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BENEFITS AND INSIGHTS
OF THE

DIABLO CANYON LONG TERM SEISMIC PROGRAM

BACKGROUND

The seismic analysis and design of the Diablo Canyon Power Plant has evolved since the initial design
in the late 1960s. The Plant was originally designed and constructed to withstand seismic events
corresponding to the Design Earthquake and the Double Design Earthquake, which considered several
potential seismic sources, including an event of magnitude 6.75 postulated to occur directly beneath the
plant site. The design ground motion spectra were anchored to peak accelerations of 0.2 g and 0.4 g,
respectively. In the early 1970s, upon discovery of the Hosgri fault zone approximately 5 kilometers
offshore from the plant site, the Plant was reevaluated for a postulated seismic event called the Hosgri
earthquake.

On the basis of recommendations by the U. S. Geological Survey, the staff of the U. S. Nuclear
Regulatory Commission (NRC) specified that a magnitude 7.5 earthquake should be postulated to occur
anywhere along the Hosgri fault zone, including the point closest to the plant site. The 7.5 magnitude
was based on the supposition at that time that the 1927 Lompoc earthquake had been a magnitude 7.5
event, and that it had occurred on the southernmost reach of the Hosgri fault zone. The design ground
motion spectra for the Hosgri was anchored to a peak acceleration of 0.75 g.

The criteria and methods for the Hosgri reevaluation were developed and applied in the mid to late 1970s.
The Plant was reevaluated and strengthened for the postulated Hosgri event, and Facility Operating
License DPR-80 was granted on November 2, 1984. The license included a condition, however, that
required PG&E to develop and implement a program to update the evaluation of the seismic design bases
of the Plant. The license condition was, in part, based on a recommendation by the NRC's Advisory
Committee on Reactor Safeguards in a July 14, 1978, letter. The Advisory Committee recommended
reevaluation in about ten years taking into account applicable new information.

PG&E implemented the Long Term Seismic Program, which had as its objective to satisfy the license
condition using new techniques and data developed since 1979 to perform seismic reevaluation studies
to assess the adequacy of the seismic margins of the Plant. We developed a detailed Program Plan
responsive to the license condition. Frequent interactions between the NRC staff and PG&E during late
1984 and 1985 refined the Program Plan, and the completed Plan was submitted at the end of January
1985. The Program Plan was reviewed by the NRC staff and the Advisory Committee on Reactor
Safeguards and, in July 1985, was approved by both groups.

The Program studies were carried out during the following three years, and the Final Report was
submitted to the NRC in July 1988. During the NRC review process following the submittal, we
acquired additional data and performed further analyses and investigations in response to questions from
the NRC. The active involvement of eminent experts, including the NRC staff and its consultants,
together with PG&E's commitment to perform a state-of-the-art investigation, resulted in a comprehensive
technical program for the seismic reevaluation of the Plant.

PG&E has devoted a significant effort to developing and conducting the Long Term Seismic Program,
and has received numerous tangible benefits related to the evaluation of seismic safety at Diablo Canyon.
We consider it worthwhile to summarize certain important observations and benefits of the Program
gable 1).
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Table 1

BENEFITS AND INSIGHTS
OF THE

DIABLO CANYON LONG TERM SEISMIC PROGRAM

~ PG&E HAS AN ADVANCEDSTATE OF KNOWLEDGE

Characterization ofthe Seismotectonic Setting ofSouth-Central Coastal California

Characterization ofGround Motions and Development ofSite-Speciji c Response Spectra

Quantification ofthe Effects ofSpatial Incoherence ofGround Motions

~ SEISMIC MARGINS AT DIABLO CANYONWERE SHOWN TO BE ADEQUATE

AvailabilityofState-of-the-Art Analysis Techniques

Seismic Design Bases Validated

~ PG&E HAS A FRAMEWORK FOR THE FUTURE

Data Bases and Instrumentation

Focus for Addressing Seismic Issues
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MANAGEMENTOF THE PROGRAM

To complete the Long Term Seismic Program in the time period mandated by the NRC and at the high
standard of care mandated by the importance of the Diablo Canyon Power Plant, innovation in program
management was required. Successful program management provided the opportunity to perform a
multidisciplinary investigation in a highly regulated environment, and achieve the tangible benefits
described here. Following is a discussion of major elements of the conduct of the Program that
contributed to its success.

Scoping Study. Starting with the general Program Plan, a Scoping Study was conducted to characterize
the uncertainties and refine and focus the scope of work, taking into consideration comments from the
NRC and its consultants. This was a valuable part of the Program, as it had as its objective identifying
the technical considerations that could have the greatest significance to the Program in addressing the
license condition. Priorities were set for specific tasks according to their usefulness and potential for
addressing the technical considerations, and a schedule and interfaces for the multidisciplinary tasks were
developed.

Consulting Board and Technical Advisors. A Long Term Seismic Program Consulting Board and
Technical Advisors were key components of the Program organization. The primary function of the
Consulting Board, which consisted of individuals well-qualified in the subject areas of the Program, was
to provide guidance and independent review to ensure the objectives of the license condition were
achieved, and that relevant theories, analytical techniques, and other pertinent, newly developed
information were considered. The Technical Advisors worked directly with the Program team to advise
on the development of technical analyses. Continuing guidance from the Technical Advisors throughout
the Program contributed significantly to the expertise necessary to conduct the technical investigations.

Effective Regulator/Ulilify Management Structure. The Program's management structure involved two
key components: (1) development and implementation of a technical program by PG&E, and (2) timely
technical review of the program by the NRC. This required an effective interface between PG&E and
the NRC. Active, continuous regulatory review during development of the Program, during
implementation of the Program, and following submittal of the Final Report was encouraged; more than
sixty public meetings were held. This open interaction included periodic field reviews, technical data
audits, formal oral presentations, and review of written documents, and allowed regulatory issues to be
addressed in an effective, timely manner. PG&E responded to the NRC's requests in public meetings
and in written responses. In many cases, PG&E's response required further data acquisition and
analyses. In addition, the NRC's consultants conducted parallel and complementary studies to acquire new
data and develop separate opinions in key technical areas, which enabled the NRC to independently
evaluate the conclusions developed by PG&E. The data and opinions developed by the NRC were
evaluated and included by PG&E through the review process. Both the NRC and PG&E stressed open
communication and the transfer of technology and data as the Program evolved.

Highly Qualrjred Technical Team. The Long Term Seismic Program was managed by Lloyd S. Cluff
of PG&E's Geosciences Department. Since inception of the Program in 1985, we have benefitted from
a continuous level of support and key technical personnel to meet Program needs. Management of the
entire Program through a single project group facilitated communication and teamwork, provided a
structure that allowed flexibilityto reprioritize Program objectives, as necessary, and ensured smooth
coordination of all elements of the program, many ofwhich involved sequential or concurrent completion.
The Program's participants were drawn from academia, private consulting firms, and PG&E; the high
caliber of the Program attracted high-caliber talent. The participants were selected on the bases of their
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leadership in technological development, their experience in their respective areas of expertise, and their
familiarity with the licensing of the Plant. This last element provided the continuity that was especially
important in the beginning of the Program.

Open Approach. Communication with and peer review by the professional community was very
important to the quality of the Program. During all phases of the Program, we interacted in public
meetings with the NRC staff, the NRC's consultants, and the professional community. The Program
team has published data and interpretations in peer-reviewed journals and presented results at professional
society meetings. The frequent independent reviews by the Consulting Board and peer reviews through
the Technical Advisors contributed to this open approach. Further, the continuous NRC review of the
Program fostered mutual respect. Through this management philosophy, PG&E completed the Program
at a high standard of excellence with fully reviewed and documented results.

~ ADVANCEDSTATE OF KNOWLEDGE

Performance of the Long Term Seismic Program advanced the state of knowledge in several technical
fields. New data, methods, and technical approaches were developed to fully assess the seismotectonic
setting of south-central coastal California, to evaluate ground motions at the plant site, and to quantify
seismic margins at the Plant.

C/urracterizatron ofthe Seismotectonic Setting ofSouth-Central Coastal California. PG&E's integration
of up-to-date data gained from geologic, seismologic, and geophysical investigations in both the onshore
and offshore regions resulted in the characterization of the Hosgri fault zone as a segmented, steeply
dipping, dominantly strike-slip fault. It was confirmed as the seismogenic structure of most significance
to the plant site, having a maximum magnitude conservatively estimated to be 7.2 M, at a closest
distance of 4.5 kilometers.

Our detailed mapping and dating of Quaternary deposits provided new information on the style and rate
of tectonic deformation in the region, and allowed for the identification and characterization of capable
faults having slip rates as low as several'hundredths of a millimeter per year. In conducting these
investigations, we developed one of the best-dated, most well-understood marine terrace records along
the coast of California; these data are currently being used to revise the eustatic sea level curve for North
America. Using the marine terrace record, we developed a new, graphical method to quantify the rates
and patterns of coastal uplift. In addition to Quaternary mapping, detailed paleoseismic studies
characterized the earthquake activity associated with all known capable faults and several previously
unidentified capable faults in the site region, including estimates of earthquake recurrence and maximum
magnitude.

In the offshore region, detailed interpretation of new geophysical data gathered specifically for the Long
Term Seismic Program provided a comprehensive characterization of the Hosgri fault zone along its entire
length. Modern processing techniques and balanced structural analyses were used to develop internally
consistent, kinematically correct interpretations of the style and rates of tectonic deformation in the
offshore region. We developed sufficient information to construct an integrated onshore/offshore tectonic
model for south-central coastal California that incorporates past and present tectonic deformation and
provides an internally consistent explanation for the styles and rates of deformation and seismicity
observed in the region.

We now have a high-gain network of telemetered seismographs installed along the central California
coast. The network uses radio and microwave telemetry to transmit data to an on-line computer system
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in PG8cE's offices in San Francisco. Stations in the network have operated since July 1986, and the data
from them have been used to refine our understanding of local and regional tectonics. Also as part of
the Long Term Seismic Program, an array of free-field strong-motion accelerometers has been installed
at Diablo Canyon to measure earthquake ground motions.

Because the November 4, 1927 Lompoc earthquake was an important consideration in the Hosgri
reevaluation, we used current seismological methods and available data to study this event. Detailed
modeling of tsunami data, and evaluation ofEuropean and western U. S. regional seismograms were used
to demonstrate that the 1927 earthquake occurred about 35 kilometers southwest ofPoint Arguello. The
location and focal mechanism data do not permit a conclusion that the earthquake occurred on the
southern reach of the Hosgri fault zone. Also, the magnitude of the earthquake was established as 7.0
M„and not 7.5 as had been previously assumed.

Characterization ofGround Motions and Development ofSite-Speci Jr c Response Spectra. In the past
decade, the worldwide data base of strong ground-motion recordings close to large earthquakes has been
greatly enlarged, and procedures for the simulation ofstrong motion using numerical modeling techniques
have been significantly improved. These procedures were further refined, validated, and applied to the
Diablo Canyon site using site-specific information. By using these new developments and the empirical
and numerical approaches in a complementary, site-specific manner, we have obtained ground-motion
'estimates in which there is a high level of confidence. As a result of the Long Term Seismic Program,
we now have an updated worldwide strong-motion data base for rock and soil sites, site-specific
horizontal and vertical response spectra at the median and 84th-percentile levels, and ground-motion input
data for soil/structure interaction and seismic fragility evaluations.

QuantrJi cahon ofthe Effects ofSpatial incoherence ofGround Motions. Site ground-motion recordings
from small earthquakes showed significant spatial incoherence due to complex wave propagation effects.
The extended rupture of the Hosgri fault zone required to generate the maximum magnitude earthquake
would cause simultaneous wave arrivals from different parts of the fault that would interfere with each
other in a complex manner, resulting in additional spatial incoherence. To develop adjustment factors
to be applied to responses due to coherent motions to account for spatial incoherency effects,
state-of-the-art soil/structure interaction analyses of the Plant structures were performed. It was found
that spatial incoherence of ground motions generally resulted in a reduction in the soil/structure
interaction responses. The amount of reduction is significant and varies from point to point within the
structure, due to the rocking and torsional response motions induced by the spatial incoherence.

4 SEISMIC MARGINS SHOWN TO BE ADEQUATE

AvailabilityofSlate-of the-Art Analysis Techniques. To document the possible effects of the identified
site-specific ground motions at the Diablo Canyon Power Plant, soil/structure interaction analyses, seismic
hazard analyses, and seismic fragility analyses were conducted at a level not previously possible. These
analysis techniques have advanced significantly since the Plant was originallydesigned; some aspects have
only recently become technically feasible.

A full-scope, level 1 probabilistic risk assessment was conducted, evaluating the risk of both seismic and
nonseismic events. This assessment gave PG8rE an improved understanding of the dominant risk
contributors, as well as identifying subtle, intersystem dependencies. During the examination,
improvements in plant operation and design were identified and were implemented to reduce the overall
risk. These improvements include the identification and onsite storage of key substation spare parts for
the restoration of offsite power following a seismic event, and the development of strategies for the
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prevention and recovery of relay chatter effects. Analyses had shown that seismically induced relay
chatter could temporarily disable the vital electrical distribution system, or cause pump valves to change
position. These effects were mitigated by identifying recovery actions that could be performed from the
control room, and by replacing the valve position switches with maintained-contact switches that maintain

. correct valve position, respectively. To assess seismic risk, high-confidence-of-low-probabilitywf-failure
capacities were calculated, and the assessment was confirmed by a specifically designed deterministic
study, which used the new conservativedeterministic-failure-margin approach.

Seismic Design Bases Validated. The detailed,- quantitative analyses of the Diablo Canyon Power Plant
structures, systems, and components confirmed the adequacy of the seismic margins of the Plant. The
thoroughness of the methods, the extensive data base developed during the evaluation, and the
independent peer review process provided greatly increased confidence in the adequacy of the existing
seismic margins. The results illustrate that the previous professional judgments made in the design of
the Plant were conservative.

~ FRAMEWORK FOR THE FUTURE

PG&E recognizes the value of the Long Term Seismic Program in the future operation of the Diablo
Canyon Power Plant, and we plan to support key technical activities and associated personnel into the
future.

Data Bases and Instrumentation. One of the more significant benefits of the Long Term Seismic
Program has been the creation of a comprehensive data base. We willcontinue to use and develop this
data set in assessments related to the Diablo Canyon site, as well as the sites of other PG&E facilities in
the south-central California region. We plan to monitor and evaluate technological advances and new
data as they become available. We will use the probabilistic risk assessment developed during the
Program as a tool to provide insight into the continued safe operation of the Plant. The Central Coast
Seismic Network will continue to monitor microearthquake activity in the region, and will assist us in
accurately locating and characterizing relevant earthquakes. The strong-motion array will continue to
operate to help us assess site response to ground motions.

Focus forAddressing Seismic Issues. The Long Term Seismic Program willallow PG&E to anticipate
and respond in a timely manner to new issues and concerns as they arise. For example, through the
expertise available in the Long Term Seismic Program, we were able to test and verify the results of the
Program's ground motion evaluation by using the new data from the October 17, 1989, Lorna Prieta

, earthquake, a well-recorded event. This ability provided increased confidence that new earthquakes are
not likely to produce surprising or conflicting data. The Long Term Seismic Program willcontinue to
provide a focus for addressing seismic issues related to Diablo Canyon.
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