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PREFACE

This report is in fulfillment of Geologic Setting (GS) Element Subtask 3.4.2.4. It is the Probabilistic
Fault Displacement and Seismic Hazard Analysis (PFD&SHA) work item 107002 for Phase 2, Activity
2.1, Subtask 2.1.1 in the CNWRA FY91 Work Plan (Change 6). Topics to be addressed were mutually
agreed upon by CNWRA and NRC/NMSS staff to satisfy the deliverable: "Literature Review, Analysis
and Uncertainty in Methodologies Letter Report”.

This repe as prepared to document work performed by the CNWRA for the NRC under Contract
NRC-02- 15. Activities reported here were performed for the NRC Office of Nuclear Material Safety
and Safer s (NMSS), DHLW Management. This report is an independent product of the CNWRA
and does - necessarily reflect the views or regulatory position of the NRC.

Opinions expressed are inteaded to apply only to the application of PFD&SHA to a high-level nuclear
waste (HLW) repository.
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1 INTRODUCTION

This report documents the results of a literature search and assessment which was conducted to aid in
determining the viability of potential Probabilistic Fault Displacement and Seismic Hazard Analysis
(PFD&SHA) compliance determination methods. This effort is related to application of PFD&SHA for
a high-level nuclear waste (HLW) repository, and does not address other types of facilities.

PFD&SHA methods have not been applied to an HLW repository at the time of preparation of this report.
Such a facility has u period of performance concern about 200 times that of a nuclear power plant.
Significant di{ferences in performance period and functions between these types of facilities is a
motivation for preparation of this report. Of particular concern are the lower annual hazard probabilities
associated with the 10,000 year period of concern regarding facility performance. Hazard estimates
greater than the mean or median may be unacceptably large. There is also concern about extension of
Probabilistic Seismic Hazards Analysis (PSHA) methods developed for the eastern U.S. to a site in the
western U.S. and the extension of PSHA methods to probabilistic fault displacement (PFD) analysis.

This literature review and analysis includes technical elements and input variables that are a part of
PFD&SHA methodologies. It is limited, by time and scope, to a significant sample of U.S. literature.
The impetus for this task results from analytical requirements which depend upon expert opinion.
PFD&SHA methodologies quantify these opinions by elici:ation from teams of experts or panels of
individual experts rather than from one expert performing a deterministic or probabilistic analysis. The
likelihood of the opinion being correct is also elicited and included in the process. Probability
distributions about empirical curves derived from data are also propagated in the analyses. Hazard curves
are the output from PFD&SHA. They may be used as inprt to a performance assessment (PA) analysis.
Hazard curves are a form of consensus quantification. Identification ot expert-opinion uncertainty
provides an additional tool for decision making and support for those decisions. Recommendations are
offered in the development of a U.S. Nuclear Regulatory Commission (NRC) staff technical position
(STP) on the subject of fault displacement and seismic hazard analyses.

This report reviews categories of design earthquake determinations. They are defined as types of seismic
hazard anaiysis (SHA) in the National Research Council (1988) report. The simplest types of SHA
contain limited statistical information. More advanced analyses use probabilistic methods to treat both
data and expert opinions. Much less information concerning PFD analyses was found in the literature.
PFD analyses may be approached by converting paleo-fault offset measurements and dating to equivalent
earthquakes by using the moment equation and processing with PSHA methodologies. PFD may also be
directly calculated but few papers address such procedures.

Three examples of design earthquake analysis are reviewed, Two incorporate expert opinions and an
estimate of the probability that these opinions are correct. The third methodology, based on seismic
source theory, reprecents an alternative to traditional empirical attenuation functions. This report also
addresses characteristics and uncertainties in the input data required by the example methods.

Acronyms used in this report are summarized in Appendix A.
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2 PROBABILISTIC METHODOLOGIES

Deterministic methods for fault displacements and seismic hazards may not be sufficient to find
inadequacies in pertinent databases or to address all relevant high level nuclear waste (HLW) repository
design issues. Probabilistic assessment of fault displacements and seismic risk may be necessary to
identify uncertainties in hazard assessments used to prescribe design and operation inputs. As a result,
recent studies of fault displacement and seismic hazards has emphasized using probabilistic risk
assessment to obtain a quantitative measure of risk. Thus far, applications of these methodologies have
been to nuclear reactors with nominal life spans of 30 to 50 years. The applicability of current
probabilistic methodologies to a mined HLW repository has not been well established. This review
provides support for the development of an STP concerning PFD&SHA. In this section, available
probabilistic methodologies are reviewed.

2.1 SEISMIC HAZARD ANALYSIS
SHA methodologies bave evolved from:

& Simple maximum expected vibratory ground motions based on an evaluation by one expert
1o

® Probabilistic analyses using ranges of data and standard deviations to

® (Consideration of the statistical distribution of expert opinions.

A particular type or level of methodology may be preferred for a particular site/facility
combingtion. All the methodologies employ a means of attenuating strong motion from an earthquake
of a given magnitude at various distances. Current practices for obtaining attenuation function, either
empirically or theoretically, are reviewed in this report. Other elements of the design earthquake
determination process are estimating recurrence times of various magnitudes and determination of whether
the recurrences are time related or not. Another component of SHA is definition of the source, or source
area when the source is not well known. These elements are briefly discussed in this section as a part
of the description of the various methodology types and in the examples of methodologies. They are
addressed individually in later sections of the report

2.1.1  Methodology Types

A categorization of SHA is well summarized in the 1988 National Research Council publication
"Probabilistic Seismic Hazard Analysis”. Five categories of seismic hazard analysis, 1 to V, are
defined.

Type | Deterministic Seismic Hazard Analysis
Type 1l Semiprobabilistic Seismic Hazard Analysis
Type 11 Single Model PSHA

Type IV Multiple Model PSHA

Type V Hybrid Procedure

Results from a PSHA may be input to a PA of a particular facility in which probabilistic
analyses for many risks are aggregated. Ultimately, a final probability of failure or a given exposure of
the populace to radioactivity is determined.

(3%
3



Type I, deterministic SHA, lLas the following characteristics:

One or more earthquakes are defined by the analysis for use in design, without consideration
of probability of occurrence.

A design earthquake is described by a particular magnitude and minimum distance from the
facility or by a Modified Mercalli Intensity (MMI) of damage at the site. An alternative
identified as a “characteristic earthquake" on a fault segment may be also given. A
characteristic earthquake is of a magnitude that is less than that which would result from
displacement along the total fault length, This concept was published, e.g., by Schwartz and
Coppersmith (1984), after most, if not 2'l, license applications were submitted for existing
nuclear power plants in the U.S. The concept may have arisen during reviews of material
submitted after construction began.

Products of the analysis are peak accelerations (from attenuation relations), strong motion
seismograms (time functions which may be synthetic or selected or scaled from recordings
of actual earthquakes), or spectra, Accelerations, time functions, or spectra (for example
see Joyner, 1984) derived in Type I analyses are often described with the adjective
‘deterministic.’

Probabilities enter only as standard deviations of data about @ mean. Probability
determinations for a design acceleration, however, are made after a 'deterministic’ value
is calculated without regard to probabilities. Such probabilities were prepared, primarily at
the request of the Advisory Committee on Reactor Safeguards (ACRS), when new geologic
information was discovered which caused a review of design criteria. These estimates were
made after NRC acceptance of a license application and sometimes after construction was
completed. The calculations were made by one or two staff members. Inputs such as source
zones and attenuation functions were decided upon by the staff members involved. These
are essentially single-expert probabilistic analyses for the highest design vibratory ground
motion that had been calzulated from a prior deterministic analysis,

Not stated in the National Academy of Sciences (NAS) report is the past frequent dependance
on the NRC Regulatory Guide 1.60 design spectra (Newmark, et al. 1973 and Newmark and Hall, 1982),
sometimes modified by deconvolution programs (e.g., SHAKE, FLUSH, and later codes on this
evolutionary ladder).

Type 11, semiprobabilistic SHA

Type Il has the same characteristics as Type ! except that the earthquake is defined in
probabilictic terms (e.g., the one in 100 year earthquake). This type of analysis has been
the basis of building-code zone maps in the U.S. and Canada (see for example Miine and
Davenport, 1969). However, it has had little application to the U.S. nuclear industry except
indirectly for nonsafety-related structures governed by building codes. The probabilistic
analysis procedure to derive peak acceleration, however, may have comparatively high levels
of sophistication. Examples are EQRISK, McGuire (1976) and FRISK, McGuire (1978)
computer programs which are based on Cornell’s (1968) probabilistic analysis.

2-2
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in the visible light spectrum. White noise is recognized by its power spectrum, a straight line parallel
to the frequency axis within the bandwidth. (See e.g., Sherriff, 1991).

Although unpublished at this tme, the ASCE methodology is expected to be released as an
ASCE recommendation. Comments from the DOE and the Edison Electric Institute (EEI) regarding
NR('s draft STP on investigations to identify fault displacement and seismic hazards at a geologic
repository suggest an imminent release. Consequently this analysis is tentative until a final document is
published. This methodology marks a departure from those in nuclear power plant (NPP) licensing and
is supported by DOE and EEl. Because iws application to mined-repository siting and design seems likely,
it is of interest to this review.

ASCE’s draft document recommends that the Hanks and McGuire (1981) method always be
used. The procedure proposed is also briefly described by Silva and Green (1989). They credit a
computer code, RASCAL (prepared for the U.S. Army Corps of Engineers - see Silva and Lee, 1987),
in generating strong motion estimates and synthetic time histories. This code may be complementary to
or a component of the final ASCE methodology. ASCE’s draft document uses as principal references
cited: Hanks and McGuire (1981), Boore (1983b) and (1986), Atkinson (1984), Boore and Atkinson
(1987), and Toro and McGuire (1987). Much of this work has its beginning in the work of Brune
(1970). Brune (1991) reviews several aspects of this type of development that have been published
between 1987 and 1990.

Earthquake magnitudes represent a measure of source energy. Source energy is a function of
the displacement area, amount of displacement, and the stress drop associated with the fault displacement.
Methods used to define magnitudes and consequent ground motions in nuclear facility licensing all use
ground-motion amplitude at a known distance. Curves of attenuation compensate for different distances
in estimating magnitudes from amplitude measurements or in predicting ground-motion amplitudes from
an anticipated magnitude. The method uses a measure of source parameters other than trace amplitude.
The larger an earthquake source, the longer is the wavelength of waves it produces. A large fault slip
area generates more long period waves than a source area of small physical size. The point where low
frequency earthquake spectral amplitudes begin to decrease, therefore, is a measure of source size. This
is known as the corner frequency and can be regarded as a chief variable in this method. Depending on
assumptions made, the S-wave spectral amplitude rather than the corner frequency and maximum
frequency becomes the chief variable. In this method, amplitudes attenuate with distance but this distance
dependency is not in the same mathematical form as the attenuation functions of empirical methods.

In the proposed ASCE procedure, the generalized Hanks and McGuire (1981) seismic-moment
relationship is used to compute peak acceleration in contrast to the empirical relationships more
commonly used. ASCE procedure also permits estimation of velocity power spectra. All computation
is performed by formulae except for the generation of time functions to be used in dynamic finite element
design. These are computed by summing Green’s functions which may be represented by strong motion
or sensitive recordings of small earthquakes. Green's functions are described in advanced mathematics
texts, e.g. Jeffries and Jeffries (1956). The usual source citation is "The Mathematical Papers of the Late
George Green, London, 1876 page 245", although the idea may have been first published by Green
(1839). The synthesized strong-motion record represents motion from a source whose energy output is
similar to that desired. In effect, Silva and EPRI have decided that differing opinions concerning
acceleration attenuation have been resolved by the Hanks and McGuire seismic moment method. The
method assumes that many parameters regarding earthquake sources are constants, not variables,

2-18



The seismic moments used in this method are also directly computable from paleo-faulting
information and an assumption regarding stress drop. This permits what has been learned about
earthquakes and their recurrence to be applied to probabilistic fault displacement because moments are
analogous to magnitudes. This calculation could be employed in PSHA to augment historical seismicity
with paleo-earthquake information. It could be used to estimate fault dimensions and slip from earthquake
seismograms to provide input to probabilistic fault-displacement analyses.

Hanks and McGuire's (1981) approach is an extension of the Hanks and Kanamori's (1979)
moment-magnitude concept to the prediction of strong ground motion. Note that EPRI appears to
discount earthquakes at Yucca Mountain as a potential hazard and recommends that only fault
displacement be considered, (Coppersmith and Youngs, 1990b).

The ASCE approach has at its core the simulation of strong-motion spectra with white noise
filtered to accommodate a corner frequency. The method also estimates peak acceleration from seismic
moment and an assumed stress drop of 100 bars. A corner frequency is a single number represented by
a point on an earthquake record spectrum where low frequencies taper off. Intervening spectral
frequencies, between the corner frequency and a maximum frequency where tapering again begins, are
stated to be a straight line in the usual velocity spectral representation. The maximum frequency, f.,,
is assumed to be a constant.

The straight line corresponds to white noise. For strong motion, this intervening portion of the
spectrum seldom looks like a straight line. However, the proponents of this method imply that it may
not be important whether it is a straight line or some other shape. They imply that it is sufficiently
straighter than the tapering end segments that it adequately represents white-noise.

This approach uses only that part of the seismogram which encompasses the S-wave arrival.
All characteristics developed refer to the spectra of this portion of the seismogram, not the entire
seismogram. The S-wave window begins at a time represented by the source to station distance divided
by the intervening medium’s shear velocity. It ends at a time equal to the inverse of the corner
frequency, which is believed equivalent to rupture duration with the assumption that the rupture velocity
is similar to the shear wave velocity,

Hanks and McGuire (see Figure 2-5) state that the S-wave portion of a strong motion
seismogram contains the peak accelerations which their method is designed to reproduce. Essentially the
balance of the seismogram is ignored. In this way the variability of the entire strong motion spectrum
can also be ignored. Their view is that the S-wave portion can be adequately represented by white noise.

Hanks and McGuire (1981) develop equations for root-mean-square accelerations (a,) and
maximum accelerations (a,,,) that are a function of:

the corner frequency, f,
spectral envelope level,
fous (assumed a constant),
R, epicentral distance,
stress drop,

shear velocity and
specific attenuation, Q.



The theoretical equation substitutes for empirically derived attenuation functions but assumes the
earthquake is a point source. It is not likely to be accurate at source-to-site distances that are less than
fault rupture dimensions. However, Hanks and McGuire argue that a fault could be divided into many
small sections and vibratory ground motion from the rupture of each small section (an equivalent small
earthquake) summed. The theory is extended to develop strong motion spectra, e.g., Boatwright (1982),
Aki (1982), or Papageorgiou and Aki (1983). Boore and Atkinson (1987), using a different procedure,
developed a stochastic method for determining velocity power spectra.

Others, e.g., Earthquake Engineering Research Institute (EERI) (1989), propose developing time
tunctions from spectra produced by the Hanks and McGuire (1981) method. Green's functions are
developed from the time function of small earthquakes recorded in the area of interest. Several of these
small time functions are added such that their energies total an energy similar to that of the earthquake
magnitude desired, as proposed by Kanamori and Stewart (1978).

The combination of the following procedures, as proposed by ASCE, has the potential for
providing a statistically based first estimate of strong motion at any site without dependence on site- and
source-specific earthquake strong-motion records:

® Hanks and McGuire's (1981) synthetic strong-motion representatios
® McGuire's ("976) and (1978) earthquake risk analysis procedures

® Use of Green s functions to generate earthquake time functions (e.g., Kanamori and Stewart,
1978, and Kanamori, 1979)

® Finite-element analyses to account for sedimentary layering, depth of burial, and topography
(e.g., Bouchon and Aki, 1980).

This procedure would interface well with PA methodologies to incorporate seismic risk with
other risk-generating phenomena.

The Hanks and McGuire (1981) method does not have a significant published record of use at
this time. It should not be used without thorough benchmarking against many near-field strong-motion
records. An analysis of differences in results generated compared to observed data should be included
in the benchmark process.

2.1.5.2 Literatiure Review of Seismic Source Theory Concerning the Hanks and McGuire (1981)
Procedure

Because the Hanks and McGuire (1981) article is central to the recommended ASCE procedure,
literature concerning assumptions made by them are reviewed. Some discussions are by this autior:
others are identified with the references from which they were obtained. The discussions are not to
criticize the very elegant developments and investigations of these and many other authors. The
discussions center on whewer the method has sufficient conservatism to be generally applicable to nuclear
waste facilities. Concern with the secondary hazard, posed by possible releases from nuclear facilities,
requires that such conservatisms ultimately be identified and, if possible, quantified.






on the assumption that each was due only to S-waves, resulted in severe underestimation of
the actual strong motion recorded. They believe that the differences are caused by
contributions to peak motions from other phases and from site effects. If contributions from
other phases are important, the premise of the Hanks and McGuire (1981) procedure is
compromised.

® Ou and Herrmann (1990) state that "The simplified approach of estimating peak motion
through random process theory cannot explain everything.... However random process
theory provides a baseline ground-motion estimate for focusing on these important site
effects” (geometrical focusing, frequency-dependent amplification, liquefaction effects, etc.).

® Sommerville et al. (1991) briefly discuss methods for simulating high-frequency ground
motion near a fault. Concerning the method of Hanks and McGuire (1981), they point out
its high efficiency but note that “...they do not include wave propagation effects rigorously.”
Consequently, Sommerville et al. chose to employ "...hybrid methods...in which known
aspects of the wave propagation are modeled diterministically while unknown aspects are
modeled stochastically.”

® Di Bona and Rovelli (1988) find that using @ narrow window of § data from a long
time-function causes miscalculation of stress drop because the definition of stress drop
implies integrations from plus to minus infinity in the frequency domain. The S-wave has
a limited frequency bandwidth, and the low frequency cutoff is a function of window length.
Di Bona and Rovelli state that the effect of a limited time-function window is to
underestimate stress drop for lower values of seisinic moment (M,) and overestimate stress
drop for larger values of M,. According to their calculations, the errors can be between one
and two orders of magnitude, depending of the formula used to determine the Brune (1970)
stress drop. This effect may partly explain the unexpected observation that stress drops
computed from S-waves are relatively constant compared to the large ranges of stress drop
computed from total seismograms. Stress drops higher than 1000 bars have been observed
on hard rock for very small earthquakes, e.g., Chouet et al. (1978) and Trifunac (1972).
Sommerville et al. (1980) list stress drops from 0.0 tv 4.7 bars for a sequence in the western
Basin and Range tectonic province.

Assumption that a Constant Stress Drop Is Appropriate

® A constant stress drop, for all magnitudes, fault types, or regional stress fields, is required
for the Hanks and McGuire approach. They state that stress drop is always near 100 bars
when it is determined from the root-mean square acceleration of earthquake shear waves,
(4.). They also point out that other means of determining stress drops for earthquakes
produce orders of magnitude of variation. In the literature examined, there is no thoroughly
convincing explanation for this phenomenon. Until this observation is resolved, some
concern will exist about the completeness of the theory and about the fact that it may not
adequately encompass all the variables inherent in strong-motion generation. Papageorgiou
(1988) makes other estimates of stress drop for large earthquakes. Boatwright (1984a)
discusses several measures of stress drop (apparent stress, dynamic, a,,, Brune, and static)
and calculates them for eight aftershocks of the 1975 Oraville earthquake. See also section
3.2.2.4 of this report.
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® McGarr (1984a), like Brune (1970), presents evidence that peak acceleration near an
earthquake source is independent of magnitude but is dependent on stress state. He states
that at larger distances, the Hanks and McGuire analysis may be more appropriate. McGarr
develops expressions for peak acceleration in extensional and compressional environments,
but states that for strike slip faults the problem is indeterminate. However the solution lies
between the expressions for the other environments. This result differs from Hanks aad
McGuire, who do not differentiate between near- and far-field effects or between thrust
(compressional) and normal (extensional) faulting. Most strong-motion concerns are in the
near field of faulting, because this is the region of strongest shaking. McGarr states that "All
other factors being equal, earthquakes in thrust or reverse faulting regimes produce
substantially greater acceleration than normal faulting events.” McGarr’s equation would
provide a better estimate of peak ground-motion parameters where the stress state is known.
Stress orientation is relatively well known in the Nevada Test Site area, e.g. Zoback (1989),
McGarr and Gay (1978), Zoback and Zoback (1980 and 1989), Richardson and Solomon
(1979), Patton and Zandt (1991), and Gomberg (19912 and 1991b). McGarr (1984b) also
has determined a mean stress state versus depth function. It permits estimating peak
acceleration from nearby earthquakes at locations in mines. This function would be of value
in estimating peak accelerations for earthquakes near the repository and at depth.

Assumption that S-Wave Spectra Are White Noise

® The process of cutting out only the S-wave portion of a seismogram and determining spectra
from it may tend to create the appearance of white noise. The cause is incomplete
mitigation of the window function’s spectral contribution through Hanning or other time
function tapering, e.g., Blackman and Tukey (1958). The problem of additional spectral
contributions from the window occurs primarily when time function amplitudes are high at
the window boundaries. This often occurs at the time of the S-wave arrival.

Assumption that Nonstationarity May Be Ignored

® The approach does not consider phase or nonstationarity. Others have attempted to modify
the Hanks and McGuire stochastic approach through time and frequency filtering to achieve
the nonstationarity of spectral content observed in real strong-motion time functions, e.g.,
Vanmarcke and Rosenblueth (1989). In so doing, however, the relative simplicity of the
Hanks and McGuire method is diminished. Coupling this complication into a
Cornell/McGuire risk-assessment may be difficult. Other approaches which do not require
that white noise be assumed or that only S-waves contribute to peak accelerations may prove
to be more efficient. Nonstationarity is important, as was discovered in dynamic analysis
of the new Olive View San Fernando hospital which failed during the 1971 earthquake.
Details of analyses were published by Ruthenberg et al. (1979 and 1980) and Mahin (1976).
The analyses used the Pacoima dam strong-motion record which had produced the highest
peak acceleration recorded to that date, 0.64 g. Peak response of the hospital frame was not
induced by peak acceleration but by a lower amplitude longer period portion of the strong
motion (which was identified as a shear phase). The failure was not caused by peak
acceleration, which Hanks and McGuire attribute to the S-wave. Further, the use of their
method could not produce a strong-motion record with the nonstationarity observed.
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® Many large earthquakes are multiple events. At some distance from the source, there are
many S-wave arrivals that are separated in time. The first of these S-wave arrivals would
be the only one chosen for analysis. Repetition of these peak acceleration S pulses, which
are eliminated from the analysis, drives structures to their peak response and, at times, 1o
their failure. Some aspects of this problem are discussed by Papageorgiou (1988). Whether
an asperity model or a barrier model of faulting is the most appropriate, controls whether
the assumption of constancy of presumed variables made by Hanks and McGuire is adequate.
Evidence is presented for a barrier model (Aki, 1984), which does not support the
assumption of constant stress drop or a constant exponent for the spectral frequency, w.
Hanks and McGuire (1981) assume an asperity model.

Assumption That Spectral Attenuation May Be Represented by a Constant, v

® Singh, et al. (1989a and 1989b) state that observations of 1985 Mexice City strong-motion
accelerograms were more energetic than predicted by the w? model (or 1/w? and sometimes
referenced as the o’ model) and that, therefore, the model is inadequate. This inodel is
required by Hanks and McGuire. One can argue that the Mexico City earthquake was a
special case involving poor soils and a basin. However, the apparently fickle nature of
almost every damaging earthquake may also be said to be special. Papageorgiou (1988),
states "...observational evidence...support the contention that an «° model with a constant
stress drop cannot cover the whole range of seismic spectra.” It appears that a risk
assessment must include attention to a myriad of details.

® Hartzell and Heaton (1988) point out that self similarity between various magnitude
earthquakes fails for very large earthquakes. Spectral decay, for example, is more like w™*
than w?. Consequently, the use of smaller earthquakes as Green's functions to derive time
functions for shocks of great (M,) would be inappropriate. Because these results are
specifically derived for P, not 8, waves the applicability to the Hanks and McGuire method
is not certain; and for Yucca Mountain, Nevada, earthquakes of high magnitude are not
currently expected to be major contributors to seismic risk. The lack of self similarity of
very small earthquakes also has been a topic of interest {e.g., See Scholz, 1991). This
implies that magnitude 3 earthquakes and smaller cannot be used as Green's functions to
develop synthetic time functions from the output of the Manks and McGuire method.
Therefore, time functions from larger analog earthquakes that have occurred elsewhere may
have to be used (because only very small natural earthquakes have occurred at Yucca
Mountain). These exceptions create complicating problems which might be better solved
with other approaches than that of Hanks and McGuire, e.g., the deterministic approach with
a later determination of probability.

® Taking the other point of view, Silva and Green (1989, pg. 591) state that the «* model of
Hanks and McGuire is appropriately consistent with observations. They base this conclusion
primarily on California data.

Assumption That the Moment Magnitudes Do Not Saturate

® Zhang and Lay (1989) point out that, for earthquakes with moment magnitudes larger than
about 8, moment cannot be accurately determined without using surface wave information
in addition to that in the shear wave window. This suggests that peak acceleration and
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strong-motion spectra would have contributions from this longer period energy. However,
most if not all ordinary engineered structures have natural periods shorter than these
frequencies. Large liquid storage tanks, whose sloshing frequencies may be quite low, e.g.,
1/8 hertz or less, are a possible exception. Other-than-primary modes of very tall buildings
may also be of low frequencies. These frequencies should be accurately determined for
strong-motion spectra if an adequate analysis is to be made. Structures which are a part of
an HLW underground repository (preclosure or postclosure) are not "ordinary.” A complete
spectrum may be required to determine their response. The S-wave window may not suffice
to fully describe strong motion spectra,

Assumption that f_, Is a Constant

® The maximum frequency, f.,,, bounds the high frequency side of the shear wave spectrum.
The flat portion of the spectrum between the corner and maximum frequencies is assumed
to represent white noise. This assumption may be the result of several factors [e.g., see
Hanks (1982), Aki (1987), Gariel and Campillo (1989), or Papageorgiou (1988)]. f.. is
required by the moment equation as is the corner frequency. Both are central to the Hanks
and McGuire methodology. f.., has several potential causes, such as:

© Instrument response,

© Anelastic attenuation,

© Distance over which a fault rupture decelerates (a tectonically conditioned variable),
© Site surface conditions, and so forth.

® Boatwright (1984a) states "...the dynamic stress drops are 56 + 8 percent larger than the rms
stress drops. This discrepancy is the result of Hanks and McGuire's (1981) assumption of
foax=25 Hz; Hanks [1982, Table 1] estimates f,,, directly as 17 +6 Hz. If Hanks and
McGuire’s (1981) estimates are corrected for this difference, the dynamic stress drops are
only 25 percent larger than the a,,, stress drops.” This suggests a high sensitivity of stress
drop to an accurate estimate of f..

® Aki (1985) summarizes the state of knowledge of f,,. It “...represents the frequency point
beyond which the acceleration spectrum decays rapidly.” He believes that there are two
possible contributing effects. The first is a surficial layer with a very low frequency-
independent attenuation (Q). The second cause may be a source effect from a finite or
plastic zone at the end of the rupturing segment. He concludes "At present, there is no
consensus about the origin of f.,."

Assumption That Material Response Is Elastic
® The use of Green’s functions represented by very low magnitude earthquakes summed to
represent the energy of the desired earthquakes tacitly assumes that material behavior is

elastic. Large earthquakes are likely to drive material behavior into nonlinear response
which would not be predicted by this procedure. This topic is of some controversy, largely
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in seismological and geotechnical engineering literature not reviewed here. An obvious end
member of observed nonlinear response is soil liquefaction.

Comments Regarding Source Complexity

® Boatwright (1984b) is concerned about source size determinations and the consequences of
errors in stress drop and variables controlled by stress drop. An ample sampling of the focal
sphere (muitiple recordings at a range of azimuths) is needed to determine source
complexity. A complex source is defined as having more than one asperity. Rupture
velocity slows for a complex source compared to a simple source where rupture velocity is
close to the shear velocity. Boatwright (1984b) states:

The relative uncertainties of the estimates of source size range from 25
to 40 percent for the Oroville aftershocks, where the data quality and
sampling of the focal sphere are excellent. For less well-recerded
earthquakes, the estimates returned from inversions of the duration
measurements become extremely weak.... Ignoring this essential aspect
of earthquake faulting in order to simplify estimating the spatial extent
of a seismic source can lead to systematic errors in the estimates of
source size and static stress drop.

Oroville earthquake aftershocks were recorded by many well distributed stations. Estimates
of uncertainty in moment, stress drop and acceleration from poorly recorded earthquakes
may greatly exceed 25- to 40-percent because there is a lack of knowledge concerning
earthquake complexity. Larger earthquakes are more complex on the average than small
earthquakes. Therefore, this variable could be compensated, in part, by the incorporation
of a complexity versus magnitude relationship, This, however, is not a part of the current
stochastic methodology but should be inherent in empirical attenuation relationships which
use data from large earthquakes.

Comments Regarding Accuracy

® The Hanks and McGuire paper sets limits on their method. They show that their
synthetically-derived peak accelerations are within 50 percent of observed values 85 percent
of the time. If the real acceleration were 1.0 g, presumably 0.5 g or 1.5 g might be
reported by their method. However, if the calculation was one of the remaining 15 percent,
0.2 or 2g could possibly result. Or, perhaps, their method always produces a mean from
which the real earthquake may vary by 50 percent. A fundamental question is: Is this level
of confideace or uncertainty adequate? From another point of view, can another method do
as well or better?

® Hanks and McGuire's representation was developed from spectra of recordings of distant
earthquakes, from which seismic moments or moment magnitudes may be determined.
Determining an earthquake moment or magnitude (an order-of-magnitude estimate of energy
release) permits generalization. To solve for a linear quantity (e.g., acceleration) from an
order-of-magnitude estimate, however, requires high accuracy in the order-of-magnitude
estimate. Therefore, peak accelerations derived from a generalized magnitude or moment,
compared to an empirical correlation, may have a larger variance than desired. The relative
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mathematical analysis, they conclude: "We also demonstrate that the total moment of the
double couples located on a horizontally dipping finite plane just above the interface are
indistinguishable from the deformations produced by a similar distribution of double couples
located just below the interface but with a total moment that is different by the ratio of the
rigidities. This demonstrates thai the moment of a dislocation that occurs between two
materials is ambiguously defined.”

® The process of estimating the best moment for an earth juake involves fitting a mean straight
line thiough oscillating spectral contributions between the corner frequency and the
maximum frequency of S-wave spectra. The spectral oscillations may be inherent in data
or may be caused by windowing of accelerograms and inadequate digitization. The
amplitude level of this straight line is the ultimate source of information used by the Hanks
and McGuire method for determining earthquake strong motion. Therefore, peak
acceleration and spectra generated by the method are not a result of the conservatisms
usually required, i.e. a standard deviation from the mean or median. To use the moment
determination process in reverse to determine an acceleration will require that the straight
line (horizontal or tilted) nearly bound the variations in the source spectra. This would
result in a higher effective moment from which to derive adequately bounded peak
accelerations or spectra. This effect can probably be accommodated by multiplying peak
acceleration by a constant.

® McGuire, et al., (1984) attempt to verify the Hanks and McGuire method of determining
spectral amplitudes in the far field. They plot observed spectral components versus
estimated spectral components. Their plot is in velocity, not acceleration. These plots, for
5 percent damped pseudo-velocity spectral components of real earthquakes, e.g., the 1975
Oroville sequence, range over 2 to 3 orders of magnitude. They argue that if predictive
methods with more variables are used, those variables must be determined and input to the
problem. They also argue that data dispersion, caused by assuming these variables to be
constant, can just be propagated through an analysis. Three orders of magnitude, however,
seems to be an excessive penalty for use of the proposed simplifications in theory. Further,
pseudo-accelerations are usually observed to be even more highly dispersed than are the
reported pseudo-velocities.

As with methods used in the past, there are various technical opinions regarding much of the
input to this method. When the method is applied in PSHA or PFD, expert opinions could be polled on
these different variables, e.g., f,, f.., stress drop, and the spectral attenuation variable y. Without a
comparable significant history of use, it is difficult to provide guidance in the use of this method. In its
present state of development, only a worldwide attenuation function is proposed. In contrast to the work
of McGarr (1984a), who provides evidence for large differences in stress drop between types of
earthquake faulting, only one constant stress drop is proposed. Although this is a relatively new
methodology, licensing of Yucca Mountain is over a decade away. It is likely that this method will
evolve to more general acceptance and higher complexity during the intervening years. Considered
together, those elements of this method which constitute an attenuation function can be addressed together
in an STP. Such guidance would be similar to that concerning empirical attenuation functions.

The applicability of the Hanks and McGuire (1981) method, in its currently proposed

implementation, is questionable for a broad range of tectonic and rupture conditions. Whether the Hanks
and McGuire approach is a justifiable starting point for strong motion assessment, applied to nuclear
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facilities, may not yet be determinable. It is not sufficient to provide nuclear design criteria without
conducting a parallel deterministic analysis and comparing results. Although some efforts at comparing
results of the method to observed spectra or peak accelerations have been made, data variability is often
high. A thorough study, comparing results to observations of larger earthquakes at distances shorter than
fault dimensions where possible, is needed to verify effectiveness.

Recommendations at this time are that Hanks and McGuire (1981) based risk assessment
procedures be considered, but not as the only approach to the problem. If results are not consistent with
cbservations or if no verifying observations exist, additional studies should be required. These may be
deterministic if no probabilistic method can produce the required level of detail. Probabilities could be
assigned, based on the variability seen elsewhere in other source to site conditions, if no better result is
obtainable.

If the method is to be used, guidance should require that the method be benchmarked against
an analog earthquake or earthquakes that have instrumental recordings and well observed and documented
phenomena. Such earthquakes would have to be similar to those that might be expected to influence the
Yucca Mountain site. The magnitude of earthquakes expected to influence the site and their potential
distance from the site are not vet fully developed. Analogs for ground motion or fault displacement at
Yucca Mountain might be derived from the 1983 Borah Peak, Idaho (e.g., Doser and Smith, 1985), or
1984 Umbria, Italy (Rovelli et al., 1988), earthquakes. These occurred in apparently extensional tectonic
environments similar to that at Yucca Mountain. The sources of these earthquakes are dip-slip faults
similar to those in the Yucca Mountain area. Because these are recent earthquakes, there may be a larger
instrumental database than for earthquakes which have occurred in decades past.

2.1.6 Extension of Deterministic Analyses

Probabilities of deterministically derived peak accelerations (sometimes called worst-case
analyses) are prepared for existing nuclear power plants. Examples are in NRC records for some plants.
They were prepared by NRC staff and by applicants in response to inquiries by the ACRS. An example
is cited by Okrent in a letter attachment to an ACRS memorandum by Bender (1977). Cornell and
Newmark (1978) discuss an application of this type of procedure. Specific studies of this type are not
reviewed in this report because they are not in the open literature. However, the concept may have
advantages in probability assessments for an HLW repository with a 10,000-year period of periormance
concern. The topic therefore is discussed briefly.

Multiple expert opinions enter into deterministic analyses, as well as into PSHA, but not in a
probabilistic manner. The more contentious facilities are likely to employ greater numbers of experts.
An example is the Diavlo Canvon Nuclear Power Plant Atomic Safety and Licensing Board ASLB
hearings. Several NRC technical staff experts analyzed docketed material provided by Pacific Gas and
Electric experts and consultants. USGS experts offered conflicting opinions. Intervenor’s experts
developed independent analyses. Much of the conflict was resolved by NRC's expert consultant, Dr.
Nathan Newmark, and the hearing process in which all views were presented and analyzed.

A deterministic analysis has elements that are similar to some elements used in the LLNL and
EPRI procedures. Examples are source zones, an attenuation function, and a maximum magnitude.
Source to site distances are determined but the process is not as complex. A principle characteristic is
that the design acceleration, also called a "g" value, resulting from a deterministic analysis does not have
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an attached probability. If the NRC Regulatory Guide 1.60 spectrum or a site specific spectrum from
several strong-motion seismograms is used with the g value, spectral amplitude exceedances can be
established. The process provides a best estimate of acceleration without carrying a probability
distribution along for each stage of the calculation. Such distributions often imply a very large
acceleration with a small, but finite, probability. Nontruncated probability distributions, propagated
throughout design acceleration development, can inwoduce significantly higher than justifiable values.
This becomes a more serious problem if a high level of confidence is desired. This problem does not
occur in deterministic analyses followed by a probability assessment. The problem of extreme design
accelerations, derived from the extremes of a probability distribution, could become severe for a HLW
repository having a performance period of concern of 10,000 years. This problem is less likely, but also
possible, for shorter-lived facilities.

A probabilistic extension of a deterministic analysis may be implemented with a recurrence
relation. The recurrence is developed for a broad area about the site, for a seismotectonic zone or for
a tectonic structure on which the design earthquake was specified. Design accelerations are derived from
all the anticipated magnitudes and source to sute distances. From these, the probability of the
deterministic acceleration may be derived. The deterministic value is usually assigned to a certain
magnitude earthquake that is determined to be likely at a certain distance. Based on the recurrence
relation and numbers of smaller earthquakes which have been cbserved, the return period of the design
earthquake is determined. Values most commonly derived for existing nuclear power plants are in the
107 to 10 per year range. Because systems important to safety are designed to accommodate this level
of shaking and no higher levels are anticipated, further probabilistic analyses are not made.

If future strong-motion recordings suggest that a higher upper limit design acceleration is
appropriate, the probability of the new value may also be determined and propagated through a failure
analysis of systems important to safety. A potential result is that certain components may be found
vulnerable. If so, engineering revisions may be required.

A deterministic design acceleration, or spectrum, with an added assessment of probability of
occurrence, could be input to performance assessment computational models. The principal difference
from PSHA is that a variation in technical opinion or an estimate of its uncertainty is not included.

If no criteria are available to assess technical opinion correctness or likelihood of correctness,
there is little recourse to propagating opinion-spread consequences through 