shaped
foundation modél (Fig. 4.9), we selected our refefence point (the point at
which the impedances were. Lo be computed) on the centerline between Unit 1 and
Unit 2, near the boundary beltween the auxiliary and turbipe buildings. It was
important to select the reference point minimizing these coupling terms when
using and comparing with equivalent ¢ylindrical or ciroular plate properties.
Figure 4.11 shows our success in this regard. It compares the additional
coupling terms (N-5 translation/torsion and vertical translation/E-W rock;ng),
which we desired to minimize as described above, with the more common E-W !
translation/E-W rocking and N-S translation/N-S rocking coupling terms, which
Aarc generally nén—zero for the static solution. At low frequencies, below
about 4 Hz, the additionql coupling terms are very small. At higher
frequencies their magnitudes increase, but they remain small relative to the
horizontal/rocking coupling terms.

A second effect studied was differgnces in horizontal and rocking
impedances between the two horizontal directions. These impedances will be

identical for a cylindrical foundation with its reference point on the axis of
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FIG. 4.11. Comparison of impedances for the flat T-shaped foundation of the
AFT complex, showing the effect of shape on coupling terms.

symmetry, but not for an irregular configuration. The magnitude of the
difference in rocking impedances depends on differences in rotational inertias
of the foundation shape about the two horizontal axes. Figure 4.12 shows
comparisons of the horizontal and rockiny impedances for our T-shaped
foundation, with the impedances for the flat circular plate overplotted. 1In
Fig. 4.12a ﬁhe horizontal impedances for the T—shaped case are guite similar
and agree guite well with the flat circular plate case at all frequencies..
Thus horizontal impedances do not'appear to be affected much by foundation
shape. The rocking impedances (Fig. 4.12b) show the greatest difference
between the two directions. At almost all frequencies, rocking stiffness of
the T-shaped foundation about the E-W axis (denoted here as N-S rocking) is
three times as great as that about the N-S axis (identified as E-W rocking).
The rocking stiffness for the circular plate lies between the two stiffnesses
for the T-shaped foundation, being somewhat stiffer than the E-W rocking and

significantly softer than N-5 rocking.
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Corrected impedances for the AFT complex. Based on ‘the studies described.

above, we concluded that the impedances for the AFTAcomplex should include the
effects of foundation shape and embedment. We accomplished this by using the
impedances for the flat T-shaped surface foundation and applying a correction
for embedment. This correction consisted of computing the differences,
frequency by frequency, between the impedances for the eguivalent embedded
cylinder and the corresponding flat plate and adding these differences to the
impedances for the T-shaped. foundation. Figure 4.13 shows our final

impedances, corrected for embedment.

4.4.2 Foundation Input Motion

"Foundation input motion" denotes the motion at the soil-foundation
interface of a hypothetical massless structure and its foundation. This
motion differs from the free-field ground motion in all cases, except for

surface foundations subjected to vertically propagating waves. The two
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FIG. 4.13. Elements of the impedance matrix for the AFT foundation model
corrected for embedment. Shown are (a) the horizontal components.
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motions differ primarily for two reasons. First, the giee-field motion varies
with depth in the soil. Second, the soil-foundation interface scatters waves
because points on the foundation are constrained to move according to the
foundation's geometry and stiffness. When the effective stiffness of the
foundation is large compared to that of the soil, rigid behavior can be
assumed; the motion of the foundation is uniquely defined by six rigid-body
degrees of freedom—-three translations and three rotations. Foundation input
motion is related to each component of free-field ground motion through a
transformation defined by a complex-valued, freguency-dependent scattering
vector. This relationship is defined at each frequency'by a 6 x 3 scattering

matrix reflecting the three components of free-field motion.

Reactor Buyilding. Figure 4.14 shows, components of the scattering matrix for

the isolated reactor building. For our assumptions of vertically bcopaéqting
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FIG. 4.14. Scattering matrix for the two reactor building foundations. Shown
are (a) horizontal component caused by horizontal free-field motion,

(b) rocking component caused by horizontal free-field motion, and (c) vertical
component caused by vertical free-field motion.
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shear and dilatational waves impinging on a rigid embedded circular cylinder, -
horizontal free-field motion produces coupled horizontal/rocking motion at the
foundation. Because of symmetry, this effect is the same for both horizontal
directions. Vertical free~field motion results in pure, decoupled vertical
motion of. the foundation. Torsional motion of the foundation is zero\for

vertically incident motions and axisymmetric foundations.

AFT Complex. For the AFT complex we used the scatteriﬁg matrix for the
eguivalent embedded circular cylinder discussed previously. Wong and Luco
have shown that embedment effects can be significant for the foundation input
motion. Figure 4.15 shows the horizontal, rocking and vertical scattering
matrix components. Baéed on Wong and Luco's findings, we would expect the
scattering matrix for the embedded cylinder to produce lower horizontal

translation foundation input motions, at least at frequencies below about
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FIG. 4.15. Scattering matrix for the AFT foundation. Shown are

(a) horizontal component caused by horizontal free-field motion, (b) rocking
component caused by horizontal free-field motion, and (c) vertical component
caused by vertical free-field motion.
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5 Hz, than that which we would obtain by deconvolving the free-field motions
“to the elevation of the foundation. On the other hand, we would obtain
rocking components from the embedded case that we would not obtain otherwise.

The complexity of the AFT foundation motivated us to study it using
alternative techniques to gain more information concerning its behavior and
the uncertainty in modeling its scattering effects. To accomplish this, we
performed FLUSH analyses of N-S and E-W cross sections thréugh the AFT
foundation, assuming rigid massless properties for the struétures ahd
basemats. The cross sections correspond to Sections B-B and C-C of
paragraph 4.5.

Transfer functions between free-field surface motions and foundation
motions were nomputed with FLUSH to estimate components of the scattering
malrix. Tigurc 4.16 compares the amplitudes of the -scattering componcnte for
these two cross sections with those of the equivalent cylindrical foundation.
Figures 4.16a and 4.16b show the horizontal and rocking terms caused by the
horizontal'free-field motion. Figure 4.16c shows the vertical term caused by
vertiéal free-field motion. For horizontal free~field motion, the horizontal
scattering terms (Fig. 4.16a) compare well for frequencies below 3 Hz.
However, between 3 and 4 Hz, the horizontal terms from FLUSﬁ fall wéll below
that of the cylinder, and between 4 and 8 Hz they are significantly higher:
Above 8 Hz the results for the embedded cylinder are higher than those from
the FLUSH cross sections, especially in the range from 12 to 15 Hz. The
rocking component (Fig. 4.16b) shuws reasonably good agreement up to about
9 Hz, with FLUSH results generally higher where amplitication vccurs, and
significantly higher at high'frequencies. Thus, depending on the frequency
content of the free-field motion and the resohant freyuencies of the
soil-structure system, we might expect higher horizontal and rocking
foundation response [rom FLUSH Oor CLASSI in the ranges where their scattering
values are higher. . '

There is a difference between the vertical scattering terms for vertical
free-field excitation éomputed using FLUSﬁ and CLASSI (embedded cylinder).
This difference is in the frequency at which the minimum amplitude occurs
(Fig. 4.16c). The ‘CLASSI minimum occurs at about 7 Hz; the FLUSH at about
10 Hz. This difference also occurred for the reactor building scattering

matrices. Additional studies initially indicate that this is not a result of
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the FLUSH assumétion of a rigid boundary. Other possible causes, such as tyq-
vs three-dimensional effects on soil stiffness, have yet to be studied. This
is a subject that warrants further investigation.

Additional écattering terms resulted from the FLUSH analysis that do not
occur for the embedded cylindef because of its symmetry. These terms-are a
vertical scattering term caused by E-W horizontal free-field motion and an E-W
- rocking term caused by vertical free-field motion. Both terms were obtained
from the FLUSH E-W cross section, Section C-C (paragraph 4.5) and are a result
of the asymmetry of that section. Because of the two-dimensional nature of
the FLUSH analyses, we would expect these terms to be somewhat different for
the T-shaped AFT foundation, and the vertical value would vary depending on
its horizontél location in the cross section. ,

All of these analyses required simplifications, In the CLASSI analyols,
a cylindrical shape was assumed. In the FLUSH case, plane strain analys$is was
performed, which does not duplicate three-dimensional behavior over the réqge
of frequencies. In addition, our attempts to simulate a rigid foundation in
the FLUSH analyses met with only partial success. Hence neither result can be

considered exact, and differences are examples of uncertainty in SSI modeling.

4.4.3 Structure-Structure Interaction

We accounted for.interaction bétween thé foundations of ﬁhe AFT complex
and the two reactor buildings by computing impedances using flat, rigid
:surface foundations ¢oupled ohly through the underlying soil layer. This was
accomplished in much the same way as for the isolated AFT complei, except that
the impedance matrix for each fregiiéncy was an 18 x 18 matrix, with the 6 x 6
off-diagonal blocks representing the coupling terms between the foundations.
In the CLASSI algorithm, the compliance matrix is computed first and then
inverted tu ubtaiq tho impedance matrix. .The 6 x 6 diagonal blocks of the
compliance matrix were the same as those computed for the isolated
foundations: the AFT foundation was mbdeled as a flat T-=shaped foundation,
corrected for embedment as described above, and the feactor‘building
foundations were modeled as embedded cylinders. The coupling blocks were
computed for multiple flat foundations. The inversion of the coupled
compliance matrix results in an impedance matrix in which diagonal blocks have

been modified from the isolated case to include approximate coupling effects.
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Figure 4.17 shows a model of the coupled foundation system, including the
discretization used in computing the impedances for the coupled foundations.
Figures 4.18a-e show a comparison of isolated and diagonal block coupled
impedances for the AFT complex. These comparisons show very little difference
between the isolated and coupled foundations. The only significant difference
occurs in the frequency range of 10 to 15 Hz. Figures 4.19a-e show the
comparison for the reactor buildings. Again, with the exception of the

horizontal/rocking coupling terms, the same observations can be made. The
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FIG. 4.17. CLASSI foundation model of the coupled AFT complex and reactor
building foundations. The discretization used to compute impedance functions
is shown.
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horizontal/rocking terms, however, (Fig. 4.19b) are quite different, the
isolated reactor foundation term being more than double the coupled foundation
terms at low frequencies.

Figures 4.20a-b illustrate the coupling between foundations. Figure
4.20a shows the E-W horizontal terms for the AFT complex and the reactor
building, compared with the term coupling the two foundations for the E-W
translation. Fiqure 4.20b shows the same for the vertical translation. Note
that, in general, the coupling terms for both components are significant when
compared with the terms for the reactor building, but not when compared with
the terms for the AFT complex. Thus we would surmise that, based on the soil
impedances at least, structure-to-structure interaction would have a greater

effect on the reactor buildings than on the AFT complex.

4.4.4 Dynamic Effects of Structures

Because of the way in which the substructure method is formulated, we

were able to represent the dynamic effects of the structures on their
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foundations with the same degree of accuracy as in the detailed
three~dimensional models. We also attained this accuracy in our model of the
in-structure response. This was accomplished by projecting the dynamic
characteristics of fixed-base structures~--mode shapes and frequencies, and
mass and spatial relationships--to a reference point on the foundation at
which the foundation's SSI response was to be computedj Because the
foundation was assumed to be rigid, the dynamic representation of the
structure was reduced to six dynamic inertial paramefers for each mode and a
6 x 6, rigid-body mass matrix of the structure about the reference point.
Data may be similarly condenseé for in-structure response, as the modal and
spatial relationships are needed only for those degreés of freedom for which

response is desired.
4.5 FLUSH ANALYSIS

Two SSI problems were addressed in our,study——analysis of the Zion
reactor buwilding as an isolated structure and analysis of the entire Zion

nuclear power plant. The first case represents a well defined problem for
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Shown are the structure-to-structure coupling
terms compared with diagonal terms for (a) the E-W translation coupling term
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56



which differences in the idealizations of the direct method and the
substructure approach were minimal. The result serves as a benchmark for the
two procedures. Analysis of the entire Zion plant, on the other hand,
required significané simplifications for a FLUSH or CLASSI analysis. Many
features of the FLUSH analyses were described in paragraphs 3.1, 4.1, and 4.2;
the remainder are described here.

Qur basic procedure was to identify slices or cross sections of the
facility for analysis, to construct models for the soil and structures in each
slice, and then to perform first-stage FLUSH analyses (horizontal and
vertical) and second-stage structural analyses to obtain the detailed response

necessary for comparison with the CLASSI results.

4.5.1 First-Stage FLUSH Analysis

. The first step in the analysis was to specify the free-field motion
(paragraph 4.1). In our studies, the control motion was always specified on
the surface of the soil, and vertically propagating shear and dilatational
waves were assumed to be the wave propagation mechanism at the site. In
performing the FLUSH analysis, deconvolution was employed to determine the
motion throughout the soil deposit in the free field corresponding to the
lateral and bottom boundaries. The bottom boundary was located‘at the
soil/rock interface (Fig. 4.5) and was assumed -rigid. The lateral boundaries
were assigned transmitting propertieé to simulate free-field conditions.

We performed iterative FLUSH analyses for the horizontal excitation
acting in the plane of the cross section.. Strainfcompatible soil properties
were iterated to convergence in each soil element of the model. Our initial
soil property estimates were based on free-field values used in £he4CLASSI
analysis. Using the strain-compatible soil properties obtained from theA
horizontal analysis, we analyzed the vertical excitation. Response time
histories at selected locations on the basemat and in the structures were
computed. The basemat response (translations and rotations) became the input
for the second-stage analysis.

In general, depending on the symmetry of the foundation and‘the locations
of response, the separate horizontal and vertical analyses resulted in
horizontal, vertical, and rotational responses in the plane of the créss
section. In our analysis the two earthguake components were assumed to occur

simultaneously, and like responses were combined by linear superposition. At
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basemat locations where two analysis cross sections intersected, we obtained
estimates of three-dimensional response, excluding torsion. However, each
cross section was analyzed for vertical excitations, leading to a nonunigue
prediction of vertical foundation motion. An additional uncertainty is
introduced when parallel cross sections modeling the same structure lead to
different foundation responses for all degrees of freedom. We considered both

of these situations as sources of uncertainty within an analysis procedure.

4.5.2 Modeling Structural Foundations

To model the structures' foundations it was necessary ta idealize their
stiffness and geometry. In all of our analyses the foundations were assumed
to behave rigidly. This is a very good assumption for the foundation of the
reactor building, where efféctive stiffness is due to the foundation itself
and to the stiffeﬁing effect of the containment shell and internal structure.
The foundation of the AFT complex, however, was expected to behave in a
flexible mannef——especially with respect to rocking and vertical
deformations. The procedure for determining the effective stiffness of the
AFT's foundation, accounting for the stiffening effects of the numerous walls
and floor slabs, and reducing this three-dimensional behavior to two
dimensions is not straightforward. Odr initial assumption, therefore, was to
model it as being rigid. The reactor building's foundation was assumed to be
a right circular cylinder embedded 36 ft. The foundation width and
out-of-plane dimension (slice thickness) were chosen to provide soil shear and
rocking stiffnesses approximately equivalent to those for a circular
foundation shape. The geometry of the AFT's foundation for SSI analysis
depended on the cross sections treated by FLUSH and is discussed later in this

“

section.

4.5.3 Simplified Structural Models

In practice, the structural models used in a direct method of analysis
represent only the overall dynamic behavior of the structure, and a
second-stage strucfural analysis is usually performed using the results of the
SS8I analysis as excitation. The result of the second=stage analysis is the
detéiled three-dimensional response to two horizontal ‘components of foundation

motion, two rocking components and one vertical component. We followed this

58



procédure, using the structural models described in paragraph 4.3. In the
first-stage analysis, the model for ﬁhe reactor build&ng‘s containment shell
wés identical to the model described in paragraph 4.3. Simplified models of
the reactor building's internal structure and of the AFT complex were
developed according to a modal equivalence principle. ‘ '

There are several methods of developing simplified structural models for
the SSI analysis. The modal equivalence prinéiple permits modeling more modes
fhan does a continuousvbeam or element representation. Thé basic procedure is
to develop a series of single-degree-of-freedom (DOF) models, each designed to
represent one mode of the structure. The ffequency, mass, and mass location
of each single-DOF model are selected to match the modal frequency, mass, and
moment about the foundation as determined from the detailéd model. Judded on
the basis of their modal participation factors, only the most important modes
are included. Any residual maés or rotational inertia not represented in the
dynamic models is added fo.the foundation to ensure proper modeling of rigid
body behavior. The resulting models for the internal structure and AFT

éomplex are described in the next section. .

4.5.4 Selection of Cross Sections for SSI Analysis

The principal objectives of our FLUSH SSI analyses were first, to obtain
estimates of three-dimensional foundation response for use in detailed
structural analysis and comparison with CLASSI and second, to analyze a
relatively simple problem, with a minimum number of modeling assumptions, that
could serve aé a. benchmark comparison between FLUSH and CLASSI. Effort toward
meeting our first objective centered on the AFT complex, whereas achieving our
second objective invol&ed benchmark comparisons performed on a model of the
reactor building, which assumed it to be an isolated structure.

The basic forhulation in FLUSH is two-dimensional; hence, analyzing thé
entire Zion plant requires considering several slices through the layout.

Each slice ‘is analyzed independently, assuming structural response to be
uncoupled in two orthogonai horizontal directions. The results are combined
in the second-stage analysis. We selected three cross sections for FLUSH
analysis, identified in Fig. 4.21 as A-A, B-B, and C-C. Elevation views
showing the FLUSH model for each cross section appear in Fig. 4.22a-c. Figure
4.22d shows a FLUSH model of the reactor building as an isolated structure, as

it was used for our benchmark case.
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As mentioned in paragraph 4.5.2, we assumed the structural foundations to
be rigid. Figure 4.21 illustrates this assumption by showing the idealized
foundations as an assembly of rigid, plane strain, finite elements for
borizontal portions, interconnected by rigid beam elements that simulate
exterior walls. The dynamic effects of the structures were modeled using the
modal equivalence principle or, as in the case of the reactor containment
shell, using a lumped mass beam model. Residual structural mass not included
in the model was distributed over the foundations. Loads from the structures
(base éhear and overturning moments) were distributed over the foundation
model by means of rigid beam elements extending from the base connection
points of the structural models to points on the foundation.

We analyzed each FLUSH model for hérizontal and vertical free-field
excitations. By computing horizontal, vertical, and rocking foundation
motions at the point corresponding to the foundation reference point
(Fig. 4.17), we combined the foundation motions for horizontal N-S and E-W and
for vertical free-field excitations from intersecting pairs of cross
sections. This enabled us to obtain three-dimensional motion of the AFT
foundation. The following paragraphs describe each of the cross sections
modeled. The models employed symmetry conditions and transmitting boundaries
to the extent it wés possible. The process of combining the foundation
response from individual analyses and the description of the second stage

analyses are contained in Section 5.0.

Cross Section A~-A. Section A-A is a north-sbuth slice taken through the

center of the reactor buildings and through the western end of the auxiliary
building. The model (Fig. 4.2la) is symmetrical about the right side, which
is located at the centerline of the AFT complex. The reactor building
foundation was modeled with a set of rigid, plane strain finite elements. The
foundation horizontal and out-of-plane dimensions were selected so that the
.translational.and rocking characteristics of the resulting rectangle resting
on soil were close to those of the actual cylindrical shape. The reactor
containment shell was modeled with a lumped-mass beam finite—elemént model
that was, except for embedment, identical to the model used for the CLASSI
analyses. Below grade this shell model was flexible and bonded to the soil’
borizontally by rigid links, whereas the CLASSI structure model was assumed
harizantally rigid below grade. This was expected to introduce only small

differences in response. The soil region between the containment shell and
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auxiliary building was assumed to be void. Elements shown in this region are
massless and of very low stiffness. The actual behavior in this region is
difficult to predict.

In a two-dimensional representation, the relative configurations of the
reactor building and AFT complex are significantly simplified--the separation
between structures is assumed constant and infinite in length.

Thé reactor building intgrnal structure was modeled using the modal
eguivalence method described in the previous section. The model-contained
eight modes, six representing N-S horizontal motion and two representing
vertical motion. The modal mass of these eight modes represented 62%
(hdrizontal) and 15% (vertical) of the total structufal mass. This was about
80% of the effective modal mass fof freguencies below 20 Hz., The remaining,
or residual, mass was distributed over the basemat, accounting for rotational
inertia and minimizing local deformations in the basemat. Both the
containment shell and internal structure models were connected to the basemat
at the center, and the resulting inertial loads were distributed throughout
the basemat by means of rigid beam elements extending from this connection
point.

We modeled the auxiliary building foundation with a block of rigid, plane
strain elements. The structure was modeled using the modal egquivalence
principle. The single-DOF models comprising the structural model were
connected to the foundation block at the centerline 15 ft below giade, and
their inertial loads were distributed over the foundation in the same manner
as they were for the reactor building. We selected the modes for the model
from an eigenvalue analysis of a reduced AFT complex model, i.e., the
auxiliary and fuel-handling buildings. We identified 10 N-S and 10 ve;tical
modes having significant mass participation below 25 Hz. The resulting modal
mass of these 20 modes represented 73% (horizontal) and 52% (vertical) of the
total structural mass. The residual\mass was distributed over the foundation
as before. Because of constraints on the out-of-plane dimension imposed by
modeling the reactor building foundation, the foundation area used for the
auxiliary building model was about 22% of the actual area. All masses were
factored by this value to maintain consistency withlthe actual bearing
pressure of the structure on the soil.

We should note that in modeling the AFT complex through this cross
section, we were faced with a difficult modeling issue--how to model the mass

and stiffness of an irregularly shaped structure and foundation in two
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.dimensions and still.maintain an appropriate relationship between it and other
structures. This issue occurs whenever average properties for the structure
cannot be established for the analysis slice. In particular the dilemma .
arises when considering structure-to-structure interaction, where the mass
ratio between structures is an important parameter. In general, the more
massive structure has the greatest effect on the neighboring structure. At
Zion, the AFT complex is expectéd to affect the reactor building response. ToO
capture this aspect of dynamic behavior, the mass ratio of the two structures
is important. On the other hand, when modeling only a portion of the
foundation, such as the Zion auxiliary building, including the entire mass of
the structure will predict disproportionately high stress levels in the soil
and distort structural responsé. This is especially true when nonlinear soil
behavior is being approximated. 'To maintain reasonable lévels of stress in
the soil, a structure and foundation mass proportional to the foundation area
is required. Hence, two alternativeé arise--the mass of the structure and
foundation model can be selected to yield the expected soil-bearing pressure,
or the horizontal, vertical, and rotational inertia of the portion of
structure within the analysié slice or the total mass of the structure
including those portions outside the analysis slice can be included. The
former case is deficient, especially in the prediction of structure-to-
structure interaction effects. The latter approach overcomes this aspect but
clearly leads to shifts in the amplitude and fregquency content of the
complicated structure--in our case, the AFT complex. We selected the first
alternative. However, this aspect of the model clearly inﬁroduces a source of

uncertainty.

Cross Section B-B. Section B-B is a north-south slice taken through the

turbine building between the turbine pedestals and the auxiliary building.

The FLUSH model (Fig. 4.21b) is symmetrical about the centerline of the AFT
complex. The basemats were modeled with the rigid, piane strain finite
elements and the exterior walls with rigid beam elements. The out—-of-plane
dimension was selected so that the foundation area corresponded to that of the
turbine building. Similarly, the mass properties of the structure and
foundation corresponded to those of the turbine building area of the AFT
complex. The structural modes included in the model were identified with
either response of the turbine building élone or significant overall AFT

complex modes. 1In the latter case, the modal mass represented by single-DOF
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models was in proportion to the turbine building relative to that of the total
AFT‘compléx. Residual structural mass was, again, distributed over the
basemat. The single-DOF models representing the structure were connected to
the basemat at the plane of symmetry and their dynamic loads distributed to

the basemat by rigid beam elements.

Cross Section C-C. Section C-C extends east and west along the centerline of

the AF1 complex. The FLUSH model of the foundation (Fig. 4.2lc) consists of a
series of rigid, plane strain finite elements representing the basemats, which
are connected by rigid beam elements representing the exterior»walls of the
foundation. The cut-of-plane dimension was chnsen to give the model the same
area és that of the entire AFT complex. An equivalent‘modal model was used to
represent the dynamic effects of the AFT structures below 20 Hz. The model
used 15 horizontal modes, which accounted dynamically for about 70% of the
structural mass in the E-W direction and about 50% of the rocking Lnertia.’
Fifteen modes were used to account dynamically for about 50% of the mass

vertically.
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5.0 DISCUSSION OF RESULTS

In the course of this study we performed numerous analyses using CLASSI
and FLUSH to obtain estimates of the response of structures subjected to
free-field earthquake motions,'including the effects of soil-structure
interaction. We used the CLASSI and FLUSH computer‘codes to analyze the Zion
reactor buildings and AFT complex, first assuming then to be independent
structures isolated from each other, and second including the effects of
structure~to-structure interaction. We made a number of comparisons in an
ettempt to obtain estimates of the variability in response due to analysis
methods, first for a well defined, easily idealized problem which serves as a
‘benchmark reflecting optimum modeling conditions, and second for more
complicated problems involving more and grosser assumptions.

Our first set of CLASSI vs FLUSH'comparisons were made for our simplest
prob;emf—that of the isolated reactor building excited by one horizontal and
one vertical component of free-field motion. Next we studied how
structure-to-structure interaction affected the variability of the reactor
building response using CLASSI and FLUSH. We then made similar comparisons
for the AFT complex, first as an isolated structure, then including
structure-to-structure interaction. Finally we studied how
structure-to-structure interaction affected structural responses by comparing
results from CLASSI analyses for isolated and multiple structures. Tables 5.1
and 5.2 summarize the analyses we performed and indicate the paragraphs where

the results are discussed.
5.1 SSTI ANALYSIS OF THE ISOLATED REACTOR BUILDING

To obtain an estimate of the best agreement we could expect from CLASSI
and FLUSH, we performed SSI analyses of the Unit 1 reactor building, assuming
it to be isoiated from the other plant structures so that interaction between
foundations did not occur. In terms of feundation geometry and other modeling
assumptions, this represents the simplest problem available to us from our
work on the Zion facility for the SSMRP.

We analyzed the reactor building for the N-S and vertical components of
. the synthetic and El Centro earthquakes, using both the FLUSH and CLASSI

formulations. Our principal objective was to study the variability between
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TABLE 5.1. Summary of Zion reactor building SSI analyses.

Excitation Results
Analysis El Centro Synthetic presented
cLassI®
® Isolated structure and foundation x X 5.1.
® Stfucture-to-structure interaction X ; X 5.2, 5.5
FLUSHb
® Isolated structure and foundation--
cross section of Fig. 4.21d
» Ilerated soil properties Tox X 5.1.1,
5.1.2,
5.1.3
® Free-field soil properties X x 5.1.3
® First-stage vs. sccond-stage x X 5.1.1
® Without foundation rocking input motion X X 5.1.2
® Structure-to-structure interaction p 5.2

8a11 cLassI analyses idealized the reactor building foundation to be embedded.

bAll FLUSH results are from second-stage structure analysis unless otherwise.

stated.
TABLE 5.2. Summary ot 2ion Ar1 complex 8SSI aualyses,
Excitation Results
Analysis El Centro Synthetic presented
CLASSI
@ Isolated structure and foundation X 5.3
® Structure-to-structure interaction X 5.4, 5.5
FLUSH '
® Isolated structure and foundation ‘ X 5.3
@ Structure~to-structure interaction : X 5.4
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responses from the CLASSI analyses and from the two-stage FLUSH analyses, in
which the second stage provided detailed structural response equivalent to
that obtained directiy by CLASSI. However, for the isolated reactor building
study, we obtained results from the FLQSH analyses using several methods soO
that other comparisons could also be made. The responses that we computed
included foundation motions at the top of the reactor building basemat on the
axis of symmetry and in-structure response at the top of the containment shell
dohe at the centerline aqd on the operating floor, approximately 50 ft off the

centerline, Table 5.3 summarizes the results of our principal analyses.

TABLE 5.3. Summary of reactor building peak accelerations obtained from
CLASSI and FLUSH analyses for an isolated foundation. Translations are given

in ft/secz. Rotations are given in rad/secz.

Synthetic earthquake El Centro earthguake
CLASSI FLUSH method CLASSI FLUSH method
Location method SSI 2nd stage method SSI 2nd stage
Top of foundation mat
N-S translation 3.87 4.19 (4.19) 5.47 5.71 (5.71)
Vertical translation 3.44 3.75 (3.75) 2.67 3.18 (3.18)
N-8§ rocking 0.0344 0.0375" (0.0375) 0.0270 0.0281 (0.0281)
Top of containment shell
N-S translation 12.69 12.31 12.19 10.94 10.84 ‘10.65
Vertical translation 5.40 - 5.52 8.66 - 9.34

Operating floor at pressurizer
N-S translation 4.52 _ NA 4.24 5.70 NA 6.12
Vertical translation 3.55 NA 4.34 2.72 NA 3.03

Free field
N-S translation 7.33 7.33 - 6.49 6.49 -
Vertical translation 4.34 4.34 - 3.92 3.92 -
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The foundation responses from the FLUSH and CLASSI analyses for the
synthetic and El Centro earthquakes are shown in Figs.. 5.1 and 5.2. The
frequency content of the motion, as characterized by épectral accelerations,
closely follows the free-field motion up to frequéncies approaéhing those of
the coupled soil=-structure system. Above this frequency, foundation motions
are reduced relative to the free field. An interesting observation pertains
to the effect of the control motion on the character of the response. Compare
the reduction in foundation motion relative to the free field for the El
Centro (Fig. 5.1) and the synthetic (Fig. 5.2) earthquakes. The zero period
amplitude (ZPA) for horizontal motions is reduced about 40% for the synthetic
earthquéke but only about 15% for the El Centro earthguake. Examination of
the free-field response spectra reveals amplif;ed séectral accelerations over
a wider frequency range (1 to 10 Hz) for the El antro earthquake. The
broad-band nature of this motion leads to higher response than for the
synthetic earthquake. Reduction in the ZPA for vertical motions is similar
for each earthquake.

The comparison of foundation response spectra computed by CLASSI and
FLUSH shows excellent agreement for horizontal motions. The greatest
difference occurs between 3 and 4 Hz, where the CLASSI results show a dip not
present in the FLUSH results. This frequency range coincides with the rocking
fregquency of the foundation. A difference of similar magnitude occurs at
about 10 Hz. The response spectra of the rocking accelerations &t the basemat
(Figs. 5.1c and 5.2c) also agree quite wgll. This is due, at least in part,
to the care taken in determining the FLUSH equivalent foundation dimensions,
which resulted in equal moments of inertia for the two representations.

This is an important consideration when reduced foundation and structure
models (such as two-dimensional representations) are regquired. In those
cases, foundation dimensions must be selected to match the expected dynamic
behavior of the three-dimensional configuration.

At the top of the containment shell and on the operating floor, the
comparison between the CLASSI results and second-stage FLUSH results was guite
good for horizontal response but somewhat anomaloué for vertical'response.
Table 5.3 summarizes peak accélerations, and Figs. 5.3 and 5.4 show response
spectra at 2% damping. Peak horizontal accelerations compare well--within
2 to 8%. Horizontal response spectra match closely in frequency countent, with
~some diffgrences in amplitude at the resonant freguencies of the coupled

soil-structure system. The largest difference approaches 40%, but in general
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the match is much'closer. The FLUSH results are shown for iterated soil
properties, which account for secondary nonlinearities in the soil. When
free-field soil properties corresponding to the CLASSI analysis are used, the
agreement between CLASSI and FLUSH is even closer.

The comparison of verticai response predicted by FLUSH and CLASSI was
inconsistent for the two control motions. Consider the El Centro earthguake.
Figure 5.2b shows the foundation motion predicted by FLUSH and CLASSI compared
to the free-field motion. The response spectra show a difference in amplitude
of up to 40% in the 6 to 15 Hz range, with the shape being somewhat similar.
This difference appears to propagate thrbugh_the containment shell and
internal structure, as shown in Fig. 5.4. The shapes of the resulting
response spectra are similar--differences are mainly in the amplitude of
response. Foundation motion predicted by FLUSH and CLASSI for the synthetic
earthguake (Fig. 5.1b) compare well. However, in-structure vertical response
(Fig. 5.3) differs in fregquency content and amplitude, particularly at the top
of the containment shell. These results were somewhat surprising in light of
the good agreement for horizontal response and led us to investigate further.

® The results shown in Figs. 5.2 and 5.4 indicate greater energy
dissipation in the CLASSI analysié'than in FLUSH. One potential
source of additional energy dissipation was the treatment of
bedrock. In the CLASSI analysis, bedrock is modeled as a
visco-elastic half-space, whereas in the FLUSH analysis, the bottom
boundary of the model is assumed rigid, which is equivalent to a
rigid half-space.

Examination of the imaginary part of the vertical impedance for
several assumed values'of bedrock stiffness showed little
variability; hence, we discounted this as a source of the
differences.

° We obtained additional FLUSH results in a form compatible with the
intermediate output of CLASSI. A vertical scattering matrix was
computed from FLUSH and compared with CLASSI. Differences were
clearly present--the CLASSI scattering matrix bhas a minimum at abuut
6 Hz, whereas thé FLUSH results showed a corresponding'minimum at
about 10.5 Hz. This indicates a difference in basic behavior
between the two models, a difference which requires further

evaluation.
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Table 5.4 summarizes the variations in acceleration response spectra over the

entire freqguency range.

5.1.1 Two~Stage Analysis vs Single-Stage FLUSH Analysis

We compared structural response from the first-stage (FLUSH) and seéond
stage (FLUSH/CLASSI) analyses at the top of the containment shell to deﬁermine
how well the two-stage method reproduced the results obtained directly from
FLUSH. We would expect minimal differences because the structural models of
the containment shell for both cases were virtually identical and adequate for
modeling its expected dynamic behavior, i.e., uncoupled motion in two
horizontal directions and the vertical. The only significant difference
between the twe models was their assumed‘bqhavior below grade=-=the CLASSI
model was assumed rigid, whereas the FLUSH model was bonded to the soil at the -
exterior walls and included the bending flexibility of the shell. 1In
addition, the second-stage of the two-stage analeis uses modal coordinates
and the FLUSH analysis does not. A comparison of response spectra of the

horizontal accelerations at the top of the shell for the synthetic and El

TABLE 5.4. Variations in acceleration response spectra (2% damping) for the

reactor building, assuming an isolated foundation. Differences are given in

percene.
Horizontal Vertical
Amplified Amplified
frequency range frequency range
Location ZPA ' Typical Extreme 2PA Typical Extreme
Top of foundation <10 <10 35 <20 <20 40
Operating floor <10 . <10 20 <25 <20 60
at pressurizer
Top of containment <5 <10 40 <10 <10 40

shell

78



Centro earthquakes is shownlin Fig. 5.5. 1In both cases the response from the
two-stage analysis agreed very well with that from the single-stage analysis.
However, similar analyses usingifree—field soil properties showed spectral
differences of about 20%. Spectra of vertical accelerations were virtually
inaistinguishable. | ‘

For more compliéated structures such as the Zion AFT complex, uncertainty
introduced by the two-stage process was expected to be considerably
greater.8 . When simplified structural models are reguired to perform SSI
analysis, the inability to include many modes and coupled dynamic behavior
‘between various'coordinate directions leads to differences in structural
response deterﬁined by first-stage vs second-stage analyses. Although our
modal equivalent structural_models for the AFT complex represented as accurate
a first-stage model as possible, we would expect differences between
first-stage and second-stage results to appear. To assess their magnitude,
significant post-processing of the FLUSH results would be fequired. This was

not done but would be a valuable task for future consideration.

5.1.2 Effect of Foundation Rocking on Structural Response

Many two-stage analyses berformed in the past have ignored foundation
rotation as an excitation in the second»stége. However, if is important to
include if one hopes to produce consistent results. To demonstrate the
necessity of including both translations and rotations in the second-stage
analysis, we performed our.second-stage analyses with and without rotations
and then compared the results.

The quantity of interest was horizontal response at the top of the
containment shell and on the operating floor. Figure 5.6 shows the
comparison. At the top of the containment shell (Fig. 5.6a), the resonant
frequency for the analyses without foundation rocking shifted from near the
rocking frequency (about 3 Hz) to the fixed-base fundamental frequency of the
shell (about 5 Hz). Note that omitting basemat rocking reduced the peak
spectral response for the synthetic earthquake by about 10%, but it increased
response for the El Centro earthquake dramatically. This graphically
illustrates the effect that freqguency characteristics of different earthquakes
can have on response. Similar differences are seen in the response sbectra of
the horizountal accelerationc on the operating floor (Fig. 5.6b). The

differences are not qguite as pronounced here, probably because the location is
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lower in the structure and because the response of the internal structure is
essentially high frequency and is not dominated by any single mode.
Differences in peak accelerations varied by lesé than 25% at both locations,
in contrast to the marked differences in spectra.

These results clearly show the importance of including foundation rocking
in the second-stage analysis. In addition, translation and rocking have a
definite phase relationship; treating each independently and combining the
results without maintaining this relationship produces erroneous results. The
effect of ignoring foundation rotations shifts the frequencies of in-structure
spectra from the coupled soil-structure system frequencies to the fixed-base
structural frequencies. The implication of this effect for subsystem and
equipment design is clear.

Figure 5.6 illustrates the frequency shifts and differences in
amplitude. Note that no consistent trend is appaient, such as one case always
predicting higher results. Other factors such as the properties of the soil,

fixed-base structure, and input motion can influence the results.

5.1.3 Effects of Adjusting Free-Field Soil Properties for Secondary

Nonlinearities

As we stated earlier, our principal comparisons were based on FLUSH
analyses that had been iterated to obtain spatial variations in soil
properties within a given soil layer, reflecting the secondary effects of
structure response on soil properties. By comparing two-stage FLUSH analyses
that assumed free-field properties with our iterated FLUSH analyses, we
examined how these secondary soil nonlinearities affected structural
response. Figures 5.7 and 5.8.show results for the synthetic earthquake.
Differences are generally quite small. This is no doubt due to the small
difference between iterated and free-field soil properties, wﬁich was
generally less than about 20%. The El Centro earthquake results were
similar. These variations appear to result from differences in the rocking
motion of the basemat and its subsequent effect on in-structure response. The
differences in basemat rocking may be attributable to changes in soil bulk
stiffness caused by assuming proportional bulk and shear modulus. . Note that
rocking is reduced for the free-field propertiés, bringing it closer to the

CLASSI result (Fig. 5.1c). Vertical response is minimally affected.
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5.2 RESPONSE-OF REACTOR BUILDING PREDICTED BY CLASSI AND FLUSH, INCLUDiNG.
STRUCTURE-TO-STRUCTURE INTERACTION

We next compared the response of the Zion Unit 1 reactor building,
including structure-to-structure interaction as predicted by CLASSI and
FLUSH. Again, two components of free-field motion were included--the N-S and
vertical--but only the synthetic earthquake was considered. A summary of peak
accelerations is shown in Table 5.5. On fhe average, the FLUSH results are
about 30% less than the CLASSI responses, varying from about 90% of the CLASSI
vertical foundation acceleration to 50% of the CLASSI rocking acceleration. A
comparison of'the accelerations with those of Table 5.3 for the isolated
foundation shows the CLASSI results increaséd by over one-third for the
coupled foundations while the FLUSH results actually decreased fér most
' responses.
Figures 5.9 and 5.10 show cémpatisons of response spectra on the

foundation and at the top of the containment shell. On the foundation the

TABLE 5.5. Compa%ison of CLASSI and FLUSH analyses of coupled
foundations for the reactor buildings. Table shows a summary of
peak accelerations in the reactor buildings. Translations are

given in ft/secz. Rotations are given in rad/secz.

Location and component CLASSI analysis FLUSH analysié

Foundation at reference point

N-S translation 4.92 3.82

Vertical translation 4.10 : 3.76
N-S rocking .0438 .0233

Top of containment shell
N-5 translation 15.79 - 9,38
Vertical translation 6.40 5.83

Operating floor -
N-S translation 6.51 4.73
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CLASSI spectral peaks for the N-S traﬁslation (Fig. 5.9a) are up to 50% higher
than those from FLUSH in the frequency range between 2 and 4 Hz. For rocking
(Fig. 5.9c) the CLASSI response is bver 150% higher at the primary rocking
frequency (2.5 to 3.5 Hz). Vertical response on the foundation (Fig. 5.9b)
appears to agree fairly well. At the top of the containment shell, spectral
accelerations for the N-S translation (Fig. 5.10a) reflect the differences
seen in the foundation N-S translation and rocking. Here the CLASSI spectral
peak is about 135% higher than the FLUSH value. For vertical response

(Fig. 5.10b), there is a high peak in the CLASSI response spectrum at about 10
‘to 15 Hz which does not exist for FLUSH. This peak is a result of
structure-to-structure interaction between the.reactor buildings and the AFT
complex. It is not present in the FLUSH results for reasons given below.

Ir we compdre Figs. 5.9 and 5.10 with Figs. 5.1 and 5.3 for the isolated
foundation we see that most of the differences on the foundation are results
of the modeling of the coupledepundation system. On reviewing the modeling
assumptions of CLASSI and FLUSH in Section 4.0, we see that these differences
do not seem surprising. The mass of the AFT complex is about five times that
of either reactor building. CLASSI assumes the entire foundaﬁion to be rigid,
thereby mobilizing all of AFT mass to drive the reactor buildings. On the
other hand, FLUSH used‘é structural model for the AFT complex which contained
the mass of only thét portion of the structure which lay within the slice
selected for the problem, while assuming a rigid foundation in the plane of
motion; therefore,. the mass of the reactor building was about twice as large
as that of the AFT model. Thus, for the FLUSH bqulem, the reactor bui}ding

was not driven by the AFT complex. 'This is discussed further in paragraph 5.4.
5.3 SSI ANALYSIS O'F THE ISOLATED AFT COMPLEX

In addition to the isolated reactor buildings, we also studied the
variability in response of the AFT compiex as an isolated structure. In this
case we compared the results from a CLASSI SSI analysis of the AFT complex
with those from two-stage FLUSH analyses. Analyses were made for the
synthetic earthquake only. Three components of free-field motion were
included.

The CLASSI analysis was straightforward, using the soil impedances and

wave-scattering effects for the isolated foundation described in paragraph 4.4
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and performing the analysis for the three free-field components
simultaneously. For the FLUSH analyses we first performed separate SSI
analyses of cross sections B-B and C-C (Fig. 4.22), using the appropriate
horizontal and vertical free-field motions. The foundation motions obtained
were combined according to Tabie'5.6, resulting in five components: three
translations and two rocking components. No torsional input motion was
obtained. Note that two sets of foundation motions were calculated, varying
‘only in the vertical component. In one case (denoted FLUSH analysis 1) this

component was obtained from the vertical analysis of cross section B-B and in

the other case (denoted FLUSH analysis 2) from the horizontal and vertical

TABLE 5.6. FLUSH analyses of the AFT complex. Table shows the method of
combining foundation motions from individual FLUSH analyses to obtain input

motions for three-dimensional detailed structural anélysis.

E-W translation Algebraic sum (time-step by time-step) of horizontal
foundation translations from analyses of E-W cross

section for horizontal and vertical free-field motions.

E-W rocking Algebraic sum (time step by time step) of foundation
rocking from analyses of E-W cross section for

horizontal and vertical free-field motions;

N~S translation Horizontal foundation translation from analysis of N-S

cross section for horizontal free-field motion.

N-S rocking’ Foundation rocking from analysis of N-S cross section

for horizontal free-field motion.

Vertical translation Vertical foundation translation from analysis of N-S

cross section for vertical free-field motion.

Algebraic sum (time-step by time-step) of vertical
foundation translations from analyses of E-W cross

section for horizontal and vertical free-field motions.
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analyses of cross section C-C. During this process, the motions were
calculated at locations in each cross section which correspond to the
reference point on the foundation for the second-stage analysis. Two
second-stage analyses were performed, one for each set of foundation motions.
Each of the above cases are represented in Figs. 5.11 to 5.15 by two sets of
vertical response spectra denoted "FLUSH"; the horizontal spectra, being
virtually identical for both FLUSH cases, are represented by one set of
spectra. Response was calculated at locations in the structure selected to
illustrate the effects of all six components of foundation motion on
structural response.

Response spectra on the AFT foundation obtained from the CLASSI and FLUSH
first stage (SSI) analyses are shown in Fig. 5.11. Peak accelerations are
summarized in Table 5.7. Differences in the amplitudes of spectral peaks are
summarized in Table 5.8. 1In general, the translational motions from FLUSH
agree well with those from CLASSI. Differences in peak accelerations were on
the average about 5%. The largest differences in peak spectral accelerations
occurred in narrow frequency ranges; about 40% near 10 Hz for the
E-W translation (Fig. 5.1la); about 25% near 10 Hz for the N-S translation
(Fig. 5.11b); about 30% between 6 and 10 Hz for the vertical translation.
Response spectra for rocking in the E-W direction (about the y-axis) and N-S
direction . (about the x-axis) have distinct ditfferences. For E=W roucking
(Fig. 5.1lle) the frequency content was similar, but amplitudes differed by as
much as 100%, and the ZPAs differed by almost 50%. The spectra for N-S
rocking (Fig. 5.114) differed in the [reyuency of the spectral pcak. The
CLASSI result had its largest amplification in the range between 5 and 7 Hz,
while the FLUSH value occurred at about 10 Hz. This difterence may be a
result of some unavoidable flexibility in the foundation of the FLUSH model‘of
cross section B-B, because while the response speclrium shown in Fig.'SQlld wae
representative of the motion near the plane of symmetry of the model, typical:
motions at the foundation's far ends had spectral peaks at about 3.5 Hz. Thus
the CLASSI result lies between the two FLUSH results. Interestingly, the ZPAs
were within 5% of each other. Torsional foundation response predicted by the
CLASSI analysis is shown in Fig. 5.11f. No corresponding FLUSH result
exists. Note that the torsional response from CLASSI is of the same magnitude
as the N-S rocking.

The differences in the response on the foundation are a result of the

differences in modeling assumptions used for each analysis, both for modeling
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TABLE 5.7. Comparison of CLASSI and FLUSH analyses of isolated AFT complex.

Table shows a summary of peak accelerations. Translations are given in

ft/secz. Rotations are given in rad/secz.

FLUSH second-stage

CLASS1I

Location and component analysis analysis
Foundation at reference point

E-W translation 4;10 3.76 3.76

N-S translation 3.68 3.65 3.65

Vertical translation 3.45 3.25 3.37

N-S rocking .0042 .0040 .0040

E-W ;ocking _ .0070 .0102 .0102

Torsional rotation ' : . .0032 -= --
Control room

E-W translation 6.70 ' 6.84 6.86

N-S translation 5.40 5.49 5.49

Vertical translation 3.68 3.36 3.48
Auxiliary building roof, south end o

E-W translation 7.23 8.29 8.65

N-S translation 5.02 5.31 5.36

Vertical translation 3.68 4.04 4.12
Auxiliary building roof, north gnd .

E-W translation 8.82 7.69 7.57

N-S translation 4.89 4.95 4.92

Vertical translation : ' 3.68 3.45 3.63
West wall of fuel-handling building

E-W translation 4.16 4.51 4.73

N-S translation  4.78 4.88 4.88

' Vertical translation | 4.31 3.28 3.55
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TABLE. 5.8. Variations in acceleration response spectra (2% damping) for the

AFT complex, assuming an isolated foundation. Differences are given in

percent.
Horizontal Vertical
Amplified Amplified
frequency range freguency range
Location ZPA  Typical Extreme ZPA  Typical Extreme
Foundation <10 . <25 40 <10 <15 30
Control room <5 <30 60 <10 <15 35
Auxiliary
building roof <20 <25 50 <10 . <20 40
West wall of fuel <15 <30 50 <25 - <20 50

handling building

the soil behqyior and for idealizing the structure. Without further study,
however, we are not able to determine the contribution from each.

We obtained in-structure peak accelerations response spectra.in the
control room, about 50 ft above grade, on the roof near the north and south
ends of the auxiliary building, about 75 ft above grade, and about two-thirds
.of the way up the west wall of the fuel-handling building. These are shown in
Figs. 5.12 through 5.15 and Table 5.7. Differences are sufinarized in
Table 5.8. 1In general, the differences between the CLASSI and second-stage
FLUSH analyses arc somewhat larger than on the foundation, Variations in peak
accelerations at the different locations average about 12% for the E-W and
vertical dfrections, while the N-S direction shows better agreement, with an
average variation of about 3%. The differences between the in-structure
response spectra show the same’general pattern as the differences in the

‘corresponding translational foundation spectra, increasing in some narrow
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frequency bands by up to about double.tha§ on the fdundétion. In the E-W
direction (Figs. 5.12a-5.15a), the FLUSH results show a marked ampiification
near 4-5 Hz and 8-12 Hz that is not nearly as pronounced in the CLASSI
results. This pattern occurs at all our locations and the frequency bands are
close to the frequencies of the predominant E-W structural modes of the AFT
complex. These changes from the differences on the foundation are results of
differences in FLUSH'and CLASSI E-W foundation rocking, including the phase
relationships with the foundation translations. 1In the N-S direction -
(Fig. 5.12b-5.15b),'the differences at the control room and on the auxiliary
building roof are about the same as on the foundation. At the west wall, the
CLASSI response shows a spectral peak at 5.5 Hi, which is about 50% higher
than the FLUSH response. This is probably caused by the torsional foundation
motion from.the CLASSI analysis. In the vertical direction the 30% difference
in the foundation motion bethen 6 and 10 Hz is also present in the control
room and auxiliary building roof, but not ét‘the west wall. The amplification
at 19 Hz at the control room and auxiliary building roof is caused by a local
vertical roof mode, while the amplification of the FLUSH résponse on the roof
at about 10 Hz appears to be caused by the differences in the N-S foundation

rocking.

5.4 COMPARISON OF CLASSI AND FLUSH ANALYSES OF AFT COMPLEX INCLUDING
STRUCTURE-TO~STRUCTURE INTERACTION EFFECTS

To study differences in calculated response of the AFT complex when
structure-to~structure interaction effects were included, we compared the
results from the FLUSH second-stage analyses that used foundation motions from
Sections A-A and C-C (Fig. 4.22) with the'CLASSI analysis of the coupled '
foundation system. As with our study of the isolated AFT complex, this
comparison was made for the synthetic earthquake only, using all three
components of free-field motion. For the FLUSH analyées,vthe foundation
motions were assembled from the individual SSI analyses in the manner'
specified in Table 5.6, where Section A-A is the north-south section, and
Section C-C is the east-west. Note that Section C-C was used to develop the
foundation motions for both the isolated case and this case; hence, we would
not expect much change in the FLdSH E-W building response. Any change is mos;
likely a result of torsional response of the structure due to eccentric

north-south loading.
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A summary'bf peak accelerations is shown in Table 5.9, and response
spectra of motions on the foundation and in the structure are shown in v
Figs. 5.16 through 5.20. The locations where response was obtained are the
same as those used for the isolated case (paragraph 5.3), and again, two sets
of vertical spectra denoted "FLUSH" are-shown. Table 5.10 summarizes the
variations between the FLUSH and CLASSI results. In generai, peak
acéeléraﬁions agreed within about 10 to 20%, with the notable exception_of the
N-S rockiﬁg component of the foundation motion and its consequent effects on
N-S translations at upper levels in the structure and vertical motions at
locations north and south of the AFT centerline. Here, the FLUSH rocking
component was an order of magnitude higher than that from CLASSI. This is not
surprising when one considers the modeling assumption made for each analysis.
The CLASSI formulation assumes that the AFT foundation is rigyid, greatly:
inéteasing the N-S rocking resistance of the extreme northern and southern
portions of the ;urbine buildings (the distance from the plane uf synmetry to
extreme ends is 280 ft). 1In the FLUSH formulation, the foundation is modeled
as rigid in the plane of the model, but no constraint ex;sts to limit the
differential rotations between parallel slices. Because of this, the
effective rocking resistance of the AFT complex as modeled in Section A-A is
de£ermined for a resisting arm of oniy 43.5 ft. Thus, we would expect the
CLASSI model, much stifter in N-5 801l rockiny impedance, to produce much .
lower foundation rocking than FLUSH. _

The effects of the‘differences in the foundation N-S rocking components
is evident in the response spectra of all of the N-§ translations in the
structure, as well as in the spectra of the vertical translations at the north
and south ends of the auxiliary building roof. The spectral amplification of
the FLUSH results frequency (3-4 Hz) is from 2-1/2 to almost 6 times that of
the CLASSI results at the rocking frequency (3-4 Hz). This appears to be
responsible for the large differences in the ZPAs of the vertical motions,

- although not for the horizontal motions. The difference in the N-S ZPAs at
the north and south ends of the auxiliary building appears to be»caused‘by the
spectral peak at about 18 Hz, suggesting that the first stage FLUSH structural

model did not include a N-S mode that is present in the detailed model.
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TABLE 5.9. Comparison of CLASSI and FLUSH analyses of coupled foundations for
the AFT complex. Table shows a summary of peak accelerations in the AFT

z ! : 2 ; X :
complex. Translations are given in ft/sec . Rotations are given in

rad/secz.
CLASSI FLUSH second-stage

Location and component analysis analysis
Foundation at reference point

E-W translation 4.20 3.76 B5Th

N-S translation 3.85 3.24 3.24

Vertical translation 3.57 3.50 3.37

N-S rocking .0045 .0440 .0440

E-W rocking .0073 .0102 .0102

Torsional rotation .0047 i e
Control room

E-W translation 6.06 6.83 6.86

N-S translation 5.59 5.82 5.82

Vertical translation 3.64 3.51 3.48
Auxiliary building roof, south end

E-W translation 7.73 7.34 7.31

N-S translation 5.23 6.70 6.78

Vertical translation 3.79 11.14 10.95
Auxiliary building roof, north end

E-W translation 9.45 6.63 6.57

N-S translation 5.01 7.28 7.15

Vertical translation 3.87 9.45 9.44
West wall of fuel-handling building

E-W translation 4.08 4.67 4.73

N-S translalion 5.34 5.93 5.93

Vertical translation 4.09 3.25 3.55
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TABLE 5.10. Variations in acceleration response spectra for the AFT complex,

assuming a coupled foundation. Differences are given in percent.

Horizontal Vertical
Amplified Amplified
frequency range frequency range
Location ZPA Typical Extreme ZPA Typical Extreme
Foundation 15 35 65 5 25 50
ConlLrul ruum 10 35 170 5 20 80
Auxiliary
building roof 30 35 225 150 125 450
West wall of fuel 15 40 150 20 20 15

handling building

5.5 EFFECTS OF STRUCTURE-TO-STRUCTURE INTERACTION

We used the results trom the CLASS1 analyses of the isvulated foundalions
and those from the coupled foundations to study the effects of structure-to-
structure interaction on foundation and in-structure response. These analyses
were performed for all three components of the synthetic earthquake and the
El Centro earthguake. The results tor the synthetic earthquake are the same
as those we compared with the FLUSH result in the previous sections. We
compared peak accelerations and response spectra at the selected locations in
the structures previously described. These comparisons are shown in Table

5.11 and Figs. 5.21 through 5.30.

Foundation Response. Figures 5.21 through 5.24 show spectra of the foundation

response for both earthguakes. From Table 5.11 and the response spectra, we
see that the effect of the reactor building on the AFT complex is

insignificant. Peak accelerations on the AFT foundation for the coupled
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TABLE 5.11. Comparison of CLASSI analyses for isolated and coupled

foundations. Table shows a summary of foundation and in-structure peak -

accelerations. -

Synthetic earthquake

El Centro earthquake

Isolated Coupled Isolated Coupled

Location and component foundation - foundations foundation foundations
AFT complex
Foundation at reference point

E~W ;ranslation 4.10 4.20 3.30 3.45

N~S translation 3.68 3.85 5.34 5.30

Vertical translation 3.45 3.57 - 2.91 3.04

N-S rocking ooz .0045 '~ .0040 -.0043

E-W rocking .0070 .0073 .0052 .0051

Torsional rotation .0032 .0047 .0034 .0041
Control room » ‘

E-W translation 6.70 6.06 4.64 5.82

N-S translation  5.40 5.59 5.82 5.67

Vertical translation 3.68 3.64 3.63 4.33
Auxiliary building roof, south end

E-W translation 7.23 7.73 5.61 6.11

N-S translation 5.02 5.23 5.82 5.53

Vertical translation 3.68 3.79 3.34 3.51
Auxiliary building roof, north end

E-W translation 8.82 9.45 5.84 6.16

N-S translation ~ 4.89 5.01 5.90 5.84

Vertical translation 3.68 3.87 3.82 3.90
West wall of fuel—handling building

E-W translation - 4.16 4.08 3.69 3.88

N-S translation 4.78 5.34 5.51 5.38

Vertical translation 4.31 4.09 " 2.89 3.04
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TABLE 5.11

(cont'd)

Synthetic earthquake

El Centro earthquake

Isolated Coupled Iéolated Coupled
Location and compénent foundation foundations foundation foundations
Unit 1 Unit 2 Unit 1 Unit 2

Reactor building *
Foundation at reference point ‘

E-W translation 3.61 23.41 3.80 3.55 3.87 3.84

N-S translation 3.87 4.92 4.52 5.47 5.56 v5.7l

Vertical translation 3.44 4.10 3.87 2.67 2.89 2.97

N-8 rocking . 0344 .0438 .0388 +0270 .0362 .0360

E-W rocking .0412 .0546 .0547 .0148 .025i .0258

Torsional rotation - .0062 .0051 - .0041 .0041
Top of containment shell

E-W translation 16.29 19.17 19.75 6.89 9.30 9.25

N-S translation. 12.69 15.97 15.28 10.94 14.86 14'80.

Vertical translation 5.40 . 6.40 6.00 8.66 10.30 10.23
Operating floor

E-W translation ; 5.66 6.08 6.29 4.23 5.04 5.18

N-S translation © 4.52 6.51 6.07 5.70 6.92. 6.98

Vertical translation 3.55 6.23 6.25 2.72 3.09 4.05
Free [ield

E-W translation 7.33 3.99

N-S translation 7.33 6.49

Vertical translation 4.34 .

3.92
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shell. Shown are (a) E-W translation, (b) N-S translation, and (c) vertical translation.

Comparison of isolated and coupled response at the top of the reactor building containment
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foundation case differed from those for the isolated foundation case generally
by less than 5%. For the synthetic earthquake, the only component
significantly affected was torsion, for which the peak acceleration increased
by about 50% and an additional spectral peak occurred at about 2.5 Hz

(Fig. 5.21f). Slight increases (15-35%) in spectral amplification'are seen at
about 10 Hz for the E-W and vertical translations, N-S rockihg, and torsion.
Spectralipeaks for the E-W translation have decreased by 40% at 3 Hz and
increased by 20% at 2.5 Hz. For the El Centro earthquake, differences in peak
spectral accelerations on the AFT foundation are somewhat larger (see

Fig. 5.23). The most significant changes occur in the 10 Hz»spectral peaks
for the E~-W and vertical translations and E-W rdcking, which vary by as much
as a factor of 2. As with the synthetic earthquake, a new spectral peak
occurs at 2.5 Hz for torsion.

The response on the reactor building foundations, however, was
substantially affected by the presence of the AFT complex. For the synthetic
earthquake, peak accelerations increased by up to 30%. Résponse spectra for
E~-W and N-S translations increased at about 2.5 Hz by as much as 50%. This is
~no doubt a result of interaction with the torsional motion of the AFT
foundation. Rocking was‘also amplified significantly at about 2.5 and 12 Hz,
and torsional motion was induced. These effects are similar for the El Centro
earthquake except that the spectral amplifications at 10 to 12 Hz are much
more ebident. Note that the response of the‘two reactor buildings is not
identical, and hence both results are shown in the figures.

We can conclude from these results that, assuming rigid foundations, the
AFT complex is driving the reactor buildings to a significant extent, and that
the effec;s of the reactor buildings on the AFT complex are minimal. This is -
as we might expect, for the mass of‘the AFT'complex is about five times that

of either reactor building.

In-Structure Response. The effects of structure-to-structure interaction on

in-structure response are shown in Figs. 5.25 through 5.30 for the synthetic -
earthquake. Table 5.11 shows peak accelerations for both earthquakes. Here,
the consequences of the differences in foundation mofion become evident.~
Differences in response in the AFT complex are minimal, the only significant
changes occurring in the 10 Hz spectral peaks in the E-W motions on the roof.
near the north and south ends of the auxiliary building. These are'probably a

result of the difference in foundation torsional response at that frequency.
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The same is generally true for the El Centro earthquake except that vertical
response is also éomewhat amplified. In general peak accelerations changed by
about 5% for both earthquékes.'

In the reactor buildings, the effect of doubling the amplification of the
" foundation rocking motions at about 3 Hz is evident both at the top of the
containment shell (Fig. 5.29) and on the operating floor (Fig. 5.30), where
horizontal translations increase by up to 90% at that frequency. Similar
increases are also seen on the operating floor at about 12 Hz but are not as

evident at the top of the containment shell because of the predominance of its

first mode.
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6.0 SUMMARY AND CONCLUSIONS

To perform a comprehensive systems analysis, as we did in the SSMRP, it
is necessary to obtain guantitative estimates of the realistic, or best
estimate, seiémic response and its uncertainty. Our inability to define and
precisely represent each aspect of the seismic methodolbgy chain (seismic
input, SSI, structure response, and subsystem response) introduces uncertainty
in the result. In the SSI area, there are many sources of uncertainty. One
such source is the analysis procedure used to predict response, which is the
subject of our present study. 4 ' .

Some general comments concerning the scope of our study and the
~application of the results are in order. The responses compared here
fepresent two point estimates of structural response. These point estimates
were calculated assuming that all parameters in‘the analysis Qere known, e.g.,
soil parameters, structure characteristics, foundation models, etc. It should
be apparent that many additional factors such as these introduce uncertainty
info our prediction of structural response. The present study was, therefore,
limited to analysis procedutes themselves and our implementation of them;

Neither analysis procedure we used can be deemed exact in that a large
degree of engineering judgment was necessary for their implementation.
However, each technique represents particular aspecfs of the problem better
than its counterpart. For example, the CLASSI method models the
three~-dimensional character of the problem, wbile the FLUSH method models the
details of the foundation embedment and the soil. Finally, this comparison
does not reflect directly on design results because the'design procedure
entails selecting parameter‘valueé and variations to ensure conservative
results. ;

Our basis of comparison in this study was in-structure response spectra,
which we now place in a systems analysis context. Consider components
-supported within the structure, identified as important to accident
mitigation, and whose seismic response may be related to spectral acceleration

at its fundamental frequency and estimated damping. Variations in

in-structure response spectra at specific frequencies are interpreted as
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variations in subsystems or component response. In general, these variations
result from all elements of the seismic methodology chain, a portion of which
méy be attributed to SSI analyéis procedures. In the following discussion,
three aspects of the response spectra will be addressed: peak accgleration or
ZPA; portions of the amplified acceleration freguency range <33 Hz, but not
‘necessarily the resoﬁant freéuency; and the resonant frequency of the coupled
soil-structure system. In general, variability increased from the ZPA to
accelerations at the resonant frequencies.

Our analysis of the reactor buildiﬁg as an isolated structure represented
a benchmark comparison between FLUSH and CLASSI. The physical situation was
relatively simple but representative of a real structure and foundation.
Response at three points was compared: at the foundation, at the top of the
containment shell, and on the operating floor. Results of this comparison
showed excellent agreemént between FLUSH and CLAssi fuor horizontal
response-~there was less than 10% differencg over the entire response spectra,
except at narrow frequency ranges near the resonant freguencies of the coupled
soil-structure system, where differences approached 35%. This basic
comparison was for iterated soil properties in FLUSH. When free-field soil
properties were used, responses compared better.

Vertical response did not compare as well as horizontal. Variations in
peak acceleration ranged up to about 25%, with the least variability at the
top of the containment shell. Variations in the amplified frequency range
(<33 Hz) went as high as 50%, depending on structural location and the
control motion. Subseguent investigations of the elements of each analysis,
such as a comparison of scattering matrices, revealed basic differences that
require further study. '

Before proceeding to a discussion of the multiple structure analysis, let
us consider the AFT complex as an isolated structure. Whereas the reactor
building was straightforward to model, the AFT complex required

-simplification. In the CLASSI analysis, the structure model was very
detailed, but the foundation was idealized. First, the embedment
configuration was simplified. Second, the foundation was assumed rigid. The
embedment simplifications most likely have a smoothing effect on the

impedances and scattering matrices. The rigid foundation assumption similarly
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has a smoothing effect, and also over-predicts rocking and vertical
‘stiffness. In terms of structure-to-structure interaction, the rigid AFT
foundation mobilizes the entirg AFT complex mass, which may overestimate its
influence on the reactor building. 1In the FLUSH analysis, two-dimensional
models of the structure and foundation were required. 1In general,
two-dimensional models cannot model all aspects of three-dimensional
soil-foundation-structure behavior. Modal equivalent models of the struéture
wére its best representation; however, assumptions concerning mass
distributions were still necessary. Finally, simulating a rigid foundation
within FLUSH as our initial assumption was difficult and was only partially
successful.

Response at five points in the AFT complex was considered--three points
on the plane of symmetry (foundation, control room in the auxiliary building,
and the west wall of the fuel?handling building) and two points on the roof of
the auxiliary building‘symmetrical about this plane. Peak horizontal
accelerations varied by less than 25% (about 10% on the average). Spectral
accelerations in the amplified freguency range varied somewhat more. The
largest variation occurred in the control room in the frequency range of 8 to
9 Hz; here the amplification of the FLUSH foundation motions was much more
pronounced than those from‘CLASSI. in general, spectral accelerations fell
within about 25% of each other. Variations in the vertical direction were
less than for the horizontal, typically less than 20%. Differences of about
30% occurred between 6 and 10 Hz in the vertical foundation spectra. This was
due in part to the location of ouf reference‘point and the difference in
foundatién shapes assumed for the FLUSH and CLASSI analysis (the FLUSH
foundation necessarily being rectangular). The favorable comparison of
vertical motion was due, at least in part, to higher resonant frequencies in
the vertical direction. ‘

The agreement between the FLUSH and CLASSI results for the isolated AFT
complex was surprisingly good, considering the differences in the assumptions
for the two methods. This may be explained by the fact that, because of the
large horizontal area of the foundation, there was relatively little rocking;

the rigid-body translation on the roof due to foundation rocking in either the
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N-S or E-W direction is about one-tenth of their maximum accelerations. If
foundation rocking had been more important, we would expect to see greater
differences in the structural response.

Two aspects of the multi-structure analyées were to be considered: the
effect of structure-to-structure interaction on structure response and the
variability in structure response as predicted by CLASSI and FLUSH, including
structure-to-structure interaction. The effect of structure-to-structure '
interaction on the response of the Zion reactor buildings and the AFT complex
was assessed by comparing the results of the CLASSI analyses with and without
interaction between the structures. The results show that the reactor
buildings have a very small effect on the AFT complex. This is not
unexpected, due to the large difference--a factor of S+-between mass of the
AFT complex and each reactor bﬁilding. Also, the assiimption of a riyid AFT
foundation means its entire mass 1s mobilized during interaétiop. The effect
of structure-to-structure interaction on the reactor buildings ié'
substantial. In general, motions of the AFT complex induce motions in the
reactor buildings--frequencies associated with the AFT complex response are
amplified in the reactor buildings. Peak acceleration of the foundation
increased up to 25 or 30%, and similar or greater increases in spectral
accelerations were observed on the foundation and in the structure. _

A comparison of the reactor building's response as predicted by CLASSI
and FLUSH, including structure-to-structure interaction, shows substantial
differences--200% or more in some cases. Poor c¢orrelation between Lhe two
could ‘be expected, due to the modeling of the AFT complex in the FLUSH
analysis. Only FLUSH cross section A~A contained the reactor Buildings and
'AFT complex. Modeling the AFT complex in this cross section was difficult, as
described in paragraphs 4.5.3 and 5.2. The resulting modelirepresented the
state of stress in the soil properly but underestimated the total mass and
stiffness of the structure-foundation system. The reactor building mass in
the FLUSH model was twice that of, the AFT complex, and consequently, reactor
building response was not significantly changed from the isuvlated case. APFT
complex response changed significantly. Modeling three~dimensiona1
configurations with equivalent two-dimensional models is an issue which

requires careful consideration.
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The present study demonstrated and quantified the variability in
structure response due to two SSI analysis procedures. Some general
conclusions may be drawn:

® A well defined benchmark problem permits a good comparison between
two analysis’techniques. Close matches in amplitude and frequencigs
for horizontal response was obtained. A close freguency match
resulted from careful development of the two-dimensional structure
apd foundation model used in FLUSH.

® Our benchmark problem did not result in a close comparison for
vertical response. Our investigation of intermediate results showed
basic model differences which require further understanding.

2 Variability in structural response due to SSI analysis procedures
increases with increased complexity in the physical situation to be
modeled. | : '

g Variability of in-structure response is greétest near the resonant
frequencies of the coupled soil-structure system, less in the
remaining amplified frequency range, and least at the ZPA.
Interpreting these results in a systems context, we find that
equipment and components with frequency characteristics in the
amplified frequency range (<33 Hz) have greater uncertainty in
‘response than those subjected to the ZPA.

In addition to specific conclusions concerning SSI analysis techniques, the
following apply: N

[ ] Reduced models, in terms of two dimensions vs three dimensions or
fewer degrees of freedom, must be developed carefully, reproducing
three-dimensional detailed model characteristics. In our study,
areas where reduced models were necessary included foundation
simplifications for FLUSH and CLASSI, structure model '
simplifications for FLUSH, second-stage vs first-stage structure
models, and cross sectional properties for FLUSH.

) When performing a second-stage analysis, it is essential to
recognize that both translations and rotations must be used in
exciting the system. In addition, horizontal translation and
rocking have a unigue phase relationship which should be
maintained. Analyses which treat them separately and combine thei;

effects post facto must account for this phase relationship.
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Our limited consideration of secondary soil nonlinearities showed
them to have a minimal effect on response. However, the excitation
level considered heré did not induce a significant increment in soil
nonlinear behavior due to structure vibrations.

The effect of structure~to-structure interaction was found to have a
significant effect on the amplitude and frequency content of the
response of the least massive of the two structures. The magnitude
of this effect is as great as the differences due to SSI analysis

procedures.
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