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DEPhRTMENY OF GEOLOG1ChL SCiENCES

TElSPHONE: (213) 743-2717

September 10 1990

Dr. Jean Savy
Mail Stop L-196
Lawrence Livermore Laboratory
P.O. Box 808
Livermore, CA 94550

Dear Jean

Time has come to write a final review report on the Diablo Canyon Long Term
Seismic Program ground-motion evaluations. My review willbe primarily on the
numerical modeling studies.

About 10 years ago, I was involved in reviewing similar numerical modeling
studies for the San Onofre nuclear power plant. At that time, one of my co-reviewers
commented that this approach for ground-motion evaluations was like a good wine at a
very early stage of fermentation, and we should wait until it mature. I believe that this area
of research, which may be called "strong ground motion seismology", has made an
impressive progress in the past decade and the progress is well reflected in the pmduct of
the LTSP in which significant amount of high quality strong ground motion data from
recent earthquakes has been used to validate the simulation procedure. There have also been
important developments created by the LTSP itself, such as the recognition of magnitude
dependence ofobserved dispersion in peak acceleration and the new procedure for
evaluating uncertainty in numerical ground motion prediction.

The advantage of numerical modeling over empirical studies is that we can attach
physical meanings to the parameters ofmodel, that can be compared to the current
understanding ofearthquake process in the community of solid earth geophysics. In other
words, the whole state-of-the-an in earthquake studies can be brought in to check the
validityofmodel parameters. More practical advantage of the numerical modeling is its
ability to perform a variety ofparameter-sensitivity studies easily.

Any strong yound motion simulation must include modeling the effects of
earthquake source process, propagation path and tecording site. The.particular model
adopted in the numerical simulation studies of LTSP has the following limitations.

As stated on p. 4-6 ofFinal Report, the propagation path effect contains, via the
generalized ray method, only principal direct, ieflected and refracted rays but no multiples.
The recotding site effect is co@ected only for the receiver function for a homogeneous
infinite medium In other words, the commonly considered local site effects such as 1-D,
2-D and 3-D resonance in sedimentary basins and amplification by iaegular interfaces and
topographies are not included in the simulation of ground motion. Although some
justification for not including these effects at the Diablo Canyon site has been made, the
neglect of these effects throughout the validation process might have introduced bias in the
parameters of the LSTP model.



With regard to thc source effect, thc selection of so called "empirical source
function" is made rather arbitrarily. As discussed on p. 1 of response to workshop
Question 1, the Whittier-Narrows aftershock is considered to give more suitable empirical
source functions than thc Coalinga aftershock, because thc wave forms are simpler. Ifthe
empirical source is intended to contain the complex path and site effect which is not
modelled by the generalized ray theoretical calculation, it could bc complex. The decision
based on waveform simplicity docs not conform to the intended use of the empirical source
function. Such problems could have been eliminated ifthe LSTP modeling followed the
original idea of the empirical Green's function method in which small earthquakes are used
to represent strictly thc path and site effect, while thc source effect is simulated by a proper
scaling of small earthquakes to the target earthquake.

Another arbitrariness in the source modeling is seen in the choice of the size of
subevent (4x3 km>). As I wrote in my letter report dated 28 Oct. 1986, the Joyncr-Boore

(1986) method (used in the LTSP) for randomly synthesizing m-squall model
underestimates the spectra in the intermediate frequency range between the mainwvent
corner frequency and thc sub-event corner frequency. Thus, the size of subevcnt affects
the resultant spectrum for main-event. Thc significanc of selecting thc subrent ofproper
size in simulation is not clearly recognized in thc LTSP study.

The limitations of their model described above have been exposed through thc
validation procedure. First, as described on p. 10 and 11 of Response to Workshop
Question 1, the usc of the Coalinga aftershock as the empirical source function fails to
simulate the strong motion records from 1979 Imperical Valley, 1985 Nahanni, and 1987
Whittier Narrows earthquakes. Thc model overprcdicts the observed as much as a factor of
2 at frequencies greater than 4 Hz. Thc greater amplitude of high frequency for the
Coalinga aftershocks as compan d to the Imperical Valley aftershocks (which successfully
simulates the strong motion data) can be seen also in Fig. 4-11 ofFinal Report, in which
the tangential component show about a factor of2 greater amplitude for thc Coalinga
aftershock than the Imperical Valley aftershock at frequencies higher than about 6 Hz. This
difference can easily bc attributed to the inadequate modeling of the difference in recording
site effect between Coalinga and Imperial Valley.

Fig. 4. 11 also showed that thc spectral shapes of small earthquakes recorded at
Diablo Canyon are similar to those at Coalinga and show relatively higher amplitudes than
at Imperial Valley. This suggests that, ifwe had sufficient earthquakes at the Diablo
canyon site to construct the empirical source function, itmight also have failed to simulate
the strong motion records as the Coalinga source function did. That would have been a
rather ironical situation, but is quite likely because the difference in site effect between
Diablo Canyon and Imperial Valley may not be adequately modeled by the LSTP
methodology.

Another failure of thc simulation is reported for thc case ofLorna Prieta eanhquake
on p. 28 ofResponse to Workshop Question 2. 'Ihe simulation using the Impcrical Valley
source function underprcdicts the observed strong motion spectra at all frequencies lower
than 9 Hz. The departure of thc simulated spectra from thc observed increases
systematically with decreasing frequency, and the discrepancy is as much as a factor of 5 at
about 1 Hz. I believe that this systematic discrepancy may be partly due to the inadequate
site effect modeling but also partly due to the rigidlyfixed choice of subevcnt size of4x3
km>. Recently, wc applied the specific bamcr model of Papageorgiou and Aki(1983) to
the strong motion data &om the Lorna Prieta earthquake, and estimated the diameter of



subevent to be about 8.5 km, corresponding to the subevent area four times geater than that
adopted in the'LTSP simulation.

Thus, the limitations of the modeling method described in Final Report were
exposed in Response to Workshop Question 1 and 2 as failures to simulate observed strong
motion. Looking through all the available validation results, however, I found that ifwe
testrict our attention in the nanow frequency range from 3 to 5 Hz, the discrepancy
between the observed and simulated is not very significant in all cases ofvalidation
exercise. I realize also that this frequency rege corresponds to the peak ofestimated
spectral acceleration for the Diablo canyon site (see, e.g. Fig. 4-26 ofFinal Report). In
other words, the simulation has been ieasonably validated at and near the peak Gequency,
but the simulation may be underestimating on either sides of the peak. Fig.4.11 and other
figures mentioned earlier suggest about a factor of2 underestimation in the Gequency range
higher than 5.Hz, and somewhat greater undetestimation in the frequency range lower than
3 Hz. Interestingly, ifwe correct the curve based on numerical modeling studies (Fig. 4-
26) for these underestimations, it willbecome, closer to the one based on attenuation
relationships Qom regression analyses. Iconsider this closer agreement to mean that my
intetptetation of some failure in the validation of simulation described in this letter is
supported by the broader set ofobserved strong motion data.

Sincerely yours,

KeiitiAki

KA:st
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STEVEN M. DAY
DEPARTMENTOF GEOLOGICALSCIENCES
SAN DIEGO STATE UNIVERSlTY
SAN DIEGO, CA 92182
(619) 594-2663 or 594-5586

Jean Savy
Lawrence Livermore National Laboratory
P. O. Box 808
MailStop L-196
Livermore, California 94550

Dear Jean:

January 21, 1991

The following letter report states my general assessment of the numerical modeling
component of the Pacific Gas and Electric (P. G. & E.) Long Term Seismic Program (LTSP).
Other letters over the past few years have offered detailed critiques and recommendations, and that
commentary willnot be repeated or elaborated here. Rather, I willoffer my judgment on how the
numerical modeling should fitinto a comprehensive evaluation of seismic exposure of the Diablo
Canyon site.

General Remarks. The numerical modeling supported by P. G. 8c E. represents, overall,
an outstanding effort to bring current understanding of earthquake physics and wave propagation
to bear on ground motion estimation. In the frequency range for which it was designed and
calibrated, about 3 to 20 Hz, the method has proven to be a very valuable tool for ground motion
assessment. As the modeling team has clearly pointed out on numerous occasions, the method is
not valid below about 3 Hz. Below this level, the method tends to underestimate ground motion,
probably because of (a) the neglect of surface waves and (b) the spectral deficiency of the source
model at low frequency.

Most of the important, well-understood aspects of this difficult problem have been
appropriately handled in the numerical procedure. For example, the modeling incorporates the
finiteness of faulting (as no regression model really does), the stochastic natuze of high frequency
generation, and the well-known large-scale directionality of rupture. The point has been teached
where most of the discussion and debate between the modeli'ng team and the Review Panel
concerns details of the earthquake sotuce characterization about which we have littleobservational
evidence and no scientific consensus. For example, the modeling incorporates subevent directivity
only to the extent that it may have been captured in the recorded "empirical source functions".
Similarly, the method assumes that little or no seismic energy originates from the fault plane at
shallow depth. These and other modeling choices have provoked legitimate concern by the panel.
However, this does not mean that the modeling method departs from established scientific
consensus. Rather, the continuing discussion primarily reflects an effort to establish an
appropriate level of conservatism in light of the present level of uncertainty in our understanding
ofearthquake source dynamics.

Estimation of the Median Response Spccrnun. In determining how to apply the numerical
results in combination with other methods, the remaining methodological uncertainties referred to
above must be taken into account. A second issue which must be axognized is that the numerical
modeling method does not provide a yound motion estimate wholly independent of the empirical
method. The numerical method implicitlyuses parameters which have been calibrated through
comparisons to ground motion data sets. For example, use of an empirical sotirce function of
smaller source dimension or smaller stress dmp would change the absolute level and spectral shape



of the ground mo'tion prediction. In fact, it is easy to show that you can get any high-frequency
spectral level you want out of the modeling, simply by changing the subevent stress drop (either by
scaling the subevcnt recording or selecting a different subevent), and making a compensatory
change in the subevent repetition number. This can be done while exactly preserving the target
moment magnitude.

A third factor to consider is that the combined empirical estimates, which included both the
regression model and a separate statistical analysis of the near-source database, envelop the
numerical estimates for the median response spectrum for frequencies above about 3 Hz. Under
these circumstances, I think a prudent regulatory approach willbase the median ground motion
estimate on the empirical methods, since I don't believe that we can rule out a small, but
significant, systematic underestimation of ground motion by the numerical method. For example,
the numerical results show some sensitivity to the choice ofempirical source function, and to apply
the method, one must import the empirical source function from other regions. As a second
example, there is room for some concern that short-period surface wave contributions have been
underestimated numerically. The modeling team has made reasonable efforts to assess the
sensitivity of results to the source function and to demonstrate that ray contributions are dominant,
and I am not critical of their approach. However, sufficient uncertainty remains that I don t believe
that the modeling results should be taken as support for lower median ground motion than that
estimated by the combined empirical methods.

P. G. & E. has apparently shown that the empirical ground motion estimates are not
significantly affected by the data adjustment, weighting, and selection rules which they have
employed. Nonetheless, I want to restate my opinion that the greatest consideration should be
given to estimates derived without recourse to subjective adjustments to the measurements and
without unduly restrictive selection standards. I will repeat two examples from my previous
reports: (1) P. G. & E. makes a fairly strong case for adjusting the Pacoima Dam record
downward, on grounds that topographic amplifiication occurred. However, I do not find the
argument conclusive, in light of threeWmensional analogue modeling msults ofAnooshehpour's
thesis (U.C.S.D., 198S). (2} Some of the earlier empirical studies excluded data from the Morgan
Hilland Parkfield earthquakes, and I don't find the logic for doing so persuasive. In these and
similar cases, my view is that common sense dictates accepting the higher-amplitude data in the
statistical analysis.

Estimation of the Variance. The numerical modeling team has quantified uncertainty in a
very thoughtful and satisfying way. They have estimated the variance of the numerical estimates
by separating that variance into a "random plus modeling" error and a "parametric uncertainty".
The former is estimated directly from the misfit obtained in validation studies, and the later is
estimated by numerical experiments. Furthermore, speal numerical studies have been undertaken
to address the possibility ofanomalous effects such as tolmgraphic amplification.

These numerical studies of the variance of the ground motion estimates have been
extremely valuable, I think. We still have very little strong motion data for magnitude 7+
earthquakes at distances less than 10-20 km. Therefore, the numerical estimate of variitnce,
including as it does the parametric uncertainty, decreases my concern that empirical methods might
be underestimating the yound motion variance very near the soutce oflarge events. For example,
without the modeling results, I would be more concerned about anomalously high motions
occurring at Diablo Canyon, due to dizectivity from a very long rupture on the Hosgri Fault. 'Ihe
modeling, on the other hand, indicates that, even with a very long fault, contributions &om nearby
asperities continue to dominate the response spectrum, and strongly enhanced directivity is not
predicted. As a second example, numerical modeling has been used to assess the possibility of
topographic amplification at the Diablo Canyon site. These results have given me confidence that
anomalous topographic amplification at the site is quite unlikely. Thus, I think the LTSP estiaiate



of the variance of the response spectral ordinates is credible, and the numerical modeling
results are the major factor in this conclusion on my part.

Summary. (1) The numerical modeling effort is well conceived, well executed, and
an absolutely essential component of the LTSP. (2) Most of the remaining discussion
between the Review Panel and the modeling team concerns how best to ensure
conservatism in light of the current limitations of seismological observations and theory.
(3) The median spectrum should be based upon the envelope of the estimates made by
empirical methods. (4) Maximum consideration should be given to those statistical results
obtained without data adjustment and weighting factors, and which include the Morgan Hill
and Parkfield events. (5) The numerical results provide us significantly increased
confidence that the variance estimates for tesponse spectral ordinates, as derived from the
existing strong motion database (in which magnitude 7+ events at distances < 10-20 km me
poorly represented), are appropriate for the magnitude 7.2 earthquake on the Hosgri fault.
(6) Especially noteworthy achievements of the numerical modeling studies of the LTSP
include the sensitivity analyses of directivity, asperity distribution, and topographic
amplification. These sensitivity studies alone justify the numerical modeling effort

Comment. Upon reviewing the contributions of the LTSP numerical modeling
effort, I find it difficult to see how any future studies of the seismic exposure of critical
facilities can be considered comprehensive unless they exploit numerical modeling.

Sincerely,

Steven M. Day
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Dr. Jean Savy
Mail Stop L-196
Lawrence Livetmore Laboratory
P. O. Box 808
Livermore, CA 94550

FAX:415-294-6889

Dear Jean,

Enclosed is my suttunary on the ground motion studies conducted by PG&E for Diablo
Canyon Nuclear Power Plant. It is only a synopsis of some of the critical information. There is so
much information that has to be digested that I wonder ifanyone can assimilate all of it.

Sincerely,

Ralph J. Archuleta
Professor of Geophysics

Enclosure: Summary on PG&E Ground Motion Studies for Diablo Canyon Nuclear Power Plant



FINAL REPORT ON PG&E GROUND MOTION STUDIES REGARDING
DIASLO CANYON NUCLEAR POWER PLANT

Ralph J. Archuleta
Professor of Geophysics

Department ofGeological Sciences
University of California, Santa Barbara

Santa Barbara, California

Summary
Thc basic issue regarding the realism of thc numerical simulations for ground motion Gem

a M 7.2 earthquake is thc validity of the assumptions that have been made. Each assumption
affects the outcome of the simulations. Fortunately PG&E has provided docurttcntation as to rhc
effect of many of their assumptions. This report is an assessment of many of those assumptions
and the effect of those assumptions on thc amplitude of the expected ground motion at the Diablo
Canyon Nuclear Power Plant (DCNPP) site. In particular, for the numerical simulations I have
considered:

(1) The possible effects of incomplete Green's functions to model the wave
propagation;

(2) The values taken for the attenuation properties of the medium;
(3) The geometry of the fault;
(4) Thc distribution of slip on the fault;
(5) The summation ofmultiple slip events at a single point on the fault;
(6) Thc choice ofempirical records;

~ (7) Thc averaging process to find a single response spectrum and its 84th
percentile level.

In addition to thc numerical simulations there was a consistent presentation of the
regression analysis approach. The validity of using an analysis of data from distances much
greater than the source to site distance (4.5 km) has always been suspect from my viewpoint. I
willreiterate some of the comments that I have made earlier.

After a review of all of the elements of the numerical simulations, I conclude that thc PG&E
numerical analysis has systematically underestimated the ground motion for thc Diablo Canyon
Nuclear Power Plant for the expected M 7.2 earthquake. This conclusion is supported by PG&E's
response to Question LP 1 of August 1990. When taken component by component the horizontal
median peak acceleration and the horizontal median spectral acceleration in the 3.0 - 8.5 Hz band
are consistently low, Table LP Q1-1. In fact, the median acceleration is generally around
0.40 g for the Impc:rial Ualley aftershock as a source function; 0.47 g using thc Coalinga
aftershock as a source function and 0.36 g for thc Whittier Nanows aftershock as a source
function. It is only because the two horizontal components are vcctorially added (square root of
the sum of squares) that the median peak acceleration approaches 0.56 g (multiply thc median of
the components by l2). The spectral acceleration level in the frequency band 3.0 - 8.5 Hz has
been calculated in the same manner. Ifit were not for the vector sum, the numerical simulations
would produce ground motion values that werc 40% less than that determined by the regression
analysis. The regression analysis is for peak values of individual components, ~ the, vector sum
of the the two maximum values.

Thc regression analysis is inconsistent with the numerical results in the way in which the
distance factor is uscrL Most of the points that are put at 1.0 or 2.0 km, such as those for 1979
Imperial Ualley, are, in fact, 12 km or so &om the source that generated the peak accelerations.



This was demonstrated by PG&E in their validation studies of the numerical approach. Such a
correction would definitely change the shape of the regression curves at close distances.

(1) Incomplete Green's Functions

I have repeatedly questioned PG&E's a priori assumed distribution of slip on the fault
where there is no slip allowed at depths shallower than 1.5 km. This assumed distribution is
directly tied to PG&E's Green's functions. They have used Green's functions that I think are
appropriate for a deep source, as arc all of their empirical sources. However, when thc slip is
shallow, the usc of only direct P and direct 8 waves is insufficient. There will be a hrge
contribution from the shallow slip as shown in PG&E's response to Question 9. Not only is the
amplitude generally increased in the distance range 4 - 40 km, but so is the duration. As I also
pointed out in my letter of27 July 1987 the PG&E computations do not account for any local site
reverberations that exist for their assumed velocity structure.

(2) Attenuation

The attenuation is accounted for by their choice of empirical source functions. DCNPP is
supposedly a hard rock'site, shear wave velocity about 700 m/s. The shear wave velocity at the
sites in the Imperial Valley are about 200 m/s. Thc Imperial Valley has a t'fabout 0.045 and is
associated almost exclusively with thc vertical travel time through the shallow sediments. Q, thc
quality factor, is about 80 for the upper 3 km of Imperial Valley sediments; Q for DCNPP is be
about 29 for the upper 3 km. This seems questionable for a hard rock site. Because attenuation is
completely determined by the choice ofempirical source functions, the implicitassumption is that
Imperial Valley, Coalinga, Whittier Narrows and DCNPP sites all have the same Q.

(3) Geometry ofthe Hosgri fault

The ground motion at DCNPP is not determined by thc style of faulting. It is dctcraiined
by the geometry of the fault. PG&E's approach is to use a nearly isotropic radiation pattern.
Consequently thc distinction between strike-slip, oblique and thrust is blunted, literally.
DifFerences in thc calculations are duc only to thc geometry of the fault. Basically in the thrust case
more of the fault is closer to the station than in the strike-slip. The oblique case, in which thc fault
is located between the strike-slip and thrust fault planes, gives an intermediate result. What these
results imply is that a difFerence ofone or two kilometers makes a difference for a site so close to
thc fault.

(4) Disrriburion ofslip

PG&E has never considered a fault model that had any slip at shallow depth (sce PG&Es
response to Question 17). As seen from my letter of 11 April1989 the distribution is concentrated
at about 7.5 km where peak slip is about 10 m. However, at 15 km depth the peak slip is 5.1 m at
one point, but almost everywhere else is around 1.0 m. Had PG&E considered a distribution of
slip as determined for thc 1971 San Fernando earthquake, 3-4 m of slip at 2-3 km depth, I have to
think that the ground motion would bc significantly larger. Recall from my statements above
concerrung thc geometry, a distance of 1 or 2 km has a discernible efFect. Thus allowing for larger
slip at shallow depths is bringing the slip closer to thc site. While PG&E did randomize thc
location of thc sites with respect to heterogeneities along strike, it did not allow any variation of thc
slip with depth. Ifthere is large slip at shallow depth, a definite possibility, the ground motion at
DCNPP is going to bc larger than that shown by PG&Es final rcport.

(5) Summation ofmultiple slip events at a single point



'Ms has n'ever been clear to me. Aki's report of9 March 1989 is about as clear as anything
else. Ihave never understood whether the increments in slip aze identical or the slip rate is
for the 17 or so multiple events that occurs on each 3 x 4 km2 area Ifthe slip is being held
Mmt tfn~hofthcmgtpiccv~thcm~c~ment ofth 3x4k 2~b g~~ If
the slip rate is held constant, the stress drop is constant. The question becomes important ifthe
aspezitics that have 10 m of slip have a stzess drop 10 times greater than thc azeas that have only
1.0 m of slip. The local stress drop of the Imperial Valley aftershock 23:19 could be 700 bars.
Thc basic issue is whether the scaling is based on seismic moment or stress drop. Stress drop
estimates are sensitive to thc attenuation properties of thc medium.

(6) The choice ofempirical source funcions

InitiallyPG&E said that Imperial Valley and Coalinga aftershocks were representative
empirical source functions. Later PG&E ~anted to discazzi the Coalinga aftershock in favor of a
Whittier Nazzaws aftershock. Why? One characteristic of the Coalinga empirical souse is that it
consistently produced the largest response spectrum. Given our limited knowledge of the
earthquake mechanism it is not reasonable to say that Coalinga does not represent the ground
motion for deep sources. Each of the thzee source functions share a common feature: they are all
deep, 10 - 13 km. The near-source takeoff angles are steep with a cozzesponding large horizontal
phase velocity. Consequently deep sources do not generate much in the way of surface waves or
local reverberations which tend to have low horizontal phase velocities. None of these source
functions are representative of a shallow source. Yet, PG&E's response to Question 9 shows that
thezc is considerable difference between a soutane at 10 km and one at 1.5 km.

(7) The averaging process

As I said above. the averaging pzocess is flawed. The numerical results come from taking
the square root of thc sum of squares of thc parameters, such as peak acceleration. Had PG&E
numerical simulations used only the values Gom individual horizontal components as was done for
the regression analysis, the median value ofpeak acceleration would be about 0.4 g, and an 84%
value around 0.6 g. In response to Question 17, PG&E says (page 6) that the average peak
accelerations were 0.351 g, 0.375 g and 0.406 g for strike-slip, oblique and thrust simulations,
respectively. I am concerned about this being an average rather than a median; however, these
values are just about what one gets fzom Table LP Q1-1. I have not gone through all the spectral
acceleration values for thc 3-8.5 Hz range in Table LP Q1-1; the strike-slip cases are about 1.3 g at
the 84%.

'

am bewildered that the median spectral acceleration and 84% sIectral acceleration shown
in the final report, p 4-49 and 4-50, have much larger spectral acceleration at high fzequcncics than
the same curves shown in response to question LP 9, p. 3 and p. 4. It is more corifusing when
one, considers that those shown on p. 3 and p. 4 (LP 9) aze for 100% oblique slip and should bc
larger than the sIectzal acceleration in the final report that is dominated by strike-slip (65% strike-
slip, 30% oblique, 5% thrust). Ifone compazes the median values in Table LP Q-1 with the
numerical spectral acceleration in the final report, there is a significant disc~iancy. What spcctnim
now constitutes thc Qgg damped response spcctziim?


