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UNCERTAINTY IN SOIL-STRUCl'URE 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 

requirements more realistically than current processes allow. 

To perform a comprehensive systems analysis, it is necessary to quantify, 

for each phase of the traditional analysis procedure, both the realistic 

seismic response and the uncertainties associated with them. In this study 

two linear soil-structure interaction techniques were used to analyze the 

Zion, Illinois nuclear power plant: a direct method using the FLUSH computer 

program and a substructure approach using the CLASS1 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 safety 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 requirements govern the analysis methodology: 

(1) the analysis should be realistic, and (2) probabi1istic.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 uncer.tainties. A principal 

source of uncertainty is the differences in SSI analysis techniques. 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 motion, 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 in Zion, Illinois. This plant is the subject of 

the present study. It consists of two nuclear steam supply system (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, each 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 linear finite element approach using the FLUSH computer program. 

To allow for the two-dimensional character of FLUSH, we took several cross 

sections throughout the plant to estimate three-dimensional response. The 

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 characteristics. We obtained quasi-three- 

dimensional response at the basemat level at intersections of analytical cross 

sections. A second-stage structural 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 n~udels into the a~alysis. The 

structures' dynamic characteristics are represented by their modal 

properties. In our analysis, the reactor building (containment shell, 

internal structure, and simplified NSSS model) was modeled by 72 modes and the 

AFT complex by 113. In the CLASSI analysis, embedment effects for the reactor 

building were obtained by generating the foundation input motion and 

impedances for assumed axisymmetric embedded foundations. The AFT foundation - 
impedances were calculated using a flat foundation of appropriate shape with 

correctian,~ applied to account for embedment. Embedment also has a 

significant effect on the AFT foundation input motions, and therefore they 

were calculated assuming an equivalent en~bedded cylindrical foundation. 

Structure-to-structure interaction effects were computed assuming Ilat 

foundations. 

We compared in-structure response, in the form of peak values and 

regponse spectra, at selected points throughout the structures. The results 

demonstrate the variability in response due to alternative dnalysic 

techniques. In a systems analysis context, variatPORs in in-struoturf? 

response spectra are interpreted ac variatinns in subsystem or component 

response. Subsystems are eompunents supporLed 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. 



I 

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 10% difference over the entire response spectra, 

except at narrow frequency 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 ( ~ 3 3  Hz) went as high 

as SO%, 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 idealized. In the FLUSH analysis, two-dimensional 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 accelerations - in the amplified 
frequency range varied somewhat more. 

Variations in the vertical direction were less than for the horizontal, 

typically less than 20%. The agreement between the FLUSH and CLASSI results 

for the isolated AFT complex was surprisingly good, considering the 

di'fferences 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-structure 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 111ass. Conseq~lently, the reactor building 
. , 

ntass in the FLU9H modcl was twice that of the AFT complex. Modeling 

three-dimensional configurations with equivalent Lwo-dimcnsionsl mvdels is an 

issue that requires c a ~ e L d l  eonoideretinn. 

Several conclusions concerning the application of SSI analysis techniques 

were drawn. 

Variability in structural response due to SSI analysis procedures 

increases with increased complexity in the pirysieal cituatinn to be 

modeled. 

Variability of in-structure response is greatest near the resonant 
C 

frequencies Of the couplcd soil-structure system and least at the 

zero period amplitude (ZPA) . 
Equipment and components with trequerlcy ehoracteristics in the 

amplified Liequcnay range (< 33 Hz) have greater uncefeainly in 

, response than those subjected to the ZPA. 

e 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 that both translatione and rotations must be used in 

exciting the system. In addition, horizontal translation and 

rocking have a unique phase relationship, which should be maintained. 

e 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. 



1.0 INTRODUCTION 

1.1 BACKGROUND 

For some time it has been evident that traditional 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 next. Because the'uncertainties are unquantified, 

however, the effect of compounding this conservatism has not been 

established. The result may be a design that is too conservative for the 
3 

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, ~awrence Livermore National Laboratory (LLNL) is 

currently developing a methodology for examining the seismic analysis and 
I 

design of nuclear power plants in a comprehensive systems context. 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 insights into seismic safety 

requirements. 

To perform a comprehensive systems analysis, it is necessary to obtain 

quantitative 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 earthquake hazard near a nuclear power 

plant and a desdri~tion 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.,) 

SSI analysis 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 ' 



prese.nt 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 can be discussed in terms 

of two basic elements: specifying the local free-field ground motion and 

ideali.zing the soil-structure system. Describing the free-field ground motion 

includes specifying the control point, tile amplitude and frequency 

characteristics of the motion, and the spatial variation of the motion. 

Idealizing the soil-structuie system entails. 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 18callzed nonlinear b~havior 

(primarily, separation of soil and structure during the earthquakc) require 

consideration. To perform SSI analysis, modeling decisions concerning each of 

these aspects oL SSI muot be ma&. In addition, uncertainties 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 ptrapcofive nn the approximations we elected to use in the SSMRP 

Phase I systems analysis. Each side study emphasizes the best estimate 

mndelinq of the phenomenon and quantifying uncertainty associated with it. 

Initially, Wong and X,uco2 investigated: the effect of assuring nonvortically 

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 s t u d y  uses the results of Ref. 2 

while expanding the side studies to iavestigate the effects of 
.E 

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 p~ogram.~ The second was a substructure approach using the 

CLASS1 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 majok 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 structures. 

Section 3.0 contains a brief description of the two categories of SSI analysis 

techniques: 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. Conclusions are 

given in Section 6.0. 



2.0 ZION NUCLEAR POWER PLANT 

The  Zion  N u c l e a r  Power. P l a n t  is s i t u a t e d  o n  t h e  s o u t h w e s t e r n  s h o r e  o f  

Lake Mich igan ,  a p p r o x i m a t e l y  40  miles n o r t h  o f  Ch icago ,  I l l i n o i s .  The p l a n t  

c o n s i s t s  o f  two n u c l e a r  steam s u p p l y  s y s t e m  (NSSS) u n i t s . w h i c h  were l i c e n s e d  

to  o p e r a t e  i n  1973.  Each h a s  a  p o w e r , r a t i n g  o f  1100  M W ( e ) .  The' f a c i l i t y ' s  

d e s i g n  w a s  c o m p l e t e d  i n  t h e  l a t e  1 9 6 0 s  a n d  e a r l y . 1 9 7 0 6 .  F i g u r e  2.1 shows a 

p l a n  v i e w  o f  t h e  p l a n t .  F o r  S S I  a n a l y s i s ,  t h r e e  s t r u c t u r e s  are  o f  i n t e r e s t :  

t h e  two reactor b u i l d i n g s  a n d  t h e  auxil iary/fuel-handliG/turbine b u i l d i n g  

complex  (AFT c o m p l e x ) .  Each reactor b u i l d i n g  h o u s e s  a n  NSSS u n i t ,  a n d  t h e  AFT 

complex  c o n t a i n s  t h e  power g e n e r a t i o n  and  s a f e t y  equ ipmen t  f o r  bo th .  

The Zinn a i t e  is c h a r a c t e r i z e d  by a p p r o x i m a t e l y  110  f t  o f  soil  o v e r l y i n g  

a f)edruck of N i a g a r s  d o l o m i t e .  The soil is s t r a t i f i e d  if, three iitrljor l a y e r s ,  

a s  shown i n  F i g .  2.2. The t o p  l a y e r ,  30 to  35 f t  i n  t h i c k n e s s ,  consists of 

g r a n u l a r  l a k e  d e p o s i t s  o f  d e n s e ,  f ine-to-medium s a n d s  w i t h  v a r i a b l e  amoun t s  o f  

coarse s a n d  a n d  g r a v e l  and  o c c a s i o n a l  p o c k e t s  o f  p e a t  and  o r g a n i c  m a t e r i a l .  

I n  g e n e r a l ,  t h e  f o u n d a t i o n s  o f  t h e  major p l a n t  s t r u c t u r e s  were e x c a v a t e d  

t h r o u g h  t h i s  m a t e r i a l  i n t o  t h e  s e c o n d  l a y e r .  T h i s  s e c o n d  l a y e r  is a b o u t  30 f t  

t h i c k  a n d  is a c o h e s i v e ,  f i rm- to -ha rd  g l a c i a l  till and  g l a c i a l  L a c u s t r i n e  

. ,  

Unit 1 4 Unit 2 

Reactor h~rildlny Tuel- handling bl-lilding 
I 

s Reactor buildino 

I 
Diesel-generating I 

buildirly , U~eSel-yer~e~dti~lg 
building 

I I I 1 - 
I Service I 

building ~urbine'bui ld in~ 

I 

FIG. 2.1. P l a n  v i ew  of t h e  Zion Nuc lea r  Power P l a n t .  
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FIG. 2.2. 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 structuren denotes both the 

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

the reactor pressure vessel, steam generators, piping, and coolant pumps). 



Response at top of 
containment shell 7 

. ." ? . '  

;L; - '  i., 

Diameter 

Niagara Dolomite 

FIG. 2.3. Simpl i f ied  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, 

All elevations in feet 

FIG. 2.4. Isometric view of the Zion foundation excavation configuration. 
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deeply  embedded basemats having l i g h t  p e r i p h e r a l  foundat ions  a t  t h e  ground 

s u r f a c e .  The deeper p o r t i o n s  vary  i n  depth  from 20 to  54 f t  and i n  t h i c k n e s s  

from 4 to  about  15 f t ,  excep t  f o r  t h e  t u r b i n e  wdestals, which a r e  about  20 f t  

t h i ck .  F igure  2.5 shows s i m p l i f i e d  e l e v a t i o n s  taken  through two cross 

s e c t i o n s  of t h e  AFT complex. 

The mass d i s t r i b u t i o n s  o f  t h e  s t r u c t u r e s  are shown i n  Table 2.1. Abput 

60% o f  t h e  s t r u c t u r a l  mass of t h e  AFT complex is concent ra ted  i n  t h e  a u x i l i a r y  

and fue l -handl ing  bu i ld inga ,  even though t h e i r  foundat ion a r e a s  are much less 

Turbine building 

AH' elevations and dimensions in feet 

El. 592 1 
I 

All eletations and dimensions in fwt 

FfG. 2.5. Simpl i f i ed  eaeva t ion  views of t h e  auxiliary/fuel-handling/turbine 

(AFT] bu i ld ing  caaple%. The top f i g u r e  shows t h e  view through t h e  a u x i l i a r y  
b u i l d i n g  c e n t e r l i n e ,  f a c i n g  south;  t h e  bottom f i g u r e  shows t h e  view through 
t h e  c e n t e r l i n e  of  the t u rb ines ,  f ac ing  west. 



TABLE 2.1. ' D i s t r i b u t i o n  o f  mass among m a j o r  

s t r u c t u r e s  o f  t h e  Zion  Nuc lea r  Power P l a n t  

2  
( k i p - s e c  / f t )  . 
-- - - ~ 

R e a c t o r  b u i l d i n g s  

Con ta inmen t  s h e l l  1 , 8 5 0  

I n t e r n a l  s t r u c t u r e  ( i n c l u d i n g  NSSS) 94 0 

F o u n d a t i o n  1 , 2 7 0  

T o t a l  4 ,060  

AFT complex 

A u x i l i a r y  a n d  f u e l - h a n d l i n g  b u i l d i n g  7 ,000  

T u r b i n e  b u i l d i n g s  ( b o t h )  5 ,000  

F o u n d a t i o n  9 , 000 

T o t a l  21,000 

t h a n  60% o f  t h e  t o t a l .  T a b l e  2.1 shows t h e  t o t a l  mass  o f  t h e  AFT complex t o  

b e  a b o u t  f i v e  times t h e  t o t a l  f o r  e a c h  reactor b u i l d i n g ,  which  s u g g e s t s  t h a t  

t h e  e f f e c t  o f  s t r u c t u r e - t o - s t r u c t u r e  i n t e r a c t i o n  s h o u l d  b e  more s i g n i f i c a n t  o n  

t h e  reactor b u i l d i n g s .  

The r e a c t o r  b u i l d i n g s  and  t h e  AFT complex  are q u i t e  close t o g e t h e r  a t  t h e  

f o u n d a t i o n  l e v e l  and  i n  t h e  s u p e r s t r u c t u r e .  The d i s t a n c e  be tween f o u n d a t i o n s  

v a r i e s  a r o u n d  t h e  c i r c u m f e r e n c e  o f  t h e  reactor b u i l d i n g ,  a v e r a g i n g  1 5  to  20 f t  

a t  t h e  d e e p e r  f o u n d a t i o n  l e v e l s  a n d  h a v i n g  a  minimum s e p a r a t i o n  o f  1 i n .  a t  

i o c a t i o n s  where  p i p i n g  t u n n e l s  f rom t h e  AFT complex a b u t  t h e  c o n t a i n m e n t  s h e l l .  



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 analysio 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 
c 

used. 

Direct methods have several unique f e d l u i e s :  

a The soil and structure are idealized by discrete finite-element or 

finite-difference mndels. 

8 The free-field motion of the boundaries of the model must be known, 

assumed, or compuLeJ as a prcoondition nf the anab~sis. 

During SSI, the vibration of the structure introduces motions in the 

soil not present in the free field. To simulate free-field 

conditi~ns st large distances from the structure, the boundaries of 

the model must receive special treatment. 

a The state of stress in the soil can be computed easily. 

Three-dimensional nonlinear analysis is theoretically posoible. 

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: 



a 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 procedure is used to approximate nonlinear 

material behavior. Although a nonlinear process cannot be broken 

into component' parts, analyzed, and the results superposed, a 

conceptual separation is helpf ul for understanding the aspects of 

nonlinear behavior treated by an analysis technique. "Primary 

nonlinearity" is attributed to the seismic excitation alone. It is 

the 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 is 'associated 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 stru'cture or a multiple set of structures 

requires consideration of several slices through the layout. In 

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. 

a Transmitting boundaries are located on the lateral boundaries of the 

models to simulate radiation of energy away 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. 
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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 properties are obtained from a one-dimensional 

solution of the site response problem. 

e 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 

sometim@s called the kinematic interaction problem ur determination 

of the response of a massless foundation. 

The foundation stiffnesses or impedance functions are determined. 

e The coupled soil-structure system is analyzed by solving the 

appropriate equqtions o f  motion. 

In this study we used the substructure approach implemented in the CLASS1 

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 svil tu be modeled by frequency-dependent 

impedances. Fourier transform techniques are applied to find the 

time-history respwse. 

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 configuration 

of the reactor buildings. But significant simplification was 

required for the AFT complex because of its extremelybomplicated 

foundation geometry. Thus, fot the purposes of computing 

impedances, the AFT foundation was modeled as a flat 1'-.shaped 

surface foundation, appropriately shaped and situated on a soil 

layer equal in thickness to the average soil thickness' beneath the 

actual fouridation. The impedances thuo oalculated were corrected 

for embedment effects using an embedded cylinder equal in area and 



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 tp solve the 

equations of motion for the coupled soil-structure system. The 

technique used in CLASS1 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. 



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 to our study are discussed in this section. 

Elements unique to a solution procedure--CLASS1 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 techniques, 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 variation 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 

spatiaP.variation of motion was defined by vertically propagating shear and 

dilatational waves, and (3) the frequency characteristics of the motion were 

repr~s~nted by two earthquakes, one real and one synthetic. 

These earthquakes each eonsistcd uf Lhree compnncntc of motion: t w n  

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 IIAOOl and is denoted here 

as El Centro. The first 36 sec, digitized at 0.02 sec, were used in the 

analysis. CLASS1 and FLUSH solve the SSI problem in khe frequency domain 

using the FastWFourier Transform (FFT) technique; hence a quiet 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 components were scaled by the same factor. The resulting 



peak accelerations of the N-S, E-W, and vertical components are 0.2 g, 0.12 91 

and 0-12 g, respectively. The accelerograms are shown in Fig. 4.1, and the 

corresponding response spectra are plotted in Fig. 4.2. 

The comparative analyses were also performed for a synthetic earthquake 

generated to loosely match target pseudo-velocity spectra considered typical 

of 0.20 g free-field motion at the Zion site. Each acceleration time history 

was from a random seed. The horizontal components were scaled to 0.2 g; the 

Time (sec) 

FIG. 4.1. Accelerograms recorded at El Centro, California in the Imperial 

Valley earthquakc 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. 

FIG. 4.3. Synthetic earthquake aceele~oyrams. 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 behavior 

of soil for the CLASS1 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 

V, 9000 ftlsec G,,, IX 10' psf) 

FIG. 4.5. Variation of soil low-strain shear modulus with depth. 
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Fig. 4.6.  Variation of soil shear 
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define their values precisely. Although we fully 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 soil was take11 into account in both analyses By 

using equivalent linear techniques. The.basic procedure was iterative; 

maximum strains were computed at representative points tor each soil sullayii 

or finite element. Values Of shear mudulus and damping corresponding tn 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 properties so determined. The process was continued until soil 

prnpcrtics obtained in'twn consecutive analyses differed by less ,than the 

specified tolerance. 

Because only the "primary nonlinearityn is treated in the CLASS1 analysis 

(paragraph 3.2), this iterative process 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 



waves, normalized to a peak acceleration of 0.2 g on the soil surface. The 

resulting equivalent linear material properties are shown in Fig. 4.7, 

discretized for the FLUSH analyses. Figure 4.7 also depicts the discrete 

soil-layer model input to CLASSI. The mass density and Poisson's ratio 

assumed for the analyses are summarized in Table 4.1. 

Two cases were considered in the FLUSH analysis. The first, referred to 

as "free-field properties," corresponds to the representation of material 

properties discussed above. The second case is a r'esult of applying the 

iterative process to the coupled soil-structure system, which accounts for 

both "primary" and "secondaryn 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 occurs in bulk behavior', especially for saturated 

soils. This assumption requires further evaluation beyond the scope of this 

study. 

4.3 THREE-DIMENSIONAL STRUCTURAL MODELS 

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

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

TABTOE 4.1.. Summary of soil proper ties. 

Soil depth Mass density 

(f t) 
2 4 

(lb-sec /ft ) 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 tjll 

111- 5.0 0.27 Niagara dolomite 
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FIG. 4 . 7 .  Equivalent l inear  f ree - f i e ld  s o i l  properties  used for CLASS1 and 

FLUSH analyses .  



three-dimensional structliral models developed for the SSMRP r;sponse 

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 reflects current state-of-the-art "best estimaten 

modeling. The solution procedure in the final step of the substructure 

approach, as implemented by CLASSI, permits the incorporation of extremely 

detailed structural models (paragraph 3.2). In fact, the structural models 

discussed 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 detailed 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 important 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 structure 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 o t  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 was 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 embe'dded cylindrical boundary at the 

soil-structure, interface. The model of the containment shell included 12 
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TABLE 4.2.  Summary of s ign i f ican t  s t ruc tura l  modes. Table includes a l l  modes 

having a t  l ea s t  5% mass participation.  

Frequency Participating 

Mode number (Hz) mass ( $ 1  Mode description 

Reactor containment s h e l l  a- 

1 4.8 77.6 F i r s t  N-S shear mode 

4.8 77.6 F i r s t  E-W shear mode 

8.5 84.6 F i r s t  torsional mode 

12.0 32.3 F i r s t  vertic?l, mode 

14.8 id. o S r c u ~ ~ d  N-3 shear modc 

14.8 16.0 Second E-W shear mode 

Reactor building in te rna l  s t ructure  ' 

E-W l a t e r a l ,  steam genecators 

E-W l a t e r a l ,  pressur izer 

compartment 

Vertical ,  NSSS 

E-W l a t e r a l ,  

reactor coolant loop 

N-9 l a t e r a l  rcaotor coolant 

loop 

E-W l a t e r a l ,  

reactor coolant loop 

N-S'lateral, steam generators 

E-W l a t e r a l ,  steam generators 

N-S l a t e r a l ,  steam generators 

Torsion mode 

N-8 phenr mode 

Torsion mode 

Torsion mode 

Vertical mode 
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TABLE 4.2 (cont'd) 

Frequency Participating 

Mode number (Hz) mass ( % )  Mode description 

AFT complex 

Torsion mode, turbine pedestal 

E-W lateral, turbine building 

Torsion mode, turbine building 

N-S lateral, turbine building 

E-W lateral, turbine and 

diesel generator buildings 

E-W lateral, auxiliary building 

N-S lateral, fuel-handling and 

auxiliary buildings 

Torsion mode, fuel-handling 

and auxiliary buildings 

N-S shear, turbine building 

Vertical, auxiliary building 

Vertical, auxiliary building 

vertical, fuel-handling and 

auxiliary buildings 

9.2  E-W shear, auxiliary building 



modes below 33 Hz, and it was used for both the FLUSH and CLASS1 analyses so 

that in-structure response could be directly compared. Two-percent damping 

was used for all modes. 

The reinforced concrete internal structure was represented by a 
\ 

three-dimensional finite element' model consisting of plate and beam elements 

and included a simplified model of the NSSS. Important modes are itemized in 

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 cloment model nf the MT complex employed tllirl plate and chell 

elemcnto to ~opres~nt. the concrete shear walls, and beam and truss elements to 

model the braced frames. To reduce the number of dynamic degrees of freedom 

in the modal representation of this extremely complicated structure, mass was 

lumped at selected node points, leaving other node points masslesc. This 

method reduces the number 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 or1 Lhe responoc in the alrxlliary 

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 planar symmetry around 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 antisymmetrical modes of the full structure. In total, 113 modes were 

used to represent the dynamic characteristics of ̂ the AFT complex. Two-percent 

damping was used for all modes. 

As discussed in paragraph ' 3 . 2 ,  the substructure approach divides the SSI 

problem 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 



impedances, and analysis of the coupled soil-structure system. All 

calculations are performed in the frequency domain. 

The first two steps depend on the characteristics 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 c,ylinders with 

radii of 78.5 ft, embedded 36 ft in soil. A previous study by Wong and 

LUCO~ concluded that embedment of the reactor building foundation has a 

significant effect on reactor building response to earthquake excitations and 

warrants the additional cqmputational 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 equivalent embedded cylinder discussed 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 



response of the foundation is determined. For a single rigid foundation, the 

SSI response computation requires simultaneous solution of, at most, six 

complex-valued equations for each frequency. The models used for the CLASS1 

analyses are the detailed three-dimensional structural models described in 

Section 4.3. 

Each step of the substructure approach is discussed in the following 

paragraphs. 

4.4.1 Foundation Impedance Studies 

/ 

Foundation impedances are complex-valued, frequency-dependent functions 

relating the dynamic forces the foundation exerts an the soil to thc resulting 

soil displacements. Impeda~rce functions depend on khe geometry a~rd 

flexibility of the foundation and on the dynamic characteristics of the soil 

deposit. For a single ;igid 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 
7 

representing the soil's stiffness and damping effects. 

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 foundations' of the reactor bui3.dings. The 

left half of each figure shows the real part of the impedance, which 

represents the stiffness of the foundation-soil oyotem. The right half shows 

the imaginary part divided by freque~>cy, which represents energy dissipation 

in the soil medium, including both radiation and material damping. These 

impedances ere the same as those used by Wong and LUCO~ for their 

seneitivity studies, 

AFT Complex. Significant effort was devoted to modeling the foundation of the 

AFT c~mplex. Our final model (for impkdances) idealiaed it as a flat, 

T-s'haped surface foundation corrected for embedment effects. In eriiving at: 

this idealization, several cases were investigated and are itemized below. 

(In a'll cases, the bottom of the foundation was assumed to lie 42 ft from 



Horizontal terms K1 and K22 

Coupling terms KI5 and K24 

Vertical term Kgg 

Frequency (Hz) 

FIG. 4.8. Reactor building impedance functions. The following terms are 

shown: (a) horizontal terms Kll and K 2 2 ,  (b) coupling terms Kl5 and K 2 q *  



Rocking terms K44 and KS5 

2 

Tu~,sional terms UE6 

Frequency (Hz) 

Fig. 4.8. (Continued). (c) vertical term K33, (d) rocking terms K4q and 
KS5, (e) torsional terms KG6. 

the soil surface, which corresponds to the average soil depth of the actual 

foundation.) The cases examined in significant detail were: 

a Flat , ~Lshaped s u r f a c e  foundation. 'Th; flat , T-shaped f~~ndation 
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 impedarices. 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 



Distance from origin (ft) 

FIG. 4.9. Plan view of the AFT foundation model used for calculating 
impedances for CLASS1 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 equal 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 

pJ#$w, rG , <-$i$.q ,*-L - 



42 ft. Its impedance and scattering characteristics are disouss&td 

below. 

0 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 tetm of the 

impedance matrix cortected for embedment effects. 

Rnbedment effects for the BPT complex. The effect of embedment on the AFT 

complex impedances was assessed by comparing the impedances of the equivalent 

embedded cylinder with those of the circular disk. Figure 4.10 shows this 

comparison for horizontal, vertical and rocking terrne- In general, the 

emboddod and flat foundation impedances agree well, at leaoL i n  Lhe luw 

frequencies. One exception worth noting is the damping coefficient fot the 

horizontal term (Fig. 4.10a). From about 3 to 20 Hz the damping coefficient 

fat the embedded case is consistently higher than that for the flat case, due 

Frequency (Hz) 

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 K11 and K22. 



Frequency (Hz) 

Frequency (Hz) 

Fig. 4.10. (Continued) . (b) vertical term K33 , and (c) AFT complex flat 

circular foundation, rocking term K44 and embedded circular cylinder, 

rocking term KS5.  



to the effects of radiation damping. We found that this difference was 

significant; 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 5 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 

~ f f e c t  i s  the coupling of translational and rotational motions caused by the 

foundation's Lack of symmetry in the east-west direction. 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 varias.with frequency and, in general, 

will not be the same for horizontal/torsional coupling as for vertical/rocking 

coupling. A t  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 tllese impedanoe terms for aur T-shaped 

foundation model (Fig. 4.9), we selected our reference point (the point at . 

which the impedances were.to be computed) on the centerline between Unit 1 and 

Unit 2, near the boundary between the auxiliary and tur'binc buildings, Lt was 
6 

important to select the reference point minimiziny these coupling terms when 

using and comparing with equivalent cylindrical ur c i e o u l a r  plate properties. 

Figure- 4.11 shows our success in this regard. It compares the additional 

coupling terms (N-S franslaLion/torsion and vertical translation/E-W rocking), 

which we desired to minimize as described abovei with the more common E-W 
J 

translation/E-W rocking and N-S translati6nIN-9 rocking coupling terms, which 

arc genesally nnn-zero for th,e static solution. At low frequencies, below 

about 4 HZ, the additional coupling terms are very small. At higher 

frequencies their magnitudes increase, but they remain small relative to the 

hor i zontal/roc king coupling terms. 

A second effect studied was differences 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 



- N-S translationltorsion 
coupling term 

rocking coupling term 

--- E-W translation/rocking 

Frequency '(Hz) 

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 

aompari~ons of the horizontal atid rocking impedances for our T-shaped 

foundation, with the impedances for the flat circular plate overplotted. In 

Fig. 4.12a the horizontal impedances for the T-shaped case are quite similar 

and agree quite 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-S rocking. 
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FIG. 4.12. Comparison of impedances for the flat circular plate and flat 

T-shaped configuration. (a) E-W horizontal term K11 and N-S horizontal'term 

K22, (b) E-W rocking term K~~ and N-S rocking, term K44. 



Corrected impedances for the AFT complex. Based on the studies described 

above, we concluded that the impedances for the AFT complex 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 equivalent 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 

1 
5 - -. 

E-W translation 
N-S translation 

FIG. 4.13. Elements of the impedance matrix for the AFT foundation mudel 

corrected for embedment. Shown are (a) the horizontal components. 
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FIG. 4.13. (Continued). (b) the,coupling impedances between horizontal and 

rocking components, (c) the rocking components. 



FIG. 4.13. (Continued). (dl  the vertical component, and (e) the torsional 

component. 



' motions differ primarily for two reasons. First, the free-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, frequency-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. 

Reanknr ~ g i f d L n g .  Figure 4.14 showe,components of the seatterillg matrix for 

the isolated reactor building. For our assumptions of vertically piopaga-ting 

Frequency (Hz) 

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. 



shear and dilatational waves impinging on a rigid embedded circular cylinder, 

horizontal 'f ree-f ield motion produces coupled hor izontal/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. ~orsional* motion of the foundation is zero, for 

vertically incident motions and axisymmetric foundations. 

AFT Complex. For the AFT complex we used.the scattering matrix for the 
3 

equivalent embedded circular cylinder discussed previously. Wong and ~uco" 

have shown that embedmint effects can be significant for the foundation input 

motion. Figure 4.15 shows the horizontal, rocking and vertical scattering 

matrix components. Based on ~ o n g  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 

0 
0 4 8 12 16 20 

Frequency (Hz) 

FIG. 4.15. Scattering matrix for the AFT foundation. Shown are 
( a )  h,orizontal component caused by horizontal free-field motion, (b) rocking 

component caused by horizontal free-field motioii, 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 through the AFT 
. 

foundation, assuming rigid massless properties for the structures and 

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 

motiono were cnmputed with FLUSH to estimate components of the scattering 

111aLr ix. Pigurc 11.16 compares the anlglitudes of the -scatter iag components 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 .f ree-field motion. Figure 4.16~ shows the vertical term caused by 

vertical 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 FLUSH fall well 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 i-eassnably good agreement up to about 

9 Hz, with FLUSH results generally higher where amplitloation VGGU~S, and 

significantly higher at high frequencies. Thus, depending on the frequency 

content of the free-field motion and the resonant Breyuet~cies of tho 

soil-structure system, we might expect higher horizontal and rocking 

foundation response Erom E'LUSn or C W S I  in t h c  ranges where their scattering 

values are higher. 

There is a difference between the vertical scattering terms for vertical 

free-fie1.d excitation computed using FLUSH and CLASS1 (embedded cylinder). 

This difference is in the frequency at which the minimum amplitude occurs 

(Fig. 4.1612). ThevCLASSI 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 



I"\ CLASS1 equivalent cylinder 

- - FLUSH, E-W cross section 1 

Frequency (Hz) 

FIG. 4.16. Comparison of scattering matrix components for the CLASS1 embedded 

cylinder and FLUSH models. 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. 



the FLUSH assumption of a rigid boundary. Other possible causes, such as two- 

vs three-dimensional effects on soil stiffness, have yet to be studied. This 

is a subject that warrants further investigation. 

Additional scattering terms resulted from the FLUSH analysis that.do not 

occur for the embedded cylinder 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 her izvntal location in the cross section. 

All of these analyses required simplifications. In erre CLASS1 analyois, 

a cylindrical shape was assumed. In the FLUSH case, plane strain analysis was 

performed, which does not duplicate three-dimensional behavior over the range 

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 uncertain'ty in SSI modeling. 

4.4.3 Structure-Structure Interaction 

We accounted for interaction between the foundaLians of the AFT complex 

and the two reactor buildings by computing impedances using flat, rigid 

surface foundations coupled only through t h e  underlying soil layer. This was 

accomplished in much the same way as for the isolated AFT complex, except that 

the impedance matrix for each frequency was an 18 n 18 matrix, with the 6 x 6 

off-diagonal blocks representing the coupling terms between the foundations. 

In the CLASS1 algorithm, the compliance matrix is computed first and then 

invetfed tu ubtain tho impedance matrix. The 6 x 6 diagonal blocks of the 

compliance matrix were the same as those computed for the isolated 

fa~lndstionsr the AFT foundation was modeled as a flat T-shaped foundation, 

corrected for embedment as described above, and the reactor,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 ill which diagonal blocks have 

been modified from the isolated case to include approximate coupling effects. 



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 

Distance from origin (ft) 

FIG. 4.17. CLASS1 foundation model of the coupled AFT complex and reactor 

building foundations. The discretization used to compute impedance functions 
is shown. 



borisoatal/tocking terms, however, (Fig. 4.19b) are quite different, the 

isolated reactor foundation term being more than double the coupled foundation 
\ 

terms' at law frequencies . 
Figures 4.20a-b illustrate the coupling between foundations. Figure 

4.2Oa shows the E-W horizontal term$ for the AFT complex and the reactor 

buildiag, ccnnpared with the term coupling the two foundations for the E-W 

translation. Figure 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 aomplex. 

4.4.4 D~n~raoie Effects of Structures 

Because of the way in which the substructure method is fo&ulatedl we 

were able to represent the dynamic effects of the structures on their 
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P I G .  4.18. Comparison of CLASS1 impedaice functions for isolated and coupled 
AB9 foum3atisn naadels. (a) E-W translation term Kll. 
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FIG. 4.18. (Continued). (d) vertical translation term K33r and ( e )  

torsional rotation term K66. 
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FIG. 4.19. Comparison of CLASS1 impedance functions for isolated and coupled 
reactoi: building fuur~da l ion  i~~odels. (a) E-W horioontal translation term Kll 
and N-S horizontal translation term K22, (b) E-W horizontal 

translation/rocking coupling term K15 and N-S horizontal translation/rocking 

coupling term K Z 4 .  
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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 computed. Because the 

foundation was assumed to be rigid, the dynamic representation uf t h e  

structure was reduced to six dynamic.inertia1 parameters for each mode and a 

6 x 6, rigid-body mass matrix of the structure about the reference point. 

Data may be similarly condensed for in-structure response, as the modal and 

spatial relationships are needed only for those degrees of freedom for which 

response is desired. 

4.5 FLUSH ANALYSIS 

Two SSI problems were addressed in our study--analysis of the Zion 

reactor bubilding 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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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 significant 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. 

Our 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 properties to simulate free-field conditions. 

We performed iterative FLUSH analyses for the horizontal excitation 

acting in the plane of the cross section. Strain-compatible 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 the CLASSI 

analysis. Using the strain-compatible soil properties obtained from the 

horizontal analysis, we analyzed the vertical excitation. Response time 

histories at selected 1.ncations 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 cross 

section. In our analysis the two earthquake components were dssumed 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 nonunique 

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 to idealize the i r  

stiffness and geometry. In all of our analyses the foundations were assumed 

to beha.ve rigidly. This is a very good assumption for the foundation of the 

reactor building, where effective stiffness is due to the foundation itself 

and to the stiffening effect of the containment shell and internal structure. 

The foundation of the AFT complex, however, was expected to behave in a 

flexible manner--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. Our 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 it. 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 

sect ion. 

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 structureo and a ' 

second-stage structural analysis is usually performed using the results of the 

SSI analysis as excitation. The result of the second-stage ana1ysis.i~ the 

detailed three-dimensional response to two horizontal *components of foundation 

motion, two rocking components and one vertical component. We followed this 
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procedure, using the structural models described in paragraph 4.3. In the 

first-stage analysis, the model for the reactor building's containment shell 

was 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 model's for 

the SSI analysis. The modal equivalence principle permits modeling more modes 

than does a continuous beam or element representation. The basic procedure is 

to develop a series of single-degree-of-freedom (DOF) models, each designed to 

represent one mode of the structure. The frequency, 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 detailed model. Judged on 

the basis of their modal participation factors, only the most important modes 

are included. Any residual mass or rotational inertia not represented in the 

dynamic models is added to the foundation to ensure proper modeling of rigid 

body behavior. The resulting models for the internal structure and AFT 

complex 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 as a. benchmark comparison between FLUSH and CLASSI. Effort toward 

meeting our first objective centered on the AFT complex, whereas achieving our 

second objective involved benchmark comparisons performed on a model of the 

reactor building, which assumed it to be an isolated structure. 

The basic formulation in FLUSH is two-dimensional; hence, analyzing the 

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 appe.ar in Fig. 4.22a-c. Figure 

4.22d shown s FLUSH model of the reactor b~.li,lding 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 

horizontal 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 shear 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 horizontal 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 was 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 Sec.tion A-A. Section A-A is a north-south slice taken through the 

center of the reactor buildings and through the western end of the auxiliary 

building. The model (Fig. 4.21a) 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 
I 

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-element 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 

horizontally by rigid links, whereas the CLASSI structure model was assumed 

horiznnkally rigid below grade. This was expected to introduce only small 

differences in response. The soil region between the containment shell and 



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. . 

The reactor building internal structure was modeled using the modal 

equivalence method descr =bed 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% 

(horizontal) and 15% (vertical) of the total structural mass. This was about 

80% of .the effective modal mass for frequencies 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 equivalence 

principle. The single-DOF models comprising the structural model were 

connected to the foundation block at the centerline 15 ft below grade, 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 vertical 

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 

modelinq 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 with the 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 

an'd stiffness of an irregularly shaped structure and foundation in two 



d i m e n s i o n s  and  s t i l l . m a i n t a i n  a n  a p p r o p r i a t e  r e l a t i o n s h i p  be tween it and  o t h e r  

s t r u c t u r e s .  T h i s  i s s u e  o c c u r s  whenever  a v e r a g e  properties f o r  t h 6  s t r u c t u r e  

c a n n o t  b e  e s t a b l i s h e d  f o r  t h e  a n a l y s i s  sl ice.  I n  p a r t i c u l a r  t h e  dilemma 

a r i se s  when c o n s i d e r i n g  s t r u c t u r e - t o - s t r u c t u r e  i n t e r a c t i o n ,  whe re  t h e  mass 

r a t io  be tween s t r u c t u r e s  is a n  i m p o r t a n t  p a r a m e t e r .  I n  g e n e r a l ,  t h e  more 

m a s s i v e  s t r u c t u r e  h a s  t h e  g r e a t e s t  e f f e c t  o n  t h e  n e i g h b o r i n g  s t r u c t u r e .  A t  

Zion,  t h e  AFT complex is e x p e c t e d  t o  a f f e c t  t h e  reactor b u i l d i n g  r e s p o n s e .  To 

c a p t u r e  t h i s  a s p e c t  o f  dynamic b e h a v i o r ,  t h e  mass  r a t i o  of t h e  t w o  s t r u c t u r e s  

is i m p o r t a n t .  On t h e  o t h e r  hand,  when mode l ing  o n l y  a p o r t i o n  of t h e  

f o u n d a t i o n ,  s u c h  a s  t h e  Zion  a u x i l i a r y  b u i l d i n g ,  i n c l u d i n g  t h e  e n t i r e  mass o f  

t h e  s t r u c t u r e  w i l l  p r e d i c t  d i s p r o p o r t i o n a t e l y  h i g h  stress l e v e l s  i n  t h e  so i l  

and  d i s t o r t  s t r u c t u r a l  r e s p o n s e .  T h i s  is e s p e c i a l l y  t r u e  when n o n l i n e a r  s o i l  

b e h a v i o r  is b e i n g  app rox ima ted .  To m a i n t a i n  r e a s o n a b l e  l e v e l s  o f  stress i n  

t h e  so i l ,  a  s t r u c t u r e  a n d  f o u n d a t i o n  mass p r o p o r t i o n a l  to t h e  f o u n d a t i o n  a r e a  

is r e q u i r e d .  Hence, two a l t e r n a t i v e s  a r i s e - - t h e  mass o f  t h e  s t r u c t u r e  a n d  

f o u n d a t i o n  model c a n  be selected to y i e l d  t h e  e x p e c t e d  s o i l - b e a r i n g  p r e s s u r e ,  

or t h e  h o r i z o n t a l ,  v e r t i c a l ,  and  r o t a t i o n a l  i n e r t i a  o f  t h e  p o r t i o n  o f  

s t r u c t u r e  w i t h i n  t h e  a n a l y s i s  sl ice or t h e  t o t a l  mass o f  t h e  s t r u c t u r e  

i n c l u d i n g  t h o s e  p o r t i o n s  o u t s i d e  t h e  a n a l y s i s  s l ice  c a n  be  i n c l u d e d .  The 

fo rmer  c a s e  is d e f i c i e n t ,  e s p e c i a l l y  i n  t h e  p r e d i c t i o n  o f  s t r u c t u r e - t o -  

s t r u c t u r e  i n t e r a c t i o n  effects.  The l a t t e r  a p p r o a c h  overcomes  t h i s  a s p e c t  b u t  

c l e a r l y  l e a d s  to  s h i f t s  i n  t h e  a m p l i t u d e  and  f r e q u e n c y  c o n t e n t  of t h e  

c o m p l i c a t e d  s t r u c t u r e - - i n  o u r  case, t h e  AFT complex.  We selected t h e  f i r s t  

a l t e r n a t i v e .  However, t h i s  a s p e c t  o f  t h e  model  c l e a r l y  i n t r o d u c e s  a s o u r c e  o f  

u n c e r t a i n t y .  

C r o s s  S e c t i o n  B-B. S e c t i o n  B-B is a  n o r t h - s o u t h  slice t a k e n  t h r o u g h  t h e  

t u r b i n e  b u i l d i n g  be tween t h e  t u r b i n e  p e d e s t a l s  a n d  t h e  a u x i l i a r y  b u i l d i n g .  

The FLUSH model  ( F i g .  4.21b) is s y m m e t r i c a l  a b o u t  t h e  c e n t e r l i n e  o f  t h e  AFT 

complex.  The basema t s  were modeled w i t h  t h e  r i g i d ,  p l a n e  s t r a i n  f i n i t e  

e l e m e n t s  a n d  t h e  e x t e r i o r  w a l l s  w i t h  r i g i d  beam e l e m e n t s .  The o u t - o f - p l a n e  

d imens ion  was s e l e c t e d  so t h a t  t h e  f o u n d a t i o n  area c o r r e s p o n d e d  t o  t h a t  o f  t h e  

t u r b i n e  b u i l d i n g .  S i m i l a r l y ,  t h e  mass p r o p e r t i e s  o f  t h e  s t r u c t u r e  and  

f o u n d a t i o n  c o r r e s p o n d e d  t o  t h o s e  o f  t h e  t u r b i n e  b u i l d i n g  a r e a  o f  t h e  AFT 

complex .  The s t r u c t u r a l  modes i n c l u d e d  i n  t h e  model were i d e n t i f i e d  w i t h  

e i t h e r  r e s p o n s e  o f  t h e  t u r b i n e  b u i l d i n g  a l o n e  or s i g n i f i c a n t  o v e r a l l  AFT 

complex modes. I n  t h e  l a t t e r  c a s e ,  t h e  modal  mass r e p r e s e n t e d  by single-DOF 



models was i n  p r o p o r t i o n  to  t h e  t u r b i n e  b u i l d i n g  r e l a t i v e  t o  t h a t  of t h e  t o t a l  

AFT complex .  R e s i d u a l  s t r u c t u r a l  mass was, a g a i n ,  d i s t r i b u t e d  o v e r  t h e  

basemat .  The s ingle-DOF mode l s  r e p r e s e n t i n g  t h e  s t r u c t u r e  were c o n n e c t e d  t o  

t h e  b a s e m a t  a t  t h e  p l a n e  o f  symmetry a n d  t h e i r  dynamic  l o a d s  d i s t r i b u t e d  to 

t h e  b a s e m a t  by r i g i d  beam e l e m e n t s .  

C r o s s  S e c t i o n  C-C. S e c t i o n  C-C e x t e n d s  e a s t  and  west a l o n g  t h e  c e n t e r l i n e  o f  

t h e  AFT complex.  The FLUSH model  o f  t h e  f o u n d a t i o n  ( F i g .  ,4.21c) c o n s i s t s  o f '  a 

series of r ig id ,  p l a n e  s t r a i n  f i n i t e  e l e m e n t s  r e p r e s e n t i n g  t h e  b a s e m a t s ,  which 

a re  c o n n e c t e d  by r i g i d  beam e l e m e n t s  r e p r e s e n t i n g  t h e  e x t e r i o r  w a l l s  o f  t h e  

f o u n d a t i o n .  The o u t - o f - p l a n e  dimension was chnsen t.o g i v e  t h e  model  t h e  same 

area a s  t h a t  o f  t h e  e n t i r e  AFT complex.  An e q u i v a l e n t  modal model was used  t o  

r e p r e s e n t  t h e  dynamic  e f f e c t s  o f  t h e  AFT s t r u c t u r e s  below 20 Hz. The model  

u s e d  1 5  h o r i z o n t a l  modes, which  a c c o u n t e d  d y n a m i c a l l y  f o r  a b o u t  70% o f  t h e  

s t r u c t u r a l  mass i n  t h e  E-W d i r e c t i o n  a n d  a b o u t  50% o f  t h e  r o c k i n g  iner t ia .  

F i f t e e n  modes w e r e , u s e d  to  a c c o u n t  d y n a m i c a l l y  f o r  a b o u t  50% of t h e  mass 

v e r t i c a l l y .  



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 them 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 

attempt 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 

problem--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 SS1 ANALYSIS OF THE ISOLATED REACTOR BUILDING 

To obtain an estimate of the best agreement we could expect from CLASSI 

and FLUSH, we performe'd SSI analyses of the Unit 1 reactor building, assuming 

it to be isolated from the other plant structures so that interaction between 

foundations did not occur. In terms of foundation 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 

formulatfons. Our principal objective was to study the variability between 



TABLE 5.1. Summary o f  Zion  reactor b u i l d i n g  S S I  a n a l y s e s .  

E x c i t a t i o n  R e s u l t s  

A n a l y s i s  E l  C e n t r o  S y n t h e t i c  p r e s e n t e d  

C L A S S I ~  

0 I s o l a t e d  s t r u c t u r e  a n d  f o u n d a t i o n  x x 

0 S t r u c t u r e - t o - s t r u c t u r e  i n t e r a c t i o n  x x 

FLUSH 
b  

0 I s o l a t e d  s t r u c t u r e  a n d  founda t ion - -  

cross s e c t i o n  o f  F i g .  4.21d 

+ I L e r a t r d  snil p r o p e r t i e s  

F r e e - f i e l d  soi l  properties x x 5.1.3 

F i r s t - s t a g e  v s .  s e c o n d - s t a g e  x x 5.1.1 

Wi thou t  f o u n d a t i o n  r o c k i n g  i n p u t  mo t ion  x  x 5.1.2 

+ S t r u c t u r e - t o - s t r u c t u r e  i n t e r a c t i o n  x 5.2 

a 
A l l  CLASS1 a n a l y s e s  i d e a l i z e d  t h e  reactor b u i l d i n g  f v u n d a t i o t l  to be embedded. 

' A l l  FLUSH r e s u l t s  a re  f rom s e c o n d - s t a g e  s t r u c t u r e  a n a l y s i s  U n l e s s  o t h e r w i s e  

s t a t e d .  

TABLE 5.2. Summary ot xion ur.'l' complex 331 a ~ ~ a l y s c s .  

.- 

E x c i t a t i o n  R e s u l t s  

A n a l y s i s  E l  C e n t r o  S y n t h e t i c  p r e s e n t e d  

CLASS I 

8 I s o l a t e d  s t r u c t u r e  a n d  f o u n d a t i o n  x , 5 . 3  z 

S t r u c t u r e - t o - s t r u c t u r e  i n t e r a c t i o n  x 5.4,  5 . 5  

FLUSH 

0 Isolated s t r u c t u r e  a n d  f o u n d a t i o n  x 5.3 

e S t r u c t u r e - t o - s t r u c t u r e  i n t e r a c t i o n  x 5.4 



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 directly by CLASSI. However, for the isolated reactor building 

study, we obtained results from the FLUSH analyses using several methods so 

,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 

dome at the centerline and 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 

2 2 
in ft/sec . Rotations are given in rad/sec . 

Synthetic earthquake El Centro earthquake 

CLASSI FLUSH method CLASS I 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-S rocking 0.0344 0.0375 ' (0.0375) 0.0270 0.0281 (0.0281) 

Tnp of containment. shol .1  

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 transla tion 4.52 . N A 4.24 5.70 NA 6.12 

Vertical translation 3.55 NA 4.34 2.72 N A 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 

- - 



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 spectral accelerations, 

closely follows the free-field motion up to frequencies approaching 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 

earthquake but only about 15% for the El Centro earthquake. Examination of 

the free-field response spectra reveals amplified spectral accelerations over 

a wider fsequency range (1 to 10 Hz) fur t h e  El Centro 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 

frequency of the foundation. A difference of similar magnitude occurs at 

about 10 Hz. The response spectra of the rocking acceleratians at the bdsemat 

(Figs. 5.lc and 5.2~) also agree quite well. This is due, at least in part, 

to the care taken in determining the PLUSH equivalerlt founrlatiulr 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 required. 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 quite 

good for horizontal response but somewhat anomalous for vertical response. 

Table 5.3 summarizes peak accelerations, and Figs. 5.3 and 5.4 show response 

spectra at 2% damping. Peak horizontal accelerations compare well--withi,n 

2 to 8%. Horizontal response spectra match closely in frequency cuntent, with 

some &fferences in amplitude at the resonant frequencies of the coupled 

soil-structure system. The largest difference approaches 40%, but in general 
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FIG. 5.1. SSI analysis of the isolated reactor 

building foundation using synthetic earthquake 
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FIG. 5.3. Ccmparison of CLASS1 and FLUSH analyses of the isolated reactor building using synthetic 

earthquake data. Response spectra and their locations are (a) the N-S translation at the top of the 
containment shell, (b) the vertical translation at the top of the containment shell, (c) the N-S 

translation an the operating £130~ at the pressurizer, and (d) the vertical translation on the operating 

floor at the pressurizer. 
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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 vertical response predicted by FLUSH and CLASSI was 

inconsistent for the two control motions. Consider the El Centro earthquake. 

Figure 5.2b shows the foundation motion predicted by FLUSH and CLASSI compared 

to the f ree-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 through 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 

earthquake (Fig. 5.lb) compare well. However, in-structure vertical response 

(Fig. 5.3) differs in frequency 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 analysis 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. 

9 We obtained additional FLUSH results in a form compatible with the 

intcrmedi.ate output of ,CLASSI. A vertical scattering matrix was 

. computed from FLUSH and compared with CLASSI. Differences were 

clearly present--the CLASSI scattering matrix has a mlnimum at abuut 

6 Hz, whereas the 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. 



Table 5.4 summarizes the 'variations in acceleration response spectra over the 

entire, frequency range. 

5.1.1 Two-Stage Analysis vs Single-Stage FLUSH Analysis 

We compared structural response from the f irst-stage (FLUSH) and second 

stage (FLUSH/CLASSI) analyses at the top of the containment shell to determine 

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 

mod'eling its exp,ected dynamic behavior, i.e., uncoupled motion in two 

horizontal directions and the vertical. The only significant.difference 

between the two models was. their assumed behavior below grade--the CLASS1 

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. In 

addition, the second-stage of the two-stage analysis 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 

Amp1 if ied Amp1 i f ied 

frequency range frequency range 

Location ZPA ' Typical Extreme ZPA Typical Extreme 

Top of foundation <lo <lo 3 5 < 20 <20 4 0 

Operating floor <lo . <lo 2 0 <25 <20 6 0 

at pressurizer 

Top of containment < 5 < 10 4 0 t 10 <10 4 0 

shell 



Centro earthquakes is shown in Fig. 5.5. In both cases the response from the 

two-stage analysis agreed very well with that from the single-stage analysis. 

However, similar analyses using .free-field soil properties showed spectral 

differences of about 20%. Spectra of vertical accelerations were virtually 

inaistinguishable. 

For more complicated 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 required to perform SSI 

analysis, the inability to include many modes and coupled dynamic behavior 

'between various coordinate directions leads to differences in structural 

response determined 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 required. This was 

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

5.1.2 Effect of Foundation Rocking on Structural Response 

Many two2stage analyses performed in the past have ignored foundation 

rotation as an excitation in the second. stage. However, it 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 the8 synthetic earthquake by about lo%, but it increased 

response for the El ~entro earthquake dramatically. This graphically 

illustrates the effect that frequency characteristics of different earthquakes 

can have on response. Similar' differences are seen in the response spectra of 

the horizoi~tal aceeleratione on the operating floor (Fig. 5.6b). The 

differences are not quite as pronounced here, probably because the location is 
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FIG. 5.6. Comparison of FLUSH analyses of the reactor building with and without basemat rocking. 

Shown are N-S translations for (a) synthetic earthquake motions at the top of the containment shell, 

(b) El Centro earthquake motions at the top of the containment shell, (c) synthetic earthquake 

motions on the o~erating floor at the pressurizer, and (d) El Centro earthquake motions on the operating 

floor at the pressurizer. 



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 less than 25% at both locations, 

in contrast to the marked differences in spectra. 

These results clearly show the impor,tance 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 cou'pled 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 end differences in 

amplitude. Note that no consistent trend is apparent, 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 

Nonlinear ities 

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 icerated 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, which 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 ptope~ties, bringing it closer to the 

CLASS1 result (Fig. 5.1~). 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 the 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 increased by over one-third for the 

coupled foundations while the FLUSH results actually decreased for most 

responses. 

Figures 5.9 and 5.10 show comparisons of response spectra on the 

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

TABLE 5.5. cornpa! 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 

2 2 
given in ft/sec . Rotations are given in rad/sec . 

CLASSI analysis FLUSH analysis 

Foundation at reference point 

N-S translation 

Vertical translation 

N-S rocking 

Top of containment shell 

N-S translation 

Vertical translation 

Operating floor. 

N-S translation 



I I 
- FLUSH - #:a)- 

CLASS1 - - 

- - 

- - 

i 
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FIG. 5.10. Comparison of FLUSH and CLASS1 SSI analyses of the reactor building.at the top of the 
containment shell for foundation-to-foundation interaction effects from the synthetic earthquake. 
(a) shows the Ne and (b) the vertical translations. 



CLASSI spectral peaks for the N-S translation (Fig. 5.9a) are up to 50% higher 

than those from FLUSH in the frequency range between 2 and 4 Hz. For rocking 

(Fig. 5.9~) the CLASSI response is over 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. 5.10b1, 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. 

11: 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 coupled~foundation 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 foundation to be rigid, 

thereby mobilizing all of AFT mass to drive the reactor buildings. On the 

other hand, FLUSH used a structural model for the AFT complex which contained 

the mass of only that 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 problem, the reactor bui;ding 

was not driven by the AFT complex. This is discussed further in paragraph 5.4. 

5.3 SSI ANALYSIS OF THE ISOLATED AFT COMPLEX 

In addition to the isolated reactor buildings, we also studied the 

variability in response of the AFT complex 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 



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   able‘ 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 analysis. 

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. 



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 

figst staqe (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. In 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. 5.11a); 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 differences. For E-W'cvckil~g 

(Fig. 5.11e) the frequency content was similar, but amplitudes differed by as 

much as loo%, and the ZPAs differed by almost 50%. The spectra for N-S 

rocking (Fig. 5.118) differed in the freyuency 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 difkerence may B e  a 

result of some unavoidable flexibility in the foundation of the FLUSH model of 

cross section B-B, because while the response speuLr'uM slsawn in Fiy. '5.11d was 

representative of the motion neat the plane of symmetry of ttle model, typical 

mot-ions 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 mode-ling 
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FLG. 5.11. Comparison of CLASS1 and FLUSH analyses of the isolated'AFT complex at its foundation. 

Shown are (a) E-W translation, (b) N-S translation, ( c )  vertical t?anslation, (d) N-S rocking. 
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FIG. 5.12. Comparison of CLASSI and FLUSH analyses of the isolated AFT complex in the control room. 

Shown are (a) E-W translation, (bl  N-S translation, and (c) vertical translation. 
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FIG. 5.14. Comparison of CLASS1 and FLUSH analyses of the isolated AFT complex near the north end of the 

auxiliary building roof. Shown are (a) E-\J translation, (b) N-S translation, and (c) vertical translation. 
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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 

2 2 
ft/sec . Rotations are given in rad/sec . 

Location and component 

CLASS1 FLUSH second-stage 

analysis analysis 

Foundation at reference point 

E-W translation 

N-S translation 

Vertical translation 

N-S rocking 

E-W rocking 

Torsional rotation 

Control room 

E-W translation 

N-S translation 

Vertical translation 

Auxiliary building roof, south end 

E-W translation 

N-S translation 

Vertical translation 

Auxiliary building roof, north end 

E-W translation 

N-S translation 

Vertical translation 

West wall of fuel-handling building 

E-W translation 

N-S translation 

Vertical translation 



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 frequency range 

Location ZPA Typical Extreme ZPA Typical Extreme 

Foundation + <10 . <25 4 0 < 10 < 15 3 0 

Control room < 5 <30 6 0 <lo <15 3 5 

Auxiliary 

building roof <20 < 25 50 <10 . <20 4 0 

West wall of fuel <15 < 3 0  5 0 <25. <20 5 0 

handling building 

the soil behavior 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. ~hese are shown in 

Figs. 5.12 through 5.15 and Tabie 5.7. Differences are su~atf2etY in 

Table 5.8. In general, the differences between the CLASS1 and second-stage 

FLUCB analyses arc oomcwhat larger than on the foundation. Variations in peak 

accelerations at the different locations average about 12% for the E-W and 

vertical directions, while the N-S direction shows better agreement, with an 

average vari,ation 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 



frequency bands by up to about double.that on the foundation. In the E-W 

direction (Figs. 5.12a-5.15a). the FLUSH results show a marked ?mpiif ication 

near 4-5 Hz and 8-12.H~ 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. In 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 Hz, 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 between 6 and 10 Hz is also present in the control 

room and auxiliary building roof, but not at 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 response 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, usi'ng all three 

components of free-field motion. For the FLUSH analyses, the 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 FLUSH E-W building response. Any change is most 

likely a result of torsional response of the structure due to eccentric 

nor th-sou th loading. 



A summary of peak accelerations is shown in Table 5.9, and response 

spectra of motions on the foundation and in the structure are shown in 

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 'FLUSHn are-shown. Table 5.10 summarizes the 

variations between the FLUSH and CLASSI results. In general, peak 

accelerations agreed within about 10 to 20%, with the notable exception of the 

N-S rocking 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 fiyid, greatly 

increasing the N-S rocking resistance of the extreme northern and southern 

portions of the turbine buildings (the distance from the plane of symmetry to 

extreme ends is 280 ft). In the FLUSH formulation, the foundation is modeled 

as rigid in the plane of the model, but no constraint exists 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 

determined for a resisting arm of only 43.5 ft. Thus, we would expect the 

CLASSI model, much stitter in N-S sail rocking iiupedance, to produoc 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-6 translations in t h e  

structure, as well as in the spectra of the vertical translations at the north 

and south ends of the auxiliary building roof. 1'Ae spectral aurylificatian 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 SPAS 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. 



TABLE 5.9. Comparison of CLASS1 and FLUSH analyses of coupled foundations for 

the AFT complex. Table shows a summary of peak accelerations in the AFT 
2 

complex. Translations are given in ft/sec . Rotations are given in 

CLASS I FLUSH second-stage 

Location and component analysis analysis 

Foundation at reference point 

E-W transla tion 

N-S translation 

Vertical translation 

N-S rocking 

E-W rocking 

Torsional rotation 

Control room 

E-W translation 

N-S translation 

Vertical translation 

Auxiliary buildinq roof, south end 

E-W translation 

N-S translation 

Vertical transla tion 

Auxiliary building roof, north end 

E-W translation 

N-S translation 

Vertical translation 

West wall of fuel-handling building 

E-W translation 4.08 

N-S translation 5.34 

Vertical translation 4.09 
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FIG. 5.16. (Continued). (e) E-W rocking, and 
( f )  torsion. 
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FIG. 5.18. Con.parison of CLASS1 and FLUSH coupled foundation analyses near the south end of the auxiliary 

building roof. Shown are (a) E-W translation, (b) I-S translation, and ( c )  vertical translation. 
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Frequency (Hz) 
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FIG. 5.20. Comparison of CLASS1 and FLUSH coupled foundation analyses at the west wall of the AFT complex. . 

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



TABLE 5.10. V a r i a t i o n s  i n  a c c e l e r a t i o n  reeponse spectra fox  t h e  AFT complex, 

assuming a coupled foundat ion.  D i f f e r ences  are given  i n  percent. 

Hor i son t a l  V e r t i c a l  

Amplified Amp1 if i e d  

frequency range 
* 

lacat ion  ZPA Typica l  Extreme 

f requsncy ranee 

ZPA Typical  Extreme 

Foundat ion 1 5  35  65  5 25 50 

A u x i l i a r y  

building roof 

West w a l l  of  f u e l  1 5  40 1 5  0 2 0 20 

hand l ing  b u i l d i n g  

5.5 EFFBCTS OF STRUCTURE-TO-STRUCTURE INTERACTION 

W e  used t h e  r e s u l t s  from t h e  CLASS1 ana lyses  of the isolated Iour~dations 

and t h o s e  from t h e  coupled foundat ions  to s tudy  t h e  effects of s t ruc tu re - to -  

s t r u c t u r e  i n t e r a c t i o n  on foundat ion  and in - s t ruo tu re  resgonse. These ana lyses  

were performed for a l l  t h r e e  components of t h e  s y n t h e t i c  ear thquake and t h e  

E l  Cent ro  earthquake. The r e s u l t s  tor t h e  s y n t h e t i c  ear thquake are the 8ame 

ae t h o s e  we compared wi th  t h e  FLUSH r e s u l t  i n  the prev ious  s e c t i o n s .  We 

compared peak a c c e l e r a t i o n s  and response s p e c t r a  a t  t h e  s e l e c t e d  l o c a t i o n s  i n  

t h e  s t r u c t u r e s  p rev ious ly  descr ibed .  These comparisons a r e  shown i n  Table 

5.11 and Figs.  5.21 through 5.30. 

Poundat ion Response. F igu re s  5.21 through 5.24 sbow s p e c t r a  of t h e  foundat ion 

response  f o r  both ear thquakes.  From Table 5.11 and t h e  response s p e c t r a ,  w e  

see t h a t  t h e  e f f e c t  o f  t h e  reactor bu i ld ing  on t h e  AFT complex is 

i n s i g n i f i c a n t .  Peak a c c e l e r a t i o n s  on  t h e  AFT foundat ion f o r  t h e  coupled 



TABLE 5.11. Comparison of CLASS1 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 translation 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 , -0042 .0.04 5 .0040 -. 0043 
E-W rocking . O O ~ O  .0073 0052 .0051 

Torsional rotation .0032 .0047 .0034 .004 1 

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 translatiod 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 

Vertical translation 3.68 

Auxiliary building roof, north end 

E-W translation 8.82 

N-S translation 4.89 

Vertical translation 3.68 

West wall of fuel-handling building 

E-W tranelatlon . 4.16 

N-S transla tion 4 78 

Vertical translation 4 31 



TABLE 5.11 (cont'd) 

. . 

Synthetic earthquake El Centro 'earthquake 

Isolated Coupled Isolated Coupled 

Location and component foundation foundations foundation foundations 

Unit 1 Unit 2 Unit 1 Unit 2 

Reactor building 

Foundation at reference point 

E-W translation 3.61 3.41 3.80 3.55 3.87 3.84 

N-S tr ans.lat ion 3.87 4.92 4.52 5.47 5.56 5.71 

Vertical transiation 3.44 4.10 3.87 2.67 2.89 2.97 

N-6 sockinq 0344 0438 0388 -0270 ,0362 0360 

E-W rocking .0412 .0546 .0547 .0148 .0251 .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  

Fr.rsf field 

!%-W translation 7.33 3.99 

7.33 6.49 N-S translation 

Vertical translation 4.34 3 . 9 2  . ,. 
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FIG. 5.21. Comparison of isolated and coupled foundation response on the AFT complex foundation, using 

- synthetic earthquake data. Shown are (a) E-W translation, (b) N-S translation, (c) vertical translation, 

(d) N-S rocking,, 

-Isolated - I (dl- 
Coupled - - 



-Isolated - (el- 
Coupled - , 

- - 

Frequercy (Hz) 

.050 t 
I 

Isolated - 
Coupled - - 

Frequency (Hz) 

FIG. 5.21. (Continued). (e) E-W rocking, 

and (f 1 t~rsion. 



I 

lsolated - 
Coupled 

Unit 1 - - 

lsolated - ' 
30 

-coupled 

I' Unit 1 - - 
Unit 2 - - - 

Isolated - I - 
Coupled 

Unit 1 - - 
Unit 2 - - - 

- 

- 

Isolated - I (dl- 

Coupled . 
Unit 1 - - 

Frequency (Hz) Frequency (Hz) 

FIG. 5.22. Comparison of isolated and coupled response on the reactor building foundation, using 

synthetic earthquake data. Shown e.re (a) E-W translation, (b) N-S translation, (c) vertical translation, 

(d) - N-S rocking. . 



P
T
T
 

2
 

A
c
c
e
le

ra
ti

o
n

 (
ra

d
ls

e
c
 

) 

A
c
c
e
le

ra
ti

o
n

 (
ra

d
/s

e
c
2
) 



I-' 
I-' 
UI 

Isolated - . I (a) 
20 -Coupled - - - 20 

Isolated - I 1 
'(b) 

-Coupled - , - 

- 

*O. 
Isolated - (dl 

Coupled.- , 
- - 

- 

\+$.=-u,?:+- 

I 

Isolated - I 
-Coupled -, - 

Frequei1cy (Hz) Frequency (Hz) 

. . 

FIG. 5.23. Comparison o f ' i s o l a t e a  and coupled response on the foundation of the AFT complex,usiny E;1 Centro 

earthquake data.  Shown a re  (a )  E-Lr t r ans la t ion ,  ( b )  N-S t rans la t ion,  (c)  v e r t k a l  ' t rans la t ion,  ( d )  H-8 rocking. 



A
c

c
e

le
ra

ti
o

n
 (

ra
d

ls
e

c
L

 

A
c

c
e

le
ra

ti
o

n
 
(r

a
d

/s
e

c
2

) 



Isolated - (a) 

Coupled 

Unit 1 - - 
- Unit 2 - - - - 

Unit 2 - - - 

~rebuency (Hz) 

I I 
Isolated - (b) 
Coupled 

Unit 1 - - 
- 

Frequency (Hz) 

FIG. 5.24. Comparison of isolated and coupled response on the reactor building foundation, using El Centro 

earthquake data. Shown are (a) E-W translation, (b) N-ki translation., (c) vertical translaton, ( c i )  19-S rocking. ' 

. . . . .  



A
c
c
e
le

ra
ti

o
n

 (
ra

d
/s

e
c
2
 ) 

A
c
c
e
le

ra
ti

o
n

 (
ra

d
/s

e
c
2
) 



t 
Isolated - 
Coupled - , 

Isolated - I I 

I 
Coupled - - 

lo-' 1 10 1 02 

Frequency (Hz) 

1 
-Isolated - (b)- 

Coupled - , 

- - 

- 

Frequency (Hz) 

North - 

FIG. 5.25. Comparison of isolated and coupled response in the control room of the AJ?T complex. Shown are 

(a) E-W translation, (b) N-S translation, and (c) vertical translation. 
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FIG. 5.27. Comparison of isolated and coupled response near the north end of the auxiliary building roof. 

Shown are (a) E-W translation, (b) N-S translation, and (c) vertical translation. 
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FIG. 5.29. Comparison of isolated and coupled response at the top of the reactor building containment 

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

Spectral peaks 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 rocking, 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%. Response 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. Ftocking 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 evident. 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, aqd that 

the effects of the reactor buildings on the AFT complex are minimal. This is 

as we might expect, for the mass of the ~ ~ ~ ' c o m ~ l e x  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 motion 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 bualdinq. These are probably a 

result of the difference in foundation torsional response at that frequency. 



The same is generally true for the El Centro earthquake except that vertical 

response is also somewhat amplified. In general peak accelerations changed by 

about 5% for both earthquakes. ' 

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. 



6.0 SUMMARY AND CONCLUSIONS 

To perform a comprehensive systems analysis, as we did in the SSMRP, it 

'is necessary to obtain quantitative estimates of the realistic, or best 

estimate, seismic response and its uncertainty. Our inability to define and 

precisely represent each aspect of the seismic methodology 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. 

Some general comments concerning the scope of our study and the 

.application of the results are in order. The responses compared here 

represent two point estimates of structural response. These point estimates 

were calculated assuming that all parameters in the analysis were known, e.g., 

soil parameters, structure characteristics, foundation models, etc. It should 

be apparent that many additional factors such as these introduce uncertainty 

into our prediction of structural response. The present study was, therefore, 

limited to analysis procedures themselves and our implementation of khem. 

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 aspects of the problem better 

than its counterpart. For example, the CLASS1 method models the 

three-dimensional character of the problem, while 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 .values 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 struct'ure, identified as important to accideht 

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 . ' 



variations in subsystems or component response. In general, these variations 

result from all elements of the seismic methodology chain, a portion of which 

may be attributed to SSI analysis procedures. In the following discussion, 

three aspects of the response spectra will be addressed: peak acceleration or 

ZPA; portions of the amplified acceleration frequency range <33 HZ, but not 

necessarily the resonant frequency; 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 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. 

Response at three points was compared: at the foundation, at the top of the 

containment shell, and on the operating floor. Results of this c61f1phtfSOn 

showed excellent agreement between FLUSH and CLASSI for horizontal 

response--there was less than 10% difference over the entire response spectra, 

except at narrow frequency ranges near the resonant frequencies 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 508, depending on structural location and the 

control motion. Subsequent 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 cmbcdment 

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 



has a smoothing effect, and alsp over-predicts rocking and vertical 

stiffness. In terms of structure-to-structure interaction, the rigid AFT 

foundation mobilizes the entire AFT complex mass, which may overestimate its 

influence on the reactor building. In the FLUSH analysis, two-dimensional 

models of the structure and foundation were required. In general, 

two-dimensional models cannot model all aspects of three-dimensional 

soil-foundation-structure behavior. Modal equivalent models of the structure 

were 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 frequency 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 verticql foundation spectra. This was 

due in part to the location of our reference point and the difference in 

foundation 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 



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 analyses 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 APT complex. This is not 

unexpected, due to the large dltference--a factor of 5--between mass of the 

AFT complex and each reactor building. Also, the assumption of a r i y i d  AFT 

foundation means its entire mass is mobilized duiing interaction. The effect . 

of structure-to-structure. interaction on the reactor buildings is 

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 observe-d. 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 correlation betwee11 Ll~e 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 model represented 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 AF'T complex, and consequently, reactor 

building response was not significantly changed from the isolated case. APT 

complex response changed significantly. Modeling three-dimensional 

configurations with equivalent two-dimensional models is an issue which' 

requires careful consideration. 



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 frequencies 

for horizontal response was obtained. A close frequency match 

resulted from careful development of the two-dimensional structure 

and 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. 

e ,  Variability in structural response due to SSI analysis procedures 

increases with increased complexity in the physical situation to be 

modeled. 

Variability of in-structure response is greatest 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: 

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, s.tructure model 

simplifications for FLUSH, second-stage vs first-stage structure 

models, and cqoss 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 unique phase relationship which should be 

maintained. Analyses which treat them separately and combine their 

effects post factv must account for this phase relationship. 



Our limited consideration of secondary soil nonlinearities showed 

them to have a minimal effect on response. However, the excitation 

level considered here 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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