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INTRODUCTION

This review, conducted under contract to Lawrence Livermore National Laboratory
(LLNL)for the U.S. Nuclear Regulatory Commission (NRC), is an evaluation and critique
of the empirical ground-motion studies conducted for the Diablo Canyon Power Plant
site by Pacific Gas and Electric Company (PG8cE) as part of their Long Term Seismic
Program (LTSP). The studies are summarized in Chapter 4 of PGdrE's report entitled
Final Report of the Diablo Canyon Long .Term Seismic Program (PGdcE, 1988) and in
several supplemental reports submitted in response to workshops held during the course
of the study and to questions raised during review of the Final Report. The Final Report
was submitted to NRC on July 31, 1988, and an Addendum to the Final Report (PG8cE,
1991), summarizing the key data and findings produced during the review process, was
submitted to NRC in February, 1991.

This review begins by briefiy summarizing the scope of PG8cE's empirical investiga-
tions. This is followed by a brief review and critique of the methods employed in these
investigations, including a thorough discussion of the results. Finally, a discussion of some
of the more important issues that are relevant to the empirical prediction of near-source
ground motion at the Diablo Canyon site is presented.



SCOPE OF EMPIRICAL INVF>STIQATIONS

As characterized in their Final Report, PG8cE s empirical ground-motion investiga-
tions consisted of:

~ Compilation of a primary database consisting of a large volume of up-to-date
strong-motion data recorded at rock and rock-like sites from shallow crustal earth-
quakes. In addition, a supplementary. database from soil sites was also compiled
for special studies on the effects of style of faulting, magnitude scaling, and data
dispersion.

H

~ Development of attenuation relationships for'peak ground acceleration and re-
sponse spectral acceleration by regression analyses using the strong-motion data-
base.

~ Development of site-speciGc response spectra based on these attenuation rela-
tionships, and also based on statistical analysis of near-source, strong-motion
recordings.

~ Development of acceleration time histories from recorded accelerograms appropri-
ate to the magnitude, source-to-site distance, and site conditions.



METHOD OF EMPIRICAL INVHi>STIGATIONS

The empirical'ground-motion investigations were based on analyses of strong-motion
records of past earthquakes. A large up-to-date empirical ground-motion database was

compiled to form the foundation for the study. However, as discussed in the next section,
only small subsets of these recordings were used to derive empirical estimates of ground
motion of relevance to the LTSP analysis earthquake.

The LTSP did not rely solely on peak ground acceleration for characterizing ground
motions at the Diablo Canyon site. Response spectral acceleration was chosen as the
primary ground-motion parameter to properly refiect the frequency content of ground
motions and to provide ground motions relevant to the prediction of the response of various
plant structures, systems, and components with di8'erent natural frequencies.

Attenuation relationships for response spectral acceleration were developed using the
procedures employed by Sadigh (1983, 1984). This involved developing relationships for
the ratio of spectral acceleration to peak ground acceleration (spectral shape) as a func-
tion of magnitude and distance, and then combining these relationships with attenuation
relationships for peak ground acceleration. The concept of anchoring a spectral shape to
peak acceleration, popularized by Newmark and Hall (1983), has been recently criticized
in the literature (c.g., Joyner and Boore, 1988; Bender and Campbell, 1989). The major
criticism of this procedure concerns the use of peak acceleration to scale a fixed spectral
shape. The approach used by PG8cE avoids this by allowing the spectral shape to be a
function of magnitude and distance. PG8cE cites the following advantages to their two-
step approach to developing spectral attenuation relationships: (1) for rock and rock-like
sites, there is a much larger database of peak ground acceleration than response spectra for
establishing magnitude and distance scaling of absolute levels of ground motions, and (2)
the use of spectral shapes results in attenuation relationships for various frequencies that
are consistent over the full range of magnitudes and distances to which the relationships
apply

The procedure used by PG8cE for developing spectral attenuation relationships in-
volves three steps: (1) developing a spectral shape for a reference-size event for which
there is abundant data, (2) developing relationships to scale this spectral shape to other
magnitudes; and (3) computing the standard error of the absolute spectral values about
the attenuation relationships. Comments related to the implementation of this procedure
are given in the next section.

The attenuation relationships for peak ground acceleration and response spectral or-
dinates were developed using the average of the two horizontal components. This avoided
the statistical bias associated with the strong correlation observed between the two hor-
izontal components of ground motion (Campbell, 1985). %hile this is a valid definition
of ground motion, it is important to recognize that other definitions of ground motion,
such as the largest horizontal component, may be required for some types of engineering
analyses. Analyses that require the use of the larger of the two horizontal components or



both horizontal components willhave to decompose the estimates of the average horizontal
ground motion into its separate components. Statistical analyses indicate that the average
horizontal component of peak horizontal acceleration is approximately 12 percent smaller
than the largest horizontal component and 13 percent larger than the smallest horizontal
component (Campbell, 1981). Actual values willvary with magnitude, distance, and site
eKects, and with the specific ground-motion parameter being predicted.

Attenuation relationships for rock-site-conditions were developed using nonlinear re-

gression analysis. The Final Report states that attenuation relationships were developed
for peak horizontal acceleration, horizontal 5% damped response spectral acceleration at 15

frequencies in the range 1 to 25 Hz, and average 5% damped response spectral acceleration
for two frequency bands: 3 to 8.5 Hz and 5 to 14 Hz. However, in response to Questions
7 and 8 submitted in January, 1989, PGhE subsequently corrected this by stating that
attenuation relationships for horizontal response spectral acceleration were developed at
14 periods in the range 0.07 to 1 sec (1 to 14 Hz). In their regression analyses of vertical
response spectral acceleration described in response to Ground-Motion Workshop Ques-
tion 7 submitted in November, 1990, PGRE included 19 periods in the range 0.04 to 2 sec

(0.5 to 25 Hz).

Site-specific response spectra for horizontal motions were developed using the atten-
uation relationships derived from the regression analyses, and using a statistical analysis
of a suite of 18 near-source strong-motion recordings. Some problems associated with the
reliability of the statistical analysis of near-source recordings are discussed in the next
section. Site-specific response spectra for vertical ground motions were developed by scal-
ing the site-specific horizontal response spectra with ratios of the vertical-to-horizontal
response spectral values derived from the statistical analysis of near-source recordings. As
discussed in the next section, this technique may tend to underestimate the actual vertical
ground motions at the short distances associated with the LTSP reanalysis earthquake.
PG8cE attempted to validate these estimates with estimates of vertical ground motion
based on attenuation relationships developed from regression analyses similar to those
used to develop the horizontal attenuation relationships.

The original LTSP site-specific response spectra for horizontal and vertical ground
motions were used as input to the soil-structure interaction analyses, and the associated
attenuation relationships were used as input to a probabilistic risk assessment. Suites of
realistic time histories needed as input to the fragility studies and soil-structure interac-
tion analyses were developed by modifying the amplitude spectral content of the selected
recordings to conform to the established site-specific criteria for magnitude, distance, and
site conditions.



9 RESULTS

This discussion focuses on the results of the following three topics:

~ Compilation of an up-to-date strong-motion database

~ Site-specific aspects of free-fleld ground motions at the Diablo Canyon site

~ Development of site-specific response spectra

Compilation of an Up-to-Date Strong-Motion Database

This topic is discussed on pages 4-13 to 4-15 of the Einal Report. Further discussions
related to parameter definitions and selection criteria are provided in PGdcE's response
to Questions 4 and 5 submitted in January, 1989; and further discussions of the different
subsets of data used for various phases of the study are provided in PGRE's responses
to Question 6 submitted in Januaryy 1989'uestion 3 submitted in August, 1989, and
Ground-Motion Workshop Question 7 submitted in November, 1990.

PG8cE placed emphasis on the selection of strong-motion records from earthquakes
located within a seismic environment similar to Central California and sites with site
characteristics similar to the Diablo Canyon site. They classified Diablo Canyon as a rock
site, based on local subsurface geologic conditions and shear-wave velocity profiles, As a

result, they only selected rock and rock-like (very firm soil) sites for their analysis.

The Diablo Canyon site is located within the Los Osos-Santa Maria Valley tectonic
domain (p. 2-26 and Fig. 2-8 of the Finai Report). A crustal structure velocity model
of the region (Fig. 2-9 of the Final Report) indicates that this domain is characterized
by relatively low-velocity sediments underlain by relatively high-velocity Franciscan rock.
The presence of low-velocity sediments, characterized by a compressional-wave velocity of
3.5 km/sec, indicates that the Diablo Canyon site is a soft-rock rather than a hard-rock
site according to site-classification criteria proposed by Campbell (1981). This is further
confirmed from a shear-wave velocity profile at the site which shows shear-wave velocities
increasing from about 0.9 km/sec at an elevation of 85 ft to 1.5 km/sec at an elevation
of -80 ft. The sedimentary basin in which the Diablo Canyon site is located is relatively
shallow near the coast beneath the site, where it attains a thickness of approximately 1

km. However, the basin thickens abruptly to the east, where it reaches a depth of 3.5
km. The Franciscan rock beneath these sediments has a strong velocity gradient, with
compressional-wave velocities increasing from about 4.0 km/sec at a depth of 1 km to 5.5
km/sec at a depth of 4.0 km beneath the site, The presence of relatively low-velocity
sediments directly beneath the site and a strong velocity gradient within the underlying
Franciscan is expected to result in an amplification of ground motions at all frequencies of
engineering interest, especially those of 1 Hz and lower (Campbell, 1990). Therefore, to
be conservative, "seismic basement" should be assumed to occur at a depth of about 4 km
beneath the site, and not at the top of the Franciscan.



Because of the differences in the frequency content of ground motions recorded on

soft and hard rock.(c.g., Campbell, 1986; unpublished data provided to PGdcE and NRC
in 1990), PG8cE's inclusion of hard-rock recordings in the LTSP primary database is not
appropriate and may have distorted the shape of their proposed site-specific response

spectra. In response to Question 1 submitted in August, 1989, PGRE indicated that 55

percent of the rock-site recordings for earthquakes of magnitude 6.3 M~ or greater included
in their database were located at hard-rock sites, but that there were no clear systematic
differences in ground motions recorded at soft-rock and hard-rock sites. This statement,
however, contradicts the results of Campbell (1986; unpublished data provided to PG8cE
and NRC in 1990), which indicate that hard-rock recordings have similar or somewhat
lower amplitudes at short periods and substantially lower amplitudes at moderate-to-long
periods as compared to soil and soft-rock recordings.

PG8cE addressed this concern in response to Ground-Motion Workshop Question 6
submitted in August, 1990. They performed an analysis of residuals to show that their
proposed horizontal site-specific spectra envelope both their soft-rock and hard-rock record-
ings at frequencies greater than about 2 Hz; whereas these spectra underestimate these
recordings at frequencies of 2 Hz and less. Implications of these results will be discussed
later in this review.

The effects of building size and embedment, found by Campbell (1987, 1989) to be
important in the empirical estimation of strong ground motion,"were not specifically ad-
dressed by PG8cE. Campbell found that embedded instruments, such as those located in
the basements of moderate-to-tall buildings, have smaller peak accelerations and short-
period spectral accelerations than those located in the free Beld. Inspection of the LTSP
rock database, which PG8cE provided in response to Question 6 submitted in January,
1989, shows that PG8cE included all ground-motion recordings in their analysis, including
those from embedded buildings. Although such recordings only make up a small percentage
of the total number of recordings, it is possible that the inclusion of such recordings may
have resulted in a slight underestimation of short-period ground-motion amplitudes corre-
sponding to the LTSP reanalysis earthquake. According to PGRE, this has been mitigated
by conservatively enveloping the calculated regression-based spectra at high frequencies.

P GEE's selection process resulted in the selection of 217 recordings of peak horizontal
acceleration and 88 recordings of horizontal response spectral acceleration from 51 shallow
crustal earthquakes of M~ = 4.7-7.4. This database —a somewhat diferent version than
that given in Table 4-1 of the Final Report—is referred to as the LTSP primary database.
This database, together with additional support information requested during the review,
was summarized in Tables Q6-1 through Q6-3, which PGdcE provided in response to Ques-
tion 6 submitted in January, 1989.

In response to Question 3 submitted in August, 1989, PGhE acknowledged that the
regression analyses used to develop the attenuation relationships for horizontal compo-
nents of ground motion were actually performed using several subsets of the LTSP pri-
mary database (Tables Q3-1 through Q3-4). These tables indicate that regression analyses



for earthquakes of 6.5 and greater, which were used to develop site-specific estimates of
horizontal ground motion for the Diablo Canyon site, were further restricted to recordings
from reverse and thrust-faulting events. This resulted in the use of only 7 earthquakes and
33 strong-motion recordings in the final regression analyses used to develop attenuation
relationships for peak horizontal acceleration. Of these, only 5 events and 10 recordings
were at near-source distances (distances less than 20 km); and of these, many were "ad-
justed" or "down-weighted" to refiect their perceived relevance regarding tectonic regime,
site characteristics, and source-site geometiy. Even fewer recordings were used to develop
acceleration response spectra. In addition, two accelerograms from the Tabas and Gazli
earthquakes were recorded at sites that I consider to be soil sites, not rock or rock-like
sites.

As a result of the above limitations, it is my opinion that the principal database used
to develop the LTSP horizontal site-specific ground-motion estimates (Table Q3-1) does
not contain a sufficient number of recordings to provide a reasonably reliable and unbiased
statistical estimate of ground'motion for large nearby earthquakes on the Hosgri fault. As
discussed later in this review, the expanded database used to develop attenuation rela-
tionships for vertical ground motions (Tables WQ?-1 and WQ7-3, which PG&E provided
in response to Ground-Motion Workshop Question 7 submitted in November, 1990), con-
tained many more recordings than were used in the analysis of the horizontal components
and, therefore, resulted in a much more reliable and statistically robust estimate of strong
ground motion.

A much larger database consisting of rock recordings from reverse and thrust-faulting
earthquakes (Table Q3-2) was used to develop attenuation relationships for events hav-
ing magnitudes less than 6.5. However, this analysis was done independently of that for
the M > 6,5 events. Another relatively large database consisting of rock recordings from
strike-slip and normal faults (Table Q3-3) was used to visually verify that the adopted
style-of-faulting factor used to reduce the reverse-faulting and thrust-faulting estimates
of horizontal ground-motion to corresponding strike-slip estimates was qualitatively con-
sistent with recordings from strike-slip earthquakes. The significance of this comparison,
however, was limited by the lack of a formal statistical analysis.

The M > 6.5 and M ( 6.5 databases (Tables Q3-1 and Q3-2) were combined to
develop magnitude-scaling relationships between peak horizontal acceleration and response
spectral shape. As a result, the scaling of horizontal response spectra with magnitude
has a much stronger statistical basis, Its absolute amplitude, however, was determined
from the more restricted database (Table Q3-1) and, in my opinion, does not have an
adequate statistical basis. During the course of the review, PGdcE conducted several
additional regression analyses on a combined database of soil and rock recordings from
earthquakes representing all styles of faulting. One of these was for magnitude 6.5 and
larger earthquakes and was provided in response to Ground-Motion Workshop Question 4

submitted in August, 1990; the other was for both small and large-magnitude earthquakes
and was provided in response to Question 6 submitted in October, 1989.



Although PGdcE states that, in their opinion, the combined soil and rock database
should not be used to predict ground motions at rock sites, such as Diablo Canyon, my
own analyses (Campbell, 1990) indicate that this statement may not have any statistical
basis. For example, I found soil and soft-rock recordings, at least for the near-source
distances of interest in the LTSP, to be statistically indistinguishable from one another.
Therefore, upon PG8cE's request, I combined my soil and soft-rock databases and repeated
the regression analyses to provide a more statistically robust prediction of ground motion
for the LTSP reanalysis earthquake. Therefore, I do not necessarily agree with PG8cE's
opinion that a combined soil and rock database should not be used to develop site-specific
ground motions for the Diablo Canyon site. In fact, in lieu of the small number of rock
recordings used to develop the LTSP site-specific ground motions, I am of the opinion that
the attenuation relationships developed from a combined soil and rock database would
provide a more reliable and statistically robust estimation of strong ground motion.

A comparison of the peak horizontal accelerations estimated from the various relation-
ships developed by PG8cE, as well as those based on my relationships (Campbell, 1990),
are summarized below. All estimates, except those derived from the original LTSP rock
analysis, were based on a combined soil and rock database which included earthquakes
with all styles of faulting.

Relationship
Median PHA (g) for M~ = 7.2 and R = 4.5 km

Strike Slip Reverse and Thrust

LTSP (Final Report)
Unconstrained, M > 6.5
Constrained, M > 6.5
Unconstrained, AllM
Campbell (1990)

0.56
0.52
0.48
0.55
0.51

0.67
0.66
0.61
0.70

0.64l0.62

As one can see, all of the analyses on these expanded databases, with the exception
of the unconstrained analysis for all magnitudes, result in peak accelerations that are
smaller than those predicted from the original LTSP analysis. However, these results do
not indicate whether similar conclusions are appropriate for acceleration response spectra,
since these latter analyses have not been performed by PG8cE. Note that my estimates are
somewhat smaller than all but PGRE's constrained results for M > 6.5. The differences
between their estimates and mine probably refiects a lack of total saturation of PHA at
R = 0 for their unconstrained relationships.

Site-Specific Aspects of Free-Field Cround Motions at the Diablo Canyon Site

This topic is discussed on pages 4-15 to 4-27 of the Final Report. Site topography
was further discussed in response to Questions 12 and 16 submitted in August, 1989, and



in response to Ground-Motion Workshop Question 2 submitted in August, 1990. Based on

their geology, seismology, and geophysical studies, PGdcE has proposed that the reanalysis
earthquake on the Hosgri fault, located a horizontal distance of 4.5 km offshore of the
Diablo Canyon site, should have a maximum moment magnitude of 7.2. These studies
were also used to recommend a weighting scheme for three postulated faulting scenarios:
0.65 for strike slip, 0.30 for reverse-oblique slip, and 0.05 for thrust. They define a strike-
slip fault as one for which the rake angle is less than 30', an oblique-slip fault as one
for which the rake angle is 30 to 60', and a reverse or thrust fault as one for which
the rake angle is greater than 60'PG8cE, 1991). The fault-plane geometries associated
with these three faulting scenarios are shown on Figure WQ5-5 provided in response to
Ground-Motion Workshop Question 5 submitted in August, 1990.

Based on recordings obtained at the Diablo Canyon site, including those from the 1989
Lorna Prieta earthquake, which PG8cE provided in response to Ground-Motion Workshop
Question 2 submitted in August, 1990, there are no unusual site conditions at the site other
than the possibility of topographic amplification along the sea bluff and atop the ridge
east of the power-block structures. This was confirmed with modeling studies conducted
in response to Questions 12 and 16 submitted in August, 1989.

The spectral decay rate determined from recordings of weak ground motion obtained
at the Diablo Canyon site indicates that damping within the sediments beneath the site is

at least as large as that in the Imperial Valley and Coalinga areas, where thick deposits of
Quaternary sediments are known to exist (Fig. 4-11 of the Final Report). This supports
my belief that the Diablo Canyon site is a typical California soft-rock site, with attenuation
characteristics more consistent with that of soil rather than that of hard rock.

Development of Site-Specific Response Spectra

This topic is discussed on pages 4-27 to 4-28 of the Final Report and refers only to
the horizontal components of ground motion. The development of site-specific response
spectra was based on a direct estimation of response spectral acceleration at 14 frequencies
ranging from 1 to 14 Hz. As discussed previously, recordings used in the analysis were
selected according to site-specific criteria developed in terms of earthquake magnitude,
source-to-site distance, style of faulting, and local site conditions.

Two empirical approaches were used to develop response spectra:

~ Statistical analysis of near-source strong-motion recordings

~ Peak ground acceleration and response spectral acceleration attenuation relation-
ships from regression analyses

Site-Specific Response Spectra Based on Statistical Analysis. This topic
begins on page 4-27 of the Final Report. The statistical analysis of near-source recordings
was based on a suite of 18 strong-motion recordings obtained at distances of 20 km or less

from earthquakes of M~ ) 6.3. These recordings were either adjusted or down-weighted to



reflect their perceived compatibility with the tectonic setting, topography, site conditions,
and source-site geometry associated with the Diablo Canyon site as well as to adjust all
the recordings to M~ = 7.2 and R = 4.5 km.

PG&E provided supplemental information on the weighting and adjustment factors
in response to Questions 4, 9, and 17b submitted in January, 1989, and in response to
Question 15 submitted in October, 1989. They provided supplemental information on
magnitude and 'distance selection criteria in response to Questions 2 and 13 submitted
in August, 1989, and they provided supplemental information on the inclusion of soil
recordings from the Imperial Valley earthquake in response to Question 14 submitted in
August, 1989. They also provided supplemental information on the style of faulting, which
they included in response to Question 17 submitted in October, 1989. As requested by
the reviewers, they conducted several statistical analyses to study the sensitivity of their
results to the particular distance and magnitude cutoff'sed, to the inclusion of soil sites,
and to the use of weighting and adjustment factors. These results are presented in response
to Question 2 submitted in August, 1989, and one of these cases, Case 5, was updated
with Lorna Prieta data in response to Ground-Motion Workshop Question 2 submitted in
August, 1990.

The original near-source spectra were somewhat deficient at frequencies less than 3
Hz as compared to the spectra based on regression analyses. However, when the selection
criteria were extended down to magnitude 6.0 and out to distances of 30 km, and soil sites
were removed, the spectra became much broader and were found to exceed the regression-
based spectra at some frequencies. In fact, when Nahanni recordings 1 and 2 were included
in the analysis and no weighting or adjustment factors were used, the high-frequency
components of the revised near-source spectra were found to exceed the regression-based
spectra over a broad frequency range. Because of the small number of recordings used to
develop these spectra, I believe that the results of the statistical analysis of near-source
recordings should only be used as a check on the results obtained from the regression
analyses and should not be used as site-specific ground motions for the Diablo Canyon
site.

Site-Specific Response Spectra Based on Attenuation Relationships. Sets of
updated attenuation relationships for peak horizontal acceleration (PHA) and horizontal
response spectral acceleration

(PSALM,)

were developed from multiple-regression analyses on
subsets of the LTSP rock database. Regression coefficients were estimated using nonlinear
least-squares techniques. A description of these analyses was provided in response to
Question 8 submitted in January, 1989.

A preliminary analysis of the M > 6.5 reverse-faulting rock recordings (Table Q3-1,
which PG&E provided in response to Question 3 submitted in August, 1989) resulted in
nearly full magnitude saturation of ground motion at R = 0; whereas a similar analysis
of M ( 6.5 recordings (Table Q3-2) showed little or no saturation (also see PG&E's
response to Question 11 submitted in January, 1989). As a result, PG&E chose to perform
independent regression analyses on these two sets of data. As discussed previously, this

10



substantially limited the number of recordings used to develop attenuation relationships
for the larger-magnitude earthquakes.

PGEcE used weighting and adjustment factors to modify several of the recordings used

in the analysis in accordance with their assessment of their overall compatibility in terms
of seismic environment, site conditions, topography, and source-site geometry. This was

discussed in response to Question 9 submitted in January, 1989. As Iwilldiscuss later, I do
not believe that the use of these subjective weighting and adjustment factors, as applied in
the current context, is appropriate for developing ground-motion estimates for the Diablo
Canyon site.

The relationship used to model the attenuation of peak horizontal acceleration was

given by the following expression,

ln PHA = ci + c2M + cs In[R + cq exp(csM) j,

where PHA is peak horizontal acceleration in g, M is moment magnitude, R is the closest
distance to fault rupture in kilometers, and c; are coefBcients to be determined from the
regression analysis.

Note that distance was defined as closest distance to fault rupture (Campbell, 1981),
whether or not this rupture was believed to be seismogenic. For the larger events, where
surface rupture accompanies rupture at depth, this distance measure is defined as the
closest distance to the surface trace of the fault. Thus, it is an adequate representation
of distance for large, extended-rupture earthquakes as long as it is conservatively applied.
For example, PG8cE has adopted 4.5 km as the representative distance from the Diablo
Canyon site to the Hosgri fault. Since this measure of distance assumes surface rupture
along the mapped trace of the Hosgri fault for all earthquake scenarios, it can be considered
sufficiently conservative for estimating ground motions from PGdcE's proposed attenuation
relationships.

The coefBcients in Equation (1) were determined in several steps. The first step was
to perform a regression analysis based on the relationship,

ln PHA = ci + 'cs ln(R + C),

using M = 6.5 recordings only. As a result of this analysis, PGRE concluded that -2.1
was an appropriate value for cs and that 18.5 was an appropriate value for C. As a result,
both of these coefBcients were constrained in the second step of the analysis. While this
approach is somewhat unorthodox, constraining cs and C in this way probably did not
have much impact on the final results. This is because the two coefBcients are highly
correlated and their exact values cannot be determined precisely.

In the second step, Equation (1) was used in conjunction with the M > 6.5 LTSP
rock database (Table Q3-1) to establish coefficients ci, cq, c4, and cs. For this analysis, cq

and cs were constrained to give C = 18.5 for M 6.5, as determined from step one above.



In the third and Gnal step, Equation (1) was used in conjunction with the M ( 6.5
LTSP rock database (Table Q3-2) to determine all of the coeKcients in Equation (1).
These coefficients were then adjusted so that predictions of PHA at M = 6.5 would match
those based on the relationship derived from the M > 6.5 earthquakes.

Attenuation relationships for PSALM were developed using a three-step procedure orig-
inally proposed by Sadigh (1983, 1984). Step 1 involved the development of an attenuation
relationship for PHA (discussed above); step 2 involved the development of attenuation
relationships for normalized spectra, PSALM,/PHA; and step 3 involved the development of
attenuation relationships for PSALM, through the synthesis of the results of steps 1 and 2.

The relationship for PSAp,/PHA was given by the expression,

ln = c>+c2(8.5 —M) ' csln[R+ C(M)j,
PSALM,

(3)

where,

C(M) = c4 exp(c>M).

PG8cE provides little documentation for the term cz(8.5 —M) ', other than to ref-
erence the work of Sadigh (1983, 1984). From results provided by Sadigh (1983), the term
seems to do an adequate job in modeling the nonlinear dependence of PSALM,/PHA on
magnitude over the magnitude range 4.0-7.5, although the arbitrary selection of 8.5 as
the magnitude at which the term saturates does not seem to have any physical or empir-
ical basis. As long as the magnitude of interest is substantially less than this arbitrary
limit, it should have little impact on the results. At moderate to long periods, say 0.2
sec and greater, the term behaves similarly to the hyperbolic tangent function used in my
own analyses (Campbell, 1990), except that the former can be extrapolated to very small
magnitudes without experiencing numerical problems.

The dependence of In (PSALM/PHA) on distance was found to be negligible for the
near-source distances of interest in the LTSP study. Therefore, the distance term involving
c3 was dropped from the above equation to give,

In = c>+c2(8.5 —M) 'PSALM

PHA (4)

The database described in response to Question 3 submitted in August, 1989 (Table
Q3-4), was used to determine c~ and c2 in the above relationship. This database includes
recordings for all magnitudes and all styles of faulting. As a result, the regression results
for PSA p,/PHA are more statistically robust than those derived from the analysis of PHA.
In conjunction with the results of sensitivity analyses, the values of c~ and c2 were sub-
sequently smoothed to provide a smooth shape for PSALM/PHA over the frequency range

12



of interest. These smoothed estimates were conservatively selected to provide acceleration

spectra that enveloped those estimated from the unsmoothed values.

The results of the analyses of PSALM/PHA were combined with the results of the
analysis of PHA to derive the following attenuation relationship for PSALM„

InPSAp, = c~'+cqM+ cz(8.5 —M) ' csln[R+ cqexp(csM)j, (5)

where c",= cq + c>. A summary of the final regression results are given in Table 4-5 of
the Final Report and in Table Q7-1, which PGhE provided in response to Question 7

submitted in January, 1989.

Vertical Response. Spectra. Vertical response spectra were developed by scaling
the horizontal response spectra by a frequency dependent vertical-to-horizontal ratio. Ac-
cording to PGhE's response to Question 17c submitted in January, 1989, the ratio was

developed from the same 18 recordings used to develop the statistical estimates of hor-
izontal near-source ground motion. The ratio was assumed to be independent of both
magnitude and distance, yet many regression analyses (c.g., Abrahamson and Litehiser,
1989; Campbell, 1989, 1990) have shown that this is not consistent with the observed
behavior of vertical ground motions. Furthermore, both the amplitude and shape of the
proposed spectra were substantially different than that developed from a regression anal-
ysis on vertical components of near-source ground motion conducted as part of my own
analyses (Campbell, 1989, 1990). As a result, I seriously questioned the validity of PG&E's
proposed vertical site-specific spectra.

In response to my co'ncern, PGhE performed a preliminary regression analysis on the
vertical components of the ground-motion recordings compiled for their horizontal analyses,
which they presented in response to Ground-Motion Workshop Question 6 submitted in
August, 1990. This preliminary analysis was later revised as presented in response to
Ground-Motion Workshop Question 7 submitted in November, 1990. The preliminary
analysis resulted in estimates of vertical ground motion which had amplitudes and spectral
shapes that were substantially diferent from those presented in the Final Report. The
revised analysis, on the other hand, gave estimates that were much more consistent with
the original estimates.

'

A much larger database was used for the revised regression analyses (Tables WQ7-1
and WQ7-3). This is because: (1) the magnitude threshold for selecting recordings was
reduced from 6.5 to 6.3, (2) a few additional earthquakes were added to the database,
and (3) recordings from both strike-slip and reverse faults were included. On the other
hand, only ground motions recorded at distances of 50 km and less were used in the
vertical analyses, whereas distances as far as several hundred kilometers were used in the
horizontal analyses. The net result was the selection of 12 earthquakes and 50 recordings
for the revised analyses. For distances of greater relevance to the prediction of ground
motion at the Diablo Canyon site (c.g., R < 20 km), this database includes 10 events and
17 recordings. Although this is still somewhat restricted, it is a marked improvement over
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the number of recordings selected for the horizontal analysis, which included only 5 events
and 10 recordings for distances less than 20 km.

PGdcE also changed their scheme for classifying recordings by style of faulting. In
their new scheme, all events having rake angles between 45'nd 135'ere classified as

reverse; all other events were classified as strike slip. By this definition, the 1989 Lorna
Prieta earthquake was classified as a strike-slip earthquake. However, in defining the three
possible faulting scenarios for the Hosgri fault,'PG8cE (1991) defined an oblique-slip event
as one in which the rake angle was 30 to 60'. Using this definition, the Lorna Prieta
earthquake would have been classified as a reverse-oblique earthquake.

In addition to modifying the database, PGdcE also made modifications to their re-
gression analysis procedures. For the revised vertical analysis: (1) they used a variance-
weighted regression model as well as a randomwKects regression model (Brillinger and
Preisler, 1984), (2) they used both sampling-weights and relevance-weights, (3) they in-
cluded a term for style of faulting, (4) they included acceleration response spectra for
periods as small as 0.04 sec and as large as 2.0 sec, and (5) they assumed complete sat-
uration of ground motion with magnitude at R = 0. Sampling-weights were used to
correct for the uneven distribution of recordings with respect to magnitude and distance,
consistent with the approach taken by Campbell (1990). Relevance-weights were used to
down-weight recordings that came from a tectonic regime or site that, in PGdcE's opinion,
was less relevant for predicting ground motions at the Diablo Canyon site.

The relationship used to model the attenuation of peak vertical acceleration was given
by the expression,

ln P VA = cq + czM + cs ln]R + exp(c4 + csM)] + cs Zy, (6)

where PVA is peak vertical acceleration in g, ZJ is a parameter representing style of
faulting (Zy ——0 for strike-slip faults and Zy = 1 for reverse, reverse-oblique, and thrust
faults), and all other parameters are defined as in Equation (1).

As in the analysis of the horizontal components, the coeKcients in Equation (6) were
evaluated in several steps. In the first step, the combined soil and rock database for
all magnitudes and all styles of faulting, which PG8cE provided in response to Question 6
submitted in October, 1989, was used to estimate cz and c7, giving 1.1 and 0.1, respectively.
These values were then fixed in all subsequent analyses.

In the second step, Equation (6) was simplified to the form,

ln P VA = cq + cs ln(R + C) + 0.1Zy,

and was used in conjunction with rock recordings from earthquakes of M = 6.5 to establish
values for cs and C. Based on this analysis, cs and C were found to be -2.3 and 16,
respectively. These values were then fixed in all subsequent analyses.
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In the third step, complete saturation of PVA at R = 0 was assumed in order to
determine values for cq and cs. Under this assumption cs ——-cs/cq. Using this relationship
and values for cg, cs, and C derived from the previous steps, cq and cs were fixed at 0.478

and -0.3524, respectively, for all subsequent analyses.

In the final step, the M > 6.5 rock database described above (Table WQV-1) was

used in conjunction with Equation (6) to establish coefBcient cq and magnitude-dependent
standard errors using both variance-weighted and random-efFects regression models.

The analysis of PSA„/PVA was based on the relationship given by,

PSA„)
PVA i +Q(8.5 —M)'+cs ln)R+ exp(cq+csM)j+csZy (8)

where cq, cs, and cs were assumed to have the same values as those determined from steps
1 and 3 above. Regression coefBcent c> was determined from a rock database (unidentified
by PG8cE) that included all magnitudes. This coefBcient was then fixed and cs was
determined from a regression analysis on the M > 6.3 rock database (Tabl'e WQ7-3) using
both the variance-weighted and random-effects regression models. Both c2 and cs were
then adjusted with respect to period to give a smooth spectral shape.

In the last step, ci and magnitude-dependent standard errors were determined from
the M > 6.3 rock database (Table WQ7-3) using both variance-weighted and random-
effects regression models. The relationships for PSA,/PVA and PVA were then combined
to give the following attenuation relationship for PSA„,

lnPSA„= c'>'+ c2M+ c2(8.5 —M) '
c> ln[R+ exp(cs+csM)j+ cvZy, (9)

where c",= ci + c', and cs ——cs+ cs. The regression coefBcients associated with Equation
(9) are presented in Table WQ7-4.

P G &E states that they prefer the the random-effects model over the variance-weighted
model because it more correctly incorporates the two types of weights and allows the stan-
dard error to be partitioned into between-earthquake and within-earthquake components.
The two models are described in some detail in Appendix WQ7-A, which PG8cE provided
in response to Ground-Motion Workshop Question 7 submitted in November, 1990.

A comparison of the peak vertical accelerations estimated from the various relation-
ships developed by PG8cE, as well as those derived from my own analyses (Campbell,
1990), are summarized below.
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Relationship
Median PVA (g) for M = 7.2 and R = 4.5 km

Strike Slip Reverse and Thrust

LTSP (Final Report)
Variance-Weighted Model
Random-Effects Model
Campbell (1990)

0.45
0.50
0.43
0.51

0.55
0.55
0.47

O.59/0.50

As one can see, the predictions from the variance-weighted model are similar to my
predictions (based on a similar variance-weighted analysis), but they are 17% higher than
those based on the random-effects model. In fact, the random-effects model gives predic-
tions that are smaller than those derived from the original LTSP analysis, similar to results
obtained for the short-period components of acceleration response spectra (see Fig. WQ7-7,
which PG8cE provided in res'ponse to Question 7 submitted in November, 1990).

Although the random-effects model gives smaller vertical ground motions, I have to
agree with PG8cE that this model is statistically superior to the variance-weighted model.
However, as discussed later in this review, I do not agree with their use of relevance-
weights and adjustment factors to down-weight some of the strong-motion recordings.
Furthermore, it should be noted that the random-effects model was used only to determine
regression coeKcients cq, c>, and cs. All other coefficients were fit using standard least-
squares or maximum-liklihood techniques.

Selection of Site-Dependent Response Spectra for Diablo Canyon. Results
presented in the Final Report indicated that the horizontal response spectra developed
from the regression analyses enveloped the corresponding response spectra obtained from
the statistics of near-source recordings and numerical ground-motion modeling studies.
As a, result, PG8cE chose the spectra based on the regression analyses as a conservative
estimate of horizontal site-specific spectra resulting from the LTSP reanalysis earthquake.

This choice is not necessarily conservative based on comparisons between the LTSP
site-specific spectra and those developed by PGEcE as part of the review process. For
example, Figure Q2-3, which PGEcE provided in response to Question 2 submitted in
August, 1989, shows that Case 5 of that sensitivity study results in spectra that actually
exceed the proposed site-specific spectra at some frequencies. Figures Q2-4 and Q2-5
show a similar comparison with spectra developed without relevance-weights or adjustment
factors. The unweighted and unadjusted spectra clearly exceed both the original statistical-
based spectra and the regression-based spectra over a broad range of frequencies.

Figure Q7-12, which PG8cE provided in response to Question 7 submitted in August,
1989, shows a comparison of the revised 84th-percentile estimate of the numerical modeling
spectra, which includes total uncertainty, with the spectrum developed from regression
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analyses. This comparison indicates that the revised numerical-modeling spectrum exceeds
the regression-based spectrum at several frequencies between 3 and 8 Hz.



DISGUSSION OF IMPORTANT ISSUES

Several issues related to the reliability and conservatism of PG8cE's proposed site-
specific ground motions were raised during the review process. Although most of these
issues have been presented and discussed earlier in this review, I feel that several of these
issues are important enough to warrant additional discussion. These include issues related
to:

~ Hard-rock sites

~ Large embedded buildings

~ Style of faulting

~ Relevance-weights and adjustment factors

~ Topography and directivity

~ Magnitude-dependent standard errors

~ Site-specific ground motions

Hard-Rock Sites

The LTSP study included recordings from all rock sites in their database without
regard to whether these sites were located on soft or hard rock. Many of my previous
analyses (e.g., Campbell, 1986, unpublished data provided to PG8cE and NRC in 1990)
have shown that both the frequency content and the amplitudes of ground motion are
substantially different for soft-rock and hard-rock recordings; whereas, there is little dif-
ference between ground motions from soft-rock and soil sites. Since in-situ measurements
of velocity and damping indicate that the Diablo Canyon site is clearly a soft-rock rather
than a hard-rock site, I originally questioned the validity of PGRE's decision to include
hard-rock sites in the development of their site-specific ground motions.

In their response to Question 1 submitted in August, 1989, PGEcE stated that more
than 55 percent of their rock-site recordings for earthquakes of magnitude 6.3 or greater
were from hard-rock sites, but that the examination of these recordings indicated that
there were no clear systematic differences in ground motions recorded at soft-rock and
hard-rock sites.

PG8cE eventually rescinded this statement in their response to Ground-Motion Work-
shop Question 6 submitted in August, 1990, in which they presented the results of an anal-
ysis of residuals to quantify the differences between the soft-rock and hard-rock recordings
included in the development of the horizontal site-specific spectra. They also presented
results of several sensitivity studies that showed the effect of classifying sites on Franciscan
rock as either soft or hard rock. On average, they found that predictions based on the
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horizontal site-specific spectra enveloped both the hard-rock and soft-rock recordings at
~

~

frequencies greater than 2 Hz.

That is not to say, however, that significant differences between ground motions
recorded on these two rock types do not exist. For example, the observed differences in
the residuals indicated that the hard-rock sites had relatively high ground-motion ampli-
tudes at high frequencies and relatively low amplitudes at low-to-moderate frequencies —a

result that agrees with my own studies (c.g., Campbell, 1986; unpublished data provided
to PG8cE and NRC in 1990). But as long as recordings from both rock types are being
enveloped by the LTSP site-specific spectra at frequencies of relevance to the prediction
of ground motion at the Diablo Canyon site, then, in my opinion, there need not be any
concern regarding the inclusion of hard-rock recordings in the analysis.

1

Since the relatively large-amplitude hard-rock recordings are enveloped at high fre-
quencies, the amplitudes of ground motion predicted by the horizontal site-specific spectra
for frequencies greater than about 5 Hz are larger than would be expected for a typical
soft-rock site. This becomes obvious when PG8cE's horizontal site-specific spectra are com-
pared to those developed from my own analyses of soil and soft-rock recordings (Campbell,
1990).

Of course, ifPG8cE were to revise their horizontal site-specific spectra for one reason or
another, then the conclusions offerred above would no longer be valid without confirmation.
Furthermore, PG8cE has not yet demonstrated whether or not their use of hard-rock
recordings in the estimation of vertical ground motions, including those based on the
regression analyses, has unconservatively biased those estimates.

Large Embedded Buildings

Campbell (1987, 1989) found that, on average, large embedded buildings decreased
short-period components and increased long-period components of free-field ground mo-
tion. The effects can be significant. PG8cE chose not to eliminate any of these recordings
from their database, nor to model them in their regression analyses. However, of the 118
strong-motion recording sites PG8cE selected for their LTSP rock database, only 12 were
from embedded and/or large buildings. This, together with the predominance of rock sites
in the database, suggests to me that these recordings probably had very little impact on
the results.

Style of Faulting

PGRE discusses the selection of a style-of-faulting factor in response to Question 17

submitted in October, 1989. Based primarily on their numerical modeling studies, they
adopted a factor of 0.83 for strike-slip faulting, a factor of 0.91 for reverse-oblique faulting,
and a factor of 1.0 for thrust faulting. However, their empirical analyses of horizontal
recordings, described in response to Question 6 submitted in October, 1989, and Ground-
Motion Workshop Question 6 submitted in August, 1990, resulted in a style-of-faulting
factor of 1.27 (to convert estimates of ground motion from strike-slip earthquakes to those
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corresponding to reverse, reverse-oblique, and thrust earthquakes) for their combined soil
and rock database. This value is very similar to the value of 1.24 derived from my own
analyses (Campbell, 1990).

Which of the two style-of-faulting factors —the numerically based or the empirically
based —is actually the most conservative depends on how the factors are used. Since
PGhE's regression-based spectra were developed from an analysis of reverse-faulting and
thrust-faulting earthquakes, their use of a factor of 0.83 to reduce these estimates to those
appropriate for strike-slip faulting would be a reasonably conservative application of this
factor (e.g., my regression-based factor would be 0.81 and PG8cE's regression-based factor
would be 0.79). However, ifone were to use an attenuation relationship in which the style-
of-faulting factor was determined as part of the regression analysis, then use of a factor of
1.2 to predict reverse-faulting and thrust faulting ground motions from strike-slip motions,
when the empirically based factor is 1.27, would not be considered conservative.

How reverse-oblique faulting may affect ground motions is ambiguous, as there are
very few reverse-oblique earthquakes in the LTSP rock database. The numerical modeling
studies suggest that reverse-oblique faulting should generate smaller ground motions than
thrust faulting, primarily due to the more steeply dipping fault plane used in the model,
which, on average, is further away from the Diablo Canyon site. For coherent ground
motions, reverse-oblique faulting on a dipping fault is expected to generate very high
ground motions, especially over the hanging wall of the fault—higher than either strike-
slip faulting on a vertical fault or thrust faulting on a shallow-dipping fault (Anderson and
Luco, 1983). However, at high frequencies, where the ground motions are less coherent,
it is not clear whether this should still be the case. In my opinion, there is sufficient
uncertainty associated with this issue to suggest that the style-of-faulting factor of 0.83
(to convert estimates of ground motion from thrust earthquakes to those corresponding
to strike-slip earthquakes) or 1.27 (to make the opposite conversion) should be used for
estimating ground motions from reverse-oblique faults as well.

PG8cE's regression analysis of vertical ground motions included recordings for all
styles of faulting (see their response to Ground-Motion Workshop Question 7 submitted in
Yovember, 1990). As a result, the style-of-faulting factor for vertical ground motions was
determined empirically. The resulting factor of 1.1 is considerably smaller than the factor
of 1.27 determined from their regression analysis of horizontal ground motions. Although
this result is consistent with my own analyses (Campbell, 1990), it has no physical basis.
In fact, modeling studies by Anderson and Luco (1983) suggest that differences in the
amplitudes of vertical ground motion for strike-slip and dip-slip faults might actually be
larger than would be expected for horizontal ground motion. Therefore, to be conservative,
it may be expedient to adopt the empirically based factor of 1.27 derived from the analysis
of horizontal ground motions to estimate vertical ground motions from reverse-faulting
and thrust-faulting events.

PG8cE could find no systematic difference between the horizontal ground motions
recorded on the hanging wall or foot wall of dipping faults (see their response to Question
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10 submitted in January, 1989). However, because of the small number of recordings, this
result has little statistical significance. PGRE's modeling studies show some differences,
but the increase in ground motion due to faults that dip towards the plant site are minimal.
Anderson and Luco (1983), on the other hand, suggest that there can be substantial
increases in both horizontal and vertical ground motions for sites located above the hanging
wall of a dipping fault. Their results, however, do not take into account wave incoherency
at high-frequencies.

In their responses to Questions 5 and 12 submitted in August, 1989; Question 8 sub-
mitted in October, 1989; and Question LP-9 submitted in August, 1990; PG8cE demon-
strated the effects of different styles of faulting on their predictions of horizontal strong
ground motion. In all cases the differences are rather small: This is the result of: (1) the
relatively small factor used to convert thrust-faulting ground motions to reverse-oblique
ground motions, and (2) the use of a larger distance (5.8 km versus 4.5 km) as the,appro-
priate distance from the assumed thrust fault to the Diablo Canyon site.

The recent 1989 Lorna Prieta earthquake produced strong-motion recordings with
exceptionally high amplitudes —some in excess of 1g—at sites located in the Santa Cruz
Mountains directly over the hanging wall of the inferred rupture plane. This observation
is especially relevant to the reverse-oblique and thrust-faulting scenarios being proposed
by PGEcE, which places the Diablo Canyon site on the hanging wall of these faults. These
results notwithstanding, PGkE found that, on average, the I,orna Prieta recordings were
reasonably consistent with ground-motion estimates derived from the LTSP study (PGkE,
1991).

Relevance-Weights and Adjustment Factors

PGEcE used relevance-weights and adjustment factors to modify many of the near-
source recordings compiled for their LTSP rock database. These factors were used to adjust
or down-weight certain recordings according to their tectonic regime, site characteristics,
and source-site geometry, 'Actual adjustments to the amplitudes of the recordings were
made when, in PG8cE's opinion, such adjustments could be justified from appropriate
analyses. Otherwise, relevance-weights were used in conjunction with a weighted statistical
or regression analysis to down-weight the recordings.

Due to the subjective nature of determining these adjustment factors and relevance-
weights, and because their application always resulted in reducing or down-weighting high-
amplitude recordings —never increasing or down-weighting low-amplitude recordings —I
believe that the use of these factors and weights has potentially biased PGdcE's estimates
of site-specific ground motions for the Diablo Canyon site. In my opinion, the only appro-
priate adjustments made by PGRE were those used in the statistical analysis of near-source
recordings to make these recordings compatible with the proposed magnitude and distance
of the reanalysis earthquake: an M~ = 7.2 earthquake located on the Hosgri fault 4.5 km
offshore of the Diablo Canyon site.

21



Topography and Directivity

PGdcE, through various theoretical and empirical studies, has shown that there should
not be any significant topographic amplification at the locations of the power-block struc-
tures. However, topographic amplification is expected to occur near the sea bluK and atop
the ridge east of these structures. Based on these analyses, I agree with PG8cE's conclu-
sion that topographic eKects need not be included in the estimation of free-field ground
motions at the Diablo Canyon site.

In response to Question 17a submitted in January, 1989, and Question 19 submitted in
October, 1989, PG8cE demonstrated that their numerical modeling results do not show any
significant directivity in peak horizontal acceleration at'the Diablo Canyon site as a result
of rupture along the Hosgri fault. This result seems questionable considering the proximity
of the site to the fault. It could be that directivity effects are being masked by the inclusion
of an unusually large degree of wave incoherence together with a lack of sufficient radiated
energy at moderate-to-low frequencies (e.g., see their response to Question ll submitted
in August, 1989). Broad-band parameters, such as peak acceleration and short-period
spectral acceleration, are expected to show the eKects of directivity in this lower frequency
range, since they are composed of a superposition of wave types of various frequencies. As
a result, I feel that the directivity issue has not been resolved by the modeling studies and
that PG8cE's recommended site-specific ground motions are not necessarily conservative
with respect to the eKects of directivity.

Magnitude-Dependent Standard Errors

There was considerable concern amongst many of the reviewers that the magnitude-
dependent dispersion being used by PG8cE to develop 84th-percentile ground motions did
not have a sound statistical basis. In response to Question 6 submitted in October, 1989,
PG8cE explained that they had decomposed the standard error into between-earthquake
and within-earthquake components using a random-eKects regression model, and had plot-
ted these errors versus magnitude. In so doing, they found that there was a clear trend
towards lower standard errors at larger magnitudes, especially for the between-earthquake
component of the variability. This analysis was subsequently updated with recordings
from the 1989 Lorna Prieta earthquake in response to Ground-Motion Workshop Question
2 submitted in August, 1990. The strong statistical basis for these results clearly makes
them statistically valid.

Site-Specific Ground Motions

PG8cE's use of a constant vertical-to-horizontal ratio to develop vertical site-specific
spectra neglects the potential eKects of magnitude and distance on the frequency depen-
dence of this ratio (Abrahamson and Litehiser, 1989; Campbell, 1989, 1990). However, in
response to Ground-Motion Workshop Question 7 submitted in Novenber, 1990, PG8cE
presented results of an independent regression analysis on vertical components of ground
motion that they believe validated the proposed vertical site-specific response spectra pre-
sented in the Final Report (PGkE. 1991). Although these spectra, are similar, inspection
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of Figure WQ7-7, which PGRE provided in response to Strong-Motion Workshop Question
7 submitted in November, 1990, indicates that the 84th-percentile regression-based spec-

trum does exceed the original site-specific spectrum at several frequencies ranging from
2.5 to 10 Hz.

PG8cE also found that their regression-based vertical ground motions were rehtively
consistent with similar ground motions which they derived from a random-effects regression
analysis of an enhanced version of my database (Campbell, 1990) that included Lorna
Prieta recordings (see Figs. WQ7-D.2 and WQ7-D.3, which PG8cE provided in response
to Ground-Motion Workshop Question 7 submitted in November, 1990).

The database and regression analysis techniques used to develop the vertical attenu-
ation relationships have been described in considerable detail in a previous section of this
report and will not be repeated here. The database is considerably larger than that used
in the analysis of the horizontal components and, in my opinion, is more relevant. Further-
more, the analysis techniques used for the vertical analysis were improved considerably over
those used in the horizontal analysis. As a result, I believe that the regression-based verti-
cal site-specific ground motions have a much stronger statistical basis than the horizontal
site-specific ground motions.

There are several limitations associated with these analyses that may have resulted
in an unconservative or unreliable estimate of ground motion. First, the database used to
determine the amplitude of the predicted. ground motions [!.e., to determine coefficients cq

and c', in Equations (6) and (8)j, although somewhat expanded from that used to analyze
the horizontal components, is still relatively limited for this type of an empirical analysis.
Second, the analysis assumed total saturation of PVA at R = 0, instead of allowing this
behavior to be determined empirically as was the case in the horizontal analysis. Third,
the random-effects model was used only to determine two of the regression coefficients;
the other coefficients were determined from standard least-squares or maximum-liklihood
techniques. Finally, adjustment factors and relevance-weights were used to either down-
weight or reduce the amplitudes of certain recordings.

The horizontal site-specific ground motions were based on a regression analysis that,
for the most part, utilized a database restricted to M > 6.5 rock recordings from reverse-
faulting and thrust-faulting earthquakes. This database contained considerably fewer
recordings than were used in the regression analysis of the vertical recordings described
above. In fact, in my opinion, the database is too small to be statistically robust. Fur-
thermore, the proposed site-specific response spectra presented in the Final Report do
not envelope spectra based on the statistical analysis of near-source recordings and nu-
merical modeling studies when more conservative and, in my opinion, more appropriate
techniques are used to derive these spectra. This violates the original basis for choosing the
regression-based results as representing appropriate estimates of horizontal ground motion
for the Diablo Canyon site.
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Differences in the databases and analysis techniques used to develop attenuation re-
lationships for the horizontal and vertical components of ground motion makes the site-
speci6c ground motions derived from these two relationships incompatible. In order to
make them compatible, the regression analyses on the horizontal components would have
to be revised using a database and analysis technique similar to that used in the analysis
of the vertical components. This would also provide a much stronger statistical basis for
the horizontal site-speciQc ground motions.
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