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APPLICANT EVALUATION OF JOYNER AND FLETCHER REPORT ON
VIRGIL C. SUMMER NUCLEAR STATION
SEISMICITY STUDIES

Joyner and Fletcher have reviewed (he "Supplemental Seismologic
Investigation” Report, the Zafety Evaluation Report, and Section 361
of the Final Safety Analysis Report for *he Virgil C. Summer Nuc'ear
Station. Their response is contaired in a memorandum to Morris dated
September 9, 1981. Joyner ar. Fletcher apparently have not read tran-
scripts of ACRS subcommittee meetings or of ASLB hearings to date. The
issues raised by Joymer and Fletcher are caused by misinformation or
misinterpretation (indeed, Joyner and Fletcher state that, "... we did
not have sufficient time for a thorough review ..."), and deserve a
direct response by the Applicant to clarify the record. The foru of this

response follows the issues raised by Joynev and Fletcher, in order.

MAXIMUM MAGNITUDE OF THE RESERVOIR-INDUCED EARTHQUAKES
Joyner and . Fletcher give values ranging from 30 to 44 bpars for

the August 27, 1978 earthquake. Joyner and Fletcher give thre: methods
by which they have calculated these values: rms accelerations, numerical
integration of the squared spectrum, and a “"straightforward application
of the Brune model,” but =) formulas or parameter values are given.
Although it 1is not clear from Joyner and Fletcher's report, the major
difference between their estimates of stress drop for the 1978 earthquake
and those of the Applicant is the assumption of the highest frequency
that can be recorded and documented in the digitization process (Flet-
cher, personal communication 1781). Since stress drop is an important
parameter, and one which has been the subject of some debate, this point

deserves further elaboration.

The peak accelerations recorded on an accelerometer during an
earthquake «.e a function of the highest frequency whick the instrument
and record processing procedure can transmit, among other factors. For
records obtained very close to sources of nigh frequency energy (e.g.,
rock bursts), accelerations can be almost arbitrarily high if the in-

strument and processing procedures are adequate to transmit the high
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frequencies of motion at which high accelerations occur. McGarr et al.
(1981) documented accelerations as high as 12g during mine tremors in
South Africa, where the magnitudes were less than 1.5 and source-to-site
distances were several hundred meters. These peak accelerations occurred
at frequencies of several hundred hz, and the instruments were specially

designed to record ground motion at these high frequencies.

Typical strong motion instruments, including the one installed
at Jenkinsville, have a natural oscillation frequency of 25 hz, meaning
that the instrument itself tends to damp out motion at higher frequen-
cies. Joyner and Fletcher have taken 25 hz as the upper limit of motion
that can be recorded. However, accelerographs can easily record fre-
quencies higher than their natural frequency. The upper solid curve in
Figure | shows the response of an accelerograph with natural frequency of
25 hz and damping 0.6 of critical (the characteristics of the SMA-l
accelerograph at Jenkinsville, according to Brady et al., 1981) plotted
as a function of frequency. Not only can the accelerograph itseli record
frequencies higher than 25 hz, but standard record processing procedures
(including those used by Brady in the above reference) "correct”™ for the
instrurent esponse, effectively by dividing the recorded ground motion
at each frequency by the ordinate on Figure 1. This effect can be
significant: the peak a2 .cleration of « e "2nd aftershoct™ record, 90°
component, documented by Brady et al. (1981), increases 35 percent due to

instrument correction procedures.

Furthermore, the Jenkinsville data indicate that frequencies higher
than 25 hz have been recorded. Brady et al (1981) find that, "... these
(Jenkinsville) .ecords have frequencies as high as 25 and 30 hz.” A
perusal of the Brady et al. (1981) document shows that the August 27,
1978 record, 90° component, has a peak accelerztion with a 33 hz fre-
quency, and the “"2nd aftershock”™ recori, 790° component, has a peak

acceleration with a 40 hz frequency.

That there is substantial energy in the round motion recorded at

Jenkinsville can also be inferred from the plots of response spectra
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provided by Brady et al. (198l), one of whiich (August 27, 1978 earthquake
99° component) is reproduced here as Figure 2. Although spectra are only
plotted down to a period of 0.04 seconds (up to a frequency of 25 bkz), it
is evident that there is no decrease of energy near 25 hz, and it 1s safe
to assume that the spectra, 1if plotted at higher frecuencies, would
continue horizontally to frequencies as high as 35 or 4C hz, and this

would indicate ground motions at those frequencies.

The Applicant has used an upper frequency of 40 hz to accurately
characterize these records, making it clear that it is the record cor-
rected for instrument response and digitized at 500 points per second :to
which this upper bound applies. The choice of upper bound fu affects

estimates of stress drop 4¢ in the following way:

b0 = ¢ “rms (1)
(fu - fo)l/Z

“vhere arns ie the root-mean-square acceleration from the record and
fo is the corner frequency (see the Appendix for a derivation of

this).

Both the Applicant and Joyner and Fletcher have used a lower
bound frequency fo of about 10 hz (the issue of corner frequency is
addressed in detail below). Therefore, for the same observation ol
arna’ the choice of fu = 25 hz leads Joyner and Fletcher to an
estimate of 40 which is high relative to fu = 40 hz, by the factor:

w_(sF) , o)t (2)
w0 (Applicant) (25_10)1/2 y

This explains why Joyner and Fletcher obtain so¢ = 35 bars for the August
August 27, 1978 earthquake, and the Applicant obtains so = 25 bars.



Jorisr and Fletcher have used an upper-bound frequency equal to the
nominal frequency of the instrument; the Applicant has accounted for the

higher frequencies evident in the strong motion record.

As a separate issue, Joyner and Fletcher assert that the Appli-
cant did not correctly account for the corner frequency in making esti-
mates of Ao . While this is implied by the equations in section 361
of the FSAR, which Joyner and Fletcher reviewed, the effect of corner
frequency was examined and found not critical by the Applicant. The
Appendix to this report derives the theory with which the effect of
corner frequency can be included in estimating 4o0; estimates using this
theory were presented to the ACRS seismic subcommittee on February 26,
19.1. Table | reproduces the data presented at that meeting, which
is a matter of nublic record. Using the appropriate corner frequency
fo. the ctress drops derived for the August 27, 1978 earthquake are
still on th%e order of 20 bars. Thus it is the Applicant's pocition
that 25 bars is an appropri.te and conservative stress drop to use for
characterizing earthquakes at Monticello Reservoir for the purposes of

estimating strong ground motion characteristics.

Joyner and Fletcher have reviewed the Applicant's arguments on
stress barri«rs, stress heterogeneities, and material properties defining
maximum rupture dimensions, and find these arguments "... unconvin-
cing.” It is not clear what alternative physical explanation Joynmer and
Fletcher have for the observations that have been made, nor why they do
not accept the Applicant's explanations. In any case, Joyner and Flet-
cher base their estimate of the maximum rupture dimension and of the
asscciated magnitude on the spatial extent of observed seismicity,
without consijeratica of whether the seismicity "lines up” or indicates
any through-going structure (in fact it does not). Such an analysis is
unsupported by observatons anywhere in the world, to the Applicant's
knowledge, 1{.e., chere is 10 location where swarm-like seismicity has
indicater the size of a later, larger earthquake. Frequently in seis-

molog, *ue locations of after-shocks are used to infer the dimensions of

a mcin shock (even this has been suggested as giving a conservatively



large estimate of the main shock area). This 1is a far different pro-
cedure from using the location of diffuse seismicity to infer a main
shock area. What has frequently been done by investigators is to use the
length of an identified fault to estimate a maximum magnitude, and here
oaly one-half of the entire fault length is presumed to rupture. Thus
Joyner and Fletcher's procedure is without validity in terms of world-
wide empirical observations, does not constitute an accepted method, and

has not had the benefit of peer review.

Ir calculating the magnitude associated with scurce radii of 1
and 1.4 km, Joyner and Fletcher have used a stress diop of 40 bars.
Since magnitude is propertional to the logarithm of stress drop in this
calculation, this leads to Joyner and Fletcher magnitude estimates that
are only marginally higher (~0.l magnitude units) than those supplied by
the Applicant at the request of NRC.

The experience of induced earthquakes at Denver is entirely ir-
relevant to the issues at Monticello. The Denver earthquakes were
caused by cyclical fluid injection in deep wells; the correlation of
earthquakes with .njection is a point made by the reference cited by
Joyner and Fletcher (Healy et al., 1968). Thus at Denver the causative
mechanism was cyclical. At Monticello there has becn a one time change
in water elevation; during operatiouns, lake fluctuations will not rxceed
about 2 meters toral rez-ge. Thus the causative mechanisms of the two
phenomena are fundamentaliy different, and to suggest that the experience

at one site would or should guide us at tne other is inapposite.

GROUND MOTION ESTIMATES
The first difference (concerning digitization rite) meniioned oy

Joyner and Fletcher between their and the Applicant's ground motion
aralysis is not a difference at all. In 1980 the Applicant used the
records digitized at 100 points per second to estimate stress drop during
the August 27, 1978 event, because at that tim: (when the relevant parts
of Section 361 of the FSAR were prepared), these were the only data
available. In February 1981 the digitizations at 500 points per secend



-6-

were made available by USGS (Brady et al., 1981) and the Applicaat
confirmed that its aralysis was appropriate for the higher digitization
rate. Table | reproduces data presented at the February 26, 1981 ACRS
subcommittee aseeting which shows ground “o.ion er.imates made by the
Applicant which are in agreement with Montic..ii earthquake records
digitized at 500 points per second. Thus the Applicaat can and Fis
explained <the factor-of-two differe-re in peak accelerations due to

digitization rate.

Where the Applicant's procedure does differ from that of Joyner and
Fletcher is in the implied digitization rate associated with the peak
acceleration used to cnaracterize ground motion for seismic analysis of
the facility. To determine the appropriate digitization rate, one must
consider how the peak acceleration is to be used to generate respo.n.e
spectra for structural analysis. Thuis the structural engineering consid-
erations cannot "... be kept separate from the seismological analysis,”

as Joyner ind Fletcher wish.

The manner in which response spectra are derived for the seismic
design and ana'ysis of nuclear facilities is straigntforward: (1) an
expected peak acceleration 1is selected corresponding to © largest
ground motion anticipated, (2) an effective acceleration is calculated
from the peak acceleration, and (3) a response spectrum is scaled to
that effective acceleration. For the Virgil C. Summer facility, step
(2) hay ~onservatively been ignored, i.e., peak acceleration :as been
assumed to equal effective acceleration. For tectonic earthquakes, a
broad-banded spectrum is used to represent the wide frequency content of
the motion. For reservoir~induced earthquakes at Monticello, the
important events will occur close to the facility; in this case, appro-
priate high frequency spectra have been developed as suggested bv
Regulatory Guide 1.60. This development is documented in Sectiom 3Cl
of the FSAR

For the high frequencies of interest, it is the high frequency

components of the structure which are of concern. These frequencies lie
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in what i{s often termed the "acceleration-amplification” portion of the
spectrum, that is, amplitudes of response are most sensitive to the peak
accele-atior f the input motion, rather than by the peak ve.ucity or

peak d:.s;.acement.

The mathematical representation of rhis two-step procedure to

calculate high frequency ...uctural response is as follows:

a = a x —t=8 (3)

where ‘res is the structural response in terms of maximum response
acceleration, and ‘p . peak ground acceleration (step (1) above). The
. "1o on the right-hand-side is step (3) above, the "acceleration ampli-
tiation factor” used t. Jetermine both standard spectral shapes (e.g.,
Regulatory Guide 1.60) and the spectral shapes used on this project to

represent reservoir-/nduced earthquaker.

It should be evi“s~t that the peak acceleration estimated for the
earthquakes of concern (the first ':p“ on the right-hand-side of
equation (3)) shculd be determined in a consistent manner with the value
of a_ used to calculate the acceleration amplification factor. This
implies, among other things, that records processed in the same manner

res
the approp-.-: @ ratio of 'rel/‘p for near-source, hard rock sites,

should be used to calculate ap and the ratio a /ap. In determining

records digitized at 50 points per second (Johnson, personal communica-
tion, 1981) were used. It follows -iit peak accelerations for re  ~-voir-
-nduced earthquakes should be estimated for a digitized record at 50

pcints per second, not for some other digitization rate.

The Applicant has estimated values of .p in an appropriate and
consistent way. The effect of digitization .,¢ 50 points per seco-4 was
accounted for by using an upper frequency fu of 20 h: for the es ites
of peak acceleration. For comparison, fu = 40 hz is appropriate tr
estimate peak accleration :ror s ‘00 points—-per-second record. This is

illustrated in Table |, as described above.
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Joyner and Fletcher's procedure cn'* uses the peak accelerations
of the 500 points-per-second dizitized record, and makes no attempt to
account for other digitizing rates used in scaling response spectra.
Under this procedure, 1f the instritents of McGarr et al. (19€)) had
*~corded the August 27, 1978 earthquake with frequencies up to several
hundred hz, and a peak acceleration of several g had been obtained, this
high acceleration would be scaled up to estimate peak acceleration during
a HL * 4.5 earcthquake. Such an extreme hypothetical example illus-
trates why, in adaition to other considerations such as effective peak
acceleration, instrument characteristics, record processing and correc-
tion procedures and response spectrum scaling methods must be incorpo-
ratec into the estimates of peak acceleration, as the Applicant has

done.

In summary, the theory to estimate peak accelerations used by the
Applic at is consistent with instrumental observations at Jenkinsville,
with digl:ized versions of t*> se oLservations made by USGS, and with
the way in whi~-h response srectra sho:ld br s~-led. Further, this
methodology “«* calculating reservoir-induced earthquake response . actra
is consisten ith the methodology recommended for tectonic earthquakes
(Regularory Guide 1.60). The implications by Joyner and Fletcher that
(a) the Applicant has not accounted for strong-motion records at Monti-
cello digitized at 500 points per second, and (. ) the peak accelerations
from these records are thz only data on which seismic evaluations should
be made, are erroneous, and do not account for the way peak acceler:t’'.ns

ire used to evaluate structures.

The second diZference mentioned by Joyner and “letcher is in the
area of satu-a:ion of ground motion with distance. Joyner and Fletc.=«-
{mply irat the Applicant has changed its position on this issue, but this
/s decidedly not the cas2, and Joyner and Fletcher's confusion apparently
comes from misreading the re:ord. T e App'.icant's position is il'lus-
trated in Figurc 3. At a distance " < 4r, the use of a point-swmr:e
model “... is not strictly applicable; these values (caiculated at these
distances) are therefore conservative.” This is stated in Applicant's
Tabl. 361.17.4-2. This is shown in Figure 3 as point A, where the solid

-

line Jeviates from the dotted line. At clczer distances, "... extrapo-

lation of the far-field model to a source~to-site distance of ore source



diameter (R=2r) gives a reasonable approximation to the saturation
level.” This is stated in Appendix XI of the Supplemental Seismological
Investigation Report. .c's statement ‘< illustrated in Figure 3 as point
B, where the dotted i.ne and dashed lin cross. Whether or not Joyner
and Fletcher agree with thesx. statement: they are consistent, and the
Applicant has not, " {introd - :(d) distance saturation in a slightly
diffe 2nt way in Appendix XI ...," as Joyner and Fletcher state.

The Applicant agrees with Joyner and Fletcher's statement that,
"e.ss the assumption that the saturation level corresponds to the value
computed at ar; “ixed quv tiple of the source radius leads to the un-
palitable (sic) conclusion that the saturation level decreascs with
magnitude.” In fact the Applicant noteu this effect in Appendix XI
of the Supplemental Seismologic Investigation: "e+. earthquakes of
HL = 5,0 and 5.5 would have faulting diameters of 3.6 and 6.3 km,
respectively. A blind application of the distance limits discussed above
(R=2r) yield peak accelerations of 0.17g and 0.13g, respectively. This
does not imply that saturated peak accelerations decrease with magnitude;
rather, other factors are important.” Among these is the observation
that smaller magnitude (HL S 5) earthquakes are not yraerally known to
ruptire the carth's surface, particvlarly in the Eastern U.S. Thus it is
unlikely that a site on the ear'h's surface would ever be in the near-
fiel *, at R=2r, from such .. ~vent. Use of the R=2r distance saturation

limit .s thus conservative ror such earthquakes.

The Applicant notes that Joyner and Fletcher do not propose any
alternative to choosing saturation distance by scaling by source :ize
Further, Joyner and Fletcher's mention of R=r as the saturation distance
appears to be motivated more by where ground motions are anticipated to
decrease from any saturation level (point C on Figure 3) than what

distance is appropriate to extrapolate point source models.

The peak acceleration values listed in Joyner and Fletcher's Table |

are calculated by the following equation:

a (#) = a(2.8) 10+25(¥=2.8) (4)



earthquake (
use of a source~co-s 2 distance of

earthquakes. s appropriate to make several comments on this method-

her maj facility where the
seismic analysis are based on a
on record, and w.se such a
(4). The physical para-

)ir-induced earthquakes

Joyner zr Fletch ived from an
requency peak celeratio ap, “opriate
response spectra.

Joyner and Fletcher's Table s ¢ cally dependent on the
distance between the August 27, 1978 event and the Jenkinsville
accelerometer, which was a random occurrence. Suppose this
distance had beer 5 far. and had caused ig at the
accelerometer; would Cti recommend value hz.i large as
those in T : effect Joyner and Fletcher have estab-
lished grou motion saturation levels and distances on the

s of a single chance occurrence.
“letcher present no observed data in the mag ictude
>f Table 1 to support their estimaces.
suggested by Joyner and Fletcher to limi

the magnitudes for which peak accelerati.irs can be calculated

scaling peak ground acceleration

can also be written:

(5)

(6)

I

gravity and 5 in cm/sec.




by extrapolation,
an appropriate
>0 in eauations
were taken by Joyner and F fro Joyner a 4 B~ore

the case where the distance to the projection of the

Joyner and Boore

through (8) are ev- uated in Table 2 for various

magnitudes. Results of extrapolation are indica'2d by asterisks. The
of Joyner and Fletcher are not similar to those of Joyner and

For ma,iitude 6.5, equations (5) and (6) yield peak ground

ity greater than have ever been measured for

naturally-occurring or reservoir-induced earthquakes. For all magni-

tudes, the results of Joyner and Fletcher greatly exceed those of Joymer

and Boore (1981).

There are several reasons for this difference. The Joyner and
Fletcher equations are based only on a single horizontal component of one
earthquake record. The peak acceleration and velocity of this horizontal
~omponent occurred during a very high frequency pulse (and should not be

to scale respon:> specira, as discussed above). Further, the motion

at Monticello Dam is undoubtedly amplified over free-field

due to the topographic effects (the instrument sits on an

dam abu nt) The Joyner and Boore (1981) equations are based on
large number earthquake records from California, including near-
and reflect free-field conditions. Thus they are more

estimate peak accelerations and velocities for important
o

as nuclear power plants.




B

uc.le

1Imme r
JUlle L

S

event'

~

dations.

en

H

(

rec

wdKe

important

eters such as

™
i

para

ds of

metho

the

{-
-~

.

broad-band amp

-
cthe

nppropriate

irna

-~




-13-

REFERENCES

Brady, A.G., P.N. Mork, and J.P. Fletcher (1981), "Processed Accelero-
grams from Monticello Dam Jenkinsville, South Carolina 27 August
1978, and from Later Shocks”, USGS Open-File Report 81-448, March,

35 pp.

Healy, J.H., W.W. Rubey, D.T. Griggs, and C.B. Raleigh (19€8), "The
Denver Earthquakes,” Science, vol. 161, pp. 1301-1310.

Hudson, D.E. (1979), “Reading and Interpreting Strong Motion Accelero-
grams”, Earthquake Eng. Res. Tnst. Monograph, 112 pp.

Joyner, W.B., and D.M. Boore (1981), "Peak Horizontal Acceleration
and Velocity from Strong Motion Records including Records from the
1279 Imperial Valley Earthquake,” Bull. Seis. Soc. Am., vol. 71,

Dec. (in press).

McGarr, A.R., W.E. Green and S.M. Spoctiswoode (1981), "Strong Ground
Motion of Mine tremors: Some implications for near-source ground

motion parameters”, Bull. Seis. Soc. Am., vol. 71, pp. 295-319.

McGuire, R.K. and T.C. Hanks (1980), "RMS Accelerations and Spectral
Amplitudes ol Strong Ground Motion During the San Fernando Earth-
quake”, Bull. Seis. So. Am., vol 70, pp. 1907-1919.

Newmark, N.M., and W.J. Hall (1969), "Seismic Design Criteria for
Nuclear Reactor Facilities”, Proceedings, 4th World Conference on

Earthquake Engineering, Santiago, Chile.



-l4=

APPENDIX

Derivation of o for case where lower bound is finite:

2
sor «fR )\ (£
83 35 (' TN, (?‘) £<Cf
3(f) = (o] ]
Aor »fR
(-85) ;—R—B‘ exp (- -6?) ¢ _>_ fo

T 2xf
2 ". 9 .
a® = 1 g la|®de & 1 ( 1% (W)€ de
—y T,
d d /
o (o]
20f 2ef
) . 0 . u
- o cxp(—Zwﬂl) (L;" dw + S cxp(-waR) du
'rd Qs fo Qs
o 2nf
0
Aor

where c= (.85)—— and 2nf =
pRb

Neglecting, conservatively, the first integral,

2»f
: 2 Q8 exp(-uwR F
a = c - -
S Y [ R (QB)]
2=f
o
- c2 Qs [exp ( -z'fof) - exp<.2'fuR )]
tTd R L Qs Q8 J

so that

¢ = 1/2
a = (.85)(.37) Ao [20r  |exp 2:£°k) -exp ( z'fuR
i 1.5 V2.3% \" 08 ;

pR




=38

For fo small and fu large, the above is the same as equation (9) in
McGuire and Hanks (1980). For fo non-negligible and fu non-infinite,

and for typical values of R, Q, and 8:

2nf R
. "
Qs

1/2
a = (.85)(.37) Ao 2Qr | 2%R  (f - f )
. RLS \/2.34 [ Q8 > ® ]

If 4c 1is being estimated from recorded 8 s’ the above equation can be

< 0.1

80:

inverted to give:

Ao = ok 3 s 4aRr (f - f ) =172
85)(.37) 2.348 ¢ °



TABLE 1

DATA AND ESTIMATES ON MONTICELLO EARTHQUAKES
PRESENTED TO ACRS SUBCOMMITTEE ON FEBRUARY 26, 1981

e ————

Cvent i A KM | DEPTH, ki R, km Fy.Hz |AOC BA;S_T‘A cM/sec? APEAK'—‘
L ’ 23, , U’ ’ RMS* cm/sec?
Avoust 27, 1078 | 28 | 0.66 | 0.1 0.67 | 40 22 104 221
1023 uTC OBSERVATIONS: 108 225
Ausust 27, 1978 | 2.8 | 0.66 0.1 0.67 | 20 17 53 %
1023 UTC ' -
ORSERVAT [ONS: At g3
octoser 27, 1c78 | 2.7 | 1.03 0.2 1.05 4 €5 106 182
072€ UTC () O4SERVATIOVS 190 185
Octoser 27, 1978 | 2.8 | 0.15 0.5 0.52 40 11 77 173
7 ?
T . 69 CBSERVATIONS : 83 169




TABLE 2

Comparison between Joyner and Fletcher

Memorandum and Joyner and Boore (1981)

Moment Joyner and Fletcher Joyner and Boore
Magnitude - .
(M) Eq. (1) Eq. (2) Eq. (3) Eq. (4)
PGA PGV PGA PGV
(g) (em/sec) (g) (em/sec)
2.8 0.26 2.3 .06% 1.2%
k.5 0.73* 18,3 7% 9.3%
5.0 0.92* 29.0* .22 14.5
5.5 1.23# 51,5% .29 25.5
6.0 | 1.64 91.6# 39 uk.8
6.5 2.19% 162.8* .52 78.7
7.0 2.91%# 289.6% .65* 138,3#
1.5 3.89% 514,9* .92% 242 .8*

* Extrapolated
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