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FOREWORD 

This study of earthquake input motions for seismic design was 

performed for the United States Atomic Energy Commission, Division of 

Reactor Standards, by Agbabian-Jacobsen Associates under Contract 

No. AT(^9-5)-3012. The purpose of this study was to investigate the 

various parameters that affect earthquake ground motions at a specific 

site. S. D. Werner was Principal Investigator for this study and wrote 

the final report. Major contributions to the study were made by 

S. A. Adham, M. S. Agbabian, and G. A. Young. In addition, D. P. Reddy 

and H. S. Ts'ao contributed extensively to the preparation of the 

appendixes. P. C. Jennings of the California Institute of Technology 

served as consultant, and provided valuable guidance throughout the study. 

Acknowledgement is made to D. F. Lange of the United States 

Atomic Energy Commission for his assistance and direction throughout the 

course of this study. 
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SECTION 1 

OBJECTIVES AND SCOPE 

1.1 OBJECTIVES OF STUDY 

Nuclear energy is becoming increasingly important as a source of 

energy for generating electric power. Currently, nearly 100 nuclear power 

plants are in operation, under construction, or are in the planning stage 

in the United States. During the past five years (1965-69) these plants 

have provided 38 percent of all new steam generating capacity announced. 

Nuclear power plants have a special safety requirement because 

of the possibility of the release of fission products during accidents or 

during naturally occurring disasters, such as earthquakes, tornadoes, and 

floods. Great care must, therefore, be exercised in their design to ensure 

that those features necessary to shut down the reactor and maintain the 

plant in a safe condition remain functional at all times. 

Earthquake ground motions are of critical importance because of 

the magnitudes of the displacements and dynamic forces induced in critical 

structures and equipment of nuclear power plants. The design of the 

facility must give special consideration to these effects, and must be 

based on reasonable and reliable estimates of the earthquake effects. If 

these effects are overestimated, the expense of the design may render the 

project uneconomical, but if underestimated, the health and safety of the 

public may be endangered. A much more sophisticated prediction and analytica 

design procedure is, therefore, required than is normally used on more con­

ventional structures. 

This report deals with one aspect of the earthquake problem, namely 

the estimation of seismic ground motions in the vicinity of the nuclear power 

plant. It is known that the characteristics of earthquake motions at a 

nuclear power plant are dependent on the seismicity and fault patterns of 
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the r eg i on , the s o i l p rope r t i es o f the s i t e , and on the i n t e r a c t i o n e f f e c t s 

between the s o i l and s t r u c t u r e . However, due to the s c a r c i t y of earthquake 

ground motion records and the lack o f dynamic s o i l - s t r u c t u r e i n t e r a c t i o n 

measurements, the bas ic manner in which these and o ther parameters combine 

to a f f e c t the earthquake motions at a f a c i l i t y is on ly p a r t i a l l y under­

s tood . The re fo re , procedures and ana lys is techniques tha t consider these 

parameters in an approximate manner must be used, together w i t h sound 

eng ineer ing judgment, to est imate seismic ground motions at the s i t e o f a 

nuc lear power p l a n t . The purpose o f t h i s study is to i n v e s t i g a t e these 

procedures, and to p rov ide some guidance regard ing the e f f e c t s o f var ious 

phys ica l parameters on the earthquake motions a t a s i t e . 

The s p e c i f i c o b j e c t i v e s o f the study can be summarized as f o l l o w s ; 

• To prov ide a basis f o r developing gu ide l i nes which the 

engineer can use to se lec t design leve ls o f seismic input 

a t a given s i t e 

• To i n v e s t i g a t e the dynamic response o f a layered s i t e and 

the manner in which i t may a f f e c t the earthquake ground 

motions a t a p a r t i c u l a r s i t e 

To prov ide a d iscuss ion of s t a t e - o f - t h e - a r t s o i 1 - s t r u c t u r e 

i n t e r a c t i o n techniques s u i t a b l e f o r use in nuc lear reactor 

response analyses 

2 
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1.2 BACKGROUND 

The estimation of earthquake ground motions at a potential site 

of a nuclear reactor must be based on seismological and geological studies, 

as well as a careful investigation of the static and dynamic properties of 

the soil layers that comprise the site. The information obtained from these 

studies can then be used as input into an analysis technique that calculates 

the seismic motions. A brief description of these various investigations is 

provided for general background. 

The objective of the geological investigation Is to establish the 

lithologic, stratigraphic, and structural geological conditions of the 

potential site and the general region surrounding the site, complete with 

geological history. Tectonic structures underlying the region are identified 

as well as any physical evidence of behavior during prior earthquakes. The 

seismological investigation is closely related to the geological investiga­

tion and frequently starts with a listing of all earthquakes of record 

which may have affected the general area of the site. The magnitude of 

these earthquakes, epicenter locations, dynamic characteristics, and dura­

tions of the resulting ground motion are determined, or estimated. 

Epicenters within about 250 miles of the proposed site are of particular 

significance. Geological structures within this approximate radius and 

greater than one mile in length which are capable of causing surface fault­

ing may need to be studied if it appears that these structures could cause 

severe earthquake motions at the site. From the length of the geological 

structures, their relationship to regional tectonic structures, and the 

geological history of displacements along the structures, experienced 

seismologists can make predictions of the magnitudes of potential earthquakes 

All nuclear power plant projects require a thorough investigation 

of the subsurface soil conditions to provide information for construction 

and design. Among the potential construction problems that should be 

considered in the soils investigation are slope stability, dewatering. 

3 
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swelling, and volume change of the surrounding soil. The soils Investiga­

tion should also consider such structure design problems as (1) the method 

of support and foundation arrangement to control settlement and (2) founda­

tion vibrations that might occur when the structure supports vibrating 

equipment. In addition, due to the potential hazards involved, the study 

of subsurface soil conditions for a nuclear power plant should provide 

information that will permit evaluation of the behavior of the soil during 

an earthquake. The field and laboratory tests that are needed for this 

evaluation are as follows: 

Geophysical Studies. These studies consist of seismic 

refraction, bore hole resistivity, magnetometer surveys, 

etc., and can give a gross picture of the subsurface condi­

tions depending upon specific site conditions. The refrac­

tion and bore hole surveys are of low energy and yield only 

limiting dynamic (elastic) soil parameters for earthquake 

response studies. Under earthquake loads, soils frequently 

experience nonlinear behavior, which at present can only 

be estimated from the results of laboratory tests. 

Laboratory Tests. Many of the properties used to describe 

dynamic soil behavior are provided by laboratory tests. 

Those most frequently used to provide information for earth­

quake response studies include cyclic triaxial tests, vibra­

tion tests, sonic velocity tests, compression tests, and 

relative density tests. 

Evaluation of Results. An evaluation of the quantitative 

results from the above elements of the investigation permits 

the engineer to make decisions on siting and foundation 

design, and to select soil parameters that are suitable for 

use as input to a mathematical model of the response of the 

4 



R-6914-925 

s i t e p r o f i l e under earthquake load ing . In a l l cases, s o i l 

parameters se lec ted requ i re the i n t e r p r e t a t i o n o f t e s t 

r esu l t s by experienced s o i l s eng ineers . 

When the sources o f p o t e n t i a l earthquakes and the p rope r t i es o f 

the s i t e have been es tab l i shed by the g e o l o g i c a l , s e i s m o l o g i c a l , and s o i l 

p r o f i l e i n v e s t i g a t i o n s , the c h a r a c t e r i s t i c s o f the seismic ground motions 

at the proposed nuclear power p lan t s i t e can be es t imated . The s i g n i f i c a n t 

c h a r a c t e r i s t i c s o f these motions are (1) the peak a c c e l e r a t i o n , spectrum 

i n t e n s i t y , and root-mean-square acce le ra t i on o f the ear thquake, (2) the 

predominate f requenc ies o f mot ion , and (3) the du ra t ion o f s t rong mot ion . 

The f r e e - f i e l d s o i l motions along the depth o f the s i t e p r o f i l e 

can be es t imated using a mathematical model o f the p r o f i l e . This model 

considers the dynamic behavior o f the s o i l and can serve to est imate the 

degree o f a m p l i f i c a t i o n o r a t t enua t i on o f the boundary input motions by 

the s o i l mass. Procedures o f t h i s type are s t i l l in t h e i r fo rmat i ve 

stage and invo lve many u n c e r t a i n t i e s in es t ima t i ng the input motions and 

s o i l parameters. However, i t is a n t i c i p a t e d tha t these u n c e r t a i n t i e s w i l l 

be minimized by techn ica l advances o f the f u t u r e ; t h e r e f o r e , procedures o f 

t h i s type should be considered to be an extremely promis ing approach f o r 

e s t i m a t i n g the s e v e r i t y o f the earthquake environment fo r a nuclear power 

p l a n t . 

The presence o f a s t i f f s t r u c t u r e having s i g n i f i c a n t mass, such as 

a nuc lear power p l a n t containment s t r u c t u r e , may s u b s t a n t i a l l y modify the 

ground motions near the s t r u c t u r e from those o f the f ree f i e l d . The re fo re , 

dynamic s o i l - s t r u c t u r e i n t e r a c t i o n should be considered when es t ima t i ng 

earthquake e f f e c t s f o r a nuc lear power p l a n t . Mathematical models o f the 

s o i l and s t r u c t u r e , which use input motions based on the f r e e - f i e l d c a l c u l a ­

t i ons i nd i ca ted above, can serve to est imate these i n t e r a c t i o n e f f e c t s . 

5 
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1 . 3 SCOPE OF WORK 

The scope o f the work f o r t h i s s t u d y encompassed the f o l l o w i n g 

b a s i c t a s k s : 

• Task 1 - - G u i d e l i n e s f o r C a l c u l a t i n g S i t e - D e p e n d e n t E a r t h q u a k e 

Ground Mot ions 

• Task 2 - - S o i 1 - S t r u c t u r e I n t e r a c t i o n A n a l y s i s Techn iques 

• Task 3 " ~ F i r s t - L e v e l Approach to D e f i n i n g Se i sm ic I n p u t 

• Task 4--Summary Recommendations and Procedures f o r E s t i m a t i n g 

Sei smi c Mot i o n s . 

The r e l a t i o n s h i p and c o n t e n t o f t hese t a s k s i s d e p i c t e d In F i g u r e 1-1 and 

i s d i s c u s s e d b e l o w . 

Task 1 d e a l s w i t h p r o c e d u r e s f e a s i b l e f o r use In a d e t a i l e d 

i n v e s t i g a t i o n o f t h e e f f e c t s o f l o c a l s o i l c o n d i t i o n s on e a r t h q u a k e g round 

mo t i ons a t a n u c l e a r r e a c t o r s i t e . T h i s t a s k has r e c e i v e d the ma jo r 

emphasis o f t h i s s t u d y , and the r e s u l t s o f Task 1 a r e p r e s e n t e d i n S e c t i o n 4 . 

A r e v i e w o f some r e p r e s e n t a t i v e s t a t e - o f - t h e - a r t t e c h n i q u e s f o r 

e v a l u a t i n g t h e e f f e c t s o f s o i 1 - s t r u c t u r e i n t e r a c t i o n on t h e response o f a 

n u c l e a r r e a c t o r i s p r e s e n t e d i n Task 2 . The advan tages and d i s a d v a n t a g e s 

o f the v a r i o u s t e c h n i q u e s a r e summar i zed , and recommendat ions a r e made 

r e g a r d i n g the use o f t hese t e c h n i q u e s . The r e s u l t s o f t h i s t a s k a re c o n t a i n e d 

i n S e c t i o n 5-

Task 3 c o n s i s t s o f a s i m p l i f i e d , f i r s t - l e v e l approach t o d e f i n i n g 

s e i s m i c i n p u t a t a s i t e and i s d e s c r i b e d i n A p p e n d i x A. A l t h o u g h t h i s t a s k 

r e p r e s e n t s o n l y a s m a l l p o r t i o n o f the t o t a l e f f o r t , i t Is c o n s i d e r e d t o be 

i m p o r t a n t s i n c e i t s e r v e s as a b a s i s f o r compar i son w i t h the more d e t a i l e d 

p r o c e d u r e s s t u d i e d i n Task 1 . 

6 
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In Task 4 , the r e s u l t s o f Tasks 1 through 3 are summarized and, 

based on the present s t a t e o f the a r t , some approaches to the problems o f 

s e l e c t i n g seismic input a t a nuc lear reactor s i t e are d iscussed. A l s o , 

because o f scope l i m i t a t i o n s o f t h i s s tudy , there are aspects o f the tasks 

discussed above t ha t warrant a d d i t i o n a l I n v e s t i g a t i o n . Recommendations f o r 

f u r t h e r study have been made as pa r t o f t h i s task e f f o r t . The summary o f 

the resu l t s o f t h i s study and the recommendations f o r f u r t h e r study are 

contained in Sect ion 2 , and general procedures f o r es t ima t i on o f se ismic 

ground motions at a s i t e are descr ibed in Sect ion 3-

8 
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SECTION 2 

SUMMARY AND RECOMMENDATIONS 

This repor t descr ibes an i n v e s t i g a t i o n o f procedures f o r determin ing 

se ismic input f o r use in the ana l ys i s and design o f nuc lear power p l a n t s . As 

i nd i ca ted in Sect ion 1 , the study has cons is ted of three pr imary tasks : 

(1) procedures f o r the de te rm ina t ion o f s i te-dependent earthquake ground 

mot ions , (2) a survey and assessment o f e x i s t i n g s o i l / s t r u c t u r e i n t e r a c t i o n 

ana lys is techn iques , and (3) a f i r s t - l e v e l approach to the represen ta t ion o f 

earthquake ground motions in a reg ion . The resu l t s of the i n v e s t i g a t i o n s 

contained under each o f these tasks are descr ibed in d e t a i l in Sect ions 4 and 

5 and in Appendix A of t h i s repor t and are summarized and evaluated in t h i s 

s e c t i o n . In a d d i t i o n , t h i s sec t i on conta ins some recommendations f o r f u r t h e r 

s tudy . 

2.1 SUMMARY OF RESULTS 

2 .1 .1 GUIDELINES FOR CALCULATING SITE-DEPENDENT GROUND MOTIONS--TASK 1 

At a s p e c i f i c s i t e , the c h a r a c t e r i s t i c s o f the ground motion r e s u l t ­

ing from an earthquake are dependent upon several v a r i a b l e s . Among these are 

the e p i c e n t r a l d i s t a n c e , the earthquake magnitude, the depth o f the center o f 

energy re lease , the length and du ra t i on o f f a u l t movement, loca l geology, 

and the p r o p e r t i e s o f the s o i l layers at the s i t e under c o n s i d e r a t i o n . 

A n a l y t i c a l procedures tha t adequately consider the e f f e c t s o f a l l o f these 

important parameters have not as yet been developed. However, the rap id 

increase in recent years o f the use o f the d i g i t a l computer has resu l t ed in 

the development o f many types o f mathematical models o f a ma te r ia l cont inuum. 

These models are r e a d i l y adaptable to the p r e d i c t i o n of the earthquake 

response o f a s o i l p r o f i l e , prov ided tha t input motions at the boundaries o f 

the mathematical model can be def ined in terms o f the s e i s m i c i t y and geology 

o f the reg ion . The o b j e c t i v e o f t h i s task has been: ( l ) to i n v e s t i g a t e 

techniques f o r es t ima t i ng subsurface bedrock motions appropr ia te f o r use as 
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input at the base o f a mathematical model o f the s i t e p r o f i l e , (2) to 

descr ibe mathematical models tha t can be used to c a l c u l a t e se ismic ground 

mot ions, and (3) to prov ide sample computations tha t i l l u s t r a t e t rends 

regard ing the e f f e c t s of var ious s i t e c h a r a c t e r i s t i c s on the earthquake 

ground mot ions. 

2 . 1 . 1 . 1 Subsurface Bedrock Motions 

I d e a l l y , se ismic input motions at the s i t e o f a nuclear power p l a n t 

should be es t imated from measured records o f s t rong earthquake motions a t the 

subsurface bedrock l e v e l . At p resen t , however, there are no records o f 

s t rong motion at the subsurface bedrock l e v e l , and the few e x i s t i n g records 

on bedrock a t the ground sur face are not necessa r i l y rep resen ta t i ve o f s t rong 

earthquake motions tha t would occur at the subsurface l e v e l . There fo re , 

u n t i l s t rong earthquake motions are recorded in r o c k - l i k e mate r ia l below the 

ground s u r f a c e , est imates o f the dynamic c h a r a c t e r i s t i c s o f earthquake records 

at the subsurface bedrock leve l o f the s o i l must be i n f e r r e d from sur face 

records and based on eng ineer ing judgment. 

Because o f the absence o f measurements o f subsurface earthquake 

mot ions , records o f band - l im i t ed wh i te noise ( i . e . , records which conta in 

equal c o n t r i b u t i o n s from a l l f requencies w i t h i n a de f ined frequency range) 

were used in t h i s study to represent subsurface bedrock mot ions. The advan­

tages o f using t h i s type o f random process a re : (1) ensembles o f band-

l i m i t e d w h i t e noise are simple to generate and use In a dynamic a n a l y s i s , 

(2) segments o f wh i te no i se , a l though s imp le , have been shown to have the 

bas ic c h a r a c t e r i s t i c s o f s t rong motion ear thquakes, and (3) the uni form leve l 

o f frequency content inherent in a wh i te noise process seems more a p p r o p r i a t e , 

in view o f the lack o f measured data f o r comparison, than more re f i ned e s t i ­

mates o f subsur face bedrock mot ion . A d d i t i o n a l d i scuss ion o f subsurface 

bedrock t ime h i s t o r i e s is provided in Subsection 4 . 2 . 
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The important parameters that define the characteristics of a 

band-limited white noise record are its strength-" and duration. Procedures 

have been investigated for scaling these quantities in terms of the earth­

quake magnitude and the minimum distance of the site from a potential 

causative fault."''' For sites in close proximity to known surface fault 

patterns, the causative fault distance can be selected from a study of the 

seismicity and geology of the region. However, for sites located in areas 

that do not exhibit surface faulting (such as many regions in the Eastern 

United States), the strength and duration of the band-limited white noise 

bedrock records must be estimated from available information regarding 

previous earthquakes in the region. It is noted that the highly seismic 

regions of the United States generally contain active surface faults, whereas 

the regions without surface faulting generally exhibit lower seismicity 

characteristics. 

" The strength of an earthquake is a measure of its damage potential, and 
Is often described by the peak acceleration of the record. However, 
other descriptions of the strength of the earthquake, such as the root-
mean-square (rms) acceleration are often more appropriate. The rms accel­
eration is especially useful for measuring the strength of motion represented 
by band-limited white noise, because it Is the single measure needed for the 
application of random vibration theory to earthquake response analysis based 
on this type of input. 

""When estimating seismic input for a nuclear power plant site, it is con­
servative to assume the region of energy release to be located at the point 
along the fault that is closest to the site. In this study, the "minimum 
distance to the causative fault" corresponds to this assumed location of the 
zone of energy release. 
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G. W. Housner studied the duration of strong motion for a number 

of earthquake records, and found the duration to be generally dependent on 

the magnitude of the shock (Reference 2-1). A plot of duration of the strong 

shaking phase versus Richter magnitude was obtained and is shown in Sub­

section 4.3.2, Figure 4-2. Although this plot was obtained for surface 

motions, the same relation has been assumed in this study to hold for 

subsurface bedrock records. Also, since the duration of the strong phase of 

shaking can be distinguished only for ground motions recorded relatively 

close to the causative fault, there are relatively few data points in the 

curve of Figure 4-2. The effect of causative fault distance on duration is 

thought to be minor, and cannot be specified until more precise measurements 

at sites far from a causative fault become available. 

A set of illustrative curves that relate the rms acceleration of 

subsurface bedrock motions to the causative fault distance and the earthquake 

magnitude were generated as part of this task. The curves were obtained by: 

(1) using a set of curves of the same functional form and relative position as 

those of Seed, et al.,(Reference 2-2); and (2) making use of engineering 

judgment and some one-dimensional calculations of the El Centro site to modify 

the ordinates of the curves of Reference 2-2 to correspond to rms acceleration 

(rather than peak acceleration). These curves were generated solely for the 

purpose of illustrating trends in the parametric study of site-dependent 

earthquake motions contained in this study, and are not recommended for gen­

eral use in scaling bedrock motions at an actual site. 

The techniques described in this study for scaling the strength and 

duration of subsurface bedrock records in terms of the magnitude and causa­

tive fault distance illustrate the type of approach that may eventually be 

used by the practicing engineer. However, because there are no strong motion 

records at the subsurface bedrock level, the degree of conservatism Inherent 

in these particular scaling methods is not readily evaluated. Therefore, 

definitive techniques for scaling the strength and duration of subsurface 

bec'rock records cannot be recommended until additional studies of the problem 

have been made. 
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More detailed information regarding the investigation of the 

scaling of subsurface bedrock motions is provided in Subsections 4.2 and 

4.3. 

2.1.1.2 Mathematical Models for Calculating Site-Dependent Ground Motions 

The effects of the site profile on the strength and frequency 

characteristics of the earthquake motions can be obtained through the use of 

a mathematical model of the site. Mathematical models suitable for use on 

the digital computer in analyzing the seismic response of a soil profile, 

are based on the assumption that the inertia characteristics of the soil 

are concentrated at a number of discrete mass points in the model. The 

location of these mass points and the mass concentrated at each point should 

reflect the mass distribution of the continuous site profile being modeled. 

The discrete mass points are interconnected by one-dimensional or two-

dimensional stiffness elements whose characteristics represent the properties 

of the soil at the corresponding location in the profile. Three-dimensional 

stiffness elements are also possible but are largely in the developmental 

stage. 

For simplicity, most available mathematical models simulate the 

nonlinear, hysteretic material properties of the site by an equivalent linear 

viscoelastic representation. One of the major problems in the use of a model 

of this type is the determination of a suitable viscous damping mechanism to 

represent the actual hysteretic energy dissipation characteristics of typical 

properties of the soil at the corresponding location in the profile. Three-

dimensional stiffness elements are also possible but are largely in the 

developmental stage. 

A vertically oriented one-dimensional shear beam model is feasible 

for analyzing the earthquake response of sites where the motions induced by 

a seismic excitation at the base result from shear waves propagating vertically 

through the profile. This will be true of horizontally layered sites subjected 
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to a deep-focus ear thquake, or o f s i t e s sub jected to a sha l low- focus e a r t h ­

quake in which the ha l f -wave leng th o f incoming waves Is large compared to 

the l a t e r a l ex ten t o f the s o i l l aye rs . 

I f a depos i t has i r r e g u l a r o r s l o p i n g boundar ies , or is sub jected 

to a sha l low- focus earthquake f o r which the response o f the s i t e is essen­

t i a l l y two-d imens iona l , the shear beam model is no longer v a l i d , and a more 

complex a n a l y t i c a l procedure is r equ i red . A technique o f t en used fo r t h i s 

purpose is the f i n i t e element approach. In which a continuum Is Idea l i zed as 

an assemblage o f compat ib le two-dimensional elements o f appropr ia te s izes and 

shapes. The mate r ia l p rope r t i es o f each o f these elements corresponds to 

those o f the continuum at tha t l o c a t i o n . 

Sect ion 4.4 provides a d e t a i l e d d iscuss ion of mathematical models 

tha t are appropr ia te f o r use in the c a l c u l a t i o n o f earthquake motions at a 

s i t e . Examples o f c o r r e l a t i o n between computed ground motions and measured 

earthquake records are a lso presented. 

2 . 1 . 1 . 3 I n v e s t i g a t i o n o f the E f fec ts o f S i t e Proper t ies on Earthquake 
Ground Motions 

One of the o b j e c t i v e s o f t h i s study was t o i n v e s t i g a t e the e f f e c t s 

of loca l s o i l p rope r t i es on seismic ground mot ions. To achieve t h i s ob jec ­

t i v e w i t h i n the scope and budget o f the s t u d y , a shear beam ana lys i s was 

employed. The l i n e a r v i s c o e l a s t i c model descr ibed in Reference 2-3 was used, 

s ince t h i s approach prov ides a means o f de termin ing the parameters o f the 

mathematical model d i r e c t l y from the s o i l p rope r t i es o f each l aye r . However, 

as discussed in Subsection 4 . 4 . 3 , the damping mechanism in t h i s model has 

some inherent l i m i t a t i o n s . 

The f i r s t set o f c a l c u l a t i o n s made dur ing the course o f t h i s study 

is descr ibed in Subsect ion 4 . 5 , and is based on the seismic c h a r a c t e r i s t i c s 

and s i t e p rope r t i es o f the 1940 El Centro ear thquake. The purpose o f these 
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calculations was to determine the sensitivity of the computed results to 

variations in soil properties and input motions, at a site where measured 

records are available. 

The results of these calculations indicated that variations of 

±30 percent in the material parameters for this particular shear beam model 

of the El Centro site resulted in substantial variations in the rms accelera­

tions and low period spectral characteristics of the resulting computed 

ground motions. The longer period components of the computed motions (greater 

than about 1 sec) were more dependent on the charactertistics of the input 

base motions and were not strongly influenced by these variations in soil 

properties. 

Only a limited number of shear beam calculations were made for the 

El Centro site using band-limited white noise as input base motion. Therefore 

no definitive statements can be made regarding the overall correlation of this 

approach with measured data. The few calculations made using band-limited 

white noise as input showed that reasonable comparisons with the rms accelera­

tion level of the measured records could be obtained. However, this same 

white noise input produced spectra that fell below the average of the spectra 

from the two horizontal components measured at El Centro, especially in the 

long period regions. It is noted that the spectra of the two measured hori­

zontal components of the 1940 El Centro earthquake differ considerably; theref 

factors not related to the local site properties considered in the shear beam 

analysis may be affecting the dynamic characteristics of the measured records. 

A second set of calculations using the shear beam model is described 

in Subsection 4.6 and provides some trends regarding the effects of varia­

tions in the Richter magnitude, causative fault distance, and soil properties 

on the strength and frequency characteristics of earthquake ground motions. 

Two profiles were considered in this set of calculations, namely, a soft site 

with relatively low fundamental frequency, and a stiff site with a relatively 

high fundamental frequency. For each site, a high-magnitude earthquake (7.5) 
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and a moderate-magnitude earthquake (5.5) have been considered. Each of 

these magnitudes has been investigated for a site location near a causative 

fault (5 miles) and farther from a causative fault (50 miles). The input at 

the subsurface bedrock level was a segment of band-limited white noise whose 

duration and strength level was determined from the illustrative scaling 

curves given in Subsection 4.3. For each of these cases, the dynamic 

characteristics of the ground surface response have been obtained in terms 

of acceleration time histories, rms accelerations, and pseudo-velocity 

spectra. The results of this parametric study can be summarized as follows: 

a. The degree of amplification of the subsurface bedrock motions 

by the soil profile was dependent on: (I) the magnitude of 

the earthquake and the distance from the site to the region 

of energy release (i.e., causative fault), and (2) the 

material properties of the site. 

b. The frequency range over which the bedrock response spectrum 

is amplified was seen to be dependent on the soil properties 

and on the strength level of the input motions. 

c. As the earthquake magnitude increased and/or the distance from 

the site to the earthquake source decreased, the strain-dependent 

soil moduli and damping factors appeared to be the prime reason 

for observed reductions in the amplification of input base motions 

by the overlying soil profile. 

2.1.1.4 Evaluation of Results--Site-Dependent Ground Motions 

This study has used a linear viscoelastic shear beam model to cal­

culate ground motions at various sites for both high-intensity and low-

intensity earthquakes. The manner in which these results and procedures 

should be used by the design engineer in selecting seismic input at an actual 

reactor site is discussed below. 
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Assuming tha t the l i n e a r v i s c o e l a s t i c shear beam model is a p p l i ­

cable f o r the s i t e cond i t i ons under c o n s i d e r a t i o n , three major items must 

be s p e c i f i e d be fo re c a l c u l a t i o n s such as those in Sect ion 4 can be per ­

formed f o r any given nuc lear reac to r s i t e . These a re : 

• A bas ic model f o r bedrock mot ions. 

• Sca l ing ru les f o r es t ima t i ng the s t reng th and dura t ion of 

subsurface bedrock mot ions. 

• Ma te r ia l p r o p e r t i e s f o r use in the mathematical model. For 

the l i n e a r v i s c o e l a s t i c mater ia l model, these w i l l cons is t 

o f equ i va len t e l a s t i c moduli and damping c o e f f i c i e n t s f o r 

each l aye r . These equ iva len t parameters are usua l ly obta ined 

from s o i l t es ts and are dependent on the peak s t r a i n leve l 

in the sol 1 . 

The technique used in t h i s study appears capable of p rov id i ng a 

s e l f - c o n s i s t e n t method f o r approx imat ing the e f f e c t o f s o i l p rope r t i es on 

ground sur face mot ions. With the proper choice of parameters, the method 

produces r e s u l t s which agree q u a n t i t a t i v e l y w i t h the surface motions 

recorded a t s i t e s o f ac tua l ear thquakes. The technique has the f u r t h e r 

advantage t ha t i t i s we l l w i t h i n the a n a l y t i c a l c a p a b i l i t i e s o f most 

eng ineer ing f i rms tha t might be invo lved in the design o f nuclear reac tor 

s t r u c t u r e . 

There are two main drawbacks in the technique. F i r s t , the r e l a t i v e 

s c a r c i t y o f ground sur face records and the complete lack o f subsurface 

records f o r s t rong earthquakes make i t almost impossible at t h i s po in t to 

assess the v a l i d i t y o f the bas ic model f o r bedrock motion and the sca l i ng 

ru les f o r t h i s mot ion . Second, both the t h e o r e t i c a l and exper imental bases 

f o r the damping c o e f f i c i e n t s are not as f i r m as would be des i rab le in a 

technique tha t might have s ta tus as a gu ide l i ne f o r des ign. The damping is 

p a r t i c u l a r l y impor tant because the pr imary e f f e c t s o f the s o i l in amp l i f y i ng 
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o r reducing the subsurface bedrock motions are dependent on the damping in 

the modes o f v i b r a t i o n o f the mathematical model. The actua l damping 

mechanisms, the magnitude o f the damping, and the exper imental de te rm ina t ion 

o f damping values f o r var ious s o i l types need f u r t h e r s tudy . 

I t is noted tha t o v e r a l l magnitude of the damping values and the 

s c a l i n g o f the subsurface bedrock motions are re l a ted in the f i n a l r e s u l t s . 

For example, i f the damping in the model were reduced, the same s t reng th 

l eve l o f the ground sur face motions could be ob ta ined by decreasing the 

s t r e n g t h l eve l o f the bedrock mot ions. Without subsurface records and ex ten ­

s i v e s o i l t e s t s , the t rue leve ls o f the bedrock motion and the damping cannot 

be s p e c i f i e d . 

In view o f the above u n c e r t a i n t i e s , the shear beam model and the 

bedrock motion sca l i ng techniques discussed in Sect ion h should be viewed 

as a f i r s t a t tempt at the development o f a d e f i n i t i v e approach to the c a l c u ­

l a t i o n o f s i te -dependent earthquake mot ions. Considerable a n a l y t i c a l and 

exper imenta l development work, in a d d i t i o n to deployment o f subsurface e a r t h ­

quake mot ion i n s t r u m e n t a t i o n , is needed to prov ide the basis fo r development 

o f improved techniques f o r the p r e d i c t i o n of the earthquake response o f a 

a so i1 p r o f i l e . 

2 , 1 . 2 SOIL-STRUCTURE INTERACTION ANALYSIS TECHNIQUES--TASK 2 

The ana lys is o f earthquake ground motions discussed in Subsection 

2 .1 .1 and in Sect ion k has been based on f r e e - f i e l d e f f e c t s o n l y , i . e . , the 

presence o f a s t r u c t u r e has not been cons idered. However, the presence o f 

a s t i f f s t r u c t u r e , such as the containment s t r u c t u r e o f a nuc lear power 

p l a n t . In the s o i l w i l l modify the ground motions In the v i c i n i t y o f the 

s t r u c t u r e . The m o d i f i c a t i o n o f the f r e e - f i e l d ground motions due to the 

presence o f a s t r u c t u r e is termed s o i 1 - s t r u c t u r e i n t e r a c t i o n , and the 

e f f e c t s o f t h i s I n t e r a c t i o n should be considered In any ana lys is of the 

dynamic response o f a nuc lear power p l a n t subjected to an earthquake. 
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A number o f s t a t e - o f - t h e - a r t techniques f o r eva lua t i ng the e f f e c t s 

o f s o i l - s t r u c t u r e i n t e r a c t i o n on the earthquake response o f a nuclear reactor 

have been reviewed and eva lua ted . To f a c i l i t a t e t h i s review, the s o i l -

s t r u c t u r e i n t e r a c t i o n techniques have been categor ized as ( l ) c losed- form 

s o l u t i o n s , (2) d i s c r e t e element representa t ions o f i n t e r a c t i o n e f f e c t s at 

the s o i l - s t r u c t u r e i n t e r f a c e , (3) f i n i t e d i f f e rence techniques, and {h) f i n i t e 

element methods. Under each o f these general c a t e g o r i e s , rep resen ta t i ve 

ana lys is techniques have been descr ibed to i l l u s t r a t e the c a p a b i l i t i e s of 

these approaches in p r e d i c t i n g i n t e r a c t i o n e f f e c t s . 

From t h i s review i t was concluded that f i n i t e d i f f e rence and f i n i t e 

element methods are the most promis ing f o r represent ing the s o i 1 - s t r u c t u r e 

system r e a l i s t i c a l l y and, t h e r e f o r e , should be used in d e t a i l e d a n a l y t i c a l 

s tud ies o f i n t e r a c t i o n e f f e c t s in nuc lear reac tor s t r u c t u r e s . Closed-form 

s o l u t i o n s and d i s c r e t e element (spr ing-dashpot ) models are cons iderably 

s imp ler than the f i n i t e d i f f e r e n c e or f i n i t e element approaches and t r e a t the 

three-d imensional aspects o f the problem in some cases. However, these 

approaches do not p rov ide as r e f i n e d a s imu la t i on of the p r o f i l e charac te r ­

i s t i c s . There fo re , c losed- fo rm s o l u t i o n s and d i s c r e t e element models are most 

approp r ia te f o r use in paramet r ic s tud ies and in the p re l im ina ry stages of 

the ana lys is and design o f a nuc lear power p l a n t . 

The d e t a i l s o f t h i s review and assessment o f s o i 1 - s t r u c t u r e i n t e r ­

ac t i on p r e d i c t i o n techniques are prov ided in Sect ion 5. 

2 .1 .3 FIRST-LEVEL APPROACH TO DEFINING SEISMIC INPUT—TASK 3 

A s i m p l i f i e d procedure f o r s e l e c t i n g earthquake ground motions has 

been p rov i ded , based on e x i s t i n g s t rong motion earthquake measurements. 

This procedure prov ides a bas is o f comparison w i t h the resu l t s o f the s i t e -

dependent c a l c u l a t i o n s descr ibed in Subsection 2 .1 .1 and in Sect ion 4. 
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This approach is based on the scaling of existing real and/or 

artificial earthquake records to correspond to a spectrum that is estimated 

to describe the dynamic characteristics of representative earthquake motions 

of the region. Two sets of spectra were originally considered for this 

purpose, namely, those of Housner (Reference 2-4) and of Newmark and Hall 

(Reference 2-5). The following general comparisons were made of these two 

sets of spectra: 

a. Housner's spectra are based on the average dynamic character­

istics of strong earthquake motions on competent soil, and 

otherwise are independent of the soil properties at a site. 

The Newmark-Hall spectra are based on the spectra envelopes 

from strong motion earthquakes and have foundation amplifica­

tion factors that should be used only In the absence of more 

reliable soi1s data. 

b. The upper bound and lower bound spectra of Newmark and Hall 

are more Intense than those of Housner, This follows from the 

fact that the Newmark-Hall spectra represent an envelope of 

existing earthquake records, whereas the Housner spectra 

correspond to an average. 

c. The ratio of the peak spectral acceleration to the zero period 

spectral acceleration is greater in the Newmark-Hall spectra 

than in the Housner spectra. 

Either envelope spectra or average spectra appear to provide a 

reasonable basis for selection of Input in this approach, as long as this 

choice is consistent with structure and equipment design stresses and with 

earthquake strength levels selected for the region. In this study, the 

average (I.e., Housner) spectra were selected, along with peak acceleration 

levels that are Intended to correspond to average strength levels In regions 

of high, moderate, low, and minimal selsmlclty. These acceleration levels ar 

provided in Table A-5 of Appendix A. 
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To use this approach for obtaining spectra and ground motions at 

a site, a study of the seismic and geologic characteristics of the site 

should be made by qualified geologists and engineers. From this study, the 

site may be classified into one of the four seismicity categories indicated 

in the preceding paragraph. A set of spectra can then be obtained for the 

site by scaling the Housner spectra to correspond to the peak acceleration 

level defined for that particular seismicity. These spectra provide repre­

sentative, rather than maximum, conditions for a region, and are shown in 

Figure A-8 of Appendix A. 

Since the spectra in the first-level approach are based on the 

average of spectra from the existing strong motion records indicated above, 

corresponding ensemble of ground motion time histories can consist of these 

strong motion records. This ensemble can be supplemented by artificial 

earthquake records whose dynamic characteristics are modeled by the Housner 

spectra (References 2-6, 2-7). The real and/or artificial time history 

records in the ensemble can be scaled to correspond to the scaled spectra 

indicated in the previous paragraph. 

A detailed description of this first-level approach is provided In 

Appendix A. 
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2.2 RECOMMENDATIONS FOR FURTHER STUDY 

2.2.1 REPRESENTATION OF SUBSURFACE BEDROCK RECORDS 

No subsurface measurements of strong earthquake motions are 

presently available. This information is needed to provide (l) a better 

understanding of the propagation of earthquake waves through the soil medium 

and (2) a vehicle for verification and refinement of existing analytical 

techniques. To obtain this information, instrumentation located at various 

depths below the ground surface in regions of high earthquake potential is 

recommended. 

Until a sufficient number of subsurface records are obtained, the 

strength and duration of subsurface bedrock motions must be estimated in 

terms of the seismicity and geology of the site. Additional calculations 

are needed to provide procedures for estimating these subsurface records 

that correspond to existing strong motion surface records. For example, a 

one-dimensional model with nonlinear, hysteretic stress strain law could be 

used to represent the soil profile at sites for which surface strong motion 

records have been obtained during an earthquake of known magnitude and 

epicentral location. An ensemble of band-limited white noise records could 

be scaled so that when used as input at the base of the one-dimensional 

model, the dynamic characteristics of the resulting ensemble of calculated 

ground surface motions correspond statistically to the measured records at 

that site. This should be repeated for a sufficient number of measured 

earthquake records to define a series of curves relating the strength of 

the subsurface bedrock motion to the earthquake magnitude and distance from 

the site to the causative fault. 

22 



R-6914-925 

Another approach to the determination of the dynamic characteristics 

of earthquake motions is to provide a number of recording stations located at 

various distances from a planned explosion. At each of these stations, 

accelerometers could be located at the ground surface, at various depths 

below the ground surface, and at the bedrock level. Practical considerations 

might limit the size of the explosion and hence the resulting ground accelera­

tions might be below those of a strong motion earthquake. However, these 

measurements could provide valuable information regarding the effect of the 

distance from the energy source on the strength level, frequency character­

istics, and duration of strong motion of the bedrock motions. In addition, 

the records obtained at various depths at any one station would provide a 

means for verifying a mathematical model of the soil profile (since the Input 

base motions at that station are known). 

Another problem is the determination of horizontal and vertical 

records that are usable as input for a two-dimensional analysis of free-field 

ground motions. This includes the determination of an appropriate ratio of 

the strengths of the horizontal and vertical record, and the effect of the 

phasing of the horizontal and vertical input motion. 

2.2.2 ANALYSIS TECHNIQUES FOR DETERMINATION OF EARTHQUAKE GROUND MOTIONS 

As indicated in Subsection 4.4.3, there are inherent limitations 

in the damping mechanism of the shear beam approach utilized in this study. 

These limitations arise from the use of an approximate Raleigh damping 

mechanism to simulate all energy dissipation effects that might exist at a 

site. In view of this, it appears reasonable to investigate other damping 

mechanisms, including a nonlinear one-dimensional model, in which hysteresis 

effects and radiation damping are modeled directly. 

The use of finite-element techniques to predict earthquake ground 

motions at sites whose response is essentially two-dimensional should be 

investigated further. In particular, the seismic response of soil deposits 

predicted by the finite-element technique should be compared with measured 

earthquake data and with other analytical techniques. 
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As i nd i ca ted in Subsection 4 . 5 , u n c e r t a i n t i e s in es t ima t i ng s o i l 

p rope r t i es a t a s i t e can have a s i g n i f i c a n t e f f e c t on the p r e d i c t e d e a r t h ­

quake-Induced ground motions f o r tha t s i t e . There fo re , to reduce these 

u n c e r t a i n t i e s . Improved procedures should be Inves t i ga ted f o r ( l ) e x t r a c t i n g 

s o i l samples from the f i e l d and (2) t e s t i n g these samples in the l a b o r a t o r y . 

In a d d i t i o n , s o i l p rope r t i es t ha t can be measured in a l abo ra to ry o f t e n do 

not c o r r e l a t e w i t h those requ i red f o r Input to a seismic ground motion c a l ­

c u l a t i o n f o r a s i t e . There fo re , t e s t i n g and ana lys is procedures tha t 

prov ide increased c o r r e l a t i o n between these two sets o f p rope r t i es should be 

i n v e s t i g a t e d . 

2 .2 .3 SOIL-STRUCTURE INTERACTION ANALYSIS TECHNIQUES 

F i e l d measurements are needed f o r de termin ing sol 1 - s t ruc tu re 

i n t e r a c t i o n e f f e c t s in the v i c i n i t y o f a nuc lear power p l a n t . To ob ta in 

a d d i t i o n a l i n s i g h t i n t o t h i s problem. I t is recommended tha t i ns t rumenta t ion 

be placed in the s o i l near e x i s t i n g nuc lear f a c i l i t i e s in h i gh l y seismic 

reg ions. A l s o , i ns t rumen ta t i on could be p laced in the v i c i n i t y o f a s t r u c t u r e 

located in a region where a planned exp los ion w i l l be set o f f (as i nd i ca ted 

in the d iscuss ion o f Subsect ion 2 . 2 . 2 ) . 

As noted in Subsect ion 5 . 3 - 4 , no dynamic three-d imens iona l ana lys is 

techniques app rop r ia te f o r p r e d i c t i n g s o i 1 - s t r u c t u r e i n t e r a c t i o n are a v a i l ­

ab l e , a l though some two-dimensional analyses have been used to es t imate 

three-d imensional e f f e c t s in an approximate manner. The eventual fo rmu la ­

t i o n o f three-d imens iona l f i n i t e - e l e m e n t (or f i n i t e d i f f e r e n c e ) ana lys is 

techniques should be encouraged. 
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SECTION 3 

PROCEDURE FOR ESTIMATING SEISMIC GROUND MOTIONS 

In this section, a procedure is described for estimating seismic 

ground motions at the site of a nuclear power plant. This procedure is 

based on' the investigations carried out during the course of this study and 

is intended to illustrate a general type of approach that can be used to select 

seismic input at a site. However, at present, some aspects of this procedure 

are still in their formative stage and will require additional studies before 

they can be considered to represent definitive techniques for estimating 

earthquake ground motions. 

A general procedure for selecting seismic input is outlined 

in Figure 3~1. Each of the items shown on the flow chart are briefly 

discussed below. 

3.1 DESCRIPTION OF PROCEDURE 

3.1.1 EVALUATION OF SEISMICITY, TECTONICS, AND SOIL PROPERTIES OF SITE 
(ITEM (1), FIGURE 3-1) 

A review of the seismic history of the region In which the site 

is located should be made by qualified geologists and engineers for the 

purposes of statistically estimating the possibility of earthquake activ­

ity of a given strength level (References 3-1 and 3-2). In conjunction 

with this seismicity study, the characteristics of both regional and local 

geology should be investigated. Such a study would consider both regional 

and local faulting, including the size, location, and history of recent tec­

tonic activity. The seismicity and tectonics of highly seismic regions 

such as Southern California have been studied In some detail (References 3-3 

and 3-4); however, detailed investigations of this type are not available 

In less active regions. Guidelines which set forth the principal seismic 

and geologic considerations at a site are provided in Reference 3-5. 
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(1) 

EVALUATE SEISMICITY AND TECTONICS 
OF SITE. PERFORM LABORATORY TESTS 
TO DETERMINE SOIL PROPERTIES. 

(2) I 
CALCULATE SEISMIC INPUT RECORDS 

SCALED EARTHQUAKE RECORDS 

(3) 

SITE DEPENDENT CALCULATIONS 
(AS ILLUSTRATED IN SECTION 4) 

CHOOSE APPROPRIATE RECORDS FOR 
USE AS INPUT INTO SOIL-STRUCTURE 
INTERACTION ANALYSIS 

(4) I 
PERFORM SOIL-STRUCTURE 
ANALYSIS (SECTION 5) 

INTERACTION 

FIGURE 3-1. PROCEDURE FOR SELECTING SEISMIC GROUND MOTIONS AT A SITE 
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On the basis of the seismic history and geology of a region, 

combinations of earthquake magnitude and causative fault distance appro­

priate to an Operating Basis Earthquake (OBE) and a Design Basis Earthquake 

(DBE) would be selected. For sites In regions with no surface faulting, 

the magnitudes and corresponding strength levels appropriate to an OBE 

and a DBE must be estimated from available information regarding previous 

earthquakes that have occurred in the vicinity. The OBE defines an earth­

quake which might realistically be experienced by a structure during Its 

economic life, whereas the DBE defines the most severe earthquake that 

might be conceived as occurring at the site at any time in the future. 

As noted In Reference 3-6, the determination of the DBE strength levels 

may be a difficult task, since this earthquake may never have occurred 

within the period of recorded history. 

Due to the dynamic nature of the applied earthquake motions. 

It Is important to determine dynamic and static soil properties at peak 

strain levels responding to the design earthquake. This requires labora­

tory tests of soil samples obtained from a number of representative borings 

located in the vicinity of the nuclear power plant site. These tests could 

Include the determination of compressional and shear wave velocities for 

the purpose of computing dynamic elastic moduli and other dynamic prop­

erties. Mass densities, moisture contents, static stress strain properties, 

and Poisson's ratios should also be determined. In addition, soil tests 

that simulate the behavior of the soil materials to earthquake loading 

cycles (such as cyclic load tests, etc.) should be considered. Also, poten­

tial tendencies of the profile toward liquefaction should be investigated. 

3.1.2 CALCULATION OF SEISMIC INPUT RECORDS (ITEM (2), FIGURE 3-1) 

Earthquake ground motions for use as input Into response analyses 

of nuclear power plants should be obtained through consideration of existing 

strong motion records and from the results of site-dependent calculations 

that consider the effects of local soil properties on the earthquake motions 

at a site. 

AjA 
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The site-dependent earthquake motions utilize an ensemble of 

estimated subsurface bedrock time-motion records as the basic input. A 

suitable mathematical model is used to Introduce the modifying effect of 

the overlying soil profile at the site. An ensemble of time histories of 

soil motions along the profile is predicted, and the ensemble average of 

response spectra and strength levels of the calculated soil motions at 

appropriate depths is computed. 

At present, there are no measurements of strong earthquake motions 

at the subsurface bedrock level. Therefore, reasonable estimates of bedrock 

motions should be obtained by appropriate scaling of real earthquake ground 

surface records, artificial earthquake records, or band-limited white noise.-'-

Also, reasonable estimates of upper bound and lower bound soil properties 

should be made, so as to provide bounds on the results of the calculations. 

The scaling of bedrock motions and the selection of material parameters 

should be performed by experienced engineers and geologists who are thor­

oughly familiar with the state-of-the-art information contained in the 

various references cited in this report. 

For purposes of comparison with the site-dependent calculations, 

an ensemble of real and/or artificial strong motion earthquake records, 

and the associated spectra of these records, should be scaled by qualified 

geologists and engineers to correspond to strength levels estimated to be 

consistent with the seismicity of the region. An average of these scaled 

spectra would then be compared to the ensemble average spectra of the soil 

motions computed as described in the preceding paragraphs. As described in 

the next subsection, the purpose of this comparison is to select suitable 

soil motions for input into the analysis of the nuclear power plant. 

"Band-limited white noise is used to represent subsurface bedrock motions in 
the site-dependent calculations described in Section 4. 
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3.1.3 CHOICE OF INPUT INTO SOIL-STRUCTURE INTERACTION ANALYSIS (ITEM (3), 
FIGURE 3-1) 

The next phase of the procedure consists of evaluating the resuits 

obtained using each of the procedures indicated under I tern (2) of Figure 3-1 

and choosing the ensemble of ground motion for use as input into the soil-

structure interaction analysis of the power plant. 

The choice of appropriate seismic input should be based on a com­

parison of the ensemble average spectra obtained from the site-dependent 

calculations and from the scaled earthquake records. This comparison should 

consider the frequency characteristics of the containment structure, as well 

as of any internal components of the reactor that are mounted on the founda­

tion base slab. 

It is noted that the structure response, including the effects 

of interaction with the soil, is dependent on motions in the soil adjacent 

to and below the structure. Therefore, if the scaled earthquake records 

(which provide only surface motions), are selected for use as input into 

the interaction analysis, the dynamic characteristics of corresponding 

motions at finite depths below the ground surface will have to be estimated. 

The results of the site-dependent calculations may provide guidance in 

making these estimates. 

3.1.4 SOIL-STRUCTURE INTERACTION ANALYSIS (ITEM (4), FIGURE 3-I) 

The final step in the procedure is the calculation of dynamic 

soil-structure interaction effects. These effects are generally dependent 

on the dynamic properties of (I) the structure, (2) the soil in the vicinity 

of the structure, and, in some cases, (3) the deeper soil or rock. Procedures 

for calculating dynamic soil-structure interaction effects are reviewed and 

evaluated in Section 5. 
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3.2 EXAMPLE PROBLEM 

An example problem for the selection of seismic motions at the 

site of a nuclear power plant is provided in this subsection. This problem 

is intended only to illustrate the general procedures described in Subsection 3.1, 

and the particular analysis techniques used In this example do not necessarily 

exclude other analytical methods that might be used. 

3.2.1 STATEMENT OF PROBLEM 

Given: A potential site of a nuclear power plant. 

Required: Determine seismic input motions for a Design Basis 

Earthquake whose strength, duration, and frequency 

characteristics are representative of the seismicity, 

tectonics, and soil properties of the site. 

Approach: The approach to be used is outlined in Figure 3-1 

and is discussed in detail in Section 4 and in 

Appendix A. 

3.2.2 STEP-BY-STEP PROCEDURE 

3.2.2.1 Evaluation of Seismicity, Tectonics, and Soil Properties of a Site 
(Item 1, Figure 3-1) 

a. A study of the seismic history of the region and the 

characteristics of both regional and local geology is made 

by qualified geologists and engineers in accordance with 

Reference 3-5. For this example problem, it is assumed 

that these studies Indicate that (l) the site is in a 

region of moderate seismicity, and (2) a Richter magnitude 

of 7-5 and a distance from the site to a causative fault 

of 5 miles is representative of the Design Basis Earth­

quake that could occur at the site. 
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b. It is assumed for this example problem that static and 

dynamic tests of soil samples from representative borings 

at the site indicate that the site profile has the material 

properties and layering characteristics shown in Figure 3-2. 

Also, no problems arising from liquefaction of the site are 

ant i cipated. 

3.2.2.2 Calculation of Seismic Input Records (item 2, Figure 3-1) 

This procedure consists of the determination of an ensemble of 

ground motions that are appropriate for use as input into a soi1-structure 

interaction analyses of the nuclear power plant. These motions are based 

on a comparison of the results of site-dependent calculations v/ith suitably 

scaled records from strong motion earthquakes. Only horizontal ground 

motions have been compared in this illustrative example; hov/ever, the 

vertical ground motions, although usually less severe than the horizontal 

motions, may have a significant effect on the structure response, and should 

also be estimated. 

Site-Dependent Calculations 

a. It is assumed, in this example, that the free-field earthquake 

motions of the site are due primarily to the vertical propaga­

tion of seismic waves to the surface by means of shear 

deformations induced in the soil layers by a seismic excitation 

at the subsurface bedrock level. For this case, the earthquake 

response of the site profile can be analyzed using a one-

dlmenslonal shear beam model that extends vertically from the 

ground surface to the subsurface bedrock level. (Note that 

other methods, such as finite element calculations, may also 

be used.) 
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FIGURE 3-2. SITE PROFILE ASSUMED FOR EXAMPLE PROBLEM 
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b. An ensemble of band-limited white noise records are used in 

this example to represent subsurface bedrock input motions. 

The rms acceleration and the duration of these records are 

estimated from the Richter magnitude of the Design Basis 

Earthquake and from the minimum distance of the site to a 

potential causative fault. At present, considerable uncer­

tainties are inherent in the estimation of subsurface bedrock 

motions. 

c. To account for the statistical nature of the earthquake prob­

lem, the average response characteristics of the site when 

subjected to scaled versions of an ensemble of band-limited 

white noise records should be considered. However, in this 

illustrative example problem, the input to the site-dependent 

calculations has consisted of only one band-limited white 

noise record, namely White Noise No. 2 shown in Figure 4-1 

of Section 4. The rms acceleration of this record is 0.8l g. 

d. Figure 4-2 of Subsection 4.3.2 has been used in this example 

to scale the duration of the subsurface bedrock input motions 

to correspond to the Richter magnitude of 7-5 (as obtained 

from the seismic and geologic study of the site). For a 

magnitude 7.5 earthquake, this figure Indicates that the 

bedrock record should have a duration of 30 sec. 

e. A discussion of the feasibility of scaling the strength of 

subsurface bedrock motions Is provided in Subsection 4-3. 

Based on the use of estimated scaling curves and on engineering 

judgment, it is assumed In this example that, for a Richter 

magnitude of 7-5 and a causative fault distance of 5 miles, 

the rms acceleration of the bedrock accelerograms should be 
2 

about 4 ft/sec . Since the rms acceleration of White Noise 

No. 2 is 0,81 g, the scale factor is 
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Therefore, all acceleration amplitudes in the-unsealed White 

Noise No. 2 should be multiplied by 0.153 to correspond to the 

earthquake Richter magnitude and the causative fault distance 

of the example site. The scaled and unsealed white noise 

records are shown in Figure 3-3. 

f. The shear beam program described in Subsection 4.4.3 is used 

to model the site profile in this example problem. The scaled 

white noise record shown in Figure 3-3 is used as input at the 

base of this shear beam model. The acceleration time history 

at the ground surface is calculated at the ground surface mass 

point, as illustrated in Figure 3-4. 

g. The response spectra of the ensemble of calculated time 

histories should next be obtained. The spectrum of the single 

surface record calculated in this Illustrative example is 

compared to that of the subsurface bedrock input record in 

Figure 3-5 to indicate the frequency range over which the 

base motion has been amplified. The selection of the oscilla­

tor damping ratio of 5 percent has been based on the damping 

factors set forth in Reference 3-8. 

Scaled Earthquake Records 

a. The first-level approach described in Appendix A is used in 

this illustrative example to provide spectra and motion time 

histories from existing earthquake records. These spectra and 

time histories are scaled to represent average conditions for 

a region of moderate seismicity; hence, within the region, 

these records will be overly severe for some sites and not 

severe enough for other sites. 
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4.00 

(a) UNSCALED WHITE NOISE NO. 2 (FROM FIGURE ii-Wb), 
SECTION h) 

0.612 

0.306-

-0.306-

-0.612 
0.00 28.00 32.00 

(b) SCALED WHITE NOISE NO. 2 (CORRESPONDING TO A 
MAGNITUDE 7-5 EARTHQUAKE AND A SITE LOCATED 
5 MILES FROM THE CAUSATIVE FAULT) 

FIGURE 3-3. SCALING OF SUBSURFACE BEDROCK RECORD FOR EXAMPLE PROBLEM 
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The first-level approach is based on the use of the average 

spectra for strong motion earthquakes as determined by 

G. W. Housner (Reference 3.7). Other spectra have been 

formulated based on an envelope of strong motion spectral 

characteristics (Reference 3-6). in general, the use of an 

average spectrum or envelope spectrum for defining seismic 

input should be consistent with the allowable stress levels, 

damping factors, and peak earthquake acceleration levels used 

in the structure analysis and design. 

The strong motion spectrum shown in Figure A-4 of Appendix A, 

for an oscillator damping of 5 percent, is used In this 

example. As in the site-dependent calculations, the 

oscillator damping of 5 percent has been based on damping 

factors set forth in Reference 3-8. 

This spectrum is scaled according to an estimate of the 

strength of seismic input at the site. This estimate is 

based on the geologic and seismic investigations indicated 

in Subsection 3.2.2.1. It is assumed that these geologic 

and seismic investigations have indicated that the site 

is in a region of moderate seismicity. As indicated in 

Table A-5, this corresponds to a DBE peak acceleration of 

0.33 g. Therefore, the strong motion acceleration spectrum 

of Figure A-4, Appendix A, Is scaled so that its spectral 

acceleration at the origin of the period scale (4 ft/sec ), 

which corresponds to the maximum ground acceleration. Is 

equal to 0.33 g. This scale factor is calculated as 

- ^ - ^ = 2.66 
4/32.2 

and is applied to both the acceleration spectrum and 

velocity spectrum, as indicated In Figure 3-6. 
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e. An ensemble of earthquake records that corresponds to the 

scaled spectra of Figure 3-6 is next obtained. The spectrum 

Intensity of the 5 percent damped velocity spectrum (as 

defined in Table 3-1) was used as the basis of comparison 

between these existing records and the scaled spectra. The 

scaling procedure is described in Table 3-1, and the ensemble 

of scaled records used for this example problem is shown in 

Figure 3-7. 

Choice of Ensemble of Records for Input Into Soil-Structure 
Interaction Analysis (Item 3, Figure 3~1) 

a. The spectra corresponding to the single site-dependent calcula­

tion and to the scaled earthquake records are compared in 

Figure 3-8. As previously indicated, this illustrative example 

contains only a single soil-motion time history and spectrum, 

rather than an ensemble of time histories and ensemble average 

spectra. It is noted that an average spectrum from an ensemble 

of calculated surface motions will be relatively smooth and will 

not contain the peaks and valleys inherent in the spectrum from 

the single calculation. 

b. As discussed in Subsection 3-2.2.2, the spectra from the 

first-level approach correspond to representative conditions 

in a region of moderate seismicity, whereas a magnitude 7.5 

earthquake at a site 5 miles from a potential causative fault 

represents conditions that are more severe than the average 

in a moderate seismicity region. Therefore, it is consistent 

for the results of the site-dependent calculation, based on 

a magnitude 7-5 earthquake and a causative fault distance of 

5 miles, to yield a more severe spectrum than that result­

ing from the scaled earthquake records In a region of moderate 
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TABLE 3-1. PROCEDURE FOR OBTAINING ENSEMBLE OF SCALED 
EARTHQUAKE RECORDS FOR EXAMPLE PROBLEM 

Earthquake 
Record 

1940 El Centro, 
NS Component 

193̂ * El Centro, 
EW Component 

19't9 Olympia, 
S10E Component 

1952 Taft, 
S69E Component 

Procedure: 

Spectrum Intensity of 
5 Percent Damped Spectra, 

in. 

50.2 

21.6 

33.0 

27.0 

Scale Factor 

0.80 

1.85 

1.21 

l-itS 

1. The spectrum intensity (Si) is defined as the area under the velocity 

spectrum, S , in the period range from T = 0.1 sec to 2.5 sec. For 

example. 

2.5 
SI = / S (t)dT 

0.1 

The 5 percent damped spectrum is considered in this example as the 

basis for scaling the above records. The spectrum intensity of the 

scaled 5 percent damped velocity spectrum of Figure 3-6 is computed to 

be AO in. 

The scaled factor for each record is computed as the spectrum intensity 

of the scaled spectrum of Figure 3-6 divided by the spectrum intensity 

of the record. For example, the scale factor for the NS component of 

the 19'tO El Centro earthquake (whose spectrum intensity is 50.2 in.) is 

AO 
50.2 

0.8 

The ensemble of earthquake records can consist of either existing 

strong motion measurements or of artificial earthquakes having dynamic 

characteristics similar to strong motion measurements. For this 

example problem, an ensemble was chosen that consists of scaled 

versions of the following records: (1) ig'iO El Centro, NS Component, 

(2) igS*) El Centro, EW Component, (3) 19^9 Olympia, S10E Component, 

and Ct) 1952 Taft, S69E Component. These scaled records are shown 

'" '''9"''= 3-7. Aj^2060 
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. 2 .k . 6 . 8 1 

PERIOD, SEC 

FIGURE 3-8. COMPARISON OF SPECTRA OBTAINED FROM SITE DEPENDENT 
CALCULATIONS AND FROM SCALED EARTHQUAKE RECORDS FOR 
EXAMPLE PROBLEM 
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seismicity. Therefore, in this example, the results of the 

site-dependent calculations appear appropriate for use as 

input into a soil-structure interaction analysis of the 

nuclear power plant. 

Soil-Structure Interaction Analysis (item 4, Figure 3-1) 

a. The final step in the procedure is the calculation of dynamic 

soil-structure interaction effects using the ground motions 

computed above, as input to the analysis. 

b. These effects are generally dependent on the dynamic properties 

of the structure, of the soil in the vicinity of the structure, 

and of the deeper soil and rock in some cases. 

c. Techniques for calculating dynamic soi1-structure interaction 

effects are reviewed and evaluated in Section 5. 

d. A numerical example can be carried out only if the structure 

properties as well as the soil properties are defined. 
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SECTION 4 

GUIDELINES FOR CALCULATING SITE-DEPENDENT 
EARTHQUAKE GROUND MOTIONS 

4.1 PURPOSE AND SCOPE 

The purpose of this task was to investigate procedures for 

estimating earthquake motions, based on the seismicity, geology, and soil 

properties of a given site. The effort was divided Into the following 

subtasks: 

a. Modeling of subsurface bedrock time histories 

b. Scaling of bedrock records 

c. Analysis of seismic response of site profiles 

The behavior of soil deposits during earthquakes can often be 

assessed with the aid of appropriate analyses of their response to the 

motions developed in underlying rock formations. Therefore, It Is necessary 

to develop suitable representations of subsurface bedrock motions for use 

as input Into soil profile analyses. The modeling of subsurface bedrock 

motions Is Investigated under Subtask a, and an ensemble of time histories 

appropriate for this purpose is compiled. The uncertainties arising from 

the lack of recorded earthquake subsurface motions and the results of 

previous studies dealing with this problem have been considered. This 

work is described In Subsection 4.2. 

Procedures for scaling subsurface bedrock records to correspond 

to a given nuclear reactor site are examined in Subtask b. In this sub-

task, the strength and duration of the subsurface bedrock record are 

related to the magnitude of the potential earthquake and to the minimum 

distance of the site from the causative fault. Subsection 4.3 presents 

the results of this subtask. 
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Subtask c consists of an investigation of procedures for 

analyzing the seismic response of a soil profile subjected to motions in th 

underlying bedrock; the results of this investigation are presented in Sub-

tions 4.4 through 4.6. One-dimensional and two-dimensional techniques 

for predicting earthquake ground motions at a site are discussed In 

Subsection 4.4. Subsection 4.5 contains the results of a .number of one-

dimensional analyses of ground motions at the site of the recording 

instrument In the 1940 El Centro earthquake. In this, the characteristics 

of the calculated records are compared with those of the actual measure­

ments. In Subsection 4.6, a parametric study of two sites with signifi­

cantly different frequency characteristics identifies trends regarding 

the effects of the site profiles on surface earthquake ground motions. 

Response spectra calculated In this parametric study are compared to 

spectra obtained from other existing procedures for estimating seismic 

ground motions of a site. 
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4.2 SUBSURFACE BEDROCK TIME HISTORIES 

This subsection contains a discussion of the modeling of sub­

surface bedrock motions for use as input at the base of a mathematical 

model of a soil profile at a nuclear reactor site. 

Although some subsurface rock measurements have been made for 

some small earthquake motions in Japan (Reference 4-1), there are no known 

subsurface measurements of strong motion earthquakes. In addition, the 

relatively few records of strong motion obtained on or near the surface of 

rock outcroppings (e.g., at Helena, Montana, and at Golden Gate Park, San 

Francisco), do not necessarily have the same dynamic characteristics as 

subsurface records. These differences can be attributed to confinement of 

the subsurface bedrock by the overlying soil, interaction between the sub­

surface bedrock and the soil, and possible differences in the mechanical 

properties of the subsurface bedrock as compared to those of near-surface 

rock outcroppings due to relative weathering effects (Reference 4-2), 

In summary, there are no pertinent subsurface earthquake measure­

ments, and the few surface records obtained on rock are not necessarily 

representative of earthquake motions that occur at the subsurface bedrock 

level. Therefore, until some strong earthquake motions have been recorded 

on subsurface bedrock, reasonable estimates of the dynamic characteristics 

of earthquake motions at the subsurface bedrock level must be based on 

engineering judgment. 

Two approaches to the problem of modeling bedrock motions have been 

considered herein, namely: 

a. Scaling of peak accelerations, frequency content, and duration 

of real and/or artificial surface motions as functions of 

the distance from the causative fault and the earthquake 

magnitude, according to the empirical relationships given 

by H. B. Seed, et al., in Reference 4-3. 

51 



R-6914-925 

b. Use of band-limited white noise for bedrock motions, based on 

comparative analyses at sites where surface records are 

ava M able. 

From physical reasons, subsurface bedrock records should contain 

some frequency bias, because as the distance of a site from the focal 

point of an earthquake Is Increased, the degree of filtering of the high-

frequency content of an earthquake record at that site is also Increased. 

Therefore, the curves contained in Reference 4-3, in which the time scale of 

the bedrock motion at a site is modified according to an earthquake magnitude 

and assumed minimum distance of that site from a causative fault, is quali­

tatively reasonable. However, the quantitative manner in which these records 

are scaled is an extremely complex problem, and will, in general, be dependent 

on the energy dissipation mechanisms inherent in the bedrock, and on the 

geologic profile between the site and the earthquake epicenter. Also, as is 

discussed in Subsection 4.5, one-dimensional calculations of the earthquake 

response of a firm site (El Centro) have indicated that the frequency content 

of the resulting surface motions will be distorted if the time scale of the 

bedrock record is modified according to the procedure of Reference 4-3. There 

fore, in view of the considerable uncertainties presently involved in scaling 

the frequency content of the bedrock motions, it appears reasonable to use a 

simple band-limited white noise process, with constant frequency content over 

the range of interest, to simulate subsurface bedrock motions. The advantages 

of using this type of random process are summarized as follows: 

a. Ensembles of band-limited white noise are simple to generate 

and use in a dynamic analysis. 

"The minimum distance of a site from a potential causative fault can be 
used as a scaling parameter only In regions where surface fault patterns 
exist. As discussed In Subsection 4.3.1, the strength and duration of 
subsurface bedrock motions In regions with no surface fault patterns must 
be estimated from available seismic information for the surrounding area. 
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b. Segments of white noise, although simple, have the basic 

dynamic properties of a strong ground motion. This was 

shown by G. N. Bycroft (Reference 4-4), who demonstrated 

that the response spectra of band-limited white noise 

samples correlate closely with the average earthquake 

spectra calculated by G. W. Housner (Reference 4-5). Also, 

in Reference 4-6, Housner and P. C. Jennings used band-

limited white noise samples, as Input to a mathematical 

filter, to generate an ensemble of artificial earthquakes 

having dynamic characteristics like recorded motions of 

strong earthquakes. In addition, filtered white noise 

was used by S. H. Liu and D. P. Jhaveri to simulate actual 

earthquake records at the ground surface (Reference 4-7). 

c. The uniform level of frequency content inherent in a white 

noise process seems more appropriate, in view of the lack 

of data for comparison, than more refined estimates of sub­

surface bedrock motion. The approximate nature of the 

estimated frequency content Is clearly evident. The possible 

overabundance of high-frequency content in the band-limited 

white noise model for bedrock motion is not a serious problem, 

inasmuch as these components (which err conservatively, if 

overestimated) are greatly reduced by subsequent filtering 

through the model of the soil profile. 

An ensemble of four white noise records suitable for use as 

subsurface bedrock accelerograms are shown In Figure 4-1. Each of these 

white noise records has a duration of 30 sec. The 120 numbers which form 

each record have a zero mean and a variance of 1, In addition, each record 

is considered to be plecewise linear with a mean square of 0,667- In 

Reference 4-6, the spectral density function of these white noise segments 

is given as 

0(03) 

a^Ah 
n 
IT 

(ĉ Ah)' 
(4-1) 
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(,)} WHITL NOISL NO. 1 
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2.00 -
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-"•.OO-

-6.00 
0.00 

(b) WHITE NOISE NO. 2 

FIGURE 4 - 1 . ENSEMBLE OF RECORDS FOR SEISMIC MOTIONS AT SUBSURFACE 
BEDROCK LEVEL (NOTE DIFFERENT SCALES) 

54 



AjA 
6.00 

4.00-

2 0.00 

-2.00 

- 4 . 0 0 -

-6.00 

R-6914-925 

0.00 4.00 8.00 12.00 16.00 20.00 

TIME, SEC 

( c ) WHITE NOISE NO. 3 

24.00 28.00 32.00 

3.00 

2.00 

-0.00 

-1.00 

-2.00 

-3.00 

0.00 4.00 8.00 12.00 16.00 

TIME, SEC 

( d ) WHITE NOISE NO. 4 

20.00 24.00 28,00 32.00 

AJA1290 

FIGURE 4 - 1 . (CONTINUED) 
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for small values of ojAh, where a is the variance of the Gaussian, 
' n 

uncorrelated numbers used to form the record, to is the circular frequency, 

and Ah is the time interval between successive numbers in the digitized 

record. For Ah = 0.025 sec, Equation 4-1 indicates that for w < 31 rad/sec, 

G (u)) Is constant to within 10 percent; and for w < 21 rad/sec, G(to) Is 

constant to within 5 percent. 

The ensemble of records shown In Figure 4-1 represents only one 

of many possible white noise ensembles that might be used as subsurface 

bedrock motions. All that Is required to construct additional records is 

a sequence of normally distributed uncorrelated numbers; generation of 

such sequences Is well within the capabilities of most computer facilities. 

Procedures for scaling the strength and duration of an ensemble of band-

limited white noise records to simulate subsurface bedrock motions are 

discussed In the next section. 
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4.3 SCALING OF BEDROCK RECORDS 

To model subsurface bedrock motions, the strength and duration 

of white noise segments should be specified. Relating the strength and 

duration to the distance from the site to a potential fault and to the 

Richter magnitude of the earthquake appears to be a feasible approach. 

4.3.1 GENERAL SCALING CONSIDERATIONS 

The size of an earthquake Is commonly measured by its magnitude 

on the Gutenberg-Richter scale; this magnitude Is an Indication of the 

amount of energy released when slippage occurs along a given fault. In 

general, the greater magnitude earthquakes result from the larger lengths 

of fault rupture. Therefore, the Gutenberg-Rlchter magnitude of the 

earthquake is an important parameter for measuring the strength level and 

duration of subsurface bedrock motions that might occur during an earthquake. 

The dynamic characteristics of subsurface bedrock motions are 

strongly dependent on the fault patterns and geology of the region. This 

can often be characterized by an assumed distance from the site to a potential 

causative fault in regions where surface fault patterns can be observed. 

Therefore, in these regions, the distance to a causative fault is a reasonable 

parameter for scaling subsurface bedrock motions. However, many parts of the 

eastern United States do not exhibit surface fault patterns, and the relatively 

few earthquakes that have occurred in these regions can generally be attributed 

to a subsurface source mechanism. Therefore, in these regions, the minimum 

distance to a potential causative fault cannot be used as a parameter 

for scaling subsurface bedrock motions. Instead, the strength and duration 

of subsurface bedrock motions must be estimated from available information 

regarding any previous earthquakes that have occurred in the region. 

The greatest number of earthquake records In the United States 

have had shallow focal points and have occurred in regions containing 

surface fault patterns (such as California, for example). The scaling 
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techniques for subsurface bedrock motion described in this subsection 

will be based on these critical earthquake regions. As indicated In the 

preceding paragraph, the strength and duration of subsurface bedrock 

motions for the generally less severe earthquake regions that do not exhibit 

surface fault patterns (such as in many areas of the Eastern United States) 

should be estimated from available regional seismic information, rather than 

from the scaling procedures described in this subsection. 

The significant distance from a site to a causative fault can 

be represented by the distance to the epicenter (the position in plan 

where the earthquake starts) or to the hypocenter (the actual point below 

the surface at which the fault break begins). However, the use of the 

epicentral distance as a measure of the distance to the zone of energy 

release may be misleading for the case of a long fault break and a site 

near a causative fault. For this case, the site can be relatively far 

from the epicenter, but only a short distance from the zone of energy 

release when the break has progressed along the fault and toward the 

location of the site. The location of the hypocenter may be Important 

for sites located near a fault; however, since many known earthquakes 

(In California, for example) have relatively shallow focal depths, the 

hypocentral distance and epicentral distance may not differ significantly 

for sites located at moderate distances from a fault (Reference 4-3). 

When estimating seismic input motions for a nuclear power plant 

site, it is conservative to assume the region of energy release to be located 

at the point along the fault that Is closest to the site. In this study, 

the term "distance to the causative fault" corresponds to this assumed 

location of the zone of energy release. 

In summary, it Is Important to relate the strength level and 

duration of the subsurface bedrock motions to the size of the earthquake 

and to the fault patterns of the surrounding region. The size of the 

earthquake can be represented by the Gutenberg-Rlchter magnitude, whereas 

the fault patterns can be represented by the minimum distance from the 
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site to a potential causative fault. In regions where no surface faults 

can be observed, the characteristics of the subsurface records should be 

estimated from available seismic information of the surrounding area. 

Due to the absence of subsurface earthquake motion measurements, 

the scaling techniques presented in the remainder of this subsection 

represent only first approximations for estimating the strength and 

duration of subsurface bedrock motions at a site. Considerable experimental 

and analytical programs should be Initiated to provide Improved represen­

tations of the dynamic characteristics of these subsurface motions. 

4.3.2 DURATION OF STRONG MOTION OF BEDROCK RECORDS 

Housner studied the duration of strong motion for a number of 

earthquake records, and found the duration to be dependent on the mag­

nitude of the shock (Reference 4-8). From these studies, a plot of 

duration of the strong shaking phase versus Richter magnitude was obtained, 

and Is shown In Figure 4-2. Although this plot was obtained for surface 
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motions, the same relation was assumed herein to hold for subsurface 

bedrock records. Also, Housner found that the duration of strong shaking 

can be distinguished only for ground motions recorded relatively close 

to the causative fault. Therefore, the duration of strong motion was 

assumed In this study to be dependent on earthquake magnitude only. The 

effect of causative fault distance on duration Is thought to be minor 

and cannot be specified until more precise measurements at sites far 

from a causative fault become available. 

4.3.3 STRENGTH OF SUBSURFACE BEDROCK RECORDS 

The strength of an earthquake may be defined In terms of one 

of the following parameters (see Liu, Reference 4-9): 

a. Peak amplitude of ground acceleration 

b. Peak amplitude of ground displacement 

c. Spectrum intensity 

d. Time-averaged root-mean-square acceleration of the earth­

quake record 

The peak acceleration or the peak displacement can be used to 

define a scale factor for a specific earthquake record, but they do not 

lead to good correlation between the relative strengths of different 

earthquakes. Also, these quantities are not good measures of the frequency 

content of the motion, nor are they particularly meaningful for the 

response of most structures. Furthermore, the peak displacement is inac­

curately known because of errors Involved in doubly integrating earthquake 

acceleration records. 

The spectrum Intensity of an earthquake has been defined by 

Housner to be the area under its pseudo-velocity spectrum between periods 

of 0.1 to 2.5 sec (Reference 4-5). This definition correlates the earth­

quake strength to the peak response of an oscillator In a period range 

common to many structures. 
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The root-mean-square (rms) acceleration of an earthquake record 

is defined as 

Ti r -2 1̂  
rms = hf J y (t)dt 

where y(t) is the earthquake record having a duration of strong motion T, 

The primary advantage of the rms acceleration as a measure of the strength 

of an earthquake record is that it is easily calculated and is applicable 

for both deterministic and nondeterminlstic earthquake response analyses. 

It Is dependent only on the Input record, as contrasted with the spectrum 

intensity, which is dependent on the transfer characteristics of the 

structure as well as the input record. However, these two measures of 

earthquake strength lead to nearly the same results when applied to strong 

earthquake motions (Reference 4-6). 

Some Insight Into the problems of choosing a meaningful earth­

quake strength definition has been provided by Housner In Reference 4-10. 

In this, the dynamic characteristics of an accelerogram recorded near the 

epicenter of the 1966 Parkfield earthquake were compared to those of the 

1940 El Centro record. Records taken at the Parkfield earthquake showed 

that high peak accelerations, such as that shown in Figure 4-3(a), occurred 

within a few miles of the fault but did not typify the acceleration levels 

at distances greater than about 6 miles. However, near the causative fault, 

the Parkfield accelerograms indicated peak accelerations of about 0.5 g as 

compared to a peak acceleration of 0,33 9 for the El Centro record. Also, 

as Indicated in Figure 4-3(c), the ordlnates of the response spectrum for 

the Parkfield accelerogram are seen to be consistently greater than those 

of the El Centro shock, which is usually considered to be the most severe 

ground motion yet recorded. However, the Parkfield earthquake did almost 

no damage to the structures located near the fault. 

This apparent paradox is resolved when It is observed that the 

duration of strong motion In the Parkfield record is about 1 sec, as 

compared to a strong motion duration of 15 sec for the El Centro record. 
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Housner concluded In his study that an earthquake excitation of strong 

motion with a short duration is not as damaging as might be inferred 

from Its peak acceleration and response spectrum. 

The above discussion indicates that the duration of strong motion 

in an earthquake record is an important measure of its potential damage to 

existing structures In the area. Also, because the rms acceleration of the 

strong shaking and the spectrum intensity give similar results, the above 

paragraphs indicate that no single measure of the strength of earthquake 

ground motion is going to be satisfactory for all applications. The poten­

tially most damaging earthquakes are the larger shocks, however, and these 

will usually govern the structure and equipment design. For these larger 

shocks, which have strong motion durations of several seconds, the spectrum 

intensity of rms acceleration averaged over the duration of strong motion are 

judged to be the best measures of the strength of ground shaking. 

The rms acceleration has additional advantages that render it 

desirable for use as a definition of earthquake strength in this study. 

First, it Is easily calculated directly from the record. Second, the rms 

acceleration is especially appropriate for measuring the strength of 

motion modeled by band-limited white noise, because it is the single measure 

needed for the application of random vibration theory to earthquake response 

analysis, based on this type of input. For these reasons, the rms accelera­

tion has been adopted in this study as the measure of the subsurface bedrock 

motion strength. 

It remains to discuss methods for scaling the strength of the 

subsurface bedrock motion to correspond to a particular site location, 

Housner, In Reference 4-8, has developed curves for scaling the peak accel­

eration of surface motions in terms of (1) the distance of the site to the 

fault and (2) the earthquake magnitude. A comparison of these curves with 

recorded data is shown in Figure 4-4(a), and indicates the scatter involved 

in using these curves. It is apparent that a considerably greater degree of 

uncertainty is Involved in developing scaling procedures for bedrock motions, 

due to the complete lack of measurements of strong motion in subsurface 
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bedrock on which to base a scaling approach. In order to resolve this 

difficulty, considerable investigation, beyond the scope of this study. 

Is required and is discussed In Subsection 2.2. 

A set of illustrative curves for scaling the strength level of 

subsurface bedrock motions are shown in Figure 4-4(b) , and have been developed 

for use in the parametric investigation contained in Subsection 4.6. These 

curves have the same functional form as those of Seed, et al,, who, in 

Reference 4-3, used weighted averages of empirical formulae to obtain a set 

of curves relating the peak acceleration of bedrock motion to the causative 

fault distance and the earthquake magnitude. To be more appropriate for use 

in scaling band-limited white noise records, the ordinates of these curves 

have been changed to rms acceleration by: (l) maintaining the shapes and 

relative positions of the original curves of Reference 4.3, and (2) making use 

of the limited number of one-dimensional calculations at the site of the 

1940 El Centro earthquake described in Subsection 4,5, 

The curves of Figure 4-4(b) are not intended to represent a completely 

definitive procedure for scaling bedrock motions; rather, they represent a 

set of illustrative approximate curves that were obtained within the time 

and budget limitations of the study. It is emphasized that the development 

of subsurface bedrock motions involves many uncertainties that can be cleared 

up only by means of additional studies of the type recommended in Subsec­

tion 2.2, Therefore, the curves provided in Figure 4,4(b) are Intended only 

to provide trends in the parametric study of Subsection 4,6, and are not 

recommended for general use in scaling bedrock motions. Also, this figure 

is based on a band-limited white noise model of bedrock motions, and may have 

to be modified if other representations of bedrock records are used. 
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4.4 INVESTIGATION OF ANALYTICAL TECHNIQUES FOR CALCULATING 
EARTHQUAKE MOTIONS 

In this subsection, techniques for computing the effect of the 

soil profile properties on earthquake ground motions are discussed. This 

information Is intended to provide background Information for the calcu­

lations described in Subsections 4.5 and 4.6. 

A number of mathematical models based on a one-dlmenslonal or 

two-dimensional representation of the site profile are suitable for use 

on the digital computer in analyzing the seismic response of the profile 

to input base motions. Three-dimensional programs are also possible but 

are largely in the development stage at this time. 

The mathematical models assume the inertia characteristics of 

the soil to be concentrated at a number of discrete mass points. The 

location of these mass points and the mass concentrated at each point 

reflect the mass distribution of the continuous soil profile. The discrete 

mass points are interconnected by stiffness elements whose characteristics 

represent the material properties of the soil at the corresponding locations 

in the prof Ile. 

For simplicity, many available mathematical models simulate 

the nonlinear, hysteretic, energy dissipation characteristics of the soil 

by an equivalent 1inear-vlscoelastic representation. The determination 

of a suitable set of viscous damping coefficients for this purpose Is 

one of the major problems in the use of a model of this type. An improved 

estimate of the energy dissipation characteristics of soils can be attained by 

models that consider stiffness elements with nonlinear material properties; 

however, the use of these models often involves significantly increased 

computer run times, 

4.4,1 ONE-DIMENSIONAL AND TWO-DIMENSIONAL MODELS 

A vertical shear beam model is feasible for application to sites 

where the significant ground motions induced by seismic excitation result from 

shear waves propagating vert.Ically through the profile. As indicated in 
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Reference 4-11, this is true of sites for which the following conditions are 

valid: 

• All boundaries of the site are essentially horizontal in 

extent; hence, the soil profile may be treated as a series 

of semi -Infinite layers. 

• Seismic waves propagate vertically to the surface by means of 

shear deformations induced in the soil layers by a seismic 

excitation at the subsurface bedrock level. This will gener­

ally be true for deep-focus earthquakes and will not be true 

for estimating ground motions near the source of a shallow-

focus earthquake. However, for shallow-focus earthquakes 

In which the site under consideration is far away from the 

epicenter, the significant seismic waves may approach the 

local subsoils horizontally. For this case, the response of 

these local subsoils can be predicted by the shear beam model 

only If the half-wave length of incoming waves is large 

compared to the lateral extent of the layers (Figure 4-5), 

• The energy dissipation mechanisms inherent in soil profiles, 

such as hysteresis effects In the layers and radiation damping 

in the subsurface bedrock, can be simulated by a linear visco-

elastlc model of the profile. 

Several investigators have made comparisons of calculated results 

using various shear beam models with measured earthquake Induced ground 

motions. Extensive comparisons by Seed and Idriss (References 4-12 through 

4-14), as given in the sample results of Figures 4-6 and 4-7» have generally 

shown reasonable comparisons between measured and computed results, although 

the theoretical basis for the damping mechanism in their mathematical model 

may require further investigation (Subsection 4,4.3). 

N. C. Tsal has made some shear beam calculations at the site of 

the Union Bay earthquake of 19^7 (Reference 4-11). A seismometer layout at 

this site is shown In Figure 4-8, and ground motions that occurred during 

this tremor were measured by each of the Instruments shown. The procedure 
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(a) 2" 1 L (SHEAR BEAM THEORY APPLICABLE) 

STATION 
^V/A^/A^/^y/zlx' 

BEDROCK I 
I ^/^y^^y//^/^^^'yy/^y/y^yyy^y/^yA}sy/A^yAyyy>y^A^yy t 

(b) Y < L (SHEAR BEAM THEORY NOT APPLICABLE) 

AJAIO78 

FIGURE k-5. RESPONSE OF IDEALIZED LOCAL GROUND LAYERS TO WAVE COMPONENTS 
ARRIVING HORIZONTALLY FROM SHALLOW FOCUS EARTHOUAKES 
(REFERENCE 4-11) 
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used by Tsai in these calculations was first to calculate the spectral density 

functions of the measured motions at the till and clay installations. The 

till-clay transfer function was computed from the ratio of these spectral 

density functions, and a shear beam model with the characteristics of this 

transfer function was determined. The measured time history at the till 

installation then was input to the base of the shear beam model. As shown 

in Figure 4-9, the response at the clay installation computed by the shear 

beam model compared closely with the measured response. 

In summary, the wori< of Seed and Idriss and of Tsai indicate that 

if the input base motions and material parameters of the shear beam model 

are properly defined, the shear beam is capable of predicting surface motions 

that compare well with measured data at sites for which the above conditions 

are valid. 

If a deposit has irregular or sloping boundaries, or is subjected 

to a shallow focus earthquake for which the response of the site is essen­

tially two dimensional, the shear beam approach discussed above is no longer 

valid. For these conditions, more complex analytical procedures which 

incorporate the two-dimensional aspects of the problem are required. It 

is noted that the computer costs involved in these two-dimensional calcu­

lations will generally be substantially greater than those of the one-

dimensional shear beam models. 

An appropriate method for two-dimensional analyses is the finite 

element technique, in which a continuous medium is idealized as an assemblage 

of finite elements of appropriate sizes and shapes. These elements are 

interconnected at a number of nodal points as shown in Figure 4-10, and the 

strain distribution in each element is such that compatibility of deforma­

tions at the interface of adjacent finite elements is assured. Hence, 

material properties can be specified uniquely for each of the individual 

elements in the finite element grid, and variations in geometry and layering 

characteristics can be readily accommodated. 

To date, no comparisons of the seismic response of soil deposits 

as predicted by the finite element technique with measured earthquake data 

are available in the published literature. However, this method gives results 
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TIME (SEC) 
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(a) RECORDED AND COMPUTED ACCELEROGRAMS IN CLAY (EW) 

FIGURE 4-9. COMPARISON OF SHEAR BEAM CALCULATIONS WITH MEASURED RESPONSE 
AT UNION BAY. WASHINGTON (REFERENCE 4-11) 
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FIGURE 4-10. FINITE ELEMENT REPRESENTATION FOR TWO-DIMENSIONAL SEISMIC 
RESPONSE ANALYSIS OF SOIL PROFILES (REFERENCE 4-15) 
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in agreement with those computed using one-dimensional theories at sites 

with horizontal boundaries, and as indicated previously, these latter calcu­

lations show reasonable agreement with observed ground motions (Refer­

ence 4-15). Therefore, the finite element approach appears reasonable for 

use in two-dimensional seismic analyses of site profiles. 

One of the objectives of this study Is to provide seismic 

response calculations for a number of soil profiles, and thereby identify 

trends regarding the effect of site properties on earthquake ground 

motions. To achieve this goal within the time and budget limitations of 

this study, only site profiles for which the seismic response arises 

primarily from vertical shear wave propagation have been considered in 

these calculations. For these sites, a one-dimensional 1inear-vlscoelastic 

shear beam model Is used throughout. 

4.4.2 CONTINUOUS AND DISCRETE MASS SHEAR BEAM MODELS 

Since a one-dimensional shear beam model of a site profile Is 

used In the calculations contained In this study. It Is pertinent at this 

time to discuss various methods for representing a shear beam subjected 

to a seismic excitation at Its base. As Indicated in Reference 4-15, 

two general approaches have been used: 

a. Solution of the One-Dimensional Wave Equation. For this 

case, the site profile is assumed to have linear viscoelastic 

properties, and the motion in the underlying bedrock is con­

sidered to be a superposition of harmonic motions of different 

frequencies. The response of the profile at the surface is 

computed for a range of bedrock motion frequencies, thereby 

producing a transfer function of the soil profile. The 

response at the ground surface is obtained by determining 

the inverse transform of the product of the Fourier trans­

form of the base excitation and the transfer function of the 

profile. 
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b. Discrete Mass Representation of the Site Profile. In this tech­

nique, the site profile is represented by a series of discrete 

masses interconnected by shear springs, with properties 

determined from the stress-strain relationships of the layers, 

and by viscous dashpots, with characteristics determined from 

the energy dissipation characteristics of the soil media. 

An additional dashpot mechanism that simulates radiation 

damping at the base may also be provided. 

A number of investigations comparing these two approaches have 

been made. In Reference 4-l6, analytical procedures corresponding to each 

of the above general methods have been formulated and compared. It was 

shown that both methods for determining the dynamic behavior of the soil 

are essentially equivalent if appropriate values of the parameters are 

selected for each one. A conclusion of Reference 4-16 is that the choice 

of one of these methods for a given application depends primarily on the 

relative efficiency (i.e., calculation time for a given prescribed accuracy) 

and flexibility for that application. 

Comparisons of the results of the continuous and discrete approaches 

for deposits on both a firm rock base and on flexible rock have been made in 

References 4-11 and 4-17- In Reference 4-11, the two shear beam models shown 

in Figure 4-11 were utilized. In the first model, energy dissipation Is 

provided by a dashpot between the base and the layered system, whereas in 

the second model no energy dissipation into the base of the profile is 

allowed. In Figure 4-12, it is seen that amplification functions (i.e., 

transfer functions) obtained using each of the shear beam models compare 

well with those of the continuous solution for the same site. In the shear 

beam model with the rigid base, however, high modal damping factors (10 per­

cent of critical in the first mode) were required in order to obtain this 

close correlation. Similar results have been noted in Reference 4-17. 

From these results and others indicated in the above references, 

it is concluded that for cases where the one-dimensional model is appropriate, 

either a continuous solution to the wave equation or a discrete shear beam 

approach may be used. 
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4.4.3 DESCRIPTION OF SHEAR BEAM MODEL USED IN THIS STUDY 

The discrete mass shear beam approach developed by Seed and Idriss 

(Reference 4-12) has been adopted for use in this this study. As noted in 

Subsection 4.4.1, computations using this approach have shown reasonable 

agreement with measured earthquake responses of the ground surface. 

In this approach, the stiffness and damping characteristics of 

each layer in the site are represented by 1inear-viscoelastic properties. 

Some strain dependent stiffness and damping characteristics for clays, silts, 

and sands have been recommended for use by Seed and Idriss (Reference 4-l4), 

and are shown in Figure 4-13. It is noted that stiffness and damping char­

acteristics other than those of Figure 4-13 can be readily incorporated into 

the computer program. 

Each layer in the site is idealized into a series of discrete 

masses, interconnected by shear springs, and with damping of both absolute 

and relative motion. The equations of motion of the entire system of layers 

in matrix form is 

[M]{x} + [C]{A} + [K]{x} = |R(t)} (4-2) 

where [ M ] , [C], and [K] are the mass, damping, and stiffness matrices of 

the system, {x} is the relative displacement vector, and |R(t)[ is the 

forcing function arising from the seismic input at the base of the shear 

beam. 

The damping matrix for each sublayer is taken to be a combination 

of absolute damping and relative damping, and is expressed in the following 

form: 

[C]. = a.[M]j + &.[K]. (4-3) 
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where 

a . [ M ] . 
J J 

B . [ K ] . 
J J 

[ M ] . . [ K ] . 

R-69l4'-925 

Absolute damping term 

Relative damping term 

Mass matrix and stiffness matrix of the layer 

J J 

*j/«,j 

rcTg" 

J - ^J 

(4-4) 

and 

X. 
J 

G. 
J 

Damping ratio 

Shear modulus 

Unit weight 

Thickness of the sublayer 

Acceleration of gravity 

The matrix [C] . is a tridiagonal submatrix of order n., where 
J th -̂  

n. is the number of discrete masses considered for the j sublayer. The 

damping matrix for the entire system, [C], which is also tridiagonal, is 

obtained by addition of the appropriate components of the submatrices [C]. 

for all the sublayers comprising the deposit. The damping matrix [C] for 

the entire system thus incorporates the variations of damping with depth 

because it is based on the damping ratios of the various sublayers of the 

deposit (Reference 4-12). However, some limitations are inherent in assuming 

the damping to be of the form indicated in Equations 4-3 and 4-4, These 

limitations are discussed in later paragraphs of this subsection. 

An iterative procedure is used in the numerical integration of 

the coupled equations of motion of the layered site. At the start of the 

problem, a set of initial shear moduli and damping factors are chosen for 
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each layer. From this, a first estimate of the damping and stiffness matrices 

of the system are obtained and the response of each discrete mass in the 

shear beam is computed using a linear acceleration, step-by-step numerical 

integration procedure. A set of equivalent cyclic strains are then 

computed for each layer, and by using curves such as those in Figure 4-13, 

a new set of shear modulus and damping properties consistent with these 

peak strains are obtained for each layer. The responses are then recomputed 

using the revised stiffness and damping properties. This iteration process 

is repeated until convergence between the assumed and computed shear moduli 

and damping factors has occurred. It is noted that although the time history 

calculations within a given iteration cycle are for a 1 inear-viscoelastic 

shear beam, the variations in properties between successive cycles, based 

on the computed cyclic soil strains, accounts for the nonlinearities inherent 

in the soil materials in an approximate manner. 

It remains to examine the nature of the damping mechanism in the 

Seed-ldriss model. First, it is noted that the frequency of the n mode 

of a homogeneous shear beam of height H. is 

In - 1)^ PjJ 
2H. VY-

J ' J 

-, = %^^Jr^ (̂ -5) 

where R. and Y. are the shear modulus and the density of the soil. 
J J 

Comparing Equations 4-4 and 4-5, it is seen that the quantity w., as given 

in Equation 4-4, is the fundamental frequency of a homogeneous cantilevered 

shear beam with the properties of the j layer. 

To investigate the significance of A., consider a homogeneous 

shear beam with properties G. and y.. The equations of motion for free 

vibration of this shear beam are 

[M]{x} + [a[M] + e[K]]{x} + [K]{x} = 0 (4-6) 
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where the damping matrix form indicated in Equation 4-3 has been assumed, 

To expand Equation 4-6 into normal modes, assume 

{x} = WiO (4-7) 

In this, [(()] is a matrix of mode shapes (eigenvectors) that have been 

normal I zed so that 

[<|.]'̂ [M][(f.] = M J , [<(.]"̂ [K][<t,] = |\,^] (4-8) 

where [I] is the identity matrix and w is a diagonal matrix of 

the modal frequencies. Substituting Equation 4-7 Into 4-6 and premultIplyIng 

through by [(ji] gives a series of N decoupled equations of motion for 

the N modes of vibration of the shear beam. These equations are: 

'i + (a + Bo) )? -I- w C = 0 
n \ n/ n n n 

n = 1,2, — N (4-9) 

Now, if a and 6 take the form specified by Equation 4-4, the modal 

equations of motion become: 

'i + xL- + ̂ ^1 c + ŵ ? = 0 
n 11 OJ- / n n n 

n = 1,2, —-N (4-10) 

The s t a n d a r d f o r m o f t h e modal e q u a t i o n o f m o t i o n , i n c l u d i n g 

damp ing , i s 

? + 2 t | j a j i + a ) ? = 0 
n n n n n n 

(4-11) 

where ^ is the percent of critical damping in the n mode. Comparing 

the coefficients of t, in Equations 4-10 and 4-11 shows that the shear 
n 

beam code used In this study, if applied to a homogeneous shear beam, implies 

modal damping of the form: 
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n = 1,2,—-N 

or (4-12) 

n 
X 2n 

+ (2n - 1) n = 1,2,—N 

As will be seen below, the two terms in the brackets in Equa­

tion 4-12 refer to the contributions of the absolute and relative damping 

mechanisms, respectively. For the first mode (n = 1) these two mechanisms 

contribute equally to the damping in the Seed-ldriss model; however, for 

higher modes, the second term In Equation 4-12 dominates the value of i|j . 

Equation 4-12 is plotted in Figure 4-14, and indicates that the 

higher modes are essentially damped out using this particular technique. 

Also, it is noted that the quantity X is the percent critical damping in 

the first mode of the homogeneous shear beam. 

As a more general case, consider a continuous shear beam with the 

two most commonly assumed types of damping, namely: 

a. Absolute damping 

F = C ^ a ^1 9t 

b. Strain rate (or relative) damping 

3 
F = -C ^ - ^ ' 2 ̂ ^^^2 

where z refers to the axial dimension of the shear beam 

model and I 

propertIes. 

model and C- and C_ are determined from the materia 
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FIGURE 4-14. PERCENT CRITICAL DAMPING FOR EACH MODE OF A HOMOGENEOUS 
SHEAR BEAM--SEED-IDRISS VARIABLE DAMPING MODEL 
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Now, as shown in Appendix B, if both absolute and relative damping 

are present in a homogeneous shear beam, the percent critical damping In the 
th , . 

n mode 1s 

C, C„a) 

n 

where p Is the mass density and A Is the cross section area of the 

shear beam. 

A comparison of coefficients of 1/co and co in Equations 4-12 
'̂  n n ^ 

and 4-13 indicates that 

C. C-w, 
X = - 7 7 = - ^ (4-14) 

oj.pA GA 

Th is impiies that 

-^ = -1 i 
C, 2 p 

1 co­

in order for Equations 4-12 and 4-13 to be equivalent. 

In summary, it has been shown that the Seed-ldriss shear beam model 

is one particular case of more general damping. By a different choice of 

the constants a and 3, damping values substantially different from those 

given in Figure 4-l4 can be obtained, resulting in substantial differences 

in the transfer function of the soil profile and in the computed earthquake 

motions. The determination of a damping model that will simulate all energy 

dissipation mechanisms that might exist at a site Is one of the prime diffi­

culties of this shear beam model. However, it is noted that similar dlfficulti 

are encountered in any analytical technique that uses a viscous damper to repre 

sent the energy dissipation mechanisms inherent in soils. This indicates the 

need for more research work in this area. 
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4.5 COMPARISON OF SHEAR BEAM CALCULATIONS WITH MEASURED DATA 

A series of shear beam calculations were made in this study using 

profile characteristics that represent, in an approximate manner, the site 

of the 1940 El Centro earthquake. The purpose of these calculations has 

been to compare the computed results with measured data and thereby assess the 

effects of uncertainties in estimating site profile characteristics and bedroc 

motions on the calculated surface motions. 

It is noted that the factors that can influence the surface motions 

at a site are (Reference 4-l8): 

a. The nature of the source mechanism; the dimensions and orienta­

tion of the slipped area of fault; the stress drop; the nature 

of the fault movement, its amplitude, direction, time, and 

h istory, 

b. The travel path of the seismic waves; the physical properties 

of the rock including discontinuities, etc. 

c. Local geology; physical properties of soil layers and sedi­

mentary rock; vertical and horizontal dimensions of bodies of 

soil and rock; orientations of bedding planes, etc. 

The mathematical model of the site profile can only account for the 

effects of local geology on the ground motions (Item c above) whereas the 

effects of the nature of the source mechanism and the travel path of the 

seismic waves must be considered in the estimates of the input motions to the 

mathematical model. As indicated in Reference 4-11, the local geology may 

not always produce a significant effect on the earthquake motions at a site, 

while the source mechanism and travel path of the seismic waves may, on the 

other hand, play an important role in determining the general characteristics 

of the ground spectra. 

88 



R-6914-925 

With this in mind, rms accelerations and response spectra of the 

two measured components of the 1940 El Centro earthquake have been compared 

to records obtained using the shear beam analysis. The first 15 sec of the 

El Centro records have been chosen for comparison with the shear beam calcula 

tions, since the dominant portion of the ground surface motion has occurred 

within this duration. The earthquake has a magnitude 7-0. 

The El Centro site was assumed to be a uniform clay site extending 

to a depth of 100 ft. At this level, bedrock motions were input into a shear 

beam model of the top 100-ft clay profile. This depth at which the input 

motions are applied is consistent with that used in previous analyses of this 

site (Reference 4-3), and, because of time and budget limitations, was not 

varied in this study. It is felt, however, that variations in the depth at 

which the input motions are applied could affect the resulting surface motion 

calculations and should be investigated in future studies. 

An important step in the estimation of earthquake induced ground 

motions at a site is the careful determination of representative soil prop­

erties for use in the mathematical model. Past experience has indicated 

the existence of a number of potential sources of considerable uncertainty 

in the determination of soil properties, such as: 

• Disturbances imparted to the soil samples during the boring 

and extraction of the samples from the ground. 

• The determination of a representative set of properties from 

a number of different borings at the site. 

• Differences between laboratory test procedures and the actual 

loading and constraint conditions to which the soil will be 

subjected during an earthquake. 
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In order to consider the uncertainties described above, three sets 

of profile characteristics have been considered In this set of calculations, 

namely: 

• A profile having the basic shear modulus and damping prop­

erties given In Reference 4-3 and termed G and X 
^ o o 

• A soil profile having a shear modulus of 1.33G and a damping 

ratio of 0.67X (assumed upper bound stiffness properties) 

• A profile with a shear modulus of 0.67G and a damping ratio 

of 1.33X (assumed lower bound stiffness properties) 
o 

The strain-dependent shear moduli and damping factors for the 

El Centro site are illustrated in Figure 4-15- The spread between the dynamic 

characteristics of the ground motions corresponding to each of the above sites, 

and the comparison of these results to the measured El Centro record, will 

give an indication of the effects of uncertainties in the soil property esti­

mates on calculated ground motions at a site. The density and shear strength 

properties used in the calculations correspond to those indicated in Refer­

ence 4-3, and are shown in Figure 4-15. 

The uncertainties involved in estimating the dynamic characteristics 

of the subsurface bedrock motions have been discussed in Subsection 4.2. In 

order to investigate the effects of variations in the bedrock record on the 

ground surface motions, three sets of base motion input records are considered: 

a. In Reference 4-3, Seed et al. utilized a scaled verions of the 

North-South component of the 1940 El Centro earthquake as 

input at the base of his shear beam model. In this, the 

acceleration and time axes of the original record were scaled 

using factors that are dependent on the earthquake magnitude 
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and the causative fault distance. The factors used by Seed, 

et al., for this case are: 

% = 0.636a^j. 

S = 0-545t^^ 

where a , t are the acceleration and time of the scaled 
s' s 

record, and ^crt ^cr ^f® t:he acceleration and time of the 

original El Centro record, 

b. For purposes of comparison with the scaled North-South 

El Centro record suggested by Seed, et al., for use as base 

motion, the actual El Centro record, with unaltered acceleration 

and time scales, was also used as base motion input. 

c. Band-limited white noise samples, with acceleration amplitudes 

scaled to provide surface motions comparable to the El Centro 

measured records. 

The results of the calculations on the El Centro site are summarized 

in Table 4-1 and in Figures 4-l6 through 4-18. From these results, the 

following observations can be made: 

a. The spectral characteristics of the two measured components 

of the actual El Centro record differ considerably, especially 

at the long period end of the spectrum, as shown in Figure 4-l8. 

This suggests that factors not included in the shear beam model, 

such as the source mechanism, the travel path of the seismic 

waves, or unidentified nonhomogeneitIes in the soil, may have 

had a major effect on the measured records at El Centro. 
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TABLE A-1. RMS ACCELERATIONS OF EARTHQUAKE MOTIONS AT EL CENTRO SITE 

Case 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Material 
Properties 

G = Go 

A = Xo 

G = 1.33Go 

X = 0.67Xo 

G = 0.67Go 

X = 1.33x0 

G = O.67G0 

X = 1.33x0 

G = I.33G0 

X = 0.67X0 

G = O.67G0 

X = 1.33Ao 

G = I.33G0 

X = 0 . 6 7 A O 

G = I.33G0 

X = 0.67A0 

G = O.67G0 

X = 1.33x0 

Calculated rms 
Acceleration, 

(in./sec2) 

21 .0 

28.2 

16.6 

31.9 

kk.O 

22.1 

33.9 

36.4 

20.9 

(rms)calc 
(rms) input 

I.IA 

1.53 

0.91 

1 .08 

1.50 

0.76 

1.17 

1.26 

0.73 

(rms)calc 
(rms)actual 

0.71 

0.96 

0.57 

1 .08 

1.50 

0.92(E-W) 
0.75(N-S) 

1 .Al(E-W) 
1.15(N-S) 

1.52(E-W) 
1.23(N-S) 

0.87(E-W) 

0.71(N-S) 

Subsurface 
Bedrock 

Input Motion 

Scaled 
El Centro 
(N-S component) 

Accel. scale = O.636 
Time scale = O.S'tS 
(as indicated in 
Reference ^-3) 

Actual 
El Centro 
(N-S component) 

Scaled 
white noise 
No. 1 

Scaled 
white noise 
No. 2 

Comments 

rms acceleration (input) 
= 18.4 in./sec^ 

rms acceleration (actual 
N-S component) 
= 29.'t in./sec^ 

The soil profile has resulted 
in some amplification of the 
base motion rms acceleration. 

rms acceleration of bedrock 
= 29.0 in./sec^ 

Calculated rms acceleration 
of actual record: 

E-W = 2'».0 in./sec^ 
N-S = 29.A in./sec2 

> 

> 

AJA1087 

ON 

u> 
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(a) INPUT = SCALED EL CENTRO NS RECORD 

PERIOD. SEC 

(b) INPUT = ACTUAL EL CENTRO NS RECORD 

FIGURE 4-16. EL CENTRO SITE—SPECTRA OF SHEAR BEAM RESULTS WITH SCALED 
AND UNSCALED EL CENTRO NS RECORD INPUT AT BASE 
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FIGURE A-17. EL CENTRO SITE—SPECTRA OF SHEAR BEAM RESULTS WITH BAND LIMITED 
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FIGURE 4-18. EL CENTRO SITE--COMPARISON OF AVERAGE CALCULATED SPECTRA 
(USING WHITE NOISE INPUT) WITH SPECTRA OF MEASURED RECORDS 
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Amplification of the subsurface input motion by the soli 

profile at this site occurs only at the low-period end of the 

pseudo-velocity spectra, and is strongly dependent on the 

soil properties in this period range. For periods greater 

than about 1 sec, the spectral characteristics of the calcu­

lated surface motions are nearly equal to those of the sub­

surface input record and are essentially independent of the 

soil properties assumed for this site. 

The rms acgelerations of the surface motions are strongly 

dependent on the soil properties and input motions used. The 

calculated amplification factors and a comparison of 

strength levels of the real and calculated surface records 

are shcAf/n in Table 4-1. 

When the scaled N-S El Centro record is used as input to the 

El Centro site model shown in Figure 4-15, the pseudo-velocity 

spectra of the calculated surface motions do not compare well 

with that of the North-South component of the measured surface 

motion, especially at the high period end of the spectrum 

(Figure 4-l6(a)). It appears that this has resulted from the 

fact that the time scale of the scaled El Centro input record 

is compressed from that of the actual record. This will shift 

the input spectrum uniformly toward the lower periods, as 

indicated by Tsai in Reference 4-19. This shift becomes quite 

apparent when it is noted that the range of large pseudo-

velocities that exist in the spectrum of the actual record at 

periods of 2.5 to 3-0 sec occurs in the spectra of the calcu­

lated records and of the input motion at periods of about 1 to 

2 sec. 
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e. The pseudo-velocity spectra and rms accelerations obtained 

when the unaltered N-S component of the El Centro record is 

used as input are shown in Figure 4-l6(b) and Table 4-1, 

respectively. These results clearly demonstrate that the 

amplification effect of this site is concentrated in the periods 

ranging from 0.3 to 1.0 sec, and depends on the soil properties 

used in the calculation. A comparison of Figure 4-l6(a) to 

4-l6(b) indicates the dependence of the long period end of the 

spectrum on the characteristics of the base input motion. 

f. Two different band limited white noise records (Nos. 1 and 2 

in Figure 4-1(a) and (b)) have been used as input base 

motions to both the upper bound and lower bound profiles 

for the El Centro site. These input records were scaled 

2 

so that their rms acceleration was 29 in./sec . As indi­

cated in Table 4-1, the rms accelerations of the computed 

ground surface records bounded the rms accelerations of the 

two measured El Centro components, and were dependent on 

the soil properties used in the calculations. The average 

spectra obtained from the computed surface records also depend 

on soil properties (in the short period range), but generally 

fall below the average of the spectra from the two measured 

components. These discrepancies are especially noticeable in 

the long periods where factors unrelated to the local geology 

of the site (such as the source mechanism or the seismic wave 

travel path) may have caused the spectra of the East-West and 

North-South components to deviate from one another. 

The results of the comparisons of the shear beam calculations with 

1 Centro earthquake records are summarized as follows: 

a. When used in conjunction with the El Centro site model of 

Figure 4-15, the method indicated by Seed, et al., in Refer­

ence 4-3, did not lead to good correlation between velocity 
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spectra of measured and calculated results. However, as 

indicated in Figure 4-15, bedrock motions were applied to the 

shear beam at a depth of 100 ft. Variations in this depth 

could affect the resulting surface motion spectra and should 

be investigated in future studies. 

Variations of ±30 percent in the material properties for this 

particular shear beam model of the El Centro site resulted in 

substantial variations in the rms accelerations and short period 

spectral characteristics of the resulting computed ground 

motions. The longer period components of the computed motions 

(greater than about 1 sec) were more dependent on the charac­

teristics of the input base motions, and were not strongly 

influenced by these variations in soil properties. 

Only a limited number of shear beam calculations were made 

using band-limited white noise as input at the subsurface 

bedrock level. Therefore, no definitive statements can be made 

regarding the overall correlation of this approach with 

measured data. The few calculations made using band-limited 

white noise as input showed that reasonable comparisons with 

the rms acceleration level of the 1940 El Centro records could 

be obtained. However, this same white noise input produced 

spectra that fell below those of the actual El Centro records, 

especially in the long period regions of the spectra. It is 

noted that the spectra of the two measured components of the 

1940 El Centro earthquake differ considerably in the long period 

region; therefore, factors not related to the local site 

properties considered in the shear beam analysis may be affecting 

these frequency components of the measured records. 
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4.6 PARAMETRIC INVESTIGATION OF SOIL PROFILE EFFECTS 

4.6.1 DESCRIPTION OF PROCEDURES AND MATRIX OF CASES 

The next series of calculations in this study have used the 

shear beam model to investigate earthqual<e motions at two profiles that 

are typical of sites where nuclear reactors have been built. These profiles 

are shown in Figure 4-19, and represent a site with a lower fundamental 

frequency (Site 1) and a site with a higher fundamental frequency (Site 2). 

The matrix of cases for the analysis of these sites is shown in 

Table 4-2. For each site, a high magnitude earthqual<e (7.5) and a moderate-

magnitude earthqual<e (5.5) have been considered. Each of these magnitudes 

has, in turn, been investigated for a site near a causative fault (5 miles) 

and farther from a causative fault (50 miles). The input data at the base o 

the shear beam is band-limited white noise whose duration and strength are 

obtained from Figures 4-2 and 4-4(b), respectively. For each of these cases 

the dynamic characteristics of the ground surface response at Sites 1 and 2 

have been calculated in terms of acceleration time histories, rms accelera­

tions, and pseudo-velocity spectra. 

4.6.2 DISCUSSION OF RESULTS 

The computed acceleration time-histories at the ground surface, 

and the rms acceleration of these records are shown in Figures 4-20(a) 

through 4-20(d) and In Table 4-3 for each case considered In the para­

metric investigation. From this. It is seen that, for a given base motion 

input, the stiffer site (Site 2) has generally resulted in higher peal< 

accelerations and rms accelerations at the ground surface. Also, from 

Table 4-3, It is seen that the amplification factor for rms acceleration 

tends to increase as the strength of the base motion input decreases. 

This is attributed to the fact that the equivalent shear moduli and damping 

radios used in the shear beam model are strain dependent quantities (see Sub 

section 4.4.3). Hence, as the rms acceleration of the subsurface bedrock 

motion increases, the peak strains in each layer of the sites will, in 
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(a) SITE NO. 1--L0WER FREQUENCY SITE (b) SITE NO. 2—HIGHER FREQUENCY SITE 

FIGURE 4-19. SITES CONSIDERED IN PARAMETRIC INVESTIGATION 
(NOTE DIFFERENT SCALES) 

TABLE 4 - 2 . MATRIX OF CASES FOR PARAMETRIC INVESTIGATION 

Case 
No. 

10 

11 

12 

13 

15 

16 

17 

Site 
No. 

1 

2 

Earthquake 
Maqni tude 

7.5 

5.5 

7.5 

5.5 

Distance 
from Pault, 

miles 

5 

50 

5 

50 

5 

50 

5 

50 

rms Acceleration 
of Bedrock Motion, 

ft/sec2* 

li.O 

0.85 

0.91 

0.09 

>t.O 

0.85 

0.91 

0.09 

Duration of 
Bedrock Motion, 

sec-* 

30 

30 

10 

10 

30 

30 

10 

10 

"Duration and rms acceleration of bedrock motion are obtained from Figures ^-2 
and l|-i|(b), respectively. 
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FIGURE 4-20. ACCELERATION TIME HISTORIES FROM PARAMETRIC INVESTIGATION 
OF SOIL PROFILE EFFECTS (NOTE DIFFERENT SCALES) 
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FIGURE 4-20 . (CONTINUED) 
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(c) MAGNITUDE 5.5 EARTHQUAKE--5 MILES FROM CAUSATIVE FAULT 

FIGURE 4-20. (CONTINUED) 
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(d) MAGNITUDE 5.5 EARTHQUAKE--50 MILES FROM CAUSATIVE FAULT 

FIGURE 4-20 . (CONTINUED) 
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TABLE 4-3. SUMMARY OF STRENGTH LEVELS OF SURFACE GROUND MOTIONS-
PARAMETRIC INVESTIGATION OF SOIL PROFILE EFFECTS 

Earthquake 
Magnitude 

7.5 

5.5 

Di stance 
from 

Fault, 
mi les 

5 

50 

5 

50 

Input Parameters 

rms, 
Accelerat ion 

• / 2 in./sec 

48.0 

10.2 

10.8 

1.1 

Duration, 
sec 

30 

30 

10 

10 

Results for Site 1 

rms. 
Acceleration 

• / 2 1n./sec 

}k.k 

h.35 

5.46 

1.30 

rms(Site 1) 
rms(1nput) 

0.30 

0.43 

0.51 

1.18 

Results for Site 2 

rms, 
Acceleration 

2 
in,/sec 

40.0 

15.6 

18.7 

3.26 

rms(Site 2) 
rms(Input) 

0.87 

1.53 

1.73 

2.96 

rms(Site 2) 
rms(Site 1) 

2.78 

3.57 

3.44 

2.50 

NOTE: Site 1 corresponds to a site with a lower characteristic frequency, whereas 
Site 2 corresponds to a site with a higher characteristic frequency. The 
actual frequency characteristics of each site are dependent on the peak 
strains induced in each layer of the profile, which, in turn, are dependent 
on the strength level of the subsurface bedrock record. AJA1411 
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general, increase also, resulting in a decrease in the equivalent layer 

moduli and an increase in the equivalent damping factor for each layer 

(Figure 4-13). The increased damping and reduced stiffness will, in turn, 

tend to reduce the amplification of the rms acceleration of the base motion 

record by the soil profile. The dependence of the equivalent moduli and 

damping ratios on the rms acceleration level of the base motion is indicated 

in Figure 4-21. 

The effects of the rms acceleration of the input bedrock motion 

on the 5 percent damped velocity spectra of the ground surface record are 

illustrated in Figures 4-22 (a) through (d). As expected from the basic 

layer geometries and material properties of the sites, the Site 1 results 

show an amplification at the longer period regions of the spectra, whereas, 

for Site 2, the shorter period spectral components are amplified. Also, -

these figures indicate that, as the rms acceleration of the base motion 

increases, (1) the amplification of the base motion spectra by the soil 

profile tends to decrease and, (2) the magnitudes of the natural periods 

over which the base motion spectra are amplified tend to increase somewhat. 

These trends can be related to the strain dependence of the soil properties 

discussed in the previous paragraph. 

The dependence of the ground surface motion velocity spectra on 

the earthquake magnitude and on the distance of the site from the causative 

fault is shown in Figures 4-23 and 4-24, respectively. These figures indicate 

that, for a given site, an increase in the magnitude of the earthquake from 

5.5 to 7.5 results in a significant increase in the velocity spectrum of 

the ground surface record over much of the period range. Likewise, it is 

seen that for a given earthquake magnitude, as the distance of the site 

from the causative fault increases from 5 miles to 50 miles, the velocity 

spectrum of the resulting ground surface record decreases greatly over most 

of the period range, with the exception of the very short periods. 
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4.6.3 COMPARISON OF CALCULATED RESULTS WITH OTHER APPROACHES 

It is of Interest to compare some of the results of the above 

parametric Investigation with the results of other approaches for selecting 

earthquake motions at a site. 

The first approach that has been compared with the calculated 

results was suggested by N. M. Newmark and W. J. Hall in Reference 4-20. 

This consists of peak response levels specified for a "standard" earth­

quake, a "very Intense" earthquake, and a "minimum" earthquake. Spectra can 

be constructed for each of these earthquakes, and amplification factors are 

provided for scaling these spectra to correspond to a site consisting of 

either competent rock, firm sediment (or soft rock), or soft sediment. The 

Newmark-Hall spectra for firm sediment have been considered in this comparison 

The second approach selected for comparison is the first-level 

approach, and Is based on a set of average spectra obtained by G. W. Housner 

from the spectral characteristics of measured strong motion records (Refer­

ence 4-5). These spectra can be scaled to correspond to peak acceleration 

levels suggested in Table A-5 of Appendix A in regions of either high, 

moderate, low, or minimal seismlcity. This approach Is similar to that 

suggested by Housner in Reference 4-21, except that the basis for scaling 

the spectra has been modified somewhat. 

In Figures 4-25(a) and (b), spectra from each of these approaches 

have been compared to the spectra of Site No. 1 and Site No. 2 from (l) the 

magnitude 7.5 earthquake for a site 5 miles from the fault, and (2) the magni­

tude 5-5 earthquake for a site 50 miles from the fault. These earthquake 

magnitude-causative fault distance combinations correspond to the maximum and 

minimum earthquake strength levels considered in the parametric investigation. 

Periods from 0.1 to 3.0 sec are included in the comparison since this is the 

period range of interest for most structures. 
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The comparisons shown in Figures ^-25(a) and (b) indicate the 

results: 

a. The lower bound spectra for the Newmark-Hall approach (applied 

to firm sediment) and for the first-level approach each 

represent a more conservative approach to the design of 

structures than do the results of these shear beam calcula­

tions for a magnitude 5.5 earthquake at a site 50 miles from 

the causative fault. 

b. The very intense earthquake spectrum and standard earthquake 

spectrum recommended by Newmark-Hall for a site consisting of 

firm sediment each represent a more conservative approach to 

the design of structures to resist large earthquakes than do 

the results of these shear beam calculations for a magnitude 7«5 

earthquake at a site 5 miles from the causative fault. 

c. The spectrum recommended in the first-level approach for a 

highly seismic region provides a fairly close correlation with 

the computed results for Site No. 2, when the site is located 

5 miles from the fault and is subjected to a magnitude 7-5 

earthquake. It is noted that the spectra recommended in the 

first-level approach corresponds to representative, not maximum, 

conditions in each seismic region. Therefore, since the 

maximum credible earthquake in a highly seismic region is 

generally considered to have a magnitude of greater than 8, it 

is consistent for the upper bound spectrum from the shear beam 

calculations (corresponding to a magnitude 7-5 earthquake) 

and the upper bound spectrum from the first-level approach to 

exhibit about the same strength levels. 
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SECTION 5 

SOIL-STRUCTURE INTERACTION ANALYSIS 
TECHNIQUES 

5.1 OBJECTIVES AND SCOPE 

The objective of this task was to review and assess sol 1-structure 

interaction analysis techniques suitable for application to nuclear power 

plants subjected to earthquake ground motions. The ability of these tech­

niques to predict the peak structure motions and stresses as well as response 

time histories at selected points In the structure has been considered. In 

addition, more complex aspects of the problem have been examined, such as 

soil-structure interface conditions, three-dimensional effects, and 

inelastic material behavior. 

To facilitate this review, the soil-structure interaction techniques 

are categorized as follows: 

• Closed-form solutions 

• Discrete element representations of interaction effects at 

the soil-structure interface 

• Finite difference methods 

• Finite element methods 

Representative analysis techniques are described for each of these general 

approaches to illustrate their available capabilities in predicting inter­

action effects. In view of the limited scope of the present undertaking, 

only the pertinent aspects of each analysis, rather than detailed descrip­

tions, are included. Where possible, comparisons are made to indicate the 

advantages and disadvantages of the various methods. 
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5.2 GENERAL DISCUSSION OF SOIL-STRUCTURE INTERACTION 

The bedrock-soil-structure interaction problem has been considered 

by R. V. Whitman (Reference 5-1) as composed of the following two effects: 

a. As the earthquake motions in bedrock (u. in Figure 5-1) are 

propagated up to the ground surface, they are modified by the 

soil to a ground motion indicated by Uj in Figure 5-1. This 

modification Is observed even if the structure is not present. 

b. As the earthquake motions are propagated upward to a region 

in the vicinity of a structure, they are changed to a form 

denoted by u- in Figure 5-1. This modification is caused 

by sol 1-structure interaction. 

. If the depth to bedrock is equal to or less than the width of the 

structure, the above effects are coupled, and any structural response that 

considers interaction should include these coupled effects. However, if 

the depth to bedrock is large compared to the width of the structure, the 

two effects listed above can be decoupled. For this case, the modified 

motion u_ (due to the soil profile characteristics) Is termed the free 

field motion, and is studied using closed-form solutions, a discrete 

shear beam approach, and finite element techniques. The shear beam technique 

has been used in Task 1 of this study to obtain the free field motion, u„. 

The second effect indicated above is termed sol 1-structure Inter­

action. For flexible structures, tests have shown that soil-structure 

Interaction may have little effect in modifying the free field ground motions 

(References 5-2, 5-3). However, for stiff structures, such as containment 

structures for large nuclear reactors, sol 1-structure Interaction effects 

will, in general, have a significant Influence in modifying the free field 

ground motions In the vicinity of the structure. 
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FIGURE 5-1. BEDROCK-SOIL-STRUCTURE INTERACTION EFFECTS 
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5.3 SUMMARY OF REPRESENTATIVE TECHNIQUES 

5.3.1 ANALYSES BASED ON CLOSED-FORM SOLUTIONS 

A number of techniques using closed-form solutions have been used 

to Investigate sol 1-structure interaction phenomena. These range from closed 

form solutions for a rigid plate on an elastic half-space to multlmass 

structure models coupled to an elastic half-space. A number of such closed-

form solutions are summarized in Table 5-1. 

The approaches described in References 5-4 through 5-8 deal with 

closed-form solutions of a rigid plate on a linear elastic, homogeneous. 

Isotropic half-space. The forcing functions considered in these analyses 

are either periodic or harmonic in nature. These solutions are suited for 

investigation of the forced vibration of a simple rigid structure on an 

elastic solid, and appear to be particularly oriented toward the dynamics 

of machine foundations. 

Several investigators have extended the half-space solutions cited 

above to accommodate a more refined representation of the structure and 

earthquake excitation. For example, R. W. Parmelee has analyzed a three-

degree-of-freedom structure coupled to an elastic half-space model of the 

soil; in this the system is subjected to earthquake ground motions at the soi 

structure interface (Reference 5-9). The results of this analysis identified 

the shear wave velocity of the soil medium as the most important parameter 

affecting the coupling of the response of the soil and structure. 

Other researchers also have used analytical techniques of this 

type for particular structures. B. G. Korenev, et al . (Reference 5-10), 

Investigated the earthquake response of tower-like structures coupled to 

an elastic half-space and concluded that, for tall, slender structures, the 

horizontal displacements at the base of the structure are small when compared 

to its rocking motions. A. K. Chopra and P. R. Perumalswami (Reference 5-11) 

performed a finite element planar analysis of a dam structure coupled to an 
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TABLE 5 - 1 . REPRESENTATIVE ANALYSES BASED ON CLOSED FORM SOLUTIONS 
OF THE WAVE EQUATION 

Type 

Rigid Circular Mass on 
Elastic Half-Space 

Rectangular Rigid Plate 
on Half-Space 

Multi-mass Structure 
Model Coupled to 
Elastic Half-Space 

Rigid Foundation in 
Elastic Layered Site 

Three Dimensional 
Analysis of 
Rigid Block on 
Elastic -al*-Space 

Representative Techniques 

Approach 

Reissner (Reference S-'t) 
Sung (Reference 5-5) 

Toriumi (Reference 5~6) 
Bycroft (Reference 5-7) 

Kobori (Reference 5-8) 

Parmelee (Reference 5-9) 
(see Figure 5-2(a)) 

Korenov, et al.. (Reference 5-10) 
(see Figure 5-2(b)) 

Chopra, et al.. (Reference 5-11) 
(see Figure 5-2(c)) 

Scavuzzo (Reference 5-12) 
(see Figure 5-2(d)) 

Taj imp (Reference 5-U) 
(see Figure 5-2(e)) 

Hsieh (Reference 5-15) 

Description 

Vertical motion of rigid circular mass resting on elastic 
semi-infinite medium and subjected to periodic vertical 
force. 

Vertical translation, horizontal translation, and 
rotation of harmonically loaded circular plate on 
elastic half-space. 

Vertical motion of dynamically loaded rectangular base 
on elastic half space. Results for square plate 
compared well with those of Reissner for circular base 
of same area. 

Structure model has 3 degrees of freedom: horizontal 
translation of base, m , horizontal translation of top, 
m,, and rocking about point b in Figure 5-2(a). Half-
space analysis based on Bycroft steady state solution 
of Reference 5-7. Seismic waves propagate vertically 
upward through half-space to soil structure interface. 
Only horizontal motion of foundation is considered. 

Analysis of effects of foundation inertia on vibrations 
of tower like structure subjected to base motions. 
Foundation modelled as homogeneous elastic half space 
and was analyzed using the approach of Bycroft 
(Reference 5-7.) Seismic input either stationary random 
process or deterministic record. 

Analysis of soi1-structure interaction of a dam structure 
during earthquake loading. Finite element model of dam 
and elastic homogeneous half-space analyses of soil 
medium was used. Radiation damping is represented since 
infinite extent of foundation is considered in 
formulation. 

Analysis of effects of interaction during earthquake 
excitation on response spectrum at base of simplified 
model of nuclear reactor structure. 

Rigid circular foundation resting on one elastic stratum 
and surrounded by a second elastic stratum. Rocking of 
structure and amplification of motions by upper stratum 
considered. Requires continuity between foundation and 
soil strata. 

Three dimensional analysis of rigid block on homogeneous, 
elastic, isotropic medium. Showed solution of this 
problem to be analogous to that using "spring-dashpot" 
analogy. 
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elastic, homogeneous half-plane model of the soil medium. They showed that: 

(1) the elasticity of the soil may have an Important Influence on the natural 

frequencies and mode shapes of the dam, and (2) for the homogeneous site 

considered, radiation damping resulted In significant energy dissipation 

as a result of wave propagation Into the soil medium. The earthquake response 

of a simplified discrete mass model of a nuclear reactor coupled with a two-

dimensional , elastic half-space analyses (Figure 5-2(d)) was investigated by 

R. J. Scavuzzo , et al. (Reference 5-12). The Alexander Building site in 

San Francisco was investigated and, for this site, the response spectrum of 

the free field ground motions was reduced significantly due to interaction 

with a short structure having significant mass. However, interaction with 

a tall flexible building was shown to result in a slight increase in the base 

response spectrum and the lateral accelerations. 

H. Tajimi has investigated the dynamic response of a rigid circular 

cylinder resting on one elastic stratum and surrounded by a second elastic 

stratum (Reference 5-13 and Figure 5-2(e)). This solution, which provides 

significant Insight Into the response of a structure embedded In a layered 

site, has indicated two aspects of the coupling between the structure and 

the upper stratum: a restraining effect and a driving effect. The driving 

effect results from the free field ground motion at the top of the upper 

stratum, which Is greater than the ground motion applied to the base of the 

structure. For the cases considered by Tajimi, the driving effect was shown 

to be more significant than the restraining effect of the upper stratum. 

Thus, neglecting the presence of the upper soil stratum In the analysis of 

an embedded structure may not be conservative, since the effect of the soil 

surrounding the- structure may be to increase the structural motions. As 

indicated by Whitman (Reference 5-l4), the work of Tajimi Indicates the 

need for further study of the dynamic earth stresses against the sides of 

an embedded structure. 

A three-dimensional analysis of a rigid block resting on a homo­

geneous, isotropic, elastic half-space has been provided by T. K. Hsieh in 

Reference 5-15. This work treated the coupled six degrees of freedom of 

128 



AjA R-6914-925 

NOTE: u - INPUT EARTHQUAKE MOTION 
9 

%. %> AND DEGREES OF FREEDOM 
OF STRUCTURE 

U„ - U3 + h* + U^ 

U 

FIXED REFERENCE STRUCTURE MODEL 

ELASTIC HALF-
SPACE 

( a ) MODEL OF THREE OOF STRUCTURE ON ELASTIC 

HALF-SPACE (REFERENCE 5 - 9 ) 

TOWER STRUCTURE 

ELASTIC HALF-
SPACE 

( b ) MODEL OF TOWER STRUCTURE ON ELASTIC 

HALF-SPACE (REFERENCE 5 - 1 0 ) 

AJAI')29 

FIGURE 5-2. MODELS USED IN CLOSED FORM ANALYSES 

129 



AjA R-6914-925 

DAM STRUCTURE 
(FINITE ELEMENT MODEL) 

* • X 

ELASTIC HALF-SPACE SOIL MODEL 
( INFINITE IN EXTENT) 

( c ) MODEL OF DAM STRUCTURE AND SOIL HALF-SPACE (REFERENCE 5 - 1 1 ) 

(CONTAINMENT STRUCTURE) 

(INTERNAL STRUCTURE) 

(BASE SLAB) 

ELASTIC HALF-SPACE 

MmM 

( d ) MODEL OF NUCLEAR REACTOR AND SOIL HALF-SPACE (REFERENCE 5 - 1 2 ) 

RIGID CIRCULAR CYLINDER 

( e ) MODEL OF EMBEDDED STRUCTURE (REFERENCE 5 - 1 3 ) 
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FIGURE 5-2 . (CONTINUED) 
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the block, and showed that the solution to this problem is analogous to 

the spring-dashpot analogy. Expressions for the "spring" and "dashpot" 

constants are provided in terms of the soil properties, the dimensions of 

the block, and the frequency of the impressed vibration. 

In summary, analyses based on closed-form solutions provide a means 

for indicating the nature of the soil-structure interaction problem, and 

identify the important parameters and their effects in cases of simplified 

geometries and material properties. However, this class of analytical 

techniques seems limited to simplified structural geometries, and to soil 

properties which are generally represented by a linear elastic, homogeneous, 

isotropic semi-infinite half-space. Since these simplifications are often 

far from actual siting conditions, it appears that closed-form solutions of 

the type discussed herein are appropriate only for preliminary interaction 

evaluations at an actual site. 

4.3.2 USE OF DISCRETE ELEMENTS AT SOIL-STRUCTURE INTERFACE TO REPRESENT 
INTERACTION EFFECTS 

A popular method of analyzing interaction effects in structures 

subjected to earthquake motions Is through simple arrangements of springs 

and dashpots located at various points along the soil-structure interface; 

a model of this type Is shown in Figure 5-3. 

The springs and dashpots simulate the stiffness and energy-

loss characteristics of the soil in the vicinity of the structure. In 

addlton, the Inertia of the soil is often simulated by an effective soil 

mass that is considered to be constant with time and is superimposed onto the 

structure mass (References 5-16 and 5-17). 

Three typical discrete element models have been considered in this 

subsection and are indicated in Table 5-2. The first of these models Is the 

simple normal force interaction mechanism described In Reference 5-18. This 

Interaction mechanism imparts a force to the structure, F, which is given 

by the following expression: 
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TABLE 5-2. REPRESENTATIVE DISCRETE ELEMENT MODELS OF SOIL-STRUCTURE INTERACTION 

Type 

Simple Normal Force 
Interaction Model 
(Reference 5-18) 

Normal and Shear 
Interaction Mechanism 
(Reference 5-20) 

Equivalent Lumped Model for 
Structure on Soil Layer of 
Limited Depth (Reference 5-1) 

Mechanism 

LINEAR SPRING 

STRUCTURE 

o ' o ' o 

DASHPOT 
(VISCOUS) 

R I G I D 

s' s 

Free-f ie ld stress, 
displacement, veloci ty 

Structure displacements, 
veloci ty 

STRUCTURE 

SPRING 

VISCOUS 
DAMPER 

SHEAR MECHANISM 

R IG ID 

INPUT 
MOTIONS 

-RIGID STRUCTURE 

fr 

Description 

Medium represented by spring and dashpot 
at structure-soil interface. Spring and 
dashpot forces are superimposed onto free-
field stress to give resultant interaction 
stress. Does not transmit shear waves. 

Medium represented by transverse nonlinear 
spring and viscous damper in parallel, and 
a shear mechanism that can simulate 
debonding at soi1-structure interface. 

Examination of effect of depth of soil 
layer on selection of equivalent spring 
constants, masses, damping ratios. 
Closed form solutions for response of 
elastic stratum used as a guideline 
in selecting discrete element 
parameters. 
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F = a +s(w - w ) + k ( w - w ) 
o o s o s 

where o , w and w are the free field stress, velocity, and displacement 
O O ' o 

of the free field, and w and w are the velocity and displacement of 
the structure. It has been shown in Reference 5-19 that the term a + s(w " 

- w ) has its origin in the study of the response of a structure encased 

has its origin in the study of the response of a structure encased in an 

acoustic medium and subjected to a transverse shock wave. The additional 

term k(w - w ) attempts to account for the influence of the solid 

allty factor s is considered to represent the effects of hysteretic and 

radiation damping in the soil profile, and k is a function of the 

compressive stress-strain characteristics of the site In the vicinity of 

the structure. 

This model gives satisfactory correlation with experimental results 

for soft soils. However, as noted In Reference 5-19, the model cannot trans­

mit shear waves and will, therefore, not provide satisfactory results when 

these motions are important. 

A second, recently developed, interaction model consists of a 

tangential shear spring in addition to a transverse spring and viscous 

damping element (Reference 5-20). The normal spring element is nonlinear 

and can accommodate permanent deformations; the viscous dashpot element 

simulates radiation damping In the soil profile. The shear element is linear 

up to a stress level corresponding to the debonding.stress at the soil-

structure interface. This debonding stress is a function of the cohesion 

and angle of internal friction of the soil. The inertia of the soil is 

represented by an equivalent soil mass; the selection of this mass is based 

on experimental work by Funston and Hall (Reference 5-21). 

Although this model is quite general In nature, the techniques 

used to select the various model parameters have not yet been finalized. 

This will be done eventually through comparisons with finite element calcu­

lations, as well as with experimental results. 
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A third discrete element technique that has been examined is an 

equivalent lumped model for a structure on a soil layer of limited depth 

(Reference 5-I)• In this technique, Whitman has used a closed-form solution 

for the horizontal response of a rigid structure on an elastic stratum of 

limited depth and subjected to a periodic base motion. The fundamental 

frequency of the soi1-structure system obtained from the closed-form solution 

guided the choice of the parameters for use in an equivalent discrete element 

system. 

The results of this study are indicated in Figure 5-4 for various 

ratios of the soil stratum depth H to the structure radius r. These 

results are summarized as follows: 

• H/r > 4 The stratum acts as a half-space of infinite 

extent (Figure 5-4(a)). 

• 4 > H/r > 0.5 The soil and structure are modeled as a two-

degree-of-freedom system (Figure 5-4(b)). 

• H/r < 0.5 A simple single-degree-of-freedom model is 

suggested (Figure 5-4(c)). 

As noted above, this work has considered only horizontal translation 

motions of the structure. The extension of this work to treat rocking effects 

should be of considerable value. 

The discrete element approach has been widely used in the treatment 

of soil-structure Interaction effects during an earthquake. The primary 

advantage of this approach lies in its relatively short computation time 

requirements and in its familiarity within the engineering community. Also, 

it is noted that the discrete element approach is readily applicable to three-

dimensional analyses, as illustrated in Figure 5-5. However, there are a 

number of shortcomings of the discrete element approach, as pertains to its 
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^ Battery room 

( D Turbine 

(3) Turbine building 

@ Auxiliary building, concrete 

@ Reactor support structure 

© Shield building 

(2) Containment vassal 

(§) Auxiliary building, steel 

( D Spent fuel tank 

H Denotes rigid element 

Mass point 

Foundation structure 

(D 

Connecting link 
between building 

elements 

NOTE: TRANSLATIONAL, ROTATIONAL, AND TORSIONAL 
SOIL SPRINGS OBTAINED FROM GEOTECHNICAL 
SOIL PROPERTIES AND THROUGH COMPARISON 
WITH FINITE ELEMENT OR CLOSED FORM 
SOLUTIONS. 

FIGURE 5-5. DISCRETE ELEMENT MODEL FOR THREE-DIMENSIONAL 
ANALYSIS OF SOIL-STRUCTURE INTERACTION IN A 
NUCLEAR POWER PLANT (REFERENCE 5-22) 

137 



AjA R-6914-925 

capabilities in representing the physical characteristics of the soi1-structure 

system: 

a. The effective mass of the soil acting with the structure 

during the earthquake is usually assumed to be constant with 

time, whereas it is actually a time-dependent parameter. 

b. The procedure for selecting ground motion input in a manner 

consistent with the definition of the discrete element para­

meters is not yet established. For example, the soil spring 

constant is generally based on an average stiffness of the 

entire profile extending to the subsurface bedrock level, 

whereas the earthquake motions at the ground surface are 

usually used as input to the analysis. 

c. A consistent approach for the selection of spring constants, 

damping coefficients, and an effective soil mass for a layered 

site is not known. 

In view of these limitations, the finite element and finite differ­

ence techniques provide a more realistic representation of the distributed 

soil and structure properties than does the discrete element approach (Sub­

sections 5.3.3 and 5.3.4). However, the discrete element approach appears 

useful in preliminary analyses, in parametric studies, and in evaluating 

three-dimensional soi1-structure interaction effects (since three-dimensional 

finite difference and finite element approaches have not yet been developed 

to the point where they represent usable techniques for the evaluation of 

soi1-structure interaction effects in nuclear power plants). 
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5.3.3 FINITE DIFFERENCE METHODS 

The solution of complex problems of wave propagation in a continuum 

by the classical theories of elasticity and plasticity almost invariably 

involves considerable analytical difficulties. These problems can sometimes 

be resolved by expressing the partial differential equations of motion of the 

continuum as a set of equivalent finite difference equations. The solution 

to this set of equations then can be obtained using numerical procedures. 

Classical finite difference procedures have been applied to a 

variety of problems involving wave propagation in a continuum. These involve 

approaches ranging from equivalent discrete element models (References 5-23 

to 5-28) to highly complex techniques of wide applicability, (References 5-29 

to 5-33). Some representative finite difference techniques are described in 

Table 5-3-

A. H.-S. Ang has proposed the two-dimensional discrete element 

representation of an elastic or elastic-plastic continuum shown In 

Figure 5-6(a) (References 5-23 to 5-26). This model is mathematically equiv­

alent to a finite difference representation of the differential equations 

of motion for the corresponding continuum and has also been applied to 

elastic-plastic wave propagation problems. As noted in Figure 5-6(a), the Ang 

model consists of mass points and stress points arranged along a uniformly 

spaced grid network of finite size which is oriented at 45 degrees relative 

to the boundaries. A set of axial springs, shear springs, and moment 

(rotational) springs interconnect adjacent mass points, and equations of 

motion are developed for the displacement of the mass points along each of 

the inclined axes. The stresses are computed at designated stress points 

in the model. A "quiet" boundary capability, in the form of damping elements 

along the side and bottom boundaries of the continuum model, has been added 

to reduce the intensity of waves reflected from these artificial boundaries 

and thereby more realistically simulate the half-space solution. Although 

the Ang model was originally developed to study wave propagation in an elastic 

or elastoplastic continuum, it has been used in Reference 5"27 by M. E. Agabie 

et al., as the basis for the study of interaction between a rigid-plate struc­

ture and a soil continuum during an earthquake (Figure 5-6(b)). 
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TABLE 5-3. REPRESENTATIVE FINITE DIFFERENCE ANALYSIS TECHNIQUES 

Type 

Plane Strain Analysis 
of Linear Elastic or 
Elastic-Plastic Media 

Plane Strain or 
Axisymmetric Analysis 
of Hydrodynamic 
Elastic-Plastic Media 

Two-Dimensional 
(Planar or 
Axisymmetric) 
Continuum System with 
Nearly Arbitrary 
Material Properties 

Representative Techniques 

Approach 

Ang, et al., 
(References 5-23 to 5-26) 

Agabien, et al., 
(Reference 5-27) 

Parmelee 
(Reference 5-28) 

Wi1 kins 
(Reference 5-29) 

Godfrey, et al . , 
(Reference 5-30) 

Bjork and Kreyenhagen 
(Reference 5-31) 

Trulio 
(References 5-32 and 5-33) 

Description 

Original version (by Ang) designed for 
analysis of free-field response to a nuclear 
weapon. Extension by Agabien, et al., is 
capable of treating interaction between soil 
continuum and rigid plate structure. Viscous 
dashpot quiet boundary adaptation has been 
developed. Among the simplest to understand. 

Codes included here (HEMP, PIPE, S SHEP Codes) 
originally developed to treat problems of 
hypervelocity impact and the propogation of 
shock waves from nuclear or chemical explo­
sions. Basic capability appropriate for 
analysis of earthquake soil structure inter­
action problems. Several materials may be 
considered, and laminated media, inclusions 
bounded by coordinate surfaces are easily 
treated. 

Designed to treat nuclear explosion problems. 
The calculation proceeds In a continuous flow 
without rezoning, since grid points may be 
moved in an arbitrary, non-Lagrangian manner. 
Several materials may be included; regions 
defined by other than coordinate surfaces may 
be treated. Quiet boundary adaptation for 
elastic waves has been developed in axisym­
metric version. Flexibility of code, 
complexity of derivation makes this among 
most difficult codes to understand and use. 
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A number of more general finite difference codes have been applied 

to a wide variety of elastic and inelastic wave propagation problems, and 

could conceivably be used to investigate soi1-structure interaction effects 

resulting from an earthquake (Table 5-3). An example of an analysis technique 

of this type is the AFTON Code, In which the soil structure could be simulated 

as a two-dimensional planar or axisymmetric continuum system with nearly 

arbitrary material properties (References 5-32 and 5-33). Several different 

materials can be included, and either welded or slip contact at the Interfaces 

can be specified. "Quiet" boundaries have been developed for the axisymmetric 

case. The AFTON Code has been used to examine the transient response of non­

uniform axisymmetric structures embedded in layered soils when subjected to 

uniform time-dependent pressure pulses, (Reference 5-34), and to study the 

response of a multilayered planar soil system to moving, time-dependent surface 

loads (Reference 5-35). However, due to the generality and resulting complexity 

of this code. It will require significant engineering and computer time for a 

typical analysis. 

A number of other finite difference techniques are available that, 

although less complex than the AFTON Code, are sufficiently general to handle 

most soil-structure interaction problems that might arise. For example, the 

HEMP, PIPE, and SHEP Codes have been developed to treat the plane-strain or 

axisymmetric response of a hydrodynamic, elastic-plastic continuum (Table 5-3). 

The SHEP Code has been used to examine the interaction between complex struc­

tures typical of space vehicles under shock loading (Reference 5-31). 

Three-dimensional, finite difference codes have been developed (see, 

for example. Reference 5-36) but, because of machine core storage limitations, 

the available capability is not particularly helpful. The STRIDE Code 

(Reference 5-36) can treat 8000 cells, approximately 20 in each direction. 

This limitation prevents a detailed description of structures and limits the 

domain free from boundary reflected signals. The useful finite difference 

capability is truly indicated by the representative two-dimensional codes 

described briefly in Table 5-3. 
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The application of finite difference analyses to the study of 

soi1-structure interaction effects in an earthquake has not generally been 

as widespread as the discrete element, finite element, or closed-form-solution 

approaches. However, finite difference analysis techniques, ranging from 

the relatively simple Ang model to the highly complex AFTON Code, appear to 

have merit for this application, since, for two-dimensional analyses, they 

are capable of representing the mass distribution, stiffness, and energy 

dissipation characteristics of the soil and structure in a relatively realistic 

manner. The extension of these approaches to include three-dimensional effects 

should be studied as computers with larger core storage capabilities become 

available. 

5.3.^ FINITE ELEMENT TECHNIQUES 

A powerful tool appropriate for use in the analysis of soil-

structure interaction effects is the finite element method. The major 

advantage of this method lies in the fact that continua of arbitrary shapes 

and variations of properties can be approximated as a system of finite 

elements having simple shapes and simply varying properties. A set of inter­

polation functions appropriate to the chosen finite element shapes will 

represent the displacements in completely arbitrary soi1-structure systems. 

To retain favorable bounding and convergence properties, it is necessary 

that the interpolation functions include rigid body displacements and uniform 

strain states, and that they maintain displacement compatibility along inter-

element and exterior boundaries (Reference 5-37)• An example finite element 

representation of a soil-reactor structure system is shown in Figure 5~7. 

A number of representative finite element techniques, suitable for 

use in analyzing Interaction effects between the soil and a nuclear reactor 

structure, are described briefly in Table S-'t. The available techniques 

range from a two-dimensional, elastic, plane-strain model to a pseudo-

three-dimensional representation of a continua having nonlinear material 

properties. As noted in Subsection 5.3-2, three-dimensional, dynamic. 
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TABLE 5-^. REPRESENTATIVE FINITE ELEMENT ANALYSIS TECI JES 

Type 

Representative Techniques 

Approach OescrIption 

WtLSON Code 

(Reference 5-38) 

Two-Dimensional, 
Elastic, Plane Strain 

Originally developed for analysis of 
underground structures Accepts only 
force excitations, no quiet boundary 
Relatively poor damping nK>del, uses 
average Raleigh damping for entire 
system rather than individual damping 
properties for each material 

DEPS Code 
(Reference 5-39) 

Original WILSON Code modified 
to include (l) kinematic, as well as 
force inputs, (2) increased capacity 
of program, and (3) approximate one-
dimensional "quiet boundary" technique 
Sanie damping model as for original 
WILSON Code 

Aslxymmetrlc-Elastic Ghosh and WiI son 
(Reference ^-kO) 

Original WILSON Code modified to treat 
axisymmetrrc elastic structures sub­
jected to ant 1symmttric dynamic loading 
Damping model same as for WILSON Code, 
no quiet boundary Used for pseudo-
three-dimenslonai analyses of nuclear 
power plants 

Dibaj and Penzien 

(Reference 5-^1) 

Finite element formuI at ion of nonI 1 near 
dynamic response of general earth dam 
structures to earthquake excitation 
Extension of Orucker-Prager yield 
criterion to include work hardening 
effects was developed Earthquake 
excitation givef in form of either 
uniform or nonuniform base motions 

Two-01menslonal Planar 
Response with Nonlinear 
Material Propertles 

INDEPS Code 

(Reference 5-^2) 

Inetastic, dynamic, 
analysis suited 10 
structure interacti 
loading Material 
in form of buIk and 
may vary with stres 
strain hi story, or 
yield cr I ter^on dev' 
correspond to any d 
of stress component 
plastic potential I 
Force or velocity l 

plane stra 1 n 
analysis of soiI-
on under earthquake 
propertles represented 

shear modul1 which 
5 , St rain, stress and 
strain rale General 
eloped, which may 

fferent table function 
Prandtl-Reuss or 

ype flow rule given 
ype excitat ions 

Pseudo-Thrce-OImenslonal 
Response with Nonlinear 
Material Properties 

FEAT Code 

(Reference 5-A3) 
Attempts consideration of several real-
life aspects of interaction problem, 
namely (I) three-dimenslonality of 
soil-structure system, (2) nonideal 
material behavior, such as compaction, 
cracking, elast1c-plast1c behavior, 
(3) specification of more realistic 
interface conditions, such as debonding 
and controlled slip Geared toward 
blast analysis of buried or partially 
buried cylindr ca) structures 
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finite element codes have not yet been developed to the extent that they 

represent usable techniques for the analysis of soi1-structure interaction 

in nuclear power plants. 

A significant first effort in the finite element analysis of a 

soi1-structure system is the two-dimensional finite element code written by 

Wilson (Reference 5-38). From Table 5-^, it is seen that the original code 

is somewhat limited in its ability to analyze soi1-structure interaction 

effects under earthquake loading; however, this code has been subsequently 

used as the basfs for other more general analyses. For example, in Refer­

ence 5-39» the original WILSON Code has been modified to include kinemetic 

input and an approximate "quiet" (energy-absorbing) boundary capability. 

Also, an axisymmetric version of the original WILSON Code has been used in 

the analysis of nuclear power plants under earthquake loading (Reference 5-^0) 

Since typical soils are far from being ideal elastic materials, 

efforts have been directed toward the development of a finite element analysis 

including nonlinear material properties. These analyses commonly employ a 

yield criterion (such as prepared by von Mises or Coulomb, for example) and 

a plastic flow rule to update the system stiffness matrix on an incremental 

step-by-step basis. This is done to account for yielding in various regions 

of the soil-structure system. The calculation times for the nonlinear finite 

element codes are generally much greater than for the linear viscoelastic 

finite element analyses. 

Two examples of finite element analyses that incorporate nonlinear 

material properties are described in Table 5-^- The work of Dibaj and Penzien 

(Reference 5"^) is oriented toward the seismic response of earth dam struc­

tures and uses a Drucker-Prager yield criterion that has been extended to 

include work hardening. Another recently completed code suited to the 

analysis of soi1-structure interaction under earthquake loading is the INDEPS 

Code (Reference 5-^2). This analysis uses a general yield criterion which 

may be any differentiable function of the stress. 
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An analysis technique that considers pseudo-three-dimensional 

effects in an approximate manner, nonideal material behavior, and debonding, 

is termed the FEAT Code (Reference 5-^3). However, only a small number of 

checkout problems have been completed at this time; therefore, the applica­

bility of this code to the problem of soil-structure interaction under 

earthquake excitation has not yet been evaluated. 

The use of finite element techniques to predict soi]-structure 

interaction effects has Increased significantly in recent years. This has 

resulted in the development of increased capabilities and experience in this 

field. Like the finite difference method, the finite element approach can 

provide a relatively realistic model of the soi1-structure system. Therefore, 

it should be considered as a feasible method for evaluating interaction 

effects in a nuclear reactor structure. Its principal drawback is its limited 

capability to treat problems which are essentially three-dimensional in char­

acter. This problem is presently being investigated, however, and significant 

progress should soon be made in this direction. 
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5.k SUMMARY 

The application to interaction problems of closed-form solutions, 

discrete element models, finite difference techniques, and finite element 

methods has been discussed in this section. From each of these general 

approaches, representative techniques have been described to illustrate 

their capability In predicting soil-structure Interaction effects In the 

response of a nuclear reactor structure to earthquake motions. 

Some advantages and disadvantages of each approach are summarized 

in Table 5~5' From this summary, it appears that finite difference and 

finite element techniques, despite the increased computer time and technical 

effort required for their use, provide the most realistic model for use in 

the two-dimensional analysis of earthquake-induced interaction effects. The 

principal drawback in the use of these approaches is their present inability 

to treat problems that are three-dimensional in nature. Closed-form solution 

and discrete element models, because of their simplicity, appear feasible for 

use in the preliminary analysis and design stages for parametric studies, and 

for estimating three-dimensional effects in a sol 1-structure system. 
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TABLE 5-5. SUMMARY OF ASSESSMENT OF SOIL-STRUCTURE INTERACTION TECHNIQUES 

Approach 

Closed Form Solution 

Discrete Element 
Representations of 
Interaction Effects 
at Soi1-Structure 
1 nterface 

Finite Difference 
Techn iques 

Finite Element 
Techn iques 

Advantages 

Valuable for indicating trends regarding 
the effects of various parameters on 
soi1-structure interaction under earth­
quake loading. Some three-dimensional 
problems have been solved. 

Simple, inexpensive, calculation for 
estimate of soi1-structure interaction 
effects. Widely used procedure in 
earthquake response calculations. Mathe­
matically exact for some simple structure 
geometries and soil properties, if 
moduli or equivalent soil mass are 
frequency dependent. 

Attractive approach for studying soil-
structure interaction. Can accommodate 
complicated boundaries, partial loading, 
nonlinear material properties, and 
layered sites. Satisfactory model of 
soil mass and stiffness is provided. 
Quiet boundary adaptations currently 
being developed. 

Same advantages as indicated above for 
finite difference technique. Generally, 
wider application to earthquake response 
calculations than many finite difference 
techn iques. 

Di sadvantages 

Solutions limited to simplified 
representations of structure geometry, 
soil material properties, and loading 
cond i t ions. 

Inertia of soil in layered sites not 
properly represented. The procedure 
for selecting input for response 
calculations is not clearly defined. 
Also, representation of layered sites 
not clearly known. Guidelines for 
selecting nonlinear spring-dashpot 
parameters not yet established. 

Displacements, stresses defined by 
interpolation except at finite number 
of points. Increased computer run time 
and associated technical effort required 
for analysis. Many refined finite 
difference codes, although vyidely used 
in nuclear weapons effects problems, 
have never been applied to earthquake 
problems. At present, practical use in 
dynamic problems is limited to two-
dimensional idealizations. 

Unless quiet boundary techniques are 
available, radiation damping not 
accounted for. Except for some non­
linear codes, internal damping simulated 
by approximate viscous damping mechanism. 
Increased computer run time and associa­
ted technical effort required for 
analysis. Relatively few studies of 
convergence of solution. At present, 
practical use in dynamic problems is 
limited to two-dimensional idealizations. 
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APPENDIX A 

FIRST-LEVEL APPROACH TO DEFINING SEISMIC INPUT 

A.I PURPOSE AND SCOPE 

in this appendix, a first-level approach to the definition of 

seismic Input at a nuclear reactor site is described. The purpose of this 

approach is as follows: 

• To provide a simplified method for choosing representative 

seismic'ground motions based on the dynamic characteristics of 

existing strong motion records. 

• To provide a starting point and reference base for the more 

detailed approach described in Section 4. 

In this first-level approach, some suggested criteria spectra are 

provided. These spectra are based on the dynamic characteristics of existing 

Strong motion earthquake records and are intended to represent average (rather 

than envelope) strength levels for a region of either high, moderate, low, or 

minimal seismicity. Next, real and artificial earthquake records that are 

appropriate for use in conjunction with the criteria spectra as a representative 

ensemble of seismic input time histories are provided. In addition, suggested 

scaling procedures and scale factors are applied to the ensemble of earthquake 

records so that these accelerograms correspond to the seismic characteristics 

of the region in which the site is located. Finally, a discussion of the 

response statistics is provided so that the criteria spectra and the ensemble 

of time histories can be interpreted in a consistent manner for a given 

earthquake strength level. 

A.2 BASIS OF CHOICE FOR CRITERIA SPECTRA 

The basis f o r the f o rmu la t i on o f the suggested f i r s t - l e v e l approach 

f o r choosing se ismic Input a t a s i t e w i l l be descr ibed In t h i s subsec t ion . 

This basis has cons is ted o f a review o f past design p r a c t i c e s , and a cons id ­

e r a t i o n o f the c h a r a c t e r i s t i c s o f real and a r t i f i c i a l earthquake records. 
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A.2.2 PAST DESIGN PRACTICE 

A.2.2.1 Operating Basis and Design Basis Earthquakes 

In the past, seismic design of nuclear reactors has been based on 

two strength levels for earthquakes at a site: (l) Operating Basis Earth­

quakes and (2) Design Basis Earthquakes. 

The Design Basis Earthquake (DBE) defines the strength and dura­

tion of the most severe earthquake that might be conceived as occurring 

at the site at any time In the future. This earthquake defines the peak 

strength level for which a safe shutdown of the reactor must be achieved. 

An Operating Basis Earthquake (OBE) defines the strength and 

duration of an earthquake which might realistically be experienced by a 

structure during its economic life. The OBE defines the maximum input 

strength level which the reactor is able to withstand and continue to 

operate at full efficiency. The structure is required to remain elastic 

when subjected to the OBE. The OBE is typically half as strong as the 

design basis earthquake. 

A.2.2.2 Seismic Risk Maps 

In the past, seismic risk maps have been widely used in the 

earthquake design of nuclear power plants and other structures. Therefore, 

it is pertinent at this time to discuss various seismic maps currently in 

existence. 

In 1947, the United States Coast and Geodetic Survey (USCGS) 

prepared a Seismic Probability Map of the United States showing zones of 

seismic risk. These zones were described in terms of damage to structures 

with Zone 0 indicating no damage, and Zones 1 through 3 indicating minor 

damage, moderate damage, and major damage, respectively. Although with-

drc3wn by the USCGS, this map was adopted by the Pacific Coast Building Offi­

cials Conference for Inclusion in the 1952 edition of the Uniform Building Code. 
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The Seismic Probability Map, as shown in Figure A-l(a), has been the basis 

for the establishment of lateral force requirements for buildings and has 

not been changed since adopted in 1952. It has had wide circulation and 

is a familiar document to those structural engineers required to design 

structures located in highly seismic regions of the United States. 

In 1969, Algermissen (Reference A-1) prepared the Seismic Risk 

Map shown in Figure A-l(b). This map is an interim revision of the 1947 

USCGS Probability Map, and is not intended to represent the final form of 

a risk map for the United States. The I969 map has been based on the 

following factors: (l) Distribution of Modified Mercalli intensities 

associated with the known seismic history of the United States, (2) strain 

release in the United States since I9OO, and (3) the association of strain 

release patterns with large-scale geologic features believed to be related 

to recent seismic activity. 

At this time, no seismic risk map has been sanctioned by the 

USCGS as being appropriate for use in defining the strength of earthquake 

motions in a region. Therefore, the first-level approach described in this 

appendix defines strength levels for regions of either high, moderate, low, 

or minimal seismicity; the classification of a region into one of these 

four categories should be based on a careful seismic and geologic investiga­

tion by qualified geologists and engineers. 

A.2.2.3 Existing Design Approaches 

In t h i s subsec t i on , two e x i s t i n g approaches f o r es t ima t i ng e a r t h ­

quake Input are descr ibed b r i e f l y and compared. 

G. W. Housner (Reference A-2) suggested an approach based on 

dynamic c h a r a c t e r i s t i c s o f s t rong earthquake motion measurements on 

competent s o i l . Some averaged normal ized spect ra tha t r e f l e c t these dynamic 

c h a r a c t e r i s t i c s (Reference A-3 and Subsection A .2 .2 .1 ) are scaled to 

correspond to earthquake s t reng th leve ls est imated f o r the seismic zones 
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ZONE 0 - NO DAMAGE 
ZONE 1 - MINOR CHANGE 
ZONE 2 - MODERATE DAMAGE 
ZONE 3 - MAJOR DAMAGE 

* SJIC H 

(a) SEISMIC MAP-'ig't? EDITION 

tf tJ" 

(b) SEISMIC MAP-- I969 EDITION 

AJAI873 

FIGURE A-1. U.S. COAST AND GEODETIC SURVEY SEISMIC MAPS 
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in the 1947 USCGS Seismic Risk Map. The strength ratios suggested by 

Housner are shown In Table A-1. It is noted that no Zone 0 criterion has 

been specified by Housner since factors other than earthquake considera­

tions will govern the structure design in these regions of low seismicity. 

TABLE A-1. STRENGTH LEVELS FOR EARTHQUAKE GROUND MOTIONS 
SUGGESTED IN REFERENCE A-2. 

Seismi c 
Zone 

3 

2 

1 

St rength o f OBE 
Strength o f El Centro 

1.0 

0.5 

0.25 

Strength o f DBE 
Strength o f El Centro 

2.0 to 3.0 

1.0 to 2.0 

0.5 to 0.75 

N. M. Newmark and W. J. Hall have suggested an approach to the 

problem of selecting seismic input at a site for which specific seismicity 

or soils Information is unavailable (Reference A-4). This approach is 

based on some estimated ground motions for a "standard" earthquake in 

competent soil; as Indicated in Table A-2, these standard earthquake motions 

are 50 percent more severe than the ground motions recorded during the 1940 

El Centro earthquake. Newmark and Hall have also estimated the peak ground 

response that might occur in competent soil during a "very Intense" earth­

quake and during a "minimum" earthquake. In addition, amplification factors 

that account for foundation conditions other than a competent soil are 

also provided. 

The following general comparisons can be made between the approach 

suggested by Newmark-Hall and that selected by Housner: 

a. Housner's approach uses spectra that are based on the average 

dynamic characteristics of strong earthquake motions on 

competent soil, and otherwise are independent of the soil 

properties at a site. The Newmark-Hall approach is based on 

the spectra envelopes from strong motion earthquakes, and 
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TABLE A-2. CRITERIA BASED ON STANDARD EARTHQUAKE 
(REFERENCE A-4) 

(a) EARTHQUAKE STRENGTH LEVELS 

Condition 

"Standard" Relative Values 

Typical Maxima 

El Centro, 1940, Horizontal 

El Centro, 1940, Vertical 

**MinImum, Horizontal 

**Minlmum, Vertical 

Very Intense Earthquake 

Maximum Values of Ground Motion 

Acceleration, 

9 

0.5 

0.33 

0.22 

0.10 

0.07 

0.75 

Velocity, 
in./sec 

24 

16 

n 
5 

3 

36 

Displacement,A 
in. 

18 

12 

8 

4 

3 

27 

*Transient motion not invo lv ing permanent f a u l t displacement 

**Minimum values recommended fo r use in the design of nuclear reactors in any region, 
even where earthquakes are not considered probable. 

(b) SPECTRUM AMPLIFICATION FACTORS 

Percent of Critical 
Damping 

0 

0.5 

1 

2 

5 

7 

10 

20 

Amplification Factor 

Displacement 

2.5 

2.2 

2.0 

1.8 

1.4 

1.2 

1.1 

1.0 

Velocity 

4.0 

3.6 

3.2 

2.8 

1.9 

1.5 

1.3 

1 .1 

Acceleration 

6.4 

5.8 

5.2 

4.3 

2.6 

1.9 

1.5 

1.2 

(c ) FOUNDATION AMPLIFICATION FACTORS 

Competent 
Rock 

0.67 

Soft Rock or 
Firm Sediment 

1.0 

Soft 
Sediment 

1.5 
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has prov ided foundat ion a m p l i f i c a t i o n fac to rs tha t should 

be used on ly in the absence o f more d e t a i l e d s o i l s da ta . 

The Housner approach is based on the use of a seismic r i s k 

map in s e l e c t i n g the s t reng th o f earthquake ground motions 

at a s i t e . However, in the Newmark-Hall approach, the 

s p e c i f i c a t i o n o f s t r eng th leve ls f o r an earthquake a t a 

s i t e Is l e f t to eng ineer ing judgment, based on the 

s e i s m i c i t y and geology o f the reg ion . 

To serve as a basis f o r f u r t h e r comparison, some 5 percent 

damped spect ra from the Housner approach and from the Newmark-Hall approach 

f o r a s o i l p r o f i l e con ta i n i ng f i r m sediment are shown in Figure A-2 . The 

Newmark-Hall spect ra have incorpora ted the spectrum a m p l i f i c a t i o n f ac to r s 

shown in Table A-2 and have been cons t ruc ted according to the procedures 

descr ibed in Reference A -4 . The comparisons i nd i ca te tha t the Newmark-

Hal l " ve ry In tense" earthquake has a more severe spectrum than does the 

Housner Zone 3 DBE. A l s o , the Newmark-Hall " s tanda rd " earthquake spectrum 

is more severe than tha t o f the Housner Zone 3 DBE in the long-per iod end 

of the spectrum, and is less severe than the Housner Zone 3 DBE in the 

s h o r t - p e r i o d reg ion . In a d d i t i o n , the spectrum f o r the Newmark-Hall 

"minimum" earthquake is more severe than tha t of the Housner Zone 1 OBE. 

F i n a l l y , i t is noted tha t the r a t i o of the peak spec t ra l acce le ra t i on to the 

zero per iod spec t ra l a c c e l e r a t i o n is g reater in the Newmark-Hall spectra 

than In the Housner spec t ra . 

A .2 .3 CHARACTERISTICS OF REAL AND ARTIFICIAL EARTHQUAKE RECORDS 

In t h i s subsec t i on , the dynamic c h a r a c t e r i s t i c s o f a number o f 

real and a r t i f i c i a l earthquake records are d iscussed. This d iscuss ion 

prov ides a basis f o r the choice o f an ensemble of records s u i t a b l e f o r 

t h i s f i r s t - l e v e l approach f o r s p e c i f y i n g seismic input to a nuc lear reac to r . 
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FIGURE A-2. COMPARISON OF SEISMIC INPUT SPECTRA FROM HOUSNER AND 
FROM NEWMARK-HALL APPROACHES 
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A.2.3.1 Real Strong Motion Earthquake Records 

A number of measurements of strong earthquake motions have been 

obtained from some highly seismic regions in the western United States. Among 

the records most widely used for structural design purposes are the following 

strong motion earthquake accelerograms: 

• 1940 El Centro 

• 1934 El Centro 

• 1952 Taft 

• 1949 Olympia 

Time histories of one component of the motion and the seismic characteristics 

for each of these records are Indicated in Figure A-3 and Table A-3, respec­

tively. It is noted that these records are from the four strongest ground 

motions yet recorded. 

In Reference A-3, Housner has formulated a set of averaged, 

normalized spectra for the two components of each of the four strong motion 

earthquakes listed above. These average spectra, which have been smoothed, 

are shown In Figure A-4. Scale factors, by which the amplitudes of the 

normalized spectra can be multiplied so that their spectrum Intensities are 

in agreement with those of the individual strong motion records, are also 

shown in Figure A-4. 
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FIGURE A-3. STRONG MOTION EARTHQUAKE RECORDS 
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TABLE A-3. SEISMIC CHARACTERISTICS OF STRONG MOTION EARTHQUAKES 
(Reference A-5) 

Record 

19^0 El Centro 

19^9 Olympia 

1952 Taft 

193^ El Centro 

Richter 
Magni tude 

7.0 

7.1 

7.7 

6.5 

Distance From 
Center of SIipped 
Length of Fault 

10-15 miles 

25 miles 

ho miles 

35 miles 

Spectrum 
1 ntens i ty 

2.9 

2.3 

2.0 

2.2 
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Scale Factors (related to spectrum intensity ratios) 
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FIGURE A-4. STRONG MOTION EARTHQUAKE SPECTRA (REFERENCE A-3) 
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A.2.3.2 Artificial Earthquakes 

In order to compensate for the scarcity of measured earthquake 

records, artificial earthquake records have been generated which have the 

basic dynamic characteristics observed in actual earthquake measurements. 

These artificial earthquakes are intended to furnish a larger sample of 

records of a given Richter magnitude; this increased sample size will, in 

turn, provide a basis for the consideration of the effect of statistical 

fluctuations in intensity, duration, and frequency content of earthquakes on 

the dynamic response of a structural system. Two sets of artificial earth­

quake records that have been formulated at Caltech will now be briefly 

described. 

In Reference A-6, an ensemble of stationary artificial earthquakes 

have been simulated from sections of a stationary Gaussian process. in 

this approach, a series of white noise records were passed through a mathe­

matical filter; the characteristics of this filter were such that the 

spectra of the resulting output records corresponded to the average strong 

motion earthquake response spectra obtained by Housner (Figure A-4). The 

velocity spectra for the ensemble of eight artificial earthquakes obtained 

in this way are shown in Figure A-5. It is noted that the resulting 

stationary artificial earthquake records are feasible for modeling strong 

motion earthquakes; however, these records are not appropriate for modeling 

less intense earthquakes which typically exhibit significant nonstationar-

i ties. 

Reference A-7 describes the simulation of earthquake records 

showing nonstationarities. To do this, a special type of nonstationary random 

process has been utilized in which the artificial earthquake record z(t) 

is given by: 

z(t) = E(t)x(t) 
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x(t) = Stationary random process 

E(t) = Time dependent envelope function 

The envelope functions utilized are shown in Figure A-6. Segments 

of the resulting nonstationary earthquake records are described in Table A-4 

and Figure A-7. 
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TABLE A-4. DESCRIPTION OF NONSTATIONARY ARTIFICIAL EARTHQUAKE RECORDS 
(REFERENCE A-7) > 

SImulated 
Earthquake 

Type 

A 

B 

C 

D 

Type of Earthquake Motion 

Represents upper bound for ground 
motions expected near causitive fault 
during earthquake having Richter 
Magnitude 7-8. 

Models shaking close to fault in 
Magnitude 7 earthquake (e.g., 1940 
El Centro and 1952 Taft). 

Simulates motion expected in epicentral 
region of Magnitude 5-5-6.0 shock 
(e.g., 1957 San Francisco and 1935 
Helena, Montana). 

Models shaking close to fault of very 
shallow Magnitude 4.5-5-5 earthquake 
(e.g., 1966 Parkfield, California). 

Spectrum Intensity of Earthquake 
(Damping ratio = 0.2) 

150 percent as strong as average 
spectrum intensity of ig'̂ O 
El Centro records. 

Equal to average spectrum 
intensity of 1940 El Centro 
records. 

Equal to average spectrum 
intensity of 1957 Golden 
Gate records. 

Maximum acceleration scaled 
to be equal to that of 
Parkfield record (0-5 g)-

Total 
Durat ion, 

sec 

120 

50 

12 

10 

Duration of 
Strong Motion, 

sec 

29 

11 

2 

0.5 

Notes: 

(a) Intensity of earthquakes is measured by spectrum intensity for Earthquakes A, B, C, and by peak 
accelerations in Earthquake 0. Spectrum intensity defined as 

2-5 
SI = / S (n,T)dT 
n / V • 

0.1 

S = Velocity spectrum as function of period T and critical damping ratio, n. For scaling 
purposes, n = 0.2 was chosen. 

(b) Envelopes for Earthquakes A-D are given in Figure A-6. 
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A.3 SUGGESTED FIRST-LEVEL APPROACH 

Based on the discussion in the preceding sections, a first-level 

approach for the selection of seismic input at a site is now suggested. 

Criteria spectra have been chosen to represent average strength levels for 

regions of high, moderate, low, and minimal seismicity. In addition, an 

ensemble of earthquake records, whose dynamic characteristics correspond to 

those of the criteria spectra, have been provided. These records, when 

properly scaled, can be used as input into a calculation of the response time 

history of the power plant (including soil-structure interaction effects). 

A.3.1 CRITERIA SPECTRA FOR SEISMIC REGIONS 

The criteria spectra suggested for this first-level approach are 

shown in Figures A-9(a) and (b). It is noted that the spectra indicated corre­

spond to the Design Basic Earthquake (DBE) average strength levels for regions 

of high, moderate, low, or minimal seismicity. The seismicity classification 

for a nuclear reactor site should be selected after careful study by qualified 

geologists and engineers. 

The criteria spectra have the shape of the average spectra 

obtained by Housner for strong motion earthquakes (Figure A-4). These 

spectra are for an oscillator damping ratio of 0.05, since this appears to 

be a reasonable estimate of the damping levels anticipated for the rocking 

mode in nuclear reactor structures (Reference A-4). Other damping levels, 

which are not shown, can be scaled from Figure A-4. The DBE criteria 

spectra have been scaled to correspond to the peak accelerations specified 

in Table A-5. 
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TABLE A-5 . SUGGESTED DBE PEAK ACCELERATION LEVELS 
FOR FIRST-LEVEL APPROACH 

Seismici ty of 
Region 

High 

Moderate 

Low 

Minimal 

Peak Acceleration 
in g's 

0.66 

0.33 

0.16 

0.10 

Note: OBE peak acce le ra t i on leve ls are h a l f 
those i nd i ca ted above f o r the DBE. 

The s t r e n g t h , frequency con ten t , and du ra t i on of s t rong earthquake 

motions at a s i t e are dependent on the loca l s i t e p r o p e r t i e s as we l l as on 

the s e i s m i c i t y o f the reg ion . An ana lys is technique that considers the e f f e c t s 

o f l o c a l i z e d s o i l p r o p e r t i e s should t he re fo re be used to es t imate earthquake 

motions at a reac tor s i t e . However, there are a number o f u n c e r t a i n t i e s 

inherent in the s c a l i n g procedures and in the mathematical models c u r r e n t l y 

a v a i l a b l e f o r t h i s purpose. There fo re , i t is intended that the resu l t s o f 

the f i r s t - l e v e l approach, which are based on e x i s t i n g s t rong motion e a r t h ­

quake measurements, should serve as a basis f o r comparison w i t h a n a l y t i c a l 

techniques used f o r p r e d i c t i n g s i te -dependent earthquake ground mot ions. 

A.3 .2 ENSEMBLE OF RECORDS FOR FIRST-LEVEL APPROACH 

I t was judged t ha t an ensemble o f at l eas t four earthquake records 

would be needed to model s t a t i s t i c a l c h a r a c t e r i s t i c s o f the earthquake 

motions in an adequate manner. There fo re , the f o l l o w i n g s t rong motion 

accelerograms have been chosen: 

a. 1940 El Centro, N-S Component 

b. 1934 El Centro, E-W Component 

c. 1949 Olympia, S10E Component 

d. 1952 T a f t , S69E Component 
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In gene ra l , these p a r t i c u l a r components o f each o f the s t rong motion e a r t h ­

quakes were chosen on the basis o f the smoothness o f the 5 percent damped 

response s p e c t r a . The a c c e l e r a t i o n , v e l o c i t y and displacement waveforms 

o f these earthquake components are shown in Figures A-3(a) through ( d ) . 

The minimum s i ze ensemble given above is a sampling o f s t rong 

motion earthquake records . Other records can be used in a d d i t i o n to these 

four records to form a l a rge r sample o f the s t a t i s t i c a l process being 

considered in t h i s f i r s t - l e v e l approach. Some records f e a s i b l e f o r use in 

t h i s manner a r e : 

a. The o ther h o r i z o n t a l component o f the s t rong motion e a r t h ­

quake records i nd i ca ted above 

b. The s t a t i o n a r y a r t i f i c i a l earthquakes descr ibed in 

Reference A-6 

c. The Type B nons ta t ionary a r t i f i c i a l earthquakes descr ibed in 

Reference A-7 

The s c a l i n g o f the above ensemble is based on a comparison of the 

spectrum i n t e n s i t y o f each member to tha t o f the var ious c r i t e r i a spec t ra . 

The spectrum i n t e n s i t y o f an earthquake has been def ined by Housner to be 

the area under i t s pseudo-ve loc i t y spectrum between per iods o f 0.1 to 2 . 5 , 

as Ind i ca ted in Table A-4 . 

As shown in Reference A -8 , a l i n e a r r e l a t i o n s h i p e x i s t s between 

the s c a l i n g o f the a c c e l e r a t i o n o rd ina tes o f an earthquake record and the 

s c a l i n g o f the ampl i tudes o f i t s response spectrum. This l i n e a r s c a l i n g 

r e l a t i o n s h i p has been used to sca le each record in the ensemble so tha t i t s 

spectrum i n t e n s i t y equals the spectrum i n t e n s i t y o f the c r i t e r i a spect ra f o r 

each seismic zone. The 5-percent damped pseudo-ve loc i ty spectra f o r each 

record in the ensemble are shown in Figure A-9 and the r e s u l t i n g sca le 

f ac to r s are g iven in Table A -6 . 
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TABLE A-6. SCALE FACTORS FOR EARTHQUAKE ENSEMBLE 
IN FIRST-LEVEL APPROACH 

Earthquake 
Record 

1940 El Centro, 

NS Component 

1934 El Centro, 

EW Component 

1949 Olympia 

S10E Component 

1952 Taft 

S69E Component 

Spectrum Intensity, 
in. 

50.2 

21.6 

33.0 

27.0 

Scale Factors for Des 

High 
Seismici ty 

1.59 

3.70 

2.42 

2.96 

Moderate 
Seismi ci ty 

0.80 

1.86 

1.22 

1.48 

,ign Basis Earthquake 

Low 
Seismici ty 

0.38 

0.88 

0.58 

0.72 

Minimal 
Seismici ty 

0.19 

0.44 

0.29 

0.36 

Note: 

Spectrum Intensities of Design Basis Earthquakes in Each Seismic Region: 

High Seismicity: 80 in. (x = 0.66 g) 

Moderate Seismicity: 40 in. (x = 0.33 9) 
m 

Low S e i s m i c i t y : 19.2 i n . (x = 0.16 g) 
' m ^ 

Minimal Seismicity: 9-6 in. (x = 0.10 g 
m 

Scale Factors for the OBE in each seismic region should be reduced by a factor of 
2 from those indicated above for the DBE. 
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A.4 INTERPRETATION OF RESPONSE STATISTICS 

Both the criteria spectra and ensemble of scaled time histories 

are intended to represent the expected properties of the ground motion at 

a site. The approaches are somewhat different, however, and some inter­

pretation is necessary to make them consistent with each other for a given 

level of earthquake strength. 

The design spectra shown in Figure A-8 provide an overall level 

of structural strength that varies with frequency in the same manner as 

the average properties of strong earthquakes; this structural strength level 

is adjusted to represent the seismic hazard at the site. Statistical 

fluctuations do not arise directly in using this approach, nor for that 

matter, when using the static loading approach embodied in the seismic 

loading sections of building codes. 

When using the time histories in response calculations, "however, 

the statistical nature of the earthquake problem will confront the engineers 

in a direct manner. The time histories have been scaled to have the same 

spectrum intensity as the design spectra, so there will be portions of the 

spectra of the individual time histories which are above, and others below, 

the smooth curves of Figure A-8. 

In this first-level approach, consistency is maintained between th 

spectral and time history approaches by requiring the structure to meet the 

average response from the ensemble with the same stress levels that are 

appropriate for the smooth spectra of the same level, whether it is the OBE 

or the DBE. It is not required, then, that stress and deflection limits be 

met for each member of the ensemble, but only for the ensemble average 

response. To require the stress and deflection limits to be met for each 

member of the ensemble would specify an average level of resistance 

significantly greater than that required by the smooth spectra of 

Figure A-8 with the same spectrum intensity. 
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In summary then, for both the OBE and DBE levels, only the average 

values of response, averaged over the four records, should be used in 

determining the strength of the structure when using the time-history 

approach. With this interpretation, the design spectrum and time-history 

methods suggested here in this first-level approach will be consistent. 

Of course, the statistical fluctuations in response, if interpreted 

correctly, will give the design engineers additional insight into the 

earthquake behavior of his proposed design. 
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APPENDIX B 

ANALYSIS OF DAMPING IN A HOMOGENEOUS SHEAR BEAM 

In this appendix, expressions will be formulated for the modal 

damping ratios in a homogeneous shear beam with absolute damping and relative 

damping mechanisms. This is intended to provide background information for 

the discussion contained in Subsection 4.4.3. 

B.l HOMOGENEOUS SHEAR BEAM WITH ABSOLUTE DAMPING 

Consider a shear beam with a damping force proportional to velocity, 

i.e., 

^ • ,̂ If (»-') 

where x is the transverse displacement of the shear beam, t is the time 

variable, and C, is a constant of proportionality. The free vibration 

equation of motion of the shear beam for this case is 

p A ^ + C. If-- GA ̂  = 0 (B-2) 
8t^ ^ ^^ 8z^ 

where p is the mass density, A the cross section area, G the shear 

modulus, and z the axial dimension of the shear beam. 

Now, let us assume 

x(z,t) = i: C,(t) sin ^'" -^^^"^ (B-3) 
n=1 

where £ is the height of the shear beam. Substituting into Equation B-2, 

results in a series of equations of motion of the form: 
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n pA n p 
(2n - 1)TT 

11 
?n = 0 (n = 1,2, — ) (B-4) 

where a dot refers to differentiation with respect to time. Now the 

frequency of the n mode of a homogeneous shear beam is expressed as 

(2n - 1) 
11 ^Vf (B-5) 

so that Equation B-4 takes the form 

•• 1 . 2 
n pA n n n 

(n = 1,2, — ) (B-6) 

The usual form of equation of motion for the n mode of a multidegree-

of-freedom system is 

? + 2 * w ( ; + w C = 0 
n n n n n n (B-7) 

where ^ is-the damping ratio for the n mode. 

Comparing coefficients of t, in Equations B-6 and B-7, the 
t- h 

modal damping ratio for the n mode of a homogeneous shear beam with 

absolute damping takes the form: 

n 2uj pA 
n 

(B-8) 
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B.2 HOMOGENEOUS SHEAR BEAM WITH RELATIVE DAMPING 

Consider a shear beam with a damping force proportional to strain 

rate, i.e., 

' 2 3tl3^2 

For this case, the free vibration equation of motion for a homogeneous shear 

beam is 

p A ^ - C„ - 4 ^ - GA-^ = 0 
2 2 2 

3t 9z 9t 

(B-9) 
8z 

If we assume x to be of the form given in Equation B-3, Equation B-9 

takes the form: 

•• , ^2/2n - i y . , G / 2 n - 1 \2 

or, upon substituting tu from Equation B-5 

•• ^ 2 2. ^ 2 
n GA n n n n 

= 0 (B-10) 

Comparing coefficients of ? in Equations B-7 and B-10, the modal damping 

ratio for the n mode of a homogeneous shear beam with relative damping 

takes the form. 

C^w 2 n 
2GA (B-11) 
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B.3 SUMMARY 

th 
The damping ratio for the n mode of a homogeneous shear beam with 

absolute and relative damping is seen from Equations B-8 and B-11 to take the 

form 

C, C_to 
1 ^ 2 n 

n̂ 2u) pA 2GA 
n 

This corresponds to Equation 4-13 in Subsection 4.4.3-
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