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AN EVALUATION AND ASSESSMENT OF NUCLEAR POWER PLANT 
SEISMIC METHODOLOGY 

Abstract 

The major emphasis of this.study, 
is to develop a methodology that can 
be used to assess the current methods 
used for assuring the seismic safety 

methodology makes use of system-
analysis techniques and Monte Carlo 
schemes. Also, in this study, we 
evaluate previous assessments of the 

of nuclear power plants. The proposed current seismic-design methodology. 

Section 1 
INTRODUCTION 

Seismic considerations play a major 
role.in nuclear power-station design. 
Present seismic criteria — as set 
forth in Nuclear Regulatory Commission 
(NRC) regulations, guides, standards, 
and licensing review procedures (the ' 
Standard Review Plan) — establish a 
sequence of methodology steps that, . 
together, define a seismic methodology 
chain.(SMC) for power-station design. 

It is generally agreed that a 
detailed assessment of the seismic 
design of nuclear power plants is 
needed. However, there are several 
schools of thought as to the short
comings of the current SMC. On the 
one hand,' industry and the NRC both 
agree that the current methodology is 
too-conservative; yet, groups of 
interveners have seriously questioned 
the adequacy of the seisstic design of 
such plants as Seabrook, Indian Point, 
and' Diablo Canyon. 

Review of the literature indicates 
that the currently regulated method
ology, for the seismic design of 
nuclear power plants .has three major 
weaknesses: 

• Conservatisms are introduced at 
various methodology steps to 

• account for uncertainties with
out adequate consideration for 
total design process. It is 
generally felt that this buildup 
results in designs with unwar
ranted conservatism. 

• It does not always reflect 
' state-of-the-ar/t considerations. 

• Existing regulations, because of 
the way they are written, pro
duce considerable variations of 
methodology results. 

Presently, there exists no compre
hensive 'way to consider tlie impact 
these weaknesses have on the total 



seismic design process. The goal of 
this study is to provide NRC with a 
comprehensive approach/work plan that 
can be used to develop, an accurate 
technical basis for evaluating and 
assessing both the current and pro
posed future changes' to the seismic 
methodology regulations for nuclear ' 
power.plant design including: 

• Quantification of the variability 
in the current regulated approach. 

• Quantification of the conserva
tism in the current regulated 
approach. 

• Quantified ion of: the relative 
impact that'each of the important 
methodology steps have on the 
total conservatism.. , 

• Identification of areas that will 
provide the most benefit from 
improved methodology. 

The quantification of the varia
bility in the current approach can be 
easily carried out. On the other 
hand, it must be recognized that any 
assessment of the conservatism, other 
than quantification obtained by full-
scale testing of a number of proto
type plante, will be controversial. 
However, adequate full-scale testing 
is prohibitively expensive because a 
large niitober of tests on a variety of 
structures would be required. Thus' 
an alternative methodology — primarily 
computational — must be developed." 

One of the' main advantages of full-
scale-.testing is that when the entire 
system is used, all important'Inter
actions are included, this allows 
determination of what is and is not 
important. Thus, a major purpose of 
this study is to propose a computa
tional methodology that interrelates 
each important step of the SMC and to .-
provide a basis for judging the deci
sions made at each step of the SMC as 
well as .the final results of the 
analysis. To carry out this goal, we 

• Critically reviewed other recent 
assessments of the adequacy of 
the current SMC (Section 2). 

• Reviewed and analyzed the current 
SMC, including its technical ' 
bases, assumptions and judgments 
required, and identified the main 
shortcomings of the current SMC 
(Section 3). , 

•,Developed programs to overcome 
the identified shortcomings of 
the SMC (Sections 6-9). 

• Developed a program to link all 
steps of the SMC together 
(Sections 4-5). 

• Developed a program to make the 
required overall assessments 
(Sections 4-5). • 

• Identified those areas most 
needing ""developmental work in 
the near'future to provide the 

. basis for needed guides/ 
regulations (Section 11). 



Section 2 
REVIEW OF PREVIOUS ASSESSMENTS OF SMC 

INTRODUCTION 
. A number of assessments of the SMC 

have been made, Including, 

• NRC's presentations'to the 
, Advisory,, Commission for Reactor 
Safety (ACRS).. 1 , 2 

• Study funded by Electric Power 
Research Inst-t tute (EPRI), 

' "Seismic Design of Nuclear Power 
„3 Plants — An Assessment. 

• Several studies by Newmark 4.5 

• Draft study by General Electric. 

• HASH-1400.7 ' 
Each of these will be briefly 

reviewed and assessed below relative 
to the goals of this study as out
lined in Section 1. Typically,'the 
main shortcomings of most ot the 
studies are: (1) they are cursory and 
lack an adequate technical basis for 
overall conclusions, and (2) Individual 
steps of the SMC,are typically studied 
without an adequate overall assess
ment of the impact that each step has• 
on the final outcome of the process. 

NRC'S ASSESSMENTS ' 

NRC has made several formal pre
sentations to the ACRS identifying-
why NRC believes that the current SMC 

1 2 is conservative. The appropriate 

technical staff at the NRC has,stated 
that major examples of the significant 
conservatism inherent do exist in the 
seismic design basis required for all 
Category I structures. Briefly, they 
are as follows:' 

• An elastic dynamic analysis is 
performed using, as input, 
wide-band response spectra with 
conservative amplification 
factors. The use of wide-band 
spectra is conservative since 
the response spectra of recorded 
earthquake motions do not nor
mally exhibit such wide-band 
characteristics. , The amplifica
tion factors used are generally 
greater by one standard deviation 
than the mean-amplification 
factors of actually recorded 
strong-motion-earthquake spectra. 

• Damping values used 'ti seismic 
analysis are considerably smaller 
than those indicated by currently 
available test results. This 
tends to increase seismic 
responses significantly and thus 
provide a large margin of safety. 

• Use of state-of-the-art soil 
structure interaction analysis 
procedures accounts for the 
deformability and compliance of 
plant foundation media, and 



provides conservative system 
seismic response.. In the..soil-' 
- structure interaction analysis, • 
variations of soil properties : 
are considered to assure, conser
vative. responses. 

• Seismic responses are determined 
by accounting for three conser-v 
vatively defined input components 
(i.e., the maximum acceleration, 
amplitude is used for both' 
horizontal components' and' two-
thirds of the maximum horizontal-
acceleration amplitude is 
assumed for the vertical com
ponent, at near rigid frequen
cies). . 

• Either the time-history analysis 
method or the response-spectrum 
method of analysis is used for 
seismic analysis of Category I 
structures, systems and compo
nents, and accounts for' all 
significant modal responses. 
. This is significantly more con-
servative than the essentially 
single-mode'response and one-. ' 
direction's input consideration 
usually employed in the design 
of conventional structures. 

• The allowable stresses and 
strains used in design of all 
safety-related structures, sys
tems and components are selected 
such that the structures, systems 
and'components are capable of 

withstanding, without failure^ 
the design loadings;with margin 
beyond the specified loads. 

:;;'* Additional conservatism for the 
design of mechanical and 
electrical equipment is intro
duced by the criteria that the • 
peaks of the generated floor- -
response spectra must be 
broadened. In addition, redun
dant systems that must' meet > 
rigid qualification criteria are 
required. . , . 

At the present time, NRC is in the 
process of developing a basis that 
can be used to judge how much actual 
conservatism is introduced by each of 

8 these requirements. However, its 
proposed work plan is a conventional 
piece-meal approach. Assessments 
that are made are relative. In addi
tion, NRC's proposed work plan is not 
comprehensive because it fails to 
include all of the important steps 
of the seismic methodology chain. 
For example, neither the methodology 
chain leading to the selection of the 
SSE (Safe Shutdown Earthquake) nor.., 
a study relative to the impact of 
site-response calculations on the . 
design-response spectra is included. 
Other areas such as soil structiir> 
interaction are -only peripherally 
included. Lastly, its work plan does 
not account for the accumulation of-
step-to-step conservatism. 



NRC's assessment is useful in that 
it points to those areas most likely 
contributing to unwarranted conserva
tism. However, it will be difficult 
to assess how much' overall conserva
tism exists, how it builds up, how an 
equally safe but less costly SMC can 
be evolved, or how to develop a basis 
to use as comparison. 

EPRI's Assessment 
EPRI funded a study entitled 

. "Seismic Design of Nuclear Power 
Plants — An Assessment." This report 
contains a review and-evaluation of 
the analytical methods, design methods, 
and design standards used in the 
seismic.design of nuclear power plants. 
Three major areas were investigated: 
"(a) soils,'-siting-and seismic ground 
motion specification; (b) soil-
structure interaction; and (c) the 
response of major nuclear-power-plant 
structures and components. The pur
pose of this study was to prepare an 
independent assessment of the state- ' 
of-the-art of the seismic design of 
nuclear power plants and to identify 
seismic analysis and design research 
areas meriting support by the various 
organizations comprising the nuclear 
power industry. 

Three major areas of review are 
found In this study. The first area 
reviewed was the international experi- ' 
ence in the dynamic testing of 
nuclearr-power-plant structures and 

components, and related experience 
with scaled and model tests. 

The second area involved the review 
of current literature, focusing 

; primarily on publications dated later 
than 1970.- This review included the 
results of foreign studies, and 
concentrated on Japanese studies and 
those presented.in recent international 
conferences. ' * 

The third review approach obtained 
the opinions and recommendations of 
technically knowledgeable individuals 
in the nuclear "industry. 

The major conclusions of this 
report include the necessity of 
improving knowledge of seismicity and 
soil dynamic parameters, improved 
specification of seismic inputs us>ed 
for design Safe Shutdown Earthquake 
(SSE) and.Operating Bases Earthquake 
(OBE), and validation of models and 
methods used for soil-structure 
'interaction calculations. Also con
sidered important are the acquisition 
of additional experimental and test 
data on equipment and structures; 
certain changes to Regulations and 
Standards; and the development of 
simplified design methods suitable 
for industry-wide application. In 
addition, the report concludes that 
substantial conservatism in seismic 
designs appears to be present in maiiy 
areas; in others the reliability and 
uncertainty of data need quantifica
tion.' There is industry concern for'-. 
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the lack of skilled..manpower with 
"seismic-design experience!' In • 
responding to a .questionnaire, nearly 

' everyone agreed' that-the need was 
urgent for preselected, preapproved 
sites with pre-established seismic 
design criteria for nuclear power 
plants: -

Although no comparisons or any 
attempt to develop a basis for com
parisons were made in.this report, 
the investigators reviewed available 
empirical data relative to the verifi
cation of various analyses (SSI, 
structural, etc.) currently performed. 
From this data, they concluded: 

"There exists virtually no data on 
the response of nuclear power plants 
to even modest ground excitation. 
Limited dynamic response data does 
exist as a.result of various dynamic . 
tests conducted during the past seven 
years at nuclear power stations, but 
are generally limited to low response 
levels•for both equipment and struc
tures." 

"Currently available comparisons . 
between analytical dynamic response 
predictions and the experimentally 
determined reality are quite limited. 
The preponderance of comparisons 
apply to semi-scale models of equip
ment or structures (particularly for 
studies in soil-structure interaction)." 

"As might be expected, comparisons 
between experiment and analysis present 

examples of both gaod and poor corre
lation.. The correlation quality'is 
in part a function of the particular 
analyst and assumptions employed in. 
reducing large degree-of-freedoin 
problems to their essentials. The 
quality also is a function of 
analytical tools generally available 
to the engineer and the fundamental 
limitations of alternative 
approaches." 

"The nonlinear response character
istics of soils, structures, and 
equipment present a major source of 
potential error when using currently 
accepted analytical approaches (linear 
models). As discussed, nonlinear 
effects may result in either conser
vative or unconservative designs, 
depending upon the magnitude of vari
ous phenomena. Experimental evidence 
of nonlinear dynamic behavior exists 
for both soil-structure systems and 
for equipment; however, data and 
analytical comparison are quite 
limited and inconclusive." 

While this report is quite useful, 
it contains no systematic study or 
quantification of the.SMC. It makes 
no attempt to link the various steps 
of the SMC together to see how con-
servatism may be accumulating and,' 
most importantly, to develop a basis 
that can be used to judge the results 
from the current SMC. 



Newmark's Studies 

N. M. Newmark has written several 
papers commenting on the conservatism 
in.earthquake resistant design. One 
paper is entitled "Overview of Seismic 

• 4 Design Margins," and'the other 
, "Probability of Predicted^Seismic-

Damage in Relation to Nuclear Reactor 
Facility Design." Both of these . 
papers take a heuristic approach. 
No attempt is made to model the cur
rent SIS. A very simple probabilistic 

. model is set up and most of the factors 
entering into the model are based on 
judgment rather than analysis, with 
no actual comparisons made. Although 
these papers present a very cursory 
review of the problem, they give some 
insights into the possible compounding; 
of conservatism, and indicate the;, 
power of a probabilistic approach; 0 

General EJer'-ric Study 

L. K. Liu of General Electric's ' 
Nuclear Energy Division prbvided us . 
with a draft copy of a report pre-1-' 
pared under his direction but never 
released. Although it is.a long 
personal communication, we include an 
overview of this study, as it is the 
most detailed attempt, to assess the 
seismic safety of nuclear power plants 
available. A somewhat incomplete SMC 
is defined and various aspects of ,the 
SMC are examined. (It should be 
noted that this report'was written in 

1973, before the Standard Review Plan 
(SRP) was available to define the 
SMC better.) 

The interconnecting of the various 
methodology steps was not handled in 
a consistent manner. The various 
steps wjsre examined individually, and 
the linking of the various conserva
tisms was handled in a heuristic 
manner. Some attempt vns made to 
provide a basis to compare the 
results with but the approach used wis 
inadequate. '• For example, there are 
such statements, as "From this defini
tion of the Safe Shutdown Earthquake, 
most experts T'ould agree that the 
probability that the maximum ground 
acceleration a "exceed the SSE is max 
in the range of 0.01 to 0.0001." 
However, it should be noted that the 
study was not aimed at detailed assess
ment of the conservatism with the goal 
of removing unwarranted conservatism 
but only to show that the present 
criteria are adequately conservative. 
; i'he report concludes that the 
safety factors involved in each of 
the steps of the design process are 
multiplicative, i.e., the steps are 
in series and the conservatisms are 
compounded. The report also concludes 
that the basis of the seismic criteria 
and analysis procedures has been 
established with adequate conservatism. 

This study serves as a first step 
towards the development of an 
acceptable methodology to assess the 

-7-
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SMC. Most of the elements required 
are Included In the study In at least, 
a; rudimentary form. 

WASH-1400 ' 

The AEC funded a study entitled 
"Reactor Safety — An Assessment of 
Accident Risks in U.S* Commercial 
Nuclear Power Plants.-" This report 
assessed the consequences of having 
a major accident in a nuclear power 
plant and quantified the probability 
of that accident occurring from a 
variety of causes. One. cause, namely 
the earthquake risk, is of particular 
interest to us. With respect to the 
seismic issue, the study was con
cerned with the probability of an 
earthquake causing a release of radio
active material to the atmosphere. 
To obtain this information, the prob
abilities of ground acceleration were 
calculated for various magnitudes in 
both'the eastern and western U.S., 
and factors were obtained for the 
attenuation of earthquake forces 
relative to the distance from the 
earthquake to epicenter. This infor
mation was needed to answer the •». 

question, "What's the probability of 
an earthquake producing a core melt 
accident?". Thiswas answered by 
combining the probability of having a 
given earthquake with the probability 
that earthquakes will produce enough 
damage to cause potential accidents 
involving core melt. The basis used 

'•' - 8 

for predicting damage from a given 
. earthquake was obtained from' Ref. 5. • 
' As discussed abov.e, Newmark's approach 
' was heuristic and the probabilities 
'. presented are based largely on his 
engineering judgment. WASH-1400 does 
state that "the safety factor for 
reactor systems is about '20 for the 
SSE." While this statement does 
relate directly to our conservatism 
problem, the report's earthquake data 
is not detailed enough to obtain a 
good value for plant conservation. 

i WASH-1400 did not attempt to develop 
a standard from which the current SMC 
could be evaluated. Although WASH-
1400 is a very commendable study, it 
was not its purpose to evaluate the 
conservatism in seismic design. 

CONCLUSIONS 

One of t.he major shortcomings of 
the evaluations of the current SMC 
discussed above, was the lack of a 
developed, meaningful basis to use 
in comparing the results obtained via 
the use of the current SMC. As noted 
in the EPRI Study, it is difficult to 
specify a basis because of the lack 
of suitable empirical data. This is 
compounded by another major but 
common shortcoming; namely, the lack 
of detailed approaches that inter
relate each step of the current SMC. 

For several reasons, we feel that 
it is essential to develop a complex 
interrelated (Systems)-model to 



evaluate the conservatism In the 
current SMC. First, the overall 
problem is highly nonlinear when a 
soil site is involved. The final 
basemat design response spectra is a 
very sensitive function of soil condi
tions, peak g level, and spectral 
content of the ground nation* In. 
addition, any reasonable assessment 
of the stress-analysis, methodology." 
will.require' the introduction of 
nonlinear methods of analysis. Thus, 
the final resultant stress will also 

»be a sensitive function of the dura
tion of.the strong motion. Because 
of the nonlinear nature of' the prob
lem, the assessment should be carried 
out as a connected whole. Secondly., 
for each region of the country, the 
seismic hasards differ. The important 

. regional variations of hacards in 
terms of earthquake magnitudes, num
ber of earthquakes, and level and 
duration of ground motion must be 
included in the analysis if a meaning
ful assessment is to be made. Thirdly, 
for any meaningful assessments, the 
overall final effect on tho stress 
levels at the critical locations 
should be the criteria used. Because 
of fabrication problems, the site, of 
most structural members are controlled 
by stress levels at certain critical * 
locations. Elsewhere in these mem
bers, the stresses are lower.- in 

addition, ite SSI analysis and the 
structural analysis act as narrow 
band-pass filters on the critical 
'ground motion. Jhus, only certain 
very limited ranges affect the final 
resultant critical stress levels. 
Because of the complex nature of 
ptoolww, it4s difficult to develop 
a way to assess each methodology 
step "piece meal." 

A third major problem not addressed 
by any of the studies is how to make 
the asses tient generic. Regional and 
site factors are extremely important. 
In addition, each plant is usually 
custom designed. Although the intro
duction of standardised plants should 
somewhat alleviate this problem, each 
vendor is different. In fact, there 
is always room'for considerable dif
ferences in each standardised plant. 

The above review identifies a 
number of "piece meal" conserva
tisms that have been introduced. 
However (as discussed later), these 
conservatisms may be counter
balanced by factors not appropriately 
accounted for in the current SMC 
and not identified nor iaclvded in 
the assessments reviewed abova." 
Thus, ems cannot make definite 
conclusions. Clearly, if the 
above assessments are to be 
improved, the above major shortcom
ings must be overcome. 
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Section 3 
DEFINITION AND INITIAL ASSESSMENT OF THE SEISMIC 

METHODOLOGY CHAIN (SMC) 

INTRODUCTION 

In this Section, we: define the 
basic methodology chain (SMC) currently 
used to analyse nuclear power plants. 
The current SMC defined In this 
section is based on caroful review of 
the SRP, 1 10CFR2 (Code of Federal 
Regulations) and numerous discussions 
with the staff of the Geology/Seis
mology and Structural Engineering 
Branches in the Office of Nuclear 
Reactor Regulation. We then carry • 
out a very limited assessment of the' 
main stream of the methodology to 
determine those factors and judgments 
that appear to have the greatest 
impact or introduce the greatest 
uncertainty associated with the spec
ification of the design loads/ 
stresses. Because few clear cut 
decisions can be judged independently 
of the entire process, the task of 
assessing the SMC is very difficult. 
How to do this is the subject of 
Sections 4-9. The purpose of the 
assessment in this seotion is primarily 
to identify the major weaknesses of. 
the current methodology. Then we can 
develop programs to overcome these 
weaknesses in a form that can be 
incorporated into an overall assess
ment of- the seismic methodology chain 
outlined in detail in Section 4. 
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To avoid getting "bogged" down in 
the details, we have referenced what 
we have determined to be the key deci
sions. Hopefully, this will help the 
reader to understand what is truly 
important relative to tl.e specifica
tion of the design basis. Because an 
elastic structural analysis is used, 
one can easily determine the key 
assumptions relative to the specifica
tion of the seismic hazard having the 

'greatest impact on the design. At the 
same time, they introduce the largest 
uncertainty in the process. These 
assumptions are: 

• That the design response spectra 
typically used are in Regulatory 

- Guide 1.6. 

• That the response spectra scales 
linearly with peak g value. 

• That the peak g value is a func
tion only of M or I. 

In reality, both I vs g or M vs g, and 
both spectral shape and amplitude are 
only weak functions of each other. 
Thus, considerable uncertainty exists 
that overwhelms all other aspects of 
the analysis, and the true meaning of 
the effect of earthquake magnitude or 
maximum I is lost. 

Other key assumptions are that the 
free-field motion of foundation level 



can be computed by using, for example, 
the computer program .SHAKE; and that 
in the East the earthquake is random 
(within the tectonic province of the 
site), and its maximum intensity is 
the largest that has occurred in the 
sites' province during the historical 
record. This introduces the problem 
of where the earthquake should be 
located relative to the site dhd 
because little consideration is given 
to earthquake occurrence models, no 
attempt is made to set the level of 
seismic hazard which the choice of 
SSE represents. 

DEFINITION OF METHODOLOGY 
A concise overview of the SMC is 

shown in Fig. 3-1. Each of the boxes' 
represent a complex methodology chain 
and the main interfaces between 
various methodologies. 

Figure 3-2 is a flow chart of the 
important steps typically followed to 
arrive at a definition of the ground 
motion. The final output of the entire 
process is an elastic response spectra 
and a time history that envelopes the 
spectra to be used as input into the 
.site response/SSI chain. The primary 
source outlining the basic criteria 
defining this methodology chain is 
Appendix A of 10CFR Part 100. fhis 
sets the basic approach that is used. 
The SRP 1 fills in the details of the 
generic approach outlined in Appendix 
A. 
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Figure 3-3 is a flow chart of the 
important steps typically followed to 
develop a baaemat ground motion for 
the structural response analysis given 
the prescribed free-field motion. The 
need for such analysis is noted in Ap
pendix A; however, the basic criteria 
etc., defining this methododology chain 
are primarily contained in the SRP. 

Figure 3-4 is a flow'chart of the 
important steps comprising the 
methodology chain used to develop 
structural member forces and/or floor, 
spectra given a basemat ground exci
tation. Very general criteria are 
given in 10CFR Part 50 And the 
Appendices to Part 50. However, most 
of the definition comes from the SRP. 

The methodology used to calculate 
earthquake stresses given member 
loads or floor spectra is not out
lined in any detail. For the most 
part, various applicable codes (ASME, 
ASCE, etc.) are followed. For this 
reason, Office of Standards Develop
ment (OSD) indicated that at this time 
we should net assess in detail these t 
various codes nor attempt to quantify 
the conservatism possibly present in 
, the nenseismic loads• In fact, as 
discussed in Section 4, one of the 
important results of the proposed 
analysis will allow NRC to determine 
if nonseismic loads are sufficiently 
important relative to the overall 
seismic design to warrant a detailed 
study of the possible conservatism. 



Seismic 
Input • • 

Site response analysis — • 

Soil-structure Interaction 
analysis 

Structural response 
analysis 

Selsmlr Stress or stralr 
analysis 

-.-
Combine seismic and nonselsmlc stress or strain 

Selecting code allowable stresses or strains 
_. 

• 

Compare u " total stress or strain with allowable 

Considers methodology used to 
prescribe earthquake hazard In 
terms of frey-field ground motion. 

Considers methodology used to develop a basemat ground motion for the structural response analysis given the prescribed free-field surface ground motion. 

Considers methodology used to develop 
structural member forces and/or floor 
spectra given'a basemat ground 
excitation. 

Considers methodology used to calculate 
earthquake stresses given member forces 
and/or floor spectra. 

Considers methodology of combining 
seismic and nonseisrnlc stress or 
strain. 

. Considers methodology of selecting code allowable stress or strain. 

Fig. 3-1. Seismic methodology chain breakdown.' 
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Regional, site arid historical investigations 

Determine tectonic 
framework 

No-

Yes 

Can historical earthquake activity be associated with tectonic structure? Are there capable faults within 200 miles? 
Ves (weak) 

••— ' Significant? * Possible missed h faults 

Determine fault 
characteristics and 
max. earthquake 
(magnitude) 

- I 

No 
Max. events identified 
with provinces (intensity) 

Event with site, tectonic province? 

Yes 
Determine peak g via IVS g correlation 

No 
Attenuate from province boundary's closest point to site 

Site 
correction 
factors ' 

c SSE g 
value 

R.G. 1.6Q 

Fig. 3-2. Seismic Input methodology chain. 
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Model the site for a deqonvolutlon calculation 

Develop a synthetic time history that envelopes R.B. 1.60 

Deconvolve down to bedrock 

Vary soil properties as data 
require, and deconvolve for 
maximum and minimum situations 

Superpose all three response spectra at the foundation level and adjust such that envelope spectrum >, 60% surface spectrum 

Develop a synthetic time history 
that envelopes the superposed and 
adjusted foundation-level spectrum 

Deconvolve this time history to bedrock; .calculated bedrock time-history Input to SSI calculation 

Develop simple structural model 

c Select SSI 
calculative approach 

Soil Spring Finite 

Determine soil parameters Select excitation • 

) 

Element 

Pick mesh size 
Determine lateral extent 
Make'3-D approximations 

T 
Perform SSI calculation-Input basemat excitation to structural analysis leg 

Fig. 3-3. Methodology chain for developing basemat ground 
motion for structural response analysis. 
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Structuial response analysis 
mtfc-idology ehiln 

Define physical system to be modeled 
• Structure to s true tun coupling 

or interference 
• Interaction through foundation 
• Other - such' as hydrodynamlc 

coup11i\g( t te . 

Choice of type of analytical technique 
• Lumped mass 
• *• FEM .. 
• Directly calculate stress or . 

Just loads 
• 'How, damping Is accounted for 
• Interface with 551 analysis 

Model1nn 
a Determine number of nodes needed 
• Determine which equipment/component 

system must be Included 1n model 
• Determine how to handle any torsionet 

coupling ' 
• Determine how many degrees of freedom 

e,ach rode has 
• Determine mass matrix 
• Determine stiffness matrix 
• Determine damping matrix 

I Time history method I Response spectra method 

I 
I f 3-D analysis 
no combine re
quired 

2-D analysis 
• Combine Z horizontal 

earthquake components 
with vertical 

Floor spectra 
ere directly 
generated 

• Combine modes 
• Combine 2 horizontal 

earthquake components 

Generate floor spectra 
(generally not done) 
but appro*., methods 
exist 

For simple structures 
go to load combo, 
equations 

Complex structures 
« Break up complex 

structure Into 
"several" models 
adequate to define , 
stresses * 

• Apply loads calcu
lated from seismic 
anilys's above (may 
also use combined 
loads] • 

• Calculate stresses 
• ComblnL models I f 

required 

"Single" support equipment 

| Load combo., ttti7\~ 

Hultl support 
equipment 

Qualification of 
equipment leg 

Fig. 3-4. Methodology chain for developing structural 
member forces and/or floor spectra* 
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„ DETAILED ASSESSMENT OF SMC 
The above discussion has Identified 

the main decisions and assumptions 
. of the currently used methodology. 
. In the'following paragraphs, we will 
proceed in an orderly fashion to 
assess the methodology steps shown in 
Figs. 3-2 to 3-4. 

SEISMIC INPUT • ' • ' 
As shown in Fijs. 3-2, this leg of 

the SMC is complex. The output of 
the seismic input chain is a free- _ 
field response spectra and a time 
history that envelopes/ihe predicted 
response spectra. .-This 1B then used 
as input to site response/SSI analysis. 
The final resultant basemat motion J.S 
used as input into the seismic-stress 
analysis which is primarily an elastic 
analysis. 

The current approach for establish
ing the ground motion at a site-ts 
centered around defining the Safe 
Shutdown Earthquake (SSE). This in 
turn fixes the design g value used to 
scale the spectra.. The SSE is defined, 
in Appendix A as, "that earthquake 
which is based upon an evaluation of 
the maximum earthquake potential and 

It should be noted that the defini
tion of the SSE allows for consider
able judgment to enter the process. 
The key word is evaluation. In fact 
it is specifically noted in Section 
100.2 of Title 10, that "In the appli-
cation of these criteria which are 
deliberately flexible, the safeguards 
provided — either site isolation or 
engineered features — should reflect 
the lack of certainty that only 
experience can provide." 

These remarks set the stage for a 
detailed review of the Decision Chain 
leading to the definition of the SSE 
at any given site. Our discussion is 
keyed to Fig. 3-2. Briefly, the main 
steps that result in the choice o2 
the SSE "g value" for a given site 
are (1) determination of either mag
nitude- or intensity of possible 

''earthquakes; (2) determination of the 
location of earthquakes relative to 
site and (3) determination of possible^ 
local site amplification factors, 

The first step in the cha 
represents the investigations required 
to develop the basic/data needed to 
make the evaluations1 required. Clearly, 
a number of iM^ortant decisions must 

seismology and specific characteristics, be made during tha geological investi-
of local subsurface material. It is 
that earthquake which produces the 
maximum, vibratory ground motion for . 
which certain structures, systems, 
and components are designed to remain 
functional." 

gationyof a site; e.g., number of 
borings to make, number of samples 
.-required, extent of geologic mapping 
required, etc. Typically, such deci
sions, are' site-related and are 
basically judgment-type decisions; 
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hence, not amenable to the type of 
assessment being carried out here. 
.Therefore; no attempt is made to 
• assess this aspect of SMC. 

From the seismological point-of-
view,' the first major decision is to 
determine if a correlation can be 
made between tectonic structure and 
observed, historical earthquake 
activity. Thus, determination is 
extremely important as it fixes both 
the methodology by which the largest 
SSE is determined and the methodology 
used to locate the SSE relative to 
the site. Several cases occur, and the 
simplest is whtm no correlation can be 
made, and the earthquake activity is 
assumed random. This Is the typical 
case east of the Rocky Mountains. 
For this case, Appendix A requires 
that "...(ii) Where epicenters or 
locations of highest intensity of 
historically reported earthquakes 
cannot be reasonably related to 
tectonic structures but are identified 
pursuant to the requirements of para- , 
graph (a) (6) of .Section IV with tec
tonic provinces in which the site is 
located, the accelerations at the 
site shall be determined assuming that 
these earthquakes occur at the site; 
(ill) Where-epicenters or locations 
of the highest intensity of histori
cally reported earthquakes cannot be 
reasonably related to tectoni- struc
tures but are identified pursuant to 
the requirements of paragraph (a) (6) 
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of Section IV with tectonic provinces 
in which the site is not looated, the 
accelerations at the site shall be 
determined assuming that the. epi
centers or locations of highest 
intensity of these earthquakes are at 
the closest point to the site on the 
boundary o£ the tectonic province." 

Sufficient seismic coverage or 
complete correlation between earth
quake activity and tectonic structures 
exists in only a few places in Cali
fornia. Sites are' typically located 
in regions at the edges of seismic 
networks and where the seismicity is 
low. Thus the epicentral location of 
earthquakes is so poor that a pattern 
of diffuse seismicity exists. While 
the major earthquakes can be assigned 
to tectonic structure, the smaller 
ones must be often assumed random. 

Little guidance exists either in 
Appendix A or in the literature as to 
what is an acceptable correlation 
between earthquake activity and tectonic 
structure. In practice, the choice 
has hinged on the determination of 
whether or not capable faulting exists 
in the vicinity of the site. Appendix 
A defines a capable fault as "a fault 
which has exhibited one or more of the 
following characteristics. 

(1) Movement at or near the ground 
surface at least once within the past 
35,000 years or movement of a,recur
ring aature within the past 300,000 
years. 



(2) Macro-seismicity instrumen-
tally determined with records of 
sufficient precision to demonstrate 
a direct relationship with the fault. 

(3) A structural relationship to 
a capable fault according to charac
teristics (1) or,(2) of this para
graph such that movement on one . 
could be reasonably expected to be 
accompanied by movement on the other. 

"In some cases, the geologic evi
dence of past activity at or near the 
ground surface along a particular 
fault may be obscured at a particular 
site. This might occur, for example, 
at a site having a deep overburden. 
For these cases, evidence may exist 

1 elsewhere along the fault from which 
an evaluation of its characteristics 
in the vicinity of the site can be 
reasonably based. Such evidence 
shall be used in determining whether 
the fault is a capable fault within 
this definition." 

"Notwithstanding the foregoing 
paragraphs 111(g)(1), (2) and (3), 
structural association of a fault 
with geologic structural features 
which are geologically old (at least 
pre-Quaternary) such as many of those 
found in the eastern region of the 
United States shall, in the" absence 
of conflicting evidence, demonstrate 
that the fault is not a capable fault 
within this definition." . 

The definition of A capable fault 
is-related to a fault's capability to 

cause ground rupture. In some cases — 
particularly east of the Rocky 
Mountains — there are faults [and. 
other tectonic structures such as mas
sive intrusives] not capable in the 
above sense, but which can be consi-
dered active in that earthquakes are 
generated on them. For example, the 
Geology/Seismology Staff at NRC has 

3 proposed that the high rate of 
seismicity in New England correlates 
with the massive intrusives in the 
White Mountains. 

As yet, no criteria exist as to 
what constitutes a reasonable associ
ation of earthquakes with tectonic 
structure in the absence of observa
ble surface faulting. In eastern re
gions where the major earthquakes 
have occurred, there is no evidence 
of any recent (Quaternary) movement 
of any of the fault systems in the 

4-8 epicentral region. In fact, the 
date of the last movement goes back 
many millions of years (excluding 
growth faulting and regional subsi
dence) . 

In the Northwest, many of the 
earthquakes are on very deep faults, 
60 to 100 km in depth. Large earth
quakes occurring on these deep 
faults did not cause surface faulting. 
Because the level of seismicity is 
low enough and the past seismic net
work used to locate current earth
quakes was poor; it is not possible 
to define thesa major fault systems. 



Thece fault systems form yet another 
class of "capable faults" in the 
sense that large earthquakes with 
surface movement are associated with 
them. A third type of faulting that 
exists is the massive growth faults 
in the Gulf Coastal Region. Although 
many of these faults are still active 
they seem to give rise to only small 
earthquakes. Because.of the lack of 
major seismic activity associated 
with this type of faulting, we will 
exclude them from our discussion. 

If one of the above cases do not 
apply, then earthquakes are associated 
with tectonic provinces. Appendix A 
defines a tectonic province as "a 
region of the North American continent 
characterized by a relative, consisten
cy of the geologic structural features 
contained therein." Appendix A 
defines a tectonic structure "as a 
large scale dislocation' or distortion 
within the earth's crust. Its extent 
is measured in miles.". 

The SRP gives very little addi
tional criteria as to what constitutes 
an acceptable definition of a tectonic 
province or what is an adequate cor
relation of instrumentally recorded 
earthquakes with geologic structure. 
Considerable judgment is required. 

Let us consider typical easterp 
sites where the geologic structure is 
,old and the last movement on fault 
systems is generally assumed to have 
been millions of years ago. This 

should be contrasted With the criteria 
of the date of the last movement of 
500,000 years used in defining capa
ble faults. In the East, tectonic 
provinces.are basically formulated 
on the basis of these old struc-

4-6 ' 
tures. Yet-, the earthquakes are 
reacting to present-day tectonic 
stresses. Thus, the utility of using 
such geological definitions is not 
clear from the point-of-view of 
present-day tectonics. Little confi
dence can be placed in the rationale 
of attempting to relate current-day 
seiamicity with a very old geologic 
structure not formed from current 
'tectonic activity. The underlying 
framework of Appendix A is clearly 
drawn from the older "static" 
geologic modelj rather than the 
current,, dynamic plate-tectonic 
models. 

Little is known about the causes 
of earthquakes east of the Rocky . 
Mountains. The plate-tectonic model 
is extremely useful in explaining the 
major tectonic features observed as 
well as the current seismicity in the 3 9 West. ' A number of models can be 
offered to explain midplate seismic-
ity> but nonp' '•.he models have been 
generally acs. ,'. The difficulty 
in developing a"meaning model is two
fold. First, as noted- earlier, none 
of known fault systems located within 
the epicentral regions of the major 
earthquakes has exhibited any recent 



movement. In fact, the date of last 
movement was many millions of years 

4-8 ago. As noted above, the recent 
growth faulting in the Gulf Coastal 
regions is not seismic and, hence, is 
not included in the above. It should. 
be noted that recent United States i 3 ' Geological Survey (U.S.G.S.) studies 
in the Southeast may have mapped' < 
several small faults with recent 
movement on them. However, tnese 
findings are tentative since the 
movement could well be from other 
causes. Secondly, only a few fault-

3 9 plane solutions exist. ' Some of 
3 •• 

these solutions suggest that the 
current seismic activity is associ
ated with faulting and stress which 
are "cross-cutting" the major trends 
of faulting. As of yat, ;it is not 
possible to identify what faults have 
moved or the tectonic causes of the 
movement. 

3 Several investigators suggest 
that the major earthquakes activity 
in the East can be correlated with 
large gravity and geomagnetic anomalies 
associated with regions with massive 
granitic intrusives such as those that 
exist in the White Mountains in New 
England. 9 Walper in his review concluded 
that, "midplate seismicity — the 
earthquake of the stable continental 
interior — is more random and results 
from high stress in regions of 

unhealed fault zones formed during 
earlier episodes of continental rift
ing and collision that may have over
lapped or show no coherent.pattern. 

The seismicity-'of the eastern and 
/western United States is different, 
and this difference appears to be the 
result of crustal properties, struc

tures, and stress conditions. 
The maximum principal compressive-

strees distribution of the central 
and eastern United States contrasts 
with that of the West in one major 
particular. The region extending 
from west of the Appalachian Mountains 
throughout the central United States 

s . . . 
is characterized by compressive stress 
that trends east to northeast; whereas, 
with the exception of the Colorado 
Plateau, the western United States is 
characterized by extension, with the 
least compressive stress trending 
east to southeast." 

Considering the state of knowledge, 
it is evident that considerable dis
agreement exists among various inves
tigators. For example, Hadley and 
Devine concluded that, "In a few 
places, such as,central Virginia, 
centra? Sew England, and the vicinity 
of Charleston, S.C., seismic activity 
of intermediate or even high -levels 
cannot, in the light of present infor7 
mation, be considered localized along . 
known structures." Elsewhere in their 
report they conclude relative to the 



Charleston, S.C., earthquake that, 
"the lithologic character 'and struc- : 

ture of the baseinat rocks in the 
region are, however ,* poor?.y» known and 
there is very' little evidence to 
indicate what kind of structure was 
involved." However, based on a 
different set of judgments, NRC has 
chosen to assume that the geologic 
structure in the Charleston, S.C. area 
is sufficiently different from the 
rest of the Atlantic Coastal plain as 
to form a small, local tectonic 
province. Clearly, with present 
state-of-the-art, there is no way to 
directly assess the current approaches; 
thus, judgment plays a key role. How
ever, as a practical matter, the 
importance and possible drawbacks of 
the current approach can be provi
sionally assessed. He can examine. 
the consequences of the decisions to 
accept the definition of many differ
ent tectonic provinces and to limit 
the largest possible future earthquake 
in each of these provinces to the 
large t historical earthquake observed 
in the ifferent provinces. 

Th.ei_.are a number of tectonic pro
vinces in the eastern U.S. Although 
these vary between various investiga
tors, for our purposes here, the 
provinces defined by King are ade
quate as thef correspond roughly to, 
what NRC has accepted in past licens
ing decisions. These"are,listed 
below. 

1) Central stable region: 
• Laurentian shield (part of 
Precaiabrian Canadian shield). 

• Interior lowlands (bordering 
platforms covered by younger 
rocks).' 

,'> ^ppMlachian (orogenic) system 
or tectonic province: 
• Fold belt (roughly the Valley 
and Ridge physiographic 
province). 

• Blue Ridge belt (Blue Ridge 
physiographic province). 

• Piedmont belt (Piedmont pro
vince and part of the Blue-
Ridge physiographic province). 

• New England — maritime belt, 

3) Coastal Plains: 
• Post-orogenic deposits over

lapping the Appalachian sys- ' 
tern (of subordinate tectonic 
significance except in 
Mississippi embayment). 

For our purposes here, we'need not 
consider all of the tectonic provinces 
in the East.' It will suffice to 
consider only 2) and restricting 3) 
only to the region of the Atlantic 
Seaboard. 

In the past, NRC has accepted 
MMVII as the maximum intensity in the 
New England Maritime belt, and MMVIII 
in the white Mountain area. The exact 
definition of these provinces is under 
study as it affects both the Indian 

Point s.ite in New York and the 
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Pilgrim site in New England. The 
current SSE at both of these sites is 
MMV1I. The Blue Ridge, Piedmont belt 
and part of the Coastal plains have 
been assi «d MVII as the maximum 
intensity. The Valley and Ridge fold 
belt has typically been' assigned as 
MMVIII. It has been assumed by NRC . 
that the Charleston earthquake (1886) 
is fixed to some structure in the 
Charleston area and has not moved. ' 

There are several approaches we 
can use to assess the consequences of. 
the above decisions and to determine 
if the above definition of the .seismic 
hazard is consistent with available 
data. For example, HcGuire has 
combined regional attenuation of 
intensity laws with commonly accepted 
relationship between the number and 
intensity of'earthquakes: 

log N « a + b log I , 
where t 

N(I) » Relative number of events 
of given intensity I in a ' 
given tectonic province 
(a,b, constants), and 

I » modified Mericalli Intensity 

for various subdivisions of observed 
historical'data assuming that-in each 
subdivision the earthquake is random. . 
It should be noted that the subdivi
sions vised are different.than wtnt 
would correspond to tectonic provinces , 
provisionally used by NRC. 

To carry out the analysis,' it is 
also necessary to assume how the 
earthquake process unfolds in time 
and what the maximum earthquake should 
be. This is th& most controversial 
part of the analysis. First, it must 
be assumed that the short seismic 
history is adequate to make reliable 
predictions. Then it is necessary to 
make assumptions 'about the historical 
time-series of earthquakes. Typically, 
it is assumed that the series is sta- -
tionary. McGuire, also assumes 
that the series can be represented as 
a Poisson Process. 

Allen points out several impor
tant examples where the seismic 
histery is (for the 2400-yr record 
at least) nonstationary. Allen empha
sises that one should not put too 
great of reliance on statistical 
methods that can lead to a grossly 
inadequate assessment of the seismic 
risk for a given region, but should 
use a \ariety of approaches "well 
laced" with good judgment and detailed 
geological exploration. 

The currently used methodology has 
all of the defects of the risk-
analysis approach. For example, it 
assumes the earthquake process is 
stationary and also that the largest 
event has occurred and the future 
events are not related to past events, 
i.e., more or less likely to occur 
because a previous earthquake of 
given sice did occur at-a certain 
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location. However, the current ap
proach does assume that tha historical 
seismicity is a good guide to what 
will happen in the future. 

Figure 3-5 shows the annual risk 
at two sites (Florida and Boston). 
It also shows the entire region con
sidered as a single province. Other 
commonly accepted approaches and sub
divisions of data lead to very 

similar results. Figure 3-6, also 
from McGuire, notes the 10,000-yr 
intensity for various locations, as 
well as the single-province risk. 
The sites in the vicinity of tt.a 
Baltimore-Washington area are typically 
assigned MMVII as the SSE, and (as 
noted before) in the New York area 
the MMVII has been used as the 
intensity of the SSE. Clearly, the 
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SSE typically assigned does not pro
vide a uniform level of protection at 
all sites. 

It is of some comfort to note that 
various subdivisions of historical 
data lead to very similar result*. 
On the other hand, the various assump
tions that can be made relative to the 
largest earthquake that can occur in 
a given subdivision introduce greater 
variability. 

It is not possible at this stage 
to say if the choice of maximum inten
sity for the projected SSE provides 
adequate protection because the 
manner in which the estimated site 
intensity is translated into cicBisn 

ground motion has a profound influ
ence on the actual seismic hazard 
that a given design affords. Thus, 
from the design point of view, the 
above assessment is relatively mean
ingless. The SRP provides guidance 
as to what is acceptable in Subsec
tion 2.5.2.6. In Section 2.5.2.6, it 
is suggested that, "Numerous correla
tions between intensity and accelera
tion are given in the literature 
(Refs. 12-16)*; several of them are 
considered acceptable by the staff. 
The correlation used is accepted .If 

•Reference numbers have been changed 
to agree with references listed at 
the end of .this Section. 
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- it is conservative when compared to 
the actual observational data. Ac
ceptance is based on nn analysis of 
the site's seismic energy transmission 
properties (Ref. 17*, or equivalent). 
Conservatism should be assessed based 
en consideration of the amplification 
analysis 'and in comparison with the 
actual published data. Thu staff will 
generally accept an acceleration for 
seismic design as being, conservative 
if, when applied at the ground sur
face, it results in a value at the 
foundation free-field level as large 
as would be obtained, secondly, from 
the empirical relation of the mean of 
the intensity-acceleration values in 
Ref. 16.*" 

The difficulty with this approach 
is that little correlation exists 
between intensity and acceleration. 
Figure 3-7 taken from Ref. 18 graph
ically illustrates the lack of cor
relation between intensity and 
acceleration. There are numerous . . 
reasons for this lack of correlation; 

• The quality of construction 
varies widely. 

• The frequency content of the 
ground motion relative to the 
natural periods of the struc
tures affected causes consider
ably different structural 

*. *Reference numbers have been changed 
to agree with references at the end 
of this Section. 

amplification factors over the 
peak ground acceleration. 

• Large and small earthquakes are 
intermixed. 

• A wide range of epicentral dis
tances are used in the correla
tions . 

The first two factors noted are 
very difficult to assess from avail
able data. However, the last two 
factors are easily assessed. For 

15 example, Ambraseys* correlation 
between intensity and acceleration is 
much higher than determined by most 
investigators. One of the main 
reasons for this is that most of 
Ambraseys' data is obtained within 
20 km of the epicenter for small 
earthquakes; whereas, most other cor
relations are based on records taken 
at much greater epicentral distances. 
O'Brien et a l . 1 9 also found that the 
peak g level observed for a given 
intensity is a strong function of 
epicentral distance. 

If the requirement of Appendix A 
that the earthquake be located at the 
site is taken somewhat literally, then 
we would expect that accelerations 
greater than the mean should be used; 
or alternatively, the correlation 
between I and g should be made by 
using only iwar field records. Figure 
'3-8 illustrates the difference between 
Ambraseys' results and more general 

19 correlations used by NRC. 
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Although the intensity of an 
earthquake is not directly related to 
the magnitude of an earthquake, the 
correlation between the two is rea
sonably good. For our purposes here, 
we .-can-relate intensity to magnitude. 

20 Hanks and Johnson show that there 
is little correlation between magni
tude and peak g level recorded within 
10 km of the epicenter. Small magni
tude (low intensity) events can and 
often do have large peak g values. 
Several recent studies show that the 
stress drop is Che parameter that 
governs peak acceleration; whereas, 
the magnitude of an earthquake is 
governed by both the stress-drop and 

20-23 the area of 'faulting involved. 

If eastern earthquakes are short-
fault- length, high-stressrdrop earth
quakes, we would then expect high g 

21 values in the near field. 
The relationship between the sur

face ground motion and what is pro
jected to occur"at foundation level 
is complex and Is discussed in detail 
later. 

It is not evident from the above 
assessment that the current specifi
cation of the SSE is manifestly con
servative. Since little is known 
about the likely stress-drop for 
eastern earthquakes, it is only 
possible to speculate that the prob
ability of exceeding the SSE response 
spectra at typical sites is uncom
fortably high. However, this does 
not imply that the resultant design 
is inadequate. For example, as dis
cussed in Section 2, many conserva
tisms are added in the design 
process. Thus, the fact that the 
elastic response of some structural 
component exceeds the design response 
spectra does not imply failure. In 
addition, there is the "filtering" 
effect imposed on the real free-field 
spectra by the SSI and structural 
analysis. It is thus unlikely that 
the peak of the spectral will aline 
with the narrow windows of the 
"filters". Because of the above 
considerations, it is not possible to 
determine if the SSE as formulated by 
the current SMC provides an adequate 
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level of protection. This can only 
be determined via a detailed analysis 
vhich appropriately models the input 
as well as conservatism afforded by 
the total design methodology. 

Some consideration of the inherent' 
conservatism cf the SMC is included 
in the SRP, .where It is noted in 
Subsection 2.S.2.6: 

"In some cases, the pea,; accelera
tion may not be as significant for 
engineering design purposes as a 
sustained acceleration at a lower 
level. One situation where the 
sustained acceleration level may 
differ from the peak acceleration 
is in.proximit^ to the causative 
fault of the earthquake. It is 
appropriate in such cases to define 
the "reference acceleration for 
seismic design" as representative 
of the level of sustained acceler
ation. The "reference acceleration 
for seismic design" determined in 
this section of the applicant's 
SAR is taken to be the high fre
quency asymptote to the design 
response spectrum defined in 
R.G. 1.60. At this time, the 
staff is not aware of any published 
relations between earthquake 
intensity or magnitude and sus
tained acceleration. Such, rela
tions could be developed from -
analyses of the' usponse spectra 
of accelerograph time histories in 
those areas where magnitude and 

intensity measurements are also 
available. In lieu of such stu
dies, the peak accelerations are 
considered to represent conserva
tive reference accelerations for '' 
seismic design. Lower levels of 
reference acceleration may be 
justified on a site-specific 
basis." 

Note, once again, the total reliance 
on judgmental process. 

Clearly, judgment of both the 
applicant and reviewer plays a far-
too-important role in the current 
SMC. It is'impossible, at least at 
the current state-of-the-art, to 
remove judgment completely. However, 
it is possible to reformulate the 
methodology used to arrive at the SSE 
in a manner that allows for a reason
able assessment of the protection 
afforded by the overall design proc
ess. One such formulation is given 
in Sections 4-10 of this report, 
particularly in Section 6. 

The above assessment was carried 
out primarily for eastern sites. Less 
speculation is required for sites 
located in the West because some 
ground motion data are available. 
However, the problem of assigning a 
location to the SSE as well as its 
magnitude often occurs in the West as 
well as in the East because typical 
western sites are not located in the 
most active areas. Typically, the • 
sites are .often located in regions 



where the epicenter location of local 
earthquakes is poor. In addition, 
only a short seismic history usually 
exists,.and only the larger earth
quakes have been recorded. If we 
could assume that all major earth
quakes cause surface rupture then the 
careful geological investigations 
required would pinpoint these faults 
and greatly augment the historical 
record. However, the relationship 
between the likelihood of the surface-
rupture magnitude of the earthquake, 
fault length on which movement 
occurred, depth of rupture, average 
fault displacement and stress-drop is 

24 not known. For example, Iida 
studied a number of earthquakes and 
noted that of about 140 destructive 
earthquakes with epicenters on land 
(Japan) since 1840, only twelve shocks 
are known to have been accompanied by 
surface faulting. Allen notes, 
however, that too often past, geolog
ical field work has been insufficient 
in searching for and documenting such 
displacements. Judgment must play an 
important role in this aspect of SSE 
determination. If sufficient over
burden exists in the site vicinity 
along with a diffuse pattern of 
seismicity, then the likelihood of a 
smaller magnitude earthquake occurring 
near'the site and not causing surface 
faulting must be. considered. As dis
cussed above, this causes problems 
because these earthquakes can have 
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high g values, d. ̂ ending upon the 
estimated local stress-drop. 

Several problems exist relative to 
the nearby capable faults. The first 
problem is how to determine the maxi
mum magnitude earthquake that can 
occur on a given fault. The only 
guidance that the SRP gives is in 
Subsection 2.5.2.4, which states, 
"where an earthquake is associated 
with geologic structure, the. maximum ' 
earthquake which could occur on that 
structure should be evaluated, taking 
into account such factors as the type 
of faulting, fault length, fault 
displacement and earthquake history," 

'25 - . 26 e.g., Brune, Tocher. 
In the past, it has been assumed 

that a relation exists between earth
quake magnitudes and fault-rupture 

21 23 length. Recent studies ' (as noted 
before) show that both fault length 
and. stress-drop must be used to 
determine the largest earthquake 
possible on a given fault. In addi
tion, there is the problem of the 
maximum length of the fault that 
should be assumed to.rupture. Albee 

27 and Smith, on the basis of very 
limited data, suggest that the 
maximum length is one-half- the fault 
length. However, Allen notes several 
cases in Japan where virtually the 
entire fault ruptured. Allen further 
notes that in Japan some of the lar
gest earthquakes have occurred on 
seemingly innocuous faults. (What 



about high stress-drop, short-length 
events?) 

When we consider the uncertainty 
about choosing the maximum earthquake 
that should be associated with a 
given fault (i.e., we need to know the 
stress-drop and length of fault likely 
to rupture). how important is it to 
know the magnitude? Under the current 
approach, it is important because 
Subsection. 2.5.2.6 states "the accel
eration should be determined using a 
relation between "acceleration, magni
tude or fault length and distance 
from the fault." (See Refs. 28 and 
26.) This (as discussed above) is 
not the case, at least in the near 
field. Increasing the fault dimen
sions does have considerable effect 
on the Fourier spectra and on the 
attenuation of the ground motion. 
However, it is the low-frequency part 
of.the spectra that is altered. 
Figure 3-9 illustrates the effect of 

increasing .fault dimension, on the 
21 Fourier spectra. Nuclear power 

stations aTe stiff, higher-frequency 
structures and components. Thus, 
after a certain fault length is 
reached, larger earthquakes (with the 
same stress-drop) have little influ
ence on the design of structures. .• 
The added duration may be important 
relative to the foundation analysis, 
however. 

Site factors are also extremely 
important relative to both the peak g 

1 10 ,-1 1 «« io' 
Frequency - cps 

Fig. 3-9. Magnitude effect on 
spectra by increasing fault 
length (with fixed stress-
drop) . 

value observed at a sice and the 
shape of response speccra. This is 
discussed in detail in the next 

. section and in Ref. 21. 
The above discussion shows that the 

approach of defining a single SSE, as 
is currently done, is an exercise in 
futility. Judgment must play an 
overwhelming role. Unfortunately, 
this approach, when coupled with short
comings of the rest of the analysis 
(discussed below), forces NRC to rely 
upon expert judgment to argue that the 
design is adequately safe. 

SITE RESPONSE/SOIL-STRUCTURE 
. INTERACTION 

In this section we will review the 
critical assumptions and procedures 
contained in the site response (SR)/ 
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Soil-Structure Interaction (SSI) leg 
of the design chain. Our review is . 
designed to supplement the many exist
ing reviews of SR/SSI, and our intent 
here is to cover only the major areas 
of concern in thevprocedures — those 
that have'the most impact on design. 
Detailed reviews of many other con
cerns can be found in such reports as 
the EPRI assessment of seismic design,' 
various final research reports pre-

31 32 pared for the NRC, ' ASCE assess-
33 

merits, and Whitman's state-of-the-34 art review. 
Note that the flow chart in Fig. 

3-3 for SR/SSI contains one signifi
cant option: the choice between soil 
spring and finite element methods to 
evaluate SSI. Our evaluation in this 
section will be limited to only the 
finite element method (FEM) approach 
to SSI because of its general versa
tility. He have documented the basis 
for this preference in a recent final 

• 35 report to the NRC. 
Below, w e review and critically 

appraise the SR/SSI current procedures 
at two levels: the philosophic aed 
the very detailed. Our systems 
analysis proposal responds.to both 
levels of this review. *' 

Philosophically, w e perceive three 
general questions that can be raised 
regarding the current SR/SSI proce
dures: 

• Do w e know enough about SR/SSI 
to perform a deterministic SSI 
design calculation? 

• What is the effect of a + la 
. surface spectrum on the site 
response? 

• What is the engineering signifi
cance of vertically propagating 
SH waves? 

SSI Design Calculations . 
Statistical uncertainty in the 

seismic design chain is presently 
handled in one of two ways. In one 
case, a proper statistical analysis 
is performed and a statistical level 
of conservatism required for the 
parameter is selected. Such is the 
case with the seismic input spectrum, 
R.6. 1.60. The other case treats the 
situation quite differently by attempt
ing to perform bounding calculations. 
Examples include evaluation of the 
effects of uncertain soil properties 
and structural stiffnesses. This 
accounts approximately for the uncer
tainty in some "parameT nt, wlUtin the 
SR/SSI calculations, L T concern is 
with the possibility of other param
eters whose uncertainty is presently 
unaccounted for. The overall result 
is a design with an unknown margin of 
safety. 
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' Surface Spectrum Effect 

the philosophic questions here is 
whether to prescribe a surface 

, spectrum to obtain the response for a 
specific site at lower levels when 
that spectrum already contains (in a '„ 
statistical sense) the effects of 
many sites.- The deconvolution will 
inevitably result in notches in the 
spectrum of lower levels which reduce 
the statistical + lo conservatism 
desired in the specification of the 
surface spectrum. This point can be 
seen more clearly by considering a 
specific site. First, observe that 
the + lo spectrum has averaged out 
the specific site peaks and valleys 
in the spectrum. Although this 
results in a + 10 spectrum regarding 
an ensemble of sites, it has very 
little statistical significance 
regarding the specific site having 
spectral peaks at the specific site 
periods. This is shown in Ref. 21 
for three sites that each had a num
ber of earthquakes recorded. The 
nature of this difference is shown in 
Fig. 3-10. The problem is compounded 
when R.G. 1.60 is deconvolved to 
obtain spectra at lower levels.. The 
generic effect of this deconvolutlon 
is also shown in Fig. 3-10 where we 
can observe that a probable net effect 
of the current procedure' is a lack of 
conservatism at certain frequencies. 
The NRC has acknowledged this short- • 
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shortcoming by requiring that the 
foundation-level spectrum not be less 
than 60% of the surface spectrum, but 
this additional constraint does not 
address the overall problem irv a. 
satisfactory manner. 

Vertically Propagating SH Waves 

Current techniques assume that all. 
the earthquake energy is in the SH 
wave. For calculations this is 
appealing because it simplifies the 
input to, and the methods of, the 
computations. Physically,, however,, 
it has no basis. The earthquake 
energy is partioned between many 
modes, each with its own propagation 
characteristics and region of influ
ence. The concept of vertical inci
dence is particularly crucial, for 

....... Deconvolved RG 1.60 
— — — Deconvolved site 

specific spectrum 

f 

I l . s 1 t e 

periodicities 

Fig. 3-10. Effect of s i t e peri
o d i c i t i e s on the deconvolved 
free- f i e ld spectrum. 



.nonvercical incidence can result in . 
diffraction from foundations and ( 
traveling wave effects. Both these 
effects have tremendous impact on the 
seismic design. 

On a more detailed scale, we have 
identified four major areas of con
cern in the current SR/SSI procedures. 
He discuss each of these below. 

The first concern relates to the 
soil measurements and modeling. The 
input required from an analyst is 
shear modulus (G) and damping factor 
(A) as a function of average strain 
(Fig. 3-11), density, and Poisson's 
ratio for each significant layer 
above bedrock. A great deal of 
information can be obtained from logs 
in boreholes, but the only way G and 
A can be determined presently is 
through laboratory-core tests. There 
are three problems with this proce
dure. First, it is our experience 
that the required lab experiments 
result in very uncertain estimates of 
average shear strain throughout the 
core. Second, there are potentially 
large errors due to core-sample 
disturbance and sample-size effects. 
In support of this, are the experi-
ments cc iducted by .Terra Tefc. 
Finally, the strain-dependent soil 
properties used in current calcula
tions are symmetric in tension and 
compression. This precludes tensile 
failures in the soil which could 
likely occur along the site of the 
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Average shear strain, (¥ ) 

Fig. 3-11. Variation of soil 
damping and shear modulus 
with strain. 

structure. Thus, the mathematical 
formulation not only allows the soil 
to push the structures, but to pull 
them also. Perhaps in recognition 
of some of these problems, the SR/SSI 
leg includes the stipulation that the 
foundation level spectrum be derived 
from three separate SR calculations: 
one with the best estimate of the 
soil properties, and two with minimum 
and maximum possible variations. It 
is interesting to note that the con
sequences of such a policy, in effect, 

37 increase the surface-design spectrum 
(Fig. 3-12). The computed spectrum 
is a result of a convolution.up to 
the surface of the envelope foundation-
level spectrum. Note, that the 
calculated spectrum exceeds the design 
spectrum everywhere, especially at 
the fundamental site period. 
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Fig. 3-12. Comparison of design spectrum and computed-surface spectrum 
(5% damping). 

A second problem concerns the 
manner in which the site is modeled. 
The modeling is based on data from 
borehole logs that.delineate the 
stratigraphy. With no guidelines as 
to what constitutes a significant 
impedance mismatch, several,equiva
lent models could be developed from 
the same data. Our SHAKE calculations 
have shown that the final design 
parameters are fairly sensitive to 
this choice of site models. The final 
desirn is particularly sensitive to 
another aspect of site modeling. 

Because there are no criteria speci
fying the characteristics of bedrock, 
the analyst has the freedom to put* 
the base of the model at a convenient 
location, albeit stiff. Our experi
ence indicates that the location of 
bedrock in a SR/SSE calculation has 
significant effect on the final design 
parameters. 

A third major problem concerns the 
conversion of seismic-response 
spectra into acceleration-time 
histories. This is done twice in the 
current procedures — once for the 



R.G. 1.60 surface spectrum and pgain 
at the foundation, level with the 
envelope spectrum (Fig. 3-3). There 
are many different computer programs 
available for the spectra-:time 
history conversion,, but they all 
follow the same calculational proce
dure (Fig. 3-13). There are two key 
assumptions in'th'.s procedure that 
appear to have major Impact on the 
SSI results. The first is the asso
ciation of a 0.1% damped-response 
spectrum with a Fourier spectrum. 
The relation is tenuous. For a zero-
damped response spectrum, the 
assumption may be conservative, but 

the effects of using a nonzero-damped 
spectrum are not at all understood. 
A second, and more important, assump
tion Is that the spectral amplitudes 
control the SSI system response and 
that the phasing of the individual 
frequencies is not an important 
parameter. It is clear that there 
are an infinite set of time histories 
that envelop a target spectrum, each 
with a different phase spectrum. If 
phase was deemed an important param
eter, it would be necessary to know 
the sensitivity of the SSI system 
response, however, present regula
tions do not consider this sensitivity. 

-0.1% Z U.1% 
damping Assume S A ~ r~s 

Target spectrum 

Fourier amplitude-
spectrum 

Develop Fourier 
spectrum 

Calculate a random-
phase diagram 

^rt^t-, 
Preform an 
inverse Fourier 
transform 

• —New 
target 
spectrum 

f\ ~ f\ 
Shape the time history Compare time-history 

spectrum with 
target' spectrum 

Iterate by defining 
a new target spectrum 

Fig. 3-13. Main steps in developing an artificial time-history to match 
a given spectrum. 
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Recent calculations by Donovan, et 
38 al. . have Known that the response of 

multinode systems is very sensitive 
to'the particular phase spectrum 
used. Their results show that the 
response can differ by SOX, depending 
on the phase' spectrum chosen. 

The fourth major problem area in 
the current procedure is the equiva
lent linear method (ELM), and our 
concern is derived from two observa
tions. First, the KLM has never been 
properly tested against data, largely 
because of the absence of good bore
hole earthquake data. Validity is 
often touted on the basis of some 
comparisons'with very low-level sur- • 
face accelerations. These compari
sons are inappropriafe because the 
low-level excitation does not really 
test the ELM and further there was, 
in each comparison, large uncertainty 
regarding the bedrock excitations, , 
OUier indirect evidence against the 
ELM method has been published in the 
form of comparison of response between 
SHAKE and direct integration codes 
that employ nonlinear hysteretic 
equations-of-state. ""* These com
parisons generally indicate that,the 
ELM introduces noneonseryative errors 
in the high frequency range. Our 
second concern relates to the basis 
of the damping formulation in the 

42 ELM. Hudson has shown that the 
damping in a hysteretie system for 
low-amplitude sinusoidal excitations 

can be approximately represented by 
an equivalent viscous damping. This 
is the formulation used in the equiv
alent linear method, and we think 

' that its use may be inappropriate for 
strong motion earthquake records. ' 

STRUCTURAL RESPONSE ANALYSIS/ 
.STRESS ANALYSIS 

The really important decisions in 
this methodology chain are the deci
sions to: 

e Use elastic analysis. 

e Add peak nonseismic accident 
loads to the seismic loads to 
determine the stress level. 

• Use failure criteria that are 
very conservatively determined 
from the load combination 
equations. 

e Use the damping values defined 
in R.6. 1.61. 

e Use single-time history (3 
components). 

- The difficulty in any analysis is 
to relate the calculated loads and 
stresses to the dynamic failure of a 
complex structure. Numerous studies 
confirm that properly designed struc
tures can carry dynamic loads far in 
excess of the elastic design load. 
The use of elastic methods of analysis 
most likely introduces considerable 
conservatism into the SMC} however, 
this conservatism is used to justify 
the depression of the design of value 

-37-



representing the SSE because (os 
mentioned before) neither the size of 
the SSE nor the peak g value associ
ated with the projected SSE can be 
considered conservative. This 
coupling of the selection of the input 
to the choice of analysis methodology 
requires, for reasons discussed in 
detail in Section 2, a. complex 
assessment of both factors. 

In addition, one can only effec
tively evaluate the method of analysis 
that is used relative to the type of 
structures involved and to the total 
loading conditions imposed on the 
.structures. In many eases the non-
seismic accident loads are large; 
thus, the interaction of the differ
ent loadings is important. The load 
combinations can only be assessed 
when the nonseismic loads are known. 

At this stage we can add little 
else to the assessments reviewed in 
Section 2. They cover, in some 
detail, the various fine points of 
the analysis and critical assumptions 
made. In addition, a complete over
view is provided in Ref. 43. 

Various assumptions made during 
30 the analysis process can introduce 

differences on the order of 20%. The 
magnitude of these differences is 
small compared to the typical range 
of results obtained between the use 
of the FEM (LUSH) of SSI or soil-

35 spring method. 

Available data indicate considerable 
uncertainty in modeling and the esti
mation of damping, as well as nonlinear 
response of both convention structures 
and nuclear power plants to seismic 
loading. Little data exist for nuclear 
power plants; however, for convention 
structures the effect is extremely 
important. For example, Fig. 3-14 
taken from Ref. '44 depicts & measure 
of the degree of nonlinear behavior 
induced during an earthquake in real 
structures. Although it is not 
possible to extrapolate these data to 
nuclear power plants, available data 
for nuclear power indicate similar 
nonlinear dynamic response occurs. 

The point of the above discussion 
is that little is to be gained from 
one more conventional assessment of 
the structural-response methodology 
chain. The various refinements in 
analysis and modeling are lost in the 
sea of uncertainty surrounding the 
estimation of the basic structural 
parameters such as the amount of mass 
"lumped" at each node, determination 
stiffness, various complex structural 
members, the action of nonstructural 
members not included in the analysis, 
etc. While detailed requirements are 
given in the SRP relative to the 
number of nodes required, other sub
stantial reviews are lacking. For 
example, how in fact are the masses 
lumped at each node determined or the 
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Fig. 3-14. Histogram of ratios of earthquake to pre-earthquake period 
determinations for buildings subjected to the San Francisco earthquake. 

assumptions made in arriving at 
estimates of stiffness of various 
complex substructures? Although 
many of the interacting factors 
may be selfcompensating and have 
little effect on critical load, a 
complex probabilistic study care
fully based on real data as outlined 
in Sections 4-10 of this report is 
needed. Such a study can yield 
a meaningful assessment of current 

SMC. Various studies, as found in 
Refs. 45 and 46, help to show 
both that such an analysis is pos
sible and the possible variation in 
results over typical deterministic 
analysis. The main difficulty with 
these analyses is that no attempt 
is made to model the entire SMC. 
For the most part, subjective prob
ability distribution functions were 
used. 
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Section 4 
SYSTEMS ANALYSIS METHODOLOGY 

INTRODUCTION 
To achieve the goals outlined in 

Section 1, we have, as discussed in 
Sections I and 3, several major prob
lems to solve. The most difficult of 
these problems is to develop a basis 
of comparison for judging the results 
obtained by using the current SMC. 
As noted earlier, we would like.to . 
use test data from prototype systems 
subjected to design loadings. Although 
reasonable simulation of seismic con
ditions can be obtained via field-
testing prototype or model reactors 
at the Nevada Test Site (NTS), this 
procedure is expensive. In addition, 
even if a testing program were under
taken, it would necessitate an over
all calculation approach that could 
be used to extend the results of'a 
limited number of.tests to generic 
conditions. Thus, an alternative 
approach is to develop a, computa
tional approach that simulates all the 
major interdependencies of the overall 
system. 

In this section, we discuss how 
such a practical computational 
approach can be developed. ' We also 
outline the type of analysis that can. 
be performed by using such an 
approach. In the next section, we 
give the details of how such' an 
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. analysis can be used to develop a 
reasonable basis for judging the 
current SMC. 

Realistically, it is not yet 
possible to model every detail of a 
large complex system such as a nuclear 
power station. The proposed assess
ment of conservatism is not directed 
towards the.fine details'of modeling 
each structural joint, pipe hanger, 
etc., but is primarily a global 
assessment of the loads imposed on 
various subsystems, and the stresses 
in the major structural elements. 
Much of our effort is directed towards 
interlinking the entire analysis so 
that important interactions are both 
included and interconnected. To do 
this requires the use of a systems 
approach, and the reasons why were 
detailed in Section'2. This approach 
would involve developing a model for 
the system and then analyzing the 
model. The model of the system will 
characterize the entire SMC associated 
with representative nuclear power 
plant structures, subsystems, piping, 
and equipment. As discussed in 
Section 3, Fig. 3-1 illustrates a 
generic breakdown of the methodology 
chain we have extracted from various 
sources. Primarily, this breakdown is 
for convenience of discussion and for 



implementation of work assignments 
although the divisions do, in fact, 
reflect reasonably definable method
ology interfaces. In the systems 
model, we characterize the, different 
individual methodology steps as 
probability distributions reflecting 
the possible uncertainty and cooser-
• vatisms introduced at that step. The 
model will also reflect the interac
tions and dependencies of the differ
ent methodology steps. 

The analysis will employ Monte 
Carlo techniques. Such analysis will 
permit the development of probability-
density functions (PDF) for the 
critical structural parameters (e.g., 
stress or strain) that characterizes 
the integrity of the structure, sub
system, piping or equipment, being 
considered. From integration of the 
PDF's, quantified assessments of the 
total conservatism in the SMC can be 
obtained. The analysis-will also 
include a sensitivity study which 
permits quantified assessments of the 
relative impact of the different 
methodology steps on the total con
servatism. Such results provide a 
sound,technical basis for recommend
ing research and/or modifications to 
existing regulations. 

The probabilistic approach also 
offers other advantages in overcoming 
the difficulties discussed in Section 
5. Clearly, the state-of-the-art is 
not yet far enough advanced to provide 

a fully realistic calculation. The 
many.shortcomings and difficulties of 
doing this will be discussed in detail 
later. However, a meaningful basis 
can be developed by incorporating the 
most advanced state-of-the-art, and 
"ad hoc'1 correction factors as part 
of the, system model, and recording 
the uncertainty of each aspect of the 
overall calculational scheme. 

The credibility of the analytical 
results will depend largely on the 
comprehensive development of PDF's 
for each step of the SMC which will 
entail a major effort. We envisiou 
a case-by-case evaluation with the 
technical basis developed for the 
more difficult PDF's. This is dis--
cussed in some detail in Sections 
6-10. 

Details, of the probabilistic 
approach are given below, the main 
analytical techniques broken down 
into five parts: (1) probabilistic 
analysis of the SMC, (2) importance 
rampling, (3) statistical character
istic of input parameters, (4) time 
series for seismic computer codes and 
development of interpolation func
tions, and (5) sensitivity analysis. 

PROBABILISTIC ANALYSIS OF SMC 
The "systems model", links all the 

independent variables and their' 
associated PDF's with the dependent 
variables of interest. For the most 
part, the relation between dependent 
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and independent variables are 
expressed in complex computer pro
grams such as SAPIV, LUSH, etc. ,The . 
independent variables are all those. -
describing earthquake ground motion, 
site characteristics, and structural 
characteristics. The dependent 
variables are calculated structural 
loads, stresses, and floor response 
spectra, etc. In a Monte Carlo 
simulation, a trial consists of 
selecting a random value from the 
distributions of each independent 
variable. These random values are 
weighted to fit the specified input 
distributions. A large number of 
trials then produce a precise estimate 
of the probable system behavior for 
the range of variability specified 
for the independent variables. 

The probabilistic approach is 
valuable in that it provides more 
information than the deterministic 
approach. A distribution for the 
system stress will be obtained, giving 
not only the average stress but 
illustrating the possible deviations 
from the average. 

IMPORTANCE SAMPLING 
Importance sampling concepts will 

play an important role in the analy
sis because when low probability 
values are involved, a.large number 
of Monte Carlo trials are required. 
Importance sampling allows us to 
direct these random choices to the 

tail of the distribution and thereby 
provides a reduction in the number 
of Monte Carlo trials needed. The 
details of'this technique are dis
cussed below. 

To perform this importance sampling 
procedure, a weighting function, 
which may be converted into a distri
bution function is needed. Let's 
first illustrate the single variable 
case. Assume that the distribution 
containing our random variable X is 
"known, and we want tc generate an 
estimate of the probability that 
X < Xi• Using normal Monte Carlo 
procedures, assign a value of 1 to 
each trial where X < Xi» a n d a value 
of 0 otherwise. Note that if the 
failure probability of concern is on 

-3 
the order of 10 , then on the aver
age, the Monte Carlo run would assign 
the value 1 to only one of every 1000 
trials generated. This, of course, 
would require a large number of trials 
to obtain the desired accuracy. To 
reduce the number of trials required, 
importance sampling techniques will 
be employed. As mentioned earlier, 
this requires applying a weighting 
function to the uniformly distributed 
random numbers generated to use when 
simulating the appropriate'distribu
tions. To illustrate, introduce a 
weighting function f- [Fj(x) ] and let 
it be uniformly distributed over 
0 < FX(X> < 0.001, and then f 2 [F^x)] 
is set equal to 1000 for all values 



of F,(x) in this range. By integrat
ing the weighting function's cumula
tive distribution function (CDF), 
F2[F.(x)] is generated. Again obtain 
uniformly distributed random numbers 
and assign them to F 2[F,(x)], then 
choose the corresponding F.(x) values 
and the corresponding X values. For 
all X values that fall below Xi» assign 
a weight of l/fjtFjty)] instead of a 
value of 1. For our example,* 

l / * 2 [ F i M ] " I / W O " 0.001. Thus, 
the probability o£ X < x, is estimated 
correctly as 0.001 on every trial. 
For real-problems, determining the 
appropriate weighting function or 
even the distribution of the variable 
of concern can present problems. 
However, the amount of computer time 
saved, particularly for this seismic 
problem, outweighs the effort required 
in generating the weighting function. 
To illustrate this point, we 'present 

2 
the following example. Assume we 
have a probability density function, 
PDF, that is exponential: 

p(X> - 0.01 exp(-O.Olx) 
0 < x < » • (1) 

Therefore, 

" P(X < 1) -' l-exp(-O.Ol) . 
- 0.00995 / . (2) 

t!sing normal Monte Carlo procedures,' 
hundreds of trials would be required 

to obtain the result. Therefore, the 
density function can be distorted by 

p*(X) - exp(-x) . (3) 

'Thus, we get 
P*(X < 1) = l-exp(-l) - 0.63 . (4) 

Now start the Monte Carlo and assume 
the first value of x generated is 3. 
The likelihood of generating this 
value in the undistoi-ted case is 

p(3) - 0.01 exp(-0.03) 

- 0.009704 . , (5) 

For the distorted case, 

p*(3) - exp - 3 - 0.049787 . (6) 
Therefore, the ratio of the likeli
hoods is 

p(3)/p*(3) - 0.009704/0.049787 
= 0.194910 . (7) 

This says that the undistorted sample 
requires approximately five times as 
many trials to obtain the same number 
of samples in the range between 3 and 

2 
3 + dx. Clark generated"the likeli
hood ratio for values other than 
X =* 3. The results are shown in 
Table 4-1. 

Therefore, we have shown that 
importance sampling techniques will 
play an important role in helping -to 
reduce significantly'the required 
number of Monte Carlo trials. 
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Table 4-1. Weights related to the 

X P(X> 

0.1 0.0099900 
0.2 0.0099800 
0.3 0.0099700 
0.4 0.0099600 
0.5 0.0099501 
0.6 0.0099402 
0.7 . 0.0099302 
0.8 0.0099203 
0.9 0.0099104 
1.0 0.0099005 
2.0 0.0098020 
3.0 0.0097045 
4.0 0.0096080 
5.0 0.0095123 
6.0 0.0094176 
7.0 0.0093239 
8.0 0.0092311 
9.0 0.0091393 
10.0 0.0090484 

STATISTICAL CHARACTERIZATION OF 
INPUT PARAMETER 

Initial efforts should be directed 
towards identifying the significant 
input parameters such as' peak g level 
of ground acceleration, total duration 
of strong motion, phase angle, soil-
layer modulers. of elasticity, etc. 
These input parameter's will be consi
dered as random variables'for the pur
poses of the study. Appropriate 
statistical information mpst be obtained 
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of p*(x) as a distortion of p(x). 

P*(X) P(X)/P*(X) 

0.90484 0.0110 
0.81873 0.0122 
0.74082 0.0135 
0.67032 0.0149 
0.60653 0.0164 
0.54881 0.0181 
0.49659 .0.0200 
0.44933 0.0221 
0.40657 0.0244 
0.3678C 0.0269 
0.13534 0.0724 
0.049787 0.1949 
0.018316 0.5246 
0.0067379 1.4120 
0.0024788 3.7990 
0.00091188 10.2200 
0.00033546 27.5200 
0.00012341 74.5600 
0.000045400 199.3000 

to characterize these parameters as 
statistical distributions. The 
credibility of this characterization 
will depend* largely on the amount c{ 
available data. Two cases will be 
considered: " the no-data case where 
engineering judgment will be used as 
the basis of specifying the appropri
ate distribution in this case; and 
the some-data case where some data 
are available. In the latter case, 
engineering judgment can be combined 



with the sample observations by using 
Bayesian inference to specify the 
distribution. To illustrate these 
procedures, the problem of specifying 
an appropriate distribution for peak 
of values of ground acceleration will 
be studied. 

In the first case, i.e., no-data 
cas :, an effort must be made to char
acterize the distribution type. From 
the data analysis of peak acceleration 
valves in O'Brien, Murphy and 

3 Lahcud, the lognormal distribution 
for peak acceleration values will be 
assined appropriate. If Y is peak 
acceleration, then X « log Y is nor-

2 mal with mean 6 and variance a and Y 
2 

has mean exp(6+l/2o" ) and standard 
deviation, 

Var(Y) - e 6 W(W-l) , (8) 

whera 
W • exp (cr ). 

For illustrative purposes, we shall 
determine the distribution of Y for 
an eastern site. This requires the 
use >f engineering judgment to speci
fy t ro points on the lognormal dis
tribution curve. For example,* 
assume 

*This example is made simply for 
illustrative purposes. Sections 6 
and 7 give in detail a more appropri
ate way to characterize the input. 
However, the detailed approach out
lined in Sections 6-7 is much more 
complicated and not suited for illus
trative purposes. 

P[Y>0.1g] ̂  10" , and 

P[Y>0.3g] ̂ 1 0 " * . 

This determines two.linear relation
ships between 8 and a; namely, 

log (0.1) - 9 - 3.0905 a, and 

log (0.3) - 9 - 3.71912 a , 

so that a » 1.7476 and 6 - -7.7036. 
It follows that Y has mean '0.0021 and 
standard deviation 0.0093 g. 

For a western site, assume 

P(Y>0.1g) ̂  2 x 10" 1, and 

P(Y>0.3g) -\. 2 x 10" 2 . 

Then as before, 

log (0.1) - 9 = 0.8414 a, and 

log (0.3) - 8 = 2.0541 a , 

and 9 = -2.9931 and a = 0.9059. It 
follows that Y has mean 0.0765 g and 
standard deviation. 0.0852 g in this 
case. 

For the case where data are avail
able, use (as an example) the sixteen 
peak acceleration values for El 
Centro, California shown in Table 4-2. 
Analysis of these data provides us 
with a distribution of Y, the peak 
acceleration value, given that an 
earthquake has occurred, and accom
plished as described below. 
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A total time on-test plot of the 
data in Table 4-2 indicates that a • 
lognormal probability distribution 
model would be appropriate. Letting 
Y be peak acceleration, it follows 
that Y has lensity, . 

-1/2 ( ^ ) 2 

yo"' 72TT 
(9) 

'and the l ike l ihood , given observa
t i o n s , Y = ( Y 1 , Y 2 , . , Y N ) i s 

N 
- 1 / 2 ^ 

L(6,a|Y) N N 
(•2lT)N/2a IIY. 

1 L 

(10) 

Table {1-2. Peak ground accelerations 
from El Centro, California. 

Time g 

December 1934 0.12 
April 1938- 0.048 
June 1938 0.03 
June 1938 0.012 
May 1940 0.314 
October 1942 0.06 
January 1951 0.03 
January 1953 0.035 
November 1954 0.027 
December 1955 0.03 
December 1955 0.007 
December 1955 0.07 
February 1956 0.05 
February 1956 0.015 
August 1966 0.015 
April 1968 0.13 

Assuming a noninformation prior den
sity for (d,o), we find that the 
posterior density of (6,0) is 

n(6,a|Y) L ( 6 , O | Y ) 

f f L(9,a|Y)dod9 
(11) 

f o r _oo<e<oo a T i d a > 0 , xhe uncondi

t iona l density of Y, then, i s 

00 GO / .9 
_ f f _JL_ e - 1 / 2 ( l pg y- 6) 

n(6,a|Y)dad6 . (12) 

For our Monte Carlo study, we would 
simulate peak g values by using the 
unconditional density of peak g values 
computed in this way. 

x'he sample mean of logar; Lhmic 
values is X = -2.98, and the sample 
variance is 1.19. The corresponding 
mean, E[Y/Earthquake occurs], is 
0.092 g, and standard deviation is 
0.139 g conditional on earthquake 
occurrence for the lognormal distri
bution. Sixteen earthquakes* were 
recorded in 34 years so that A = 
16/34 = 0.471. Assuming a Poisson 
distribution for the-number of earth
quakes per year, we have 1-3 = 0.376 
probability of at least one earthquake 

*For purpose of illustration, only the 
earthquakes which tripped the strong 
motion accelerograph were used in the 
analysis. More correctly, the 
historical record should be researchod 
to ensure that all earthquakes were 
used. 
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in any given year. To compare our 
sample data with our subjective 
probability distribution for eastern 
and western sites, we need the mean 
and standard deviation of Y. 

Now, 

BY • / 5[Y>yI earthquake occurs] 
o 
dy P[earthquake occurs], and 

EY - (0.092) (0.376) - 0.035. 

Likewise, 

EY 2 - E[Y2/earthquake] P[earth-
qMAks], 

BY 2 » [Var(Y|earthquake) + 
E2(Y|earthquake)] (0.376), 
and 

EY 2 « 0.010. 

Therefore, the unconditional variance 
of Y is 

BY 2 - (EY) 2 » 0.0087 g, 

and the unconditional standard devi
ation is 0.093 g. The unconditional 
mean and standard deviations for both 
eastern and western sites are shown 
in Table 4-3. 

TIME SERIES MODELING FOR SEISMIC 
COMPUTER CODE 

The Monte Carlo simulation will 'be 
performed on .a systems nedel that 
incorporates the most calculationally 
time-consuming subsystems, e.g., site 

Table 4-3. Peak ground acceleration 
statistical information. 

Standard 
Site Mean, g deviation, g 

Eastern 0.002 0.009 
Western 0.076 0.085 
El Centro Q.035 0.093 

response, soil-structure interaction, 
and structural-response subsystems. 
Computer time on the complex systems 
model could thus become prohibitive. 
To offset this problem, we intend to 
develop sample relationships for the 
seismic computer codes that will be 
required. These relationships will 
be developed by using a time series 
approach and by developing interpola
tion functions that employ multiple 
regression theory. 

The input and output functions of 
the SHAKE and FLUSH computer codes 
are, in large part, accelerogram-
time histories. The codes are essen
tially linear-transfer funetions 
operating on time histories. We 
propose to approximate these computer-
code transfer functions, independent 
of input-time histories, by parsimo
nious linear-transfer functions using 
white-'notse input and Box-Jenkins 
statistical techniques. The coef
ficients of our parsimonious approxi
mating model will be functions of the 
INPUT PARAMETERS (e.g., soil density, 



shear modulus, etc.). Using multi
variate regression techniques, we 
hope to express the model coefficients 
as linear functions of the INPUT 
PARAMETERS. t 

The first benefit of the approach 
is that we will he able to assess the 
sensitivity of the computer codes to 
variations in the INPUT PARAMETERS. 

The second benefit is that we will 
be able to simulate quickly the 
computer-code output accelerograms 
for arbitrary input accelerograms 
(including nonstationary stochastic 
processes). 

An example using the SHAKE computer 
code would now be appropriate. The 
input to the computer code SHAKE con
sists of the following INPUT PARAM
ETERS i 1) shear modulus, 2) critical 
damping ratio, 3) sell density and 
4) thickness of each layer. To run 
SHAKE, wo must also input a free-
field ground-acceleration time 
history. The output from SHAKE is 
the bedrock-acceleration time history. 
Since SHAKE is a complex linear-
-tansfer function of the input time 
history, it, seems reasonable to try 
to approximate the output of SHAKE by 
a parsimonious (i.e., minimum number 
of parameters) linear-transfer 
function. 

We propose to do this by using the 
Box and Jenkins scheme for fitting an 
arbitrary time history by an auto-
regressive, integrated, moving average 

model. The idea is to input a white-
noise process to SHAKE for a given 
INPUT.PARAMETER configuration. The 
white-noise process will be denoted 
by (0!t - 1. SHAKE typically uses 
N » 800 observations. Denote the 
output process by (Zfc> t** 1« Using 
the Box and Jenkins procedure, we 
will identify models like the 
following! 

-•t-Vt-1—Vt-q* U 3 ) 

where. ($ 1 >$2f>>4 p»0] Lf 16) a r e t h a 

model coefficients. An attempt will 
be made to obtain an adequate fit 
(with respect to residual mean square 
error) by using, at most, four non
zero coefficient values. The ade
quacy of the model fit will be deter
mined by diagnostic checking of the 
residuals. 

Let et be the vector of input 
parameters. Then clearly the model 
coefficients will be functions of the 
input parameter vector «, i.e.! 

C4>1(£t>....«p<a>.e1<B>,...e(l^>. ( W) 

For each choice of a, the model 
coefficients will be obtained by using 
Box and Jenkins statistical tech
niques. He will attempt to fit a 
linear regression model to each 
mappings a •*• <i>,,(w)> i " 1,2,.,p and 
«•* ,L(a), i « l,2,.,q by using the 



interpolation function approach. 
Basically, interpolation functions 
are simple relationships that repre
sent complex and time-consuming 
computer codes. These interpolation, 
functions can be obtained by using a 
multiple regression theory that 
allows the significant input param
eters and their interactions and 
dependencies to be taken in all com
binations. Linear-regression models' 
for each combination are formed and 
regressed against the data by using 
a procedure called combinational 
analysis. The interpolation function 
is then chosen among these regression 
models. 

The SHAKE computer program output 
process will then be replaced by the 
stochastic process model, 

V W V i - ^ V p ( 1 5 ) 

- v 8 i ^ ) a t - r — y - ) a t - q ' 

where U t > t • 1 is a white-noise 
process. Define the backward shift 
operator, B, by B2 « 2 ,. Define 

$.(B)-l-0 (a)B-...-$. (a)Bp , and i 11 lp - ( 1 6 ) 

e i(B) » l-6 1 1(a)B-..-6 l q(a)B q. (17) 

Then (15) can be rewritten as 

<M B ) Z t * ° 1 ( B K • ( 1 8 ) 

^ i (B)6 1 (B)a t (19) 

For arbitrary input ground motion 
(Xt) j ; - 1, we get corresponding SHAKE 
output by using Eq. (19), 

-1 y t - ̂  i(B)81(B)X(, , (20) 

vN. with X replacing white noise (a ) " • 
1. In principle, we can model any 
ground-motion time history by an 
autoregressive, integrated, moving 
average (ARIMA) model. Sample ground-
motion time histories can then be 
generated at will by simulating white 
nol e and using the white-noise pro
cess to "drive" the ARIMA model. 

To estimate our error in approxi
mating computer codes by ARIMA trans
fer function models, we will want to 
use slightly more complicated versions 
of the above models. If (X ) » 1 is 
a stochastically specified ground 
motion (i.e., we know its ARIMA 
model), then we may want to consider 
the model, 

i1<S)Zt - 91(B)X(. + N t(l) , (21) 

where Z is the computer-output 
process and N t(l) is a noise process 
(not necessarily white noise). The 
variance of the noise process, N (1), 
would measure our error in approximat
ing the computer program by the 
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transfer function model i^" (B)91(B). 
The noise process, N t<l), would also, 
in general, have to be modeled by an 
ARIMA model.3 

Let the initial input ground motion 
be denoted by X £. Then, , 

V B ) X t " V B ) a t < 2 2 ) 

is an ARIMA model for the X £ process. 
By simulating the white-noise process 
(a°), we can simulate initial ground-
motion time histories at will. 

Let V. denote the output process 
from SHAKE, Then, 

^x(&nt " S^BJX,. + H t(l) (23) 

is our general transfer function, 
model for SHAKE, and o^ • 
Variance (N CD) i s o u r error in 
approximating SHAKE by a parsimonious 
linear-transfer function model. 

Let W denote the output process 
from FLUSH. Then, 

« 2(B)W t « e 2(B)Y t + N t(2) (24) 

is our general transfer function 
model for FLUSH and o*2 • 
/Variance N (2) is our error. 

It is now clear that we can simu
late output from FLUSH in terms cf 
the input ground motion to SHAKE as 
follows. Since 

yt " * i " 1 ( B ) V B ) x t + V ' l ( B > N t ( D , 
(25) 

and 

Wt " V 1 ( B ) 9 2 ( B ) Y t + * 2 " 1 ( B ) N t ( 2 ) ' 
(26) 

we have 

W t " * 2 " 1 ( B ) 6 2 ( B ) * l " 1 ( B ) 0 l ( B ) X t 

+ 4. 2" 1(B)9 2<BH 1' 10»>N tm 

+ 0 2
- 1(B)N t(2). (27) 

The FLUSH output process W t can thus 
be directly simulated from the input 
process X .' For simulation purposes, 
.we can rewrite the above as 

<|)1(B)$2(B)Wt - e i(B)0 2(B)X t 

+ 82(B)Nt(l) 

+ + lCB)M t<2) . (28) 

This procedure is illustrated in 
Fig. 4-1. 

SENSITIVITY ANALYSIS 
A sensitivity analysis will be 

performed to determine he effects of 
the input parameter values and dis
tributional assumptions for these 
values on the systems PDF's. This 
sensitivity analysis will be performed 
during the normal Monte Carlo computer 
runs in order to save computer time 
and to make use of all the information 
generatod during that regular Monte 
Carlo run. This is done by evaluating 



d0t ^fefr 

Free-field 
ground 
motion 

SHARE 
transfer 
function 

Fig. 4-1. Time series modeling program, 

FLUSH 
transfer 
function 

' * 2(B)W t»0 2(B)Y t 

the changes in output with respect to 
the input values selected during the 
simulation procedure. These changes 
would then have to be weighted to 

reflect the appropriate parameter of 
concern. This provides a measure for 
the relative effect of each input 
parameter on the system variation. 
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Section 5 
APPLICATION OF SYSTEMS ANALYSIS METHODOLOGY 

TO THE SMC 

INTRODUCTION 

In this Section, we show how the 
systems analysis discussed in Section 
4 can be applied to develop a basis 
of comparisons for judging the current 
SMC. In addition, because the current 
SMC is an extremely complex inter
connected methodology chain (as 
discussed in detail in Sections 2 and 
3), it is necessary to'"quantify" tha 
current SMC so meaningful comparisons 
and assessments can be made. 

To solve the problem of developing , 
a basis that can be used to assess 
the results obtained from the current 
SMC, as well as establish a meaning
ful representation of the output of 
the current SMC relative to its 
possible variability discussed above, 
we propose the development of two SMC 
models. One model would represent 
the current SMC and the other would 
represent an improved SMC (discussed 
in detail below*). A probabilistic 
analysis (discussed in Section A) 
would be performed on both. The 
results of this analysis will Include 
both the most likely value of each; 

*Refer to the section on Improved SMC 
in this Section and to Sections 6-10 
for the details of the rationale used 
to develop the improved SMC. 

selected, critical structural-
integrity parameter and its expected 
variability. Results from the current 
SMC will be compared with those from 
the improved SMC. 

The improved SMC will be developed 
largely from the studies discussed in 
Sections 6-10 which focus on individual 
steps in the SMC. These results will 
form the basis of a new SMC represent
ing, to the limits of state-of-the-
art, a better approximation for each 
step of the SMC. Note that the 
improved chain is not' being suggested 
as new regulations because a few of 
the "better estimates" may be minor 
and unduly complex. However, we feel 
only through complete analysis of the 
entire system can one determine the 
relative importance of the different 
methodology steps and the appropriate 
level of complexity. Only then, after 
understanding the true impact of a' 
proposed change, would it be possible 
to recommend practical improvements. 

Major project emphasis is directed 
toward developing the improved SMC. 
The systems-analysis results will pro
vide the real technical basis for 
assessing and evaluating the current 
methodology chain, developing quanti
fied assessments of the total conser
vatism in the existing chain, and 
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making recommendations for improved 
regulations and/or needed research. 

The number of variables and com
binations in the SMC is considerable. 
It is not necessary to run all cases 
or consider all possible structures 
to achieve our objectives bee"use we 
are dealing with a predictive method
ology. Thus, the initial efforts 
focus first on the most important' 
factors; then the analysis is easily 
extended to include extremes (i.e., 
rock and soft soil sites, to differ
ent structures), with conclusions 
drawn after each analysis. 

CURRENTLY REGULATED SMC 
Figure 5-1 is a flow chart of SMC 

we propose for use in characterizing 
the important, currently regulated 
methodology. 

The current chain is intended to 
include all important methodology 
steps. These steps start with the 
specification of seismic design ground 
motion, proceed through the calcula
tion of seismic stresses or strains, 
combine seismic and nonseismic 
stresses or strains, and then mak.s 
comparisons with code-defined 
allowables. 

It should be remembered that the 
primary purpose of characterizing the 
current SMC is to have the ability to 
compare systems analysis results with 
the improved SMC. Our basic intent 
is to focus on the important, sources 

of conservatism and possible varia
tion. Therefore, rather than include 
all of the many alternative method
ologies acceptable to applicants at 
the different steps, we propose using 
either what we judge the "best" 
currently acceptable approach and/or 
the methodology commonly used. For 
example, rather than including both a 
soil-spring lumped-mass half-space 
approach and one that incorporates 
finite-element techniques for soil-
structure- interaction (SSI) analysis, 
we suggest using only a LUSH-like 
(finite-element) approach. In the 
structural response area, rather than 
considering several response analysis 
techniques (i.e., time-history, 
response spectra, etc.), we suggest 
that only a time-history analysis 
type be used. A "package study"* is 
included to address the sensitivity 
of the different acceptable method
ologies on the total methodology 
process (see Section 10). 

In developing the SMC shown in 
Fig. 5-1, we have tried to maintain a 

*In planning the overall flow of 
information to maximize useful 
results, we have found that it is 
preferable to "break-out" different 
issues into a separate' study that 
can be ongoing while the main system 
models are being developed. These 
are referred to as "package studies." 
They will supply both useful and 
timely'information to NRC as well as 
important input into the systems 
model. These "packages" are dis
cussed in detail in Sections 6-10. 
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Seismic 
input 
procedure* 

| Specify peak "9" level I Use 0.1. O.S, and 0.3 g. 

| , Specify surface response spec t ra | Use R.G. 1,60. 

Develop surface accelerogram 
properties and express 
variability as PDF 

,jf^ etc 
| >>o» total duration 

PDF ^ " > ^ duration strong motion 
I phase angle 

Generate surface 
accelerogram Use random-phase-Uke analysis technique. 

Develop soil properties for 
selected site and express 
variability as PDF 

PDF ' ». etc 

Site response 
analysis Develop profile for s 

selected.site and express 
.variability as PDF 

_J 
P D F | i & $ . thickness 

•^ ^ M n i M t i n n of layers 

I Generate bedrock accelerogram | Use SHAKE-like analysis technique. 

Develop soil-structure-
intcraction model 

Use GESSAR as basis. Account for possible 
structure-structures-interactlon effects. 

Soil-structure-
interaction analysis Use equivalent linear soil 

properties and profile and associ
ated PDF developed in site response 

c X Generate basemat motion 
, 1 
I Select structural response model 

Use LUSH-like analysis technique. 

Use GESSAR. 

Structural-response 
analysis 

Specify damping value 

Develop material properties for 
model.and express variability 
as PDF 

i R.G. 1.61. 

1 ^ mass 
\ ^ ^"~ damping 

etc 
stiffness 

Calculate member forces 
and floor-level loading 
Generate floor spectra 

Combine earthquake loading 

a n a l y s ^ s S t ^ e S S / 5 t l ^ a 1 ' , ^ Calculate seismic stress/strain I analysis 
Combine seismic and 
nonseismic stress/strain 
Select code-allowable 
total stress/strain 

I 
Compare allowable and 
calculated combined stresses/strains 

Use time history linearly elastic-dynamic-
analysis technique (e.g. SAPIV). 

Use SRP guidelines (e.g. peak broadening). 

Use SRP guidelines. 

Use GESSAR as basis. 

use SRP guidelines plus GESSAR basis. 

Use SRP guidelines plus GESSAR basis. 

•Procedures reflect eastern U.S. site location. 
tSoil profile and properties will reflect 
existing sites {soil and rock). 

Fig. 5-1. Seismic methodology chain reflecting current regulatioas. 
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reasonably generic methodology chain 
to give the systems analysis results 
a larger impact. However, as pointed 
out earlier, the total number of 
possible combinations is large. Thus, 
for practical purposes, we propose 
that the initial effort be simplified 
so that the methodology chain is 
directed at an existing nuclear power 
plant site located in the eastern 
U.S. on a soil site. Furthermore, 
the reactor plant is assumed to be a 
BWR type, which is characterized by 
the GESSAR balance of plant concepts. 
The eastern U.S. selection seems 
reasonable since it reflects the 
location where the majority of nuclear 
reactors are and'will be located. He 
also chose soil site over rock as more 
representative. There are a number of 
criteria that could be used to select 
the detail.definition [the site 
(layering), depth to bedrock, etc.]. 
He propose that, for the first pass, 
one should keep as close ac possible 
to a real site with data. - In doing 
so, one can get a realistic measure 
of the possible variability in the 
definition of site parameters used 
in the analysis. GESSAR is tentatively 
selected because it incorporates the 
latest BWR containment considerations 
based on the past-year experiences. 
It should also be fairly representative 
of future BWR designs.. In addition, 
General Electric has informally agreed 

to make the necassary detailed struc
tural information available. 

After our initial systems analyses 
are performed by use of the current . 
SMC as shown in Fig. 5-1, we will 
have the insight needed to choose the 
next step. Each pass through the 
system analysis is a lengthy process, 
mainly because of the SSI calculation 
and the complex structural model 
required. Thus, it is not really 
practical to allow all parameters of 
the model to take on all possible 
variations. As discussed above, our 
approach is a bootstrap process, i.e., 
at each step one draws conclusions 
and determines which case should be 
considered next. 

Seismic Input Metl.odoloRy 

For the typical eastern U.S. 
reactor location, the current method
ology for defining the free-field 
surface ground 'motion is quite 
straightforward. For a selected 
region or geologic province, a peak 
ground acceleration is specified simply 
to scale the design response spectra 
defined by R.G. 1.60. He suggest 
the use of peak ground-motion values 
ranging from 0.05 to 0.30 g. This 
range should cover both SSE and OBE 
peak ground motion values for all 
eastern U.S. locations. PDF's are 
not required as both the peak g value 
and, typically, the spectral shape 
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are regulated, these should be held 
iixed. That is, for the first com
plete Monte Carlo simulation, we 
suggest that the site g value be 
equal to 0.2 g, which is consistent 
with typical soil sites in the East. 

An.alternative is to use a suite 
of surface accelerograms rather than 
expressing the variability as PDF's. 
Each accelerogram would be an accept
able representation of the response 
spectra. In the suite, we could 
include accelerograms currently used 
by industry (e.g., Bechtel, Stone-
Webster, General Electric, etc.). 

Relative to the soil profile and 
site properties, we propose that all 
of-the necessary SHAKE-like input 
parameters be expressed as PDF's to 
reflect possible variations. These 
soil profile parameters will include 
shear modulus and damping as a func
tion of strain level. These PDF's 
can easily be extracted from studying 
available soil-boring data and 
laboratory data from sites with 
similar characteristics. Preliminary 
and Final Safety Analyses Reports 
(PSAR and FSAR) will form the primary 
source for this information. While 
some arbitrariness is required in 
selecting the layering and the PDF's 
that gives the weighed range of the 
thickness for each layer,, the i>asis 
will be related to real sites. 

The newly published SRP has a new 
requirement that the spectra in the 
free-field at foundation level must 
be at least 60% of the surface value. 
Since there are several possible ways 
to achieve this, we suggest that NRC 
and industry be contacted to determine 

Site Response Methodology 

The site response methodology as 
discussed in Section 3 currently 
involves first the generation of an 
accelerogram, which will adequately 
represent the scaled surface-response 
spectra. Next, properties and a soil 
profile for the specified site must 
be defined. Finally, SHAKE-like 
calculations are performed to 
develop a bedrock accelerogram for 
subsequent SSI calculations. 

We propose the use of a random-
phase-like analysis technique to 
develop the surface accelerogram. 
Because of the repetitive nature of 
this, process (i.e., many accelero
grams are reasonably suitably within 
current guidelines), one can express 
the variability of the- analysis input 
parameters as PDF's. Included will 
be such parameters as phase angle, 
total duration and duration of strong 
motion. These PDF's will be obtained 
by using a stochastic process of 
parameter selection with tha random-
phase-like analysis .technique to 
develop acceptable response spectra 
within currently specified guidelines. 
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what particular approach; if any, most 
applicants plan to follow,' and then 
use it. However, where.considerable 
variability among applicants exists 
this is inserted into the chain. That 
is, one of the different approaches 
typically used would be randomly • 
chosen on each trial of the Monte 
Carlo simulation. 

SSI Methodology 

This methodology involves the 
generation of a basemat or foundation-
level ground motion for subsequent 
structural-response calculations. 
This will first involve the selection 
of an SSI model, then the identifica
tion of a soil profile Including soil 
properties and, finally, the .perform
ance of response calculations using 
LUSH-like analytical techniques. 

As discussed above, we propose the 
use of GESSAR as the basis for devel
oping or selecting a calculational 
model. Although several different 
approaches are currently used to 
develop a model of a structure for a 
finite-element SSI calculation, 
presently we plan to use only one 
model. Our judgment is that a suf
ficiently credible model accounting 
for possible SSI effects is adequate, 
i.e., other parameters are much more 
important. However, subsequent 
efforts may consider a suite of 
acceptable models to evaluate total 
system-results sensitivity to model 
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variability. Soil properties and 
soil-profile definitions will be based 
on those developed for the site-
response methodology. 

In addition, subsystem analysis 
studies including.the seismic input, 
site response, and terminating with 
the SSI methodology can be used to 
evaluate and assess the current 
regulations relative to foundation 
integrity and liquefaction potential. 
The relevant LUSH-like analysis 
results will be soil stresses and 
deformaLion beneath the reactor. He 
can evaluate the variability of these 
parameters in the same manner we pro
pose to treat those related to 
structural integrity. Soil strengths 
and deformation allowable will be 
used to assess the possible degree of 
conservatism. 

Structural Response Methodology 

We consider the current structural-
response methodology in several 
steps. First, a calculational model 
that simulates the response charac
teristics of the structure, subsystem, 
piping, or equipment to be investi
gated is developed. Then member 
forces and/or floor-level loading are 
calculated by using linearly elastic 
dynamic analysis techniques. Basemat 
motion derived from the SSI analysis 
is used as the exciting motion. The 
member forces are used to calculate 
structural parameters such as stress 



or strain that characterize member 
strength or deformation integrity. 
The floor-level loading, usually 
expressed as an accelerogram, is used 
to develop floor response' spectra for 
subsequent subsystem, piping, and/or 
equipment analysis. The floor spectra 
are used for input loading into 
dynamic analysis. They are also used 
for load definition if experimental 
testing is used to qualify seis-
mically equipment integrity. 

Note that both member forces and. 
floor-level loading are sometimes 
obtained directly from the SSI cal
culations. Nevertheless, we feel 
the approach described above is more 
representative. 

Our initial systems of the current 
SMC will address the GESSAR reactor 
building. Subsequent systems studies, 
as discussed earlier, will address 
other representative structures, sub
systems, equipment,' and piping. 

For our system studies on the 
GESSAR reactor building, we plan to 
use one calculational model, and the 
GESSAR document will be used as the 
primary basis for the model. Damping 
values selected will reflect R.G. 
1.61. The possible variability of 
structural dynamic characteristics 
such as mass, stiffness, composite-
damping treatment will ,be expressed 
as PDF's. The PDF,'s will be developed 
from studying the PSAR's and FSAR's 
of other similar structures and from 
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discussion with NRC staff and 
industry. They may be supplemented 
with'.some theoretical studies as 
well. 

Stress Analysis Methodology 

This methodology chain involves, 
first, the calculation of a strengt i 
or deformation parameter that definas 
the structural integrity of the 
structure, subsystem, piping, or 
equipment being investigated. Stress 
or strain quantities appear reasonable 
choices. Next, it involves an 
estimate of a nonseismic stress or 
strain and how the two will be com
bined. Finally, an allowable stress 
or strain will be selected and 
compared. 

One should follow SRP guidelines 
for combining different earthquake 
loading direction, when combining 
seismic and nonseismic effects and 
when selecting allowable stress or 
strain values. We prdpose the use of 
GESSAR methodology as the basis for 
calculating stress or strain va.'.ues 
from previously calculated memler 
forces and for providing'an estimate 

of the nonseismic stress. 
Seismic stresses considered will 

include those caused by botl OBE and 
SSE loading conditions. These will 
be combined with nonseismic stresses 
resulting from normal and accident 
loads. Both seismic and nonseismic 
stresses will reflect directional 



considerations. Since systems stu
dies will involve time-history analy
ses rather than response spectra, it 
will not be necessary to address the 
effects of closely-spaced modes. To 
limit the project scope, the NRC 
staff (OSD) suggested we not include 
the study of variation, uncertainties, 
and conservatism contribution embedded 
in the SRP load-combination formulae, 
the nonseismic stress or strain 
estimates, and the code-allowable 
stress or strain. 

IMPROVED SMC 

The major difficulties that must 
be addressed in any creditable com
putational to serve as a basis for 
assessing the conservatism afforded 
by the current SMC ate: 

• Proper modeling of a large and 
complex system so that all 
important details and interac
tions are included. 

• Specification of the input. 

• Carrying out a realistic non
linear analysis by using "cor
rect" constitutive laws for the 
many materials/components 
included in the model. 

• Translating the results of the 
analysis into "failure" of 
elements/components. 

• Translating the calculated 
"failure" into release of off-
site radioactivity. 

In Section 4, we discussed how the 
"systems" approach appropriately 
modeled the necessary interactions 
of the various components and the con
sequences of the assumptions made 
during the analysis. 

In Sections 6-8, we discuss how to 
specify the seismic input in a 
realistic manner consistent with our 
proposed analysis and goals. In 
Section 9, we discuss how a realistic 
nonlinear analysis can be formulated. 
Because the last two items listed 
above (per discussion with NRC-OSD) 
arc not addressed in the same detail 
as the first three items, the results 
of the proposed analysis are somewhat 
limited. 

Our basic approach is to incorpor
ate technology presently available 
into the current SMC, and thus pro
vide an improved methodology chain 
and more realistic results. The 
approach that we have outlined to 
better assess the "true" value of 
critical design parameters includes 
identifying what we consider the most 
important shortcomings of the current 
SMC (discussed in some detail in 
Section 3). We have also reviewed 
the most current state-of-the-art and 
selected methods of analysis which, 
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relative to the identified restric
tions, are more general. In addition, 
because no one approach, yet avail
able, has removed all the identified 
restrictions, we will outline how 
some "ad hoc" correction factors can 
be developed to'combine several dif
ferent calculational schemes. The 
probabilistic approach allows such 
correction schemes to be incorporated 
realistically into the analysis. 
While this approach- is certainly not 
the "last word," it will give the 
best assessment possible within the 
state-of-the-art. In addition, 
because each important factor is 
included, it is possible to identify 
what parts of the SMC may or may not 
require improvement even though some 
parts may seem extremely crude. 

Improved Seismic Input Methodology 

Under the current procedure for 
sites located in the East discussed 
in Section 3, the design response 
spectra is based on the intensity of 
the largest earthquake that has oc
curred in the historical record for 
the site's province. The peak accel
eration is arbitrarily scaled from an 
intensity-peak acceleration correla
tion, and the response spectra is 
averaged (1-sigma) from many earth
quakes that do not appropriately 
model the SSE. The improvements to 
be incorporated into the SMC are as 
follows: 

• An appropriate earthquake-
occurrence model will be used 
to account for local seismicity. 

• A maximum earthquake will be 
based on local seismicity date 
by extreme value methods. 

• The response spectra (shape asd 
level) and corresponding time-
history for each step of the 
Monte Carlo scheme will be con
sistently chosen to reflect 
appropriately the magnitude or 
the individual earthquake and 
its location relative to the 
site-soil conditions. 

The details of how each of these 
factors will be obtained is given :.n 
Section 6. However, ir. summary, wo 
can determine the appropriate 
earthquake-occurrence model for th; 
region where the site is located. 
Thus, each trial of the systems 
analysis (Monte Carlo) starts by a 
choice of earthquake magnitude bas id 
on the earthquake-occurrence 
statistics. The earthquake is then 
located randomly relative to the 
site. (Note: for some regions we 
may have reason to locate earthquakes 
more frequently along som3 tectonic 
structure, but this is easily handled 
by a weighting scheme.) Using the 
earthquake magnitude, location, aid 
regional attenuation characteristics 
and site soil conditions, we obtain 



the correct spectral shape, spectral 
level and corresponding time-history 
at the site by using ttui appropriate' 
set of data as defined from the 
results of Section 6. 

Improved Site Response/ 
SSI Methodology 

As discussed in Section 3, the 
current methodology in the site 
response/SSI area is centered around 
the SHAKE/LUSH-Hke analysis tech
nique which lacks the following! 

• Attention to nonvcrtical seismic 
motion (including the effect of 
wave passage on the response of 
massive foundations). 

• Better accounting of nonlinear 
soil properties. 

• Better reflect in situ soil 
characteristics. 

• Consideration of 3-D effects. 
The improved chain consists of a bet
ter accounting of the above factors 
by the development of two approaches 
(Sections 6-8). The primary way 
involves using new analysis techniques 
already available (or will bo soon) 
and less restrictive than the 
current SHAKE/LUSH approach. However, 
as it is not possible to develop a 
general method of analysis that removes 
all the above mentioned restrictions, 
we will also incorporate correction 
factors into the systems analysis 
chain as described below. 

In particular, if the results of the 
studies outlined in Section 7 find it 
necessary to replace SHARE by a non
linear code (compatible with the code 
used for SSI), the latter then will 
better approximate true nonlinear 
soil behavior. The soil-test data 
obtained from typical laboratory test
ing procedures should be corrected to 
better approximate in situ behavior 
in the manner discussed in Section 7. 

It is not possible at this time to 
incorporate fully a proper division 
of seismic energy into the various 
wave types. In Section 7, we, have 
outlined an approach that will allow 
the development of approximate cor
rection factors to account for non-
vertieally propagating wave energy, 
surface waves, etc. However, if such 
corrections are not significant, they 
should not be applied. We envision 
this correction applied to the initial 
surface-input motion so that the 
deconvolved time history at the ioun-
dation level in the free-field would 
better approximate the "correct" 
motion at this level. This correc
tion will be a function of the rela
tive location of the earthquake to 
the site. 

The results of the study may not 
be sufficient to allow for develop
ment of a reliable correction factor 
to apply to the time history at the 
surface. In this case, we also out
lined in Section 7 how one could 
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develop an approximate criteria to 
fix how much alteration of the sur
face spectra should be allowed in the 
free-field at the foundation level. 
This would correspond to the NRG 60% 
criteria currently used. 

In addition to the need to correct 
for nonlinear soil behavior, in aitu 
soil properties, and division of 
seismic energy (among the various wave 
types discussed above), two other 
effects can occur in the SSI calcula
tion that are distinct from'the site 
response area. The first is the 3-D 
effect of the foundation and, in 
particular, how energy is radiated 
away from the foundation. This effect 
is discussed in detail in Section 8. 
The second is referred to as traveling 
waves. For structures with large 
basemat foundation, it can be very 
important since much more than simple 
wave passages are tied up in this 
effect (Section 8). However, it 
appears possible to lump much of 
this together by use of a simple 
traveling wave. If this effect is 
important, it will be included in 
the 2-D analysis. If 3-D effects are 
so important that a 3-D analysis must 
be used, then i* will not be feasible 
to include a traveling wave in the 
3-D analysis at this time. However, 
there are several possible ways of 
getting traveling waves in the 3-D 
analysis, and Che best way would be 
to correct the output-basemat time 

history in an approximate fashion by 
simple averaging process discussed 
in Section 8. This "improved" time 
history would then be used in the 
analysis. 

As indicated in Sections 7-8, a 
dual assessment (both in site response 
and SSI areas) will be made for the 
need to replace the equivalent linear 
assumption with a full nonlinear 
approach. Although the equivalent 
linear method might be adequate for 
site response, the addition and com
plication of the very rigid structures 
might require a full nonlinear 
analysis. As noted above, if a non
linear analysis is required, the 
approach used to generate the input 
for the SSI analysis will ba compati
ble with the nonlinear equations of 
state used in the SSI code. 

The systems analysis for the 
improved chain will proceed in a 
manner very similar to that provided 
for the current chain. The same 
sites, layering, etc., will be used, 
and the nonlinear soil properties 
will be compatible with the equivalent 
linear soil properties. The only 
real differences will be that the 
improved codes and correction facuA* 
will be included; Also, the require
ment that the free-field spectra at 
basemat level be at least 60% of the 
surface spectra will be dropped or 
replaced by the criteria discussed 
above, 



Improved Structural Response 
Methodology 

Current structural response 
methodology is centered around elas
tic dynamic analyses using the SAPIV-
like analysis technique. Our proposed 
plan is to replace the elastic anal
ysis with one that incorporates 
inelastic-dynamic-response analysis 
techniques. This is not a simple 
process. Although inelastic-dynamic-
response analysis methodology has 
received considerable study, the 
adaptation to reactor design is.dif
ficult. One source of difficulty is 
the nonseismic loads and the manner 
in which current codes combine non-
seismic loads with the seismic. 
Clearly, for an inelastic analysis 
to be meaningful, all loads — both 
seismic and nonseismic — must be 
included in the analysis. How this 
should be done is part of the package 
study outlined in Section 9. 

Another difficulty is the assign
ment of failure criteria. In a con
ventional building this can be done 
relative to collapse. However, a 
containment building could be consid
ered "failed" if a vent path is opened 
up to allow radioactivity to be 
released, which makes it a much more 
difficult task to define "allowables." 
These considerations are part of a 
package study, discussed in Section 9, 
to select the best techniques and 
models. 

Although a linear analysis is 
generally recognized as too conserva
tive, there is considerable reluctance 
to use inelastic analysis for the 
difficulties discussed above. For 
this reason, we also propose that an 
elastic analysis very similar to that 
described above in the current SMC be 
carried out each trial (defined in 
Section 4). However, for the improved 
chain, the damping should be allowed 
to take on higher values that current 
data support. The manner in which 
these values can be obtained is given 
in Section 10. They should be entered 
as a PDF. However*; because damping 
is nonlinear (i.e., a function of 
strain), the ehuiee of damping values 
should be weighed relative to the 
appropriate level of spectra acceler
ation. Thus, if the earthquake 
ground motion is such that the basemat 
spectra has a high level of response 
(relative to the design QBE) at the 
first natural frequency of the struc
ture, a higher damping value would 
have a much higher probability of 
being used than if the response (in 
frequency band of interest) was low. 
The rest of the variation in struc
tural parameters would remain the same 
as for the elastic analysis. 

Stress Analysis Methodology 

We do not propose to incorporate 
any additional improvements in this 
leg of the improved SMC. As discussed 
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above in the section on structural 
response methodology, we proposed 
that both an elastic and inelastic 
analysis be carried out. The elastic-
analysis case can proceed exactly as 
described above in the current SMC, 
but the inelastic, analysis case is 
much more complex. As indicated 
above, both the seismic and non-
seismic loads ad well as the appropri
ate load factors should be included 
in the analysis. Thus, the stresses 
computed will include both seismic 
and nonseissic stresses. For these 
structures for which the nonseismie 
loads are small then, a direct com ar
isen can be made*between the elastic 
and inelastic analysis. For these 
cast»s where the nonseismic loads are 
important, it is somewhat more diffi
cult to Insure that all loads are 
being handled in a consistent manner. 
As already noted, this is one of the 
objective's of a package on inelastic 
analysis. 

EXPECTED SYSTEM STUDY RESULTS 
Systems studies will be performed 

on both the current and improved 
SMC's. Previous sections discuss the 
SMC's in detail and the type of 
analyses to be conducted. To develop 
study results that meet project 
objectives, it is necessary that the 
results be as generic as possible. 
To accomplish this, the initial 

analysis results described above 
should be extended to consider: 

• A peak free-field ground 
acceleration values range of 
0.05 to 0.70 g. 

• Soil and rock site. 
• Eastern and tueatern U.S. site 

locations. 
• BWR and PWR reactor plants. 
• Selected representative struc

tures, subsystems, piping or 
equipment. 

• OBE and SSE loading conditions. 

A peak g range of 0.05 to 0.30 is 
adequate to cover all eastern U.S. 
reactor sites for both OBE and SSE 
relative to the current SMC. Larger 
g values may occur in the improved 
SMC. For western sites, one may 
consider increases to 0.7 g for the 
current chain while the improved SMC 
could have higher g values occur. 
The soil and rock site variation will 
permit an evaluation of the importance 
of SSI. SSI rthould have substantial 
influence on the total system result 
for soil sites, but not much for reck 
sites. Procedures for seismic input 
methodology must be accounted for 
because they differ considerably for 
eastern and western locations. Rep
resentative structures, subsystems, 
equipment and piping from both BWR 
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and PWR reactor plants must be consid
ered because of their wide variations 
ii»' their dynamic structural-response 
characteristics, the type of design 
analysis, nonseismic load contribu
tion, and selection of allowable 
stresses. OBE and SSE loading condi
tions will refioct different choices 
of load-combination formula and 
selection of allowable stresses. 

For each of the cases indicated 
above, system studies results will be 
centered around: 

• The development of probability-
density functions (PDF's) of 
some selected parameter charac
terizing, the structural integrity 
of structure, subsystem, piping 
or equipment being*studied. 

• The relative effect that the 
different methodology parameters 
have on the total system results 
(i.e., the PDF's). 

Figure 3-2 illustrates a typical 
PDF resulting from a system study 
using either of the SMC's and one 
combination of possible cases cited 
above. The selected parameter will 
probahly be stress or strain. The 
PDF expresses the variability of the 
selected parameter, and the shape of 
this distribution is directly related 
to the PDF's that were assigned to 

mean stress 
or strain 
standard 
deviation 

Selected parameter (E) 
(e.g., stress or strain) 

Fig. 5-2. Typical PDF from 
systems analysis. 

characterize the different signifi
cant methodology steps. It also de
pends on the interrelations and depen
dencies of the different methodology 
parameters through the. procedures and 
analysis techniques. Results will 
include a mean and a standard devia
tion, and these results allow us to 
meet our first main objective of 
quantifying the variation in the 
current SMC. Ideally, current regula
tions would yield a distribution 
that is peaked around the mean with 
small standard deviations. If this 
does not happen, then the sensitivity 
results will indicate what steps of 
the current SMC need to be better 
regulated and what must be done to 
improve the regulation. 

By using only the seismic input, 
site response and SSI methodologies, 
one can also develop similar results 
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for foundation integrity and lique
faction potential. Soil stresses and 
deformation beneath the reactor would 
be the selected parameter. 

The sensitivities studies will' . 
permit an assessment of the relative 
impact that the parameters of the dif
ferent methodologies have on the total 
methodology chain. For both the cur
rent and the improved SMC's, we 
anticipate in getting the sensitivity 
of the PDF'8 from variations due to: 

• Generated surface accelerograms 
(total duration, phase angle, 
duration of strong shaking). 

• Site properties (moduli, 
damping). 

• Site profile (layer thickness, 
location). 

• Structural response properties 
(mass, stiffness, damping). 

• Peak free-field ground accelera
tion 

• Site conditions (soil versus 
rock). 

• Location (eastern versus western 
U.S.). 

• Structure type (BNR versus PWR: 
structures, subsystems, piping, 
and equipment). 

In addition, for the improved SMf, we 
will get sensitivity of the PDF's due 
to: 

• Significant parameters associat
ed with an improved seismic-input 
methodology chain (i.e., allowing 
the spectral shape to be governed 
by the earthquake magnitude and 
location relative to the site 
rather than just peak g level). 

• Restrictive assumptions in the 
SHAKE/LUSH analysis techniques. 

• Elastic and inelastic structural-
analysis techniques. 

Figures 5-3 and 5-4 help to achieve 
the objective of assessing the con
servatism in the current SMC. Figure 
5-3 shows a typical PDF from the 
systems calculation with a superim
posed allowable (A) stress or strain 

A - code-allowable total 
stress or strain 

E - seismic stress or strain 
nonE - nonseismic stress or 

strain 

Selected critical parameter 
(e.g., stress or strain) 

Fig. 5-3. Typical PDF fivni/ 
system studies with ail<jw'\\ 
able and nonseismic 
contribution. 
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Current SMC 
Improved SMC 

Fig. 5-4. Typical PDF'3 from 
current and improved SMC 
system studies. 

This is merely the area under the PDF 
curve and to the right of E , A, and 

m 
A-non-E. 

Furthermore, if we express the 
margin of safety (MS) of the critical 
selected parameter (characterizing the 
structural, subsystem, etc.) being 
studied as 

MS E + non E - 1 

and an estimated envelope of nonseis-
mic (non-E) stress or strain. The 
allowable stress or strain will refluct 
code value based on current regula
tions. The nonseismic stress or 
strain will be estimated based on 
reviews of PSAH.'s and discussions 
with industrv and the NRC staff. Both 
the allowable value and the nonseismic 
stress will be treated as a deter
ministic quantity. No attempt will 
be made to assess their possible 
variability or degree of conservatism. 
The probability of the likelihood of 
the nonseismic stress or strain 
actually occurring at the same time 
as the seismic stress (E) will be 
considered. 

Fro.n Fig. 5-3, we can make some 
interesting observations. For 
example, we can get a quantitative 
assessment of the probability of a 
calculated seismic stress being 
greater than the mean stress, allow
able stress, and a stress equivalent 
to the allowable less the nonseismic. 

it is possible to make some addi
tional observations. First, the 
probability of E exceeding A would 
reflect the probability of having a 
margin of safety less than zero for 
the case where the nonseismic stress 
or strain contribution in zero or 
smaller. Second, the probability of 
E being greater than A-nou E-values 
reflects the probability of having a 
margin of safety less than zero 
because case non-E is known or can be 
estimated. 

When the above evaluation of the 
systems results is carried out for 
the improved SMC, it is possible to 
assess a lower bound for the conser
vatism. Even with the Improved SMC, 
the allowable (A), the nonseismic 
stress (non-E), and load-combination 
formulae contain conservatism for 
which we have not accounted. 

Figure 5-4 illustrates a compari
son of the PDF's developed from 
system analysis of the current and 
improved SMC's. Such comparison will 
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Appendix A 
• Feedwater 'Line' Material and Water Properties at Elevated Temperatares 

FEEDWATER LINE MATERIAL PROPERTIES 

As mentioned in Table 1 CSection 4), our typical feedwater pipe is made 
of SA-106, Class C steel. A complete stress-strain curve f this mate rial at 
elevated temperatures was unavailable. Data that we were able to obtain on the 
behavior of this material at elevated temperatures are given in Table A-l. In 
addition, in 1971, personnel at the Lawrence Livermore Laboratory (LLL) 

32 performed room temperature tensile tests of SA-106, Class B steel. The 
stress-strain curve resulting from their test is given in Fig. A-l. Based ori 
these properties, we have constructed an estimate of the stress-strain curve 
for SA-106, Class C steel at 300°F as shown in Fig. A-2. The ideal represen
tation as u5ed in a PTA calculations is also given. 

Table A-l. Property variation of SA106 Class C steel with tempera ure. 

Temperature, °F 

80 200 ' - 300 400 500 600 

28.3 :7.4 ' 26.7 

34.3 32.3 29.6 
•"•.0 

7>.5 
22.0 

WATER PROPERTIES 

A knowledge, of the properties of water at elevated temperatures and 
pressures is necessary to provide proper input to the computer codes (described 

33 in Section 6). Extensive water property data were obtained, and polynomial 
functions were-fit to it. The data for density and sound velocity are shown 
in Fig. A-3. The data cover a temperature range from 50 to 500°F and a pressure-
range from 14.7 to 1500 psia. These properties, particularly density, are 
relatively insensitive to pressure. We are thus justified, in neglecting pressure 
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Elastic modulus (10 psi) 29.9 29.5 29.0 
Poissou's ratio 0.30 

3 30 
Yield strength (10 psi) 40. 36.5 35.4 

(Ref. 31) 42.0 - 38.0 
3 31 

Tensile strength (10 psi) 72.0 - 80.5 
Elongation (%) X 31 ..0 - 24.0 



Oct '78 Apr '79 Oct ' 
] 1 - I -

System studies: 
Current SMC 

Improved SMC 

Package studies: 
Seismic input 
Site response 
Soil-structure-
interaction 
Inelastic analysis 
Structural Sensi
tivity 

Manpower 
requirements: 

Computer 
requirements, hr: 

X First systems analysis computer run attempt. 
O Final report submitted to NRC. 
* These refer to tasks associated with packages 

described in Appendices. 

Fig. 5-5. Schedule, manpower and computer requirements. 
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Manpower requirements for the 
project are estimated at 8.0 FlE's 
the first year; an average of 5.S 
FTE's, the second; and 3.0 FTE's for 
the first 6 mo of the third year. 
Their effort would be directed at both 
the systems and package studies 
simultaneously. 

Computer-time requirements are 
significant. We estimate approxi
mately 300 hr of CDC-7600 time will 
be required to complete both the 
specific and generic system studies 
of the current SMC. An estimated 
350 hr will be required for the sys
tems studies on the improved SMC. 
We also estimate another 60 hr of 
computer time will be required for 
the package studies arid the genera
tion of PDF's for the systems 
analysis. Figure 5-5 indicates when 
during the calendar years the time 
will be expended. 

Heeded Interactions with HRC, 
Industry, AIF, and ASCE/ASME 

To achieve the objectives of this 
project in an efficient and timely 
fashion, it is necessary to have 
considerable input from both the 
regulators and those performing the 
design analysis and writing industrial 
design codes. In the body of the 
proposed work plan, we have explicitly 
indicated some of the direct input 
required from either NRC or industry. 
The actual need for advice/criticism 

goes far beyond what we have explic
itly identified as we are proposing 
an approach to evaluate a controver
sial methodology. Since this evalua
tion cannot be made by appealing to 
carefully designed verification 
experiments, it must be based on a 
Bayesian approach. Such approaches 
are good provided that the input to 
the Buyesian model is good and comes 
from both industry and the regulators. 

Two types of input are needed: 
straightforward and general. Examples 
of straightforward input are: (1) 
structural response models (masses, 
stiffness geometry) of various 
Category I structures for use in the 
current SMC, (2) detailed information 
on the nonseismic loads for inclusion 
in the inelastic analysis, and (3) 
approximate dynamic characteristics 
of all Category I structures, systems, 
components, etc. (to determine what 
structures must be considered, and 
what floor spectra must be calculated, 
etc.). Examples of general informa
tion are: (1) suggestion on the 
development of credible inelastic 
models including such items as model
ing, identification of possible fail
ure criteria, etc., (2) suggestions 
as to how applicants will meet the 
criteria on the enveloping of the 
free-field foundation spectra for the 
SSI analysis, (3) suggestions and 
comments regarding our proposed 
improved SMC, and (4) what cases must 
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be considered to draw generic 
conclusions. 

We suggest that the program be 
carried out by .the investigators in 
the following fashion. First, solicit 
comments and active participation 
through both formal and informal pres
entations to the AIF and to both the 
American Society of Mechanical 
Engineers (ASME) and American Society 
of Civil Engineers (ASCE) Subcom
mittees on seismic design. He have 
had considerable success with this 
approach from such meetings previ
ously. We already have informal 
promises of cooperation to provide 
us.the structural-analysis information 
needed. 

In addition, we feel that it 
would be very helpful if each of 
the appropriate branches of the 
NRR would each assign a key person 
as a contact. Such "contacts" 
could help obtain the detailed 
information that will be needed and 
provide the branch's views of the 
analysis. This would allow for 
an easy and continuous flow of 
invaluable information and ensure 
that the improved SMC explicitly 
addresses the important concerns 
of the responsible Regulatory 
branches. Also, it would ensure 
that the current SMC is truly rep
resentative of what is, in fact, 
currently accepted. 
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. Section 6 
SEISMIC INPUT PACKAGE 

INTRODUCTION " 

Most reactor sites are located in 
regions where the seismicity level is 
so low that the seismic activity can
not be correlated with observable 
tectonic structure. Thus, the earth
quakes are assumed to be random. For 
these sites (Section 3), the major 
problems with the current procedure 
of assigning a design-response spectra 
in the free-field are: 

• A single-spectrum shape is used, 
scaled on the basis of peak g 
value [Regulatory Guide (R.G.) 
1.60]. 

• Acceleration is scaled from some 
correlation between intensity 
and peak acceleration. 

• Generic site factors are not 
taken into account (i.e., except 
for an extremely "soft" site, 
no site corrections are applied 
to surface spectra). • 

Because the correlation between 
acceleration and intensity is FO weak, 
there is no rational basis for choos
ing any particular value. This is 
then compounded by the fact that the 
spectra used are not related to earth
quake-source parameters and local 
site conditions but rather are an 
"across-the-board" mixture of all 

these factors. Thus, it is not 
possible to assign any meaning to the 
statistics associated with spectral 
shape or •_ rthquake probabilities for 
a given site. Currently, the seismic
ity statistics for a specific site do 
net consistently enter into the 
assignment of the SSE. Thus, typi
cally, the design-response spectra 
used o not represent a uniform 
level of protection in the various 
reg ons of the country. 

0 rECTIVE 

The objective of this chapter is 
two-fold. First, a program is out
lined that, if followed, will allow 
the generic development of regionally/ 
site-dependent spectra to replace 
R.G. 1.60 spectra. These new design-
response spectra are directly related 
to the seismic risk of the region 
within which a given site is located, 
and to possible ground motion from 
all earthquakes that could affect a 
given site (based on a given proba
bility of "exceedance"), corrected 
for important generic site conditions. 
Thus, the spectra level and shape 
will differ in various regions of the 
nation (a site in Florida will have 
a much different spectral shape and 
level than one in New England). A 



site on hard rock will have a different 
spectral level and shape than one on 
soil. The spectra will also have a 
correction factor for any prominent 
topographic features of a specific 
site. 

The second objective of this 
section is to develop all the correla
tions required as input to the general 
systems analysis. 

TANGIBLE PRODUCT 

The new response spectra will 
represent a "uniform" level of pro
tection relative to the seismic 
hazard and will ensure that designs 
are appropriate for given sites. The 
new approach will alleviate current 
difficulties arising between the NRC 
and applicants or intervenors because 
r* arbitrarily fixed I and such 

J max 
weakly correlatable factors as inten
sity and acceleration. 

In addition, this effort will help 
to develop a complete understanding 
of the factors governing both Lhe 
shape of the response spectra and the 
spectral level. This will allow the 
development of alternate methods of 
acalJ.cig response spectra, which will 
result in a better (less uncertain) 
definition of possible design-response 
spectra. 

APPROACH 

Ground motion will be based 
primarily on available seismic data, 
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and appropriate statistical correla
tions will be made. However, source 
theories will be used to shape spectra, 
and other calculation^ approaches 
will be invoked to fill out our 
results. Three main factors will be 
considered: 

• Seismicity of the region. 

• Appropriate ranges of basic 
parameters. 

• Generic correction for site 
factors. 

To do this, our approach is broken 
up into tasks and detailed below. 
Briefly, Task A.l defines appropriate 
regions that have a uniform seismic 
ritk associated with them and eval
uates the seismic statistics of these 
regions: i.e., earthquake-frequency 
distribution, attenuation characteris
tics, etc. Task A.2 defines the sta
tistics of the ground motion as a 
function of the important variables 
used in Task A.l. Task A.3 assembles 
the results of Tasks A.l and A.2 in a 
Monte Carlo scheme to develop generic 
design spectra for each region. 
Lastly, Task A.4 determines which 
site/source conditions require addi
tional corrections factors to the 
generic spectra/time histories of 
Task A.2 and develops either generic 
correction factors or procedures that 
can be applied to particular classes 
at .sibes. 



Task A.l: Definition of Regional 
Seismicitv 

To achieve, the objectives of this 
task, it is necessary first to define 
regions with such uniform seismicity 
as uniform earthquake-frequency dis
tribution, attenuation characteris
tics, and relations between magnitude 
and intensity. Because intensity is 
not directly related to the basic 
earthquake parameters, we suggest that 
magnitude be used as one of the vari
ables. Magnitude estimates can be 
made by using a felt-area basis as 
developed by Nuttli and Zollweg 
rather than a direct correlation 
between magnitude and intensity. 
This allows a reasonably correct 
assessment of smaller, shallow earth
quakes that have a high intensity but 
are of small magnitude. 

Much of the basic work has been 
3 

carried out by Bollinger, Chinnery 
and sogers, Nuttli, ' Nuttli and 

2 7 8 Zollweg, Brazee, McGuire, and others 
now working at U.S.G.S. under the 
direction of Algermissen. The -major 
efforts of this task will be to 
correlate these data with the defini
tions of the tectonic framework 
currently used by NRC. The regions 
defined will be based primarily on 
currently defined regions as out
lined by past-licensing activities. 
These regions may be modified if such 
factors as the earthquake frequency 
and attenuation characteristics can 
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be shown to be significantly different 
for the modified regions. 

These possible alternative regions 
can be developed from a litersture 
review and from visual trends in the 
seismicity patterns as correlated 
with tectonic structures. It is* not 
intended that these regions wr.ll serve 
as a definitive basis for a seismic 
zoning of the East but simply as a 
basis for developing generic .'spectra 
for large areas of the countr'. The 
proposed method can also be uised to 
develop spectra for sites near the 
boundaries of complex regions, but 
or. 3 site-by-site basis because the 
site location relative to the boundary 
is an important but nongeneric 
variable. 

There are several different 
occurrence models that can be used to 
develop the earthquake-frequency 
distribution required. ' Typically 
used are the Poisson and Markov models, 
and the combined simple-magnitude-
frequency relation of Gutenberg and 
Richter. The implications of these 
will be explored relative to the final 
enveloped spectra obtained in Task A. 3 
to determine whether the statistical 
model used has any impact on design. 
If the design were based on a "likely 
occurrence" (i.e., with large prob
ability of exceedance), then the effect 
of different models would most likely 
show up. However, since we are deal
ing primarily with the "tails" of the 



distributions, then the choice of 
statistical model is less Important. 
The effect of limiting the maximum 
magnitude of earthquakes that can 
occur in a given region based on 
extreme-value methods should also 
be included. Other arbitrary limits, 
suclv as those cuitantlv used by H8E» 
should also be included. • 

The earthquake-frequency distribu
tion for each region is based on the 
entire region, but it needs to be 
corrected. This distribution should 
, allow for the fact that a much smaller 
nusber of earthquakes will actually 
occur close enough to any given site 
within,the region to affeet the design 
of the plant. This will be discussed . 
below under Task A.3. 

Taste A. 2: Spectra 
In Task A.2, we outline a method 

that can be used to develop the appro
priate response spectra-tim? history 
as a function of 1, 1 , ^ location of 
earthqui s relative to the sito,and 
magniti .< The main difficulties 
with < ing this for eastern sites 
ares 

• The attenuation of intensity 
with distance is much less In 
the Sast. 

•• The high-frequency part of the 
response spectra attenuates much 

• • more strongly with distance than 

the low-frequency (1 Ha and below) 
part. 

• We will be mostly interested in 
near-field smaller earthquakes 
in the East. 

• "Smaller"* source dimensions in ' 
the Sast make the attenuation of 
intensity and the high-frequency 
responses even more important. 

• Do data exist in the East other 
than intensity, attenuation of 
intensity and some small amounts 
of far-field seismometer data. 

Because of. the absence of eastern 
data ar.d the large differences in 
attenuation, it-is necessary to extra
polate western data for use as eastern 
data. To do this, we suggest the use 
of a dual approach to develop spectral 
level and shape. The primary approach 
will be to partition the data appro
priately and run correlations on each 
partitieu, thus "choosing" spectra 
for a given earthquake from the appro
priate set of data. This assumes 
that similar data for the East, pro
perly partitioned, would statistically 
resem'wle that of the West. However, 

•Smaller, for example, when compared . 
to the Parkfield earthquake with 
over 30 Urn of fault at a magnitude 
of only about 5.4. No such earth
quakes are known to have occurred 
in the East* Lack of surface fault
ing suggests chat the source diu@u-
sions are "smaller." 
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because even the western-data set is 
much less complete than desired — 
particularly, for small near-field 
earthquakes — the second approach 
will be to develop reasonable correc
tion fetors for attenuation effects 
and thus transform western data into 
"eastern" data, the two approaches* 
can then be compared to determine 
which is best. If they are very 
different, they will have to be re
evaluated to determine why. 

The data base will consist of the 
uniformly processed records of Cal 
Tech, all additional records pro
cessed by U.S.G.S., and any available 
worldwide data. 

In the first approach, the effect 
of sealing for distance must be 
replaced by comparing data correlated 
with intensity-magnitude ia the West 
with that in the East. As discussed 
in Task A.l, the primary relation to 
the definition of the earthquakes 
will be magnitude. However, site 
intensity relative to given magnitude 
will also be used, by partitioning 
the data base into groups.. 

The first partitioning will be 
into groups G ^ ) , 6,(1, - ^ - 1 ) . 
G 3 ( 1 3 * ^as" 2^* 0 t e " 6 r o u p Gi» f o r 

example, will contain only those 
records associated with 1 of the ,nax 
earthquake. Group G, will contain 
only those records associated with an 
intensity .less than X , etc. While max 
probably net subdividing any finer 

than 6,, group G t should be subdivided 
further based on epicentral dis
tance, source fault dimension (where 
possible), and site conditions. Site 
conditions can be accounted for by 
use of the simple site-classification 

12 scheme of Trifunao and Brady. As 
noted, the source dimension is impor
tant in that some smaller magnitude 
earthquakes in the West have large 
fault-rupture lengths that signifi
cantly affect the spectral shape. 
Such earthquakes apparently do not 
occur in the East. Appropriate 
regression analysis (form and choice 
of variables based partly on 
earthquake-source models) should be 
run on each group to develop seismic 
spectra for each group as a function 
of magnitude, 1 ^ , l ^ ^ , A ^ . and 
V „ for each spectral frequency. As max 
noted, because of the strong influence 
of magnitude on both spectral shape 
and on the higher frequency-amplifica
tion factors of the spectra, ve dis
tinguish between two, time histories 
both with the same I but with dif-

max 
ferent magnitude. Care should be 
taken to ensure that this partition
ing is consistent with what is done 
in Task A. 

To dtsfine ehi? final response spec
tra, we suggest that two approaches 
be explored! 

* Normalising the spectra to peak 
values of acceleration and peak 



velocity and using separate cor
relations on A and A versus 

max max V . max 
Simply allowing the variation of 
*«»» t 0 occur as part of the max F 

variation in spectral shape. 

The two approaches lead to different 13 results. Because the data base 
will be somewhat more extensive than 
that used by Trifunac, a regression 
analysis should be run on the entire 
data base. Our basic approach is 
different than that outlined by 
Trifunac. 1 A 

As discussed in Ref, 1, the atten
uation of seismic energy is typically 
assumed to be a function of geometric 
spreading is well as material/nonlinear 
characteristics. Although there is 
no reason to believe that the geomet
ric spreading is any different in the 
East than in the West, the other 
factors are different. The differ
ences material/nonlinear attenuation 
between Bast and West should be more 
important in the high-frequency end 
of the spectra (also discussed in 
Ref. 1). . 

In determining if any significant 
differences in the data (if available) 
exist between the East and the West, 
one would attempt to account far 
•differences in attenuation and .thereby 
transform the western data into "east
ern data." For the same partitions 
outlined above, a regression analysis 
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should be run to determine attenuation 
characteristics as a function of e£i-
central distance, magnitude, !_»„, 
ôcar W a n d Vmax f o r e a c h s p e c-

tral frequency in the West. By using 
the approach and results suggested in 
Ref. 1 provisional corrections for 
attenuation are possible. 

It is also possible to develop a 
provisional correction another way. 
For western data, it is known that 
the attenuation of A. and V • with max max 
R is approximately the same as the 
rate of attenuation of the high-
frequency part of the spectra. For 
the near-field, there is no reason 
to assume that this result would be 
different in the East although the 
average rates of attenuation would be. 
With the data baee of intensity vs 
site-acceleration data developed by 
Computer Science Corporation for NRC, 
the appropriate correlation of inten
sity can now be found in the West as 
a function of A ,» V , and the 

max max 
high-frequency part of the spectra. 
This correlation can then be combined 
with the correlation attenuation of 
I with R and with studies of attenu
ation of seismic waves. > 5 > i 5 

Combined, the attenuation of T. 
with R and attenuation coefficients 
for seismic waves are used to 
determine an approximate relation 
ior sealing (in the near-field) 
western spectra to the eastern 
attenuation. 



By comparing the results of these 
two approaches, some reasonable averag
ing process can be used to get an 
"averagad" frequency-dupendent correc
tion factor that accounts for the 
differences in attenuation between 
the two regions. 

A time history is required for use 
in the SSI calculation in the improved 
SMC. Time histories can be obtained 
by two basic means. The simplest is 
to choose randomly for each trial of 
the Monte Carlo system simulation one 
of the time histories from the appro
priate partition. The main disadvan
tage of this approach is that some of 
the partitions (of most interest) will 
only have a few earthquakes in them. 
Thus, it would be preferable to use 
the second basic approach which is 
mainly developing a time history from 
the shape of the spectra. To do this, 
one can use the Fourier spectra 
rather than the relative-velocity 
spectra. While obtaining meaningful • 
Fourier amplitude spectra is no prob
lem, phase spectra are also needed for 
a time history. It is not known if 
this is a problem or not. Clearly, 
from the data one can develop phase 
spectra in the same fashion as ampli
tude spectra, but it is not clear 
that the resultant time history made 
up from the two spectra is acceptable. 
Although the problem of developing a 
time history to envelope a given 
spectra has received some study in 

the literature, the phase-spectra 
problem seems to have received none. 
However, for these studies, no attempt 
was made to make the time history 
representative of a given restricted 
class of earthquakes. Thus, the role 
of the phase spectra in these studies 
was very arbitrary. 

To determine if the time histories 
generated from both the Fourier ampli
tude and phase spectra are meaningful, 
we suggest the following approach. 
For each of the partitions, 

• Visually compare generated 
records. 

• Statistically compare the two 
sets af records (real, and 
generated) on the basis of 
energy, duration, times of the 
acceleration, number of cycles 
of strong motion and other tests. 

If there is a significant difference, 
a randomly selected, different real
time history of the correct partition 
each.trial of the Monte Carlo simu
lation should bts used instead of an 
"artificial" time history. 

He feel that the most important 
reason that the time histories gener
ated must be "real" is their impact 
on liquefaction and SSI-type analysis. ' 
Soils are so nonlinear that both 
their strength and response are very 
sensitive to level of motion, duration 
of motioi;, and number of cycles of 
each level gf strong motion. Thus, 
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the acceptability of generated time 
histories will be made primarily on 
this basis. However, any possible 
anomalous impact of the generated . 
time-histories on the structural anal
ysis should also be included. Typi
cally, the structural response analy
sis is much less sensitive to many of 
these factors than*the soil-type 
analysis. 

Task A.3: Development of Design 
Spectra 

The objective of this task is to 
couple Tasks A.l and A.2 and develop 
regional, design response spectra 
based on all possible earthquakes that 
could affect a site within a region 
with a given probability of not being 
exceeded. 

In its simplest form, the design-
response spectra vill be developed in 
the following way. The "output" of 
Task A.l is regional earthquake-
magnitude frequency-oceurrence rela
tions and attenuation relations. For 
each of the regions, the extreme value 
analysis will define tht> largest earth
quake that can occur. Using this 
earthquake and the regional attenua
tion characteristics, one can detei-
mine the maximum area around the site 
that must be considered. Since the 
earthquakes are assumed to be random, 
it is possible to simply "ratio" the 
•area of the region to the area around 
the site that must be considered, i.e., 

earthquakes occurring out of this area 
will not affect the site. The area will 
be divided into small, equal-area grids. 
Then, in the Monte Carlo scheme, the 
appropriate earthquake magnitude will 
be chosen as dictated by the earth
quake-frequency distribution.* The 
earthquakes will be located at one of 
the grids randomly selected (other 
important effects can be obtained by 
weighting the choice of earthquake 
location). The earthquake magnitude, 
location relative to the site, and 
the regional attenuation curve will 
then determine the appropriate spec
tra (Task A.2) to use for represent
ing the earthquake effects at the 
site. 

This is repeated enough times to 
determine the ground-motion distribu
tion at the site. Then, the design • 
spectra are defined by contouring the 
data for given probabilities of not 
being exceeded. Note that the process 
is easily adapted to the other choices 
outlined in Task A.2; e.g., as dis
cussed above in Task A.2, the spectra 
in each of the data partitions will 
be sealed by the peak g level of the 
record (and possibly other factors). 
Then, in the Monte Carlo scheme, we 
will include the step of going from 
site intensity to peak g level; also, 

*At this stage, the effect of various 
occurrence models, mention:*; above, 
can be tested. 
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various ways to scale the response 
spectra should be explored to deter
mine which is the most appropriate 
for the design of nuclear power plants. 
The final choice of a "best" method 
must be determined by a complete 
systems analysis of the entire design-
methodology chain. 

The development of the computer 
program to carry out r analysis is 
straightforward, as is trie process of 
carrying out the analysis. The diffi
cult tasks are development of the 
distributions and relations between 
variables in Tasks A.i and A.2. 

Task A.A; Site Correction Factors 

In Task A.2, simple site-correction 
factors were obtained via a simple 
site-classification scheme. The 
objectives of this task are to deter
mine under what conditions additional 
site-correction factors are required 
and to develop the required generic 
correction factors. To determine 
whether additional site-correction 
factors are required, we suggest 
first that the data from those sites 
having several recorded earthquakes 
should be examined. In particular, 
the El Centro, Ferndale, and Hollister 
sites have each had a number >i earth
quakes, and the data from these sites 
should be examined in an approach 
similar tc that used by Trifunac and 
I'dwadia. However, their approach, 
which is primarily visual, is not 

very sensitive nor does it allow for 
quantification. Thus the data at 
these sites should also be examined 
by using the approach suggested by 

13 
McGuire. His approach Is to per
form regression analyses on the 
logarithm of the velocity spectra for 
various periods, usii\>t an equation of 
the form, 

log S = a + bM - c los *' ' 25} 

k 

1 = 1 

whore S Is the spectral level for the 
natural period tioinj; studied; M and 
R are tha magnitude and hypocentral 
distance of the record; and a, b, and 
c are least-squares parameters esti
mated by the regression. For the 
study o' site correlation, k is the 
number of sites with more than one 
earthquake record in the data set; 
variables X. are zero-one variables 
set to one if the ohser/attou is at 
the i t h site (where i is o •• of the 
multiple-record sites) and aero 
otherwise; id coefficients d are 
parameters estimated, by the regres
sion analysis. For the study of 
correlation of records from the same 
earthquake, k is the number of earth
quakes vith multiple records; vari
ables X ,-no zero-one variables set 
to one if the observation is of the 
i earthquake (where I is one of the 
multiple records earthquakes) and zero 



otherwise. Parameters d. again are 
estimated by regression. 

In effect, the coefficients d. 
calculated by the regression analysis 
give us an indication of how much 
knowledge is gained about the response 
spectrum of the motion (corrected for 
magnitude and distance effects) by 
knowing at what site (or during which 
earthquake) it was recorded. If the 
value of a particular A, is near zero, 
there is very little knowledge gained; 
if d. has a large positive or negative 
value, we WOJId conclude qualitatively 
that the npeci.ra of motion from that 
site (or during that earthquake) would 
lie above or below (respectively) the 
predicted spectrum for an earthquake 
of the same magnitude and distance, 
based on all records in the data set. 
The estimators of the coefficients 
d are of -ourse random variables 
since they are computed from random 
data; hence, the important parameter 
in concluding whether there is any 
real site or source-mechanism effect 
in the at.ta is the t statistic, the 
ratio of the estimated d. to its 
standard error. Because we are pri
marily interested in Hie higher fre
quency part of the spectra and the 
velocity spectra is not very sensitive 
to hî li frequency, we will use accel
eration spectra as well as the velocity 
spectra. The r,iain differences 
between what McGuire did and what we 

plan are in the sites considered, 
numbers of earthquakes at the sites, 
number of periods considered (we will 
consider more) and, finally, in our 
examination (comparison of) relative 
to several different partitions of the 
data. If McGuire's very preliminary 
results hold up, then the conclusion 
for the sites considered will be that 
the site effect is small. 

Because only a few sites have 
several records, no general inference 
can be made. By generalizing, we 
suggest also that a regression analy
sis be developed for the spectra shape 
of several earthquakes including San 
Fernando, Parkfield, Lytle Creek, and 
San Francisco (1957) for which 
several-to-many records were obtained 
as a function of epicentral distance. 
Once the records that differ signif
icantly from predicted values are 
determined, the ->hould then define 
the sites for which additional site 
corrections must be developed. By 
examining these sites in detail, it 
should be possible to identify under 
what conditions the results from 
Task A.3 should be modified. 

In addition to the above assess
ments, similar assessments for other 
sites and ground motion will be 
carried out as part of the site 
response package. 

Of particular interest in these 
analyses is whether the "spikes" and 
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"valleyslV-typically observed in 
response spectra are primarily aite-
related or source/travel-path-related. 
If they are site-related, then it is 
necessary to adjust the generic-
predicted spectra from Task A.2 for 
the local site factors so that the 
final deconvolved record is correct. 
The data from underground testing 
should be most useful. For theae 

'{JVcases, the source is the same, and 
by proper-grouping the travel path 
should be the same. Thus, at the 
same site we would have cases with 
several different travel paths and 
also several cases with the same 
travel path. If, for example, all 
spectra are very similar, then this 
can be attributed to site factors. 
If they all are significantly differ
ent, then we can conclude that small 
changes in travel path is extremely 
important. If travel-path/source 
variations are significant enough, 
then considering the spikes and 
valleys of the spectra as random 
should be adequate. Thus, the \ 
spectra obtained from Task A.2 would 
not need further correction. 

It is also possible that the data 
show that spectral spikes and valleys 

are random, but the calculational 
scheme of deconvolution may over-
correct for site conditions. This 
will also be checked for by using 
the mass of calculations carried out 
on the site response package. If this 
is the case, then an iterative loop 
would have to be built in to adjust, 
the predicted time history for local 
site factors. 

Lastly, the input spectra may need 
correcting because the site response 
calculation and SSI calculation do 
not correctly partition the seismic 
energy into the appropriate wave 
types. The analysis carried out in 
the site response package and in the 
traveling-wave section of the SSI 
package will indicate what, if any, 
corrections should be applied to 
the surface spectra to adjust for 
these effects. This aspect must 
carefully be coordinated with the 
SSI calculational approach to ensure 
that all correr.ions are compatible 
and that a double correction is 
not being applied. At the present 
time, it appears that it is possible 
to lump all of this correction into 
the traveling wave in, the SSI 
calculation. 

-86-



REFERENCES 
1. D. L. Bernreuter, A Study of Some Important Factors That Influence the 

Design Response Spectra, Draft report submitted to URC/OSD (Nov. 1976). 
2. 0. W. Nuttli and J. E. Zollweg, "The Relation Between Felt Area and 

Magnitude for the Central U.S.," BSSA 64, 76-85 (1974). 
3. G. A. Bollinger, "Seismic!ty of the Southeastern United States," BSSA 63, 

1785-1808 (1973). 
4. M. A. Chinnery and D. A. Rogers, "Earthquake Statistics in Southern New 
. England," Earthquake Notes XUV, p 89-103 (1973). 

5. 0. W. Nuttli, "Seismic Have Attenuation and Magnitude Relations for 
Eastern North America^ " J. Geophys. Ren. 28. 876-885' (1973). 

6. 0. W. Nuttli, "Magnitude Recurrence Relation for Central Mississippi 
Valley Earthquakes," BSSA 63, 1189-1207 (1973). 

7. R. S. Brazee, "An Analysis of Earthquake Intensities with Respect to 
Attenuation, Magnitude and Rate of Recurrence," Draft Rept. to NRC, Wash. 
D.C. (1974). 

8. R. K. McGuire, Unpublished Talk to ACRS Seismie Activity Sub. Comm., (Los 
Angeles, March 23, 1976). 

9. C. S. Oliveira, Seismie Risk Analysis, EERC 74-1., U.C. Berkeley (1974). 
10. C. Lomnitz, Global Teatonios and Earthquake Risk (Else-ier Scientific 

Pub. Co., 1974). 
11. B. Gutenberg and C. F. Richter, "Frequency of Earthquakes in California," 

BSSA 34, 185-188 (1944). 
12. M. D. Trifunac and A. G. Brady, "On the Correlation of Seismic Intensity 

Scales with the Peaks of Recorded Strong Ground Motion," BSSA 65, 139-162 
(1975). 

13. R. K. McGuire, Seismie Structural Response Risk Analysis, Incorporating 
Peak Response Regressions on Earthquake Magnitude and Distance, Eapt. 
of Eng. Report R74-51, M.I.T. (Ph.D. Thesis). 

14. M. D. Trifunac, Proposal to NRC Standards on Development of Response 
Spectra. 

15. D. L. Bernreuter, "Estimates of the Epicentral Ground Motion in the 
Central and Eastern U.S.," Preprint of paper for 6th World EartJiquake 
Eng. Conf., New Delhi, India (1977). 

16. M. D. Trifunac and F. F. Udwadia, "Comparison of Earthquakes and Micro-
tremor Ground Motion in El Centro, Calif.," BSSA 63, 1227^1253 (1973). 

-87-



Section 7 
SITE RESPONSE METHODOLOGY PACKAGE 

INTRODUCTION 
One of the steps leading to speci

fication of the seismic input for 
design of nuclear power plants involves 
modifying the SSE/OBE accelerogram 
for site effects. The SHAKE code is 
one method that is.acceptable to NRC 
to account for these effects. "Despite 
the absence of absolute verification, 
SHAKE has been deemed acceptable 
because it represents the state-of-
the-art in deconvolution techniques. 
However, we believe that three recent 
events require a reassessment: 

• Additional site-response data 
from several sources have become 
available, and it appears to be 
straightforward to field experi
ments for additional data. 

• The calculational state-of-the-
art has advanced beyond SHAKE. 

• Recent analyses indicate that the 
validity of the synthetic seis-
mogram concept in relation to 
SHAKE is questionable. 

On the following pages, we outline 
an approach to tViis assessment of 
SHAKE that would assist NRC in taking 
a regulatory position on site response, 
point the way to fruitful research, 
and provide input to the systems 
project described earlier. 

SHAKE is the last in a series of 
site response codes developed by 
Prof. Seed and his coworkers at the 
University of California (Berkeley). 
SHAKE and its derivatives all solve 
the equations of motion for a hori
zontally layered viscoelastic half-
space. The soil nonlinearities are 
accounted for by iterating to a con
sistent average strain (equivalent 
linear method), and the excitation 
is assumed to be vertically propagat
ing SH waves. Each of these funda
mental assumptions in SHAKE has been 
questioned by various investigators. 
For example, assuming the layers to 
be viscoelastic is to assume that all 
the damping is viscous; whereas, we 
know that soil damping is primarily 
hysteretic. Under some circumstances, 

2 this may be a reasonable assumption, 
but for strong motion earthquake 
excitation, it is probably a very poor 

3 
assumption. The basis of the equiv
alent linear method (ELM) assumption 
is a series of calculations between 
an early concept of SHAKE (based on 
the lumped-mass approach) and a pro
gram that employs a bilinear stress-

i strain law. Although the comparison 
was acceptable, we cannot extrapolate 
to the conclusion that the ELM suffi
ciently captures real-soil nonlineari
ties, because real soils are not 



bilinear elastic. Additional evidence 
against the credibility of the ELM 
has recently been presented by Joyner 
and Chen and others. ' These com-' 
parisons were between the response of 
a wave, physically reasonable, soil 
model (Raroberg-Osgood, Davidenkov, 
Iwan) and the SHAKE ELM model. The 
response was in each case different 
and, more disturbing, sometimes 
indicated the SHAKE results were ' 
nonconservative. 

Interesting results were recently 
a 

obtained by Martin in a detailed 
comparison between SHAKE and two non
linear calculative approaches. We 
feel that the comparison, which 
included six case studies, added to 
the uncertainty in SHAKE. The results 
showed that SHAKE was generally non-
conservative, particularly in the 
higher frequencies. 

If SHAKE were always conserva
tive, the results could be of con
siderable engineering value, but 
the variability referenced above 
suggest that the results should be 
used cautionsly. Unfortunately, 
the above comparisons were not suf
ficiently comprehensive to provide 
a clear indication of the specific 
problem area in the ELM or SHARK. 
It's possible, for example, further 
investigation will show that a 
simple modification of the ELM would 
yield a superior and valuable 
site-analysis approach. 

The fundamental assumption regard
ing the one-dimensional motion was 
clearly made for calculational conven
ience with the hopes that it would be 
conservative. This assumption was 
believed to be conservative because 
(in conjunction with Regulatory Guide 
1.60) it is equivalent to the assump-' 
tion' that all the horizontal earth
quake motion is in the SH mode, and 
SH waves were believed to be the most ' 
damaging. Recently, however, calcula-

9 10 
tions and observations have sug
gested that the traveling wave adds 
at least one further important aspect 
to the response. This evidence indi
cates that the response of structures 
can be appreciably influenced by the 
phase differences in the excitation 
across the basemat. Whether the 
phase difference is dae to diffraction 
or nonvertical incidence, the phenome
non is referred to as the traveling 
wave. The effects of the traveling 
wave cannot be captured in the current 
methodologies. 

It is important to appreciate the 
consequences of the assumptions in 
SHAKE, but it is equally important 
to understand the relationship of the 
SHAKE method to the.SMC. This V^s 
been covered extensively elsewhere in 
this proposal, but in this section, 
we will focus on one crucial aspect 
of this relationship: the synthetic 
seismogram. Current regulations pro
vide sufficient guidance to specify 



a free-field surface-response spectrum 
at a site. This spectrum, however, 
does not in itself uniquely specify 
the dynamic environment at the surface 
because the phase spectrum is not 
specified. Because SHAKE (and all 
other deterministic methodologies) 
require a unique specification of the 
seismic input and because no guide
lines exist for ̂ specifying the phase, 
the actual seismic input to SHAKE 
can vary greatly, depending on how 
the phase spectrum is chosen. This 
will certainly result in a variability 
of the SHAKE output for the same 
input response spectrum. This poten
tial variability has been graphically 
illustrated by Donovan and Valera. 
They show that synthetic seismograms 
with the same response spectrum can 
result in structural responses differ
ing by 10056. 

OBJECTIVE AND TANGIBLE PRODUCT 

The overall objective of this 
package is to determine the suitabil
ity of SHAKE for site response calcu
lations. We technically assess its 
basic assumptions, as described above, 
and evaluate its role relative to the 
synthetic seismogram concept. 

The product of the effort will be 
a quantitative assessment of the 
validity of SHAKE and then a deter
mination of the sensitivity of SHAKE 
results to the various basic assump
tions discussed above. The results 

will be expressed as probability dis
tribution functions (Fig. 7-1) and 
will, therefore, convey in summary 
form the overall variability of SHAKE 
results and the sensitivity of the 
SHAKE results to each of the assump
tions. The results could provide 
possible interim "correction factors" 
for SHAKE for use in licensing and 
will point the way to future required 
research. Finally, and most impor
tant, many of the results are required 
for input to the SMC systems analysis. 

APPROACH 

The assessment of SHAKE can be 
conveniently divided into five topics: 

• Comparison of SHAKE with data. 

• Evaluation of the equivalent 
linear method (ELM). 

• Evaluation of the credibility of 
vertically propagating SH waves. 

• Evaluation of the sensitivity of 
results to the selection of a 
synthetic seismogram. 

• Determination of the differences 
between in situ and laboratory 
soil properties. 

t.ach of these contribute uniquely to 
the objective of this package in the 
manner described below. 

Comparison of SHAKE with Data 

The result of this topic is an 
overall evaluation of SHAKE expressed 
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SHAKE/data 

(a) Overall evaluation 
of SHAKE 

SHAKE/nonlinear SHAKE-spectral accel. 

(b) Sensitivity of SHAKE (c) Sensitivity of SHAKE to 
to ELM the synthetic seismogram 

Fig. 7-1. Various probability distributions to be used to evaluate the 
overall variability of the SHAKE program. 

as a PDF (Fig. 7-la). The general 
approach is to attempt to reproduce 
recorded data with SHAKE given an 
input motion and soil properties. Of 
the several sources of data suitable 
for an evaluation, the most promising 
sources seem to be: 

• Some relatively unknown, Japanese 
borehole data and borehole data 
from nuclear explosions at the 
EEDA's Nevada Test Site. 

• Abundant surface site-response 
data recorded at and around NTS. 

• Earthquake data at Parkfield, in 
conjunction with the newly 
acquired soil properties. 

Japanese Data 

The Japanese da'a were reported by 
12 

Kanai and represents, to our knowl
edge, the only bor,.iole earthquake 

data available. The data have tre
mendous potential as there is infor
mation for four boreholes with several 
earthquake records for each (8, 5, 5, 
and 2, respectively). Although soil 
properties are lacking, one should be 
able to obtain good estimates from 
the known geology, or through the 
assistance of the Japanese Earthquake 
Research Institute. The approach 
would be to input the soil properties 
and a borehole accelerogram and to 
calculate a surface accelerogram. 
We suggest the use of several methods 
to evaluate the results. First, if 
this calculated response spectrum were 
normalized to the observed response 
spectrum at each frequency and this 
process were repeated for other earth
quakes recorded in the same borehole, 
one could superpose all the normalized 
surface response spectra (Fig. 7-2a). 
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Fig. 7-2. Proposed methodology to 
distribution. 

We would then be able to perform such 
statistics on these spectra as calcu
lating tl.a PDF at each frequency 
(Fig. 7-2), thus yielding the mean 
and variability of SHAKE for that 
borehole as a function of frequency. 
A second method is to use a standard 
significance test to determine if the 
surface motion calculated via SHAF'.E 
is significantly different (level and 
frequency content) than actually 
observed. Interesting statistics 
may possibly be obtained also by per
forming the above superposition for 
all the boreholes together, and this 
will be explored. 

The borehole data from NTS, while 
from a different source, would be 
operated upon by the same process. 
He would carefully preselect the NTS 
data to guarantee that the borehole 
was outside the spall zone (a zone 

determine the required probability 

defined by tensile failure of the 
13 soil). We have shown elsewhere 

that for this situation the ground 
motion from a nuclear explosion is 
much like an earthquake. 

The above results will be exceed
ingly valuable in a preliminary 
assessment of SHAKE. A flaw in the 
approach does exist if the data were 
not acquired specifically for nuclear 
power plant site-response studies, 
and the motion was either of a very 
low-level (Japanese) or a moderately 
high-level (NTS). We feel that this 
approach of comparing data to SHAKE 
calculations has such merit that addi
tional data should be obtained. We 
therefore propose to add on a series 
of experiments at NTS, designed such 
that the peak g acceleration would be 
- 0.3 g and that the experimental 
sites would be representative of 



typieal eastern sites. These data 
weuid supplement the esistiag data to 
breadea the statietleal base of the 
eeneluslons, and would provide the 
opportunity te study etheE related 
phenomena sueh as the effeete ef tef-
pegraphy en surfaae metien. finally, 
the experiments would be inexpensive 
fee eoaduet. Ae this tlae we simply 
suggest the ?eapatlbiilty e£ an easper-
Imeat as this with a SHAKE assessment. 
We will supply a detailed proposal on 
this sublet en request. 

fflSJBat.a. There Is also a great 
deal of data readily available from 
Burfaee=metlon Measurements at and 
arouad NTS, We would use these 
data In two wayst first, quailta^ 
tlvely te assess the slgnlfleanee of 
the site response relative to the 
seuree and travel path .effeetaj and 
seeend, te develop additional SHARE = 
data eeaparlsens. 

In assessing the slgalfleanee of 
the site response, the reeerds freia a 
variety e£ seurees wauid be statisti
cally analysed for fundamental site 
periods. We would e*peet to see the 
best possible repredueibility of site 
periade in this search beeausa the 
eaeitatien will be lew=level and the 
nonlinear frequeney shifts will, 
therefore, be small, fhe results 
of this analysis eaupled with Task A 
(S%etie»i 6, Seieaie Input P&ekage) 
would either substantiate er refute 
Trifunae's eeneluslea 1^ 1 6 that'the 

motion at a site is dominated by 
gourde effects. Therefore, it is 
pointless te attempt to calculate 
site response with sueh preeislen. 
We suggest developing additional 
SHARE = data eemparisaag at these 
sites by deriving the.bedreek matien 
far eaeh event at eaeh siEe by using 
.nearby reek motions and state=ef=the=» 
art atteuuatien laws. This bedrock 
motion aad soil properties would pro
vide the input for SHAKE te ealeulate 
the surfaee motion. The results would 
be displayed as PDP's as In Pig. /=2. 
We feel that these eemparlsens ara 
very Important in that the basis .6er 
SHARE was originally established frea 
very similar ealeulatlens. 

.e_allfornla„Bata 
finally, we feel that the same 

teehnlques as deseribed above should 
be used far earthquake data from 
Parkfield, Gallfernla. There *>re 
substantial earthquake data regarded 
at this site, and the sell properties 
have reeently been determined. 
These eempariseas would further a?d 
to SHARE etatisties. 

The result of the effort la this 
topie (eeaparison ef SHAKE with Data) 
would be extensive.statisties ea the 
ratio of the §HARE=ealeulated speetral 
aeeeleratiea.t© the data speetral 
acceleration as well as slgaifieaaee 
tests oa the two sets ef data, i.e., 
regarded vs ealeulatea. In addition, 



we would gain significant insight into 
the relative galea of source, travel= 
path, and site response. Of the 
several possible conclusions that can 
reauit, one weuid be that SHARE is 
adequate in all eases, eenaidering 
the range ef. data, this would strongly 
support the overall adequacies of 
pt:ARE. If SHARE were found inadequate 
in all .eases, we then would make use 
of the results from the ether tasks 
in this package to determine if -the 
inadequate is caused by a eombinatien 
of shortcomings of 'SHARE of primarily 
because source and travel»path effeeta 
dominate over site effeets. , A third 
peaaible conclusion is seme eases ate 
adequate and seme ate not. To stake < 
this assessment, both the information 
developed in Task A of the Seismie 
input Package and the ether tasks of 
this paekage will be used, 

l&aJLuaiiP.n of 6he_Eautoa_len_Oiin,eas 
MiLtMd 

The purpose of thia topic is to 
determine the variability of the 
SHARE results due only to this one 
assumption. This approach capitalises 
on the availability of fully nonlinear, 
aeil=respense cades by comparing 
SHARE results ta nonlinear results 
far the same input. There are several 
nanltnear cedes available fet this 
comparison, such as, Streeter, 
Joyner^ and Seed. We suggest evalua= 
tien of these candidate codes' to 

determine which is mast suitable for 
a SHARE comparison.. The parameters 
to be eaereised in the SHARE eats ai'i= 
sen will includet 

• Peak ground acceleration. 
• Reapense=speetrum shape. 
• Site tMekness. 
• Site stiffness. 
The results will be expressed in 

a PDE plot as shewn in Eig. ?»2b and 
will represent the sensitivity of the 
SHARE results to the ELM. These 
results also can be used qualitatively 
to determine if the eomparisene 
between SHARE calculations.and recorded 
data ean be improved by making a non^ 
linear analysis. Without added 8011= 
teat data, we feel that little e<m 
be gained by an extensive after-the= 
fact ealculatienal effort, ""iie actual 
form ef any nenlinear=eenstitutive 
equations used will be determined in 
the seil^structure^interaetien 
paekage. However, the finally 
selected form of site^deeenvelutie'n 
calculations will be compatible with 
the requirements of the SSI ealeu= 
latianal scheme. 

MaLuaJMnLeJj^ke^exeilMiitajal 
Mrjjie_aAly_£reB-aga,ttnB_JHJjSJSs 

The preduet ef this topic is an 
assessment of an underlying assumption 
in SHARE; it Is eenservative te 
consider all the heriaental earthquake 
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,metien in the*§H mode. Me suggest 
approaching this assessment through 
the use ef several analytical dlsle= 
cation selutieas. 1 9' 2 0* These eeiu= 
tiens are for the class ef problems 
depicted in Pig. ?=3a, where the line 
dislocation represents a simplified 
earthquake source and the solution 
yields time=hietary response to the 
disloeatien of deeirea legations. 
The response is, ef course, a super
position ef ail the modes of the 
half"8paee, including surface waves. 
In spite of their simplicity, these 
solutions are interesting beeause they 
provide the opportunity to address 
the validity ef vertically propagat
ing shear waves without introducing 
the effects of ether assumptions such 
as the EtM. The procedure wauld be 

ilastte half-spae§ silastic nan- Site 
•H—i 

hsl 

•A 
/ 

Line =f* 
disleeatlen 

(a) Stte= 
, fcT» mm-**. r- n 

5 mi = S: j if Mw l&tl 
i = k 5 

(b) 
M g . ?=3. Proposed models for the 

ealeulatien of surface and sub= 
surface ground motion to be used 
te evaluate SHARE. 

to input the half=spaee properties 
and one component ef the herigentai 
matiBn at seme depeh into SHAKE and 
compare the SHAK8 ealeulated metien 
in the same eempeneat at the susfaee 
with the exact half-spaee solution. 
This vsuld be dene for a variety ef 
half-spaee properties, for different 
site ranges, and for dislocations of 
different complexity in order to 
define the sensitivity ef the eempari* 
son over a range ef situations. 

We also suggest approaching the 
solution for thrust and normal faults 
numerically with one ef our large 
twe-dimensional finite-difference 
wave-prepagatien cedes. The situa
tion for this approach is bhown in 
W g . ?-3b. The numerieal appreaeh, 
while mere complex and expensive, 
would allow us te solve for the 
response of more samples dieiae&tien 
mechanisms and mere camples geelogies. 

The result for either appreaeh, 
however, would be the samet a POP 
representing the variability of the 
SBARE'-ealeulated spectral accelerations 
with respect te spectral accelerations 
ealeuiated f rt>». the half-gpaee 
solution. 

.8yAl_ua,ti_aB_oj__6he_aenj_itivlty_af 
RegultjLta the gelecMafl aJLthe 
gya tMt i_e_ Mlsmagftam 

In this topic, we address the 
important question ef whether different 
synthetic seismegrams, all with the 
same response spectrum, can produce' 
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different SHARE results. The evidence 
available indieatea that they prehably 
da, but the estent ef the variability 
haa net been quantified. 

The approach would be ta generate 
an ensemble BE synthetic seisaograffia, 
all ef which hunt the ft.6. 1.68 
spectrum, and ta calculate the bedreek 
response apeetrua at a typical site 
far each ef them. Ta extend the 
validity ef eur conclusions, the 
prcsess would be repeated far several 
sites of different thicknesses and 
stiffnesses, the statistical pro
perties of the bedrock apeetral aeeel" 
erations far each site would provide, 
eiear evidence ef the sensitivity of 
results to the synthetic seismegram 
as a function ef Bite type. This will 
provide excellent guidance to OSi) in 
formulating new aite=reap@nse pelieies, 

Mte.rMinaiia_njJ_the_B.iffe_re.neea 
_Be.tmen__In_S.iM_aMJ+a_b^ 
£rapj_rt.l_eg_ 

Thia is a aeraewhat separate but 
very important topic. Interest in 
thia topic develops from the faet 

that all site response and soil" 
structure-interaction calculations 
require soll=prepetty data, and meat 
frequently unfflodified laberatery data 
is used. There are several reasans 
why laboratory data Bight not aeau" 
rately refleet the in situ soil prop= 
ertiea. The most significant ia that 
the samples are disturbed when removed 
and transported to the laboratory. 
Another aspect is the siae effect; it 
is peaaible that a l=in. circular core 
might respond quite differently than, 
aay, a i=ft or 1-yd aample. If this 
is the ease, it is important ta assess 
these differences. 

We suggest approaching the topic 
principally by reviewing the literature 
far all available data comparing in 
situ with laboratory sail properties. 
We also suggest consulting with 
various soil firms to obtain additional 
unpublished data. These data will 
be analysed by correlation teehniques 
te determine the significant param-
eters. The data will then be presented 
as a function ef the significant 
parameter(s) 
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Section 8 
SOIL-STRUCTURE INTERACTION (SSI) METHODOLOGY PACKAGE 

TASK e.i. TWO- VS THKEE^DIMINSIONAL 
RESPONSE 

The present state-of-the-art of 
soil-structure interaction (SSI) 
analysis may be roughly divided into 
three methods: plane strain, axisym
metric, and quasi-three-dimensional. 
The L>'8H or PLUSH computer programs 
can provide capabilities in the first 
two aase*) and the FLUSH code In the 
last. None of the above three methods 
used In practice provides a true 
three-dimensional eapability beeause 
of an economic reason rather than 
safety. 

There are sound reasons to expect 
'the effect of spatial mathematical 
model dimension to be physically 
significant In design. For example, 
this dimension has a significant 
effect on the way energy is radiated 
away from the foundation of the struc
ture; that la, the way interaction 
occurs. In one dimension these 
radiated waves do not decay, in two 
dimensions they decay as U/t, and in 
three dimensions they decay as 1/r, 
where r is the distance from the 
foundation. This means that, in 
general, two-dimensional models will 
exhibit more interaction than three-
dimensional ones, but this dees not 

mean two-dimensional models are there
fore conservative. Three reasons for 
this uenelueien are the uncertainties 
in phasing and strueture-te-strueture 
interaction, and the higher material 
damping in the'two-diffisasienal ease. 

A second example concerns the site 
cross sections used in the present 
two-dimensional methods. Typically, 
"N-8" and "E-W" cross sections are 
used, but there is no basis to believe 
these cross sections are more conser
vative than "NE-SW" and "NW-SE," or 
any ether. The present two-dimensional 
methods can only inadequately address 
this concern. 

A third example concerns the inter
actions between the various Category 
1 and other structures in a typical 
power-block unit layouts that la, 
strueture-te-strueture interaction 
where the pi sent two-dimensional 
methods are completely inadequate. 

Fourth, the present methods cannot 
provide a rational torsional input 
for structural design purposes. 

The final example includes the 
foundation design which is mere diffi
cult than determining basemat response 
beeause stresses are the prime quan
tities of interest. In the analogous 
problem in structural design, detailed 



structural models are used, rather 
than the coarse SSI model. Coupling 
this with the primitive stata-ef-the-
art of soil properties creates uncer
tainties en the state-of«the-art of 
foundation design, for example) 
eempressienal effects can be signifi
cant in the region local to the base-
mat even when only the horizontal 
component of earthquake motion is con
sidered and the adequacy of the verti
cal propagating shear-wave is assumed. 
As discussed above, in general, the 
differences in the way that this com
pressions! energy is radiated from 
the basemat in the two- and three-
dimensional eases may be significant, 
and there are uncertainties whether 
the present two-dimensional method is 
conservative. Again, basemat flex
ibility may be relatively insignifi
cant for structural purposes, but at 
the same time it can be critical for 
foundation design, In general, two-
dimensional basemat flexibility mod
eling can only be considered approxi
mate, these concerns are reinforced 
considering the uncertainties in the 
present two-dimensional method of 
combining three components of earth
quakes. All these concerns can result 
in questions about the adequacy of 
foundation design in the areas of 
liquefaction or ether B6il-eyellc 
strength or performance evaluations 
considering two-dimensional and 
three-dimensional differences. 

The eoniems expressed abev« 
would be quantified by comparisons 
of the two- vs three-dimensional 
response of a SSI system. 

Our general approach is to (1) 
Identify and evaluate candidate 
analytical and numerical methods, (2) 
develop a basis for deciding whether 
solution methods will be linear or 
nonlinear, and (3) use the approach 
selected to evaluate two- and three-
dimensional response of SSI system. 
The results would be used for deciding " 
the approach used In improved SMC. 
Objectives 

• Preliminary evaluation of 
present two-dimensional SMC. 

• Selection of method appropriate 
for improved SMC. 

• Early Identification of additional 
unanticipated work for improved 
SMC. 

langlb le Jgrodue t 
• Early formal report on the 

direction that an improved 
systems model is taking. 

• Updated projected costs and 
schedule. 

• Early input for NRC Standards 
decisions. 

Approach • 
In this section, the general 

approach described above, will be 



described In more detail. Because 
of the second objective listed above, 
careful consideration must be given 
to thu solution techniques adopted 
in the area of true, overall effi
ciency. This Is necessary net only 
to keep computer costs as low as 
possible but also because, ultimately, 
inefficient solution techniques 
lower the applied technological 
level otherwise attainable and thus 
dilute or frustrate major objectives. 

TaskjS..l..l of the proposed effort 
is to identify and evaluate candidate 
solution methods that appear to be 
more analytical than numerical. An 
example of one 'such method is given 

1 2 
in Wong or Wong and Trifunae. 

TaskJklil is to identify and 
evaluate candidate numerical-solution 
methods. Examples of methods that' 
will be examined are LUSH, LUSH 
extended to 3-D, PLUSH, SAPIV, and 
explicit finite element/finite dif
ference methods such as found in 
HONDO and LLL codes, as well as 
advanced alternating implicit/explicit 
methods such as.those used in hop
scotch codes. 

Task_C._l._3 is te develop a basis 
for deciding whether linear or non
linear methods are required In this 
effort. The decision has been made 
that nonlinear methods- would be used 
in the improved SMC. 

Msk.il.1,1 is to use the method 
selected to obtain two-dimensional 

SSI response. Results to be evaluated 
are floor-response spectra and basemat 
and foundation response, The effects 
of a flexible basemat wmld be 
included. If linear analytical methods 
are used, the input may be sinusoidal. 
If nonlinear methods are used, the 
input would be realistic time-
histories similar to those used in the 
system's conservatism evaluation. 

Task C,1.5 1B to use the method 
selected and obtain three-dimensional 
8S1 response. The same solution 
methods and inputs as in Task G.1.4 
would be used. 

TaskJ_,J-...6, is to perform analyses 
similar to those in Task C.1.5, except 
that "NK-SW" and "NW-SE" input rather 
than "N-S" and "E-W" would be used. 

Task.C.1.,7 is to eomt .re the two-
and three-dimensional SSI responses. 
The areas of primary interest are 
the floor-response spectra, basemat, 
foundation, and effect of torsion. 

Task _C_.1.» 8 is to select the 
method(s) appropriate for the 
improved SMC. Because of the 
increased difficulty of the founda
tion analysis, more than one method 
may be selected — one method for the 
basemat response and a more sophisti
cated one far the foundation response. 

TASK C.2. TRAVELING-WAVE EFFECTS IN 
SSI 

The present state-of-the-art 
(SHAKE/LUSH/FLUSH) of eeisrale-design 

http://Task_C._l._3


methods for nuclear power plants 
have, as a fundamental assumption, 
the vertically propagating shear-wave 
theory. While the effects of verti
cally propagating shear waves may be 
dominant In many eases, the inclu
sion of other modes of propagating 
seismic energy has not been investi
gated sufficiently to determine if 
thiy are of engineering significance. 

One could perform analytical SSI 
analyses wit!i and without the verti
cally propagating shear-wave assump
tion. The results of these analyses 
could be compared and the engineering 
significance of the vertically pro
pagating shear-wavn assumption 
evaluated. 

Our proposed approach would be to 
(1) identify and evaluate'candidate 
numerical methods and approaches, 
(2) develop a basis for deciding 
whether solution methods should be 
linear or nonlinear and (3) use the 
approach selected to evaluate response 
of SSI system with and without trav
eling wave. The traveling wave to be 
used herein would step the earthquake 
time'-history in time across the base-
rock according to the rock-wave speed. 
(AS used here, the traveling-wave and 
vertically propagating-wave theories 
are assumed to be mutually exclusive.) 
One could statistically review exist
ing strong-motion data and use these 
results to decide on approach to be 
used in improved SMC. 

-102-

0J?Jeetlye.a 
• Preliminary evaluation of the 

present SMC. 
s> Identification of methods 

important for an improved SMC. 

• Early identifieatim of addi
tional unanticipated work for an 
improved SMC. 

Tangible product 

• Early formal report on the direc
tion that an improved SMC is 
taking. 

• Updated projected project costs 
and schedule. 

• Early input for NRC Standards 
decisions. 

Approa.eh 

In this section the general approach 
described above will be described in 
more detail. Because of the second 
objective above, the results of this 
effort could significantly affect the 
conclusions of the improved SMC. 

Task .0,2.1 la to identify and 
evaluate candidate solution methods. 
It is believed that the evaluation 
proposed herein can be performed by 
using two-dimensional mathematical 
models. This is not meant to imply 
that two-dimensional methods are 
adequate for design; that question la 
addressed elsewhere in this proposal. 
What is meant is that if the effect 



of traveling waves is significant, 
it should be apparent from two-
dimensional results. Task C.2.1 also 
includes a decision as to whether to 
use linear or nonlinear methods. A 
linear frequency domain program 
(TRAVEL) does; exist av.d la a modifi
cation of LUSH. Since the solution 
techniques used in these programs are 
efiactlvely implicit, they propagate 
energy at infinite speed unless 
excessively small time steps and/or a 
large number of "modes" are used; that 
is, they essentially do not propagate 
energy at the correct speed. It is 
doubtful whether any significant 
differences would be seen from a LUSH 
or TRAVEL approach unless very small 
time steps were used (see Marcuson 

3 and Krlnitasky ). Appropriate computer 
programs do exist, such as HONDO and 
LLL codes. These codes are explicit 
and can propagate the energy properly 
when it is necessary to do so as in 
the ease under consideration here. 
The use of a linear method would 
preclude shock formation during the 
analysis and, therefore, the decision 
would probably be to use nonlinear 
methods. 

T,ajak._Ct2j.2 is to perform identic?! 
analyses with and without traveling 
waves. Responses parameters to be 
evaluated are floor-response spectra 
and basemat and foundation response. 

Task C.2.3 is a decision on the 
methods to be used, traveling wave 
or not, in the improved SMC. 

It should be clearly understood 
that the effort proposed above is not 
addressed toward identifying propa
gation mechanisms, but rather it is 
an engineering assessment of the 
significance of one such mechanism. 
The conclusions to be drawn from 
such a study must also be clearly 
understood. First, if the effects of 
traveling waves are found to be 
significant for seismic design, as 
a result of this study, then the 
legitimate conclusion is that they 
may be significant in deBign. Second, 
if these effects are not found to be 
Significant, then their effect in 
design is unknown. This uncertainty 
is due to two sources! the evaluation 
is two-dimensional, but more impor
tant the true nature of propagation 
mechanisms 1B unknown and thus its 
significance in design is unknown. 
Third, if these effects are found to 
be significant, the degree of their 
significance is unknown because of 
the unknowns in propagation mechanisms. 

Task. CL._2...4 is to review statisti
cally the strong-motion data by 
comparing data obtained in large 
buildings with those obtained in 
small instrument buildings. The 
comparisons made in Task C.2.3 would 
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indicate the type of effects that 
should be observable in these data. 
This would provide an additional 
basis for comparing the simplified 
calculational model with actual data 
to assure that the calculational 
approach is adequate. 

TASK C.3'. EVALUATION OF IMPROVED SSI 
APPROACH USING LARGE-SCALE EVENTS 

The present state-of-the-art field 
evaluation of SSI predictions is that 
it is largely absent. Certain events 
have been evaluated — such as the 
June 7, 1975, earthquake at the 
Humboldt Nuclear Power Plant and the 
effects of the Project Rulison 
detonation on Vega, Harvey Gap, and 
Rifle Gap dams — but the results are 
unconvincing if they are interpreted 
to imply the adequacy of the present 
seismic design bases for nuclear 
power plants. 

The NRC has adopted a definitive 
design method for the design of 
nuclear power pxants for earthquakes 
in the absence of a demonstration 
of the adequacy of this design basis. 
The conservatism in the methods 
adopted have not been quantified by 
the comparison of design results 
with the actual performance in the 
field during large-scale events. 

The adequacy of the present 
methods and the methods proposed in 
the improved SMC should be compre
hensively evaluated by comparison 

with the data obtained from large-
scale field events. This evaluation 
would establish the credibility of 
the improved SMC described "jlsewhere 
!•* this proposal. 

General Approach 
One-dimensional evaluations of the 

adequacy of present and proposed 
methods and soil properties are 
described elsewhere in thiB proposal. 
The objective of the tasks described 
herein is to perform this evaluation 
by using two- and three-dimensional 
methods. To do this, past and future 
tests at the Nevada Test Site (NTS) 
should be evaluated as well as real 
earthquake events Bueh as the 1975 
earthquake at the Humboldt Nuclear 
Power Plant. These evaluations would 
provide significant benchmarks for 
the proposed i.nproved SMC and soil 
properties. 

Objectives 
• Preliminary evaluation of the 

conservatisms in the present 
SSI SMC. 

• Evaluation of the adequa y of 
the methods used in the improved 
SMC. 

• Comparison of analytical predic
tions with data from real events. 

• Identification of additional work 
required for improved SMC. 



jfaaatfe \e_£eadue t 
• Formal reports en evaluation of 

large-scale field events; 
• updated projected project easts 

and schedule. 
• Early input far NR6 Standards 

&eai&i»tte, 
Betalled. Api.ffiaeh 

The general approach described 
above Is presented here in were detail. 
Because ef the seeend abjective 
listed abave, careful eansideratiea 
must be given ta whether the methods 
and sail properties adapted reflect 
reality, aad/er the limits (e.g., 
frequency range) ever which realistic 
predictions may be obtained, @areful 
eausideratien must also be given ta 
the mathematical models and gelutian 
techniques used te perform this 
evaiuatien, as well as the seil= 
constitutive models adapted, These 
tasks are described el^awhere in this 
proposal. 

fasfe._6_._3>JL af the proposed effart 
is te ident-Hy candidate large-eeaie . 
events* that may be apprepriate far 
*Puture teste at NTS. The eeneept here 
is te use Lit knowledge af future 
teste at NTS and te. "piggyback" sSi 
tests ea time, this weuld iaelude 
placing large-scale but'net aeees= 
sarily full=siae buildings at the NTS. 
tests ef this type were recently pro
posed by general Electric/ill te 
BPfti. these testa are mk proposed ta 
be carried out uader the »ark sug= 
geeted herein but will be the sub
ject of a future separate 

further evaluation. Events already 
identified arei 

• 19?6 earthquake at Humboldt 
Nuclear Power Plant. 

• Project ©aebuggy (December 10, 
196?) i Navajo Bam. 

» Project Bulieoft (September 19 s 

1969)i Vega, Harvey 6ap, and 
Rifle gap Dams. 

• Events at the Hollywood Starage 
Building. 

• Events in Japan and elsewhere 
in the world. 

.taskJS.Jka is te evaluate the 
candidate events and select events 
apprepriate far detailed analytical 
evaluation, the idea here is to 
provide some sense ef a technological 
benefit/east ratie in order te select 
the most apprepriate events. Seme ef 
the factors that will be considered 
are whether two* or thtee-diaensional 
mathematical modeling would be required, 
whether additional field and/or 
laberatery testing is required, the 
adequacy of the existing acceleration 
data, the appropriateness of the site 
type far SSI purpases, any other sig
nificant costs and the potential 
payaff. Because ef the eignifitanee 
ef the event, the 19?i Huabaldt Power 
Plant earthquake t-heuld definitely be 
evaluated. 

f_ask̂ e_.3.>J is te provide a detailed 
comprehensive Evaluation ef the 
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events selected in Task e»3,2. The 
present methodology (SHAKE/MSH/MSH) 
as well as the methods propesed for 
the conservatism evaluatien will be 
used. This evaluation will eaphasiae 
comparing bath the analytical results 
with available results from the 
recorded event, this is the critical 
paint in the entire conservatism 
evaluatien partien of this proposal, 
these comparisons would establish the 
credibility of the conservatism 
figures. If the agreement between 
the predicted results from the 
analyses and the results from the 
real large-scale event is inadequate, 
parametric studies should be performed 
to identify potential sources ef 
error, these parametric studies will 
be strictly identified as such, these' 
potential sources for the error will 
be evaluated in the light of the latest 
results in ethe* pertiens of the pro
ject such as the significance of source 
mechanisms, soil-constitutive prayer-
ties, etc. Alee, a rational basis 
will be attempted to justify the 
variations required to provide gead 
agreement. %ese results would be 
used te suggest future large-scale 
tests specifically designed to test 
the correctness of the potential error 
sources identified and the modifica
tions to parameters net otherwise 
justified. 

TASK 6.4, SOIL PRe?ERTIES/KH»)BATK>» 
BESI©} 
$res,ea.t_g.tateg.af̂ the_ArjE. 

Shis short review concentrates on 
two aspects ef sail propertiest their -
dynamic behavior during- strong-aatien 
excitation when the sail does not 
fall, and the failure or performance 
of soil. In addition, the develop
ment of a philosophy of nuclear power 
plant foundation design is discussed. 

E.lastioJfrtodull and Damping 
S trAtefion teolled° toy. _rator.y 

XrlaxiaLJ.est.s =* Secant-shear modulus 
and hysteeetie damping is obtained as 
a function of strain. Isotrepy is 
assumed, and there is little basis 
far the selection of the bulk modulus. 

gifflpAe^Sh^ar^UborAtory^tesM = 
generally, the tests are not used 
except in research, the equipment is 
not common and mere care is required. 

loxsl-OJtal-§Mar^Lake-rat@r5Ll.ests -
Some of this testing is widely used 
for lew strain properties. The 
terus-like equipment is used much S B 
simple shear. Since torus equipment 
is net widely available, mare cafe Is 
required, and tests are mere appli
cable to remolded samples. 

IjJLJULfeOejfcs = the current test
ing of this type obtains lew-strain 
propagation speeds/moduli. Recently, 
new in situ tests have been developed, 



but at this tiae» a eeaplete evalua^ 
tien appasently iantt available. 
Real eveata ptevide the meat! etedible 
in situ teating, but eveata e£ this 
type have yet ta teeeive aa appte= 
ptiaee evaluation. 

St)eefta£k,attd_J_&ei.ajeftaae.e. 
8Me.afe6.eat£elIed°tab.ei:rtte-i:y 

YtlaatiaUaeats = Sheat^attength 
teduetien and/ot residual defetmatien 
ia ebtained as a fiuaetian ef eyelle= 
sheae-attesa and the musbet of eyeiee. 
Pose-water pressure buildup ia also 
obtained, thus testa ate wote eeaaon 
for eehesienleaa soils (liauefaetieu, 
eyelie aebility). 

Slaple^gMa3f_Labaaatafy_teata = 
Senerally, the tests ate not used 
except in research, The equipment 
is net eefflBOh and aere ease ia required. 

lftmiaftate§jveatJbabiBja_ts^-'?%6tB =• 
Vatieua types ef feetua=like testa 
ate petferaed but, again, usually 
Sot research, fests ate mete appli= 
table to remolded samples. 

iaJJUai ..ge.s.ts = §©ae blastiag la 
petfemed but ia not widely used. 
Real eveata like Niigata atavide same 
results, but geaeraliaatiens to 
design events ate questionable. 

EauadaMfiB-Jiesiga = Statie and 
dynaaie aaalysea ate petfermed (SAMV/ 
ISButLB/LUSH/PLttSH) by using statie 
aad dynaaiie aeduli. Stteagth and 
perfermaaee evaluations ate petfotaed 
by using results ftea these analyaes. 

Typleally, dynamic etteeaes ate used 
ta obtain leeai "faetors ef safety" 
based ©a eyelie strengths. Aay 
effeeta 8©il=attength reduetieas at 
tesidual defetmatieaa have ©n the 
pteperties used ta dynamic analyses 
ate n_at used t© petfetm the dynamie 
analyses. 

Weaknesses .of. .the. fttes.eat Ap.pt.oaeh 
8Bil.Pt.QB.et_ti68i_.j3.etietal = 

Little at no aodern eohttnuum meehan«> 
iea ate applied. Little correlation 
asists with actual stteng=aetion 
tieid petietaaat*. the correlations 
made ate useful, but extrapelatien 
to athet sites and events ia question-
able because the correlations ate 
based en unproved analytical aetheds. 
Thetefete, thete is little eenftdenee 
ia labetatory-seii properties. 

Ssll_lt&ftetttes_t SsAlte^.tlaftial 
Lab.otaiot,y_J-ejLt.s = The imposed sttess 
er attain state is net reptesentative 
ef field states. T.V combination of 
thtee eatthquake eeapenentsj is gen* 
etaliy igaeted except f©t liauefac 
tien shaker-table teata. In the 
latter, the caaelusiaae ate ̂ uesfcida." 
able because they ate net baaed ea 
the varying ways that field=stress 
components »ay combine. Primaty 
emphasis is en sheat aeduiua because 
©f the.vettieally ptepagating shear-
wave assumptien. Although this 
energy-transfer aade may be' dominant, 
this dees net mean the eeapreesienal 



modulus is unimportant in design. No 
testing is performed to obtain this 
modulus, and assumed values are often 
used. 

There is much discussion about 
equivalent average=stress history fer 
liquefaetien but little analogous 
discussion on a similar topic Set 
moduli. tsotrepy is assumed, but 
there is no evidence that soil in the 
field behaves ieetrepieally. Cen= 
sidering the requirement oi three 
components and the strain^dependent 
nature oi soil moduli) it is easily 
seen that soil in the field behaves 
somewhat anisotrapieaily. There is 
concern about the effect of pore= 
pressure buildup on liquefaction 
Btrength or strain, but little 
analogous discussion on the effect 
of pere*-ptessure buildup on moduli, 
in liquefaction and soil moduli in 
saturated soils, pore pressure is a 
physically significant state variable 
that is treated only in an ad hoe way. 

goiLPgjijpLerties_t̂ §̂lfflp.lesghear 
tests = the weaknesses of the stress 
or strain state imposed on the soil 
sample in triaxial testing have been 
recognised and criticised, resulting 
in various si»oie=shear and ether 
shear tests, these shear tests are 
an attempt to replicate field eondi= 
tiens. Many triaxial tests, espe^ 
eially liquefaction, have been beneh= 
marked against simple=shear tests. 

Nevertheless, the question of actual 
iield performance remains. 

£ojundat.ioj\JjiSlgn —• (he uncertain^ 
ties in the present approach abound, 
and a general comment should help 
set the stage. One of. the fundamental 
problems in this ai'ea is philosophic 
cal. that is, because the SSi is or 
is supposed to be the largest credible 
event at the site, credit is tanen in 
an implicit way in the design methods 
for the lew probability of it ever 
occurring. The point that seems to 
be missed is that once a design*-
basis event has been adopted, its 
credibility is not subject to question. 
What it is, is precisely what is 
saysi it is an event for which the 
adequacy of a design must be demen^ 
strated. this single point has a 
significant effect en the level of 
technology judged adequate for design 
methods. Per example, another way 
of defining a design=baeis event such 
as-an SSE is that this event is 
larger than one which can reasonably 
be expected to occur during the life 
of the plant. This basie=design 
objective has tremendous consequences. 
What it means, among other things, 
is that the present civil engineering 
design methods for eategery 1 fsunda= 
tiens are, by and large, bereft of 
the traditional historical final 
cheek on their adequacy $ £i>afc is, 
failures, this is a major way that 



the present design methods have 
improved ever their predecessors as 
the reeent dam failure In Idaho 
indicates. Another way J,s through 
testing. Beth of these methods are, 
in general, net available to nuclear 
power pla:it design. The implication 
is then, that something radically 
different In design method is required, 
and it dees not appear that it is 
being used. In such eases, censer-* 
vattve designs may be an alternative. 
In present practice, the differences 
in the allowable "factors of safety" 
do not seem to be an adequate assess
ment of the true uneertaintles eom« 
paring steel and foundation design. 
A great deal of the required technology 
does exist and the remainder could be 
developed, but the decision has just 
not been made that it is required. 
The present 8tate=ef=the=art simply 
has net progressed beyond the art 
stage. Expert opinions are still 
required and the experts basically 
agree en only one thing, they cannot 
write down how to evaluate the ade=-
quaey of a given design so that some-
one else can perform a similar evalua
tion vand reach the same conclusion. 

Foundation stsesses are a major 
abjective in foundation design. This 
1B a mere difficult problem than strue-
tural response, yet detailed analyses 
are performed on the structures but 
not on the foundation. The use of 
soil properties in dynamic analyses 

is done in a eurieus way **• variations 
of soil properties analyses are per-
formed for structural response but 
not for foundation stresses. Soil 
stresses computed by using R. 1.60 
time histories are questionable as to 
their significance and meaning. In 
other eases, soil stresses are com-
puted by using realistic time 
histories. The use of more than one 
such ttme=history is uncommon in SSI 
analyses because of the cost, which 
means the conservatism in R.cJ. 1,60 
may not l*.e present. 

SSE plus aftershocks called for 
in 10 Ci?B. 100 Appendix A are generally 
ignored, as is postearthquake pore-
pressure migration, Both of these 
could have a significant effect on 
liquefaction evaluations. 

Present cyclic-strength reductions 
and factors of safety are based on 
local "factors of safety." These 
local safety factors way or may net 
have anything to do with foundation 
failure, depending on the propagation 
of failure and/or the foundation 
performance and its effect on the 
structures, This is analogous to 
the use of elastic design in ductile-
steel structures. Successful develop
ment of static siepe^failure-design 
rules in soil engineering, simple 
plastic design in the design of steel 
structures, and the work in. pressure 
vessels" .suggest that designs are 
better based en total or overall 



strength or overall performance rather 
than en localised extreme values, 

_e,omment. .on ..Plans =• Seme confidence 
.....st be obtained that the elastic-
-Oil properties used in design provide 
even an approximate guide to the 
behavior of soil in the field. This 
is the objective ef the large-seale 
test effort described elsewhere in 
this report. In this task, the 
development of appropriate soil~ 
constitutive models is the main topic 
of interest in this area, these 
models would be evaluated and rede-
fined if necessary and possible by 
using these large-scale tests, This 
evaluation will determine the soil 
models to be used in the improved 
SMC. in add! an to this, work is 
also required id evaluate foundation 
failure and performance. The seii-
eonstitutive models will be of soma 
importance, but since failure is more 
difficult to predict than response, 
the use of existing large-scale events 
at which failure occurred is nej; 
'proposed at this time. Rather, poten-
tiai candidate events will be identic 
fled for a future proposal. New 
methods are proposed for the feunda-
tion evaluation in the improved SMC, 
and a foundation design philosophy 
is suggested. 

.Ob.ie_etives 
• Identification of candidate 

soil-constitutive models. 

• Development of improved 
foundation-evaluation methods. 

• Development of foundation-
design philosophy, 

• Early identification ef additional 
work for improved SMB. 

Tangible,, Product 

• Formal report on direction 
improved SMC is going, 

• Updated projected project costs 
and schedule, 

• Early input for NRC Standards 
decisions. 

Approach 

Taa_k_.G.A,l is to identify candidate 
soil-constitutive models, including 
new ones based en modern continuum 
see.haf.ics.. i-Iodeis already identified 
are Sternberg-Osgood hyateratie, which 
is an advancement over the present 
secant-modulus approach* and models 
based on Biotas pioneering work en 
continuum mixtures where the soii-
pore^water pressure is modeled 
directly. As discussed above, in 
saturated soils the pore-water pres
sure is a physically important state 
variable which is not modeled as such 
in the present soil-constitutive 
models. Recent advances have been 
made on Blot's basic idea in the 
directions required for nuclear power 
plant applications. 
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f.aakJ3_»A.J> is to evaluate the aan-
dldate soil models identified in Task 
C.4.1. Among the factors to be con
sidered in this evaluation are the 
eest implications in solution techni
ques. For example, in the Bamberg-
Osgood model) the eest of determining 
the material property value to be used 
in the next time step is relatively 
high. In the present method, this 
coat is eere once the iteration is 
complete because a linear solution is 
used. As another example) models 
based on Blot's idea would have an 
additional cost for a similar reason 
as in the ease of Ramberg-Osgoed and 
also because an additional variable 
has been introduced into the solution, 
Another faeter is the physical reason
ableness of the scheme for obtaining 
the material properties, for example, 
the intricate schemes used to obtain 
material properties from the present 
Sternberg-Osgood model raise doubts as 
to the quality of the model. In 
these schemes the soil must "remember" 
Its entire strong-motion loading 
history. Physically, one would think 
the soil would "forget" after seme 
time. Another factor is the practi
cality of obtaining adequate labora
tory tests results, for example, 
tests have been performed comparing 
the present liquefaction model and a 
model based en Blot's idea.. These 
tests, as well as any other similar 

ones available at the tiae this effort 
is performed, should be evaluated. 
New laboratory teses a*e njyi proposed 
herein; if such a recommendation is 
judged meaningful, It will be the 
subject of a future proposal. 

TaskjG.A.l is to identify candi
date field failures for future txnaiy-
tieal evaluation. As discussed above, 
the evaluation of field failures is 
not proposed at this time as it is 
(see task G.3) in the case of field 
response, the evaluation of field 
failures will be the subject of a 
future proposal. 

Ta.,B.kJkJL.»-4 is to develop analytical 
methods for the evaluation ef founda
tion adequae/. The improved SSI 
methodology would be used to obtain 
the overall basemat and foundation 
response. Before these methods are ' 
finalised for the Monte Carlo runs, 
the analytical alternatives for the 
foundation would be evaluated. Some 
alternatives are discussed below. 

In the selected two-dimensional 
SSI analyses, the soil foundation 
aesh near the basemat will be refined 
to the ektent necessary for good 
results. Since explicit nonlinear , 
numerical methods would be used, 
efficient computer usage would require 
the use of a different integration, 
time seep in this refined region but 
this presents no real difficulty, in 
the normal SSI analyses, a different 
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time step is already anticipated in' 
the soil and structure and, perhaps, 
in different parts of the soil for 
different reasons than the above. 
She results of these selected, refined 
SSI analyses would then be compared 
with alternative methods for obtain
ing good results. One sueh alternative 
is to use the basemat kinematic 
response at various times as input to 
the static analyses of the foundation 
near the basemtit. If the inertia! 
effects in the soil near the structure 
are not significant, then it may be 
possible to obtain reasonable agree
ment between the refined SSI analyses 
and the simplified static ones. 

Another alternative is to proceed 
similarly but use dynamic rather than 
static analyses. Another possibility 
is to use the substructure approach 
for the SSI analyses ab proposed for 
the deaigh of the floating nuclear 
power plants by Offshore Power Systems. 
In these detailed studies, the sensi
tivity of the results to the bulk 
modulus or equivalent will be obtained. 
If these results indicate sensitivity 
to this quantity, and if the sail 
model used is net adequate in t'.via 
regard, then additional testing would 
be proposed. 

It seems clear that some combina
tion of the abwe or other methods 
could produce better results than are 
presently obtained, The important 
practical question is whether these 

methods are more economical than 
direct refinement of the SSI analyses, 
intuitively, the latter is net attrac-
tlvej particularly, if the results 
of other portions of this proposal 
indicate that three-dimensional SSI 
analyses are required. 

TaskJijA.J. is to develop a 
foundation-design philosophy. As 
discussed above, one area to be 
investigated includes the advantages 
and disadvantages of designing the 
soil foundation for the OBE as well 
as the SSE loading condition. 

Task, C.A..6 is to develop functional 
requirements for the soil foundation. 
For example, the functional require
ments on the foundation would be 
expected to be different for the OBE 
and SSE loading conditions. In addi
tion, methods will be developed for 
defining when localised "factors of 
safety" are signifieant and when they 
are not. For example, in a given 
soil foundation, it may be much 
more realistic to be concerned about 
the overall factor of safety against 
gross failure than local "failure." 
The methods will also be developed 
towards addressing performance limits 
rather than factors of safety. For 
example, considering liquefaction 
evaluations, it may be mere realistic 
to be concerned about.the deformations 
that may result rather than loss of 
strength. This is particularly true 
in liquefaction where cyclic mobility 
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rather than complete lose of strength failures occurred. This task will 
1B the realistic possibility. SSE alas inelude a preliminary evaluation 
and QBE analyses would be performed, of these events as to- their apprepri-
and the comparison ef alternate ateness for analytleal evaluation./ 
allowable stresses and performance If events are Identified as appropri-
would be evaluated. e ate, the-effort required t© evaluate 

Taak.C.i.? is to Identify eandi~ them will be the sublet of a future 
date large-seale field events where proposal. -
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Section 9 
INELASTIC ANALYSIS PACKAGE 

Introduction 
There is abundant evidence that 

the nonlinear response of struetures 
is extremely important. First, it is 
well known that many structures were 
loaded well past their design limit 
by the recent San Fernando earthquake, 
yet no observable damage was recorded. 
It has also bee-.t demonstrated that, 
even at reasonably low response levels, 
the nonlinear response of reactor 
facilities la important. In addi
tion, NRG has often emphasized that 
one of the major sources of conserv
atism in the entire SMC is that a 
linear elastic analysis is required."' 

The literature is replete with 
proposed nonlinear methods of analysis. 
These range from a very simple elastic-
plastic response spectrum approach to 
extremely complex 3-D finite-element 
computer programs. But as is with all 
engineering analysis, it is net pesgl-
ble to model adequately all aspects 
af a complex structures behavior by 
any single computer program. Thus, 
the method of analysis used must be 
chosen primarily because it does the 
"best" job of modeling the important 
phenomena that characterize the 
dynamic response and "failure" of a 
particular class of complex structures. 

The problem of inelastic analysis 
of nuclear power plants is more 
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complex than that of conventional 
structures. First-, the important 
structural and safety systems are 
much more complex and massive. 
Secondly, and extremely important, 
the nonseismlc loads (including ther
mal stresses) must be properly incor
porated into an inelastic analysis. 
Finally, it is difficult to detine 
what constitutes failure. For con
ventional structures, collapse is 
usually an adequate definition of 
failure for an event as remote as the 
SSE. However, for nuclear power 
plants, failure is the release of any 
significant radioactivity. Thus, the 
opening of possible vent paths would 
constitute "failure." 

Objectives 
The efforts in this proposed study 

are devoted to overcoming the above 
diffieulcies. In particular, the , 
objectives are to! 

• Select the most appropriate 
inelastic analysis techniques 
for use in the improved SMG. 

• Determine what nonseismie loads 
must be included in the analysis, 
their magnitude, and how best to 
incorporate them into the analysig. 

• For the various structures and 
systems, define appropriate 



"failure criteria.*.' This iaelud 
both the inelastic behavior and 
"ultimate" failure. 

• Compare results obtained, using 
selected inelastic methods with 
available experimental data. 

« Assess the iatpaee of different 
choices of "failure criteria" 
and applied nenseiBiuie loads 
on the overall' assessment of 
seismic safety. 

Approach 

Task J.. 1 = The first task is to 
determine the important Category 1 
structures to be included In systems 
studies. In addition to gaining 
and understanding what will be required 
of the inelastie approach to capture 
the important dynamic response of the 
structure, it. will also identify the 
possible physical "failure" modes. 
Some simple bounding calculations 
may be required te determine the most 
critical cases. 

Par complex structures, it will be 
necessary also te identify the general 
nati're ef the intended constitutive-
matesial properties to ensure the 
capture of any.hysteric damping that 
could be developed In the inelastie 
response of the structure. • This is 
potentially a erueiai factor that must 
be adequately modeled in the choice 
of analytical technique. ' 

Xa_ait_i)._2 — The second task is to 
identify he nonseisaie leans that 
are applied te the different struc
tures identified in Task D.l, and any 
extreme environmental conditions that 
are applied so sources of thermal 
stresses as well as temperature effects 
en strength can be identified. Not 
only is the level of nenselsmie load 
needed but also their time histories. 
This information can be obtained from 
FSAR's and from discussions with both 
industry and NRG. Definition of the 
loads will be difficult without full 
cooperation from both industry and 
NRC. Because some of these loads are 
transient and unknown relative te the 
transient earthquake loading, some 
reasonable assumptions will have te 
be made. As suggested by OSD, our 
proposed plan does not attempt to 
evaluate the "most likely" ease for 
these nonseismie loads but simply 
follows the currently used conserva
tive approach. When the total analy
sis is complete, it will be possible 
to determine the importance of these 
nenseismle leads and whether it is 
worthwhile to evaluate them in a 
similar fashion te the approach used 
for evaluating the SMC. 

fask_P.3 - The results of Tasks D.l 
and D.2 have defined what must be 
modeled, the type and magnitude of 
external loading, what transients 
and thermal stresses must be included, 
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and what failure modes Bust be.anal
yzed. With this information, it is 
now possible to review the reeent 
state-of-the-art on inelastic-structure 
response and choose the most appro- ' 
priate technique to use. The choices 
should be based on judgment (i.e., 
which approach best models the phe
nomena of interest), complexity (i.e., 
a faster and simpler-to-use approach 
would be chosen over a slightly better 
but slower and more difficult ap
proach), and comparisons with experi
mental data (see task D.5). 

Ta8k_D._ft — This task wilJ de-'elop 
failure criteria consistent with the 
method of analysis and modes of fail
ure identified. Clearly, this is one 
of the most difficult taskB. For each 
of the failure modes identified, the 
literature must be researched to 
develop failure criteria. These 
criteria should be entered into the 
analysis in the form of a PDF. Most, 
if not all of these PDF'8, will have 
to be obtained by use of a Bayeslan 
approach using the little available 
data. Even if the failure criteria 
are poor, they do not directly enter 
into the calculation of the loads. 
Thus, just comparing the leads ealeu- -
lated by the inelastic methods as 
compared to the eurient SMC will cer
tainly allow one to determine whether 
it is worthwhile to use. an inelastic 
analysis and, if so, what added experi
mental data are required. 

In addition to failure criteria, 
it is necessary to cheese both the 
.appropriate constitutive laws consis
tent with the general requirements 
developed in Task D'.l and the required 
values of the material constants to 
use In the analysis. Once again, 
it will be necessary to use a 
Bayesian approach to define both the 
values and the likely variation for 
these valueB. These do enter in the 
calculation of the loads and, thus, 
are extremely impbrtant. However, 
more data are available to provide a 
better basis for defining these 
parameters. 

Task P.5 " Several dynamic tests, 
into the nonlinear range, have been 
performed on a number of reactors. 
Many of these are reviewed by Howard 

S et al. Using this as a data base, 
as well ae careful review of the 
testing currently heing performed in 
Japan, will provide a number of 
eases to test the adequacy of the 
techniques chosen in Task D.2 and 
constitutive laws in Task D.4. 

The available data should be 
reviewed and cases should be chosen 
for which meaningful ee^parlsons can 

»de to test the approach adopted. 
e these results will be limited, 

they should give seme confidence in 
both the analysis technique and, more 
importantly, in the definition of the 
nonlinear behavior of the material 
including overall damping effects. 
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TaakuD..6 — A number of somewhat 
arbitrary assumptions were made in 
the above tasks: In particular, the • 
values used for the nonseismie loads, 
failure erlterla, and constitutive 
relations. Eventually, each ,6f these 
factors will be appropriately varied 
In the Bysterns analysis. However, 
as discussed in the sections" on the 
systems analysis, it is not practical 
to vary all factor's. Thus, this task 
will be to determine which factors 
are important: i.e., have sufficient 
impact on the final assessment of the 
adequacy of design to insure that 
these factors are appropriately 
included In the systems analysis. 

The initial systems simulation of 
both the current and improved chain 
will allow the choice of the critical 
cases that should be considered. For 
these cases, inelastic analysis should 
be performed where the nonseismic 

loads, failure criteria, and material 
properties are varied. At this time, 
it is not known whether this will 
require a Monte Carlo analysis or 
can be determined from the analysis 
of a few bounding cases. The choice 
will be based on how well one can 
define the nonseismic loads, and how 
important they are relative to the 
earthquake loads. If it is felt that 
one can easily develop meaningful 
PDS's for the vionseismic loads, then 
we suggest the use of a simple Monte 
Carlo approach. 

Once these bounding calculations 
are carried out, it is possible 
to make an overall assessment of 
the advantages and disadvantages 
cf using an inelastic analysis. It 
will also define those areas requir
ing either added data or better 
definition of loads and loading 
combinations. 
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Section i.O 
STRUCTURAL PARAMETERS SENSITIVITY STUDIES 

This section covers three different 
items which we feel must be evaluated 
in the systems context as nnrt of the 
sensitivity analysis. They are: 

(1) Evaluation of the conservatism 
in the approaches used to 
develop floor response spectra. 

(2) Evaluation of adequacy of the 
mode-combination procedures 
currently used. 

(3) Evaluation of both the damping 
values used and the manner in 
which these values are 
reflected in the analysis. 

The approach for each of the above 
will differ somewhat because different 
parameters are invel\'d. However, 
while doing the Monte Garlo analysis, 
the appropriate intermediate variables 
can be saved. Then, by using these 
data, the effect of various factors 
can be determined. 

TASK! E.l. GENERATION 01' FLOOR 
RESPONSE SPECTRA 

Objectives 
The objectives of this effort are 

toi assess the conservatism that may 
be regulated' into the current approach 
of using a single time-history that 
envelopes (he broad-band R.G. 1.60 
speetr'a as input in the free-fields 

then t" arbitrarily broaden the cal
culated floor response spectra to 
nrrnnnt for unknowns '" '"'1f' mructural 
analysis, (2) determine if approxi
mate methods of generating floor 
spectra need to be improved so thai; 
they are an acceptable alternative. 

It is necessary to address these 
objectives in the whole context of the 
systems analysis because: 

(1) The level and shape of the 
basemat response spectra an> 
considerably different in a 
nonpredictable way, depending 
upon the time history used ind 
peak g value, and type of SJII 
conditions, depth to bedrock, 
depth of embedment, etc. 

(2) The basemat response spectia 
are considerably altered, 
depending on the dynamic 
tjsponse characteristics of the 
different main structures, and 
location of the points where 
the floor response spectra are 
to be calculated. 

(3) The uncertainty introduced in 
,the analysis due to the ca' -
culatlon of stiffnesses, esti
mation, of the mass distribution, 
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and estMatteii of material and 
damping properties is also a 
function of structure type and 
complexity. 

(4) Snly the narrow band ef natural 
frequencies ef the maunted 
equipment is iapertant. 

Because of this successive filter-
ing (1 and 3), what might seem an 
important variation at ane step may 
net in fact be important fief the 
dynamic response of the meunted 
equipment. 

J & s j y y U i ^ First, it is necessary 
ta determine the approximate dynamic 
characteristics ef ail important 
Category t equipment classes and the 
relative location of this equipment 
in the various buildings and piping 
systems, etc., and the approximate 
dynamic characteristics of these 
buildings and eyaterns. This informa
tion should be developed in conjunct 
tian with a similar effort described 
in Section 9. Frem this matrix and 
a few building SSI calculations, one 
can select which buildings and systems 
should be analysed to ensure that we 
have covered a sufficient range of 
cases. eiearly, the important para= 
meters are the filtering effects of 
the main structure and the relative 
dynamic characteristics of the mounted 
equipment. 

Having identified what class of 
structures must be considered and at 

what relative locations floor spectra 
should be generated, it is tn easy 
process to save the calculated time 
histories of these locations from the 
Monte ©aria runs of bath the current 
and improved SM@'s. 

faskJklj.a = Pram these time 
histories, it is possible to compute 
fleer=respensa spectra and make the 
following comparisons! 

U ) For the current SMC, ene can 
from the population of floor spectra 
(for each location) determine the most 
"likely" spectra and the possible 
variations and probability of getting 
a given variation. These variations 
can be compared to the current guide= 
lines used to broaden the mean spectra 
to account for all the factors which 
were varied in the systems analysis, 
these comparisons will be made, in 
particular, in the frequency bands ef 
typical mounted equipment. >0Jete the 
probability of getting a given \>aria~ 
tion dees not include the probability 
of occurrence of a &.6> 1.60 spectra.) 
Prom this comparison, ene can determine 
if the current guidelines used to 
broaden the spectra are adequate or 
if for eertain classes ef equipment 
they can be relaxed. 

{%) For the improved SM6, proceed 
as in (l)t however, in this ease, 
because all earthquakes that eeuld 
affect the site are included, we do 
not want the "most likely" but the 



envelope spectra that has a given 
probability of net being exceeded, 
fhls envelope spectra can be compared 
with the spectra la (1) te deteraiae 
the eeasesvati&a of the current 
method, fhe eeaparisea will ale© be 
weighed la the freaueaey bands of 
ty&i&A nouated. equipment, v 

fhe spectra developed in (Z) are 
the best estimate of what would eeeur 
at the site for a given petted of tlaa 
based oa the probability level chosen. 
If comparisons CD and (2) turn out 
significantly different, thea one 
should determine what factors mainly 
contributed te the difference. Me 
expect the mala contributor to Che 
difference to eeae from the choice of 
time=histeries used5 i.e., in M ) , an 
envelope R.G. 1.60 time history was 
used and in (2), real earthquakes 
related to the seisaie characteristics 
of the region, corrected for site 
eeaditlens, were used, Traveling waves 
aad structural daapiag aay also be 
tapertaat, as say inelastic behavior. 
Once the aaia eeatributioas to the 
differeaee(s) are identified, one eaa 
thea deteraiae what additional system 
analysis are required so that the 
results can be generalised for purposes 
of reeoaaeading iapreveaents in the 
eurrent procedure. 

fasJs._EAl.va =* fhe seeond objective 
of the effort is to assess and suggest 
iaproveaents, if necessary, sa the 

apprexiaate methods of generation ©1 
floor spectra, fhe two most widely 
used aethads are the oaes suggested by 

J I 
Biggs and by Rapur and Shao. Biggs' 
method can be improved as it is based 
en the enveloping of results to 
obtain an "empirical procedure." 
ftlgg& used only a very limited number 
of eases and handled SSI by soil 
springs. The extensive calculations 
carried out in getting (2) provide a 
much better "data base" to use to 
extend Biggs' aethed. Me envision 
that the factors used in the method 
would vary regionally and with site 
conditions. Comparisons of the 
proposed improvements of Biggs' 
aethod to the result of (2) and other 
bounding calculations should be made 
te determine the adequacy of the 
method and to assess its conservatism. 

The aethod of Rapur and Shao is 
based oa theoretical considerations 
and therefore aot easily extended in 
the same way as Biggs' method. H e w 
ever, if the results ia the above 
analysis t(D and (2)] indicate, for 
example, that traveling waves are 
important, ens can extend beth methods 
to account in a simple fashion for 
t^iSe factors hy using an approach 
suggested by Seanlan." The "improved" 
site=response design spectra from the 
package on seismic input can also be 
used. If inelastic response is 
extremely important, then approximate 
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correction factors can be developed 
far both Biggs' approach and Kaput 
and §ha©'s approach. 

*TASRi E, 2, COMBINATION OF MODES 
Because of the aasumptioas that 

must be made in deriving the mode 

final verification of the rules must 
be obtained by eeaparisea ef the 
results of a number of time-i'story 
analyses to the results using the 
aeeepted aode-eeabinatiea rules, To 
date, these rules have not been 
tested over a gpeetrua of possible 
time histories which envelope R.<3. 
1,69, nor have the eeaparlsoBS ade
quately included the important effects 
on the response spectra caused by 
SSt. finally, they have not been 
compared to the sees of real earth
quakes that could oeeur at various 
sites ia differeat regions of the 
country. This is particularly true 
of the references cited in R.G, 1,92 
for verification cf the acceptable 
mode eoablaatlen rules, 

Objectives 
The objectives of the effort will 

be tot 
• Determine if the made combination 

rules gives in ft.©, 1,92 are 
adequate and to assess the rela-
tive conservatism of using the 
spectral analysis approach ve a 
time-history "approach. 

• Assess the added conservatism 
that is introduced by using an 
envelope response spectra in the 
free-field rich in all frequeaey 
components. 

Approach 
to ittosove existing assessments, 

it is necessary to! 
(1) Ensure that the important 

dynamic characteristics of ail impor
tant classes of Category 1 structures, 
systems, equipment, etc, have been 
included. Of particular interest are 
closely spaced modes. 

(2) Ensure that a statistically 
adequate sample of possible time 
histories representing R.G, 1.60, 
real earthquakes, and the biasing 
effeet that eould oeeur because of 
the differeat levels in seismic 
activity ia various regions have been 
included, 

0 ) Ensure that a range of sites 
accounting for the Strang "filtering" 
effeet induced by the SSI ealeulatienal 
step has been adequately included, 

fhe systea analysis carried out for 
the current §MS should iaelude a 
statistically adequate sample of 
tiae histories. Also, the analysis 
should be carried out for bath a rep
resentative sad several "bounding" 
sites, 

She systems analysis of the improved 
8MB will provide the needed data 



covering the raage ef teal earthquakes 
that eaa oeeur at a given site. 

TaBk.Ej.2jl =* She dyaamie character^ 
isties, etc., ef all impertaae 
Category 1 itews should be obtained 
from the effete described above la the 
seetiea ea the develepmeat ef fleet 
eesponse spectra. For eaeh structure 
included in the systems analysis» It 
is necessary to determine at what 
elevations and locations comparisons 
should be made. These Mnuld be 
ehbsea by using several criteria. 
The most important ate those locations 
contributing mostly tb the design 
controlling stress. Eaeh structure 
used in the system model should be 
examined tb determine, according to 
either structural configuration and/ 
or dynamic characteristics of the 
structure at which additional leea= 
tions comparisons should be made. 

Jasjfe_B,_3.. 2 =* The analysis scheme 
outlined for both the current and 
improved SMe is based on the tlme= 
history approach, However, the infer= 
matiea needed to carry out a medal 
analysis is part ef the output of the 
dynamic analysis program used to 
analyze the structures. Thus, it is 
a simple problem to combine these 
results with the spectra developed 
above and compare the dynamic 
response quantities computed via the 
aede=eembiaatien rules with those 
calculated by the time=histery method. 

The assessments ef the above com
parisons should be made in the follow^ 
ing manner. For each pass threugh the 
systems analysis, calculate the 
response (at eaeh location) by using 
both the time-history analysis aad 
a spectral analysis with the appr©= 
nriate ftade=&a«ihiaatibn rule,. This 
gives two sets ef data. Then ene can 
determine by use of standard "signlfi= 
eance" tests whether there is a Big-* 
nifieant difference between the two 
methods. This can be done both by 
considering eaeh data set separately 
and by testing the two sets as an 
ordered pair (i.e., eaeh pass gives a 
tlme^histoty value and a medal value). 
If these tests shew a significant 
differeace, then further significance 
testing should be performed for sub=> 
groups of the data. Such testing 
would determine which (if any) con
ditions might consistently lead to a 
significant difference between the two 
methods) such parameters as closely 
spaced modes, odd structural configure 
ation, real earthquakes, time histories, 
e t c , should be used ia the cress= 
correlations. Frem this analysis 
one can determine if the mode eem= 
binatioa method ia or te aot adequate 
under all eases, or what are (bath 
type and value) the conditions for 
which the method is "inadequate." 
Clearly, if the mode combination 
method significantly underestimates 
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the dyna»ie quantities of interest) 
the method would be deemed inadequate. 
However, if it overestimates the 
dynamic quantities, it is mbte diffi= 
cult to determine 'if the approach is 
"inadequate." In either ease, the 
only meaningful test of the signi£i= 
eanee ef any differences that occur 
between the two methods is the impact 
an the final calculated stresses 
relative te the variation that can 
oeeur in these calculated values 
caused by all the other uncertainties 
existing in the overall SMG. 

the necessity of adding special 
eases to fill out the data set depends 
on the results of the somewhat 
restricted systems analysis ef both 
the current and improved SMS, One 
ean then determine whether meaningful 
conclusions can be reached without the 
necessity ef carrying out the detailed 
system analysis over an extended range 
of sites and conditions• 

The above analysis will allow one 
to assess the adequacy of the mede= 
combination rules and their relative 
conservatism vs the time^histary 
method* An important question is the 
conservatism that oeeurs because an 
envelope spectra used [ft.@. 1.66] in 
the ffee^field rich in all frequency 
components is compared to real earth= 
quakes which have many frequencies 
suppressed. The answer te this ques-* 
tion also falls out ef the above 
analysis. If the use of an envelope 
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spectra is conservative then the 
significance test will show (pre= 
sumably) that the aede^eembitiatien 
results are significantly higher than 
those obtained by the time=history 
method for the current SMC as eea= 
pared te the same comparison for the 
improved SMS. it should be noted 
that we are proposing only comparing 
the differences between a time-history 
calculation and a modal calculation. 
Thus, it is possible to conclude that 
there was very little difference 
between the. current SMG and the 
improved SHC regarding the stress 
differences between the time-history 
method ana the modal method; and yet 
elsewhere conclude that there was 
considerable difference between the 
level ef response between the two 
SMG's. 
fASKt E.3. DAMPING VAUJ2S AND THEIR 
1MPAGT ON SEISMIC LOADS 

This task deals with two different 
aspects of damping. The first dees not 
need to be evaluated in the context 
of a systems analysis, it determines 
what damping values should be used 
in the linea' analysis that is past 
ef improved SMG. it also reviews 
adequacy of the current guidelines 
given in &.G. 1.61. The second aspect 
is concerned with the impaet that 
any given choice ef damping values 
has on the final loads. This evalua** 
tien must be carried out in the 
systems eontekt. 



Of particular importance is the 
damping.Jtad&l employed. In aetual 
structures, the energy dissipation is 
caused by fallowing phenomena; 

• Viscous damping due to molecular 
viscous action of materials. 

• Hysteretie damping due to imper
fect elasticity of structural 
members . 

• Slip nation at joints between 
structural mettbera» 

• Radiation damping due to soil/ 
structures interaction, 

• Collision between structural 
components.' 

• eempaetien of erushable material 
sue* as insulation an pipes. 

• Slashing ef liquids in tanks and 
vessels. 

in most dynamic analyses, the 
damping mechanism of a structure has 
been evaluated as viscous-damping 
proportional to the velocity of the 
structure. Experimental data eenfirm 
that energy dissipation is net linear. 
Nevertheless, simplicity ef analysis 
causes most studies to use equivalent 
viscous damping. The tabulation by 
fciewmark, or NRG in R.e. 1.61, are mast 
often referred to. These damping£> 
given as fraction of critical damping, 
are specified for various types of 
materials, construction and assembly 
methods, and stress levels. Nate 

that these dampings are generally 
used as madai damping, a different 
value being assigned to each mode ef 
vibration ef the structure. 

This femulation is then used to 
evaluate the damping coefficients 
from the experimental data. However, 
because the model used to evaluate 
"damping" for a given test is ich 

, a peer representation of the aetual 
phenomena, it is difficult to properly 
extrapolate the test to some other 
problem. 

To evaluate damping fully, it is 
necessary to include, in addition to 
the above factors, the effect of the 
response ef the structure. Depending 
upon the nature of the excitation, 
the role that damping plays changes. 
For example, for piping systems, etc., 
which are assumed to be very lightly 
damped, it makes considerable differ
ence if the earthquake is of very 
short duration tshoek-like) or many 
cycles of near-peak motion, A time-
history enveloping a broadband input 
spectra will generally have many 
cycles ef near»peak mettonj whereas, 
it may well be that none of the 
earthquakes that a given site might 
experience would be ef this nature. 
Thus, importance and impaet ef various 
ehoiees of damping values eeuld also 
be regionally dependent. Also, the 
damping rele ef the soil may be very 
important. The really major effect 
of different levels of damping eeeurs 

-124-



near resonant renditions, thus, the 
filtering effect of SSI analysis 
could have considerable impact on 
the effects of different damping 
values and the final loads. 

J 

Objectives 
The objectives of this package 

aret 
• To develop a definitive source 
book on damping factors for use 
in design of nuclear power plants 
and define what added empirical" 
damping data are needed either 
to assess the currently used 
values and/or change them. 

• To assess the impact on the 
final leads/floor spectra of 
various choices of damping 
relative to both the eurrent SMG 
and to a series of real earth*-
quakes as given in the improved 
SMG. 

TasJt__8«.3..JL — Thie task is to 
gather all damping data in the litera= 
ture and to assess for each test the 
nature and level of excitation, the 
stiffness of the test structures, 
possible sources of nenlinearity, main 
sources of the damping, and the 
approach used to estimate damping 
values from the test data. 

lask_R«A.J = This task•is to review 
the vay damping is entered into typi= 
eal ealeulatlenal approaches for anal-
ysis of nuclear power plants, in 

light of Task £.3.1 and relative to 
the stiffness of structures, and pip= 
ing loops, 

a) What typical ways of estimating 
damping values fre&r experimental 
data are applicable? 

b) What class of nennuelaar struct 
tures can we use damping data 
from to extrapolate for use in 
nuclear power plant analysis? 

e) What effect will the difference 
between seismic excitation and 
test excitation have on damping 
values, and when do nonlinear 
effects become important, etc? 

Taak.l.,3..3 •= This task is to use 
the results of Task E.3.2 to extract 
the useful data from Task E.3.1. In 
some cases, the data for given tests 
obtained in Task E.3.1 will have to 
be reevaluated in light of Task E.3.2. 
With this improved data set, and in 
conjunction with the assessments diB-' 
cussed, it is possible to cast the 
damping values into probabilistic 
form suitable for use in the improved 
SMC by using a Bayeeian approach. At 
this stage, it is then possible to 
make a simple assessment of current 
guidelines. 

TaskJi.Jjl = if this task is to 
achieve the second objective above, 
it is neeessary to u^e the output of 
the systems analysis, it should be 
recalled that, in the systems analysis 
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ef the current SMC, the damping values 
were restricted te the current regular 
tions. Thus, it will be necessary te 
extend seme ef the structural analysts 
in the current ehain by.using the 
variation in damping developed in 
task E.3.3. 

The results ef the systems analysis 
ef both the current and improved 
chains, plus the added data developed 
abeve, will allow one to directly 
determine how structural loads vary 
relative to damping as a function of 

the type ef excitation (real earth
quakes vs R.6. 1.6 earthquakes) and 
structure type. The added filtering 
effeet ef the SSI calculation can 
also be calculated. From this, one 
will be able te determine if increas
ing the damping values is significant 
and if it is important to have «ell= 
defined damping values and 
distributions. 

the effect of damping on fleer 
spectra can be made by using the 
results of the study on floor spectra. 
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Section 11 
MOST NEEDED FUTURE WORK 

In the preceding sections, we have 
analysed the current SMC In some 
detail and have presented many alter
native approaches to phases of the 
current SMG. Rather than attempt to 
summarise the large amount of mate
rial, we pinpoint what we judge to be 
the most pressing Items having the 
greatest impact on the overall design/ 
assessment process. 

Currently, we judge that the most 
severe problem is the proper relation 
between the specification of possible 
earthquake ground motion that could 
be reeorded by an aeeelerometer at 
the surlaee of a given site to the 
design response spectra, considering 
that an elastic analysis is used with 
a conservative "failure criteria." 
As pointed out in Seetien 3, this 
problem has been handled by 
arbitrarily suppressing the design 
g value relative to the definition' 
of the seismic haaard defined in 
Appendix A. While the current 
seismie design of nuclear power 
plants undoubtedly offers consider" 
able protection relative to earth
quakes, it is impossible to judge 
what this level of protection is and 
if it is acceptable. The program/ 
plan we outlined above would, of 
course, provide this information and 
much more, tn our judgment, this 

problem is so pressing that it should 
be addressed at once, even if an "ad 
hoc" approach is used. 

Alternatively, nonlinear methods 
of analysis could be introduced and 
more realistic failure criteria used. 
"Failure" should not be defined in 
terms of the failure of any given 
element but factored into a fault-
tree analysis such as that developed 
in WASH-WOO* It would then be 
possible to define the earthquake in 
a more realistic manner, and the true 
weak points of the design could then 
be properly identified. The net 
result would be a better designed 
system with improved safety for ail 
conditions. 

The SR/SS1 analysis methodology 
profoundly influences the design 
spectra, yet there is little-to-no 
evidence that the methods used to 
predict the effects of analysis are 
realistic, conservative, or unconser-
vative. Qualification of the present 
quasllinear or newly proposed non
linear methods by large-scale testing 
and analysis of real large-scale 
events such as earthquakes and nuclear 
veapons tests is badly needed. The 
problem is rendered more complex by 
the suggestion (discussed above) that 
traveling waves are extremely impor
tant. All of these factors can be 



seasonably verified by carefully 
assessing existing data and method
ology, as discussed In Sections 6=8, 
and a properly designed testing pro
gram. The relation of the spectral 
shape to local site factors and de-
convolution must also be resolved so 
that test data to generic sites can 
be extrapolated. 

Many other important items have 
been identified elsewhere along with 
proposed programs. In some cases, it 
is possible to perform the work 
without reference to the overall 
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system, e.g., the relation of the 
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