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In compliance with the order of tpe Atomic Safety and
Licensing Appeal Board (August 7, 1980, ALAB-640), I have
reviewed ?he testimony offered by the parties and have con-
sidered the questions raised by the Board. My comments to

the first six questions are included herewith.

~
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J. Enrique Luco (Date)







I. The October 15, 1979, Imperial Valley Earth-
quake (1V-79, ML=6.4-6.9”) provided an extensive set of
stroﬂg motion records in the near field of a rather severe
earthquake. 33/ The parties should compare the horizontal

peak acceleration values recorded for various instrument

.positions with earlier preﬁictions and compilations of such

motion, e.g., those contained in the Final Safety Analysis
Report (FSAR) on the Diablo Canyon Nuclear Power Plant, .
Aﬁendment 50, Appendix D LL 11B, Figures 2, 3 and 4; and the
Unitéd States Geological Survey (USGS) Circuiar 795, Figures
4, 24, 47, and 48. Those comparisons should (if possiBle)
address whether there is magnitude independence or a
saturation effect for ground motion intensity in the near

field of earthquakes. 34/

33/ Preliminary' Summary of the U.S. Geélogical Survey
Strong-Motion Records from the October 15, 1979

Imperial Valley Earthquake by R.L. Porcella and R.B.
Mathiesen (October 1979),. included in Board Notifi-~
cation, December 17, 1979. .

34/ see, for instance, TR. 8597; 10,105; 5889-90.
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COMMENTS IN RESPONSE TO QUESTION 1.

1. To consideriéhe 1979 Imperial Valley earthquake data

in proper context it is necessary to establish first the mag-
nitude of the earthquake. The USGS has assigned a value of

6.9 to the surface wave magnitude Ms for this event (MS is a
measure of the étrength of the earthquake in the long period

band (20 séc) as recorded by stations at large epiceqtral‘dis—
" tances (> 2000 km)). in a recent study, Kanamori and Regan

have determined the seismic moment for the IV79 event. Employ-
ing correlationé between seismic moment and magnitude they have
found a value of Mw = 6.5 (Mw is a magnitude determined by ultra-
16ng period seismographs, which, in this range of values, is
equivalent to MS) (Kanamori andRegan; Long-Period Surface Waves
éenerated by the Imperial Valley Earthquake of 1979, preprint).
It would seem -then that the surface wave magnitude for this 3

event is in the range M, = 6.5 to Ms = 6.9.

The local magnitude reported by’Pasadena is ML = 6.6 (local )
magnitude is based on the amplitude recorded by the Wood-Anderson
seismograph with a natural period of.0.8‘sec and a damping of 80
percent of critical). Calculations of synthetic Wood-Anderson seismo-
graph responses based on the strong-motion accelerographs located

in Mexico lead to a value of ML = 6,3 (Brune, Prince, Vernon,
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Mena and Simons, §trong Ground Motion Recorded- in Mexico Dur-

ing the Oct. 15, 1979 Main Shock, preprint). Finally, prelimi-
nary calcﬁlations of ML on the baéis of the strong-motion accelero-
grams recorded in U.S. stations lead to a value of ML ~ 6.2
(Kanamori, personal communication). Thus, the local magnitude

for the IV79 event appears to be in the range from ML = 6.2 to

ML = 6.6. It should be said that local magni%ude ML is more
relevant for‘engineer;ng applications since it is determined

closer to the period range of interest.

The relation of the IV79 event to other California earth-
quakes (and to the Guatemala earthquake) is shown in Fig. 1-1.
This figure taken from the work of Kanamori (Bull. Seism. Soc.
Am. 69, pp. 1645-1670, 1979) has been modified by superimposing
‘the possible region of (ML’ Ms) values for the IV79 event. This
figure indicates that given Ms there is a considerable range in

the possible values of ML.

For the Hosgri Ms‘= 7.5 event, the local magnitude ML could
vary from a value of about 6.6 to a value of 7.2. The implica-
tion of this is that given a magnitude Ms = 7.5 the peak response
of a sfructure with a period of 0.8 sec (1.25 Hz) and 80 percent
damping could vary by a factor of 4. For a structure with
lower damping and shorter period (higher frequency) the margin
of possibilities is larger still. This example undepscores the
uncertainties associated with prediction of‘high frequency com-

ponents of motion. In the range of local magnitude from
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ML = 6.6 to ML = 7.2 and for distances shorter than 10 km to
the fault:the situation is aggravatedrby the absolute lack of
recorded data. The only records available which may fall with-‘
in this group are those obtained during tﬁe Gazli, Russia

Ms ~.7.0 earthquake (peak horizontal accelerations 0.85g and
0.65g, peak vertical acceleration 1.3g, soft‘rock) and during
the Tabas, Iran Ms ~ 7.7 earthquake (peak horizontal accelera-

tion 0.8g, alluvium).. Unfortunqtely, the local magnitude for

these events is not known.

2. Beforé pfoceeding with the compérison of the Imperial
Valley 1979 data with the data in USGS Circular 795 and with
various correlations, it is necessary to examine some of the
characteristics of the distribution 6f peak accelerations record-
.ed during the IV79 event. In general, the distribution of peak
accelerations on the ground surface ﬁill exhibit a two-dimensional
pattern that cannot be described By just one parameter such as
distance to the fault, epicentral distance, hypocentral distance
or distance to the center of energy release. To avoid, in part,
this difficulty I have piotted in Fig.ll—é'the Forrected peak
accelerations versus distance to the fault in three separate
regions. The first region corresponds to stations located in
the vicinity of the southern half of the fault (Fig. 1-2a). The
"second region corresponds to stations located to the east of the

northern end of the fault (Fig. 1-2b), and, the third region

t~
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cor*esponds to stations to the west of the northern end of the
fault. The makimum and minimum values of the peak acceleratioqs
recorded at different stations have been connected by lines to
estimate trends of variation. In éach graph a vertical line has

been drawn at a distance of 5.8 km from the fault.

Inspection of Fig. 1-2 reveals some trends common to all
three regions. In the first place, stations within 1-2 km from
the fault recorded‘siénifican£1§ lower peak accelerations than
those 3-4 km away from the fault. Second, the largest peak
accelerations developed at distances of 3-6 km from the fault.
Third, at distances of the order of ‘8-11 km the distributiop of
peak accelerations shows a second zone of low values. Fourth,

in the region from 12-16 km a second region of higher peak acce-

lerations is observed. These trends must be associated with the

radiation pattern from the fault, with the depth of the fault and

with” the characteristics of the.lécal geology.

hY

The mean accelerations at 5;8 km, interpolated from the
closest stations, are 0.51g, 0.43g and 0.37g for the three zones
consi@ered (represented by crosses in the graph;). The global
mean value at this distance is 0.44g. These values can be com-

pared with the estimates of 0.36g and 0.34g for the mean peak

_IV79 acceleration at 5.8 km obtained by Blume (Affidavit) and

Frazier (Affidavit).h An average value of 0.35g is shown as an

open circle in ‘the graphs. Given the fluctuating trend of the
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data, correlations.which assume a smooth variation of peak acce-
leration with distance-may not be adequate. In particular, the
low values of peak accelerations in the distance ranges of 0-2

km -and 8-11 km introduée a bias in the estimates.

The low peak acceleration values in the range from 0-2 km

I

may be attributed to fhe following causes:

(i) Tye soil in the immediate vicinity of the fault has
been altered by previbus faulting. It is possible that material
attenuation within this severely disturbed region is significantly
higher than further away from the fault. This increased material
attenuation may have locally filtered the high frequency components

‘o

of horizontal motion.

(ii) Theory indicates that the horizontal motion at a point
located on the soil surface exactly above a small buried strike—
slip fault is exactly zero. The maximum response occurs at a hori-
zontal distaﬂce of the order of the depth of the fault. These
effects are illustrated in Fig. 1-3 where calculated quantities
prébortional to the amplitudes of the tangential (Zex) and vertical
(sz) components‘of motion on the gréund surface are presented
veisus horizontal distance (r) to a2 small (point) strike-slip fault
buried 5.5 km in a typical geologic structure (Luco and Sotiropoulos,
1980). In the case of ‘an extended fault such as the Imperial Fault
the situation is more complexi The previous discussion suggests,
however, that the peak response may n;t necessarily occur immediate-

ly above the fault.
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3. The peak horizontal accelerations recorded during the
1979 Impe;ial Vailey earthquake superimposed on Fig. 24 of USGS
Circular 795 are shown in Fig.1-4 . In this figure peak hori- ‘
zontal accelerations plotted versus distance to the fault are
compared with the corresponding peak accelerations recorded
during the Point Mugu (ML = 6.0), Managua (ML = 6.2), Imperial
Valley 1940 (ML = 6.4), Borrego Mountain (ML\= 6.4) and San
Fernando (ML = 6.4) earthquakes: Fig. 1-4 corresponds to Fig.
I-7 of Blume's testimony (P.G. and E Written Testimony), except
that to be consistent with the USGS Circular 795 criterium only

the largest peak acceleration at each station has been considered.

Inspection of Fig. 1--4 .reveals that for distances to the
faultllarger than 10 km, the IV79 ho}izontal accelerations are
'not differenthfrom accelerations recorded during previous earth-
quakesvin the magnitude range M 6.0 - 6.4. In this distance
range, only two IV79 data points fali outside the 70 bercent con-
fidence limits of Circular 795 and éil of the IV79 data points

fall within the 95 percent confidence limits.

. In the distance range from 3 to 10 km, the trend of the IV79
data points is somewhat higher than that defineé by the recoxrds
824 Orion (0.258g, 7.7 km, San Fernando) and Esso refinery (0.39g,
.5 km, Managua) and somewhat lower than the peak acceleratiog at

Pacoima Dam (1.25g, 3.2 km, San Fernando). The attenuation






Horizontal Acceleration (g)

MAGNITUDE 6.0 -‘6.’{ ALL J,RUCTUP.ES

| | ll!l|l| L R | [
1.0 i -
o —
° . ' =
® %o _
. | - Do“ _
9 _
> v
0.1 |— —]
[~ e
0.01 [— {1 —
— = =
— Recorded Data, —_
| Imperial Valley 1979 + —
— "o Higher Horizontal Component ] —
0.001 NN L1l |1 |
1 10 100
Distance (km)
FIGURE I-7. FIGURE 24 OF USGS CIRCULAR 795 WITH -
IMPERIAL VALLEY OCTOBER 15, 1979
EARTHQUAKE DATA SUPERIMPOSED
Figure 1-4
(Luco)

T 3l11






i +
.
.
, .
L . .
.

of peak acceleration with distance in the range from 3-10 km

seems to be lower than that from 10 to 100 km.

Fig. 1-4 indicates that the average peak acceleration for
stations within 1 km from the fault is somewhat lower than the
accelerations recorded 3-4 km from the fault as previously dis-

~

cussed.

Figure 1-5 shows the comparison of the recorded IV79 peak

horizontal accelerations with the 70 percent prediction intervals

of USGS 795 for the magnitude ranges 5.0-5.7, 6.0-6.4 and 7.1-7.6.

The data and the confidence intervals are plotted versus distance

to the fault. Fig. 1-5 corresponds to Fig. I-6 of Blume's testi-
mony except that for consistency with the criterium of USGS 795,
only the largest peak acceleration at each station has been

considered.

In the distance range from 40 fo 150 km the IV79 data points
fall close to the lower limit of the 70 percent interval for
magnitudes 7.1-7.6 indicating that in this dis?ance range peak
acceleration increases with magnitude. 1In the distance range
from 15 to“go km, the IV79 data points fall within or close to
the 70 percent interval for magnitudes 6.0-6.4 indicating that
the IV79 earthquake is not different from other earthquakes in
‘the magnitude rénge 6.0-6.4., Finally, in the distance range
from 5 to 30 km the IV79 peak accelerations fall in the upper

" half of the 70 peréenp confident limit for the magnitude range
5.0-5.7 indicating that peak acceleration increases with magni-

tude in this distance range.

1-12
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The comparison shown in E;g. 1-5 indicates that peak accel-
eration increases with .magnitude in both the distance ranges

of 5 to 30 km and 40 to 150 km.

4. The distribupion of peak accelerations on the ground
surface and in the vicinity of an extended fault, such as the
Imperial fault, follows a two-dimensional pattern which depends
on geometry of the fault, on the characteristics of the rupture
process and on the local geology. In a typical licensing situ-
ation all that is known in geometric terms, is the distance from
the site to the fault. To estimate the ground motion two alter-

natives are possible. One is to attempt ‘to predict the maximum

peak acceleration that could develop at that distance. The second

is to estimate the average peak acceleration over the 1ength of
the fault at the assumed distance. Thesg.two approaches are dif-
ferent as indicated by the following example. Consider a 50 km
vertical fault and a line parallel to the trace of the fault at

a distance of 5 km. Assume that over ten kilometers ofﬂthis

line peak accelerations of l.g are recorded while over the remain-
ing 40 km the recorded peak accelerations are 0.5g. The average
peak acceleration over the line is O:Gg while the largest peak
acceleration is l.g. If we consiéer a number of different earth-

quakes, each estimate will have a standard deviation associated

‘with it. The decision of which type of estimate to use goes

beyond the technical aspects of the problem,

1-14
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Correlations of peak accelerations based on shortest dis-'
tance to the fault by qonstruction give estimates of the second
type, i.e. estimates of the average péak acceleration over the

length of the fault at a certain distance.

The predictions of various correlations for an earthquake
with a magnitude M ~ 6.5 for a soil site at a '"distance" of
5.8 km are compared in Table 1-1. The estimates range from 0.20g

to 0.97g.

Table 1-1. Comparison of various correlations for } ~ 6.5, soil
site and "distance' of 5.8 km.

Correlation Predicted Peak Acc.(g) Observation

SAM IV (Blume, 1977) 0.20 b=1.51, depth 8 km

Donovan (1973) 0.30 . M . 6.6

Seed et al. (1977) 0.36 ) soil, distance to
fault

Trifunac (1976) 0.97 soft soil, s=0,epi-

central distance

Although the magnitude for the IV79 earthquake may ﬁot corres-
pond to 6.5, the Table above can be ﬁsed for a rough comparison.
The estimates of the average of the peak acceleration along a line
at a distance of 518 km of tﬁe IV79 fault as calculated by‘Blume
faffidavit) and Frazier (Affidavit) are 0.36g and 0.34é, respec-
tively. My own estimate as discussed above is 0.44g. The pre-

diction of Seed et al. (1l976) seems tb be equal or slightly lower

1-15
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than the 5.8 km-average of the IV79 data. It appears then

that the correlation of Seed et al. provides an estimate of the

. second type discussed above. The correlatidn of Trifunac, on

the other hand, is based on epicentral distance and should not

be compared with' the average of the data along a line 5.8 km from
the fault. Since the local magnitude for the IV79 event is
probably somewhat iower than 6.5, I find that the correlation

of Tfifunac gives a fair estimaté’of the ﬁeak acceleration re-
corded at Bonds Corne£ (0.81g) at an epicentral distance of 6 km.
At least on the basis of the IV79 .event, it appears that the esti-
mate of Trifunac, at short epicentral distances, provides an
estimate of the first type discussed, i.é. maximum acceleration

at a given distance.

The predictions of the various correlations for a M=7.5
event at a rock site at a distance of 5.8 km are listed in Table

1-2,

Table 1-2. DPredictions of Various Correlations for Ms ~ 7.5,
rock site and distance o@ 5.8 km.r

Correlation Mean Peak Acc.(g) & Observations
SAM V (Blume, 1977) 0.43 b = 2.04, rock
Donovan (1973) 0.50 M. 7.6
‘Schnabel and Seed (1973) 0.64 | M -~ 7.6 rock

Trifunac (1976) 1.14 . rock, s = 2

1-16
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These predictions shéuld be viewed in the light of the
only near-field record in thié magnitude range. In the Tabas,
Iran earthquake‘of magnitude Ms = 7.7 a peak acceleration of
0.8g was recorded on recent alluvium at an estimated distance
to the fault of 3.0 km (Table B-1, Exhibit 1, P.G. and E Written
Testomony). Since the site is on alluvium, the corresponding
peak acceleration on rock would be higher. On the other hand,
the es%imated distance may be shorter than that to the Hosgri .

fault.

Finally, the predictions listed above are associated with
a variance. Since peak accelerations appear to be log-normally

distributed, the inclusion of one standard deviation corres-

.ponds to a multiplication by a factor which we can denote as

(M+o) /M. - This factor varies from correlation to correlation.
Some typical values are: SAM IV (Blume, 1977) 2.53; SAM V (Blume,
1977) 1.81; Seed et al. (1976) 1.67 for soil, 1.45 for rock;
Tfifunac (1969) 2.02. The correlations in USGS Circular 795

have variance factors ranging from 1.58 to 2.34.

1-17
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11. Response speétra have been developed from the
near-field (1 to ll.km) ground mofion records produced by
1V-79. The records contain horizontal peak acceleration
values in the range of 0.81g to about 0.2g. The applicant
calculated a mean beak acceleration of 0.36g for 1IV-79 at
the 5.8 km site-to-fault distance that.characterizes the
Diablo Canyon site (Applicant's Brief). Despite the fac£
that the, IV-79 peak acceleration values are generally lowe;
than‘the 1.15g peak acceleration or 0.75g’zero-period
acceleration useq as the design basis for the Diablo Canyon
plant (resulting from a postulated 7.5M event on the Hosgri
fault), there are instances (although only those from the
El Centro Arrays are significant) for which the IV-79
horizontal responses exceed the Newmark Design Response
Spectrum for Diablo Canyon. (see staff brief at page 9;
Brune Affidavit, Attachments A and B.) In view of this, the
parties should discuss whether the Newmark Spectrum is an
appropriate and sufficiently conservative representaton of

the 7.5M event at Hosgri. 35/

35/ In other woxrds, 1if the various 1IV-79 near-field
response spectra were used to generate a smoothed,
average response spectrum for a zero-period accelera-
tion appropriate to that event (in accordance with
techniques explained in Blume's testimony fol. Tr. 6099
at page 6 and pages 39 and 40), and if this spectrum
were scaled to a 0.75g zero-period acceleration, would
the resulting response spectrum be bounded by the
Newmark Spectrum for Diablo Canyon?






.

COMMENTS IN RESPONSE TO QUESTION 2.

1. The Newmark Hosgri design spectrum is based on values
of 0.75g, 61 cm/sec and 20 cm for the peak acceleration, velocity
and displacement, respectively. The corresponding mean values for
,the IV79 earthquake at 5.8 km, as calculated by Blume (Affidavit,
Fig. 1) and Frazier (Affidavit, Table 1), are: '0.35g, 45 cm/sec
and 20 cm, respectively. The corresponding 84th percentile values
are 0.52g, 75 cm/sec and 32 cm, respectively. Under these con-
ditions it is not surprising to find that the Newmark Hosgri design
spectrum will be exceeded by som? of the IV79 spectra, particularly
in the regions controlled by peak velocity (0.5 - 2 Hz) and peak

displacement (<0.5 Hz).

2. Comparison of IV79 and Newmark design spectra for 2 per-
cent damping (Brune, Affidavit p.1l, Attachment 1) indicates that
the Newmark design spectrum is exceeded in different frequency

ranges by the spectra at ten IV recording stations.

Comparison at 5 percent damping level (Rothman and Kuo, Affi-
davit) indicates that for frequencies in the rangé of 2 - 33 Hz the
.Newmark spectrum is exceeded only By the spectra at stations 5 (4
km) and Bonds Corner (3 km). For frequencies in the range of (0.5 - « ‘
2 Hz) the Newmark spectrum is exceeded at stations 7 (1 km) and‘
Bonds Corner (3 km). qu frequencies lower than 0.5 Hz the spectra

at several stations exceed the Newmark spectrum.
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At 7 percent damping level and for frequencies higher than

2 Hz, the Newmark spectrum is exceeded only by that at the Bonds

Corner station (Blume, Testimony, Figs. II-1, 1I-2).

The effect of damping on the comparisons is explaiﬁed by the
fact that damping has a stronger effect in reducing the peak spec-

tral amplitudes than in reducing the mean spectralrordinates.

’In general, it seems that for frequencies above 2Kz the
Newmark free-field horizontal spectrum would provide an adequate
design spectrum for a site at a distance of 5 km in the event of
the Imperial Valley earthquake. For frequencies lower than 0.5 Hz,

the Newmark spectrum is not adequate.

3. ‘To study whether the Newmark spectrum is an appropriate
and sufficiently conservative representation for the 7.5M event

at Hosgri I have used the following procedure:

(1) I have assumed that 0.75g is an appropriate value
for the mean expected acceleration (not mean plus one

standard deviation) at a distance of 5.8 km of the

Hosgri fault,.

(ii) I have scaled the aver#ge spectrum obtained by Blume
(Blume, Testimony, Fig. II-2) from 24 Imperial Valley
records within 11 km from the fault to a zero period

peak acceleration of 0.75g.

2-3






+ 0,.75¢g.

@ ®
(iii) I have assumed that tﬁe standard deviation for spec- .
tral amplitudes cogresponds to the same factor as
for peak acceleration.- The value of M+o/M calculated
by Blume (Affidavit, Fig: 1) for peak acceleration is
1.47. The corresponding valué as calculated by Frazier
(Affidavit, Table 1) is 1.56. As an average, I have

[N

used a value of 1.5.

(iv) To obtain an estimate of the mean plus one standard
deviation for the Imperial Valley spectra normalized
to an expected peak acceleration of 0.75@, I have

multiplied the results of (ii) by 1.5.

(v) The results of (ii) and (iv) are compared in Fig. 2-1
with the Newmark free-~field horizontal design spectrum .

for 7 percent damping.

Inspection of Fig.2-1lreveals that the Newmark spectrum exceeds
the average ;V spectrum normalized to an expected peak acceleration
of 0.75g. The Newmark spectrum falls below the corresponding mean-
plus-one-standard-deviation séectrum. For perio&s shortexr than
0.05 sec (frequencies higher than 20 Hz), the 0.75g IV‘meanfplus—
one-standard-deviation spectrum exbeeds the Newmark spectrum by 50
percent. For a period of 0,2 éec (5 Hz);the difference is of the
order of 28 peicent. In conclusion, the Newmark spectrum is low~
er than a mean—plus—one—standard-déviation spectrum based on the

Imperial Valley data and a mean expected peak acceleration of

2-4
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4. To furthe¥ study the adequacy of the Newmark design
§pectrum, I. have used the normalized spectral shape (mean plus
one standard deviation level) for rock obtained by Seed et.al.
(Bull. Seism. Soc. Am. 66, 1976, pp. 221-243). Since the spec-=
tral shape is given for a damping ratio of 5 percent, I have re-
duced the amplitudes by the factor (0.5/0.7)0“% = 0.874 to com-
pare with the 7 percent dambed spectra. The resulting spectral
shape wqé scaled to a 0.75g mean expected acceleration. The re-
sult is compared with the Newmark spectrum in Fig.2-1l. For pe-
riods shorter than 0.35 sec (frequencies higher than’'2.9 Hz), the
Newmark spectrum falls below the mean-plus-one-standard-deviation

rock spectrum of Seed et al.

It shogld be noted that the use of normalized mean-plus-stan-
dard-deviation spectral shapes is inadequate at periods shorter
than 0.1 sec. Due to the normalization at zero period, the stan-
dard deviation in that region is arfificially reduced to zero.
This aspect, which is at the root of the problem with 'effective'’
accelerations, is discussed in the testimong of G. A. Young (pp.
22-23). Also, for periods longer than 0.4 sec, the spectral shape
of Seed ét'al. may be too low due to the lack of near-field large

mégnitude data in the sample considered.

5. It has been mentioned (Blume, Affidavit, Para. 9) that
the period range of interest for Diablo Canyon structures is less
than 0.5 sec and that peak velocities and displacements have no

effect in that range. The turbine building, however, has a period







® ®
kafter modifications) of 0.71 sec which is in the region controlled
by peak velocity (FSAR, Amendment 50, D-LL 42). The design peak
velociéy is 61 cm/sec while the.84th percentile for the IV79 earth-
quake at 5.8 km is 75 cm/sgc (Frazier, Affidavit, Tablg 1). Clearly,
a design peak velocity of 61 cm/sec at Slé km is not conserva-
tive for a 7.5M earthquake. Peak velocitieé of 113 (Pacoima Dam,
San Fernando) and 108.6 cm/sec (IV79, Sta. 6, i km) have been re-
corded. The turbine building houses Category I equipment (com-
ponent éooling water heat exchangers, 4160 volt vital switchgear,

emergency diesel generators and cardox system).






[ Y . ®

I1I. - We are told that IV-79 data are not relevant
to the Diablo Canyon seismic analyéis because that plant is
a "rock" site, whereas the Imperial Valiey data were obtained
on soil sites. (Rothman - Kuo Afﬁidavit at page 3; Blume
Affidavit, Paragraph 8.) What is the sigqificance of this
difference in view of the conclusion of the authors of USGS
Circu;ar 795 (baséd on an analysis of data provided in that
dogument) that, gor comparable earthquake magnitude and
distance, there are no significant differences bétween peak
ﬁorizontal accelerations measured on soil or rock? (USGS
Circular 795 at pages 1, 17, and 26.) This question should
be considered in light of statements by agplicant's witness
‘Blume to the effect that acceleration, rather than velocity
or displacement, is the critical parameter in the design of
Diablo Canyon (Blume Affidavit, Paragraph 9; Testimony fol.
Tr..6099, p. 33).

3-1







COMMENTS IN RESPONSE TO QUESTION 3.

1. Several studies indicate that the high frequency com-
ponents of motion in the near field of an earthquake should be
higher on rock than on soils [Duke et al. (1972), Donovan (1973),
Seed et al. (1975), Seed et al. (1976),iTrifunac (1976), McGuire
(1978)]. 1In particular, péak accelerations on rock at short epi-
central distances can be 50 percent higher (0.5g level on rock)
than thase on. deep cohensionless soils as shown in Fig. 3-1 re-

produced from Seed et al. (EERC Report 75-17, UCB, July 1975).

. For large epicentral distances, the peak accelerations on allu-

vium exceed those on rock. To understand this change in behavior
it is convenient to refer to the work of McGuire (Bull. Seism.
Soc. Am., 68, pp. 803-822, 1978) on Fourier amplitude spectra.

By correlation of the Fourier spectra of recorded ground motion,
McGuire found that components with frequencies higher than 3 Hz
were laréer on rock than on soil. At frequencies of 5, 10 and

20 Hz the ratios rock/soil were 1.6, 2. and 1.4, respectively.
For frequencies lower than 3 Hz, the components on soil exceeded

those on rock. TFor a frequency of 1 Hz, the ratio soil/rock was

* 2.0. Similar. results had been obtained in a previous study by

Trifunac (Bull. Seism. Soc. Am. 66, pp. 1343-1373, 1976). At
short epicentral distances, the pulse with the highest accelera-
tion has a high frequency content, and, consequently, we should

expect higher peak accelerations on rock than on soil. At large
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epicentral distances, the peak acceleration pulse, due to selec-
tive attenuation of high frequencies with distance, has a low
frequency content and then we should expect higher accelerations
on soil than on rock. The transitidn takes place at a distance
to the fault of the order of 30 km (Fig..3—1) as shown by the
studies of Duke et al. (Report Eng.-7247, UCLA, June 1972), Dono-
van (Proc. V WCEE, Rome, 1973) and Seed ét al. (cited above).
The correlations of Boore et al. (USGS Circular 795, 1978) in-
volve data in the range from 10 to 100 km which brackets the
transition zone, and, consequently, are not able to detect the
difference in behavior. A similar situation occurs with the cor-
relations of Trifunac for pegk acceleration, which indicate slight-

ly higher acceleration on soil than on rock independent of epi-

central distance (Bull. Seism. Soc. Am., 66, pp. 189-219, Feb. 1976). -

) -

The pulses associated-with peak velocities and peak displace-
ments involve lower frequency components and will be higher on

soils than on rock.

The effects described above must be considered when interpret-

ing the peak motions recorded on soil during the IV79 earthquake.

2. The effects described above also affect the high frequency
portion of response spectra. 'Fig. 3~2, taken from a study by Seed,
Ugas and Lysmer (Bull. Seism. Soc. Am., 66, pp. 221-243, 1976)
illustrates this point. For frequencies higher than 2 Hz (periods
shorter than 0.5 sec) the anticipated mean spectruh for rock ex-

ceeds that on deep cohensionless soils by approximately S0 pefcent

3-4







.

Specirol Accelerotion
Moximum Ground Accelerction
N
i

4 T T Y T T
Totol rumber of records onolysed: 104 Spectro for 5% damping

. .

®
Soft to medivm cloy ond sond =I5 records

(2]
i

Oeep cohesioniess sols {3250 11)~30 records

Stilf soil condiions (<150 ft) = 31 records

Rock ~ 28 records

)
o
w»
°

(3 20 ;> 25
Petiod = seconds

F1G. 9. Average acccleration spectra for different site conditions.

30

' ' . Figure 3-2
. . | r (Luco)

3-5






.
.
O « 0
.

(M~6.5, distance of 5 miles). The results of Trifunac also in-
dicate higher spectral amplitudes on rocﬁ than on soils for fre-
quencies higher than 5 Hz (Jour. Engrg. Mech. Div. ASCE, Vol.
104, EM5, pp. 1081-1097, Oct: 1978).

3. The data obtained during the IV79 éarthquake is indeed
relevant to the Diablo Canyon analysis but it ﬁust be properly
scaled to account for the difference of soil conditions and mag-

nitude.'
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1v. The magnitudes of vertical and horizontal
acceleration values measured at 1V-79 are generally
comparable. (Mean values calculated at a distance of 5.8 km
from the fault are virtually identical.) 36/ The response
spectra developed for vertical motion within 11 km of the
.Imperial Fault during 1IV-79 appear to_ show generally
equivalent values of vertical and horizontal response for
peﬁiods less than about 0.2 seconds (i.e., frequencies in
excess of 5 cps). 37/ Finally, in some instances the higher
frequency portions of the 1IV-79 response spectra for
vertical motion exceed comparable portions of the Diablo
Canyon Design Response Spectrum. 38/

Observations made of the 1V-79 data and response
spectra appear to be consistent with the criteria set forth
in NRC Regulatory Guide 1.60. These require that vertical
accelerations in the higher freéuencj range be equal to
horizontal accelerations. As the guide states:

It should be noted that the vertical

Design Response Spectra are 2/3 those of

the horizontal Design Response Spectra

for Frequencies less than 0.25; for

frequencies higher than 3.5 they are the

same, while the ratio varies between 2/3

and 1 for frequencies between 0.25 and

3.5. 39/

The references to vertical motion made in the Diablo Canyon
record, however, indicate that a 2/3 ratio between vertical

and horizontal motion was apparently utilized at all,

frequencies. 40/ The parties should address this apparent






. .
. .
a ) o
.
~

inconsistency and explain it, if possible. Should there be

substantive and relevant analyses suggesting that vertical

motion records do not reflect the true vertical motion,

’

these should be provided. 41/

t

ElERE

g

3

Blume Affidavit, Table 1, Figures 1 and 2.
Rothman - Kuo Affidavit, Figures.
Ibid. '

We- note that elsewhere. in the Regulatory Guide
frequencies are presented with accompanying units of
cycles per second (cps), and assume that these units
are inadvertently omitted in the portion we have

) quoted.

SER Supplement 7, ‘pages 3-18; Knight Testimony, page
13, fol. Tr. 8697, Ghio Test., page 1, fol. Tr. 6993.
Blume Testimony, page 41, fol. Tr.. 6099.

See, for example, Newmark Testimony, fol. Tr. 8552,
Reference B at pages 4, 5; Tr. 9349.

LY
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COMMENTS IN RESPONSE TO' QUESTION 4.

1. Imx 1976 during the Gazii, Russia earthquake (MS~7.0),
a near-field vertical peak acceleratiqn of 1.3g was recorded.’
This vertical acceleration exceeded the peak horizontal accelera-
tions .at the site (0.81 and 0.65g). This high value has been
variously attributed to instrumenp malfunctién-or to the collapse
of the structure in which the‘inétrument was located. In 1879, dur-

ing the.Imperial Valley earthquaké a significant number of near-

‘field stations recorded vertical peak accelerations larger than the

horizontal peak accelerations. The ratios of the uncorrected ver-
tical peak accélerations to the maximum and minimum horizontal peak
accelerations recorded at each station are shown in Fig. 4-1 versus
distance to.the Imperial Fault. The ratios for stations to the

N-E and S-W of the fault have been connected by lines to illustrate
the variation with distance to the fault. A clear trend may be
observed in Fig. 4-1. At short distaﬂces tﬁe vertical to hori-
zontal ratio is larger than 1., it becomes 1. at about 6 km

from the fault and then decreases to a value ranging from 0.5 to
0.75 at about 10 km from the fault. Ihe'veftical to horizontal
peak acceleration ratios for the Gazli\earthquake are also shown

in Fig; 4-1 and seem to fit with the geﬂeral pattern for the IV79
earthquake. Except for the records at station 4, 5 and Bonds

Corner, which were housed on instrument shelters, all other (US)

records were obtained at ground level of one-story buiidings.’
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The ratios shown in Fig. 4-1 indicate that the records at sta-
‘tions 4 and 5 do not deviate from the general trend. The ratio
at E.C. Differential Array deviates from the trend but is not

different from the ratios at stations 1 and 2 of the Differential

Array (Table V-1, Smith Testimony).

2. TFor a possible interpretation of the behavior shown in
Fig. 4-1, ié is convenient td refer to the correlations developed
by Trifunac (Bull. Seiém. Soc. Am:, 66, 4, pp. 1343-1373, August
1976) for Fourier amplitude spectra. In that study Trifunac found
that the Fourier components of vertical acceleration are higher
than the corresponding horizontal components for frequencies higher
than 10 Hz. 1In particular, at 25 Hz the vertical components are
.25 percent higher than the horizontal.components. For frequencies
lswer than 10 Hz, the horizontal components are higher. At about
1 Hz, the horizontal components are al@ost tyice the vertical com-
ponents. In the near-field, the peék acceleration pulses have a

high frequency content and, theﬂ, it is possible to find larger

peak accelerations in the vertical components. At larger distances

from the fault the peak acceleration pulses have a lower frequenéy
content ‘and the peak horizontal accelerations exceed the peak in
the vertical component. The transition for the IV79 data occurs
at a distance of about 6 km from the fault. Since ﬁost corre-
lations for‘peak accelerations are based on data heavily biaséd

to distances in the range from 20 to 100 km it is not surprising

to find that these correlations predict vertical peak accelerations

of the order of 2/3 of the peak horizontal values.



"



3. The extremely high rat;os (>1) of vertical to horizontai
peak accelerations obsenvéd at stations 5, 6 and 7 may be assoc-
iated with the fact that the surface expressibn of the fault in
the vicinity of spgtion 6 indicates a vertical offset (~30 cm)
1argéf than the horizontal relative displacement (10-20 cm). This
vertical slip may haYe;contributed to the vert;cal motion recorded

at stations 5, 6 and 7.

4, In view of the'Imperiél Valley data, tﬁe Regulatory
Guide 1.60 requirement of equal vertical and horizontal spectral
amplitudes for frequencies higher than 3.5 Hz seems proper pro-
vided that this requirement is applied to sites at short distances

to faults.

5. It has been argued that the particular Imperial Valley
“geologic structure enhanced the vertipal cémponents of motion
relative to the horizontal components (Frazier, P.G. and E. Written
.Testimony). In support of this argument, calculations have been
présented indicating that for small strike-slip soﬁrces buried éi
various depth’in the Imperial Valley geologic structure, the ratios
of verticai to horizontal peak accelerations would vary from 2.0

to 3.1 as an average over epicentral distances less than 10 km
(Table 1IV-2, Frazier IV-15). These values are significantly dif-
ferent from .the ratios appearing.in a recent repo;t by Del Mar .Tech-
nical Associates (Teré) (Simulation of Earthquake Ground Motions

for San Onofre Nuclear Generating Station Unit 1, Supplement III,

August 1980). In this report the ratios calculated by the same
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procedure for the Imperial Valley geologic structure range from .
0.6 to 1.0. It'seems that the differences are due to the use of
different models for the geologic structure of the Imperial Valley.
If such large differences (from ratios of 2.0 - 3.1 to ratios of
0.6 - 1.0) can be obtained by modification of the geologic model,
if is apparent that these comparisons are not reliable. ;n par-
ticular, the calculated ratios are highly dependent on the assumed

values for the attenuation of shear and compressional waves. These

attenuation values are highly uncertain and it appears that

by selective modeling various ratios can be obtained.

It would be interesting to determine whether the increase
in vertical/horizontal ratio for the two different geoloéic
structures is due to enhancement of the vertical component or

gto a reduction of the horizontal component.

4

-






. .
.
«
«
.

V. Peak horizontal acceleration values measuréd
.at the basenof the Imperial Vélley'Services Building during
IV-79 exceed those measured in the free field 103 meters
away from the building. The motion records are described as
showing similar amplitudes but greater low frequency motion
in the building than in the free field. 42/ No response
spectra for the two recording locations have been provided.
The acceleration data,'howevef, may be taken to  indicate
that no reduction‘in building motion due to the tau effect
was fealizéd in this instance.

Based on these observations, intervenors question

the validity of the tau concep% as well as its use to reduce

the highex frequency portions of . the Diaﬁlo Canyon Design
Spectrum. The staff and the applicant answer that, because
the Imperial County Services Building was supported on piles
in a deep soil structure, these observations are irrelevant
to the uée of a tau effect in the seismic reanalysis of
Diablo‘Canyon, which is built on a rock site. 43/ staff
witness Newmark, howevér, used recorded earthquake motions
ét the Hollywood Storage Building'to demonstrate the use of
a tau effect analysis. 44/ The Hollywood Storage Building
itself is built on piles in soil. Thus, the "built-on-
piles" rationale appears insufficient to explain th no tau
effect was evident at tge Imperial Valley Services Building.
One feature distinguishing the two buildings that

no party commented upon is that the Hollywood Storage

(%]
.






Building has a basement and the Se;vices Building does not.
Intervenors' witness, Dr. Luco, uséd this fact to explain in
part why he believes the Hollywood building should have a
large tau value. g;/ Rojahn and Ragsdale's discussion
implies‘that to some extent ground level instrumental
responses within the Imperial Valley Segvices Building mayt
have been influenced by the response (and failure) of the
bu?ldﬁng itself. 46/

In any event, given the apparent similarities
between the structural foundations of the two buildings, the
explanations provided thus far for a seeming lack of a tau
effect a£ the Imperial Valley Services Building are inade-
quate. The parties should provide additional information on
this point and relate their analyses to both geologic and

structural conditions prevailing  at the Diablo Canyon site.

42/ See "A Preliminary Report on Strong-Motion Records from
the Imperial county Services Building by Christopher
Rojahn, U. S. Geological Survey and J.D. Ragsdale,
California Division of Mines and Geology (undated but
issued early January 1980), pages 7 and 8.

43/ Blume Affidavit, Paragraph 10; Rothman - Kuo Affidavit,
page 7.

44/ SER Supplement 5, Appendix C.

45/ Tr. 8949.

46/ Rojahn and Ragsdale, pages 7 and 8. That report also

reflects information regarding the Services Building
asymetric structure (at pages 2 and 3) which may
explain why .is was susceptible to damage (see Newmark
Egitimony fol. Tr. 8552, Attachment B, pages 14 and
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COMMENTS IN RESPONSE TO QUESTION 5.

1. The Newmark free-field horizqnt;l design spectrum has
been considerably reduced for periods shorter than 0.5 sec (fre~
quencies higher than 2 Hz) by use qf thé'so-galled tau effect.
The nature of the reductions is shown in Fig. 5-1 (Figs. 3-5,
4-5, 4-6 and 4-7, Seismic Evaluation for Postulated 7.5M Hosgri
Earthquake, P.G. and E., Vol. I). Reductions of this magnitude

require- detailed justification.

2. Before proceeding with the discussion of this issue, it
is necessary to refer to a more detailed description of the com-
plete soil-structure interaction effects. Consider first the
case of a strucfure supported on a flat mat foundation resting on
the soil surface. In the linear range, the calculation of the
response of the structure can be divided in two parts. The first
part entails the calculation of the foundation response to the
seismic excitation in absence of the structure. The second part
involves the evaluation of the motion of the foundation and dis-
tortion of the soil due to: the forces and moments that the struc-
ture exerts on'the foundation and soil. This second part, which
we may call soil-structure interaction proper, also involves the
calculation of the structural response incorporating the distor-
tion induéed in the soil by the structure. Depending on the char-
acteristics of the structufe, foundation, soil and seismic excit-
ation, soil-structure interaction pfoper may reduce or increase

the response at foundation level reéulting from the first parf.
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.For very stiff soils, the effecté of interaction proper may be
small and are often neélected. In the case of Diablo Canyon

this was the. option taken by the applicant. The discussion, then,
reduces to the first part of the complete soil-structure problem,
i.e., the interaction between the foundation and the seismic

excitation.

-~

The response of a flat massless foundation placed on the
ground su%face depends on the type of seismic excitation. For
vertically incident plane waves, the response of the foundation
would have exactly the same amplitude as in the free-field. If
the waves are inclined, then, the translational response of the
foundation #t high frequencies is reduced and torsional and rock-
ing effects are introduced. The extent of the reduction of the
translational response and the creation of torsional and rocking
effects depend on the dimensions of the foundation, on the apparent
horizontal velocity of the inclined wave, on frequency and on the
relative stiffness of the foundation to that of the soil. For

very stiff foundations, the critical parameter is ft, where f is

the frequency and t = D/C is.the time it takes for the wave with
apparent horizontal veiocity C to travel the width D of the foun-
dation. If tau is zero (1=0), then there is no reduction in trans-
lational response and no rocking or torsional response induced

in this first part of the interaction problem.

3. For the containment building at Diablo Canyon a value of

f = 0.04 sec has been used. Since the diameter of the foundation
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is 153 ft, the corresponding value for the apparent velocity is

C = 3825 ft/sec. Since the shear wave velocity at the depth of

the foundation is of the order of 3600 ft/sec, this value of C

implies that it is assumed that waves propagate almost horizon-

tally; clearly, an untenable assumption.

A recent study (Luco and Sotiropoulos, éull. Seism. Soc. Am.,
1980, in press) indicates that for epicentral distances in the
range féom 5 - 12 km the apparent wave velocities are of the
order of the velocities in rock at the depth of source (~3.5 km/

sec). Observations by Tamura et al. (Proceedings, 6th WCEE, India,

2;2-63/2-68) employing arrays of seismometers and accelerometers
separated by distances of 100 m lead -to values of C in the range

from 2.6 to 2.9 km/sec at epicentral distances in the range 30 -
50 km. In a report by Del Mar Technical Associates (Delta-R-79-
034, Studies on Phase Veloclty versus Frequency) values in ekcess
of 3 km/sec for the phase ve1001ty at an eplcentral dlstance of

S5 km are calculated for the geologic structure at Diablo Canyon.

4. When it was clear that the assumption of almost horizon—
tally 1ncldent waves could not be supported the interpretation of
the tau effect was modified. ’It was assumed that the reduction of
translational response of the foundation was associated with in-
coherence of the seismic excitation. 'Incoherence of the Seismic
motion would produce effects similar to those for inclined waves.
The critical parameter in this case would be D/X (= ft) where ) is
the characteristic wave—length of- the incoherence at a frequency
f. To produce the same effects on the containment building as

= 0.04 for f = 10 Hz, the characteristic length of the incoher-
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ence would have to be A = 383 ft; or, in other words, at 10 Hz,
points separated by 190'ft would have to be moving in opposite

directions. The fact that Tamura et al. (1980, cited above)

were able to calculate consistent apparent phase velocities us-
ing arrays of five to six instruments 100 m apart argues against .

the existance of such extreme incoherence over short distances.

»

During the Imperial Valley earthquake strong motion records

*

were obtained in a linear array 6f five instruments (Bycroft,
El Centro California Differential Ground Motion Array, USGS Open
File Report 80-919, 1980). The array is approximately 3 km from
the Imperial Fault. Stations 2, 3, 4 and 5 are at distances of
60, 180, 420 and 700 ft from station }. The acceleration time
histories recorded in the E-W direction are shown in Fig. 5-2.
Since the timing system failed, the time axis shown in the fig-
ure does not correspond to absolute or rela@ive time. The sim-
ilariiy of the records (at least to‘the naked eye) at stations 1,
2 and 3 is striking. Some slight differences between the records
at stations 4 and 1 (separafed by 420 ft) can be observed. Al-
though more detailed analysis of these records is necessary, it
is possible to say that the motion of points separated by dis-

tances of 180 ft is coherent at least up to frequencies of 5 Hz.

In the testimony of 'S. Smith (Applicant Written Testimony,
V-2, V-6), uncorrected peak accelerations recorded at the array
are presented. The quoted peak accelerations are given in the

following Table.
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Table 5-1. Uncorrected Peak Acceleration (g) El Centro
Differential Array.

Station #1 #2 #3 #4 #5

Distance |—60 ft—|—120 ft—|— 240 f£t—|—280 ft—|
N-S-  0.29 0.28 0.24 0.42 0.45
E-W 0.38 0.37 °  0.38 0.43 0.39

Vert  0.63 0.66 0.50 0.51 0.28

The peak accelerations listed in Table 5-1 indicate that the
horizontal components of‘motion are coherent within distances less
than 180 ft. Some differences can be observed in the vertical
components. The significance of th;se differences will have to be

established after the records are corrected.

Dr. Smith has calculated an estimate of the effect of inco-
hergnce on the vertical response spectra by averaging the vertical
time histories and dividing the reshlting response spectrum by the
vertical spectrum at station 2. Based on this study he concludes
that 'The spectrum of the array average is essentially identical
to an individual member of the array .up to'frequencies of about
5 Hz. Above this frequency, the array sum has its spectral com-
ponents reduced, the reduction becoming as large as 40% at a fre-
quency of about 30 Hz.' That this is an extreme upper bound forx
the effects of incoherency can be surmised from the following'facts:

(i) The calculation is referred to‘thehvertical éomponents
where maximum de;iations in peak gcceleratioﬂs are observed. Lower

deviations would be obtained for the horizontal components.

5-9
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(ii) The 40% reduction of the spectrum for the average

vertical motion is with'respect to station #2 which has the largest

vertical peak acceleration. If he had used station #5 as reference,
he would have‘found a 41% increase in spectral amplitude at 30 Hz.

A more proper comparison is with the average vertfcal spectrum which
leads to a reduction of less than 23% at 30 Hz.

(iii) This reduction of 23% at 30Hz woula take place for a
rigid foundation 700 ff wide. The diameter of the containment build-
ing is 6n1y 153 ft and the equivalent diametexr of the turbine build-
ing is 267 ft. Assdﬁing that the‘:iltering effect can be represented
by a function of the type sin (wL/a)/(wL/a), a reduction of 23 per-
cent at-30 Hz over a distance of 700 £t would indicate reductions.at
30 Hz of the order of 1. and 3.6 percent over lehgths of 153 and
267 ft, respectively.

h(iv) The variation of peak vertical.accelérations along the
array follows a clear trend. This trend would produqe rocking re-

- sponse of the structures. This rocking could induce an additional
vertical acceleration along the périmeter of the turbine' building

of the order of 0.07g.

The upper bound calculations of Dr. Smith indicate that the
incoherence effects bver the distance range of 150 to 270 £t and,

“

in the frequency band of interest, are extremely small and partic-
ularly so for the horizontal combééents which are more iﬁportant
than ve?tical accelerations in typical seismic analyses. It is
unfortunate thatuthe applicant did pot.calculate or present the

reductions for the vertical and horizontal componénts over the

lengths of interest.
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Table 5-2. Examples of Soil-Structure Interaction Effects on

,H;gh-Frequenéy Spectral Amplitudes.

Structure 1 2 ' 3 z
Foundation width (m) 20 20 40 )
Height (m) 40 40 60
Mass of structure (kg) 107 107 3x107
Fund. frequency (Hz) 2 1 5
Shear wave velocity (m/sec) 400 400 600

Ratio of 25 Hz spectral amplitudes
of base to free-field 1.20  1.08 0.90

In these calculations there was no wave scattering involved
(no tau effect). In two cases the high frequency (response)
spectral amplitudes at the base of the structures were higher
" than those on %he free-field. In the third case, the opposite

oc¢curred.

In a second set of soil-structure interaction calculations

the response of slightly non-symmetric containment building

(Foundation diameter 146 ft, height 238 ft, total weight 88x106 1b,

fundamental fixed-base frequencies in x- and y- direction 4.2 Hz)
"supported on a flat foundation resting on a soil with a shear
wave velocity of 1400 ft/sec was obtained (Wong and Luco, Identi-

fication of Sensitive Parameters for Soil-Structure Interaction,

5-11







It seems, then, that the two rational bases for the tau
effect (nonvertically incident @aves and incoherence) are not
of the magnitude required to justify the reductions of .the design

spectrum for Diablo Canyon shown in Fig- 5-1.

5. The inclusion of a reduction by tau effect has been
justified on the basis of the response of the Hollywood Storage
Building. The high fréquency components of the fesponse recorded
in the basement of the Hollywood Storage Building during sever;1
earthquakes are significantly lower than those recorded on the
free-field. On the other hand, the horizontal peak accelerations
recorded on the first floor of tﬁe Imperial County Service Build-

ing were higher than those recorded in the free-field.

In the first place, it must be understood that since both
&vstructures are supported on soft soils, the response recorded at
the base is a result of the complete soil-structure interaction

. phenomenum, and, consequently, it cannot be used as direct evid-,
ence for or against the existence of averaging of nonvertically
incident waves or of incoherent motion (tau effect). To illus-
trate this point, consider the theorefiéal results listed in Table
5-2 and obtained by soil-structure interaction analyses of three
structures supported on flat rigid foundations subjected to
coherent vertically incident waves (Luco and Wong, Response of
Structures to Nonverticaliy Incident Waves, Report, UCSD, October

1979).






Report, USC, August 1980). 1In this case, nonvertically incidenf
SH waves with apparent pﬁase velocities of 4-km/sec and P-SV
waves with apparent phase velocity of 6 km/sec were used as ex-
citation. The horizontal peak accelerations in the x~- and y-
directions in the free-field were equal té Oi20g. Pgak accelera-
tions at the base of the structure of 0.23g and 0.22g were cal-
culated in thé x- and y-directions, respectively. In this case,
althougp scattering was present (tau effect) it was not suffi-
cient to balance other interaction effects and the peak accelera-
tions at the base of the structure were larger than in the free-

field.

These examples illustrate the futility of arguing about the
so-called tau effect on the basis of simplistic comparisons. In
here, I am assuming that the interpretatiqﬁ of this effect has
not been modified to encompass the compiete soil-structure inter-

.action phenomenum.

6. To analyze the effects obsérved in the H. S. building,
it is necessary to describe the complepe interaction effects for
structures supported on embedded foundations. In this case, the
resultant effect caﬁ be separated into three separate components.
The first effect occurs in the free-field and is associated with
the interference between the upwardly propagatiné seismic excita-
tion with the downwardly moving wave rgflected from the ground
surface. At a given depth, certain frequency components are

drastically reduced as a result of this interference. The result
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over the top few tens of feet is that the motion has lower amp-
litudes than those on the.ground surface. Tge éxtent of the
reduction depends on depth, stiffness of the soil and frequency
content of tﬁe excitation. For shallow depths and hard soils the

reduction is not significant except at extremely high frequencies.

The second effect is associated with the bresence of the
foundation (in absence of the superstructure). Since the motion
of the éround varies with depfh, and since the embedded foundation
has a figidity different from that of the soil, the mption of the
soil in the ?icinity of the foundation is altered. The resulting
motioﬁ at the bottom of the embedded foundation is then different
from the motion of a point in the soil at the same depth but away

from the foundation (free-field motion at the depth of the founda-

A tion). This scattering effect may lead to translational motion

of the foundation which may be slightly higher or lower than that

, of the free-field at the same depth. The scattering effect also

induces a rocking response of the foundation.

Finally, the third effect corresgonds to the effect of the
superstructure on the motion of'the foundation (soil-structure
interaction proper). In terms of thé trénslational response at
the bottom of the foundation, the interaction prober max increase
or reduce the motion resulting from the previousAtwo‘effects. For
example, consider thecalculated:responge of the containment build-

ing of a typical nuclear power plant. The foundation in this

5-14
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"case is embedded 36 ft in a soft.soii with shear wave velocities
ranging from 600 ft/sec at the ground surface to 1400 ft/sec

at the depth of the foundation. For a particular excitatioﬁ with
a peak acceleration of 0.20g on the ground surface, the free-
field motion at a depth of 36 ft had a péak acceleration of 0.08g
(first effect). The scattering effect by %he foundation (second
effect) slightly increased this value leading‘to a'response at tﬁe
bottom of the fbundation“of 0.083g. Finally, the effect of inter-
aétion'proper reduéed the previous value to 0.078g. For the same
structure and soil but for a different seismic excitation having

a peak acceleration of 0.35g on the ground surface, the corres-
ponding quantities are 0.319g, 0.288g and 0.295g (Wong and Luco,
Identification of Sensitive Parameters for Séil-Structure Inter-
action, Research Report; Usc, Augusf 1980). It should be noted
that peak acceleragion at foundation level is not a good measure

of the effects of soil-structure interaction which include rock-

Ving and modificat;on of the response of the superstructure.

The Hoilywoéd Storage Building has a base@ent embedded
approxi@ately 9 £t into a soil with a shear wave velocity of the
order of 600 ft/éec (at least over the first 50 ft). In addition,
the Structuré is supported on a large number ,of piles (I do not
have details évailable). In 1959, I participated in a study of
the response of the HSB to the Kern County earthquake of 1952'

(Duke et al., Strong Earthquake Motion and Site Conditions:
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Hollywood, Bull. Seism. Soc. Am. 60, pp.1271-1289, 1970). 1In
that study, we compafed the Fourier transforms of the records
obtained in the basement of the building with tQOse in the free-
field. We found a marked reduction of the components of motion
:with frequencies higher than 5 Hz. At iO Hz, the amplitude of
motion of the basement was approximately half of that on the
free-field. We constructed a mathematical model of the build-
ing, foundation and soil, and found that the reduction in res-
ponse could be explained if we modelled the foundation as a
rigid semicylinder (axis along the length of the building) with
a radius of 26 ft. At the deepest point (26 ft) this rigidr
foundation model was more embedded than the basement of the
structure (9 ft). However we felt that, particularly, at high
frequencies the presence of the piles would stiffen the soil

and that this effect could be represented by an equivalent deeper
foundation. The results obtained matched the observations and
suggested that the reduction of response was associated with

scattering by the embedded foundation and by the piles.

To confirm that the reduction was not due to the effects
of interaction proper, later, (Hradilekand Luco, Dynamic Soil-
Structpre Interaction, Report, IDIEM, Univ. of Chile, 1970) we
conpared the response calculated assuming a flat foundation with
that for the .embedded foundation. The comparison is shown in
Fig. 5~2 where the ratio of the Fourier transform of the motion

of the base of the structure to the corresponding quantity in the
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.free-field is shown versus frequéncy in radians per second

(1 rad/sec = 6.28 Hz). Three curves are-shown in Fig. 5-3.

One curve corresponds to the recorded data, a second curve corres-
ponds to the flat foundation m6del, and a third to the model with
an embedded foundation. The results shown in Fig: 5-3 indicate
that, for low frequencies, the flat foundaéion model fits the
data, while, gt high frequencies the embedded Eoundation model
is‘more adequate. This could be expeéted since the‘piles will
deform @ithout much resistance to low frequency motion (long wave-
length) but will not be able to deform at high frequencies (short
wavelengths) and will act as almost rigid bodies. The conclusion
of this study was that soil-structure interaction proper was not
sufficient to produce the observed reduction and that the reduc-
tion was associéted with scattering by the basement and piles.

The particular foundation model employed in these studies (rigid
semi-cylinder) is such that vertically ox nonvertically incident
waves lead to exactly the same result. As a result, it was not

possible to discriminate the type of seismic excitation.

7. In the case of the Imperial County Seréice Building the
foundation is not embedded, is quite flexible and, again, it is

supported on piles. The density of piles, however, seems lower

that .that at the HS building.

The behavior of a flexible pile embedded in the soil and
subjected to a vertically incident wave is such that for fre-

quencies below a certain critical value the response at the tap

t~
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.of the pile can be higher than tﬁat on the ground surface away
from the pile. This increase in response is typically less
than 20 percent. For frequencies higher than the critical fre-
quency, the response at the top of the pile is lower than that
on the ground surf?ce away from the pilei The critical frequency
depends on the stiffness of the pile relative to that of the soil
and on the slenderness of the pile. For very }lexible piles the
crifical frequéncy is very high. It is possible to speculate
thatmtﬁe piles at’ICSB were so flexible that the critical fre-
quency was sufficiently high to have had amplification over a wide
frequency range. I feel, howeyer, that this amplification is
not sufficient to explain the observations. Perhaps a combination
of this effect with the effects of interaction proper could explain
. the marked increase in response. It will take considerable re-

search work before the matter is settled.







VI. Throughout the Licensing Board hearings,
parties stressed the role of soilistructure interactions
as a mechanism that would reduce the magnitude of structure
motion relative to ground motion (e.g., Tr. 8878; 8947-46).
Staff and applicant's arguments (ih response‘to intervenors'
suggestion of the apparent lack of tau effect during IV-=79)
point to soil structure 1nteract10ns as the reason for
bu}lding motion exceeding that of the ground (Blume
Affidavit; Paragraph 10; Rothman - Kuo Affidavit, page 7).
(a) Pescribe and‘explain the circumstances in which soil-
structure interaqtions produce enhanced or reduced structural
response. (b) Discuss the relevance and applicability for
such interactions to the seismic response assumed for Diablo

Canyon.
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COMMENTS IN RESPONSE TO QUESTION 6.

1. Tb discuss the effects of soil-structure interaction
on structural response it must be understood that the concept
"structural response'" involves several aspects. In the case of
nuclear power plants, the elements of the st;uctural response

~

of immediate concern are:

(1) Absolute motion at levels where equipment will be
mounted. Typically, the absolute accelerations
developed at different points in the structure need

~to be determined and floor response spectra calculated.

(ii) Relative displacements between structural elements or
between adjacent structures. This aspect is required

for the design of pipes and to avoid pounding.

(iii)’ Internal forces or stresses in the different struc-

tural elements.

%

(iv) Base forces and overturning moments at foundation
) level. These elements are needed to study the overall

stability of the structure resting on soil "or rock.

Statements about the effects of soil—struéture interaction on

"structural response' are useless or misleading unless they are
made specific. The following comments are addressed to aspects
(i) and (iii). I do not have enough information to comment on

aspects (ii) and (iv)..
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It should be mentioned, that, for ordinazy structures, the
main concern has been with aspects (iii) and (iv) listed above.'
Typical design codes are based on unfealistically low inputs
and unrealistically low strengths. They provide«safety for
ordinary structures becagse through experience a galance may be
épproached. Unfortunately, in the case of nuqlear power plants
this is not sufficient. At difference with the case of ordinary
structures, realistic estimates of motion within a nuclear power

plant must be obtained.

2. Effects of soil structure-interaction on motion of
the structure. A first effect of soil-structure interaction is
a reduction in the fundamental frequency of the system. The re-
duction in frequency depends, as a fifst apprximation, on the
felative stiffness of the structure defined by the parameter
wlr/B (wl = fixed-base natural frequenpy of the structure in
radians per second, r = equivalent radius of the fdﬁndation, B =
shear wave #elocity at foundation level), on thé relative mass
of the structure defined by the parameter Ml/ﬂp r2H1 (M1 = modal
mass of structure which is approximately equal to 0.7 of the .
total mass, Pg = density of the soil, H1 modal height approximately
equal to 0.7 of tﬁe total height), and on slendefness of the super-
structure defined by Hllr. The reduction. in frequency and, in
general, the effects of interaction increase as the valueé ofi
these parameters increase. The ratio of the frequency with inter-
action &1 to the.fixed-base frequency (or fréquency without %nter-
action) Wy is shown in Fig, 6-1. TFor the containment at Diablo

Canyon the parameters indicated above have values of ~0.67, ~0.2,
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and ~2.0, respectively. Fig. 6-1 indicateé that as a result

of interaction, the frequency of the syétem will be approximately

18 percent lower than the fixed-base frequency.

A second important effect of interaction is the modifica-
tion of the damping. This modification debends on the three
'parameters indicated above, on the damping of the superstructure
(El) and on the material damping in the soil or rock (Es). Fig.
6~2 illustrates the variation of the system damping El (with
interaction) with the relative stiffness w,r/8 and with the
damping in the soil Es' Fig. 6-2 has been drawn for a damping of
five percent in the structure (El = 0.05). Since Diabio Canyon
is supported on rock, ES will have a value of thelorder of 3%
and Fig..6-2 indicates that the system damping would be similar
to the dampi?g in the structure. For Diablo Canyon a damping in
the structure of 7% has been used. 1In this case, the system

damping will be lower (~6%).

Finall&, a third effect of soil-structure intefaction is the
introduction of rocking (rotétion about an horizontal axis) of
the foundation. For frequencies lower than the system frequency,
the rocking of the foundation is in phase with the excitation,
and, consequently, the 1owwfrequency qomponents of motion at ele-
vated points on the structure are amplified. For higher frequén-
cies, rocking is out of phgse with the excitation, and, the high’
’freqdency components of motion at e}evated levels are reduced.,
This effect as well as the reduction in resonant frequency, are

illustrated in Fig. 6-3 taken from the work of Seed and Lysmer for

6-5






0.12— |

y v=0.33
H[/T=2 '
0101 M, /mpreH= 0.2

£,=0.05

. 0.08

004

0.08}- 3 -

0.00 | I | | i '
0.0 0‘2 0\4 Ot6 008 ‘.O
w T/ |

FIG. Effect of the relative stiffness and of the material soil damp-

ing on the overall system damping ' )

Figure 6-2
(Luco) .

6-6






1565 .28

PDAMPING = 2 Yo
SOIL STRUCTURE INTERACTION

TION
—_——— RIGID RASE

 Hz

. CONTAINMENT EXTERIOR™
FLOOR RESPONSE SPECTRA

. ELEVA

@
B e L ]

- L. 155.25"

.
. A - -
i.

-
= hrses—

FREQUEN C v

15
i
1
0.3

Q9 a

20

(6) NOILYY371325p BLNIOSYY

T RIABLO CANYON | Figure 6-3 (Luco)
NUCLEAR FOWER RLANT FIGUR2 NO,3B-¢

{Qantamhar 1Q77) [ P F
L]







-
m ' @
"

Diablo Canyon (Appendix D-LL 33, FSAR, Amendment 53).

The effect of soil-structure interaction on the translation-
al response at foundation level is similar to the effects already
described for points gp higher elevations, i.e. amplification of
low frequéncy components and reduction of high frequency compon-
ents. .One difference, at foundation level, is that at high fre-
quencies, i.e. where the spectrum tends to the peék accéleration,
the motion may be slightly higher or lower than in the free-
field. This occurs for surface or shallowly embedded foundations.
For deeply embedded foundations, the peak acceleration is typi-
cally considerably loﬁer than on the ground surface. These effects
on the translational response at the base of the structure are
illustrated in Fig. 6-4 taken from Seed's testimony (Fig. VI-1).
For frequencies 1ow¢r than the fundamenta¥ system frequency (~4 Hz),
the response with interaction is equal or slightly above the
_ fesults for a rigid soil. For frequencies in the range from 4 to
20 Hz, the response with interaction is lower than in the free-
field. Finally, for frequencies above 20 Hz tﬁe response with

interaction is essentially equal to the free-field motion.

When soil-strﬁcture interaction is considered rocking of the
foundation occurs. One of the effects of rocking is, to induce
vertical components of motion along the-r perimeter of thé founda~
tion. These vertical components of motion are not included in a
rigid soil analysis. Also, if phe.stéucture is not symmetric, or,
’if the seismic excitation corresponds to nonvertically incident

waves, torsional response is induced. .

I
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Fig. 13 , SOIL-STRUCTURE INTERACTION EFFECTS AT BASE

OF STRUCTURE

(Taken from Seed and Lysmer report on "Analyses of Soil-

Structure Interaction Effects During Earthquakes

for

the Diablo Canyon Nuclear Power Station")

Seed FIG. VI-1

6-9

Figure 6-4
(Luco)
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Finally, in a rigid soil analysis the response of the con-
. AN
tainment shel} and of the internal structure are conducted separ-

N
N

ately and no coupling exists. If soil-structure interaction is

considered, the response of both structures is coupled through \\ .

the foundation. o ) -

The discussion above indicates that soil-structure inter-
action increases certain components of motion while reducing

others.

3. Effects of soil-structure interaction on internal forces.

Analysis of the intergction problem reveals that and approxima-

- tion to the ratio of the internal forces in the structure with

interaction to the corresponding forces without interaction is
given by S, (&, El)/sa (wy, &). In this ratio, S, (@, ‘él)
corresponds to the value of. the absolute acceleration response
spectrum at the system‘frequen?y ml and for the damping ratip El
(both terms including interaction). The term Sa(wl, El) repre-
sents the corresponding sﬁectral ordinate at the fixed-base fun-
damental frequency Wy and for the structural damping ratio 51.
?or the containment building at Diab;o Canyon, w1/2n~5 Hz,
&1/2w~4 Hz,‘al = 0.07 and El~0.06. Since the Newmark response -
acceleration response spectrum is flat for frequencies in the
range from 2 to 10 Hz, the ratio S, (&, El)/Sa(wl, £;) would be
“equal to one except for the fact that the system damping is slight-
ly lower than that for the structuge. From this simplified cal-

culation, we would exﬁect the internal forces in the containment
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building to be slightly higher when soil-structure interabtioh
is considered. This conclusioq is confirmed by the results of
Seed and L&smer ;Appendix DLL-3B) reproduced in Fig. 6-5. The
results in Fig. 6~5 show that the shear forces on the contain-

ment exterior shell are slightly higher when soil-structure

interaction is included. Similar results are obtained for the

-

~

flexural moments.

Cléarly,‘general ciaims of the conservatism of not includ-

ing soil-structure interaction are not warranted.

For cases in which the relative stiffness of the structure
is significantly higher than that of the soil, i.e. mlr/6>l, oé,
when material damping in the soil is higher than that on the
§tructure, the ratio Sa(al, Ei)/Sa(ml, El) may be less than one.
‘In these cases the effects of soil-structure interaction may lead to
internal forces lower than thosetcalcqlated'on}the basis of a

rigid soil assumption.
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