
RESPONSE TO QUESTIONS 1 r 2r 3~ 4r 5r 7r
10, 11, 12, 13, 14, and 16

August 1989

This volume responds to 12 of 19 questions asked of PG&E by the Nuclear
Regulatory Commission (NRC) on June 1, 1989. Responses to the remaining 7
questions willbe submitted later. These responses provide data requested to augment
or clarify information regarding seismic ground motions presented in the Final
Report of the Long Term Seismic Program, submitted by PG&E to the NRC on July
31, 1988, and in the responses to Questions 4 through 18 and 20, submitted by PG&E
to the NRC in January and February 1989.
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QUESTION I

What are the potential effects on the ground motion regression analysis results of
including the very hard rock sites in the empirical data set.

Examination of data used in the Long Term Seismic Program empirical ground motion studies
(presented in response to Question 6, January 1989) indicates there are no clear systematic
differences in ground motions recorded at soft-rock and hard-rock sites.

Our rock-site data consist of recordings from both soft-rock (primarily sedimentary rock) and hard-
rock (primarily crystalline rock) stations. In our data base, more than 55 percent of the rock-site
recordings for earthquakes of magnitude 6.3 M or greater (including several close-in recordings)
are from hard-rock sites; Therefore, including hard-rock recordings significantly enhanced the data
set of rock recordings, and provided sufficient close-in recordings to allow robust estimates of
regression coefficients for the ground-motion parameters analyzed.
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QUESTION 2

Provide a justification of the methods used for the selection and adjustment of the
data used in the near-source ground motion and empirical ground motion estimates.
The justification should demonstrate that the methods used do not bias the ground
motion to the low side.

The empirical near-source ground-motion statistical and regression analyses were performed to
provide a realistic characterization of site-specific ground motions for a magnitude 7.2 M„
earthquake 4.5 km from the plant site. Ideally, the strong-motion data used for these analyses should
be selected from recording sites having tectonic setting and local site conditions similar to those at
the plant site. However, in reality, there are only so many strong-motion records available for
selection, and not all the recording sites of the selected records have the same tectonic setting and
local site conditions as the plant site. We have dealt with this situation in two ways.

First, to achieve robust statistical and regression analyses results, we chose selection criteria that were
general enough to include as many records as possible in our data base, but specific enough to require
only limited adjustment of the selected records for the effects of tectonic setting and site conditions.
These selection criteria specified shallow crustal earthquakes as the seismic sources, and rock or
rock-like recording sites. The selection criteria were applied to all available worldwide records. As
a result, we established a large empirical ground-motion data base, as described in the Final Report,
July 1988, as well as in our response to Question 6, January 1989.

Second, the selected records were evaluated in terms of their compatibility with the site-specific
seismic conditions. Our site is located in a plate boundary zone, and does not have significant
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topographic relief or unusual subsurface geologic conditions, so a few records had to be adjusted.
n the case of the Pacoima Dam record of the 1971 San Fernando earthquake, the peak ground
cceleration and the response spectral acceleration above 10 Hz were reduced to account for the

topographic amplification of the high-frequency components of ground motion. The reductions were
based on several published empirical and numerical modeling studies, and documented in the Final
Report, as well as in our response to Question 9, January 1989. Fractional weightings were applied
to five records (Gazli, Koyna, and Nahanni Sites 1, 2, and 3) obtained from recording sites within
plate interiors at large distances from the plate boundaries, as there is evidence that high-frequency
ground motions may be enhanced at such locations. Two of these five records, Nahanni Site 1 and
Site 2, as well as the Mexicali Valley record, were known to have possible topographic or unusual
subsurface geologic effects. Thus, weighting factors were applied to these three records, as described
in our response to Question 9, January 1989.

It should be noted that the weightings were based on available information about tectonic setting or
local site conditions considered to have caused some effects on the recorded ground motions. Once
the weightings were selected, they were applied to the individual records regardless of their ground-
motion amplitudes. The adjustments and weightings were applied to the records used in both the
statistical and the regression analyses.

In the case of the statistical analysis of near-source ground-motion records, additional criteria for
magnitude and distance were used. The magnitude and distance criteria adopted for selecting our
original record set were a moment magnitude of 6.3 or greater, and a source-to-site distance of 20
km or less. This resulted in a set of 18 strong-ground-motion records, consisting of 11 records from
thrust events and -7 records from strike-slip events. The selected records were scaled to a moment
magnitude of 7.2 and a distance of 4.5 km, as described in our response to Question 9, January 1989.

Effects of Magnitude and Distance Selection Criteria

~

~

To assess the effects of the selection criteria for magnitude and distance, we have performed
ensitivity studies of the near-source statistical analyses using four sets of records that have been

expanded by relaxing the selection criteria. In the current sensitivity studies, we expanded the
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magnitude range'to include earthquakes having magnitudes as low as 6.0 and 6.1, and we extended
the source-to-site distance range to include recordings within 25 km and 30 km, respectively. As
a result, five sets of recordings (including the original set presented in the Final Report) were used
in the analyses. The number of records in each set and their composition're listed in Table Q2-1.
A plot showing the magnitude versus distance distribution of the recordings is presented on Figure
Q2-1.

The response spectrum for each record (based on the average of the two horizontal components)
was scaled from the magnitude and source-to-site distance of that particular record to a magnitude
of 7.2 M» and a source-to-site distance of 4.5 km, and weighted for style of faulting. The relative
scaling relationships were described in our reponse to Question 9, January 1989.

The results of the statistical analyses for each data set, using the adjustments and weighting factors
described above, are presented for the entire frequency range on Figure Q2-2 for the 84th-percentile
level of ground-motion estimates. The results are summarized in Table Q2-1 for the peak ground
acceleration values and for the spectral acceleration values averaged in the frequency bands of 3 to
8.5 Hz and 5 to 14 Hz, at the median and 84th-percentile levels. An examination of the results shows
that the differences between the five cases considered are not significant. Specifically, changing the
selection criteria resulted in a maximum difference in peak ground acceleration values between any
of the five cases at the median level of about 6 percent; at the 84th-percentile level, it is about 9
percent. In the case of spectral acceleration values at 3 to 8.5 Hz, the maximum difference between
any of the five cases at the median level is about 4 percent; at the 84th-percentile level, it is about
7 percent. For spectral acceleration values at 5 to 14 Hz, the maximum difference between any of
the five cases at the median level is about 18 percent; at the 84th-percentile level, it is about 16

'percent.

The results shown on Figure Q2-2 show that the methods used for selecting the data for the near-
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source empirical ground motions do not bias the ground-motion estimates to the low side in the high
frequency range (above about 3 Hz), which is the frequency range of interest. The estimates for the
low frequency range tend to be lower; this, however, has no bearing on the selected site-specific
response spectrum obtained from the regression analysis." As can be seen from this figure, Case 5
gives the most conservative ground-motion estimate, thus, we selected this case for comparison with
the original record set (Case 1), as well as with the site-specific spectrum from the regression
analysis.

A plot showing a comparison of the site-specific spectrum developed from the regression analysis,
the original record set (Case 1), and the most conservative estimate of the near-source statistics
sensitivity set in the 3 to 8.5 Hz range (Case 5) is presented in Figure Q2-3. Comparison of the
response spectra, which are shown for the 84th-percentile level, for the original record set and the
most conservative case shows that relaxing the magnitude and distance selection criteria results in
a small reduction of computed spectral values in the high frequency range, and a slight increase in
the low frequency range. It should be emphasized that the site-specific response spectrum adopted
for the Long Term Seismic Program is rich throughout the frequency range of interest. It essentially
equals or envelops the computed spectral values in different frequency regions from various
individual sensitivity analyses.

Effects of Adjustments and Weighting Factors

To evaluate the effects of adjustments and weighting factors on the near-source statistical analyses,
we examined each of the 18 records used. Six records had required adjustment or the application
of weighting factors, because they did not satisfy one or both of the two selection criteria adopted
for this study: compatibility of tectonic setting, and similarity of site conditions. Of these six
records, two (Nahanni Sites 1 and 2) were from sites having both differing tectonic setting and site
conditions. The remaining four records satisfied one or the other of the two criteria. In the current
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sensitivity study, a statistical analysis was made by including the above four recordings using no
adjustment or weighting, and excluding the two Nahanni recordings that failed both criteria. The
results are compared with the original record set spectrum and with the site specific spectrum
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Table Q2-I

STATISTICS OF NEAR-SOURCE RECORDS USED IN SENSITIVITYSTUDIES
Scaled to 7.2 M and 4.5 km source-to-site distance, and weighted for style of

faulting: 0.65, strike-slip; 0.30, oblique; and 0.5, thrust

Spectral Spectral
Minimum Maximum Earthquake Peak Ground Acceleration Acceleration

Case Magnitude Distance Number ht~hn~im ~~l~i ~~~H~z ~g l 4~Hz
~o. ~4~w Lkkm gf R~~ T~ri~ ~rk ~li ~M)~in ~4h Q~di f44h +~in N4th

6.3 20 18'1 7 0.545 0.765 1.189 1.807 1.088 1.685

6.1 25 22 14 8 0.532 0.783 1.156 1.828 0.964 1.448

6.1 30 29 19 10 0.530 0.777 1.167 1.876 0.924 1.496

6.0

„
25

30

28

35

15 13

30 15

0.561 0.834 1.202 1.917 0.98 1.519

0.553 0.818 1.199 1.935 0.953 1.545

Site-Specific Spectrum
(from regression analysis)

0.578 0.829 1.299 1.938 1.196 1.756

~ Includes five soil-site records from the Imperial Valley modified to rock-site conditions.
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Figure Q2-I

Magnitude versus distance relationships for recordings used in the sensitivity studies.
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Figure Q2-2

4th-percentile horizontal acceleration response spectra based on statistics of near-source records
used in the sensitivity studies for the effects of magnitude and distance selection criteria.
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Figure Q2-3

Comparison of the 84th-percentile Long Term Seismic Program site-specific and near-source
statistics horizontal response spectra with the spectrum based on statistics of near-source records used'n the sensitivity studies for the effects of magnitude and distance selection criteria.
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(obtained from the regression analysis) on Figure Q2-4. The results show that eliminating the
adjustments or weighting factors did not significantly change the ground-motion estimates. When
compared with the site-specific spectrum at the 84th-percentile level, the average spectrum of the
16 unadjusted and unweighted records is within about one percent at the peak ground acceleration
level, is lower by about 8 percent in the frequency range of 3 to 8.5 Hz, is lower by about 10 percent
in the frequency range of 5 to 14 Hz, and is up to 7 percent higher for frequencies above 15 Hz.

Given the incompatibility of the two Nahanni records with our site conditions, we firmlybelieve that
: conducting a statistical analysis on the entire set of unaltered 18 near-source records is inappropriate;
however, for this sensitivity evaluation, we have done so. The results are presented in Figure Q2-
5, together with the spectrum for the original record set and the spectrum obtained from the
unweighted statistics of the 16-record set (excluding the two Nahanni records). When compared with
the unweighted statistics of the 16-record set, the 84th-percentile spectrum of the unweighted 18-
record set is about 5 percent higher at the peak ground acceleration level, about 2 percent higher in
the frequency range of 3 to 8.5 Hz, about 6 percent higher in the frequency range of 5 to 14 Hz,
and is higher by about 11 percent in the frequency range of 15 to 25 Hz.

Summary

In summary, our selection criteria, adjustments, and weighting factors were based on a thorough
evaluation of the tectonic setting and site conditions at the plant site, and a detailed analysis of the
compatibility of the records in our data base. Using appropriate selection criteria, adjustments, and
weighting factors to ensure compatibility of data with a specific set of defined conditions is an
important part of the scientific method and is commonly practiced. Even though changing our
selection criteria, adjustments, and weighting factors do not result in significant changes to our
estimates of the site-specific ground motions, we believe that using a carefully selected data base that

~

~ ~ ~

is compatible with our specific site conditions provides the most appropriate estimate of ground
otions.
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Figure Q2-4

Comparison of the 84th-percentile Long Term Seismic Program site-specific and near-source
statistics horizontal response spectra with the spectrum based on statistics of near-source records used
'n the sensitivity studies for the effects of adjustments and weighting factors.
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Figure Q2-5

omparison of the 84th-percentile Long Term Seismic Program near-source statistics horizontal
response spectrum with spectra obtained from unadjusted and unweighted records.
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QUESTION 3

Identify the records which were used in each of the subsets of the empirical data set used
for each of the various analyses.

The approach used to develop attenuation relationships for peak ground acceleration and response
spectral acceleration at 14 selected periods (in the range of 0.07 to 1.0 second), as well as the analysis
results and selected relationships, were presented in our Final Report dated July 31, 1988 and in our
response to Question 8, January 1989. A listing of the entire data.set was provided in our response
to Question 6, January 1989. The subsets of the empirical data set used for key analyses, including
development ofattenuation relationships for peak ground acceleration and response spectra, are given
below.

As described previously, peak ground acceleration attenuation relationships for rock sites were first
developed primarily for thrust faulting. Specifically, two sets of attenuation relationships were
developed; one for earthquake magnitudes of 6.5 M„orgreater, and another for magnitudes less than
6.5 M„. The data base used to develop these two sets of relationships are shown in Table Q3-1 for
magnitudes 6.5 M„or greater, and Table Q3-2 for magnitudes less than 6.5 M„.

Attenuation relationships for strike-slip faulting were developed by adjusting the relationships for
thrust faulting. The adjusted peak ground acceleration attenuation relationships for strike-slip
faulting were then compared with the corresponding data for strike-slip earthquakes. The data base
used in these comparisons is shown in Table Q3-3.

Attenuation relationships for response spectral acceleration were developed by combining the
attenuation relationships for peak acceleration with magnitude-dependent response spectral shape~

~
~

relationships. To develop the spectral shape relationships, the average spectral acceleration data from
all the recordings (all magnitudes and all styles of faulting) shown in Table Q3-4 were analyzed.
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Table Q3-I

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST FAULTING
Data used to develop peak ground acceleration attenuation relationships for

earthquakes of magnitude 6.5 M or greater

Earthquake Neae

Kern Canty, CA (C)

Date Rlyt '

Nech

07/21/52 RV 7A

stn 8

136

136

136

Diat
(km)

128.
128.
128.

N51M

N39E

VER'T

PCA

(0)

0.031
0.019
0.008

POV

(caVs)

San fernando, CA (C) 02/09/71 TN 6.6 279
279
279
220
220
220
141

141

141

266
266
266
128
'l25

128

127

127
127
126
126
126
104

104

104

121

121

121

278
278
278
2S7
287
287

1027
1027
1027

111

111

111

1039
1039
1039

2.8
2.8
2.8

15.3
15.3
15.3
17A
17.4
17A
19.1
19.1
19.1
20.3
20.3
20.3
23.5
23.5
23.5
2C.2
24.2
24.2
27. 0
27.0
27.0
29.1
29.1
29.1
50A
50A
50.C
58.1
55.1
58.1
68.0
65.0
68.0
56.6
86.6
86.6

113.
113.
113.

S'16E

574'M

DOal

NODE

S90M

DOW

SOOI

S9OI
DDW

SOOI

S9OI
OOIN

N21E

N69M

DOIN

N21E

N69M

DOW

569E

$21M

DOW

K03E

1.170
1.050
0.710
0.151
0.154
0.055
0.155
0.180
0.138
0.096
0.204
0.093
0.374
0.258
0.164
0.1C7
0.131
0.059
0.200
0.159
0.170
0.172

DOW

N56E

N34M

UP

NSSE

N35ll

N15E

S55E

SOSM

NICE

N76M

0.070
0.068
0.103
0.034
0.07S
0.059
0.039
0.058
0.051
0.032
0.026
0.057
O.OC7

0.021
0.016
0.010
0.0$
0.010
0.007

NSTM, 0.223

113.2
57.7
55.3
'12.C

15.0
5.00

20.5
14.6
7AO
6.00

11.6
5.90

14.7
12.d
4.10
4.M
4.50
3.00
5.70
8.60
7.10
5.30
6.70
4.50
3.50
S.CO

3.40
4.60
4.40
2.20
3.10
3.70
1.60
1.05
2.'13
2.0'7

1.55
1.55
0.79
1.47
1.21
1. 05

Csztt ~ USSR (C) 05/17/76 RV 6.d 9201

9201
9201

3.0
3.0
3.0

NOR T

EAST

VER'I

0.655
0.699
1.413

44.C
47.2
53.5

Tabes, Iran (C)

Pacific Gas and Electric Company

09/16/78 TN 7A 9101
9101
9101

3.0
3.0
3.0

N16M

N7CE

VERT

0.700
0.810
0.739

105.0
91.5
41.5

Diablo Canyon Power Plant
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Table Q3-I (continued)

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST FAULTING
Data used to develop peak ground acceleration attenuation relationships for

earthquakes of magnitude 6.5 M or greater

Earthquake Naae cate R~t N

Mech

Olst Cosp

(hs)
PCV

(crs/s)

Tabes, iran (C)
(continued)

9102
9102
9102
9105
9105
9105
9108
9108
9108

17.0 NS(HI

17.0 N10E

17.0 VERT

148.0 N61M

1C8.0 N29E

1C8.0 VERT

172.0 N2CE

172.0 N66U

172.0 VERT

0.379
0.391
0.189
0.026
0.024
0.024

0.019
0.016

36.7
27.5
12.2
4A
C.6
5.5

5;1
3.6

Coatings, CAI Hainshock (H) 05/02/83 RV 6.5 36177
36177
36177
46175
46175
46175

36453
36453
36453
36176
36176
36176
364C4
364CC

36C44

36438
36438
36C38

36C22

36C22

36C22

36C20

36420
36C20

36C50

36450
36450
36230
36230
36230

33.7 N65E

33.7 N25II

33.7 UP

35.0 NCSE

35.0 545E

35.0 UP

39.6 N90E

39.6 NOOE

39.6 UP

C1.2 STOE

C1.2 K20E

41.2 UP

41.3 N90E
4'1.3 NOOE

41.3 UP

43.2 N90E

C3.2 NOOE

43.2 UP

49.1 N90E

C9 1 NOOE

49.1 UP

50.2 INOE

50.2 NOOE

50.2 UP

52.7 N90E

52.7 NOOE

52.7 UP

54.5 NOOE

54.5 NOOE

54.5 UP

0.179
0.122
0.069
0.173
0.137
0.053
0.087
0.079
0.043
0.139
0.101
0.056
0.133
0.075
0.046
0.065
O.O74

0.029
0.089
0.062
0.033
0.123
0.138
0.067
O.OC6

0.044
O.O27

0.039
0.027
0.017

12.6
14.6
6.55

15.7
15.6
7.22
6 63

10.8
5.02

13.6
11.7
6.23

15.9
16.2
5.92
8.05
7.80
3.60
7.48
8.12
3.81
8.17

11.6
7.63
6.83
5.57
3.21
5.78
3.&5
2.60

Nshaml, Canada (C)

NO'IE:

12/23/85 TH 6.8 E6097
E6097
E6097

E6098

E6098

E6098

E6099

E6099
E6099

6.0 NloE
6.0 NSOM

6.0 VERT

8.0 N30M

8.0 $60U

8.0 VERT

16.0 NOOE

16.0 N90U

16.0 VERT

1.101
1.345
2.367
0.390
0.545

0.194
0.186
0.181

C6.2
45.1
42.9
32.6
30.3

~ee

3.43
6.29
6.09

(C) Oenotes that distance used uss closest distance to fault rupture surface
(H) Oenotes that distance used uss Hypocentral distance
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Table Q3-2

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST FAULTING
Data used to develop peak ground acceleration attenuation relationships for

earthquakes less than magnitude 6.5 M
Earthquake Noae Date R~t N

Nech
Stn ¹ Diat Cesp PCA

(kra) (g) (cs/a)

~ Lytte Creek, CA (H)

Santa Barbara, CA (C)

09/12/70

08/13/78

RV 5.3

TH 6.0

287
2S7

287
111

111

111

116

116

116

278
278
278
104

104

104

266
'66

266

941

941

941
9C1

941

941

19.7
19.7
19.7
20.6
20.6
20.6
21.9
2'l.9
21.9
32.8
32.8
32.8
45.9
45.9
45.9
60.3
60.3
60.3

21.0
21.0
21.0
21.0
21.0
21 0

N75M 0.118
N15E 0.092
VERT 0.030
S85E 0.086
SOSM 0.057
DOW 0.093
S$ IT 0.164
EAST 0.179
DOW 0.094
N55E 0.022
N34M 0. 019
DDW O.O18
N03E 0.05C
N87M 0.020
DOW 0.016
SOUT 0.012
EAs r 0. 015
VERT 0. 010

N53lI 0. 04
N37E 0.04

UP 0.03
NC$I 0.04
SSOM 0.03

0.03

5.60
2.00
2.60
6.24
3AO
2.32
0.95
0.88
0.66
1.70
OA6
0.43

Coalings, CAI Aftahck'03 (H) 05/09/83 RV 5.1 65
65
65

61

61

61

46T06
C6106

46106

12.1
12.1
12.1
12A
12.C
12A
12.7
12.7
12.7

NODE 0 177
N9$I 0.2CO

UP 0.168
koOE 0.11C
K9$I 0.152

UP 0.128
N90E 0.353
NODE 0.302

UP 0.220

5 ~ 10

7.74
3.52
C.99
7.61
3A1
9.85
9.52
3.64

Coslings, CAT Aftahck 08 (C) 06/10/83 RV 5.3 C6103

46T03

46T03

67
67
67

9.7
9.7
9.7
9.8
9.8
9.8

k90E 0.037
NODE O.OC9

UP 0.034
NODE 0.06
59$ I 0.06

UP 0.04

C.33
4.99
3.67

Coalings, CAT Aftahck 10 (H)

Pacific Gas and Electric Company

07/09/83 TH 5.2 67
67
67
65
65
65
65

65

65

61

61

61

10A
10.C
10.4
11.9
11.9
11.9
11.9
11.9
1'l.9
12.6
12.6
12.6

NODE 0.178
S9$ I 0.'l93

UP 0.111
NODE 0.098
59$ I 0.092

UP 0.059
NODE 0,103
S9$ I 0. 09C

UP 0.076
KOOE 0. 146

S90M 0. 177

UP 0.174

9A6
10.3
3.10
C.36
3.36
1.85
4.26
3.70
2.11
5.17
6.93
4.01

Diablo Canyon Power Plant

long Term Seismic Program
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Table Q3-2 (continued)

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST FAULTING
Data used to develop peak ground acceleration attenuation relationships for

earthquakes less than magnitude 6.5 M
Earthquake Mace oate R~ N Stn 8 Dist Coap Pcl PCV

Jrech (ke) (0) (cela)

Coalinaa, CAJ Aftshck 10 (H)
(continued)

Coalinaa, CAJ Aftshck 12 (H)

Coalinaa, CA; Aftrshck 13 (H)

or/21/53 TH s.9

07/21/83 TH C.9

46703
C6703

C6703

67
67
67
&5

65

65

65

65
65
61

61

61

C6703

C6703
46'703

&r
67
67
65
65
65

65
65

65
61

61

61

C6T03

46T03
C6703

17.0
17.0
17.0

9.5
9.5
9.5

11.3
11.3
11.3
11.3
11.3
11.3
12.4
12.C

12A
15.3
15.3
15.3

10.2
10.2
10.2
11.5
11.8
11.8
11.5
11.8
11 8
13.3
13.3
13.3
13.7
13.7
13+7

NOOE

N90U

NOOE

N9$I
UP

NOOK

M9$l
UP

NOOE

M9$l
UP

N90E

NOOE

UP

MOOE

N9$l
UP

NOOE

N9$J

UP

NOOE

N90N

UP

NOOE

M9$I
UP

N90K

NOOE

0.074
0. 056
0.040

0.961
0.538
OA26
0.219
0.218
0.157
0.194
0.219
0.130
0.231
0.375
0.247
0.116
0.136
0.086

1

0.30
0.25
0.08
0.13
0.1C
0.04
0.13
0.16
0.04
0.09
0.15
0.04
0.031
0.045
0.032

2.12
1.9C
1.20

46.5
46.6
10.r
16.8
16.9
7.33

15.9
16.5
6.57

1C.9
16.2
9.36
5.63
5.57
4.28

1.05
1.79
1.30

Coalinoa, CA; Aftrshck 14 (H) 07/25/83 TH 5.2 67
67
67
65
65

&s

65
65
65
61

61

61
46'703

46703
46703

10.0
10.0
10.0
11A
11A
11A
11A
11A
11.4
12.8
12.8
12.5
14.7
14.7
14.7

MOOE

N9$I

UP

NOOE

N9$J

UP

NOOK

M9$I
UP

NOOE

N9$J

UP

N90E

NOOE

UP

0.39
0.25
0.12
0.10
0.15
0.06
0.12
0.15
0.06
0.06
0.1C
0.09
0.20'1

0.178
0.16C

12A
9.82
5.23

Coalinaa, CA; Aftshck 16 (H)

Pacific Gas and Electric Company

09/09/83 RV 5.3 65
65
65

65

65
65

8.2
8.2
8.2
8.2
S.2
8.2

MOOE

N9$I
UP

NOOE

N9$I
UP

0.1C
0.09
0.09
0.17
0.12
0.07

Diablo Canyon Power Plant

Lang Term Seismic Program
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Table Q3-2 (continued)

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST FAULTING
Data used to develop peak ground acceleration attenuation relationships for

earthquakes less than magnitude 6.5 M
Earthquake Naoe

Coattnaa, CA; Aftahck 16 (N)
(continued)

Date hpt N

Nech

C6703

46703
46103

clat Coap PCA

(kra) (0)

1dA N90E 0.015
1dA NODE 0.016
18A UP 0.01 4

(oala)

0.72
0.90
0.6C

Vhlttler NarroMa,CA;Nnshck(C) 872
872
872

2C399

2C399

24399

141
141

1C1

23328
23328
23328
23328
23328
23328
23328
23328
23328
23328
23328
23328
23210
23210
23210

108

108

108
2C464

2C46C

2C464

698
698
698
287
287
2S7
287
287
287
710
710
710

24088
2408S

24088
1C405

1C405

1CC05

1C159

'lC159

1C159

10101187 TN 6.0 18 3
18.3
1d.3
21.2
21.2
21.2
22.9
22.9
22.9
2C.1

2C.1

24.1
24.1
2C.1

24.1
2C.1

24.1
2C.1
2C.1

2C.1
24.1
2C.6
24.6
2C.6
26.d
26.8
26.8
28.0
28.0
28.0
2SA
28.C
28A
36.3
36.3
36.3
36.3
36.3
36.3
37.6
37.6
37.6
37.9
37.9
37.9
38.2
38.2
38.2
41.3
41.3
C1.3

N12M 0.16
$7SM 0.11

0.07
N90E 0.183
NOOK 0.130

UP 0.122
NODE 0.13
$90M 0.15

UP 0.06
N27M 0.07
563M 0.06

UP 0.07
N27V 0.07
S63ll 0.07

UP O.OC

N27M O.O7
$63V 0.05

UP 0.04
N27M 0.08
N63E 0.06

UP 0.06
$30E 0.06
N60E O.OS

0.06
SSOK 0.22
N40E 0.16

UP O.O7

N90E 0.09
NOOK 0.11

UP 0.07
N79M 0.09
S11M 0.06

UP 0.04
N90E 0.04
NODE 0.04

UP 0.05
N90E 0.07
NODE 0.05

UP 0.04
873M 0.04
$ 17E O.OC

UP 0.03
N90E 0.16
NODE 0.16

UP 0.06
N90E 0.02
NODE 0.02

0.02
S90V 0.02
SOOM 0.02

UP 0.01

C.05
4.19
2.52

Pacific Gas and Electric Company
Diablo Canyon Power Plant

Long Term Seismic Program
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Table Q3-2 (continued)

P 7

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST FAULTING
Data used to develop peak ground acceleration attenuation relationships for

earthquakes less than magnitude 6.5 Mw

Earthquake Mane

Nhlttier Narrous,CA;Mnshck(C)
(continued)

cate R~t M

Mech

Stn ¹

2C207

2C207

24207
1440C

1440C

1C404

2COCT

24047
2COCT

5235
5235
5235

707
707
707

13326

13326
13326

24C69

2C469

24469
24523
24523
2C523

2C280

2C280

242M
24082
24082
2C082

13198
13198
13198

2C269

2C269

2C269

13199
13199

13199

cist
(tea)

42.5
42.S
42.5
43.8
43.8
43.8
52A
52A
52A
56.3
56.3
56.3
59.7
59.7
59.7
60.2
60.2
60.2

74A
74.4
74.3
74.3
74.3
75.6
75.6
75.6
85.6
85.6
85.6
98.6
98.6
98.6
98.9
98.9
98.9
99.3
99.3
99.3

s(oi
590M

UP

M90E

NOOE

UP

M90E

NOOE

UP

sOSE

N85E

UP

872M

S18E

N75E

N15U

UP

N90E

NOOE

UP

S67E

N23E

UP

SOSN

SOSE

M90E

NOOK

UP

N90E

NOOE

UP

N90E

NOOE

UP

N90E

NOOE

UP

PCA

(0)

0.02
0.04
0.02
0.02
0.02
0.02
0.07
0.05
0.04
0.05
0.05
0.04
0.05
0.09
0.05
0.05
0.07
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.05
0.04
0.02
0.05
0.04
0.02
0.02
0.02
0.01
0.06
0.04
0.02
0.03
0.02
0.03

(csu's)

NOTE)

(C) Oenotes that distance used uas closest distance to fault nurture surface
(H) Oenotes that distance used uas Hypocentrat distance

Pacific Gas and Electric Company
Diablo Canyon Power Plant

Long Term Seismic Program
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Table Q3-3

ROCK-SITE STRONG-MOTION RECORDS, STRIKE-SLIP AND NORMALFAULTING
Peak ground acceleration data used for comparisons with selected

strike-slip attenuation relationships

Earthquake Nese Date R~t N , Stn ¹ Dist Cosp PGA

Mech (ba) (o)
PGV

(csI/s)

Helena, HT; Hainshock (H) 10/31/35 rN 5.6 8.0 NODE 0,141
8.0 N90E 0.156
8.0 DQN 0,099

7.30
13.30
9.70

Helens, HT; Aftershock (H)

San Franctsco, CA (C)

Psrkfletd, CA (C)

11/28/35 IN

06/2ri66 ss

5.0

5.3

6.1

1117
1117

1117

1438
1438

1438

8.0 MODE 0.076
8.0 N90E 0.058
8.0 LP O.OC2

9.5 N10E 0.105
9.5 S80E 0.127
9 5 VERt 0.051

9.9 N65M 0.282
9.9 525'iI 0.411
9.9 VERT 0.165

3.20
3.90
'1.40

4.90
C.60
1.20

14.5
22.5
4.CO

Koyns, lndls (C) 12/10/67 SS 6.3 9001

9001

9001

3.0'ONG 0.631 32.0
3.0 TRAN O.C90 '9.C
3.0 VERT 0.341 21.6

Borrego Huntstn, CA (C) 04/09/65 SS 6.6 $6
$6
86
116
116
116

,111
111

'11
10C

104

104

266
266
266
136
136
136

121

121

l21

113.
113.
113.
150.
150.
150.
156.
156.
156.
197.
197.
197.
207.
207.
207.
209.
209.
209.
261.
261.
261

583E 0.019
SOTM 0.013
VERT 0.006
SOON 0. 009
INDE 0.011
VERT 0.007
smE o.oor
NYOE 0.007
VERY 0.003
N03E 0.003
N8rlI 0.004
VERT 0.001
TRAM Oooor
LONG 0.006
VERl'.002
552E 0.008
53(HI 0.012
VERY 0.005
N34M 0.003
N56E 0.06
VERT 0.001

2.20
3.10
1.20

Santa Ross, CA; Shock A (H) 10/02/69 SS 5.6 1057
1057
1057

80.0 MORT 0.005
80.0 EAST 0.007
80.0 VERT 0 002

Santa Ross, CAI Shock 8 (H)

Holllster, CA (H)

Pacific Gas and Electric Company

10/02/69 SS

11/25/74 SS

5.7

5.2

1057
1057
1057

1202

1202

1202

78.9 NDRT 0.009
78.9 EAST 0.008
78.9 VERt 0.002

39.0 N57E 0.030
39.0 S03E 0.020
39.0 VERt 0.050

Dlahlo Canyon Power Plant

Long Term Selsmlc Program
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Table Q3-3 (continued)

ROCK-SITE STRONG-MOTION RECORDS) STRIKE-SLIP AND NORMAL FAULTING
Peak ground acceleration data used for comparisons with selected

strike-slip attenuation relationships

Earthquake Meme Date R~t II
Mech

Stn 8 Dist Coep PCA

(toa) (O)
PCV

(csL/s)

Orovi lie, CA; Hain shock (C) 08/01/75 NN 5.9 1051

1051

1051

1293
1293

1293

9.5
9.$
9.5

35.8
35.8
35.8

NSSM 0.103
N37E 0.108

0.139
S07E 0.030
M83E O.OCO

VERT 0.030

4.M
4.10
C.90

Oroville, CA; Aftershock A (H) 08/03/75 MN 4.6 1543

1543

15C3

8.4 SOOE 0.255
8.C M90E 0.1CO

dA DOJN 0.106

2.92
1.50
4.35

Orovi lie, CA; Aftershock F (H) 08/06/75 IN 4.7 1543

1543

1543

10.9 SOOE O.C70
'l0.9 M90E 0.229
10.9 DOJN 0.147

2.90
4.20
1.70

Oroville, CA; Aftershock N (H) 08/08/75 MN 4.9 1543
1543

1543

1551

1551

1551

6.5
6.5
6.5
d.6
8.6
d.6

SOOE 0.274
IIOE 0.116
DOAI 0.086
SSSE 0.077
NSSE 0.109
DOJM 0.066

2.70
1.90
0.90
1.30
2.50
0.80

Calipatrta SMarn, CA (H) 11/04/76 SS 4.9 26A MCSM 0.06
26.C S45M 0.03
26A UP 0.02

Coyote Lake, CA (C) 08/06/79 SS 5.7 1C13

1413
1413
1C45

1C45

1C45

1C08

1CO8

1408
1C83

1C83

1C83

3.1
3.1
3.'1

3.2
3.2
3.2
9.3
9.3
9.3

59.5
59.5
59.5

SCOE 0.319
NSOE O.C22

UP 0.153
N70E 0.250
N2OJ 0.1C1

UP 0.105
SCOE 0.11d
NSOE 0.095

UP 0.067
550E 0.05
NCOE 0.08

UP 0.02

25.1
43.8
16.5
20.5
11.5
7.23

10.3
3.99
2.56

lsperiat Valley,CA; Hn shck(C) 10/15/79 SS 6.5 286
286
286

6604
6604
6604
5049
5049
5049
5094
5094
5094

26.0
26.0
26.0
26.5
26.S
26.5
74.8
74.8
74.8

119.
119.
119.

SCSE 0.202
NCSE 0.115

UP 0.082
N57E 0.1C9
N33LJ 0.167
DORJ 0.198
N45M 0.04
SCSIJ 0.03

UP 0.02
S26E 0.02
M6CE 0.02

UP 0.01

9.02
4.86
2.10

14.$
11.9
5.74

tsperial Valtey,CA; Aftshk 31(H) 10/15/79 SS 5.5 27.4 S45E 0.031
27.C MCSE 0.025
27.4 UP 0.021

Pacific Gas and Electric Company
Otabto Canyon Power Plant

Long Term Seismic Program
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Table Q3-3 (continued)

ROCK-SITE STRONG-MOTION RECORDS, STRIKE-SLIP AND NORMALFAULTING
Peak ground acceleration data used for comparisons with selected

Earthquake Name

Liversore, CA; Shock A (H)

strike-slip attenuation relationships
Sate hpt N Stn 8 Diet

Nech (km)
eo e

01/24/80 SS 5.8 5836C 25.2
5836C 25.2
5836C 25.2
5835C 31.0
58354 31.0
58354 31.0
58219 31.2
58219 31.2
58219 31.2
58359 37.1
58359 37.1
58359 37.1
58183 48 A
58183 C8.4
58183 CSA
57180 62 A
57180 62.C
57180 62,C
C7125 86A
47125 86.C
47125 86A

Comp

SOOE

590E

UP

N90E

NOOE

UP

556M

53CE

UP

SOOE

590l
UP

SCOE

NSOE

UP

S90I
SOOM

UP

548E

N42E

UP

PCA

(o)

0.027
0.031
0.025
0.032
O.OC3

0.015
0. 077
0.060
0.023
0.01
0.02
0.01
O.OC

0.03
0.03
0.02
0.02
0.01
0.01
0.03
0.02

PCV

(cm/s)

Livermore, CAI Shock 8 (C) 01/26/80 ss 5.4 57T02
57T02
57TO2

58354
58354
58354
58219
58219
58219
58364
58364
58364
58359
58359

'58359
58183
58183
58183

8.0
8.0
S.O

31.0
31.0
31.0
31.2
31.2
31.2
33.1
33.1
33.1
C3.6
43.6
43.6
C8A
CSA
CSA
58.9
58.9
58.9

NOSM

585M

UP

N90E

NOOE

556M

534E

UP

N90E

SOOM

UP

SOOE

590l
UP

538E

N52E

UP

S37M

S53E

UP

0.272
0.189
0.078
0.032
0.062
0.021
O.OC4

0.076
0.016
0.059
0.05C
0.020
0.01
0.02
0.01
0.03
O.OC

0.01
0.005
0.005
0.005

Norse Canyon, CA (8)

Hasnoth Lakes, CAI Shock A (H) 05/25/80

Pacific Gas and Electric Company

55 5.3

SS 62

50CS

5045
50C5

5044
5044
5044

901

901

901

54214
5421C

54214

5.8
5.8
5.8

13.0
13.0
13.0
36.0
36. 0

36.0

15.5
15.5
15.5

SCSE

NCSE

SCSE

NCSE

N25M

565M

0.09
0.12
0.07
0.13
0.11
0.06
0.08

0.11'.17

0.079 7.12
0 125 DlagofCanyon Power Plant

0.112 long Jpym Seismic Program
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Table Q3-3 (continued)

ROCK-SITE STRONG-MOTION RECORDS, STRIKE-SLIP AND NORMALFAULTING
Peak ground acceleration data used for comparisons with selected

strike-slip attenuation relationships

Earthquake Mane Gate R~t N Stn ¹
Nech

Olst Coep PGA

(toa) (G)
PGV

(car/s)
0

Haaaoth Lakes, CA; Shock A (H)
(cont tnued)

Haaaath Lakes, CA; Shock 8 (H) 05/25/80 SS

5421C

54214
5421C

1539
1539
1539

5.7 54214
54214
54214

15.5
15.5
15.5
33.1
33.1
33.1
24.3
24.3
24.3

IIOE 0.068
NOOE 0.109

UP O.M1
LONG 0.052
TRAM 0.070
VERT O.OC9

N90E 0.01
NOOE 0.04

UP 0.02

6.15
15.8
4.78

Haanoth Lakes, CA; Shock C (H) 05/25/80 SS

Hameth Lakes,CA)Attshk C01(H) 05/25/80 SS

Hatnaoth Lakes, CA; Shock 0 (H) 05/27/80 SS

6.0 5421C

5421C

5421C

54214

5421C

5421C

1539
1539

1539

5.7 54214
SC214

5421C

54214
5421C

5421C

6.0 5421C

542N
54214
SC2N
5421C

54214

SC424

54424
54424

1539

1539
1539

19.7
19.7
19.7
19.7
19.7
19.7
31.8
31.d
3'I.d

1CA
14A
1C.4
14 A
1C.4
14.4

20.0
20.0
20.0
20. 0

20.0
20.0
24.5
24.5
24.5
28.7
28.7
28.r

N90E 0.075
NOOE 0.088

UP 0.073
M90E 0.060
NOOE 0.112

UP 0.075
LONG 0.073
TRAM 0.06C
VERT 0.049

N90E 0.063
NOOE 0.099

UP 0.055
N90E 0.043
NOOE 0. 083

UP 0.069

N90E 0.207
NOOE 0.208

UP 0.119
N90E 0.180
NOOE 0.219

UP 0.089
S20E 0.119
M70E 0.093

UP 0.087
LONG 0.11C
TRAN 0.102
VER'r 0.082

6.25
6.78
4.05
5.63
5.77
4.71

3.58
7.63
2.66
2.12
6.86
2.31

20.8
12A
7.35

17.7
8.01
5.94
5.46
5.85
2.97

Hexicall Yeller'exico (C) 06/09/80 SS 6A 660C

660C

6604

8.5 NCSE 0.611
8.5 S45E 0.603
8.5 OOW 0.297

32.5
23.3
12.7

Mestmortand, CA (H)

Horcan Hill, CA (C)

Pacific Gas and Electric Company

04/26/81 SS

04/24/8C SS

5.6 286
286
286

6.2 57217
57217
57217
57383
57383

57383
47379
C7379

47379

26.5
26.5
26.S
0.1
0.1
0.1

11.8
11.d
11,8
lb.2
16.2
16.2

MC5E 0.090
SCSE 0.110

UP 0.060
N75M 1.304
$15'.707

UP O.C01

N90E 0. 293
NOOE 0.228

UP O.C26
NCOI 0.100
SSOM 0.073

UP 0.096

79.7
51.9
15.4
36.6
11.3
14.5
2.66
2.52

t)lylyCanyon Power Plant
Long Term Seismic Program
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Table Q3-3 (continued)

ROCK-SITE STRONG-MOTION RECORDS, STRIKE-SLIP AND NORMALFAULTING
Peak ground acceleration data used for comparisons with selected

strike-slip attenuation relationships

Earthquake Nsae Date Ihpt
Hech

Dist
(ha)

PCV

(cn/s)

Horgan Hill, CA (C)
(continued�)

571N
571N
57180

1032

1032
1032

58135
58135
58135

1602

1602

1602

1601

1601

1601

58354
5835C

58354
58183
58183
58183
58263
58263
58263

1160

1160
1160
1343

1343
1343

58364
58364
58364
N83
1C83

1483
1C75

1475

N75

25.6
25.6
25.6
C0.3
C0.3
C0.3
44 ~ 1

44.1
C4.1
C6.2
C6.2
46.2
46.9
C6.9
46.9
C9.8
49.8
C9.8
52.8
52.8
52.8
53.3
53.3
53.3
sr.r
57.7
57.7
60.5
60.5
60.5
73.7
73.7
73.7
75.9
75.9
7S.9
79.1
79.1
79.1

N90E

NOOE

NOOE

$90M

NSOE

N40M

NOOE

s9or

NOOE

$90II

NSSE

N55II

HOR1

HOR2

VERT

$37M

N53M

$47M

$43E

SCOE

NCOE

N77E

$ 13E

NSOI

$4OI

NSOM

$4OI

0.02
0.02
0.01
0.026
0.010
0.026
0.040
0.076
0.033
0.027
0.016
0.020
0.031
0.032
0.022
0.02
0.01
0.01
0.02

0.01
0.01
0.01
0.01
0.03
0.03
0.02
0.016
0.011
0.019
0.01
0.01
0.01
0.021
0.028
0.010
0.024
0.016
0.005

1.85
3.65
1.18

Bishop, CA (H) 11/23/84 $$ 5.8 54424
5442C

54424
54104
54704
54704

13.3
13.3
13.3
35.6
35.6
35.6

0.2C
0.20
0.20
0.04
0.02
0.02

Hotlister, CA (H)

Pacific Gas and Electric Company

01/26/86 $$ 5.5 1032
1032

1032
13C3

1343

1343

1210

1210

1210

17.3
17.3
17.3
21.0
21.0
21.0
28.5
28.S
28.5

NOOE

590M

UP

SSOE

NCOE

UP

NSOI

SCOI

UP

0.04
0.04
0.04
0.03
O.OC

0.02
0.04
O.OC

0.02
Diablo Canyon Power Plant

Long Term Seismic Program
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Table Q3-3 (continued)

P l

ROCK-SITE STRONG-MOTION RECORDS, STRIKE-SLIP AND NORMALFAULTING
Peak ground acceleration data used for comparisons with selected

strike-slip attenuation relationships

Earthquake Naae

Nollfater, CA (H)
(contfnued)

Pate Rapt N

Mech

1C75

1C75

1475

Orat
(foa)

38.'I
38.1
38.1

PCA

(0)

0.02
0.0'1

0.01

pmr

(oa/a)

North Pate Sprfnna, CA (C) OF/08/86 SS S.9 12206
12206

12206

SOC4

5044
SOC4

5230
5230
5230
5224

5224

5224

13200
13200
'l3200

5231

5231

5231

13199

13199

13199

720
720
720

13195
13195
13195
13326

13326

13326
12330
12330

12330

707
707
707
287
287
287

5033
5033
5033

695
695
695

~710

710
710

25.8
25.8
25.5
40.2
40.2
40.2
43.5
43.8
43.8
45.6
45.6
45.6
51.9
51.9
51.9
55.4
SSA
SSA
57.6
57.6
57.6
61 A
61.4
61 A
63 3
63.3
63.3
73.0
73.0
73.0
73.6
73.6
73.6
73.7
73.7
73.7
93.2
93.2
93.2

101.
101.
101.
106.
106.
106.
154.
15C.

154.

N90E

NOOE

UP

SCSE

N45E

NOOE

S90V

UP

NOOE

S9(M

NOOE

S90V

UP

NOOE

590V

N90E

NOOE

502E

N88E

UP

N90E

NOOE

UP

N75E

N15V

N90E

NOOE

UP

S72V

S18E

N90E

NOOE

N60V

S30V

N79lr

511V

515E

N75E

0.119
0.145
0.099
0.067
0.053
0.055
0.088
0.120
0.057
0.141
0.100
0.083
0.079
0.089
0.043
0.103
0.107
O.OC3

0.096
0.072
0.079
0.078
0.083
0.037
0.051
0.054
0.034
0.09
0.07
0.03
0.03
0.03
0.03
0.056
0.066
0.041
0.010
0.005

'.011

0.021
0.026
0.010
0.017
0.022
0.010
0.021
0.021
O.0I6

3.60
3.82
2.65

1.27
1.27
0.81

1.84
1.6?
1.27

1.30
1.42
0.84

Chatfant Vattey, CA (C)

Pacific Gas and Electric Company

07/21/86 SS 6.0 54C2C

5CC2C

54424

20.2
20.2
20.2

520E

N70E

0.170
0.170
0.140

Diablo Canyon Power Plant

Long Term Seismic Program
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Table Q3-3 (continued)

ROCK-SITE STRONG-MOTION RECORDS, STRIKE-SLIP AND NORMALFAULTING
Peak ground acceleration data used for comparisons with selected

strike-slip attenuation relationships

Earthquake Nme

Chslfant Valley, CA (C)
(continued)

Date R~t H

Hach
Stn H

SC2N
SC2N
5421C

D ist Coap PCA

(toa) (g)

29A EAST 0.060
29A NIHIT 0.100
29A UP 0.050

(csi/s)

Nhi t tier Narrous,CA;Af tshk(C) '10/04/87 SS 5.3 d72
872
872

2C399

2C399

2C399

N1
1C1

1C1

23210
23210
23210
24C6C

2446C

24464

108

108

108

108
108
108

698
698
698

2C088
2C088

24088
24047
2C047

24047

18.6
18.6
ld.6
20.4
20.4
20A
22.d
22.8
22.d
25.5
25.5
25.5
26.9
26.9
26.9
32.5
32.5
32.5
32.5
32.5
32.5
34.2
34.2
34.2
35.8
35.$
35.8
50.9
50.9
50.9

N12M 0.0$
Sytnl 0.08

UP 0.05
N90E 0.16
NODE 0.15

UP 0.09
NODE 0.04
s90II 0.05

UP 0.05
S30E 0.04
N60E 0.04

UP 0.03
N90E 0.04
NOOE 0.04

UP 0.02
SSOE 0.05
N40E 0.05

UP 0.03
SSOE 0.07
N40E 0.05

UP 0.03
N79II 0.02
S11ll 0.03

UP 0.0'1

N90E 0.06
NODE 0 04

UP 0.03
N90E 0.07
NODE 0.07

UP 0.03

Superstition Hills,CA;Shk A(C) 11/23/87 SS 6.2 12.S SCSE 0.13
12.5 N45E 0 '1
12.5 UP 0.12

SuPerstition Hills,CA,Shk d(C) 11/24/87 SS 6.6 286

286
SOC5

5045

5045

5044
504C

5044

1319$

13198

13198

5.7
5.7
5.7

85.3
85.3
85.3
86.2
86.2
86.2

135.
135.
135.

S45E 0.91
N45E 0.73

UP 0.65
545E 0.02
NCSE 0.02

UP 0.01
SCSE 0.01
N45E 0.01

UP 0.0'1

N90E 0.01
NODE 0.01

UP 0.01
NOTE.

(C) Denotes that distance used ass closest distance to fault rcyture surface
(H) Denotes that distance used uss Hypocentrsl distance

Pacific Gas and Electric Company
Diablo Canyon Power Plant
tong Tenn Seismic Program
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Table Q3-4

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST, STRIKE-SLIP
AND NORMALFAULTING

Data used to develop magnitude-dependent spectral shape relationships

Earthquake Naao

San fernando, CA (C) 02/09/71 TN .6

Date Ihpt N

Nech

279
279
279
220
220
220
141

141

1C1

266
266
266
128

128

128
127
127
127
126

126

126
10C

104

104

121
12'I

121

278
278
278
287
287
28r

1027
1027
1027

01st
(ha)

2.d
2.8
2.8

15.3
15.3
15.3
17A
17A
17.4
19.1
19.1
19.1
20.3
20.3
20.3
23.5
23.5
23.5
2C.2
24.2
24.2
27.0
2r.o
27.0
29.1
29.1
29.1
50A
50A
50A
58.1
58.1
58.1
68.0
6S.O
68.0

Coap PCA

(O)

S'f6E 1 ~ 170
S74M 1.080
DNIN 0.710
NODE 0.1d1
S90M 0.154
DOW 0.085
SOOM 0.188
890M 0.180
DOW 0.138
SOON 0. 096
590M 0.20C
OOW 0.093
N21E 0.374
N69M 0. 2SS

DOW 0.164
N21E 0.1C7
N69M 0,131
DQhr 0,089
$69E 0.200
521M 0.159
DOhf 0.170
N03E 0.172
N87M 0.223
DOW 0.070
N56E 0.068
N34M 0.103

UP 0.034
N55E 0.078
N35M 0.059
DOW 0.039
N15E 0.058
N75M 0.08'I
DOW 0.032
SOOM 0.026
INDE 0.057
DDMN O.OC'7

(aa/s)

113.2
sr.r
58.3
12.4
15.0
5.00

20.5
14.6
7.40
6. 00

11.6
5.90

14.7
12.8
4.10
C.80
4.50
3.00
5.70
8.60
7.10
5.30
6.70
4.50
3.80
SAO
3AO
C.60
4AO
2.20
3.10
3.70
1.60
1.08
2.13
2.07

Cattf, USSR (C) 05/17/76 RV 6.8 9201

9201
9201

3.0 NORT 0.655
3.0 EASt 0.699
3.0 VERT 1.413

44.C
47.2
53.5

Tabes, fran (C)

Coatfnaa, CA; Nafnshock (H)

09/16/78 tH

05/02/83 RV

7A

6.5

9101

9101

91 01

9102
9102
9102

36177
36177
36177
46175
46175
C6175

3.0
3.0
3.0

1r.o
17.0
17.0

33.7
33.7
33.7
35.0
35.0
35.0

Nf6M 0.700
N74E 0.810
VERT 0.739
NSOM 0.379
N10E 0.391
VERt 0.189

N65E 0.179
N25M 0 122

UP 0.069
N45E 0.173
SCSE 0.137

UP 0.053

105.0
91.5
41.5
36.7
27.5
12.2

12.6
14.6
6.55

15.7
15.6
7.22

Pacifi Gas and Electrfc Company
Diablo Canyon Power Plant

Long Term Seismic Program
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Table Q3-4 (continued)

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST, STRIKE-SLIP
AND NORMALFAULTING

Data used to develop magnitude-dependent spectral shape relationships

Earthquake Nasa Date Rupe N

Mech

Stn 8 Dist Coop POA

(Loa) (g)
PGV

(cra/a)

Coatings, CA; Hslnshock (H)
(continued)

36453
36453
36C53

36176
36176
36176
36CC4

36C44

36C44

36438
36438
36438
36422
36C22

36422
36420
36420
36C20

36450
36450
36C$ 0
36230
36230
36230

39.6
39.6
39.6
41 2
C1.2
41.2
41.3
C1.3
41.3
43.2
43.2
43.2
49.1
49.1
49.1
50.2
50.2
50.2
52.7
52.7
52.7
54.5
54.5
54.5

N90E 0.087
KOOE 0.079

UP O.OC3

$70E 0.139
N20E 0.101

UP 0.056
N90E 0.133
NODE 0.07$

UP 0.046
N90E 0.065
NODE 0.074

UP 0.029
M90E 0.089
NODE 0.062

UP 0.033
N90E 0.123
MODE 0.138

UP 0.067
K90E 0.046
KDOE 0. 044

UP 0.027
N90E 0.039
MODE 0.027

UP 0.017

6.63
10.8
5.02

13.6
11.7
6.23

15.9
16.2
5.92
8.05
7.80
3.60
7.48
8.12
3.81
8.17

11.6
7.63
6.83
S.S7
3.21
5.78
3.65
2.60

Nshsrnt Csnsds (C) 12/23/85 TH 6.8 EQ87
E6097

EQ87
EQ88
E6098

E6098

E6099

EQ89
E6099

6.0
6.0
6.0
8.0
8.0
8.0

16.0
16.0
16.0

M10E 1.101
K8OM 1.3C5
VERT 2.367
N30M 0.390
560M 0.545
VERT

NODE 0.19C
N90M 0.186
VERT 0.181

46. 2

45.1
C2.9
32.6
30.3

3.43
6.29
6.09

Lytte Creek, CA (H) 09/12/70 RV 5.3 111

111

111

20.6 585E 0. 086
20.6 SOSM 0.057
20.6 DOW 0.093

5.60
2.00
2.60

Coatings, CA; Aftshck 03 (H) 05/09/83 RV 5 1 65

65
65
61

61

61

46106
C6T06

46106

12.1
12 1

12.1
12A
12A
12A
12.7
12.7
12.7

NODE 0.177
M9(Ar 0.2C0

UP 0.168
MODE 0.11C
N90M 0.152

UP 0.'128
N90E 0.353
KOOE 0.302

UP 0.220

5.10
7 7C

3.52
4.99
7.61
3A1
9.85
9.52
3.64

Coatings, CAT Aftshck 10 (H) 07/09/83 TH 5.2 46T03

C6T03

46103

17.0 N90E 0.07C
17.0 NODE 0.056
17.0 UP O.OCO

2.12
1.94
1.20

Pacific Gas and Electric Company
Diablo Canyon Power Plant

long Term Seismic Program
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Table Q3-4 (continued)

P l7

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST, STRIKE-SLIP
AND NORMALFAULTING

Data used to develop magnitude-dependent spectral shape relationships

Earthquake Hase Date R~t H

Hach
Dist Ccap PCA

(bs) (O)
PCV

(csU's)

Coslinoa, CA; Aftshck 12 (H) 07/21/83 TN 5.9 67
67
67
65
65
65
65

65

61

61

61

C6703

C6T03

C6TO3

9.5 NODE

9.5 N90H

9.5 UP

11.3 NODE

11.3 N90II

11.3 UP

11.3 NODE

11.3 N9OI

11.3 UP

12A NODE

12.C N9OI

12A UP

15.3 N90E

15.3 KOOE

15.3 UP

0.961
0.838
OA26
0.219
0.215
0.157
0.19C
0.219
0.130
0.231
0.375
0.2C7
0.116
0.136
0.086

C6.d
C6.6
10.7
16.8
16.9
7.33

15.9
16.5
6.57

'N.9
16.2
9.36
5.63
5.57
4.28

Coslings, CAI Aftrshck 13 (H) 07/21/83 TH C.9

Coatings, CAI Aftrshck 1C (H) 07/25/83 TH 5.2

C6703

46703
46703

46703
C6703

46T03

13.7 K90E

13.7 NODE

13.7 UP

N.7 N90E

1C.7 NODE

1C.7 UP

0. 031

0.045
0.032

0.201
0.178
0.164

1.05
1.79
1.30

12.C
9.82
5.23

Kelens, HT; Hainshock (H) 10/31/35 KH 5.6 5.0 NODE

8.0 N90E

5.0 io(MI

0.1C1 7.30
0.156 13.30
0.099 9.70

Kelens, HTI Aftershock (8)

Ssn Francisco, CA (C)

11/28/35 NH 5.0

03/22/57 SS 5.3 1117
1'll7
1117

d.o NODE

d.o N90E

8.0 UP

9.5 N10E

9.5 S80E

9.5 VERT

0.076
0.088
0.042

0.105
0.127
0.051

3.20
3.90
1.40

4.90
4.60
1.20

Psrkfietd, CA (C) 06/27/66 SS 6.1 N38
N38
1C38

9.9 N65II

9.9 525M

9.9 VERT

0.282
OA11
0.165

14.5
22.5
4AO

rope, india (C)

Oroville, CA; Hain shock (C)

12/10/67 SS 6.3

08/01/75 KN 5.9

9001

9001
9001

1051

1051

1051

3.0 LONG

3.0 TRAN

3.0 VERT

9.5 N53U

9.5 N37E

9.5 UP

0.631
0A90
0.341

0.103
0.108
0.139

32.0
19.C
21.6

C.80
4.10
4 90

Orovi lie, CAI Aftershock A (H) 08/03/75 KH C.6

Orovilte, CA; Aftershock F (H) 08/06/75 KH C.7

1543

1543

1543

1543
15C3

1543

8A SOOE

dA N90E

8A D(AIN

lb.9 SOOE

lb.9 K90E

10.9 00rK

0.255
0.1CO

0.106

0.470
0.229
0. N7

2.92
1.50
4.35

2.90
C.20
1.70

Pacific Gas and Electric Company
Diablo Canyon Poster Plant

Long Term Seismic Program
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Table Q3-4 (continued)

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST, STRIKE-SLIP
AND NORMALFAULTING

Data used to develop magnitude-dependent spectral shape relationships

Esrthqvake Nese Date RISIt N

Hach
Dist Coal
(ke)

'CA
(o)

PCV

(aa/a)

Orevttte, CA; Aftershock N (H) 05/08/75 IN 4.9 1543

1543

15C3

1551

1551

1551

6.$
6.5
6.5
8.6
8,6
8.6

SOOE

N90E

S55E

N3$ E

IHHN

0.274
0.116
0.086
0.077
0.109
0.066

2.70
1.90
0.90
1.30
2.50
0.50

Coyote Lake, CA (C) 5.7 N13
1C13

1C13

1445

1445

N45
1408
1408
1C08

3.1
3.1
3.1
3.2
3.2
3.2
9.3
9.3
9.3

SCOE

NSOE

UP

N70E

NZOU

UP

SCOE

N$0E

UP

0.319
O.C22

0.153
0.250
0.1C1
0.105
0.115
0.095
0.067

2$ .1
43.8
16.5
20.5
11.5
7.23

10.3
3.99
2.56

Iapertat Vat tey,CA; Nn shck(C) 10/15/79 SS 6.5 26.0
26.0
26.0
26.5
26.5
26.5

SC5E

N4$ E

N$7E

N33lr

0(anl

0.202
0.115
0.082
0.1C9
0.167
0.198

9.02
4.86
2.10

1C.S

11.9
5.74

Hsceoth Lakes, CA; Shock A (8) 05/25/80 SS

Henaoth Lakes, CA; Shock C (H) 05/25/80 SS

6.2

6.0

5421C

54214
542N
54214
542N
5421C

54214

542N
54214
5421C

$4214
542N

15.5 N90E

15.5
15.5
15.5
15.5
15.5

19.7
19.7
19.7
19.7
19.7
19.7

0.079,
0.125
0.112
0.068
0.109
O.OS1

0.075
0.088
0.073
0.060
0.112
0.075

7.12
15.1
C.79
6.15

15.5
4.75

6.25
6.75
4.05
5.63
5.77
4.71

Hassoth Lakes,CA;Aftshk C01(H) 05/25/80 SS 5.7 5421C

542N
$4214

542N
542N
542N

1CA
1C.4
14A
NA
14A
'!CA

0.063
0.099
0.055
0.043
D.M3
0.069

3.$8
7.63
2.66
2.12
6.86
2.31

Hasooth Lakes, CA; Shock D (H) 05/27/80 SS

Paclflc Gas and Electric Company

6.0 5CZN
54214
5421C

54214
54214
5421C

54C2C

5CC24

54424

20.0
20.0
20.0
20.0
20.0
20.0
2C.5
24.5
2C.S

N90E

NODE

UP

N9OE

NODE

UP

520E
N70E

UP

0.207
0.208
0.119
0.180
0.219
D.OS9

0.119
0.093
0.087

20.5
12A
7.3$

17.7.

8.01
5.94
5A6
5.55
2.97

Dlabto Canyon Power Plant

long Term Selsmlc Program
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Table Q3-4 (continued)

ROCK-SITE STRONG-MOTION RECORDS, REVERSE/THRUST, STRIKE-SLIP
AND NORMALFAULTING

Data used to develop magnitude-dependent spectral shape relationships

Earthquake Naos Oa'te Rupt N

Nech

Stn 8 Dist Coop PCA PCV

(ke) (0) (ass)

Nexicall Valley, Nexico (C) 06/09/80 SS 6.C 660C d.s N4SE 0.611
6604 8.5 SCSE 0.603
6604 8.5 OOm 0.297

32.5
23.3
12.7

Uestaortand, CA (H) OC/26/81 SS 5.6 286 26.5 N45E 0.090
286 26.5 SCSE 0.110
286 26.5 UP 0.060

Horoan Hill, CA (C)

North Pate Springs, CA (C)

04/24/84 SS 6.2

07/08/86 SS 5.9

57217 0.1 N75V

57217 0.1 515II
57217 0.1
57383 11.8 N90E

57383 11.8 NODE

57383 11.d UP

47379 16.2 NCOU

47379 16.2 550u
47379 16.2 UP

58135 44.1 N50E

58135 CC ~ 1 NCON

58135 CC.1 UP

12206 25.d N90E

12206 25.8 NODE

12206 25.8 UP

13200 51,9 NODE

13200 51.9 S90U

13200 51.9 UP

13'l99 57,6 N90E

13199 57.6 NODE

13199 57.6 UP

13198 63.3 N90E

13198 63.3 NODE

13198 63.3 UP

1.304
0.707
O.C01

0.293
0.228
O.C26

0.100
0. 073

0. 096
0.040
0.076
0.033

0.119
0.'145
0. 099

0. 079
0.089
0.043
0.096
0.072
0.079
0.051
0.054
0.034

79.7
51.9
15.4
36.6
11.3
1C.S

2.66
2.52
1.01
1.85
3.65
'1.'id

3.60
3.82
2.65
1.27
1.27
0.81
1.84
1.67
1.27
1.30
1.C2
0.84

NOTE:

(C) Denotes that distance used uas closest distance to fault rcpture surface
(H) Denotes that distance used uas Hypocentrat distance
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QUESTION 4

The median and 84% spectra resulting from the numerical modeling studies have a
dip in amplitude between 5 and 10 Hertz. PGckE stated that this is an artifact of
the random number set used in the calculations. Substantiate this by providing
spectra generated with a different set of random numbers where this dip does not
occur.

The median and 84th-percentile horizontal response spectra presented in the Final Report for the 116
simulated accelerograms are shown in Figure Q4-1. In exploring the cause of the dip in response
spectral amplitude at just below 6 Hz, we found that it was less pronounced when a different random
number set was used in the simulations, as shown in Figure Q4-2. Random numbers are used to
incorporate a stochastic component in an otherwise uniform rupture velocity and slip velocity.
Because the dip in amplitude was still present, the effect of other parameters on the response spectral
shape was examined. Particular attention was paid to the assumed rise time of 0.2 seconds of the
empirical source functions, as the corresponding frequency of 5 Hz is close to the dip in the response
spectrum at 6 Hz. We found that varying the rise time does not affect either the amplitude of the
dip, or the frequency at which it occurs.

Investigation of the effects of the rise time and other source parameters indicates that the dip in the
response spectrum is not due to the parameters of the simulation procedure. Accordingly, we
examined the response spectra of the contributions of individual empirical source functions. It was
found that both the Imperial Valley and Coalinga empirical source function sets contain individual
empirical source functions whose response spectral peaks occur more commonly at 4 and 8 Hz than
at 6 Hz. This was especially the case for the SH component of the Imperial Valley source functions
and the SV component of the Coalinga source functions, whose normalized average spectra over all
tations after correction for propagation effects are shown in Figure Q4-3. Both normalized spectra
how a dip between 5 and 6 Hz.

The effect that the suite of source functions has on the response spectral shape of an individual
simulation depends strongly on the shape of the source functions that are used at asperities, especially
those source functions that have large amplitudes. The response spectra of individual simulations
are quite variable, as summarized in the response to Question 18, January 1989, and do not always
show a dip in the response spectrum. However, averaging the response spectra of many simulations
sometimes caused the dip to become prominent, as shown in Figure Q4-l. It appears to be
coincidental that the average of both the Imperial Valley and the Coalinga empirical source function
sets have a similar bimodal spectral composition, and the dip in the response spectrum is not
considered significant.

If the simulation procedure itself were introducing the dip in the response spectrum, it would be
present even if the empirical source functions were replaced by source functions having a smooth
analytical shape that contained no spectral bumps. We have tested this by using a single source
function whose time and frequency domain shapes are both Gaussian. The resulting averaged response
spectrum for a suite of 11 bilateral strike-slip simulations is shown in Figure Q4-4. The absence of
a dip in this response spectrum, in contrast to the dip shown at the top of Figure Q4-2, indicates that
the simulation procedure itself does not introduce a dip in the response spectrum.
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Median and 84th-percentile horizontal acceleration response spectra from a magnitude 7.2 earthquake
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QUESTION 5

How much would the empirical ground motion estimates change if the type of faulting
was assumed to be all oblique slip rather than 65% strike slip, 30% oblique slip, and 5%
reverse slip?

The assessment of the sense of slip on the Hosgri fault zone, particularly along the reach of the fault
proximate to the site, was the focus of extensive study during the Long Term Seismic Program. The
conclusion of that study, which is based on a large body of geology, seismology, geophysics, and
tectonics data, is that the sense of slip on Hosgri fault zone is strike slip. For the purpose of the
characterization of site-specific ground motions, a weighted combination of ground motions for
various slip types was used to conservatively allow for variations in interpretation. The weights were
strike slip, 0.65; oblique slip, 0.30; and thrust, 0.05.

In response to Question 5, results have been generated for an assumed case in which the weights are
strike slip, 0; oblique slip, 1.00; and thrust, 0. The response spectrum for this assumed case is shown
on Figure Q5-1. The difference between the response spectrum for this assumed case and the site-
specific response spectrum is about 5 percent.
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QUESTION 7

Provide a step-by-step discussion of the uncertainty in the numerical modeling
study.

P I

Introduction

In recent years, numerical modeling methods have been developed to simulate recorded strong ground
motions and to predict future ground motions. Simulations of recorded ground motions have been used
to estimate source parameters and to demonstrate the validity of the numerical methods. Once
validated, numerical modeling can be used to predict ground motions due to future earthquakes.

Estimation of source parameters and validation of the numerical model both involve estimation of
how well the simulated ground motions match the recorded ground motions. Generally, the goodness
o fithas been subjective: the simulated time histories are said to show excellent, good, fair, or poor
agreement with the recorded time histories. We have developed a quantitative measur'e of the goodness
of fitfor strong motion simulations and have used it to estimate the uncertainty of simulated ground
motions.

To use predicted strong ground motions computed by numerical modeling in engineering analyses,
an estimate of their uncertainty, analogous to the uncertainty given for empirical attenuation models,
is needed. The total uncertainty of the predicted strong ground motion should include all sources of
uncertainty: modeling uncertainty (adequacy of the form of the model); random uncertainty
(event-to-event and station-to-station variability that is not accounted for in the source or wave
propagation models); and parametric uncertainty (uncertainty in the values of source parameters for
future earthquakes).

the following, we quantify the goodness of fit between simulated and recorded ground motions.
e also present a general method for estimating the total uncertainty of predicted ground motions for

future earthquakes in terms of modeling uncertainty, random uncertainty, and parametric uncertainty.
Finally, the application of the method to the Diablo Canyon site is given.

Goodness of Fit of Simulations of Recorded Earthquakes

For simulated time histories that are intended to be used for engineering purposes, a reasonable
approach for quantifying the goodness of fit of simulations of recorded earthquakes is to consider
the differences in the response spectra of the observed and simulated ground motions. Response
spectral values are usually assumed to be log-normally distributed (Joyner and Boore, 1988); therefore,
the natural logarithm of spectral acceleration is used to compare the observed and simulated spectra.
Specifically, we take the natural logarithm of the spectral acceleration at 5 percent damping on each
horizontal component, and then average the log spectral values for the two horizontal components.
This average horizontal spectral acceleration, ln SA, for the j'"station of the i'" earthquake is given
by

lnSA;(f) ~ lnSA>>(j) + p(f) + e<(f) (1)

where f is frequency, superscripts o and c refer to observed and calculated, respectively, p(f) is the
model bias, and e"(f} is the error term. The model bias term, p(f), is included in Eq. 1 because a
specific numerical simulation model may produce systematically high or low ground motions. The
estimated model bias can be used to put limits on the frequency band for which the model is valid.
The model bias can also be used to correct the predicted motions. The el>(f) are assumed to be normal
variates with mean zero and variance cr, (f). The variance of the error term is estimated by
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(If the model bias is assumed to be zero, then N-I should be replaced by N in Eq. 2.)

The bias and variance are frequency dependent. They can be reduced to single values by averaging
over a frequency band. For a specific frequency band, ffi,fg], the mean spectral acceleration is

/roe SAu(fa)
SAo(f i fa)- 'We

where wt, is a weight function to account for possible uneven sampling of the frequency band.
(Response spectra are often computed at uneven frequency 'intervals.) If this type of frequency-
averaged spectrum is used, then there is an additional source of variation to consider. peak-to-trough
variations about the mean level. The peak-to-trough variance is given by

g P g tu (SArr(fa) SArl(fr 'fa))
<p'r(fi fz) -

(gag )

'4)

Uncertainty of Numerical Predictions

The total uncertainty in the response spectrum derived from numerical modeling has three parts:

~

~ ~

~

~

~

~

~

~

~

odeling, random, and parametric. The modeling uncertainty represents differences between the
tual physical process that generates the strong ground motion and the simulation of those processes

n the numerical procedure. Random uncertainty represents detailed aspects of the earthquake source
and wave propagation that cannot be modeled deterministically using our current level of knowledge.
The parametric uncertainty represents uncertainty in the values of source parameters for future
earthquakes.

For a given prediction application, the parametric uncertainty is estimated from the suite of ground
motions produced by probabilistically varying the free. source-parameter values; the free source
parameters are those that were determined externally for each event used in the validation procedure.
These include asperity location, for example. The separation of the source parameters into those
contributing to modeling uncertainty and those contributing to parametric uncertainty is not absolute;
it depends on the modeling procedure used in the validation process and the subsequent prediction
process. Free source parameters belong under parametric uncertainty, whereas fixed source
parameters belong under modeling uncertainty. For example, if the rupture velocity is estimated
independently for each event in the validation process (for example, by inversion of strong-motion
records), then the rupture velocity uncertainty is part of the parametric uncertainty. On the other
hand, if a single value or rule is used to estimate the rupture velocity V (for example, V, ~ 0.8P
where P is the shear wave velocity) for all the events, then rupture velocity uncertainty is already
included as part of the modeling uncertainty. Selection of the magnitude, site-to-source distance, and
focal mechanism of future earthquakes is considered part of the seismic source characterization. This
is consistent with the current use of empirical attenuation relations. Therefore, the uncertainties in
these three source-parameter values are not included in this analysis; they can be considered by
conventional seismic hazard analysis using event and/or logic trees.

In nature, earthquake source parameters cannot be controlled, and we cannot obtain repetitions of the
same earthquake. As a result, the modeling and random uncertainties cannot be estimated separately;
we can only estimate the combined effect of modeling and random uncertainty. The combined

~~ ~~ ~ ~ ~

odeling plus random variance, er 2, is estimated from the simulations of recorded earthquakes:

~'f) (5)

pacNc Gas and Electric Company

Diablo Canyon Power Plant

Long Term Selsmlc Program





in7 u 1

For prediction, the parametric uncertainty is estimated from the suite of ground motions produced
by varying selected model parameter values, That is

where M is the number of free source parameters to be varied, N is the number of different values
of the m'" parameter, and ~A(f) is the mean predicted log spectral acceleration.

The overall estimate of the uncertainty of the predicted response spectrum derived from numerical
modeling is obtained by combining the modeling plus random uncertainty, ry~, with the parametric
uncertainty, er . The total variance, rrT, is approximated by

~T'(f) - 'f) + (7)

where the modeling and random variations are assumed to be uncorrelated with the parametric
variations.

Application of the Method at the Diablo Canyon Site

In this application of the method, we consider the numerical modeling procedure used by Wald and
others (1988a), described in the response to Question 12, January 1989. Their model is a

~

~

~

~

~

~ ~ ~

~

~

~

~

~ ~

~

semi-empirical method that uses theoretical Greens functions and empirical source functions. The
ource parameters that are required for this model have been separated into those contributing to
odeling uncertainty and those contributing to parametric uncertainty in Table Q7-l. A brief

description of the method used to estimate each source parameter to justify its placement in either the
modeling or parametric uncertainty column is given in Table Q7-2.

Table Q7-1

CLASSIFICATION OF SOURCE PARAMETERS INTO MODELINGAND PARAMETRIC
UNCERTAINTYTERMS FOR THE WALDAND OTHERS (1988)

NUMERICALMODELINGMETHOD

in n r in rm i c i T m

- Average Rupture Velocity
- Variation in Rupture Velocity

and Slip Velocity
- Source Functions
— Rise Time
- Fault Element Size
- Slip Distribution (detailed

features)

- Rupture Location
Rupture Mode

- Slip Distribution (gross
features)

e slip distribution could not be exclusively associated with either modeling uncertainty or
arametric uncertainty; therefore, the slip distribution is included in both columns in Table Q7-1.
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Table Q7-2

METHODS USED TO ESTIMATE THE SOURCE PARAMETERS
FOR THE VALIDATIONPROCEDURE

lin r in P m r

Average rupture velocity: A single rule for average rupture (0.8P) is used for
all events.

Variation in rupture velocity
and slip velocity:

The same degree of randomness is used in both
rupture velocity and slip velocity for all events.
The degree of randomness is such that the probability
of slip initiating outside the time window of smooth
rupture propagation across a fault element, or outside
the time window ofsmooth slip on a subevent is 0.05.

Source functions:

Rise time:

ault element size:

A single set of source functions computed from the
magnitude 5.0 aftershock of the 1979 Imperial Valley
earthquake is used for all events.

The Geller (1976) relation is used for all events. (See
response to Question 12, January 1989.)

A constant element size of 4 km x 3 km is used for
all events.

Slip distribution (detailed features): Detailed aspects of the slip distribution beyond the
4 x 3 km fault discretization are not modeled in any
of the events.

gram ric n r int P m r

Rupture location: The location of the rupture surface is identified
from the modeling of strong motion velocity
recordings by other investigators and from the
aftershock distribution.

Rupture mode:

Slip distribution (gross features):

Unilateral or bilateral rupture is determined for
each event by the location of the hypocenter with
respect to the rupture surface.

The gross features of the slip distribution for each
event are based on inversion of strong-motion or
teleseismic velocity data, or on the inverse correlation
between slip and aftershock locations (Mendoza and
Hartzell, 1988).
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For recorded events that have been simulated, the gross features of the slip distribution are considered
to be known based on waveform inversion or aftershock locations. For future earthquakes, the gross
slip distribution is unknown and willbe varied, so the gross slip distribution belongs under parametric
uncertainty. On the other hand, detailed features of the slip distribution beyond th'e 4 km x 3 km
discretization cannot be modeled for either recorded earthquakes or future earthquakes. Differences
between the slip distribution used in the validation process and the actual slip distribution will
manifest themselves as modeling uncertainty. Thus, the detailed slip distribution belongs under
modeling plus random uncertainty.

There were no free source parameters involved in the validation of the Wald and others (1988a)
modeling procedure. That is, the model parameter values were not varied to find the best fitusing
the goodness-of-fit criterion; instead, a single model and single set of preselected parameter values
or rules were used. The comparison between the observed and calculated ground motions was only
used to estimate the modeling plus random uncertainty, not to select between competing models. For
the simulations of recorded earthquakes, reasonable assumptions were made about the values of the
parameters on the left side of Table Q7-1, whereas the values of the parameters on the right side of
Table Q7-1 were constrained by data. For the predictions, the former remain fixed as part of the
model, whereas the latter, being unknown for future earthquakes, are varied probabilistically.

At Diablo Canyon, the selected seismic source is a moment magnitude 7.2 earthquake at a distance of
4.5 km. Three focal mechanisms were considered.'trike-slip, oblique, and thrust. In the Final
Report, these three mechanisms were assigned probabilities of 0.65, 0.30, and 0.05, respectively.

Both the uncertainty in the spectral acceleration at individual frequencies and the uncertainty in the
average response over a frequency band are considered. For Diablo Canyon, the frequency band of
main interest is 3.0 to 8.5 Hz. For convenience, the spectrum averaged over this frequency band is
called the "frequency-averaged spectrum" in the following discussion.

im i n f elln Pl R nd m r in . Multiple recordings of three events were used
to estimate the modeling plus random uncertainty, cr a . These include the 1979 Imperial Valley event
(six stations) (Wald and others, 1988a), the 1985 Nahanni event (three stations) in response to Question
13f, January 1989, and the 1987 Whittier Narrows event (nine stations) (Wald and others, 1988b). The
18 stations used in the validation are listed in Table Q7-3. The individual residuals from all 18
stations are shown in Figure Q7-1. The model bias and the 90-percent confidence interval of the bias
are shown in Figure Q7-2, which indicates that the bias for this particular numerical model is not
significantly different from zero at frequencies higher than 3 Hz. The modeling plus random standard
error, n (f), is shown in Figure Q7-3. The standard error is shown corrected and not corrected for
model bias; the difference is small. (For the "not corrected for model bias" case, we assume that p(j)
= 0 in Eq. 1.)

The observed and simulated peak acceleration and frequency-averaged spectral values for the 18
records are listed in Table Q7-4. The model bias is 0.003 and -0.128, and the standard error is 0.31
and 0.34 (0.35 if not corrected for model bias) for the peak acceleration and frequency-averaged
spectral values, respectively. The bias and standard error is given separately for each event in Table
Q7-5. Of these three events, the Nahanni event has by far the largest uncertainty, although its bias
is similar to that of the other two events. The standard error of the peak-to-trough variation,
nPT(3,8.5), is 0.14.

The variation in the bias estimates for the individual earthquakes indicates. the event-to-event
(inter-event) variability, whereas the variation in the individual residuals indicates the
station-to-station (intra-event) variability. The inter-event standard error is 0.04, which is much
smaller than the intra-event standard error of 0.34. Although only a small sample of earthquakes was
used in the validation to estimate the bias, the large difference between the inter-event and
intra-event standard errors suggests that the inter-event variation is not significant.

~

~ ~

~

s shown in Table Q7-5, all three events yield a negative model bias for the frequency-averaged
pectrum. The negative model bias indicates that the simulation procedure is overpredicting the
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Table Q7-3

STRONG MOTION DATAUSED IN THE VALIDATIONSTUDY

1979 Imperial Valley

1985 Nahanni

1987 Whittier Narrows

QgLi nn

EC Sta 4
EC Sta 5
EC Sta 6
EC Sta7
EC Sta 8
EC Sta 10

Site 1

Site 2
Site 3

Cal State LA
Whittier
Alhambra
Downey
Garvey
Qbregon Park
Whittier Dam
San Marino
Bulk Mail
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esiduals of the natural logarithm of spectral acceleration at 5 percent damping for the three events
sed in the validation study.
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Model bias of the natural logarithm of spectral acceleration. A positive bias indicates the model
underpredicts the spectrum, whereas a negative bias indicates the model over predicts the spectrum.
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Table Q7-4

FREQUENCY-AVERAGED SPECTRA (3.0 TO 8.5 HZ) AND PEAK ACCELERATION
USED IN ESTIMATINGMODELINGPLUS RANDOM UNCERTAINTY

Units are natural logarithm of acceleration, in g

Observed Calculated Residual
Earth ak

Imperial Valley

Nahanni

Whittier

Mlldhn
EC Sta 4
EC Sta 5
EC Sta 6
EC Sta 7
EC Sta 8
EC Sta 10

Site 1

Site 2
Site 3

Alhambra
Bulk Mail
Cal State LA
Downey
Garvey
Obregon Park
San Marino
Whittier Dam
Whittier

tn~
-0.333
-0.053
-0.377
-0.551
-0.026
-0.792

0.693
-0.764
-1.473

-0.235
-0.015
-0.271
-1.087
0.118

-0.012
-1.016
-0.421
-0.109

-0.870
-0.812
-0.947
-0.936
-0.629
-1.627

-0.340
-0.774
-1.661

-1.060
-0.779
-1.073
-1.721
-0.810
-0.862
-1.753
-1.354
-0.689

Lrr.~
-0.357
-0.069
-0.075
-0.120
-0.100
-0.424

0.088
-0.176
-0.994

-0.260
-0.111
0.047

-0.814
0.017

-0.341
-0.391
-0.031
-0.312

~In P

-1.266
-0.805
-1.034
-1.161
-0.911
-1.317

-0.664
-0.923
-1.928

-1.206
-0.779
-0.773
-1.434
-0.604
-1.087
-0.981
-0.971
-0.908

~ln A

0.024
0.016

-0.302
"-0.431

0.074
-0.368

0.605
-0.588
-0.478

0.025
0.096

-0.317
-0.272
0.101
0.330

-0.624
-0.390
0.203

Lrn P A

0.396
-0.007
0.087
0.225
0.282

-0.310

0.324
0.149
0.267

0.146
0.000

-0.300
-0.287
-0.206
0.225

-0.772
-0.383
0.219

Table Q7-5

BIAS AND STANDARD ERROR OF THE FREQUENCY-AVERAGED
SPECTRUM (3.0 TO 8.5 HZ) AND THE PEAK ACCELERATION

Units are natural logarithm of acceleration, in g

Bias Standard Err r No. of

Imperial Valley

Nahanni

Whittier Narrows

-0.164 0.122

-0.154 0.247

-0.094 -0.151

0.226 0.251

0.660 0.089

0.318 0.330

Combined -0.128 0.003 0.34 0.31 18
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frequency-averaged spectrum. For all events, the overprediction is about 14 percent. We have chosen
not to correct for model bias, thus the predicted frequency-averaged spectrum is conservative.

A possible source of underestimation of rr a results from the use of the Imperial Valley mainshock as
part of the modeling plus random uncertainty estimation. In the prediction stage, the Imperial Valley
aftershock source functions are used to compute the ground motions at Diablo Canyon. Intuitively,
transporting these source functions to a region other than Imperial Valley should increase the
uncertainty of the simulations; however, this effect does not appear to be large. Over the frequency
band 3 to 8.5 Hz, the bias of the model is larger for the Imperial Valley mainshock than for either
Whittier or Nahanni (Table Q7-5). The frequency-dependent bias estimated from just the Whittier
and Nahanni earthquakes is shown in Figure Q7-4. Comparing this with Figure Q7-2 shows that at
frequencies above 3 Hz the bias is about the same with or without the Imperial Valley mainshock,
although the uncertainty is slightly larger without Imperial Valley. Ifthe Imperial Valley mainshock
is excluded from the frequency-averaged spectrum, then rr increases from 0.35 to 0.39.

This small difference indicates that transporting the Imperial Valley source functions to other regions
does not greatly increase the uncertainty of the simulations. Therefore, including the Imperial Valley
mainshock in the estimation of rra is not expected to significantly underestimate its value.
Furthermore, any underestimation m likely to be offset by the overestimation due to the double
counting of uncertainty in the gross features of the slip distribution. This double counting occurs
because we treat the gross features of the slip distribution as parametric uncertainty, and assume that
the gross features of the slip distribution are known exactly for the three events used in estimating
the modeling plus random uncertainty. Any error in the gross features of the assumed slip models of
these three earthquakes will contribute to the measured modeling plus random uncertainty, causing
overestimation of the modeling plus random uncertainty.

E im i fP r i n r in, The source-parameter values that were varied probabilistically
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~
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in the predictions include rupture mode (unilateral or bilateral) and location of the rupture surface
and the asperities on it) with respect to the site. The rupture location and asperity locations were
aried simultaneously. The motion was simulated at several sites along the rupture plane, which

contained multiple asperities at various depths. This is equivalent to shifting the rupture plane and
computing the motion at a single site. A rigorous approach should vary the rupture location and
asperity locations separately; however, the most important distance is the distance from the site to the
closest asperity. The approach used in this study generates a wide range of asperity-to-site distances
for the given closest distance to the fault plane. The variation of ground motion from this sample of
asperity-to-site distances should yieM a good approximation to a more rigorous estimation of the
parametric uncertainty.

The estimate of modeling uncertainty already includes a component due to differences between the
selected source function and the actual process as contained in the data. Therefore, the variability in
source functions should not be included in the estimation of parametric uncertainty; only one set of
source functions should be used. In this study, the Imperial Valley source functions are used because
the event that produced them has been extensively studied (Liu and Helmberger, 1985), and many
Imperial Valley mainshock recordings are available to test their effectiveness in simulations. The
number of simulations for each mechanism is listed in Table Q7-6.

Table Q7-6

PARAMETRIC VARIATIONSFOR PREDICTIONS

hhahar0'2TL

Strike-slip
Oblique

, Thrust
Total

Rupture~i~'uptureI aakthu

11
10

8

22
20
16
58
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Figure Q7-4

odel bias for the Imperial Valley source functions excluding the Imperial Valley mainshock.
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The parametric standard errors, rr (f), for each focal mechanism are shown in Figure Q7-5. The mean
parametric standard error is computed from the weighted sum of the variances where the weights are
given by the probabilities assigned to each mechanism. The frequency-averaged spectra for the 58
simulations are listed in Table Q7-7. The parametric standard errors of the frequency-averaged
spectrum are 0.37, 0.39, and 0.29 for strike-slip, oblique, and reverse mechanisms, respectively. Again
using the probabilities as weights, the mean parametric standard error is 0.37. The parametric
standard error (0.37) is about the same size as the modeling plus random standard error (0.35).

The sensitivity of the parametric uncertainty to the particular set of random numbers used in the
simulation procedure is illustrated in Figure Q7-6, which shows the parametric uncertainty for a
second realization of the simulations using a different set of random numbers than those used in
Figure Q7-5. The random numbers introduce a stochastic component into an otherwise uniform
rupture velocity and slip velocity. The parametric uncertainty from this second realization is similar
to that of the first realization (Figure Q7-5) with expected variations in the individual peaks and
troughs. Overall, the comparison indicates that the parametric uncertainty estimate from 58
simulations is stable.

The parametric uncertainty includes the effects of uncertainty in both the rupture mode and the
rupture (and asperity) location. The relative importance of these two sources of parametric
uncertainty can be estimated. The parametric uncertainty is separated into the standard errors due
to rupture mode and rupture location uncertainty in Figure Q7-7. It is clear that the uncertainty in
rupture location leads to much larger variation in ground motion than the uncertainty in rupture
mode. The standard errors of the frequency-averaged spectral acceleration due to uncertainty in
rupture location and rupture mode are 0.38 and 0.11, respectively. This indicates that the effect of
rupture mode is relatively insignificant. (The loss of degrees of freedom in the estimation of the
parametric standard errors due to individual source parameters results in a larger standard error due

~

~

~

~

~

~o rupture location, 0.38, than the total parametric standard error of 0.37. Therefore, a simple square-
oot-of-the-sum-of-squares combination of the standard errors due to rupture mode and rupture
ocation willoverestimate the total parametric uncertainty.)

The assumption of lognormality of the simulated response spectra was checked by comparing the 50th-
and 84th-percentile spectra with the mean and mean plus sigma spectra. These four spectra computed
for the 116 simulations presented in the Final Report are shown in Figure Q7-8. The 50th- and 84th-
percentile spectra slightly exceed the mean and mean plus sigma spectra in the frequency band of 4
to 10 Hz, but overall the agreement is good. Therefore, the assumption of lognormality is justified.'

rail E tim f n in The overall estimate of uncertainty of the predicted response spectra
derived from numerical modeling is obtained by combining the modeling plus random uncertainty
with the parametric uncertainty using Eq. 7. The total standard error, crT(f), is shown in Figure Q7-
9. For the frequency-averaged spectrum, the total standard error (without correction for model bias)
is 0.51. This value of total uncertainty does not include the peak-to-trough variability; however, its
effect is quite small. Including the peak-to-trough variability will increase the total standard error
by less than 0.02.

A comparison of the modeling plus random, parametric, and total uncertainties is shown in Figure Q7-
10. At frequencies above 3 Hz, the modeling plus random uncertainty and the parametric uncertainty
contribute about equally to the total uncertainty. The uncertainties for the frequency-averaged
spectrum are listed in Table Q7-8. The modeling plus random uncertainty and the parametric
uncertainty contribute about equally to the total uncertainty of the frequency-averaged spectrum.

To estimate the 84th-percentile spectrum, the total uncertainty shown in Figure Q7-9 is added to the
median of the 116 simulations from the Final Report. This 84th-percentile spectrum is shown in
Figure Q7-11. It is based on modeling plus random uncertainty and parametric uncertainty estimated
using the Imperial Valley source functions. The 84th-percentile of the frequency-averaged spectrum

1.85 g, compared to 1.94 g for the site-specific spectrum. This is lower than the 84th-percentile
ectrum shown in Figure Q7-11 because the frequency-averaged spectrum is more stable (has smaller

uncertainty) than the spectral values at individual frequencies. (This is analogous to the uncertainty
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Standard error of the predicted spectrum due to parametric uncertainty.
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Table Q7-7

P 1

SUITE OF FREQUENCY-AVERAGED SPECTRA FROM THE PARAMETRIC
VARIATIONSLISTED IN TABLE Q7-6.

Units are natural logarithm of acceleration, in g

Rupture
LQRR!le

Ru
~nil'~rLI ~il ll~rgl

ture Mode

Strike-slip

Oblique

Reverse

10

1

2
3
4
5
6
7
8
9

10

-0.5492
-0.1474

0.1695
-0.4720
-0.1220

0.2851
-0.2851
-0.7704

0.0580
0.3201

-0.2289

-0.7797
-0.1377
0.3677

-0.0212
-0.4531
-0.2286

0.2427
0.3532

-0.3772
-0.4967

-0.5529
-0.1400
-0.0684
-0.1626
-0.0537
0.4384

-0.0150
-0.1985

-0.9247
-0.1068

0.2913
-0.2775
-0.7921
0.0226

-0.1506
-0.6595
-0.0919

0.2899
-0.1568

-0.8766
-0.2068
0.4400
0.1913

-0.2689
-0.2035
0.3307
0.3366

-0.3178
-0.3412

-0.6857
-0.2404
-0.0182
-0.3442
-0.1713
0.3330
0.2155

-0.0154
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tandard error of the predicted spectrum due to parametric uncertainty for the second set of random
umbers.
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Table Q7-8

Pa e21

UNCERTAINTYOF THE FREQUENCY-AVERAGED SPECTRUM
Units are in natural logarithm of acceleration, in g

m nen f n r in

Modeling plus Random
Parametric
Total

Corrected
for Model Bi

0.34
0.37
0.50

n rdErr r
Not Corrected
f rMd IBi

0.35
0.37
0.51

Ie
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Median and 84th-percentile response spectra derived by numerical modeling. The median response
spectrum is from the Final Report, and the 84th-percentile response spectrum is from the overall
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of a mean value being less than the uncertainty of a single observation.) The 84th-percentile
estimated here differs from that shown in the Final Report; the two spectra are shown in Figure Q7-
12. The 84th-percentile response spectrum shown in the Final Report lacked rigor in the following,
two respects: the parametric uncertainty was overestimated by double counting it due to the use of
two sets of empirical source functions, and an estimate of modeling plus random uncertainty was not
included. The present estimate of the 84th-percentile response spectrum treated both of these aspects
much more rigorously.

An assessment of the stability of the 84th-percentile spectrum is made by comparing the 84th-
percentile spectra based on the two sets of random numbers discussed earlier. The two 84th-percentile
spectra shown in Figure Q7-12 are quite similar, indicating that a sufficient number (58) of
simulations was made to ensure a stable estimate of the 84th-percentile spectrum. As shown in Figure
Q7-12, the newly derived numerical modeling spectra exceed the site-specific response spectrum in
the frequency ranges of 4 to 5 Hz and 7 to 8 Hz by less than about 8 percent.
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QUESTION 10

Provide the eleven three-component time series for bilateal rupture for both the
Imperial Valley and Coalinga aftershock sources from the numerical modeling study.

Pa 1

The locations of the 11 stations used in the strike-slip simulations are shown on Figure QIO-1; the
slip distribution model is shown in Table Q10-1 (Table 13b-2, Question 13b, January 1989). The
simulated acceleration time histories for bilateral, strike-slip faulting using the Imperial Valley source
functions are given in Figures Q10-2 through Q10-12, and for the Coalinga source functions on
Figures QIO-13 through Q10-23. The time histories have been highpass filtered at a frequency of
0.2 Hz.
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Figure Q10-1

ault element geometry and station locations of Hosgri strike-slip fault model to simulate time
istories for site-specific spectra.
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Table Q10-I

SLIP (m) ON THE FAULT ELEMENTS OF THE STRIKE-SLIP MODEL

1.0 1.0 1.0 1.6 2.0 1.6 1.0
1.0 1.0 1.0 3.0 5.0 3.0 1.0
1.0 1.0 2.0 5.0 10.1 5.0 2.0
1.0 1.0 1.0 3.0 5.0 3.0 1.0

1.0 1.0 1.6 2.0 1.6 1.0 1.0 1.0
I 0 I 0 I 0 3 0 5 0 3 0 I 0 I 0

1.0 1.0 2.0 5.0 10.1 5.0 2.0 1.0
1.0 1.0 1.0 3.0 5.0 3.0 1.0 1.0

1.0 1.0 3.1 5.1 3.1 1.0 1.0
1.0 2.0 5.0 10.1 5.0 2.0 1.0
1.0 2.0 5.0 10.1 5.0 2.0 1.0
1.0 1.0 3.0 5.0 3.0 1.0 1.0
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QIO-2

Simulated accelerogram for magnitude 7.2 strike-slip, bilateral rupture at station -40 using Imperial
alley aftershock source functions.
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Figure Q10-3

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -32 using Imperial
Valley aftershock source functions.
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DCP SS BIL M~7.2 IV SRCS 5/18/88 4X3 4.1 km W~O-12 RT=3.5 (K)
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Figure @10-4

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -24 using Imperial
Valley aftershock source functions.
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Figure Q10-5

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -16 using Imperial
alley aftershock source functions.
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DCP SS BIL M~7.2 IV SRCS 5/18/88 4X3 4.1 km Vf~O-12 RT=3.5 (K)
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Q10-6

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -8 using Imperial
Valley aftershock source functions,
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DCP SS BIL M 7.2 IV SRCS 5/18/88 4X3 4.1 km W 0-12 RT 3.5 (K)
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Figure Q10-7

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 0 using Imperial
Valley aftershock source functions.
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DCP SS BIL M~7.2 IV SRCS 5/18/88 4X3 4.1 km W~O-12 RT~3.5 (K)SS+8
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Figure Q10-8

imulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station S using ImperialValley aftershock source functions.
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Figure Q10-9

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 16 using Imperial
Valley aftershock source functions.
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DCP SS BIL M~7.2 IV SRCS 5/18/88 4X3 4.1 km W~O-12 RT~3.5 (K)
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Figure Q10-10

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 24 using Imperial
Valley aftershock source functions.
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Figure Q10-11

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 32 using Imperial
Valley aftershock source functions.
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Figure Q10-12

imulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 40 using Imperial
Valley aftershock source functions.
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Figure Q10-13

Simulated accelerogram for magnitude 7.2, strike-slip,'ilateral rupture at station -40 using Coalingaaftershock source functions.
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Figure Q10-14

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -32 using Coalinga
aftershock source functions.
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Figure QIO-15

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -24 using Coalinga
aftershock source functions.
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Figure Q10-16

imulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -16 using Coalinga
aftershock source functions.
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Q10-17

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station -S using Coalinga
aftershock source functions.
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Figure Q10-18

imulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 0 using Coalinga
aftershock source functions.
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Figure Q10-19

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 8 using Coalinga
aftershock source functions.
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Figure Q10-20

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 16 using Coalinga
aftershock source functions.
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Figure Q10-21

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 24 using Coalinga
ftershock source functions.
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Figure QIO-22

imulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 32 using Coalinga
aftershock source functions.
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Figure Q10-23

Simulated accelerogram for magnitude 7.2, strike-slip, bilateral rupture at station 40 using Coalinga
aftershock source functions.
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QUESTION 11

The amplitudes of lotv frequency portion of the spectra generated in the numerical
modeling study appear to be deficient. At what frequencies are these spectra
dependable7

The response spectra of the time histories generated by numerical modeling are dependable for
frequencies of 2 Hz and above. This is demonstrated in the deviation between recorded and
simulated response spectral acceleration from a total of 18 recordings of three earthquakes (see
response to Question 16, February 1989). The deviation is small; it either slightly overpredicts or
is not significantly different from zero for all frequencies above 2 Hz, as shown in Figure Ql 1-1
(Figure Q16-2, February 1989). Note that the negative sign of the deviation between 2 and 10 Hz
indicates that the simulation procedure overpredicts the data by 5 to 30 percent.

Below 2 Hz, the deviation changes abruptly, becoming positive and significantly different from zero;
the simulation procedure underpredicts the low frequency response by a factor of up to 1.6. The
reason for this underprediction is related to the method that was used to calculate the simplified
theoretical Green's functions in the simulation procedure. Because the frequencies of interest at the
plant are above 2 Hz, the generalized ray method was chosen for its computational efficiency and
accuracy at high frequencies. This method does not include surface wave contributions. Surface
waves are not significant above 2 Hz, however, and we conclude that the response spectra of the time
histories generated by numerical modeling are dependable for frequencies of 2 Hz and above.
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Figure Q11-1

Deviation between recorded and simulated horizontal response spectral acceleration averaged over
all earthquake-station pairs.
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QUESTION 12

To aid in assessing the proposed lack of topographic effeet at the Diablo Canyon site,
provide a numerical study using vertically polarized shear waves with ground motion
amplitude referenced to sea level.

The lack of significant topographic effects on ground motions at the Diablo Canyon site was
demonstrated using finite difference modeling for SH waves. The results were presented in the Final
Report, July 1988, and in our response to Question 17a, January 1989.

In response to the present question, we have made two additional studies. Both studies were based
on SV waves incident on a cross section selected to have the maximum topographic relief in the site
area. Furthermore, rock properties identical to those used in the soil/structure interaction analyses
presented in the Final Report, July 1988, were incorporated into this cross section.

The first study described below extended our earlier finite difference modeling to using SV pulses
having Gaussian Fourier acceleration spectra. This study was made to assess the sensitivity of
potential topographic effects to incident wave type and wave frequency, as well as incidence angle.
The second study was based on finite element modeling using one of the site-specific acceleration
time histories used in the soil/structure interaction analyses as the input control motion. This study
was made to show potential topographic effects on the site-specific ground motions for the Diablo
Canyon site.

The results of both studies, as presented below, further confirm the lack of significant topographic
effects on ground motions at the location of the power block structures at the Diablo Canyon site.

~

~

Finite Difference Modeling

In this study, the effects of topography on ground motions at the site were investigated using finite
difference calculations that assumed linear elasticity of the foundation rock. A site plan showing
the location of the cross section analyzed is shown on Figure Q12-1. A topographic profile of this
section is shown at the bottom of Figure Q12-2. The material properties of the rock are summarized
in Table Q12-1. The input ground motion was a Gaussian pulse whose Fourier acceleration spectrum
was centered at a frequency of 2.5 Hz, which is comparable to the Fourier spectra of the suite of
empirical strong motion records used to develop the input spectrum for the soil/structure interaction
analyses. An example of the accelerograms calculated for a vertically incident SV wave is shown at
the top of Figure Q12-2. The delay between stations 15 and 1 represents the propagation time of
the wave between sea level and the elevation of the top of the ridge. Peak amplitudes are shown
to the right of the accelerograms for station locations along the topographic profile shown at the
bottom of Figure Q12-2.

Figure Q12-3 shows the response of the site region for a series of different input ground motions.
The response is represented by the ratio of peak acceleration for the model having topography to the
peak acceleration for the model having no topography, which defines the free-field control motion.
The response of the site region to a vertically propagating SV wave shows a slight deamplification
at the base of the sea cliffand a peak amplification of about 17 percent at its crest. The motion at
the location of the power block structures is generally deamplified; at its greatest, the deamplification
is about 15 percent.

The sensitivity of this response to incidence angle is illustrated using an SV wave incident from the
left (ocean side) at 20 degrees from vertical. The response is quite similar to that for vertical
incidence, but the regions of amplification at the crest of the sea cliffand the crest of the ridge, and
the region of deamplification at the base of the ridge are extended toward the east due to the
excitation of Rayleigh waves. The location of the power block structures is again within a region
of mostly deamplification, which in this case now extends farther right to the lower part of the ridge.
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Figure Q12-1

Site plan showing location of cross section A-A'nalyzed for topographic effects on ground motions
in the Plant area.
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Table @12-1

ROCK PROPERTIES USED IN ANALYSIS

Depth
ft

Layer
Thickness

f
15

Density
cf

140

Shear Wave
Velocity

f
2600

Poisson's
R i

0.45

35

160

260

20

125

100

140

145

150

150

3300

4000

4800

5900

0.40

0.37

0.35

0.22
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Response of the plant site region for different input ground motions.
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The sensitivity of the vertically propagating SV wave response to higher frequencies was examined
~

~ ~

~

by increasing the center frequency of the Fourier spectrum of the input pulse to 3 Hz. The response
of the 3-Hz pulse is very similar to that for the 2.5-Hz pulse. The main effect of shifting the
frequency content to higher frequencies, as shown at the top of Figure Q12-3, is to deepen and
broaden the troughs at the base of the sea cliffand at the location of the power block structures, and
to move the latter trough to the left.

The response to a vertically propagating SH wave is very similar to that for a vertically propagating
SV wave (Figure Q12-3). For both SV and SH waves, the topography causes amplification near the
crests of the sea cliffand the ridge, and deamplification near the bases of the sea cliffand the ridge.

For the entire range of input motions tested in this sensitivity study, the effect of the topography
is to generally deamplify the ground motions at the location of the power block structures with
respect to free-field conditions.

Finite Element Analysis

To further aid in assessing possible effects of topography at the plant site, we conducted a two-
dimensional finite element analysis using vertically propagating SV waves. The cross section (Figure
Q12-1) was selected to traverse the area of maximum topographic relief. The finite element
discretization of the cross section was constructed to transmit ground motions having frequencies as
high as 25 Hz. A viscous boundary was provided at the base of the finite element model to simulate
an elastic half-space below. Transmitting boundaries were provided on the right side (uphill side)
and left side (ocean side) of the model. The analysis was made using the computer program
SuperFLUSH (Earthquake Engineering Technology, 1983).

The low-strain shear wave velocities and Poisson's ratios of the site rock used in the analysis are the

~

~

~

~

~

~ ~

~

~

~

~

~
~

~

same as those used in the soil/structure interaction analyses, summarized in the Final Report, July
1988. These properties were used throughout the two-dimensional model at the depths below the
existing ground surface indicated in Table Q12-1. Below a depth of 260 feet, the shear wave
velocity is 5900 ft/sec. This velocity was also used for the half-space below. The strain-dependent
variations of shear modulus and damping ratio for the site rock used in the analysis are also the same
as those used in the soil/structure interaction analyses. Values of strain-compatible shear modulus
and damping ratio used for the two-dimensional model were estimated on the basis of a one-
dimensional ground response analysis of the site. The results of the one-dimensional analysis showed
very minor strain-dependent effects, with reduction in shear wave velocities less than 6 percent
below the low-strain values.

The input control motion used in the analysis was the same horizontal motion used in the
soil/structure interaction analyses. This motion is a modification of the longitudinal component of
the Pacoima Dam record (1971 San Fernando earthquake), which matches the median site-specific
acceleration response spectrum for the Diablo Canyon site. As was done for the soil/structure
interaction analyses, this motion is specified as a free-field control motion at the ground surface
(Elevation 85 feet). Using this motion, the outcrop motion of the underlying rock half-space was
calculated and used as the rock outcrop motion of the half-space of the finite element model. The
input motion was applied in the direction of the plane of the model, thus representing vertically
propagating SV waves.

Results of the analysis in terms of peak ground acceleration and average spectral acceleration (5
percent damped) in the 3 to 8.5 Hz range versus location along the cross section are shown in Figure
Q12-4. Values of the peak acceleration and average spectral acceleration of the free-field control
motion are also shown in these plots for comparison purposes. In Figure Q12-5, these results are
normalized to the control motion, that is, divided by the corresponding amplitudes of the control
motion at the ground surface in the free field. Figure Q12-5 shows that ground motions at the
location of the power block structures on the average are about 10 percent less than the control
motion. Ground motions near the crest of the sea cliffare amplified by about 25 percent. These
results show trends almost identical to those obtained from the finite difference calculations shown
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Effects of topography on peak ground acceleration and spectral. acceleration values for
horizontal motions along the ground surface.
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on Figure Q12-3.

Figures Q12-6 through Q12-8 show response spectra (5 percent damped) of ground motions near the
crest of the sea cliff,at the location of the power block structures, and at both the left and right
boundaries of the finite element model. The response spectrum of the free-field control motion is
also plotted in Figures Q12-6 through Q12-8 for comparison purposes. The comparison in Figure
Q12-7 also illustrates that ground motions at the power block structures are very little different from
the free-field control motion. The ground motions near the crest of the sea cliffare amplified at
frequencies higher than about 2 Hz (Figure QI2-6). However, the ground motions at the left
boundary (ocean side) and the right boundary (ridge side) are equal to or slightly lower than the
input free-field control motion (Figure Q12-8). Thus, the analysis indicates that topographic effects
on ground motions at the location of the power block str'uctures at the Diablo Canyon site are
insignificant.

REFERENCES

Earthquake Engineering Technology, Inc, 1983, SuperFLUSH: Volume 1 - Basic Users'uide;
Volume 2 - Theoretic Manual; and Volume 3 - Verification and Example Problems: San Ramon,
California.
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QUESTION 13

Limits on parameters used to establish the empirical data base appear to be
constrained to the point where some earthquakes which may be important are not
included. To determine the significance of the choice of magnitude and distance
ranges to the LTSP site speci ficspectra, expand the data base to include earthquakes
down to magnitude 6, particularly the Parkfield and Morgan Hill events, and
distances to about 30 kilometers and provide the resulting spectra.

In our response to Question 2 of this submittal, we conducted sensitivity studies to show the effects
of the selection criteria on the estimates of near-source ground motions. In one of the sensitivity
studies (Case 5 of Table Q2-1), the magnitude and distance ranges were expanded to include
earthquakes having magnitudes of 6.0 M„or greater and recording sites at distances within 30
kilometers. This resulted in a set of 35 ground-motion records from rock sites, and includes those
recorded during the Parkfield and Morgan Hillearthquakes. The set consisted of 20 recordings from
earthquakes having reverse/thrust fault mechanisms, and 15 recordings from strike-'slip earthquakes
(Table Q13-I). The records shown in Table Q13-I were scaled to a moment magnitude of 7.2 and
a distance of 4.5 km, and weighted for style of faulting assumed applicable at the plant site. The
results of the statistical analysis for this set of records, which gives the most conservative estimates
of the four cases studied, are compared with those of the Final Report in Figures QI3-I and Q13-
2 for the median and the 84th-percentile levels of ground motions. Also shown on these figures
are the site-specific spectra based on the regression analysis. The scaling and weighting factors for
both sets are the same as those described earlier in our response to Question 9, January 1989. The
results are presented in terms of spectral acceleration values (5 percent damped) for the entire
frequency range.

As can be seen from Figures QI3-I and QI3-2, the spectra presented in the Final Report derived
from near-source statistics provide equal or more conservative estimates in the high frequency range
(about 5 to 25 Hz). At lower frequencies (less than 5 Hz), the response spectra obtained using the
expanded selection criteria provide more conservative estimates of ground motions. A more relevant
comparison is with the site-specific spectra based on the regression analysis. This comparison shows
that the site-specific response spectra essentially equal or envelop the other spectra over the entire
frequency range at the median level, and over a frequency range of about 1.5 to 25 Hz at the 84th-
percentile level.
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Table Q13-1

ROCK»SITE RECORDS FOR EARTHQUAKES OF MOMENT MAGNITUDE6.0 OR
GREATER AT SOURCE-TO-SITE DISTANCES WITHIN30 KM

EARTHQUAKE NAHE DATE HECH He Stn fy Cl Dist PGA PGV PGD

(km) (g) (crn/sec) (cm)

Parkfield, CA

Koyna, India
San Fernando, CA

San Fernando, CA

San Fernando, CA

San Fernando, CA

San Fernando, CA

San Fernando, CA

San Fernando, CA

San Fernando, CA

San Fernando, CA

Gazlf, USSR

Tabes, Iran
Tabes, Iran
Imperfal Valley (H)
Iaperfat Valley (H)
Hanmoth Lakes - A

Manmoth Lakes - A

Hamnoth Lakes - C

Hanmoth Lakes - C

Hannath Lakes - D

Hanmoth Lakes - D

Mamnoth Lakes - D

Mexfcatf Valley, HX

Coalfnga, CA Hain
Coalinga, CA Hain
Coalinga, CA Hain
Coalfnga, CA Hain
Horgan Hill, CA

Morgan Hill, CA

Horgan Hill, CA

Hahannf, Canada

Hahanni, Canada

Hahanni, Canada

Mhittier Har.(H),CA

6/27/66
12/10/67
2/9/71
2/9/71
2/9/71
2/9/71
2/9/71
2/9/71
2/9/71
2/9/71
2/9/71
5/17/76
9/16/78
9/16/78
10/15/79
10/15/79
5/25/80
5/25/80
5/25/80
5/25/80
5/27/80
5/27/80
5/27/80
6/9/80
05/02/83
05/02/83
05/02/83
05/02/83
04/24/84
04/24/84
04/2C/84
12/23/85
12/23/85
12/23/85
10/01/87

SS

SS

TH

TH

TH

TH

TH

TH

TH

TH

TH

RV

TH

TH

SS

SS

SS

SS

SS

SS

SS

SS

SS

SS

RV

RV

RV

RV

SS

SS

SS

TH

TH

TH

TH

6.1 1438

6.3 9001

6.6 279

6.6 266

6.6 126

6.6 127

6.6 128

6.6 220

6.6 141

6.6 121

6.6 104

6.8 9201

7.4 9101

7.4 9102

6.5 286

6.5 6604

6.2 54214

6.2 54214

6.0 54214

6.0 54214

6.0 54214

6.0 54214

6.0 54424

6.4 660C

6.5 46175

6.5 36177

6.5 36438

6.5 36453

6.2 57217

6.2 57383

6.2 47379

6.8 6097

6.8 6098

6.8 6099

6.0 24399

9.9
3.0
2.8

'19.1

24.2
23.5
20.3
15.3
17.4
29.1
27.0
3.0
3.0

17.0
26.0
26.5
15.5
15.5
19.7
19.7
20.0
20.0
24.5
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QUESTION 14

Since the Imperial Valley earthquake data were recorded on deep soil sites, their use
in developing the site specific response spectra for Diablo Canyon has been
questioned. Provide site specific response spectra obtained tvithout the use of the
Imperial Valley earthquakes.

Five Imperial Valley records from soil sites were used in our statistical analysis of near-source
records for two reasons. The first was to enlarge the sample of 13 near-source rock records and to
improve its statistical significance. The second was to supplement the sample of 13 rock records
with records from strike-slip events, because the original sample contained 11 reverse/thrust records
and only 2 strike-slip records. The Imperial Valley records were modified to rock-site conditions
before being used in the statistical analyses. Details of the modification procedure were presented
in our response to Question 9, January 1989.

. In response to the current question, a sensitivity study was performed of the set of near-source
records, excluding the five Imperial Valley records. The results are compared with those for the
original 18-record set, in terms of 5 percent damped spectral acceleration, on Figure Q14-1 for the
median and the 84th-percentile levels. As can be seen from Figure Q14-1, the agreement between
the two spectra at the median level is very close, differing by less than 4 percent for the peak ground
acceleration values, about 2 percent for the spectral acceleration values averaged over the 3 to 8.5
Hz frequency band, and about 4 percent for the spectral acceleration values averaged over the 5 to
14 Hz frequency band. At the 84th-percentile level, Figure Q14-1 shows the differences are about
7 percent for the peak ground acceleration values, about 9 percent for the spectral acceleration (3
to 8.5 Hz) values, and slightly less than 10 percent for the spectral acceleration (5 to 14 Hz) values.
The somewhat larger differences observed at the 84th-percentile level may be due to the modest
number of records; it is expected that there will be greater variability at the 84th-percentile level
than at the median level.

It is also of interest to note that in our responses to Questions 2 and 13 of this submittal, we
examined several expanded sets of near-source strong-motion records, and presented the response
spectra based on statistical analyses of these records, which contained ground motions from rock sites
only. The most conservative case of the sensitivity studies in Question 2 contained 35 records of
earthquakes having moment magnitudes of 6 or greater and within 30 km of the recording stations.
The 84th-percentile response spectrum obtained from this set of records is compared with the near-
source statistics sets (with and without the soil-site records) in Figure Q14-2, together with the
corresponding site-specific spectrum obtained from the regression analysis. The estimated spectral
accelerations from this larger set of rock-site recordings are very similar to those estimated for the
site-specific spectrum over the entire frequency range.
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QUESTION 16

Recent work on the iVahanni earthquake Site 2 data (Weichert, 1989) and in the San
Fernando earthquake Pacoima Dam recording (Anooshehpoor, 1988) indicate that
the high ground motions recorded may not be due to site effects. In view of this,
modfication of these records to account for topographic amplification is ques-
tionable. IVhat would the ground motion estimates be without these modi%cations?

There is strong evidence for topographic amplification of ground motions at ridge sites, as indicated
by numerous empirical observations and supported by numerical modeling studies, and reviewed
recently by Geli and others (1988) and Aki(1988). Both the Nahanni earthquake recording Sites 1 and
2 and the San Fernando earthquake Pacoima Dam accelerograph site were located on ridges. Possible
topographic amplification of the ground motions recorded at these sites has been the subject of several
studies.

In response to this question we have reviewed the published studies. In the case of the Nahanni
earthquake, we also have conducted a numerical modeling study of topographic effects at both Site
1 and Site 2 using a finite difference method. Results from both the literature review and our
numerical modeling study confirm that the ground motions recorded at these sites were significantly
affected by topographic amplification.

Topographic Amplification at the Pacoima Dam Accelerograph Site

Possible topographic amplification of the ground motions in the Pacoima Dam accelerogram recorded
during the 1971 San Fernando earthquake has been the subject of several studies, because the peak
ground accelerations were among the highest ever recorded and because the accelerograph site was

~ ~

~

~

~

~

located on a steep ridge forming the left abutment of the 111-meter-high concrete arch dam. These
'nvestigations can be broadly grouped into three types, namely, comparative studies of aftershock
accelerograms, numerical modeling studies, and foam-rubber model studies.

m r iv i f Af r h k Ac lero r m Studies by Mickey and others (1973) and by
Reimer (1973) compared the ground motions in the accelerograms recorded at the Pacoima Dam
accelerograph site with those recorded at a free-field site in the downstream valley floor.

Mickey and others (1973) compared the ground motions from eight aftershocks having magnitudes
from 2.7 to 3.7 M> recorded at the Pacoima Dam accelerograph site with those recorded at a free
field site downstream in the valley floor. These aftershocks were located at epicentral distances from
4.5 to 30 km over a wide azimuthal range from the dam, as shown in Figure Q16-1. The results
showed that the average overall amplification in response spectral acceleration was about 1.4 in the
north-south direction, and about 1.65 in the east-west direction for the Pacoima Dam accelerograph
site, as compared to the free-field site. Figure Q16-2 shows the average ratio of north-south response
spectra for the eight aftershocks. Amplification occurred at all frequencies above 0.5 Hz.

Reimer (1973) used a set of accelerograms from three different aftershocks having magnitudes from
2.0 to 3.3 Mr, to compare the ground motions at the Pacoima Dam accelerograph site (Station 1) and
at a valley floor site (Station 2) about 600 meters downstream. Figure Q16-3 shows the epicenters of
these aftershocks. Figure Q16-4 shows the locations of the recording stations. Station 1 was on the
ridge and Station 2 was in the free-field. Figure Q16-5 shows the acceleration response spectra of
the two horizontal components at the two recording sites for one of the events (Event 3). Figure Q16-
6 shows the ratio of acceleration spectral ordinates for 5 percent damping recorded at Station 1,
divided by those recorded at Station 2. It is clear from these figures that there was amplification of
peak ground acceleration, as well as response spectral acceleration for all frequencies above 1 Hz.

Further evidence for topographic amplification of ground motions at the Pacoima Dam accelerograph
ite was provided by the accelerograms recently obtained at that site and at the dam base from the
987 Whittier Narrows earthquake (Shakal and others, 1987). As shown in Figure Q16-7, the peak

accelerations are 0.01 g for both horizonal components at the dam base, and 0.04 and 0.05 g for the
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Figure Q16-1

ebruary 9, 1971 earthquake (star); Pacoima Dam (triangle); and eight aftershocks numbered in order
of occurrence (circle) (from Mickey and others, 1973).
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Epicentral locations of aftershocks of the 1971 San Fernando earthquake recorded at Pacoima Dam
(from Reimer, 1973).

Pacific Gas and Electric Company
Diablo Canyon Power Plant

Long Term Seismic Program





u inl6 Au I Pa e5

~i-~~
PACOIMA DAM~

1

PACOIMA

RESERVOIR

'4,'>v<'g:,f~:-c ij

STATIONS... . c.

AREA INCLUDED IN
FINITE ELEMENTMODEL

~ BRIDGE

STATION 2
0 600

Figure Q16-4

ocations of accelerograph stations used in the study of 1971 San Fernando earthquake aftershocks
y Reimer (1973).

Pacific Gas and Electric Company

Diahlo Canyon Power Plant

long Term Seismic Program





ue ti n'16 Au st 19

25. 0

o
O

20 ~ 0

X
o
I-
c 15.0

10. 0

l . 5, 1 0 PERCENT DAMP INC

—STATION I
-—STATION 2

5.0
1

1
I

~l
p lp~il %

+ /J

6 ~ 8
PCnIOO. SEEOHOS

I ~ 0

25 ~ 0
Cl
CI

O
20 '

I

15. 0

10. 0

1, 5. I D P fRCENT DAMP lNC

—STATION 1-- STATION 2

5.0

CL

I
I
1

lp 1I
w ll

P
%'l'I

2 6 . aPenloc. SE'0040$ 1.0

Figure Q16-5
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Ratio of the horizontal response spectra at the Pacoima Dam accelerograph site to a free-field site forvent 3 (based on Reimer, 1973).
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Figure Q16-7

ccelerograms from the 1987 Whittier Narrows earthquake recorded Pacoima Dam. Top: upper left
abutment (Pacoima Dam accelerograph site). Bottom: base of dam (from Shakal and others, 1987).
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wo horizontal components at the Pacoima Dam accelerograph site. Again, there was significant
~

~amplification of ground motions at the accelerograph site at the upper left abutment.

umerical M delin Studies. Three numerical modeling studies on possible amplification of ground
motions at the Pacoima Dam accelerograph site have been published. Studies by Bouchon (1973) and
Boore (1973) were made using two-dimensional topographic models. The third study, by Reimer and
others (1973), was made using a three-dimensional finite element model for the dam and the
topography of the region. A summary of the results of these studies follows.

Bouchon (1973) studied possible topographic effects on ground motions due to incident SH, P, and
SV waves using the method developed by Aki and Lamer (1970). Figure Q16-8 shows the
two-dimensional topographic profiles at the Pacoima Dam accelerograph site that were used in the
study. Also shown in the figure is the direction of incident waves normal to the fault plane. Table
Q16-1 summarizes the computed amplification factors for incident SH, P, and SV waves at a
frequency of 10 Hz. The calculated amplification varied with the component considered, and was at
least 40 percent higher than the flat surface case. Computations were also made for waves coming
from directions other than normal to the fault plane. The results were similar in all cases considered.

Boore (1973) studied possible topographic effects on the Pacoima Dam accelerogram using a finite
difference simulation method with an incident plane SH wave. Figure Q16-9 shows the
two-dimensional topographic profiles used in his calculations. The Pacoima Dam accelerograph site
was located at point 1 on the ridge model and at point 4 in the canyon model. Figure Q16-10 shows
the topographic effect on the S14'W component. The original trace recorded in this direction was
low-pass filtered with a cutoff of 15 Hz, which decreased the peak acceleration slightly from 1.17 g
to 1.12 g. The filtered trace is shown in the upper part of the figure. (This low-pass filtering was
necessary because the theoretical amplitude ratios were not computed for higher frequencies.) The
deconvolved trace after the effect of the ridge was removed is shown in the lower part of the figure.
t may be seen that the peak acceleration was reduced from 1.12 g to 0.73 g after the topographic

plification was removed.

Reimer and others (1973) studied possible topographic amplification of ground motions in the Pacoima
Dam accelerogram using a three-dimensional finite element model for the dam and the surrounding
rock. The model was based on the topography and physical properties obtained from field surveys,
and further refined by comparison of computed mode shapes and frequencies with the results of
forced vibration tests of the dam. Figure Q16-11 shows an aerial view of the dam and the finite
element model of the area. The model excitation that would produce the Pacoima Dam accelerogram
at the instrument location on the model was computed. The time histories and acceleration response
spectra of the three components of this excitation are compared with those of the original
accelerogram in Figure Q16-12. Results in this figure show amplification due to topography for
frequencies above 1 Hz. For example, the peak horizontal acceleration of the computed input motion
was about 0.4 g, corresponding to an amplification factor of over 2.5.

It may be further noted that in our response to Question 12 regarding possible topographic effect on
ground motions at the plant site, we have made two independent numerical modeling studies. The
results from both studies showed that the ground motions at the crest of a 85-foot-high sea cliffcould
be amplified by a factor of about 1.2. The topographic relief in the immediate vicinityof the Pacoima
Dam accelerograph site is about four times greater. Thus, the corresponding topographic amplification
could be larger than the case analyzed in Question 12.

oam-ru er M d udi Brune and others (1985) and Anooshehpoor (1988) reported results of
a study on possible topographic effects on ground motions at the Pacoima Dam accelerograph site
using a three-dimensional foam-rubber model for the surrounding topography subject to incident SH
waves. For vertically incident SH waves, the spectral ratio of the ground acceleration on the ridge to
the free-field (flat surface) indicates an amplification of about 60 percent at a frequency of 6.5 Hz
on the N76'W component, and very little effect on the S14 W component. At a frequency of 10 Hz,

~ ~

~
e motion on the ridge was about 30 percent lower than the free-field motion for both horizontal
mponents. For nonvertically incident SH waves, their results showed that the topographic effect
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Table Q16-1

VALUES OF THE AMPLIFICATIONOF THE HORIZONTALCOMPONENTS AT
THE PACOIMA DAM ACCELEROGRAPH SITE FOR A FREQUENCY OF 10 HZ

(based on Bouohon, 1973)

SV

SH

7 'W

+80%

Several times
larger

+40%

14'W
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+40%
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Figure Q16-9

Idealized models of the topography at Pacoima Dam. Two-dimensional geometry is assumed. The
arrows indicate the angle of incidence of the SH waves used in the analysis. The numbers indicate
points at which seismograms are computed. The accelerograph site is aproximately at point 1 on the
ridge model and point 4 in the canyon model. Because of normalization, the relative sizes of the two

odels are not shown in this figure (from Boore, 1973).
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Figure Q16-10

(a) The recorded motion at Pacoima Dam in the S14 W direction during the 1971 San Fernando
earthquake, after removing all energy above 15 Hz. (b) The same record after removing the
amplification predicted in the ridge model with vertical incidence. The effect is very predictable
rom the frequency domain result, but would have been less so if the amplification ratio had been
ore complicated in character (from Boore, 1973).
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Figure Q16-11

erial photograph of the Pacoima Dam and finite element model of the dam and surrounding area
om Reimer and others, 1973).
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Figure Q16-12

Results of a three-dimensional finite element modeling of the Pacoima Dam acceleragram: (a) the
observed accelerogram; (b) the filtered accelerogram; (c) the computed boundary excitation; (d)
comparison of acceleration response spectra between the observed accelerogram and the computed

citation (from Reimer and others, 1973).
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as dependent on the angle of incidence. The effect could be either deamplification or amplification,
depending on whether or not the canyon was on the ray path.

~ummar . There is strong evidence for topographic amplification of ground motions at the Pacoima
Dam accelerograph site. We found that all the comparative studies of accelerograms from aftershocks
and numerical modeling studies consistently indicated significant amplification of ground motions,
particularly at high frequencies. The foam-rubber model studies showed mixed results; however, it
is not clear how the results from these studies can be extrapolated to the field situation. Furthermore,
the studies made thus far were based only on incident SH waves. There is indication, such as in the
results from numerical modeling studies shown in Table Q16-1, that topographic effects on ground
motions due to incident SV waves could be significantly larger. In-view of these limitations, the
results from the foam-rubber model studies may not be as directly relevant as those from the other
two types of studies for evaluating the topographic effects on ground motions at the Pacoima Dam
accelerograph site.

On the basis of the results of both the comparative studies of aftershock accelerograms as well as the
numerical modeling studies, we conclude that the topographic amplification ofhigh-frequency ground
motions in the Pacoima Dam accelerogram was significant. Accordingly, the ordinates of the
horizontal acceleration response spectra of the 1971 Pacoima Dam recording were adjusted by a
frequency-dependent factor that varied linearly with frequency on a logarithmic scale from 1 at a
frequency of 10 Hz to 1.5 at a frequency of 33 Hz (peak ground acceleration). The adjustment factor
is shown in Figure Q16-13 and compared with the results of the various studies discussed above. It
is clear that the adjustment factors used in the Long Term Seismic Program are comparable to or
smaller than those observed or calculated.

Topographic Amplification at Nahanni Site I and Site 2

eichert and Horner (1987) studied the records obtained at Nahanni Site 1 and Site 2, and described
e conditions at these sites as follows. "(Site 1) was on top of the gently undulating plateau, west
d on top of the escarpment shown in Figure Q16-14 (top), at a distance of about 30 to 50 m from

the 100 to 150 m dropoff, that here marks the Iverson Thrust. Apart from possible topographic
amplification due to the nearby 50 to 75 percent slope, Site 1 looked sound, with no nearby loose rock
or debris. Site 2 appears much less solid: it is located within a few meters of a steep dropoff near
the nose of the helicopter, whose tail is visible in Figure Q16-14 (bottom); behind the photographer,
the slope continues down at a more moderate 75% for about 200 m elevation drop. The rather
fractured look of the rock rampart in Figure Q16-14 (bottom) qualitatively suggests the possibility
of some high-frequency amplification. This may be the explanation of the 20 Hz content seen in the
record at Site 2." The topographic elevation in the vicinity of the two sites is shown in contour form
in Figure Q16-15 and in cross section in the lower parts of Figures Q16-16 and Q16-17.

The objective of the study by Weichert and Horner (1987) was to determine whether the large phase
arriving late in the strong-motion recording of the Nahanni earthquake at Station 1 was attributable
to site effects (which might include topographic effects). Their approach was to compare the peak
accelerations recorded at Station 1 with those recorded at Station 2 for a series of aftershocks. Plotting
the ratio of peak accelerations against the distance ratio, they concluded that, on average, the
amplitudes at Station 2 were 30 percent higher than those at Station 1. Thus, it is only in the
mainshock that Station 1 has a much larger peak amplitude than Station 2. Weichert and Horner's
conclusion was that, since the instrument at Station 1 did not record anomalous (in comparison with
Station 2) peak accelerations during the aftershock sequence, there was no evidence that the large later
phase recorded during the main shock was due to unusual site amplification.

Weichert and Horner's analysis did not address absolute levels of site amplification; only the relative
amplitudes between the two stations. Thus, their conclusion relating to aftershocks is not inconsistent
with the hypothesis that both sites experienced topographic amplification that affects the entire
duration of the strong motion, but by differing amounts at the two stations. Indeed, in the passage

oted above, it is clear that they expected topographic effects to be present at both sites.
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Figure Q16-14

Site conditions at Nahanni Site l and Site 2. Top: Site l, general view, looking southwest.
Foreground is Iverson Thrust, MacKenzie Mountains in background. Dot marks approximate site

cation. Bottom: Site 2, the accelerograph is in front of the helicopter (from Weichert and Horner,
87).
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opographic response to vertically incident SV and SH waves at Nahanni Site i.
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o test this hypothesis, a numerical study of topographic effects at the two Nahanni sites was
conducted using finite difference calculations; the results are shown in Figures Q16-16 and Q16-17.
The procedure used is the same as that described in the response to Question 12 of this submittal.
The topographic profiles were derived from the 1:50,000-scale elevation contour map shown in Figure
Q16-)5. The upper slopes of the two profiles are very similar, but Station 2 is'at about 300 feet
higher elevation. At each site, the accelerograph was located close to the edge of a steep slope. The
ratio of peak acceleration on the ground surface to that for flat (free-field) conditions shows similar
effects, with amplification of both SV and SH waves over the edges of the slopes, and some
deamplification over the slopes. At therstrong motion sites, there is amplification of SH by 35 and
45 percent for Stations 1 and 2 respectively, and amplification of SV by 10 and 15 percent
respectively. For both SH and SV, the amplification at Station 2 is slightly larger than at Station l.
This is consistent with the observation by Weichert and Horner (1987) that the peak accelerations of
the aftershocks at Station 2 are larger on the average than at Station 1. We conclude that the strong
motion recordings of the Nahanni earthquake at Stations 1 and 2 were both amplified by topographic
effects.

Summary

The results of the studies discussed above confirm that the recordings at the Pacoima Dam
accelerograph site and at the Nahanni Sites 1 and 2 were affected by topography. They also indicate
that the adjustment factors we applied to these recordings are justified and appropriate. (The
spectrum derived using these adjustment factors is compared with the spectrum derived using no
adjustments in the response to Question 2 of this submittal.)
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