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The Organization for Economic Cooperation and Development (OECD) was set
up under a Convention signed in Paris on 14th December 1960, which provides
that the OECD shall promote policies designed:

- to achieve the highest sustainable economic growth and employment and
a rising standard of living in Member countries, while maintaining
financial stability, and thus to contribute to the development of the
world economy;

- to contribute to sound economic expansion in Member as well as non-
member countries in the process of economic development;

- to contribute to the expansion of world trade on a multilateral, non-
discriminatory basis in accordance with international obligations.

The Members of OECO are Australia, Austria, Relgiun, Canada, Denmark,
Finland, France, the Federal Republic of Germany, Greece, Iceland, Ireland,
Italy, Japan, Luxembourg, the Netherlands, New Zealand, Norway, Portugal,
Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States.

Legal Notice

The Organization for Economic Cooperation and Development assumes no liability
concerning information published in this Report.
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The OECD Nuclear Energy Agency (NEA) was established on 20th April 1972,
replacing OECD's European Nuclear Energy Agency (ENEA) on the adhesion of
Japan as a full Member.

NEA now groups all the European Member countries of OECD and Australia,
Canada, Japan and the United States. The Commission of the European
Communities takes part in the work of the Agency.

The objectives of NEA remain substantially those of ENEA, namely the
orderly development of the uses of nuclear energy for peaceful purposes. This
is achieved by:

- assessing the future role of nuclear energy as a contributor to
economic progress, and encouraging cooperation between governments
towards its optimum development;
encouraging harmonization of governments' regulatory policies and
practices in the nuclear field, with particular reference to health
and safety, radioactive waste management and nuclear third party
liability and insurance;

- forecasts of uranium resources, production and demand;
- operation of common services and encouragement of cooperation in the

field of nuclear energy information;
- sponsorship of research and development undertakings jointly organized

and operated by OECD coi'.itries.

In these tasks, NEA works in close collaboration with the International
Atomic Energy Agency, with which it has concluded a Cooperation Agreement, as
well as with other -international organizations in the nuclear field.

1

The Committee on the Safety of Nuclear Installations (CSNI) is an
international committee made up of scientists and engineers who have
responsibilities fo" nuclear safety research and the nuclear licensing
process. The Committee was set up in 1973 to develop and coordinate the
Nuclear Energy Agency's work in nuclear safety matters, replacing the former
Committee on Reacto'" Safety Technology (CREST) with its more limited scope.

The Committee1; purpose is tc organize international cooperation in
nuclear safety. This is done esentially by:

(i) exchanging information about progress in safety research and
regulatory matters in the different countries, and maintaining banks
of specific data; these arrangements are of immediate benefit to the
countries concerned;

(ii) setting up working groups or task forces and arranging specialist
meetings, in order to implement cooperation on specific subjects,
and establishing international projects; the output of the study
groups and meetings goes to enrich the data base available to
national licensing authorities and to the scientific community at
large. If it reveals substantial gaps in knowledge or differences
between national practices, the Committee may recommend that a
unified approach be adopted to the problems involved. The aim here
is to minimize differences and to achieve an international consensus
wherever possible.
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The technical areas at present covered by these ac t i v i t i es are as
fol lows: part icular aspects of safety research relat ive to water reactors,
fast reactors and high temperature gas-cooled reactors; probabi l is t ic
assessment and r e l i a b i l i t y analysis, especially with regard f> rare events;
s i t i ng research as concerns protection against external impacts; fuel cycle
safety research; the safety of nuclear ships; various safety aspects of steel
components in nuclear ins ta l la t ions ; l icensing of nuclear insta l la t ions and a
number of specif ic exchanges of information.

The Committee has set up a Sub-Committee on Licensing which examines a
variety of nuclea- regulatory problems, provides a forum for the free
discussion of l icensing questions and reviews the regulatory impact of the
conclusions reached by CSNI.
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FOREWORD

1. To meet safety requirements, both siting and design of nuclear
installations must allow for, among other natural hazards, the threat
presented by earthquakes. Given the widespread need to understand how to
adequately counter seismic risk, the OECD Nuclear Energy Agency has sponsored
specialist meetings on the antiseismic design of nuclear plants in 1972 in
Pisa, in 1975 in Paris, as well as one in 1977 in Rome specifically focussed
on the 1976 Friuli earthquake. In addition, a CSNI Expert Group worked from
1976 to 1979 to survey the state of the art in defining appropriate reference
ground motions to be input into safety assessments of nuclear plants.*

2. Seismic risk analysis is a rapidly advancing art. There has been
considerable activity in this area since the first CSNI Specialist Meeting on
the subject was held in Lisbon, Portugal in October 1980. Increased emphasis
is being placed on performing complete seismic safety analyses, refining
seismic safety requirements for both new and operating plants, and identifying
needed research. These objectives require that all seismic elements be
considered as part of a single integrated process, rather than in isolation.

3. This second Meeting promoted the exchange of information on present and
future national research programs including experience with methods, data and
recent]y obtained results. Meeting participants were asked to identify
desirable future developments in methodology and data collection and to
suggest how these may be achieved.

4. The Meeting was hosted by Lawrence Livermore National Laboratory (LLNL)
and was held at their facilities in Livermore, California. The Meeting was
supported by the United States Nuclear Regulatory Commission. On the morninn
of 19th May, visits were -nade to various large experimental facilities at
LLNL.

5. Technical advice in preparing and directing the meeting was provided by a
Programme Group consisting of:

Dr. Paul Smith (General Chairman)
Lawrence Livennore National Laboratory
P.O. Box 808
Livermore, California 94550
United States

Mr. Didier Costes
IPSN - DSN
CEN de Fontenay-aux-Roses
B. P. No. 6
F-92260 Fontenay-aux-Roses
France

*NEA published the Report of the Group in 1981 as CSNI Report No. 26.
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Prof. Gert Konig
Ins t i tu t fur Massivbau
Technische Hochschule Darmstadt
Alexanderstrasse 5
D-6100 Darmstadt
Federal Republic of Germany

Mr. F. Muzzi
Insi tuto Sperimentale Modelli e Strutture S.p.A.
via Taramelli 14
Roma 00197
Italy

Prof. Heki Shibata
Inst i tu te of Industrial Science
University of Tokyo
22- l s Roppongi 7 Chome
Minato-ku
Tokyo 106
Japan

Mr. M A H G Alderson
UKAEA-SRD
Wigshaw Lane, Cuicheth
Warrington WA3 4NE
United Kingdom

Prof. C. A. Cornell
Stanford University
P.O. Box 926C
Stanford, Cal i fornia 94305
United States

Dr. Don L. Bernreuter
Lawrence Livermore National Laboratory
P.O. Box 808
Livermore, California 94550
United States

Dr. Robert J. Budnitz (Secretary)
Future Resources Associates
Berkeley, California
United States

Dr. Michael Stephens (Organizer)
OECD Nuclear Energy Agency

6. Following is the report on the Meeting prepared by the General Chairman,
Dr. Smith, along with the four recommendations drafted by the Programme Group
and discussed in a final plenary session. All of the recommendations are
specificallly directed to the attention of CSNI.
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REPORT BY THE GENERAL CHAIRMAN, DR. PAUL D. SMITH

It is almost a trite observation to note that significant advances have
been made in seismic PRAs (probabilistic risk assessments) since the first
CSNI Meeting on Seismic Risk in Lisbon. In the following, I make a series of
observations on such assessments.

(a) All PRA studies, seismic or otherwise, contain simplifications and
conservatisms. We must be very careful that these simplifications
and conservatisms do not distort or warp the conclusions we draw
from these analyses. We must exercise our analyses to convince
ourselves that our conclusions are robust. Where we are now in
many of these assessments is at a stage where we can identify
where we logically could and should look in more detail.

(b) If we insist on waiting for sufficient data before we perform
these assessments, we will wait a very long time indeed. If we do
wait, while we do so others will make the necessary decisions, and
if these decisions are based on traditional methods they will be
based on less insight than can be obtained form these assessments.

(c) Three key issues and types of analyses associated with PRA results
are:

« Uncertainty
c Sensitivity
• Variability

The connections between various categories of decisions and the
appropriate technical analysis types and inputs to these analyses
are not well established.

(d) We must find ways to make the results of such assessments more
concrete and better connected to traditional methods and
engineering considerations. For example, in one seismic PRA I can
recall an assertion that a factor of 3 difference on core melt
probability was not significant. Yet an examination of the same
assessment revealed that a factor of 3 was equivalent to 2
additional safety systems of the. type under evaluation. This is
hardly insignificant.

(e) There are reasons that the dominance of the seismic hazard (as we
characterize it now) in its effect on uncertainty on risk will
decrease with time—but probably not to the point where it is not
quite important.

(f) Large uncertainties in the seismic hazard do not prevent us from
using such assessments to identify the weak links at a specific
plant and site. This is because whatever the hazard curve is we
are certain it is common for all elements of the plant and quite
sure it decreases with increasing acceleration.

(g) It is too early to confidently state that uncertainties in seismic
PRAs are significantly larger than in internal event PRAs. Such a
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statement Is probably due to lack of familiarity rather than with
technical realities.

(h) It is a logical question to ask why we cannot achieve much insight
by a post-SSE failure analysis without the additional elements of
systems, etc. We can, but we should also understand that the
figure of merit chosen will (may) have a significant effect on
decisions* For example, our assessment may use

9 Post-SSE failure analysis
» Core melt, or
• Public risk

as the figure of merit. The closer our assessments are to some
measure of public health and safety, the more insight we will
provide to what the appropriate safety decisions should be.

(i) The use of margin as a broad safety assurance measure has been
effective to a certain degree. However, seismic PRA methods do
appear to offer the potential to help us devise seismic safety
requirements that are more effective in that they provide more
safety for less cost because they provide a mechanism to focus our
efforts and attention on important items according to some overall
measure of the probable plant nerformance.
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CONCLUSIONS AND RECOMMENDATIONS

From the papers presented and the five discussion panels, the Programme
Group drafted the following conclusions and recommendations. These were
discussed and refined in a plenary review session on the final day of the
Meeting.

At the conclusion of the First CSNI Meeting on Seismic Risk in Lisbon,
the importance of the seismic contribution to reactor risk was unknown. In
the intervening two and one-half years significant progress has occurred in
methods of analysis of seismic risk. Although based on only a few studies, a
conclusion is emerging: The seismic contribution to risk could be relatively
important. This conclusion is not a general one because there have only been
a few studies, the methods of analysis are still evolving, and there is a
general deficiency of data.

(a) In the seismic hazard area, several approaches for the development of
seismic hazard curves were discussed, including much new work. This new
work includes, for example:

• Analysis of historical seismicity
• Source and wave propagation modeling
• An improved strong motion data base
• Regional tectonic evaluation
• Improvements in the methodology for assessing the seismic hazard.

The Meeting recommends that the CSNI assist further progress in this area
by supporting international collaboration to achieve coherent treatment
of historical seismicity and the exchange of strong motion data.

(b) In the area of predicting plant dynamic behavior, it is now possible to
perform complex calculations using detailed models. However, the Meeting
agreed that effective simplified dynamic models can be developed for many
applications, but that they must be validated. The Meeting recommends
that the CSNI assist further progress in this area by supporting
international collaboration to validate simplified models including
benchmark tests.

(c) In the area of analyzing fragility/loss of function, there have been
several important applications since the Lisbon Meeting. These analyses
do not have sufficiently strong empirical basis. Both test and
observational data are needed including non-nuclear experience where
relevant. The Meeting repeated the recommendation from the Lisbon
Meeting:

First, the Meeting recommends that the evaluation programme to be set up
as part of the CSNI Incident Reporting System (IRS) should include the
collection and assessment of operating experience relevant to seismic
plant behavior.

Second, the Meeting recommends that CSNI look into setting up an
appropriate mechanic to compile and make available internationally
pertinent as-built construction data and failure test data.
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(d) There have been a few probabilistic risk assessments (PRAs) that have
included seismic initiators and it is anticipated that many more such
PRAs will be performed in the near future. The performance of these PRAs
will in itself promote advances in seismic risk assessment and provide an
overall perspective for seismic risk.

The Meeting recognizes that deterministic methods will continue to be
used to design nuclear power plants for the effects of earthquakes.
Seismic PRAs should be viewed as a tool which can be used to measure the
effectiveness of design requirements and to help define these
requirements, taking due account of uncertainties, in order to produce
nuclear power plants which balance the risk from seismic events with the
risk from other contributing events.

The Meeting recommends that the CSNI promote the exchange of
methodologies, data, and results from these PRAs by establishing a formal
clearinghouse mechanism.
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INVITED KEYNOTE ADDRESS

Professor David Okrent
School of Engineering and Applied Science

University of California, Los Angeles
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A PERSPECTIVE ON THE REGULATION OF SEISMIC RISK

David Ok rent
School of Engineering and Applied Science

University of California, Los Angeles

INTRODUCTION

This paper will deal with the seismic safety of nuclear power plants in
the United States. I shall try to provide a regulatory perspective from the
viewpoint of a member of the Advisory Committee on Reactor Safeguards (ACRS)
but any opinions expressed herein will be my own. I shall first try to review
some history covering the period 1960-1975 (pre WASH-1400). I shall then
examine how insight into probabilistic seismic risk has changed since 1975;
and I will conclude with an examination of some recent seismic safety
developments.

The 1950s and Early 1960s (1)

Aseismic design was generally not included in the commercial power
reactors built east of the Rockies prior to 1964. For the Humboldt Bay
reactor in northern California, seismic design factors slightly more
conservative than those used for conventional power plants were proposed and
accepted in 1960, but little attention was given to the specific seismic
design approach used.*

Bodega Bay

It was with the review in 1963-64 of the proposal by Pacific Gas and
Electric (PG&E) to build a boiling water reactor at a remote site on Bodega
Bay, California that seismic safety questions became a serious part of a
construction permit review. The site for the proposed Bodega Bay reactor lay
only about 1000 ft west of the San Andreas fault zone.

In its first safety evaluation report on these reactors, dated April 2,
1963, the AEC Regulatory Staff accepted the applicant's proposed seismic
design basis of 0.3 g subject to the qualification that no faults existed
under the plant. The ACRS agreed to this approach in a report to AEC Chairman
Seaborg dated April 18, 1963 which focused primarily on other safety matters.

In hindsight, both the ACRS review and that of the Regulatory Staff was
far too limited in view of the nearness of the proposed site to the San
Andreas fault. In effect, at this site there was a high probability that the
ability of the reactor to accomplish safe shutdown in the face of a major
earthquake would be challenged during the lifetime of the plant.

•The seismic design adequacy of Humboldt Bay was questioned first in 1958 and
once again in 1977 with the discovery of active faults in the region, leading
to shutdown of the reactor.
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Foundation excavation for the containment building proceeded, and several
small faults were found. Approval of the construction permit was delayed, and
the Regulatory Staff obtained the assistance of the US Geological Survey and
the Coast and Geodetic Survey, as well as that of Professor Nathan Newmark of
the University of Illinois and Dr. Robert A. Williamson of Holmes and
Narver. The USGS judged that, although it was only possible to conclude that
displacement in the foundation faults had occurred during the last 400,000
yrs, it might have occurred recently. They also believed there was a
possibility of sympathetic faulting in regions very near the main San
Andreas. For these reasons they recommended that consideration be given to
design for a two- to three-ft permanent offset under the reactor.

On March 24, 1964 the large Alaskan earthquake occurred, producing
considerable damage in Alaska as well as an appreciable tsunami at Crescent
City, California. By May, 1964 PG&E had raised its proposed design basis in
Bodega Bay to 0.66 g, and in June, 1964 it agreed to design the plant for
displacement of three ft, even though its own consultants argued that any
differential motion should be less than an inch.

The ACRS appeared to believe that such a large displacement was unlikely,
and, in any event, accepted the statements by seismic engineering experts,
George Housner, Karl Steinbrugge, and Nathan Newmark, that design for three-ft
displacement was feasible. The ACRS recommended in favor of construction in a
letter to AEC Chairman Seaborg dated October 20, 1964. The Regulatory Staff,
however, took a differing opinion, namely that design for such displacement
was novel and could not be verified. The Staff concluded that Bodega Head was
not a suitable location for the proposed reactor. PG&E withdrew its
application.

Malibu

The Malibu construction permit review and hearing represents a landmark
in several ways. It was the first time that an Atomic Safety and Licensing
Board (ASLB) ruled in favor of an intervenor, effectively rejecting the
application. It also provided the first quantitative input by the Atomic
Energy Commissioners into the question "How safe is safe enough?" for nuclear
power plants. Furthermore, it was the reactor for which the Regulatory Staff
and its consultants first developed seismic engineering criteria, stress
limits, and guidance on seismic analytic methods to be used.

The Regulatory Staff, together with its advisors, the USGS and the Coast
and Geodetic Survey, concluded in July, 1964 that a seismic design
acceleration of 0.3 g was acceptable, and that the potential hazard from
surface displacement was small enough to be neglected. The ACRS concurred.

At the ASLB hearing, Professor H. Benniof, a consultant to the
intervenors, raised a serious question about the maximum earthquake magnitude
considered by USGS at this site. He predicted that a magnitude of up to 7.25
might occur on the Malibu Coast fault zone (800 ft north of the reactor
location) rather than the 5.5 magnitude chosen by USGS. At Malibu, as at
Bodega Bay, excavation revealed small faults that would pass under the
containment structure.

The ASLB held that the plant would have to be designed for differential
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displacement. The Regulatory Staff appealed the decision to the Atomic Energy
Commissioners!, who upheld the ASLB, even though the available data indicated
that movement had not occurred on the fault under the reactor in the last
10,000 yrs and possibly not for 180,000 yrs.

Eastern U.S.

In late 1963 and early 1964 the question of an appropriate seismic design
basis was first raised for an eastern reactor, namely Connecticut Yankee at
Haddam Neck, Conn. A consultant to the applicant recommended a safe shutdown
earthquake (SSE) of only 0.03 g. However, the USGS recommended 0.17 g, which
was accepted by the applicant. All succeeding reactors included an explicit
seismic design basis; however, as a later re-evaluation of Oyster Creek (2)
and of Dresden (3) revealed, it was not until 1965-66 that reactors began to
employ seismic design criteria and methods of analysis relatively similar to
those of the 1970's. Even then, attention in seismic design was given mostly
to important structures and major components.

Seismic Criteria

The Regulatory Staff began developing seismic and geological siting
criteria in 1965 and formally submitted a draft to the ACRS for review in
1967. After many additional redrafts, the AEC finally issued in November,
1971, a Notice of Proposed Rulemaking by adding Appendix A, Seismic and
Geological Criteria, to 10 CFR Part 100. A revised form of the proposed
Appendix A was adopted in 1973.

One important difference between the ACRS and the Regulatory Staff
concerning the proposed seismic criteria related to the matter of what
"seismic floor," i.e., minimum SSE, should be used. In 1968, the ACRS
consultants on seismology and geology expressed concern over whether the
approach being taken east of the Rockies was sufficiently conservative, and
the Committee asked the Staff to consider a higher seismic floor. The ACRS
reiterated this concern in 1973, suggesting that a floor of 0.15 g to 0.2 g be
used. However, the ACRS recommendation was not accepted.

Probabilistic Seismic Safety...Early Developments

In August, 1974 Dr. Stepp of the Regulatory Staff estimated that the
return frequency of the prnposed SSE for the Greenwood, Michigan site was
10" /yr,and said that the same return frequency was reasonable for other sites
recently reviewed. (An SSE return frequency of 10 /yr had usually been
suggested previously.) The ACRS wrote to Mr. Muntzing, the Director of
Regulation, asking how an SSE return frequency of 10 /yr was compatible with
the 10°'/yr identified in the Staff report on ATWS (4) as the objective for
the frequency of a serious accident from any specific source like earthquakes.

The Regulatory Staff response to the ACRS was two-fold. First, the staff
argued that the use of Appendix A did not introduce any requirement for a
quantitative criterion on return frequency for the SSE. Secondly, they argued
(qualitatively) that there were many large safety factors inherent in the
seismic engineering design so that, overall, serious reactor accidents due to
earthquakes should have a very low probability per year of occurrence. The
Staff also stated that there were very large uncertainties in any estimates of
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the return frequency of the safe shutdown earthquake and concluded that "the
margins of safety inherent in use of our seismic design requirements are not
currently quantified, nor do we believe that they can be, at this time, with
sufficient rigor to be used in making specific licensing decisions."

Since Appendix A did not provide any real guidance on how to allow for
the fact that only a very limited amount of empirical data was available
(i.e., the recorded history of earthquakes in the United States is very short,
measured in geologic time), the matter was left to the judgment of the
individual reviewer, and differences of opinion existed in the return
frequency which corresponds to the SSE. A graphic illustration of how large
such differences could be was provided by a survey of expert seismic opinion
(5) in which seven experts varied by factors of 1,000 to 10,000 in their
estimates of the return frequency of the same large earthquake at 11 different
reactor sites.

As more return frequency estimates were provided to the ACRS by the staff
or the applicants for construction permits following the Greenwood review, the
estimated frequency tended to become larger, and values larger than 10~^ per
year for the probability of exceeding the SSE were not infrequent. This
further compounded the problem of judging what constituted an adequate seismic
design basis.

Some seismic engineers began to provide their estimates of a rough
quantification of the risk to nuclear reactors from earthquakes. For example,
Professor R. Whitman of Massachusetts Institute of Technology, speaking for
the Atomic Industrial Forum Ad Hoc Committee on Seismic Design Bases at a
meeting held with the Regulatory Staff on September 19, 1974, in Bethesda,
Maryland, discussed conservatism in seismic design and listed a chain of steps
to a seismically induced reactor accident and their probabilities^ In his
opinion these factors combined to give him an overall risk of 10 to 10 per
reactor-year of a serious accident from an earthquake (which met the criterion
defined in WASH-1270 on ATWS).

Seabrook

In 1974, the review of the Seabrook, New Hampshire, reactors again
provided a focal point for questions of seismic design adequacy. Additional
comments by member Okrent to the ACRS letter on Seabrook of December 10, 1974,
to AEC Chairman Dixy Lee Ray include the following:

"During the ACRS review the Regulatory Staff stated that the seismicity
of the tectonic region applicable to the Seabrook sita could be interpreted to
be about an order of magnitude larger than other tectonic provinces having a
similar maximum historical seismic event. Furthermore, a member of the
Regulatory Staff stated that his estimate of the probability per year of
occurrence of an earthquake of intensity MM VIII at the Seabrook site is about
10~4, and the Staff did not rule out the possibility of a larger earthquake
occurring within the region under consideration. They stated that
conservatism in analysis, stress limits, and other factors decreases the
overall probability of failure of seismic Class 1 structures and piping by a
few orders of magnitude, and hence the overall probability of a seismically
induced accident exceeding 10 CFR Part 100 would be acceptably low. However,
earthquakes are almost unique in their ability to fail each and every
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structure, system, component, or instrument important or vital to safety, and,
in my opinion, the Staff evaluation of additional margin available from stress
limits, methods of analysis, etc., did not consider all such systems, e.g.,
D.C. power or emergency A.C. power.

"It is clear that the capability of a reactor to achieve safe shutdown,
assuming its SSE occurs, cannot be fully demonstrated by test, Those limited,
detailed and independent audits of seismic design of actual plants that have
been published indicate that some inadequacies in design and construction
exist. Equally or more important, it appears to be unlikely that the plant
could survive safely, with a high degree of assurance, a larger earthquake
having one or two orders of magnitude lower probability than the proposed
SSE."

WASH-1400

The reactor safety study, WASH-1400 (6), provided support to those who
estimated a low risk of a serious reactor accident from seismic causes. The
estimate given there was that seismically induced core melt had a frequency of
5 x 10 7per reactor-year for a reactor on an average foundation, and less
than 10"' per reactor-year for a reactor on a rock foundation.

In a preliminary evaluation of the WASH-1400 report issued on November
15, 1975, by a review group from the NRC Regulatory Staff, the conclusions in
WASH-1400 on seismic risk were generally endorsed, as follows:

"Comments on the WASH-1400 draft report identified large earthquakes as a
potential mechanism for causing multiple system failures and questioned the
probabilities given for seismic failure modes. The Study has revised its
treatment of this issue to include explicit recognition of the observational
data regarding the distribution of earthquakes with respect to intensity.
Also examined were the safety margins in a facility when subjected to
earthquakes larger than used for design purposes. The calculations reflect
the view of acknowledged authorities and current information.

"The Study provides a significant perspective on the relationship between
basic ground motions, the energy absorption capacity of a structure, and the
probability of exceeding design limits. The Study conclusions relating to the
probability of failure may be open to question in view of the differing
seismic margins in the design of electrical, mechanical, and structural
components and the potential for common mode failures. While a more detailed
application of the Study's methodology would be needed to definitively
establish the meltdown probabilities, it does not appear that seismic events
are strong contributors to risk."

However, papers were published in 1977 and 1978 which disagreed with the
methods and the results concerning seismic risk in WASH-1400. Risks two or
three orders of magnitude larger were estimated. In particular, the doctoral
thesis research by Hsieh (7) pointed out errors in logic and arithmetic in the
WASH-1400 report and illustrated the potential importance of design errors and
degradation of equipment to the seismically induced reactor accidents.
Seismic risk estimates performed for the Diablo Canyon reactors and for the
proposed Clinch River Breeder Reactor (8) both disagreed with the conclusion
in the WASH-1400 report that the seismic contribution to nuclear plant risk
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was small, and supported the work by Hsieh, as did a new study by Cornell and
Newmark (9).

Probabilistic Seismic Safety.,.Some Recent Developments

Recognition that the seismic contribution to LWR risk may be significant
has grown with the availability of results from the unpublished Oyster Creek
PRA (2) and the more recent PRAs on Zion (10) and Indian Point (11).
Actually, in view of the 1964 vintage of the Oyster Creek construction permit,
a considerable degree of seismic vulnerability was to be expected. However,
the results obtained for Zion and Indian Point seem to have awakened the NRC
Regulatory Staff into a new awareness and concern for seismic safety compared
even to their attitude after the Three Mile Island accident. At that time
they took over a yeart despite pressure from the ACRS, before they decided
that something needed to be done for the ten or so PWRs whose auxiliary
feedwater systems were not seismically qualified. The recent results from the
SSMRP study on Zion, of course, will reinforce the above trend (12).

These recent PRA studies may also have influenced NRC Staff thinking with
regard to how to deal with severe accidents. Some tentative (adverse)
conclusions on the merits of core melt mitigation features may have been
modified or revised when seismic induced accidents were added to "internal
events." In one study, the inclusion of the seismic initiator increased the
risk reduction effectiveness of a vented-filtered containment feature by
approximately an order of magnitude (13).

Some Recent Developments of Interest

Although the NRC Regulatory Staff tends to be bound by what it perceives
as a deterministic approach to meeting NRC regulations, both in setting SSE
levels and evaluating seismic engineering design, there have been departures
toward a more probabilistic approach. In a sense, the development of site
specific spectra by the Regulatory Staff for use in recent operating license
reviews includes a probabilistic input, at least to the extent that a site of
relative seismic quiet is shaded toward a lesser SSE, other things being equal
with regard to tectonic province. Also, the NRC Staff approach to developing
seismic revaluation criteria for the Systematic Evaluation Program (14)
employs an element of probabilistic methodology in trying to make the SSE for
each site reflect about the same seismic hazard. The NRC Staff has generally
associated such a.design basis earthquake with a recurrence frequency in the
range 10" J to 10 vyr, a value substantially larger than was being estimated
in 1975.

The Regulatory Staff has also proposed that a probabilistic approach b°
used to help study what to do about the new USGS position on the Charleston
earthquake, namely that an earthquake of this magnitude cannot any longer be
localized at Charleston and should be considered as potentially occurring
along much of the eastern seaboard.

The NRC seismic and geological staff have thus moved toward using
probabilistic input into decision-making, partly by choice and partly by the
force of events. The NRC seismic engineering staff still seem to feel legally
bound to look only at plant behavior at the SSE level, and not for less
probablep more severe earthquakes.



-13-

Design and Construction Errors

The paper by Hsieh and Okrent (7) criticized the WASH-1400 treatment of
the seismic risk in several ways:

• treatment of the plant as a single set of redundant components instead
of a plant with many cut sets, some of which included sets of redundant
components in series. ("or"gate).

• assignment of too high a safety factor (too great a fragility), and
failure to recognize a probable wide variation in fragilities.

• failure to recognize correlated failures for redundant components.

• absence of design and construction errors.

• a numerical error.

Prior to 1975 rather few seismic design and construction errors had been
reported. A recent quick search of the LER computer files reveals the
following approximate number of seismic deficiencies reported from 1971 to
1982.

Number
Year Reported

1971 1
1972 2
1973 7
1974 10
1975 - 20
1976 - 30
1977 ~40
1978 ~45
1979 ~110 (may include some repeats)
1980 ~100 (may include some repeats)
1981 -50
1982 ~25 (possibly incomplete)

A large number of these reports relate to deficiencies in seismic support of
piping. Hovever, there are a considerable number that relate to errors in
structural design of masonry block walls or in electrical cable tray supports
and aspects of AC and DC power systems. A crude ranking of the roughly 100
most recent LERs reporting seismic design deficiencies suggested that, say, at
least 5 to 10% might have a non-negligible impact on risk, and that a few
percent might have a significant impact.

The near absence of reports of such deficiencies prior to 1975 reflects
the general inadequacy of seismic audit and seismic design evaluation during
that period. The flurry of activity in the 1979 presumably relates to the
five plant shutdown as well as the discovery of a considerable number of
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generic seismic design deficiencies.

A failure of the nuclear industry to have given proper attention to
detail in seismic design and construction is clear. A similar failure of the
NRC (and the AEC) in its efforts to assure that seismic design had been met is
also indicated.

In large part, this may be possibly attributed to a mind-set, namely that
severe earthquakes were very improbable, and hence the many detailed seismic
design requirements were probably unnecessary.

Recent ACRS Actions

For well over a decade, the ACRS has urged the AEC and NRC to initiate
strong research programs in seismology and geology. In more recent years the
ACRS has urged and supported pursuit of a more aggressive research program in
seismic engineering, including the development of methodology for
probabilistic assessment of seismic risk.

In its recent reports on North Anna, Davis Besse, Summer, Clinton,
Sequoyah, Wolf Creek, Fermi 2, Clinch River, Midland, Catawba, Seabrook, and
Perry, the ACRS has asked that aspects of the adequacy of seismic design be
examined. Most of these cases introduced some site-specific or design-
specific topics into the overall consideration of seismic safety. However,
the general aim of the ACRS in this regard was that the seismic design be
adequate. In its report on Perry, the ACRS stated its belief that it was
important that there be considerable assurance that the combination of the
seismic design basis and the procedures used to establish the design margin be
such that the seismic risk represents an acceptably low contribution to the
overall risk.

In a letter to NRC Chairman Palladino dated January 11, 1983 the ACRS
made several recommendations for a possible NRC/industry program in seismic
safety. The ACRS letter is reproduced in large part below:

"The issue of seismic safety is generic to all nuclear power plants. The
seismic initiator has been included in some recent probabilistic risk
assessments (PRA), and, although the uncertainties are considerable,
earthquakes have been estimated to represent a significant contribution to
risk. It appears possible to di»aw some tentative conclusions, including the
following:

1. The NRC has seismic design criteria. However, the effectiveness of
these criteria in controlling risk is not well quantified.

2. Current determination of the seismic contribution to risk involves
considerable uncertainty; furthermore, there are several important
contributors to this uncertainty.

3. The available evidence indicates that the seismic contribution to risk
may be large enough that a careful evaluation of the matter is
warranted.
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4. There are some aspects of nuclear power design where considerable
seismic safety margins have been identified. There are other parts of
the nuclear power plant for which margins may exist, but they have not
been identified with any certainty. There are also some areas of
plant design that have not yet been examined for margins. Data on
equipment fragility based on tests vary in quality, completeness, and
usefulness.

"We believe that a possible approach to the issue of seismic safety margins
would be for the Nuclear Regulatory Commission, as part of its evaluation of
proposed safety goals, to include a probabilistic evaluation of the seismic
risk to light water reactor (LWR) safety. This might include the following
programs to be conducted during the next two years.

(a) Continued Research on Sources and Likelihood of Severe Earthquakes

"The ongoing US research program on geology, seismicity and geophysics
should continue to receive strong support from the NRC. The recent
revaluation by the US Geologic Survey of the possible causes and potential of
the Charleston-like earthquake in the Eastern United States results in large
part from such studies and gives strong support to the likely importance of a
probabilistic examination of seismic design. The NRC research program in this
area should attempt to develop an improved capability for estimating the
severity of earthquake-induced ground motion which may have a return frequency
in the range of 10"^ to 10 per year at reactor sites.

(b) Generic Studies of Seismic Risk (NRC and Industry)

"These studies would involve analyse? intended to better ascertain the
likely margins beyond the design basis, as well as those design criteria and
practices that tend to enhance or diminish such margins. This would be done
for all representative systems, components, or structures whose integrity of
function is required in order to achieve safe shutdown, given a severe
earthquake.

"In addition to assessing specific components, etc., limited seismic PRAs
should be performed with ^articula" attention to identifying potentially
significant failure modes and to examining in detail the uncertainties and
their susceptibility to quantification and reduction. Such a program should
be carried out with as much cooperation as practical between the industry and
the NRC and its contractors. As in the case of severe accident rulemaking,
the industry should establish an appropriate generic studies group. We
believe that significant industry involvement is essential if this effort is
to be successful.

(c) Seismic Reviews of Specific Plants (Licensees)

"Plant-specific seismic reviews would involve limited PRAs performed to
gain more insight into the relative seismic contribution to risk and the
uncertainties therein, to evaluate the seismic adequacy of the specific plants
involved, and to benefit from review of plant-specific details not available
form generic studies. For example, seismically induced systems interactions
can best be examined in terms of the detailed design of individual plants.
Similarly, the seismic behavior of small lines or other components, which are
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not currently evaluated systematically, would best be examined for actual
plants. A few plants might be chosen for a limited seismic PRA partly based
on special considerations such as population density and partly based on their
potential for providing a reasonable representation of the design and
construction approaches used by the vendors and architect-engineers.

(d) Seismic Safety Research (NRC and Industry)

"This program would be intended primarily to provide improved methodology
for evaluating seismic risk and to obtain improved data on the seismic
resistance capability of components (fragility). A beginning has been made on
these matters in the Seismic Safety Margins Research Program (SSMRP) and the
seismic risk studies included in the recent industry-sponsored PRAs for Zion
and Indian Point. Since the fragility cannot be evaluated adequately for many
components by analysis, a suitable experimental program should be
undertaken. We believe that such a program should take advantage, to the
extent possible, of assessment of damage in industrial facilities which have
experienced severe earthquakes, of the Japanese program, and of qualification
tests performed for other purposes. A systematic examination of the state of
current knowledge should be made for all components of interest and a test
program developed to provide generic information, if possible, for components
that appear to lead to a greater vulnerability, separately or in
combination. The experimental program should be given the benefit of insight
from system studies and PRA studies undertaken in other sectors of the overall
effort.

"The proposed use of seismic probabilistic risk analysis would clearly be
subject to large uncertainties in results, as well as to large differences of
opinion among experts. Nevertheless, such studies, if performed carefully,
can provide significant insight. Furthermore, if a probabilistic approach
were used in design, some of the seismically induced failure modes predicted
in recent PRAs, such as building-building interaction, could be avoided.

"The ACRS believes it likely that the NRC will have need for a
probabilistic evaluation of the seismic contribution to risk. If the NRC
chooses to give sufficient priority to study of the matter and sets up a
suitable schedule for decision-making in this regard, the ACRS believes that
such a generic approach could provide an appropriate substitute for examining
certain seismic safety questions case by case."

CONCLUDING REMARKS

We have seen that over a period of two decades, the regulatory approach
to seismic safety has changed markedly. Consideration of a seismic design
basis for plants east of the Rockies began in 1964. Regulatory criteria for
seismic design and analysis began in 1965 and have continued to evolve. There
was essentially no audit of seismic design before the 1970's, and a
significant number of seismic design errors began to be reported only in
1975. The gerceived frequency of the SSE has shifted from about lO'vyr to
10 to 10 /yr. The perception of the possible contribution of earthquakes
to LWR risk has changed markedly in the last several years. The Office of
Nuclear Reactor Regulation has only exhibited active concern in this area for
about three years, and then spasmodically until the Indian Point PRA appeared.
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Although a seismic audit has been performed by the NRC for recent
operating license reviews and in connection with the Systematic Evaluation
Program, it is by no means clear that sufficient attention has been given to
penetrations, small lines, and various kinds of electrical equipment.

The slow changes in developing an improved approach to seismic quality,
coupled with the very considerable number of seismic design errors reported in
operating plants since 1975, raises the question, "Have we been lucky thus
far, in view of the current estimates of return frequency for earthquakes like
the SSE?" Will it take an event like the failure to scram at Salem to bring
seismic safety of LWRs to a proper point of consciousness in the NRC and the
industry?

The NRC Staff remains reluctant or unable to request applicants or
licensees to look beyond the design basis, despite the clear lessons to be
learned from the Indian Point PRA concerning structural vulnerability. The
industry itself does not volunteer such self-examination, generally.

The recent inclusion of the seismic initiator in PRAs has clearly been a
very useful step. However, it is not without its potentially bad side
effects. Fragilities remain largely a matter of expert opinion, and of a few
experts at that. It is clear that a shifting of median fragilities, or a
substantial increase in the estimated uncertainties, can have a large
influence on the estimated seismic contribution to risk. Many other factors
also contribute strongly to potential uncertainty in seismic PRA, beginning
with the seismic hazard curve and going to things like design errors, operator
performance in an earthquake, and the seismic behavior of aged or degraded
equipment in an accident environment.

The ACRS has urged the development of improved techniques and data and
the performance of more seismic PRAs. However, this could all lead to a
disservice if the uncertainties are not fully and openly evaluated. Each
seismic PRA analyst should be required to provide a critical review of his own
work, as part of the original report. This applies to estimations of core
melt frequency, calculations of risk, and evaluation of possible preventive or
mitigative features.

Finally, it seems to be time to consider whether there should be a single
seismic design basis for an entire plant. Perhaps a seismic design approach
which tries to reduce risk by selectively providing increased seismic
capability requires formulation and evaluation.
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DISCUSSION ON D. OKRENT ADDRESS

Asmis, K.

Please amplify your last remarks regarding "differential design loads" as
a future option to explore.

Okrent, D.

Studies of seismic margins for plants designed to a specific safe
shutdown earthquake usually show a very large variation among the different
structures and components. The seismic PRAs for Zion and Indian Point
illustrate this point with their widely varying "failure" acceleration levels
for various components.

One may obtain improved seismic safety by permitting and using differing
seismic design bases for various parts of the plant. For example, if the
containment and primary system (and system generator for a PWR) all have a
very large seismic reserve capability, then the design of a dedicated shutdown
heat removal system having a large seismic reserve capability may assure safe
shutdown for lower probability, more severe earthquakes without requiring an
increased design capability for the rest of the plant.

Similar considerations could apply to accident mitigation features. For
example, the choice of seismic design capability for a proposed vented-
filtered containment feature for Zion can change the risk reduction
effectiveness of this feature by an order of magnitude.

Hintergraeber, M.

Referring to the question of defining safety margins by looking
analytically in earthquake levels of more than the "SSE level" I expressed the
necessity to have realistic fragility or failure criterion. Up to now, we
base the conclusions on analytical results, primarily or most only. As we
have seen due to real earthquake evalutions, there is a great discrepancy
between analysis results and the reality.

In the future, to design more realistic failure criteria and to come up
with adequate design methods it would also be necessary to base further risk
analysis on that basis of experience. What do you think has to be done to
establish a more realistic regulation approach to the seismic design
requirements?

Okrent, D.

The ACRS letter to NRC Chairman Palladino dated January 11, 1983 provides
a partial answer to your question. For example, that letter urges that
fragility information be obtained partly by using actual behavior of
technological systems in the field, partly by selected experimental studies,
and partly by detailed analysis of components lacking such study. The ACRS
letter also recommends the performance of both generic and plant specific
seismic PRAs to provide further insight into the overall matter, including the
identification of possible deficient design features.
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Regarding the design of piping for elastic or inelastic conditions, there
are mixed views in the U.S. I have seen no definitive study of the pros and
cons of the flexible versus rigid approach.

Muzzi, F.

Could you be so kind to comment about the possibility of using in-situ
testing to describe the "as built" seismic behavior of plant structures,
systems, and components?

Okrent, D.

For a nuclear power plant which is to continue to be operated, only
modest experimental excitation is usually considered. This permits a
determination of natural frequencies for the case of small displacements,
information which ca , bo useful but which does not represent a complete
picture of as-built oehavior.
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SEISMIC ISSUES RELATED TO NUCLEAR REACTOR SAFETY IN THE UNITED STATES

R. B. Minogue, Director
Office of Nuclear Regulatory Research

US Nuclear Regulatory Commission
Washington, DC

ABSTRACT

The threat of earthquakes to nuclear power plants is described, as are
the special safety requirements not imposed in conventional practice. The
difficulties associated with characterizing design earthquakes are discussed,
and US licensing problems that have resulted from uncertainties in seismic
input definition are outlined. The two earthquake design approach in the US
is treated, and the role of seismology and geology is delineated, Engineering
methods for estimating soil-structure interaction, structural response and
subsystem behavior are described. The issue of excessive seismic conservatism
and its impact on balanced design is considered. The importance of seismic
qualification of electrical and mechanical equipment is indicated, and the
need for experimental validation of analysis procedures is shown. Finally,
the potential use of probabilistic risk assessment in leading the way to more
realistic seismic design requirements is addressed.
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DISCUSSION ON R. MINOGUE ADDRESS

Hintergraeber^ M.

1. In addition to the statement that seismic events have the most important
risk influence: If the plants were not properly designed.

2. Mr. Minogue mentioned the many uncertainties in the design process and
about the knowledge of earthquakes. If the author could explain what he
is thinking of by speaking of "uncertainties" the remark was, that we
know very much about earthquake effects due to evaluation results and
about component behavior due to many testings of piping, valves, etc.
There we have seen "satisfying margins" or margins between analytical
results and experiments of more than a factor of ten, without having
failure or collapse.

3. The OBE is not safety related for at least the following reasons,

o The safety has to be covered by the SSE design.

o The OBE design implies the identical reactor systems and components.
Therefore, per definition the not against earthquake designed
components necessary for power generation would fail, reactor shutdown
would be the theoretical consequence. Therefore, this availability
aspect could not oe covered with that concept.

Minogue, R.

1. I agree. It was implied that the comment applied to plants not properly
designed for the applicable seismic load.

2. By uncertainties, I mean the variability in defining the seismic hazard
and the structural and component responses to those loads. If we are to
define margins we must be able to predict the most likely behavior and
the uncertainties associated with predicting that behavior. Of course,
large margins will accommodate larger uncertainties.

3. I disagree. By specifying an OBE we are assured the plant will remain
operational for earthquakes up to the OBE. The plant would be shut down
for inspection for earthquakes exceeding OBE but less than the SSE.

Irving, J.

1. Will NRC be reviewing the present position on load combinations, e.g.
LOCA + SSE?

2. Similarly, is a review contemplated of the advantages or disadvantages of
automatically initiated reactor trip versus manual reactor trip at
ground-motion levels above the OBE.
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Minogue, R.

1. Yes. The US NRC is currently conducting research to evaluate our
regulatory position regarding local combinations.

2. The issue of requiring a "Seismic scram" has been discussed within the US
NRC over the past 10 years. At the present time we do not require
seismic scram. Studies that have been performed indicate about as many
pros as cons for installing seismic scram circuits in power plants.

Reiter, !..

Is there a contradiction between the conclusions drawn by PRAs
(referenced by Dr. Okrent) that the risk from seismic events may have been
underestimated in the past and the observations at large industrial facilities
during past earthquakes (referenced by Dr. Hintergraeber from Kraftwerk Union)
showing a greater ability to withstand earthquakes than previously assumed?

Minogue, R.

I don't think this is necessarily a contradiction. The seismic risk may
be a significant contributor to the overall risk and the plant may s t i l l be
able to withstand large earthquakes.

Schauer, G.

In addition to the question of Dr. Hintergraeber about the OBE, I want to
say that the idea is to make only one analysis for the SSE and substitute the
OBE by an "inspection limit" which would be for example 0.4 of the SSE
acceleration. This means if an earthquake of 0.4 of the SSE acceleration is
registered the components have to be inspected. Is this also your idea?

Minogue, R.

If a large earthquake were to occur there would be a great need to keep a
nuclear power plant on-line rather than shutting it down for an inspection.
However, if the "inspection limit" you mention is at the OBE level, then they
are similar.
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RESULTS OF THE APPLICATION OF THE SSMRP METHODOLOGY
TO THE SEISMIC RISK AT THE ZION STATION

M. P. Bonn, L. C. Shieh, J. E. Wells,
L. E. Cover, D. L. Bernreuter

Lawrence Livermore National Laboratory
Livermore, California

J. J. Johnson

Structural Mechanics Associates
San Ramon, California

To assist the NRC in its licensing and evaluation role, the NRC fundeo the
Seismic Safety Margins Research Program (SSMRP) at LLNL with the goal of
developing tools and data bases to evaluate the risk of earthquake-caused
radioactive release from a commercial nuclear power plant. This program began
late in 1978, and the methodology was finalized in 1982. A complete seismic
risk assessment for the Zion plant was finished in May 1983. This paper
describes the SSMRP risk assessment methodology and the results of the Zion
seismic probabilistic risk assessment.

Scope of the SSMRP

A nuclear power plant is designed to ensure the survival of all buildings
and emergency safety systems in a worst-case ("safe shutdown") earthquake.
The assumptions underlying this design process are deterministic. In
practice, however, these assumptions are clouded by considerable uncertainty.
It is not possible, for example, to accurately predict the worst earthquake
that will occur at a given site. Soil properties, mechanical properties of
buildings, and damping in buildings and internal structures also vary
significantly among plants. To model and analyze the coupled phenomena that
contribute to the total risk of radioactive release, it is therefore necessary
to consider all significant sources of uncertainty as well as all significant
interactions. Total risk is then obtained by considering the entire spectrum
of possible earthquakes and integrating their calculated consequences.

There are five steps in the SSMRP methodology for calculating the seismic
risk at a nuclear power plant:

1. Determine the local earthquake hazard.
2. loentify potential accident scenarios for the plant which leaa to

radioactive release.
3. Determine failure modes for the plant emergency safety systems.
4. Compute failure probabilities of the critical components in the

emergency safety systems.
5. Compute probability of radioactive release using information from

Steps 1 through 4.
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A brief discussion of each of these steps is given below.

Step 1 - Determine the Earthquake Hazard

The earthquake hazard at a given power plant site is characterized by a
frequency plot which gives the probability of occurrence (per year) of
earthquakes causing different peak ground accelerations. Figure 1 shows this
so-called Hazard Curve for the Zion Nuclear Power Plant, located at Zion,
Illinois, approximately 40 miles north of Chicago. This curve is derived from
a combination of recorded earthquake data, estimated earthquake magnitudes of
known events for which no data are available, review of local geological
investigations, and use of expert opinion based on a survey of seismologists
and geologists familiar with the region in question.

In addition to computing the seismic hazard curve, a number (usually 30)
of random synthetic earthquakes are generated by using the data just discussed
and a Monte Carlo procedure incorporated in our HAZARD code. These earthquake
time histories provide the random ground motion uncertainty inherent in real
earthquakes, and are usea as input to the building response calculations
described below. Each synthetic earthquake is described by three time
histories in three orthogonal directions.

Step 2 - Identify Accident Sequences

In the event of an earthquake or other abnormal condition in a power
plant, the plant safety systems act to bring the plant to a safe shutdown
condition. In this step of the risk analysis process, we identify the
possible paths that a reactor system could follow during a shutdown, given
that an earthquake-related event has occurred which causes shutdown. These
paths usually involve an accident and a subsequent failure of one or more
safety systems and are referred to as accident sequences. For the SSMRP
analysis of Zion, 315 accident sequences were identified and analyzed.

All the accident sequences result from one or more seismically-induced
initiating events (events requiring immediate shutdown of the plant). For the
Zion plant, we considered seven classes of initiating events. Four LOCA's of
different severity were considered, and two types of transients. In addition,
an initiating event "Reactor Vessel Rupture" was identified which is a LOCA
for which the ECCS cannot effectively flood the core.

For each of these initiating events, an event tree is constructed. Each
branch of an event tree is an accident sequence. As an example, Fig. 2 shows
the event tree for a transient (T2) in which the power conversion system is
assumed to be initially inoperative (due to emergency shutdown or failures in
the main steam turbines, for example). Fifteen accident sequences (branches)
are shown on this tree. Accident Sequence 4 is highlighted. It consists of
the initiating event (T2), successful operation of the RPS (denoted l<),
failure of the AFWS (denoted L ) , successful operation of the pressurizer
jrelief valves (denoted p") and successful closing of the relief valvej5 ̂ denoted
*Q). Thus, this accident sequence is the set ;of five events (T2 K L P Q ) . In
computing the probability of core melt, we compute the probability of these
five events occurring together. Similarly, the probability of all the other
accident sequences is computed.

- 2 -
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Step 3 - Determine Failure Modes of Safety Systems

To determine failure modes for the plant safety systems, we use the fault
tree methodology developed in the aerospace industry to identify all the
groups of system components which, if they failed simultaneously, would result
in failure of the system. Construction of a fault tree begins by identifying
the immediate causes of system failure. Then each of these causes is examined
for more fundamental causes, until one has constructed a downward branching
tree, at the bottom of which are failures.net further reaucible, i.e.,
failures of mechanical or electrical components due to all causes such as
structural failure, human error, etc. These lowest order failures on the
fault tree are called basic events.

Fault trees are required for each safety system identified on the event
trees. For Zion, seven safety systems were modeled. The emergency core
cooling system was modelled with fault trees for the Safety Injection System,
Charging System, Residual Heat Removal System and the Accumulator System. The
emergency core cooling function is provided by different combinations of these
systems in the injection and recirculation phases of a LOCA, dependent on
break size. The auxiliary feedwater system CAFWS) is of primary importance,
and a complete fault tree was developed for this system. All the above
systems (except the accumulators) require b >th electric power and service
water, so detailed fault trees were also developed for both these systems.

The basic failure events which resulted after all fault trees were
constructed fell into three categories: (1) human and maintenance errors,
533; (2) other random failures, 20; and (3) seismically-induced component
failures, 1923. In all, a total of 2476 basic failure events were considered.

Step 4 - Compute Failure Probabilities of Critical Components in the Safety
Systems

To compute the failure of critical components ano safety systems, it is
necessary to have both a measure of the maximum load or acceleration that the
component experiences during an earthquake as well as a measure of the loao or
acceleration level at which it fails. Both the maximum loao ana the strength
at failure are random variables. The stiength at failure of the buildings and
the mechanical and electrical equipment :1s never known exactly, for there is
usually wide variation in the results of tests to determine their failure
characteristics. Uncertainties in material properties, soil layering, wall
dimensions and joint connectivity influence the response of the building to an
earthquake. All of these uncertainties give rise to uncertainties in
calculating the response and onset of failure of each building ana component
in the power plant. The most important feature of the SSMRP is that these
uncertainties are explicitly recognized and propagated through the
calculational scheme, so that the result is not a single number, but rather,
the statistical probability of the occurrence of core melt and radioactive
release.

(a) Response Calculations

The buildings, foundations, major components, and piping systems are all
modeled by the finite element method. SSI and structure response were
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calculated by the substructure approach. Piping analysis was performeo by
multi-support time history analysis. The model generated for the Zion
turbine/auxiliary building is shown in Fig. 3. Such models were developed for
four buildings and five different piping systems in the Zion power plant
analysis. For Zion, responses at over 400 points in the buildings and over
1000 points in the piping systems were computed for each input time history.

To incorporate the uncertainties, multiple analyses of the entire power
plant are made. In each of these repeated calculations, the magnitudes of the
input parameters are varied in a random fashion, and each calculation is
performed using a different set of three input time histories. Typically, 30
calculations are made (at each earthquake level) with the result that 30
values of response are computed for each building wall, slab, pipe segment,
valve and component. From these 30 values, a statistical distribution of the
response of each wall, component, etc., can be constructed. Figure h shows a
typical result for the moment in a pipe segment, plotted as a cumulative
probability distribution. Each circle is the moment resulting from a single,
deterministic calculation, and the set of 30 circles corresponds to the 30
repeated calculations. Such distribution functions were determined for the
responses of every wall, slab, pipe segment, and electro-mechanical component
identified on the fault trees.

(b) Determination of Fragility Functions

Component failure is defined as either loss of operability or pressure
boundary integrity. Failure (fragility) is characterized by a cumulative
distribution function which describes the probability that failure has
occurred given a value of load. Loading may be local spectral acceleration or
moment, depending on the component and failure mode under consideration.
Contrary to previous work, fragility is related to the appropriate local
response, rather than being related directly to the free-field peak ground
acceleration.

A data base of the necessary fragility functions was developed. As a
first step, all components identified on the fault trees were grouped into 37
generic categories. Fragility functions for each generic category were
developed based on a combination of design analysis reports, experimental data
and an extensive expert opinion survey. Statistical methods were used to
combine data from several sources. Typical fragility curves are shown in
Fig. 5.

Step 5 - Compute Probability of Core Melt and Radioactive Release

Accident sequence probabilities are calculated to determine radioactive
release probabilities. Core melt probability is the sum of the probability of
all accident sequences leading to core melt.

(a) Calculation of Cut Set Probabilities

Each accident sequence consists cf the statistical union of sets of events
(successes or failures of components) which must occur together (in systems
analysis terminology, called min cut sets). The Zion acciaent sequences each
contained up to 5000 of these component failure groups and each component
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failure group (min cut set) was allowed to have up to ten basic events
(component failures).

The computer code SEISIM was written expressly to calculate the
probability of such component failure groups including all common-cause
failures. Given the individual component responses and fragilities (in terms
of the means and variances of their distributions) and given the computed
correlations between the responses (obtained from the 30 time history response
calculations at each earthquake level), SEISIM constructs a multi-variate
lognormal distribution for each component failure group, and then uses
n-dimensional numerical integration to compute the probability of the
component failure group occurring.

(b) Calculations of Probability of Radioactive Release

Once the component failure group probabilities have been computed, the
probability of each accident sequence can be found using the expression for
the statistical union of inaependent cut sets, which is an upper bound to the
accident sequence probabilty. Then each accident sequence probability is
multiplied by the probability of the earthquake's occurrence ana the
probability of failure of the containment to obtain the probability of
radioactive release. Several different containment failure modes of different
severity were identified, ranging from rupture of the containment shell down
to leakage of the containment isolation valves. Different containment failure
modes are assigned to different accident sequences depending on our
understanding of the physical processes involved. One accident sequence can
result in one or more containment failure modes.

Finally, accident sequence probabilities are assigned to different release
categories to reflect their severity with respect to radioactive release to
the surrounding population. These release categories relate to the type and
energy content of the radioactive fission product release, as well as the mode
and timing of the release. They range from rupture of the top of the
containment with a rapid, high energetic release (due to a fuel/water
explosion or due to steam overpressure) down to slow melt-through of the
containment concrete foundation, which is expected to have the least effect on
the surrounding population. The containment failure mooes ana the release
categories are those aerived and used in the Reactor Safety Study.

Results of Zion Risk Analysis and Confidence Bounds

This section presents the results of the base case calculations made for
the seismic risk analysis of the Zion nuclear power plant. The calculations
of the median core melt probability and the confidence bounds are also
described.

The base case described in this section is our best estimate of the
configuration of the Zion plant and its emergency procedures. A number of
important assumptions have been made as described below.

1. It is assumed that "feed and bleed" emergency core cooling can be
performed after an earthquake. In this procedure, which is employed
if the auxiliary feedwater system has failed, the operator makes use
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of the emergency safety pumps to pump cooling water to the core. The
resulting steam is bled-off through the pressurizer relief valves.

2. The identified structural failure modes are assumed to have their
most serious consequences. Two structural failure modes play crucial
roles.

(i) The failure of the roof of the service water pump enclosure roof
(at the top of the crib house) is assumed to fail all six
service water pumps beneath it. This results in loss of the
emergency AC power diesel generators, due to lack of cooling
water.

(ii) The failure of the wall between the turbine building and the
auxiliary building is assumed to cause loss of all electrical
wiring and control circuits, so both power and control to the
reactor building are lost.

Both of these structural failures are assumed to result in failure of
all of the SIS, CHG, CSIS AND CSRS safety systems.

3. Soil failure under the toe of the containment is assumed to result in
sufficiently large rocking motions so as to fail the SIS, CHG, RHR,
CSIS AND CSRS piping between the AFT building and the reactor
building.

4. Failure of the vertical column supports under the steam generators
and reactor coolant pumps is assumed to result in a double-ended
guillotine break of the primary coolant piping equivalent to a large
LOCA initiating event. Failure of supports in two different loops is
assumed to result in a reactor vessel rupture initiating event.

These assumptions all play crucial roles in the base case results.

Probability of Radioactive Release

The median frequency of radioactive release for the base case was computed
to be 3 x 10"5 per year. This value reflects inherent randomness in all the
input variables and the hazard curve, as well as modeling uncertainties in all
the input variables due to lack of exact knowledge of their mean values. The
10-90% confidence band on the release frequency was found to be about 3 orders
of magnitude. The median values and confidence bounds were obtained by making
repeated calculations of the release frequencies for the base case, while
varying the median values of all input variables according to an experimental
design. Fourteen repeated calculations were performed, with new sets of
structural responses, fragility curves and hazard curves used for each. The
median value and confidence bounds were inferred from these fourteen runs, as
seen in Fig. 6. The core melt frequency is due primarily to the failure of
certain structural elements which result in common-cause failures of the
safety systems.
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Results for the Base Case with Random Uncertainty Only

To illustrate the important accident scenarios, the results of a single
analysis of the base case are presented below. In these calculations all
input variables were assigned best estimate values for their medians and
standard deviations. The median hazard curve was used. In effect, this base
case calculation gives the risk at Zion with no effects of modeling
uncertainty.

Table 1 summarizes the results of the risk calculations for the base
case. This table presents the probabilities per year of occurrence of the
seven release categories and the man/REM per year associated with each release
category. As can be seen from this table, the release categories having the
highest probability of occurrence are release categories 2 (containment
failure due to steam water explosion) ana 7 (melt-through of basemat) with
probabilities of occurrence of 1.4E-6 and 1.5E-6 per year, respectively. The
man-REM/year released comes from release categories 2 and 3 (containment
failure due to overpressure). (The conversion of release category
probabilities to man-REM/year released is based on averaged values for a PWR
taken from NUREG/CR-2800 and are riot specific to Zion.) The total probability
of core melt is seen to be 3.6E-6 per year and the total release is 9.6
man-REM/year. These release category probabilities were found to be due
primarily to the failures of certain local structural elements and
inter-building piping which resulted in common-cause failures of the safety
systems.

In terms of both core melt probability and dose, it was found that
earthquake levels 2, 3, and 4 are dominant and the probabilities and dose were
significantly smaller at earthquake levels 1 and 6. This indicates that we
have captured the bulk of the risk in the middle earthquake levels (2-4 SSE),
and that the range of earthquakes considered is adequate.

Table 1
Base Case (With Feed and Bleed and Structural Failures)

Summary of Release Probability and Dose

Release Release
Category Probability Man-REM/yr.

1
2
3
4
5
6
7

1 2.94E-8
I 1.35E-6
I 5.39E-7
I 9.22E-11
I 8.32E-10
I 1.65E-7
I 1.48E-6

0.16
6.50
2.91
0
0
0.02
0.03

Total 3.57E-6 9.63

_ 7 _
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It was found that, at the three lower earthquake levels, the initiating
events are aominated by the transients Tl and T2. At earthquake level 4, it
is primarily the small and small-small LOCAS which are important. At
earthquake level 5 the initiating event probabilities are fairly evenly spread
over the initiating events and the LLOCA and RPV initiating events have become
significant. Finally, at level 6 the dominant initiating events are the RPV
and LLOCA events. Thus, we see that as we increase the level of earthquake
excitation the contribution of the more severe initiating events increases.

The seismically-induced failure causing the two transient initiating
events is primarily the loss of offsite power by failure of the ceramic
insulators at the point where offsite power is brought into the switch yard.
The component failures which cause the LLOCA and the RPV initiating events are
the failure of the primary coolant piping due to the failure of the supports
of the steam generators and reactor coolant pumps. Without these two failures
the initiating events for the RPV and the LLCCA would be significantly
smaller. Thus, we found that it is not failure of the piping which results in
a RPV or LLOCA but rather the possibility of failure of the supports of the
major components.

At the lower three earthquake levels, both the release category
probabilities and the dose are dominated by failure of the auxiliary feedwater
system caused by structural failures. The uplift of the containment basement
causes failure of the AFWS pipes, and is also assumed to fail the containment
sprays. Since the containment sprays fail, the release occurs in release
category 2 (80%) and release category 7 (19%). A second contributor is
failure of the crib house service water pump enclosure room roof slab. This
is assumed to fail the six service water pumps, which in turn fails the diesel
generators due to lack of cooling water. This, in conjunction with loss of
off-site power, results in loss of all AC power, and hence loss of both the
AFWS and the containment sprays.

For earthquake levels 4, 5 and 6, significant contributions are found from
release category 3 as well as 2 and 7. For the upper three earthquake levels,
the containment sprays are assumed to have failed due to ground shaking
alone. (For levels 1, 2 and 3, the containment sprays were assumed to have
failed only in those accident sequences caused by the structural failures.)
Release category 3 is due almost entirely to small LOCA sequences, which are
caused by the failure of pairs of pipes between the reactor and AFT
builoings. These pairs of pipes fail due to differential motion between the
buildings. Failure of any one of these pipe pair combinations causes failure
of both emergency core injection and the RHR systems. The release in category
7 at the upper earthquake levels is due to two small LOCA accident sequences
which are both the result of loss of emergency core cooling due to uplift and
service water pump room roof failures.

In summary, out of the total 9.6 man-REM/year, approximately 6.1
man-REM/year is due to accident sequences caused directly by the uplift and
crib house pump room roof failures, and 2.7 man-REM/year is due to failures of
pairs of pipes between the reactor and AFT buildings. At the three lower
earthquake levels, transient accident sequences predominate, while at the
upper three earthquake levels the smaller LOCAs predominate. Thus it is seen
that, for the base case computations of the seismic risk at Zion, the

- 8 -
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structural failures and the assumptions as to their consequences play an
overriding role.

Sensitivity of Risk Results to Basic Assumptions

To test the fundamental assumptions on which the base case results were
predicated, three additional risk assessments of Zion were performed, with the
results shown on Table 2. In case I, the effects of the structural failures
(the service water pump enclosure room roof, auxiliary building shear wall,
and soil failure and basemat uplift) were removed, but the "feed and bleed"
capability was retained. In this case, both the probability of core melt and
radioactive dose decreased by 50% relative to the base case.

In case II, both the effects of structural failures and the "feeo and
bleed" cooling capability were removed. For this case, the core melt
probability increased by a factor of 2-1/2 over the base case. This is
because of the fact that, if "feed and bleed" cooling cannot be performed, the
auxiliary feedwater system (AFWS) has no back-up, ano thus electrical
component failures in the AFWS became significant. However, the dose is only
60% of the base case, because the additional accident scenarios causec by
failures of the AFWS result in basemat melt-through (which is relatively
benign) rather than over-pressure failure of the containment.

In case III, the effects of the structural failures are included, but no
"feed and bleed" capability is assumed. This results in the highest (point
estimate) values of both core melt probability and radioactive release. The
core melt probability is 3 times higher than in the base case, and the
radioactive release is 13% higher than for the base case.

In summary, it can be seen that, depending upon the assumptions made as to
the consequences of the localized structural failures and the credibility of
performing "feed and bleed" cooling, the core melt probability can vary by an
order of magnitude, and the release can vary by 250%.

A number of other cases were analyzed to demonstrate the importance of
various aspects of modeling the Zion plant. These cases showed that including
tiie local site soil profile under the plant was quite important, while the
assumption of no structure-tc-structure interaction and the assumption of
rigid foundations were not significant.

Correlation Effects on Seismic Risk

The significance of the effects of correlation on seismic risk has been an
open question ever since the WASH-1400 study was completed. In fact, one of
the goals of the SSMRP was to investigate seismically inducea correlation
effects, and this was one of the reasons for the detailed level of structural
modeling used in the SSMRP. In the following, we present the results of two
sets of calculations which show that correlation can change the final risk
result by an order of magnitude if the risk is dominated by pairs of component
failures, while in contrast, correlation has little effect if the total risk
is due primarily to structural failures.

- 9 -



TABLE 2
Comparison of Cases Analyzed to Test Effects of Fundamental Assumptions

CO
CC

Base Case
(with Feed & Bleed,

with Structural Failures)

Case I
(with Feed & Bleed,

No Structural Failures)

Case II
(w/o Feed & Bleed

w/o Structural Failures)

Case III
(w/o Feed & Bleed,

with Structural Failures)

Release

1

2

3

k

5

6

7

Probability/yr

2.9E-8

l.AE-6

5.4E-7

0

8.3E-10

1.7E-7

1.5E-6

man-REM/yr

0.2

6.5

2.9

0

0

0

0

Probability/yr

1.9E-8

1.9F-7

6.1E-7

0

8.8E-10

1.2E-7

5.3E-7

man-REM/yr

0.1

0.9

3.3

0

0

0

0

Probability/yr

2.AE-8

5.7E-7

6.6E-7

0

0

2.8E-7

7.6E-6

man-REM/yr

0.1

2.7

3.6

0

0

0

0.2

Probability/yr

3.3E-8

1.5E-6

6.0E-7

0

0

2.9E-7

8.6E-6

man-REM/yr

0.2

7.2

3.2

0

0

0

0.2

Total 3.6E-6 9.6 1.5E-6 4.3 9.1E-6 6.6 1.1E-5 10.8



-39-

For the cases where structural failures are included and where these
structural failures dominate the total calculated risk, one is dealing with a
situation in which the most important terms in the accident sequences are
single failures, and hence the dominant cutsets in the accident sequences
consist of a single component failure only. Since correlation then has no
effect on the most important cutsets, the only effect of correlation comes in
computing the union of the cutsets. And since the effects of correlation on
the union of cutsets are usually relatively small, the result is that whether
or not correlation is considered for those cases dominated by single
structural failures, the final risk numoers vary by only a small amount.

By contrast, however, in those cases in which the risk is dominated by
failures of pairs of equipment, one finds correlation to have a large effect
because correlation affects the probability of the component pairs which
constitute the most important cutsets in the accident sequences. Thus, for
these cases we find that correlation plays a very important role in evaluating
the total risk of the plant.

Correlation of the mponent failures arises from (a) correlation between
the responses the pairs of components experience and (b) correlation between
the fragilities o f pairs cf components. Correlation between responses arises
from the common ground shaking which occurs during an earthquake. Figure 7
shows a cross-section of the AFT complex, and the inset on the figure lists
correlations between the accelerations of the five floor slabs. A high degree
of correlation between the floor slab accelerations is evident, even between
the top floor and grade level floor. Correlations between all pairs of the
315 responses (input to SEISIM code) were computed from the structural
response calculations performed by the SMACS code. It will be recalled that,
at each earthquake lavel, 30 deterministic time history building (and piping)
response calculations are performed. From these 30 calculations, means and
variances for each response and correlations for each pair of responses are
computed. Thus, in the SSMRP analysis of Zion, the correlations between all
responses are computed exactly.

Correlations between fragilities cannot be computed, but must be
determined by experiment. No experimental data on fragilities correlation
were found during the course of developing the SSMRP fragilities, so fragility
correlation was treaced as a sensitivity parameter. For the base case and
cases analyzing the influence of the feed-and-bleed and structural failure
assumptions, the correlation between the fragilities was taken to be zero.
This is the appropriate assumption if one is dealing with many like items of
equipment which are manufactured en masse and are obtained (possibly from a
variety of manufacturers) as off-the-shelf items. Under such circumstances,
one would not expect a high degree of correlation between component
fragilities. However, it should be reiterated that the choice of zero
fragility correlation is an assumption unsupported by data. The potential
influence of correlation between fragilities is shown in the sensitivity
calculations described below.

(i) Correlation Effects for the Base Case

The base case analyzed for the risk assessment of Zion has already been
discussed. For this base case, the structural failures and their most severe

- 11 -
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hypothesized consequences were included, and, further, the capability to
perform "feed-and-bleed" cooling was assumed. The dominant failures
contributing to the risk of the base case consisted of single structural
failures, notably uplift of the containment basemat and failure of the crib
house service-water pump enclosure roof. Thus, the accident sequences which
dominated the risk for the base case were due to cutsets consisting of single
structural failures. For the base case, it will be recalled that the response
correlations were as calculated by the SMACS code and the fragility
correlations were taken to be zero.

To determine the effect of including full correlation between the
fragilities, an additional risk assessment was performed. For this assessment
it was assumed that the fragilities of all components in a generic fragility
category were fully correlated, but that the fragilities of components in
different generic fragility categories were uncorrelated. The results of this
calculation showed that the total core melt frequency changed from 3.57E-6 per
year to 3.62E-6 per year. Thus, the effect of including the fragility
correlation of the base case was found tp be negligible and there was very
little change in the probabilities of the accident sequences themselves. The
only noticeable effect occurred in the evaluation of the initiating event
probabilities. Comparison with the initiating event probabilities for the
base case shows that the main differences occur for the RVR initiating event
at the higher earthquake acceleration levels. This follows since the RVR
initiating event consists primarily cf doubles which were failures of the
supports of eitner the steam generator or the reactor coolant pumps in
different loops. (There were also some single-failure events corresponding to
primary coolant piping failure near the reactor pressure vessel nozzles, but
these had a much smaller probability of occurrence.) Thus, including the
effects of full fragility correlation is expected to have some effect on the
RVR initiating event probability. However, the differences are only at the
higheT earthquake levels, and, as ncted before, the dominant oortion of the
risk comes from the intermeoiate earthquake levels. The smaller LOCAs show
little effect of correlation because, in general, they are dominated by single
piping failures. Thus it can be seen for the base case, the primary effect of
including fragility correlation is found in the computation of the initiating
events, and the accident sequences themselves are changed very little because
cf the importance of the single structural failures. As a result, there is '
very little change in the total core melt frequency for this case.

(ii) Correlation Effects for the Case with No Structural Failure Consequences
and No Feed-and-Bleed Capability

The largest effects of correlation are expected to be found in those cases
in which dominant cutsets consist of more than one component failure. This
includes the case in which no structural failure consequences were considered,
and feed-and-bleed cooling capability was not assumed. In this case, the
dominant component failures consisted of pairs of electrical equipment
associated wiin the emergency power system. It will be recalled that a total
of 15 oairs of electrical gear contributed significantly to the core melt
frequences. In addition, in this case there was also a number of pipe failure
doubles contributing to the core melt frequency that were due to relative
motion between the auxiliary building and the reactor containment building.

- 12 -
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To determine the effect of correlation for this case, two additional
analyses were performed. In the first analysis the fragility correlations
were taken to be 1.0 for components in the sama generic category, and the
response correlations were as calculated in the SMACS code. This is denoted
as Case 1 in Table 3. Case 2 was calculated with response correlations as
computed by SMACS but fragility correlations set equal to zero. The final
calculation consisted of assuming zero correlations for both the fragilities
and for the correlations between structural responses. This is shown as Case
3. From Table 3 it can be seen that the inclusion of fragility correlation
increases the total core melt frequency to 2.0E-5 per year, whereas setting
bath the response and fragility correlations to zero gave a total core melt
frequency of 2.5E-6 per year. Thus, these two limiting cases differ by an
order of magnitude. The intermediate case in which the fragility correlations
are assumed to be zero and the response correlations are as calculated gave a
core melt frequency of 9.1E-6 per year, as discussed previously. It should be
recalled that there is no experimental evidence to determine whether or not
the fragilities of equipment in the same categories should be considered
correlated or uncorrelated, and until there are such data these cases must be
considered equally likely. The conclusion from Table 3 is that if one
neglects all correlation (in both responses and in fragilities), then one is
likly to underestimate the core melt frequency by at least a factor of five
and by as much as a factor of ten. The conclusion is based on our
calculations for the risk at Zion when singles do not dominate.

Also shown in Table 3 is the associated dose expressed in terms of
man-rem/year. The fully correlated case (which gives a value of 7.8
man-rem/year) and the correlated case (which shows a dose of 5.3 man-rem/year)
differ only by a factor of 50%. This difference is less pronounced than for
the core melt frequencies because of the fact that the man-rem/year dosage is
affected to a large extent by the terminal event sequences coinciding with the
LOCAs, whereas it is the terminal events sequences coinciding with the
transient events which are most affected by the correlation. Thus, if one
examines the frequencies per year for the seven release categories shown in
Table 3, one finds that the primary difference between the fully correlated
and the uncorrelated case occurs in release category 7, and this release
category is due almost entirely to the transient T2 terminal event sequences.

Conclusions on Correlation Effects

As seen above, effects of correlation on a risk analysis which is
dominated by single failures, especially structural failures, are relatively
minor and are due primarily to the evaluation of the initiating events. For
the cases wherein the dominant risk contributors are pairs of component
failures, such as electrical components, correlation is found to have a
significant effect on the core melt frequency and may vary the final result by
uo to an order of magnitude. Furthermore, the difference between including
correlation in responses only, or including correlation in both responses and
in fragilities, resulted in a factor of five difference in the total core melt
frequency. Thus it can be concluded that the effects of correlation are
significant and that it would be worthwhile to perform some experimental
determination of the type of fragility correlation most appropriate for
tyDical components in nuclear reactors. Results computed for Zion would tend
to indicate that electrical gear in particular should be examined for
correlation.

- 13 -
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Table 3. The effects of correlations of structure responses and fragility

functions on release frequencies and dose, with the assumption of no structure

failures and no feed and bleed.

Release
Category Frequency/yr man-rem/yr

Case 1
(with full correlation for
fragility functions and calculated
correlations for structure
responses)

Case 2
(with no correlation for fragility
functions and with calculated
correlations for structure
responses)

Case 3
(with no correlation for fragility
functions or structure responses)

1
2
3
4
5
6
7

Total

1
2
3
4
5
6
7

Total

1
2
3
4
5
6
7

3
7
6
0
2
3
1

2

2
5.
6,
0
8,
2.
7.

9.

1.
2.
7.
4.
2.
1.
1.

.1E-8

.4E-7

.5E-7

.5E-11

.3E-7

.8E-5

.OE-5

.4E-8

.7E-7

.6E--7

.8E-10

.8E-7

.6E-6

.1E-6

• 5E-8
,5E-7
,4E-7
5E-13
5E-11
8E-7
3E-6

0.2
3.6
3.5
0
0
0.1
0.4

7.8

0.1
2.7
3.6
0
0
0
0.2

6.6

0.1
1.2
4.0
0
0
0
0

Total 2.5E-6 5.3

- 14 -



-43-

REFERENCES

1. P. D. Smith, et al., Seismic Safety Margins Research Program Phase i Final
Report, Lawrence Livermore1 National Laboratory, Livermore, CA, UCRL-53021,
Vols. 1-10, NUREG/CR-2015, Vols. 1-10 (1982).

2. M. P. Bohn, et al., Application of the SSMRP Methodology to the Seismic
Risk at the Zion Nuclear Power Plant, Lawrence Livermore National
Laboratory, Livermore, CA, UCRL-53483, NUREG/CR-3428 (1983).

- 15 -



-44-

(VIedian hazard curve

0, 0.2- 0.4; 0.6.
Rock outcrop acceleration (g)

0.8
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DISCUSSION ON PAPER 3

Phillips, D.

Do you feel that you would have obtained the same kinds of core melt
frequences if you had not used peak ground acceleration at the sole
measure of response and strength of excitation?

Bonn, M.

We cannot really address this question. At the start of the program,
we considered using a two parameter description of the earthquake hazard
curve. This was subsequently abandoned due to lack of data and our
feeling that this added level of discretization surpassed our ability to
characterize the fragilities of equipment and structures. Note, however,
that the SSMRP fragilities are based on the local spectral acceleration
experienced by the component in question, so the frequency characteristics
of the component have not been ignored. The local spectral accelerations
were computed from time histories, which account for proper magnitude and
distance distribution for the Zion site. That is, the proper duration of
motion, spectral content, amplitude and randomness of the seismic motion
expected at the Zion site—including the local soil column.

Zaffiro, C.

Can you confirm the results of PRA of Zion made by the utility, that is
seismic event is the major contributor to the overall probability of large
releases from the containment?

Bohn, M.

No, we cannot, since the SSMRP program scope includes only the
evaluation of risk due to earthquakes. However, the median core melt
frequency due to seismic event, we computed for Zion is somewhat higher
than that computed for seismic events in the utility-sponsored Zion PRA,
and thus we feel that their earthquake-induced core melt frequencies were
not overestimated.

Konig, G.

The definition of SSE was connected with a probability of exceedance of
10~3. This seems to be a \/ery high probability in comparison with
usually used SSE-definitions.

The median hazard curve developed for the SSMRP Zion analysis indicated
that the probability of exceedance for the SSE is about 2 x 10~4 per
year.
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Didier, C.

You used median core melt frequency or frequencies corresponding to x%
of uncertainty. Did you derive weighted, overall probabilities,
incorporating your judgement on uncertainities? What are the
corresponding figures?

Bonn, M.

One of the end results of the SSMRP analysis is a probability
distribution on the core melt frequency (per year). From this
distribution, we can infer the median core melt frequency, or the value of
core melt frequency corresponding to any specified on non-exceedance. It
was from this distribution that we inferred that the 10-90% confidence
bounds spanned three orders of magnitude. Details of the means by which
we used systematic uncertainties to compute the distribution on core melt
frequencies are given in Paper 22, presented in Session IV, by 3. E.
Wells, et al.

Fabio, C.

1. I have seen that you consider separately structural response and
fragility-the first problem is studied by "Linear Elastic Techniques"-
Do you account for linear elasticity in the definition of fragility?

2. Generally the presence of correlation is a benfit for safety- you have
shown different results: a) independent response, and b) fragility lead
to safer results, but perhaps, this occurs when structural failure is
not predominant, is this true?

Bohn, M.

1. The structural responses are, indeed, calculated by linear elastic
methods. The only exceptions to this v.re that the usual "quasi-linear"
methods are used to compute the appropriate (strain-dependent) soil
shear modulus and damping values for the SSI calculations at each
earthquake level. Inelastic behavior is incorporated in the
definitions of the median fragility levels, by use of a ductility
factor for components haying a significant non-linear energy absorption
capability. This ductility factor is essentially the same as that
developed by Newmark and co-workers for "ductility-modified response
spectra.

2. In general, correlation between component failures which occur together
in a cutset (i.e., groups of components which, if they fail together
result in occurrence of a core melt) will increase the probability of
core melt, and thus the higher the correlation, the higher the core
melt frequency. This is what we find for the case in which the core
melt frequencies are dominated by pairs of pipes and electrical
components. However, for cases in which single structure failures are
dominant, correlation has very little effect on the results.
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Paper 9
Seismic Risk Maps

J. M. van Gils (Commission of the European Communities)

The study performed for the European Communities to compile a European
catalogue and an Atlas of seismic maps has been presented. Difficulties have
been encountered in the process of harmonizing different catalogue from
different countries. Macroseismic intensity scales and calendars adopted in
the past are different from country to country. The need for a common base to
perform macroseismic inquiry was stressed and some indications have been given
about the main factors, parameters, and effects to be observed and accounted
for. The, study will be completed at the end of the year.

Paper 4
Method of Seismic Fragility for Complicated Systems
D. Venezisus, F. Casciati, and L. Forovelli (Italy)

A general methodology for the assessment of seismic fragility of
complicated systems has been presented. Complication includes aspects of both
the mechanical and probabilistic model. The main features of the methodology
are: 1) the reduction of the dimension of the random-variables space in which
one needs to operate; 2) the fitting of a simple expression between the value
of the seismic intensity which causes the failure of the structure and the
random variables in the reduced space. The latter point is developed by an
extension of the response-surface method. It provides a functional dependence
between resistance and design parameters which makes possible the use of
level-2 reliability procedures for fragility calculation. The methodology has
been exemplified for a reinforced concrete frame.

Paper 3
Uncertainties on the Estimates of Seismic Hazard for N.P.P. Sites

E. Ioccanino, C. Zaffirs (Italy)

Uncertainties encountered when assessing the seismic hazard for NPP sites
have been dealt with. The author pointed out that these uncertainties are
very large and substantial; at present the seismic risk estimates cannot be
utilized in P.R.A. for nuclear installation. However, if a P.R.A. is
requested in the frame of a decision-making process, or better in support to
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the licensing process and regulations, the contribution to risk from seismic
events may be considered small, provided that specific deterministic
requirements are met in the definition of the plant design earthquake. In
Italy a set of limitative criterias for site selection and specific rules for
Design Basis Earthquake give sufficient credit that NPPs are adequately
protected against nuclear accidents caused by earthquakes.

Paper 15
Uses of Probabilistic Estimates of Seismic Hazard

for Nuclear Power Plants in the U.S.
L. Reiter (United States)

The increasing role of probabilistic estimates in the review of seismic
hazard at NPPs has been outlined. Several applications within the NRC
licensing process has been addressed pointing out the ability of the approach
to gain insight on other approaches. Emphasis has been given on the use of
these estimates in a relative rather than absolute manner. Examples of
results from Diablo Canyon, Sequoyah and the Systematic Evaluation Program
(SEP), seismic hazard studies, showed the valuable use of probabilistic
estimates to determine methods. Warnings have been given for misuse of the
probabilistic methods, and the need for not divorcing physical insight from
intuition have been recommended.
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EARTHQUAKE CATALOGUE AND SEISMIC MAPS OF THE GEOGRAPHICAL DOMAIN OP THfl _5g_
COMMISSION OF THE EUROPEAN COMMUNITIES
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J.-M. VAN GILS

Chairman
of

Special Sub-group
on

"Protection of Nuclear Power Plants
against seismic Effects."

Abstract.
This paper summarizes the work presently on the way in the

Commission of the European Communities in the field of protection of nuclear
power plants. In fact, this ia the continuation of the "Ahorner Report" that
principally treated of the seismic ground motion characteristics and their
relationships with displacement, velocity and acceleration transmitted to a
structure by the soil particles.

As a ^onsequence of the shortcomings of the previously men-
tioned report, prime priority was given for its completion by a General Euro-
pean Earthquake Catalogue and an Atlas of seismic Maps accompanied by an expla-
natory textbook. The latter is briefly described below.

1. - Introduction.

In the frame of the Commission of the European Communities, i.e.
a geographical domain coveritig Belgium, Denmark, .France, the Federal Republic
of Germany, Greece, Ireland, Italy, the Grand-Duchy of Luxemburg, the Nether-
lands and the United Kingdom, Working Group Mr 1 has been established to con-
sider methodologies, criteria, codes and standards in order to improve the
safety of nuclear installations.

Inside this forking Group a special sub-group was devoted to
the "Protection of Nuclear Power Plants against Seismic Effects". This Sub-
group provided Working Group tir 1 with a comprehensive report on the reference
seismic ground motions wherein, however, it appeared impossible to achieve a
unique conception of seismic safety for all European countries for the fol-
lowing reasons :
1) some Member-countries, up to now, did not experience any epicentre, while

others know hundreds of them ; therefore the procedures considered are not
applicable in their entirety in areas of extremely low seismi :ity ;

2) seismic hazards are tied to regional seismotectonic s'ystemc which are dis-
regarding national borderlines.

Apart from that, consensus was achieved on two levels of refe-
rence ground motions whatever may be tne approaches applied : the deter»inistic
or the probabilistic one.

Besides, the "Ahorner Report" shows some shortcomings :
1) it should be completed by soil and structural aspects ;
2) the general safety philosophy needs a better confrontation of the seismic

outcome with the earthquake resistant design topics ;
5) the lack of an harmonized seismic data bank.

As regards these points, a second mandate was given to the Sub-

group for completion of the above r.entiuned report as was evidenced by the

Review Group of Working Group i\r 1.



_gn_ The elaboration of a general European catalogue and the prepa-
ration of seismic maps is now in full process ar.d its final achievement is fore-
seen for the end of 1983.

?. - THE DATA BASE.

Of its oi-.n nature and as it is to be collected in the different
Member-countries of the European Community, the data base not only is all but homo-
geneous for what conc^rvs its distribution in time and space, but also as regards
the methods applied in the evaluation of the seismic parameters.

Obviously, the data base comprises two main parts : tivj histori-
cal data and the present day data.

2.1. - The historical Data.

These data are confined up in an heterogeneous set of national
catalogues. Albeit the only way to go back in tire as far as possible in order
to extend ths period of investigation, none of them refer neither to the same
time-period nor to the same intensity-so-ile.

Aside, written documentation may appear sufficient but not neces-
sary reliable. The scarcity and the disparity of historical data constitute their
greatest shortcomings. After all. they should be <in&lyzed with the assistance of
historians and linguists for a better understanding of their content and signi-
ficance.

2.2.- The present day Data.

The period under consideration for thtsse data starts at the
beginning of the 20th century as it was at that moment that the greater part of
the European stations w ere installed.

The present day data are to be split up in two groups :
1) the instrumental data, and
2) the rnacroseisinic data, provided by :

a) the questionnaires, and
b) the inquiries in situ.

Both groups, of course, are complementary.

iiven, when since the beginning of the present century, reliable
instrumental data are available, D'acroseisrrdc data may hsve a great advantage
over the instrumental ones as regards the historical seisnticity or when estima-
ting the future activity of a given region.

The existing data babe surely is stained by some shortcomings,
but it can improved as follows :
1) in collecting macrosei&.'.ic data more systematically by using a unique "inten-

sity-scale" and an identical "questionnaire" in accordance with the adopted
scale :

2) data relevant to historical events should be gathered and then confronted
among each other in order to eliminate misinterpretations, wrong evaluations,
duplicates, a.s.c. ...;

5) by compiiatirig comprehensive catalogues ;
4) by upgrading the instrumental quality of national seis^ographic networks.

5. - INTENSITY AMD DiTEKSITY-SCALKS.

Based on instrumental data only, the strength of an earthquake
is expressed in terms of "Magnitude", while with macroseisnic data the size of a
shaking is given in "intensities".

In order to evaluate the seismic risk at a given site, the num-
ber and the size of the earthquakes having struck the region must be known. The
most appropriate- procedure for estimating their strength, over a time-span as
lory as possible and on the base of historical and modern data, consists in ap-
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plying a unique intensity-scale.

Since the XVIIth century several scales have been devised.
Mostly all of them are divided in three main parts :
1) the lover range refers to the response of the population and to the type and

degree of shaking of familiar objects ;
2) mid-scale are considered the various forms of damage to Kan-made structures ;
3) landsliding, faulting tuid other geological effects prevail in the upper part

of the scales.

Fresently, the most used ones arc :
1) the Modified Mercalli Intensity-scale ; and
2) the MSi:-64 scale.

Both scales have been re-evaluated. The first one by R.J. -ra^ee
in 1978 and the second one has been revised hj a special panel of the European
Seisraological Commission (SSC) in 1980.

A comparison between the two new versions shows that the dis-
crepancies between them are insignificant. Therefore the MSK-80 version :s pro-
posed for adoption in the countries cf t'.is European Co;/Ji.unities.

Unfortunately, all intensity-scales suffer serious extrinsic
limitations stemming principally from :
1) the methods of collecting' the needed data ;
2) the lack of systematic approach to evaluation, i.e. wore couplete statistics

should be used ;
3) the behaviour of new types of structures as multistory buildings ;
4) the missing of transfer functions connecting the degree of damage udth ths

degree of intensity ;
5) the lack of relationships between intensity and soil conditions, betwe&r.

intensity and ground motion parameters :

6) the non-continuous calibration of tilt intensity-degrees with new corrected
values of acceleration, velocity and displacement ;

7) the non-insrecuion of struck areas by engineers in ca:;e of daia^ing earth-
quakes.

4. - THE flACROSiilSMIC DATA.

4.1.- The Questionnaire.

Questionnaires are above all one of the bpp+, tools for harves-
ting macroseismic data when they are incited by seisraologists active in the
field of macroseisrnology. Unfortunately, they are different from one country to
another and are, generally, not in conformity with the used intensity-scale, ̂ s
regards this, the best fitting is found in ^ponheuer's questionnaire.

After having compared the questionnaires used, in Austria, £el-
giu.r/, Denmark, France, Switzerland, the United States and that of -iponheuer,
the following defects are found :
1) the geographical situation is insufficiently described ;
2) the local soil conditions are not considered ;
3) the time of occurrence is inaccurate ;
4) nothing is mentioned about how theearthquake is felt ; a single or a aulti^le

shock ;
5) no attentionis paid to the sounds emitted during the earthquake ;
6) the different t.ypes of constructions are not detailed.

4.2. - The Inquiries.

When earthquakes strike dwelled regions the effects on people,
their immediate surroundings and their vicinity, are gathered and classified.
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An easy way to collect macroseismic data consists either in
waiting for entering telephone calls from the stricken area or reading reports
given by newspapers or noting the accounts emitted by other media.

The best procedure to perform an inquiry consists in dissemina-
ting questionnaires and to make, simultaneously, a traverse survey. When the
damages are of greater importance this survey should be made by both a seismo-
logist and a civil engineer. The sooner this is done, the smaller will be the
tendency for staining the truth by exaggeration.

All, of course, depends on :
1) the addressees of the questionnaire ;
2) the means used to distribute the questionnaires : by mail, the printed and

the spoken press ;

2) the rapidity of replying ;
4) the responsibility of the collecting authority.

However, the more abundant the gathered macroseismic material
will be, the more precise the isoseismal charts will be mapped out.

5. - THE MCROSEISMC OR INSTRUMENTAL DATA.

The greater part of the available seismic data is formed by
inacroseisftiic observations. But with the turning century these data were comple-
ted with instrumental ones read out from seismograrns. Being obtained by simple
measurements without any personal interpretation, thej' are said more objective
and provide the folloxri.ng parameters :

- the time of occurrence : hours, minutes and seconds j
- the geographic coordinates ;
- the epicentral distance j
- the nypcentral depth ;
- the magnitude : Mb, MS or ML ;
- the seismic moment ;
- the fault-plane solution.

All these parameters, when considering the geotectonic aspects
of t... region, are very valuable quantities for selecting sites as they provide
better knowledge on the geological features of the site-area.

However, they should be complemented with strong motion data
as regards the ground motion generated by earthquakes. From such records res-
ponse spectra can be deduced which are more suitable for design purposes.

6. - THE CATALOGUE.

This subject is examined through the extant files. As far as,
either the elements to be put in the catalogue or the period to be covered are
concerned, some disparities are to be overcome.

The analysis of those files revsals :
1) that the over all tirie-span considered should be subdivided in smaller

periods ;
2) that each of tnese smaller periods should be assigned a lower limit of

intensity.

Taking these points into account, there are two main sections
to be considered :
1) the period going back in time as far as possible and during which all para-

meters will have a ;nacroseismic origin. Consequently, the yardstick for eva-
luating the size of earthquakes will be the epicentral intensity In solely}

2) the period running from 1S01 up to now, called instrumental period.
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The first section, obviously, is to be divided in .subsections
according to some guiding principles as :
- the Julian and the Uregorian Calender ;
- the evolution of the time-pieces (improvements in horology) ;
- the times of the collapse of the ""estern Roman Empire ;
- the times before Christ.

Concerning the lov.er intensity to be considered for the different
periods, an acceptable consensus is rather a wager as the opinions are very di-
verging. 'Nevertheless, based on an arguudotation described in the explanatory
textbook, the following- time divisions and the associated lower intensity-levels
are proposed :

1) The period from KG up to the Vth century - Intensity I VIII
2) from the Vth c. u P to the With " » ° yil
3) from the XVIth c. up to 1730 AD - " VI
4) from 1751 up to lyOO AD - " V
5) from lyOl up to the present - " IV

As regards the fundamental earthquake parameters needed ia «
comprehensive cataxOgue, these are :

- the date : Year, month, day ;
- the time : hours, minutes, seconds (up to 0,1 s)
the geographical co-ordinates of the epicentre (to 02,01 n-ar) ;
- the magnitude (MS, MB or HL) ;
- the maximum observed intensity I ;
- the focal depth (in km) ;
- the radius of perceptibility (in km) ;
- the name of the main place in the pleistoseist zone ;
- the ;nacroseismic map number ;
- the bibliographic references ;
- the rnaiu parameters of the fault-plane solution (XXth c. only) ;
- reiiarics.

7. - T&; otilSf'.IC HAPS.

A catalogue should not be a simple repository in which the
events are stored, but it rather should serve as a repertoire wherein pure
scientists and civil engineers should find the necessary contribution 4.o tnair
performances res^ctivfLy. ''•.<< iu olementat.ion of this consists in visualizing1

the parameters lister! v.'ith the •''id of rars.

7.1. - Tr* Scale,

Drawing maps arises several problems.
A first one resides in the scaling of the maps. At a scale of

l/lO.OOO.OOO and with computer-linked'graphic systems, an epicentre can be plot-
ted every 0,1 mm. This means that, at normal viewing distance, the points will
oe hardly separated given the resolving power of the human eye. Taking for gran-
ted that a distance of 0,5 mm is clearly distinguishable, the; smallest scale ac-
ceptable for the European Community will te l/2.0C0.C0C. But this ua.y not refrain
from making' up general maps it smaller scales to i.ave an overall view at a glance.
Aside such charts, special maps for particular regions should fee drav/n at scales
as large :;s l/pOO.000 when necessary.
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7.2. - The Projection System.

An other problem concerns the projection system of the maps.
It is well known that each type of projection induces its proper alterations and
distorsions. Therefore, it seems advisible to agree on the same kind of map, the
projection of which being a conic one with two standard parallels.

7.3. - THE Tracing

Next point on which consensus should be reached concerns the
tracing og the maps. However, this is a minor one and will be solved easely by
using different thicknesses of lining out the different types of lines (as paral-
lels, meridians, coasts, isolines, country boundaries) and by applying different
symbols for the different elements.

7.4. - Matters to be mapped out.

As all atlasses, the envisaged one should provide information
on a series of features to be expanded over either larger or smaller areas their
importance respectively.

Three types of maps are to be considered :
1) general maps covering the entirety of the territories of the Member-countries

and the adjacent regions ;
2) regional maps spreading over several countries but constituting a seismic

entity ;
5) national maps extending over one country and its neighboring zones.

In the present case, whereas seismic safety is implied, the fol-
lowing subjects are to be mapped out at a scale of 1/7.500.000 :
- the tectonic features,
- the surface geology ;
- the demographic distribution ;
- the general epicentre map ;
- the maxiimam observed intensity.

Aside these, national and regional iraps should be made up at
larger scales.

These two kinds of maps should be made ready at the appropriate
scales authorizing an easy read out and revealing delineations the significance
of which may be of importance in siting problems.

May 1985.
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DISCUSSION ON PAPER 9

Irving, J.

We have recently completed a study of the historical seismicity of the
United Kingdom. We found that the existing catalogues of earthquakes were not
much better than "lists" of known events and that it was essential to research
original sources (e.g., ecclesiastical records, newspapers, letters) in order
to assign intensities. The area we covered was 1/4 to 1/2 million square
kilometers of only moderate seismicity and this took a large team of
specialists over a year to complete. With a much larger area of generally
higher seismicity, the same detailed study would be an enormous task. It
would appear that only a proposed methodology report could be put to EEC by
the end of 1983 and even so the cooperation and active participation of member
country experts would be necessary. Could Dr. Van Gils comment?

Van Gils, J. M.

Your question is a very important one and I am aware of the exhaustive
work I have in front of me. As I have so delivered the first draft of the
present report before the end of this year, it certainly will be impossible
for me to achieve the enterprise I have undertaken. Therefore, I have to
appeal for collaboration by the different member countries of the Commission
of the European Communities in order to be able to coordinate the matters
concerned.
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METHOD OP SEISMIC FRAGILITY FOR COMPLICATED SYSTEMS

D. Veneziano F. Casciati and L. Faravelli
Dep. of Civil Engineering Department of Structural Mechanics
M.I.T. University of Pavia
Cambridge, Mass., USA Pavia, Italy

Abstract

A method for the seismic fragility analysis of complicated systems is
developed and applied to a reinforced concrete frame. Complication includes
aspects of both the mechanical and probabilistic model.

The model represents the seismic resistance as a parametric function of
the subset of uncertain quantities with fixed effects. The other uncertain
quantities are viewed as random effects parameters and represented through few
additive random variables. The unknown model parameters (fixed effect coeffi-
cients and distribution of random effects) are statistically estimated from
planned numerical examples.

After this resistance model is fitted,Level-2 procedures of reliability
analysis are used to obtain fragility curves.
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1- Introduction

In the safety analysis of complicated structural systems, it is often
convenient to distinguish between uncertainty on input loads and uncertainty
on system properties such as geometry, static and dynamic characteristics, and
strength. For example, in seismic risk, uncertainty on earthquake loads is
typically represented through a hazard function Hg(s), which gives the rate at
which an appropriately defined site intensity parameter S exceeds the value s.
The other component of uncertainty, which is that on system behaviour and
resistance, is typically the main contributor to the conditional-failure-
probability or fragility function Pf(s), which is the probability of system
failure given that S = s. Because S is usually not the only earthquake
characteristic to which the system is sensitive, the seismic fragility function
must include also conditional uncertainty on the ground motion, given that S=s.
It follows! that Pf(s) is a site-dependent function to the extent that
conditioned uncertainty on the other relevant earthquake characteristics varies
from site to site. An appropriate choice of S can make Pf(s) site-insensitive,
at least within large classes of sites, e.g. those on rock or on soft soil.

The functions Hg(s) and Pf(s) can be combined as

Vf = I Hg(s) Pf(s) ds (1)
-co

to give the rate of system failure, V^.
The purpose of this paper is to present and illustrate a method to

calculate the function P~(s) for complicated systems. Complication may be in
the sense of mechanics, or in the sense of probability, or both. In the
problem used later for illustration - a reinforced concrete frame - mechanical
complexity comes from the nonlinear cyclic behaviour of each structural member,
from the fact that system reponse is defined algorithmicaj-ly through a finite-
element program, and from the process of local damage accumulation (permanent
deformation and inelastic dissipation of energy at each critical section),
which eventually leads to structural failure.

Probabilistic complexity comes from the large number of uncertain
quantities, which include masses, stiffnesses, and damping values as well as
parameters of the hysteretic constitutive relation at each critical section,
local member resistances, and the ground acceleration function. The latter
function is modeled as a pseudo-stationary Gaussian process with uncertain
duration and uncertain mean power spectral density.

For each given s, calculation of P^(s) requires solving a conditional
reliability problem. However, current methods of reliability analysis, e.g.
those of the Level 2 type, are not easily applicable here, mainly for two
reasons: (1) The very large number of random variables, which becomes a
practical problem in face of the complicated algorithmic definition of system
response and (2) the fact that the ground motion is modeled as a random
process. The latter feature suggests using random vibration methods, but the
existing literature in this area is also of little help. The main obstacles
in this case are nonlinearity of the system, and the uncertain evolution in
time of structural properties (e.g. stiffnesses) that depend on the deformation
history of each member.

The approach proposed in Section 2 is an extension of response-surface
methods [1,2,3], The basic idea is to use techniques from experimental design,
analysis of variance, regression, and Level-2 reliability in order to:
(1) reduce the dimension of the random-variables space in which one needs to
operate, (2) fit a simple regression relationship between the value of S at
failure (response) and the random variables in the reduced space (regressors),
and (3) replace the complicated finite-element algorithm with this simple
relationship and use Level-2 reliability procedures for fragility calculation.

The method requires some familiarity with the above-mentioned tools,
so that one can take advantage of peculiarities of each problem. For this
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reason, only general principles are given in Sec. 2 and the implementation
"details" are left to Sec. 3, where an application example is given. The
importance of such details can hardly be overemphasized.

2. General methodology

The procedure of seismic fragility analysis presented here and
implemented in the following section relies on three simplifying assumptions.
With D the equivalent stationary duration of the motion and G1(OJ) the ground
acceleration spectral density function normalized such that /^G 1 (a))du = 1,
these assumptions are:

1. At the site of the structure, D and G' (a>) are possibly random but they
are independent of S. (The quantity S might be peak ground acceleration,
peak ground velocity, an elastic response-spectrum ordinate, or any
other suitable measure of earthquake intensity).

2. The probability of structural failure for earthquakes with given
characteristics [D,G*((o),s] is the same whether the earthquakes are
simulated conditionally on [D,G'(O)),SJ or they are simulated conditional
ly on D and G1 (co) only and then scaled to have intensity S.

3. If the system fails under a given earthquake motion, then the system
fails also if the same earthquake is scaled by factors larger than 1.

Assumptions 1 and 2 allow one to simulate ground motions with a given
intensity S by scaling unconditionally-simulated earthquakes. These assump-
tions are accurate for scaling factors close to 1, say between 0.5 and 2. In
order to avoid excessively large or excessively small scaling, the distribution
of D and the probabilistic model of G1 (u>) should correspond to earthquakes
strong enough to threaten structural integrity.

A consequence of Assumption 3 is that Pf(s) is a non-decreasing
function of s. Therefore, one can view Pf (s) as the cumulative distribution
function Fs (s) of a resistance variable S , the value of which depends on all
the random quantities in the problem: the ground motion, the structural
behaviour parameters, and the resistances. Although numerical calculations
indicate that Assumption 3 is occasionally violated by nonlinear systems, it is
nevertheless true in the seismic case that P^Cs) is a non-decreasing function
of s. Also, defining S R as the minimum value of S to which an earthquake must
be scaled to cause failure produces only slightly conservative fragility
functions. Relaxation of Assumption 3 would make the analysis considerably
more complicated.

2.1 Modeling Considerations

Denote by X_ the vector of all the uncertain quantities, each of which
is either a random variable or a random function. Hence, the normalized ground
acceleration function a'(t) = a(t)/S is just one of the components of X. A
major objective of the method is to reduce the dimension of X_ and then express
S as an explicit function of the reduced vector. Reduction of dimension is
obtained by partitioning X as JCT = (xJ/Xo) » where X. is a small vector of
influential random variables and }£„ is the remainder vector. Among the
components of X_2 there are large subvectors of X associated with distributed
properties (local resistances, member stiffnesses, geometrical imperfections,
local stress concentrations, etc.) as well as random functions, here a'(t).
In some cases, it is convenient to consider a quantity that varies randomly in
space as the sum of an uncertain mean value and a spatially varying fluctua-
tion component. Whereas the mean value may then be included in X.., the
fluctuation term should be part of X_2.

For any given X_, the seismic resistance S is a deterministic quantity:
it is the smallest value of S in a(t) = Sa'(t) such that the system fails.
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However, if only JC, is given, then S^ is a random variable because (2E21iii ̂  *s

a random vector. Uncertainty on S_(X,) is the price : one has to pay for
working in the reduced space of X^. This is done by writing

S R = gCX^i.) + e
1 (2J

in which g is a function of known form, 9_ is a vector of unknown parameters,
and s'is a random term which is contributed in part by lack of fit, but mostly
by the random vector (X_|Xj). F°r vectors X, with more than very few
components, it is common to take g as a polynomial of order not higher than 2.
Reduction in the order of the polynomial or better fit for a given order can
often be achieved through nonlinear transformations, i.e. by replancing X. in
Eq. 2 with a vector of nonlinear functions of 5£..

Eq. 2 expresses the dependence of S on X.i and X_2
 i n very different

ways. Dependence on X. is explicit and functional; one then says that the
components of }£, are fixed-effect variables. By contrast, dependence of S on
the vector X_ is implicit and stochastic, meaning that X^ is treated as a
random-effect vector. Not only X~ appears implicitly in Eq. 2, but the random
effects of its components are not separated one from another. Separation can
be made by partitioning }£ into subvectors X^i' 2L?2' ""' ^2no' w n e r e each
subvector contains either a random function Tthe normalized ground acceleration
a'(t)] or a subset of similar variables, e.g. the set of all member resistances
or the set of all geometrical imperfections. A separate independent random
term E. is then associated with each subvector Xo. and Eq. 2 is rewritten as

3 n2 - ^

S = g(xt,e) + I E + e (3)
R j=l 3

n2
with ( £ £. + e) in place of £'. For simplicity, it is assumed that the random

effects £• and E are independent of the vector X..
In the language of analysis of variance, the terms £^ are the main

effects of the vectors X~., all the interactions being included in e and
confounded with one another. A model of the type in Eq. 3 is called a mixed
model in that it contains several fixed-effects (those of the variables in X^)
and several random-effects (the random variables E. and £). One could further
generalize the model by separating from E some of the random interactions, e.g.
the interactions £.. of order 2. One might also consider dependence of the
random effects on tne vector X.. These extension would require much additional
numerical work, mainly to obtain enough data to further decompose £ or to
estimate the conditional distributions of (£-j|x«) and (£ \x.) with good
confidence. Neither extension should be frequently needed in seismic fragility
work.

2.2 Experimental Design and Model Fitting

Fitting the model of Eq. 3 requires estimation of the vector of
parameters 6_ and of the distribution of the random variables z^r ..., e n and
£. in problems for which even one deterministic analysis is expensive, the
data for statistical estimation should come from parsimonious and carefully
planned numerical experiments. Each "experiment" consists of fixing X. and
fixing or simulating X~ an<^ then scaling a1(t) until the system fails, thereby
obtaining a value of SR.

Although a great variety of experimental plans can be found in the
literature to estimate fixed and random effects models, the writers are not
aware of any plan that would apply to mixed models of the type in Eq. 3. It
has therefore been decided to solve the problem of data acquisition and
estimation in two stages: in the first stage the objective is only to obtain
the distribution of the random-effects £^ and E, whereas in the second stage
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the objective is to obtain the vector of fixed-effect parameters 0_. Specific
experimental designs for both purposes will be given and implemented later in
Sec. 3. In the same section, estimation methods from analysis of variance,
maximum-likelihood, and Bayesian inference will be described and compared
numerically.

2.3 Fragility Analysis

Suppose that the model of Eq. 3 has been fitted. If, as will be done
in Sec. 3, a Bayesian method is used to estimate 9_, then not only the components
of _x. and the variable £^ and £ but also the components of ̂ _ must be regarded
as random quantities. Calculation of Pf(s) = FsR^

s^ with S~ in Eq. 3 is then
a problem in derived variables. While the exact distribution of S R is
difficult to calculate, several approximate procedures can be devised: for
example, one can make a parametric assumption about Fg and fit the parameters
by the method of moments. Another possibility is to use Monte Carlo simulation,
followed by parametric or nonparametric estimation of FsP' These methods are
adequate for the central part of the fragility function out produce unreliable
estimates for relatively small values of SR, which are the values of interest
for seismic risk. It is possible to increase the efficiency of Monte Carlo
methods in tail areas, e.g. through importance sampling techniques, but a better
alternative is to use Level-2 reliability methods adapted for fragility
calculation. How this can be done will be explained next for the case when all
the random variables are jointly normal. The procedure can- be modified for
non-normality, e.g. as suggested in Refs. 4, 5, and 6. The basic idea is to
estimate Pf(s) as $[-B(s)j, where

{[(Y - roY)
T Z y " 1 ^ - my)] 1/2> (4)6(s) = + min

Y: SR(Y) = s

and Y_ is the vector of all the random quantities in the right-hand side of
Eq. 3 (X.w£, and the £'s), assumed to be distributed like iHm^, £_„) (i.e. a
joint normal probability distribution with mean vector my and-^covariance matrix
£y). The plus sign in Eq. 4 should be used if S (my) > sr the minus sign if
S— (my) < s. For the numerical calculation of g(s) one can use the Rackwitz-
Fies'Sler (RF) method [4] , with the caution that the method may not converge for
all s. For example, if the region Qs = {Y_: S R(Y) > s} is convex, then the RF
procedure converges if m^ is in Q [if (3(s) > Oj* but not necessarily if g(s) < 0.
Negative values of (3 are""of no interest in reliability analysis, but they are
in fragility analysis.

One can devise a variety of methods to improve convergence of the RF
algorithm. A simple one is to reduce the angular change in each iteration
step. Suppose that in step i one makes a linear search of the failure boundary
from m^. in the direction of the unit vector a_. and finds that failure occurs at
Y_* = ffly" + b. ex. . Also denote by Xithe unit vector in the direction normal to
the plane tangent at Y* to the failure boundary. If the failure surface was
actually a plane, then the critical direction from mY would be that of the
unit vector a* = IL. X./(X.i ILy X.) 1 / / 2. The RF method~searches along this
direction by setting <*. + 1 = "g/T7'

L Convergence can be improved by changing this
rule to

a-i-H oe ca± + (1 - c)a* (5)

with c a number between 0 and 1. Eq. 5 will be used in Sec. 4 to obtain
numerical results.



-72-

3. Implementation

The method of seismic fragility outlined in the last section has been
applied to the reinforced-concrete frame of Fig. 1. The same frame has been
the object of previous studies [7,8,9,10,ll] , to which the reader is referred
for a detailed account of the structural model. In short, each element., beam
or column, is treated as a linear elastic solid between inelastic hinges. Under
cyclic loads, the hinges are assumed to behave according to a modified Takeda
model. Failure of a hinge occurs when a certain function of the locally
dissipated energy E and of the local inelastic rotation 6 exceeds a resistance
parameter R. More precisely, the condition for failure is

in which E' is the energy E normalized with respect to the elastic energy stored
in the member in antisymmetric bending. The quantity £ is the dimensionless
neutral axis depth £ = x/d where x = depth of the centroid of the cracked
section and d = depth of tension steel. Eq. 6 has been obtained from the
analysis of cyclic and noncyclic strength data; some of this work has been
reported in Ref. 9. The system is assumed to be brittle, i.e. to fail as soon
as one of the critical sections fails, but relaxation of this condition to model
progressive failure is not difficult [ll].

The uncertain quantities included in the analysis are:

1. The mass matrix M ) the initial tangent stiffness matrix K, and the
viscous modal damping vector £ for small-amplitude vibration. For
simplicity, it is assumed that fl, JC and £ are proportional to given
matrices M Q , K , and vector C, . Hence,

where y , y » and Y^ are random variables.M K L,

2. The vector K, of strain-hardening coefficients (ratios between inelastic
and elastic stiffnesses of a cantilever). In analogy with Eq. 7, it is
assumed that K. = YK. . Kj where K^ is a given vector and yK. is a
random variable.

3. The vector of plastic moments, M . For the i-thhinge, the assumption
is made that Mp.

 a Mp . Mp. where Mp is a random variable common to all
the hinges and the quantities tL. are random variables with mean value
1. The constant of proportionality is the nominal bending moment
capacity of the ith section. Before correction for axial load, the
nominal capacities have the values in Fig. 1.

4. The vector of resistances R. In analogy with the plastic moments, we
have assumed that, for the i-th hinge, R^ = R" . ft. where R and the R. are
independent random variables. In Eq. (06) £ is computed for the
nominal bending moment capacity of the relevant section after correction
for axial load.

The numerical investigation has been conducted under the assumption that the
uncertainty on the mass matrix does not alter the static loads on the frame.
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Figure 1 - Frame used in the numerical example. Lengths in meters. The plastic

moments in the table (txm) are for the case of no axial load. The
values used in the calculations have been corrected for the static
axial forces.
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Figure 2 - Augmented factorial design. Case with 2 variables.
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Table I - Classification of uncertain quantities as fixed and random effect
variables.

UNCERTAIN QUANTITY

V — "V V

—1 'Kj —l o

a1(t) = a(t)/S

Mp = {Mpi - Mp MpJ

R = {R± = R R\}

FIXED EFFECTS
(components of Xj)

*Y

**

R

RANDOM EFFECTS
(components of X2)

a'(t)

5. The normalized ground acceleration function a'(t) = a(t)/g. Under the
scaling assumption of Sec. 1, it is sufficient to characterize
uncertainty on the unnormalized function a(t). Except for short initial
and terminal transients, a(t) is represented as a pseudo-stationary
Gaussian process, with duration D and mean power spectral density
function G(a>). Both D and G(o>) are random. In particular, G(o)) is a
Kanai-Tajimi spectral density function with uncertain central frequency
w and damping coefficient £ modified by high-pass filtering. The
parameters of the high-pass fxlter are assumed to be constant.

The assumption of perfect correlation among the components of the vectors M, K,
_£ and K^ is not a necessary one. For example, one could have assumed equicor-
relation and treated these sets of variables in a way analogous to the vectors
M p and R.

ox JC? is
d

Classification of the uncertain quantities as components of _ _
shown in Table I: the fixed-effect vector X, has 6 components and the"random-
effect vector is partitioned into 3 subvectors: the first subvector has only one
component, and consists of the function a'(t). The other two subvectors collect
the local variations of plastic moment, Mp., and of resistance, & .

All random quantities except a'ft^are assumed to have independent
lognormal distribution, with parameters in Table II. These parameter values
have been chosen using published information and may be considered typical of
reinforced-concrete construction. Both C and Kj have been taken to be vectors
of unit coefficients. The plastic-moment variables iL and Mp. are such that
the quantities M p K P i are equicorrelated lognormal variables with median 1,
logarithmic standard deviation 0_.̂ 5 and logarithmic correlation coefficient
0.75. Similarly, the products R R. are equicorrelated lognormal variables with
median 11.7, logarithmic standard deviation 0.272 and logarithmic correlation
coefficient 0.509. The distributions of D, 0) and Z, have been specified so
that they are representative of strong motions at stiff soil sites.

Because of the assumptions of independence and lognormality, it is
simple in this case to transform the variables in X. so that the transformed
vector (for which we continue here to use the symbol 5£j) has standard normal
distribution. For Y M the transformed variables M is M = {in y - mp n^ )/a
Similar transformations of y.

R/
M p, YK./ and R define the standard'

normal variables K, Z, M^, K^, and R, respectively.
For the purpose of illustration, all fragility calculations here are in
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Table II - Parameters of probability distributions. All variables are
independent with lognormal distribution.

RANDOM VARIABLE

M
YK

IK1

MP±

R

\
D(sec.)

0) (rad/sec.)

?g

MEDIAN

1.000

1.000

0.035

0.030

1.000

1.000

11.700

1.000

7.630

18.110

0.380

LOGARITHMIC
STANDARD DEVIATION

0.150

0.200

0.472

0.325

0.130

0.075

0.194

0.190

0.610

0.450

0.480

terms of the logarithm of peak ground acceleration A , hence S = in A . As
explained in Sec. 1, other choices of S might be pre?erable in that tBey might
produce steeper and less site-dependent fragility curves.

The function g ()£. , 9̂) is taken to be a polynomial of order 2 in X^.. The
polynomial is complete in the first order terms, but not in the terms of order
2: in part from preliminary numerical work, in part for physical reasons, it
has been decided that the terms in M . Mp, M . K,, M R, K . Mp, K . R,

^ Mp . K^, and Mp are negligible. Also, we have decided to associate one
random term with each of the three subvectors of 3C?: £ with a1(t), eM with

and E with R. Therefore, for the present problem the model of Eq. 3
r
.Mp, is

sR =

(e 10
913 M * K

he K • Ki + ei7 ? • R + ei8 M P • R + ei9

In the remainder of this section, the proposed fragility method is applied to
Eq. 8. Special attention is given to techniques of experimental design and
parameter estimation.

3.2 Experimental Design and Data Analysis

£ , and e, the other to
Two different numerical experiments have been conducted, one to estimate

the distribution of the random-effect terms £ , E]
estimate the fixed-effect parameters 9., 9_, ..., «iq.

3.2.1 Random Effects

The distributions of the e terms can be estimated by repeatedly
constant.

is calculated numerically. Clearly, it
is not possible to separate the E terms from one another if each time all the

simulating the associated random function and vectors while keeping X_
After each simulation, the value of S is calculated numerically. Cl
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Table III - Design and results (in italic peak ground accelerations at failure
in cm/sec?) of the lattice-squares experiment for random effects.
The numbers between brackets identify the ground motion.

SQUARE 1 SQUARE 2 SQUARE 3

1

2

3

4

1

(01)

J99
(02)
902

(03)
667

(04)
889

2

(05)
J86
(06)

(07)
382

(08)
1550

3

(09)
535

(10)

(11)

(12)
1512

4

255
(14)
801

(15)

(16)
2302

ZZ -i
J

5

6

7

8

5

(01)
356

(06)
72.9

(U)
604
(16)

6

(02)
972

7

(03)

_S£5
(05)1(08)
31811074

(12)
1245

(15)

(09)

(14)
674

8

(04)
572

(07)
483

(10)

(13)
318

9

10

11

12

9

(01)
286

(12)
839

(14)
_722

(07)
445

10

(11)

(02)
718

(08)
2207

(13)
324

11

(16)
1067

(05)
257

(03)
788

(10)
520

12

(06)
724

(15)
782

(09)
597

(04)
522

SQUARE 4 SQUARE 5

R.

13

14

15

16

13

(01)
305

(08)
782

(10)

(15)
852

14

(07)
350

(02)
832

(16)
940

521

15

(12)
915

(13)
235

(03)
737

(06)
693

16

(14)
553

(11)
407

(05)
328

(04)
508

17

18

19

20

17

(01)
343

(09)
661

(13)
si?

(05)
299

18

(10)
557

(02)
870

(06)
8£2

(14)
542

19

(15)
896

(07)
540

(03)
775

(11)
420

20

(08)
1226

(16)
2042

(12)
2222

(04)
261

quantities in 3C are simulated again.

r d o effects ld b t h l d ll trandom effects would be to hold all the variables in Xj
b

One possibility to separate the various

j and 5^ constant, except
for the quantities associated with the effect that is being currently estimated.
However, this method runs into two main difficulties: 1. The distribution of
the e's might depend on the variables in _X2 that are kept constant. For exam-
ple, the distribution of e might depend on the values of the plastic moments
and of the resistances, whxch determine which are the most vulnerable members
in the structure. 2. The distribution of e, which accounts for the interac-
tion effects, cannot be estimated.

Another possibility is to simulate n earthquakes, n plastic-moment
vectors VL, n local resistance vectors $, and then make n runs, one for each
combination of the simulated quantities. Such a complete factorial experiment
would be adequate but also very expensive and in a way unnecessary, given the
simple structure (additive without interaction) of the random-effects part of
the model.

The design that we have finally chosen is one of the lattice-squares
type [12,13]. It is implemented by simulating 20 vectors Mp., 20 vectors R=,
and 16 ground acceleration time histories a£(t). Then only SO of the (20)(20)
(16) = 6400 possible combinations are considered. The 80 combinations are
arranged into 5 "squares" as shown in Table III: there are 16 combinations in
each square, one for each simulated earthquake. Earthquake numbers are
assigned in such a way taht every pair of earthquakes -occurs together once in
the same row and once in the same column. This condition makes the design
"balanced" and allows one to better separate earthquake, plastic moment, and
resistance effects, besides simplifying the analysis of variance (balanced
design for 16 treatments in five 4x4 lattice squares) [l2}. The result of the
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numerical experiment, which consists of 80 values of peak acceleration A^ at
failure, is given in Table III(values in italic). The associated values of S R

are the natural logarithms of A .
The next problem is how to use the results of Table III to estimate

the distributions of £ a, £ M p, £ R, and £. We have used several methods:

1. Yates' [l3J analysis of variance;
2. Maximum-likelihood assuming that £ , £M P/

 £
R/

 a n^ £ a r e independent
normal variables with mean value zero and unknown variance C7~, O~. ,
O2, and Cf2.

3. An "unbiased" variant of maximum-likelihood, to be explained later;
4. Two versions of an iteratively-reweighted least-squares method with a

small number of iterations.

There is no need here to explain in detail the analysis of variance of Ref. 13,
except to say how O, o*, a% f an(j a 2 have been obtained from the results of
that analysis. The last three variances have been found by equating the
calculated mean squares to the expected mean squares, using 0 as a- lower bound.
This is shown in Table IV. For a~, we have first calculated the earthquake
effects £ a ,.... fEg.gadjusted for plastic moments and resistances according to
[l3] and tHen calculated a2 as

a2 = —

16
where % = I £ a - / ^ ' T**e fina-l results and the total random-effects variance
are a i=l r~T>roducv*d in the second column of Table V. Notice that ground
motion uncertain dominates over all the other components of variance and that
the effects on peuK-acceleration resistance due to local variations of plastic
moment are statistically not significant. Hence a^ is estimated to be zero.

Methods 2, 3, and 4 are all variants of an"iteratively reweighted
least-squares procedure which, upon convergence, gives the maximum-likelihood
values of the desired variances and of the individual effects £ , ..., £ai/-»
£ M p , ..., £ M , £ R , ..., E R . This procedure is obtained as follows. Let

A_ be the vector of the 56 individual effects and denote by s_ the vector of the
logarithms of the peak accelerations at failure SR^, ..., S R Q 0 from Table III.
Then one can write.

S o . = sw + hT A + £. ( i = 1, . . . , 80)

*\L •Ko —1 — i

a n d

S T = S D l + H A + £ (10)
which h_. is a vector of 0's and l's indicating which simulated vectors Mp

K and ground motion a1(t) are used in the i-th case, Sj, is an unknown
stant £^ is the i-th value of £, _1_ is a vector with 80 unit components, and

80 x 56) matrix whose rows are the vectors hT. Let A ={eal,...,

? = { e M P ' ••"
 e M P } T / an<3 R = { £ R ' ""'" eR20}T~^e s u b v e c t o r s o f

in
and
constant,

Al Further, assume that, in accordance with Eq. 8, £-,., £ M , £ o and £,- are
- dD M P K Rm 9 2
independent normal variables with common mean vala.e zero and variances a , CTM ,
crj; and O2 respectively. Unknown parameters are S_ , A_, a , a^ , a^, and G^. ^

Except for an additive constant, the log likelihood of these parameters given
S R is
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TABLE IV - Analysis-of-variance table for S = In A from the lattice-squares
experiments. The last column gives estimates of the variances of

Source of variation

Ground average

Squares

Earthquake

Resistances (adj.)

Plastic moments (adj.)

Error

Total

degree of
freedom
(d.f.)

1

4

15

15

15

30

80

sum of
squares
(s.s.)

0.484

23.797

1.724

0.204

0.510

26.719

mean
squares
(m.s.)

0.1210

1.5865

0.1150

0.0136

0.0170

1.8531

expected
mean squares

-

-

3a2 + a2

30^ + O2

a2

-

variance

-

-

(0.1808)2

-0-

(0.1305) Z

-

TABLE V - Results from various analyses of the lattice-squares results in terms

of

a
a

\
0

2 I

Sn = JCn A .R p

Analysis of
variance

0.5261

0.1808

-0-

0.1305

0.5714

0

0

0

0

At

ML

.4791

.1645

-0-

.0945

.5153

Iteratively Reweighted Least

convergence

"unbiased ML"

0.5227

0.1545

-0-

0.1700

0.5710

0.

0.

0.

0.

0.

Squares

Iteration No. 2

ML "unbiased ML"

4884

1593

0591

0801

5233

0.5207

0.1734

0.0610

0.1378

0.5692

Jin JUSj^, A, f 0
2 , C R,

2 a2

a

= -16£na - 20ilna,, - 20Jlna_ - 80lnoa Mp K

- H A ) T E ; ]

- 80£ncr

IT IT- 5 - A*, A + 4" &t 4 ,)2 -Mp - « ^ 2 - R - R
M_ R

I - HA)]

(11)

where Z is the diagonal maT. ix with the first 16 diagonal elements equal to
a2, the~next 20 elements equal to a2. , and the last 20 elements equal to aR.
Tn"e matrix Eg is simply a i_. Differentiating ilnJl with respect to the unknown
parameters, one obtains
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(Z"1* HT E"1 H) A - HT E " 1 ^ - S 1)-o - _e - - e - R Ro -

= _ ii + 1 AT A
8a a _ „
a a o

a

dZnH = 20_ + _1_ AT
8aM % a3 ~"5

P P M

dini _ 20 J_ AT .

and setting theee derivatives to zero gives the maximum likelihood equations

SRo = 5" \\ ' £*>
-1 T -1 - I T -1

A = (E + H £ H) H S_ (S_ - S_ 1)
— —O "~" ~~& — — —c- —1\ i\

a2 = ̂  AT A
a 16 -a -a

2 1 T (13)

This is a nonlinear system of equations, which can be solved by
numerical iteration. First one sets E~ = 0̂  and Eg = I, and estimates ST, and
A, as S^-^and A d ) using the first two equations. The associated variance
estimates a2^1', a2^1', af> / a n d Cf2^1) are found from the remaining equations

with S D = si 'and Â  = A^ '. New matrices £ and ̂ e are then formed using the
previous variance and one proceeds as before to obtain the quantities S^ , A^2',
0^(2), ...,cr2(2)_ if the procedure converges, then the solution is a point of
stationarity of the likslihood function.

The standard deviations of the random-effect variables at convergence
are given in Col. 3 of Table V. Also in this case, a"k is estimated to be zero.
In comparison with analysis of variance, maximum likelihood gives all smaller
variance estimates. This is due in part to the fact that, for any given Sj,
and A_, the variance estimators of Eq. 13 are biased towards small values, in
part to the bias introduced by the iteration procedure itself: as iteration
progresses, the magnitude of the components of A_ associated with small estimated
variances decreases and Cf̂  converges to zero. The former source of bias can bt.
counteracted by replancing the denominators of the variance estimates in Eq. 13



with the appropriate number of degrees of freedom from Table IV. The associated
estimates at convergence correspond to that is called here the "unbiased maximum
likelihood" solution and are given in Col. 4 of Table V. The difference with
maximum likelihood is especially large in the case of 0 . Also notice that the
total variance is now essentially the same as from analysis of variance.

The bias from iteration can be mitigated by stopping after only a few
steps. In particular, the solutions obtained at the second iteration using the
two previous procedures are displayed in the last twp columns of Table V. The
variance 0^ is now non-zero, which of course is a desirable feature of the
present estimates. Notice again that the second-iteration unbiased ML procedu-
re (last column of Table V) gives a sum of variances very close to that from
analysis of variance. In our opinion, this is the most attractive estimator.
Results in the last column of Table V will hence be used in Sec. 4 for fragility
calculations.

3.2.2 Fixed Effects

A separate experiment has been carried out to estimate the fixed-effect
coefficients 0. in Eq. 8. A simple method to fit these coefficients would be
to run just 19 cases with £2 fixed, say X~ = xf • This i s n o t a satisfactory
procedure, on three accounts. Firstly, the random effect of X* would be
interpreted as a fixed-effect. Secondly, the actual dependence of S on X«
cannot be expected to be exactly quadratic. If the second order polynomial is
regarded as a reasonable approximation to the actual function over a region of
X, space, then in order to have a good general fit one needs to "sample" this
function at more than 19 locations. Thirdly, the dependence of S on X, may
vary with X^; for example, the effect on S of increasing the average stiffness
may vary considerably with the ground acceleration function a1(t). In order to
remove this source of bias, one must use different vectors 2£o during the
experiment, thereby introducing random "error" in the calculated values of S .
Increasing the number of calculations of S is a way to decrease the effect or
this error.

Among the most attractive experimental plans for quadratic response
functions in presence of error are complete or fractional factorial arrange-
ments, augmented by star designs. The arrangement for 2 variables is shown in
Fig. 2. In the case of Eq. 8, there are 6 variables and one can use a 2-level
factorial (2e - 64 points), augmented by a star design with No points at the
center and two points along each axis, for a total of (NQ +64 + 12) points.
In addition to deciding about N , one must associate vectors X~ with these
points and chose the levels of the variables in X..

With regard to X^, one could simulate a separate vector X. f o r each
experimental point, but doing so would introduce excessive error in the results
and mask the fixed effects, which are those to be estimated here. On the other
hand, X_ should not be the same at all the points, for reasons given previously.
As an intermediate solution, one can group the experimental points in subsets
or "blocks", and use the same vector }£„ for all the points of each block.
Factorial block designs have been extensively studied. That of Table VT, from
Ref. 12, arranges one half replicate of a 2^ factorial (32 points) into 8
blocks. The notation is that typical of factorial designs. The first 6
(letters of the alphabet are associated with the 6 variables and presence
(absence) of each letter indicates that the variable is set to its higher
(lower) value. The symbol (1) indicates that all the variables are at their
lower values.

We have implemented twice the design of Table VI, with the associa-
tions of variables shown in the lower part of the table. These associations
do not produce a complete factorial and are made so that tiie second-order
interactions that are the least estimable (due to so-called confounding with
blocks) are exactly those that we have assumed to be zero (see comments
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Table VI - Factorial part of the experiment for fixed effects: 1/2 replicate of
2 6 factorial in 8 blocks of 4 units. Estimable main effects: all.
Estimable 2-factors: all except AE, BF# and CD*

Blocks (1) (2) (3) (4) (5) (6) (7) (8)

(1)

abef

acde

bcdf

ab

ef

acdf

bcde

ac

de

abdf

beef

be

df

acef

abde

ae

bf

cd

abedef

af

be

abed

cdef

ad

ce

abef

bdef

bd

cf

abce

adef

VARIABLE ASSOCIATION

FIRST

A =

B =

C =

M

K

X,

1/2 REPLICATE

D = M p

E = K1

F = ~R

SECOND

A =

B =

C =

M

K

C

1/2 REPLICATE

D = K

E = 1

F = M p

immediately before Eg. 8). Hence, the factorial part of the experiment is
arranged in 16 blocks and requires 16 simulated vectors X̂ ,.

There is a certain amount of linterature on the appropriate value of N ,
e.g. [l2,14]. Recent studies [l5] indicate that for 6 variables, N should be°
about 10 or less. We have decided to set N -- 6 and associate one simulated

o
vector ~&2 with each triplet of points along one axis: the two points of the
star design, plus one point at the center. The vectors X2 a r e the same as the
first 6 vectors in the factorial part of the experiment.

Finally, one must decide about the values of the variables in 5Cj. For
each variable, one must select 5 values: one for the center, two for the
factorial points, and other two for the star design (Fig. 2). Let 0 be the
value for the center, +jj>, the values for the factorial and +ij/ the values for
the star. In order for an augmented factorial design to be rotatable I" 12],
1̂ 2 and ty. should be related as i/)_ = 2 ' \p.r where N is the number of variables.
In the present case N=6 and ty- ~ 2.831K. A reasonable value for ifj. can be
obtained by associating an identical probability mass equal to 1/(N + 2N + 2N)
with each experimental point and then imposing the condition that each discrete
marginal distribution have the same variance as the actual variance of the
associated variable. In our case, all the components of Xo have unit variance
and one obtains [l2]

X~

2 N + 2N + N

*1 = (-
2 N + 2

N/2+r
(14)

For N=N =6, \\> = 1.0124. Because interest is primarily in small fragility
values, the coordinates have been shifted uniformly by -0.5 (minus one half)
standard deviation for the average resistance R and the average plastic moment
M : low values of these parameters are obviously more critical than high values.

Finally, in the simulation of Xo' only a1(t) has been generated,
whereas the local changes of plastic moment and resistance have been set to
zero. As shown in Table V, the ground motion is associated with the larger
variance and is also the quantity in X? with highest influence on the fixed
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TABLE VII - Values of peak ground accelerat. at failure (cm/sec?) from the
argumented factorial experiment.

2 factorial - first 1/2 replicate

Block

Block

(1)

280

585

312

521

(9)

4C9

,69

648

750

(2)

597

1201

1105

1080

26

(10)

426

991

585

966

(3)

585

807

997

1182

factorial

(11)

401

1309

451

839

(4)

356

1239

1283

470

- second

(12)

1023

1131

1378

1207

Star

(5)

248

610

35b

718

(6)

1512

559

655

1353

1/2 replicate

(13)

743

274

299

775

(14)

693

743

629

1544

(7)

426

451

864

845

(15)

705

1194

864

1410

(8)

724

1867

947

2013

(16)

940

1080

1036

1213

Variable

Block

low value

center

high value

M

(1)

445

356

458

k
(2)

953

915

997

X.
(3)

782

813

978

MP
(4)

547

667

801

Kl
(5)

356

381

432

R

(6)

318

851

1912

effects.
The results in terms of the peak ground acceleration that just causes

failure are given in Table VII. They have been analyzed by standard Bayesian
regression with a noninformative flat prior on the parameters 0.. The only
pecuiiarity is that the residuals within the same block are correlated (we have
assumed equicorrelated), and that their variance and correlation coefficient
are initially unknown. A recursive procedure has therefore been used to
estimate the covariance matrix of the residuals. Convergence has been obtained
in only three iterations. The posterior mean values of the parameters are given
in Table VIII. The standard daviation of the residuals is 0.572 (cm/sr), i.e.,
slightly larger than a from the lattice squares experiment (Table V) and the
within-block residual correlation coefficient is 0.730. The difference in the
two estimates of O might be due to a modest lack of fit of the polynomial
response function. Another check of compatibility between the present analysis
and that for random effects has been made by calculating the correlation
coefficient between the estimated earthquake effects £a., ..., e a., in the two

is estimated as the average residual for all the casesanalyses. (Here, e £

run with the i-th earthquake).
indicates very good agreement.

The correlation coefficient is 0.969 and
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Table VIII - Posterior mean values of the fixed-effect parameters 0. in Eg. 8.

Coefficient

91
92
93

95
96
97
98
99
910

Term

const.

M

M2

K

K2

c
s2

MP
Kl
K2
Kl

Mean-value
estimate

6

-0

0

-0

0

0

0

0

0

-0

.7257

.0163

.0161

.0199

.0100

.02075

.00921

.0390

.0882

.0260

Coefficient

911
612
913

915
916

e 1 8

919

Term

R

R2

M-K

M-C

K-5

K-K.

C-R

Mp-R

K -R

Mean-value
estimate

0.2377

-0.03187

0.00993

0.00827

0.0443

0.01927

-0.00310

-0.0401

0.03185

4. Fragility Curves

The method of Sec. 2.3 has been used to calculate seismic fragility
curves as cumulative distribution functions of S in Eq. 8. A total of 29
variables contribute to uncertainty on S : the 6 components of JC. (independent
normal with mean zero and variance 1.) , the random effects e , eM , e , and e
(also approximately independent normal with mean zero and standard deviations
in the last column of Table v), and the coefficients 6j, ..., 0^g. These latter
coefficients have jointly normal distribution with mean values in Table VIII and
covariance matrix from the Bayesian analysis of fixed effects. This covariance
matrix is a full matrix.

Several fragility curves are plotted in Fig. 3 on normal paper. The
dashed-dotted line, "base case", corresponds to the previous parameter distribu-
tions, whereas the other curves indicate sensitivity: no uncertainty on the
coefficients 0. (curve B) , doubling the standard deviation of selected
components of x, (curves R, K^, and M ), doubling the standard deviation of e
(curve £ )• Sensitivity to all the other variances, notably those of the masses,
stiffnesses, and damping coefficients, is quite small.

As one would expect, the fragility curve is insensitive to the above
changes in the range from 0.1 to 0.9, but not.in the tails, e.g. in the left
tail, which is that of higher interest. It is also interesting to notice that,
except for curves 0 and E , fragility does not plot as a straight line. This
means that the distribution of SR is not normal and specifically, that it has
a relatively thick left tail. Nonlinearity of the fragility curves comes from
nonlinearity of S in X. and 0_ and, more cpecifically, from the fact that the
critical direction in the space of all the parameters changes significantly
with the value of S . Reducing uncertainty on 6_ (curve 0) or increasing
uncertainty on the random effects (curve £a) decreases the importance of
nonlinearities and makes the fragility curves nearly straight lines. Fig. 4
shows similar results for the case when selected standard deviations are
increased by a factor /2.

A simple way to measure the relative importance of different random
variables is to compare the associated components of the unit vector )( normal
to the plane tangent to the failure boundary at the "6-point". Denote by
Y-vN(m,I) the vector of all the uncertain quantities in Eq. 8 (including the
coefficients 0.) arid suppose that the above tangent plane has equation )(TY_=b.
Then the reliability index 3 is:



-84-

0.998

0.995
0.99
0.98

0.94

0.90

0.80

0.60

0.40

0.20,

§ 0. 10
3
>—i

h,

'M

° 0.01
u

1L
1

D
ar.
01 io- 4

lO" 5

lO" 6

io"7

io"8

-9
10

K l

Mp

"a

base

e.

; ca

/J

/

se

/

/

/

/

r

t

St
/_

/

S i

/ /

ff•J
//
/

/

/>
r /
/

y

A

A

/

A

i

/1

f

/

.6.
base

f
case

2
2 3 4 5 6 7 8 S =£nA (cm/s . )

. i i i i i i

0 02 0.05 0 .1 0 . 2 c. 5 1 2 A
P ( g )

Figure 3 - Fragility curves for the frame in Figure 1. Base case and
sensitivity cases. Curves R, K-, M , and e correspond to
increasing the standard deviation o? the associated randomincreasing
variables by a factor of 2.
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b — y m

<x I x ) v "
and if x does not change for small perturbations of m and £_ (that is, if the .
failure surface is flat near the critical point), then with X = X/ (X.T Jj_ X) •

1/2 = - X
1' (16)

(b - £ m)
T

so that _X might be taken as a sensitivity vector and x as a relative importance
vector. It seems, however, that a better indicator of importance is the
fraction of variance in the direction of x contributed by each parameter or
group of parameters. Plots of percentage contributions to the variance
Oy = x £ X by the leading parameters as functions of A , S = £n A , and g are
sHown iri~~FTg. 5. The plots at the top of the figure ari for the bale case,
those at the bottom are for the sensitivity case "K." in Fig. 3 'standard
deviation of y^ increased by a factor of 2). The curves denoted by z_ and 9̂
give the total variance contribution respectively from all the e terms and all
the coefficients 6.. It is apparent from these plots that the vector x changes
significantly both with the value of S and with the variance of the components
of Y_. Analogous plots for the cases "8" and "e " of Fig. 3. (not shown here)
indicate more stability of the critical direction as a function of S .

5. Conclusions

A method for the seismic fragility analysis of complicated systems has
been developed and applied to a reinforced concrete frame. Complication
includes aspects of the mechanical model such as hysteretic nonlinearity,
stiffness degradation, and progressive accumulation of damage, which can be
accounted for only through numerical time-domain integration. Complication
includes also aspects of the probabilistic model: a very large number of
correlated random variables and a random earthquake motion represented as a
modulated pseudo-stationary gaussian process with uncertain duration and
uncertain spectral density function.

The basic features of the method are:

1. Decomposition of the complete vector of uncertain quantities }£ into a
subvector X with a few influential components and a subvector X- with
large sets of individually less important variables and random
functions;

2. Representation of the seismic resistance S as a parametric (e.g.,
polynomial) function of X.. The effect of X.2

 o n S R *-S modeled through
a few additive random variables. The resulting model is one of the
mixed-effects type;

3. Design of numerical experiments whereby S is calculated for controlled
or simulated values of X. and X . The results of these experiments are
used as statistical samples to estimate the unknown parameters (fixed
and random effects) of the model;

4. Adaptation of level-2 procedures of reliability analysis for calculation
of the fragility curve. The uncertain quantities include the components
of X,, the random variables that express the effect of X~, and
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8 S =£nA (cm/s.)
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5 - Importance of the main sources of uncertainty on terms of their
relative contribution to 0^. Base case (top) and sensitivity
case "K," in Figure 3 (botTom).
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parameters of the fixed-effect components of the model. The latter
parameters are uncertain because of the limited number of numerical
experiments at point 3. it is easy to make sensitivity analyses of the
fragility curve with respect to the mean values, variances, and
covariances of the uncertain quantities and with respect to neglecting
uncertainty on one or several variables.

The problem used here for exemplification is an especially complicated one. So
is the model (Eq, 8) used to represent seismic resistance. For example,
considerable simplification would result from representing the effect of 3£2 on
S through only one random variable. In this case the model is one of the fixed-
effect type and all the labor in Sec. 3.2.1 for estimation of the random effects
can be avoided. On the other hand, the present method can deal with even more
complicated problems, provided that a computer code is available for their
deterministic analysis. The model of uncertainty can also be of virtually any
complexity. For example, any number of arbitrarily distributed random vectors,
matrices, and functions can be included as part of the vector K^. The only
requirement in this case is that a method be available for numerical simulation.
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SEISMIC HAZARD IN N.P.P. SITES

E. Iaccarino and C. Zaffiro

ENEA - Central Directorate for Nuclear Safety and Health Protection

Rome, Italy

Abstract

When performing a Probabilistic Risk Assessment, the contribution

to the risk from seismic events should be made low. However there is a

question as to how to deal with the estimates of seismic risk since the uji

certainties are very large. In particular the estimates of seismic hazard

are very uncertain, being the hazard a factor wich conditions the probabi_

lities of all sub-sequential events caused by earthquakes.

At the moment it is recognized that the use of these estimates

would not offer benefit for P.R.A..

In this report an investigation is made of uncertainties affecting

the seismic hazard. In addition recommendations are given for research

whith the aim to improve future estimates.
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1 • Introduction

The main risk .n a nuclear installation derives from the possibi-

lity ^hat the radioactive products generated in the fuel may be released

to the external environment during accidents.

In order to assess this risk, it is necessary to estimate the pro

babilities of the various ways in which such products may be released. A

risk assessment therefore requires the identification and quantification

of probability of accident sequences which produce damage to the reactor

core, as well as of the fission product releases and the individual and

collective doses.

Of the whole accident scenario examined in the course of a Proba-

bilistic Risk Assessment (P.R.A.), the contribution of the sequences which

originate from an earthquake is the one which presents the greatest uncejr

tainties. In fact, the phenomena which describe the generation of an earth

quake, its propagation and its manifestation on the ground are still lit-

tle understood and the models used for estimation are insufficiently rel|a

ble. In addition the physical parameters which describe the plant behavi-

our during earthquakes are not easily predictable. Since all the uncertain

ties are substantial, it is recognized, at the moment, that the use of

seismic risk estimates would not offer benefit for P.R.A. purposes. Howe-

ver the contribution to risk from seismic event may be considered small,

provided that specific deterministic requirements are met in the defini-

tion of the plant design earthquake. These requirements, on the basis of

very conservative assumptions and of well sound professional judgements,

must assure that nuclear plants are adequately protected against nuclear

accidents caused by earthquakes.

In seismic risk studies attention must be put forward on the de-

termination of the seismic hazard function. This term means the cumulati-
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ve probability function of earthquakes of varying strength which may af-

fect a site, where as the seismic risk is defined as the integral of the

consequences probability curve, given a specific plant. The probability

component of the seismic risk is conditioned by the probability that an

earthquake will occur on the site where a nuclear plant is Installed,

that is by the seismic hazard of the site.

The aim of the consideration which follow is focused firstly on

some difficulties which arise when using the seismic hazard in the

calculation of the probability of consequences. Then the principal uncer-

tainties affecting the determination of the seismic hazard are identified.

Finally, some recommendations are put forward on how to tackle difficul-

ties and uncertainties, with the support of the results of research pro-

grammes.
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2. Considerations on the seismic hazard

Parameters like intensity and magnitude are normally used to indi^

cate the strenght of an earthquake. The seismic hazard of a site may the-

refore be expressed through one of these parameters the probability function

of which can be derived from a statistical analysis of the events which

are applicable to the site. The seismic hazard so identified cannot, howe_

ver, be used directly to represent the seismic dangerousness of a site

with a view to the possibility of installing a nuclear plant. The behavi-

our of a plant during an earthquake, in fact, depends on the seismic for-

ces which act on its foundations, and therefore on the mechanical parame-

ters of the local ground movement, namely velocity and acceleration as a

function of time.

The intensity, on the other hand, synthetically expresses the de-

structive capacity of the earthquakes over a significant area. It therefo

re takes into account the physical parameters of the originating event,

the local ground conditions and the structural characteristics of the e™

xisting constructions in the area. The magnitude in turn may lead to the

definition of the destructive power of the earthquake only in combination

with the knowledge of the hypocentral depth and of the mechanism of the

energy release and propagation.

The seismic hazard of a site must therefore be expressed through

the probabilities associated with one of the above mentioned mechanical pa

rameters. It may be obtained through the probability of events expressed

in terms of intensity or magnitude, and through the use of suitable corre

lations to estimate the correspond ing forces on the plant foundations. The

available empirical correlations between intensity or magnitude and acce-

leration on the ground, however, are not suitable for the calculation of

these forces bec^ise they only supply figures for specific acceleration
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values (e.g. the peak ground acceleration), which do not, by themselves,

represent the earthquake for structural purposes. Moreover they are, in

themselves, affected by uncertainties which may introduce large errors in

the calculations. In fact they have been developed on the basis of several

accelerometric records of events of various intensity (or magnitude), but

the maximum events recorded are fe»>( in number, and it is not legitimate

to estrapolate the data from events of lower intensity to those of maxi-

mum intensity. In Italy, for example, there are not many data available,

since the only events of a certain size which have provided accelerometric

records are those in Friuli in 1976 and Irpinia 1980.
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3. Discussion of the uncertainties

3.1 Catalogues

An important factor which influences the estimation of the seismic

hazard of a site is the time-extent and completeness of the seismic cata-

logues used. In Italy, for example, when the sites are of low seismicity

the seismic catalogue must be as extensive as possible in the time, so as

not to overlook news of an exceptional event.

Table I show how the Italian catalogue, which contains information

on earthquakes occuring over a period of about 2.000 years, turns out to

be more and more incomplete as one goes back in time and as lower intens^

ty events are taken into consideration.

The incompleteness of the catalogue involves limited actions for

the statistical analyses. If the data in the catalogue are then the inte£

si ties, as in the case of the Italian one, the analyses are less signifi-

cant than those done with the data in catalogues of magnitude, because

earthquake intensities are not instrumental numbers as magnitudes are.

Nevertheless, these catalogues are the only ones to cover a long period

of history (about 2.000 years in Italy).

Catalogues of magnitude, on the other hand, can only cover short

periods. If one wants to use a catalogue which extends magnitudes to events

in the past, he introduces uncertainties which are not negliglible and are

due to various factors, the most important being the depth of the hypocein

tre, the energy release mechanism and the direction of the seismic waves

propagation.
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3.2 Models of earthquake generation

The determination of the seismic hazard requires the definition of

a geotectonic model of earthquake generation which characterizes the sei-

smogenetic structures on which the seismicity of the site depends. This

model introduces uncertainties due mainly to the fact that the seismogene

tic structures are generally not visible on the surface. The structures,

identified by geophysical or geological methods are considered as seismo-

genetic only when it is possible to correlate them with historical seismic

events. Unfor+.'inately, given the dispersion of the epicentres which have

been located on the basis of information given by historical chronicles,

and which are therefore not always very reliable, it is not always possi-

ble to associate structures and earthquakes unequivocally, unless the stru

ctures are visible on the ground surface.

This uncertainty in the location of the epicentres leads to the

determination of different-event probability curves for the site, depending

on the structure with which the earthquake is associated.

3.3 Statistical models

In evaluating the seismic hazard, the statistical analysis of the

earthquakes has to be of the main events, if the result is to be meaning-

ful, thus excluding foreshocks and aftershocks.

It is, in general, very difficult to make this distinction, espe-

cially for the events of the past. In consequence, the analyses must be

carried out only for events of high intensity, even though the number avai_

lable is limited.

Adopting the assumption that high energy events are randomly di-



-98-

stributed in time and space, one can assume that their frequency follows

the Poisson distribution. This is characterized by one single parameter;

the variance is equal to the mean value and therefore the standard devia-

tion is one.

The application of this model in Italy to shocks over grade IX on

the M.C.S. scale - taking the significant parameter for the individual

earthquakes as the intensity of the energy (given the limited reliability

of the information available on the energy) - leads to standard deviations

in the obtained experimental distributions which are almost always diffe-

rent from one. The only area for which the standard deviation has a value

which is significantly close to unity (0.978) is that between the river

Po and the Calabria Regional boundary.

This application shows the inadequacy of the Poisson model. Fur-

thermore, since the statistical analyses for a conceptually correct deter

mination of seismic hazard have to consider events associated with speci-

fic areas or better seismogenetic structures, and given the scarcity of

the data available which can be used in these cases, the analyses involve

important uncertainties.

Finally, the statistical distribution worked out from events of

lower intensity, in order to obtain a more consistent sample to be used,

do not indicate the probabilities of exceptional earthquake when these

have a return period longer than that covered by the historical data. All

extrapolations are subject to hypotheses and assumptions which cannot get

away from the arbitrariness of the person formulating them and they there

fore have to be justified on a case by case basis.
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4. Conclusions

On the basis of the considerations discussed in the previous par£

graphs, it may be concluded that, in the present status of knowledge, the

seismic hazard cannot be easily assessed in terms of forces having effect

on the plant resistance. Professional judgements frequently used to chara

cterize the seismic forces together with the uncertainties caused by the

analysis lead to questionable haard values covering a very large range of

variability.

In order to better qualify the professional judgements and decree^

se the uncertainties, a fundamental suggestion is to carry out a research

programme aimed at developing possible models of generation and propaga-

tion of earthquakes. The models should describe, in particular, the source

mechanism, the fracture propagation mechanism, the phenomena of seismic

wave propagation in the ground and the manifestation of the ground motion

at the site. In any case an effort should be made to utilize all the re-

cords available, so as to justify not only the models hypothesised but

also the extrapolation from low to high intensities.

As long as the research programmes do not provide more reliable

data and information, the uncertainties in the seismic hazard function will

not allow to obtain meaningful seismic risk estimates to be utilized in a

P.R.A.. At present however, as it was pointed out in paragraph 1, it is

possible to define a plant design earthquake which makes (negligible the

seismic risk contribution to global risk. To accomplish this objective

the design earthquake must meet the characteristics of the maximum event

which can affect the site; the corresponding design engineering parameters

must be established on the basis of very conservative assumptions and hypo

theses. The approach to the plant design earthquake requires a decision

making process based on the results of specific geo-seismotectonic sudies
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and investigations taking account also of well sound professional judge-

ments.

In Italy the uncertainties and the doubts on the identification

of the site maximum event, have been reduced through the adoption of limi^

tation measures based on the knowledge of the national territory. The mea_

sures concern the exclusion of sites which experienced historical eartqua

kes having intensity equal to or greater than X M.C.S.. In addition a mi-

nimum value for the design earthquake intensity has been established. As

it has been demonstrated in the report "Seismic Risk of Nuclear Installa-

tions in Italy" presented during the CSNI Specialist Meeting at Lisbon in

September 1980, it is reasonable to think that this approach makes the

seismic risk practically negligible.
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DISCUSSION ON PAPER 3

Shibata, H.

If you have some papers on how to reduce historical records to a seismic
catalog like Table 1 in your paper, please show us the method of reduction.

Zaffiro, C.

The method of data reduction of the Italian seismic catalog in a table
like the one shown during my speech, is described in the report, "Seismicity
of Italy During Last Centuries," by E. Iaccarino.

I shall send you the report as soon as possible.

1104-
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USES OF PROBABILISTIC ESTIMATES OF SEISMIC HAZARD
AND NUCLFAR POWER PLANTS IN THE U. S.

Leon Reiter
U. S. Nuclear Reaulatory Commission, P-514

Washington, D. C. 20555, USA

The use of probabilistic estimates is playing an increased role in the
review of seismic hazard at nuclear power plants. The NRC Geosciences
Branch emphasis has been on using these estinates in a relative rather
than absolute manner and to gain insight on other approaches.
Examples of this use include estimates to determine design levels, to
determine equivalent hazard at different sites, to help define more
realistic seismotectonic provinces, and to assess implied levels of
acceptable risk using deterministic methods. Increased use of
probabilistic estimates is expected. Probabilistic estimates of
seismic hazard have a potential for misuse however and their
successful integration into decision making requires they not be
divorced from physical insight and scientific intuition.
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Introduction

Over the past six years the U. S. Nuclear Regulatory Commission thru
its Geosciences Branch has made limited, yet increasing, use of
probabilistic estimates of seismic hazard at nuclear power plant sites
in the United States. By "seismic hazard" it is meant the occurrence
of earthquake ground motion alone rather than the integrated effects
of ground motion damage and consequences, usually referred to as
"seismic risk." A discussion and analysis of some examples of this
use of probability can provide useful insights into an agency
beginning to use a probabilistic methodology in an area where, as of
yet no explicit probabilistic criteria with respect to an acceptable
level of seismic hazard for nuclear power plants has been set. The
challenge has been to make use of probabilistic tools in a manner
which is both consistent with the governing regulations and the
limitations inherent in the current state-of-the-art. As discussed
later a significant increase in the use of probabilistic
methodologies, in particular Probabilistic Risk Assessments (PRA),
appears imminent. Insights both, positive and negative, gleaned from
past experience can make for a more productive transition to this next
stage. The examples cited below are not meant to be all inclusive but
rather illustrative of the role that probabilistic estimate of seismic
hazard have played.

What is the Probability of Exceeding the Safe Shutdown Earthquake?

The regulations which define the geological and seismological criteria
can befound in Appendix A (Seismic and Geologic Siting Criteria for
Nuclear Power Plants) to 10 CFR (Code of Federal Regulations) Part
100. Two levels of earthquake design are indicated. The more severs
is called the Safe Shutdown Earthquake (SSE) which is based upon an
evaluation of the maximum earthquake potential and is that level at
which safety systems must remain functional. The second or lower
level called the Operating Basis Earthquake (OBE) is discussed below.
Definition of the SSE is based on either a direct physical evaluation
of suspect geologic structures or the use of a maximum historical
criteria in areas such as the eastern U. S. where the causative
mechanisms of earthquakes are not well understood. A question which
has often been asked of the staff relates to the probability of
exceeding the non-probabilistically determined SSE. This has been of
interest to review groups trying to assess the conservatism of
existing procedures. The Reactor Safety Study (U. S. Nuclear
Regulatory Commission, NUREG 75/014) assumed that the annual
probability of reaching (or exceeding) an SSE in the eastern.U. S.
described by its peak acceleration of 0.20g would be 2 x 10 or 7 x
10" depending upon whether these were "firm" or "average" site
conditions. By eastern U. S. it is meant the relatively stable, less
seismically active, portion of the United States east of the Rocky
Mountains. Subsequent non-definitive, generalized studies appear to
support this assumption, i.e. that the chance of.exceeding the SSE
peak acceleration is on the order of 10"" or 10" per year. Figure 1
is taken from a report prepared by the Applied Technology Council
(1978). The 0.1 snd 0.05g contours are typical of those associated
with the eastern U. S. while the 0.2 and 0.4g contours are those found
almost exclusively in the more active western U. S. The numbers are
effective peak accelerations whose estimated return period is 475
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years or whose annual probability of exceedance is 2.1 x 10 . Safe
Shutdown Earthquake peak accelerations for the eastern U. S. that have
been approved over the past decade (0.1 to ,25g depending upon the
location) would fall on those parts of the contours that indicate an^
annual probability of exceedence that is on the order of 10" or 10"
per year. Studies such as these however are very generalized and
usually dc not take into account response spectral assumptions,
detailed site conditions or the wide range of uncertainty that exists.
It may eventually be shown that the existing regulations give rise to
an even wider range of implicitly assumed hazard once more definitive
calculations are made.

Operating Basis Earthquake

The Operating Basis Earthquake (OBE) is defined (Appendix A to 10 CFR
Part. 100) as:

"that earthquake which...could be reasonably expected to affect
the plant site during the operating life of the plant: it is
that earthquake...for which those features of the nuclear power
plant necessary for continued operation without undue risk to the
health and safety of the public are designed to remain
functional."

It is also indicated in a later section of the regulation that the OBE
should be at least one half that of the SSE. Based on the
calculations for the SSE discussed above these definitions appear to
be in conflict. A reduction in peak acceleration by a factor of two
in the eastern U. S. typically leads to an increase in probability of
occurrence by a factor of 4 or 5. Taking into account the observation
that the SSE may have an annual probability of exceedance on the order
of 10 or 10 per year implies that the OBEgCOuld havean annual
probability of exceedance on the order 5 x 10" or 5 x 10" per year.
Assuming a Poisson distribution, these annual probabilities translate
to exceedances probabilities of only 19% or 2% during the 40 year
lifetime of a nuclear power plant. In other words adhering to the
one-half SSE criterion would appear to assure there was not a
reasonable chance of the OBE being exceeded during the lifetime of a
nuclear plant. Does this result in a safer plant? Again it is not
clear. Since the OBE is usually associated with more stringent code
criteria there may be some aspects of the plant design which are
controlled by a relatively high OBE rather than the SSE. On the other
hand, since the plant must be shutdown and inspected after the OBE has
been exceeded, a lower OBE results in more frequent inspections after
earthquakes. Indeed it has been argued that the OBE should be
considered more an economic then a safety issue. The staff has at
times accepted OBEs (less than half the SSE) which have roughly 3
calculated annual probabilities of exceedence between 10" to 10" per
year.

Diablo Canyon - Absolute versus Relative Probabilities

The first nuclear power plant site for which extensive probabilistic
calculations of seismic hazard were carried out was Diablo Canyon in
central California. The most interesting aspect of the calculations
were the wide ran< 9 of results calculated. Figure 2 shows the range
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of calculations from two groups of analysts who used differing ground
motion models and tectonic assumptions. The probabilities of
exceedence vary by 2 orders of magnitude or more for accelerations
greater than about 0.6g, while the range of computed accelerations _3
reaches an order of magnitude for probabilities of exceedence of 10"
per year or less. Any simple direct use of these calculations would
require a clear need to address the uncertainty. One use of these
calculations however offered more promise. The plant originally,
designed to one level, was undergoing a reanalysis and backfitting
procedure to a higher level since a nearby capable fault was
identified when the plant was approaching its operating license phase.
The question was asked (but later withdrawn) as to what the relative
difference in risk would be if the plant operated at the lower level
for the limited time of two years compared to operating at the higher
level for the full 40 year lifetime. These estimates relied not upon
the absolute values of the calculations, but rather upon the relative
differences (ratios) between computed hazard for any given model at
the two levels. When the relative ratio estimates were computed for
the different models it was found that they were relatively stable,
that is, they varied by less than an order of magnitude. In other
words the model bias in the ground motion or tectonic assumptions
which caused orders of magnitude difference in absolute estimates had
been reduced to such an extent by ratioing, that smaller and more
manageable variations in the calculations resulted. Thus, while the
Diablo Canyon computations pointed out the problems and uncertainties
associated with probabilistic calculations, they also suggested ways,
albeit limited, in which such calculations might be used.

Sequoyah-Assessing the Significance of Changing Ground Motion
Estimates

In 1977 the Sequoyah Nuclear Power Plant underwent its operating
license (0L) review for seismic design. This plant located in the
southern Appalachian region of the United States had as its
controlling earthquake the Intensity VIII, 1897 Giles County
Earthquake. Since the original Sequoyah construction permit review
(1970), the standardized techniques for determining design response
spectra had changed such that the most recent construction permit
review assuming the same controlling earthquake had approved a design
response spectrum that was up to a factor of two greater at certain
periods then the design response spectrum originally approved for
Sequoyah. The method for resolving this problem, as proposed by the
staff and carried out by the applicant, first, called for deriving a
site specific spectrum which could more accurately represent the
expected ground motion than simple standardized techniques. Second,
the staff proposed that the significance of differences between the
site specific spectrum and the original design spectrum be assessed
probabilistically. The applicant computed seismic hazard based upon a
series of ground motion and tectonic models. Figure 3 shows the
results of one of these calculations. Both the 84th percentile site
specific spectrum (the level found acceptable by the staff) and the
existing Sequoyah design are shown on a background of uniform hazard
response spectra at different levels of probability. The different
damping levels shown represent an attempt to take into account
recommended levels of damping for the original design with those
currently recommended. Again, it was shown that although there were
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large model dependent variations in the computed probabilities of,
exceeding the two response spectra (generally of the order of 10" or
10 per year) the relative difference in hazard between these spectra
was stable and about a factor of two. Although the probabilistic
calculations were not carried beyond the seismic hazard it was judged
that the increase level of ground motion was sufficiently small that
it could be transferred linearly thru fragility calculations such that
the difference in assumed seismic hazard generally reflected
differences in resulting plant damage. It was the staff position that
this small relative difference would not be significant.given the
above mentioned calculated hazard levels of 10 or 10" per year. In
addition however, the licensee was eventually required to demonstrate
that the plant had available seismic margin to withstand ground motion
at the higher site-specific level. The significance of the Sequoyah
review was that it was the first in a series of reviews that attempted
to deal with our rapidly changing knowledge of seismic ground motion
in the context of regulatory decision making for plants that have
already been constructed. The basic format is first to make the best
possible estimate of ground motion (which may or may not be that
presented in standardized procedures) and secondly to assess the
significance of any difference between this estimate and that
originally assumed.

Systematic Evaluation Program - Equivalent Hazard at Different Sites

The Systematic Evaluation Program (SEP) is a program aimed at
assessing the safety of older operating plants. Ten of the initial
plants evaluated are in the eastern I). S. Seismic safety was deemed
to be a complex issue since the design criteria for nuclear power
plants have changed significantly over the years. In addition, these
older plants are not necessarily required to conform to all current,
procedures. A methodology was needed to make a realistic decision
based upon true seismic hazard that was not a function of changing
criteria or criteria that resulted in regional bias. The
deterministic criteria found in Appendix A to 10 CFR Part 100 are
based in the eastern U. S. primarily upon the maximum historic
earthquake in the local tectonic province. No explicit consideration
is given to the size of the tectonic province, the earthquake
recurrence statistics and, therefore, the probability of that maximum
historical earthquake occurring. For this purpose an extensive
probabilistic hazard estimation program (U. S. Nuclear Regulatory
Commission, NUREG/CR-1582) was carried out for NRC by the Lawrence
Livermore National Laboratory and its subcontractor TERA Corporation
This study included expert opinion solicitation as the prime tool for
determining key input parameters. The final results for each expert
were then integrated into a single hazard curve by means of weights
supplied by each expert. The uniform hazard response spectra (the
chance of exceeding each period of the response spectrum is equal) for
5 soil sites in the north central and northeastern U. S. are shown in
Figure 4. Although the spectra were originally identified with 1000
year return periods an assessment of the conservatism indicated that
the proper return period could be as high as 10,000 years. Whatever
the true return period, 1000, 5000 or 10,000 years, the spectra were
thought to represent equivalent hazard from site to site, the same
order as that implictly associated with the choice of Safe Shutdown
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Earthquake using deterministic criteria (see above). What is
significant is that these response spectra were not necessarily the
same as deterministically derived SSE's. {ndeed in some areas there
were significant differences; the reason being the inability of the
standard application of deterministic criteria to reflect the true
variation in seismic hazard from site to site. In deciding upon
whether or to what extent backfitting older plants was to be needed a
probabilistic determination was felt to be more appropriate. An
extensive comparison was made with deterministic criteria to make sure
the probabilistic spectra were within the appropriate range dictated
by deterministic considerations. A minimum deterministic level was
also chosen, shown by the 50% level in figure 4, to assure
consideration of a moderate size earthquake no matter how rare their
estimated occurrence. A detailed rationale and discussion of these
problems can be found in U. S. Nuclear Regulatory Commission NUREG
0967.

Midland-A Use of Probabilistic Considerations Within Deterministic
Regulations

When the Midland Nuclear Power Plant was being evaluated for its
Operating License it soon become apparent that the localized tectonic
province assumed during the Construction Permit review was no longer
considered distinct from the larger Central Stable Region of which it
is a part. The Central Stable Region encompasses more than 1/3 of the
U. S., extending from the Rocky Mountains in the west to the
Appalachian Plateau in the east. It is bounded on the south by the
Ouachita Mountains, the Gulf Coastal Plain and the highly active New
Madrid Seismic Zone. The distribution of seismicity in this region as
shown by a the map of historical seismicity in Figure 5 is not
uniform. The cluster of earthquakes shown in the central part of the
map belong mostly to the New Madrid Seismic Zone and should not be
considered part of the Central Stable Region along with the
southernmost states. There is a wide variation in seismicity from the
relatively active western portion to the seismically quiet north
central portion to the relatively active east central portion. Is it
proper to assume that the largest historical earthquake within this
whole region is the appropriate design earthquake for all its parts?
The applicant, after suggestion by staff, estimated the probability of
different size earthquakes occurring in different parts of the Central
Stable Region under different hypotheses. It was found that there
were systematic differences in the various parts of the province and
that hazard at Midland was indeed perceived to be less. The relative
difference in seismic hazard along with consideration of historical
earthquakes within about 200 miles of the site was used to define a
controlling earthquake somewhat different than the largest historical
event within the much larger Central Stable Region. In other words,
probabilistic estimates were used to develop insights and make more
realistic one element in the set of prescribed deterministic
procedures.

The Next Stage - Probabilistic Risk Assessment

A new stage in probabilistic risk estimates has began at the U. S.
Nuclear Regulatory Commission, that of comprehensive Probabilistic
Risk Assessments (PRA's). These assessments estimate the risk to the
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public in postulated radiation releases due to a wide range of
intiating events. The manner in which PRA's will be used in licensing
procedures or assessing plant safety is in the process of being
developed. When earthquakes have been included in the initiating
events (for example at the Zion and Indian Point nuclear power plants)
seismic risk has emerged as an important or dominating contributor to
the total risk. Considerable discussion is underway within the NRC
with respect to the inclusion and usefulness of seismic and other
"external" event initiators. Seismic PRAs can provide invaluable
information with respect, to the seismic resistance of nuclear power
plants at different earthquake levels. Weak links in seismically
induced sequences can also be identified. A key difference in seismic
hazard evaluations between seismic PRAs and the other seismic hazard
analyses discussed above is the need to make estimates at much lower
levels of probability extrapolated much further beyond the historical
record at several times the SSE.
Based upon past experience, significant reliance upon such absolute
estimates of seismic hazard probabilities may be premature.
Similarly, comparison of estimates of seismic-induced risk with that
from non-seismic events may also be premature until at least a proper
comparison of assumptions and methodologies can be made.

Future Use and Potential for Misuse

The use of probabilistic estimates of seismic hazard in both licensing
evaluations and safety assessments will undoubtedly increase in the
future. Tho rapidly changing nature of seismological knowledge,
particularly in the eastern United States calls, for a methodology
that can both incorporate this changing knowledge and put it in its
proper context. Recently, for example, the United States Geological
Survey (advisors to the NRC) clarified its position with respect to
the need for considering the possibility of a reoccurrence of the
destructive 1886 Modified Mercalli Intensity X Charleston earthquake
at other locations along the eastern seaboard. The staff and the
Lawrence Livermore National Laboratory has undertaken its most
ambitious effort to date in estimating seismic hazard in the eastern
U. S. The purpose of this study will be to assess the appropriateness
of past licensing decisions in light of more explicitly recognized
uncertainty than had been previously assumed.

Probabilistic estimates provide rational frameworks for the continuing
evaluation of older operating plants licensed under a range of
criteria and assumptions. These estimate can both help identify the
need for backfitting, if any, and the potential impact of this
backfitting upon plant safety. Simple deterministic regulations such
as Appendix A to 10 CFR Part 100 tend to be used in a simple binary-
step-function framework that cannot always adequately describe the
gradational variation relating seismic design to seismic hazard.

Finally, probabilistic estimates are attractive tools for decision
makers. Their quantitative nature allows the use of simple
quantitative criteria that than can be shown to have been met or not
met. The most vexing problem associated with probabilistic estimates
however lies within their highly quantitative nature. The ability to
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generate vast quantities of numerical results such as can be done
utilizing probabilistic estimates is intoxicating and is often assumed
to be a measure of greater credibility and accuracy than simple
judgmental estimates. Unfortunately this is not always true. More
often then not, simple qualitative judgments as to input parameters
which may or may not be evident, are the root causes of significant
differences in the quantitative results. This potential for
overreliance and misinterpretation of probabilistic estimates of
seismic hazard appears to be integrally bound up into the most
important and positive aspect of these estimates, that is the ability
to provide a quantitative framework for the integration of diverse
elements and their associated uncertainties. This apparent
contradiction can be alleviated, however by the recognition that all
probabilistic estimates of seismic hazard need also to be evaluated in
the light of physical insight and scientific intuition.

Conclusions

Guidelines to the staff's developing use of the probabilistic estimate
of seismic hazard can be summarized as follows:
1. Probabilistic estimates are powerful tools that enable the

seismologist to place the various elements that go into assessing
seismic hazard into both qualitatively proper and quantitatively-
framed perspectives.

2. Utilization of probabilistic techniques is expanding because they
can help answer many of the questions a regulatory agency must
answer. The rate of expansion, however, must not outpace the
state-of-the-art and the ability to recognize both the
capabilities and problems associated with such techniques.

3. At present, probabilistic estimates of seismic hazard are
generally best utilized in ways which emphasize their use in a
relative manner and as a means for gaining insight into
"deterministic" assessments. Probabilistic estimates should
never be divorced from physical insight and scientific intuition.
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DISCUSSION ON PAPER 15

1. What do you call "effective peak acceleration?"

2. You indicated that for Diablo Canyon the risk of running the not
backfitted plant for 2 years had been (reasonably) compared to the risk
accepted for the backfitted plant for 40 years. Such risks are total
risks (for instance dollars x probability) and not ratios of risk to a
production (dollars x probability/year for an electrical
production/year). What is accepted at the stage of commissioning is a
risk/production ratio and not an absolute risk without benefit?
Comparisons, as the one you indicated, should, in my opinion, not be
considered—see my contribution in the last SMiRT-6, Seminar on Risks,
published in Nuclear Energy and Design.

3. In the panel on the measure of earthquake size, it would be important to
define the parameter to be used on the curve motion—probability to be
given, for a certain site, by the seismologist to the mechanical engineer
and the decision-maker. You opposed intensity and magnitude but it is
related only to the seismologist's work. The motion must be given by
another convenient parameter. Is it the "effective peak accelerations?"

Reiter, L.

1. Effective peak acceleration is interpreted differently by different
people. The effective peak acceleration shown in Fig. 1 is that used by
the Applied Technology Council from whom that base figure came. They use
effective peak acceleration as a scaling parameter which is proportioned
to response spectral levels.

2. The question asked of seismologists was simply to compare the probability
of exceeding one level of acceleration in two years vs the probability of
exceeding a higher level of acceleration in 40 years. This was to be
used as one input along with many other considerations to the appropriate
decision-making body. This question, based on a possible need for power,
was later withdrawn.

3. Panel Question
Magnitude is a descriptor of source strength alone. We have been
striving as much as possible to supply direct estimates of response
spectrum values at different distances that do not use intermediate
parameters such as peak acceleration or effective peak acceleration.

Cornell, C. A.

How have you considered the age of the plant in your probabilistically
based criteria for older plant, e.g., in your SEP program?

Reiter, L.

Our analysis was confined to seismology and geology. Other groups within
NRC took into account other factors such as engineering criteria and the age
of the plants.
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Zaffiro, C.

Are seismic risk estimates comparable with results with risk values due
to other originating events?

Reiter, L.

As I indicated, those PRAs which have included seismic initiators show
that these events are important or even dominant contributors to the total
risk. A meaningful comparison, however, should await a thorough evaluation of
the underlying assumptions and methodologies in both seismic and non-seismic
sequences.
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Panel A
"Correlation of Different Measures of Earthquake Size"

Panelists: D. L. Bernreuter (USA)
C. A. Cornell (USA)
P. Pinto (Italy)
T. Reiter (USA)
S. Sugano (Italy)

The subject matter of this panel was expanded from the original title to
include any correlation between earthquake size and ground motion measures.
Because Professor Cornell had to leave early he was added to the panel to
allow him to present a discussion on positive and negative aspects of seismic
PRA.

The format of the panel was for each panel member to give a brief
discussion related to the expanded panel topic followed by brief discussion
from the floor.

Professor Pinto presented a method to derive isoreliable response
spectras starting from point source mechanism and propagating to the site a
vector of peak ground intensities.

Dr. Sugano, after a brief description of the JMA macroseismic intensity
scale, presented the correlation among JMA scale and MM and MSK scales also in
terms of ranges of acceleration related to each degree.

He pointed out that SMA scale was only divided into seven levels in
contrast to the other scales which are twelve levels.

Dr. Bernreuter pointed out that correlations involving macroseismic
intensity scales with either ground motions or earthquake magnitude are poor
but in many parts of the world they are the only data available.

Thus, it is worthwhile to correct historical catalogues and to attempt to
improve the correlation between macroseismic intensity and ground motion
parameters.

Dr. Reiter noted that for the past five years the USNRC has been
attempting to downplay epicentral intensity as a descriptor of earthquake size
and emphasize magnitude. One major problem with macroseismic intensity is the
concern that there may be a systematic difference in epicentral intensity
assigned to earthquakes between the Eastern US and the Western US. He noted
that there are also a number of problems with the different magnitude scales
such as saturation. The advantages of the use of magnitude scale over
epicentral intensity is the fact that the problems with magnitude can be
placed in a physical and theoretical framework which allows for better
estimation of ground motion. He finally stated that ground motion from an
earthquake is a function of other parameters such as stress drop as well as
magnitude,

Professor Cornell said that a number of risk studies show that the
contribution to the overall uncertainty in risk come primarily from large
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uncertainties in the hazard curve. The question is, can we make intelligent
decisions with such large uncertainties In the hazard curve. If so, he
suggested that this large uncertainty could be used to simplify risk
analysis. For example, for the low uncertainties (B ~ 0.3) often associated
with estimates of a typical fragility curve only the median is important and
we do not have to expend considerable effort defining the tails of the
fragility distribution. If we cannot live with the large uncertainty in our
risk estimates, then considerable effort must be extended to reduce the
uncertainties in the estimates of the seismic hazard.
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Paper 24
The CEGB Approach to Seismic Hazard Assessment

J. Irving (United Kingdom)

The presentation described the work carried out by CEGB in the
development of seismic design specifications. Work started in 1973 using
existing seismicity data bases (e.g., the I.G.S. fie and US attenuation
laws). The UK position in 1979 is briefly described in the NEA/OECD Report on
Reference Seismic Ground Motions (June, 1980). This presentation is concerned
with the further development of CEGB criteria.

The first step undertaken was a special study of seismic ground motion
characteristics for typical UK site conditions. Design response spectra were
constructed from a suite of approximately 150 accelerogram recordings selected
to be representative of earthquakes contributing the major proportion to SSE
probabilities in terms of their focal depth, magnitude, epicentral distance,
etc. These records were divided approximately equally into soft, medium and
hard soil types and the appropriate one sigma envelopes were constructed.
These spectra show some similarities to the US NRC Reg. Guide 1.60 spectra but
there is a marked difference in the low frequency content.

The second step undertaken was intended to reduce uncertainties in the
assessment of the SSE peak ground acceleration level to which the design
spectra would be anchored. Two specialist consultant firms were engaged in
1981 with the task of reassessing UK seismicity from historical sources and
providing more realistic attenuation laws. The two consultants had different
terms of reference and worked independently of each other. Their reports were
completed in 1982 and CEGB used the new data to carry out statistical testing
of the temperal and spatial distribution of earthquakes in the UK on land and
off-shore, over the last 800 years. The tests showed a good fit to a Poisson
model in time, but fairly strong evidence of spatial clustering in South
Wales, the Midlands - Pennines belt, and the Great Glen - N. West Highlands of
Scotland, with the remainder of the country of relatively low seismicity.

The hazard analysis performed by CEGB included sensitivity testing of the
effects of attenuation laws and their dispersion, activity rates, 3 values,
and magnitude limits. A Bayesian analysis of the effects of statistical a.nd
model uncertainties was carried out. The hazard analysis was performed on a
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uniform average national seismicity basis, a regional basis (low, average,
high) and finally a local site historical epicenter/fault basis. The results
showed hazard levels ranging from 0.15 g to 0.25 g peak ground acceleration
levels are being used to define the SSE, coupled with the design spectra
referred to above and a separate confirmatory local site analysis
incorporating detailed historical evidence together with geological
investigations, satellite imagery and off-shore geophysical data to locate
potentially capable faults.

No formal OBE level has been specified (in the USNRC sense); however, an
operational shutdown (OSE) level based upon events in the range of 10 to
10"^ per annum probability will be set, and the hazard analysis shows that,
with an allowance for uncertainties, the OSE will be approximately 0 05 g.

Paper 7
Probabilistic Evaluation of Design Basis Earthquakes

for Swiss Nuclear Power Plants
E. Berger, W. Koerner (Switzerland)

The paper described how in a country with a low to moderate seismicity
and a comprehensive set of historical data such as Switzerland, a
probabilistic evaluation of the seismic hazard at a particular site can be
employed successfully.

In this paper, the concept of probabilistic seismic hazard evaluation, as
it is being used in Switzerland for the determination of the Design Basis
Earthquake for Swiss Nuclear Power Plants was presented and discussed.
Historical data for a period of over 1000 years form the basis for the
evaluation of site intensities. Seismic hazard maps of Switzerland were
developed for nuclear and non-nuclear application. The results were shown as
contour maps of equal intensities for average return periods of 100, 1000 and
10,000 years. These maps are intended to be used for site selection and site
comparison purposes. In respect to specific nuclear installations, site
specific evaluations of the seismic hazard were performed subsequently. The
application of this1methodology to a particular plant in Switzerland was
presented as an example.

Finally, various aspects of uncertainties related to the inhomogeneity of
the data, source geometry, upper bound relation and attenuation laws were
demonstrated. The disadvantages of using a strictly deterministic procedure
to determine design intensities were shown.

Paper 20
Swedish Earthquake and Seismic Risk

R. Slunga (Sweden)

Since December 1979, the Swedish seismic events have been studied by use
of a network of 21 seismometers covering Southern Sweden, and producing
digital data. This data allows very detailed investigations of the earthquake
sources. The results show that a two parameter description of the earthquake
sources is needed. A single parameter, such as magnitude, is not enough, not
even for this small and homogenous region. The use of seismic moment and
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stress drop as the two independent parameters are proposed. Such a two
parameter scaling is given for one of the ground motion parameters, the peak
ground acceleration. In this scaling, the frequency band must be included
explicitly, (this means the low and high frequency limits). Very high
accelerations may occur at high frequencies. The peak ground acceleration
scaling based on small earthquakes, M. less than 3, was applied to the major
Scandinavian event of 1904, assuming typical intraplate stress drop and gave
epicentral accelerations very close to the macroseismic estimates for this
event.

Thus the two parameter scaling may be applied within a very wide range.
The parameters proposed for scaling are both physically simple. Finally, the
acceleration relations was used for estimating the seismic hazard curve for a
Swedish nuclear power plant site.

Paper 6
A Stochastic Model to Estimate Maximum

Expectable Magnitude of Earthquakes from Strike-Slip
Fault Dimensions

A. Ribeiro (Portugal)

This presentation postulated that the entire fault length of a strike-
slip fault cannot rupture during a single seismic event because individual
rupture areas and lengths for different events should be compatible with total
displacement for a given period of time. The paper went on to investigate
this, and the conclusions obtained so far seem promising and must be extended
to other types of active faults and applied to the problem of estimating
return periods for the maximum magnitude seismic event.

Paper 14
Seismic Hazard Analysis Using Expert Opinions with Uncertainties

D. L. Bernreuter, D. H. Chung, R. W. Mensing, J. B. Savy
(United States)

This paper described a methodology developed to elicit the opinions of
experts about the seismicity of the Eastern United States and using these
opinions, along with an associated measure of uncertainty, to assess the
seismic hazard at several sites in the Eastern United States.

The paper described how the opinions of the experts were elicited,
including an elicitation of the experts' uncertainty about seismicity and how
the experts best estimates and statements of uncertainty were combined to
assess the hazard curve, along with appropriate confidence bounds at a site.
The method involved an elicitation about the zonation of the Eastern United
States in which uncertainty was expressed in terms of uncertainty about the
existence of a zone as well as the boundary shape of each zone. Seismicity
within each zone was elicited in terms of uncertainty about the existence of a
zone as well as the boundary shape of each zone. Seismicity within each zone
was elicited in terms of the characteristics, i.e., upper magnitude cutoff,
occurrence rate and magnitude reoccurrence relation,, of the magnitude
distribution. Opinions about these parameters were translated into
probabilistic information about the occurrence rates for a discrete set of
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magnitudes. This information, in turn, was integrated over all zones and
transformed into an estimate and confidence bounds for the seismic hazard at a
site.

Paper 26
Probabilistic Approach to Source Mechanism Modeling

J. B. Savy (United States)

This presentation described an approach to source mechanism modeling. By
postulating a fault plane and a focus, rupture propagation was modeled using
the theories of fracture mechanics which led, in turn, to the prediction of
time histories at selected points on the ground surface. These time hstories
exhibited certain similarities to actual recorded motions although these were
deficiencies in the frequency content. The work also considered the effects
of rigid slabs above the source. The paper demonstrated an interesting
approach with considerable development potential.

Paper 27
Importance of Historical Seismicity in the Evaluation

of Large Return Period Hazards
C. S. Oliviera (Portugal)

This paper reported on the results from an historical investigation made
for Portugal which examined original sources on earthquake activity, effects
on structures and reconstruction of monuments, and reported on the improvement
to the accuracy obtained in final hazard estimates.

A detailed version of earthquake catalogs was carried out and, in
particular, the large Lisbon earthquake of 1755 was studied in great detail.
All this information was thoroughly studied in time-space-size duration and
attenuation, compared with the instrumental data of the 20th century and used
in the current mathematical hazard models. A much more accurate definition of
rate of occurrence of moderate and large events was the main achievement of
this research study. Consequently, the uncertainty on final hazard estimates
is significantly reduced in the zones of return periods in excess of 200 years
when compared with previous estimations which could not give great credit to
historical seismicity.
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THE CEGB APPROACH TO SEISMIC HAZARD ASSESSMENT
(Oral Presentation only)

J. Irving (CEGB/GDCD, United Kingdom)

Summary

The presentation describes the work carried out by C.E.G.B. in the
development of seismic design specifications. Work started in 1973 using
existing seismicity data bases (e.g., the IGS file and US attenuation laws).
The UK position in 1979 is briefly described in the NEA/OECD Report (Ref. 1)
on Reference Seismic Ground Motions (June 1980). This presentation is
concerned with the further development of CEGB criteria.

The first step undertaken was a special study of seismic groundmotion
characteristics for typical UK site conditions. Design response spectra were
constructed from a suite of approximately 150 accelerogram recordings selected
to be representative of earthquakes contributing the major proportion to SSE
probabilities in terms of their focal depth, magnitude, epicentral distance,
etc. These records were divided approximately equally into soft, medium and
hard soil types and appropriate one sigma envelopes constructed. These
spectra show some similarities to the US NRC Reg Guide 1.60 sspectra but there
is a marked difference in the low frequency content.

The second step undertaken was intended to reduce uncertainties in the
assessment of the SSE peak ground acceleration level to which the design
spectra would be anchored. Two specialist consultant firms were engaged in
1981 with the task of reassessing UK seismicity from historical sources and
providing more realistic attenuation laws. The two consultants had different
terms of reference and worked independently of each other. Their reports were
completed in 1982 and C.E.G.B. used the new data to carry out statistical
testing of the temporal and spatial distribution of earthquakes in the UK (on-
land and off-shore) over the last 800 years. The tests show a good fit to a
Poisson model in time, but fairly strong evidence of spatial clustering in
South Wales, the Midlands--Pennines belt, and the Great Glen/N. West Highlands
of Scotland, with the remainder of the country sharing relatively low
seismicity.

The hazard analysis performed by C.E.G.B. included sensitivity testing of
the effects of attenuation laws and their dispersion, activity rates, B-
values, and magnitude limits. A Bayesian analysis of the effects of
statistical and model uncertainties was carried out. The hazard analysis was
performed on a uniform average national seismicity basis, a regional basis
(low, average, high) and finally a local site historical epicentre/fault
basis. The results showed hazard levels ranging from 0.15 g to 0.25 g peak
ground acceleration for 10 per annum exceedance probability, covering the
low to high regional seismicity activity rates. These p.g.a. levels are being
used to define the SSE coupled with the design spectra referred to above and a
separate confirmatory local site hazard analysis incorporating detailed
historical evidence together with geological investigations, satellite imagery
and off-shore geophysical data to locate potentially capable faults.

No formal OBE level has been specified (in the US NRC sense), however, an
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opecational shut-down (OSE) level based upon events in the range of 10"^ to
10" per annum probability will be set and the hazard analysis shows that,
with an allowance for uncertainties, the OSE will be approximately 0.05 g.

The new work carried out on historical seismicity and the subsequent
hazard analysis has been described in a C.E.G.B. report (Ref. 2) and copies
can be obtained by application to the Author.

REFERENCES

1. NEA/OECD "Seismic ground motions in nuclear safety assessments - A state
of the art Report by a Group of Experts of the NEA Committee on the Safety
of Nuclear Installations." OECD, June, 1980).

2. IRVING, J. "Earthquake hazard." CEGB/GOCD Report Ref.
C/JO/SD/152.0/R019., (December, 1982).
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DISCUSSION ON PAPER 24

Asmis, K.

Could you discuss the use of historians to evaluate earthquake accounts
written in medieval times.

Note: The written accounts of the Jesuits in North America in the 16th and
17th centuries have several entries on very severe earthquakes.
However, if these records are interpreted in the context of religious
beliefs and the desire of the writers to emphasize their hardships to
their superiors in France the severity of the earthquakes can usually
be reduced.

Irving, J.

Yes, we used specialist historians. The two forms of consultants, who
carried out the studies independently, both employed scholars who were
conversant with Latin, Old French and pre-1800 English texts. They were both
familiar with the special problems of nterpreting "felt" reports of
earthquakes (e.g., different architectural styles, anomalous or ambiguous
reporting, old/new calendar dating, etc.). Our experience indicates that it
is essential, if one is to have confidence in the results in terms of
magnitude/frequency relations, to use such specialists and to encourage
research and reassessment of primary source data rather than simply rely on
existing lists. In this way we can make full use of the long historical
record that is available in Europe.
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2nd CSNI Specialist Meeting on

Probabilistic Methods in Seismic Risk Assessment

for Nuclear Power Plants

Livermore, California, USA, 16 - 18 Mai, 1983

PROBABILISTIC EVALUATION OF DESIGN EARTHQUAKES

FOR SWISS NUCLEAR POWER PLANTS

1) 2)
E. Berger and W. Koerner

Abstract

The design earthquakes for all nuclear power plants in Switzerland were
established some years ago on the basis of a probabilistic seismic hazard
analysis. Seismic hazard maps were developed for Switzerland, and site spe-
cific hazard functions were determined for each nuclear power plant site.

The determination of the seismic hazard at a site requires an understanding
of the tectonic regime and the seismic history of the region or country in
which the site is located. This paper gives a brief overview over the seis-
motectonic environment in Switzerland, discusses the main elements of the
probabilistic seismic hazard analysis, such as seismic sources, earthquake
catalogue, frequency-intensity relationships and attenuation relationships,
and presents some of the results.

The study showed that the probabilistic approach to evaluate the seismic
hazard is feasible and adequate for Switzerland, and that the design earth-
quakes for nuclear power plants can be established on the basis of such
analyses.

1) Basler & Hofmann, Consulting Engineers, CH-8029 Zurich, Switzerland

2) Federal Office of Energy, Nuclear Safety bepartment, CH-53O3 Wiiren-
lingen, Switzerland
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1. INTRODUCTION

The design earthquakes for all nuclear power plants in Switzerland were
established some years ago on the basis of a probabilistic seismic hazard
analysis. Seismic hazard maps showing intensity contours for different
mean annual probabilities of occurrence were developed for Switzerland.
Also, site-specific seismic hazard functions, defined as the relationship
between a given site intensity and its mean annual probability of occurrence,
were determined for each nuclear power plant site. This information provided
the basis for the determination of the design earthquakes in terms of engi-
neering parameters such as peak ground acceleration and response spectra.
Although some of the results were previously presented (1,2,3,4), it seems
worthwhile to address certain aspects of this work in more detail, especial-
ly in view of the awakend recent activities in connection with the probabi-
listic risk assessment for nuclear power plants, to which the seismic hazard
is an important input.

In general, the seismic hazard of a region or a country may be assessed by
either a "probabilistic" or a "deterministic" approach. It should be pointed
out here that the two approaches should not be regarded as being competitive,
but rather supplement each other depending on the type of information
available and the nature of the seismic and tectonic environment. If, for
example, in a country with low to moderate seismicity good information
exists in the form of historical data on seismicity, and these data are
adequate both in quality and quantity, then a probabilistic approach to the
assessment of the earthquake hazard may be appropriate. If, on the other
hand, the geology, the tectonic regime and the earthquake mechanisms of an
area are well understood, as is usually the case along distinct plate boun-
daries with major earthquake activity, a deterministic approach may be pre-
ferable. For both approaches, however, it is important that as much as
possible be known about the seismic history as well as about the tectonic
regime.

In this paper, the probabilistic evaluation of the seismic hazard in
Switzerland (leading to design earthquakes for Swiss nuclear power plants)
will be discussed. Firstly, a brief overview over the seismotectonic environ-
ment in Switzerland, as it is known today, will be given. Then, the main
elements of the probabilistic seismic hazard analysis, such as seismic
sources, earthquake catalogue, frequency-intensity relationships and atten-
uation relationships, and some of the results will be presented.
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2. SEISMOTECTONIC ENVIRONMENT IN SWITZERLAND

The evaluation of the design earthquake for a particular nuclear power plant
site requires that the earthquake hazard at the site be determined on the
basis of some rational approach. Independent on whether this approach be a
deterministic or a probabilistic one, the determination of the earthquake
hazard at a site requires an understanding of the tectonic regime and the
seismic history of the region or country in which this site is located. The
seismic history is given by the historical and instrumental seismicity data.
A brief outline of the tectonic regime in Switzerland and a summary of the
instrumental and historical seismicity data are given in the following
sections.'

2.1 Tectonic Regime

The tectonic regime in Switzerland is determined by the tectonic activities
of the Eurasian and the African lithospheric plates (Figure 1). The Eurasian
plate contains large portions of the two continents Europe and Asia, while
the entire African continent is part of the African plate. The plate boun-
daries (shaded line in Figure 1), however, do not coincide with the conti-
nental margins, but are given at the western end by the mid-Atlantic ridge,
and between the two plates by a line from the Azores through northern Africa
and Italy along the Alpine arc into Yugoslavia and eastwards to Greece and
Turkey. This line represents the complex zone of convergence of the Eurasian
and African plates in the western Mediterranean region. A particular fea-
ture of this zone is the Adriatic promontory of the African plate which
reaches deep into the Eurasian plate and is responsible for the earthquake
activities along its boundary in Italy, southern France, along the Alpine
arc, and along the Yugoslavian coast of the Adriatic sea.

The continental drift of the two plates is in a generally eastward direc-
tion due to the seafloor-spreading along the mid-Atlantic ridge. In recent
geologic times, the movement of the Eurasian plate in an ESE-direction
(see large arrows in Figure 1) has been faster than the NNE movement of the
African plate. The resulting differential movement along the plate boundary
is responsible for the .complex pattern of compressional and tensional
stresses in the western Mediterranean region. In particular, the collision
of the Adriatic promontory with the Eurasian plate results in a compressio-
nal stress field along the Alpine arc with its major compressional stress
perpendicular to the arc (see small black arrows in Figure 1). As far as
Switzerland is concerned, it is mostly situated just to the north of this
plate boundary and consequently is in the region of influence of this com-
pressional stress field.

2.2 Instrumental Seismicity

The history of instrumental earthquake recording in Switzerland began with
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the installation of the first mechanical seismograph in 1913. Several of
these instruments were in operation until at least 1964, when their repla-
cement by newer electronically operated seismometers began. Since 1972 a
modern seismic station network is being implemented in Switzerland which
by now consists of about 20 three-component, short-period seismometer
stations, most of them equipped with telemetry capabilities. This network
allows the rapid determination of the location and the hypocentral para-
meters of earthquakes throughout Switzerland with magnitudes greater than
about 1,5 (5).

Using the instrumental data obtained from 1961 to 1980, the focal me-
chanisms of 24 earthquakes which occurred in Switzerland and adjacent areas
were investigated (6,7). Their local magnitudes M, range from 2,5 to 5,2;
the focal depths are in the order of 5 to 30 km. The location, the type of
fault-plane solution and the orientation of the P-axis are shown for each
earthquake in Figure 2. The focal mechanisms are predominantly of a strike-
slip nature with a few thrust fault events. The directions of the P-axis
reveal a regular stress field in the upper crust in Switzerland. The orien-
tation of the maximum horizontal compressive stresses - as given by the
orientation of the P-axis - is NNW-SSE in eastern Switzerland and rotates
to an almost E-W-direction in western Switzerland (see Figure 2). This ob-
served directional pattern of the maximum horizontal compressive stresses
supports the previously described general stress state in the Alpine arc.

The orientation of the measured compressive stresses also corresponds well
with the orientation of the maximum crustal shortening (dashed lines in
Figure 2) which was derived from kinematic analyses of the neotectonic
structural features in Switzerland. Furthermore, the existence of com-
pressive stresses in the central Alps was shown by some recent in-situ
stress measurements (8).

With the previously mentioned seismic station network (5) some 800 earth-
quakes with magnitudes M = 1,5 have been recorded from 1972 to 1980 (9).
Figure 3 shows an epicenter map of these earthquakes which indicates a
broadly scattered earthquake activity throughout Switzerland with a con-
centration of events in certain areas. They are: the vicinity of Basel,
the Valais region, the.Rheintal region and the Eastern mountainous region
of Switzerland.

On the basis of the above described information on instrumental seismicity
and neotectonic structural features several conclusions regarding the seis-
motectonic environment in Switzerland can be drawn:

- The stress field causing the recently recorded seismicity in Switzerland
seems to be very similar to the stress field of the last 5 to 10 million
years which produced the neotectonic deformations in Switzerland.

- The stress field indicates a fairly uniform compressive deformation in
the upper crust, with the maximum compressive deformation in a direction
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prependicular to the Alpine arc.

- The instrumental seismicity suggests a relatively diffuse seismic back-
ground activity in Switzerland, although a certain clustering of events
has to be considered. However, there seems to be no correlation of this
seismicity with the three major surficial geologic features in Switzer-
land, namely the Swiss Alps, the Swiss Molasse Basin, and the Jura
Mountains.

2.3 Historical Seismicity

The data on the historical seismicity in Switzerland (40'000 km ) was col-
lected by carefully evaluating all the relevant information which could be
found about each individual earthquake in Switzerland and the neighboring
areas of France, Germany, Austria and Italy (240'000 km2). Hence, from more
than 50 previously compiled data lists and historical descriptions of earth-
quakes in the above-mentioned region, a revised set of data of approximately
2800 events covering a period of about 1800 years was obtained. This cata-
logue contains all documented earthquakes with epicentral intensity Io - IV
for Switzerland and Io - V for the neighboring areas.

The MSK-intensity scale (10,11) was selected for the compilation of the data
because of its detailed description of observed damage with respect to both
historic and contemporary buildings. MSK-intensities for earthquakes prior
to the 1960's were obtained by transforming intensities derived from other
intensity scales to the MSK-scale provided the reported intensities were
judged accurate. If this was not the case, new MSK-intensities were estab-
lished on the basis of the original earthquake data.

Figure 4 shows the location of all historic events with Io 5 viII in the
area of investigation (240'000 km2) from the year 1001 to 1975 (1). The
clustering of epicenters of these large earthquakes (Io ^ VIII) over a
period of about 1000 years is more obvious than the clustering of epicenters
of the instrumentally recorded earthquakes (M ^ 1,5) over a period of about
10 years (Figure 3).
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3. PROBABILISTIC SEISMIC HAZARD ANALYSIS

3.1 Seismic Hazard Model

A schematic representation of the procedure for the probabilistic seismic
hazard evaluation at a site is given in Figure 5. This procedure is based
on the original work by Cornell (12). Firstly, the seismic sources were
established in the region of interest on the basis of the observed seismic
activity and the known tectonic regime. Representative frequency-intensity
relationships were then derived from the earthquake catalogue for the
region of interest, and the temporal distribution of events and estimates
on the upper bound events were determined. Attenuation relationships were
obtained from the macroseismic intensity data for the region.

The use of each of these elements in the probabilistic seismic hazard model
for Switzerland will be described briefly in the following sections. The
results of the seismic hazard analysis are presented in the form of seismic
hazard maps for Switzerland and seismic hazard functions for a particular
site.

3.2 Seismic Sources

To evaluate the seismic hazard in Switzerland, seismic sources had to be
defined in the area of investigation (240*000 km 2). In determining the
number and shapes of these sources, the distribution of the historic earth-
quakes (Figure 4), the pattern of instrumental1y recorded earthquakes until
1977, contours of total energy release for all earthquakes from 1001 - 1975,
and information regarding the neotectonic structural features in the area
of investigation were considered. Figures 3 and 4 show the location and
shapes of the seismic sources used in this study.

3.3 Earthquake Catalogue

The earthquake catalogue was compiled for the area of investigation
(240'000 km2) including all of Switzerland (40'000 km2) as described in
Section 2.3. The area of investigation was then subdivided into 10 major
regions. The purpose of these regions was to provide the necessary data
for the seismic background activity and to help in the definition of the
parameters for sources with insufficient data.

3.4 Frequency-Intensity Relationships

For all catalogued events in Switzerland (regions Gl, G2, G3, and G4 in Fi-
gure 6) the frequency-intensity relationships are shown for 5 time periods
in Figure 7. The solid line represents the overall time period from 169 -
1975 over which data are available, i.e. roughly 1800 years. The dashed line
shows the data from 1750 - 1975. The other lines represent even shorter
time periods.
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A comparison of the form of the different frequency-intensity relationships
with that for the time period from 1913 - 1975 (most accurate relationship
for small intensities) suggests a good quality and completeness of the data
set. With the exception of the curve for the longest time period 069 -
1975), where a deficiency of earthquakes at small intensities can be ob-
served, the loss of relevant data at any time can be considered minimal.

Figure 8 shows the frequency-intensity relationships for the four regions
Gl, G2, G3 and G4 over the period 1750 - 1975. This period was selected
for the study because it is believed to be the longest time span over
which good reliable data are available. The clear tendency away from a
linear relationship indicates the existence of upper bound intensities.
However, these upper bounds should not be determined on the basis o* fre-
quency-intensity relationships alone.

The best analytic fit to these frequency-intensity relationships was ob-
tained with a parabolic relationship (see Figure 8). The seismic hazard
analysis was modified accordingly (13). For analysis purposes, such para-
bolic frequency-intensity relationships were finally defined for each of
the seismic sources considered in the study.

3.5 Temporal Distribution

For the statistical description of the occurrence in time of the earthquake
events, a Poisson model was used. This model assumes independence between
succeeding events and a constant average rate. It is understood that with
regard to the physical process of earthquake generation, the validity of
this model is limited. However, the validity of the model was checked by
testing it with the available earthquake data.

Figure 9 shows the data for the region of Switzerland, the time period
1750 - 1975 and intensities Io * VII and Io a? VI. For a given "time-window"
the number of windows with N events (pN) is plotted against the number of
events N with intensity Io.

In general, all histograms could be approximated by the Poisson distribu-
tion. For strong shocks the data show good agreement and sufficient agree-
ment for medium shocks when aftershock clusters are eliminated. The longer
the observed period of "complete" recordings, the better and smoother the
approximation. Discrepancies proved relevant at intensities Io ^ VI, which
suggests that this model should be applied for probabilities of 10-2 per
year and smaller only.

3.6 Extreme Values of Intensity

A basic problem in probabilistic analysis constitutes the extrapolation of
the data to very small probabilities. In the case of seismic intensities,
it seems reasonable that an upper intensity bound exists as a result of
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physical limits. The worldwide history as of today has shown, for example,
strongest earthquakes of magnitude 3,5 to 9. The strongest shocks in the
Alpine region seems to be limited to magnitude 7 to 7,5.

The determination of upper bounds on intensities for Switzerland was gover-
ned by the following tectonic and seismological considerations:

- neotectonic evidence in Switzerland was studied to establish "maximum
probable fault lengths" which could be used in empirical relationships
between fault length and earthquake magnitude (Figure 10). On the basis
of this work it was concluded that a maximum probable fault length of
about 40 km is i^nsistant with the neotectonic structure in Switzerland,
leading to an ut- r bound magnitude in the range of 7,0 to 7,5.

- the "maximum probable energy release" of future strong earthquakes was
assessed on the basis of the seismic history. The plot of the cumulative
energy release from earthquakes in the area of investigation (240'000 km2)
during the time period 1001 - 1975 in Figure 11 shows that the energy
seems to be released according to some cyclic pattern. It may be conserva-
tively assumed that the total energy of such a cycle or period be re-
leased during the "maximum probable earthquake" or "upper bound earth-
quake".

- the extreme value analysis establishes the probability distribution for
the occurrence of maximum intensities. In this study a Gumbel Type I
distribution was used. The normalized extreme value distribution for the
historical earthquake data in Switzerland is shown in Figure 12 (solid
line: time period 1001 - 1975; dashed line: time period 1750 - 1975). The
increasing deviation of the data from the theoretical straight line indi-
cates a natural upper bound on earthquake intensity for the region consi-
dered. This deviation is a result of the curved frequency-intensity
relationships shown in Figures 7 and 8.

As a result, upper bounds of magnitude 7,0 to 7,2 or intensity X - XI were
established for major seismic sources within Switzerland. The upper bound
on the general background source was taken as VIII.

3.7 Attenuation Relationships

The general attenuation relationship used in this study was that proposed
by Sponheuer (14). It is a continous relationship between site intensity
Is, epicentral intensity Io, epicentral distance R (km), and focal depth h
(km) as follows:

Is = Io - 3-1og-(>/R
2 + h2'/ h) - l,3a-(\//R2~T~hr- h)

The 40 best documented macroseismic events in Switzerland were used to
establish the attenuation relationships, i.e. the attenuation coefficients
a and the focal depths h for the seismic sources used in the study. The
uncertainty in the attenuation relationship was considered in the analysis
by specifying that the distribution of the site intensity for a given
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epicentral distance was a normal Gaussian distribution with a standard de-
viation of 0,5.

The macroseismic as well as the recent instrumental data indicate that the
focal depths in Switzerland range between 8 and 12 km with a few exceptions
between 5 and 30 km. For many earthquake events in Switzerland the macro-
seismic data also suggest an azimuth-dependent attenuation coefficient. An
example of a typical attenuation relationship and an azimuth-dependent
attenuation coefficient is shown in Figure 13. The data is from the earth-
quake in the upper Rhone valley on March 23, 1960.

3.8 Results

The seismic hazard computations for Switzerland were made with the aid of
a high-speed computer. The computer code utilized (15) was modified so
that all the previously presented elements of the probabilistic seismic
hazard analysis could be considered.

For site comparison purposes and non-nuclear applications a multi-site
analysis was conducted, resulting in hazard maps showing contours of equal
MSK-intensities for return periods of 10^ 10^, and 10^ years, (i.e. mean
annual probabilities of occurrence of 10"^, 10*4, and 10~5). Figure 14
shows the seismic hazard map for a mean annual probability of 10~4.

The results of a single-site analysis are given in Figure 15, The site is
located in the northern part of Switzerland; its location is indicated in
Figure 4 (*). Figure 15 shows a plot of the computed site intensity versus
its mean annual probability of occurrence, i.e. the seismic hazard function
for this site. Also shown in this figure are the minimum and maximum seis-
mic hazard functions for Switzerland. A comparison of these curves reveals
that the site investigated is in a low seismicity region of Switzerland,
a conclusion which can be reached also by referring to the seismic hazard
map in Figure 14.

The hazard contributions of the different seismic sources in percentage of
the overall seismic hazard at this low seismicity site is shown in Figure 16.
It is interesting to note that for larger site intensities (Is = VII) the
major hazard contributions come from the adjacent seismic sources Q6
(Zurich) and Q5 (Basel), and from the background source.

The sensitivity of several parameters on the computed seismic hazard was
investigated (2,16). These parameters were: the size and shape of the
seismic sources, the value of the upper bound intensity, the standard
deviation on intensity in the attenuation relationship, and the value of
the attenuation coefficient. The results of these sensitivity studies showed
that the upper bounds on epicentral intensity and the value of the attenua-
tion coefficient were clearly the dominant factors, especially for low mean
annual probabilities of occurrence.
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4. CONCLUSIONS

The probabilistic approach to evaluate the seismic hazard, and thus the
design earthquakes for nuclear power plants, has proven feasible and ade-
quate for Switzerland. Switzerland may be considered typical for a country:

- displaying low to moderate seismic activity, and

- having access to a rather comprehensive and reliable catalogue of histori-
cally and instrumentally recorded earthquakes.

Although a probabilistic analysis relies heavily on historical earthquake
data, it still requires a sound analysis of the tectonic regime and the
recent instrumental seismicity of the area of interest. This can best be
provided by seismologists and geologists. In Switzerland for example, the
generally uniform compressive stress field in the upper crust and the spacial
and temporal distribution of the recently recorded seismicity are favorable
to a probabilistic approach to the seismic hazard evaluation. It is important,
however, that geologists, seismologists, and earthquake engineers work
closely together for a successful implementation of this approach.

Probabilistic evaluations of the seismic hazard allow transparency and-if
applied on a national scale-also uniformity in seismic design. Subjective
assessments are reduced. Sensitivity studies on important source parameters
should be made to gain additional insight in the uncertainties of the
seismic hazard evaluation of a region.

The concept of probabilistic seismic hazard analysis calls for a decision
on an acceptable probability of occurrence. This decision - which should be
taken by the National Safety Authorities - depends on various criteria such
as margin of safety to be achieved in seismic design and uniformity in
design strategy. In Switzerland, an annual probability of occurrence of
10"4 for the Safe Shutdown Earthquake (SSE) for nuclear power plants was
considered acceptable by the Safety Authorities.
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Fig.l: Location of plate boundary between the Eurasian and African litho-
spheric plates in the Atlantic ocean and in the western Mediter-
ranean region.

Fig.2: Fault-plane solutions of recent earthquakes in Switzerland (6,7).
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Fig.3: Epicenters of instrumentally recorded earthquakes from 1972-1980 (9)
and seismic sources for hazarJ analysis.

12*

Fig.4: Locations of historic earthquakes (Ig^viII) in area of investi
gation (240'000 km2) from 1001-1975 (1) and seismic sources fo
hazard analysis.
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Fig.5: Schematic representation of procedure for probabilistic evaluation
of seismic hazard at a site.

Fig.6: Subdivision of area of investigation (240'000 km2) in 10 major
regions.
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Fig.10: Empirical relationships between length of fault rupture and
earthquake magnitude.

150-

Ul

2 «H

5 0 -

I ' I ' I ' I ' I
1127 1327 1527 1727 1927

Time t [ years!'

Fig.11: Cumulative energy release
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of investigation (240'000 km2)
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1975.
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Fig.13: Attenuation relationship and attenuation coefficient for the
earthquake in the upper Rhone valley on March 23, 1960.

Fig.14: Seismic hazard map of Switzerland showing MSK-intensities for
a mean annual probability of 10-4.
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Fig.15: Seismic hazard function for a typical low seismicity site in the
northern part of Switzerland.
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Fig.16: Hazard contributions of the different seismic sources Q in per-
centage of the overall seismic hazard at low seismicity site.



-155-

RESEARCH ON SWEDISH EARTHQUAKES.

Ragnar Slunga
National Defence Research Institute
Box 27322
S-10254 Stockholm Sweden

A digital seismo1ogica1 network covering Southern Sweden has
been operated by the Natinal Defence Research Institute since
the end of 1979. The aim of this network is the study of the
Swedish earthquakes to improve the seismic risk estimates. The
network has been financed by the Swedish Nuclear Power
Inspectorate. The network covers an area of some 450*600 square
kilometers and has 21 stations equipped with short period (lHz)
vertical seismometers. In addition three stations have also
two horizontal seismometers. During the period December 1979 -
19B2 some 108 earthquakes were recorded within the area
together with a large number of explosions and teleseismic
events. The research on these small earthquakes is presented
in a special report (Slunga 1982) available from the institute
and u) i 1 1 be summarized here.

Epicenter location and focal depth

The events are located by use of the times of the first arriving
P waves as picked by the seismologist. A complete hypocenter
location is achieved by minimizing the square sum of the time
residuals. The stations are spaced about 100 kilometers from
each other and this results in an epicentral uncertainty of
about 1 km and a focal depth uncertainty of about 2 km.

Tine epicenter distribution is very similar to earlier studies
based on larger earthquakes and longer time periods with the
majority of the earthquakes scattered over the western part
of Southern Sweden. The focal depths vary between B.B and 31 km
with most of the events in the depth range 7 to IB km. There
are two peaks in the focal depth distribution, a main one at
13-14 km and a smaller one at 25 km.
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Of special interest are the results given by relative location
of closely spaced similar events. In many cases events having
almost identical tuave forms have been recorded. This is the
case for the main event and the aftershocks* for members in a
swarm and for repeted events. The high coherency of the signals
have been used to determine very accurate relative times of
the arrivals. Even for signals having bad signal to noise ratio
the arrivals could be timed with an accuracy of about 2 ms.
This high accuracy resulted in a relative location accuracy of
less than ten meters. Typically the aftershocks or smarm
members mere located to about 100 m from each other and
located to a plane surface. It seems reasonable to assume this
plane to be the fault plane. The method seems to be very
valuable for a more detailed study of the faulting processes.

Fault mechanism studies.

A method for fault plane solution has been designed and applied
to all events tuithin the network. The algorithm combines the
use of first motion polarities with the use of the spectral
amplitudes of the waves. This was found to be needed as only
very few clear first motions could be found for most of the
small earthquakes. The use of the amplitudes reduced very
significantly the non-uniqueness of the fault plane solution.
The algorithm requires that the clear first polarities are
satisfied and that the theoretical amplitudes in a RMS sense are
within a factor 2 of the observations. The inclusion of the
spectral amplitudes in the fault mechanism inversion algorithm
requires that the seismic moment is jointly determined.

The seismic moments of the earthquakes so far recorded are in
the range 1.E9 - 2.E13 Nm ( E2ri00 and lNm=i.£7 d y n e - c m ) .
For these small earthquakes the local magnitude is directly
proportional to the seismic moment and a seismic moment of
1.E13 Nm corresponds to a local magnitude of 3.0.

Half of the source mechanisms so far studied are dominated by
strike slip motion* one quarter by normal faulting and one
quarter by reverse faulting. The horizontal deviatoric stresses
are very consistent/ the principal compression is in the NW-SE
direction which agrees with the expected tectonic stress.

An interesting observation is that the fault planes accepted by
the fault plane inversion algorithm quite often agrees with
surficial topographic features. This seems to be true although
the focal depth of the event normally is 10 km or more and the
fault radius is less than 100 m.
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Corner frequencies* source dimensions, stress drops and slip
displacements.

The interpretation of the corner frequencies in terms of source
dimension has been based on numerical computations of the far
field displacement spectra from kinematic slip displacements
models ( Savage 1974, Madariaga 1976, Boatuiright I960). This
gave systematically smaller fault sizes than the widely used
Brune (1970) model.

The corner frequencies have been estimated at the closest
stations , less than 130km away/ by fitting theoretical spectra
to the observed spectrum. The sampling frequency of the digital
signals was 60 Hz giving an upper bound of 30 Hz for the
analyses. The lowest observed corner frequencies varied from 5
to beyond 30 Hz. This corresponds to source radius of 25 to 140
meters if circular fault areas are assumed. The corresponding
stress drops mere estimated to be from 0.1 up to over 10 MPa,
( 1 MPa = 10 bars). The two largest earthquakes with seismic
moments of about 2.E13 Nm both had stress drops of about 10 MPa
and peak slip displacements at the source of some 30 mm. The
focal depths of these two shocks were 800m and 8km.

It is possible that systematical differencies in the stress
drops occur but more than two year of data is needed for this
lou) seismicity area before conclusions are possible.

Ground motion at close distancies and a two parametric scaling
of the earthquakes.

The horizontal ground motion at the free bedrock surface has
been studiPd from observations close to the epicenter ( less
than 100 km away) of more than 30 earthquakes. Note that this
is always the far field area for the high frequencies involved.
Especially the peak horizontal acceleration was studied as this
parameter so often is used in discussions of the seismic risk.

From the relations between the two source parameters » seismic
moment and stress drop/ and the earthquake far field spectrum
one can formulate how the peak ground motions are expected
to be related to the two source parameters.
With a square-omega model for the high frequency decay of the
displacement spectrum arbitrary large accelerations can be
achieved by going to frequencies high enough. For that reason
the high cut off frequency was included in the scaling formula.
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To extend the range of applicability also inelastic damping was
included (the Q-parameter). This scaling formula was applied
to the peak ground acceleration by adjusting the constant to
fit the observations of these small earthquakes. As a test of
the proposed scaling the resulting formula was then used to
extrapolate the observations five orders of magnitudes up to
the size of the Scandinavian 1904 earthquake (having a seismic
moment estimated to Z.rtB Nm). Assuming a stress drop of 200
bars ( 20 MPa) the resu ting epicentral peak horizontal
acceleration is iBJt g ( i m/s/s). A focal depth of 20 km is
assumed. This acceleration is the same as the earlier from
macroseismic observations estimated peak acceleration for
bedrock sites. The high frequency cut off used in this test
was 12 Hz* the estimated corner frequency for the 1904 event
is less than 0.2 Hz.

An interesting aspect of this scaling is that the stress drop
is very important for the estimate of peak accelerations.
Regional variations of this parameter will affect the seismic
risk estimates. Another feature of the scaling relation
is the importance of the high frequency cut off. If this
parameter is not known one should prefer the peak velocity
as single peak parameter of the ground motion.
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DISCUSSION ON PAPER 20

Ribeiro» A.

Is the 1904 event related to the Oslo Graben?

Slunga, R.

Yes, the 1904 event occurred in the Oslo-Graben structure. However, the
epicenter area of that event is now seismically calm.

Reiter, L.

Introplate stress drops may not be necessarily higher than interplate
stress drops. Some recent studies by seismologists of the US Geological
Survey show similar stress drops for the Eastern and Western US. They
indicate that the higher peak accelerations observed in the Eastern US are due
to a different fmax (bandwidth of the spectrum). Other seismologists
disagree.

Similarly, our experience indicates that caution should be used in using
stress drop as a scaling parameter as there are different types of stress
drop. The stress drop controlling the peak acceleration may be a dynamic
stress drop.
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A STOCHASTIC MODEL TO ESTIMATE MAXIMUM EXPECTABLE MAGNITUDE

OF EARTHQUAKES FROM STRIKE-SLIP FAULT DIMENSIONS

A. R i b e i r o

Departamento de Geoiogia, Faculdade de Ciencias
Lisboa, Portugal

Abstract

The entire fault length (L) of a str ike-sl ip fault cannot rupture
during a single seismic event because individual rupture areas and lengths
for different events should be compatible with total displacement for a

given period of time. A plot of L_,v versus logarithm of L. . , shows a l i
max Lutai —near correlation between both parameters. An allometric law relates the re

lative growth rates of the two parameters involved, of the form:

Lmax = a t L t o J b w i th

because there is a progressive elimination of asperities that resist move-
ment by renewed seismic activity as the str ike-sl ip fault increases i ts to
tal length.
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1. Introduction

It has been proved recently [11 that a significant correlation exists
between the magnitude and source area of a seismic event. If we want to as-
sess the maximum magnitude of an earthquake it is then necessary to know the
maximum source area for the active fault along which tha t earthquake will
take place. Some authors claim that an unique event can be produced by ruptu_
re along the total area of fault surface, which would be the maximum, M ,
for that particular active fault 111, but others maintain that only a frac-
tion of the total area of fault surface can rupture in one event; in this ca
se one has to ask what is the percentage of fault area along which the maxi-
mum event would be produced.

For events where the length determined by surface faulting is extended
over the entire source length [1], tne problem can be simplified by consi-
dering the correlation magnitude -length of rupture instead of magnitude-
-source area; then, the correlation between both parameters can be easily
expressed by the classic curves of Slemmons [2].

In fact the length of an active fault can be deduced simply from neo-

tectonic observations, but knowledge of an active fault area demands incor-

poration of aditional seismological data (dip of fault plane and thickness

of brittle seismogenic crust or maximum focal depth of hypocenters situated

in the fault plane), not always available.

The dispersion introduced in the data set by considering source length
instead of source area is minimum in the case of strike-slip faults, (along
which the maximum focal depth generally don't exceed 20 km.) unless we are
dealing with an especially thick brittle crust.

Therefore as a first approach we will discuss the problem of estima-

ting maximum expectable magnitude of earthquakes from strike-slip fault di-

mensions [3L

2. Partial and total rupture during a single seismic event

If we admit that the total length of an active fault can rupture du-
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ring a single event the magnitude - source* length relation [2] will enable

to estimate K_a . But the current practice is to assume that only 40% 14)

or 50% [2,p.115-6] of the total length can rupture in one event. This pro-

blem should be adressed from the theoretical point of view and from the ana-

lysis of case hisotries of total rupture events.

Mechanical models of active faults have to assume unstable stick-slip
sliding in the seismogenic brittle crust and stable sliding in the under-
lying ductile layer. The displacements and rupture areas for particular sei£
mic events must be integrated along a period of time during which the pro-
cess can be considered stationnery. Another condition must be fullfilled:
the displacement during a single event is related to the magnitude of that
event, as well as to the length of rupture [2J. It is concluded that the
local displacements should be compatible along the whole fault plane during
this period and this fac^ inhibits displacement along the entire fault pljj
ne. This reasoning is confirmed by the fact that identified "soon-to-break"
gaps along large active fault systems always extend along only a fraction
of the total length of the system.

To the best of our knowledge, cases of total rupture during a single
event are only known in Japan [51. Surface ruptures produced during those
events show an "en echelon" arrangement and/or individual segments limited
cross-cutting active faults. The general neotectonic picture of oapan is
highly complex indeed. By analogy with a model of compatible shear zones [61
in the Variscar European Fold Belt, which represents the deeper equivalent
of seismogenic faults near the surface, we propose an alternative explana-
tion for those cases of total rupture during a single event, in accordance
with ideas expressed by Japanese specialists 17]. The Phi Hi pine Plate is
being subducted below the Euroasian Plate beneath Oapan. The plate boundary
is then an active basal decollement plane above which the active faults on the
Euroasian Plate must curve downwards in order to maintain complatible move-
ments directions. The interference of ongoing subduction of the Pacific Pla-
te creates further complications and, possibly, decoupling along multiple l£
vels. On those conditions the displacement of a major fault plane by minor
cross-faults (probably conjugate or Riedel of the main fault) vanishes gra-
dually to depth. So the individual "en echelon" segments that ruptured du-



-164-

ring a single event may represent just the superficial expression of a much
more continuous fault surface at depth (Fig.l). This raises an immediate
question for estimating total length of active fault systems: which is the
level of discontinuity of individual fault breakes above which there is in-
dependance of the process of gradual stress build-up and sudden release du-
ring seismic cycles? We don't have the theoretical and factual basis to
answer this question within the present state-of-the-art. So we leave this
open question and try to examine the more simple case of continous simple
major fault trace.

3. Relationship between total fault length of active strike-slip fault and

maximum rupture length for a single seismic event

Based on a review of literature we plotted on a diagram the total fault

length versus maximum surface rupture length in a single seismic event for

different active strike-slip faults. We choose faults with the highest ra-

tes of activity because in those cases the probability of occurrence of ma

ximum magnitude earthquake during the historic or instrumental record was

at its highest level (Table I).

As shown is fig.2 the curve of best fit is logarithmic, which is coji

firmed by a plot of logarithm of total fault length versus maximum rupture

length for a single event (Fig.3). We will discuss later ^n the behaviour

near the origin.

Comparing the curve of fig.2 with the straight line expressing the
40% rupture of the total length hypothesis during the maximum magnitude e-
vent it appears that the straight line expression is not conservative e-
nough for total lengths below 1000 km, and too conservative for total
lengths above 1000 km.

It does not seem necessary to stress the implication of that fact to
estimate the Safe Shutdown Earthquake for Nuclear Power Plants in the vici-
nity of active strike-slip faults. It mus be emphasized, however, that
the 40% rupture straight line is the best fit if we postulate a linear cor-
relation between the variables involved.



TABLE 1

ACTIVE

FAULT

SAN ANDREAS (SA)

CALIFORNIA

NORTH ANATOLIAN (NA)

TURKEY

BOGDO (BO)

MONGOLIA

DASHT-E BAYAZ (DB)

IRAN

HAYWARD (HA)

CALIFORNIA

TOTAL
LENGTH

(Km)

1 400

1 000

500

113

72

MAXIMUM MAGNITUDE

EVENT

18/04/1906

(8.25)

27/12/1939

(8.0)

04/12/1975

(8)

31/08/1968

(7 .3)

21/10/1868

(6.7)

MAXIMUM RUPTURE
LENGTH IN ONE

EVENT (Km)

435

350

265

69

48

REFERENCES

[8] ; [21

[91 ; [21

[101

[111 ; [2]

[21

•
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4. Phenomenological analysis of the observed relationship

In order to build a physical model that could explain the previous re
lationship we should know the details of the rupture process responsible for
the seismic behaviour of active faults. In spite of recent advances in that
field major uncertainties still remain and it is only possible to sketch a
phenomenological approach.

Rannalli [12] has shown that "the frequency of length of strike-slip
faults in continental crust follows a lognormal probability distribution,
and a nonlinear positive correlation exist between length and offset. This
data is explained "in terms of a stochastic model which treats the occurreji
ce of faulting as a Kolmogorov-type process obeying the law of proportiona-
te effect". The model accounts for the length distribution of faults. Ten-
tatively, the correlation between length and offset is ascribed to an all_o
metric law relating the relative growth rates of these two parameters".
[12,p.399]. We can take as a basis for our reasoning the evolution of a
transform fault, for instance the San Andreas fault, conectingtwo construe
tive plate boundaries; if the slip rate is a time constant then the evolu-
tion of the fault is a stationnery growth process.

The total displacement of a passive marker younger than the initia-

tion of the transform fault is equal to the increment of extension of the

transform fault during the interval of time corresponding to the age of

that marker [111.

If the growth process is stationnery a plot of total displacement of
that passive marker versus time is a straight line with slope corresponding
to the slip rate of the fault.

Our purpose is to estimate the maximum rupture length in one seismic

event while the total length of the fault is growing as time elapses. Let's

consider what happens between t and t + A t , (At being as long as it will

be necessary to consider the process stationnery). While seimic events cu-

mulate their effects along the fault surface the heterogeneities of fault

geometry [13], (the so called asperities and barriers), are gradually re-

duced during seismic events. These heterogeneities act as inhibitors or

attractors of slip depending on their orientation relative to sense of
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movement. They are smoothed with renewed seismic activity a way that f r i c -
tion is reduced; therefore the cr i t ical shear stress above which an earth-
quake is produced is also gradually reduced.

At the end of t+at the active fault w i l l be composed of an older cen-
t ra l segment where heterogeneities have been reduced by the cumulation of
successive seismic events and two younger end segments, less smoth, where
higher shear stress inhibits s l ip . A maximum magnitude event can rupture
the whole central segment and a fraction of the younger end segments. But
the increase of rupture length between t and t+At w i l l not be linear with
time because the increment of applied shear stress capable of inducing the
maximum magnitude event has been reduced.

Therefore while the rate of growth of total fault lenght, J_, must be
linear in relation to time the rate of maximum rupture length growth., 2>
wi l l not be linear but w i l l obey an allometric law relating the relative
growth rate of the involved parameters, L and 2 • Representing in the usual
way the di f ferencial on with respect to time,the aplication of such law to
the system wi l l give way to

i (t) = b i _ ( l l
1 (t) L (t)

where I and ]_ are stochastic variables and not deterministic quantities.

Integrating with respect to time we obtain

in close analogy with the correlation between length and offset [12].

The parameter b is the the so-called "relative growth ratio", On the
present case b<l because there is reduction in the increment of applied
shear stress that can induce the maximum magnitude event.

The preceding analysis can explain the linearized central segment of
the typical exponential growth curve obtained but should not be applied to
the in i t i a l growing and to the final declining stages. Concerning the i n i -
t ia l stage of an active fault generation i t i s , of course, a non-stationnery
process, both in the case of a newly created fresh fracture and in the case
of reactivation of a prexistant one. I t is possible that a cr i t ica l rupture
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length exist, below which i t would be impossible to produce an active frac-
ture in the crust as a function of i ts local rheological properties. Simi-
larly an upper l imit is imposed by the maximum magnitude earthquake for the
present crustal strength.

I f the whole system evolves to a transform, connecting two destructive
plate boundaries, the sense of movement along the transform is reversed and
the same reasoning is s t i l l aplicable, "mutatis mutandis"; this happens be-
cause the heterogeneities of fault plane that oposed movement on the system
now favour i t and conversely.

I t may be asked i f the generation mechanism of interplate seisms along
transforms can be extrapolated to intraplate seisms along intracontinental
transcurrent faults. Stress drop is higher for intraplate events but the dij^
persion introduced in the data is minor [11. The generation mechanism is
essentially the same, although the boundary conditions that controll the
growth process are different: therefore, the active str ike-sl ip faults
should obey the same allometric law and al l of them must plot along a com-
mon curve as shown by fig.2 and 3. Indeed, the growth rate of an intraplate
str ike-sl ip fault can be much higher than i ts sl ip rate, which is shown by
a much lower total offsett than total fault length [11]. This is a conse-
quence of the unconstrained nature of the ends of intraplate str ike-sl ip
faults, which are not bounded by plate boundaries. Consequently, their pro-
pagation is only a function of recurrence intervals and the amount of dis-
placement of those events, near the ends that can produce an increment of
extension in the active fault length. We suppose that these are good rea-
sons to apply the proposed transform model to the case of the tabulated in -
tracontinental str ike-sl ip faults (Hayward, Dasht-e-Bayaz and Bogdo faults).
We have to emphasize that the curve presented here must be permanently read
justed for best f i t when eventually a higher magnitude event than expected
is observed in a particular active str ike-sl ip faults; i f we could enlarge
the population of objects considered in the basic data set the accuracy
wi l l be improved accordingly.

In this respect we must compare the proposed curve with an already pji
blished plot of magnitude versus logarithum of total fault length for the
Alps and adjacent areas [14]. Our plot conduces to higher magnitudes becau-
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se our sample refer to faults with higher rates of activi ty in order to e]i

sure that the maximum magnitude event is included in the basic data set.

5. Future work

The conclusions obtained so far seem promising and must be extended
to other types of active faults and applied to the problem of estimating
return periods for the maximum expectable magnitude seismic event.

Concerning the f i r s t question i t should be stressed that in the case
of str ike-sl ip faults the problem could be easily reduced to one-dimension
solution, involving only the length of active faul t , because of the large
length-depth ratio for this type of faults. In the case of thrust faul ts,
including subduction zones,and normal faults, the problem is essentially
in two dimensions and can not be simplified. The in i t iat ion and propaga-
tion of tectonic activity along the fault plane becomes crucial and is not
easily dealt with in our present state of knowledge.

Concerning return periods of maximum events for str ike-sl ip faults
we intend to present in the near future some results on which we are cur-
rently working. We can anticipate that the cases of interplate and intra-
plate events should be treated separately, because there is increasing evî
dence, mainly from geomorphological studies, that stress acumulation for
intraplate active faults is essentially a non-stationnery process geologi-
cal time scale, in contrast with the more steady state nature of interpla-
te activity deduced from Plate Tectonics.
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Flfl. 1 - Compatibility between thrust fault and wrench fault, exprea««d

at surface by Riedel eegments and inducing a seismic rupture area which

is discontinuous at higher levels and continuous at lower levels
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DISCUSSION ON PAPER 6

SMbata, H.

The growth of fault length in each event is proportional to the total
length of the fault. It is an analogy to one of the fundamental theory of the
fracture mechanics, and this analogy is believed by some seismologists in
Japan. Also, this theory can express the reason of existence of long fault
lines instead of a group of shorter fault lines.

Reiter, L.

Dr. Slemmons recent work indicates that the percentage of total fault
length that ruptures during the maximum earthquake on a strike slip fault is a
function of the total fault length. The smaller percentages are associated
with smaller total fault lengths and the larger percentages are associated
with longer total fault lengths.
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SEISMIC HAZARD ANALYSIS USING EXPERT OPINIONS
WITH UNCERTAINTIES*

D. L. Bernreuter, D. H. Chung, R. W. Mensing, J. B. Savy
Lawrence Livermore National Laboratory (USA)

ABSTRACT

An important element of a seismic risk assessment of a nuclear power
plant is the description of the seismic hazard at the site. The seismic input
takes two forms: (1) an earthquake time history which can be used in the
structui al analysis to compute the structural and component responses to the
seismic event; and (2) a seismic hazard curve which describes the probability
of exceedance of some seismic variables, e.g., peak ground acceleration, at
the site.

As part of an NRC sponsored project, LLNL has developed a methodology for
eliciting the opinions of experts about the seismicity of the EUS and using
these opinions, along with an associated measure of uncertainty, to assess the
seismic hazard at several sites in the EUS.

The purpose of this paper is to describe (1) how the opinions of experts
were elicited, including an elicitation of the experts' uncertainty about
seismicity, and (2) how the experts' best estimates and statements of
uncertainty were combined to assess the hazard curve, along with appropriate
confidence bounds, at a site. Briefly, the method involves an elicitation
about the zonation of the EUS in wnich uncertainty is expressed in terms of
uncertainty about the existence of a zone as well as the boundary shape of
each zone. Seismic within each zone is elicited in terms of the
characteristics, i.e., upper magnitude cutoff, occurrence rate and magnitude-
recurrence relation, of the magnitude distribution. Opinions about these
parameters are translated into probabilistic information about the occurrence
rates for a discrete set of magnitudes. This information, in turn, is
integrated over all zones and transformed into an estimate and confidence
bounds for the seismic hazard at a site.

•This work was supported by the United States Nuclear Regulatory Commission
under a Memorandum of Understanding with the United States Department of
Energy.
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DISCUSSION ON PAPER 14

Wang, P. G.

1. Do experts serve voluntarily or paid?

2. Are responses returned promptly and completed?

3. Do answers have large or small variations?

4. Are the final results to be used for the entire EU or for particular
sites?

5. Do you consider the expert opinion method very useful, fairly useful, or
of no use to your purpose?

Mensing, R. W.

1. Most of the experts are paid.

2. Of course, responses never seem to be returned as promptly as we like.
However, of the responses we have received, they are satisfyingly
complete. We are confident the remaining outstanding questionnaires will
be returned within a reasonable period.

3. Not having all the results, we do not know the total variability of the
responses. However,

o choice of panel members was designed to get a divergence of opinions,
o in SEP program, there was a fair amount of variation.

4. Method is based on producing a seismic hazard curve for any specific
location within the EUS.

5. At this point I am enthusiastic about the method. However, the
usefulness of expert opinions will depend on the results we finally get
when we complete the study.

Slunga, R.

1. Have the experts been asked to describe what the basic knowledge is that
they use for their judgments? This may be important for an appropriate
weighting of the expert opinions.

Mensing, R. W.

1. This is a good question which has been asked by others who have reviewed
our method. In the written questionnaire we have not asked that
question. However, we will be having a follow-up meeting with the
experts. If it is appropriate we might be able to inquire about the
bases of their judgments.



Guarro, S.

1. When asking experts for confidence bounds, are specific percentile
assigned and is the opinion expressly asked in terms of these
percentiles?

2. Do you think that different experts have the same perception of what
"high confidence" means? (This may strongly affect the shape of your
probability distribution function.)

Mensing, R. W.

1. For the seismicity parameters (e.g., occurrence rate) asked for 'an
interval to which assign high confidence.' Thus, did not specify a
percentile. However, one description of our method, indicated we would
treat limits as 5th and 95th percentiles. Feel it is difficult for
individuals to distinguish between levels of confidence (e.g., between
90% and 95% confidence). Still, when using mathematical methods to
assess uncertainty, we must quantify the level of confidence.

2. I think many studies have shown that there are differences between
individuals in their perception of confidence and probability. Yes, this
difference does affect the subjective probability distribution relative
to the expert. However, these differences may be somehwat mitigated when
consensus results are considered.

Lilja, T.

1. What is the impact on the results from using different weighting
techniques for the different experts' opinions?

Mensing, R. W.

1. Since we have not completed our study yet, we do not know the impact of
the different weighting techniques on our results yet. However, one
paper in the literature compared several mathematical weighting
techniques including equal weights, self-weight and others. General
conclusion is that equal weighting is as good as any other method.
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PROBABILISTIC APPROACH TO SOURCE MECHANISM
MODELING

Jean B. Savy
Lawrence Livermore National Laboratory

(USA)

{Text-Not Available)
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IMPORTANCE OF HISTORICAL SEISMICITY IN THE EVALUATION OF
LARGE RETURN PERIOD HAZARDS

Carlos S. Oliveira
Laboratorio Nacional de Engenharia Civil, Lisboa, Portugal

ABSTRACT

This pap reports the results from an historical investigation on earth -
quake activi in Portugal based on data collected from original sources. A de-
tailed revision of earthquake catalogues in what concerns date of occurrence,
isosseismal maps, epicentral location, magnitude and duration of vibration was
made for most of the 260 events identified in the period 1000-1900.

Introducing this new piece of information which exhibits a much higher de-
gree of quality into standard hazard models, uncertainties on final estimates
for the zones of large return periods, RP, (RP >200 years) are greatly reduced.

RESUME

Cetravail se rapport a une investigation sur la seismicite historique du
Portugal faite sur des documents originaux. Une revision du catalogue des seismes
en ce qui concerne date de occurrence, carte d'intensities, localization d'epi-
centres, magnitude et duration de la vibration, a ete faite pour la majoritee
des 260 seismes identifiers dans la periode 1000-1900.

Introduisant cette information,d'une qualite bien superieure a celle d'au1-
paravant, dans les modeles mathematiques standard pour le calcul de 1'hazard
sismique, les estimatives pour les zones de grande periode de retour,PR,
(PR>200 annees) deviennent beaucoup plus certaines.
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1. INTRODUCTION

The study of structural safety of nuclear power plants requires the evalua
tion of seismic hazard in the zones of large RP to ensure that the SEE eventwill
occur with a very small probability. Knowledge of hazard for RP > 10^ years may
be necessary in many instances depending on the tails of the probability distri
butions of hazard and vulnerability. The more deterministic in character are the
vulnerability functions, the more important becomes the probability distribution
of hazards. ^

Most common hazard studies are based on poor quality data leading conse -
quentely to large uncertainties in final distributions. Oliveira { l}, using se
veral standard methods of hazard analysis arrived to variations of 1:4 in the in
terval mean value + 2 a for peak acceleration in Portugal, Figure 1. These lar-
ge intervals will increase further more if larger RP are required.

Such a situation, which gives full support to the deterministic methods in
the evaluation of SEE event, can be surpassed if quality of data is improved
quite considerably. Oliveira in { 2} defines the most important lines of research
necessary to achieved better results. The main aspects for implementation are :

1 - Geometry of sources of earthquake generation

2 - Time and magnitude characteristics of sources

3 - Attenuation equations, specially in the near-field.

Past events are the best elements to inform and calibrate the 3 above as -
pects and can be organized into three different areas: (i)geological events re-
lated do recent Quartenary which can enlight on rate of occurrences of large
earthquakes in the last 10 000 to 100 000 years; (ii) historical events which ,
in countries of old traditions, can inform on moderate to large events in the
last 1000 years and (iii) instrumental events, covering accurately the last 15
years can inform on rate of occurrence of earthquakes M > 2, alignment of faults,
mechanisms of earthquake generation, etc.. Each one of these areas is important
in the final assessment even though the type of information is completely diffe
rent. Theories for combining the three items are being analysed elsewhere
(Bayesian methods, Fuzzi sets, etc..)

In this paper historical seismicity of Portugal since 1000 DC was reevalua
ted and reinterpreted according to the present knowledge of earthquake engine -
erj.ng. Hazard results using this new data were compared with previous estima -
tions which did not give great credit to historical seismicity.

2. SOURCES OF HISTORICAL EARTHQUAKES

In order to improve the quality of historical seismicity already widely
studied by different authors (Moreira { 3} is the most recent case) a search of
original sources was made by a team from the Faculty of History in the Universi
dade Nova de Lisboa. Royal chronicles, arabic documents, news papers, foreign
witnesses, etc, were used as main pieces of information. We found that most re-
ferences reported in the literature do not contain original contributions, but
they simply transcribe informations published years or decades before. The most
common extraneous errors introduced with this copying process are date of oc -
currence and mis-interpretation of extension of damage. For instance the recent
catalogue of Ganse et. al { 4 } is full of mistakes. To evaluate consistency of
data cross check references were analysed whenever possible. Day of the week
was checked making use of a computer catalogue.
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From descriptions of earthquake activity, damage to people and property,
history of reconstruction of monuments or other related phenomena, an interpre-
tation of date of occurrence, isosseismal maps, epicentral location, magnitude
and duration of vibration was made for most of the 260 earthquakes identified
for the period 1000-1900. In few cases, other parameters related to the mecha -
nism of generation such as low and high frequency content of vibrations, exis -
tence of fore and aftershocks, underground noises, etc., were also obtained.

The type of gathered information is not homogeneous in time-space and qua-
lity depending essentially on the. epoch, size of earthquake event and on geogra
phical distribution of population. Five levels of homogeneous data can be re -
cognized (before 1600; 1600-1750; 1750-1900; 1900-1960 and 1960-up to present )
as they correspond to the main developments of historical awareness towards
earthquakes. In the first period only large earthquakes are reported and attri-
buted to acts of God. Dates of events are assigned with a margin of error of
few years. Sometimes it is not clear if the event is really an earthquake or any
other disaster. That's the case of event dated 33 AC or 33 DC which might be
connected with Christ's death. Most descriptions are vague and cross references
not available. For the period starting in 1600 descriptions are much more com -
plete, making use of elements of religious type. Ar a matter of fact, hour of
the day is obtained from the mess which was disturbed, the duration from prayers
length and intensity assessment from damage to churches, convents, etc. For this
period errors in date of occurrence are smaller than in ..he first period but
sometimes the information comes from oral descriptions registered decades later.
In the first t«ro periods lack of communication between towns createsdificulties
in the evaluation of the extension of damage throughout the country.

The occurrence of large earthquakes in 1755 and 1909 defines the limits of
other two epochs. Right after those two dates, public awareness increased tre-
mendously and the information became much more complete in the following years.
This is clearly documented by the fact that there are several small shocks after
1755 reported only in the Lisbon's area.

Newspapers become important sources of information since 1755. Date and
hour of event are now much more accurate. The same cannot be said about location
of epicenter, which is made with uncertainty specially for the distant earthqua
kes and for the inland's felt in zones of low population.

In this century we have the period 1900-1960 where instrumental data became
available for the first time and the period since 1960, corresponding to the de
velopment of large coverage seismological networks. Only recently strong motion
instruments were installed. The high quality of data of this period will enable
us to correlate intensity with ground motion parameters. Focal characteristics
are now obtained using sophisticated crustal models.

Earthquakes that caused great damage or a certain amount of damage are very
well documented even the earthquake of 1531. The most stricking example is the
great Lisbon earthquake of 1755 which has produced the most interesting source
of information en. world wide historical earthquakes of the last 200 years. A de
tailed study of data compiled by Pereira de Sousa { 5 } has allowed the differen
tiation of performances of structural types, influence of soil and topographic
features, etc, contributing definitely to a comprehensive interpretation of this
quake { 6} and to tentative microzonation map of Lisbon.

The present study shows inconsistencies in several earthquakes catalogued
previously and add several new events. It is interesting to not that, before
this study, data covering centuries 14 to 18 t n was very peculiar because it
seemed quite complete in some periods and very scarce in others. From the two
possible interpretationsput forward, seismic aquiescence or disturbed histori-
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cal period (wars,epidemies, etc), the rare events of small intensity found now
are in support of the first interpretation.,,

It is, however, in the intensity assignement and in the epicentrallocation
where we encounter larger discrepancies. In this chapter we followed the methodo
logy proposed by Poirier et al { 7} to develop our own criterion for assessing
earthquake Mercalli Modified intensities from available descriptions, (see Ta ~
ble I). We used the 1755 study { 6} to calibrate events in the 1600-1900 epoch.
We looked into type of constructions, time for repairing, plans for reconstruc-
tion, existence of steel anchors, damage to church towers*, to fortresses and
city walls, etc, to have more physical insight as far as intensities are concer
ned,, We did not pay too much attention to apocalyptical descriptions, which are
not very common anyway, and to the number of casualties as this evaluation is
full of uncertainties Cfor the 1755 Lisbon earthquake,casualties estimations va
ry from 4 to 10% for a population of 150 000 to 250 000).

As a conclusion, intensities assigned prior to this study are exagerated
at least one MM degree, specially in the first periods of information. But er-
rors in intensity assignements are also present in the catalogue of recent ear-
thquakes. A revision of epicentral locations based on arrivals of P and S waves
and on the crustal model recently developed, should accompagny these studies.

Catalogues of other countries were compared, to a certain exte.-d, with
ours, essencially the Spanish catalogue to check not only events at the border
line but also to analyse the area of perceptibility of larger earthquakes. This
poses questions of homogeneity of data treatment which should be addressed la-
ter on in greater detail.

Even through historical investigation may produce some more findings, we
think that for the period starting in 1200, 99% of the information has been
gathered. This is somehow related to the historical development of the portugue
se culture started as an independent country in 1143 D.C. We have some indica-
tions that archaelogical research in periods before the Portuguese domination
may bring some more information. Examples are Roman monuments in ruins, Phoeni-
cian harbours disapeared under the sea, etc..

To obtain epicentral locations we must understand the intermediate tecto-
nic environment which produce the earthquakes being reported: distant earthqua-
kes generated in the sea and local earthquakes generated in faults that cross
the country. Up to this century distant earthquakes can be roughly located only
based in intensity along the coast. For local earthquakes epicentral location
is obtained from villages more severely shaken. As far as magnitude is concerned
we make use of epicentral intensity I and the form of attenuation. Calibration
of magnitudes is made by studying recent instrumental earthquakes.

Analysis of duration is of most interest in regions of intermediate tecto-
nic environment as it is one more parameter to differentiate distant from local
earthquakes.

* In order to investigate the high vulnerability of church towers to earthqua-
ke motions and to calibrate ground motion that produces the ringing of
church bells, a project with experimental and analytical studies has been i.ni
tial at LNEC, Costa et al { 8 } . The results obtained show that bells are sê nr-
sitive to the displacement range of earthquake spectrum, ringing for peak dis
placements of 1.5 to 3 cm, depending on size of the bell. Frequencies of v i -
bration of bells are of of the order of 0.4 to 0.8 Hz whereas the frequencies
of chuch towers, for low levels of excitation, are 2.5 to 3.5 Hz.
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Table III presents the criterion to analyse duration, rearranged into three
categories. It it important to emphasize that even though exageration may take
place in the evaluation of durations, distant earthquakes have very long dura -
tions, over minute and half. The recent earthquake of Jan. 24, 1983 with M* =
= 6.5, 380 km west of Lisbon which was felt by the population as two main shocks
(P and S arrivals) confirm these large durations.

Another aspect that can be depicted from historical descriptions is seismic
activity before and after the main event in the same region or not. Table III
quantifies this assertion.

For all the reasons presented above, a quality factor is assigned to each
earthquake of the catalogue, according to Table IV.

The catalogue of historical earthquakes is not published in this paper as
it is still object of a few corrections. It will consist on two different publi-
cations:

The first is a file with all available descriptions of each earthquake ful
ly transcripted in its original language (archaic Portuguese latin or foreign
language) translated in Portuguese with an interpretation of intensities magni-
tude and epicentral location; the second is just a summary of this information
in a computer format. More than 50 references were used. For the great Lisbon
earthquake of 1755 a separate publication is being prepared { 6 } .

3. MAJOR SCIENTIFIC FINDINGS OBTAINED FROM HISTORICAL EARTHQUAKES

This section is divided into 2 parts. The first one we number the most im-
portant points related to the mechanism of generation of earthquakes and in the
second part we make a preliminary time-analysis of occurrences.

a) Mechanism of generation

Two different types of earthquakes have been felt in Portugal, as already
stated elsewhere and confirmed by tectonics and geophysical research. Their cha
racteristics are quite different. Distant earthquakes are felt all over the
country, with intensity decreasing slowly with distance from the coast. Accele-
rations are not very large, perhaps in the order of 0.2 to 0.3 g but the motion
last for very long time (over a minute). Predominant vibrations are directly
correlated with the direction of propagation and energy is concentrated in the
lower frequencies band (0.5 to 2Hz). Nearby earthquakes (inland) are short indu
ration (impulse type) with presumably high peak ground motions (0.5 to 0.6 g ma
ximum) and rich in high frequencies. Vertical component seems to be important .

b) Time-space and intensity analysis

All results of this research were plotted in the following graphs: Fig.2a
and 2-b shows the epicentral locations of inland earthquakes felt in Portugal
in the periods 1000-1900 and 1900-1982, respectively, with date of occurrence
and intensity observed. Four different zones with homogeneity of occurrences
were identified.Fig. 3 a), b) and c) present a time analysis of earthquake oc-
currences considering separatly intensities (earthquakes with MM intensities
langer than JEV, V, VI) and zones. A few enlargements were done so that we ccald
visualize special periods of higher rate of occurrences. Fig. 3a also presents
the most important earthquakes, the ones which caused damage to the community.
Fig.4 shows a time analysis for duration. a
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From Figs. 2,3 and 4 we can observe that:

- Historical seismicity (1600-1900) filters out many small sized earthqua-
kes picturing the 5 zones of earthquake generation. It is interesting to
note that historical seismicity does not show any activity correlated to
the Messejana fault

- Migration of occurrences has taken place for more than one time. The 1755
quake was preceeded by 30 years of large activity in the southern part
of the country and followed by large activity in the north. The 1909
earthquake was precceded by activity in the north and followed by activi
ty in the south

- Rate of occurrences are time and space dependent, see Table V_. Periods
of large activity alternate with quiet periods. For instance, since 1920
activity in Portugal is lower than the average for quiescent period along
the history. The large earthquakes inland show RP > 600 years for a given
region

- Data may be considered complete for events with MM intensities, I, I>VI
for the last 1000 years, I > V for the last 400 years and I > IV for "the
last 200 years.

4. HAZARD ANALYSIS

In order to evaluate the influence of these new findings in hazard estima-
tions for a site we used extreme value theory to plot intensities observed his-
torically at the site. Samples of 100,50 and 10 years were used in analysis.
They were plotted in extreme type I paper, Fig. 5, and compared with the results
obtained in previous studies. We observe that data covering hundred years only
is not enough to characterize well the seismic process in regions of intermedia
te seismicity. When we extend the analysis to a much longer period of time re-~
petions take place and consequentely extrapolation is much more accurate. If
historical seismicity contributes in a Bayesian framework to the general •model
ling with a weight proportional to the elapsed time, uncertainty on final hazard
estimates is reduced quite considerably.

It is expected that further developments can be achieved with the data avai
lable now. Time and space dependent models, and calibration of attenuation rela
tionships are two major aspects deserving special attention.

5. CONCLUSIONS

The main general conclusions to draw from this research are:

1) Cooperation between research is history and earthquake engineering re-
vealed very successful.

2) In zones of intermediate seismotectonic environment a sample of 60-80
years is far from being adequate to describe both in time and space
accurately the seismicity.

3) Historical seismicity enhances on knowledge of the seismic process and
contributes definitely to reduction of uncertainties on final hazard es
timations.
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TAELE I - CRITERION FOR CALIBRATION OF INTENSITIES

DATE
PERIOD

UNTIL

1300

1300

1600

F
e
lt

a>
60

tt

a

O
th

er
d

e
sc

ri
p

ti
o

n
s

DESCRIPTION

Population going out of town into
field; great no.of fore and after
shocks

Felt all over the Earth

Tsunami reported or changes of
tide schedule

Alteration of topography

Brief account

Panic, no damage

Felt strongly, no damage

Felt violently, no damage

Light damage

Moderate damage

Large damage to good construct.

Landslides/ringing of church bells

Cracks on soil deposits, liquifa-
ction, sulphur, hot springs

Underground noise

INTENSITY
ASSIGNED

VIII

VII

VI

IX-X

III

IV

IV-V

V

VI

VII

VIII

VII - VIII

VIII-IX

IV

EPICENTER

INLAND

SEA

SEA

-

INLAND

-

-

-

-

-

-

-

SEA

* For the period 1600-1900 MM intensities were lowered half a degree (with
exception made for the 'other descriptions"1).

The size of event was evaluated by the area of perception of the earthqua-
ke, ie, number of villages affected.
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TABLE II - CRITERION FOR CALIBRATION OF DURATION

DESCRIPTION

Short impulse or a few short impulses

- "Ave Maria"*or "Pai Nosso"**

- "Misere-deos" or "credo"***

- Several prayers

- Long reported duration

DURATION

2 to 7 sec

8 to 15 sec

20-30 sec

1 min

3 to 5 min

TYPE

Short

Interned.

Long

* Hail Mary **0ur Father ***The Creed

By the no. of shocks

< 2

2 < 4

5 <

Short

Inter.

Long .

TABLE III - ACTIVITY CONNECTED TO EACH LARGE EVENT

1 - Single shock

2 - Several shocks before the main one

3 - Several shocks after the main one during the same day

4 - " " " " " " in the following work

5 - " " " " " in the following week but
occuring at different places.

TABLE IV - QUALITY FACTOR

A

B

C

D

E

Instrumental (last 15

Instrumental (last 80

Detailed description

Fair description

Vague description

year)

years)

- No.

- No

of

• of

stations

stations
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TABLE V - RATE OF OCCURRENCE PER YEAR A
(APPROXIMATELY)

Intensity

MM

>II

>III

>IV

>V

>VI

PERIODS

Till
1600

0.06

1600
1755

0.08

0.07

1755
1900

0.8

0.4

0.3

0.1

1900
1915

-

7.5

.5.0

0.7

1915
1930

-

1.9

0.5

0.1

1930
1970

-

.5

0.1

<0.1

1975
1980

3.7

1.5

-

-

-

MAGNITUDES
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Fig. 1 - Annual probability distribution function of peak acceleration for
a site as obtained from seismicity data base 1900-1975 (weighted
superposition of several alternative models - after Oliveira {l})
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DISCUSSION ON PAPER 27

Slunga, R.

1. How was the ground motion needed for church-bell ringing estimated and
what did it mean?

Oliviera, C.

1. Analytical and experimental tests have been conducted to determine which
ground motion parameter values would cause church bells to ring. In this
first work, ground motion was applied directly to the support axis of the
bell. Measurements of natural frequencies of vibration of church towers
(14 to 30-m high) for low amplitude test, show values on the range 2.5 to
3.0 H2 which are completely different from frequencies of bells, around
0.5 Hz, allowing a decoupling of both structures. Experimental tests
were conducted with a shake table and analytical studies used a double
pendulum mechanical system.

Further studies include the influence of large amplitude vibration on
frequencies of vibration of church towers and the consequences on the
decoupling/coupling problem.
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Panel B
"What Methods are Appropriate for Deriving Probabilities of

Extreme Earthquakes?"

Panelists: D. H. Chung (United States)
J. Irving (United Kingdom)
C. S. Oliveira (Portugal)
A. Ribeiro (Portugal)

Chairman Alderson introduced members of the panel and then asked Dr.
Chung to make his opening remarks.

Dr. Chung made his remarks by pointing out two points of interest in both
Sessions I and II. The first point of Dr. Chung's remarks was on "what
methods are appropriate for deriving probabilities of extreme earthquakes?"
The second point was on the saturation of various magnitude scales.

Several methods that are presently in use in the United States are as
follows:

1. Maximum historic earthquake method.
2. Fractional fault length method.
3. Segmentation method.
4. Paleoseismicity method.
5. Total fault length method.
6. Fault slip rate method.
7. Relative magnitude method.

References:

1. D. B. Slemmons (1977), "State of the art for assessing earthquake hazards
in the United States, faults and earthquake magnitude," U.S. Army Engineer
Waterways Experiment Station, Paper S-73-1, Report 6, 166B.

2. D. 8. Slemmons and D. H. Chung (1982), "Maximum credible earthquake
magnitudes for the Calaveras and Hayward Fault Zones, California," in
Earthquake Hazards in the Eastern San Francisco Bay Area, a California
Division of Mines and Geology publication.

I would like to comment on aspects of problems in our effort to quantify
the earthquake magnitude, e.g., the size of earthquakes. The problem has been
brought to our attention yeasterday by Dr. Leon Reiter and Dr. Didier Costes
during the Panel Discussion A. My comment is concerned with a saturation of
magnitude scales.

The magnitude scales such as te^eseismic m^, Ms, and ML are in principle
unbounded from above. It is well known that these magnitude scales are so
bounded and the reasons for this are understood in terms of operation of
finite bandwidth instrumentation on the magnitude-dependent frequency
characteristics of the elasti radiation exited by earthquake sources.

Local magnitude M> and teleseismic body waves magnitude m. are determined
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from the amplitude of waves with a period of about 1.0s. Both of these
measures of earthquake magnitude saturate at values near magnitude near
7.25. Earthquakes larger than magnitude 7 register about 7 regardless of the
actual "size" of the earthquake, because the amplitudes of 1.0-s waves fail to
increase with increasing size of rupture.

Surface wave magnitude Mg is determined from the amplitude to 20 s waves,
thereby largely circumventing the problem of magnitude saturation.
Eventually, the amplitude of these long-period waves saturates, thereby
producing values of M no greater than about 8.6, which corresponds to an
earthquake rupture of about 1000 km. Because m^ and M Are measured
teleseismically, considerable world-wide data are available for empirically
establishing saturation levels in these measures of earthquake size.

Figure 1 illustrates magnitudes vs. seismic moment. Figure 2 illustrates
how various magnitude scales saturate with "characteristic magnitude." Note
that the characteristic magnitude is proportional to the magnitude scale, M .

Dr. Oliveira discussed three topics:

(1) instrumental seismicity of the 15-100 years;
(2) historical seismicity covering the last 2,000 years;
(3) tectronic information over several thousand years.

The instrumental seismicity data alone are too short to make a realistic
contribution to seismic hazard evaluation. But these data are wry useful in
alignment of fault and local seismic activity characterization. In Europe,
the historical saismicity data play a major role in assessing the seismic
hazards. The record goes to over 2,000 years, but these data are in the
intensity format which is not well calibrated from one region to the next.
This seems to be a major source of uncertainties. Tectronic information,
although not so accurate, provide additional data on larger seismic events
historically. This information coupled with the more recent instrumental data
provides a basis of a more rigorous hazard assessment.

Dr. Irving pointed out four important points:

(1) Value of historical record in Europe (re: a 8SSA paper contained
several errors for the United Kingdom), especially for larger events
having a return period in the neighborhood of 1000 years.

(2) The upper bound probability are more dependent on the "proximity
effect" than the conditional probability. For example, magnitude
4.0 - 5.5 events occurring within 30 Km of site than on occurrence of
very large magnitude earthquake. So the historical record is
adequate.

(3) Difficulty occurs when we have sites close to historic epicenters
and/or near faults.

(i) Historic epicentres can be included in a hazard analysis but
resulting site p.g.a. would still be uncertain unless causative
fault could be found.
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(ii) Faults (especially on land) are not easy to trace (due to right
of access to land for geophysical work). If found, how
reliable are current methods for determining the characteristic
earthquake for the fault or possible activity rates for the
fault source model.

(4) Are micro-seismic arrays useful bearing in mind the short time window?
(i.e., are they better than historical methods?)

Dr. A. Ribeiro gave two examples of combining geotechnical data with
historical data.

(1) At a fault length of 200 km the maximum historical earthquake exhibits
a magnitude of 6.5. This apparent inconsistency was solved by more
detailed field work which showed the presence of offset of the fault
trace, indicating that only part of the total length of the fault may
have produced the earthquake.

(2) The recent Azores earthquake, January 1980, had a magnitude 7.1 and
the fault associated with it a length that would predict a 7.7
magnitude. It seems that here the same phenomena took place. A major
fault can be divided into several independent segments.

Dr. F. Muzzi described briefly some historical seismicity work in Italy
and commented that the work presented by J. Savy earlier could be used to
effectively calibrate historic events.

Professor Shibata informs the panel that a team at the University of
Tokyo (Japan) is currently reevaluating the historical seismicity data with a
budget of one million dollars. This Japanese effort is the third one. The
first and second efforts were made in early 1900 and 1940, respectively.

Dr. Bernreuter cautioned the use of uncorrected historical seismicity
data. He illustrated his point with his recent experience in the Livermore
Valley (after the 1980 event). He indicated that many of past earthquakes in
the Valley presented the problems of location and magnitude assignment.

Mr. Alderson summarized the panel discussion by indicating that the
various areas of investigation such as historical seismicity, instrumental
seismicity and tectronics each had limitations in their applicability. It
appeared that there were still benefits to be gained from further work, and it
was only in this way would the band of uncertainty in determining the seismic
hazard reduced.

The session was then closed.
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SESSION II
DYNAMIC ANALYSIS AND UNCERTAINTIES

SUMMARIES

Chairman: G. Konig, Technische Hochschule Darmstadt
(Federal Republic of Germany)

Scientific
Secretary: James J. Johnson, Structural Mechanics Associates

(United States)

Paper 9
Study on Embedment Effect of Reactor Buildings Subjected

to Earthquakes Using Boundary Element Method
K. Muto, T. Murata, M. Takahashi, M. Motosaka, M. Kamata, A. Amano

(J&pan)

Soil-structure interaction is one of the uncertainties having a
considerable influence on earthquake response of structures. The embedment
effect is analyzed for a BWR type reactor building using the substructure
method in combination with the boundary element method. It was found that the
quantity of the earthquake response of the structure decreases with increment
of the embedment depth.

Paper 23
Modelling of Nonlinear Behavior of Reinforced Concrete Structures

G. Konig
(Federal Republic of Germany)

Some experimental research results of R/C cantilever beams and one-bay-
one story frames with lumped masses (tested on the Earthquake simulators of
Institut fur Massivbau, Th Dismstadt) and some features of an analytical model
to consider the dynamic properties of R/C-members are presented. The level of
uncertainty in the used analytical model can be measured in terms of
dissipated energy during an earthquake. If stiffness decay and dissipated
energy cycle per cycle are considered, test results and analytical results
coincide.

Paper 1
A Theoretical Approach of the Seismic Behaviors of a LMFBR Core

T. M. Parent
(Belgium)

In the case of an earthquake some fuel elements begin to vibrate and this
solicitation is transmitted by fluid-coupling forces. The problem is reduced
to the simplest case, that is, one-degree of freedom systems with constant
coupling and decoupling conditions. Tests results confirm the theoretical
approach.
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Paper 13
Uncertainty Evaluation of Fast Reactors Core Seismic Response

M. Mostek, M. Form', G. Marsco
(Italy)

A. Amendola, A. C. Lucia
(Commission of the European Communities)

The paper describes the details of the analysis of the core and shows
that the response surface methodology is reliable for a correct analysis of
the input uncertainty effects on the core seismic response. It also shows
that the core element frequencies and damping, as well as the vessel-core
dynamic interaction are the main variables affecting such response, which
therefore need a sufficiently precise definition.

Paper 25
Dynamic Analysis and Uncertainties

T. Gauvain, I. Gautenbereth
(France)

Different experimental studies have shown that the structural response to
an earthquake depends very much on the modeling of the structures and their
boundary conditions. The paper presents the two basic parts of the research
program on dynamic analysis and uncertianties performed by CEA. The first
step consists of realizing a reference seismic calculation for the reactor
building and the primary circuit of 1300 MWe plant. The second step consists
of a sensitivity study to the different parameters involved in the modeling
and to the different methods of computations.
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STUDY ON EMBEDMENT EFFECT OF REACTOR BUILDINGS
SUBJECTED TO EARTHQUAKES USING BOUNDARY ELEMENT METHOD

K. Muto, T. Murata, M. Takahashi
M. Motosaka, M. Kamata

Muto Institute of Structural Mechanics,
Kajima Corporation, Tokyo, Japan

A. Amano
Information Processing Center, Kajima Corporation

Tokyo, Japan

ABSTRACT

In order to evaluate the effect of soil-structure inter-
action in case of embedded structures, the authors have
developed an analytical method based on substructure method
using Boundary Element Method (BEM).

This paper describes the results by this analytical
method; (1) 3-D dynamic characteristics of a rigid foundation
embedded in a half-space soil medium and (2) response charac-
teristics of reactor building with rigid foundation subjected
to vertically propagating SH waves.

As the result, it is found that the quantity of the
earthquake response of structures decreases with increment of
the embedment depth. And it is confirmed that this analytical
method is effective for carrying out the earthquake response
analyses of embedded structures.
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1. Introduction

A seismic analysis of structures involves a nurber of
uncertainties which must be investigated in view of seismic
risk assessment. The soil-structure interaction is one of
uncertainties having a considerable influence on earthquake
response of structures.

At present, following two basic approaches are used for
analyzing the soil structure interaction:
(1) complete interaction analysis (FEM, etc.)tl][21

 [3J(4j
(2) impedance analysis technique (substructure method, etc.)

In the impedance problem and the site response problem of
the substructure method shown in Fig. 3, the analytical
solutions of elastic half-space with excavated part are
required; and since these solutions are difficult to obtain
theoretically,[5J-tioj the impedance analysis technique is thought
unsuitable for evaluating the earthquake response of embedded
structures. However, in order to overcome this difficulty,
the authors applied to the above-mentioned two problems of
3-D half-space soil medium the Boundary Element Method (BEM,
a method of converting boundary integral equations based on
Green's function into algebraic equations through a discre-
tizing technique similar to FEM).

Consequently, it became possible to carry out analyses'1311141

taking account of the half-space characteristics and 3-D
characteristics of the soil comparatively easily without
bothering the boundary conditions of the soil or the complex
shape of the embedded part.

This paper describes the analytical method for dynamic
analysis (impedance and site response problem) of a half-space
soil medium with arbitrary boundaries using BEM, and dynamic
characteristics of rigid foundation embedded in half-space soil
medium are shown as the first analytical example. As the
second example, embedded effect on earthquake response of
reactor building is described as a parametric study where
3 kinds of embedment depths and 2 kinds of soil conditions are
taken into account.



Analytical Method of Half-Space Soil Medium Problem by BEM

The fundamental equations of BEM applied to the dynamic
analysis (impedance and site response problems) of half-space
soil medium of which property is assumed to be homogeneous and
isotropic with arbitrary boundaries are expressed in the
following integral form on a boundary surface S.

(1)c;uj -+/" ukqk*dS-J

where,
f :

u•/•*

= 0 (impedance)

= u}- (site response)

free field displacement
for example in case of plane SH wave
dealt with in this paper (Fig. 1),

uj-y= 2e
lu)texp(i?Xsine)cos (£;Zcos6) , u}

£ = u/Vs (Vs: shear wave velocity)

= 0

,q*: displacement and traction on boundary surface S
(involving unknown displacement and traction)

[c{k*i Green's function of elastic half-space concerning
displacement and traction (In this paper, the
superposed solution in mirror image source of
dynamic Kelvin's function I151 is used as the approx-
imate Green's function.)

c; : 1/2 (on the smoothed boundary)

u} : displacement in j direction at point-i on
surface S

Region-A

Plane SH Wave

Region-B

Fig. 1 Description of Plane SH Wave
in Half-Space Soil Medium
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Now, by dividing the boundary surface S into small
elements (boundary elements), by using an interpolation
function for the displacements and tractions of each element
(constant element in which displacements and tractions are
assumed to be constant in each element in this paper) and
by discretizing f16' integral Eq. (1), the following algebraic
equation is obtained.

- [G]{Q}={F> (2)

where, f{F}={0} (impedance)
{F}={Uf} (site response)[17]

[H]: influence matrix obtained from integrating
q** on each boundary element

[G]: influence matrix obtained from integrating
UA* on each boundary element

[C]: diagonal matrix which consists of c»

Then, in order to obtain the relation between displace-
ments and tractions, by multiplying each component of traction
vector {Q} by corresponding element area A, concentrated froce
vector {P} can be obtained and the relation with displacement
vector {U} is expressed as follws.

, , f[A][G]~ [H]{U}= [K]{U} (impedance)
IP) =< _ , (3)

l[K]{U}- [A][G] {Uf} ( s i t e response)

where, [H] = [C] + [H]

[K]: impedance matrix

The impedance matrix can be directly obtained from the
upper formula of Eq. (3).

On the occasion of site response problem, the lower
formula of Eq. (3) is solved as {P} = 0 when the region-A
in Fig. 1 is vacant.

In case of rigid foundation dealt with in this paper,
Eq. (3) can be expressed by using the conversion matrix [T] as
follows.

I!
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f[T][][T]{U> = [K]{0} (impedance)
(P> = 1 - - T -1

{[K]{V}[T} [h][G]

f[T]T[K]

{[K]{V}- -1

[h][G] {Uf} (site response)

where,"{U} = [T]{5}

{?} = [T]T{P>

[K] : impedance matrix for rigid foundation

3. Studies of Embedded Structures by the Method mentioned
in chapter 2.

3.1 Dynamic Characteristics of Massless and Rigid Foundation
Embedded in Half-Space Soil Medium

By using the analytical method mentioned in 2., the
dynamic characteristics of a massless and rigid foundation
embedded in a half-space soil medium are investigated.

(1) Analytical Conditions

Fig. 4 shows the analytical conditions for massless and
rigid foundation embedded in half-space soil medium. The soil
is assumed to be homogeneous and isotropic half-space with
shear wave velocity Vs = l,000m/sec. and poisson's ratio
v = 0.4. Regarding the embedment depth, considered are two
cases of h/b = 1 . 0 and 2.0 where h is embedment depth and b is
half of the foundation width. The boundary element models used
for this analysis are shown in Table I.

In order to analyze input motions to foundation as the
site response analysis, plane SH waves with various angles
are adopted.

(2) Compliance of foundation

The equation of equilibrium between the forces and the
displacements for the rigid foundation can be expressed as
follows.
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(5)

V

• x

Equilibrium is considered
at the center of the founda-
tion 's bottom.

Fig. 2 Notation for embedded rigid foundation

where,

DHH :
DMM :
DHM:

horizontal compliance, Dvv: vertical compliance
rotational compliance, D T T : torsional compliance
coupling compliance between horizontal and rotational
component

The matrix [D] on the right of Eq. (5) represents a
compliance matrix, which means the influence coefficients
obtained when an unit force applied at the bottom of the
foundation. This is the inverse matrix of the impedance
matrix.

Figs. 5 from (a) to (e) show the five kinds of compliances
obtained from the result of the analysis. In these figures,
the abscissa represents freqencies together with dimensionless
frequencies, and the ordinate represents normalized compli-
ances. In Figs. 5 (a) through 5 (d), the compliance for a
rigid foundation without embedment are shown for reference.
Following points can be found from these Figs.

a) Compliances of DHH, DVV and DMM decrease with the
increase of the embedment depth. In other words the soil
stiffness increases with the increase of the embedment depth.
The ratio of the imaginary part to the real part becomes
large for deeply embedded foundation. This implies that the
deeper embedment, the larger damping effect.
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b) Compliance of DHM becomes large as the embedment depth
increases. This means that the coupling effect between
rocking and swaying becomes significant.

(3) Input Motion to Foundations

a) Fig. 6 (a) shows the horizontal displacement of the
rigid foundation subjected to the vertically propagating SH
waves. The ordinate shows the ratio of the displacement (Uy)
to that on the free-fieled ground surface (Uf0). It can be
seen that the horizontal displacement of foundation decreases
in case of embedment. Especially the decrease is much
pronounced with increase of h/b at lower frequencies.
Fig. 6 (b) shows the rotational displacement of the rigid
foundation. The ordinate shows the ratio of the displacement
(b6x) at the foundation side to Uf0 . The rotational dis-
placement of the foundation increases with the increase of
the embedment depth.

b) In Figs. 7 (a) and 7 (b), the torsional displacement
of the rigid foundation subjected to SH waves with various
incident angles is shown by the ratio of the displacement
(b6z) at the edge of the foundation to Uf0 . It can be found
that as the incident angle increases (approaches horizontal),
the torsional displacement increases.

3.2 Embedment.Effect on Earthquake Response of Reactor
Building

A study on ea?rthquake response characteristics of reactor
building embedded in a half-space soil medium is shown below.
The embedment depth and soil rigidity are selected as the
parameters. The earthquake motion is assumed to be a
vertically propagating SH waves in this study.

(1) Analytical Conditions

A BWR (MARK-II) type reactor building is selected as the
subject of analysis as shown in Fig. 8. The basemat is 80m
square and the building is 78m high from the bottom of the
basemat.

The vibration model of the building is considered to be
single bar of lumped masses with shearing and bending
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deformations, but the embedded part of the building is assumed
to be rigid. The damping factor of the building is assumed
to be 5%.

Two soil rigidities are considered (Vs = 500m/s as a soft
rock and Vs = l,000ra/s as a hard rock, where Vs is the shear
wave velocity). Three embedment depths are considered (Case 1:
h/b = 0, Case 2: h/b = 1/3, Case 3: h/b = 2/3, where h is the
embedment depth and b is half of the foundation width ) •

Thus, six analytical cases are conducted as shown in
Fig. 9 and Table II.

The boundary element models for analyzing the impedance
and site response analyses of foundations in this parametric
study are shwon in Table III.

The input earthquake motion to the vibration model is
defined on the free field gound surface and EL CENTRO (1940 NS)
earthquake wave is adopted as the input motion with the maximum
acceleration of 100 Gal. The acceleration response spectrum
and time history of the earthquake wave are shown in Fig. 10.

The earthquake response analyses of the building are
carried out following the substructure method. By combining
the stiffness of the building and the frequency dependent
complex stiffness of the soil obtained from the impedance
analysis, and by using the input motion obtained from site
response analysis, the analyses are conducted in frequency
domain.

(2) Compliance and Input Motion

Fig.11 shows each component of compliance matrix obtained
from impedance analysis (since vertically propagating SH waves
are considered in this study, the compliance matrix becomes
a 2 x 2 matrix with two degrees of freedom, horizontal and
rotational). Fig. 12 shows input motions obtained from site
response analysis. In these figures, abscissas represents
frequencies corresponding to two kinds of soil together with
dimensionless frequencies.
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(3) Analytical Results

Amplification Characteristics

Fig. 13 shows the transfer function to the free field
ground surface at both the operating floor and the basemat of
the reactor building.

a) At the operating floor, it is found that the amplitudes
decrease near the primary period of the building as the
embedment depth increases in both tHe soil rigidity cases.
It is also observed that the amplitudes is larger in case of
hard rock than that of soft rock. That implies the response
amplification of the building is larger in case of hard rock.

b) At the basemat, it is found that the transfer function
becomes smoother as the embedment depth increases over the
entire period range in both the soil rigidity cases. In
shorter period range the amplitude decreases especially in
case of deeper embedment, which shows the short period
component of the input motion is filtered. This tendency is
shown more significant in soft rock.

Earthquake Response

Maximum Response Acceleration; Fig. 14 shows the
maximum response acceleration and maximum story shear force of
the reactor building. These figures show that the maximum
response valu'es of the building decrease with the increase
of the embedment depth. The following observations can be
pointed out from the figures of maximum response acceleration:

a) On hard rock, the amplification of the upper part of
the building is more remarkable than that on soft rock.

b) On soft rock, maximum acceleration at the basement
decreases with the increase of the embedment depth and the
amplification in lower part of the building is not so differ-
ent among three analytical cases, while on hard rock, the
maximum acceleration tends to be amplified at the above-
ground part.

Maximum Response Shear Force; In the upper part of the
building on hard rock, the shear force is greater than that on
soft rock, while in the lower part of the building, the differ-
ence between two soil rigidity cases is small.
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Floor Response Spectra; Fig. 15 shows floor response
spectra (damping 5%) at the operating floor and the basemat.
At the operating floor, it can be found that the spectral
amplitude decreases with the increase of embedment depth near
the primary period of the building. At the basemat, especially
in case of soft rock the amplitude decreases in shorter period
range as observed in the transfer function.

4. Concluding Remarks

(1) By applying BEM to the impedance and site response
problems in the substructure method, the following two
analyses became possible.

a) The 3-D dynamic analysis of foundations embedded in
half-space soil medium.

b) By using (1) a),the earthquake response analysis of
structures with the embedded foundation.

(2) From the study on the dynamic characteristics for the
embedded rigid foundation, characteristics of both the
compliance and the input motion could be observed as follows.

a) Horizontal displacement of the foundation subjected to
vertically propagating SH waves decreases in case of
embedment, while the rotational displacement increases
with the increase of the embedment depth.
b) The foundation subjected to SH waves with various
incident angles generates the torsional displacement which
increases as the incident angle increases (approaches to
the horizontal direction).

(3) From the study of embedment effect on earthquake response
for the reactor building with the rigid foundation, it was
confirmed that the response of the building was reduced due
to the embedment, and that the degree of reduction due to the
embedment is different depending on soil rigidities.

Finally, the authors hope that the analytical approach
mentioned in this paper will make it effective to solve the
dynamic analysis for embedded structures such as nuclear power
plant facilities, the structures in the underground, etc.
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Table I Boundary Element Models for Foundations
(Spred out Plan)

h/b=1.0

2b

h/b=2.0

h/b=0

DHH (1/Gb)
0.2,

u

0.1

o
u

1 2
Dimensionless
Frequency

0 5 10 Hz

(a) Horizontal Compliance

h/b=1.0

h/b=2.0

Dw (1/Gb)
0.2

0.1'

1 2
Dimensionless
Frequency

0 5 10 Hz

(b) Vertical Compliance

Fig. 5 Compliances of Rigid Foundations
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DMM (1/Gb3)
0 .2

I
U

1 2
Dimensionless

Frequency

0 5 10 Hz
(c) Rotatinal Compliance

DTT d/Gb3)
0.2

xMz=l

0.13
o
u

1 2
Dimensionless
Frequency a0

0 5 10 Hz
(d) Torsional Compliance

h/b=0

h/b=1.0

h/b=2.0

DHH ( 1 / G b 2 )
0.03

0.02'

0.01'

0 1 2 3
Dimensionless an/bm\
Frequency ws /

6 ' ' ' 5 " ' " ' 10 'Hz

(e) Coupling Compliance

Fig. 5 Compliances of Rigid Foundations (continued)
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Fig. 8 Reactor Building for Anaiysis

Reactor Building

Unit;(m)

! ~T Embedment Depth;h

2b

t— Elastic Half-Space Soil Medium
Shear Wave Velocity;Vs

Fig. 9 Reactor Building with Embedment Depth;D
embedded into Elastic Half-Space Soil Medium
with Shear Wave Velocity;Vs

Table E Parameters and Analytical Cases

~̂  -—._̂ J3hear Wave Velocity
Vs

Embedment Depth ;h ~~ »^_^

CASE-1 ; h/b=0 ( 0.0m)

CASE-2 ; h/b=l/3(13.5m)

CASE-3 ; h/b=2/3(26.5m)

500
(m/sec)

o
o
o

1000
(m/sec)

o
o
o

Notes: 1) O represents the analytical cases conducted.
2) Poisson's ratio and Density are assumed to be

the same in both soil rigidities.
(0=0.4, f =2.0 t/m3)



-229-

Table JK Boundary Element Models for Foundations
(Spred out Plan)

CASE-1 CASE-2 CASE-3

\\ 7/

2b

C 500
O
•H
JJ

u
0)
V ~

(0(0

(0
n
.p
u
a. 0

M J A A f s

II
h = 0

V

.05

—v

0.050.10 0.50 1.00 5.00
Period (sec)

Acceleration Response Spectrum

(Gal)
100

**-*- PS/*

15
secMax. Ace.=100 Gal

Acceleration Time History

Fig. 10 Acceleration Response Spectrum and Acceleration
Time History for EL CENTRO (1940 NS) Earthquake
(Defined at Free Field Ground Surface)
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DISCUSSION ON PAPER 9

Chen, J. C.

1. You have shown interesting results on an ideal case, i.e., a structure
supported (or embedded) in a half-space. However, we know that many
nuclear power plant sites are composed of a layer (or many layers)
overlying a competent rock. This soil layer has a significant influence
on the compliance functions; is your BEM capable of solving the more
complicated layered half-space conditions without encountering numerical
difficulties?

2. When you solve linear equations in the frequency domain, did you solve
every frequency or solve only some selected frequencies and apply any
interpolation techniques in between? If solving for every frequency,
will it cost a lot?

Takahashi, M.

1. I showed an example of earthquake response analysis using a theoretical
solution in an ideal case. In actual cases, we of course have problems;
such as layered system of the soil, etc.

If we apply this method to the layered system, we have to treat more
complex problems, because it is wery difficult to obtain the fundamental
solutions of layered systems. In that case, we may need an employment of
some approximate approach such as the 3-D thin layered element method.

2. The earthquake response analysis was conducted in frequency domain using
interpolation techniques. BEM needs considerable computation time for
making the influence matrix that is obtained from the calculations of
fundamental solution. However, an improvement of using an approximate
solution as a fundamental solution makes the analysis available in a
reasonable computation time.

Phillips, D.

1. Do you feel that you may have missed some of the basic features of the
response by assuming the soil to be of linear material?

Takahashi, M.

1. We cannot treat the nonlinearity of the soil by this method. This fact
is commonly true regarding the substructure method.

We can say that complete interaction analysis is rather appropriate to
estimate the nonlinearity of the soil.



-237-

MODELLING OF NONLINEAR BEHAVIOUR OF REINFORCED CONCRETE STRUCTURES

UNDER STRONG EARTHQUAKES

by Dip!.-Ing. A. Dtes and Prof. Dr.-Ing. Konig

Technische Hochschule Darmstadt

Introduction

In the response analysis of a complete structure realiable models for
members and subassemblies are required. Series of large-scale reinforced
concrete cantilever beams and one bay-one story frames with lumped masses
have been tested on the Earthquake Simulator of Institut fiir Massivbau -
TH Darmstadt. (Fig. 1,2)

The objective of this paper is to discuss the fundamental problems in-
volved in the nonlinear behaviour of R/C members or cample structures
when subjected to cyclic loading with high amplitudes. Some experimental
research results gained during the evaluation of the tests and some fea-
tures of an analytical model to consider the dynamic proporties of a R/C
cantilever beam will be presented.

Dynamic Properties of R/C
The response calculation of a cantilever beam with a lumped mass on top
(Fig. 3.a) can approximately be carried out on a single Degree of Freedom
System (SDOF). The basic equation of a SDOF-System (Fig. 3.b) subjected
to base acceleration is given by

m x r + c xr + k xr = - m xg

where
- x ,x and x are respectively the rel. acceleration, rel. velocity

and rel. displacement of the system
- m,c and k are respectively the mass, the damping coefficient

and stiffness of the system

- x is the base acceleration.

This differential equation is based on a viscous damping mechanism which is
a simple mathematical model used to represent the capability of the system
for energy dissipation when subjected to vibrational motion. The stiffness,
k, accounts for the restoring capacity of the system.

In a R/C member, which is subjected to large amplitudes the concrete cracks,
reinforcement steel may yield and bond which is the connecting mechanism
of both materials may deteriorate. Each of these components may exhibit a
nonlinear, plastic behaviour (Fig. 4).
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Consequently the stiffness of the system will, change and the energy dissi-
pation will be influenced strongly. The small dissipation effect in the
virgin linear elastic range due to thermoelastic effects, microplanar
displacements, etc. will be enlarged by sliding of concrete on concrete
or on steel. The main part of energy dissipation capacity, however, will
be developed, if steel yields and large plastic elongations occur. Concre-
te also exhibits a hysteretic behaviour if subjected to high compressive
stresses.

The response analysis of a R/C system requires a) a procedure of conside-
ring the changing of properties, b) models which desdribe the influence
of damage on stiffness and energy dissipation capability.

Experimental Research

~ Jhe_Earthguake_Simu2ator_FacfXlty
The central feature is the electronically controlled shaking table,
which has a size of 1,07x2,52m and one horizontal degree of freedom.
It is driven by one lOOkN (=22,5 kip) hydraulic actuator (Table 1).
Using the transfer function between the table command signal (=actuator
displ.) and the table accelerations the digitized acceleration time
histories of earthquakes will be converted to command signals. Using
an iteration technique (ITFC) the discrepancy between the given and
measured accelerations will be minimized.

" Test_Structures
a) R/C cantilever beams: The first series of tests consisted of canti-

lever beams clamped at their bases and carrying a mass of 0,5 tons
on top (Fig. 5).

b) R/C frames: For the second series simple frame structures were used.
Lumped masses of 0,5 tons were fixed on beam-column joints (Fig. 6).

The overall responses of the test structure, such as acceleration
histories and top displacements, as well as various local behaviour
responses (rotations at the end regions, strains on reinf.steel) were
measured.

An artificially generated time history (from NRC-Spectra) was used. By
increasing the base-motion amplitudes stepwise in successive test runs
the specimens could be investigated up to their failure. (Fig. 7)

Test - Results (only 1. series)
Fig. 8 shows several stages of the force (=m*x,)-deflection relation
of the cantilever beam, where the specimen remains in the pre-yielding
range. It shows a quasi elastic behaviour with a remarkable stiffness de-
crease down to 1/3 ~1/4 of the original stiffness. Many flexural cracks
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will be formed and as a consequence the bond characteristics become visible.
The hysteretic behaviour of bond affects the geometry of the cycles, the
amplitude of top deflections and the friction damping due to sliding of
steel on concrete expecially governs in the loops which follow the
"primary loops", loops in which the crack propagation continues.

For increased amplitudes of the base acceleration (by a factor of 3.0)
the specimen shows a nonlinear and inelastic behaviour (Fig. 9).
The degradation of stiffness continues because of further cracks and re-
duction of the effective modulus of steel due to Bauschinger effect in
the post-yield region. Large hysteretic loops are formed, which are stable
until the compressive resistance decreases with plastification of concrete
and finally spalling of the unconfined concrete outside the hoops.

All the measured loops have been evaluated numerically in order to gain
informations about the dissipative properties of the system for various
damage ratios. The progress of the dissipated energy and the deformation
energy during the tests is shown in Fig. 10a and Fig. 10b.

Modelling of R/C Member Behaviour

Comparisons of the experimental results with results of time history
analyses implementing member size models with springs at member ends
have been carried out. Moment-rotation rules used in these member models
could not simulate the behaviour of the specimens satisfactorily. It could
also be recognized that the dynamic behaviour of a system subjected to a
base motion is very sensitive to its own real, actual dissipation beha-
viour, since the energy input into the system is approximately given by
the expression

\(t) • Vg(t) • dt

where x (t) and x (t) are the rel. relocity of the SDOF-System and the
y base acceleration respectively.

In order to simulate the real input the rules of member models should also
contain realistic values for the energy dissipation in smaller cycles
which don't reach the basic envelope. This requirement can only be satis-
fied by a careful investigation and reasonable modelling of dissipative
mechanisms.

Efforts for a realistic simulation of the nonlinear, elastic response
in the pre-yielding range of the specimen considering the material and
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friction "damping" as a function of damage history which is governed
by crack propagation yielded results showing a good coincidence
with measurements (Fig. 11).

Conclusions and Future Work
Basic requirements for modelling dynamic R/C member response in a rea-
listic way are experimentally proved models for stiffness aggradation
and energy dissipation^capability in all the stages the member undergoes.
This requires a careful investigation of main sources of dissipative
mechanisms in the composite structure of R/C. Modelling activities will
be continued towards the inelastic properties of the members and R/C
frames with the objective of modelling the structural response.

Fig. 1. - shaking table test with
R/C cantilever beam Fig. 2. - Shaking table test with

R/C frame
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Table 1. - Shaking Table Characteristics

Table Size [m]
Freq. Range [Hzj

Max. Model Weight [t]

Max. Displacement [mm] + 200

Max. Velocity [mm/s] + 600

Max. Acceleration [g]

1,07 x 2,52
0,40
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DISCUSSIONS ON PAPER 23

Danisch, R.

1. Did you perform your experiments with different amounts of reinforcement?

Konig, G.

Yes, we did and in terms of the fraction of critical damping spoken of,
we found out that damping decreases if the amount of reinforcement increases.

Berger, E.

You showed three earthquake records as input to your experiment and to
your analysis, i.e.,

• artificially generated SSt of NRC
• El Centro record (El Centro 1962)
• Tolenezzo record (Friuli 1976)

For which one did you present the experimental and analytical results?

Konig, G.

As I told in the experiments we have chosen the artificially generated
SSE in order to have the possibility to observe the test specimens during a
long time (30 s) under high amplitudes. The emergency input is much larger
than in the cases of El Centro or Tolenezzo records. Consequently, also the
analyses were performed with the artificially generated SSE which coincides
with the spectrum of NRC.

Costes, D.

Could you discuss the advantages of performing:

a) real dynamic tests on a shaking table, as you did; or
b) cyclic, quasi-static tests, which allow a direct measure of the

forces?

Konig, G.

Well performed cyclic, quasi-static tests wi l l provide:

• a reliable information over the primary force-displacement relation;
• a reliable information over the available size of loops;
• a reliable information over the existing stiffness during the

reloading and unloading paths.

This information confirmed with a dynamic analysis enables us to predict
the real behavior of a structure under strong earthquakes. Thus, quasi-static
tests are worthwhile, but can't replace real dynamic tests.
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Gauvain, J.

In your behaviour law, do you suppose that the axial load remains
constant or do you take into account the influence of its variation?

Konig, 6.

When checking the frames, the influence of varying axial load can't be
neglected. Consequently, we did take the influence into account.

Nuti, C.

Had you analyzed the possibility of finding a method for assessing the
collapse of the element from your model?

Konig, G.

Yes, we did, and we have found that a comparison between the input energy
per a quarter of a cycle (that is, the kinetic energy at the load reversal
point and the overtaken energy between load reversal point and the maximum
displacement point, which follows from:

t2 ..
/ti m xq(t) • fcp(t)dt

x = ground acceleration

x = relative velocity

m = mass )

and the available deformation energy of a given time point is a very powerful
tool to predict the capacity of a system.
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A THEORETICAL APPROACH OF THE SEISMIC BEHAVIOUR OF A LMFBR CORE.

J.M, Parent
CEN/SCK

MOL-Belgium

Abstract

The vibratory behaviour of two one-degree-freedom mechanical systems, having
known coupling and damping features, is investigated by transposition to
two electrical circuits inductively coupled. This approach is carried out
in two steps : the f i r s t one supposes that both circuits are identical,
while the second one considers the general case where both circuits are
unlike.

I t is shown that one or two resonant frequencies may occur, depending on
the coupling and the damping conditions.

Resume

Le comportement vibratoire de deux systemes mecaniques a un degre de liber-
te, possedant des caracteristiques connues de couplage et d'amortissement,
est etudie par transposition a deux circuits electriques couples inductive-
ment. Cette approche est realisee en deux etapes : la premiere suppose
que les deux circuits sont identiques, tandis que la deuxieme considere le
cas general ou les deux circuits sont differents.

On voit qu'une ou deux frequences de resonance peuvent se produire selon
les conditions de couplage et d'amortissement.
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1. Introduction

The cooling of a nuclear reactor-core LMFBR type is assured by
liquid sodium which circulates between subassemblies and between rods.
Assuming that each subassembly may be considered as a whole for the lowest
resonance frequencies as the rods have then the same behaviour, a f i r s t
approximation permits to neglect the composition details of a subassembly
and to consider only i ts external shape and then to use hexagonal prisms in
a mockup.

The seismic.model may thus be composed of several prisms, each of
them appearing as a subassembly. They are mounted on individual springs and
gathered into a large vessel, f i l l ed with water used instead of sodium.
Those springs are designed in such a way that each prism becomes a one-
degree-freedom system.
Due to the thin l iquid layer between the prisms, some interaction exists
between them, so that a displacement of one hexagon may induce the displace-
ment of another prism when the f i r s t one is moved by a seismic excitation
or by an external so l i c i t a t i on .

In an actual case, i t is obvious that i f a seismic excitation occurs,
some elements begin to vibrate and this sol l ic i tat ion is transmitted by the
fluid-coupling forces towards the other elements in the neighbourhood.
For the tests, only one of the prisms in the vessel is excited by an exter-
nal shaker - and for symetry reasons, i t is the central one of the array -
while the response of each surrounding element is studied by means of a
Fast Fourier Analyser System.

A theoretical approach of this problem begins with the simplest
case of two one-degree-freedom systems with constant coupling and damping
conditions.

The f lu id moving with the vibrating element causes vibration in the
second one and this effect on the dynamics of the structure is generally
accounted for by the use of the hydrodynamic mass associated with this
structure.
Several authors [1 ] , [2 ] , [3] studied this question and gave information
about appropriate coefficients to be used for their own configuration.
For the case described here the parameters are determined practically accor-
ding to the corresponding theory.

However, i t is also instructive to adopt a somewhat different the-
oretical process as far as the f lu id is assumed to be incompressible and
inviscid, in such a way that the alone damping force due to each system is
proportional to the displacement velocity. I t is then interesting to use
the classical similarity between this mechanical problem and two electrical
circuits inductively coupled. For a f i r s t approach i t is quite acceptable
to make such an assumption, since the neglected f lu id f r ic t ion effects are
smal 1.
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This paper includes two parts, the study being made in two steps.
The subassemblies in the nuclear core being the same, and also the two
considered hexagons of the model, i t f i r s t seemed obvious to look on two
identical electrical c i rcui ts, each of them including a resistance (R), an
inductance (L) and a capacitance (C), which are respectively assimilable to
a damping mechanical factor (c), a mass (m) and a compliance (k~l) in the
mechanical system. To be correct, those factors have to be definite in
water.
For several reasons however, mainly because the prism driven by the shaker
has i ts mass and i ts stiffness modified, a second step looking on two di f fe-
rent electrical circuits was studied.

2. First step : Identical systems

In the mechanical system, an external force F(t) given by the vibra-
tor is operating on the f i r s t prism. In the electrical system, an external
alternative voltage e(t) is acting in the series circuit involving R, L and
C; this circuit is the primary one; the other circui t is the secondary one.
The displacement which is the mechanical response to the excitation must be
substituted in the electrical problem, not with the current i ( t ) which
would correspond to the velocity, but with the electrical charge q( t ) .
Each circuit has a one-degree-freedom l ike each prism of the original pro-
blem.
Electrical circuits are inductively coupled, that is to say that a mutual
inductance M has to be defined between the primary and the secondary
circui ts.
I f the reactance is written

X o wL - - U (1.1)

where w is the pulsation (or circular frequency), i t is classical to write
Ohm's law for the primary and the secondary circuits using the symbolic
notations :

[ E ] = (R + j X ) [ I j ] + jo>M [ I 2 ] ( 1 . 2 )

o = (R + j X ) [ I 2 ] + jwM [ i j ] ( 1 . 3 )

where j = V- 1 = imaginary symbol
and where indexes relate either to the primary circuit or to the secondary
one.
2.1. Primary Transfer Function Hi

Assuming a sinusidal excitation and introducing the classical
symbols :

impedance : z = R + jX (1.4)

undamped natural pulsation or undamped natural circular frequency:
w = i ) m (1.5)
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non-dimensional damping factor :

non-dimensional independent variable :

x = ( - f ) (1.7)
coupling factor :

K = - £ (1.8)

and looking on modulus, i t is easy to obtain, since the primary transfer
function is defined as

(1.9)

0
, 2 R2 = x2 [4 g2 x + (1-x)2]

1 [ 4 C 2 x +(l-x)2]2 + K4 + 2K2 [4 52 x -(1-x)2 ]

As said above, this expression is also valuable, in the specified conditions,
for the mechanical system excited by the shaker. One has however to substi-
tute m for L and to precise that K takes the hydrodynamic mass m1 into
account :

Theoretically, i t is possible to determine the maximums and minimums of
(1.10). For this purpose, one has f i r s t to settle the x values which annul
i ts f i r s t derivative. Noting that x = o is a solution without interest,
one gets an equation of the f i f th degree which must obviously have five
roots.
However, most often, only three are real and positive and are thus to be
considered. I t is to be observed that this analytical resolution is only
possible in some simple cases.

2.2. Secondary Transfer Function H?

With the definition
92

H 2 = - | (1.12)

one gets from Ohm's law, when looking on modulus and because the excitation
is sinusoidal :

? 2 K2 x2

(% L H2> = — i L r 4 — z 1 ? r (1

0 L [4 r x + ( l -x)2] c + K4 + 2K2 [4 £Z x - (1-x)2]
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To evaluate the extremums of (1.13), one begins once more to determine the
x values which annul i ts first derivative. The solution x = o is to be
eliminated. One gets an equation of the fourth degree which generally
gives three real and positive roots. But this analytical resolution is
only possible in some simple cases.

2.3. Peculiar case of no damping.

The simplest case, that is to say the case without damping, is very
instructive, because i ts analytical resolution is possible.

2.3.1. Transfer_function_Hi

The five roots giving Hi extremum are easily found. They are :

x = 1 (1.14)

x = 1-K ( U 5 )

x = 1+K (1.16}

x = 1-K2 - K V(K2-l) (1.17)

x = 1-K2 + K V(K2-1) (1.18)

Since 0 < K2< 1 (1.19)

for electr ical c i r cu i t s , roots (1.17) and (1.18) are imaginary and are to
be eliminated. Thus the three solutions to be considered are given by
(1.14), (1.15) and (1.16).

When ? = o, relation (1.10) becomes with m instead of L :

o n

(«§ m H l ) = x ^ X; (1-20)
0 L [x -(1+K)]2 tx -(1-K)] 2

and shows that roots (1.15) and (1.16) give Hi maximum (infinite value)
while root (1.14) gives Hj = o and corresponds to the minimum of Hj.

2.3.2. Transfer_Functign_H2

The four roots giving H? extremum are :

x = - V(l-K2) (1.21)

x=V( l -K 2 ) (1.22)

x = 1-K (1.23)

x = 1+K (1.24)

Solution (1.21) being negative, is without in teres t .
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With ?= o, relation (1.13) reads

(o>2 m H 2 ) 2 = i—* p - (1.25)
0 L fx -(1+K) ] 2 [x -(1-K) ] 2

and shows that roots (1.23) and (1.24) which already give H, maximum and
i n f i n i t e , also give H2 maximum and i n f i n i t e . The th i rd root (1.22) gives
H2 minimum with the value

2
 K22 K2

(»SH2). = 5-7 11.26)0 L nri 4 [ 1 V(l K 2 ) p

2

S H 2 ) . 5
nrin 4 [ 1 - V(l - K2)

2.4. Displacement ratio

Since the mechanical displacements are given in the corresponding
electrical circuits by the electrical charges, i t is easy to find :

f ( 1 . 2 7 )
D l V [ 4 ?

2 x

Di and D2 being respectively the displacement amplitudes of the f i r s t and
the second mechanical systems.

Relation (1.27) shows a maximum for :

x = 1 - 2?2 (1.28)

with the value

^ Max = T 7 — ~ - ( l '2 9 )

When the systems have no damping, the maximum of (1.27) is obtained with
x = 1 as relat ion (1.28) shows. For x = 1 , i t is well known that Hi = 0;
thus also Di = 0. But displacement D2 is then unlike of zero, since x = 1
in (1.25) gives :

[ (
 2

 m H 2 ) ]
0 L x = 1 K2

5 = 0
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When writ ing (1.27) for S = o, one gets

relation which gives :

(•f) = - 1 and + 1
1 5=o

for x values (1.23) and (1.24) respectively.

So, i t is observed, when the damping is zero, that, for the x
values giving Hi and ti? maximum and in f in i te , both displacements Dj and Dg
are equal in modulus. For one of these cases, both displacements are quite
identical and simultaneous (angle phase zero); for the other case, these
displacements are the same but opposite.

2 .5 . Remark

When looking at the x values giving, for g = o, Hj and Ho maximum,
one notices that they are symmetrical with respect to 1, since they are
given by (1.15), 1.23) and by (1.16), 1.24) respectively. Their arithmetic
average, that is to say x = 1, corresponds to (1.14) which leads to Hi
minimum, while H2 minimum is obtained for (1.22) which is their geometric
average x = V ( l - K2) .

2.6. Variation of Secondary Transfer Function with respect to coupling.

Since the coupling factor between the primary and secondary circuits
has a main part in the vibration transfer process, i t is interesting to
examine whether a more favourable coupling exists - which would be called
"optimal coupling" - for which the secondary transfer function would be
maximum. This optimum coupling has to satisfy the following relation :

K2 = 4 iZ x + (1 - x ) 2 (1.31)

Such a notion only makes sense for a known pulsation and a given damping,
that is to say for given x and g values.
Relation (1.27) shows that, for K2 given by(1.31), one gets :

1 ^ 1 = 1 (1.32)

When lookinq at relations(1,10) and (1.13) i t appears obviously that condi-
tion (1.31)"leads to Hf = H2 with

2 2
(J mH,) = (o)2mH2) = X g (1.33)

0 x ° * 15 C . / .
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This Hp maximum is obtained, with x and £ known, for K given by (1.31).
I t is to be noticed that (1.31) combined with (1.ly) imposes relation

0 < x < 2 (1-2 c2) (1.34)

because x has to be positive.

2.7. Numerical Calculations

With the preceding developments i t is possible to calculate some
characteristic values for specific cases. The calculations are made in
three cases where 5 = 0 - ? = .05 - 5 = .10 respectively. Table I
gathers results concerning the primary transfer function for 5 = 0.
Table I I gives H2 values for the same undamped case. Figure 1 for the p r i -
mary transfer function, Figure 2 for the secondary one, i l lustrate the
behaviour of the circuits when 5 = 0 .
In the same way, Table I I I with Figures 3 and 4 and Table IV with Figures 5
and 6 correspond respectively to the primary circuit and the secondary one
when K = .05.
Similarly, Table V and Figure 7 for the primary c i rcui t , Table VI and Fi-
gure 8 for the secondary one, i l lustrate the case when g = .10.
I t is useful in those calculations to introduce the non-dimensional var i -
able y , defined by:

0
which permits, with a great convenience, to determine the pulsation u> when
x is evaluated.

2.8. Conclusion

The case of identical systems explains the principal features ob-
served when performing measurements. Especially i t helps to understand
some peculiar phenomena such as the simple or double peak in the transfer
functions obtained with the Fast Fourier Analyser System, to see how the
coupling factor and the damping intervene.
Also the inversion of relative displacement of primary and secondary
systems, observed when a frequency sweeping is used, is explained.*
However, this study is idealized when supposing that both circuits are
identical. The second step wi l l examine the same problem with unlike cir-
cuits.
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3. Second Step : Unlike systems.

The same symbols ta l ly with the same notions for both steps, but
here i t is necessary to use more indexes to distinguish the primary and the
second circuits which are unlike. One starts once more from Ohm's law
written for each c i rcui t .

3.1. Primary Transfer Function Hi

When looking on modulus and assuming a sinusoidal excitation, one
gets with the same classical symbols as previously :

az + K4 + 2

with = 4 q Xj +

a2 = 4

= 4 V(x ,x ? ) - ( l - X i ) ( l - x ? )

(2.1)

where K (square coupling factor) is here defined as :

K2 =—^~-

44
I t is useful to introduce the non-dimensional factor n

"02n =
oi

which allows characterizing the unlikeness of the circuits.
I t is then easy to see that :

(2.2)

(2.3)

2 2__ = n

H
(2.4)

and therefore n x-, may be substituted for x?.
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To simplify the wri t ing, the index of x-| may then be suppressed, so that
one reads

- n 2 x (2.5)

Introducing in (2.1) and substituting m-, for Lp one easily gets the ana-
lyt ical expression of Hj.
Theoretically, i t is possible to evaluate i ts extremums : for this purpose
one has f i r s t to determine the x values which annul i ts f i r s t derivative.
Noting that x = o is a solution without interest, one obtains an equation
of the f i f t h degree which has five roots. However, most often, only three
are real and positive and are thus to be considered. I t is also to be ob-
served that this analytical resolution is only possible in some simple
cases.

3.2. Secondary Transfer Function H?

With similar transformations to those used above, one gets

ol L l L2 h
K2xZ

with

a2 = 4 ^ n<
? '

1-n X)

-x)( l -n x)

(2.6)

To evaluate the extremums of (2.6), one determines i t s f i r s t derivative and
one annuls i t . Eliminating the solution x = o which is without interest,
one obtains an equation of the fourth degree which has four roots. Since
the useful x values are real and positive, only three of these roots are
to be considered. I t is also to be noticed that such an analytical resolu-
tion is possible in some simple cases only.

3.3. Peculiar case of no damping

The simplest case where circuits or systems have no damping is very
interesting, since i t is possible to find the analytical expressions of
the roots.
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3 . 3 . 1 . i r i f _ _ i

The maximums of Hj are obtained for the fol lowing x values :

„ _ 1 + n2 + V [ ( l - n 2 ) + 4 K2n2 1 f9 7

2 nz

x _ 1 + n2 - V K l - n 2 ) + 4 K2n2 ] ( 2 # 8 # )

2 n2

which are always real and posit ive since one has for the square coupling
factor

0 < K2 < 1 (2.9.)

These maximums are i n f i n i t e since the damping is zero.
The minimum of H j , between both rnaximums here above mentioned., is obtained
for

x = -L (2.10)
n̂

that is to say when the pulsation is equal to co „•

The value of this minimum is zero, what is easy to see when le t t i ng
Sj = C2 = 0 in expression (2.1) .

The other two roots are given by

They are imaginary because of (2.9) and are thus without in terest .

I t is to be noticed that the arithmetic average of roots (2.7) and
(2.8) giving H\ maximum is

*°TT " (i.13,"
what becomes 1 when n = 1 that is to say when both c i rcu i ts are iden t ica l .
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3.3.2, l£ansfer_Function_H2

When there is no damping in the c i r c u i t s , the maximums o f H2 occur
for the same x values as the maximums of H j , that is to say for the x values
given by (2.7) and (2.8) .
The other two roots are,when ?l = C2 = 0 *

n

The l a t t e r is to be eliminated since x must be pos i t ive .

The other one (2.14) gives H^ minimum, this minimum being given by

4 2 K[ u> , m, m9 Ho ] . = 5 rr (2.16)
0 1 1 2 u m i n [ 2 n V ( l - K 2 ) - (1+n2) \L

what reproduces (1.26) when n = 1, that is to say when both c i rcu i ts are
iden t ica l .

I t is here again interest ing to observe that the geometric average
of roots (2.7) and (2.8) giving Hi and H2 maximum has the value

x • -7 '1 - K ^ (2.14)
n

that is to say the root giving Hg minimum.

And precisely, when n = 1 , this root becomes

x = V ( l ~ K2)

l i ke i t was found in (1.22) for the identical systems.

3.4. Displacement rat io

With a s imi lar development as previously, one gets :

m2 D2
 c Kc

( ) = —2[ o 5 T) (2.17)
ml D2 n* xc - 2 n S (1-2 fy + 1

This expression is maximum, n, K and £2 being known, when the pulsation
corresponds to



- 2 6 1 -

&
x 2—^- (2.18)

n

For this value, (2.17) gives :

, nu D9 I K I
i i ?f
1 i Max 1%1

what is exactly relation (1.29) when both circuits are identical.
Relation (2.17) also shows that only the secondary circuit damping inter-
venes in the D2/D1 rat io.
When this damping is zero, (2.18) reads

x =\ (2.20)
n

and the corresponding pulsation is UQ2 which gives D̂  = 0 and also W\ = 0
as minimum of the primary transfer function.
For this pulsat ion, one easily finds from (2.6)

w01 ml m2 H2 = - T T = 4 Ti\ i\ n

When Cp = 0.(2.17) gives, x being not f ixed :

o 9
^ - ( ^ ) = ± 1 (2.22)

when K = ]1 - n2 x I or x = - ^ S - (2.23)
n*

3.5. Variation of Secondary Transfer Function with respect to coupling.

I t is also possible to look for some part icular couplings giving
the secondary transfer function maximum, when the dampings are known and
when the pulsation is chosen.

One finds an expression which is only useful when using numerical
values. I ts use with the analytical process may be interest ing in some
peculiar cases. One of them is here considered:that is the case where the
unlike systems have no damping.
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One gets :

K2 = | ( l -x) ( l -n 2 x) | (2.24)

This optimum coupling is such that i ts value is geometric average between
| l -x | and | l -n2x| , that is to say between |1-X]J and 11—x21 -

With this coupling factor, expressions of Ĥ  and H2 becomes in f in i te
because their common denominator is then zero.

Moreover, with (2.24), expression(2.17) of displacement ratio becomes :

° 2
 2

and, of course, i f both circuits are identical, one gets ( -=- ) = 1 .U1

3.6. Numerical calculations

I t is also possible, by means of the preceding developments, to
calculate some characteristic values for specific cases. Such calculations
are made in three examples, the f i r s t one when n = 1 with ?, = .10 and
£2 = .05, the second one when n = .75 and £, = £0 = 0, the third one when
n = .75 with Cj = .10 and ?2 = .05.

Tables VII and VIII with Figures 9 and 10 correspond to the p r i -
mary and the secondary circuits for the f i r s t case. For the second one,
Tables IX and X with Figures 11 and 12 similarly give i l lustrat ions.
For the third case, Table XI and XII with Figures 13 and 14 give results.

3.7. Conclusion

The second step of the study, where unlike systems are considered,
generalizes the problem to a more usual case and thus brings more general
information. Some features which are not very well known, clearly appear
in this work. For example, one may mention the secondary circui t damping
influence, with the coupling, on the displacement ratio and also, the
development of expressions permetting to determine the pulsations which
correspond to the extremums of H\ and H2 in the important case of systems
without damping. Concerning once more those expressions of x, the inte-
rest of their arithmetic and geometric averages is also to be mentioned.

Of course, because of i ts restrict ive assumptions, this study is
only an approach of a more general problem where the characteristic f lu id
damping is not neglected anymore and also where one takes f lu id boundary
conditions into account - problem which is obviously nearer to the practi-
cal test case.
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TABLE I

Primary Transfer Function. = 0.

K2

.05

.10

.25

.50

.75

.90

.95

1
1

l'
1.

l'
1.

1
1.

j.

1.

1
1.
.r

i.

X

77639

22361

68377

31623

5

5

29289

70711

13397

86603

05132

94868

02532

97468

1
1.

l"
1.

1
1.

1
1.

l'
1.

l'
1.

l'
1.

u>o

88113

10617

82691

14727

70711

22474

54120

30656

36603

36603

22653

39595

15912

405'?3

1
1

1
1

1
1

1
1

2
1

4
1

6
1

y = —-
(DO

.13490

.90402

.20933

.87163

.41421

.81650

.84776

.76537

73205

.73205

41439

71636

28439

71163

( m w o2 H l )2

oo

0
oo

oo

0
oo

oo

0
OO

oo

0
oo

oo

0
oo

CO

0
oo

oo

0
oo
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Secondary Transfer Function. = 0.

K2

.05

.25

.50

.75

.95

1.

1.

1.

1.

1.

X

77639
97468
22361

5
86603
5

29289
70711
70711

13397
5
86603

02532
22361
97468

1

1.

1.

1.

1.

U>0
(u

88113
98726
10617

70711
93060
22474

54120
84090
30656

36603
70711
36603

15912
47287
40523

1
1

1
1

1
1

2
1.

6.
2.

y = —
WO

.13490

.01291

.90402

.41421

.07457

.81650

84776
18921
76537

73205
41421
73205

28439
11474
71163

(imo0
2H2)

2

CO

19.50
CO

CO

3.48
CO

CO

1.46
oo

co

.75
CO

00

.39
CO
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TABLE III

Primary Transfer Function. % = .05

.05

.10

.15

.25

.50

.75

.90

.95

X

.78494

.92441
1.27111

.68591

.94642
1.35622

.61405

.95630
1.42277

.50170

.96593
1.53029

.29612

.97455
1.73175

.13835

.97775
1.88811

.05648

.97886
1.96979

.03128

.97916
1.99551

0)0

.88597

.96146
1.12743

.82820

.97284
1.16457

.78361

.97791
1.19280

.70831

.98282
1.23705

.54417

.98719
1.31596

.37195

.98881
1.37409

.23766

.98938
1.40349

.17686

.98953
1.41262

y "2-
wo

1.12871
1.04001
.88697

1.20744
1.02791
.85869

1.27614
1.02259
.83836

1.41182
1.01748
.80838

1.83766
1.01297
.75990

2.68855
1.01131
.72776

4.20766
1.01074
.71251

5.65431
1.01059
.70790

(mo^Hi)2

21.01
4.15
36.15

17.89
.96

36.59

15.76
.42

37.62

12.68
.15

39.76

7.38
.04

44.30

3.40
.02

48.01

1.34
.01

49.98

.70

.01
50.61
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Secondary Transfer Function. £ = 0.
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.05

.25

.50

.75

.95

X

.77639

.97468
1.22361

.5

.86603
1.5

.29289

.70711
1.70711

.13397

.5
1.86603

.02532

.22361
1.97468

wo

.88113

.98726
1.10617

.70711

.93060
1.22474

.54120

.84090
1.30656

.36603

.70711
1.36603

.15912

.47287
1.40523

y «£-
wo

1.13490
1.01291
.90402

1.41421
1.07457
.81650

1.84776
1.18921
.76537

2.73205
1.41421
.73205

6.28439
2.11474
.71163

(nuoo
2H2)

2

00

19.50
oo

CO

3.48
oo

oo

1.46
oo

oo

.75
CO

00

.39
oo
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TABLE III

Primary Transfer Function. = .05

K2

.05

.10

.15

.25

.50

.75

.90

.95

X

.78494

.92441
1.27111

.68591

.94642
1.35622

.61405

.95630
1.42277

.50170

.96593
1.53029

.29612

.97455
1.73175

.13835

.97775
1.88811

.05648

.97886
1.96979

.03128

.97916
1.99551

uo

.88597

.96146
1.12743

.82820

.97284
1.16457

.78361

.97791
1.19280

.70831

.98282
1.23705

.54417

.98719
1.31596

.37195

.98881
1.37409

.23766

.98938
1.40349

.17686

.98953
1.41262

y = —
coo

1.12871
1.04001
.88697

1.20744
1.02791
.85869

1.27614
1.02259
.83836

1.41182
1.01748
.80838

1.83766
1.01297
.75990

2.68855
3.01131
.72776

4.20766
1.01074
.71251

5.65431
1.01059
.70790

(niu>0
2Hl)2

21.01
4.15
36.15

17.89
.96

36.59

15.76
.42

37.62

12.68
.15

39.76

7.38
.04

44.30

3.40
.02

48.01

1.34
.01

49.98

.70

.01
50.61
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Secondary Transfer Function, = .05

K2

.05

.10

.15

.25

.50

.75

.90

.95

X

.80156

.96192
1.20107

.70072

.93722
1.30047

.62633

.91074
1.37446

.51043

.85475
1.49007

.30023

.69471
1.70008

.14007

.48460
1.86028

.05725

.29449
1.94344

.03184

.19403
1.96958

0)0
t3~"

.89530

.98078
1.09593

.83709

.96810
1.14038

.79141

.95433
1.17238

.71444

.92453
1.22068

.54794

.83349
1.30387

.37426

.69614
1.36392

.23928

.54267
1.39407

.17844

.44049
1.40342

y = —
wo

1.11694
1.01960
.91247

1.19461
1.03295
.87690

1.26357
1.04786
.85297

1.39969
1.08163
.81921

1.82503
1.19977
.76695

2.67194
1.43650
.73318

4.17929
1.84274
.71732

5.60409
2.27019
.71255

(ma>0
2H2)

2

19.95
13.45
29.95

17.45
7.80

32.44

15.59
5.38

34.30

12.69
3.20

37.19

7.44
1.39

42.44

3.43
.72

46.44

1.36
.46

48.52

.71

.37
49.18
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TABLE V

Primary Transfer Function. = .10

K2

.05

.10

.25

.50

.75

.90

.95

X

.77578

.96090
1.27829
.67964
.96023

1.37923
.50344
.95306

1.56445
.30518
.94712

1.76851

.15259

.94405
1.92501

.07887

.94291
2.00654

,07662
.94259

2.03220

CJO
U)

.88078

.98026
1.13062
.82441
.97991

1.17441
.70954
.97625

1.25078

.55243

.97320
1.32985

.39063

.97162
1.38745

.28084

.97103
1.41652

.27681

.97087
1.42555

y = ^-
WO

1.13535
1.02014
.88447

1.21300
1.02050
.85149

1.40937
1.02433
.79950

1.81020
1.02754
.75196

2.55999
1.02921
.72075

3.56077
1.02983
.70595

3.61264
1.03000
.70148

(mu>o2Hl)2

6.81
4.74
12.81
5.10
1.94

11.88
3.31
.45

11.69

1.89
.13

12.35

.89

.06
13.07

.39

.04
13.49
.24
.04

13.62
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Secondary Transfer Function. 5 = .10
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K2

.05

.10

.25

.50

.75

.90

.95

X

1.13448

.78399

.86920
1.25441

.54879

.81296
1.46114

.32638

.65276
1.67953

.16366

.43220
1.84344

.09260

.20827
1.92804

1.95458

1

1

1

1

I.

I!

i.

to

.06512

.88543

.93231

.12000

.74080

.90164

.20878

57130
80794
29597

40455
65742
35773

30431
45637
38854

39806

y

1
1

1
1

1
1.

2.
1.

3.
2.

•

too

.93886

.12940

.07261

.89285

34989
10909
82728

75041
23772
77162

47187
52109
73652

28612
19120
72018

71528

6.95

4.72
4.66
7.75

3.34
2.51
9.06

1.96
1.20
10.43

.93

.64
11.46

.41

.39
11.99

12.15
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> ;

Primary Transfer Function.

TABLE

n =
5i =

h =

VII

1
.10
.05

K2

.01

.05

.10

.15

.25

.50

.75

.90

.95

X

.88632

.98736
1.14489

.76336

.98890
1.27208

.67685

.98781
1.36121

.60966

.98714
1.42964

.50162

.98641
1.53890

.30004

.98569'
1.74171

.14420

.98541
1.89846

.06444

.98531
1.98024

.04354

.98528
2.00599

wol
to

.94144

.99366
1.06999

.87371

.99444
1.12787

.82271

.99389
1.16671

.78081

.99355
1.19568

.70825

.99318
1.24053

.54776

.99282
1.31974

.37973

.99268
1.37785

.25385

.99263
1.40721

.20867

.99261
1.41663

y = ^

1.06220
1.00638
.93459

1.14455
1.00559
.88663

1.21550
1.00615
.85711

1.28073
1.00649
.83635

1.41192
1.00687
.80611

1.82563
1.00723
.75773

2.63344
1.00738
.72577

3.93927
1.00743
.71063

4.79235
1.00744
.70605

2 2

13.69
11.00
18.45

9.43
2.01
16.56

7.90
.68

16.69

6.96
.34

17.09

5.62
.13

17.96

3.29
.04

19.91

1.51
.02

21.53

.63

.01
22.40

.36

.01
22.67
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Secondary Transfer Function. n = 1

q = .05
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K2

.01

.05

.10

.15

.25

.50

.75

.90

.95

X

1.00976

.86179

.92237
1.16522

.73021

.91718
yl. 27568

.64843

.89339
1.35417

.52638

.83876
1.47413

.31088

.67808
1.68844

.14900

.46399
1.85054

.06742

.26381
1.93443

.04859

.14572
1.96077

tool
ID

1.00487

.92833

.96040
1.07946

.85452

.95769
1.12946

.80525

.94519
1.16369

.72552

.91584
1.21414

.55757

.82345
1.29940

.38601

.68117
1.36034

.25965

.51363
1.39084

.22043

.38173
1.40027

y = —
&>ol

.99515

1.07721
1.04123
.92639

1.17024
1.04417
.88538

1.24184
1.05798
.85934

1.37833
1.09189
.82363

1.79351
1.21440
.76959

2.59063
1.46807
.73511

3.85136
1.94694
.71899

4.53660
2.61963
.71415

"Wol H2

11.15

9.78
9.68
13.63

8.16
6.47
14.56

7.20
4.71
15.32

5.80
2.93
16.56

3.39
1.32
18.85

1.58
.69

20.62

.65

.43
21.55

.37

.34
21.84
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TABLE IX

Primary Transfer Function. n = .75

h - h -

K2

.05

.10

.15

.25

.50

.75

.90

.95

X

.89886
1.77778
1.87891

.81529
1.77778
1.96249

.74244
1.77778
2.03534

.61709
1.77778
2.16069

.36902
1.77778
2.40875

.17046
1.77778
2.60732

.06555
1.77778
2.71223

.03238
1.77778
2.74540

«oi

.94808
1.33333
1.37074

.90294
1.33333
1.40089

.86165
1.33333
1.42665

.78555
1.33333
1.46993

.60747
1.33333
1.55202

.41287
1.33333
1.61472

.25602
1.33333
1.64689

.17994
1.33333
1.65692

y = —
J "Ol

1.05476
.75
.72954

1.10750
.75
.71383

1.16057
.75
.70094

1.27300
.75
.68030

1.64616
.75
.64432

2.4P208
.75
.61930'

3.90593
.75
.60721

5.55750
.75
.60353

2 2

(mlwol Hl)

oo

0
oo

CO

0
oo

oo

0
CO

CO

0
CO

CO

0
oo

CO

0
CO

CO

0
CO

CO

0
oo
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TABLE X

Secondary Transfer Function. n = .75

K2

.05

.10

.15

.25

.50

.75

.90

.95

X

.89886
1.29957
1.87891

.81529
1.26491
1.96248

.74244
1.22927
2.03534

.61709
1.15470
2.16069

.36902

.94281
2.40875

.17046

.66667
2,60732

.06555

.42164
2.71223

.03238

.29814
2.74540

0)01

.94808
1.13999
1.37073

.90294
1.12468
1.40089

.86165
1.10873
1.42665

.78555
1.07457
1.46993

.60747

.97098
1.55202

.41287

.81650
1.61472

.25602

.64934
1.64689

.17994

.54602
1.65692

v - w

tool

1.05476
.87720
.72954

1.10750
.88914
.71383

1.16057
.90194
.70094

1.27300
.93060
.68030

1.64616
1.02988
.64432

2.42208
1.22474
.61930

3.90593
1.54004
.60721

5.55750
1.83142
.60353

mlm2aiol H2

CO

4.95
CO

CO

5.14
oo

CO

4.65
CO

CO

3.60
CO

CO

1.99
CO

CO

1.14
CO

CO

.76
CO

CO

.63
CO
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Primary Transfer Function.

TABLE

n =
5, =4-

XI

•

75
10
05

.01

.05

.10

.15

.25 '

.50

.75

.90

.95

X

.99662
1.75612
1.84089

.91423
1.69408
1.99149

.82896
1.69815
2.07004

.75548
1.70521
2.13407

.62998
1.71608
2.24563

.38304
1.72965
2.47581

.18629
1.73568
2.66591

.08494
1.73790
2.76757

.06028
1.73850
2.79983

tool

.99831
1.32519
1.35679

.95615
1.30157
1.41120

.91047
1.30313
1.43876

.86918
1.30584
1.46084

.79371
1.30999
1.49854

.61891
1.31516
1.57347

.43162
1.31745
1.53276

.29144
1.31829
1.66360

.24552
1.31852
1.67327

y = —
wol

1.00169
.75461
.73703

1.04586
.76830
.70862

1.09833
.76738
.69504

1.15051
.76579
.68454

1.25990
.76336
.66732

1.61576
.76036
.63554

2.31687
.75904
.61246

3.43119
.75856
.60111

4.07291
.75843
.59763

2 2
(mluol "l*

23.80
4.27
4.31

19.57
2.28
4.88

16.18
1.20
5.81

13.79
.72

6.70

10.48
.34

8.28

5.57
.10

11.39

2.46
.05

13.77

.99

.03
14.98

.56

.03
15.36
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K2

.01

.05

.10 '

.15

.25

.50

.75

.90

.95

X

1.07317
1.23009
1.77076

.96520
1.22995
1.85146

.86667
1.20768
1.93716

.78560
1.17801
2.01178

.65109
1.10883
2.13977

.39330

.89858
2.39176

.19113

.61421
2.59256

.08819

.34604
2.69844

.06714

.18400
2.73189

u>Oi

1.03594
1.10909
1.33070

.98245
1.10903
1.36069

.93095
1.09894
1.39182

.88634
1.08536
1.41837

.80690
1.05301
1.46279

.62714

.94794
1.54653

.43719

.78371
1.61014

.29697

.58825
1.64269

.25911

.42895
1.65284

V = —
"Ol

.96531

.90164

.75148

1.01787
.90169
.73492

1.07417
.90996
.71848

1.12824
.92135
.70503

1.23931
.94966
.68362

1.59455
1.05492
.64661

2.28735
1.27598
.62106

3.36734
1.69995
.60876

3.85943
2.33127
.60502

4 2
mlm2a)ol H2

1.30
1.23
4.28

4.28
3.46
14.98

5.79
3.95

21.94

6.35
3.76

26.14

6.34
3.09

31.29

4.54
1.80

38.13

2.30
1.04

42.35

.99

.68
44.39

.57

.54
45.01
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DISCUSSION ON PAPER 1

Costes, D.

You assimilate a system of two mechanical resonators coupled by sodium,
to two coupled electrical resonators.

1. How is the coupling coefficient known?

2. Is the liquid sodium considered as completely attached to one or the
other resonator, to such an extent that the system is effectively
reduced to a two degree of freedom system?

Parent, J.

1. At the beginning of such a study, one only knows that the coupling
factor depends on the value of the gap between prisms. An
approximated value may be given when comparing test results to
computation results for several estimated parameter data which seem to
be interesting.

2. It is obvious that the electrical transposition supposes simplified
assumptions which are not quite exact for the actual mechanical
systems. In fact, the electrical model does not know the physical
significance of the coupling K factor for the mechanical systems. It
only permits to suggest a value of K which corresponds to the main
features of the mechanical model: it is why this method is only a
first approach. Its purpose is only to help to get a better physical
understanding and not to furnish exact values of parameters.
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UNCBRTAINTY EVALUATION CF FAST REACTOR CORE SEISMIC RESPONSE

A. Amendola ,S. Canali+,M. Fomi°,A.C. Lucia+,G. Maresca' ,A.
Martelli°,S. Olivi+

o ENEA, Department of Fe.st Reactors, Bologna, Italy
+ C.E.C., J.R.C.,ISPRA Establishment,(Varese),Italy

* NIRA S.p.A., Genova, Italy-

Abstract

Response Surface Methodology (RSM) has been applied to a
preliminary evaluation of the uncertainties on the seismic beha_
viour of the PEC fast reactor core. The structural analysis has
been performed using the SAP IV code for the whole reactor
block and CORALIS for the core. The calculated responses have
been approximated with polynomial functions, whose adequacy has
been tested by means of a further set of dynamic calculations. .
Finally the input uncertainties have been propagated by a Monte
Carlo routine (MUP) under different assumptions to assess the
sensitivity of the output distribution with respect to the kind
of input probability distributions.

The paper describes the details of the study and demon-
strates RSM adequacy. It also shows that, once a certain ground
motion has been assumed, the core element natural frequencies
and damping coefficients, as veil as the vessel-core dynamic in-
teraction parameters, are the main variables affecting the core
response, which therefore need "a sufficiently precise defini-
tion.



-292-

1. Introduction

The numerical analysis for the seismic verification of
the PEC Fast Reactor Test Facility is carried out in collabo-
ration between the Department of Fast Reactors (DRV) of ENEA
and NIRA, More precisely, the studies of ENEA-DRV concern only
the core, while those of NIRA deal with the remaining parts of
the reactor /1/.

As regards the core the non-linear computer program CORA-
LIE is used / 2 / . This code, developed in collaboration with
the French "Commissariat a l'Energie Atonique" (CEA), allows
taking into account the strong effects of the shocks occurring
among the core elements in the case of a severe horizontal
excitation and those of the fluid-structure interaction due to
the thin liquid layers separating the element walls /3/» Fur-
thermore, due to the strong dynamic interaction between the
tank and the core in the PEC case, a linearization method of
the CORALIE response was assessed (improving a method sugge-
sted by CEA /A/), which allows iterating the linear calcula-
tions performed by NIRA for the whole reactor block with the
SAP IV program /5/ and the non-linear ones carried out for the
single core with CORALIE, until the correct core boundary con
ditions (i.e. the seismic motion of the core supporting grid
and the plug) are identified /i/«

Although this procedure is certainly correct, problems
may, in general, arise because the values of some important pa-
rameters change during the reactor life and those of others are
not exactly known unless very complicated and expensive expe-
rimental tests are carried out for assessing them /6,7/ (this
is the case of the vibrational behaviour of single core elements,
shock coefficients, added mass and damping matrices due to
fluid-structure interaction).

It is evidently useful to evaluate how large are the ef-
fects of these uncertainties on the core response, in order
to minimize the experimental programme, or to allow a prelimi-
nary evaluation of the seismic response even in the absence of
precise experimental results. Furthermore, uncertainties may
affect the core boundary conditions (essentially defined by the
support grid excitation), related both to input data for the
whole reactor seismic analysis and to assumptions made in the
definition of the linear core model used in such analysis. Fi-
nally it is of interest to verify the possibility of minimizing
the core configuration to be considered in the non-linear core
calculations and,by applying uncertainties to the grid excita-
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tion, that of avoiding (or at least shortening) the expensi-
ve iterative procedure used up to now for taking into account
the vessel-core dynamic interaction /1/, To evaluate the ef-
fects of relevant uncertainties on the core seismic response,
a first study was accomplished in collaboration with JRC Ispra
by use of Response Surface Methodology (RSM) /8,9/ and refer-
ring to preliminary data concerning the PEC core (not restrai-
ned model) /i ,10/.

The paper discusses the assumptions made for the defini-
tion of the set of structural calculations which were carried
out and their main results; it also shortly describes the main
features of RSM as applied to the present analysis, and finally,
the propagation of the input uncertainties and its sensitivity
to the probability distributions assumed.

2# Phases of the Study

Our work was limited up to now to the analysis of the top
level maximum displacements of the core elements in the case
of Safe-Shutdown-Earthquake (SSB): this allowed a preliminary
investigation of one of the main aspects of the reactor core
seismic verification, namely the scram feasibility in the case
of SSB /1O/. The study consisted of the following steps:

a) Identification of the most important uncertainties affec-
ting the input data;

b) Execution of structural dynamic calculations, in order to
obtain an adequate set of maximum displacement-values of the
core elements in the case of SSE;

c) Determination of the polynomial function best approximating
the calculated response, for each element type;

d) Verification of the adequacy of such functions by means of
further structural calculations;

e) Uncertainty propagation, with the aim of studying its sensi-
tivity with respect to uncertainty distributions and of pro-
posing a methodological approach for verifying reactor shut-
down success criteria.

3. Identification of Main Uncertainties

For this preliminary study we-started from a preassigned
acceleration tine history at the ground and limited the analysis
to the uncertainties related to the reactor block. On the basis
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o£ an engineering judgement and of previous calculations, we
selected (see Table 1) the first natural frequencies and the
damping coefficients of the core elements, the stiffness and
the frequency of the shocks occurring among such elements, the
stiffness of the vessel containing the core, the vessel-core dy_
namic interaction and the number of core element rows assumed
in the non-linear core calculations as the main input variables
which affect the non-linear core seismic response /1O/, In or-
der to limit the number of structural calculations to a reasona
ble amount we took the same uncertainty parameter for the natu-
ral frequencies of all elements, namely equal relative devia-
tions from the theoretical values evaluated with the assump-
tions of linear behaviour of each element described in ref,
/11/. For the same reason equal values for the fractions of cri
tical damping and equal relative deviations from the theoreti-
cal values of each of the two mentioned shock parameters (calcu
lated using correlations proposed by CEA /1O,12/) were assumed
for all core elements. For some of the input variables we took
large uncertainty ranges, due to the fact that the relevant ex-
perimental data were not yet available at the time of this stu-
dy. Thus, for the first natural frequency of each element, an
uncertainty range from 70% of the reference value to 10% above
it was assumed, whereas for the fractions of critical damping
the range 0.02 + 0,08 was fixed. These uncertainty ranges we-
re established according to the results of measurements perfor-
med by CEA, which suggested that the PEC core element response
frequencies in water (simulating the sodium coolant) should de-
crease by about 20$ with respect to the values observed in air
and that the fractions of critical damping should be larger
than 0,02 in air and even more — at least equal to 0,05 — in
water /10,12/, Since the ?luid - structure interaction effect
on the response frequency values is due to an added mass, the
frequency variations with respect to the theoretical values we
re obtained by correcting the theoretical linear mass /1O/, In
this way, however, the effects of the non-diagonal terms of the
added mass matrix were not taken into account,so that the sei-
smic load in water was certainly overestimated /3/«

Even wider uncertainty ranges were assured for the shock
parameters (stiffness and frequency), namely from i/5th to 5
times the reference values: this was done owing to the conside-
rable difficulties of a precise experimental evaluation of the
values of such -uantities, Moreover, a rather large uncertainty
was also considered for the reactor vessel stiffness, i.e.from
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30% below to 30% above the calculated value.
The vessel-coz^e dynamic interaction, namely the effect

of the iteration between the linear calculations for the whole
reactor block and the non-linear ones for the core, was de-
scribed by use of a linear combination parameter, OL (with
0 < <X < 1 ) of the two acceleration time-histories, correspon-
ding Co the two "limit" linear schematiaations of the core, e-
valuated at the core support grid in the first step of the ite_
rative procedure (see ref. / 1 / ) : although the study of ref./i/
has recently shown that this hypothesis leads to rather conser-
vative results, at least in the case of the not-restrained PEC
core model, our approach allowed a first evaluation of the im-
portance of the mentioned effect.

The last variable, the error introduced by the non-linear
core analysis of a single elements row,was estimated performing
non-linear dynamic calculations with two very different accele-
ration time-histories at the core support grid, and assuming
core configurations of up to nine rows /1O,13/. This study
showed that also for PEC (at least in the case of not-restrai-
ned core), similar to the results experimentally obtained by
CSA for the KAPSODIS mock-up of refs. /2,14/,the mentioned er-
ror is small, and certainly less than 15/° as regards the maxi-
mum displacements of the elements located in the central core
row (see Figs. 1 and 2). Furthermore, such error appears to be
practically independent of the excitation characteristics,
which allows to assume it as multiplicative and thus to limit
the analysis of the other uncertainties mentioned above to a
single element row. Finally refs, /1O,13/, show that the di-
splacement of the control rod guide-tubes (i.e. that of inte-
rest for the verification of the scram feasibility in the case
of earthquake) is always lower than that of the forced—type fuel
elements located at the same radial distance from the core cen-
ter element (see Fig. 1); therefore it was judged that the non-
linear dynamic calculations on the central row of elements of
the PSC core were correct, although no control rods were present
in such a row (see Fig. 1).

4. Application of R3M

The effects of the uncertainties on the vibrational beha-
viour o£ the core elements, the shock phenomenon, the vessel
stiffness and the vessel-core dynamic interaction were evalua-
ted making use of the computer program SAP IV /5/ for the li-
•toar calculations (performed at NIIiA)for the whole reactor
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block, and CORALIE / 2 / for the non-linear ones carried out at
ENEA-DRV for the core, and applying the Response Surface Meth£
dology (RSM) /8,9/. When applied to computer codes, RSH allows
the evaluation of explicit functions wMch, within the ranges
assumed for the input variables, best approximate the code nu-
merical results with respect to some criteria hypothesized for
the error distributions /9,1 5/. An important aspect of the me-
thodology is the attention given to the problem of minimizing
the number of observations, that is the number of deterministic
runs to be performed. This aspect is covered by the "Experimen-
tal Design" techniques.

Owing to the typical core seismic behaviour/2,3/, we assu-
med a second order polynomial to adequately approximate the co-
re element responses /10/. For estimating its coefficients, it
was necessary to estimate the factorial terms that account for
input variable first-order interactions and the linear and qua-
dratic terms for single variables. 7/e therefore choose a Central
Composite Design v/ith 1/2 Replicate of the factorial part, de-
termined by means of the CBC-DES code /16/: this was based on
the assumption of five levels of observation of each input va-
riable and on their combination in a matrix of 45 rows (corre-
sponding to 45 C0RALI2 dynamic runs), maintaining the rotatabi-
lity conditions for the design (incidentally also the orthogo-
nality condition was rather well satisfied). The five levels
consisted of the mean and the two extremes of the variable ran-
ge and two further intermediate levels whose value was determi-
ned in the way of respecting design rotatability. This latter
feature, linked in some way to certain assumptions on the ran-
dom error present in a physical experiment, could be meanin-
gless in the case of observations on computer codes resulting
always in a same result. However, we maintained this criterion
for taking into account the effect of differences in the inte-
gration time steps which were changed in the different runs to
save convergence or to reduce computer time.

T./e note that for obtaining the data for the CORALIS dyna-
mic analysis, 30 SAP IV runs for the reactor block and 25 CORA
LIE vibrational ones for the single core elements were necessa

Approximation of the Structural Calculation Results

The maximum displacements at the top o£ each element,
(=>.s computed by C0RALI3), v/ere approximated by polynomial
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functions of the type

+ / a.x. + / / a . .x.x. (1 )y = a
J max o _. .. ̂  . . . .

in which x. are the input variables. These were obtained by
using the routines of the JRC library /i c/ that apply stepwise
regression methods to choose the terras in eq. (1) according to
their importance. The degree of approximation obtained was qui-
te satisfactory as shown in Fig. 3. This plots the "residuals"
(i.e. the differences between the yt ^ values calculated with
C02ALI3 and those estimated with eq?ax (1) )as functions of the
estimated values for the most interesting element f namely the
forced-type fuel element (see ref./i/and item 3).

As a first relevant result, this study allowed to establish
the order of importance of the analysed parameters: we obtai-
ned that the natural frequencies, the damping coefficients and
the vessel-core dynamic interaction are the parameters mainly
affecting the core response, whereas the effect of the vessel
stiffness is negligible (in the investigated range) and that of
the shock parameters is net very large (see Table 1). This
means that the experimental evaluation of the vibrational beha
viour of the single core elements and that of the effects of
the fluid-structure interaction, as well as a deep analysis of
the effect of the iterative procedure between the SAP IV and
the CORALIE calculations, is extremely important: this confir-
med the validity of the expensive experimental program of ENEA-
DEV on mock-ups of the PEC core elements which is now in pro-
gress at ISMES /6,7/ and that of the complicated studies concer
ning the vessel-core dynamic interaction performed in collabora
tion between ENEA-DRV and NIRA /i/.

On the contrary, a very precise experimental evaluation of
the shock parameters (which would be rather complicated), and
especially an exact assessment of the vessel stiffness, does
not appear necessary.

Finally, our study showed that the second order terms of
eq, (1 ) (and especially those concerning the three above-menti_o
ned fundamental variables) are quite important (Table 1); this
indicates that the input data are strongly correlated, which
prevents any possibility of reliable extrapolation from results
obtained from partial analyses and thus makes it necessary to
--•?rform systematic studies applying a rational method such as
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6, Validation of the Approximating Functions

Since, in applications to computer codes, the model mi-
sfitting errors are much more relevant than parameter varian-
ce due to random errors, to validate the models in eq, (i),we
carried out 10 more dynamic runs based on sets of input data
established by a "stratified" random sampling applying rhe
3T2AD3 code /16/, Figure 4 shows that the model applies well
also for points which are not included in the experimental de-
sign, although, obviously, the residuals are slightly higher
than those corresponding to the points o£ the experimental de^
sign (we remember that v/e assumed rather large uncertainties
in this work). This was final proof of the adequacy of the
methodology for our seismic verifications.

7, Uncertainty Propagation

The approximation of the structural codes with the
explicit functions given by en, (1 ) made it possible to per-
form a study on the effects of different probability distri-
butions concerning the input data on the distribution of ma-
ximum displacement values at core element top, in order to ob
tain a first estimate of the scram probability in the case of
SSE, In rhis latter step, we also took into account both the
error related to the single-row analysis (Fig, 2) and that
due to the approximation of the CORALIE results by means of
RSM, Furthermore, we applied some corrective factors for remo
ving the excessive conservatism of the procedure applied for
vessel-core dynamic interaction (see item 3), according to re
suits obtained in the meantime /1/, These calculations were
performed by the MUP code /16/,according to three different
assumptions for the input variable distributions: uniform,
triangular and normal distribution were used to simulate the
cases of large or small spread around the most probable value.
In the case of triangular and normal distributions, the cen-
ter was shifted away from the middle of the range considered,
for variables for which sufficient information gave us a re-
liable judgement (Table 1 and item 3) on the location of the
mode. Figure 5 shows the results of the Monte Carlo MUP calcu
lations in terms of cumulative probabilities of a given
maximum displacement at the top of a forced-type fuel element
not being exceeded. This element behaves in a quite similar
manner as a control rod guide-tube (item 3).
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Tliese results must be considered a very preliminary assess-
ment. However, we give some indication towards the method that
may be adopted for a probabilistic evaluation of shut-down
feasibility. Namely, for the PSC site, according to /17/, the
probability of a SSE has been estimated to be 1CT6 y-1, in the
Italian PSC licensing praxis no account must be given to inci-
dents with frequency less than 10-7 y—1# if we extend this pro
cedure to our caseP we should verify that a displacement of 35
mm is compatible with fast rod insertion. This value, indeed,
is exceeded at a probability of less than 10-1,

8, Conclusions

RSM has been shown to be adequate and very useful for a
correct analysis of uncertainty effects on core seisnic respon
se. For this reason it is foreseen to apply this method for
final seisnic verifications of the PEC reactor core. The-
se v/ill be started as soon as all basic variables will
be better estimated as a result of further analyses and
experimental programmes. For the PEC core, the most important
input variables result to be the core element natural frequen-
cies and damping coefficients, and the vessel-core dynamic in-
teraction. Therefore, these need a more precise definition.
The validity of the expensive experimental programme carried
out by ENEA-DRV at ISMES and of the numerical studies descri-
bed in ref, /i/, is thus confirmed.

Finally, a methodological approach has been proposed for
verifying that the reactor will be shut-down at a sufficien-
tly high probability in the case of a SSE,

Remarks

This paper will be presented with minor changes at the
Seventh International Conference on Structural Analysis in
Reactor Technology of Chicago, Illinois, USA (Paper M 3/6),
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TABLE I - Main features of die selected uncertainty parameters

Variable

Normalized first natural frequency:

Range Lnvestieated
in the RSM expe-
rimental design

0.7-5-1.1

Regression coeffi-
cients by RSM
(forced-type
fuel element)

-0.331

Center of pro-
bability distri-
butions assumed
for uncertainty
propagation
(Gaussian and
triangular cases)

0.3

I
COore
i

Fraction of critical damping: r?

Vessel-core interaction parameter: a

Normalized shock elastic coefficient:
K = K/KR

Normalized shock damping coefficient:
G

0.02 * 0.08 -0.384

0 * 1 -0.237

0.2 * 5 -0.043

0.2*5 0.074

0.05

0.5

I

1

Normalized vessel

Most relevant
second order
effects

17.a
F.r ,
F . a
a1

a. K
K1

stiffness parameter

Recession
coefficients

0.172
0.072
0.070
0.070
-0.065
-0.045

0.7*1.3 negligible

Corrections applied on RSM results for uncertainty propagation

- Error due to single row analysis (see Fig. 2): a factor between 1 and
1.15 (centered at 1.075) which multiplies the displacement;

- Misfitting error: additive effect nonnaily distributed with
r n a 0 and a-30.16
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Fig. 1. PEC Core Fuel Element Central Row
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NORMAL1SED DISPLACEMENT
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Fie. 2. Influence of the Adjacent Rov/s on the Displacements
of the Central Row of the PEC Reactor Core* (Averages
of Calculated, luaxirrram displacements normalised to sin
gle central rows for the different core elements), "~
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-

a

3.5$

o

o
o

Q
1 °

4.0
o

- a

o °
0

0 45

ESTIMATED
VALUES(Cm)

Fig. 3. Residuals for Max. Displacements of Forced Fuel Elements

at the Points of RSM Experimental Design.

i
CO
o
en
i



I
CO
c

+0.6

+ 0.4

- 0 2
-0.4

-0.6

RESIDUALS (Cm)
o

IS.

.©..

3.0 3.5 4.0

o

45

+ 3 C3~

+2er
+ 1©-
EST1 MATED
VALUES (Cm)
-1(3-

-3©-

Fig. 4. Residuals (as Fig. 3) outside the Experimental Design as
a Test of RSM Model Adequacy.



-307-

Pc 1.0 T
0.9--

0 . 8 -

0 7 "
0.6-

0 5 -

0A-
0.3 --

QZ-

0.1-

ao-
o

UNIFORM
TRIANG.
NORMAL

10 20 30 40 50 60 mm

Fig. 5. Probability Distribution of the Displacement at the Top
of a Forced Fuel Element.



-309-

D Y N A M I C A N A L Y S I S AND U N C E R T A I N T I E S

J . GauvaZn - F. Gante.nbeA.n
C.E.A.-I.R.D.I.-D.E.M.T.

C.E.N.-Saclay - 91191 Gif-sur-Yvette cedex - France

A b s t r a c t

Different experimental studies have shown that the structural response
to an earthquake depends very much on the modelisation of the structures and
of its boundary conditions. This paper presents the two main parts of the
research program on dynamic analysis and uncertainties performed by the CEA.
The first step consists to realize a reference seismic calculation for the
reactor building and the primary circuit of a 1300 Mtfe plant. The second step
consists in a sensitiveness study to the different parameters involved in the
modelisation and to the different methods of computation.
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1 - The gap between computation and tests

Since the beginning, components and structure design computations are used
for a deterministic approach of plant's safety. However variations are obser-
ved in components or structures responses subjected to the same solicitation,
depending on the chosen modelisation.

For instance we have performed tests on a reinforced concrete shear wall
(1,5 meter long, 1 meter bight, 10 cm wide fixed on a 25 cm thick slab) loaded
at the top by a 10 ton lead mass Q • We have pointed out the difficulty to
find the first measured eigenfrequency for the shearing movement fj = 24.4 Hz.
The finite element model with shear beam element gave fi = 49.8 Hz and the
shell model gave fy = 49.6 Hz. Even a 3 D finite element model of the wall
and the slab fixed on its basis gave fj = 41.2 Hz. Then precise measurement
of the mode shape showed that the slab which was in fact fixed only by six
dowels had a non negligible deformation. A computation with a 3 D finite ele-
ment model of the wall and the slab fixed on these six dowels gave fj = 27.5 Hz
that is quite acceptable regarding to the variations in the Young modulus of
the concrete. To obtain a perfect agreement between test and computation we
would have to take in account the infinite stiffness of the soil on which is
fixed the slab. This example shows very well how a simplified modelisation,
which seems correct, can give a dynamic response very different of the test.
Such facts have decided the safety authorities of different countries to under-
take research program on seismic safety margin as the SST!RP of the NRC.

1i?i.Necf§sity_of_garticular_studies
The CEA/IPSN does not intend to realise such a large research program as

the SSMRP one especially as first results are already available. But it is
necessary, in France, to have a good understanding of the effects of uncertain-
ties able to interact with certain aspects of deterministic safety rules. That
is why the CEA/IPSN asked the CEA/IRDI/DBfT to perform a sensitivity study
with the primary circuit and the reactor building of a 1300 M?e power plant.
This study will give an order of magnitude of the variation in the seismic
response of the primary- circuit with respect to the variations in the jnodelisa-
tion.

2 - Reference calculation
li\ i .Choice _of _the_particular _groblem_

The uncertainties study will then concern the computation of the seismic
response of a loop of the primary circuit of the Paluel PKR 1300 MKe which is
the first of the series. To compute efforts and stresses in this loopi it is
needed to modelise the reactor building (raft, containment and internal struc-
tures) and the whole primary circuit so as to obtain a correct distribution of
masses in the system. The computation results analysis will concern only one
loop. In order to precise the problem, the site response spectrum will be sup-
posed well defined and the influence of little equipments will be neglected.

2.2. Seismic data - soil modelisation

The reference motion of the earthquake in free field is supposed to be
given by its response spectrum. If necessary a set of synthetical time histo-
ries will be established corresponding to the spectrum. Soil-structure inter-
action will be taken in account by the computation of foundation compliance
with an assumption of stiffness for the reactor building raft. Properties of
the different layers of the soil could be taken in account with the Fourier
Transform of the raft impulse response method with the INCA code (2) of the
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/ .
CEASBfT system (3). The influence o£ the surrounding rafts could be taken in
account with the SOPIKME code 0 .

2.3._Building_modelisation
The reactor building is schematically composed by the raft, the double

containment and the internal structures. The raft and the containment will be
model ised with axisymetric shell elements of the AQUAMODE code (5). The internal
structures can be described by three floors and four.main walls. With the 3 D
shell element TRICO code (5) an equivalent axisymetric modelisation will be es-
tablished. Then the global modelisation cf the building will be axisymetric.

2^ 4 ; Primary;circuit model isation

The FWR 1300 M e primary circuit is mainly composed by the vessel, four
loops with a steam generator and a pump each, and the pressurizer. Besides
there is a lot of pipes of less importance which will not be taken into account
in the reference computation.

Components and pipes of the primary circuit will be represented by beam
element with the TEDEL code (7). For the reference computation, a limit condi-
tion will be chosen, free or fixed, for each link between the piping system and
the building, the nearest of the reality function of the ratio between the am-
plitude of movement and that of the gap.

2.5. Global computation
The global response computation will be done by quadratic combination of

modal responses. Theses modes will be computed with the TRISTAMA. code (S).
Computation results will concern movements and stresses. Floor response spec-
tra will be established with the TIROIR code (§). Maximal values of the dif-
ferent components of stresses at the typical locations of the civil engineering
and the components of the primary circuit. With a criterion the stresses will
be compared to the acceptable limits.

3 - Sensitivity Study
3.1. Soil_modelisation_influence

Soil-structure interaction is introduced by an impedance. In the stiff
raft case and if the hypothesis of a low variation of this impedance with the
frequency is verified, it can be represented by a springs and dampers system.
The parameters to be taken in account will be the Young modulus of each layer
and the damping of the soil. Lumped parameters method for the half space
computed with a mean equivalent modulus, will be compared with the impulse res-
ponse method previously described. Structure-soil-structure interaction with
the nearest building will be also examined.

3.2._Influence_of_ciyil;engineering_modelisation_

The civil engineering will be modelised with axisymetric shell elements.
The influence of the axisymetric model equivalent to the 3 D model for the in-
ternal structure -will be studied. The results obtained in the computation with
thin shell elements and thick shell elements will he compared. There will be a
range of value for the concrete Young modulus (influence of crack occurence,
heterogeneity,...). There will be also a range of value for the damping. The
influence of the geometry modelisation method on structure stiffness will be
also analyzed (that corresponds to a parametric variation of the frequency).
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Primary circuit components will be represented by a beam elements and
lumped masses system. The influence of the way of discretisation (representa-
tion of the actual geometry) and of bend modelisation will be analyzed as dif-
ferent possible modelisations of flanges, supports and fixed, points with parti-
cular attention to supports with gap. Uncertainty on the steel Young modulus
will be taken in account (which corresponds to a parametric variation of the
frequency). Damping value influence will also be analyzed.

3.4. Influence of the computation method and the use method of the floor_
sgectfa " " "

Each modelisation parameter being chosen, there are several computation
methods of structures fixed in several points,which is the case for the primary
circuit. The enveloppe spectrum for all the fixation points can be used but fhe
response does not give always an overevaluation. Another method can be used
which supposes that maximal responses to each movement occur simultaneously
and with the same sign. In certain cases it can be assessed that movement of
fixation points are indepandar.t. Besides floor response spectra can be. compu-
ted, talcing into account in the global modelisation a simplified modelisation
of secondary equipment ; in that case, coupling between the civil-engineering
and the equipment is not exactly computed.

?i§i_?rese^tation__of__the__results
The sensitivity study consists in a set of calculations corresponding to

the different parameter combinations, modelisations and computation methods.
Schematically, it will be obtained the relative effect of the different para-
meters supposed affected w.'th the same probability : displacements, accelera-
tions and stresses in each characteristics point. Introducing the distribution
of each one of these parameters will allow characterization of the failure risk
of the primary circuit due to an earthquake.
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DISCUSSION ON PAPER 25

Kunze, W.

Do you use any kind of model to choose the right damping value in your
sensitivity study?

Gauvain, J.

We use the results of our previous studies on reinforced concrete beams
and frames performed on our shaking table "VESUVE" in 1976-1980. We obtained
a relationship between the damping value and the amplitude of the movement
that we will use.
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Panel C
"Level of Detail In Dynamic Models that is Consistent

with Uncertainties"

Panelists: W. Mizumachi
J. Gauvain
P. Pinto

In his opening remarks, the chairman emphasized that from his viewpoint
it is not so much a question of detail but more a question of understanding
the physical phenomena to obtain an analytical prediction of the real behavior
of a structure* Comparisons between analytical results and in-situ
measurements in the HDR-program have shown that, in many cases, highly
sophisticated models were unable to predict the real behavior. From the
chairman's viewpoint, one should choose models as simple as possible for the
problem which requires modeling. This model must represent the main physical
phenomena which govern the problem. The second point made by the chairman was
the general over-prediction of seismic response relative to observed
behavior. In many field observations, we have the experience of not being
close to reality with our analytically predicted behaviors. So there is still
a lack of understanding of the physical phenomena which determines the total
behavior of a structure during strong earthquakes. Mostly we overpredict
analytically the stresses and underestimate the importance of structural
detailing. Sources of overestimation are (from the chairman's point of view):

• Neglecting the size effect of foundation mats with respect to the length
of incoming waves. The larger the size of the foundation mat the lower
the influence of high frequency accelerations. The foundation mat acts as
an integrator. This leads to a decrease of 50% in the high frequency
range of accelerations.

• The cautious application of radiation damping. The only logical way to
verify theoretical results is to perform in-situ tests which are currently
only done in Japan.

e The global use of damping values not taking into account the main sources
of energy dissipation in the structure itself.

• Neglection of real component-structure interaction, which might be
governed in many cases by the local behavior of the support elements.

The chairman concludes that in the dynamic analysis of the design
process, models should be kept as simple as possible. Models should be used
to enable the designer to understand the sensitivity of the structure to major
parameters. The chairman recommends emphasis be placed on improving our
knowledge of the physical phenomena which govern the behavior of structures
under strong earthquakes predicted and observed behavior.

Mr. Kennedy very much agreed with the chairman regarding the use of
simple models—simple enough to enable one to perform sensitivity studies,
parameter variation studies, and bounding studies; in essence, to understand
the effects of assumptions on results. A second point was made concerning the
need to account for nonlinear behavior by as simple a modifier as possible.
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Mr. P. D. Smith posed a question to the audience concerning variability
in expected response of structure and piping systems (subsystems): What
uncertainty should we expect in the seismic response of structures and
subsystems when subjected to earthquakes of a specified peak acceleration?
Mr. Smith cited the recorded data at the Chiba Field Station in Japan and
report by Professor Shibata which shows response variability described by
coefficients of variation of 0.3 - 0.7. To his knowledge and others he has
interacted with, this is the only source of data to quantify response
uncertainty.

Mr. Hadjian suggested these values may be too high and a result of
normalization by peak acceleration. Mr. Smith asked what parameter would be
better. Mr. Hadjian suggested some measure of energy. Mr. Kennedy and Mr.
Johnson pointed out in current seismic risk methodology a normalization to the
seismic hazard parameter (normally peak acceleration or effective peak
acceleration) is necessary. The chairman also suggested these COVs may be too
large. However, no data was identified which would contradict Mr. Smith's
premise and interpretation of the Chiba Field Station recordings.

Mr. Hadjian supported the point of needing a better deterministic
understanding of the phenomena. He cited the technological success of the
space program as an example of the resources possible to address the
problems. Mr. Johnson pointed out that in the space program, a large amount
of sophisticated analysis was performed on the space vehicles, control
systems, etc. In fact, independent analysis by separate organizations were
performed, cross-checked, and validated by tests. The main point being that
models and analysis procedures were validated against tests which is not
currently done in the nuclear power industry except in Japan. Also, the space
environment may be less complex than describing the source mechanics of the
earthquake, travel path, etc.

Professor Pinto introduced a number of issues. He agreed in principle
with the use of simple models. However, he suggested that it is necessary to
concentrate on the evaluation of structural strength including the benefits of
nonlinear behavior. Other points for audience consideration were: damping
which may not be important for prediction of overall behavior but may be
essential for localized and component behavior; floor response spectra, which
he observed to be poorly treated especially for impact loads; nonlinear
behavior of structures; and collapse criteria for reinforced concrete
structures. These topics are timely and suggested for further discussion and
research.

Considerable discussion was devoted to the use of complicated vs. simple
analysis procedures and models. Mr. M. Hintergraeber raised saveral questons
concerning the appropriateness of using sophisticated procedures when it has
not been clearly demonstrated that increased sophistication yields closer
predictions to reality. He cited the need for sensitivity studies to define
parameters which have significant influence on the results. He also
emphasized his opinion that simple models are adequate to obtain our
objectives. In his opinion, the results of SSMRP sensitivity studies, i.e.,
optimistic vs. pessimistic assumptions, supports the adequacy of simpler
models.

A discussion of SSMRP detailed modeling proceeded with Mr. Smith
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explaining that detailed models were used for many objectives not simply
estimating seismic risk. Mr. Johnson emphasized that many decisions made
relative to simpler PRA studies are being validated or, in some cases,
invalidated by the detailed SSMRP effort. The question of the large
variability in the input parameters to the SSMRP seismic response calculations
was once again addressed. Mr. Smith recounted the solicitation of opinions
from all experts who would contribute to arrive at the assumptions. Also, he
again posed the question of the appropriateness of the Chiba Field Station
data to be representative of random uncertainty. No other data was identified
by the audience.

Mr. Costes and others made the strong point of using sophisticated
methods and models to validate simpler procedures for design. In conjunction
was the discussion, Professor Shibata emphasized the need to coordinate test
results with analytical predictions to validate sophisticated and simpler
models.

Mr. Mizumachi described the testing which is being performed in Japan on
finished structures. Such tests, although low amplitude, provide invaluable
information. A general consensus existed on support for and the importance of
this work. It was hoped that others would follow in the Japanese approach.

Several people emphasized the importance of not losing sight of the
global picture. Recognize that the field does not correspond exactly to the
models.

The chairman concluded, that there is in the audience a broad agreement,
to provide for the design of simple models, which include all main physical
parameters. These models must be checked by tests and sophisticated
analytical calculations. Benchmark tests, which provide the behavior of
structures, structural elements and equipment up to their failure should be
created and used internationally.
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Paper 4
Response Margins of the Dynamic Analysis of Piping Systems:

Best Estimate vs Evaluation Method
J. J. Johnson, B. J. Benda, T. Y. Chuang, P. D. Smith

(United States)

The seismic response of spatially distributed systems like piping is
frequently separated into two parts—inertial response and pseudostatic
response due to the relative motions of the system supports. Various
procedures have been developed to calculate each portion of the response
separately; individual results are then superimposed by a rule of
combination. In the present paper, a comparison of best estimate calculated
inertial response with inertial response calculated by a design procedure is
made. The best estimate calculations were probabilistic and comparisons of
median level best estimate responses with design calculated values were
presented. Large conservatisms were observed for the three piping systems
analyzed.

Paper 16
Seismic Fragilities for Nuclear Power Plant Risk Studies

R. P. Kennedy, M. K. Ravindra
(United States)

Seismic fragilities of critical structures and equipment are developed as
families of conditional failure frequency curves plotted against peak ground
acceleration. The procedure is based on available data combined with
judicious extrapolation of design information on plant structures and
equipment. Representative values of fragility parameters for typical modern
nuclear power plants are provided. Based on the fragility evaluation for
about a dozen nuclear power plants, it is proposed that unnecessary
conservatism existing in current seismic design practice could be removed by
properly accounting for inelastic energy absorption capabilities of
structures. The paper discusses the key contributors to seismic risk and the
significance of possible correlation between component failures and potential
design and construction errors.
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Paper 18
New Data on the Performance of Power Plant Units

in Strong Earthquakes
P. I. Yanev, S. W. Swan

(United States)

This on-going study has surveyed the effects of recent strong motion
earthquakes on 24 power plant units located in California. The performance of
about 3,000 items of equipment was reviewed. It was found that none of these
items which were properly anchored suffered damage due to earthquake induced
loads. It is concluded that most of the equipment of the types reviewed, when
anchored, is not susceptible to earthquake damage. This experience data needs
to be incorporated in PRAs.

Paper 12
Projects for Preparation of Seismic Codes and

their Verification Tests
Y. Ibe
(Japan)

The Institute of Nuclear Safety of Japan is preparing the SAN series of
computer codes, independent of the codes which are used for the design, in
order to allow verifications. These SAN codes concern the ground seismic
motion, the axisymmetric static or dynamic problems, the static 3D problems,
the 2D soil structure interactions, the general 3D dynamic problems, and the
piping. Very important tests have been launched, both to validate these new
codes and for enlightening special problems:

• tests on containments and internal structures, at scales 1/20 and
1/10 for PWRs and 1/30 for BWRs, where the forces are statically
applied to the floors; further tests are planned at the scale 1/3.

Paper 21
Seismic Reliability of Non-Linear Structures

R. Giannini, C. Nuti, P. E. Pinto
(Italy)

The study intended to explore the ^sibility of extending to non-linear
dynamic systems the advanced level II procedures, in the evaluation of the
probability of failure, P p

The seismic input is given as a random process of given PSD. No
restriction exists on the structure to be examined. This is comprised by
structural elements, some parameters of which are taken as random variables, X
of given FX(X). The Pf is obtained, as in any level II methods, as P* = <j>(-g)
where<j>(-)is the normal standard distribution and 3 is the minimum distance from
the origin of the failure surface, the space of normal standard variables.

The failure surface , in such a problem, can seldom be written in
explicit mathematical form, so that points in S can be obtained performing
numerical runs in which different values of the parameters are considered the
assigned direction a until collapse and non-collapse are divided by a little



difference A3. An example problem is included in which Pf is obtained for
three nonlinear oscillators in parallel.
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RESPONSE MARGINS OP THE DYNAMIC
ANALYSIS OF PIPING SYSTEMS:

BEST ESTIMATE VS. EVALUATION METHOD

J. J. Johnson
B. J. Benda

Structural Mechanics Associates

T. Y. Chuang
P. D. Smith

Lawrence Livermore National Laboratory

ABSTRACT

The seismic response of piping systems is frequently
separated into two parts — the inertial response and the
pseudostatic response. Various analysis procedures have been
developed to calculate each portion of the response separately.
The analysis procedures used are frequently simplified and, in
so doing, introduce significant conservatism. Conservatism in
the US NRC SRP response spectrum analysis methodology is
quantified here as measured against a multi-support time history
analysis procedure. Also, best estimate piping system responses
are compared to design values which is valuable to seismic PRA
applications.
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1 . INTRODUCTION

The seismic response of spatially distributed systems
like piping is frequently separated into two parts — the
inertial response and the pseudo-static response due to the
relative motions of the system supports. Various analysis
procedures have been developed to calculate each portion of the
response separately. In its Standard Review Plan (SRP) C1], the
US Nuclear Regulatory Commission (NRC) prescribes acceptable
methods to be used in the analysis of multiply-supported
equipment and components with distinct inputs. One approach is
to calculate the inertial response by the response spectrum
analysis method, using as input envelopes of support motions in
each of three orthogonal directions (two horizontal and the
vertical). Response due to the relative displacements of the
supports is obtained from a static analysis by imposing support
displacements on the piping system in the most unfavorable
combination. A second approach prescribed by the SRP to
determine total pipe response states that time histories of
support motions may be used to excite the subsystems. However,
due to the increased analytical effort of this second approach
and the increased coordination that must exist between the
analyst of the primary structure and the analyst of the
subsystems, multisupport time history analyses are seldom
performed.

It is generally recognized that the simpler response
spectrum approach introduces conservatism or margin into the
analysis, i.e. trading calculational margin for simplicity.
These margins result, among other reasons, from regulatory
guidelines which dictate the manner in which input spectra are
broadened and enveloped [2], specify conservative damping values
[3], and define the procedure for combining modal components of
response [4]. The amount of margin associated with the simpler
SRP approach measured relative to time history analyses was
investigated in the present study.

Two different types of piping analyses were performed.
The first was based on the multisupport time history analysis
procedure used in the US NRC's Seismic Safety Margins Research
Program (SSMRP) [5]. The method employed the best approximation
to the seismicity, soil properties, structure and piping dynamic
characteristics and explicitly included uncertainty in their
definition. This analysis is denoted "best estimate." The
second analysis method employed the SRP response spectrum
approach.

Within the time history analysis, three components of
response - inertial, pseudostatic, and total- were calculated.
The SRP response spectrum method was used to calculate inertial
response. Hence, direct comparison of inertial responses
calculated by best estimate time history analysis and response
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spectrum analysis is made herein. Response margins associated
with the SRP response spectrum method are determined by the
ratio of the SRP response to the best estimate response values.
Displacements, accelerations, and forces and moments were
compared.

2. DESCRIPTION OF STRUCTURES AND PIPING SYSTEMS

The Zion nuclear power plant, Zion, Illinois, was the
subject of the analyses conducted. Two structures, the
containment building and the auxiliary-fuel handling-turbine
(AFT) building complex, house the piping systems of interest in
this study. These structures were combined with soil models in
a soil-structure interaction analysis to obtain the support
motions input to the piping systems. Models for all the
structures and piping systems analyzed here were origdnally
developed for the SSMRP [6], [73.

Three piping models were considered in the study - one
modeling a portion of the auxiliary feedwater system (AFW), one
modeling a portion of the residual heat removal (RHR) and safety
injection system, and a model of the reactor coolant loops
(RCL). Some parameters indicating the characteristics of the
models are given in Table 1 . It can be seen that the size and
complexity of the piping systems varies substantially. The RHR
is the smallest and least complex in terms of modes and number
of supports. The RCL is the largest and most complex of the
three, whereas the AFW lies in between. The AFW and RCL models
are housed entirely in the containment building. The RHR model,
as mentioned above, resides principally in the AFT complex. In
all cases, the number of modes included in the analysis was
sufficient to obtain a frequency of 33Hz. or above.

Response was determined at selected nodes and elements
for each piping system model. Location of the response points
were areas where we anticipated peak stresses - at elbows,
reducers and support. Nodal accelerations, reactions in support
elements, and resultant pipe element bending moments were
calculated. Resultant moments were defined by the amplitude of
the vector sum of the two orthogonal bending moments and the
torsional moment. For the AFW model, fifty acceleration
components and fifty-one element forces/moments were determined;
for the RHR model, twenty-eight accelerations and thirty-seven
forces/moments; for the RCL model, fifty-one accelerations and
210 forces/moments.

3. METHODS OF ANALYSIS AND ANALYSES PERFORMED

As this study compares the results of different piping
analysis methodologies, an understanding of the mechanics of
these methods is essential to appreciate the differences in the
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results and to understand the conclusions that are drawn
concerning these differences. In this section v/e give detailed
descriptions of the time history and response spectrum analysis
methods and of the piping system analyses conducted with these
methods.

3.1 Multi-Support Time History Analysis

The muti-support time history analysis procedure used
in this study was developed for the SSMRP [5]. The computer
program SMACS embodies the methodology used in the SSMRP to
calculate both the seismic response of structures and subsystems
and the variation in these responses. SMACS performs time
history analysis linking seismic input with the calculation of
soil-structure interaction (SSI), major structure response and
subsystem response. The seismic input is defined by an ensemble
of acceleration time histories in three orthogonal directions
(two horizontal and a vertical) on the surface of the soil. SSI
and detailed structure response are determined simultaneously
using the substructure approach. Piping systems are analyzed
using the pseudostatic mode method assuming independent piping
support motions obtained from the detailed structural response
analyses.

The modus operandi of SMACS is to perform repeated
deterministic analyses, each analysis simulating an earthquake
occurrence. By performing many such analyses and by varying the
values of several input parameters, we are able to account for
the uncertainty inherent in any deterministic analysis.
Uncertainty was explicitly considered in each step of the
seismic methodology chain. Variability in the seismic input is
included by sampling to obtain a different set of earthquake
time histories for each simulation. Variability in the
soil-structure-subsystem behavior is introduced for each
simulation by sampling values of the input parameters (soil
shear modulus and damping, and structure and subsystem frequency
and damping) from assumed probability distributions according to
a Latin hypercube experimental design [5]. This design
efficiently spans the parameter spaces.

To perform a best estimate time history analysis with
the SMACS code, the following information must be assembled:

o Ensemble of free-field acceleration time histories
which represent variability in the seismic input.

o Bep'c estimate SSI, structure, and piping models.

o Input parameter variations (soil shear modulus and
material damping; and structure, and piping
frequency and damping) in the form of probability
distributions

o Experimental design
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Following is a brief discussion of each aspect of input

Free-field motion. An ensemble of ninety sets of three
components of acceleration time histories (two
horizontal and the vertical) defined the seismic input.
This set of earthquakes reflects the seismicity of the
Zion site but does not explicitly include local site
effects. The peak horizontal acceleration is the
parameter of each earthquake which corresponds to the
seismic hazard curve. It is randomly aligned in the
two horizontal directions for each of the ninety
earthquakes. The median peak horizontal acceleration
for the ninety earthquakes is 0.18g; the range of peak
horizontal acceleration is from 0.15g to 0.30g. The
median peak vertical acceleration is 0.08g. This
ensemble of earthquakes is the best estimate seismic
hazard corresponding to a safe shutdown earthquake
(SSE) of O.i8g peak horizontal acceleration. Figure 1
shows the mean and the mean-plus-one-standard deviation
response spectra, for 5% damping, generated for the
three components of input motion; X and Y denote
horizontal components, Z denotes vertical. The
coefficient of variation (COV) of the peak and spectral
accelerations ranged from 0.25 to 0.45 depending on the
component and frequency range of interest.

Best estimate models. SSI, structure, and subsystem
models used in this study were originally developed for
the SSMRP and are discussed in detail in Refs. 6 and 7.
Two aspects of the model development are highlighted
here. First, SSI, structure, and subsystem models were
developed based on actual material data rather than
design values. Second, excitation dependent
parameters, e.g. soil shear modulus, soil material
damping, and structure and subsystem damping, were
selected to correspond to stress levels developed in
the respective media due to the range of excitations
considered. Preliminary calculations of the response
of structures and subsystems indicated low stress
levels in the structures and piping systems.
Consequently, nominal damping ratios shown in Table 2
were used in the analysis. Soil properties
corresponding to a free-field excitation of 0.i8g peak
acceleration were used.

Input parameter variations. As discussed earlier,
uncertainties in seismic input, SSI, structure
response, and subsystem response are treated explicitly
in the SMACS response calculations. A limited number
of input parameters are used to incorporate
uncertainty: in the seismic input, an ensemble of time
histories; in SSI, the mechanism to include variability
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is soil shear modulus and material damping in the soil;
in structures and subsystems, variations in frequencies
and modal damping are the mechanisms. In seismic risk
and probabilistic response analyses, it is helpful to
distinguish between two types of uncertainty — random
uncertainty and modeling uncertainty. Random
uncertainty is fundamental to the phenomenon being
represented. It is also irreducible given present
state-of-the-art understanding and modeling of the
phenomenon. Modeling uncertainty reflects incomplete
knowledge of the model itself. Modeling uncertainty,
in many cases, can be reduced within present limits of
the state-of-the-art by improved analytical models,
tests, etc. The combination of random and modeling
uncertainty yields total uncertainty. For the present
study, variability in input parameters was selected to
represent total uncertainty and assumed minimal
knowledge of the Zion facility. This fact is important
to interpretation of the response comparisons shown
later. Assuming total uncertainty on the input
parameters yields larger dispersion in calculated
responses. Hence, when comparing best estimate
responses at a specified nonexceedance probability with
SRP calculated values, the calculated conservatism will
be a lower bound. Variability in the input parameters
is described by assumed lognormal distributions. Table
3 tabulates the coefficients of variation (COVs) used
in the present study.

Experimental design. The SMACS analysis used a Latin
hypercube experimental design to efficiently sample the
parameter spaces for a limited number of simulations.
For our best estimate analysis, 90 earthquake
simulations were performed. Hence, 90 sets of three
components of motion (270 time histories) were
selected. Next, the distribution of each variable
input parameter was divided into 90 equal-probability
intervals. A value was randomly selected from each
interval, and the 90 values for each variable were
rearranged randomly. The 90 sets of time histories and
the permuted values of the variable parameters were
then grouped to give 90 combinations of input values
for the dynamic analyses. Therefore, in a series of 90
analyses, each time history set is used once, and a
parameter value was selected once from each of the 90
intervals in each of the parameter distributions. The
set of 90 input combinations is called a Latin
hypercube sampling set.

The 90 "best estimate" analyses performed gave 90
values for every piping system response request. In addition to
the total response values, for each request, the inertial and
pseudostatic components of response were also calculated.
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Figure 2 shows the distribution of the total response for a
typical component as given by the 90 analyses. Prom such a
curve, response values corresponding to the median (50th
percentile) or other non-exceedence probability values can be
determined.

3.2 US NRC SRP Response Spectrum Analysis

In the US NRC Standard Review Plan (SRP) [1] Sec.
3.9'2, acceptable methods for the analysis of multiply supported
equipment and components subjected to distinct input motions are
specified. As discussed previously, response is often separated
into two parts — the inertial response and the pseudostatic
response. One acceptable and frequently used approach is to
calculate the inertial response by a response spectrum analysis.
The pseudostatic response is obtained by imposing support
displacements on the piping system in the most unfavorable
combination and performing a static analysis.

In' this study, the inertial component of response for
the "SRP" results was determined using the response spectrum
method. The calculational process proceeded as follows. Three
sets of acceleration time histories, each set composed of a
vertical and two horizontal components, defined the seismic
input. Each set was generated to meet the requirements of the
US NRC Regulatory Guide 1.60. The data was obtained from the
nuclear industry. The three components of motion were scaled
such that the two horizontal components had equal peak
accelerations of 0.18g and the vertical component had a peak
acceleration of 0.12g. The three components for each time
history set were verified to be statistically independent, in
correlation coefficients less than 0.16. SSI and structure
response calculations were performed for each of the three
earthquakes. No variability was included in the SSI or
structure response; all input parameter values were held at
their nominal values. Response spectra were generated at
structure node points supporting the AFW, RHR, and RCL piping
systems; each earthquake defined a unique set of support point
response spectra. These raw response spectra were broadened in
accordance with US NRC Regulatory Guide 1.122. After
broadening, response spectra corresponding to the piping system
support points were grouped according to component direction (X,
Y, or Z) . For each direction, an enveloped spectra was
generated which defined the input for the subsequent response
spectrum analysis.

Three response spectrum analyses were performed for
each piping system — one for each earthquake. For each
analysis, modal and directional combination rules defined in the
NRC Regulatory Guide 1.92 were followed. The "grouping method"
for m o d a l c o m b i n a t i o n w a s e m p l o y e d , w h i l e the
square-root-of-the-sum-of-the-squares (SRSS) rule was applied
for directional combination. Displacements, accelerations,
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forces, and moments were calculated. The inertial component of
these response quantities for the SRP method was defined as the
average of the results given by the three analyses to minimize
variations due to time history characteristics.

4. NUMERICAL RESULTS AND INTERPRETATION

The principal results are presented herein as
comparisons of responses calculated by the best estimate time
history analysis method and by the SRP response technique. For
the time history method, multiple analyses were performed. The
inertial component values corresponding to nonexceedance
probabilities (NEP) of 50$ and 84# were defined for comparison
purposes. Inertial response associated with the SRP method is
defined by the average results of the three response spectrum
analyses described in the previous section.

For the inertial component of response, we made the
following comparisons:

o SRP method vs. best estimate 50$ NEP response.
The best estimate 50$ NEP response is the median
level response to be expected conditional on an
earthquake with peak acceleration of 0.18g. This
median level response, the variability of
response, and correlation of response conditional
on the occurrence of an earthquake of specified
peak ground acceleration (PGA) are the essential
seismic response quantities for a probabilistic
risk analysis (PRA). The ratio between the
response calculated by the SRP method and the best
estimate 50$ NEP response is a measure of margin
that must be removed from the SRP results if used
to approximate the median best estimate values.

o SRP method vs. best estimate 84$ NEP response.
The best estimate analysis procedure explicitly
accounts for uncertainty in definition of the
seismic input and in the system characteristics
(properties and behavior of the soil, structures,
and piping system) in a probabilistic fashion. A
distribution of responses is calculated and a
design goal based on a specified NEP response can
be established [8]. In this study the 84^ NEP
response is targeted to be a design goal. Once
this is established, design quantities such as
piping system accelerations, support forces, and
pipe moments can then be determined from the time
history analysis. The SRP method recognizes that
uncertainties exist and treats them in a
conservative, but unquantified, manner e.g. peak
broadening of response spectra. A comparison of
response calculated by the SRP method with best
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e s t i m a t e 84# NEP va lues i s a measure of
calculational margin introduced by the SRP method
compared to an alternative design philosophy.

Inertial response comparisons are presented in two
f o rms:

o Figures which display ratios of response for
individual node or element locations grouped
according to type of response (e.g. displacements,
accelerations, support forces, and piping
moments).

o Tables that summarize the results and present
statistics of the ratios for each piping system
and each type of response.

The response quantities of most interest are
accelerations, support forces, and piping moments. These enter
directly into qualification or fragility assessment of valves
and design or fragility assessment of piping and its supports.
Displacements were also calculated for the RHR and AFW models
and have been included for completeness.

4.1 SRP Method vs. Best Estimate 50$ NEP.

Figures 3a, b, and c show ratios of inertial response
calculated by the SRP method vs. best estimate time history
analysis methods at the 50$ NEP for the RHR, AFW, and RCI piping
systems respectively. The figures are valuable in demonstrating
both the variability in the ratios of response and the range of
values. For example, consider the extreme case of Fig. 3c.
Acceleration ratios of the RCL model for three locations range
between 80 and 85• Table 4 summarizes the results in
statistical form. The median ratios of response range from 3«3
to 3.8 for the RHR, 7.5 to 8.1 for the AFW, and 11.6 to 16.9 for
the RCL. Therefore, if one were estimating median level
responses, conditional on the occurrence of an earthquake of
peak acceleration of 0.18g, given values calculated by the SRP
method, median reduction factors ranging from 3«3 to 16.9
depending on the piping system and response quantity of interest
would need to be applied.

Some observations can be made from this case which
apply in general. Recall from Table 1 the key characteristics
of the piping systems. The RHR is the smallest and least
complex model - 21 independent support motions and 18 modes.
The AFW is next in complexity - 45 independent support motions
and 36 modes. The RCL has 127 independent support motions and
130 modes. We see from Fig. 3 and Table 4 that the ratios of
response or calculational margin increase with complexity of the
piping system. Variability in these ratios also increases with
complexity of the piping system. The variability in ratios for



-336-

piping moments is consistently less than the variability in
ratios for other response quantities. This is due in large
measure to the piping moments being vector sum quantities
whereas other quantities are scalar measures.
4.2 SRP Method vs. Best Estimate 84# NEP.

Figures 4a, b, and c show ratios of inertial response
calculated by the SRP method vs. best estimate time history
analysis methods at the 84# NEP for the RHR, AFW, and RCL piping
systems respectively. Variability in the ratios is again
graphically demonstrated by the plots. Extremes exist as
before. Table 5 summarizes the results in statistical form.
The median ratios of response range from 0.9 to 2.4 for the RHR,
2.1 to 4.9 for the APW, and 6.6 to 9«4 for the RCL. The ratios
of displacement response are, in each case, the low values.
Displacements, even though they are scalars, appear to be less
sensitive to variations in seismic input and system parameters;
hence, lower coefficients of variation and consequently lower
84$ NEP values. Although interesting, this does not have a
particularly important impact on design since displacements
themselves are generally not design quantities.

One can interpret these ratios in the context of a
design goal. If the goal of the SRP analysis methodology was to
produce design quantities at the 84$ NEP, conditional on the
occurrence of an earthquake with specified peak acceleration, it
has exceeded the goal for the three piping systems studied here.
In fact, in some cases, it has exceeded the goal by very large
amounts. The fact that these ratios tend to be lower bounds,
increases the significance of the result.

Ratios presented here are lower bounds for a number of
reasons. Variability in the input parameters for the time
history analysis was selected to represent total uncertainty
assuming minimal knowledge of the system. Large variability in
input parameters leads to large variability in piping system
responses and consequently upper bound 84$ NEP values.
Consistency in the SSI and structure models minimized the
conservatism which is normally introduced by the SRP structure
analysis procedure, e.g. considering three sets of soil
properties and enveloping the results, location of the control
point, etc. Doing so would have introduced additional
conservatism in the responses calculated by the SRP methodology.
Finally, nominal values of the input parameters, in particular
structure and piping system damping, were conservative.

5. CONCLUSIONS

Quantifying the calculational margin associated with a
commonly used design analysis approach relative to time history
analysis methods was investigated in this study. Several
observations regarding the amount and variation of margin
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associated with the design approach - the SRP response spectrum
method - can be made. Large conservatisms result from the
analysis of piping systems by the SRP procedures. Despite
representing lower bounds, ratios of response calculated by SRP
methods versus median and 84# NEP time history values are large.
For several reasons, these ratios represent lower bounds.
First, not all aspects of the SRP methodology were included in
calculating SRP responses. The approach to SSI and structure
response for both the best estimate and SRP methods were similar
except for treatment of uncertainties. Applying the SRP
methodology to the SSI and structure response calculational
elements would lead to higher response. Second, the best
estimate response values were biased high due to the large
variability in input parameters and conservative nominal
parameter values for structure and piping system damping.

We found that calculational margins vary both within a
piping system and from system to system. Within a system, the
greatest variability occurs for accelerations, the least for
vector-summed piping moments. Accelerations were compared at
the directional component level, and a reduction in variability
would be expected if vector-summed values were compared. From
system to system, factors of conservatism increase with
increased complexity of the piping system. In particular, for
systems having many supports, each with significantly different
input, large calculational margins result from the SRP
enveloping process.

In this study we have quantified the conservatism or
calculational margin in the SRP response spectrum analysis
procedure. The results lead to the following conclusions:

o Estimating median level best estimate response
conditional on specified peak ground accelerations
from design values calculated by the SRP
methodology will require large reduction factors.
Estimating median response in this manner is a key
element of a seismic probabilistic risk analysis.

o Considering the best estimate 84$ NEP response as
a design goal, the SRP methodology has greatly
exceeded this goal for the three piping systems
studied here. The fact that the calculated
response ratios tend to be lower bounds increases
the significance of this result.
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TABLE 1. Parameters of the Subsystem Models.

No. of No. of
Piping No. of No., of support modes
system nodes equations motions considered

Fundamental
frequency (Hz)

AFW-1A 263.0

RHR/SI-1 96.0

RCL 760.0

945.0 45.0

423.0 21.0

2941.0 127.0

36.0

18.0

130.0

2.9

3.9

1.4

Containment
shell

.02

Parameter

TABLE 2. Nominal

Internal
structure

.02

TABLE 3. Coefficients
Parameters for the

Modal Damping

AFT
complex

.02

Ratios.

Piping
systems

.02

of Variation (COVs) of Input
Best Estimate Analysis.

COV

Soil shear modulus
Soil damping
Structure frequency
Structure damping
Subsystem frequency
Subsystem damping

0.7
1.0
0.5
0.7
0.5
0.7



TABLE 4. Ratio of inertial responses—SRP method vs. best estimate (50% NEP),

RHR

Accelerations
Displacements
Support forces
Piping moments

Number of
components

28.0
51.0
15.0
22.0

Median
ratio

3.4
3.4
3.3
3.8

COV

0.26
0.24
0.20
0.18

AFW

Accelerations
Displacements
Support forces
Piping moments

50.0
63.0
28.0
23.0

7.5
7.5
8.1
8.0

0.51
0.41
0.44
0.20

RCL

Accelerations
Support forces
Piping moments

51.0
92.0

118.0

13.5
11.6
16.9

1.39
0.61
0.50



TABLE 5. Ratio of inertial responses--SRP method vs. best estimate (84% NEP),

RHR

Accelerations
Displacements
Support forces
Piping moments

Number of
components

28.0
51.0
15.0
22.0

Median
Ratio

2.2
0.9
2.0
2.4

COV

0.24
0.18
0.17
0.16

AFW

Accelerations
Displacements
Support forces
Piping moments

50.0
63.0
28.0
23.0

4.7
2.1
4.9
4.7

0.48
0.40
0.40
0.24

RCL

Accelerations
Support forces
Piping moments

51.0
92.0

118.0

7.6
6.6
9.4

1.31
0.59
0.49

i
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4



-342-

3

FREQUENCY

san

san + Standard
Deviation

Figure la. Mean and Mean-Plus-One-Standard-
Deviation Response Spectra of the Best Estimate
Free-Field Motion - X-Direction.
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Figure 1b. Mean and Mean-Plus-One-Standard-
Deviation Response Spectra of the Best Estimate
Free-Field Motion - Y-Direction.
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Deviation Response Spectra of the Best Estimate
Free-Field Motion - Z-Direction.
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DISCUSSION ON PAPER 4

Wang, P. C.

In selecting 90 best estimate simulated earthquakes, what is the basis of
selecting these samples? What effect would there be if real earthquakes are
used for the best estimate sample earthquakes?

Johnson, J. J.

The 90 best estimate earthquakes were selected from a hazard analysis of
the Zion site as representative of the seismicity leading to a median peak
acceleration of 0.18 g. An ensemble of real earthquakes consistent with Zion
site seismicity should show similar results. The results are not strongly
dependent on the free-field motion but on the calculational process. Hence,
time history definition will not dominate the conclusions.

Smith, P. D.

The conservatisms in the piping systems when compared with the beginning
conservatisms in the spectra provides a measure of the conservatism in the SRP
methodology and is independent of time histories.

Hwang, H.

For best estimate, what is the reason to select the upper bound level of
PGA as 0.3 g?

Johnson, J. J.

The ensemble of earthquakes was selected consistent with the SSMRP
discretization of the seismic hazard curve.
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SEISMIC FRAGILITIES FOR NUCLFAR POWER PLANT RISK STUDIES

R. P. Kennedy and M. K. Ravindra
Structural Mechanics Associates, Inc.

Newport Beach, California U.S.A.

Abstract
Seismic fragilities of critical structures and equipment are developed as
families of conditional failure frequency curves plotted against peak ground
acceleration. The procedure is based on available data combined with judi-
cious extrapolation of design information on plant structures and equipment.
Representative values of fragility parameters for typical modern nuclear power
plants are provided. Based on the fragility evaluation for about a dozen
nuclear power plants, it is proposed that unnecessary conservatism existing in
current seismic design practice could be removed by properly accounting for
inelastic energy absorption capabilities of structures. The paper discusses
the key contributors to seismic risk and the significance of possible corre-
lation between component failures and potential design and construction errors.
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In the last four years, a number of utility-sponsored probabilistic
risk assessment (PRA) studies on nuclear power plants have been conducted.
These studies have accentuated the contribution of seismic events to the
plant risk. The major reasons for this contribution are: 1) the unique
ability of an earthquake to initiate an accident and simultaneously fail a
number of otherwise redundant components required for mitigating the
accident, and 2) the generally large uncertainties associated with the occur-
rence of large earthquakes and with fragilities of structural and mechanical
components.

The objectives of seismic risk analysis are to estimate the
frequencies of occurrence of earthquake-induced accidents that may lead to
different levels of damage (e.g., early deaths, latent cancer fatalities and
property damage) and to identify the key risk contributors so that necessary
risk reductions may be achieved, "uie elements of a seismic risk analysis can
be identified as analyses of (1) the seismic hazard at the site, (2) the
responses of plant systems and structures, (3) component fragilities,
(4) plant systems and accident sequences, and (5) consequences, and are
depicted in Figure 1. In hazard analysis, the frequencies of exceedence of
different levels of earthquake ground motion are calculated taking into
consideration the presence of active faults and seismotectonic provinces
around the site, and the earthquake history of the region. These frequencies
are presented in the form of a hazard curve. The uncertainties in the seismic
hazard parameter values and in the mathematical model of the hazard are repre-
sented by developing a family of hazard curves; a probability is assigned to
each curve. In the response analysis, the responses of plant systems and
structures for a specified seismic input are calculated. The responses of
interest could be spectral acceleration, moment, stress, and deflection at
selected structural, piping, and equipment locations. In the evaluation of
fragility, the conditional frequencies of component (i.e., structure, motor,
pump, piping, valve, switchgear, etc.) failure for different values of the
response parameter are estimated.

The plant systems and accident sequence analysis is performed by
developing event trees and fault trees for the initiating events (e.g., large
LOCA, small LOCA, RPV rupture) caused by a seismic event of a particular
ground motion level. The component fragilities are used to compute the
frequencies of initiating events and the failure frequencies of mitigating
systems. The frequency of core melt or of radionuclide release for a given
release category is calculated using the event tree and fault tree logic and
by integrating over the entire range of earthquake ground motion. The result
of this analysis in the form of frequencies of release categories is input
into a consequence analysis model to estimate the frequencies of exceedence
of different levels of damage ("Risk Curves").

Recently, the Nuclear Regulatory Commission and the nuclear industry
jointly developed a procedures guide [1] for the performance of probabilistic
risk assessments of nuclear power plants. The procedures guide has described
two methods that are currently available for estimating seismic risks. The
first method was developed [2] and applied to estimate seismic risks at the
Zion Plant [3] and the Indian Point Plant [4]. This method is called herein
the "Zion Method." The second method was developed in an NRC-funded research



program at the Lawrence Livermore National Laboratory - the Seismic Safety -353-
Margins Research Program [5J - and is called herein the "The SSMRP Method."
The major difference between these methods is in the level of detail in the
seismic response analysis and the plant-system and accident-sequence analysis.
The interested reader may obtain further details of these methods from the
above cited references.

In estimating seismic risk, the PRA analyst faces two basic types of
variability. One is fundamental to the phenomenon being represented; the
other is incomplete knowledge about the representation of that fundamental
variability. In this paper, the word "frequency" is used when the inherent
randomness of variables and events is discussed, and "probability" is used to
refer to the uncertainty or current level of ignorance concerning the vari-
ables and events. In order to maintain the distinction and to treat both
kinds of variability consistently, the "probability-of-frequency" format
proposed by Kaplan and Garrick [6] is adopted in the discussion herein.

This paper discusses and illustrates a procedure for estimating the
seismic fragilities of structures, and mechanical and electrical equipment in
a nuclear power plant. Based on the experience gained in conducting fragility
evaluation for about a dozen PRA studies, guidelines are provided on appropri-
ate techniques, available sources of data, representative results, and key
contributors to seismic risk.

SEISMIC FRAGILITY

Seismic fragility of a structure or equipment is defined as the
conditional frequency of its failure for a given value of the seismic response
parameter (e.g., stress, moment, and spectral acceleration). Seismic fragili-
ties are needed in a PRA to estimate the frequencies of occurrence of initia-
ting events (i.e., large LOCA, small LOCA, RPV rupture) and the failure
frequencies of different mitigating systems (e.g., safety injection system,
residual heat removal system, and containment spray system). As described in
the PRA Procedures Guide [1], there are two approaches for evaluating the
seismic fragilities: 1) the Zion Method wherein the fragility is expressed
as a function of a global ground motion parameter (e.g., peak ground accelera-
tion), and 2) the SSMRP Method which defines the fragility in terms of a local
response parameter. Discussion in this paper is mostly concentrated on the
Zion Method since it includes the major aspects of the SSMRP method of
fragility definition and has been used extensively in commercial PRA studies.
A separate section later in this paper highlights some additional features of
the SSMRP Method.

The objective of fragility evaluation is to estimate the peak ground
motion acceleration value for which the seismic response of a given component
(i.e., structural element or equipment) located at a specified point in the
structure exceeds the component capacity resulting in its failure. Estimation
of this ground acceleration value - called the ground acceleration capacity
of the component - is accomplished using information on plant design bases,
responses calculated at the design analysis stage, and as-built dimensions
and material properties. Because there are many sources of variability in
the estimation of this ground acceleration capacity, the component fragility
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is described by means of a family of fragility curves; a probability value 1s
assigned to each curve to reflect the uncertainty in the fragility estimation
(Figure 2).

Major steps involved in developing seismic fragilities for PRA
studies are: selection of components, identification of failure modes, and
evaluation of ground acceleration capacity and its variability for each
component.

SELECTION OF COMPONENTS FOR FRAGILITY EVALUATION

Selection of components or systems for fragility evaluation is an
iterative process and calls for close interaction between the system analyst
and the structual analyst. First, the system analyst based on his knowledge
of the plant systems, has to provide a list of structures, systems and
components whose failure may lead to radiological consequences. He may be
guided in this selection by the accident sequences identified for the
internal events and by other published seismic risk studies (e.g., Diablo
Canyon, Zion, Indian Point, SSMRP, and Big Rock Point). For a typical
nuclear power plant, this list may include from about 100 up to 300 components
depending on the detail employed in the plant system and sequence analysis.
It may become necessary to group the equipment into generic categories for
purposes of fragility development. The structural analyst develops the
fragility curves for significant failure modes for each of these structures,
systems, and equipment. Based on the review of plant design criteria, stress
reports and equipment qualification reports, and as a result of walk-through
inspection of the plant, he may add and/ur delete certain components from the
list. In the process of developing fragility curves, he may identify compo-
nents which have low frequencies of failure even at extremely high ground
accelerations (e.g., 6 to 8 times SSE acceleration); for these components,
further refinements in the fragility evaluations in the form of detailed
response and capacity calculations and data collection may not significantly
influence seismic risk. Such refinements may be necessary for other compo-
nents which are calculated to have significant frequencies of failure at
values of ground acceleration in the "ange of 1.5 to 3.0 times the SSE
acceleration. The need for a detailed fragility evaluation finally rests on
the significance of the components in an accident sequence and the contribu-
tion of that sequence to the plant seismic risk. By this procedure, the
analysts have, in some PRA studies, reduced the number of major components in
the plant logic for seismic events to as low as 10.

A list of structures» piping, and mechanical and electrical equipment
for which seismic fragilities were evaluated in the Zion PRA study is given
in [7].

Failure Mod_es

The first step in generating fragility curves such as those in
Figure 2, is to develop a clear definition of what constitutes failure for
each of the safety-related components. This definition of failure must be
agreeable to both the structural analyst engaged in generating the fragility
curves and the systems analyst who must judge the consequences of failure of



a component in estimating the frequency of release. Several modes of failure ~355~
(each with a different consequence) may have to be considered and fragility
curves may have to be generated for each of these modes. As an example, a
motor actuated valve may fail in any of the following ways [2].

1. Failure of power or controls to the valve (generally related to
the seismic capacity of the cable trays, control room, and
emergency power). These failure modes are most easily handled
as failures of separate systems linked in series to the
equipment since they are not related to the specific piece of
equipment (i.e., motor actuated valve) and are common to all
active equipment.

2. Failure of the motor.

3. Binding of the valve due to distortion and thus failure to
operate.

4. Rupture of the pressure boundary.

It may be possible to identify the failure mode which is most likely
to be caused by the seismic event by reviewing the equipment design and to
consider only that mode. Otherwise, fragility curves are developed based on
the premise that the component could fail in any one of all potential failure
modes.

Identification of the credible modes of failure is largely based on
the analyst's experience and judgment. Review of plant design criteria, cal-
culated stress levels in relation to the allowable limits, qualification test
results, seismic fragility evaluation studies done on other plants, and
reported failures (in licensee event reports) including fragility tests is
useful in this task.

Piping, electrical, mechanical and electro-mechanical equipment
vital to the safety of a plant are considered to fail when they cannot
perform their designated functions. For piping, failure of the support
system and plastic collapse of the pressure boundary are considered to be the
dominant failure modes. Structures may be considered to fail functionally
when inelastic deformations of the structure under seismic load are estimated
to be sufficient to potentially interfere with the operability of safety-
related equipment attached to the structure, or fractured sufficiently so
that equipment attachments fail. These failure modes represent a conserva-
tive lower bound on the seismic capacity since a larger margin of safety
against collapse exists for a nuclear structure. However, a structural
failure has been generally assumed to result in failure of all safety-related
equipment or systems housed within the portion of the structure which has
been judged to fail, i.e., the structural failure mode results in a common
cause failure of multiple safety systems if they are housed in the same
structure. For example, the service water pumps in Zion were assumed to fail
when the crib house pump enclosure roof collapses.
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Failure modes of equipment examined may include structural failure

modes (e.g., bending, buckling of supports, anchor bolt pullout, etc.)»
functional failures (binding of valve, excessive deflection), and electric
relay trip and chatter.

Consideration should also be given to the potential for soil failures
modes; e.g., liquefaction, toe bearing pressure failure, base slab uplift,
and slope failures. For buried structures (i.e., piping and tanks), failure
due to lateral soil pressures may be an important mode. Failure of structures
or equipment by impact of another structure or equipment (e.g., crane) as a
result of a seismic event may also be a consideration. Seismically-induced
failures of dams, if present, resulting in either flooding or loss-of-cooling-
source should also be investigated.

Fragility Jfodel

The entire fragility family for a component corresponding to a parti-
cular failure mode can be expressed in terms of the best estimate of the
median ground acceleration capacity A and two random variables. Thus, the
ground acceleration capacity, A, is given by:

A = A eR ey (1)

in which £R and ej are random variables with unit medians. They represent,
respectively, the inherent randomness about the median and the uncertainty in
the median value. In this model, we assume that both ER and e(j are lognorm-
ally distributed with logarithmic standard deviations, 6D and B|j, respect-
ively. The formulation for fragility given by Equation l and the assumption
of lognormal distribution enable easy development of the family of fragility
curves appropriately representing their uncertainty. For the quantification
of fault trees in the plant system and sequence analysis, the uncertainty in
fragility needs to be expressed in terms of a range of failure frequencies
for a given ground acceleration. This is achieved as explained below.

With perfect knowledge (i.e., only accounting for the random
variability, e R ) , the conditional frequency of failure f0 for a given peak
ground acceleration level, a, is given by:

where $ (•) is the standard Gaussian cumulative distribution function.

The frequency of failure f at any non-exceedence probability level Q
can be derived as:

f =
an (a/A) +

(3)

where Q = P[f<f'|a] = probability that the conditional frequency of failure,
f, is less than f for a peak ground acceleration, a, and $~1(-) is the
inverse of the standard Gaussian cumulative distribution function. For



purposes of displaying the fragility curves, the non-exceedence probability ~357'
level Q is utilized. Subsequent computations are made easier by discretizing
the probability Q into values q^ associated with different values of failure
frequency f. A family of fragility curves each with an associated probability
q. is developed.

defined by:
In some applications, the composite variability 3r is used which is

The use of B C and A provides a single "best estimate" fragility curve which
does not explicitly separate out uncertainty from underlying randomness.

As an example, let the fragility parameters for a component be A =
0.73 g, SR = 0.30 and By " 0.28. Using Equation 2, the "best estimate" of
the conditional failure frequency for a peak ground acceleration of 0.50g is
calculated as 0.014; the conditional failure frequency at 95 percent non-
exceedence probability for a ground acceleration of 0.50g is calculated using
Equation 3 as 0.60. Using similar calculations, the fragility curves are
developed as shown in Figure 2.

In estimating the fragility parameters, it is convenient to work in
terms of an intermediate random variable called the factor of safety. The
fator of safety, F, on ground acceleration capacity above the safe shutdown
earthquake level specified for design, A S S E, is defined as follows:

A = F A S S E (5)

P _ Actual seismic capacity of component
Actual response due to SSE , Des-gn Response

(Actual Capacity ) ! Calculated Capacity I ) due to SSE
(Calculated Capacity) i Design Response due f ) Actual Response

1 to SSE ; \ due to SSE

For the sake of simplicity, F is written as:

P _ (Actual Capacity ( (Design Response due to SSE (
)Design Response duel ) Actual Response due to SSE (
1 to SSE ' <• ;

F = FC FRS
to SSE

The median factor of safety,vF, can be directly related to the
median ground acceleration capacity, A, as:

F = A/A S S E (7)

The logarithmic standard deviations of F representing inherent
randomness and uncertainty are identical with those for the ground accelera-
tion capacity A.
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For structures, the factor of safety can be modeled as the product
of three random variables:

F • W R S <8>
The strength factor, Fs, represents the ratio of ultimate strength (or
strength at loss-of-function) to the stress calculated for AssE* In calcu-
lating the value of F , the non-seismic portion of the total load acting on
the structure is subtracted from the strength as follows:

(9)

where S is the strength of the structural element for the specific failure
mode, PN is the normal operating load (i.e., dead load, operating temperature
load, etc.), and Pj is the total load on the structure (i.e., sum of the
seismic load for ASSE and tne normal operating load). For higher levels of
earthquake, other transients (e.g., SRV discharge, and turbine trip) may have
a high frequency of occurring simultaneously with the earthquake; the
definition of PN in such cases should be extended to include the loads from
these transients.

The inelastic energy absorption factor (ductility), Fy, accounts for
the fact that an earthquake represents a limited energy source and many
structures or equipment are capable of absorbing substantial amounts of energy
beyond yield without loss-of-function. A suggested method involves the use
of ductility modified response spectra to determine the deamplification effect
resulting from the inelastic energy dissipation [8]. The deamplification
factor is primarily a function of the ductility ratio v defined as the ratio
of maximum displacement to displacement at yield. More recent analyses [9]
have shown the deamplification factor to be a function of the system damping.
One might estimate a median value of y for low-rise concrete shear walls
(typical of auxiliary building walls) of 3 and 8, respectively. The corres-
ponding median Fv values would be 2.0 and 3.2. The variabilities in the
ductility ratio y are estimated as BR = 0.15 and $u = 0.45. The variabilities
in the inelastic absorption factor, Fy, are estimated as BR = 0.08 and 6u =
0.25 taking into account the uncertainty in the predicted relationship
between Fy, y and system damping.

The structure response factor, FRs» recognizes that in the design
analyses, the structural response was computed using specific (often conserva-
tive) deterministic response parameters for the structure. Because many of
these parameters are random (often with a wide variability) the actual
response may differ substantially from the design analyses calculated response
for a given peak ground acceleration level.

The structural response factor, FRS» is modeled as a product of
factors influencing the response variability.

FRS = FSA F6 FM FMC FEC FSD FSS
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FSA = structural shape factor representing the variability in
ground motion and the associated ground response spectra.

F,5 = damping factor representing the variability in response
due to difference in actual damping and design damping.

FM = modeling factor accounting for the uncertainty in response
due to modeling assumptions.

FMC = moc'e c o m b i n a t i ° n factor accounting for the variability in
response due to the method used in combining dynamic modes
of response.

FEC = earthquake component combination factor accounting for the
variability in response due to the method used in
combining the earthquake components.

Fcn = factor to reflect the reduction of seismic input with
SD depth.

Fss = factor to account for the effect of soil-structure
interaction.

The median and logarithmic standard deviation of F are expressed as:

F - FS K FSA F6 FM FMC FEC FSD Fss (11)

and

The logarithmic standard deviation 3p is further divided into randomv
variability, 3R, and uncertainty, 8(j. The median factor of safety, F, is
multiplied by the safe shutdown earthquake peak ground acceleration to obtain
the median ground acceleration capacity A.

Equipment

For equipment and other components, the factor of safety is made up
of three parts consisting of a capacity factor, Fr, a structure response
factor, FRS» and an equipment response (relative to the structure) factor,
FRE. Thus,

F = FC FRE FRS <i3>

The capacity factor FQ for the equipment is the ratio of the acceleration
level at which the equipment ceases to perform its intended function to the
seismic design level. This acceleration level could correspond to a breaker
tripping on a motor control center, excessive deflection of the control rod
drive tubes or a support failure or the steam generator. The capacity factor
for the equipment may be evaluated as the product of Fs and Fy. The strength
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a function of the failure mode. Equipment failures can be classified into
three categories:

a. Elastic functional failures
b. Brittle failures
c. Ductile failures

Elastic functional failures involve the loss of intended function while the
component is stressed below its yield point. Examples of this type of failure
include:

1. Elastic buckling in tank walls and component supports.
2. Chatter and trip in electrical components.
3. Excessive blade deflection in fans.
4. Shaft seizure in pumps.

The load level at which the functional failure occurs is considered to be the
strength of the component.

Brittle failures are defined as those failure modes which have
little or no system inelastic energy absorption capability. Examples are:

1. Anchor bolt failures.
2. Component support weld failures.
3. Shear pin failures.

Each of these failure modes has the ability to absorb some inelastic energy
on the component level, but the plastic zone is very localized and the system
ductility for an anchor bolt or a support weld is very small. The strength
of the component failing in a brittle mode is therefore calculated using the
ultimate strength of the material.

Ductile failure modes are those in which the structural system can
absorb a significant amount of energy through inelastic deformation.
Examples include:

1. Pressure boundary failure of piping.
2. Structural failure of cable trays and ducting.
3. Polar crane failure.

The strength of the component failing in a ductile mode is calculated using
the yield strength of the material for tensile loading. For flexural loading,
the strength is defined as the limit load or load to develop a plastic hinge.

The inelastic energy absorption factor, Fy , for an equipment is a
function of the ductility ratio, y. The median value Fy is considered to be
close to 1.0 for brittle and functional failure modes. For ductile failure
modes of equipment that respond in the amplified acceleration region of the
design spectrum (i.e., 2 to 8 Hz):
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p ) 1 / 2 (14)

where e is a random variable to reflect the error in Equation 14; e has a
median 1.0 and a logarithmic standard deviation, 3|j» ranging from 0.02 to 0.10
(increasing with the ductility ratio). For rigid equipment, Fp is given by
[9],

C - 0 - 1 3

F = £

Again, e is a random variable of median equal to 1.0 and logarithmic standard
deviation ranging from 0.02 to 0.10.

The median and logarithmic standard deviation of ductility ratios
for different equipment are calculated considering the recommendations of [8J
This reference gives a range of ductility ratios to be used for design. The
upper end of this range might be considered to represent approximately the
median value while the lower end of the range might be taken to be about two
logarithmic standard deviations below the median.

The equipment response factor, FR^, is the ratio of equipment
response calculated in the design to the realistic equipment response; both
the responses are calculated for the design floor spectra. FRE is the factor
of safety inherent in the computation of equipment response. It depends upon
the response characteristics of the equipment and is influenced by some of
the variables listed under Equation 10. These variables differ according to
the seismic qualification procedure. For equipment qualified by dynamic
analysis, the important variables that influence the equipment response and
its variability are:

1. Qualification Method (QM).

2. Spectral Shape (SA) - including the effects of peak broadening
and smoothing, and artificial time history generation.

3. Modeling (affects mode shape and frequency results) (M).

4. Damping (s).

5. Combination of modal responses (for response spectrum method)
(MC).

6. Combination of earthquake components (EC).

For rigid equipment qualified by static analysis, all variables except the
qualification method are not significant. The equipment response factor is
the ratio of the specified static coefficient divided by the zero period
acceleration of the floor level where the equipment is mounted. If the equip-
ment is flexible and was designed via the static coefficient method, the
dynamic characteristies of the equipment must be considered. This requires
estimating the fundamental frequency and damping, if the equipment responds
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predominantly in one mode. The equipment response factor is the ratio of the
static coefficient to the spectral acceleration at the equipment fundamental
frequency.

Where testing is conducted for seismic qualification, the response
factor must take into account:

1. Qualification Method (QM).

2. Spectral Shape (SA).

3. Boundary conditions in the test versus installation (BC).

4. Damping (6).

5. Spectral test method (sine beat, sine sweep, complex waveform,
etc.) (STM).

6. Multi-directional effects (MDE).

The overall equipment response factor is the product of factors of safety
corresponding to each of the variables identified above. The median and
logarithmic standard deviations for randomness and uncertainty are estimated
following Equations 11 and 12. A detailed discussion on the evaluation of
the individual factors of safety enumerated above is contained in [10J.

The structural response factor, FR$» is based on the response
characteristics of the structure at the location of component (equipment)
support. The variables pertinent to the stuctural response analyses used to
generate floor spectra for equipment design are the only variables of interest
relative to equipment fragility. Time history analyses using the same
structural models used to conduct structural response analysis for structural
design, are generally used to generate floor spectra. The applicable
variables are:

1. Spectral Shape.
2. Damping.
3. Modeling.
4. Soil-Structure Interaction.

For equipment whose seismic capacity level has been reached while the
structure is still within the elastic range, the structural response factors
should be calculated using the damping values corresponding to less than yield
conditions (e.g., about 5 percent median damping for reinforced concrete).
Note, the combination of earthquake components is not included in the
structural response since that variable is to be addressed for specific
equipment orientation in the treatment of equipment response.

Median F, and variability, SR and £5* estimates are made for each of
the parameters affecting capacity and response factors of safety. These
median and variability estimates are then combined using the properties of
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lognormal distribution in accordance,with Equations, 8, 10 and 13 to obtain
the overall median factor of safety F and variability, BR and &u» estimates
required to define the fragility curves for the structure or equipment.

For each variable affecting the factor of safety, the random R
and uncertainty (0(j) variabilities must be separately estimated. The differ-
entiation is somewhat judgmental but it can be based on some general guide-
lines. Essentially, SR represents the variability due to the randomness of
the earthquake characteristics for the same acceleration and to the structural
response parameters which relate to these characteristics. The dispersion
represented by By is due to such factors as:

1. Our lack of understanding of structural material properties
such as strength, inelastic energy absorption and damping.

2. Errors in calculated response due to use of approximate modeling
of the structure and inaccuracies in mass and stiffness repre-
sentations; and

3. Usage of engineering judgment in lieu of obtaining complete
plant-specific data on fragility levels of equipment,
capacities, and responses.

Table I summarizes the assignment of variability to randomness and
uncertainty for each of the key variables used in estimating the fragilities.

Fragility Cut-Off

Use of the lognormal distribution for estimating very low failure
frequencies of structures or equipment associated with the tails of the
distribution is considered.to be conservative because the low-frequency tails
of the lognormal distribution generally extend farther from the median than
actual structural resistance or response data might extend; such data
generally show cut-off limits beyond which there is essentially ^ero
frequency of occurrence. The degree of conservatism introduced into the
frequency of core melt or release is dependent not only on the conservatism
in the fragility description, but also on the seismic hazard description at
low seismic levels. If the seismic hazard for low seismic input levels is
large enough, it is apparent that very low-level earthquakes can govern the
seismic-induced core melt or release frequencies. This is considered
unrealistic for engineered structures and equipment found in nuclear power
plants. Structures and equipment are subjected to low-level dynamic loads
from a number of sources, including wind, on a repetitive basis, which have
never been knowr. to produce nuclear power plant structural failures.
Similarly, for low-level earthquakes, it is expected that below some
threshold, there is virtually no chance of failure due to seismic excita-
tion. Material strength data, for instance, normally does not fall to ^/ery
low values compared to the median value but, instead, normally exhibits some
lower bound. Other variables, such as damping, also indicate both lower and
upper bounds which are not zero or infinite. Extensive studies have been
conducted to develop response spectra from available earthquake records and
while dispersion exists about the median values, spectra with essentially
zero or infinite response do not occur [11]. For these, as well as other
variables contributing to the seismic fragility of a given structure or
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exist. Since the overall fragility curves are based on a combination of these
variables, it is expected that a threshold exists below which no failures
will occur. This is supported by experience. Although quantitative data is
lacking, this threshold value is expected to be at approximately minus two
lognormal standard deviations for the median curves using the "best estimate"
or composite fragility variability. The composite lognormal standard devia-
tion, &g, is used for the basis of the cut-off rather than randomness or
uncertainty since the composite value combines the effects of both
dispersions. However, it is also apparent that some variability should be
associated with the cut-off.

Essentially no data are available to establish the distribution of
this variability or its range. A lognormal distribution is, therefore,
assumed consistent with the majority of the other variables considered in the
PRA. The following approximation is recommended for establishing the cut-offs
for the various fragility curves:

The cut-off on the lower tail of the median (50 percentile) fragility
curve might be considered to be:

A c o = A exp [-2fjc]

where A c 0 is the cut-off on the median curve, and A is the median ground
acceleration capacity.

The cut-off for the lower tails of the other fragility curves might
be:

Aco = \:o exp [(xM1-65)]

where x is the ratio of the deviation from the median divided by the standard
deviation. For instance, for the median curve, x = 0; for the 25 percentile
curve, x = -0.67; and for the 5 percentile curve and below, x = -1.65.

Information Sources

For structures such as concrete shear walls, prestressed concrete
containment, steel frames, masonry walls, field-erected tanks, and buried
structures, the fragility parameters are generally estimated using plant-
specific information. For major passive equipment (e.g., reactor pressure
vessel, steam generator, reactor coolant pump, recirculation pump, major
vassels, heat exchangers, and major piping), it is preferable to develop
plant-specific fragilities using original design analysis. For other passive
equiment (e.g., piping and supports, cable trays and supports, HVAC ducting
and supports, conduit,and miscellaneous vessels and heat exchangers), it is
generally necessary to use generic fragilities because of the large
quantities of such equipment. For active equipment, use of a combination of
generic and plant-specific information is needed to develop fragilities.

Several sources of information are utilized in developing plant-
specific and generic fragilities for equipment. These sources include:
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1. Seismic Qualification Design Reports.
2. Seismic Qualification Test Reports.
3. Plant Safety Analysis Reports.
4. Seismic Qualification Review Team (SQRT) Submittals.
5. Seismic Qualification Report Summaries.
6. Past Earthquake Experience and Expert Opinion.
7. United States Corps of Engineers Shock Test Reports.
8. Specifications for the Seismic Design of Equipment.

The first five of these information sources are plant-specific; the remaining
three sources constitute generic data collected for similar types of
equipment.

Equipment fragility development is accomplished by grouping the
equipment into a number of categories. Further details may be found in [12].

Examples

Appendix I illustrates the procedure for developing the fragility
curves for a class of piping systems. The reader may also refer to L2]
for an illustration on low-rise reinforced concrete shear wall. The illus-
trations cover the use of plant-specific data and generic information.

REPRESENTATIVE FRAGILITIES FOR A MODERN PLANT

Reference [2] presented median factors of safety and variability for
representative structure and components of an older nuclear power plant.
Modern plant designs (initiated subsequent to 1973) have several sources of
increased conservatism in seismic response analyses so that the response
factors, FRS, presented in [2] are not representative for a modern plant.
Therefore, Table II is presented to update the fragility parameters presented
in f2] for a representative modern plant design. Obviously, the design
practices differ from plant-to-plant. Therefore, the quantitative values
presented should be considered representative of an "average" plant and
should be used with caution for any particular plant.

Current practice in seismic design can be summarized as follows.
Given the SSE peak ground acceleration, a conservatively biased (approxi-
mately mean plus one standard deviation response spectra) is anchored to this
peak acceleration. This input is used for deterministic, linear elastic
analysis with conservative specification of the parameters influencing
response. The results are compared to code allowable stress levels which are
anchored to conservatively specified minimum material strength parameters
(values for which there is generally less than a 5 percent probability that
actual material strength values might be lower) selected so as to achieve a
given deterministic factor of safety. This process introduces considerable
conservatism into the design beyond that already embodied into the specified
SSE peak ground acceleration. The median factor of safety represents the
ratio of the ground acceleration corresponding to a 50 percent frequency of
the onset of observable significant structural damage to the specified SSE
ground acceleration. This median factor of safety is the product of the
median factors of safety on structural capacity and structural response. Such

i
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which the structural capacity and response parameters are specified 1n
current "good" practice. The variability of this factor of safety are
expressed in terms of logarithmic standard deviations.

As noted in Table II, the seismic capacity margin is made up of an
ultimate strength capacity margin and an inelastic energy absorption capa-
bility margin. For a wide range of structure types, the median ultimate
strength capacity ranges from about 1.2 to 2.5 times the code allowable
strength for SSE loadings. The fact that inelastic energy absorption is not
included in design results in an even greater margin ranging from about 1.8
to 4 for most structures, in general, it has been observed that the struc-
tures with the lowest strength margin tend to have the greatest inelastic
energy absorption capability. The net effect of these two factors is to
produce a median overall capacity margin over the SSE of about 2.5 to 6 with
most structures having margins nearer the upper end of the range.

Additional margins exist because responses are conservatively
computed including conservative selection of the design response spectra,
conservative damping values, and conservative soil-structure interaction
analyses particularly with regard to ground motion deampiification with depth
into the soil. The total median response of factor conservatism of modern
analyses tends to range from about 1.6 to 2.8 for typical cases.

The total median margin over the SSE ground motion generally ranges
from 4.0 to 12.0 for structures analyzed and designed by current procedures.
Most of this margin results from the conservative approach used for capacity
evaluations with a lesser portion resulting from conservatism in the response
evaluation. The greatest single source of conservatism is believed to be due
to ignoring the inelastic energy absorption capacity of the structure
considering that the earthquake provides only a limited amount of energy
input. Thse estimates are based upon the premise that a "good" current
linear elastic dynamic evaluation has been performed. Such an evaluation
must properly account for energy feedback from the structure to the
surrounding soil through the use of appropriate radiation damping factors.
If energy feedback at the soil-structure interface is arbitrarily reduced by
limiting the equivalent soil-structure interaction damping coefficient to
some specified upper limit, then the factors of safety would be even greater
than those reported herein.

In addition to a large median margin (factor of safety), there is
also large randomness and uncertainty in the seismic capability of structures
as denoted by 3g and 3y values of about 0.30 and 0.37, respectively. A review
of Table II indicates the greatest potential sources of randomness and
uncertainty for the structure factor of safety against the SSE to be in the
inelastic energy absorption capacity of the structure, the response spectra
input to the structure given only the peak ground acceleration being known,
and the effects of soil-structure interaction. The total randomness in the
response analysis tends to be substantially greater than the randomness in
capacity, while the uncertainties are similar for response and capacity.

For a response SR and pj of 0.26 each (midway within the range shown
in Table II), the median response factor of safety would have to be about 1.8
in order to achieve about a 90% confidence (probability of non-exceedence) of
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a 84% non-exceedence frequency on computed response. Comparisons with Table
II indicate that response factor conservatism may often be slightly larger
than necessary if a 9055 confidence of a 8456 non-exceedence frequency is an
acceptable target for the computed response of structures^ Similarly, a $R
and 3g of 0.14 and 0.27, respectively, for capacity would require a median
capacity factor of safety of about 2.0 to achieve a 90% confidence of less
than a 1% frequency of failure if responses were as large as computed. It
would seem reasonable that 90% confidence of a 84% non-exceedence frequency
on computed response coupled with less than a 1% frequency of failure if the
computed response is reached should be sufficient conservatism for a rare
event such as the SSE. Thus, a median response factor of about 1.8 and a
median capacity factor of about 2 would appear to be reasonable goals. The
numbers in Table II would suggest excessive conservativsm particularly with
regard to structural capacity. This excess conservatism in capacity would be
removed if the inelastic energy absorption capability of structures were
realistically incorporated into their design for the SSE.

Table II also presents median factor of safety and variability
estimates for typical mechanical equipment. The median capacity factor (3 to
8) for passive mechanical equipment tends to be larger than that for struc-
tures. On the other hand, because of operational limits, the median capacity
factor (1.5 to 4) for active mechanical equipment will tend to be less than
that for structures since inelastic response is likely not to be acceptable
for this equipment. The total median response factor of conservatism is made
up of conservatism in computed building response and conservatism in
generating floor spectra for equipment response. Considerable conservatism
is introduced to the seismic capacity of such equipment through the currently
used technique for generating floor spectra which are used as input to the
equipment. First, an artificial earthquake time history is used as input to
the structure model in order to generate floor spectra. This artificial time
history is selected conservatively so as to generate a ground response
spectrum which envelopes the design ground response spectrum even though this
design ground response spectrum has been conservatively selected (approxi-
mately one standard deviation above the median). Next, the frequencies of
the peaks of .'e calculated floor spectra are considerably broadened to
account for uncertainty in structural model parameter estimations from which
these spectra were generated. This broadening is certainly valid. However,
one should also keep in mind that uncertainty of parameters also lessens the
likelihood of peak response occurring at any specific frequency.

If the median response factors for building response are combined
with the median floor spectra factor in Table II, the combined response factor
for equipment in buildings will tend to have a median of 2.3 to 4.4 and eR
between 0.27 and 0.40 with &u between 0.26 and 0.41. Note that both the
median response factor and its randomness and uncertainty are greater for
equipment than for structures. With mid-range equipment response 3R and 6^
of 0.34 each, the median equipment response factor would have to be about 2.2
in order to achieve a 90% confidence of 84% non-exceedence frequency for the
computed response. This response factor of 2.2 is at the lower end of the
range of 2.3 to 4.4 obtained from Tabie II. The conclusion is that the
lumping of floor spectra conservatism on top of conservatism in structural
response results in a larger than necessary conservatism in the computed
equipment response. On the other hand, if this excessive response conserva-
tism were eliminated, it might be necessary to increase the conservatism in
capacity of some active mechanical components whose capacity is governed by
operational limits since a capacity factor of 2.0 is needed to achieve a 90%
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confidence of less than a 1% frequency of failure if the computed responses
are reached. The required median capacity factor of 2.0 is greater than has
been estimated to exist for some active mechanical equipment.

DISCUSSION

Since the publication of the Zion and Indian Point PRA studies and
following the regulatory and peer reviews of these studies, several questions
regarding the sensitivity of the risk estimates have been raised. A generic
study on the risk models used in the PRA is presently funded by the Electric
Power Research Institute and is expected to provide answers to some of the
review questions. The major areas are the need for detailed response
analysis, considerations of dependence between component failure events, and
treatment of potential gross design and construction errors.

Response Analysis

In the Zion method, the seismic response of a given component for a
specified level of seismic input is estimated based on available design-
analysis information. For modern nuclear plants, this procedure of utilizing
the results of response analyses performed for the design-earthquake levels
(e.g., OBE and SSE) and ground response spectra is judged to be reliable.
However, for older nuclear power plants (e.g., those built in the 1960's)
prevailing seismic design procedures and criteria would have been much
different from current seismic procedures and criteria, and all the seismic
design information (e.g., structural and piping analysis models, stress
reports, and equipment qualification reports) may not be available. In such
a situation, development of structural and piping analysis models and calcu-
lation of the responses for critical components may become necessary. Some
amount of iteration and interaction between the structural analyst and the
system analyst would reduce the amount of response analysis by concentrating
on the critical structures and components.

Detailed response analysis was performed during Phase I of SSMRP [5]
for the structures and piping systems of the reference plant (i.e., Zion).
The objective of this study was to estimate the joint failure frequencies of
a set of components (called "minimum cutset") in an accident sequence: as
such, the structural and piping system response analyses were performed using
time history methods. Mean peak responses at different (component) nodes and
correlation matrix between these responses were derived. The fragility
evaluation consisted of estimating the capacity of each component as a
function of a local response parameter and the correlation matrix between the
component capacities. The joint frequency of failure of a given minimum
cutset of components was obtained by convolving the covariance matrices of
response and capacity. Such detailed time history analysis and numerous
multiple integrations were necessary for the research program but may not be
practical for commerical PRA's. In Phase II of SSMRP, approximate
methods that circumvent the need for time history response analysis are being
developed.



Dependence between Failure Events

In commercial PRA's, the question of dependence between component
failure events is handled approximately but generally in a conservative manner
[2]. Although fragility curves are developed independently for different
components, some dependence is likely to exist between earthquake-induced
failures of components, particularly for structural elements and equipment
located within a structure. This is so even though the failure events are
conditional on the peak ground acceleration. If the components are on the
same elevation of the structure and are made by the same manufacturer and are
oriented in the same direction, nearly perfect dependence between them should
be assumed. If none of these conditions is met, then nearly perfect independ-
ence can be assumed. However, if one or two of these three conditions exist,
the analyst, lacking other means to establish the extent of dependence should
generally assume independence or dependence, whichever gives conservative
results.

In order to keep the risk computations tractable, the question of
correlation between component responses and between component strengths may
be addressed only after the significant seismic-induced accident sequences
are identified in a PRA. The component failures that are included in these
sequences may be examined to quantify any correlation. Sensitivity studies
assuming either perfect dependence or independence between these component
fragilities may reveal the significance of correlation. In the PRA's done so
far, it is observed that the final Boolean expression for core melt or serious
radiological release consists of a union of component failure events. Also,
a few components are estimated to have low median ground acceleration capa-
cities and thus contributing significantly to the core melt or release
frequency. For example, there are ten components in the Boolean expression
for core melt in the Zion PRA [3]. The components are highly dissimilar
(e.g., service water pumps, shear wall, condensate storage tank, DC batteries
and racks, fan coolers, and buried piping), located in different structures,
and have different dynamic characteristics. The assumption that the
randomness as well as the uncertainty in the fragilities is independent for
these components appears to be justified. The median annual core melt
frequency due to seismic events as reported in the Zion PRA [3] is 3x10-6
and the 95% upper bound confidence value of this frequency is 3xlO"5. If
the uncertainty in component fragilities is assumed to be fully correlated
(i.e., the median grcjnd acceleration capacities of all components are known
if the median ground acceleration capacity of one component is given), the
median and 95% annual frequencies of core melt are calculated as 1.5xlO~6
and 3xlO-5s respectively. Similarly, if both 6R and 3y are assumed to be
completely correlated for all components, the median and 95% annual frequen-
cies of core melt become 0.9x10-6 ancj 2xlO~

5, respectively. A similar
sensitivity study on Indian Point Unit 2 has indicated that the annual
frequency of core melt is not significantly altered by different assumptions
of correlation. This is because the seismic hazard uncertainty has a domi-
neering effect on the 95% annual core melt frequency.

The significance of correlation on risk estimates depends on the
seismic hazard, the median ground acceleration capacities of components and
the way in which the components are described in the fault trees. This area
deserves much further study.
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Design and Construction Errors

The potential for gross design and construction errors (DCE) to
distort the results of fragility evaluations and PRA studies has been brought
up on many occasions. The uncertainty bounds in risk estimates of PRA studies
should ideally allow for DCE's and reflect the effectiveness of quality
assurance and quality control programs. At present, there is a general lack
of analytical models and relevant data on DCE's.

Gross errors could be categorized as design errors (e.g., numerical
errorst wrong assumptions, wrong mass in the seismic model, and errors in
material properties), construction errors (e.g., mistakes in size and material
and defective installation), inspection and maintenance errors, state-of-the-
art errors (i.e., loads not envisioned during original design and discovery
of potentially active earthquake faults in the vicinity), and degradation
effects (e.g., stress corrosion cracking in piping, and aging of electrical
components).

In PRA studies, both design errors and construction errors need to
be considered. Currently, seismic fragility development in PRA's is done by
extrapolating the design-analysis information as discussed in this paper.
Gross design errors are assumed to be absent because of the rigorous quality
assurance program followed in the industry. However, this assumption cannot
be validated unless a complete reanalysis of all structures and equipment is
undertaken. This is not practical for utility sponsored PRA's of nuclear
power plants. Similarly, gross construction errors which are visible at the
time of a walk-through inspection of the plant may be explicitly accounted for
in the PRA. Such visible gross errors are invariably absent because of the
Q/A and Q/C programs. Gross construction errors that are hidden may be
discovered only by extensive inspection and testing.

If data on the rates of occurrence and magnitude distribution of
DCE's are available, they could be used in the quantification of fault trees
as given below:

freq. [Failure of component | acceleration A = a]

= freq. | @ u (DCE) U ( R F ) | | acceleration A = a

where

fragility-related failure event of the component assuming
it is gross error-free.

fragility-related failure event of the component assuming
there is a DCE. The frequency of failure (for a given
acceleration) of such a flawed component is calculated as
the product of the occurrence rate of DCE and the
conditional frequency of failure of the component with the
modified capacity.

random failure of the component (i.e, unavailability due
to maintenance or failure on demand).
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Before the data collection on the occurrence rates and magnitudes of

DCE's can start, some sensitivity studies need to be performed to judge
whether DCE's have any impact on the risk estimates and which types of DCE's
are significant. A suggested approach is as follows.

In a nuclear plant PRA, a small set of critical components is
typically identified whose failure under seismic loadings would lead to core
melt or serious release. For example, the Zion Probabilistic Safety Study
[3] identified 26 key structures and equipment; the final Boolean expressions
consisted of 10 to 13 components. For each critical component, an examination
of the governing failure modes may be done to determine if plausible design
and construction errors might affect the capacity. For example, the governing
failure mode of a component could be buckling of supporting column. Even
though the column base may be fixed to the base mat using anchor bolts and
there are well publicized gross errors in the material selection and installa-
tion of anchor bolts, such errors do not reduce the buckling capacity.
However, if a gross error of a plausible magnitude is postulated yielding a
reduced capacity of a component, its effect on the frequency of core melt may
be calculated. If the impact is significant, a reanalysis of response may
have to be done to show such a gross design error does not exist. If the
gross error postulated is related to construction, some limited sampling may
be done to demonstrate such an error does not exist or its rate of occurrence
is not high enough to make the plant risk unacceptably high.

Analytical models are needed to guide the data collection on DCE's.
It is inevitable that some amount of field testing (e.g., anchor pull-out
tests, ultrasonic inspection, etc.) has to be done; the analytical models
would aid in deciding on the significant DCE's and optimizing the testing
effort. Analytical models are also to be developed to handle the effects of
aging and deterioration of electrical and mechanical equipment, and to
address the question whether past errors rectified in the industry could
recur.

LESSONS LEARNED IN PAST PRA STUDIES

Based on the results and insights gained in recent PRA studies, we
have identified the following as some of the key contributors to the seismic
risk at nuclear power plants [13].

a. Lack of proper anchoring of equipment - In some older plants,
the DC battery racks were not anchored to the floor making them vulnerable to
earthquakes. Walk-through inspections of operating plants have revealed the
possibility of unanchored equipment falling on critical components during
earthquakes.

b. Items that are not qualified in the vicinity of critical equip-
ment - Examples of these are block walls. In recent years, there has been an
industry-wide effort to qualify and strengthen the block walls. Hence, block
walls may not be risk contributors in the future.
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c. Impact between structures - In most plants founded on alluvial

soil, impact between the structures (e.g., reactor building and auxiliary
building) at accelerations above the SSE level is a distinct possibility.

d. Location of redundant equipment in the same area of plant - The
ability of earthquakes to fail redundant components simultaneously has
contributed to higher estimates of seismic risk. This can be countered by
introducing seismic redundancy where feasible - i.e., locating redundant
equipment in different structures or elevations, orienting them differently
and by mounting them differently.

e. Redundancy in component support design - In one of the plants,
the reactor coolant pump was designed such that a single large diameter bolt
connected the pump columns to the pump legs. Although the column will only
be in tension during a \/ery large earthquake, this arrangement is highly
vulnerable to any potential gross construction errors (e.g., poor heat
treatment, undetected flaw, and understrength). Higher reliability can be
provided by a design where the tension load is carried by a group of bolts.

CONCLUSIONS

This paper has described the development of seismic fragilities for
structures and equipment for use in a PRA. It has emphasized that a judicious
extrapolation of design analysis information combined with some limited
additional analysis would be sufficient to estimate the fragility parameters.
Fragility development discussed herein consistently accounts for the
uncertainties and randomness in component capacities and responses. By a
proper grouping of equipment, the task of generating fragility curves for over
100 equipment items can be made feasible in commercial PRA's.

Experience in performing about a dozen PRA's has shown that a few
component failures contribute significantly to seismic risk in a nuclear
power plant. It is important that sensivity studies be conducted to judge
the influence of different assumptions on the risk estimates. Also, the
basis for fragilities of those components identified as dominant risk
contributors has to be reviewed thoroughly to gain better confidence in PRA
results.

PRA studies should consider the potential for gross design and
construction errors (DCE). An industry-wide effort at collecting data on
past DCE supplemented with some planned testing, analysis and sensitivity
studies may be necessary to address this issue.

Recent PRA studies have indicated that plant structures designed to
current criteria have large margins in seismic capacity because the design
criteria do not explicitly recognize the inelastic energy absorption
capability of structures. This reserve capacity in current designs should be
exploited when questions arise on retrofitting, evaluation to new criteria
(e.g., SEP) and revising design criteria.
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TABLE I

ASSIGNMENT OF VARIABILITY TO RANDOMNESS AND UNCERTAINTY
AS A FRACTION OF TOTAL VARIABILITY
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Strength

Inleast ic Energy Absorption

Spectral Shape

Damping

Modeli ng

Combination of Earthquake Components

Modal Combination

Soil Structure Interact ion

VBc
1

0.71

0.11

0.99

1

0

0

0.99

Vpc
0

0.71

0.99

0.11

0

1
1

o.n



TABLE II
ESTIMATED MEDIAN FACTORS OF SAFETY AND

LOGARITHMIC STANDARD DEVIATION ASSOCIATED WITH
THE SAFE SHUTDOWN EARTHQUAKE (SSE)

i

ITEM

STRUCTURES

Capacity
Ultimate Strength Versus Code Allowable, F$

Inelastic Energy Absorption Capability, F

TOTAL CAPACITY FACTOR, Fc

Response
Design Response Spectra
Damping Effects
Modeling Effects
Modal and Component Combination
Soil-Structure Interaction

TOTAL RESPONSE FACTOR, F R S

TOTAL STRUCTURE FACTOR, F

MECHANICAL EQUIPMENT

Capacity Factor,.FC
Building Response Factor, FRS

Equipment Response Factor, FR.

TOTAL MECHANICAL EQUIPMENT FACTOR. F

MEOIAN FACTOR
OF SAFETY

V

1.2 - 2.5
1.8 - 4.0

2.5 - 6.0

1.2 - 1.4
1.2 - 1.4

1.0
1.0

1.1 - 1.5

1.6 - 2.8

4 - 12

1.5 - 8.0
1.6 - 2.8
1.4 - 1.6

3.5 - 20

RANDOM
8 R

0.06 - 0.12
0.08 - 0.14

0.10 - 0.18

0.16 - 0.22
0.05 - 0.10

0
0.10 - 0.20
0.02 • 0.06

0.20 - 0.32

0.22 - 0.37

0.10 - 0.18
0.20 - 0.32
0.18 - 0.25

0.29 - 0.44

UNCERTAINTY
6 U

0.12 - 0.18
0.18 - 0.26

0.22 - 0.32

0.08 - 0.11
0.05 - 0.10
0.12 - 0.18

0
0.10 - 0.24

0.18 - 0.33

0.28 - 0.46

0.22 - 0.32
0.18 - 0.33
0.18 - 0.25

0.34 - 0.52
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EXAMPLE: FRAGILITIES OF PIPING SYSTEMS

In this example, fragility parameters for Class 2 piping in a
typical nuclear power plant are developed.

Failure Modes of Piping Systems

In order to determine the most probable failure mode for piping,
design margins inherent for various pipe fittings, when designed to the
governing code, must be compared to those for supports designed to applicable
codes. The fragility description for piping systems is based upon the single
component type most likely to fail (i.e., pipe fittings, straight pipe, pipe
support, etc.). Failure of a single pipe support does not necessarily mean
failure of a piping system pressure boundary; however, as will be shown in
this example, the median ground acceleration capacities of piping systems are
generally very large that it is not meaningful to perform expensive nonlinear
analysis of piping systems progressively tracing the failure of pipe supports
in order to calculate the strength of the piping systems. Consequently, it
is assumed that a support failure results in failure of the piping system.

Piping Failure Modes - Experience in piping analysis has shown that
the largest moments usually occur at terminal points in piping (anchors).
Butt weld joints are provided at the terminal points; in most cases, they
have less margin against failure if designed to ASME code allowable stresses
and are most likely to contain flaws. Piping fragility is based on the
failure of anchor points.

Support Failure Modes - Seismic supports for piping can be in the
form of snubbers or rigid type supports and can be both horizontal and
vertical. A larger seismic margin would exist for vertical rigid supports
than for lateral rigid supports or snubbers. In the case of snubbers, the
snubbers themselves would be less likely to fail structurally under seismic
loading than attachment to the pipe or the building. Thus, the fragility
description for supports is based on rigid supports that carry only seismic
load.

Piping Capacity Factor

The steps utilized in establishing the factor of safety on piping
capacity are:

1. Establish the range of piping capacity

2. Estimate the range of loading on piping due to weight, pressure
and seismic events

3. Estimate the range of ductility

4. Estimate the threshold of piping system collapse vs. individual
pipe element collapse.

The range of piping system collapse is based on two extreme condi-
tions of piping failure. The upper bound on capacity is represented by
modeling the piping failure mechanism as occurring when the entire cross-
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as the midpoint between the yield strength and the ultimate tensile strength
of the material.

The lower bound on capacity is represented by modeling the piping
failure mechanism as occurring on a flawed piece of straight pipe with a
circumferentially oriented flaw length equal to six times the pipe wall
thickness. A flaw of this size is estimated to bound the possible flaws
which could occur at butt welded joints. The theory for analyzing the moment
capacities of through-wall flawed piping has been developed in [14].

Piping Strength Factor - Strength factors are calculte for these
extreme cases for a typical Class 2 piping in the plant. The following
assumptions are made:

1. Flow stress around the cross-section of an unflawed pipe
represents the +2 logarithmic standard deviation (+23) upper
bound

2. A flawed pipe configuration with the net section at flow stress
represents the -2 logarithmic standard deviation (-23) lower
bound

3. A 10-inch pipe model is used

4. Two pipe thickness bound the possibilities, high energy lines
(Schedule 160) and low energy lines (Schedule 40)

5. Pipe material is assumed to be 304 stainless steel type SA 312

6. The upset load combination governed piping design (i.e., OBE +
Pressure + Dead Weight).

The median collapse load for piping, based on the values calculated
from the +23 bounding cases, is calculated to be 3.11 times the ASME code
yield strength. The logarithmic standard deviation of the collapse load is
estimated to be 0.16.

For Class 2 piping systems, the resulting stresses from normal
loading plus OBE are held to upset allowables (1.2 S n ) . The normal loading
due to pressure and weight, combined with seismic loading will vary
considerably among piping systems. In a generic treatment of piping,
estimates for loading ranges must be made. In a piping system, the axial
pressure stress typically will be less than 1/2 Sn. Weight supports are
nominally spaced to result in deadweight bending stress of abut 1500 psi.
The combination of pressure plus weight stress is generally much less than
the allowable value of Sn in order to accommodate seismic loading.

Expressing the pressure and weight stress approximations in terms of
the allowable stress and allowing for variations, the non,^! loading stress
range for piping systems will typically be from about 0.35 to 0.70 times the
allowable stress, Sn. This translates to a median normal stress of 0.5 Sh
and a logarithmic standard deviation of 0.17. The total stress in Class 2
piping systems typically varies from 0.65 to 1.00 times the allowable design
stress of 1.2 Sn. This provides a median stress of approximately 0*80 (1.2
Sn) with a logarithmic standard deviation of 0.13.



For SA 312 type 304 stainless steel, the ratio of the code yield
strength of Sy (code) to the allowable value of Sh varies from 1.60 to
1.14 (depending on the operating temperature) with a median value of 1.35.
Thus, we have
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Median Collapse Stress

Median Normal Stress

Median Total Stress

Using Equation 9,

° c o l = 3.11 SY (Code) = 4.20 S.
S l ° 1 6

CTN = 0-5 Sh
3N - 0.17

°T = (0.8)(1.2) Sh = 0.96 Sh
3T = 0.13

4.20 S, - 0.5 S.
F<- = 0 1 = ft 04S 0.96 Sh - 0.5 Sh

 8 ' ° 4

Using the f i r s t order second moment approximation [15] , we have

(°CO1"°N)

3$ is calculated to be 0.36.

This median strength factor of 8.04 was calculated based on the pipe being
capable of reaching the flow stress. Piping capacity tests [16] have shown
that thick-walled pipes are capable of reaching this flow stress, but that
thin-walled pipe (schedule 40 or schedule 80) buckles before this flow stress
is reached. Thus, the calculated strength factor of 8.04 is not applicable
to thin-walled piping. For piping with D/t ratios (diameter to thickness)
between 25 and 50, which is representative of the standard weights of pipe
(schedule 40), the median shape factor for both stainless steel and carbon
steel ranges from about 1.4 to 1.7. Since a broad range of pipe sizes,
materials and schedules is being considered, a shape factor of 1.5 is
selected as a median value for all piping within this D/t range. Thus, the
median pipe capacity under static load is 1.5 times the yield moment.
Considering that the median yield strength is about 1.25 times the ASME Code
specified yield strength, the median moment capacity is 1.87 times the yield
moment determined from code yield properties. The median collapse stress
°col = 1-87 (1.35 Sh) = 2.52 Sh.

The median strength factor for thin-walled piping is calculated
using Equation 9 as:

v 2.52 Sh - 0.5 Sh

F = 4 3 9
0.96 S h - 0.5



The logarithmic standard deviation of collapse stress faco!) which is a
function of yield strength 1s, as before, 0.16. Thus, e$ is calculated
again as 0.36.

The median strength factor Fs is assumed to be the smaller of the
above two values i.e., F$ = 4.39.

Inelastic Energy Absorption Factor

Newmark [8] has recommended a ductility ratio of 1.5 to 3.0 for
design of critical piping systems. These are design recommendations; thus,
the value of 3.0 is considered to be the median value and the value of 1.5 is
taken to be representing an approximate lower bound or approximately a minus
two logarithmic standard deviation value. Using these assumptions and
applying Equation 13, the median inelastic energy absorption factor Fp is
computed to be 2.24 with a logarithmic standard deviation, e of 0.24. The
random portion and the uncertainty portion of the variability in inelastic
energy absorption factor are considered to be 0.16 each.

Piping "Three-Hinge" Factor - For complex piping systems, there is
an additional source dflle"sign~conservatism. In order for a piping system to
completely collapse, usually more then one collapse mechanism must form in
the system; thus, basing fragility on the moment capacity of one fitting
(i.e., butt-welded joint) is conservative. A lower threshold of collapse \
could be compared to a simple beam where only one hinge is necessry for
collapse. An upper threshold of collapse could be likened to a fixed-fixed
beam where three hinges must form. The elastically calculated maximum moment
in the latter case would be 1 " times the pipe element collapse moment.
These bounds are considered t e a + 2B range and the median system collapse
factor, FSyS, (which is the ratio of the system collapse moment to the pipe
element collapse moment) is computed to be 1.22. The logarithmic standard
deviation, which is all uncertainty, is approximately 0.10.

Therefore, the median piping capacity factor relative to the OBE is:

h = FS Fy Fsys = (4.3) (2.24) (1.22) = 12.0

The variabilities in the capacity factor are:

BR = 0.16

By = (0.362 + 0.162 + O.IO 2) 1^ = 0.41

Equipment Response Factors for Piping

The equipment response factors for piping are contained in Table A-I
and are explained briefly below. Current practice is to qualify the piping
by response spectrum analysis. The response spectrum analysis is judged to
provide median centered estimates for the piping response. Thus, a median
factor of unity and variability of zero are deemed appropriate for qualifica-
tion method. The spectral shape factor accounts for the conservatism
involved in developing the floor response spectra from the ground response
spectra. It includes the effects of peak broadening and smoothing, and
generation of artificial time-history that envelopes the applicable ground
spectra.
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The effect of peak brodening and smoothing varies with structure,

elevation, frequency and damping of equipment. The factor of safety due to
peak broadening and smoothing is computed for any particular frequency as:

_ S= (broadened and smoothed)FpS = -3
S, (unbroadened and unsmoothed)
d

where Sa = spectral acceleration value.

The range of dynamic frequencies of 5 to 20 Hz is judged to cover all the
Class 2 piping systems located in different structures and elevations. The
median value of Fp$ over this frequency range as estimated by comparing a
large number of floor response spectra before and after peak broadening and
smoothing is 1.26. The minimum value of Fp$ observed is considered to be a
minus two logarithmic standard deviation from the median.

= 1/2 £n
FPS

Fps (minimum)
The value of 6ps is calculated as 0.13. Since the variability in pp$ is
due to shift in piping frequency, it is considered to be all uncertainty.

Studies [17] to estimate the conservatism built into the current
practice of generating floor spectra using artificial time-histories have
shown that the average industry-generated artificial time-history leads to an
overestimation of the response by ten percent. Therefore, a median factor of
safety, F/\JH, of 1.10 is used to reflect the effect of using artificial
time-history. It has also been observed that different artificial time-
histories, although result in response spectra which adequately envelope the
Regulatory Guide 1.60 response spectra, can lead to floor spectra which may
differ by a factor of 2 or more [17]. Therefore, the use of artificial
time-histories for analysis can result in considerable dispersion in the
resultant response. Reference [17] reports that a coefficient of variation
(approximate logarithmic standard deviation) of 0.2 is reasonable based on a
comparison study of 44 artificial time-histories. This variability on the
factor of safety, F/\ju, due to artificial time-history generation is
considered as being all randomness since it represents the effect of a
variety of possible earthquakes.

The median overall spectral shape factor F$/\ is the product of
Fps and H/\JH n d is calculated to be 1.39. The logarithmic standard
deviations of Fs/\, i.e., SR and Pj are respectively, 0.20 and 0.13.

Modeling Factor - In any dynamic analysis, there is uncertainty in
response due to assumptions made in modeling the piping system, modeling
boundary conditions and representing material behavior. Modeling of complex
systems is usually conducted using nominal dimensions, weights, and material
properties and is done in such a manner that further refinement (e.g., mesh
size in a finite element representation) will not significantly alter the
calculated response. Representation of boundary conditions in a model may
have significant influence on the response. The misrepresentation of boundry
conditions in the dynamic model by assuming greater or lesser stiffness or
treating nonliner gap effeects linearly cannot be quantified generically and ,
each model must be treated specifically to determine the response factor for
modeling. Assuming that the analyst does his best job of modeling, modeling
accuracy ~ considered to be median centered (i.e., F^ = 1.0) with the
variability in each of the modeling parameters amounting to variability in
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complexity of modeling is judged to be medium, the logarithmic standard
deviation is estimated to be 0.15. This variability is considered to be all
uncertainty.

Damping Factor - The damping factor is computed by comparing
response for the design damping to response for a median damping value of
five percent at or near failure. It is assumed that the design damping is
two percent. For single-degree-of-freedom systems, the median damping factor
is

S (design damping)

where:

S (median damping)

Sa (design damping) = spectral acceleration using the design
damping and evaluated at the equipment
fundamental frequency

Sa (median damping) = spectral acceleration using the median
damping and evaluated at the equipment
fundamental frequency.

For multi-degree-of-freedom systems, the above equation can be altered to
reflect the summation of the spectral accelerations at each of the
frequencies multiplied by their associated mass participation factors.

There is variability in damping and associated response that must be
considered. The minus one logrithmic standard deviation value jf damping in
piping systems is estimated to be 3.5 percent. The variability in damping
results in a logarithmic standard deviation in response equal to:

= 5%

S : S
where a<s = 5% is the 5 percent damped spectral acceleration and a<s = 3.5%
is the 3.5 percent damped spectral acceleration taken at the equipment
fundamental frequency. The value of B^ calculated as above is considered to
be all uncertainty. An additional B6 for randomness is estimated at
approximately as 20 percent of B^ calculated above to reflect the effect of
earthquake time-history variability on the damping value.

For the Class 2 piping, the median and logarithmic standard
deviations of damping factor are obtained:

F6 - 1.34

BR = 0.03

Bu = 0.17
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Mode Combination Factor - Modes are assumed to be combined using the

square-root-of-the-sum-of-the-squares (SRSS) method in order to obtain the
overall response of the piping. The SRSS method is considered median-
centered. Therefore, the median response factor for combination of mcdes is
estimated as 1.0. The variability associated with mode combination depends
on the complexity of the model. For multi-degree-of-freedom systems such as
piping, Reference [10] recommends that the logarithmic standard deviation due
to mode combination variability is approximately 0.15; this variability is
considered to be all random due to the random phasing of modesv, >

Earthquake Component Combination Factor - Current design criteria
require the earthquake components to be ""combined by the SRSS of the vertical
and the two horizontal components. This is considered to be a median
centered approach. Therefore, the median earthquake component combination
factor Fgcc = 1.0. The variability in this factor depends on the orienta-
tion and response characteristics of the component under consideration.
Piping systems respond simultaneously for all three directions of earthquakes.
Considering different phasing between erthquake component, the logarithmic
standard deviations £R and 3n of earthquake component combination factor
are estimated as 0.12 and 0.10, respectively.

The median overall aquipment response factor FRE and its
variability 3R and &u are computed as follows:

( ) ( ) ( 0 ) = 1.86

3R = (0.202 + 0.152 + 0.122)1/2 = 0.28

BU = (0.132 + 0.152 + 0.172 + 0.102)/2 = 0.28

Structural Response Factor, Fp$

The structural response factor for piping is a function of the
piping location (building and elevation). Development of the structur.il
response factor should consider the fact that the seismic capacity leve? for
piping may be reached while the structure is still within the elastic range.
Reference [19] recommends five percent damping for reinforced concrete
structures at the one-half yield condition. The variables pertinent to the
structural response analyses used to generate floor spectra for equipment
design are used to develop FD$ . Time-history analyses using the structural
models are used to generate floor spectra. The applicable variables are:

1. Spectral shape

2. Damping

3. Modeling

4. Soil-structure interaction.

The factors on structural shape and damping are derived by comparing the
design ground response spectrum (e.g., Regulatory Guide 1.60 spectrum) at
design damping with the median site-specific spectrum at median (five percent)
damping. The median response factor due to these variables (i.e., spectral
shape and damping) is estimated to be 1.11 with the logarithmic standard
deviations 6 R and 6u of 0.24 and 0.08, respectively. The variability in
the structural response due to variability is estimated to be 3R = 0.07
and 6y = 0.07.



7he median structural response factor due to modeling 1s taken to be
unity. The variability in this factor arises from the uncertainties in modal
frequencies and mode shapes, fy of this variable is judged to be 0.15.

The structure is assumed to be founded on competent bedrock.
Therefore, the soil-structure interaction effects need not be considered.
The overall structural response factor for piping is obtained as:

FRS - 1.11

SR = (0.242 + 0.072)1/z = 0.25

Su = (0.082 + 0.072 + 0.152) /a = 0.18

Piping Ground Acceleration Capacity

The ground acceleration capacity for piping is obtained by
multiplying the three factors shown in Equation 13 along with the ground
acceleration level of the design earthquake. The OBE level of 0.125g is used
since this piping design is controlled by OBE loading and the capacity is
developed based on the OBE.

A = (12.0)(1.86)(l.ll)(0.125g) = 3.1g

eR = (0.16
2 + 0.282 + 0.252) lz = 0.41

3y = (0.412 + 0.282 + 0.182) ̂  = 0.53

Piping Supports Capacity Factor

It was stated previously that for supports stressed to their design
limit under seismic conditions, the minimum margin would occur if the load
were all seismic (i.e., the support carried no normal operating load). The
fragility description for supports will be developed on this basis.

In order to apply Equation 9 to compute the strength factor, we must
establish the range of material properties, the support failure mode, the
allowable design load and a range of applied load for the seismic event.

Piping supports are generally constructed of carbon steel, and three
of the most common carbon steels utilized in this generic study are SA 36, SA
675-G70, and SA 516-G70.

Almost all piping supports in a modern nuclear power plant.are
welded carbon steel structures. The most critical section of these supports
under seismic loding is at the welds. Current ASME Code criteria for linear
type supports contained in Appendix XVII of the Code state that for Service
Level B:

OBE + Dead Weight + Thermal < 0.4 S y (shear in welds)

where S» = ASME code specified yield strength. For Service Level D, the
criteria is

SSE + Dead Weight + Thermal + Hydrodynamic < 0.75 Sy

Since deadweight, thermal and hydrodynamic load are assumed to be zero, the
08E loading condition governs, just as for piping.
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An analysis of fillet welds subjected to a combined state of shear

and tensile load, as is typical of pipe supports, has shown that yield will
occur in the weld throat when the principal stress is 73 percent of the
material strength.

The yield level in the weld throat is utilized as the collapse
stress 0co-j in determining the strength factor.

°col = °«73 °y
where ay is the material yield strength.

It is assumed that the median seismic stress is 0.7 times the
allowable design loads for welds (i.e., o.4 Sy) with 1.0 times the design
load being about 90 percent non-exceedance probability value (i.e., +1-653).
Thus, the median OBE stress and its logarithmic standard deviation are:

aOBE = 0.7 x 0.4 Sy = 0.28 Sy

BOBE -

For the most limiting case, the normal stress is zero and Equation 9 becomes

0col
5 aOBE

ices [20,21] have established that the median yield strength of both
carbon and stainless steels are about 25 percent above the ASME code
specified yield strength (Sy) with a variability of 0.14. Therefore,

0.73 x 1.25 S
^S = 0.28 S 3-26

The overall logarithmic standard deviation on the strength factor is
evaluated as (0.222 + 0.142)V2 = 0.29. Since the support failure is
expected long before the piping goes into the inelastic range, the system
ductility estimated for the piping systems is not applicable for the pipe
supports. The failure mode of the supports is the yielding of fillet welds.
Some amount of inelastic energy absorption is to be expected in this mode.
The median inelastic energy absorption factor Fp is estimated to be 1.50 with
logarithmic standard deviations of BR and By both equal to 0.16.

Combining the strength and inelastic energy absorption factors and
their variabilities, the resulting capacity factor relative to the OBE and
its variabilities are computed to be:

FC = 4.89

BR = 0.16

By = 0.33

Pipe supports have a much lower capacity factor than that for piping of 12.0
and would be the governing element in piping systems.



-388- Concrete anchors used to attach the pipe supports to the surrounding
walls are not qualified with the supports themselves. Thus, they must be
addressed separately. The NRC has required a factor of safety of four for
wedge anchors and a factor of safety of five for shell anchors [22] to be used
in the anchorage design of piping and equipment. These safety factors are
based on the median ultimate capacity of the particular anchor bolt in
question in relation to the design allowable. In the design of a piping
system, the load on a pipe support will generally be less than the allowable
and it is esimated that the median load on a support is 70 percent of the
design allowable. Thus, strength factors of 5.7 and 7.1 exist for the wedge
anchors and the shell anchors, respectively.

Effective ductility for the anchorage pullout depends on the degree
of inelasticity in the piping system. If the piping system remains elastic
up to the point of anchor pullout, the failure mode is brittle, the
elastically calculated load is valid and the inelastic energy absorption
factor would be 1.0. On the other hand if the piping system were highly
inelastic, the calculated support loading would not develop and the inelastic
energy absorption factor computed for piping systems would be appropriate.
The effective inelastic energy absorption factor can then be assumed to range
from 1.0 to 2.24. The median inelastic energy absorption factor is judged to
be about 1.5 with a logarithmic standard deviation of 0.2. Combining the
strength and inelastic energy absorption factors results in:

FQ = 8.55 for wedge anchors

FQ = 10.65 for shell anchors

Thus, the concrete anchor bolts will not govern the fragility description of
piping systems since piping supports have a lower capacity factor.

Ground Acceleration Capacity of Piping Supports

The equipment response factor and the structural resonse factor for
piping supports are identical to those developed for piping. The median
ground acceleration capacity of pipe supports and the variabilities are:

A = (4.89)(1.86)(l.U)(0.125g) = 1.26g

PR = 0.41

3j = 0.47

Pipe support failures are then the governing failure mode for piping systems
and are utilized in their fragility descriptions.
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Factors

Capacity Factor

Piping

Strength
Inelastic Energy Absorption
Three Hinge Factor
Capacity

Supports
Strength
Inelastic Energy Absorption
Capacity

Anchors(wedge)
Strength
Inelastic Energy Absorption
Capacity

Piping System
Capacity F~*

Equipment Response Factor
Qualification Method

Spectral Shape

Modeling

Damping

Mode Combination

Earthquake Component
Combination

Combined FDC
Kt

Structural Response Factor FDC

Ground Acceleration Capacity

Median
Safety
Factor

4.39
2.24
1.22

12.00

3.26
1.50
4.89

5.70
1.50
8.55

4.89

1.00

1.39

1.00

1.34

1.00

1.00

1.86

1.11

1.26g

Randomness
6R

0
0.16
0
0.16

0
0.16
0. 16

0.15
0.15

0.16

0

0.20

0

0.03

0.15

0.12

0.28

0.25

0.41

Uncertainty
eu

0.36
0.16
0.10
0.41

0.29
0.16
0.33

0.30
0.15
0.34

0.33

0

0.13

0.15

0.17

0.10

0.28

0.28

*8ased on OBE (0.125g); is the lowest of the three elements (piping support
and anchor's)
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APPENDIX II

A Peak ground acceleration; ground acceleration capacity, a random
variable.

A median ground acceleration capacity of a structure or equipment*

Aco cut-off level of fragility curve.

N

acce^era^or) f° r tne safe shutdown earthquake.

ATH random variable reflecting the variability in response due to arti-
ficial time history generation.

C capacity of structure or equipment.

F/ \ factor of safety for the variable specified in the subscript.

F/ \ median factor of safety.

EC equipment capacity.

f conditional frequency of failure based on randomness only (with
perfect knowledge).

f conditional frequency of failure at any non-exceedence probability
level (includes both randomness and uncertainty).

M random variable reflecting the variability due to modeling error.

MC random variable reflecting the variability in the method of
combining dynamic modes of response.

PN normal operating load.

total load acting on a component (i.e., sum of seismic and non-
seismic loads).

PS random variable reflecting the variability due to peak broadening
and smoothing of spectra.

Q non-exceedence probability level .

RE equipment response.

RS structure response.

S strength of a component.

S, spectral acceleration.

S. ASME Code allowable stress.

S ASME Code specified yield strength.
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APPENDIX II (Continued)

SA random variable reflecting the variability in the response spectra
used in design.

sys random variable reflecting the variability in the system capacity
of piping.

SD random variable reflecting the variability in the reduction of
of seismic input with depth.

SS random variable reflecting the variability in the effects of soil-
structure interaction.

3 composite logarithmic standard deviation.

6R logarithmic standard deviation representing the inherent randomness
in the variable.

eu logarithmic standard deviation representing the uncertainty in the
variable.

<5 damping of structure or equipment.

E random variable reflecting the error in analysis or estimation.

ot\ stress corresponding to the load specified in the subscript.

y ductility ratio.

$(•) standard Gaussian cumulative distribution function.
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DISCUSSION ON PAPER 16

Yanev, P.

I strongly agree with the conclusion that the cited safety factors are
probably lower bound values. Recent findings for equipment, for example (at
0.20 g point estimate) indicate factors of 9 to 12, rather than 2 to 8, as
presented.

Kennedy, R. P.

The median factors of safety presented were 4 to 12 which is consistent
with the experimental evidence of past earthquakes.

Hwang, H.

In your approach to derive the median value of fragility curve, the total
safety factor is estimated by the multiplication of many individual safety
factors. Each individual safety factor is subjectively determined.
Therefore, the fragility curve is very sensitive to these subjective input.
Some people may take advantage of this fact and manipulate the fragility data
to get favorable PRA result. Under these conditions, the whole PRA study may
lose credit.

What is your opinion?

Kennedy, R. P.

I agree that the safety factor is at least partially influenced by the
subjective judgment and experience of experienced engineers. Thus, they are
vulnerable to manipulation if not carefully reviewed. However, I believe this
problem can be overcome through the use of independent peer review by other
experienced engineers. Furthermore, the use of broad uncertainty bands should
cover the range of a large number of experienced engineer's judgment so as to
not be unduly influenced by a single judgment.

Reiter, L.

Please explain again the point you made on "correlation" particularly
with respect to ground motion.

Kennedy, R. P.

The fact that all structures and equipment are being subjected to
essentially the same ground motion automatically leads to strong dependencies
in component fragilities and damage, thus reducing the benefit of
redundancy. This correlation must be included in PRA. So long as this
correlation is included, consideration of structural response amplification
correlation, and capacity correlation do not appear to have a major influence
on core melt frequencies and does not have to be included.



NEW DATA ON THE PERFORMANCE OF POWER PLANT UNITS
IN STRONG EARTHQUAKES

By Peter I. Yanev and Sam W. Swan
EQE Incorporated, San Francisco, California

Until recently, little attempt had been made to evaluate the susceptibility of nuclear
power plants to failure during seismic events by making use of data on the performance of
conventional power plants and other heavy industrial facilities during past earthquakes.
This paper presents the findings of a study in which the performance of power facilities
in past earthquakes was reviewed. A systematic search and collection effort was expended
to create a data bank of operating experience during and after earthquakes.

The existing literature was reviewed. Four damaging (Richter magnitude 5.1 to 6.6)
California earthquakes were selected. The effects on 14 power facilities were reviewed.
All of these facilities were visited and evaluated. Five fossel-fueled power plants
(having 24 units) and a high-voltage DC-to-AC converter station were studied in in detail.
Peak horizontal ground accelerations at the sites ranged between 0.20g and 0.50g. Most
United States nuclear power plants are designed for a peak ground accleration equal to
0.20g or less.

The operating logs and the post-earthquake investigation reports for each of the six
facilities were reviewed; discussions were held with plant personnel; in-situ tests of
equipment were made; and other critical data were collected. In all cases, the operating
power plant units continued to operate or were back on line within a few minutes to a
few hours after the earthquakes. Operating units that were subjected to ground accelera-
tions below 0.35g did not trip off line but remained in operation. Except for the
converter station, damage to equipment was limited to a few minor items. The performance
of the plants is summarized in the table below.

SUMMARY OF THE OVERALL PERFORMANCE OF THE DATA BASE PLANTS REVIEWED IN DETAIL

Power
Plant

and Unit

Sylmar
Converter
Station

pi fpntrn-C [ V.KII Li y •

Unit 1*
Unit 2*
Unit 3
Unit 4

Valley:
Unit 1
Unit 2«
Unit 3
Unit 4

Bur-bank

Unit 1
Unit 2
Magnolia:
Unit 1*"
Unit 2
Unit 3
Unit 4*
Unit 5»

Glendale:
Unit 1*
Unit 2*
Unit 3
Unit 4
Unit 5

Pasadena:
Unit 1
Unit 2**
Unit 3
Unit 4**

Size

MW
1440

20
30
44
60

100
100
160
160

44
44

10
10
20
30
20

20
20
20
44
44

• 4 5

45
71
45

Vintage

1970

1948
L952
1957
1968

1954
1954
1955
1956

1958
1961

1940s
1940s
1950s
1950s
1968

1941
1947
1953
1959
1964

1955
1957
1965
1949

Peak
Ground

Acceleration

(9)
0.50'

0.50
0.50
0.50

o.n
0.40
0.40
0.40
0.10

0.35
0.35

0.35
0.35
0.35
0.35
0.35

0.30
0.30
0.30
0.30
0.30

0.20
0.20
0.20
0.20

Performance During Earthquake

Remained
on Line
_

-
-

X
_

_

X
X

X
X
X

X

X

inpped
Off Line, Lost
But Still Station
Operating Power

X

X
X

X

_
X

X
X

-
-

_

_

Summary of Equipment Damage
Extensive switchyard damage, unan-
chored cabinets slid or overturned.
MVAC coolers broke isolation mo'.nt:

Broken cooling water lines.
Broken air-operated valve.
Leakage from large oil tanks.
Minor switchyard dairjge.

Tube ruptures in condenser.
Minor switchyard damage.

Broken pipe on demineralizer *ark.

Broken rtemineralizer piping.
Broken bolts on gantry crane.
Broken fuel oil gauge line.
Leaks in 2-inch cooling water line.

Broken line of draft fan.
Broken line on demineraliz..:r.

Disconnected linkage on ior-Mow
monitor

* Not operating at time of *-:ir!nquake
** On hot standby at time of earthquake
' 0.50g or greater
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PROJECTS FOR PREPARATION OF SEISMIC
CODES AND THEIR VERIFICATION TESTS

Kinji Akino
Nuclear Power Engineering Test Center

Tokyo, Japan

ABSTRACT
Purpose of the first project is to prepare codes that are used for

cross checking to evaluate appropriateness of the seismic analyses for the
safety examination of licensing procedure. The prepared codes should be
independent of other seismic codes utilized in industry. The author will
explain new codes named SAN Series Codes.

The purpose of the second project is to verify the seismic codes by
means of testing. In selecting the subjects for testing, however, those
specific topics which involve uncertain phenomena have been searched for.
He will explain three tests which have been carried out.
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I. INTRODUCTION
1. PREPARATION OF SEISMIC ANALYSIS CODES

Institute of Nuclear Safety Japan (JINS), which belongs to Nuclear
Power Engineering Test Center (NUPEC), is preparing SAN {Seismic Analysis
Nuclear) series computer codes as the entrusted project sponsored by MITI
(Ministry of International Trade and Industry). Purpose of this project
is to prepare codes that are used for cross checking to evaluate appropri-
ateness of the seismic analyses for the safety examination of licensing
procedure. Therefore the prepared codes should be independent with the
other seismic codes utilized in calculations of the applications or indus-
tries. The prepared codes should be timely available for calculation of
evaluation during these years and the scope of items is being sequentially
expanded. For this reason, an order of the preparation is as follows:

(1) Core codes, which are very versatile should be prepared at first,

(2) Core codes related with fundamental technology of the seismic analy-
sis would have priority, and

(3) Preparation of advanced analysis codes which need experimental veri-
fication will be performed in accordance with project of test sched-
ule.
In 1980 (calendar year), the preparation work was started, and the first

phase or programing and the second phase or code assessment were finished
for SANWAV, SANSHL, SANSTR, SANSSI, SANLUM and SANPIP. Functions and cal-
culated examples of those codes are explained in Section II. Up to date, the
above six finished codes have been limited to elastic analyses, and they
will be extended to cover calculations for inelastic analyses. Experimental
data obtained through tests which will be explained in Section III will be
taken up to refine some of the above codes.

A future program is shown Fig. 2-1. SANDEL (Damage Earthquake Listing
and SANDEP_ (Digitalized Earthquake Record Processing) were branched off from
SANWAV." Surveys on the following new items are carried out in 1982 -v 83:

Ground motion transmitted from active fault
Restoring force characteristics of RC structure
Stability of ground and slope
Layered-soil-structure interaction
Wave propagation of tsunami

Trial or real programings of those items will be progressed in sequence.

2. TESTS FOR VERIFICATION OF SEISMIC CODES
In 1981, the testings were started to verify the seismic codes. In

selecting of the subjects for testings, however, those specific topics which
involve uncertain phenomena have been searched for.

The long term schedule of the tests is shown in Fig. 3-1, and the rea-
sons why each test is required are referred to:
(1) Restoring force characteristics

The analytical calculation of restoring force characteristics of the
reactor building has become possible with the analytical techniques now
available developed. In Japan, meanwhile, the estimation of an ultimate
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strength or the lateral shear of reinforced concrete structures is going
into the most important design procedure required in the new seismic design
regulation for buildings. The figure of a required ultimate strength for
the lateral shear of a reinforced concrete structure is determined based on
the experiments for the restoring force characteristics through cyclic stat-
ic loading tests.

Now, in the case of an ordinary building, the restoring force charac-
teristics can be evaluated, but in the case of a massive and complex struc-
ture like the reactor building, it has not been elucidated. To clarify the
restoring force characteristics of the reactor buildings, many scale models
for both PWR and BWR plants were tested because both types are typical in
Japan.

(2) Soil-structure interaction
Generally, a structure is affected more or less by the surrounding soil

when it respond to ground motion, while the seismic response o.f the struc-
ture also gives influence on the behavior of the soil. Since this phenome-
non called the soil-structure interaction contribute much to the seismic
response of structure which have a deep massive mat foundation and a rigid
superstructure, it is necessary to evaluate this phenomenon adequately to
confirm the seismic safety of the reactor building.

Theoretical studies of the soil -structure interaction have been steadily
advanced, and findings are now ready to be applied into the actual designs.
However, data accumulated through vibration tests and observations of seis-
mic responses till now are not sufficient to verify the latest theories on
the soil-structure interaction. In order to verify the latest theories on
the interaction, it is required to carry out a larger scale model test sys-
tematically and to collect more refined experimental data.

(3) Piping system
The piping system have many factors of mechanical non-linearity. It is

said that those factors arise mainly from the clearance between pipe and
supports and they would give affect on vibration behaviors, including a
damping factor. And, in case that the piping system extends from one flour
to the other flours or to the other building, the piping system would be
excited by multi-input waves.

The piping system is normally modeled into a linear system which is
assumed to be under an ideal boundary conditions, and the seismic response
calculation is worked out applying an identical floor response spectrum. In
order to verify the present design method, it is necessary to clarify the
effects of mechanical non-linearity and multi-input waves.

II. PREPARATION OF SEISMIC ANALYSIS CODES
1. SANWAV
(1) Function

SANWAV is described in the following four sections:
a) Based on the data of destructive earthquakes occurring in the past in
Japsn, the epicenter of earthquakes around a given site are graphically
displayed on a map according to their magnitudes, and their response spec-
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tra for Sx ground motion at the site are plotted on a tripartite figure.
b) Simulated earthquake ground motion is generated to fit a given spec-
trum by superimposing sinusoidal components, using phases of natural earth-
quake or random numbers. And calculation for fitting to the target spec-
trum of an arbitrary damping coefficient can work out.
c) Spectrum analyses (such as fourier spectrum, autocorrelation function,
etc.) of time history wave are made.
d) To take-account an influence of the ground amplification, a seismic
response analysis (one dimensional) is carried out, which is based on the
shear wave propagation theory for horizontally layered soil. The inci-
dent wave can be separated from total shear wave and is dealt with input
and output data.

(2) Example calculations
a) As an example of calculating the effects of destructive earthquakes
in the past, Fig. 2-2 is a map of the epicenter distribution around the
Tsuruga site. Fig. 2-3 is the velocity response spectrum calculated based
on Fig. 2-2.

b) Fig. 2-4 is the example of response spectra at damping coefficients
of 1%, 5% and 10%, and appropriateness of the simulated ground motions
generated by SANWAV can be examined.

2. SANSHL
(1) Function

SANSHL is a linear analysis program for an axi-symmetrical structure,
having functions of static and dynamic analyses and thermal analysis. The
dynamic analysis contains eigen value analysis and response analysis in real
and complex number domains respectively. SANSHL has shell elements (thick
and thin) and ring elements (triangular and square). The shell elements are
used for revolutional thin structures and the ring elements are used for
thick and massive structures including soil. SANSHL can be dealt with non-
axi-symmetrical load as well as axi-symmetrical load.

(2) Example calculations

a) Figs. 2-5, 6 show the analysis of a hollow cylinder subjected non
axi-asymmetrical load on the top.

b) The analytical model for a soil-structure combined system is shown in
Fig. 2-7, and the amplification function at the top of structure is shown
in Fig. 2-8.
c) The example modes for a oval ling analysis are shown in Fig. 2-9.

3. SANSTR
(1) Function

SANSTR is a program for three-dimensional static linear analysis of a
structure with FEM technique and is capable of handling an arbitrarily
shaped structure. SANSTR having many kinds of elements has the function of
graphic display such as model, displacement, stress, stress contour, etc.

Applying the super-element, moreover, some part of a structure can be
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replaced with an equivalent beam so that its stiffness matrix can be direct-
ly inputted in SANSTR for an analysis. Besides, the data so obtained can
be used as an input to SANLUM.
(2) Example calculations

a) Static Analysis of Mark H BWR Reactor Building
Fig. 2-10 shows the diagram of displacement due to a seismic load on

the 1/4 model of a Mark II BWR reactor building constructed on an elastic
ground.

b) Evaluation for Stiffness of Mark II BWR Reactor Building
Fig. 2-11 shows a comparison for the deformations of reactor building

which are calculated using FEM model for the entire structure and using
the super-elements.

4. SANSSI
(1) Function

SANSSI is a program for dynamic analysis of soil-structure interaction
with the two-dimensional FEM technique. The dynamic analysis is carried out
in the frequency domain and has to limited to a linear one. However, non-
linearity can be dealt with by use of the equivalent linear method.

a) Main analysis functions
o Analyzing the seismic response to a ground motion defined at an arbi-

trary location of the soil layers.,

o Analyzing the response to excitation at a nodal point,

and
o Calculating the coefficients of dynamic soil resistance to horizontal

and vertical excitations.
b) Boundary conditions
o Constraints on the freedom of nodal points,

o Transmitting boundary and viscous boundary to take into account the
dissipation of wave motions from the model edge,

o Viscous boundary at the bottom surface to take into account the down-
ward infiniteness of the model, and

o Viscous boundary, perpendicular to the plane, to give a three dimension-
al effect to the two dimensional model, with consideration of energy
dissipation for perpendicular direction.

(2) Example calculations
Figs. 2-12 throuph 16 show the comparison of analytical results with

the seismic observation obtained from the concrete block model nearly buried
in the soil.

5. SANLUM
(1) Function

SANLUM employs the method of calculating the response of soil-structure
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system to seismic ground motion, using beam element, spring, lumped mass,
dashpot, etc. This method has been used most popularly and could be divided
into four models according to a difference in handling soil.

a) Building is fixed at infinitely rigid soil,

b) Soil is modeled into a static sway-rocking spring,
c) Soil is modeled into variable sway-rocking spring in frequency range,

and

d) Soil is modeled into a grid with shearing and axial springs, (static
spring)

For the time-history response analysis, SANLUM provides (i) Time Domain
Method and (TI) Frequency Domain Method.

Besides, SANLUM has the function of analyzing the non-linear time his-
tory response for given structure and soil skeleton curves.
(2) Example calculations

a) Standardized PWR
PWR reactor building was analyzed and the two case results were com-

pared with that obtained using SANSSI. The soil region was modeled into
(i) frequency-dependent spring (ti) grid-like spring respectively, and the
viscous boundary was layed being equivalent to the transmitting boundary
of SANSSI. Fig. 2-17 snows the calculated accelerations in the building
section.
b) Standardized BWR

Fig. 2-18 shows the linear and non-linear analysis results for Mark II
BWR reactor building. The soil region was modeled into a static sway-rock-
ing spring.

6. SANPIP

(1) Function
SANPIP is a three-dimensional FEM analysis program to work out static

and dynamic analysis of piping system. It has beam elements, straight pipe
elements, bent pipe elements, taper pipe elements, etc.

In the dynamic analysis, both consistent and lumped masses are availa-
ble. SANPIP is capable of treating with modal, viscous and Rayleigh damping.

SANPIP has the following functions:

a) Static analysis,

b) Eigenvalue analysis,
c) Spectrum analysis,
d) Response analysis in frequency domain
e) Time-history response analysis and
f) Stress evaluation based on Technical Standard.

(2) Example calculations
Fig. 2-19 shows the calculation model of PWR primary cooling system.

Eigen values were analyzed, and the calculated results and the first mode
are shown in Fig. 2-20.
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III. TESTS FOR VERIFICATION OF SEISMIC CODES
1. TEST FOR EVALUATION OF RESTORING FORCE CHARACTERISTICS OF A REACTOR

BUILDING
(1) Outline of testing

The present test pertains to PWR and BWR buildings and comprises (i)
small-sized partial model tests, (ii) composite model tests and (TH) another
test to investigate into the scale effect. The test results will be applied
to non-linear analysis of the reactor buildings, but it is planned that the
obtained data will be evaluated in detail from 1983 on.

(2) Small-sized partial model test
Table HI-1 shows the list of the small-sized partial mpdel tests. As

shown in Fig. 3-2, this test was conducted on the containment inner concrete
structure (4-loop) in PWR through PI and P2 series of testing.

Since the secondary shield wall was fundamentally shaped into an octag-
onal cylinder, the PI Series was aimed at fundamentally analyzing the seis-
mic behavior of the octagonal cylinder. The model was scaled down to ap-
proximately 1/20 of the real building. For the P2 series, discontinuous
portions in the inner concrete structure were tested to obtain their seismic
behavior. The model was scaled down to approximately 1/10.

In BWR, the test covered such main seismic structural members as a
box wall, cylindrical wall and conical wall shown in Fig. 3-3. Two series
of testing, Bl and B2, were conducted. In both cases, the model was scaled
down to approximately 1/30. Given in Tables IH-2, M-3 are lists of the
models employed in the typical test series of the small-sized partial model
tests. Figs. 3-4, 3-5, Figs. 3-6, 3-7 and Figs. 3-8, 3-9, respectively, show
the shapes of models, the load-displacement curves and the final crack pat-
terns. In most of the models, web walls collapse ultimately with the mode
of sliding shear failure.

(3) Composite model test
For the composite model test, the inner concrete structure of PWR was

entirely tested as shown in Fig. 3-2. Its shape was simplified to the
extent that neither the shape of a real reactor nor the fundamental proper-
ties as a structure were affected. Fig. 3-10 shows the shape of model and
Table HI-4 enumerates their structural factors. The model was scaled down
to approximately 1/10 of the real building. For BWR, a combination of
main seismic structural members, such as box wall, cylindrical wall and coni-
cal wall, were tested. Fig. 3-11 shows the shape of model and Table IH-
5 enumerates their structural factors. The model was scaled down to about
1/30 of the real building. Figs. 3-12 and 3-13 show the load displacement
curves in PWR and BWR. And Figs. 3-14 and 3-15 show the final crack pat-
terns. In the composite model test of PWR reactor building, at first,
first-story web of fuel transport canal failed in sliding shear, secondary,
first story web portion of the steam generator room suffered from a shear-
compression failure and the maximum loadwasthen recorded. In the composite
model test of BWR, composite effects, such as combined stress distribution
with slabs, etc. were observed in comparison with the small-sized partial
model test results. It was especially known that deformation and failure
properties of seismic structural members in the composite structure differ-
ed from those in case where each member was independent. Ultimately, a



-402-

sliding shear failure took place nearly at the same time in both outer box
wall and inner cylindrical wall.
(4) Test to investigate into scale effect

Small and large models are planned with a size ratio of 1 : 3. and the
test will be conducted from 1983 on.

2. TEST FOR SOIL-STRUCTURE INTERACTION

(1) Outline of testing
Fig. 3-1 shows the overall plan of the testing. The test covered BWR

and PWR reactor buildings and their auxiliary buildings to clarify the in-
teractions between a building and the surrounding soil and another building.
Representative models are Model A, which simulates a BWR reactor building
shown in Fig. 3-16 and Model B, which simulates aPWR reactor building shown
in Fig. 3-17. Models were scaled down to approximately 1/5.

'.ne tests are described in two categories: (i) Series A simulating to
the BWR reactor building and (ii) Series B simulating to the PWR reactor
building. In Series A and B, Models A andB are to be tested, respectively.
Series A of testing comprises a total of 8 steps while Series B consists of
9 steps. In fiscal 1981, the models were designed and construction work was
started. In 1982, the tests using a eccentric mass exciter was conducted in
two steps of Series A and in three steps of Series B.

(2) Test results
As an example of test results, SeriesBof testing will be taken up and

described below. In Series B, the following three tests were conducted in
fiscal 1982:
a) Vibration test on the foundation of Model B (Test B-l)

b) Vibration test on a composite system of Model B with the upper frame
simulating an O.S.W. (Test B-2)

c) Vibration test on a composite system of Model B with the upper frame
simulating an I.C. (Test B-3)

Figs. 3-18 through 3-20 show the modes of upper frames and foundations
in the east-west direction of each model. As clearly understood from these
figures, Models B-2 and B-3 had a dominant displacement of their upper
frames in the first mode while their foundations showed a more significant
displacement in the second mode. In the B-2 which has a flexible upper
frame, the second frequency was nearly equal to the first one in the .case
of the foundation alone. The B-3 which has a more rigid upper frame showed
a higher second frequency than the first one in the case of the foundation
alone.

As recognized from Table IH-6 and Figs. 3.-18 through 3-20, all the
models showed large damping in the mode where the foundation vibrates in a
great measure, and in the inverse cases the damping were small. This may be
considered showing a magnitude of the dissipation effect that waves generat-
ed in the ground due to vibration of the foundation would dissipate to a
distance. Model B-3, in particular, which simulates the inner concrete struc-
ture, showed the damping constant of 14% in the second mode, which is far
larger than 4.8% in the first mode. This fact shows the possibility of in-



-403-

creasing the damping in the second mode appeared on the inner concrete
structure in real buildings, considering that the damping in the second mode
of I.C. is severe in a current design.

3. SEISMIC TEST ON PIPING

(1) Outline of testing
The tests are described in four categories: (i) an overall seismic test

on the system simulating a real piping system, (ii) an independent vibra-
tion test on support elements associated with the overall seismic test,
(ifi) vibration test on piping and supports which have clearances and (iv)
two-input seismic test on the piping. Up to date, the tests (i), (fi) and
(ifi) have been carried out.

Of these tests, the two-input seismic test only will be dealt with in
the present report.

(2) Objective
The piping employed in a nuclear power plant is often located and/or

installed through several equipments or over several floors. In the event
of an earthquake, even onp piping system subjects to different input wave-
forms and various levels, depending upon the locations of many supports.

Heretofore, the seismic design has been made based on the floor re-
sponse spectra which envelope floor response characteristics at several lo-
cations on the floor. To obtain the data for the evaluation of a more ac-
curate phenomenon comparing with a conventional design method, the test was
conducted for two-input conditions using two shaking tables.
(3) Description of test

The piping model was set in two cases; (a) it was supported horizontal-
ly with rod restraints only and (b) it was supported with both rod restrains
and oil snubbers at R-l and R-2 in Fig. 3-21.

The following tests were carried out;
a) Sin-wave point vibration test

To obtain natural frequency, mode and damping
b) Single sin-wave sweep test

To obtain response characteristics due to excitation of one shaking
table,
c) Two sin-wave test

To obtain response characteristics due to excitations of two shaking
tables, and
d) Equal and different seismic-wave input tests

To obtain a difference in response between equal and different inputs.
(4) Test results

Some results are as follows;
a) An amplification tends to decrease if a difference inphaseis changed
from 0° to 180° between large and small tables at the same acceleration
level when two sin-waves are inputted as shown in Fig. 3-22.
b) The case where both large and small table have the same input seismic
wave-form (equal wave input) is compared with the case where large and
snail tables have different input seismic wave-forms (two different in-
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put). From this comparison, it could be said that the equal input gener-
ates a higher response acceleration (Fig, 3-23, At R-l and R-2) while
the different input produces a higher stress arisen from a relative dis-
placement between shaking tables (Fig. 3-23, At S32).

IV. CONCLUSION
The projects mentioned in the above are now being progressed ,

therefore, the paper does not describe any technical conclusion. The
paper intends to introduce trends which have been endeavored in Japan
on the research and development for the seismic design of Nuclear Power
Plants. Common methodology on the subject is tend to the deterministic
method represented by experimental studies as explained in Section HI
which are some portions sponsored by Japan Government (MITI) among total
efforts in Japan.

The technology of the seismic design for NPP including development
of soft ware has reached proficiently, but we have faced up to un-
certainties, and we may fall on difficulty in the development of new
codes mentioned in Section I. The author hopes to report again after
those projects were completed.
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Fig2-1 PREPARATION OF SEISMIC ANALYSIS CODES
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Table III-1 List of the Small-sized Partial Model Test
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Fig. 3-6 Load-displacement curve (PI-4)
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Table III-6 Results of Forced Vibration Tests for Model B

Model

B-1

B-2

B-3

Direction

EW

NS

UD

EW

EW

Natural Frequency and Damping
fi : Natural Frequency (Hz)
h i : Damping <%>

Modes

1st

fi = 13.4

hi = 19

fi = 13.2

hi = 2 0

fi = 13.0

hi = 40

fi = 4.3

hi = 0.7

f i = 8.7

hi = 4.8

2nd

— -

h = 13.4

h2 = 10

h = 19.1

3rd

f3 = 17.4

fc = 10

h = 35.3

h3 = 0.6
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DISCUSSION ON PAPER 12

Konig, G.

1. Which kind of physical model do you intend to use to transfer the test
results into real structures?

2. How do you handle the scale effect?

3. You mentioned the observed sliding shear failure; there must be an
influence of normal force dependent upon the gravity loads. Are the test
results with respect to this fact representative for the real structure?

Ibe, Y.

1. There is actually no physical model to transfer the test results into
real structure because the test results have not been reviewed yet. A
couple of years will be necessary to review all the test results to
provide adequate physical models.

2. A test is going to be conducted this year to investigate the effect of
the scale of test models. The arrangement and size of reinforcement, and
the size of aggregate will be test parameters.

3. Actually vertical forces were applied to some of the small sized partial
models. However, the effect of axial compression was not significant
because almost all the test walls filled in sliding shear. As the
specimens were wide and narrow in their height, the behavior of these
specimens were strongly affected by shear. .

Hintergraeber, M.

1. What kind of conclusion from the tests did you obtain for the real
structure or constructing new models?

2. Did you compare test results with analysis?

Ibe, Y.

1. As I told during the presentation, no technical conclusions have been
obtained because the project has been in progress. The test project has
not been completed, so there is no specific comments.

2. We did not compare test results with analysis, due to the same reason as
above.
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SEISKIC RELIABILITY OF NON-LINEAR STRUCTURAL SYSTEMS

R. Giannini, C. Nuti, P.E.- Pinto

Istituto di Scienza e Tecnica delle Costruzioni
Universita di Roma

INTRODUCTION

The efforts devoted in the past few years ex.: |3|, |6|,
|8| to the development of generalized first-order second-moment
methods have been so successful that statically loaded complex
structural systems can now be analyzed within reasonable limits
of both accuracy and computational effort.

Quite different is the situation in the area of dynamic and,
in particular, seismic problems, in which structural behavior is,
as a rule, highly non-linear with hysteretic and degrading chara
cteristics.

The greater complexity of these latter problems (involving
stochastic modeling of seismic action and of elements behavioral
laws, definition of a failure criterion, etc.), and the corre-
sponding less advanced state of progress, are reflected in the
multiplicity of the proposed approaches ex.: |i|, |2|, |9|, none
of which is capable to offer a general solution to the problem.

Peculiar to the present study is the attempt of extending
to seismic problems the aforementioned generalized second moment
methods. This makes a difference with other studies relying par-
tly on simulation procedures,or on idealized resistance models
coupled with level III probability evaluations, ex.: |1|, |2|.

Conceptual generality may be seen as a possible merit of the
present method; this does not necessarily imply superior opera-
tional efficiency and systematic accuracy.
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SCOPE

Structural System - In principle, no restrictions need to be made
regarding type and characteristics of the structural system. The
system shall consist of a number of elements, each one characte-
rized by a set of mechanical characteristics, such as mass, stif_
fness, damping, strength, dissipation capacity, ultimate deforma_
bility, etc. For example, the generalized force deformation law
can be of the type shown in fig. 1, defined by four parameters
and generally assumed to represent with sufficient accuracy the
behavior of concrete members. Some of the member properties are
taken as random variables and orderly assembled into a vector,
say X , which completely describes the randomness inherent in
the system.

Limit-states - The limit-state of failure can be defined in a
variety of v/ays: as a threshold on the overall deformation of
the structure, as the simultaneous rupture of a number (at least
one) of critical elements (brittle failure), as progressive col-
lapse of the entire system due to accumulated plastic deforma-
tions leading to loss of equilibrium (ductile failure).
The selection of a particular limit-state may be conditioned in
certain cases by the complexity of the system relative to the
capacity of the available algorithms for structural analysis.

Probability of failure - The method is set up to provide fragi-
lity curves, i.e. probabilities of failure (Pj=) versus one para-
meter expressing the intensity of the seismic action. The para-
meter used here is the peak ground acceleration (A), although
any other measure of intensity or combination of them could be
directly introduced.

More precisely, the method yields a Pf which is conditioned to
a particular sample of ground motion, scaled to various levels
of A . Procedures to obtain marginal Pf (unconditional with re-
spect to variations from sample to sample for the same frequen-
cy content, with respect to the frequency content itself, and
with respect to A) are conceptually straight forward and will
not be treated in this study.

PROCEDURE

In this section the basic steps involved in a classical ge-
neralized level II approach are reviewed, pointing out the modi-
fications required for the problem under consideration.
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I - Transform the system random, vector X into a vector of. inde-
pendent standard normal variates: W

Efficient algorithms exist, ex.: |6|, J7|, to operate the
transformation: X = T(W) starting from any type of joint di-
stribution Fx(x).

in most cases, however, such a possibility goes beyond the
practical needs, since it is very difficult, either heuristicalz
ly or experimentally, to substanciate distribution types other
than the simplest ones; ex. joint normal or lognormal.

For this reason, and without loss of generality, the X vec-
tor has been assumed in this study as log-normal, consistenly
with the fact that his components are sort of resistances, and
cannot take on negative values. Thus, X = LN (X, Ê lnx) , the co-
variance matrix being defined on the logarithms of X.

In this case, the transformed standard independent normal
vector: W can be readily obtained by an orthogonal transforma-
tion using the eigenvectors of the matrix Elnx.

II - Find a point on the surface G(W) = 0 along a starting di-
rection from the origin

The algorithm used in this study starts by finding a point
on the failure surface moving along an assigned initial direction.

It the procedure were absolutely convergent to a local mi-
nimum distance,the initial direction could be chosen arbitrarily.
This been not unfortunately the case, the selection of a physi-
cally plausible initial direction is of great importance. Since
the transformed variables W do not have a direct physical mea-
ning, it is therefore convenient, if nothing else to speed up
convergence, to define the inif~-" i1 direction in the original
space.

Calling <j> the unit vector in the lnX space and ex the corre-
sponding one in the W space, the relation between the two is gî
ven by: _cj> = V • a , where V is the matrix whose columns contain
the eigenvectors of Hnx.

Once the direction j> selected, and subsequently ex, the pro-
blem is to find the modulus B of the vector: W*: a • 3 corre-
sponding to a point on the failure surface, such that G(W*) = 0 .

It is recalled that the load is a deterministic time-histo
ry of acceleration applied at the base of the structure; the pro
perties of the structure, given ex, are governed by the factor 3.
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Ey running a number of response time-histories for diffe-
rent values of 3 it is possible to individuate the minimum va-
lue of it for which collapse occurs.

This can be implemented in practice by assigning a conve-

nient tolerance Âj3 < x%) between consecutive values of 3 produ

cing and not producing collapse.

Ill - Move on 'the failure surface to find a local minimum for 3

The algorithms for the search of the minimum distance are
a key point for the effectiveness of all level II methods. One
of them consists in starting from a generic point P lying on the
failure surface (Sf), and then moving step-by-step along the di-
rection of the local maximum gradient of 3- This amounts to find
at each step a new point P1 on S^ lying on a line from the ori-
gin and parallel to the normal to Sf in P.

In cases where Ŝ  is represented by a continuous function,
the derivatives of the g-function in P, giving the direction of
the normal vector _v , are easily calculated.

In structural seismic problems the collapse limit state can
seldom be defined by an explicit function. Given a specific rea-
lization of the basic random variables, however, it is certainly
possible define whether the structure exceeds the considered li-
mit state or not. Hence the failure surface Sgcan only be impli-
citly characterized as the separation element between the por-
tion of the space where the limit state is exceeded and that
where it is not.

A method for dealing with cases, such as that under consi-
deration, where Sf is not explicitly defined has been presented
in |4|.

According to it, the first n-1 components of v̂  can be cal-
culated by the expression:

3 + 2 Ctlr • O P

k=1 8

v± - a n ( a i-

where -.&-£- are the derivatives of 3 with respect to the direction
cosines otj_, which can be evaluated numerically.

The last component: vn is obtained through the normalizing
condition.

Convergence on a local ir.iniiruTn for 3 is achieved when two
successive; directions of the norn. to the surface differ less
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than the assigned tolerance.

IV - Search for different local minima.

In general, it is to be expected that a system having ran-
dom mechanical characteristics, when subjected to a given sei-
smic excitation may collapse in a number of different mechanisms,
each one corresponding to a particular combination of stiffness,
strength and deformability of its members. 3-values of compara-
ble magnitudes can thus be obtained for different directions in
the space of basic variables.

The problem is basic to system reliability analysis, and it
obviously exists in static cases as well.

In the latter instances, however, methods for systematic in
dividuation and proper accounting of all mechanisms are availa-
ble, and within certain limits comprehensive analyses are feasi-
ble, ex.: |5| , I8| .

No general solution is in view for real case systems sub-
jected to strong seismic excitation; depending on the type and
characteristics of the structure the analyst will select by ju-
dgement a convenient number of different initial directions.

V - Compute the probability of the union of failure events

'Once a number of minimum distances Sj_/ and corresponding di-
rections c*i , have been obtained, the probability of the union
of these failure events must be evaluated.

The probability bounds proposed by Ditlevsen |3| are expec-
ted to give rather close results, at least until the number of
events remains moderate.

The subtractive terms (intersections between any pairs of
failure events) can be calculated after the linearization:
F. = a-'W + PJ = 2. + 3H = 0 , as a two dimensional Gauss inte-
gral:

P(F i n F j) = ll'll2 ${z±, 2 j , p±j) dz± dZj 2)
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NUMERICAL APPLICATION

The feasibility of the proposed method has been tested by
means of the simple yet interesting example shown in fig. 2.

The system is composed of three simple oscillators linked

together; they have a common elastic period: T = 2ir (•=̂ i) ' ,

but different masses and stiffnesses. x

The restoring forces are assumed to follow the Takeda rela
tionship, shown in fig. 1.

Four parameters define the relationship, i.e.: -initial
stiffness: K., yield deformation: Ky, ultimate ductility:
D = X u/X y / and post yielding hardening.

Failure of a component is assumed to occur as soon as its
ultimate ductility is attained. After failure the force the ele
ment was carrying is gradually put to zero in a selected inter-
val of time, while the mass of the component is taken up by the
survived ones.

The system is considered as failed when there are no more
active components left.

The seismic excitation is a random process, whose power
spectral density is such as to match the elastic response spec-
trum shown in fig. 3.

Samples of this process, having a total duration of 15 sees,
have been generated by means of the code SIMQKE |10|.

The random quantities considered include the three mecha-
nical parameters of each component:

X y i, K±, D*± (D*± = D ±-1),

yielding a system random vector X having 9 components. The vec-
tor X is assumed as log-normal, i.e.: X = LN(X, Elnx).

An additional feature, with respect to the theory previou-
sly illustrated, has been introduced in the computer program
set up to implement it. This consists on the incorporation of
the randomness of the whole process, i.e., of the from sample
to sample variability in the evaluation of Pf.

This is accomplished as follows:

- given a direction a, the distances 3^ are evaluated for a con
venient member n of samples of the process.
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- the value of Pf for the given <* is then:

Pf = 1 j. 4>(B,}, from which the "marginal" & is obtained as:
» 1 _,

3 = * '(Pf)
- the same criterion is adopted for the numerical evaluation of
the derivatives of 8 with respect to a, (see expr.1), which
are necessary in order to evaluate the components of the nor-
mal to the surface.

- the search for the minimum of 3 proceeds as illustrated in the
previous paragraphs.

The system in fig. 2 has been designed according to the
following criterion-

The total force at yielding is obtained from the elastic
spectrum in fig. 3 scaled to A = 0,3 g but with the ordinates
reduced by an overall behavior factor: K = 3.

The yield force of each element is a fraction of the total
force, proportional to its relative stiffness.

The resulting values, assumed as average ones, are reported
in the table of fig. 2.

The ductilities of the various elements have been assigned
so as to yield globally a value somewhat larger of the behavior
factor voed in the design. The table contains also the values
assigned to the standard deviations of the components of X; the
correlations among these components have been set to zero.

The results of the reliability analysis are presented in
fig. 4, showing P_ as a function of the peak ground acceleration
in the range: 0,25 g - A - 0,325 g.

The values of Pf correspond to a single minimum distance
point checking. The initial direction chosen to start the proce-
dure involved a variation of the ultimate deformabilities only/
with the R|s and the X^'s standing at their (transformed) nor-
malized zero values. The final direction, however, was found to
have, in the particular case examined, components of equal impor_
tance along both the stiffness and the yield strength axes, in-
dicating thus that both of these latter quantities bear an in-
fluences on Pf comparable to that of the ductility. As a remark,
it is likely that starting with different initial a's, different
local minima would be obtained; such exploration should in gene-
ral be undertaken.
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Only six samples of the excitation process where used for the
example: this number is obviously small, with the double conse-
quence that the evaluation of Pf marginal to the process is not
accurate enough, and that some instabilities occurred in the eva
luation of 9 e s gl~S , due to the large fluctuation of the

reponse for 9a; the various samples.

Problems related to multiple point checking and to numerical
instabil i t ies will be discussed in a forthcoming paper.

Fig. 1 - Non-linear, stiffness de-
grading, force-displacement rela-
tionship (TrĴ -ia Model)
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DISCUSSION ON PAPER 21

Konig, G.

How did you introduce the uncertainties of the model you analyzed? Are
they concentrated in the Takeols model? You mentioned only 3 parameters, but
Takeols model is described by 16 parameters.

Nuti, C.

We introduced the structural uncertainties only into the Takeols model
and precisely they were: yielding displacement, ultimate displacement and
initial stiffness; all other parameters have been assumed to be
deterministic. In principle, however, there would be no difficulty in
introducing further R.V.'s

Costes, D.

Did you apply your theory to practical cases?

Nuti, C.

At this moment the analyses have been made with reference to idealized,
although representative cases. The one shown, for example, might represent
the problem of coupling of systems having different random properties, a case

which occurs very often in building structures.

Hwang, H.

1. What method of dynamic analysis is used: time history or power spectra?

2. How can you define the collapse for complex structures?

Nuti, C.
1. The dynamic analysis has been performed by a nonlinear time history,

using the Newmark method of integration, the successive expire of numbers
could so be included without any great difficulty.

2. The definition of collapse for complex structures is a difficult task.
For the simple example illustrated, collapse was the expiring of all
three oscillators. In general, for a great number of structures we are
able to decide whether or not they must be considered collapsed. For
frame structures, collapse is reached when equilibrium cannot be
satisfied due to the expiring of some beams and columns. In any case, we
can assess the collapse of the structures when a certain limit state is
exceeded. As a concluding remark, I think that this is still an open
question from a theoretical point of view.
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Chairman: H. Shibata, University of Tokyo
(Japan)
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Paper 11
The Representation and Propagation of Uncertainty in

Seismic Fragilities
D. W. Phillips
(United Kingdom)

Dr. D. W. Phillips mentioned that the estimation of site seismic hazard
for very low annual exceedance frequencies and plant failure probability for
beyond design basis earthquake loads bring some uncertainties and affects
significantly the overall assessed seismic risk. How to propagate the
influence of various representation of uncertainty in seismic fragility
through event trees or fault trees has been examined and some results are
shown. The difference caused by distribution shapes is rather significant in
his example, but he concluded that the particular form is not strongly
reflected in the form of the distribution of the risk.

Paper 22
Probabilistic Assessment of Seismic Risk

J. E. Wells, L. L. George
(United States)

J. E. Wells reported on some results of the Seismic Safety Margins
Research Program (SSMRP). The results applied to the Zion NPP have been used
for the relative importance of various factors contributing to reactor seismic
safety. These results include failure and radioactive release probabilities
and their uncertainties over a range of earthquakes. The effects of
correlation, structural failures, feed and bleed capability and modeling
uncertainties were shown. He mentioned that the 10 90% confidence interval
was approximately three orders of magnitude. Most of the discussions were
concentrated on the effect of response correlation to the results.

Paper 5
The Role of Human Error in Seismic Risk Analysis

H. Shibata
(Japan)

Dr. H. Shibata presented "the role of human error in seismic risk
analysis." The two types of human errors are found in the process of risk
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assessment. One is a simple operational error during the earthquake
condition, and the other one is an error occurring in the design, fabrication,
construction, or inspection processes. He expressed some examples of human
errors in the decision process of DBE, and damages caused by design errors
during the past destructive earthquakes. He mentioned that some of them were
coming from unknown mechanisms such as dynamic effects, material behaviors,
and so on. He also showed some results of testing on operability during the
earthquake condition using a shaking table, and the shock isolation ability of
the human body which was kept by using the chair with wheels (casters). The
necessity of operation during the earthquake condition was discussed.
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THE REPRESENTATION AND PROPAGATION OF UNCERTAINTY IN
SEISMIC FRAGILITIES

D W Phillips
Safety and Reliability Directorate, UKAEA

Warrington, Cheshire, WA3 4NE, UK

Abstract

Probabilistic Seismic Risk Assessment involves the estimation of site
seismic hazard for very low annual exceedance frequencies, and plant failure
probabilities for beyond design basis seismic loading. Both of these estimates
naturally involve uncertainties, and the way in which the uncertainties are
represented can affect significantly the overall assessed seismic risk. To-
date, the usual representation of uncertainty in seismic fragility has been
the log-normal distribution, although other analytic representations are
equally consistent with the available seismic fragility information in many
instances. The influence of such alternative forms of uncertainty representa-
tion is examined and, in addition, the compounding of these influences by
propagation of the uncertainties through event trees or fault trees is
discussed in the context of general methods of propagation.
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1. Introduction

An important feature of the results of a Probabilistic Risk Assessment
(PRA) is the distribution of the assessed risk. If the PRA is censored so
that it only produces a single numerical risk figure, such as a "best estimate"
risk, then it may give a seriously incomplete view of the risk. For example,
if the assessed distribution of the risk is very broad, or if it has a long
tail at higher risks, then estimates of central tendency can be misleading
(eg the mode or the median) or unduly sensitive to slight variations in the
form of the distribution (eg the arithmetic mean). The arguments against
the use of single numerical risk values become especially strong if the
distribution of the assessed risk has any multi-modal tendencies.

In a PRA, risk is generally calculated using some form of the fault/
event tree methodology, and it is natural to use the same framework to
assess the distribution of the risk from the distributions of the reliability
or capability of individual components. In a seismic PRA the- role of uncer-
tainties in component capabilities is particularly interesting because of the
shortage of component fragility data at the risk-dominant beyond-design-basis
levels of seismic excitation. Usually, the principal component fragility
information which is available is in the form of judgements about the expected
seismic capability together with estimates of the probable range of uncertainty
of those judgements. There is seldom an especially cogent reason for assum-
ing that the distribution of seismic capability has any particular analytic
form, and generally even less reason to assume a particular analytic form
for the distribution of uncertainty in that capability. In this paper we
look closely at the implications of assuming a specific form for the distribu-
tion of the fragility uncertainty, making use of a simple illustrative
example.

2. A Case Study of Seismic Fragility

At SRD we have carried out an assessment of the Seismic capability of a
support structure for a storage tank, Figure 1. This support structure had
not been designed to withstand earthquakes so there were no previous seismic
analyses on which to base our assessment. We identified several probable
failure modes, and a number of different levels of seismic resistance for
each of these failure modes, according to the physical state of the system
at the time of the seismic loading. Having no other information available,
it was decided that it would be reasonable and not unrealistic to assume
that all failure modes and states of the system were equally likely. This
allowed us to assign a distribution of factors of safety against loss of
function at a number of different strengths of seismic excitation. The
factors of safety were defined in response terms according to

F = C/S

where C denotes the capability of the installation, S the strength of the
seismic excitation and F the safety factor. Only three S levels were
considered, and the resulting probability distributions of are shown in Figure
2. In this example, as seems to be the case in most practical studies,
the data are too limited to be able to make strong statistical claims about
the relative goodness-of-fit of the three F distributions to analytic prob-
ability distributions. However, the mean values of the distributions,
defined as

F = 2 P(Fi)Fi
i



-439-

do show a reasonable fit to a log-normal distribution in its cumulative form,
Figure 3. Again, since only three levels were considered this fit is not a
very searching test of the hypothesis that the distribution of the mean
seismic fragilities is not log-normal.

The conventional approach in seismic PRA is to assume that the mean values
at various levels are distributed log-normally:

$(S)dS =
 1 exp {-•=! ln'(S/Sm»dS ...(1)

The best fit parameters of equation (1) to the data of Figure 3 are Sm=0.40g
and a=0.91. The log-normal distribution has a general form which is
intuitively acceptable in that it is zero for negative levels of excitation
and is unimodal with a relatively well-defined peak (Leptokurtic). This
distribution also extends out to infinite excitation levels, a characteristic
which is considered to be not wholly realistic and a potential source of
difficulty in the numerical calculation of risk. Of course, the log-normal
distribution is far from unique in having this combination of attributues.

Another facet of the conventional approach to seismic PRA is the
recognition that fragilities are not usually known with great precision, and
that consequently there is a family of fragility functions around the mean
fragility at different exceedance levels. Conventionally, the probability
distribution of this continuum of fragility functions is also assumed to be
log-normal, with a mean and standard deviation which are independent of the
excitation level.

3. Fragility, Risk and Uncertainty

Seismic risk and seismic fragility (defined as the probability of failure
given the occurrence of a seismic excitation of a specific strength) are
related by the seismic hazard, H(S). If H(S) is a cumulative probability
distribution such as an annual exceedance probability for a seismic excitation
of strength S then

R(h) = /bH(SH(S)dS ...(2)

usually, the risk integral of Equation (2) is taken to an upper limit b such
that R(°°) - R(b) is made vanishingly small," or at least relatively insignifi-
cant, then R becomes effectively independent of fo. Although H(S) is itself
subject to uncertainties which may be risk-significant, it is intended in
this paper to treat H(S) as though it were known exactly. The form taken
for H(S) is shown in Figure 4, and is described by the equation

H(S) = 7.54*/|LOG(S)| + 1.14LOG(S) - 9.0 ...(3)

where S is in units of fractions of g (9.81MS-2) and is used as the measure
of the strength of the seismic excitation. Figure 4 also shows the seismic
risk calculated from the mean fragility function of Figure 3 and the assumed
hazard function, equation (3). The seismic risk in this example, which
corresponds to the mean risk, was determined by numerical integration to be
7,0 x 10~4 per year.

Uncertainty can be introduced into equation (2) by expanding the
expressions for H and $. To see how this arises consider that at a level of
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seismic excitation S£ the fragility can be considered as a random variable:

<j>. = •(S£,r)

Hence, if H is independent of r (ie it is a deterministic single-valued
function) then the distribution of seismic risk is given by

R(r) = /°° H(S)cj)(S,r)dS ...(4)

4. Uncertainty Propagation

To consider the propagation of uncertainties through sequences of possible
system response, it is necessary to generalise equation (4) to the case of
multiple failures. This generalisation can be developed with a fault/event
tree approach in which the probability at any branch point is distributed
rather than being single-valued. Whether the seismic risk integral, equation
(2), is taken over the individual component fragilities $i or over the whole
system fragility characteristic $, some method must be selected to propagate
the uncertainties in a consistent manner.

The general problem of the propagation of uncertainties through event
trees has been considered elsewhere <1-3>. In a seismic PRA, where the
emphasis is on the use of expert opinion rather than the analysis of measure-
ments in a classical statistical manner, classical statistical confidence
limits are not meaningful since they are inherently unsuited to the represen-
tation of uncertainties at the component level. However, the quantific ition
of component uncertainty with Bayesian statistics is valid and does allow
these uncertainties to be propagated using one of the several methods which
have been developed for this purpose. None of these methods is fully sat-
isfactory but all of them have some value. In this brief study we do not
make use of any specific methods of uncertainty propagation but we do refer
to the Westinghouse Zion Study which employs the method of moments and, more
usually, the Discrete Probability Distribution (DPD) approach <4>. We prefer
not to attempt to to illustrate this aspect of uncertainty progagation with
unrealistically brief event trees since, as we have noted below, the form of
the risk distribution is partially determined by the event tree logic. A very
simple example event tree could produce results which are of little practical
interest and possibly of no more relevance than the single component systems
which will be discussed in the next section.

A general formalism which is useful for the discussion of uncertainty
progagation is of some interest and can be readily outlined. Figure 5
presents a simple event tree to establish the notation used. The nodes on
the event tree correspond to the operation of two completely independent
components, Kf and K2- The outcomes of the event tree, 0i, correspond to
the event sequences

02 = K^2

°3=K1

the initiating event corresponds to the occurrence of an earthquake as
specified by Equation (3). At any seismic excitation level the nodal prob
abilities are distributed according to <|>i(S,r). Outcomes 0£ occur with
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probabilties p(0£) where

pCO^ = P1P2> p(02) = P^I - P 2), etc

P. denotes the conditional probability of component K£ failing after experienc-
ing an earthquake of strength S where

Pi(S,r) = /
S <j)(S,r)dS

and P^CS.r) = /" Pi(S,t)Pj (S,
r/t)dt

Pij is now a multiple component failure characteristic and <j>i is one of the
elements of the system failure characteristic §.

The calculations of $ involves sums and products of probability distribu-
tions. In most practical examples such combinations of probability distribu-
tions are impossible to calculate analytically unless resort is made to
integral transform techniques <5>. For example, if <f>i are log-normal distri-
butions then multi-product distributions are readily derived from <j>i since
Ti<j>i is also a log-normal distribution with a median of irimedi and a logarith-
mic variance given by Eiai2. The multiple sum distribution of log-normal
distributions cannot be found directly, but use can be made of the properties
of the laplace transform:

L..CS) = ̂ VSX<j,i(x)dx

since Li+.(S) = Li(S)L.(S)

It should be apparent that if the component uncertainty distributions are
assumed to be log-normal then the risk distribution for outcomes, which could
consist of many additive combinations of individual outcomes, will not be
log-normal. In general, such a probability distribution will not have a
simple analytical form. The important question addressed in this paper is
whether the assumption that all the component uncertainty distributions have
a particular analytic form influences significantly the form of the risk
distribution. There cannot be a final answer to this question in a general
case because it is clear that the form of the risk distribution of an overall
system is affected by the logic of the event tree and the grouping of the
individual outcomes into general outcome categories. It seems likely that
the larger these groupings, the less important will be the form of the
uncertainty distribution of the component fragility on the form of the un-
certainty distribution of the risk. However, if one particular event
sequence is risk-dominant then the risk distribution will be like the
fragility distribution of that sequence.

5. Results - Single Component Systems

As a useful baseline case we consider that the factors of safety shown
in Figure 2 can be approximated by a single log-normal distribution with a
standard deviation of 0.39, calculated using a statistical fit to the factor
of safety distributions averaged over all levels. It should also be noted
that the cri were calculated for each of the three F distributions using the
standard definition

j. - /- I. P.. (x.. - x.)J

l V n j ij IJ i'
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The resulting distribution is shown in Figure 3. Using the hazard function
H(S) defined above inequation (3), this fragility distribution leads, via the
usual risk integral, to the risk distribution as curve a on Figure 6. This is
also a log-normal distribution with a median of 3.3 x 10~4 (as before) and a
standard deviation of 0.87.

Other cases are also shown in Figure 6 for alternative analytic forms of
the fragility uncertainty distribution. In each case the distributions were
chosen to be consistent with the original distributions of the factors of
safety. The main parameters of these fitted distributions are, Figure 6:

1. Rectangular Distribution Independent of S
2. Poisson Distribution Independent of S
3. Normal Distribution Dependent on S

Other distributions could have been used but the principal effects are
already apparent, Figure 6. For any of the four distributions used to
describe the fragility uncertainty, the form of the risk distribution is
similar, although the log-normal gives the narrowest distribution at the
higher exceedance probabilities. For example, in quantitative terms, the
seismic risk at the 90% level ranges from about 10~3 for the log-normal to
about 10~2 for the rectangular. Therefore, if the fragility distribution is
incorrectly assigned, it is possible to produce misleading and non-conserva-
tive estimates of the distribution of uncertainty in the risk. This example
also illustrates that the median risk is not very sensitive to the form
assumed for the fragility distributions.

6. Results - Multiple Component Systems

As a valuable example of the risk distribution to be expected from a
seismic PRA we can consider the results produced by the Westinghouse Zion
Study, Figure 7 <4>. In this work the distributions of both fragility and
fragility uncertainty at any excitation level were assumed to be log-normal.
It should also be noted that this study also took some account of the un-
certainty in the site seismic hazard. Therefore, the uncertainty distribution
in the risk shown in Figure 7 contains a contribution from this source in
addition to the contribution from the uncertainty in the fragilities.

Figure 7 shows the assessed annual core melt frequency from the Zion
Plant due to earthquakes. A number of principal accident sequences lead to
core melt and the dominant seismically initiated core melt event tree has
several independent nodes relating to various states of the core cooling
systems. Thus, in this practical application, the risk distribution results
from the addition of a number of log-normal distributions with different mean
outcome probabilities and different contributions to the core melt frequency.
The risk distribution is significantly broader than log-normal. However, it
is worth recalling that for the Zion Plant the seismic risk was dominated by
just three independent component fragilities (ceramic insulators, service
water pumps and the auxiliary building shear wall), but that these failures
affected several functions.

If the Westinghouse fragilities had been assumed to be distributed accord-
ing to one of the uncertainty distributions which were discussed in Section
5, then there is little doubt that the risk distribution that would then
result would not be narrower than that shown in Figure 7. Whether this
expected broadening is significant or not would depend on the specific
details of the event tree logic. It seems likely that the risk distribution
would be most noticeably different in the tails, and largely left unaltered
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in the central region. This would be expected whether the outcomes were
dominated by a single event sequence or a number of different'event sequences
contribute to the risk more or less equally.

It would be possible to quantify these statements by using simple example
event trees as intermediaries between the single component systems considered
in Section 5 and the realistically large event trees used in whole plant
studies. However, it would appear that such a detailed investigation would
be out of place at this point since it would add little to what has been
discussed already and, to be of significant use, would have to examine a wide
range of different permutations of event sequence such as conditional failures,
independent failures, common mode/common cause failures, multiple event com-
binations and the possbility of combinations of different forms of uncertainty
distribution which might be felt to be particularly appropriate in some cases.

7. Conclusions

The use of any particular analytic form to describe the uncertainty dis-
tribution of seismic fragilities is an approximation which implies that the
uncertainty distribution is known with complete precision. This approximation
is justifiable in a safety assessment only if it is conservative or unimpor-
tant. In this brief examination of some of the implications of this approx-
imation, it has been possible to highlight certain effects which are not
obvious from a cursory study of the methodology of seismic PEA. These effects
have been deduced from a numerical study of seismic risk of single component
systems and a review of the risk distribution found in a whole plant seismic
PISA. The main effects of interest may be summarised as follows:

1. If a whole plant is modelled by highly simplified fault/event trees
which represent the basic plant functions in a crude manner, then it is
possible that the seismic.risk will be dominated by a single fault/event
sequence. If this happens to be the case then the distribution of uncertainty
in the assessed seismic risk will tend to be like the distribution of uncer-
tainty assumed for the dominant node(s), although somewhat broadened by the
uncertainty combinations produced by the tree propagation. Therefore, if
the assumed nodal uncertainty distribution is uirealistic then the uncertainty
in the risk will also be unrealistic and may be unconservative, especially
towards the tails of the distribution.

2. If the seismic risk is due to a number of different permutations and
combinations of fault/event tree in such a way that there is no single risk
dominant path, then the distribution of uncertainty in the assessed seismic
risk will not reflect the forms of the nodal uncertainty distribution very
strongly. Rather, the risk distribution will be a function of the logic of
the fault/event trees. However, if there is a key component which has a
risk important role on a majority of the paths through the plant representa-
tion, then the form of its uncertainty distribution may still exercise an
important influence over the form of the distribution of uncertainty in the
risk.

It is clear from what has been discussed above that, for the majority
of components in a plant, the particular form assumed to describe the distri-
bution of uncertainty in the seismic fragility is not strongly reflected in
the form of the distribution of the risk. There are exceptions to this
general conclusion, such as when the whole plant behaviour is represented by
very simple models or when the risk is dominated by one particular sequence
or component. Neither of these exceptions should be significant in a plant
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with a multiple redundancy in its safety features or which has been designed
on a risk consistent basis. However, both exceptions could be of importance
if a seismic PRA is attempted with plant models which are highly simplified.
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DISCUSSION ON PAPER 11

Irving, J.

1. Did you carry out any statistical testing of the distributions to see
whether they fitted the data? Since only three to five cells are shown
it would appear that "fit" statistics could not be found with
sufficient significance to refer one distribution over the others.

2. Did you test truncated distributions?

3. How did you use the Poisson distribution which is discrete rather than
continuous (as the other distributions are)?

Phillips, D.

li We did try some, for example, a X2 test for the Poisson, but as you
pointed out, the data is too sparse for any significant claims to be
made about goodness-of-fit.

2. Yes, a rectangular distribution as is shown.

3. The histograms are discrete, so the Poisson was not a problem; for the
continuous distributions the discretization had to be smoothed in order
to establish a fit.
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SEISMIC RISK AT THE
ZION NUCLEAR POWER PLANT

3. E. Wells and L. L. George

Lawrence Livermore National Laboratory

Introduction

This paper presents the results of a seismic risk analysis of the Zion
nuclear power plant.1 It also shows the effects of assumptions about plant
configuration, plant operation, and dependence. This analysis is part of the
Seismic Safety Margins Research Program (SSMRP), a program funded by the U.S.
Nuclear Regulatory Commission. The SSMRP has developed methods and computer
codes for estimating the probability of an earthquake induced radioactive
release from a plant.

The risk analysis2 begins with estimation of the seismic hazard function
and a set of earthquake time histories. A dynamic structural response code
computes local responses based on the earthquake time histories for many
locations in the plant. (Finite element models are used in the response
computations.) Then, the peak responses are combined with fragility functions
and fault and event trees in computing the probability of earthquake and
radioactive release. (Fragility functions describe the strengths of many
types of components. Fault and event trees describe radioactive release in
terms of component failures.) Finally, the resulting risk in man-REMs per
year is estimated.

The computer code SEISIM, Systematic Evaluation of Important Safety
Improvement Measures, computes probabilities, risk, their derivatives, and impor-
tance measures.5 This code handles initiating events, system failures and
accident sequences which have correlated component failures. Handling events
with any correlation distinguishes SEISIM from other risk analysis computer
codes.

Results of the Zion Risk Analysis

This section shows the results of the seismic risk analysis of the Zion
nuclear power plant. The probabilities of component failures, cut sets,
initiating events, system failures, and accident sequences are conditional on
earthquake and preceding events in accident scenarios. The probabilities of
terminal event sequences and releases are intersections with the occurrence of
the worst earthquake in a given year.

Each system failure probability is computed using an approximate upper
bound, the "min cut set" upper bound.4 The min cut set upper bound is one
minus the product over all cut sets of one minus cut set probabilities. It is
approximate because cut sets are dependent. It is accurate when cut set
probabilities are small.
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Each initiating event probability is computed using the min cut set upper
bound. Occurrence of an initiating event implies non-occurrence of worse
initiating events. This is represented by multiplying the min cut set upper
bound by one minus the min cut set upper bounds on the probabilities of worse
initiating events.

Each accident sequence probability conditional on an initiating event is
computed using the min cut set upper bound. These bounds are normalized if
necessary to sum to no more than 1.0.

Each terminal event sequence probability is the product of earthquaker
initiating event, accident sequence, and containment failure mode
probabilities. Each release category probability is the sum of probabilities
of terminal event sequences which contribute to that category. Risk is
defined as the expected man-REMs per year.

Assumptions regarding plant configuration, emergency operations, and
correlations are:

1. "Feed and bleed" is an emergency procedure that can assist in cooling
the core after an earthquake. In this procedure, which is used if
the auxiliary feedwater system fails, the operator uses the emergency
safety injection pumps to pump cooling water to the core and bleeds
off the resulting steam through the pressurizer relief valve.

2. Failure of the crib house pump enclosure roof fails all service water
pumps. This results in loss of the emergency AC power generators due
to lack of cooling water.

3. Failure of the wall between the turH.ne and auxiliary building causes
loss of all power and control circuits to the auxiliary building and
the containment.

4. Soil failure under the containment causes rocking that fails the
safety injection system (SIS), the charging system (CHG), the
residual heat removal system (RHRS), the containment spray injection
system (CSIS), the containment spray recirculation.system (CSRS), and
piping between the auxiliary building qnd the containment.

5. Failure of the vertical column supports under the prsssurizer, any
steam generator, or any reactor coolant pump causes a large LOCA.
Two such failures in different loops are considered equivalent to a
reactor vessel rupture.

6. Failure of the turbine-driven AFW pump steam line does not cause
failure of all auxiliary feed water pumps.

7. Correlations between responses are computed and correlations between
strengths are set to zero.

Table 1 lists risk and release category probabilities under the,,
assumptions listed above. The probabilities are over all earthquake levels.
The release categories with the highest probabilities are 2 (containment
failure due to steam explosion with failure of CSIS and CSRS) and 7 (melt
through the basemat). Most of this risk comes from release categories 2 and 3
(containment failure due to overpressure). (The risk estimates are based on
average man-REMs per year for a PWR. See Ref. 5.) The total release
probability is 3.6E-6 per year, and the risk is 9.6 man-REMs per year.
Release probability is due primarily to failures of structures and piping
between buildings which cause failures of safety systems.
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tabie 1. fiisk and release category probabilities over all
earthquake levels (with feed and bleed and with structural
failures.

Release
Category

Release Category
Probability

Risk, Man-
REMs per Year

1
2
3
4
5
6
7

Total

2.94e-8
1.35e-6
5.39e-07
9.22e-ll
8.32e-10
1.65e-7
1.48e-6

0.16
6.50
2.91
0
0
0.02
0.03

3.57e-6 9.63

Table 2 lists the probabilities for each of the seven release categories
as a function of earthquake levels. Earthquake levels 2, 3, and 4 contribute
more than levels 1 and 6. This indicates that we have captured the bulk of
the risk and that the range of earthquakes chosen is adequate.

Table 2. Probabilities
(with feed

Release
Category

1
2
3
4
5
6
7

and bleed

3
1,
3,

3,
7.
4,

1

.08E-13

.38E-8

.74E-10
0

.81E-12

.24E-16

.40E-9

of release categories
and with structural 1

4
2
3

1
1
8

2

.16E-11

.77E-7

.62E-9
0
.41E-11
.11E-13
•44E-8

3
6
1

9
4
7

as functions of
'ailures).

Earthquake Level

3

.09E-9

.13E-7

.18E-8
0
.34E-12
.32E-12
.68E-7

1
2,
4.
3.
2.
1.
3.

4

.27E-8

.61E-7

.27E-7
J3E-11
91E-10
19E-7
.80E-7

7
1
8
4
4
3
1

5

.62E-9

.06E-7

.09E-8

.87E-11

.51E-10

.96E-8

.73E-7

earthquake

5
8,
1
6,
6,
5.
5,

6

.92E-9

.29E-8

.49E-8

.25E-12

.26E-11

.92E-9
•19E-8

Total

level

Total

2.94E-8
1.35E-6
5.39E-7
9.22E-11
8.32E-10
1.65E-7
1.48E-6

3.57E-6
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Table 3 shows the probabilities of the 7 initiating events for each of the
six earthquake levels. It can be seen from this table that, at the three
lower earthquake levels, the initiating events are dominated by the transients
Tl and T2. At earthquake level 4, it is primarily the small and small-small
LOCAs which are important. At earthquake l<?vel 5 the initiating event
probabilities are fairly evenly spread over the initiating events and that the
LLOCA and RVR initiating events have become a significant factor in the
analysis. Finally, at level 6 it is seen that the totally dominant initiating
event is the RVR and LLOCA initiating events. Thus, we see that as we
increase the level of earthquake excitation the contribution of the more
severe initiating events increases.

The initiating event for the two transients is primarily the loss of
off-site power by failure of the ceramic insulators at the point where
off-site power is brought into the switch yard. (This is only considered an
initiating event if any of the four LOCAs have not occurred.) The component
failures which cause the LLOCA and the RVR initiating events are the failure
of the primary coolant piping due to the failure of the supports of the steam
generators and reactor coolant pumps. Without these two failures the
initiating events for the LLOCA and RVR would be significantly smaller. Thus,
it can be seen that it is not failure of the piping which results in a LLOCA
or RVR but rather the possibility of failure of the supports of the major
components.

Table 3. Probabilities of initiating events conditional on earthquake
â s functions _of earthquake level.

Earthquake. Acceleration j-evel
Initiating
Event

RVR
LLOCA
MLOCA
SLOCA
SSLOCA
T2
Tl

1

0
0

1.1E-4
2.0E-4
1.4E-3
2.7E-1
7.3E-1

7
2
6
6
1
8
1

2

.4E-7

.2E-5

.OE-5
• 5E-4
.1E-2
.1E-1
.8E-1

3

7.7E-3
1.8E-2
1.1E-2
8.7E-2
1.5E-1
7.3E-1
6.0E-4

4

9.7E-3
3.8E-2
3.6E-2
2.6E-1
2.8E-1
3.7E-1
1.1E-6

5

1.7E-1
1.9E-1
5.5E-2
3.0E-1
1.9E-1
9.2E-2
3.5E-8

6

5.3E-1
2.5E-1
3.4E-2
1.6E-1
2.4E-2
2.8E-3
0

Sensijbivitx. o_f Results to_ Assumptions

Table 4 shows the experimental design used for examining the effects of
assumptions. This section describes the assumptions in the previous section
and their effects on probabilities and risk. .

The first assumption is feed and bleed. Feed and bleed cools the core if
the AFWS fails during a transient or small-small LOCA. If the AFWS fails, the
operator must detect this fact, align valves, and start the charging or the
safety injection pumps.
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Table h.

Case

1
2
3
4
5
6
7
8

+ denotes

Experimental design for determining

Feed
and
Bleed

+ 
+ 

i 
i 

i 
i 

i 
i

presence of

effects of assumptions.

Factors (assumptions)

Stetm
Structure AFWS
Failures Failures

• 
i 

i 
+ 

+ 
+ 

i 
+

i 
i 

i +
 

i 
i 

i 
i

the factor and - denotes

Correlations
between

"Responses" & "Strengths"

+ 
+

+
+ 

+ 
+ 

+ 
i

its absence.

The structural failure assumptions include base slab uplift, failure of
the crib house pump enclosure roof, and failure of the auxiliary building
shear wall. Uplift, as indicated earlier, is soil failure under the
containment. Uplift causes rocking that fails the safety system piping
between the auxiliary building and the containment. Collapse of the crib
house pump enclosure roof fails the service water pumps beneath it. There are
three pumps for each Zion unit in the crib house. Failure of the auxiliary
building shear wall causes loss of electrical power and control circuits
between the auxiliary building and the containment.

The last assumption analyzed was the steam environmental assumption. This
particular assumption assumes that when the steam line which powers the
turbine-driven AFWS pump fails, steam is released into the area where all the
AFWS pumps are located and failure of these pumps will occur. This failure
assumes that there is not proper segregation between the auxiliary feedwater
pumps and that the steam environment is severe enough to render these pumps
incapable of operating properly. Note that in the base case, this assumption
was not made. The base case assumed that given failure of the steam line, the
other two pumps would be able to function properly.

Correlation between responses is a fact, not an assumption. Responses at
locations in the plant are correlated because they are responses to the same
earthquake time history. It is also true that strengths at failures of the
same type of equipment are correlated. The effect of correlation on seismic
risk has been an open question since WASH-MOO.6 One goal of the SSMRP is
to investigate the effects of seismically induced correlation. The detailed
structural modeling developed in the SSMRP was used to help investigate this
correlation effect.

Table 5 provides a summary of the cases analyzed to test the effects of
the fundamental assumptions. The effects of these assumptions are described
below.



-458-

The assumptions discussed previously have several effects. Feed and bleed
decreases probabilities and risk. Structural failures increase probabilities
and risk. Structural failures cause more change than feed and bleed. In
comparison a break in the AFWS pump steam line does not change probabilities
much. However, if the initiating event probabilities were to change
significantly, then the loss of the AFWS pumps would take on greater
importance. If risk is due primarily to single failures, then correlation
appears to have little effect on the probabilities. If risk is due primarily
to multiple failures, correlation changes probabilities by an order of
magnitude. This is because the probabilities of cut sets of dependent
component failures are larger than the probabilities of cut sets of
independent component failures. (The actual effect of correlation is larger
than observed because the upper bound ignores correlations between cut sets.)

For the base case, structural failures and feed and bleed are assumed.
Response correlations are computed by SEISIM, and the strength correlations
are set to zero. The dominant failures contributing to risk are structural
failures, uplift of the containment base mat and failure of the crib house
pump enclosure roof.

Table 5. Comparison of cases
assumptions.

Base Case
(with Feed and

with Structural 1

Release

1
2
3
4
5
6
7

Prob/yr

2.9E-8
1.4E-6
5.4E-7
0
8.3E-10
1.7E-7
1.5E-6

Bleed,
Failures)

man-REM/yr

0.2
6.5
2.9
0
0
0
0

analyzed1 to test effects of fundamental

Case I
(with Feed and Bleed,
No Structural Failures)

Prob/yr

1.9E-8
1.9E-7
6.1E-7
0
8.8E-10
1.2E-7
5.3E-7

man-REM/yr

0.1
0.9
3.3
0
0
0
0

Case
(w/o Feed

II
and Bleed,

w/o Structural Failures)

Prob/yr mari-REM/yr

2.4E-8
5.7E-7
6.6E-7
0
0
2.8E-7
7.6E-6

0.1
2.7
3.6
0
0
0
0.2

Total 3.6E-6 9.6 1.5E-6 4.3 9.1E-6 6.6

Case III
(w/o Feed and Bleed,

with Structural Failures)

Case IV
(w/o Feed and Bleed
with Structural Failures
with Steam Environment)

Release

1
2
3
/•
5
6
7

Total

Prob/yr

3.3E-8
1.5E-6
6.0E-7
0
0
2.9E-7
8.6E-6

1.1E-5

man-REM/yr

0.2
3.3
3.2
0
0
0
0.2

10.8

Prob/yr

3.3E-8
1.5E-6
6.0E-7
1.9E-12
2.7E-11
2.8E-7
8.6E-6

1.1E-5

man-REM/yr

0.2
7.2
3.3
0
0
0
0.2

10.9-
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Table 6. Initiating event probabilities
and fragility correlations set

Initiating
Events
RVR
LLOCA
MLOCA
SLOCA
SSLOCA
T2
Tl

1

0
0

1.0565E-4
2.0893E-4
1.4495E-3
2.7213E-1
7.2611E-1

to one.
with calculated response correlation

Earthquake Acceleration Level

2

3.2439E-5
2.1618E-5
5.9867E-5
7.2951E-4
1.1019E-2
8.1286E-1
1.7527E-1

3

2.7791E-2
1.8043E-2
1.0567E-2
8.6615E-2
1.4400E-1
7.1289E-1
5.8565E-4

4

5.7012E-2
3.5780E-2
3.4657E-2
2.5389E-1
2.6846E-1
3.5020E-1
1.0457E-6

5

3.6397E-1
1.4976E-1
4.2112E-2
2.3740E-1
1.3832E-1
6.8448E-2
2.5746E-8

6

7.5514E-1
1.2915E-1
1.7648E-2
8.5350E-2
1.1427E-2
1.2941E-3

0

To see the effect of correlation between strengths at failures, the
correlations between strengths of all components of the same type are set to
1.0. The effect is that release probability changes from 3.6E-6 per year to
2.0E-5 per year. Accident sequence probabilities change little. Table 6
shows the initiating event probabilities with calculated response correlation
and fragility correlations set to one. The effect occurs in the initiating
event probabilities. This can be seen by comparing Tables 3 and 6. The
initiating event probabilities may be compared because the differences in the
tables are due solely to differences in strength correlations. The main
difference occurs for the RVR initiating event at higher earthquake levels.
This is because the RVR initiating event consists primarily of double failures
of the supports of either the steam generators or the reactor coolant pumps in
different loops. (Some single failures of primary coolant piping occur near
the reactor pressure vessel nozzles, but these have much smaller
probabilities.) The smaller LOCA's show little effect of correlation because
they are dominated by single piping failures.

The largest effects of correlations occur when important cut sets consist
of several failures. This occurs when no structural failures occur and feed
and bleed is not possible. The important component failures are pairs of
electrical equipment associated with the emergency power system. Pairs of
pipe failures due to rocking of the auxiliary building and the containment are
also important. To determine the effects of correlations when no structural
failures occur and feed and bleed is not possible, three more cases are
analyzed. Case I in Table 7 has fragility correlations of 1.0 for components
of the same type and the response correlations computed by SEISIM. Case II
has response correlations computed by SEISIM and strength correlations of
zero. Case III has zero correlations for strengths and responses. Strength
correlations increase core melt probability to 2.0E-5 per year, but setting
both the strength and response correlations to zero gives release probability
of 2.5E-6 per year. When strength correlations are zero and response
correlations are as computed, then a release probability of 9.1E-6 per year is
obtained. If one neglects correlation, then one underestimates release
probability.

Table 7 also shows risks. The fully correlated case and the uncorrelated
case differ by 50*. The difference in risks is smaller than the differences
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between release probabilities because risk i& affected largely by LOCA
terminal event sequences, but transient terminal event sequences are most
affected by correlation. The difference between the fully correlated and the
uncorrelated cases occurs in release category 7, and this release category is
due almost entirely to the transient T2 terminal event sequences.

Table 8 shows the initiating event probabilities for the uncorrelated Case
III of Table 7. They may be compared with the initiating event probabilities
of Table 6 for full correlation, as in Case I of Table 7. Comparison of
Tables 6 and 8 shows that only RVR and large LOCA initiating event
probabilities differ significantly. The differences among initiating svent
probabilities are significant at earthquake levels 5 and 6.

Table 7. the effects of correlations of structure responses and "fragility
functions on release probability and man-rems per year assuming no structure
failures and no feed and bleed.

Case I
Full Correlation for
Fragility Functions and
Calculated Correlations
for Structure Responses

Base, Case

Case II
No Correlation for
Fragility Functions
Calculated Correlations
for Structure Responses

Case III

No Correlation for
Fragility Functions and
Structure Responses

Release
Category

1
2
3
4
5
6
7

Total

Prob/yr i
3
7
6

2
3
1

2

.1E-8

.4E-7

.5E-7
0
.5E-11
• 3E-7
.8E-5

•OE-5

man-REM/yr
0.2
3.6
3.5
0
0
0.1
0.4

7.8

Prob/yr
2.4E-8
5.7E-7
6.6E-7
0

8.8E-10
2.8E-7
7.6E-6

9.1E-6

Table 8. Initiating event probabilities \
correlation.

Initiating
Events

RPV
LLOCA
MLOCA
SLOCA
SSLOCA
T2
Tl

1
1
1
2
7

1

0
0

.056E-4

.886E-4

.450E-3

.721E-1

.261E-1

man-REM/yr
0.1
2.7
3.6
0
0
0
0.2

6.6

Prob/yr
1.5E-8
2.5E-7
7.4E-7
4.5E-13
2.5E-11
1.8E-7
1.3E-6

2.5E-6

man-REM/yr
0.1
1.2
4.0
0
0
0
0

5.3

idth zero response and fragility

Earthquake Acceleration Level

2

1.753E-10
2.162E-5
5.987E-5
5.373E-4
1.102E-2
8.130E-1
1.753E-1

3

1.31QE-4
1.856E-2
1.087E-2
8.057E-2
1.495E-1
7.397E-1
6.081E-4

5,
3.
3,
2,
2,
3.
1,

4

.580E-4

.792E-2

.673E-2

.447E-1

.951E-1

.850E-1

.150E-6

2.
2.
6.
3.
2.
1.
4.

5

578E-2 1
294E-1 4
450E-2 5
111E-1 2
470E-1 5
222E-1 6
600E-8

6

.755E-1

.349E-1

.942E-2

.643E-1

.922E-2

.707E-3
0
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Conclusions

Feed and bleed and structural failures affect probabilities and risk the
most. Structural failures increase probabilities more than feed and bleed
reduces probabilities. Failure of the AFWS pumps is not as important as these
other two factors.

The effect of correlation is significant, and it is worthwhile to
determine the strength correlation. Correlation has minor effect on
approximate upper bounds which are dominated by single failures, especially
structural failures. The effect is due to initiating events. When dominant
risk contributors are multiple component failures, correlation has a
significant effect on release probability and changes risk by an order of
magnitude. Furthermore, the difference between including correlation in
responses only or including correlation in both responses and in strengths
results in a factor of five difference in the release probability. Results
for Zion indicate that electrical gear should be examined for correlation.
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DISCUSSIONS ON PAPER 22

Konig., G.

How did you define your structural failures? Could you please
explain it a little bit more in detail—for example, your roof failure
fails if one section of one bearing members of the total roof fails. In
other words, did you anticipate that your structural systems act as a
chain or as a parallel system?

Wells, J.

Structural failures are defined in the following way:

Two main "structural" failures that appeared dominate in the SSMRP
were:
(1) Failure the crib house pump enclosure roof
(2) Uplift

In the case of failure of the crib house pump enclosure roof, it was
assumed that given the roof collapses, that all six service water pumps
beneath that roof fail. This is what is considered "including" structural
failures. The probability of the roof failing is calculated and then
multiplied by the "effectiveness factor" which in this case has been set
equal to 1. This means that given you do have a roof failure, all service
water pumps have failed.

The second case is the uplift. The failure mode in this case is soil
failure. Soil failure means that the soil beneath the containment
building can no longer support the load and therefore fails causing a
rocking of the containment building. This creates a displacement of
approximately two inches or greater between the containment and the
auxiliary building. The probability of this soil failure occurring is
then multiplied by an "effectiveness factor". In the case where we assume
structural failures can occur, the effectiveness factor is set to one.
This means that given soil failure occurs all the piping between the two
building will fail. This piping includes several of the safety systems
(ECCS, RHR, SW, etc.) thereby negating the operation of these systems.

Hudson, J.

Was the effect of correlation in the seismic hazard included in your
computations of release category probabilities?

Wells, J.

Essentially, No.
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Hudson, J.

The effect of including seismic hazard correction would be to
increase the release category probabilities and hence the influence of
correlation vis and vis complete non-correlation.

Wells, J.

The analysis was divided up into six earthquake ranges. The
probability of occurrence of each of these ranges was determined based on
the hazard curve. The same hazard curve is used for all acceleration
ranges. Thirty time histories were generated for each of the specified
acceleration ranges. One run is SEISIM equates to one acceleration
range. The effect of using the same hazard curve over all six SEISIM
runs, i.e. six acceleration ranges, does have the effect of indicating no
correlation in the hazard curve between the earthquake acceleration ranges.

Reed, J.

1. Is the reason that the median frequency of core increased with increase
in correlation of response and capacity because the analysis is
dominated by doubles rather than single events?

2. Is it true that the procedure used in performing the SSMRP analysis
used the same time history input to all buildings (at base of model)
and in this sense there is always perfect correlation assumed in the
ground time history input?

Wells, J.

1. It can be found that when the analysis is not dominated by singles but
by other multiple events then correlation plays a greater role. The
effect of correlation can be "masked1 when dominating single events,
such as structural failures, are present. However, note that there are
doubles in the initiating events that could play an important role in
the analysis by effecting the correlation.

2. All the buildings see the same earthquake. However, the earthquake
time histories are generated at bedrock and are translated to the
basemats through the use of SSI analysis. Because of this translation,
all the buildings do not see the same set of basemat time histories.
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#P-5 THE ROLE OF HUMAN ERROR IN SEISMIC RISK ANALYSIS
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§1 Introduction

The author frequently mentioned on the four block flow chart**' for

seismic risk analysis, that is, i) Seismology, ii) Response Analysis,

iii) Failure-Analysis, iv) System Behavior Analysis- Human errors during

a severe earthquake condition is playing an important role not only in

system behavior analysis, but also three other blocks. The author deals

with the role of human errors to increase the total risk under a severe

earthquake condition. Even though, some of them are occured in their

operating actions during earthquake conditions, however, other types of

human errors in the processes of design, fabrication, inspection and

maintenance are also significant to evaluate the total seismic risk.

This article is devided into three parts. At first, he will discuss

on the general figure of human error in the each step of the four blocks

of seismic risk analysis above mentioned. Then, he will discuss the

relation of failures observed at past several earthquakes to human errors.

Finally, he will demonstrate human operability under severe floor motion

condition in a control room by his testing on a shaking table.

In some reports on Japanese earthquakes, the difficulty to operate a

plant on its control panel under even 0.1 G earthquake motions, or that to

stand or to walk around under 0.3 ^ 0.4 G ones. The author had a some

doubt on such data, and he tried to eliminate the phsychological effect by

the training of subjects. And he found that the operability limit to

floor motions is far higher than we expected, but that there is some

dependency on type of equipment, that is, key boad, display system, chair

and so on.

Almost no study has been done in this field until now, except the

field of ergonomics. But recently Hoertner in Germany mentioned in his

short paper'2^appeared in the Special Issue on Reliability of NPP, in the

Journal of Nuclear Engineering and Science. He mentioned the various

subjects which the author wants to discuss also. Papers in ergonomics is

mainly treating the effect of continuous vibrations. This kind of studies

started from Janeway-realtion for riding quality of moving vehicles, and
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developed into WG-7, ISO TC-108. But there is rather few relation to the

subject that the author wants to discuss in this article.

§2 Human Error and Seismic Risk Analysis

There are two major relations between human error and seismic risk

analysis. One is the error in the procedure through design, fabrication

and inspection of facilities. Another one is the operational error during

an earthquake condition as mentioned in the introduction.

Recently SSMRP type studies have been made through the world. The

author made the same type of study in 1977 to 1979, and reported in 5-

SMiRT. Through the process of this study, the author found that there

were many chances of failures associated with various types of human errors.

Earthquake engineering is a kind of empirical ones through designer's

experience and knowledge. It is rather rare chance to meet a destructive

earthquake for a personal experience. Also it is not so often to survey on

damages to various industrial facilities by destructive earthquakes.

Since Long Beach earthquake-1931, we had found how modern buildings were

destroyed. Since San Fernando earthquake-1971, we had found how modern

urban systems were destroyed. However, we, engineers, don't keep enough

knowledge on failure modes of industrial facilities including NPP. The

author has been tried to know how they fail under destructive earthquakes

since Niigata earthquake-1964 C3£ but types of mechanical and electrical

components are too much varieties to understand how to fail. Such "lack"

of knowledges of mode of failure will cause unexpected damage on such

components as described in Section 5. A typical one is the failure mode

of anchor bolts. Strength for its shear type of failure is examined in

the design, but its actual failure mode is sometimes different as shown in

Fig. l(a). This type of failure was caused by local crashing of supporting

concrete, and its bending deformation occured as shown in Fig. l(b). Such

types of lack of knowledge may be overcome by the accumulation of data oi:

failure modes through the survey.

Many other types of lack of knowledges are waiting for design engi-

neers, to be given a chance of failing some critical items of their plant

under earthquake conditions. The effect of deterioration is one of signifi-

cant causes. The miss of non-destructive testing is also the same.

Insufficient estimation study on common mode of failure or mode of multi-

failure brings a different type of cause of plant hazard. Even though

the this is directly related into human error problem of operational

personel, all such failures are said to be caused by the error in their

design stage. And the possibility of occurence of such errors is the same
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order of reducing the system reliability to that induced by other causes

described as the authors' four blocks.

The second type of plant hazard is that caused by error of an opera-

tional personel. Even though non-natural hazard disturbance, TMI like

accident was occured. How about under destructive conditions? The main

causes of their mis-operation under earthquake conditions as follows:

i) Psycological Effect by Shocks,

ii) Physical, Dynamic Effect by Shocks,

iii) Physiological Effect by Shocks,

iv) Disturbance on the System by Shaking,

v) Failure of Plant Components.

vi) Disturbance on the System, caused by the Failure of External-

Systems, both Load-distribution System and Auxiliary System,

vii) Unexpected Phenomena to the Personel.

Several subjects from those mentioned-above will be discussed in the

following chapters.

§3 Mode of Errors

The history of accidents is various types of plants, especially

chemical engineering plants is the history of learning the new knovjledges

on behavior and deterioration of materials. Stress corrosion cracking is

still a big problem of piping safety. But before we knew this phenomenon,

if a destructive earthquake would attack a plant which had deteriorated

piping systems without knowing this fact, it might have some breakage of

pipings.

This is only a possibility, but it is true that such a deterioration

reduces the over-all structural reliability of piping systems. What types

of error may reduce the reliability of safety related items of nuclear

power plants can be listed as follows:

i) Miss of estimating mode of failure in the design stage,

ii) Misunderstanding of failure mechanism,

iii) Misuse of materials,

iv) Misjudgement in the decision process through the design,

v) Mistake in the fabrication process including intentional one,

vi) Misfinding or missing defects through non-destructive testing,

vii) Delay of finding the deterioration of material,

viii) Misjudgement on the effect from multi-failure of independent

portions,

ix) Incidental mulfunction of safety system whose functions are

required in a case of emergency,
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x) Misconsideration on aseismic design of non-safety related

structure,

xi) Misestimaticm on disturbance from external systems.

Many examples related to the causes above mentioned have been observed

in various cases of past destructive earthquakes, and also Zion case study

by SSMRP^clearly shows that such items contribute to the increase of its

failure probability.

§4 Estimation Error

The author has been discussing only in the view-point of design,

fabrication and following procedures. However, there is very high possi-

bility to make some errors in their design analysis including estimation

of design conditions, that is, the design of Design Basis Earthquake itself.

The author has been discussing on uncertainty of response analysis in

various occasions fl), based on his experience obtained by the response

observation'5'^of his model plant to natural earthquakes. The adequency

of statistical models using to difine DBE and the following procedure for

response analysis is always problem.

Very simple example is as follows: The design criteria for the Low

Sieismisity Areas is considered to be a level of MMI scai.e VII. The area

of MMI scale VII of New Madrid earthquake-1811 in the eastern side area of

Mississippi River is more than one sixth of the area*75of the eastern U.S..

Such type of earthquakes have been occured once in every one hundred years

in the U.S. history. The seismic risk map prepared for ATC-3 still has the

zone jiore than fifty percent of this area as white one^". But they consid-

ered only four previous earthquakes booked in the U.S. history. Next one

decade, there might be one more earthquake, then approximately ten percent

of the area would be colored in some extent in the Figure 1 of Ref. (7).

The author does not know whether or not such uncertainties in modeli-g of

DBE are called as error, anyway it reduces the reliability of the plant.

To cover this problem, the use of Artificial Time History and other

well-known design procedures have been employed, and it brings conservatism

to NPP design in general. But some uncertainty still remains, because the

earthquake is a natural event, and its time scale of occurence is more than

one thousand years in some areas, especially in low seismisity areas. To

decide some parameters of DBE, chere are many chances to make a misjudge-

ment. It is not a simple error for the decision maker, but it reduces the

final reliability of plants.

§5 Design and Fabrication Error, and Role of Unknown Factors
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The author has not been made systematic analysis on such problems.

Even though, he can find many examples from his files. Some of them were

occured without any relation to the earthquakes. But their conditions had

been very critical states before the accidents were occured, therefore the

probability of failure under some level of earthquakes had been high enough

in a certain period prior to the accidents.

a) Deterioration of Turbine Shaft

Two sets of stream turbine in a medium size power plant had been

operated for twenty years. The material, for their turbine shaft was Ni-

Cr-Mo-V steel, and this case was a new trial. After twenty year operation,

one of them was failed by fatigue phenomenon. Inspection on the other one

could not find such a fatigue phenomenon. After analyzing those materials,

the metallurgist found some small difference of contents between two shafts.

By the technique in the period of their fabrication, they could not control

such difference of containing elements, and also they didn't know that

there was no fatigue limit in this material. This case is an example of

lack of knowledge on a new material and low level of technique.

b) Lack of Design to Unexpected External Force

The large span, truss bridge type crane was failed in the case of

Tokachioki earthquake-1968 in Muroran, Hokkaido island. This crane was

used for ore transporter, and has a 10 ton grab and its span length is 70 m.

One of the upper beams in the next section of the sporting leg was buckled

and totally corapsed. The same type, one of other transporters (Photo 1)

was survive without corapsing, but clearly showed what was happened. The

limit load for the buckled beam which was made from two ] shape beam with

tie plates was very low, because of the misdesign of layout of tie plates.

If tie plates had been set properly, the individual buckling of each ] shape

chanels could be avoided, and their buckling load as one beam might be ten

times higher than original buckling load. Only this part of tie beams

were designed in this way, and all others were properly designed. In the

same factory, other jib-type ore feeder was broken (Photo 2). The arms of

its counter weight were broken, because of the partial buckling of their

flanges. These were constructed in 1941, and may be caused misestimation

of horizontal loadings, but the exact reasons have been not known.

c) Failure of Shock Isolation System

There were many examples. Large ultra-high tension electron micro-

scope in Tokyo was broken in Miyagiken-oki earthquake-1978. Tokyo is

about 450 km south from the epicenter, and the peak ground acceleration was

recorded about 40 Gal near-by. The failure of high-tension insulation
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columns in the main tube was the following reason; their very heavy float-

ing concrete foundation supported by several air bellows hit the fixed

foundation, and they caused higher shocky acceleration on the microscope

itself.

A group of emergency diesel generators for a micro-wave transmiting

station in Aomori area was failed by Tokachi-oki earthquake-1968. These

medium scale generators were supported mechanical coil springs at their

basements, and they dropt off by the movement of their bodies in axial

direction. Finally their exaust gas ducts were broken, and could not be

operated, and also the same type failure was occured in Olive View Hospital

by San Fernando earthquake-1971. These two type failures were the results

of design without any consideration on seismic effect to them clearly.

By this famous accident, such shock isolation system should provide dash

pot, stopper or other measures to privent horizontal response motions to

earthquake input in Japan. But one of 500 kw diesel generator was out-

of-function in Miyagiken-oki earthquake-1978 in Sendai. It was mounted on

a mechanical spring type shock isolator with several dash pots. One of

dash pots was layed out not parallel to a coil spring, because of the

machine basement configuration. It caused the unexpected rotating response,

and one of cooling water pipes hit the floor and was broken. Incidentally,

failure of a cooling water system brings the loss of function to emergency

power systems. In the case of this earthquake, eleven cases of loss of

functions of such systems were reported in Sendai area.

d) Unexpected Coupling Effect of Independent Systems

One switch gear (Photo 3) of 500 kV transmission line from Colorado

area to Los Angeles was failed at Vincent Switching Station located between

Los Angeles and Palmdale. This failure, which was purely mechanical,

caused the failures of insulators and some components in other adjoining

switching stations by the electric surging phenomenon. Such a phenomenon

is well-known for electric engineers, but as a knowledge for earthquake

eneinefring, it was not familiar one.

e) Modification of Original Design

Some amount of modifications is very often required in design stage

as well as service phase. Certain cases of failures of facilities, in oil

refinaries and petro-chemical industries were occured by such reasons.

For examples, fixing a flexible joint, loosing a support as to be unstable

structure, chocking an emergency over-flow line, connecting a radio-active

waste line to a sewer line, decreasing a closs-section of beams for penet-

ration of new piping, consisting of an unexpected trap circuit by careless
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modification of the original circuit, and so on. In the nuclear indus-

tries of Japan, the modification of their plant are strictly controled by

the regulatory authority. Even though, sometimes minor troubles were

reported, because of non-authorized modifications judged by a local office

with careless mistakes.

One of very famous non-nuclear accidents in Japan is briefly ex-

plained. This accident itself was not related to earthquake. One turbine-

generator, whose capacity was 600 MW, bursted in 1972. The reason of

bursting was reported as a simple resonance phenomenon. This system was

under testing after the installation, and unexpected minor vibration was

found. To check this vibration, the engineers mounted a vibration pickup

on a bearing, in the mid-part of the turbine rotor system to monitor the

vibration temporarily. The length of fixing bolts of the bearing cap was

designed to fit to the thickness of nuts and washers. To fix the pickup,

they inserted a plate to make a cantilever type support. Then some part

of screws of the nut were off from screws of the bolt, and they lost the

capacity enough to fix the bearing cap against their regular loading. As

a result, the nut was taken off from the bolt partially affected by the

rotor vibration, and partially bearing load. The rotor system lost one

supporting point, and its flexibility was increased, and caused the severe

vibration by resonance, and the rotor contacted to the stator. Because of

the additional shockly torsional moment on the coupling of the shafts of

both sections, it was broken and went to catastrophic state. Two errors

can be mentioned in this accident. First one is the designer's error, to

use the bolts which have no allowance for their strength ard length.

Second one is the use of parts (bolt) in the way not intended to use in

the design stage.

§6 Testing on Operability of the Human Operator under Earthquake

Condition

Usually, the earthquake motions have been treated as "Stressor"^8)for

the human error problem. But the author is treating a dynamic response

problem of human body to input floor motions. His group tried to make

clear this problem as a simple dynamic problem. The testing configuration

is as shown in Fig. 2. Two types of installation problems were examined,

i) Comparison on Operabilities between TTY and CRT display type

controling equipment,

ii) Comparison on Dynamic Effect of Chairs, with casters and without

casters.

The operation modes for testing are the following five tests from
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Test 1 to Test 5.

i) Test 1: Displaying one character and inputing the character,

ii) .Test 2: Displaying successively, but one by one and inputing

the characters,

iii) Test 3: Displaying the string consist of random five characters

and inputing the string,

iv) Test 4: Displaying the string of five characters, but it is a

word familiar to operators, like VALVE, ALARM, CLOSE

and so on, and inputing the term,

v) Test 5: Adding two sets of two random two-digits number and

comparing each other.

To eliminate the effect of training, a linear-tretid-elimination

method was used, but they could not find the significant effect of train-

ing. The response of the head, eyes, is most significant from Test 1 to

Test 4. If we use the chair with casters, or standing position, the

operator, subject, can keep his head almost free ?"'j input motions up to

level 400 Gal. About at the level 800 -v# 1000 Gal, the visibility of

characters is decreasing, so it causes visual error in the test of random

character strings, Test 3 (Fig. 3 and Fig. 4). The result of Test 4, a

technical word case, the visual error is less than the random character

string case.

Mistyping is often occured in higher input level, than visual error

maybe over 600 Gal. This mistouching problem is depending on the type of

key-boad. Old TTY type is better than the light touch key one (Figs. 3

and 4). Fixed chair gives very bad result (Fig. 3), because the operator

can not keep his head, eyes, free from input motions even for low level

inputs. Such testings were done mainly 4 Hz sinusoidal horizontal motions

both directions and on several subjects. According to the author's ex-

perience, the horizontal motions over 1 G is still endurable physically,

but the ability of considering is lowering by the "Stress". But such

phenomena were not observed by Test 5 this time.

In conclusion, the floor motions of 0.4 i* 0.5 G in a control room is

the first limitation for moving to be a stressor, that is C.I i> 0.2 G on

ground level, MMI scale VII or VIII. But the operator can be operatable

up to 1 G, unless other additional troubles are happening in the control

room. This result is applicable only in case that the operator can keep

his head and upper body free from input motions.

Vertical motions over 0.5 G may be very significant for this subject,

and the author is planning another testing now. More details of the test-

- 8 -
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Ing above-mentioned will be reported at 8WCEE in Los Angeles, in 1985.

§7 Concluding Remarks and Acknowledgement

This report is very initial phase of such kinds of study, and the

author wants to continue with some experiments in next several years, and

try to draw more systematical procedure to evaluate the effect of human

error to plant safety.

The test was done by Mr. H. Ishibatake, a former graduate student,

and Mr. H. Komine, the technical research assistant. The project was

supported by the Research Committee RC-53 of JSME, and City of Kawasaki.

The author wants to express his gratitude to them.

Also, Dr. J.J. Burns and Dr. J.P. Jenkins, USNRC gave the author to

their kind advices and materials, and Professor Okrent, UCLA, gave to him

also some suggestions in this regard in 1980.

References

(1) Shibata, H.: On the Basic Research of Design Analysis and Testing
Based on The Failure Rate for Pipings and Equipment under Earthquake
Conditions, Uual. Eng'g. & Design, Vol. 60, No. 1 (Sept. 1980) p.79.

(2) Hoertner, H.: Problems of Failure Data with Respect to Systems Reli-
ability Analysis, Nucl. Eng'g. & Design, Vol. 71, No. 3(Aug. 1982) p.387.

(3) Shibata, H. and others: On Estimated Modes of Failure of Nuclear
Power Plants by Potential Earthquakes, Nucl. Eng'g. & Design, Vol. 28,
No. 2 (Sept. 1974) p.257.

(4) Bohn, M.P. and others: Seismic Margins Research Program, Project
Report No. 14, NUREG/CR-1120, Vol. 10, "Project IV, Completion of Zion
Risk Assesment, FIN A0126", (June 1982) p.35.

(5) Shibata, H. and others: On Fluctuation of Responses of a Structure,
Proa, of 5 WCEE, #367 (June 1973) p.2886.

(6) Shibata, H. and others: On Some Results on Response Observation of
Liquid Storage Tanks to Natural Earthquakes, ASME PV & P Conf. ,
#H00258 (Portland) (June 1983).

(7) Bolt, B.A.: Earthquakes (W.H. Freeman and Co.) (1978) p.101 and
p.175.

(8) Swain, A.D. and Guttmann, H.E.: Handbook of Human Reliability
Analysis with Emphasis on Nuclear Power Plant Applications, NUREG/
CR-1278/SAND80-0200 (April 1980) p3-5 •



f •d-

f < TaA

Strength Evaluation for Shear Force
Fig. l(a) Typical Load Limit Estimation Procedure of Fixing Bolt



break off

crashing

Failure of Anchorbolt
4

en
Fig. l(b) Schematic Model tor raiiure of Anchorboit



VIDEO
RECORDER

VIDEO
TAPE

8m/m CAMERA

iP

8m/m
FILM

CRT
DISPLAY

QUESTION-
NAIRE PAPERVIDEO CAMERA

(HEAD) BRIDGE

MICROPHO
SUBJECT

(TTY,OUT)(HAND)

TYPED
PAPER

(FLOOR)

SHAKING TABLE

MINI
COMPUTER

CONTROL
SYSTEM

TAPE
RECORDER

/c.M.T. /

DATA
RECORDER

PEN
RECORDER

DATA
RECORDER

/ r K , T I /RECORDED/ / • /
/ C ' | s / i J 7 / PAPER / / C-M-T- /

EXPERIMENTAL SYSTEM PHASE.I
Fig. 2 Schematic Flow of Testing Phase I ( TTY System )



UNABLE SUBJECTS
ALL SUBJECTS • ( % )

ERROR (vibration) TIME (vibration)
ERROR (no vibration) TIME (no vibration)

en
o

p
b

p

p

p
CD

O
CO

ro

r1

oo

o

en

o

Co hri en c
G O G Z
00 JO 03 ,>

m >

cn

tn tr1

CO



-478-

15

o

_(a)TIME

0 1

4Hz
SINUSOIDAL
VIBRATION

5" "5 4Hz
NARROW
BAND
FILTERED
RANDOM '
VIBRATION
J—J W.N.
RANDOM
VIBRATION

. (±10).

0.0 0.2 0.4 0.6 0.8 1.0
FLOOR ACCELERATION (RMS G)

o\°

80

60

20

0

I I f
(b) ERROR

0.68RMSG 1 SUBJECT UNABLE

0.0 0.2 0.4 0.6 0.8 1.0
FLOOR ACCELERATION (RMS G)

Mean test score and standard deviation of TEST.3
for 6 subjects sitting on caster-chair under ±gx
vibration (CRT).

Fig. 4 An Example of Results, Comparison of Wave Forms of
Input Floor Motions



Photo 1 Buckling of Misdesigned Member of Bridge-type Crane;
one of the Same-type was Crashed
— Tokachi-oki Earthquake-1968

(Courtesy of Fuji Iron Co.)
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Photo 2 Failure Counter-weight of Ore Feeder
Tokachi-oki Earthquake-1968
(Courtesy of Fuji Iron Co.)



Photo 3 Failure of 500 KV Switch Gear in Vincent
Switching Station

San Fernando Earthquake-1971
(Courtesy of Southern California Edison Co.)
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