G, . : Bryan J. Dolan
} , Epjglekregy® | .VP’ Nuclear Plant Development

Duke Energy
EC08D/ 526 South Church Street
Charlotte, NC 28201-1006

Mailing Address:
P.O. Box 1006 - EC09D
Charlotte, NC 28201- 1006

704-382-0605

Document Control Desk: Bryan Dolan@duke-energy.com
U.S. Nuclear Regulatory Commission
‘Washington, DC 20555-0001

February 22; 2010

Subject: . Duke Energy Carolinas, LLC
William States Lee Il Nuclear Station - Docket Nos. 52-018 and 52-019
AP1000 Combined License Application for the
William States Lee Il Nuclear Station Units 1 and 2
Transmittal of Unit 1 Foundation Input Response Spectra (FIRS)
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References: (1) Letter from Brian Hughes (NRC) to Peter Hastings (Duke Energy),
Request for Additional Information Letter No. 076 Related to
SRP Section: 02.05.02 — Vibratory Ground Motion for the William
States Lee Ill Units 1 and 2 Combined License Application, dated
November 3, 2009

(2) Letter from Bryan J. Dolan (Duke Energy) to Document Control Desk,
U.S. Nuclear Regulatory Commission, Response to Request for
Additional Information (RAI No. 3549), Ltr# WL12009.12-08, dated
December 18, 2009

‘In preparing the response to the Nuclear Regulatory Commission’s request for
additional information (RAI) 02.05.02-049 included in Reference 1, Duke Energy
identified the need to revise a site specific analysis for the horizontal and vertical
components of the Lee Nuclear Station (Lee) Unit 1 Foundation Input Response
Spectra (FIRS). This change does not affect the horizontal and vertical components of
the Lee Ground Motion Response Spectra (GMRS).

The corrected Unit'1 FIRS remains below the generic AP1000 Hard Rock High
Frequency spectrum, and the conclusions presented in the Lee FSAR are unchanged.
The revision of this site specific analysis is addressed in Enclosure 1 to this letter, which
also identifies associated changes, where appropriate, that will be made in a future
revision of the Final Safety Analysis Report for the Lee Nuclear Station. In addition,
revisions have been made to the supplemental technical report entitled "Development of
Horizontal and Vertical Site-Specific Hazard Consistent Uniform Hazard Response '
Spectra at the Lee Nuclear Station Unit 1," originally provided in Reference 2. The
revised technical report is included as Enclosure 2 to this letter.

www.duke-energy.com
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If you have any questions or need any additional information, please contact Peter S
-Hastings, Nuclear Plant Development Licensing Manager, at 980—37»3—7820.

Vice President.
“Nuclear Plant Development
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Enclosures:’

1) | Summary of Changes to FI'RS A1 Analysis and Associated FSAR Revisions

2) Development of Horizontal and Vertical Site-Specific Hazard Consistent Uniform )
- Hazard Response Spectra at Lee Nuclear Station Unit 1, Revision 3
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AFFIDAVIT OF BRYAN J. DOLAN

Bryan J. Dolan, being duly sworn, states that he is Vice President, Nuclear Plant
Development, Duke Energy Carolinas, LLC, that he is authorized on the part of said

- Company to sign and file with the U. S. Nuclear Regulatory Commission this
supplement to the combined license application for the William States Lee Il Nuclear
Station and that all the matter and facts set forth herein are true and correct to the best
of his knowledge.

Bryaf] J. Qfblan :
Subscribed and sworn to me on %Jwﬂ/ﬂ/} /o? ) oZ&/ O

Notary Public”

My ?om_missibn expires: é}ﬂ/ué /7/ 2910

o
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xc (w/o enclosures):

Loren Plisco, Deputy Regional Administrator, Region Il
Stephanie Coffin, Branch Chief, DNRL

xc (w/ enclosures):

Brian Hughes, Senior Project Manager, DNRL



Enclosure 1 _ ‘ Page 1 of 26
Duke Letter Dated: February 22, 2010

Summary of Changes to FIRS A1 Analysis and Associated FSAR Revisions

In prebaring the response to the Nuclear Regulatory Commission’s request for additional
. information (RAI) 02.05.02-049 included in Reference 1, Duke Energy identified the need to
revise the site specific analysis of the horizontal and vertical components of the Lee Nuclear
Station (Lee) Unit 1 Foundation Input Response Spectra (FIRS). This change does not affect the
horizontal and vertical components of the Lee Ground Motion Response Spectra (GMRS). A
detailed description of the change, the results of the corrected analysis, and an assessment of the
effects of the change are presented below.

The velocity randomization process used a correlation function to avoid unrealistic velocity
variability between adjacent layers. In this case, the correlation function combined with a set of
standard randomization seeds produced a large systematic bias in the randomized basement shear
wave (V;) velocity relative to the target basement V; velocity.

The Lee Unit 1 FIRS A1l base case profile consists of 20.5 ft of fill concrete, randomized + 3 ft,
with a V; velocity of 7,500 ft/sec, randomized + 10% with a coefficient of variance (COV) of
0.1. The fill concrete overlies hard rock with a Vs equivalent to that specified in the reference
rock probabilistic seismic hazard analysis (PSHA), V,=2.83 kilometers per second (km/sec)
(Vs =9,285.2 ft/sec). In the randomization procedure, the hard rock velocity is also randomized
using a lognormal distribution with a o, of 0.3, appropriate for basement rock conditions (EPRI,
1993) (FSAR Reference 2.5.2-273). Subsequently, the mean velocity of the concrete was found
to be V,=7,459.7 ft/sec, within about 0.5% of the base case value of V= 7,500 ft/sec, and
considered to be well within the judgment tolerance of about 10% used in assessing the mean
values. Because amplification varies as the square root of the velocity, a 10% tolerance in mean
velocity results in about a 5% tolerance in amplification, a very small and acceptable number in
the context of ground motion variability.

For a typical soil site, typical ground motion analyses involve much thicker (> 20 ft) soil
overlying basement material. The mean velocity of the basement has a small impact on the
amplification, due primarily to the nonlinear response of the soil. As would be expected, the
nonlinear response of the soil column tends to dampen fluctuations in incoming motions (EPRI,
1993) (FSAR Reference 2.5.2-273), which are affected by the basement velocity. To illustrate
this case, EPRI (1993) found that the difference in soil amplification for basement velocities
ranging from a base case value of V= 6,000 ft/sec to 9,000 fi/sec (a 50% increase) resulted in a
maximum difference of only about 10% in amplification. For a typical soil response, this
difference in basement velocity would result in a difference in amplification of about 5% or less.

For the site specific case of Lee Unit 1 FIRS, with a very thin high velocity material (concrete)
that is linear in response and overlying very high velocity hard rock, the systematic variations in
the randomized basement velocity relative to the base case basement velocity was found to have
a more significant impact on estimated amplification. This increased sensitivity was recently
discovered when it was observed that the randomizations produced a mean basement velocity of
V,=11,502.5 ft/sec, a 24% increase in basement velocity. relative to the target base case value of
Vs =9,285.2 ft/sec.

In this case, the difference in ampliﬁcation varies approximately as the square root of the ratios
of velocities (basement velocity divided by that of the overlying layer). The original Unit 1
FIRS Vs ratio is given by 11,502.5/7,459.7 and the square root is 1.24. The desired target Unit 1
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FIRS V; ratio is given by 9,285.2/7,500.0 with a square root of 1.11, or about 10% lower.
Enclosure 2 of this letter provides a revision to the supplemental technical report entitled
"Development of Horizontal and Vertical Site Specific Hazard Consistent Uniform Hazard
Response Spectra at the Lee Nuclear Station Unit 1." This report was last revised and submitted
in Reference 2. The orlgmal and updated median estimates of the amplification factors (FSAR
Figure 2.5.2-141) reflect maximum amplifications of 1.22 and 1.10 near 70 Hz respectively,
quite close to the theoretical values. The structural frequencies specified by the PSHA include
spectral accelerations at two specific frequencies greater than 34 Hz (of 50 Hz and 100 Hz). The
maximum amplification difference is about 6% and occurs at 50 Hz. The corrected Unit 1 FIRS
remains below the generic AP1000 Hard Rock High Frequency spectrum, and the conclusions
presented in the FSAR are unchanged. ' :

The attached mark-ups of FSAR subsections, revised FSAR tables and revised FSAR figures
. affected by the correction of the Unit 1 FIRS will be incorporated into a future revision of the
Final Safety Analysis Report. '

References

1. Letter from Brian Hughes (NRC) to Peter Hastings (Duke Energy) Request for Additional
Information Letter No. 076 Related to SRP Section: 02.05.02 — Vibratory Ground Motion for
the William States Lee III Units 1 and 2 Combined License Apphcatlon dated November 3,

-2009. ' ‘

2. Letter from Bryan J. Dolan (Duke Energy) to Document Control Desk, U.S. Nuclear
Regulatory Commission, Response to Request for Additional Information (RAI No. 3549),
Ltr# WL12009.12-08, dated December 18, 2009.

Associated Revision to the Lee Nuclear Station Supplemental Technical Report (mcluded
in Enclosure 2 to this letter): : :

Report OverV1ew
Subsection 3423
Subsection 4.2.3
Subsection 4.3

_ Subsection 5.0
Subsection 60
Table 2

Figure 2

Figure 8

Figure 14

Figure 15

Figure 17 -
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Figure 19
Figure 20

Associated Revision to the Lee Nuclear Station Final Safety Analysis Report:
FSAR Subsection 2.5.2.6
FSAR Subsection 2.5.2.7
FSAR Subsection 2.5.2.8
FSAR Subsection 3.7.1.1.1 |
FSAR Table 2.0-201

FSAR Table 2.5.2-224
FSAR Figure 2.5.2-240
FSAR Figure 2.5.2-241
FSAR Figure 2.5.2-244
FSAR Figure 2.5.2-245
FSAR Figure 2.5.2-246
FSAR Figure 2.5.2-247
FSAR Figure 3.7-201
FSAR Figure 3.7-202

Attachments:

1) Mark-up of FSAR Subsection 2.5.2.6
2) Mark-up of FSAR Subsection 2.5.2.7
3) Mark-up of FSAR Subsection 2.5.2.8
4) Mark-up of FSAR Subsection 3.7.1.1.1
5) Revised FSAR Table 2.0-201

6) Replacément FSAR Table 2.5.2-224

7) Revised FSAR Figures 2.5.2-240, 252241 2.5.2-244, 2.5.2-245, 2.5.2-246, 2.5.2-247,
3.7-201, and 3.7-202
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Lee Nuclear Station
Summary of Changes to FIRS A1 Analysis and Associated FSAR Revisions

Attachment 1

Mark-up of FSAR Subsection 2.5.2.6
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COLA Part 2, FSAR, Chapter 2, Subsection 2.5.2.6, third paragraph, is revised as follows:

For the vertical GMRS (Table 2.5.2-220), a fully probabilistic approach is used to develop the
vertical hazard curves along with UHRS and GMRS to maintain exceedence probabilities
consistent with the horizontal UHRS (Subsection 2.5.2.7.1.1). The method employed, Approach
3 (Subsection 2.5.2.7.1), integrates the horizontal hazard curves with distributions of V/H ratios
resulting in vertical hazard curves, which are intended to maintain the same exceedence
probability as the horizontal hazard. For the V/H ratios, the stochastic point source model is
used to compute both horizontal (normally incident SH-waves) and vertical (incident inclined
P-SV waves) motions (References 280 and 281) using the hard rock crustal model (Table |
2.5.2-221). For the hard rock profile, because the shear-wave velocities are high, a linear
analysis is performed for the horizontal as well as vertical motions (References 273 and 286)
(Subsection 2.5.2.7.1.1). Table 2.5.2-221 lists the source distances and depths intended to
cover the range in expected hard rock horizontal peak acceleration values at exceedence
probabilities ranging from 102 to 10”7 yr'. Because V/H ratios typically vary with source
distance (Reference 292), the range is also intended to cover the distance deaggregation.
While the hard rock V/H ratios are largely independent of M (Reference 251), M 5.1 is selected
as small magnitudes dominate the contribution at close distances and at high frequency
(Figures 2.5.2-231, 232, and 233), where the V/H ratios typically reach maximum values
(References 251, 286, and 292). The median estimates of the computed V/H ratios are shown
in Figure 2.5.2-240. Only a subset of the computed ratios are shown in Figure 2.5.2-240, as
there is little change at distances beyond about 6 to 9 mi. (10 to 15 km), with an abrupt jump in
the ratios within about 6 mi. (10 km). The ratios are largely independent of frequency with a
peak near 60 Hz and range in amplitude from about 0.5 to about 1 as distance decreases. .
These values, at low frequency, are lower than empirical hard rock central and eastern North
America (CENA) V/H ratios, which average about 0.8, decreasing from about 0.9 at 1 Hz to
about 0.7 at 10 Hz (References 297 and 298). While these empirical V/H ratios are for Fourier
amplitude spectra and not 5% damped response spectra and are dominated by small M
earthquakes (s about 4) and large distances (D 2 about 125 mi.), the results illustrate the large
uncertainty in vertical hard rock hazard for CENA and suggest large distant ratios may be
greater than model predictions at low frequency. To accommodate the large uncertainty, a
minimum V/H ratio of 0.7, the average of the empirical and simulations, is adopted. To
accommodate the change in source distance with both annual exceedence probability and
structural frequency shown in the deaggregation plots (Figures 2.5.2-231, 232, 233, 234, 235,
and 236), V/H ratios computed at a suite of distances are given relative weights (Table
2.5.2-223). The distances selected are 17_mi. (28 km), 4 mi. (7 km), and 0 mi._(0 km) to cover . |
ratios reflecting distant, intermediate, and near source contributions. Table 2.5.2-220 lists the
resulting vertical 10* yr'" and 10° yr" UHRS and GMRS, and Figure 2.5.2-239 shows the
horizontal and vertical GMRS.
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Lee Nuclear Station

Summary of Changes to FIRS A1 Analysis and Associated FSAR Revisions
Attachment 2

Mark-up of FSAR Subsection 2.5.2.7



Enclosure 1 ‘ ' : ’ Page 7 of 26
Duke Letter Dated: February 22 2010 '

COLA Part 2, FSAR, Chapter 2, Subsection 2.5.2.7.1.1.1.1, is revised as follows:

Horizontal amplification factors are developed using hard rock spectral shapes as control
motions (Reference 251). Base Case Profile A1 is placed on top of the regional hard rock
crustal model (Table 2.5.2-221, Reference 248273). A hard rock kappa value of 0.006 sec
(Table 2.5.2-221) is used, consistent with that incorporated in the hard rock attenuation relations
(Reference 248273). With a hysteretic damping in concrete between 0.5% and 1.0% any
additional damping in the shallow concrete profile is neglected as its impacts will be beyond the
fundamental shallow column resonance, well above 50 Hz.

While the site response analyses are linear and therefore strictly independent of control motion
spectral shape for Fourier amplitude spectral ratios, at high frequency, 5% damped response
spectral ratios may not be strictly independent of control motion shape. This can occur because
the width of the simple harmonic oscillator transfer function is constant in log frequency and
increases directly with frequency, averaging over a wider range in frequencies as oscillator
frequency increases. At very large distances, where crustal damping has depleted high
frequencies (spectral shapes shift to lower frequencies, Reference 251) and the site resonance
is not highly excited, responses spectral ratios may depart from those computed using control
motions relatively rich in high frequency energy (close distances). To accommodate the
possibility of distance dependent transfer functions in a linear analysis, a suite of spectral
shapes is used as control motions at distances of 0.6, 12, 62, 125, 250 mi (1, 20, 100, 200, and
400 km). Results are shown in Figure 2.5.2-241 and reveal the shallow site resonance, median
amplification of about 256%10% near 60 Hz to 70 Hz, with a very slight difference only at 250 mi
(400 km). The width of the resonance is broadened by the profile randomization with shear-
wave velocities varying +10% about the Unit 1 FIRS value of 7,500 ft/sec along with depth to
hard rock at 20 ft, randomly vaned t 3 ft.

|

COLA Part 2, FSAR, Chaptef 2, Subsection 2.5.2.7.1.1.1.2, is revised as follows:

For the Lee Nuclear Station, the concrete profile is randomized between depths of 17 to 23 ft,
the range in depths to hard rock conditions [shear-wave velocity exceeding, on average, 9,300
ft/sec (2.83 km/sec)] (Reference 248273). A uniform distribution is assumed for the depth
randomization. For the shear-wave velocity randomization, a soft rock correlation model was
used (References 277 and 280). Because concrete velocities show much less variability than
firm rock, being a uniform and controlled emplacement material, variations in velocity were
constrained to £10% about the base case value of 7,500 ft/sec with a COV of 0.1.

. COLA Part 2, F SAR, Chapter 2, Subsection 2.5.2.7.2, third and fifth paragraphs, are revised as
follows: . o

The approximations of linear analysis for the vertical component.and uncoupled vertical and
horizontal components are validated in two ways. Fully nonlinear modeling using a 3-D- soil
model shows that the assumption of largely independent horizontal and vertical motions for
loading levels up to about 0.5g (soil surface, horizontal component) for moderately stiff profiles
is appropriate (Reference 280). Additionally, validation exercises with recorded motions have
been conducted at over 50 sites that recorded the 1989 M 6.9 Loma Prieta, California ard-1982
M-6-7Northridge-California-earthquakes_(Reference 273). These validations show the overall
bias and variability is low but is higher than that for horizontal motions (References 280 and
281). An indirect.validation is also performed by comparing V/H ratios from WNA empirical
attenuation relations with model predictions (Reference 281) over a wide range in loading
conditions (Reference 281). The results show a favorable comparison with the model
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exceeding the empirical V/H ratios at high frequency, particularly at high loading levels. In the
V/H comparisons with empirical relations, the model also shows a small under prediction at Iow
frequency (s 1 Hz) and at large distance (= 12 mi.).. '

For Lee Nuclear Station Unit 1 FIRS the site-specific V/H ratios, Figure 2.5.2-240 shows median
estimates computed with the stochastic model for M 5.1. For M 5.1, the distances range from
50 to O mi. (80 to 0 km) (Table 2.5.2-221) with expected horizontal hard rock peak accelerations
ranging from 0.01 to 0.50g. Figure 2.5.2-240 shows that the V/H for the shallow concrete profile
Unit 1 FIRS are nearly constant with frequency and increase rapidly as distance decreases,
within about a 9 mi. source distance. For distances beyond 6 to 9 mi., the V/H ratio is about 0.5
and increases rapidly to about 0.9. The peak near 60 Hz is likely due to the peak in the
horizontal amplification factors (Figure 2.5.2-241). in Figure 2.5.2-240, the multiple peaks
beginning near 1 Hz reflect deep crustal resonances (structure below 0.5 mi., Table 2.5.2-221)
that would be smoothed if the crustal model were randomized and discrete layers replaced with
steep velocity gradients to reflect lateral variability and a more realistic crustal structure. The M
5.1 distance ranges more than adequately accommodate the hazard deaggregation (Subsection
2.5.2.45).

COLA Part 2, FSAR, Chapter 2, Subsection 2.5.2.7.4, is revised as follows:

Table 2.5.2-224 and Figures 2.5.2-244 and 245 show horizontal and vertical Unit 1 FIRS
developed compared to the horizontal and vertical GMRS developed for Unit 2. Figure
2.5.2-246 shows both the horizontal and vertical FIRS. Figure 2.5.2-247 shows the horizontal
and vertical UHRS at exceedence levels of 10*, 10°, and 10 yr'. Through Approach 3, both
the horizontal and vertical UHRS and Unit 1 FIRS are hazard- and performance-based
consistent across structural frequency from 0.5 to 100 Hz, the frequency range over which the
hard rock hazard is computed_(Reference 273). For frequencies below 0.5 to 0.1 Hz, the
extrapolation employed is intended to reflect conservatism, likely resulting in motions of lower
probability. Table 2.5.2-224 lists discrete valuesfor-FIRS and UHRS horizontal and vertical

spectral acceleration values for Unit 1. Sectlon 3.7 compares the site-specific ground motlons
to the AP-1000 design ground motions. , /
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Lee Nuclear Station

Summary of Changes to FIRS A1 Analysis and Associated FSAR Revisions
Attachment 3

Mark-up of FSAR Subsection 2.5.2.8
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COLA Part 2, FSAR, Chapter 2, Subsection 2.5.2.8, is revised as follows:

278. Anderson, J.G. and Hough, S.E., “A Model for the Shape of the Fourier Amplitude
Spectrum of Acceleration at ngh Frequencies,” Bulletin of the Se/smo/og/cal Society of
America 74_(5): +:343-+,3731,969-1 993, 1984.-
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Lee Nuclear Station

Summary of Changes to FIRS A1l Analysis and Associated FSAR Revisions
Attachment 4

Mark-up of FSAR Subsection 3.7.1.1.1
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'COLA Part 2, FSAR, Chapter 2, Subsection 3.7.1.1.1, ﬁfth paragr'aph, is reviséd as follows:

As'shown on Figure 3.7-201, the horizontal GMRS and Unit 1 FIRS exceed the horizontal

CSDRS at frequencies of about 20 to 75 hertz and 20 to 85 hertz, respectively. PGA at 100

~hertz of the GMRS and Unit 1 FIRS is 0.21 g and 8:240.22 g, respectively. As shown on Figure |
3.7-202, the vertical GMRS and Unit 1 FIRS exceed the vertical CSDRS at frequencnes between

about 25 to 70 hertz.
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Lee Nuclear Station

Summary of Changes to FIRS Al Analysis and Associated FSAR Revisions
Attachment 5

“Revised FSAR Table 2.0-201
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COLA Part 2, FSAR, Chapter 2, Table 2.0-201, Sheet 2 of 7, eritry for SSE, is revised as follows:

TABLE 2.0-201 (Sheet 2 of 7)
COMPARISON OF AP1000 DCD SITE PARAMETERS AND LEE NUCLEAR STATION UNITS 1 & 2 SITE

.Page

14 of 26

odified Regulatory Guide 1.60 response spectra. .

eismic input is defined at finished grade, except for

ites where the nuclear island is founded on hard rock.®

he hard rock high frequency (HRHF) GMRS provides

n alternative set of spectra for evaluation of site specific
IGMRS. A site is acceptable if its site-specific GMRS fall

ithin the AP1000 HRHF GMRS.©

Unit 1 FIRS PGA = 0.240.22g
GMRS and Unit 1 FIRS are
below the WEC hard rock high
frequency spectrum at all
points.

Subsection 2.5.2.7
Subsection 3.7.1.1.1
Figure 3.7-201
Figure 3.7-202

CHARACTERISTICS
WLS
WLS FSAR Within Site
~ AP 1000 DCD Site Parameters WLS Site Characteristic Reference Parameter
Seismic
SSE SSE free field peak ground acceleration of 0.30 g with GMRS PGA =0.21g Subsection 2.5.2.6 Yes
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Lee Nuclear Station

Summary of Changes to FIRS A1 Analysis and Associated FSAR Revisions
Attachment 6

Replacement FSAR Table 2.5.2-224
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COLA Part 2, FSAR, Chapter 2, Table 2.5.2-224, is replaced as follows:

WLS COL 2.5-2 - TABLE 2.5.2-224 (SHEET 1 OF 2)
: FIRS AND UHRS FOR PROFILE A1

FIRS - FIRS UHRS(10% UHRS(10™% UHRS(105) UHRS(10%) UHRS(106) UHRS(10-6)

Frequency Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical
(Hz) SA(G) SA(G) SA(G) SA(G)  SA@G) SA(G) SA(G) SA(G)
100 0.224 - 0.168 0.110 0.086 0.497 0.374 1.439 1.192

- 90 0.256 0193  0.123 0.097 0.570 0.428 1.664 1.385
80 0298  0.224 0.141 0.111 0.663 0.497 1.956 1.637
70 0.355 0.265 0.163 0.129 0.788 0.590 2.350 1.978
60 0.433 0.323 0.193 0.154 0.962 0.718 2.905 2.462
50 0.548 0.407 0.236 0.190 1.217 0.905 3.733 3.190
45 0.569 0.424 0.240 0.193 1.264 0.942 3.859 3.274
40 0.593 - 0.443 0.244 0.195 1.318 0.985 4.005 3.372
35 0.622 0.466 0.248 0.198 1.383 1.036 4176 3.486
30 0.616 0.467 0.252 0.201 1.369 1.037 4.088 3.423
25 0598  0.460 0.257 0.205 1.329 1.023 3.912 3.208
20 0.534 0.410 0.241 0.191 1.186 0.909 3.424 2.852
15 0.461 0.353 0.222 0.175 1.024 0.781 2.883 2.365
125 0420  0.321 0.211 0.165 0.933 0.710 2.586 2.100
10 0.375 0.286 .0.198 0.154 0.833 0.631 2.263 1.816
9 0.352 0.267 0.190 0.147 0.778 0.588 2.097 1671
8 0329  0.248 0.182 0.139 0.721 0.542 1.926 1.523
z 0.304 0.228 0.173 0.131 0.662 0.495 1.748 1371
6 0.277 0.207 0.163 0.122 0.599 0.446 1.564 1214
5 0.249 0.184 0.153 0.113 0.533 0.394 1.370 1.052
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WLS COL25-2 , TABLE 2.5.2-224 (SHEET 2 OF 2)
FIRS AND UHRS FOR PROFILE A1

FIRS FIRS UHRS(10® UHRS(10% UHRS(10°%) UHRS(10%) UHRS(106) UHRS(1076)

Frequency Horizontal Vertical Horizontal ‘Vertical Horizontal Vertical Horizontal Vertical
(Hz) SA (G) SA (G) SA (G) SA (G) SA (G) SA (G) SA (G) SA (G)
4 0.211 0.156 0.132 0.097 0.449 0.334 1.113 0.858
3 0.170 0.127 0.109 0.080 0.360 0.269 0.852 0.659
2.5 0.148 0.111 0.096 0.071 0.313 0.235 0.719 0.558
2 0.125 0.094 0.079 0.059 0.267 0.201 0.602 0.472
1.5 0.101 0.076 0.061 0.046 0.217 0.164 0.479 0.380
1.25 0.088 0.067 0.052 0.039 0.190 0.144 0.415 0.332
1 0.074 0.057 0.043 0.032 0.162 0.123 0.347 0.281
0.9 0.071 0.054 0.039 0.029 0.155 0.118 0.337 0.269
0.8 0.068 0.051 0.034 0.026 0.148 0.112 0.325 0.257
07 0.064 0048 0030 0.023 0.141 0.106 0313 0.244
0.6 0.060 0.045 0.026 0.019 0.133 0.099 0.299 0.230
0.5 0.056 0.041 0.022 0.016 0.124 0.092 0.284 0.215
0.4 0.044 0.033 0.018 0.013 0.098 0.073 0.226 0.171
0.3 0.033 0.024 0.014 0.010 0.073 0.054 0.169 0.128
02 0.021 0016  0.009 0.007 0.048 0.035 0.112 0.085
0.15 0.016 = 0.012 0.007 0.005 0.035 0.026 0.084 0.064
0.125 0013 - 0.010 0.006 0.004 0.029 0.022 0.070 0.053
0.1 0.009 0.007 0.004 0.003 0.021 0.015 0.047 0.036
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Lee Nuclear Station

Summary of Changes to FIRS A1 Analysis and Associated FSAR Revisions
Attachment 7

Revised FSAR Figures 2.5.2-240, 2.5.2-241, 2.5.2-244, 2.5.2-245, 2.5.2-246,
2.5.2-247, 3.7-201, and 3.7-202 ‘
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ACRONYMS
The defi nmons of acronyms used in this technlcal report are llsted below.

1D - One Dlmensronal
AEF - Annual Exceedance Frequency »
CCDF - complementary cumulative distribution function
CENA - Central and Eastern North America
COV - coefficient of variability
D - distance in kilometers or miles’
EPRI - Electric Power Research Institute
FAS - Fourier Amplitude Spectra
FIRS - Foundation Input Response Spectra
fps - feet per second
FSAR - Final Safety AnaIysus Report
g - acceleration unit
'GMPE — Ground Motion Prediction Equatlon
GMRS - Ground Motion Response Spectra.
Hz - Hertz
km - kilometers
M - Moment Magnitude
P - compressional wave -
PSD - Power Spectral Density :
PSHA - Probabilistic Seismic Hazard AnaIysus
RMS - Root Mean Square '
RVT - Random Vibration Theory
SDF - Single Degree of Freedom
- 8V -~ vertically polarized shear wave.
UHRS - Uniform Hazard Response Spectra
' ‘V/H - Vertical-to-Horizontai Ratio
Vp = compressional wave velocny
"\V/s — shear wave velocity
WNA - Western North America
- km/sec - kilometers per second
-> - Greater than
< - Less than .
< - Equal to or less than
= - Greater than or equal to
% - Percent
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REPORT OVERVIEW : T )
This report presents and describes the detarled methodology used to develop horizontal and
vertical hazard consistent site-specific uniform hazard response spectra (UHRS) at the Duke'
Energy William States Lee Il Nuclear Station Unit 1. The information presented in this
technical report provides a detailed presentation of: analysis’ methodology, - specifically
“addressing calculation approaches using random vibration theory (RVT), location-specific
uniform hazard response ‘spectra using ‘Approach 3 (described in NUREG/CR-6728), and .
incorporation of site-specific aleatory and epistemic variabilities in dynamic material
properties. This document supplements the analysrs results presented in Subsection 2.5. 2 of |
the Final Safety Analy5|s Report (FSAR) 4

The site- specut’ ¢ UHRS are computed as free field motrons at the’ ground surface, although
other elevations or locations within a profile may be specified. -In the case of the William.
States Lee Il Unit 1, site- specrf ic UHRS were calculated at the base of the Unit 1 nuclear .
island structure. As described in the FSAR Subsection 2.5.4, thé Wllram States Lee Il Unit 1 |
‘foundation is. supported ‘on new and prevrously placed concrete materials posmoned dtrectty -
-over continuous hard rock with shear wave velocity dominantly over 9,200 feet per second
(fps). To address ‘this confi iguration, location-specific UHRS were developed for the Unit 1
nuclear island. The UHRS analysis goal is to achieve site-specific response spectra which
reflect the desired exceedance frequencies, or stated another way, preserve the reference
_site hazard level and result in full site-specific hazard curves for William States Lee Il Unit 1.
The analyses described in this report apply to the development of honzontal and vertical - |
untform hazard spectra for William States Lee 1M Unit 1. : :

1.0 INTRODUCTION : S -

In- developing snte-specrf iC response spectra the usual approach mvolves as a fi rst step,_ -
Probabilistic Seismic Hazard - Analysis (PSHA) reflecting an outcropping reference site
" condition”. The reference site condition is usually rock and, for central and eastern North™
America (CENA), reflects a theoretical shear-wave velocrty over the top 1-km of the crust of .

L 2.83 km/sec with a shallow crustal dampmg kappa value of 0. 006 sec (EPRI, 1993). The . .
shear—wave velocrty is based:on the empirical Mid-continent compressronal -wave velocrty;“'

model 'of Pakiser and Mooney (1989), taken by EPRI (1993) to represent thé CENA, and an

assumed Poisson ratio of 0.25. Since the 2.83 km/sec is but a single assigned 'rock shear- -

wave velocity, a realistic range of velocities and depths, as well as kappa values, could be -

developed to define. a realistic range in-hard rock site condrtrons for WhICh hard rock :
' 'attenuatlon retatrons and resultlng hazard drrectly apply .

The kappa value, whrch controls high frequency motions, is empuncal and based on_.
examining motions recorded at hard rock sites (e.g. Silva and Darragh, 1995).: Subsequent to
_ the ‘reference . site condition PSHA,. adjustments are made to the resulting reference site”
'UHRS. to compensate for any significant differences in dynamlc material properties that may
- exist between the local site (Table 1) and the reference site. Table 1 describes the definitions. .
- of locations for motions in site- response analyses used in this technical report.. In applying
the adjustments the goal or objective is to achieve site-specific - response spectra which:

reflect - the. desired exceedance frequencies, that is, preserve the réference site annual. -

exceedance . frequency (AEF) thereby maintaining hazard consistency. The site- specific
UHRS are usually computed as free-field motions at the ground surface, although other -
elevations or locatlons within a profile may be specuf ied (Table 1) : ‘

"'Site condrtlon reflected in the attenuatron relations used in the PSHA
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The development of horizontal and vertical hazard consistent site- specif ic UHRS may be
considered as involving two independent analyses. The first or initial computation is the
. development of relative ampln" ication factors, (5% damped response spectra) between the site

of interest and the reference site (S (f)) SR ( 1)) that accommodates linear or .

nonlinear site response. Currently the state- of-practlce approach involves - vertically
propagating shear-waves and approximations using equnvalent-hnear analysis' using either a

~ time domain method. (e.g. SHAKE) or a more computatronally efficient frequency domain
random vibration theory (RVT) method.’ .

.. Subsequent to the development of the amplification factors, site-specific motions are

_ computed by scaling the reference site motions with the transfer functions.. In the past purely

deterministic methods have been used but these generally result in site-specific. motions that

o reflect higher probabrlrty than desrred .More recently semi- determlmstlc methods have been

"~ developed to conservatively achieve desired hazard levels, still -using a. fundamentally

deterministic method (NUREG/CR- 6728) Along with theseé semi- deterministic methods, fully.

_ probabilistic methods were also developed that accurately preserve the reference site hazard

level ‘and result in full. site-specific hazard curves. The fully probabilistic approaches -
represent a viable and preferred mechanism to properly incorporate parametric aleatory and

: eprstemlc variabilities and achieve desired hazard Ievels and performance goals ‘ '

: 'Thrs report ‘is mtended to present an |I|ustratlon of the two components used in the .
- development of hazard consistent site-specific UHRS: RVT equrvalent linear site- response
and fully probabllrstrc site-specific hazard analyses. : :

2.0 IMPLEMENTATION OF RANDOM VIBRATION THEORY (RVT) FOR SITE
. RESPONSE ANALYSES
. RVT reflects a classical engmeenng ‘method for. estlmatmg populatlon mean peak tlme,

.domain values. based on a single root mean 'square (RMS) estimate of the response of a~ " °

' _'-«system provided the system excitation reflects stationary- random noise. The advantage of
- using the RVT formulation is that a large number of time domain analyses are not required to
“obtain stable estimates of mean response. The entire response analysis can be done in the -
-frequency domain through the use of Parseval’s relation (Boore, 1983). This relation is a

direct correspondence between the Fourier amplitude 'spectra (FAS) or power spectral density

" (PSD)-and the-time" domam root-mean-square (RMS). response for any system parameter.

‘(acceleratlon partlcle velocrty shear-stram factor of safety agalnst Ilquefactron etc)

~ -The combination of RVT and Parseval S relatton then permnts a srngle linear system analysrs
-, in the frequency (power spectral) domain resulting. in- an -estimate of time domain response
~ that reflects a mean response over the eéntire populatlon of time histories whose FAS match
-that of the system.demand or load function. In other words, for a linear system, one which
- admits a-frequency ‘domain analysis and spectral superposntlon is appropriate. (no-transfer of -
energy between frequencres) RVT. résults in ‘a peak time domain:response: for the ‘entire -
*, _population of phase ‘spectra which can.be assocnated with the PSD  of the load function. In -
* principle the load function must reﬂect random noise whose statistics do not vary with time
" (remain stationary). In applications to' strong ground.motions, e.qg. acceleration -or velocity.
time histories, clearly this does:not appear to be the case’ as typical records show changes in
“amplitude and perhaps frequency content with time. However the randomness constraint is, .
« fortunately, a weak constraint and extensive testing (e.g. Boore, 1983 Boore and Joyner »
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e

. 1984; EPRI 1993; Silva et al 1997 Boore 2003) has shown the apphcatron to strong ground
motion in terms of response spectra, peak acceleratron peak particle velocity, and: peak’ -
: shear-strarns to be qurte robust ‘ ‘ r _ o

For applrcatlons to site. response and strong motron RVT is generally used m two dlstrnct
places: 1) in estimating response spectra’ (oscrllator time domain peak values) and peak
particle velocities given a ground motion-FAS and duration, -and 2) estrmatrng peak shear-
strain time domain values grven a shear-strain FAS and duration.

- 2.1 RVT Durations '
For both applications, i.e. estrmatlng spectral acceleratrons and peak’ partlcle veIocrtles as-_
well as peak shear-strains, durations are taken as the inverse of the source.corner frequency
(Boore, 1983) with a distance dependent term to accommodate the increase in duration due

to wave scattering- (modified from Herrmann, 1985 as discussed in Appendix A). For the Lee -~

“Nuclear Station Unit 1, Table 2 lists the point-source model parameters and duratrons used in
developmg site- specrf c V/H ratros (Sectron 4 2. 1) - . .

2.11 Peak-to-RMS Rat:o ‘ T
_ Several relations exist between the'time domain RMS, estrmated by mtegratmg the PSD over -
frequency, and the corresponding peak time domain values (Boore, 1983; 2003). These
- relations reflect varying degrees of approximation in-the peak-to-RMS Tatio, increasing in

complexity. and accuracy as the number of extrema over the duration decreases Boore -

(1983) ‘illustrates a range in RVT ground ‘motion parameter estlmates computed ‘using -

- different approxrmatrons The maximurm range is about 10% for the extreme case-of only 2. -

extrema (M 3.0; Boore 1983) over the source duration. Based on extensive comparisons - e

of response spectra computed from time. histories (referred to as single. degree of freedom
. (SDF) spectra) with RVT estimates, Pacific Engmeermg typically implements an intermediate

‘approximation. The. intermediate approximation is an asymptote expression for the peak—to-{ S

.. - RMS ratio (Equatton 24; Boore 1983) and was used ‘in- the Lee Nuclear Statlon Un|t A
' analyses : T , !

"To mtegrate the PSD, numerical mtegratron is performed rather than analytrcal mtegratron as.
the PSD includes site response in addition to the FAS of the simple point- source model. -
Because the PSD is reasonably smooth, a simple and rapid Srmpson s three-point scheme is

' |mplemented but with a very dense sampling to fully accommodate the presence of peaks.and- -
troughs. Typically. (e.g: Lee. Nuclear Station Unit 1) 25, 000 points  are’ used from 0.007 Hz
(about 150 sec) to 150 Hz. The wide integration range is’ to ensure inclusion of potential high- -~

and low-frequency amplification. - Additionally, the RMS is sensitive to the integration over

low-frequency -so it is prudent to  extend..its range to at-least an order of magnitude below the

_ lowest frequency of interest, 0.1 Hz for nuclear applrcatrons (e.g. Lee Nuclear Station Unit 1). .
- For applrcatron to other types of structures (e.g. long-span bridges, liquid natural gas facilities,’
. efc) requiring estimates of motions to lower frequency, the mtegratlon range in FAS is
L extended from 0. 0001 Hz to 150 Hz.. ' A : R
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2. 1.2 Computatron of RVT Response-Spectra '

*A'number of procedures (equations) exist’ for computing response spectra (peak tlme domaln
oscillator amplitude). These ‘equations accommodate: the increasing non-stationarity of

. oscillatory time histories as oscillator frequency decreases: . Non -stationarity becomes critical .
~ as. oscillator ‘frequency becomes: lower than the source corner frequency. Under these
conditions, the oscillator duration exceeds the source duration, severely violating the weak
assumption of stationarity.. For these cases, various correction procedures have been
developed for RVT that reflect a range in computed response spectra of about 10%. Boore
(2003) gives an excellent illustration of two very different correction procedures showing their-
similarity for both small and large magnitude earthquake sources. ‘For applications to transfer
functions, horizontal amplification factors and vertical-to-horizontal (V/H) ratios, differences in - }

. response spectra due to. different corrections at low- frequency are cancelled through takmg' ‘
ratios, as long as the correctlons are applled con5|stently o

In typrcal Western North Amenca (WNA) and CENA; source duratlons (mverse corner

’ frequency) scale with moment magnitude (M) such that for M 5, 6, and 7, durations are
apprOX|mately 1, 3, and 9 seconds respectrvely As a result, corrections only bécome
important for oscillator periods longer than 1, 3 or 9 seconds, dependmg on the magnrtude
used in generatlng the transfer functrons

- Figure., 1 shows an example comparison using 30 time hlstorres from a finite fault simulation
reﬂectlng randomly selected model parameters (e.g. slip model nucleation point, shear-wave
velocny profiles etc.).- Figure 1 compares median response ~spectra computed from tlme
histories with RVT response spectra computed from: the. correspondlng PSDs. In general :
over the entire frequency range, the RVT spectrum agrees quite well with the SDF, reflecting
a sllghtly smoother version. At low-frequency, the RVT spectrum is slightly above the SDF
spectrum . ~

For the Lee Nuclear Station Unit 1, because the site’ response is linear and therefore" _
magnrtude mdependent and the max1mum response is at high frequencies, the dominant
'source with M of 5.1 (based on deaggregatlons Section 4.1) was used (Table 2).’ Srnce the

‘maximum site response occurs- at very . high frequencues (> 50 Hz), RVT: correctlon._ =

procedures are not an’issue. An apprecratron that the correction effects are not an‘issue, as
their impacts are cancelled in the ratios, -is seen in the Unit 1 amplification factors at low
_Afrequency (Figure 2). The ampllf catlons factors remain unrty down to 0.1 Hz, nearly a factor. -
of 10 lower than the source corner. frequency for an M 5.1 source (Table 2). Asis- -apparent
from Figure 2, distances are not those listed in Table 2. . The suite listed is Table 2 reflects the
suite used for Lee Nuclear Station Unit 1 Foundation Input Response Spectra. (FIRS):

- analyses, which included concrete fill over hard rock as well as computation of VIH ratios for. -

 WUnit: 1, both ‘of which require a reasonably dense grid- of reference sute motlons “The "
| _motlvatlon forthe distances used in Flgure 2is discussed in Sectlon 3 4 2.3. _

2 2 RVT-Based Equrvalent Lmear Slte-Response

" The RVT sﬂe—response computatlonal formulation that has been most wudely employed toi:, S

~ evaluate 1D site response. assumes vertically- propagatlng plane shear-waves (S-waves).
_Deparlures of soil response from a linear constitutive relation are treated 'in an approximate
‘manner._through the use -of the. equivalent-linear formulatron The - equivalent-linear
formulation, in its present form, was -introduced by Idriss and Seed. (1968). - A" stepwise -
iterative- analysis approach was formalized into a 1D, vertically propagating S-wave code -
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called SHAKE (Schnabel et al, 1972) Subsequently this code has become the most wudely’ '
used and validated analysrs package for 1D site response calculattons

. Careful validation exermses between equnvalent—lmear and fully nonlinear formulatlons usmg '-

recorded motions (peak horizontal acceleration) from 0.05-to 0.5g showed little difference in o

results for response spectral ordinates (EPRI, 1993). Both formulations compared favorably
to recorded motions suggesting both the adequacies of the vemcally-propagatlng S-wave
model and the’ approxmate equivalent-linear formulation. While the assumptions of vertically '
‘propagating S-waves and equivalent-linear soil response represent approximations to. actual
conditions, their combination has achieved demonstrated success in modeling observations
of site effects and.represent a stable, mature, and reliable means of. estimating the effects of
- site conditions on strong ground motlons (Schnabel et al., 1972; EPRI 1988 Schnelder et aI
A1993 Sllva etal., 1997) R : oo o

" The vertlcally propagatmg shear—wave approach cannot successfully model amphtudes to co
arbltranly long periods at deep soil sites'at large source distances, as this formulation does
not consider horizontally - propagatlng surface waves. - It is not clear, however, under what
circumstances (profile. depth source size and distance, and structural frequency) the. 1D
vertically propagating shear-wave model would result in unconservative motions. Validation
-exercises consisting of modeling recorded motions using the 1D approximation at deep soil
sites in tectonically active regions suggest the simple | model performs well in terms of spectral
amplitudes to periods of at least several seconds (EPRI, 1993; Silva et al., 1997; Hartzell et

al., 1999) periods long enough to accommodate nuclear facilities. o S

~ A clear advantage of the equnvalent-llnear vertically propagatmg shear—wave model is |ts
simplicity, resulting ease of implementation, ‘and transparency. Due to its computatlonal
efficiency, the modeling approach is easily able to accommodate: site- -specific aleatory and -
- eprstemlc variabilities in dynamic material properties in ground motions. This is accomplrshed '

.'by-varying input parameters and.computing the resulting motions. Unfortunately, to develop

- stable estimates of computed motions for each suite of parameters, multiple t|me histories
" :(e.g. 51to 15), each matched to the control motion response or Fourier. amplltude spectra;
.. must: be: analyzed. This is the case as peaks and troughs in response spectra as well as

o peak shear-strains are sensitive to the phase spectra of the control motion. For the tradmonal B

“equivalent-linear formulation (e.g. SHAKE) since peak time domain shear-strains are'used to .

) . iterate or soften the system (approxnmate nonlinear response), each time history résults in
: somewhat different response, with the same. dynamic material properties. The .stacking -

(averaglng) of responses necessary to achieve stability over multiple input time histories. (all ‘
- matched to the same control motion spectrum) renders the time domaln (SHAKE) approach. _
~difficult to properly develop fully probabrhstlc response spectra ‘ ‘

‘As a practical alternatlve for the computatnon of site- -response, the RVT based equrvalent-
" linear approach (RASCALS) was "developed (EPRI, 1988, 1993) and 'thoroughly validated -
(EPRI, 1993; Silva et. al., 1997). . In this approach, which propagates "an outcrop (control -
. motion) power spectral densrty through a 1D soil column, RVT is.used to predict peak time
domain values of shear strain based upon. the shear-strain power spéctrum.. The control
motion power spectrum is propagated through the 1D rock/soil profile using the plane -wave
. propagators of Silva (1976) Using RVT to provide an estimate ‘of peak: time domain shear-
* strains results in éstimates that reflect, in' a single run, the mean over the entire: population of
- control motion phase spectra, which is conditional on a single control motion power or Fourier
amphtude spectrum (FAS) The oomputatlonal efficiency of the RVT approach then easily
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aIIows the large number of srte response analyses reqwred to develop fully probabllrstlc_ L

hazard' consistent response spectra as it eliminates the need for. multiple time histories. For*. :

-each suite. of dynamic material properties,.only a single site-response analysis is necessary,
resulting in a mean system response over the population of phase spectra associated with the
control motion PSD. Additionally, for amplification factors computed with any time domain .
site-response -analysis procedure, the frequency-to- frequency and record-to-record variability . -
in the computed soil response due to the time history propagatron introduces additional -
variability: This additional variability reflects a double counting as frequency-to- -frequency and
- record-to-record variability has already been accommodated in the aleatory variability in the
attenuation relations used-in. developrng the reference PSHA. Employment of an RVT -

. approach, because the control motion reflects.a smooth' spectrum,’ properly - neglects the .~

.frequency-to-frequency - and record-to-record variability in response spectra computed from
. real or.realistic' time histories and avoid$ double - counting of frequency -to- frequency and. -
, _record to-record varrabrlrty in the computed srte response: '

: In the RVT |mp|ementat|on for peak shear—strams the simple asymptotrc expressron of
- Equation 24, in Boore (1983) is used (Section 2.2). Based on extensive validations, this .
simple approach adequately reflects peak shear-strains through the soil column resulting. in
close comparisons between SHAKE, nonlinear codes, and recorded motions (EPRI, 1993).
Careful validation exercises in modeling motions recorded from 19 earthquakes at over 500 -
sites quantlf ied the accuracy of the RVT equivalent-linear approach along with the use ofa
’ pomt -source model to characterlze control motlons (EPRI 1993; Silva et al., 1997).

: 2 2: 1 Amplrf' jcation Factors IR - -
- To- _generate amplification factors (site-specific soil‘ Sa/reference Sa) which - properly_- E
accommodate ‘site-specific aleatory variability, a randomization process of dynamlc materlal[
propertres is typically implemented about a base-case profile (EPRI, 1983). In this process,
layer thickness and shear-wave velocity are randomrzed based on a correlation model
,resultrng from an analysis of_ variance on over 500 measured shear-wave velocity profiles
*(EPRI, 1993) In this model, velocities -are represented by a. distribution at a given depth

v coupled to a correlation with’ depth to prevent unrealistic' random’ velocity excursions above " -
and below a given layer. The layer thlckness model is. also based on measured profiles and -
replicates’ the overall observed decrease in velocity fluctuations as depth increases. This . -

'realrstrc trend is ‘accommodated. through increasing layer thicknesses with rncreasmg depth.

“The " correlation and layering model prevents unconservatrve profle realizations' with - -

'uncorrelated velocity fluctuations over depth resultrng in increased effective overall damping
due. to wave scattering at |mpedance ‘boundaries. (scattering kappa). This. condition is:.
exacerbated at high loading levels due to nonlinearity, concentratrng shear strains in low
~velocity layers. As a check on this. possibility it is important to compare the median response -

spectrum over multiple realnzatrons with that.from- a single analysis with.base-case: propertles a
_-at low. (Imear) loading levels. If the median spectrum falls below that: computed using the -

- base-case dynamic' material propemes at high frequency by -more than about 5%, a:
significant amount of scattering kappa has been added in the’ velocrty randomization, resultrng-f )
in an overall Iarger kappa value than- desired and unconservative high-frequency .motions’ at -

" low loading levels. This should.then be compensated by appropnately lowering the kappa. .
“_'value in the control motions, another advantage of using a pomt—source model to generate .

'control motions as it is not an unamblguous endeavor to adjust control motions: devetoped;

from attenuation relations or spectral shapes (NUREG/CR-6728) for lower (or Iarger) kappa 4

values. For the point-source model, the process of adjusting kappa, |Ilustrat|ng typical sizes
of the reduction.in kappa and its impact on the median spectra is discussed'in Appendlx B. -
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In addltlon to velocuty and Iayer thlckness vanatrons depth to basement matenal is- also :

commonly randomized to cover the- anticipated range over the site. For large -impendence

- contrasts at the base of the soil, 'this variability smoothes the fundamental column resonance .
“which may not be-stable over ‘multiple earthquakes (Sllva et aI 1986) suggestmg some:

‘degree of smoothlng may be appropnate . L - N -

It is also essentlal to con5|der aleatory varlablllty in. nonllnear dynamlc matenal propertles
.both laterally across the site as well as.vertically (where the same base-case properties are
employed over a depth range). This variability in modulus reduction and damping curvesis -
. accommodated by assuming a log-normal dlstnbutlon at-a strain.value where the curves are’
* changing rapidly, 0.03%, randomly sampling a distribution and applying thrs perturbatlon to
the base-case curves. The perturbation is tapered approachmg the ends of the curves to
: preserve the shape of. the base-case curves. Empirical sigma values; based on laboratory .
test of materials of the. same general type (e.g. gravely sands) such that the G/G and
- hysteretic damping curves ‘would. be applied - over depth ranges ‘which .boring logs: or. -
" laboratory index property. tests md:cate appropnate are 0.15 (Oin) and 0.30. (o.n) for modulus
‘reduction and hysterettc damplng respectlvely ‘ .

, The G/Gmax and hysterettc dampmg curves are randomized mdependently Intwtlvely one -
. may -expect arandom excursion to a more linear modulus reduction curvé would be

accommodated ‘with a higher probability of a damping curves reﬂectmg less damping.
However, such .intuition may .be more properly associated with mean curves rather than

-random excursions about- mean properties. Addmonally, extensive tests with negatlvely_ o

correlated curves: showed very little difference in the variability of computed motions. This is

easy to understand as hysteretic damping has a much less ‘significant impact on’ computed-

motions than does modulus reduction, . A grven percentage change in G/Gpmax results-in a _
much larger impact on computed motions than a sumllar percentage change in hysteretic

damping. Shear-wave velocity affects both ampllf ication as well as energy loss through wave - B

' dampmg while hysteretic damping affects: only energy loss:- The overwhelmlng sensmwty of
_equnvalent -linear site response is'in'the modulus reductlon curves (Sltva 1992) AR

2 2. 2 Control Motlons '
“Control motions” (PSD) may be generated by use of the sungle -corner (and. double .corner for

. the CENA) point-source model reflecting the magnitude contribution to the ‘hazard. W|th ‘this - .

approach motions are generated for reference site-conditions -as well as local site- conditions " .
by propagation from the source to the site (EPRI, 1993). Implicit in this approach is the
_validity of the point-source ground motion model in terms of spectral shape. Validations of the
point-source model (EPRI, 1993 Silva_et al., 1997; Boore, 2003) have shown the model- .-
produces realistic _response spectra for a wnde range in ‘M, distance, and- site- condmons '
These validation exercises have demonstrated the appropnateness of the model to serve as
control motions for site- -response analyses and resuited in the use of the model in developing

: ‘hard rock response spectral shapes and V/H- ratios for the  CENA (NUREG/CR-6728). A
limitation of the model is its demonstrated overpredtctlon of low-frequency response spectra -~

at large M (M 2 7.0) and at ¢lose dlstances (< 20 km).in the WNA (Silva et al,; 1997) ‘This:
- observation led Atkmson_and Srlva (1997) to introduce a double-corner: source model for large
M WNA earthquakes. Another potentlal Ilmltatlon of .the pomt -source modet is an -

Control Motion: Motion used as. mput to site response analyses Thrs can’ be reflected in tlme
hlstones matched or scaledto a response spectrum or, in the case of RVT a PSD
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_underpredlctlon of absolute spectrat Ievels at mtermedlate frequency for Iarge magnrtude (M >

~6.5) and distances greater than about 100 km (Sllva et-al,, 1996). Howevér, an intermediate

frequency underprediction in-an absolute sense does not reflect a serious limitatjon” of the

model in developing relative amplification factors. For such appllcatlons the model is used:in.

" arelative sense, generating both site- specrf ¢ motions as well as reference site motions with

the amplification computed as the spectral ratio. In.this application, reference site distances

are adjusted to produce a range in loading levels through a suite of reference site expected

. peak accelerations’ (Sectron 2.2:2.1). As.a result, the -model is rmplemented in a relative’

sense and, in‘this context, the critical issue for a control motion to provide realistic loading of

the site-specific prof ile across structural frequency is an- appropriate spectral shape which

varies correctly with both magnitude as well as distance. To assess the appropnateness of

. the pornt-source model in terms of spectral shape, Appendix C shows a favorable -comparison

" between spectral shapes computed with the recently developed empmcat Next Generation

Aftenuation Models (NGA) (PEER, 2008), Ground Motion Prediction-Equations (GMPEs), and,

. those of the point-source model. In this comparison the pomt source model produces rock

site shapes in good agreement with the empirical shapes with, varylng magmtude as well as

" both " close and Iarge dlstance mdtcatlng its appropnateness for use in developmg
amplrf catron factors. ) A . » :

- .For the CENA the appropnateness of the single-. or double corner source models. remalns an
unresolved issue .with most CENA attenuation relations based on the point-source model

-(EPRI, 2004). For reference site. conditions consisting of hard rock in the CENA, the single- - - -

- and double-corner source model spectral shapes presented in NUREG/CR-6728 may also be-
used as. control motions. Uncertainty in single- verses double-corner models results in the
recommendation of computation of amplification factors using both models and combmrng the =
resulting hazard curves with the same relative welghts as used in developlng the reference o
‘(e.g."hard rock) PSHA :

: For appllcatrons to the WNA, " rock control ‘motions -may be’ generated usmg emprncal'
~ attenuation relations . or spectral shapes presented in. NUREG/CR- 6728, after adjusting the .
. -surface. outcrop motlons to base-of-soil conditions (NUREG/CR-6728). -Alternatively, the -

“point-source single-corner frequency model may be .used with M limited to about M 7.0 for -~
deep soil sites to avoid overdriving the soil column at low- frequency (<1 Hz) Alternatively or «

~in conjunction, the WNA double-corner-source model-(Atkinson and Silva, 1997) may be used

as control motions. "Use of the pornt-source models reflects computational efficiency as it- o
avoids the intermediate step of spectral matchrng to the empirical spectra whrch are not weII S ’

’ ‘constrained for aII M at d|stances exceedlng about 100 km.

2.2.21 Effects of Spectral .Shape. '
- In the development of ‘amplification factors, the shape of the control motron spectrum plays an

lmportant role - due to nonlmeanty in the' srte-response The three factors which control -,j L

“spectral ‘shape, apart from site. effects include: magnitude- (through' the source corner .
frequency), single- verses double-corner source spectra and drstance (through depletion. of .
high- frequency energy -as. distance. increases) (Silva. et. al., 1997).. In principle -all three

dependencies  in control ‘motion spectral shape should be accommodated in developing .

‘ amphﬁcatron factors. Accommodatlng these potential dependencies- on: .control motion
spectral shape would result in development of hundreds of mean amplifi ication factors at a.
fine discrete grid of values for M, e:g. every 0.1 unit in M, and in distance, e.g. every 1 to 2 km

in dlstance over the ranges of contributions to the reference hazard. For the CENA, separate

surtes of amplification factors ‘computed for both _single- and double-corner source ‘models* A



Enclosure2 e R __P'age‘rm’ofrt(;;.
' Duke Letter Dated: February 22, 2010 o S Page 14 of 68 -

B would be required as well. However, the actual dependencres have been examined through .
sensitivity analyses, resulting‘in general guidelines in magnitude and distance dependenmes ‘
that produce srgnn" icant (> 10%) drfferences in mean amplrf catron factors - ‘

: For determrnrstrc approaches in developlng ‘site- specrf c UHRS (Section 3 1, Approaches 1 :

~and 2), typrcally only two magnltudes and assocrated distances are used reﬂectlng the high- '

- frequency (5 Hz to 10 Hz, 5 Hz and above) and low-frequency (1 Hz to'2.5 Hz, 2.5 Hz .and -
- below) contributions to the reference hazard (NUREG/CR-6728). .However, for the fully
- probabilistic approach to ‘developing site-specific UHRS (Sectron 3.1, Approach 3), a wide
‘range in levels of reference site spectra is required as the entire reference (e.g. hard rock)
. hazard curve has contributions to each point (exceedance frequency) on the site- -specific (e.g. )
soil) hazard curve. Typically the range in levels of reference site spectra is accommodated
~ through a suite of expected reference site. peak acceleration values, conditional on M,

" generated by varying ‘source - distances (Table  2). This approach then naturally

accommodates any dependence on distance.in the amplrﬂcatron factors due to the effects of -
~ distance on control motron ‘spectral shape : : '

A‘To rllustrate effects of control motlon Ioadmg level on amplrf catlon factors;: Frgure 3 showsv
5 “'”[medlan and + 1 sigma estlmates computed for a 'generic deep soil site in the CENA using a

single-corner frequency M 7. 0 point source model. Reference (hard rock Table 2) expected o h

peak accelerations range from 0. 01g-to 1.50g at 11.discrete values with distances ranging
~from about 300 km to O km'(séveral km depth). As Figure 3 clearly shows, at frequencies

: ,exceedlng about 2 Hz, amplification decreases as ‘loading levels increase. Also apparent,.at . .

- high frequency, is the increase in sigma with . increasing loading levels. This is due to the
" inclusion of aleatory variability through the randomization of modulus reduction and hysteretic
- damping curves.- As loading levels increase, nonlinearity becomes more important, -

appropriately reflecting a larger total aleatory varrabrlrty Also apparent in Flgure 3isthe large

~‘deamplification at very high loading levels reaching a minimum for the median at about-30 Hz
" near 0.2. Based on empirical attenuation relations (e.g. Abrahamson and Shedlock; 1997),

the mrnrmum for observations available through 1997 is about 0.5. The minimum value - .

shown in Flgure 3 of about 0. 2 may be a result of the equrvalent-lrnear approxrmatron usinga . .
: v.smgle value of shear—wave velocity and damprng at all frequencnes As a result a mrmmum‘.;v
o amphfcatron of0.5is rmplemented based on observatlons co

_ To |Ilustrate the effect of magnrtude on -’ amplrfcatlon factors Flgure 4 shows medlan :
- amplification factors: computed for M 5, 6, and 7 for the same generic profile using ‘single-
" corner-frequency point-source models. “At low levels of motion, 0.01g to 0. 10g, there is a

strong M dependency -at high- frequency (= 20 Hz). This is. pnncupally due to distance.effects,: . -

_depleting the larger ‘M high-frequency control. motlon . This observation is due to the
“increased width- of the oscillator transfer function as oscmator frequency increases. At the
large distances for M 6 and M 7 (beyond 200 km and 300 km respectively), the Fourier

amplrtude spectrum is severely depleted.. As a result, the high- frequency oscillators reach '

back to- low- frequency for energy such that the ampltf ication factors reflect lower frequency
~va|ues This is precisely the same phenomenon whrch causes response spectral acceleration'.
- to saturate. to peak acceleratron at high frequency “While these M dependencies due 1o

‘distance .are quite large at hlgh frequency, they become insignificant.at frequencies of mterest S

j".(_ 30 Hz) for loading levels’ of concern (above 10%g). . This observation:also. pornts out a- -
. possrble Irmntatlon of the CENA spectral shapes in- NUREG/CR 6728.. For con5|stency wuth a

" Median estimates
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" the empmcal WNA shapes the CENA shapes were defned only to a drstance of 200 ki ;.
i Use of.these shapes for-larger dlstances will lrkely result in too much high- frequency energy A
.. .and unconservatrve amplification factors at low. levels of motions and at- hrgh frequency For .

L the case of the: Lee Nuclear Station* Unit 1, the ‘similarity of the amplifications, median and -~ N

,srgma estrmates over the: distance: range of ‘1 kmito. 200 km: (Frgure 2) mdrcates this-.
~“observation.is not-an |ssue “This is the case as the fundamental resonance for.the Lee: = " -
- .~ Nuclear Station Unit 1 is near 90 Hz (Sectron 3.4. 2 3) well beyond the peak in the hard rock LT
e '_‘spectral shapes (NUREG/CR 6728) As a result even at a drstance of 1 km the Founer ST
'amplrtude spectrum is depleted B A = . o

' 'Of srgnrfcance for the development of UHRS for nuclear facrlrtres is: the range in medlanl

e ~'»;amp|rfcatron over the 1 Hz to 20 Hz range for M 5, 6, and'7 shown’ in Figure 4. In general “for’

. loading levels up to about 0.75g: whrch covers the range of interest. for AEF of 10 and- 105="‘
over .most of the. CENA the. range in ampllfcatron is about "20% for a' unit changein T
N magnrtude Based on sensrtrvrty analyses such as these as well as the observatron of.
. " ‘Bazzurro and Cornell (2004) of an even weaker magnrtude dependency, from analyses with

'+ recorded motions, a conservative gurdelrne for accommodation of ‘magnitude dependencres rn:}

5 t-‘-‘the refererice : hazard deaggregatlon is about one half: magnrtude unit. . That is, one should - -
<+ maintain- the model magnrtudes as a functron of structural as well as exceedance frequency o

.. from the reference: deaggregatron to a precision of about one half magnrtude unit. " This' -~
; "approxrmatlon recognlzes both the magnrtude dependency of amplrf catlon factors aswellas . -
- " "the range in.magnitudes - contnbutrng to the reference hazard" at a given structural and.
‘exceedance frequency ‘Use . of the-mode is cIearIy more approprlate than the mean even’ f

SN Zthough there is rarely a srngle peak over magnrtude

o These results pornt out the rnappropnateness of srmply scallng control motrons up and down § .
S ‘to reﬂect erther drfferent magnrtude sources or d|fferent dlstances condmonal on magnrtude T

To rllustrate the potentral effects of source processes in the CENA |n terms of srngle- versusg. L

L ,double-corner source: spectra Flgure 5 shows a comparlson of medran amplrf ication factors:

" computed for the same 'suite of expected: horizontal hard rock (reference) peak acceleration ..
o values. ‘As wrth the’ magnltude dependencres shown in the low loading-levels in Figure 4, the -

' ',_f..drfferences between the amplification. factors computed ‘with the two: source models’ at 0. 019
_are, in reality, due to drfferences in drstances (317 km and: 340 km for the srngle- and double-

R corner source models respectrvely) Of more relevance and’ srgnrf icance aré the’ dlfferenceSt '

© - in median amplrfcatron factors at hrgher loading -levels - (> 0.20g)-in the 1 Hzto 20 Hz =
':frequency range. In this frequency range, the differences steadily .increase. from. about: 5% to..
10% at 0.2g°to over 20% at 0.75g with the amplrf catron factors. computed with the two-corner. i

“ model exceeding: those computed with the" srngle -corner source' model. The: converse is'true . . -

o ':. below the fundamental column resonance near.0:2 Hz.: These trends ‘area result of Iower‘? -

. mtermedrate frequency source: spectra for the double- corner source model. compared tothe. . -
,'_srngle corner model- (NUREG/CR 6728) Thrs results in lower loadrng levels, -more ‘linear - = L
-,:response for‘the’ double -corner ‘source - model leadlng to. Iarger mtermedrate frequency

*- amplification and- less of a-shift the. fundamerital column’ résonance to. lower: frequency Itis "~ -

R -important- to’ point: out this "effect would be greater for larger. magnrtudes as.well as less. for

. o ».smaller magnrtudes becomrng msrgmf icant for magnitude less than about’ 5. 25:° This can be,_ - :
) .;_apprecrated by. comparing. response- spectral shapes. illustrated in NUREG/CR 6728 as the
L spectral sag of the double-corner source model Iargely drsappears at M 5 0 . '
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To provrde a further iilustration-of the rmpacts of magnrtude and source processes on medran

5 ”amplrf cation factors as well as their assocrated aleatory variabilities, Figures 6 and 7 show -
.. results plotted versus reference- (hard rock): response. spectra, for selected frequencies (100 -

Hz, 10 Hz, and 1.0 Hz). These plots .display the factors and. standard’ deviations in the-

manner of which they are implemented in the fully probabilistic approach to developing site-

‘specific UHRS (Section 3.0)." Figure. 6 shows the effects. of control motion magnitude on
median amplification factors and their aleatory variabilities condrtronal on the reference

_ ‘spectral acceleration. The range in Ioadrng level (0. Otg to 1.50g) is seen inthe frame for 100
'Hz (peak acceleratron by defnltlon) ‘The correspondrng ranges in 10 Hz and 1 Hz hard rock
‘response spectra are displayed in the correspondrng frames. Figure 6 |Ilustrates the smooth
nature of the factors and their- aleatory variabilities as well as the clear. magnrtude and:loading

level dependencres The overall . smoothness of the amplification factors and standard : - -

deviations is significant as linear: (log scale) rnterpolatlon is used- to develop estimates = .
between the dlscrete loading levels (€.g. Table 2). - ' :

"~ As prevrously mentroned the posrtlve slope of the sigma values reﬂects the: important impact
of the aleatory vanabrlrty in_the randomization of the G/G.x and hysteretrc damping curves..

. As loading level increases, nonlinear dynamic material properties exert more of an mﬂuence L
e (become more |mportant) on computed motions: As expected peak acceleratron has the

" lowest variability. -Empirically, peak acceleratnon is the ‘most stable and therefore most
© accurately known strong ground motion parameter (Abrahamson and Shediock, 1997). The
" decrease in variability with increasing magnitude and increasing loading level is also.

expected Larger magnrtude sources are statrstrcally stable (stationary) for. longer durations. -
- and, as loading level increases, nonlinearity tends to buffer or reduce fluctuations or variability -

in- response ‘At low levels of loading, -doubling - control motions may double soil peak - .
acceleration while at high loading levels, due to nonlrnearrty, doublrng control motlons-.' B
? rncreases sorl motrons by a smaller degree L o . : :

B Completrng the |Ilustrat|on Flgure 7 shows a srmrlar companson between srngle- and double-
.corner source models for M 7.0. As with Frgure 6, similar trends are shown forthe double- .

_ . corner source model, smooth vanatron of medlan amplrf ication and aIeatory variability with
»_--_varlatrons in Ioadlng levels. - :

- ‘Alternatlvely, in lieu of the pornt source model the spectral shapes (NUREG/CR -6728) may °
be used as hard (CENA, single- and.double- corner) rock -or soft (WNA) rock (adjusted for-

- ~base-of-soil. conditions, NUREG/CR- -6728). control motrons -For-use in the RVT equrvalent-n’ 2 o
linear analyses an RVT spectral ‘match is performed generatmg a FAS whose RVT response' el

-spectrum matches. the target. or approprrate NRC. spectral’ shape (NUREG/CR -6728).
another: alternatrve for control motions, the attenuation: relations used in. developing the
_reference PSHA may be used, provided the reference site condition-is rock and for soft
outcropping rock, thé resulting rock spectra “are adjusted for base-of-soil conditions,
(NUREG/CR-6728). With this approach separate amplification factors should be developed

- using spectra computed for each attenuation relation as control motions to accommodate

“potential epistemic variability in_site-response due to the differences-in spectral shape among -~ ‘
‘the attenuation relations. The resuiting  amplifi ication. factors should then be combined with - -

o ~ the: same:relative welghts as used in developing the reference PSHA. . ‘Additionally, for the’, s

CENA amplification- factors computed for the srngle- and: doublé-corner- source models - -

should be. combined wrth the same relatrve welghts as used in- developmg the reference.'
PHSA ‘ . : ‘ . 3
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_ 3.0 APPROACHES TO DEVELOP SITE SPECIFIC HAZARD '
"~ n developrng site-specific UHRS or hazard there are two goals which: must be met to achreve
'desrred nsk Ievels : : : : r .

. 1.-) ' Preserve the hazard Ievet (AEF) of the reference srte PSHA across structural
- frequency to achreve hazard consrstency and

2) . -"‘Incorporate site- specrﬁc aleatory (randomness) and eprstemrc (uncertarnty)
varlabrlrtres of dynamlc materral propertres m the hazard. :

3.1 Descnptnon of Approaches ' \
" In general, there are four fairly distinct approaches mtended to accomphsh the stated goals.
- The approaches range from the simplest and least accurate (Approach 1) which scales the
- reference site UHRS on the basis. of ‘a. site- -response analysis using a broad-band control .
.,_",motron to. the most complex and most accurate, .a PSHA computed using’ attenuation .
~ relations,  median - estrmates and standard devratlons developed for the specrf ic-site
" (Approach 4). : _

Approach 1:  This approach ‘is fundamentally determrnrstlc and mvolves for a rock

_ references 'site, use of the outcrop. UHRS to drive-the site-specific column(s). . By defi nition it

. assumes a rock outcrop UHRS has similar characteristics as rock beneath soil, not generally

- avalid: assumptron for soft. rock: (NUREG/CR 6728) and has no mechanism to conserve the -

+. outcrop AEF. - For cases where the hazard is dominated by earthquakes with significantly .

~ . different M at low (e.g. £ 1 Hz to 2.5 Hz) and high (e.g. 2 5 Hz to 10 Hz) structural

. frequencres the outcrop UHRS may be quite broad, unlike any single earthquake resulting in

- unconservative high- frequency motions (t0o0 nonlinear in site response): Evenifonly a single -

= gearthquake is the major contributor at all structural frequencres vanabrhtles mcorporated in.

" ‘the hazard analysls may result in a broad spectrum again unlike any single earthquake For .

- these reasons, this approach is drscouraged and Approach 2, an -alternative -semi-

determrnrstlc method may be used ' .

' Approach 2: This approach is also fundamentally determrmstrc and |s mtended to avord the

" broad-band: control motion of Approach 1. For a rock reference sité, Approach 2 uses-low- .

B and high- frequency (and intermediate if necessary) deterministic spectra computed from the
- “attenuation relations used in the PSHA, :or suitable spectral shapes (NUREG/CR- 6728)
“reflecting expected rock conditions beneath the local soils, scaled to the UHRS: at the °

~ appropriate frequencies (e.g., RG 1. 165). These scaled motions, computed for the modal

L deaggregation' M and D are then used as’ control motions:to _develop multiple (typrcally 2t03)

mean transfer. functrons based on: randomized soil . columns If the control- _motions" are

~ " developed from: the attenuation rélations. used in the: reference PSHA, the ‘generic srte
" condition they reflect must be. appropriate for the rock beneath the local soils. . Additionally, -

separate control motions. should be developed for each"attenuation relation to include the -

_effects of .spectral ‘shape -uncertainty (epistemic) on sonl response. The: resultrng mean
_.transfer -functions would then be combined. using the same. relatrve weights -as .in the’

“ referénce. PSHA. The. mean transfer functions are then enveloped with the resultrng transfer
" function applled to the. outcrop (rock or sorl) UHRS. This method was térmed Approach 2Ai in,.

o »NUREG/CR -6728. The:use of mean (rather than medlan) transfer functions followed by
" enveloping is an emprncal procedure to conservatively maintain the outcrop exceedance
probability (NUREG/CR-6728 and - 6769), as this fundamentally determrmstrc approach-does

~-not lnclude the contributions. to soil spectra from. the entlre -range |n rock or reference site
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" hazard (Bazzurro and Cornell 2004) The motlvatron for thls “emplrlcal' procedure is
discussed in Sectron 3.3 (Approach 3= Approxrmate Method)

o For cases where there may be a wude magnrtude range contrrbutlng to the hazard at. Iow- or
- high- frequency and/or the site has highly nonlinear dynamic material properties; low, medlum o
and high M control motion spectra: may be developed at each frequency of interest. - A

weighted mean transfer function (e.g., with weight of 0.2, 0.6, 0.2 reflecting 5%, mean, 95% M
“contributions) is then developed at each structural frequency of interést. Followrng Approach .
2A, the. weighted mean transfer functions for each frequency of interest are then enveloped
- with'the resultant applied to the outcrop UHRS Thrs more detarled analysrs procedure was .
K termed Approach 2Bin. NUREG/CR 6728 . o :

,Approach 3:. This approach is a fuIIy probabllrstrc analysrs procedure whrch moves.the site
-+ response, in an approximate way, into the hazard integral. The approach is described by
*‘Bazzurro and Cornell (2004) and NUREG/CR-6769. In' this approach, the hazard at the soil

. surface is computed by integrating the srte-specrf ic hazard curve at the bedrock level with the '
-~ probability distribution of the amplification factors (Lee et al., 1998; 1999). The site- specrflc
amplification, relative to CENA rock (in the case of the Lee Nuclear Station Unit 1), is
- characterized by a suite of frequency-dependent amplrf ication factors that can ‘account. for
nonlinearity in soil response. - Approach 3 involves approxrmatrons to.the hazard integration- -
" using suites’ of transfer functions,. which result in complete hazard curves at the ground
"surface, or any other location, for specrf ¢ ground motlon parameters (e g spectral
: acceleratlons) and a range of frequencies. : K
;The basis for Approach 3 is a modification of the standard PSHA rntegratron

PiAs>2) = 1] P[AF> |mir, a} won (MA@ dmdrda . (1)

where As is the random ground motion amplrtude on sorl at a certain natural frequency, z is.a
'speclfc level of As, m is earthquake magnitude, r is distance, a is-an amplitude level of the
" random reference site (e.g. hard rock) ground motion, A, at the same frequency as As, fa(a) is
derived from the ‘rock hazard curve for this frequency (namely it is the absolute value ofits - - .
o 'derrvatrve) and furia is the deaggregated hazard (i.e.; the joint distribution of Mand R, grven, :
that the rock amplrtude is level a) AF is an amplrf catron factor def ned as. B )
_ " AF = Ag/a . ’ (2)
N rwhere AF is a random variable with a drstnbutron that can be a functlon ofm, r, and a. To '
vaccommodate epistemic uncertainties in ‘site dynamrc material propertiés, multiple suites of
" AF may be used and the resultrng hazard curves combrned wrth werghts to properly reflect
mean hazard and fractrles ‘ , _

“".‘Sorl response;‘in. terms of srte amplrf catlon (Sa (srte)/Sa (reference)) is controlled pnmarlly

o = by the amplrtude of‘rock motron and m, so Equatron 1 can be approxrmated by

PlA>Z] = ll PIAF >~ (m a)]fwA(m a)fA(a>dmda o : '7‘;",(3)‘

’where ris dropped because it has an msrgmf cant effect in most applrcatlons To rmplement

-Equation 3, only the-conditional magnitude drstnbutlon for relevant amplltudes of ais needed.
- fwa(m;a) can be represented (with- successively | Iess accuracy) by-a ‘continuous function,. wrth
““three discrete values or with a single pomt (e.g., m (a) the- model magnrtude given a).. Wrth
" the latter, Equatlon 3 can be srmplrf ed to: . e
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B I:’[A>Z] ”P[AF> |am (a)]fA(a)da S oW

\bwhere f.v.,A(m a) has been replaced wrth m' denved from deaggregatlon Wth thrs equatlon .
.~ _one can integrate over the rock acceleratlon a, to calculate P[As>z] for a. range of 'soil
amphtudes z - . :

It is important to note there are two ways to rmplement Approach 3: the full mtegratron method
. described below, or by simply mod|fy|ng the attenuation relation ground motion value during
the hazard analyS|s with a suite of transfer functions: (Cramer, 2003). Both implementations
result in very similar site-specific hazards (Cramer, 2003) and both will tend to double count
site’ aleatory variability; once-in the suite of transfer function realizations and again in the
. aleatory vanabllrty about each median attenuation relation.  The full integration method tends -
- to lessen any potential’ |mpacts of the large total site aleatory vanabllrty (Bazzuro and Cornell
- '2004). -Approximate corrections for the site component of aleatory variability, may be made
" by implementing the approximate technique (Equation 7, Section 3. 3) with C = 0, AF =1, and -
a negative exponential, where. arp =the soil amplitude and o the component of varlablllty that
-is removed. For the typical aleatory varlablhty of the amplification factors (0, = 0.1-0.3 e.g.
- Figures 5 and 6) and typical hazard curve slopes in the CENA (k = 2-3, Flgure 13) the
- reduction in motlon is about 5% to 10%. - L :

Approach 4 Approach 4 entalls thé development and use of srte specrf c attenuation
* relationships, median estimates, and aleatory variabilities, developed specrf cally for the site.
of interest which incorporate the site response characteristics of the site. The PSHA is
performed- using these site-specific relationships for the specified AEF. This approach is
" _considered the most accurate as it is intended to accommodate the appropriate amounts ‘of
aleatory variability into 'site and region specrf ic attenuation relations.. Epistemic variability is
appropriately captured through the use:of multiple -attenuation relatrons - Approach 3 is.
consrdered a fully probablllstlc apprommahon to Approach 4. ' ‘

3.2 Approach 3 - FuII Integration Method :
The site-specific hazard curve can be calculated using the drscretlzed form of Equatlon 3 from
- -Bazzurro and Cornell (2004). '

.c,z<z>‘=,,,,2"[‘“ﬂp%<> ,',,Z,%H sl - - (5,".‘

where G (4) IS the sought hazard curve: for Ssa(f) that is, the annual probabrlrty of exceedlng
Ievel z. , : : :
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: where Gu\ is the complementary cumulatrve drstnbutlon functron of (CCDF) Y= AF(f)

. conditional on a rock amplitude x. This is simply the CCDF of the sité ampllfcatlon factors as
a functron of control motron (e g rock or reference srte) loadrng level

o tb =1 - the wrdely tabulated complementary standard Gaussran cumulatlve
- dlstrrbutlon functlon : . ;

o

o mivic- the 'conditional'median of Y (the amplification fact'or)-.'

- Oy .« - the conditional standard dewatron of the natural loganthm of Y (aleatory
' vanablllty of the amplrf ication factor) '

p\( ) the. probability that the rock or reference srte control motron Ievel is equal to'.
(or better |n the nerghborhood of) xJ ‘

: Equatlon 5 is the essence of Approach 3 and srmply states that the sonI hazard curve is

- computed. as the product of the soil amplification (specifi cally its CCDF), condrtronal on a.

. reference. (rock) amplrtude X, times the probablllty of obtarnmg that reference amplltude '
summed over all reference amplltudes _

" The sorl ampllf ications; median and- o, estlmates are all that are requrred .and are generated

'by. driving the soil column-with a suite of reference -site motions (Section 2. 2). At each

. reference’ motion, multiple realizations of randomized" dynamic material propertles are.
. developed followed by site response:analyses to generate a suite, typically 30 to 100. (Section

_134 1), of ampllf ication factors.. From that. surte a medlan and o,n is computed generally o
assummg a'log- normal dlstnbutlon ‘ . . o . v '

" The probabllrty of obtarnlng a reference motlon is the derrvatrve of the reference (e. g. rock)
" hazard curve obtained from the PSHA. This is done numencally and is a stable process as
the hazard curves are quite smooth. Equation 5 can quite easuly be. entered into an- EXCEL
: *spread sheet Approach Jis lndeed one srmple equatlon ' :

‘»3 3 Approach 3 - Approxrmate Method: - : :
An alternatlve solution to Equation 4 can also. be calculated using Equatron ) from Bazzuro _
~and Corneli (2004). This is a closed form approxrmatlon of the mtegratlon of the amplrf catron

' factor over a range of. rock amplltudes R . \

a,p AF,p exp(————) (@)
' where z,p is sorl amplltude z assocrated wuth return penod rp, a,p is the- reference spectral' ‘

acceleration a associated with return period o AF,p is: the "geometric mean . (mean' log)
ampllf catron factor for the reference (e g rock) motrons wnth return penod Iy, Kis the Iog log,
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slope of the reference hazard curve that is calculated at each point from the reference hazard

- -curve and ranges from.about 2. to 3, for CENA and possubly as large.as:6 for' WNA. C’is the. - \k

log- log: slope (absolute value) of the ampllf ication factor with respect.to the reference motion
that is calculated at each point-from the amplification factors, AF'and is a. measure of the’
degree of soil nonlinearity. If € =0, the response is_linear -and highly” nonlinear: for C
: approachlng 1, where the approxrmatron breaks down (Bazzurro and Cornell, 2004) :
prevrously mentloned C ranges from’ about 0.1 to about 0. 8 (Bazzurro and Cornell, 2004) E

o, is the log standard deviation of the AF and is around 0.3 (oln) orless (Flgures 6 and 7): In

other words, at a given AEF or point on the reference site hazard curve, the correspondlng -

soil amplrtude is given ‘as the median -soil ampllf ication tlmes the rock or reference site -
amplltude plus an exponentral factor - : ‘ :

The exponentlal factor is necessary to mamtaln the reference AEF and accommodates both
the aleatory variability as well as the degree of nonlinearity of the site amplifi catlon The
" slope of the reference hazard curve is a weighting factor that includes the contributions to the -
soil amplltude for all reference hazard levels. Equatlon 7 clearly demonstrates the additional
factors needed over median amplification to preserve the ‘hazard level' (AEF) of the reference
motion. - This Equatlon shows that in order to: preserve the reference site (e.g: rock) hazard
level, multiplying the reference motron by the median soil amplification requires an additional
: exponentlal term. ThlS additional . term includes the aleatory variability of the soil or.
amplification factor, the slope of the reference ‘site hazard curve, as well as the slope of the.
‘amplification factors (e.g. with varying reference motion). - This - exponentlal factor
accommodates the potential contrrbutlons to a-given soil motion by the entire range in
reference site motions due to soil nonlinearity. That is, a. glven soil- motion ‘may have the
same value at low levels of reference loading (relatively linear response)-and at high loading
levels (relatlvely nonlinear response). To preserve the reference site exceedance frequency, -
all the .contributions to a-given soil motions over the entire range in reference loading levels

_must be included in the soil hazard. These contributions are not explicitly considered in the .
deterministic’ Approach 2 method. Addmonally the effects of aleatory variability in the soil . .

amplrfcatlon due to lateral variability in velocities and . depth to basement as well as
~randomness in G/Gmax and hysteretlc dampmg curves are included in the exponentlal term.

' For a linear site, C is'zero.so'it s easy-to see the exponential term then accommodates the o
effects of profi ile varlabllrty in the soil hazard.. The reference hazard curve slope (kin Equatlon

~7) is present to accommodate the 'impacts of the soil variability and nonlinear amplification - '
over. the entire reference site motion or hazard curve.. In the case C =0 and for a reference

- hazard slope near'1, the medlan ampllf ication times the exponentnal term simply reflects the,

mean, -for" a lognormal distribution. - This’ was .the motlvatlon for using mean, rathér than.
. median-amplification factors in Approach 2. However for more realistic reference site hazard;,.
~ curve'slopes, use of the mean amplification alone will result in‘motions that are too low- forthe
assumed AEF. The difference or underestimation increases as soil nonlrnearrty,
charactenzed through C, becomes larger for a given aleatory varrabrlrty in the amplification

‘ *factors This was the: motlvatron forthe “empirical’.correction in Approach 2. of envelopmg the: -~ S
~ low- and-high- frequency transfer. functions. ' The high- frequency transfer function will typlcally» '

-have’ lower high-frequency ampllf ication than the low-frequency ampllﬂcatron factor as it
reflects higher loading levels, resuiting in a higher degree of ‘nonlinearity, and a greater value
<. of 'C. Use of mean amplrﬂcatron alone may then depart significantly- from. Equatlon 7

resultmg in higher : probability. motions than would be consistent with-the reference hazard
: level dependlng on-the value of (, and theslope of the- reference hazard curve. _Uslng an
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-envelop of the Iow frequency ampllf catron WhICh typlcally does not reflect nearly as high - |
loading levels at high-frequency, and the high-frequency amplification was an ad-hoc manner
of conservatlvely achlevmg the deswed AEF usmg determlnlstlc analyses

ot is important to- pomt out that a snmllar lssue ‘though' Iess sugmfcant can occur at low-.-

;frequency In. this case the . hlgh frequency amplific ication has larger low- frequency_ o
- amplification than the low- -frequency amplification. The envelope at low:frequency is then,‘_" L
- controlled by the hlgh frequency amplification, compensating for the neglect of the complete

exponentlal in the low- frequency mean ampllf catlon (NUREG/CR-6728)

3. 4 Implementatlon of Approach 3 :
. ‘Approach 3 is |mplemented using the full integration method WhICh conS|sts simply of coding
-Equation 5. The soil (or rock) amplification distributions relative to the reference site condition
... are developed: by driving the srte-specmc column at a suite of distances generated on a grid
‘of expected reférence site peak accelerations (Table 2), to accommodate - nonlinear soil
response. At each distance, or reference site expected peak: acceleration, random stites of
* dynamic material propertles are generated resulting in a distribution of structural frequency
- dependent amplrf ication factors (Sa (site)/Sa (reference)) For a given structural frequency
_(e.g. 1 Hz), this process results in median and sigma estlmates for each loading level,-from
~ which a CCDF is produced using standard asymptotic expressions, typically accurate to the
- fourth decimal place For each Ioadlng level, reference Sa at 1 Hz, the amplification CCDF is

- then available to integrate over the entire’ reference 1 Hz hazard curve; This is precisely the . -

'.-,.,.motlvatron for the wide range in reference peak acceleratlons 0.01g to 1.50g (Table 2), to
" cover the entire’ reference hazard curve for each structural frequency For-reference site
motion outside- the range, the closest values are used. To minimize any error in interpolation -

~ -(log) for reference site motions between grid points. (Table 2), a dense samplrng of.typically 11
~ values of expected reference site’ peak accelerations .is' used. - The array of peak

acceleratrons is sampled more densely over the range in values contnbutlng most to the -~ *

hazard, usually 0.2g'to-0.5g." Since the- amplification factors are smooth (e.g- Flgures 6and7.

‘and Bazzurro and Cornell, 2004; Silva et al., 1999), |nterpolat|on isnota sngnrf icant |ssue and o

f» : the 11 pomt grid listed in Table 2 is adequate to capture. snte nonllneanty

To compute the probablllty of reféerence motlons (P(x) in Equatlon 5), the reference motion . ‘"
- ‘hazard curve is numerically differentiated using central differences. Although hazard curves
-are smooth L{e) dlfferencmg is a stable process, the curves are mterpolated to 100 pornts to

':-"maxrmlze the mtegratlon accuracy of Equatron 5.  The use- of 100 points ‘was established by . [

Ty "lncreasrng the-number of points unitil stability (no change in denved ‘soil hazard) was achieved

~ - to an AEF-of about 107, :Using this. approach, stability usually occurred: at about 50 pounts SO -
T :100 pomts has been adopted asa conservatlve value for mtegratlon e ' '

ltis rmportant to pomt out that because multlple Ievels of reference motlons contrrbute to the ~

- soil or site- -specific hazard, a wider range in reference hazard than-soil hazard is necessary to

“achieve accuracy in the soil hazard. Extensive tests have shown that a conservative range: . -

.aver which to integrate. the reference hazard is a. factor of 10'in: AEF beyond that desnred for

o ,;the soil or site-specific AEF. In_other words, if site- specific hazard is desired to’ 10° AEF, - |

- reference hazard is required to. an AEF of 107 ‘Additionally, the. same . con5|derat|on applres:
"~ at high exceedance frequencies as well. In this case, if site- specnf ic hazard is. desnred at 10?%
AEF reference hazard is conservatlvely requrred to an AEF of 107
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_Approach 3 is' also appropnate for computmg site- specrf c vertrcal hazard from honzontal srte-’ B
- specific hazard curves, producing vertical UHRS at the same AEF as the horizontai UHRS.
'Resulting . horizontal- ‘and vertical GMRS and FIRS. then- both achieve: the same target
performance goals. As with the: horizontal site- -specific hazard, regardlng the range in the -
reference site hazard; accuracy in the vertical hazard' requrres a-wide rntegratlon range over
the site-specific horizontal hazard. As a result, to achieve an AEF of 10° for the: vemcal srte-
specn‘” ic hazard requrres the reference site hazardto an: ‘AEF of 10~ 8 - : :

3.4.1 ‘Optimum Number of Reallzatrons ’ :
~Ideally the objective of the’ randomrzatron process is to develop statrstlcally stable. estrmates of

median values. and standard deviations with as’ few analyses as: possrble Bazzuro and . -

Cornell (2004) 'suggest that as few as. 10 realizations are sufficient for application of Approach '
3. As.Table 3 suggests, simple- statistics indicates stability is a slowly varying function of
- sample size, particularly for standard deviations. - For -a tolerance of the statistical sample-
being. within 20% of the. populatron standard deviation at the 90% confi dence’ Ievel the
number of samples is 30 and naturally less for medran estimates. Because sigma (In) is less-
than 1, typically around 0.1 to 0.4, and it enters as ol (e.q. Equatron 7), its |mpacts are
generally not large. As Table 3 mdrcates improving the- accuracy in the aleatory variability to
. 10% requires a four-fold increase in sample size to 130 realrzatrons at the 90% confidence
level. These trends are reﬂected in Figure 8, which shows the range in median and-sigma-
.estrmates computed for .various sample sizes with five different random seeds In general, o

- neither median nor sigma estimates-are truly stable for fewer than about 200 realizations. *

Such observations led to-300 realrzatlons to achieve less than a 10% error in srgma estimates

in NUREG/CR 6728. In that research exercise, high accuracy was desired as compansonsi
° were made between Approaches 2, 3, and 4. Achrevement .of similar accuracy in

development of hazard consistent. UHRS is simply not warranted in view of the. impact on.-

computed transfer functions. “As both the simple statistics and Figure 8 show; doubling the
. number.of realizations from 30 to 60 does not generally result in a significant lmprovement in -
. accuracy Increasing the number of samples beyond 100, as Frgure 8 |Ilustrates is requlred
B to achreve hrghly stable results ‘ :

However it is really the desrred accuracy in the computed ‘hazard which should mform the : S

number of samples required. Based on Equation 7. (Section 3.3), for a ‘given percent
- accuracy in amplitude, the requrred accuracy in the.standard deviation depends on the slope
of the reference hazard curvé as well as the degree of nonlrnearrty through the slope of the
-amplrfcatlon factors C. For the Lee Nuclear Station Unit 1 profile, since it-is- linear, C
becomes. zefo and from Figure 13, the slope of the reference (hard rock) hazard-curve is a bit
less than 2; and the o, is about-0.1. In this case, the exponential term contarnrng o.n in
- Equation 7 has a value of about.1.01: A 100% increase in-gy, results in a value of about 1.04,
ora 3% change At the 90% conﬂdence level, fewer than 5 realizations are required (30 were -
run for the Lee Nuclear Statron Unit 1 analyses), increasing to fewer.than 13.at the 99%

- conﬂdence level and-of course fewer still for -estimates. of the. mean: Conversely forraogn.

near 0.5; a steep hazard curve slope near 4, and over a hrghly nonlinear Ioadrng level (e.g. -
over'1g at 10 Hz in Figure 6) with C néar0.5, the exponentral term is'about 2.7. In this case .
a 10%-increase-in g, resuits in an exponentral value of about.3.4,.or about'a 20%. increase in.
. amplrtude which  is significant. - For. cases such as these, to- achreve a 10% accuracy i
amplitude requires better than a 5% accuracy in oy, From Tabié 3 the number of samples :

increases from fewer than 5 to 550 at the 90% confidence level.to over 1,000 at the '99% . -

confidence Ievel Clearly for appllcatlon of fully probabrlrstrc approaches to developlng srte-. .



"Enclosure 2 B L - Page2doflle = .
Duke Letter Dated Februarv 22, 2()10 B - . 'Page24of68

specrf ic hazard the number. of realrzatlons should be case specific. and determrned with.
preliminary analyses For the deterministic approach since the mean is given by the median

times an exponential’ of o-l“ divided by 2, to achieve a 10% accuracy in the mean requrres

only about a 30% accuracy in oy, or about 15 reallzatrons at the 90% conf dence lrmrt 35
. samples at the 99% confi dence Irmrt ' : . .

. 3.4.2 Example IIIustratrons ' :
A stralghtfon/vard way to illustrate’ the fully probabllrstlc Approach 3is through comparlsons
with the Approximate method (Equation 7) as well as- a fully determrnrstlc ‘method using a
" median amplification. As' prevrously discussed, the approxrmatron renders the full integration: -
qurte transparent and'it is easyto- illustrate the impacts of median amplifi ication, slope of the
’ reference site hazard curve, and amplrf catron vanabrlrty (o.n) wrth srmple cases ' '

3.4.2 1 IIIustratron Usmg a Honzontal or Vertrcal Mock Reference Hazard Curve :
. To clearly demonstrate Approach 3, the results of the simplest case of a linear (i.e. C = 0in -»
- Equation 7) reference hazard curve and a linear medlan amplifi ication or V/H ratio of 2.0'is

‘considered in Frgure 9. The aleatory variability of the amplification is taken as. 0.2 (oin) and. - .

“the slope of the reference hazard curve is 3 (log-log) initially then increased to an extreme
~value of 6. Figure 9 compares three derived hazard curves obtained using: Approach 3 full
rntegratlon (Equation 5), Approach '3- Approximate (Equation .7), and simply median

amplification or V/H ratio (2.0) times the reference hazard. For horizontal components, this . -

" latter (deterministic) curve effectively reflects Approach 2, which would. use the. mean
amplification. However for this example, the mean is only 2% larger than the median. In
‘general, it is clear that for a slope near 3, there is little difference between the. determrnrstrc,
and fully probabrlrstrc results. The Approach 3, full integration method, results in the-largest
“motions for.a given AEF with the results using the approximate fully probabilistic. method very
slightly lower. For the steeper slope, it is easy to see from Equation 7 the expected impacts

- of Approach 3. The exponeritial tefm in Equation 7 becomes larger for the steeper (by a

- factor. of 2) :slope, resulting in the difference. between the median deterministic amplification -

’ '-and fuIIy probabrlrstlc Approach 3 becomrng srgnrﬂcant approachlng 15to 20% e ‘

- difference between determlnrstrc and fully probabrllstrc results a dlfference near 25% for ‘a

) 'slope of 3 and nearly 70% for an ‘extreme ‘case with a slope of 6. “Use of the mean

- amplification would only increase the correspondrng sail hazard curve by about 8%, leavmg it .
"a full 15% below. the fully probabilistic ‘Approach 3, lllustratmg the recommendatlon in-~

NUREG/CR-6728 for: enveloping: high- and low-frequency mean- amplifi ication factors as an_ :

- emplrlcal means of conservatlvely marntalnlng the desrred hazard Ievel

This srmple example also. serves to |llustrate the mherent stabrllty of the Approach 3 full'
. integration method. In both Figures 9 and 10, near the: drscontmurty in slope of the reference -
site hazard: curve-(going from -a -slope of 3to a slope of 6), the derivative of the reference

“ hazard curve is undefined (very large), causing the observed bulge in the. hazard curve:

.'computed using’ the .approximate Approach 3 method The full. integration method" simply

“integrates. through the singularity,: resulting in' a gradual change-in slope of the resulting sail. " .

_hazard curve. Because real hazard curves can not have such discontinuities, this extreme

case illustrates the approprlateness of the numerical differentiation (e.g. density of pomts in-

~ the hazard reference srte hazard curve) as weII as the numerical. mtegratlon scheme-
'Iemployed : E
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AIso apparent in Frgures 9 and 10 is the breakdown of the Approach 3 full mtegratron method f

near the limits of the reference site (input) hazard curve. At low AEF (10’0) the reference :
" hazard curve extends to 10" AEF so the Approach 3 full integration hazard is Correct to an -

AEF of 107, as is evident'in Figures 9 and 10. However, at- high exceedance frequency, the -

reference srte hazard curve extends to an AEF of 10™. -Near this AEF, the Approach 3 full - .

rntegratron hazard shows a decreasing slope: and.convergence to the reference site hazard.
The full integration method simply reflects. decreasrng contributions to the- mtegral (sum ‘
. Equatron 5) as. the I|m|t of the reference site hazard curve |s approached L :

- 34.2.2 Illustratron Usmg a, Honzontal or Vertrcal Reallstrc Reference Hazard Curve :
~ While the previous simplified. example case gave a clear illustration of using the full
integration and -approximate Approach. 3 through examining the differences between
deterministic and fully probabilistic approaches to developing UHRS, further insights can’ be’
provided by a more realistic case. For this example, a real WNA reference site hazard curve
for peak acceleration was used and serves to llustrate the impact of increasing slope of the
reference site hazard curve on developing fully probabrhstrc site-specific motrons As can be
seen in Figure 11, the reference site- hazard curve has a siope which mcreases signifi cantly

< with decreasrng AEF. As with the prevrous example; median amplrﬂcatron or V/H ratio'is set .. |

"at 2.0 and is taken as linear (again. C =0 in Equatron 7) Figure 11 lllustrates the' effect of .

_ mcreasrng slope of the reference site hazard curve as the AEF decreases for a range in
- amplification aleatory variability (o, = 0.1 to 0.4). From Frgure 1itis easy to appreciate the
impacts of the exponentlal term in Equation 7, the 'increase in motion for a fuIIy probabilistic
analysis compared to a deterministic approach as both the slope and o, increase. For a
typical o), in the range of 0.3, accommodating aleatory variability in velocities, depth to

- basement, and modulus reduction and hysteretic damprng curves across a site, the difference
" between the median deterministic soil hazard curve and the fully probabilistic hazard curve is

’ fabout 25% near the AEF of 1074, Recall that this example, as well as the last one, assumes. e

~ linear response in order to. provrde a more: transparent |Ilustrat|on Consequently the

exponential term. in Equatron 7 is a minimum, resultrng in a mrnrmum dlfference between C

.' ,'determrnrstlc and fully probabllrstrc methods

Frgure 12° illustrates the comparrson between determrnrstrc and fully probabrlrstrc analysrs
results including the approximate Approach.3 method. A typical g, value of 0.3 is considered

and the results illustrated in Figure 12 shows good agreement between the full integration and " s
e approxrmate methods to an AEF. of about 2 x 10°. Below this exceedance frequency the L

~ approximate method breaks down in this example as the exponentlal term rs becomrng too
“large (Bazzurro and Cornell 2004) ' : . o

‘ AThrs example also provrdes a check on the |mplementat|on of the full rntegratron method in

.. terms of differencing the reference- site hazard curve (density of points) -as well as the

numerrcal integration: procedure (Simpson’s Rule). The full integration method agrees quite
well with the approximate result over AEF where' it is expected to do so. At high: probability, ..
“the reference site hazard curve slope is quite : smaII so the determlnlstlc and futly probabrllstrc
‘ _fapproaches should agree (see Equatron 7) : : C

. 3.4. 2 3 Illustratron for The Lee Nuclear Statron Umt 1 Honzontal UHRS

The Lee. Nuclear Station Unit 1 has approximately-20 ft of ‘concrete (Vs = 7,500 ft/sec) )

R overtyrng CENA generrc rock (Vs =9, 300 ﬂ/sec) “In. developrng the amplrf ication: factors for-
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‘ Unrt 1, the thrckness in the concrete was varied 20 ft 3 ft and velocities were randomly' :
o varied using a typical concrete: coeff cient of variability - (COV) of 0.1. Due tothe .profile -
- stiffness, -a linear analysis was: used’in -developing the amplrfcatron factors (Figure'2)..- Also, .
due to the linear analysis, the typical dense grid of expected reference site peak accelerations .
(Table 2) was not needed. Instead, to examine any potential impacts of $pectral shape on
5% damped response’ spectra and thereby amplification ‘factors- due to -crustal damping at
large distances (> 100 kmi), a coarse distance grid spanning 1 km to 400 km was used (Figure
2). While the expected amplifi ication due to the concrete fill is well above 50 Hz (resonance
near 90 Hz), some amphf ication may propagate to frequencres of potential structural concern,
"below 50 Hz. This may be due not only to the’ variability, randomness in dynamlc matenal'
properties, but. also the smoothrng aspect of 5% damped response- spectra Recall- that at
high- frequency, response . spectra bemg a constant damprng smoothrng operator, reﬂect :
. .transfer functions or resonances that are extremely wide. Depletron of reference site energy
" at _high- frequency due to crustal damping at large drstance (> 100 km) may cause the
: amplrﬁcatron factor | resonance to shift to lower frequency : o : ’

»Frgure 2 reveals thrs is not an issue of. concern as there .is only a very minor 'dlfference ‘
between the amplifi ication factors computed at 1 and 400 km ‘As a result, any of the surte of -
amplrf catron factors may be used. : :

Also, for the Lee Nuclear Station Unrt 1, because of the Irnear response, the amplrf catron‘

- factors are, by def nition, mdependent of reference site spectral shape due to magnitude as '

~ well as srngle- or double corner source spectral shapes For this’ case Approaches 1 and 2

i are identical.

: As a result, based on our . prevrous examples, Approach 3 (wrthout the correctron factors'
Section 3) as applied to the Lee Nuclear Station Unit 1 becomes trivial ‘and reflects an
. excellent illustration case. An additional benefit in transparency of Approach 3 applied to.the
~ ‘Lee Nuclear Station Unit 1 is ‘the unusually small aleatory variability due to'the typical
‘uniformity of concrete properties (COV = 0.1). The resulting a,is about 0.1 grvrng a mean to
- median ratio of only 1.005. This result indicates that the mean amplification over. the medran.
s ‘amplrfcatron (Figure' 11) is only about 0.5%, virtually the same. As a consequence a fully -
’ _;probabrlrstrc method; Approach 3 analysrs due to linear site- response (C =0in Equatlon 7y .
... -and-a very small aleatory varrabrlrty (o = 0.1, see Frgure 11) should qgive results very similar _
- fo.a deterministic method" (Approaches 1 and 2 in this case) provrded the hard rock hazard
curve does not have a steep sIope . - '

| - To |I|ustrate the determrnrstlc and probabrlrstrc approaches applied to the Lee Nuclear- Statlon'
. Unit-1; Figure 13 shows the. hard rock (reference site) mean: hazard curve computed for- peak

- acceleration. Over the AEFs of interest in the integration, 107 to. 10%, to define the site UHRS

;' - at AEFs of 10 and 107, the slope of the hazard curve is- about 2, or slightly less. Comparrng ‘
- the “deterministic’ UHRS” computed by multrplymg the medran amplrﬂcatron factor.at'1 km |-
" (Figure 2) times the hard. rock: AEF 107 mean. UHRS wrth the. fuIIy probabilistic’ Approach 3.

“'method, Frgure 14 shows thé: expected equrvalence The two approaches'yield very nearly'

- |dent|cal results, as expected for a linear analysis, small Gin; and gently sloprng reference srte :
- hazard curve. Frgure 15 shows srmrlar results computed for an AEF of 10°°; » .

. In summary, the Lee Nuclear: Statron Unit 1 reflects a. clear and transparent applrcatron of- the'-
: fully probabrlrstrc Approach 3 method to achieve hazard. consrstent horizontal and. vertrcal :
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B UHRS The Unit 1 srte propertles are such that the fully probabullstlc method. reduced to a
. classical determlnlstlc méthod is well illustrated by the approxumate Approach 3 method |n the _
-prevnoustest cases o :

.. 4.0 APPLICATION TO VERTICAL HAZARD ' :
_Typically the vertical UHRS is developed by a deterministic applrcatron of V/H ratios applled to. _
the horizontal UHRS. Since V/H ratios vary with both magnitude: and dlstance for sites with -
.nonlmear response and with distance for ‘linear sites - (e.g: hard ‘rock) (Silva, -1997;
.~ NUREG/CR-6728), it is essential to capture these dependencres ‘identifi ed through model
- deaggregatlons in developlng the vertical UHRS. For the deterministic approach parallelmg '
* Approach 2 for the horizontal motions (Sectlon 3.0), conservative estimates of appropriate
- VI/H ratios must be used to ensure achievement of the same hazard levels and target -
" performance goals as the horizontal 'UHRS.. Additionally, V/H ratios reflect epistemic
variability as .is evrdenced _by WNA empirical soft rock and deep firm soil V/H ratios
. (Abrahamson and Shedlock 1997), further pointing out the necessity of conservatlsm in a
_deterministic approach to developing vertical UHRS. As previously dlscussed in'the context
of: Approach 2 for the horizontal UHRS, mcorporatlon of epistemic variability in a determlmstlc

" framework is not unambiguous as one can not simply average over suites of motions or

transfer functions which reflect eplstemlc variability. This process will not generally achieve

‘desiréd hazard.levels and reliance on. conservatism in V/H ratios remains the most reliable

‘option. These considerations, along with a desire for easy. implementation as a function of, _

- expected horizontal peak acceleration, led to ‘the purposeful incorporation of conservatlsm in"
o development of the CENA hard. rock V/H ratros (NUREG/CR- 6728) : o

To. accurately achieve desired. hazard Ievels as well as performance goals a fully probablllstlc .

- -approach is used, directly paralléling that for the horizontal hazard:. Implementation of the full
integration Approach 3 (Section 3.2) for vertical hazard simply substitutes V/H ratios. for
horizontal amplification factors. In this case, the distribution of V/H ratios are mtegrated with
the horizontal site-specific hazard curves (presumably developed using Approach 3). -As with

" the. horizontal case, Approach 3 then admits the proper and: unambiguous incorporation. of
both aleatory and eplstemlc variabilities in V/H ratios, achieving desired hazard levels. - Again,

in parallel with development of the horizontal hazard, model deaggregations are used but, as -

prevnously stated, in -addition to magnitude, source distance is required as V/H ratlos depend
' on dlstance as well as magnltude for soil or soft rock site conditions. '

4 1 Hazard Deaggregatlon For The. W|Il|am States Lee Ill Nuclear Station
" Figure 16 shows the source contributions in magnitude and dlstance for the Lee. Nuclear
“-Station. In general there are three controlling sources: -background sources with M near 5
_-and within about 20 to 40 km, the Charleston, South Carolina source zone with M near 7
“around 250 km distance, and the New:Madrid source zone over 400.km distance and with-M.

T around 8. For high- frequencres 5 Hz to 10 Hz'and above, as AEE: decreases from 10+ to 10°° .

"~ .and 10°; the background. source becomes much more ‘dominant and concentrates within
about 20 km of the site at an AEF of 10°." At low frequency 1 Hz to 2.5 Hz; distance sources
dominate at AEF of 10 to’ 105 ‘At 10° AEF-and at 1 Hz to 2.5 Hz: the background ‘source ,
‘within 20 to 40 km becomes more_significant, .controlling the. peak in the deaggregatlon :

' although distant source have srgmf cant contnbutlons ' o :

[".It is these general trends that are. mtended to. be captured in applymg the magmtude and
A ,dlstance dependent V/H ratlos to the honzontal hazard e _
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4.2 Development of V/H Ratios - )
In the followmg sections the development of. srte specrfc ratlos and the motlvatron for
inclusion-of empirical V/H ratios is presented.. : :

4.2.1 Srte-Specrflc V/H Ratros '
To develop site- -specific vertical motions, incident mclmed P-SV waves are modeled from the
source to the site using the plane-wave propagators of Silva et al: (1976) assuming a shear-
wave point-source spectrum (Boore; 1983, 2003). - The pornt -source model is used to
- accommodate the effects. of source distance and. source depth on V/H ratios.. For -
'consrstency, both the horizontal and vertical motions are modeled usrng the same source and
'path parameters (Table 2). The horizontal motions are modeled as vertlcally propagating
shear-waves. For the vertical motions, the angles of mcrdence are computed by two-point ray
tracing through the crust and site-specific profile. ' To model site response, the near-surface
"V and Vs profiles are placed on top of the crustal structure, the incident P-SV wavefield is
~ . propagated to the surface assuming a Ilnear analysis,-and the vertical motions are computed.
. Forthe Lee Nuclear Station Unit 1 with 20 ft of concrete over hard rock (Table 2), the base-
.. case shear- and compressmnal wave velocmes are- 7 500 ft/sec and 14, 000 ft/sec
"respectlvely . Coe - S : : S o g

.For typical crustal structures wrthout strong near—surface Vp gradlents and at close dlstances,

‘the predominant motion on the vertical component is pnncrpally due to the SV wavefield. In a

- soil column (particularly. deep prof les), however, because there is usually a large Ve gradient -

- (larger for P-waves than for S-waves as Poisson ratios generally decrease with increasing
depth), the vertical component is usually controlled by the compressional wavefi eld at hlgh :
frequency (Srlva 1997 Amirbekian and Bolt 1998; Beresnev et al., 2002) '

. ln the |mplementat|on of the equrvalent linear approach to estimate V/H reSponse spectral' o

C ratios, the horizontal component analyses are performed for vertically propagating shear-
-~ ‘waves, To compute the vertical motions, a linear analysis is performed for-incident inclined P-
SV waves using low-strain Ve and Vs derived from the base-case profiles. The ‘P-wave

_-.damping is assumed to be equal to the low strain S-wave damplng (Johnson and Silva,

. 1981), "The horizontal component and vertlcal component analyses are assumed to be
8 mdependent

_ The approxrmatlons of Ilnear analy5|s for the vert|cal component and uncoupled vertrcal and
~horizontal components have been validated in two- ways. -Fully nonlinear modeling using a 3-
~Drsoil model shows that the assumption of largely independent horizontal and vertical motions
. for loadmg levels up to about 0.5g (soil surface; horizontal component) for moderately stlff’
.- profiles is appropriate (EPRI, 1993) - Additionally, validation exercises with recorded motions
have been conducted at over 50 sites- that recorded the 1989 M 6.9 Loma Prieta earthquake '
o «(EPRI 1993). These valldatlons show. the overall-bias and . variability is ‘acceptably low for -
-engineering appllcatlons but is. higher than that for horizontal motions.” The vertical modei °
- ‘does not perform as well as the model.for- horlzontal ‘motions (EPRI, 1993 Silva, 1997) An
L indirect. -validation was also performed: by -comparing - V/H “ratios from "WNA._ empmcal
o - attenuation relations with model predlctlons overa wide" range in loadmg ‘conditions (Silva, .
- A997): The results show a-favorable’ comparison with the model: exceedlng the empirical ViH .
. ratios’ at h|gh frequency, partrcularly at high loadlng levels. " In"the: V/H comparisons with g
: t-empmcal relations, the model- also’ shows a small under predrctron at Iow frequency (s 1Hzy
' -~and at Iarge distance (> 20 km) . : : _
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_ For the vertical analyses, a hard rock: kappa value of 0. 003 sec haIf that of the' horlzontal is’
used. This factor of 50% is based on observations of kappa‘at strong motion sites (Anderson. -

and Hough, 1984), vahdatlon exercises (EPRI, '1993), as well as the observation that the peak - '

" in the vertical spectral acceleration (5% damped) for WNA rock and soil sites is: generally near’
10to 12 Hz compared to the horizontal motion peak that occurs at about 5 Hz, conditional on
M 6.5 at a distance of about 10 to 30 km (Abrahamson ‘and Silva 1997; Campbell 1997;
Campbell and Bozorgnia 2003). This. difference of about 2 in peak frequency is directly -
‘attributable to differences in kappa of about 2. Similar trends are seen in CENA hard rock.
spectra with the vertical component peakrng at hrgher ‘frequencies than the honzontal
' component o : :

The site- specrf ic VIH ratros are shown in Frgure 17 and reflect medran estrmates computed
with the stochastic model for M 5.1. As previously discussed, due to the stiffness of the Unit 1
profile, linear analyses were performed for the horizontal component resultrng in magnitude
- independent amplification factors and V/H ratios. For M 5.1, the distances range from80to 0
km'(Table 2) with expected horizontal hard rock peak accelerations ranging from 0.01 to
" 0.50g. As Figure 17 shows, the V/H ratios for thé ‘shallow-concrete profile of Unit 1 are nearly
* constant with frequency and increase rapidly as distance decreases, within about a 15 km-

source distance. For. dlstances beyond 10 to 15 km, the V/H ratio is.about 0.5 and’ rncreases': o "

rapidly to about 0.9 within about 5 km.. The peak near 60 Hz is likély due to the peak inthe -
vertical spectra The multiple peaks beginning near.1 Hz reflect deep crustal resonances..
- (structuré below a depth of 1 km, Table 2) and would be smoothed if the crustal model were -

"~ - . randomized and discrete layers replaced with steep velocity - gradlents to reflect lateral

- variability and a more realistic crustal structure The distance ranges more- than adequately.
accommodate the hazard deaggregatron : _—

e As prevrously drscussed the model predrctlons of V/H ratios at low- frequency may be shghtly .

unconservative and at high frequency they may be conservative. While it is |mportant to. - ,
“include. site-specific. effects on. the vertical hazard, potentral model deficiencies may be.. -

‘ compensated with inclusion of empirical V/H ratios: computed ‘from WNA generic rock -
- attenuation relations (Section 4.2.2). Additionally, empirical V/H ratios of. Fourier amphtude S

spectra based on CENA recordmgs at hard rock sites for small magmtudes and at very. Iarge st

o -distances have median values near. about 0:8 and vary slowly with frequency -(Gupta ‘and

: McLaughIrn 1987; ‘Atkinson, 1993).: To accommodate potential model defcrencres as well as S
. the large uncertarnty in ‘hard and firm rock V/H.ratios for CENA, a minimurn valie of 0.7 is
K adopted the ‘average of the emprrlcal CENA and site- specrf c V/H ratlos at Iarge drstance (>" O

"»20km)

422 Empmcal V/H Ratios C : ’ :

E Empmcal western North America VIH. ratros for soft rock are included. in the development of{
vertical ‘motions in addition - to.. site-specifi ic. point-source simulations. The use of WNA

- ‘empirical V/H ratios implicitly assumes similarity in shear- and.compression-wave prof iles and

- nonlinear dynamic material propertres between site -condition.in WNA and the Lee: ‘Nuclear o

. Station Unit 1 column (Silva et al., 1999). Whereas thls may not be the case for the average
- WNA rock ‘site prof ile (Silva, 1997) the range ‘in’ site conditions sampled by the WNA - -
'emplrlcal generic rock relations likely- accommodates. site-specific conditions. The’ relatlve’_ -
_ weights listed in Table 4 reflect the assumed. appropriateness of WNA soft rock empirical V/H "
- ratios for-Unit 1. _Additionally, because the model for.vertical.motions is- not as thoroughly,
' valrdated as the model for horrzontal motlons (EPRI 1993), inclusion of emprncal models is -
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: warranted The addrttonal eprstemrc vanabtltty mtroduced by mctusuon of both analyttcal and .
empirical models-also appropriately reflects the diffi culty and lack of consensus regarding the
.modeling of site- specific vertical motions.(EPRI; 1993). 'In the implementation of Approach 3
‘to develop vertical hazard-curves, the: epistemic vartabrltty is properly accommodated in the
. vertical 'mean UHRS, reflecting a weighted: average over multiple vertical hazard curves
‘ computed for Unit 1.using multiple models. The vertical FIRS (and UHRS) then matntaln the
_ desired risk and hazard levels, consrstent with the horizontal UHRS :

_4For the empirical V/H ratros both Abrahamson and Silva (1997) and Campbell and Bozorgnra' L |

' (2003): Bozorgnia, and Campbell (2004) soft rock WNA relations.are used with equal weights -
(Tabte 4). As an example Figure .18 shows “the Campbell and. Bozorgnia V/H ratios
-computed for M 5.1 and M 8.0. Distance bins differ between the empirical and analytical V/H
ratios because the empirical ratios use a generic suite of distances used on several projects.

- while the analytical V/H ratios are region specific. - For distances beyond 57 km, the emprrrcal
“V/H ratios are nearly constant with increasing distance. Additionally, for the smaller M (M < .
5. 5) there"are few strong motion data available at larger distances.(Campbell and Bozorgnra
‘ 2003) Because the ratios vary slowly. wrth distance, the. differences in distances aré not
significant. The emptrrcal WNA ‘soft rock ratios show. more distance (Ioadrng level)
dependence than the site-specific analytrcal ratios (Figure 17), perhaps due to nonlinearity in
the ‘horizontal soft rock motion (Silva, 1997). -These trends, with the M independence of V/H -
ratios, are expected for firm rock conditions. That is, as the profile becomes stiffer,
nonlinearity decreases, and for distances within about 10 to 15 km distance. becomes the
dominant controlling factor in'V/H ratios (Silva, 1997). ’ :

: f_The empirical soft’ rock VIH ratros show a clear dependency on magnrtude although |t is.rot

_particularly strong  as’ the comparison ‘is ' over. magnitude 51 and 8.0.. The distance: :

. dependency for the empmcal VIH ratros shown -in Figure 18.clearly |IIustrates epistemic -
. variability having significantly different trends with distance between those of Abrahamson

“ and ‘Silva (1997) ‘and Campbell and- Bozorgnra (2003). As an example, at 20 Hz .and-for M
'5.1, Abramson and Silva (1997) show little distance dependency with a value near 0.7 while
- .Campbell and Bozorgnia (2003) show a range varying from about 0. 6 to about 1.0, about a
70% change, over the distance range of 57 km to. 1 km. ‘The converse is apparent. for. M 8.0.
Such differences between relations generally. considered relrable illustrate the srgnrt’ cant,

- epistemic vanabttrty inherent in developing vertical hazard and the necessrty for its stattstrcally-‘

- proper mclusron through the use of multiple models wrthrn the context of Approach 3 (Sectton ¥
3. 0) - _

St s |mportant to note the site- specrt’c and generic V/H ratros peak at very dtfferent
frequencres about 60 Hz and about 10 to 20 Hz, respectively, with the site-specific having
‘generally higher V/H. ratios, particularly at close distances. Use of an empirical V/H ratio’
- alone -may underestrmate the vertical hazard at hrgh frequency, provrded the model '

o predictions are reasonably accurate : t t ‘ ‘

. For the empirical V/H ratros to fully - accommodate the hazard deaggregatron (Sectlon 41
‘ Figure 16),” V/H ratios’ for magnitude ' 7.0° were. aiso. computed and used (Table 4) in
devetoprng the: vertrcal hazard (Sectron43) S . ?

4.2.3 Aleatory Varrabrlrty InV/H Ratros ' : D
" In’addition to the epistemic variability accommodated through the use of multtple models for%’ v
VH ratros ateatory varrabthty due to. randomness of dynamrc matenal properttes varyrng :
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vemcally and laterally across the S|te should be accommodated as well. However mf :

developmg the vertical hazard, since site- -specific. aleatory vanabllrty has been mcorporated in o

- developing the horizontal site- -specific hazard ‘curves, it is advisable to constrain the sigma. of
the. site-specific: V/H ratios to values less than’ about 0,15 to 0.20 (o). This range is to -

. accommodate the observation of slightly. larger variability: about median attenuation relations
in the vertical component compared to the horizontal component (Abrahamson and Silva,
1997). An example of aleatory variability in site-specific V/H ratios computed for the Lee

* Nuclear Station Unit 1 is shown in Figure 17 for a suite of dnstances and in Figure 19 for a
_ distance of 80km. For the. Unit 1 site conditions and hard rock in general, the aleatory
: varlabmty is quite small, less than about 0.1 (oi5) due to the COV of 0.1 for shear-wave .
velocity within the concrete. However for less uniform matenals ‘the standard deviation can -

be significantly ‘larger; ‘as a result; limiting- its value’ avolds potentlal double counting snte—-.--’-

: -specrf ic ‘aleatory variability in developmg vertical hazard -It shouid be noted that for the

computation .of site-specific V/H ratios, the denominator (horlzontal component) should be |

... taken as the median (i.e. not varied) -and multiple realizations of the vertical component taken ‘
to form the basis for the aleatory variability in the V/H ratios. This approach is mtended to
properly isolate the variability in the V/H ratios to that of the verticals, recognizing the
variability in the horizontal component has already been accommodated in the randomlzatlon '
of shear—wave dynamrc materlal propertles : ,

-"The occasion to ||m|t the V/H ratlo vanablhty may arise due to the randomlzatlon process-.'
incorporated. inthe model for the veitical motions. = For smphcnty, the randomization of the -

- compressional-wave velocities fixes the Ponsson ratios in the prof ile at the values of thé base: - I

case shear- and compressional-wave velocities. The profile randomization scheme (Sectlon
~2.2.1); based on shear-wave velocities .and layer. thrckness produces realizations of shear-
.. wave velocities with corresponding compressional-wave. velocmes using the original Poisson
B ratlos This process results in a suite of random shear- and compressuonal-wave profiles, all
with the same Poisson ratios (verses depth). It may very well be the case this simplifying
* assumption results in too large a range in compressronal wave velocities, perhaps due to a
coupllng between shear-wave velocity and Poisson ratio. Obviously, because horizontal
components and consequently: shear-waves are of major concern and because there are
- ‘many more measured shear-wave velocrty profiles than both shear: and compressronal-wave

fvelocrty profles the profile randomization scheme' has concentrated on shear-waves. .. -

- Addltlonally, a more statistically correct compressmnal-wave randomization scheme would' ,
have little impact as a 20% to 30% change in the aleatory varuabnllty, if small, has a very minor’
. impact. (3% to 4%) on the vertical.hazard for typical ranges in the slope (k) of the horizontal
-hazard curve (2 to 6) and slope of the V/H ratios with Ioadmg Ievel (dlstance) as |Ilustrated in
Equatlon 7. _ . _

Returmng to the empmcal V/H ratlos Frgure 18, as.only medlan ‘estimates are avallable’ ‘

through-horizontal and vertical. attenuation relations (Abrahamson and Silva, 1997; Campbell,., o

.(; and.Bozorgnia, 1997, 2003), in. appllcatlon of Approach '3 which. requrres aleatory vanablhty‘ o
: (e g Equatlon 7) in the V/H ratlos a value of 0. 15 (o.n) is used s . ,

4 3 Implementatlon of VIH Ratros In Developing Vertlcal Hazard ' '
In’ dssigning -the V/H ratios in_the Approach 3 analysis, the source M and D change
. significantly with structural frequency as exceedance frequency’ changes (Sectlon 4.1, Figure
.- 16), To-accommodate the deaggregatlon in (contributing sources) integrating the horizontal.
" hazard with the distributions of V/H ratios; the M-and D selection follows that listed in Table'd.
-The magnltudes selected are: mtended to capture the, domlnant sources M 5 1 for close-ln S



_ Enclosurez o A ' o : : ,'_:‘Page32ol’~l’l6
Dul\e Letter Dated Februarv 22 2010 » N " .Page320f68

sources and M 7.0 and'M 8.0 for the Charleston, South Carolina and New ‘Madrid, Missouri
sources, respectively, both. at distances well beyond 100 km. The distances used for the V/H
‘ratios. (Table 4) reflect the distance sensitivity, or lack of sensitivity beyond about 10 to 15 km

for the site-specific ratios and beyond about 50 km for the- empirical ratios, considering the

‘ contrlbutlng source distances. The welghts listed in Table: 4:are .intended:to approximate the
_relative contributions of the three sources across structural frequency and exceedance:
probability. - Because the V/H ratios vary- slowly with distance, only aismooth approxmatlon to-
~the hazard deaggregatlon is necessary. . To adequately’ capture the change in.M and D with-
AEF, only a few distance bins are requlred 5 and 57 km for the emplrlcal V/H ratios and 0, 7 :
- and 28 km for the analytlcal V/H ratios (Table 4). ‘ - :

~To |Ilustrate the vertlcal hazard computed usmg Approach 3 w:th the emplrlcal and site-

specific V/H ratios, Flgure 20 shows. horizontal and vertical UHRS computéd for the Lee . .

Nuclear Station Unit 1 profile for. AEF 10 10° and 10°.. The magnitude and distance
deaggregation (Figure 16, Section 4.1) is seen to be captured in the -apparent V/H ratios
(vertical UHRS lelded by the horizontal UHRS). As the AEF decreases and both the high-
and low-frequency source contributions' move closer. to the site (Table 4, Figure 16) higher
'welght is placed on the closer emplrlcal and site-specific V/H ratios resuiting: in larger
* apparent V/H ratios. The fully probabilistic approach then results in hazard consistent vertical
UHRS that properly accommodate site- -specific aleatory and epistemic variability as well'as
the effect of magnitude and distance.on vertical motrons Th|s is especaally the case at high- .
.'frequency and low AEF at'10°. s - . _ '

431 UHRS Interpolatron and Extrapolatron ' ’ ' :
_-Because the reference- (hard rock) hazard is computed at onIy seven frequencues namely 0 5,

1.0,.2.5, 5.0, 10.0, 25.0, and 100.0 Hz (taken as peak acceleration), the site-specific hazard "~
. has been both extrapolated to 0.1 Hz and at high-frequency, the reference hazard curves.

“were interpolated ‘at 34 and 50 Hz, as these are the critical frequencies to define the Unit 1
UHRS shapes beyond 25 Hz The interpolation is performed By’ using the’ deterministic
shapes gNUREG/CR 6728) for the appropriate M to mterpolate the hard rock UHRS at AEF of
10, 10®°, and 10° yr, resulting in three points on 34 and 50 Hz hazard curves. The adjacent
hazard curves at 25 and 100 Hz are then used as shapes to extrapolate to lower and higher
exceedance probabrlmes resulting in approxrmate hard-rock hazard curves. Approach 3 is

'then applied to develop site-specific horizontal and vertical UHRS at the same exceedance .

~ frequency as the 25 Hz and 100 Hz hard rock hazard curves.- Approach 3 (full integration -

* method) is then applied to develop ‘site-specific horizontal and. vertical UHRS at the same .
.. exceedance probability as the 25 and 100 Hz hard rock hazard. For the vertical ‘component,..

. because the. site-specific V/H. ratios: peak at' very: high- frequency (beyond 50. Hz) it |s_-

' rmportant to malntaln the appropnate hazard levels between 25 and 50 Hz. '

: Below 0.5 Hz because the. aleatory varrabllrty in attenuatlon relatrons mcreases with perlod .
. ‘(Abrahamson and Shedlock 1997 EPRI, 2004), use of a medlan spectral shape °
(NUREG/CR- 6728) to extrapolate at low- -frequency may be mapproprrate and resuilt in

"-»,potentlally unconservatlve hazard- or hlgher probability, than. desired. " To address this® |

uncertainty, a conservatlve approach is adopted by extrapolating the 0.5 Hz 10, 10°; and 10°
® hard rock ‘UHRS, assummg a' constant slope in spectral- velocity (+1 slope mpseudo-‘
"absolute . spectral acceleratlon) (BSSC 2004). ‘The. extrapolatlon is extended at low-
frequency to the earthquake source .corner frequency, where the slope is increased to a
constant spectral displacement. Since the source -corner. frequency, or transition from
approxmately constant spectral velocny to spectral dlsplacement depends on magnltude an '
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average representatlve magnitude of M 7 2is assumed to apply for. frequencies below 0.5 Hz :
based on the low- frequency deaggregauon (Frgure 16) Appllcatlon of the empmcal relation -

LogT‘-—1 25+03M - e Jf'\, ' “'(8)".

(BSSC 2004) results in a corner penod (T) of approxnmately 8 sec (0 125 Hz).,
accommodate this expected change in slope, the extrapolations are performed at 0.125 and :

0.1 Hz, assuming constant spectral velocity. from 0.5 to 0.125 Hz and constant spectral .

- displacement for frequencies below 0. 125 Hz.

5.0 CONCLUSIONS , o ‘

For the Lee Nuclear Station Unit 1, a fuIIy probabrlrstrc methodology (Approach 3) was used to

- develop the site-specific UHRS (NUREG/CR-6728 and 6769). As part of this approach, site-

: specrﬂc ampllf ication factors: as well as V/H ratios were developed usmg RVT (NUREG/CR- :
6728), rather than trme domain analyses (e g SHAKE) ‘

As part of the acceptance | review of the Wllllam States Lee Il Nuclear Station Combined
License Application, the: NRC indicated that FSAR Section 2.5.2 did not provide a sufficient -
level of detail describing the Approach 3 methodology and how the methodology was used.
with RVT to develop the final site ground motions. To address these' comments, this
document presents a full and complete development of both RVT, in applications to site
response and V/H ratios, as well as both deterministic (Approaches 1 and-2) and probabilistic
(Approaches 3and 4) methods to developlng site-specifi ic UHRS

. Regardlng srte response, the two areas ‘where RVT is used directly in estlmatmg response
. spectra and’ peak shear strains for- equivalent-linear analyses have been presented and

dlscussed Other related consrderatlons insite response such as choice of control motion, s

effects of control motion spectral shape, and incorporation of aleatory variabilities in dynamlc o

_ material properties have been presented and discussed in terms of potentral impacts to'the -
development of site-specific UHRS. - Additionally, general guidelines for |mplement|ng RVT in
terms of srte response have been presented and discussed. =

All four methodologres for developlng srte-specnf ic ground motions (Approaches 1 to 4) have

been presented and discussed in order of increasing accuracy and complexity. The fully -
" probabilistic approach used in computing the Lee Nuclear Station Unit 1 UHRS (Approach 3) -
 was -developed. through the - derivation . of basic equations, |Ilustrat|ng the various

‘SImpllf ications as well as assumptlons “Also presented and. dlscussed are implementation .~ .- ..
.. limitations. of Approach 3 as well as the: other approaches and how .these limitations are’” ..

- - addressed to preserve. accuracy or conservatlsm in'the case of deterministic approaches in o
. computlng site-specific hazard curves:. Sensitivities :of the fully :probabilistic- approach to

various - parameters have also been explored to illustrate  the essential elements in-the

‘methodology, which enables the- approach to-achieve hazard consrstency Also presented is- o
a discussion of the optimum number of site response realizations, in’ terms of confidence -

‘levels; to achieve a given accuracy in . ground motion .at" a- gtven hazard level for
' |mplementatlon ofthe fully probablllstrc approach : :

Frnally Lee Nuclear Station Umt 1 specrfc parameter values and results have- been
presented for the horlzontal and vertrcal UHRS - e :
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Table 1
Def nrtrons of Locatlons for Motrons |n Srte Response Analyses

1. Outcrop May be specrfed at the surface or at any depth within'a profle
Surface Outcrop: All material above the outcrop location is removed.
- Motion comprised as the sum of upgoing and downgoing waves. . For
vert|ca|Iy propagating waves-(shear or compressional) the free surface
‘effect results-in an amplrf catlon of exactly 2. over upgorng waves, (|nC|dent
wavef eld) . :

B. At Depth Outcrop Matenal above the outcrop Iocatron remams in place. -
’ Motion comprised of upgoing wavefields only. However the upgoing
wavefields at the outcrop location may contain wavefi elds which ;
propagated above the outcrop location, reflected from: impedance contrasts
and the free surface, and propagated down past the outcrop location.. If
. there are significant |mpedance contrasts below the outcrop.location, these
reflected wavefields contribute to the upgoing wavef elds at the outcrop
. -location and may mcrease or decrease the upgorng wavef eld.

2. At Depth In Column or Total Motlons As with the Outcrop-At-Depth ‘material above
the Iocatlon of the computed motlons remains in place. Motions are comprised of
upgoing and downgoing wavefi elds (total motlon) and reflect motlons experlenced by
a buried mstrument (e.g. vertical array) ,

3. ,_,Free Field: Surface or At- Depth motlons unaffected to a signifi cant degree (< 10%) by
' the built environment. For recordmg instruments, this is generally achieved at'a ;
~-foundation dimension away from structures. For in-structure motlons thrs is achleved'
“at ground level and light structures of two storles or fewer. - : -

4. Slte In this document the term srte is used in its classical sense to- reﬂect a smgle o
: _j,geographlcal pomt rather than the area occupred by a nuclear stat|on SRR
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Hard Rock Expected Hon/ontal Pcak Accclcranon chels
- Point Source Distances, and Durations.
S . M5.1, single-corner T ‘

. G(g) Distance (km) Depth (km) . | Tyouree (S€€) Thath (sec) T.om (sec)
150 | 0 2 0960 - .0.04 1:00 .
125 | 0. 2 ST096 -0 o 20006 7 IR

- 100 o0 3. 096 - 0.08 . 1.04 .

075 ‘ -0 S 0.96 012 ‘ 1.08 ;.
0.50 o0 5 096 | 020 . L6
0.40 0. 6. 0:96 025 121
0.30 -0 8 096 - - 034 | " 130 -

. 0.20 T 8 096 | 047 - 1437
0.10 16 § . 0.96 . 2 0.84 C 180
0.05 .28 8 096 | " 143 . .239 .
0.0I' o 80. 8 09 = 1 397 , 493 -

. Notes Addmonal parameters uscd in the pomt—source model are:
Q=670 1**.
Ao (ley=110 bars
K = 0.006 sec, hard rocl\
p=2T7lcgs L
p=3.52 km/sec ;- : s
" Re =60 km, croxxovur hvpoccnlr':l distance to R gcoxiutn'cal attenuation.

'vT l/h,+0()> R-1Y, R>l ;RVT durmon,R hypoccntral distance (km) : S
__CENA Gencric Hard Rock Crustal Model
‘Thickness (km) Vs (km/sec) Vp (km/sec) -p(cgs)
R U 283 490 .| 252
S 352 .| 610 | - 27

: .28 375 - | 650 | . 278

- [infinite] .* |- 462 " 800 . | 335 -
.»"‘Sée,/\ppcndix A for élv'diSéﬁl;ﬂsién on the glis'tapcc‘de.])cr:idgncy- (pt"dﬁr’al'tion for QENA.and' WNA. o



Enclosure 2

Duke Lelter Dated: Februarv 22, 2010

 Page-d420f 116

Page 42 of 68

' ’ Table 3
Samplc Size chunrcd For Percent Error In The Standard Deviation For A Normal Dlstrlbutlon
. o Conﬁdcncc chels (%) .
% Error - 90 | 95 |99 T
o : .. Sample Size B R

500 -5 7 13-

30 15 21 35

20 30 - 46 80 -

10 130 200 300

-5 - 550 700 0 C>1000 .




Enclosure2 - o _ LR Pagg43ilo'|?116
Duke Letter Dated: February 22, 2010 : o . Page43o0f68.

. Tabled
Moment Magnitude

) " Enipiﬁczil V/H Ratio Wciéhts o

[-Ifgh-‘F'réQuendy - _‘ 'LO\\'_-'Frequency

>5.0Hz ' L <25Hz

‘ Magnitude (™M), ‘ ‘ _‘.Mugnil.’udc (M) .
AEFeey L s ] 70 ] 8o SsLo | 70 | 80

R CWeights ] Weights .
o0t o ear | Tesrt ol o2 | 020 0040 | 040
W o | o | o 025 | 025 | 050
10t weo | o | o 043 | 04 043

. Empirical V/H Ratio Distancé_s

»‘Magmtudlg: (M) Dislaflce (km) '
R s
.80 8T

“Model V/H Ratio Weights - .

High-Frequency ' . Low-Frequency :

>50Hz - | . <25Hy

S , Distance (km) o 4 o Diétance (km)
ABForh o2 ) 70 ] 0 1 s | 7 [0 ]
S T Weights Tl Wights

St o6 | 02 | o2 e8| on | on
R N A I T T
ot o | 06 03 | o4 . | 03 | 03

- Empirical Relation '
Weighls o

T T T o — 71
Profiler ) Empirical | Model 1} f1997) | - aop3) | SoftRoek |- Soil - ]

v‘Wcighling' v ~ Site Coh@i"tion'We.igﬁl‘s_ :

Unitl | 02 |08 05| o5 | 10 | 00

o Nb‘tcs'»: :_‘ ‘ : - .
A&S (1997) = Abrahamson and Silva (1997)
C&B (2003) = Campbell and Bozorgnia (2003) .
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Flgure 1 Comparlson of medlan RVT and SDF- (computed from acceleratlon t|me
hlstones) 5% damped response ‘spectra. Medians computed over 30 reallzatlons
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“peak. acceleration ranges from 0.01gto 1.50g: Dlstances were adjusted. to

obtain target (input) median peak’ acceleratlon values. Smgle -corner pomt—

source magmtude is 7 0.
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spectra on medlan amplifi catlon factors: computed for a deep soil site in the CENA.
Distances were adjusted to obtain the target hard rock (input) medran peak

: acceleratlon values: Plotted verses structural frequency
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Flgure 14. Lee Nuclear Station Umt 1 AEF 10" honzontal UHRS Hard rockanda
comparrson between deterministic Approach 1 (or 2, as Approaches 1and 2 are identical

for Ilnear srte response) and fuIIy probab|||st|c Approach 3:



Enclosure 2 | e | Page 620f 116
Duke Letter Dated Februarv 22 2010 . A o - Page620f68

R L ATVt 0% e e I | T T 1 rrry . 3 T LIS e P}

10t
L3

100

1. v rrrrvey

. Sa (g)

10!
L ) L ] ITI

02

T I YL .-:-Hégo,~
‘ » Frequencg (Hz) ,. L
CAPE = 1x10-5 YR-1, MEDIAN

UHS HORIZONTQL o

, LEGEND
——-—- T o5 X, ROXK U5

— - 5. %2, PROFILE Ai: APPRODCH 3 LWS
----- . S %, PROFTLE ALt RPPROACH 1 UHS

Flgure 15: Lee Nuclear Statron Umt 1 AEF 10° horlzontal UHRS Hard rock and
. a comparison between deterministic Approach 1. (or2, as Approaches 1 and 2 are‘ ‘
|dent|ca| for linear site response) and fully probablhstrc Approach 3.



Enclosure 2
Duke Letter Dated: February 22, 2010

Shz+10hz, 1E-4

{

- e 2+
® e Lto 2
si’: € 0to 1
x Mmer-lto 0
s® mg:-2to-1
<
L
]
"‘§V\ -~
O
R

S5hz+10hz, 1E-5

, m g 2+
We: lto 2

e Oto 1
Be-lto 0
W -2to-1

20 @ W
b %

1w

% Contribution to Hazard

2

Shz+10hz, 1E-6

=g 2+
We: lto 2
6: 0to 1
Wei-lto 0
mg:-2to-1

0

o 2 W W

% Contribution to Hazard

¥
3%

Page 63 of 116
Page 63 of 68

thz+2.5hz, 1E-4

3.

3

Ly

o

oo

S

as

S

3

®%

1hz+2.5hz, 1E-5
m e 2+

B ®e: lto 2
sa ‘e Oto 1
; ®e:-1to O
8" mg:-2to-1
2

S

gs

S -

S

Q -

xR

1hz+2.5hz, 1E-6

» e 2+
.9‘ me: 1to 2
g"‘ ‘e: 0to 1
I me:-lto O
8 me:-2to-1
g w (e,
2 W*ﬂ"’o
32 S,
Q
b

Figure 16. High-frequency (= 5 Hz) and low-frequency (< 2.5 Hz) hard rock hazard
deaggregation for the Lee Nuclear Site (Duke Energy Carolinas, LLC, 2007).
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8.0 Appendices
A.pp}e'ndix A - Modification of Herrmann's Duration Formula
Appendix B — Criteria for Adjusting Kappa

Appendix C ~ Limitations of Stochastic Point-source Modeling
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A'ppe_n.dix A

Modification of 'H_e_rrmann’s Duration Formula _
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B B 0 Purpose and Scope
_ This appendix addresses the use of a modlfcatlon of Herrmanns duratlon formula,
T=1/fc+0.05R, in the site response. ‘analysis for. Lee Nuclear Station Unit. 1. Based on
methodologles advanced subsequent to the initial publication of Herrmanns duration
- formula, the site response analysis utilizes a modification of the path component R.
Justification for this - modification includes- attribution and utilization -of an unpublished
document (Srlva etal, 1996; FSAR Reference252288) ‘

2.0 _Assumptlons_
None. -

3.0 Dlscussmn Co B
‘The propagation path component of the duration was onglnally developed by Herrmann
(1985; Reference 1) based on 1D modellng of Lg wave propagation in Central Eastern North
. ..America (CENA), where Lg waves are short-period, higher mode  surface waves with a
" group velocity of about 3.5 kilometers. (km) per second. The 0. 05R factor was based on
judgment from a visual inspection of the increased complexity of the- Lg wavetram at
increasing epicentral distances ranging from 1 km to 300 km. The combination of a R (R™”,
'R > 100 km) geometrical attenuation with a 0.05R distance dependency in duration (slowly
increasing motion durations with increasing distance; conditional on magnitude) resulted in a
net time domain dependence at large. distance varying approxrmately as R °®, the overall -
dlstance dependency of peak motions in CENA observed in this time frame '

Subsequently the srmple path duratlon model of Herrmann' (1988; Reference 1) has been
. updated with analyses using CENA as well. as Western North America (WNA) data. More
" recent quantitative criteria for time domain durations appropnate for random vibration theory.
) (RVT) have included the 5% to 75% buildup of normalized Arias Inten3|ty of acceleration
(e.g. References 2, 3, and 4) as well as the duration required to match the observed peak
velocity and the expected peak velocity based on RVT (Reference 5 and FSAR References
2.5.2-208 and 2.5.2-298). These more recent refinements of the path duration model were
intended to provide more accurate éstimates of expected motions and were based on data
Agenerally exceeding hypocentral distances of ‘about 10 km in WNA and 20 km in CENA.
The recent analyses showed that duration- mcreased in a complicated -and frequency
dependent manner-with distance likely- due to wave scattering- and perhaps dispersion.
Some models have adopted a frequency independent but non-monotonic distance
dependence for duration (Reference 6 and FSAR Reference 2.5.2- -208) while others employ

the simple model of 0.05R (References 7 .and 8; and FSAR References 2.5.4-219, and . © °

252273) because the stochastic model- is relatively insensitive to- details. in the path
- duration model. For distances beyond about- 10 km, the essential aspect- of the path -
- durationfor the stochastic model is an overall mcrease with dlstance at a rate of about five

seconds per 100 km (0. 05R) (FSAR Reference 2.5.2- 298) Also, in view of the neglect of

potential frequency dependence of the path duration in- the stochastic model due to the -

relative insensitivity to changes in duration, a simple path model.is considered to sufficiently
capture the effects of an increase in duration' with distance. This is partlcularly the case for
computing site amplification, where the:effects of duration largely (“ approxmately") cancel in
takmg ratlos of soil motlons (5% damped. spectral acceleratron) to rock motlons (compare to
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-

RAI Response 02.05. 02 -010) since- to first-order the mﬂuence of durationis comparable for
the rock mput motrons and the soil motions that use the same rock motions as mput

The modlﬂcatron of: Hermann s-term of 0. 05R to R-10 for WNA was based on results from an .
- empirical duration" model developed by Silva. et al (1996; FSAR. Reference 2:5.2- 288) n-
that model duration was defined as the time between the 5% and 75% normalized Arras
_ Intensrty as'in the ergodic window defined by Ou and Herrmann (1990; Reference 3). This
is approximately the time interval where the ‘slope in the normalized Arias Intensity plot is
constant, reflecting a uniform build-up of power and a. reasonable measure of duration that
is independent of frequency. Based on analyses of the WNA strong motion data available at
that time (Reference 9), the empirical model- showed a constant duration within a 10 km
- rupture distance across magnitude and site condition (soft rock and deep firm soil). Figures
- DUK-PR-022-A1a, DUK-PR-022-A1b and DUK-PR-022-A1c show the distance dependency -
~ of the empirical duration model for soft rock sites at magnitudes M 5.5, 6.5, and 7.5 (FSAR
Reference 2.5.2:251) respectively. At all three magnitudes the 5% to 75% normalized Arias
Intensity duration is constant out to 10 km and the increase in duration due to propagation
path effects is approxrmately 5 seconds per 100 km, consistent with that of Herrmann (1985;.
Reference 1) for CENA hard rock sites. The duration within 10 km is due pnnmpally to the
_source and site, with little contribution from wave scattering. Also, the source duration for
the point-source model is roughly 1, 3, and 9 seconds for magritudes 5, 6, and 7, also
. consistent wrth the empirical duratlon model at rupture d|stances within 10 km ‘

It should also be noted the mrxmg of rupture and hypocentral distance metrics, whrle not
strictly ‘correct, is conventional due to the use of-a point-source model. The distance metric -
- is of no-practical consequence because of the relative insensitivity to the differences in path
duration within 10 km using rupture verses hypocentral distance. The original 0.05R factor -
" developed by Herrmann (1985; Reference 1) was actually an epicentral distance and
implemented subsequently as a hypocentral distance (Reference 7 -and FSAR Reference
2.5,2-298). The 0.05 (R-1) modification to the Hérrmann (1985; Reference 1) path duration
dependency simply reflects an assumptlon that there is no contribution to path duration
- within one kilometer of a source in CENA. “This’ modification has |mp||cat|ons for only very ..
- . small" earthquakes- at.very shallow - depths and very. close epicentral distances and -for . .
' magnrtude much-less than M 5, where the source and path durations -have . comparable
" values. " In these cases the difference between R 1 and"R'in the path duration can have a
signifi cant lmpact on the expected motions." . :

-However for aII practlcal appllcatlons with M above 45 and in particular for computrng srte-

" amplification, the effects of minor changes in the path duration model have very little impact:

This is’illustrated in Figure' DUK-PR-022-A2, which shows median estimates of amplification

- of 5% damped spectral acceleration . across structural frequency (0.1 Hz to 100 Hz) -
computed for a deep firm soil site in CENA. In. Figure DUK-PR-022-A2 the magnitude is M
6.0 (single-corner source model) and the hard rock median peak acceleration ranges from
0.01g to 1.50g-and. comparisons are shown between a R-1 and a R-10 distance
-dependency in propagation path dependency As Figure DUK:-PR- 022 A2 illustrates, across

structural frequency and loading level, there is very little difference in ampllf ication between -

. using-an R-1 or an.R-10 dependency in the propagatlon path duration model. To illustrate. -

. "the effects of the.path model on absolute- spectra, Flgures DUK-PR- 022 A3, DUK-PR-022- .
A4, and DUK: PR 022 AS show both the hard rock outcrop as weII as sorl medran spectra -
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(5% damped spectra acceleratlon) computed with R-1 compared to R-10 path dependenmes
at 0.01g, 0.50g, and 1.50g hard rock loading levels. As Figures DUK-PR-022-A3, DUK-PR- _
022-A4, and DUK-PR-022-A5 show, the differences in median estimates between the R-1
and R- 10 path models are, as expected, larger than those shown in Figure DUK-PR-022-A2

for the median. amplification’ factors but differences remain quite small. At a loading level of - - ‘

- 0.50g, Figure DUK-PR-022-A4 shows the Iargest difference between the R-1 and R-10 path

" duration models with the shorter path duration (R-10) exceeding the R-1 model by a

. maximum of about 6% at hrgh frequency (5 Hz to 40 Hz). . Table DUK-PR-022-A1

.. summarizes the model parameters and the durations at the three- loading level 0.01g, 0.50g, -

~and 1.50g. As Table DUK-PR-022:A1 shows, the largest dtfference in total duration occurs -
for 0.50g and is about 15% greater for the R-1 dependency compared to the R-10 path
dependency. The maximum difference in median spectra is only 6% in Figure 4 and only
about 3% in ampht’catron as shown in Flgure DUK PR- 022-A2 “illustrating the weak
dependency of the model on total duratlon o :

4.0 Summary
‘Subsequent to 1985, the sumple path duration model of Herrmann (1985) (need FSAR
reference) has been updated with analyses using Central and Eastern North America as
well as Western North America data. These more recent refinements of the path duration
model were intended to provide more accurate estimates of expected motions. Calculations
show that for all practical applications with M above 4.5 and in particular for computing site

- amplification, the effects of the minor changes in the path duration model have very little
impact on estimated amplifications because of the weak dependency of the pomt-source

- model on total duratron . . :
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Table A1

Model Parameters S
. C TDath (sec).- Ttotal (sec)
PGA(g) Distance (km) Tsource (S€C) R-1 R-10 R-1 ‘R-10'
0.01 163, 8.0° 27 8.1 7.7 | 108 10.4
0.50 5.0, 8.0 2.7 0.4 0.0 31 |27
1.50 0.1, 3.5 27 .01 0.0 28| 27
"Ac =110bars"
Q) =670
K = 0.006 sec
p -=271cgs -
B = 3.52 km/sec
Rec = 60km : ~ ' - s
T = 1/fc+0.05(R-1), R>1; RVT duration, R = hypocentral distance (km)

" Source depth
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magnltude rupture distance, and site condition for development and use of analysls tume

: hlstones Magmtude |Ilustrated isM5.5.
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" where the duration model was used to define. acceptable ranges in duration based on .- .
s magnltude rupture distance, and site condition for development and use of analysls time
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_Figure A2. Medlan estimates of ampllf ication factors (5% damped response spectra)

computed for M 6.0 and a deep firm soil site in the CENA using the EPRI (1993; FSAR
" ‘Reference 2.5.2- 273) modulus reduction and ‘hysteretic damping curves. Comparlson usrng o
- path duration with R-1 and R 10 drstance dependencres based on Table- Al model

: parameters
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Frgure A2 (Contrnued) Median estimates of amplifi catron factors (5% damped response
- spectra) computed for M 6.0 and a deep firm soil site in the CENA using the EPRI (1993
FSAR Reference 2.5.2-273) modulus reduction and hysteretic damping curves. -~
-Comparison using path duration with R- 1 and R 10 drstance dependencres based on Table'.
Al model parameters -



'Enclosure 2 - ' ’ : ' - | Page 8l of 116
'Dul\e Lelter Dated: Februarv 22,2010 _ ’ A Page A13 of A15

10 -1

T T T Y

02

Sa. (g.')

10 -3

10

ot o -10075 ‘ R L llﬂlz"'
' o Frequencg (Hz) : “

So1L: M = 6.00, lcORNER_
REFERENCE MOTION-0.01 G

o LEBD
——— SOTH PERCENTLLE, SOIL, (R-1) + 0.05
cees - SOTH PERCENTILE, SOIL, (R-10) 3 0.0S
\"- “TreT SO0TH FERCENTILE, HARD ROCK REFERENCE SITE, (R—l)xutﬁ A
» —_—X _scrmmml.z mmmsm m—mnons;'

: Frgure A3 Medran estimates of reference srte (hard CENA rock) and soil srte (deep firm
CENA soil) response spectra (5% damped) computed for M 6.0 using the- EPRI (1993;

- FSAR Reference 2:5.2-273) modulus reduction and hysteretic damping curves (soil site),. -

" reference site median peak acceleration is 0.01g.- Comparison using path duration with R L

- and R-10 distance dependencres based on Table A1 model parameters
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1.0 Purpose and Scope

This appendix addresses the use of adjusted values of kappa, a parameterlzatlon of hlgh
frequency spectral damping, in the site response analysis for Lee Nuclear Station Unit 1.
Justification for adjusting values of kappa includes an attribution to an unpublished -
document (Silva et al., 1996; FSAR Reference 2.5.2-288). A potential exists. for the
underestimation of medlan high-frequency amplification during site response analysis if a
kappa correction is not used. Consequently, it is prudent to estimate and correct for any
potential bias toward underestlmatlng median amplification produced by using a: suite. of -
profiles, random or measured, that have muitiple layers of alternating velocities. This
appendix provides specifi c examples of how the kappa correctlon is calculated and applled-‘
to avoid blas r :

- \ 2.0 Assumptlons
" None.

3.0 Drscussnon ' - ‘ '
It is well known that wave propagatlon through multiple closely spaced elastic plane layers
with alternating velocities results in multiple reflections, giving rise to a depletion” of high-
frequency energy in the direct wave. The apparent energy loss due to scattering emulates
intrinsic -wave damplng dlsplaylng characteristics quite similar- to intrinsic’ damping.
Scattermg damping at shallow depths (hundreds to thousands of feet) was initially proposed’
in exploration geophysics as a contributing factor to the depletion. of high-frequency energy
with increasing travel time (References 1 and .2). . Subsequently, the effects of random
fluctuations in‘'wave velocity over the dimensions of fractions of wavelengths in the earth’s
crust was postulated as a causal mechanism for the generation of coda, the incoherent
wave fields that follow direct arrivals observed on accelerograms and seismograms
throughout the world. This random scattenng also results in an apparent wave damping
which is generally considered to be weakly frequency dependent with damping decreasing
~ as frequency increases (References 3 and 4). For wave propagation through the crust, the
. ..energy d|55|pat|on is considered to ‘be due to a combination of intrinsic- (e.g. hysteretlc)u.'
i'damplng and. scattermg due to random ﬂuctuatlons in velocmes The apparent weak.

of the: two contnbutmg factors wave scattenng and |ntr|n5|c absorptlon (Reference 4)

iFor appllcatlons to site response analyses |t is prudent to estlmate and correct ‘for any:

-~ potential bias toward underestimating median amplification produced by using a suite of
profiles, random or measured, that have multiple layers of alternating velocities.. To be -
clear, the scattering due to alternating velocities does not refer to deterministic and stable
conditions which may exist across-a site (e.g. single or multiple low velocity zones).  The

. alternating velocities that. contribute to scatterlng damping in one-dimensional site response

.analyses are the apparently random fluctuations in measured velocities that do not correlate
between measurements made-atmultiple locations across a site. It should be emphasized -
that the issue of a scattenng correction in random profilés arises because base case.profiles
are typicaily smooth relative to the profiles measured at multiple locations across a site upon

- which they are based. One-dimensional site response analyses implicitly -assume lateral

.continuity in velocity while in" the earth the constant velocity - layers interpreted in. site’

measurements typlcally vary laterally across both soil and rock sites. The motions at any
- given point are influenced to- some degree by nearby velocity structures. because in
propagatmg to the surface the wave f elds reflect a honzontal velocrty (glvmg rise to lateral '
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: strams) and because they foIIow a Fermat path mrnrmrzrng the travel time to the surface at -
each frequency. The fundamental assumption in developing - site-specific motions is that a .
base case velocity profile that is laterally continuous is associated with a total damplng at

" low strains and, consequently, a site-specific spectral shape or multlple shapes that are
stable across the areas to which they apply as well as across earthquakes of similar (small
or large and distant) magnitudes. The fundamental objective in site response is to develop
a mean (log) estimate of amplification that reflects a base case or mean (best) estimate of a
velocity profile representative of a given area as well as the variability about the base case
profile (and related amplification). across the specific area. Associated with the base case -
profile and hysteretic damping from the low strain damping in the nonlinear dynamic material
properties at low loading levels, is a spectral shape that is assumed to be based on multiple
earthquakes sampling over all source azimuths and recorded at multiple locations across’
the site, sampling multiple in situ velocity columns. This ideal empirical average is repllcated
in the site response analyses through a Monte Carlo simulation of random profiles ‘and -

" GlGmax and hysteretic. damping curves. . Provided recorded motions from multiple
earthquakes were available at multiple closely spaced locations at a well characterized site,
the issue of the appropriateness of correcting for the scattering damping. introduced in the
one-dimensional analyses could be resolved with a comparison between two median..
spectra, one based on ‘'simulations and.the other based on observations: Equrvalence _
between .the two median spectra would suggest the scattering induced by the one-
dimensional analyses is similar to that observed, provided the randomly generated profiles
reflect similar statistical properties to the actual profiles. ‘Such a comparison is.currently not
possible as suitable dense array recordlngs of strong ground motions are not available *
across dimensions of a typical foundation footprint. As a result, the necessity of a scattering

‘correction to one-dimensional site response analyses remains an unconf rmed assumption,

- at least for some cases. o

. ..For cases where the total kappa in the prot” ile is not known mdependently from observatrons_ .
- of ground motions at similar profiles (e.g., a constraint on the total low strain damplng) .the

correction. for scattering kappa reflects an assumption that the actual scattering in the fi eld -

:. may be less than that which occurs in one-dimensional analyses. The kappa correction may -
.. be somewhat conservative, depending on the magnitude of the. correction. However for -
- cases where the total kappa is known a priori (e.g. very deep soft to firm: soil profi Ies or soft.
rock-at least 1 km.to 2 km thick as well as shallow soil overlying thick sequences “of soft”
rock), the median spectral shape based on a suite of random profiles should be constrained

to not fall signifi cantly below the spectrum computed with the base case profrle and known : |
total kappa. The constraint imposed in the random profiles is. applied by reducing the kappa . " .
~ (low. strain damping) by the same amount in each of the random profiles. This’ process of- -

“adjusting kappa is done iteratively with the comparison between thé median spectrum and .
- the spectrum computed with the base case profile at high-frequency (2 1 Hz) as.the fi igure of

- merit. The criteria for similarity is one of judgment, particularly when the spectrum computed
with the base case profile displays peaks and valleys due to resonances while the median

. spectrum is much smoother. The assessment must then be made by looking at the overall
spectral levels. over a wide frequency range. The criteria implemented requires the median
.spectra not to fall below the base case spectrum by more than-about 5% over.a wide
frequency range. Formally one may introduce criteria analogous o that of spectral matching ..
outlined in NUREG/CR 6728 (FSAR Reference 2.5.2- 251) by defining a smoothing window,
frequency range, and acceptable tolerance. However, use of a reahstlc profile correlatron
model (e.g. FSAR Reference 2.5.2-273) that is appropriate for variability over the
dimensions of a footprint for both deep firm soil and soft rock sites (a footprint: correlation
model is not currently available for hard rock sites), proquces,scatterlng corrections that are
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generally qune small for both deep firm soil and soft rock srtes As a result prescnptlve_.
criteria regarding a scattering correction may .not be warranted. The. magnitude of the
correction is ilustrated in examples for a deep soil site and a soft rock site presented in the
following discussion.

“’Considering a generic ‘deep firm soil site (1,000: ft deep to 1 km/sec material) with a -
Vs (30m) of 270 m/sec (Reference 5), Figure B1 shows the median spectrum (as well as +
one sigma estimates) developed from spectra (5% damped) computed with thirty simulated
profiles compared to the spectrum computed with the based-case profiles at very low (linear)

“loading levels. In the case in Figure B1 all the profiles reflect a total kappa value of 0.04 sec
and there is generally good agreement between the median spectrum and that of the base
case profile across most of the frequency range, suggesting an acceptably close agreement

* between the median and base case profiles. - However, for frequencres exceeding about 4 .

-Hz, the median spectrum falls’ slightly below the spectrum computed with the base case
.profile, with variations of up to about 10% (Figure B1).. This trend is attributable to the
damping induced by wave scattering due to velocity fluctuations in the one-dimensional
analyses. Lowering the total kappa in the simulated profiles to 0.034 sec resuits in a median-
_spectrum at or sllghtly above the base case spectrum at hlgh -frequency- as shown in Figure
B2. The approximately 15% decrease in kappa results in".about a 10% increase in the

* median spectrum at frequencies exceeding about 4 Hz and reflects a typical scattering
correction at a deep ‘soil site, removing a potentral bias or underestimate of expected

. spectra at low loading levels. To more clearly illustrate the differences in the uncorrected

and correctéd median spectra; Figure B3 shows the two median estimates along with the .

spectrum computed with the base case profile (kappa = 0.04 sec). As Figure B3 illustrates,
the uncorrected median estimate is roughly 10% below- the base case spectrum between
about 5 Hz and 10 Hz. and less than 10% below for frequencies. exceeding about 10.-Hz. -
Figure. B4 shows the same comparison with linear spectral acceleration (Sa) axes and-
Figure B5 shows the ratios of the uncorrected and corrected median spectra to the base
case spectrum with the £ 10% fiduciaries as dashed lines. As previously discussed, the
spectral amplitude oscillations with’ frequency are due to profile resonances in the spectrum
computed with the base case profile that are greatly smoothed in computing the median .

spectrum as an‘average over the multiple spectra computed with the simulated profiles. As- |

Figure B5 clearly illustrates, the spectral amplitude maximum bias tolerance criteria of
. approximately 5% over a wide frequency range is consrdered to be exceeded by the
uncorrected median estimate. Reducing kappa in each simulated profile by about 15%. to
. 0.034 sec eliminates the potential bias in- the -uncorrected median estlmate Unifortunately .
the effects of kappa become more pronounced as frequency increases because the kappa:
. ‘model implies a frequency mdependent hysteretic damping, while the .effects of one-
dimensional scattering may result in a frequency dependence with the effective damplng
- decreasing with increasing frequency. The effect of a frequency mdependent kappa leads -

-to a scattering correction that may result in slightly conservative high- frequency motion at.

very low loading, levels that are typically too small to be 2 desngn issue. As discussed in the
response to RAI 02.05.02-016; all models have limitations and, as with all models, a more -

. sophisticated profile randomization. model that would address. thrs issue would be welcome. .
"The approach taken here to compensate or correct for a possmle bias resumng in.an
underestimate of the expected site-specific spectrum is considered physrcally reasonable
and transparent in both |ts mtent and effect. : . ,

: _To |Ilustrate the shear-wave velocrty profile. random|zatlon results, the base case proﬁle as
well as the median and + one sigma velocity profile estlmates are shown'in Flgures B6a and
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" B6b ‘for linear and logarithmic velocity axes, respectively (shear-wave velocities -are log-

normally distributed in the correlation model, FSAR Reference 2.5.2-273). In general the
- ‘median estimate is quite close to the base case profile. Over the top approximately 3m to
5m (10 ft to 15 ft) the median velocity exceeds the base case velocity by only about 10%
- and is significantly closer throughout the remaining roughly 300m of .depth.  The similarity
between the corrected and uncorrected median spectra and that of the base case indicates
‘that an adequate similarity exists between the base case profile and the medlan profi Ie

-"Fmally, to illustrate the scattering correction applled to a stiffer prof Ie Figure B7 through"
Figures B12a and B12b- show a correspondrng suite of analyses (linear and Ioganthmlc _

velocity -axes, respectively) for a soft rock shear-wave velocity profile with V (30m)
- 560m/sec (Reference 5). For the soft rock velocity profile, Figure B7 shows increased
- similarity between the spectrum computed . with the base case profile and the median
- spectrum, all with a total kappa value of 0.04 sec, compared to firm soil (Figure B1). The
‘kappa correction or reduction needed to satisfy the spectral bias tolerance criteria is only
about 5% from 0.04 sec to 0.038 sec and the effect is illustrated in Figures B8, B9, and B10.
" As Figure B11 shows, the slight reduction in kappa raised the corrected median from a
broad low averaging about 5% below the base case spectrum from about 8 Hz to about 15
Hz. Over this frequency range the spectrum of the corrected median estimate was raised to
an average of about 3% below that of the base case. As with the deep firm soil results in
Figure B5, at frequencies exceeding about 15 Hz, the correction. results in slightly
conservatlve motions at very low- Ioadmg levels.

Completmg the soft rock analyses, Flgures B12a and B12b shows the base case profile

g compared to the medlan and  one sigma estimates. As with the soi| profiles-in Figures B6a
and B6b, the agreement between the median profile and the base case profile is acceptably
close, based upon the close agreement between the correspondmg spectra.

' The exampies presented illustrate typical ranges in the scattenng kappa and the resultmg
effects on the expected spectra using an approximate numerical criteria for adjusting kappa
. that requires the median spectra not to fall below the base case spectrum by more than
-about 5% over a wide frequency range. The kappa adjustments were small, with the largest

kappa adjustments of about 15% for a generic deep firm soil site profile (Figure BS5). For the - ..

" stiffer profile, kappa reduction on the order of only 5% is required to avoid deviations from a-
_base case spectrum of more than about 5% over a wide frequency range (Figures B5 and
- B11). The kappa adjustment is a physically reasonable and appropriate approach to adjust
for a possible bias, a bias that if uncorrected can result in underestrmatron of -median -high-
: _frequency spectra at very low: Ioadrng levels. _

» 4OSummary B ' :
.. This appendix summarizes how h|gh frequency spectral dampmg results from several -
e processes. A potentral exists for the underestimation of median high-frequency amplification
during site response analysis if a kappa correction is not used. Consequently, it is prudent to
. estimate and correct for any potential bias toward underestimating median amplifi catlon
,-produced by using a suite of profiles, random or measured, that have multiple layers of-
- alternatmg velocities. This appendix provides specific examples of how the kappa correction
is calculated and applred to avoid bias. The examples show that the kappa adjustment is.
NS relatlvely small and prowdes a physucally reasonable and appropnate approach to adjust for
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a possuble blas a blas that if uncorrected can result in underestlmatlon of medlan hrgh- :
) frequency spectra at very low Ioadmg Ievels , : :
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. Flgufe' B1 Companson of the medlan spectrum (5% damped) based on thlrty snmulated '
- profiles with the spectrum computed from the base case profile. The total kappa is'0.04 sec

for each proﬁle M 6.5, smgle corner source model and the reference rock’ motlon is 0. 01g : S

B "Genenc deep fir rm sonl site wnth I ’s (30m) 270m/sec (Reference 5) e
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: '270m/sec (Reference 5)
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o Flgure B3. Companson of medlan spectra based on thu'ty simulated profiles wuth total
kappa values of 0.04 sec, (dotted lines) ‘and 0.034 sec (dashed lines) with the. spectrum
computed using the base case profile w:th a kappa of 0. 04 sec. M6.5, smgle—corner source

_model and the referencé site motion is 0.01g. Generic deep firm soil’ with Vs (30m)
270m/sec- (Reference 5). Loganthm|c Sa axis.
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| Figure B4. Comparlson of medlan spectra based on thmy SImulated profi Ies w:th total
kappa values of 0.04.sec (dotted lines) and 0.034 sec (dashed lines) with the spectrum'v
computed using 'the base case profile with a kappa of 0.04 sec.’ M6.5, single- -corner source

' 'model and the reference site motion is 0.01g. Generic deep firm soil with Vs (30m)
~270m/sec (Reference 5) Lmear Sa axis. :
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" “Figure B5 Spectral ratios (5% damped) of the medlan spectra based on th|rty snmulated'
profiles divided by the spectrum computed for the base case profile with a total kappa value. -
of 0.04 sec. . Simulated profiles-have kappa values of 0.04 sec (solid line) and 0.034 sec
(dotted' lines). ~ Ratios computed at 300 pomts -and are based on the spectra shown in.
Flgures 022 B4 : : .
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_ FigUre BGé."Compafisbn of the base case profile with the médian profile computed from the
thirty simulated profiles, + 10 estimates are shown along with the median: linear axes.
Generic deep firm soil with }"5 (30m) _=_'270m/secA(Reference 5.
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F|gure BSb Companson of the base case profile with-the mednan prof ile computed from the
‘thirty simulated prof iles, + 10 estimates are shown along with the- median: Ioganthmlc shear

-wave veIocnty axes. Generic deep f rm soil with I/ (30m) 270m/sec (Reference 5)..
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,Flgure B7 Companson of the median spectrum (5% damped) based on thlrty snmulated
_ profiles with the spectrum computed from the base case profile: The total kappa is: 0.04 sec
for each profile. M 6.5, smgle -corner source model, and the reference rock motlon is 0 01g

o .Generic soft rock site with V (30m) = 560m/sec (Reference 5).
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Figure B8. Comparison of the median spectrum (5% damped) based-on thirty simulated =

profiles with the spectrum computed from the base case profile. The total kappa is 0.04 sec. .
. for the base case profile and 0.038 sec for each random profile. M 6. 5, smgle corner source .

model, -and the reference rock motlon is 0. 01g. Generlc sofl rock site wnth l (30m)
560m/sec (Reference 5). : 4 .
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Flgure 89 Companson of meduan spectra based on. thlrty S|mulated prof les with total kappa o
* “values of 0.04 sec (dotted lines) and 0.038 sec-(dashed lines) with the spectrum computed -

g using. the base case prof ile 'with-a kappa of 0.04 sec.. M 6 5, srngle corner source model' -

. and-the reference site motion is 001g Genenc soft rock wnth V s(30m) 560m/sec~ |
a (Reference 5) Loganthmtc Sa axis.. :
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‘FiQUre B10. Co_mpar'ison’of median spéctra‘ based on thirty simulated pr,oﬁlés with total

kappa values of 0.04 sec (dotted lines) and 0.038 sec (dashed lines) with the spectrum-

- computed using the base case profile with a kappa of 0.04 sec. M 6.5, single"corner source

.~ model, and the reference site-motion is 0.01g. Generic soft rock with V (30m) = 560m/sec
- (Reference 5). Linear Sa axis. - :
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Spectral ratios (5% damped) of the medlan spectra based on thlrty sxmulated'

. profiles divided by the spectrum computed-for the base case. profile with a total kappa value
- 0f 0.04 sec. Simulated profiles have kappa values: of 0.04-sec (solid line) and 0.038 sec _

(dotted lines):

o Flgures BQ and B10

Ratios computed at 300 pomts and are: based on: the spectra shown in
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- Figure B12a. Comparison of the base case profile with the median profile computed from
the thmy simulated prof fles, + 10 estimates are shown along with the medlan linear axes.

Generlc soft rock with Vs (30m) = 560m/sec (Reference 5)
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Flgure B12b Companson of the base case prof ile with the medlan prof Ie computed from o
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shear wave velocny axes. Genenc soft rock with Vg (30m) = 560m/sec (Reference 5).
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Appendlx C :

L|m|tat|ons of Stochastlc Pomt source Modelmg', .
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Figure C1. Comparison of empirical WNA spectral shapes (PEER, 2008; Reference 7) with
those computed using the single- and double-corner source models moment magnitudes
are 5.5, 6.5, and 7.5 and the rupture distance is 25 km from a vertical strike-slip earthquake
with the top-of-rupture at the surface. The site condltlon is soft rock (Geomatrnx category A
and B) wuth ay, (30m) of 550m/sec. ... . N . C6

anure C2. Comparison of empirical WNA spectral shapes (PEER 2008 Reference 7) wnth
those computed using the single- and double-corner source models moment magnitudes
-are 5.5, 6.5, and 7.5 and the rupture distance is 200 km from a vertical strike- -slip
earthquake with the top- of-rupture at the surface. The site COI‘Idlthr‘I is soft rock (Geomatnx
categoryAand B) wutha; (30m) of 550m/sec '. Ll ; 2LC9
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1.0 PurpoSe and Scope

This appendix addresses the computational validity of the pomt -source model in the site
response analysis for Lee Nuclear Station Unit 1. Silva et al. (FSAR Reference . 2.5.2-288)
demonstrated that the pomt -source model underpredicts intermediate penod absolute
spectral amplitudes for M 2 6.5 and distances beyond 100 km. New calculations were
~ performed to demonstrate that the point-source model compares very favorably with the
‘recent 2008 NGA empirical Ground Motion Prediction Equations (GMPE) (PEER, 2008;
Reference 7).across both period and magnitude over a wide distance range in a relatlve‘
sense, the manner in which the point source model is used to estlmate ampllfcatlons for the
site response analy3|s for Lee Nuclear Station Umt 1. S -

2.0 Assumptiohs'
None.

3.0 Dlscussmn

- Itis important 'to clarify the dlfference in‘model- accuracy ln an.absolute sense as dlscussed .

in the Silva et al. (1997; Reference 1) unpublished report, and model accuracy in a relative
sense, as used in developirig amplification factors. In applications of Approach 3, to cover
the range in reference site (e.g. hard rock in Central Eastern North America (CENA)) hazard
from high to low probability (range 107 to 10 7y, amplifi ication factors are developed for a
suite of reference site peak’ acceleration values from 0.01g to about 1.50g at a suffi iciently
dense grid to permit linear (log) interpolation. To adjust the reference site peak acceleration
to the desired values, source distance is iteratively adjusted. The corresponding soil motlon
is then developed by placing the site-specific. soil column on top of the hard rock profile, in
the case of CENA hard rock reference hazard. As a result of “fi ixing” the reference site peak
acceleration, the model has been used to produce relative (amplltude ratios) rather than.
absolute motion. The amplification (amplitude ratio) implementation of the model then -
places far less stringent criteria on absolute motion accuracy. In general, for the application

- of developing site-specific amplification factors, the essential criteria of the model is most -
‘properly viewed: or ‘specifi ied through its ab|I|ty to' produce acceptably accurate response
spectral shapes That is, does the model reflect an acceptably close agreement with
empirical response spectral shapes across structural frequency at fixed magmtude as well

* as the change in spectral shape with magnitude and distance. To illustrate the agreement: o

between the point-source model and empirical spectral shapes, the comparison of shapes at

M 6.5 with four Next Generation Attenuation (NGA): ground motion. predlctlon equatlons'
(GMPE) shown in the response to .RAI 02.05.02-021 has been expanded to include M 5.5
and M 7.5. Since spectral shapes vary weakly with distance (Silva and Green, 1989;
'Reference 2), shapes computed at a distance of 25 km ‘are appropriate for distances

rangmg out to at least 50 km and perhaps ‘for somewhat larger distances. Also 25 km L .

reflects a distance for which sngmf icant data éxist across magnitude M 5.5 to M7.5. Fugure
C1 shows the compansons for M'5.5, 6.5, and 7.5 at a distance of 25 km for a soft rock site

(V (30m)), the stiffest site condition. near’ which signifi icant recordmgs exist over a wude

magnitude range. In general -either the single-or double-corner- model shapes are within
about 10%.of the empirical shapes. The overall weak effect of spectral shape on
amplification; conditional on peak acceleration (Bazzurro and Cornell, 2004; Refererice 3)
and- further illustrated in: Figure 5 showing a'25% difference in- amplification. for a 100%
- difference in control motion, -suggest the effects of a 10% to 20% dlfference in. control motlon

shape would result in a neghglble dlfference in ampllf catlon : : -
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At Iarger drstances Flgure Cc2 |llustrates an extreme case companng model and NGA +

: spectral shapes’ at a distance -of 200 km, the largest distance of- appllcabrlrty of the NGA

-~ ‘GMPEs. At large distances,. beyond about 100 km in Western North -America (WNA) (Silva -

~and Green 1989; Reference 2), frequency dependent crustal- damprng Qe = Qof"): is :

- dominant over kappa, reducing hrgh frequency motions and resulting in a shift in spectral -

: shapes to longer: period. This trend is easily observed in the shift of the peaks-from about -
0.2 sec (5 Hz) at-a distance of 25 km (Figure C1) to about 0.3 sec (= 3 Hz)-at 200 km

- (Figure C2). The shift in the empirical spectra places upper limits on Q, to about 200, for an . ’

- hof 0.6, the values used herein. ‘From Figure C2 the effects of the decrease in the quantrtyﬁ

- of emplrlcal data;. particularly for M 5.5, is evidenced by the. increased range in empirical -

o shapes compared to those. computed for a drstance of 25 km (Frgure C1). - In general the

" point-source model, either single- or double-corner, remain ‘generally within the range of the -

empirical shapes This is particularly ‘évident for perrods shorter. than’ about two-seconds,

O ‘which is the period range that dominates approxrmately the top 500 ft of soil profiles where =~
nonlinearity 'is most pronounced . (Silva et al., 1997; Refefence 1). Recall for linear site-

- response analyses, control ‘motion spectral shape ‘has an effect. only at very short periods,’
" very low levels of motion, and at large distance due to:the depletion of short period energy in.
. ;control motions by crustal dampmg (Subsectlon 2.5.2.7.1 .1 .1.1 Duke FSAR) :

It is also important . to pornt ‘out that for applications to soft’ or f rm rock reference site .

conditions,” base-of-soil rock conditions are distinctly different at shallow depths than rock:
outcrop, where there typically exists a steep velocrty gradlent (S|lva et aI 1997 (Reference
*-.1);-Boore, 2003 (Reference 4)). Such conditions can have ‘a srgmf icant rmpact on_high-" -

- frequency ‘motions; resultlng in .amplification- that is not present’ for base-of-soil .rock . -

~ conditions. " If approprlate corrections are not made to the- soft- or firm rock reference site -
- -+ control motlons ‘the site’ response analyses -may ‘overdrive the -soil column resultrng in

o j--'unconservatrve amplification at high frequency. Because the appropnate reference site soft{_, BRI
~“or firm rock profile will likely be poorly known, the base-of-soil correction will Irkely result rn a .

control motron that is Iess accurate than the pomt -source’ model |llustrated in Flgure C1

‘-‘:."I_',:Addrtronally, for hard rock reference srte condltrons in the CENA since the model(s) used to -

”,jdevelop hard rock hazard is (are) domrnated by the pomt-source model, the use .of a- point:’ '_ -
~ . source to drive a site- specrfc soil column is not an issue.: This is the case provrded the -~ -

L ;pomt source ‘models used in the site response adequately span the range in models, e.g.

o jsrngle- and double corner, that is accommodated in developmg the reference srte hazard

"To summarize, although the pornt—source model has; been shown o underpredlct - A
“intermediate period- motions for M 2 6. 5and. distances beyond 100 kmin an. absolute sense - -

,(Sllva et al, 1996; Reference 6), the model compares quite favorably with the. recent NGA -

o (2008; Reference 5) empirical GMPEs across  both -period and ‘magriitude over a wide . o
" distance range in ‘a relative. sense, the manner in which.the model 'is . |mplemented 5

Consrdenng response spectral shapes, both the srngle- and double corner point-source

_models._ produce motions (5% damped pseudo ‘absolute response” spectra) that either .-

;exceed or are within the range of the recently developed NGA GMPEs." For appllcatrons to
_the CENA, where the GMPEs are ‘dominated by the ponnt—source model,” ‘the

approprrateness of the model to serve as control motrons |n srte ampllf catron analyses ls‘f _ .

- less of an |ssue
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4.0 Summary .

Although the point-source model had been shown by Silva et al. (FSAR Reference 2.5.2-
288) to underpredict intermediate period absolute spectral amplitudes for M 2 6.5 and
distances beyond 100 km, this appendix provides new calculations that show that the point-
source model compares quite favorably with the recent 2008 NGA empirical GMPEs (PEER;
2008; Reference 5) across both period and magnltude over a wide distance range in a '
relative sense, the manner in which the point source model is used to estimate
-amplifications for the site response analysis for Lee Nuclear Station Unit 1.
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‘Flgure C1 Companson of emplrlcal WNA spectral shapes (PEER 2008 Reference 7) wrth‘
those computed using the single- and double-corner source models moment magnitudes
. are 5.5, 6.5, and 7.5 and the rupture distance is 25 km from a vertical strike- -slip earthquake
- with the top- of-rupture at the surface. The site condition is soft rock (Geomatrrx category A
and B) with a 7, (30m) of 550m/sec. :



Enclosure 2 o - | Page 112 of 116

* Duke Letter Dated: February 22,2010 : . _ Page C7 of C11

a0t

PRI S S B T8

300

Se' /PC A

Bl

Spv?
b

mé.“f“‘:imq.v“ftT‘ﬁb - f&aﬂ&p-

‘ F‘ermd fseconds :
NGA 2008, M - 6.5, D - 25 ki1, STRIKE- SLEP
S50 1M/SEC (GQB) |

: LEGEND
e AERAHATSIN &S ILVA -
Seed T GOORESR ATKINGON
SRRl CaemLE BOZORNIR
el MU YUNGS
e 2ORER, Ko+ 0,05 SEC,

—fm . 1OORER, K nnsssc

F|gure C1 (contmued) Companson of emplrlcal WNA spectral shapes (PEER 2008
Reference 7) with those computed using the single- and double-corner source models
-moment magnitudes are 5.5, 6.5, and 7.5 and the rupture distance is 25-km from a vertical
strike-slip earthquake with the top- of-rupture at the surface. The- sute condltlon |s soft rock
(Geomatrlx category A and B) with a 7, (30m) of 550m/sec. oo
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Figure C1 (contmued) Comparlson of empmcal WNA spectral shapes (PEER 2008;.

Reference 7) with those computed using the single- and double-corner source models

' moment magnitudes are.5.5,.6.5,-and 7.5 and the rupture distance is. 25 km from a vertical

.+ strike-slip earthquake with the- top of—rupture at the surface. The S|te condmon is. soft rock'
~ (Geomatrix category A and B) wuth ayp, (30m) of 550m/sec :
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Figure C2. Comparison of empirical WNA spectral shapes (PEER, 2008; Reference 7) with
those computed using the single- and double-corner source models moment magnitudes
are 5.5, 6.5, and 7.5 -and the. rupture distance is 200 km- from a vertical strike-slip
o earthquake with the top- of-rupture at the surface.. The snte condition is soft rock (Geomatnx o
category A and B) witha 17, (30m) of 550m/sec C - -
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,anure C2.(continued) - Companson of empmcal WNA spectral shapes (PEER 2008;
Reference 7) with those computed using the single- and double-corner source models' _
- moment.magnitudes are 5. 5,6.5,and 7.5 and the rupture. distance is 200 km from a vertical
~ strike-slip earthquake with the.top- of-rupture at the surface:. The site condmon is soﬁ rock
(Geomatnx category A and B) W|th ay, (30m) of 550m/sec
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F|gure C2. (continued) Companson of emplrlcal WNA spectral shapes (PEER 2008;

Reference 7) with those computed using the.single- and double-corner source models

moment magnitudes are 5.5, 6.5, and 7.5 and the rupture dnstance is 200 km from-a vertical

- strike-slip earthquake with the: top- of-rupture at the surface; . The site condmon is soft rock
) '(Geomatrlx category A and B) with a v, (30m) of 550m/sec -



