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Abstract

Recommendations for seismic design ground motions for nuclear facilities require a consistency with
both observed strong motion data and with seismological theory on the characteristics of strong
shaking. Different recommendations are appropriate for various regions of the US, because both
earthquake source characteristics differ and the earth’s crustal properties vary with region.

A database of recorded time histories forms the foundation of empirical recommendations for spectral
shapes. This database includes motions recorded as recently as the 1999 Turkey and Taiwan
earthquakes. Empirical attenuation equations derived primarily from California strong motion data
form the basis for spectral shape recommendations for western US (WUS) sites on rock, and these
spectral shape recommendations are confirmed and supported by the empirical database.

For the central and eastern US (CEUS), a well-validated, simple model of strong motion allows
quantification of the difference between WUS and CEUS motions, accounting for differences in both
the seismic source and in path and site attenuation. This model adjusts the WUS empirical soft-rock
spectral shapes to CEUS hard-rock conditions. These spectral shape recommendations are made for
both the 1-corner and 2-corner seismic source mode! for the CEUS, which are competing models that
imply different spectral shapes for design.

Selecting the appropriate design spectrum or spectra requires a probabilistic seismic hazard analysis
(PSHA) at the site for rock conditions. The seismic hazard is deaggregated at 10 and 1 Hz to
determine the dominant magnitudes and distances at those frequencies. Two sets of spectral shapes
are developed for those magnitudes and distances: one from the recommended functions, and a
second from the attenuation equations used in the PSHA. In the CEUS, the designer will use both
the 1- and 2-corner earthquake source models to develop weighted spectral shapes, both from the
recommended functions and from the PSHA attenuation equations. The spectral shapes are scaled
to match the uniform hazard spectrum (UHS) amplitudes at 10 and 1 Hz, typically at the 10* annual
frequency of exceedence level. The two sets of spectral shapes provide a consistency check with the
UHS.

For design recommendations, the UHS is modified by a scale factor to a Uniform Reliability Spectrum
(URS). This scale factor achieves a relatively consistent annual frequency of plant component failure
across the range of plant locations and structural frequencies. It does this by accounting for the slope
of the seismic hazard curve, which changes with structural frequency and site location. For some
sites and natural frequencies the URS exceeds the UHS, and at other sites and frequencies it lies
below the UHS.

For design purposes the spectral shapes determined from the attenuation equations are scaled to the
10 Hz and 1 Hz URS amplitudes. The URS must be matched within certain tolerances by the scaled
spectral shapes, but the use of two (or more) design shapes allows a more accurate representation
of the seismic threat, for example when a broad-banded spectrum is unlikely.



The database of recorded time histories on rock is divided into magnitude and distance bins, and three
component records (two horizontals and one vertical) are archived on a CD-ROM for both the WUS
and CEUS. We augmented available recorded rock motions for the CEUS by modifying WUS rock
records to account for differences in seismic source and crustal properties between the two regions.
This database allows designers to select one or a set of records from the appropriate magnitude and
distance range and to adjust those records to match a rock design spectrum, for the derivation of
detailed input motions.

For these artificial motions, we recommend criteria for matching their spectra to the target (scaled)
spectra. The matching criteria lead to mean-based fits, with half of the spectral values above the
target and half below, within specified limits. The matching is done with the response spectrum at
5% of critical damping, obviating the need to meet a minimum power spectral density requirement
or to match at multiple dampings. However, checks are required of peak motion parameters, duration
of shaking, and directional correlation.

For soil sites, a PSHA is conducted for rock conditions to determine spectra scaled to the 10 Hz and
1 Hz UHS amplitudes, as discussed above. These spectra represent control motions input to a soil
model that calculates soil response and that accounts for uncertainties in soil properties. The soil
analysis gives the mean soil amplification, its uncertainty, and its slope with increasing rock amplitude.
These factors allow the engineer to estimate the soil UHS at 10 and 10~ annual frequencies of
exceedence, from which the 10 URS can be determined for that soil. Generic soil spectral shapes
are not derived here because the soil spectra should be obtained from a site-specific analysis. The
site-specific soil amplification studies yield spectral shapes that are scaled to the UHS (for a
consistency check) and to the URS (for design purposes).

The database of recorded time histories includes motions at WUS and CEUS soil sites, divided into
magnitude and distance bins, and these three-component motions are archived on a CD-ROM. The
CEUS soil site motions were derived from WUS soil motions by modeling differences in seismic
sources and crustal properties between the two regions. These archived records allow designers to
select one or a set of records from the appropriate magnitude and distance range and to adjust those
records to match a soil design spectrum, for the derivation of detailed input motions.

We demonstrate the procedures for developing design spectra for rock conditions and for four soil
profiles in the WUS and in the CEUS, using as example sites a location in the Mojave desert,
California, and Columbia, South Carolina. To demonstrate that the URS gives reliability-consistent
design amplitudes, we examine eleven sites across the US and use three ground motion parameters
ateach. These results indicate that the URS, as calculated here, provides reliability-consistent designs
over a range of site locations and structural frequencies.
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match of WUS record to WUS target (Figure 3-11).

Spectral match of WUS record to CEUS target: 10 rock UHS using two
sample intervals, 0.02 sec and 0.005 sec.

Acceleration, velocity, and displacement time histories resulting from
match of WUS record to CEUS target, sample interval of 0.02 sec.
Acceleration, velocity, and displacement time histories resulting from
match of WUS record to CEUS target, sample interval of 0.005 sec.
Fourier amplitude spectra resulting from fitting WUS record to WUS and
CEUS targets (Figure 3-4). Fit to CEUS target used two sample
intervals, 0.02 sec and 0.005 sec.

Response spectral shapes (5% damping) for the M 6.5, R = 10 to 50 km
bins normalized by spectral ordinates at a suite of frequencies (0.5 to
100.0 Hz)

Response spectral shapes (5% damping) for the M 6.5, R = 10 to 50 km
bins from Figure 1 renormalized by their respective 100 Hz values.
Response spectral shapes (5% damping) computed for the M = 5.5
magnitude bin for WUS soft rock site conditions.

Response spectral shapes (5% damping) computed for the M = 6.5
magnitude bin for WUS soft rock site conditions.

Response spectral shapes (5% damping) computed for the M =7.5
magnitude bins for WUS soft rock site conditions.

Response to spectral shapes (5% damping) computed for the

M = 5.5 magnitude bins for WUS deep soil site conditions.

Response spectral shapes (5% damping) computed for the

M = 6.5 magnitude bin for WUS deep soil conditions.

Response spectral shapes (5% damping) computed for the

M = 7.5 magnitude bin for WUS deep soil conditions.
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Figure 4-9

Figure 4-10

Figure 4-11
Figure 4-12
Figure 4-13

Figure 4-14
Figure 4-14b
Figure 4-14c
Figure 4-15
Figure 4-15b
Figure 4-15¢
Figure 4-15d
Figure 4-16

Figure 4-17

Figure 4-18
Figure 4-19
Figure 4-20

Figure 4-21

Figure 4-22

Response spectral shapes (5% damping) computed for M = 6.5 at R=25
km using both single and double corner frequency source spectra for
WUS and CEUS conditions.

Absolute response spectra (5% damping) computed for M = 6.5 at R=25
km using both single and double corner frequency source spectra for
WUS and CEUS conditions.

Comparison of WUS statistical response spectral shapes (5% damping)
for the M 6.5, R = 10 to 50 km bins for rock and deep soil site conditions.

Response spectral shapes (5% damping) computed for the M = 5.5 to 7.5,
R =10 to 50 km bins for WUS rock site conditions.

WUS to CEUS transfer functions. Top, magnitude dependencies at a
distance of 25 km; bottom, distance dependencies for M 6.5.

Comparison of the statistical shapes from Figures 3 to 5 with spectral
shapes predicted by the attenuation relationships of Abrahamson and Silva
(1997) [A&S 97], Boore and others (1997) [Bao 97], Campbell (1997)
[C 97], Idriss (1991) [I 91], and Sadigh and others (1997) [Sao 97].

Mean residuals and their 90% confidence intervals for the five attenuation
relationships.

(Continued)
(Continued)

Relative bias (“7’) weights (left column) and relative likelihood (“L”)
weights (right column) for M 6-7 and R 10-50 km magnitude distance
bins. Top plot in each column shows weights computed using Equations
(4-4) and (4-6). The remaining plots show the smoothed weights
obtained using Equation (4-7) with values of % from 0.25 to 1.0.

Example comparisons of the statistical spectral shapes from Figure 4-5
with spectral shapes predicted by the weighted combination of the five
attenuation relationships. Weighted empirical spectral shapes are shown
for smoothed “T”” and “L” weights and values of 4 from 0.25 to 1.0.

Relative weights used to obtain weighted empirical attenuation spectral
shapes. The weights are the average of the smoothed “T™ and “L” weights
with 2 = 1.0.

Weighted empirical attenuation response spectral shapes obtained using
the relative weights shown on Figure 4-18.

Example of a fit of Equation (4-8) to an individual spectral shape.

Example WUS response spectral shapes predicted by Equation (4-8) with
parameters listed in table 4-3 compared to the weighted empirical spectral
shape data used in the fit.

Example EUS response spectral shapes obtained by scaling weighted
empirical WUS response spectral shapes.
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Figure 4-23

Figure 4-24

Figure 4-25

Figure Set
4-26

Figure Set
4-27

Figure 4-28

Figure 4-29

Figure 4-30

Figure 4-31

Figure 4-32

Figure 4-33

Figure 4-34

Figure 4-35

Examples of adjustments to scaled EUS response spectral shapes to
remove valley near 10 Hz.

Example EUS single-corner response spectral shapes predicted by
Equation (4-9) with parameters listed in Table 4-3 compared to the scaled
and adjusted EUS spectral shape data used in the fit.

Example EUS double-corner response spectral shapes predicted by
Equation (4-9) with parameters listed in Table 4-3 compared to the scaled
and adjusted EUS spectral shape data used in the fit.

Comparison of recommended WUS shapes (solid line) to current
regulatory guidance R.G. 1.60 and Newmark-Hall shapes for the distance
bin O to 50 km and for mean magnitudes 5.6, 4.4, and 7.3. Peak
parameters are taken from Table 4-1 for the Newmark-Hall shapes.

Comparison of recommended CEUS shapes (solid line) to current
regulatory guidance R.G. 1.60 and Newmark-Hall shapes for the distance
bin 0 to 50 km and for mean magnitudes 5.6, 6.4, and 7.3. Peak
parameters are taken from Table 4-1 for the Newmark-Hall shapes.

Predicted effects of source mechanism on spectral shapes for empirical
WUS attenuation relations. For the Abrahamson and Silva, 1997
empirical relation, the frequency dependence differs for small and large
magnitudes.

Predicted effects of site location (hanging wall vs. foot wall) for oblique-
slip source mechanisms on spectral shapes compared to strike-slip spectral

shapes for an empirical WUS attenuation relation (Abrahamson and Silva,
1997).

Comparison of recommended shapes for M 8.0 at R = 25 km to empirical
subduction zone shapes for M 9.0 at a suite of distances (Youngs et al.,
1997).

V/H ratio for 5% damped response spectra implied by the R.G. 1.60
design motions.

Average V/H ratio (5% damped) magnitude dependencies based on the
Abrahamson and Silva, 1997; Campbell, 1997; and Sadigh et al., 1997
empirical WUS rock attenuation relations for a suite of magnitudes.
Average V/H ratio (5% damped) distance dependencies based on
Abrahamson and Silva, 1997; Campbell, 1997; and Sadigh et al., 1997
empirical WUS rock attenuation relations for a suite of magnitudes.
Magnitude dependence of 5% damped horizontal component response
spectral acceleration at a rupture distance of 10 km for a WUS rock
empirical attenuation relation (Abrahamson and Silva, 1997).
Magnitude dependence of 5% damped vertical component response
spectral acceleration at a rupture distance of 10 km for a WUS rock
empirical attenuation relation (Abrahamson and Silva, 1997).
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Figure 4-36

Figure 4-37

Figure 4-38
Figure 4-39

Figure 4-40

Figure 4-41

Figure 4-42

Figure 5-1A
Figure 5-1B
Figure 5-2

Figure 5-3A
Figure 5-3B
Figure 5-3C
Figure 5-3D
Figure 5-3E
Figure 5-3F
Figure 5-3G
Figure 5-3H
Figure 5-4A
Figure 5-4B
Figure 5-5

Recommended V/H ratios (5% damped) for WUS soft rock site
conditions for ranges in horizontal component peak accelerations.

V/H ratios (5% damped) computed from recordings of the M 5.9 1988
Saguenay, and M 6.8 1976 Gazlie, and 1985 Nahanni earthquakes. The
Gazli and Nahanni earthquakes are considered to represent CEUS source,
path, and site conditions.

V/H ratios (5% damped) for CEUS rock site conditions computed with
the simple point-source model.

Recommended V/H ratios (5% damped) for CEUS hard rock site
conditions for ranges in horizontal component peak accelerations.

WUS vertical component response spectra (5% damped) based on the M
6.4, R = 27.4 km horizontal shape (Figure Set 4-26) and recommended
V/H ratios (Table 4-4).

CEUS vertical component response spectra (5% damped) based on the M
6.4, R = 27.4 km single corner horizontal shape (Figure Set 4-27) and
recommended V/H ratios (Table 4-5).

CEUS vertical component response spectra based on the M 6.4, R =27.4
km double corner horizontal shape (Figure Set 4-26) and recommended
V/H ratios (Table 4-5).

Average smoothed Fourier amplitude spectra, distance 0-10 km, rock
sites.

Average smoothed Fourier amplitude spectra, horizontal motions,
distance 10-50 km, soil sites.

5% damped spectrum for distance bin D2, rock sites, magnitude bin M55,
horizontal motion.

5% damped spectrum, trial 1

5% damped spectrum, trial 2

5% damped spectrum, trial 3

5% damped spectrum, trial 4

5% damped spectrum, trial 4S (shorter duration)
5% damped spectrum, trial 4L (longer duration)
5% damped spectrum, trial 5

5% damped spectrum, trial 1S

5% damped spectrum, trial SM01

5% damped spectrum, trial SM02

Spectral acceleration shapes for M= 5.57,R = 21.8 rock horizontal
motion bin D2RMS55H
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Figure 5-6A
Figure 5-6B
Figure 5-6C
Figure 5-6D
Figure 5-7A
Figure 5-7B
Figure 5-7C
Figure 5-7D
Figure 5-8A

Figure 5-8B
Figure 5-9A

Figure 5-9B
Figure 5-10A

Figure 5-10B
Figure 5-10C
Figure 5-10D

Figure 5-11A

Figure 5-11B

5% damped spectrum, trial SMO1, WUS spectrum, M = 5.57, R =21.8
km (random phase spectrum)

5% damped spectrum, trial SM02, WUS spectrum, M =557,R =218
km (record phase spectrum 1)
5% damped spectrum, trial SM03, WUS spectrum, M=5.57, R =218
km (record phase spectrum 2)
5% damped spectrum, trial SM04, WUS spectrum, M=557, R=218
km (record phase spectrum 3)

5% damped spectrum, trial SMO1, CEUS 1-corner spectrum, M=5 .57,
R=21.8 km (random phase spectrum)

5% damped spectrum, trial SMO2, CEUS 1-corner spectrum, M =557,
R=21.8 km (random phase spectrum 1)
5% damped spectrum, trial SM03, CEUS 1-corner spectrum, M =557,

R=21.8 km (random phase spectrum 2)

5% damped spectrum, trial SM04, CEUS 1-corner spectrum, M =5.57,
R=21.8 km (random phase spectrum 3)

Arias Intensity ratios for trial records used to envelop WUS bin spectrum
of Figure 5-6.

Arias Intensity ratios for WUS records scaled to maximum time duration.

Arias Intensity ratios for trial records used to envelop CEUS 1-corner
spectrum of Figure 5-7.

Arias Intensity ratios for CEUS records scaled to maximum time duration.

Fourier amplitude spectra of envelope fits to 5% damped segmented
target spectrum.

Fourier amplitude spectra of envelope fits to 5% damped smooth target
spectrum.

Fourier amplitude spectra of envelope fits to 5% damped smooth WUS
target spectrum.

Fourier amplitude spectra of enveloping fits to 5% damped segmented
WUS target spectrum (bin D2RM55H)

Influence of gap in Fourier amplitudes at 0.5 Hz on 5% damped response
spectra. Left: change in original Fourier amplitudes; center: change in
smoothed Fourier amplitudes; right: change in 5% damped response
spectrum.

Influence of gap in Fourier amplitude at 1 Hz on 5% damped response
spectra. Left: change in original Fourier amplitudes; Center: change in
smoothed Fourier amplitudes; Right: change in 5% damped response
spectrum.
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Figure 5-11C

Figure 5-11D

Figure 5-11F

Figure 5-11G

Figure 5-11H

Figure 5-12

Figure 5-13A
Figure 5-13B
Figure 5-13C

Figure 5-13D
Figure 5-14A
Figure 5-14B
Figure 5-14C
Figure 5- 15A
Figure 5-15B

Figure 5-15C

Influence of gap in Fourier amplitudes at 2.5 Hz on 5% damped response
spectra. Left: change in original Fourier amplitudes; Center: change in
smoothed Fourier amplitudes; Right: change in 5% damped response
spectrum. ’

Influence of gap in Fourier amplitudes at 6 Hz on 5% damped response
spectra. Left: change in original Fourier amplitudes; Center: change in
smoothed Fourier amplitudes; Right: change in 5% damped response
spectrum.

Influence of gap in Fourier amplitudes at 15 Hz on 5% damped response
spectra. Left: change in original Fourier amplitudes; Center: change in
smoothed Fourier amplitudes; Right: change in 5% damped response
spectrum.

Influence of gap in Fourier amplitudes at 25 Hz on 5% damped response
spectra. Left: change in original Fourier amplitudes; Center: change in
smoothed Fourier amplitudes; Right: change in 5% damped response
spectrum.

Influence of narrower gap in Fourier amplitudes at 2.5 Hz on 5% damped
response spectra. Left: change in original Fourier amplitudes; Center:
change in smoothed Fourier amplitudes; Right: change in 5% damped
response spectrum.

Influence of gaps in the Fourier amplitude spectrum on reduction of 5%
damped response spectra, record “trial 03".

5% damped response spectra for 1g sine pulse at 5 Hz.

Fourier spectra for 1g sine pulse with a frequency of 5 Hz.

5% damped response spectra for 1g pulse consisting of three frequencies
(2.5, 5, and 10 Hz).

Fourier spectra for 1g sine pulse consisting of three frequencies (2.5, 5,
and 10 Hz).

Duration times from 5% - 75% Arias intensity, empirical WUS data for
rock sites, M 5-6, horizontal motions.

Duration times from 5% - 75% Arias intensity, empirical WUS data for
rock sites, M 6-7, horizontal motions.

Duration times from 5% - 75% Arias intensity, empirical WUS data for
rock sites, M 7+, horizontal motions.

Statistics of Arias intensity ratio vs. time scaled by record times for
empirical WUS records in bin DIRM55H.

Statistics of Arias intensity ratio vs. time scaled by Arias T, for empirical
WUS records in bin DIRMS55H.

Statistics of Arias intensity ratio vs. time scaled by Arias Ts4 for
empirical WUS records in bin DIRMS55H.
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Figure 5-16A
Figure 5-16B

Figure 5-17A
Figure 5-17B

Figure 5-18A
Figure 5-18B
Figure 5-18C

Figure 5-18D

Figure 6-1
Figure 6-2
Figure 6-3
Figure 6-4
Figure 6-5
Figure 6-6
Figure 6-7

Figure 6-8
Figure 6-9

Figure 6-10

Figure 6-11

Figure 6-12

Statistics for cumulative absolute velocity vs. time scaled by record times
for empirical WUS records in bin DIRMS55H.

Statistics of cumulative absolute velocity vs. time scaled by Arias T 4 for
empirical WUS records in bin DIRM55H.

Correlations of H1-H2 acceleration pairs, WUS rock sites.

Comparison of correlations of vertical-horizontal acceleration pairs at
WUS rock sites.

Example of uniform hazard spectrum and scaled deaggregated spectra at
low and high frequencies.

Recommended upper- and lower-bound spectral limits to target UHS
spectrum for time history designed to envelop UHS.

Recommended upper- and lower-bound spectral limits to target low-
frequency deaggregated spectrum.

Recommended upper- and lower-bound spectral limits to target high-
frequency deaggregated spectrum.

Integrations to calculate soil hazard, for known soil properties and
aleatory variability on soil response.

Integration to calculate soil hazard with uncertain soil properties.
Integration to calculate soil hazard using distribution of AF at a’.
Scaling soil UHS from rock UHS, single magnitude.

Scaling soil UHS from rock UHS with magnitude dependence.

Comparison of generic shear-wave velocity profiles for WUS (Los
Angeles) and CEUS crustal conditions.

Variations in base case shallow crustal velocities. Solid lines are median
estimates from a suite of randomly generated profiles (30) using base-case
profiles (Figure 6-6) as input. Ranges reflect +1c estimates.

Generic G/G,,, and hysteretic damping curves for soft rock.

Base case shear-wave velocity profiles based on suspension logging
measurements. Placed on top of Wald and Heaton (1994) crustal model
(Table 6-4).

Variation in base case shear-wave velocity, generic Savannah River
profile (Figure 6-9) based on thirty realizations. Median estimate along
with +¢ values.

Generic G/G,,,, and hysteretic damping curves used for Northern
California cohesionless soil site Gilroy 2 (EPRI, 1993).

Generic G/G,,,, and hysteretic damping curves for Peninsular Range deep

cohesionless soils. Used for soil sites Rinaldi and Savannah River
Generic.
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Figure 6-13
Figure 6-14
Figure 6-15
Figure 6-16
Figure 6-17
Figure 6-18
Figure 6-19
Figure 6-20

Figure 6-21

Figure 6-22

Figure 6-23

Figure 6-24

Figure 6-25
Figure 6-26
Figure 6-27
Figure 6-28
Figure 6-29

Figure 6-30

Generic G/G,,, and hysteretic damping curves for Imperial Valley soils.
Used for soil site Meloland.

Generic G/G,,, and hysteretic damping curves from SHAKE (Idriss and
Sun, 1992).

Generic G/G_,,, and hysteretic damping curves for cohesive soils (Vucetic
and Dobry, 1991).

Peak acceleration estimates and regression fit at M 7.5 for WUS rock site
conditions.

Peak acceleration estimates and regression fit at M7.5 for CEUS rock site
conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for WUS rock site conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for CEUS rock site conditions.

Median response spectra (5% damping) at a distance of 10 km for
magnitudes M 5.5, 6.5, and 7.5: WUS rock site.

Response spectra (5% damping) at a distance of 10 km for M 6.5
showing median and +1c estimates (parametric and regression
uncertainty): WUS rock site.

Median response spectra (5% damping) at a distance of 10 km for
magnitudes M 5.5, 6.5, and 7.6: CEUS rock site.

Response spectra (5% damping) at a distance of 10 km for M 6.5
showing median and +1c estimates (parametric and regression
uncertainty): CEUS rock site.

Variability in response spectral ordinates at WUS and CEUS rock sites
resulting from parametric variability and regression fit over all magnitudes
and distances (Tables 6-2 and 6-3).

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Gilroy 2 and WUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil profile Gilroy 2 and WUS conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Gilroy 2 and CEUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil profile Gilroy 2 and CEUS conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Meloland and WUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil profile Meloland and WUS conditions.
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Figure 6-31
Figure 6-32
Figure 6-33
Figure 6-34
Figure 6-35
Figure 6-36
Figure 6-37
Figure 6-38
Figure 6-39

Figure 6-40

Figure 6-41

Figure 6-42

Figure 6-43
Figure 6-44
Figure 6-45
Figure 6-46
Figure 6-47

Figure 6-48

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Meloland and CEUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil profile Meloland and CEUS conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Rinaldi and WUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil response Rinaldi and WUS conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Rinaldi and CEUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil profile Rinaldi and CEUS conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Savannah River Generic and WUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil profile Savannah River Generic and WUS conditions.

Attenuation of median peak horizontal acceleration at M 5.5, 6.5, and 7.5
for soil profile Savannah River Generic and CEUS conditions.

Median response spectra (5% damping) at a distance of 10 km for M 5.5,
6.5, and 7.5 for soil profile Savannah River Generic and CEUS
conditions.

Variability in response spectral ordinates for WUS soil sites resulting from
parametric variability and regression fit over all magnitudes and distances
(Table 6-2 and 6-3).

Variability in response spectral ordinates for CEUS soil sites resulting
from parametric variability and regression fit over all magnitudes and
distances (Tables 6-2 and 6-3).

Configuration of background source and Charleston fault affecting CEUS
example site (Columbia, South Carolina).

Contribution to seismic hazard by source for 10 Hz spectral acceleration,
Columbia site.

Contribution to seismic hazard by source for 1 Hz spectral acceleration,
Columbia site.

Deaggregation of seismic hazard by M, R, and a for 10 Hz SA at 0.38g,
Columbia site.

Deaggregation of seismic hazard by M and R for 10 Hz SA at 0.38g,
Columbia site.

Deaggregation of seismic hazard by M, R, and a for 1 Hz SA at 0.067g,
Columbia site.
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Figure 6-73

Deaggregation of seismic hazard by M and R for 1 Hz SA at 0.067g,
Columbia site.

10 UHS for rock, Columbia site, with spectra from deaggregation
earthquakes.

Variable ¢ and constant ¢ vs. frequency for Savannah profile.
Variable ¢ and constant ¢ vs. frequency for Gilroy profile.
Variable ¢ and constant ¢ vs. frequency for Meloland profile.
Variable ¢ and constant ¢ vs. frequency for Rinaldi profile.

10 UHS for rock, Columbia site, for constant ¢ and variable ¢
assumptions.

10* UHS for CEUS rock and four soils, Gilroy profile.
10 UHS for CEUS rock and Meloland profile.

10 UHS for CEUS rock and Savannah profile.

10* UHS for CEUS rock and Rinaldi profile.

Configuration of background source and Mojave fault affecting WUS
example site (Mojave, California).

Contribution to seismic hazard by source for 10 Hz spectral acceleration,
Mojave site.

Contribution to seismic hazard by source for 1 Hz spectral acceleration,
Mojave site.

Deaggregation of seismicity hazard by M, R and ¢ for 10 Hz SA at 1.92g,
Mojave site.

Deaggregation of seismic hazard by M and R for 10 Hz SA at 1.92g,
Mojave.

Deaggregation of seismic hazard by M, R and ¢ for 1 Hz SA at 0.65g,
Mojave site.

Deaggregation of seismic hazard by M and R for 1 Hz SA at 0.65¢g,
Mojave site.

10* UHS for rock, Columbia site, with spectra from deaggregation
earthquakes.

10 UHS for rock, Mojave site, for constant ¢ and variable ¢
assumptions. :

10* UHS for WUS rock and Savannah site.

10* UHS for WUS rock and Gilroy profile.

10 UHS for WUS rock and Meloland profile.

10 UHS for WUS rock and Rinaldi profile.

10* UHS for CEUS site (Columbia) and WUS site (Mojave).
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Figure 6-74

Figure 6-75
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Figure 6-84

Figure 6-85

Figure 6-86
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Figure 6-88
Figure 6-89

Figure 6-90

Comparison of spectral match (dotted line) to median spectrum computed
for M =7.5 at a distance of 1 km (solid line): CEUS rock outcrop.

Median and +c spectra computed for M = 7.5 at a distance of 1 km using
the Savannah River generic profile with site variations only (profile,
G/Gmax, and hysteretic damping): CEUS conditions.

Median and +c spectra computed for M=7.5 at an epicentral distance of
12 km using the Savannah River Generic profile with source, path and site
variations: CEUS conditions.

Comparison of median spectral estimates computed for M=7.5 at an
epicentral distance of 1 km using the Savannah River Generic profile:
varying site properties only (solid line) and varying source, path, and site
properties (dashed line); CEUS conditions.

Comparison of Approaches 1, 2B, and 4 10™* UHS on soil for profile
Rinaldi: CEUS conditions.

Median and +o effective strains for soil profile Rinaldi using Approach 1:
CEUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake; soil profile Rinaldi, CEUS conditions.

Comparison of transfer functions computed for the scaled 10 Hz design
earthquake, soil profile Rinaldi, CEUS conditions.

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Rinaldi, CEUS conditions.

Comparison of soil spectra for Approaches 1, 2A, and 2B; soil profile
Rinaldi, CEUS conditions.

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Rinaldi, CEUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c
variations of base case (+ factor of 2 on shear modulus), soil profile
Rinaldi, CEUS conditions.

Comparison of Approaches 1, 2B, and 4 10* UHS on soil for profile
Rinaldi: WUS conditions.

Median and + 1 ¢ effective strains for soil profile Rinaldi using Approach
1: WUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake; soil profile Rinaldi, WUS conditions.

Comparison of transfer functions computed for the scaled 10 Hz design
earthquake; soil profile Rinaldi, WUS conditions.

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Rinaldi, WUS conditions.
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Figure 6-91

Figure 6-92

Figure 6-93

Figure 6-94
Figure 6-95
Figure 6-96
Figure 6-97
Figure 6-98
Figure 6-99

Figure 6-100

Figure 6-101

Figure 6-102

Figure 6-103

Figure 6-104

Figure 6-105

Comparison of soil spectra for Approaches 1, 2A, and 2B; soil profile
Rinaldi, WUS conditions.

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Rinaldi, WUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c
variations of base case (+ factor of 2 on shear modulus), soil profile
Rinaldi, WUS conditions.

Comparison of Approaches 1, 2B, and 4 10 UHS on soil for profile
Gilroy 2: CEUS conditions.

Median and +1 o effective strains for soil profile Gilroy 2 using Approach
1: CEUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake, soil profile Gilroy 2, CEUS conditions.

Comparison of transfer functions computed for the scaled 10 Hz design
earthquake: soil profile Gilroy 2, CEUS conditions.

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Gilroy 2, CEUS conditions.

Comparison of soil spectra for Approaches 1, 2A, and 2B,; soil profile
Gilroy 2, CEUS conditions.

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Gilroy 2, CEUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c
variations of base case (+ factor of 2 on shear modulus), soil profile
Gilroy 2, CEUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 150m; soil profile Gilroy 2, CEUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o profile variations with profile truncated at 150m. Soil profile Gilroy
2, CEUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 90m; soil profile Gilroy 2, CEUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1lo profile variations with profile truncated at 90m. Soil profile Gilroy 2,
CEUS conditions.
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Figure 6-106
Figure 6-107
Figure 6-108
Figure 6-109
Figure 6-110
Figure 6-111

Figure 6-112

Figure 6-113

Figure 6-114

Figure 6-115

Figure 6-116

Figure 6-117

Figure 6-118
Figure 6-119
Figure 6-120

Figure 6-121

Comparison of Approaches 1, 2B, and 4 10™* UHS on soil for profile
Gilroy 2: WUS conditions.

Median and +1c effective strain for soil profile Gilroy 2 using Approach
1: WUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake: soil profile Gilroy 2, WUS conditions.

Comparison of transfer functions computed for the scaled 10 Hz design
earthquake; soil profile Gilroy 2, WUS conditions.

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Gilroy 2, WUS conditions.

Comparison of soil spectra for Approaches 1, 2A, and 2B; soil profile
Gilroy 2, WUS conditions.

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Gilroy 2, WUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c
variations of base case (+ factor of 2 on shear modulus), soil profile
Gilroy 2, WUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 150m; soil profile Gilroy 2, WUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o profile variations with profile truncated at 150m; soil profile Gilroy 2,
WUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 90m; soil profile Gilroy 2, WUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o profile variations with profile truncated at 90m. Soil profile Gilroy 2,
WUS conditions.

Comparison of Approaches 1, 2B, and 4, 10* UHS on soil for profile
Savannah River Generic: CEUS conditions.

Median and +1¢ effective strains for soil profile Savannah River Generic
using Approach 1: CEUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake; soil profile Savannah River Generic, CEUS conditions.

Comparison of transfer functions computed for the scaled 10 Hz design
earthquake; soil profile Savannah River Generic, CEUS conditions.
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Figure 6-122

Figure 6-123

Figure 6-124

Figure 6-125

Figure 6-126

Figure 6-127

Figure 6-128

Figure 6-129

Figure 6-130
Figure 6-131
Figure 6-132
Figure 6-133

Figure 6-134

Figure 6-135

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Savannah River Generic, CEUS
conditions.

Comparison of soil spectra for Approaches 1, 2A, and 2B; soil profile
Savannah River Generic, CEUS conditions.

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Savannah River Generic, CEUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c
variations of base case (+ factor of 2 on shear modulus), soil profile
Savannah River Generic, CEUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 150m; soil profile Savannah River
Generic, CEUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o profile variations with profile truncated at 150m. Soil profile
Savannah River Generic; CEUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 90m; soil profile Savannah River
Generic, CEUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and

+1o profile variations with profile truncated at 90m. Soil profile
Savannah River Generic, CEUS conditions.

Comparison of Approaches 1, 2B, and 4 soil spectra for profile Savannah
River Generic: WUS conditions.

Median and +1o effective strains for soil profile Savannah River Generic
using Approach 1: WUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake; soil profile Savannah River Generic, WUS conditions.
Comparison of transfer functions computed for the scaled 10 Hz design
earthquake; soil profile Savannah River Generic, WUS conditions.

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Savannah River Generic, WUS
conditions.

Comparison of soil spectra for Approaches 1, 2A, and 2B; soil profile
Savannah River Generic, WUS conditions.
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Figure 6-136

Figure 6-137

Figure 6-138

Figure 6-139

Figure 6-140

Figure 6-141

Figure 6-142
Figure 6-143
Figure 6-144
Figure 6-145
Figure 6-146
Figure 6-147

Figure 6-148

Figure 6-149

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Savannah River Generic, WUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c
variations of base case (+ factor of 2 on shear modulus), soil profile
Savannah River Generic, WUS conditions.

Comparison of soil spectra for Approach 2b (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 150m,; soil profile Savannah River
Generic, WUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o profile variation with profile truncated at 150m. Soil profile
Savannah River Generic, WUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 90m; soil profile Savannah River
Generic, WUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and

+1c profile variations with profile truncated at 90m. Soil profile
Savannah River Generic, WUS conditions.

Comparison of Approaches 1, 2B, and 4 soil spectra for profile Meloland;
CEUS conditions.

Median and +1c effective strains for soil profile Meloland using Approach
1: CEUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake; soil profile Meloland, CEUS conditions.

Comparison of transfer functions computed for the scaled 10 Hz design
earthquake; soil profile Meloland, CEUS conditions.

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Meloland, CEUS conditions.
Comparison of soil spectra for Approaches 1, 2A, and 2B; soil profile
Meloland, CEUS conditions.

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Meloland, CEUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c

variations of base case (+ factor of 2 on shear modulus); soil profile
Meloland, CEUS conditions.
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Figure 6-150

Figure 6-151

Figure 6-152

Figure 6-153

Figure 6-154
Figure 6-155
Figure 6-156
Figure 6-157
Figure 6-158
Figure 6-159

Figure 6-160

Figure 6-161

Figure 6-162

Figure 6-163

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 150m; soil profile Meloland, CEUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o profile variations with profile truncated at 150m. Soil profile
Meloland, CEUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 90m; soil profile Meloland; CEUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o profile variations with profile truncated at 90m. Soil profile
Meloland, CEUS conditions.

Comparison of Approaches 1, 2B, and 4 soil spectra for profile Meloland:
WUS conditions.

Median and +1o effective strains for soil profile Meloland using Approach
1 WUS conditions.

Comparison of transfer functions computed for the scaled 1 Hz design
earthquake; soil profile Meloland, WUS conditions.

Comparison of transfer functions computed for the scaled 10 Hz design
earthquake; soil profile Meloland, WUS conditions.

Comparison of mean transfer functions computed for the scaled 1 Hz and
10 Hz design earthquakes; soil profile Meloland, WUS conditions.

Comparison of soil spectra for Approaches 1, 2A, and 2B; soil profile
Meloland, WUS conditions.

Comparison of soil spectra for Approach 2B with base case profile and
deterministic profile variations (+ factor of 2 on shear modulus); soil
profile Meloland, WUS conditions.

Comparison of soil spectra for Approach 2B with mean and +1c
variations of base case (+ factor of 2 on shear modulus), soil profile
Meloland, WUS conditions.

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 150m; soil profile Meloland, WUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and
+1o deterministic profile variations with profile truncated at 150m. Soil
profile Meloland, WUS conditions.

6-189

6-190

6-191

6-192

6-193

6-194

6-195

6-196

6-197

6-198

6-199

6-200

6-201

6-202



Figure 6-164

Figure 6-165

Figure 6-166

Figure 6-167

Figure 6-168
Figure 6-169
Figure 6-170

Figure 6-171

Figure 6-172
Figure 6-173
Figure 6-174
Figure 6-175
Figure 7-1
Figure 7-2
Figure 7-3

Figure 7-4
Figure 7-5

Comparison of soil spectra for Approach 2B (full profile) with base case
profile and deterministic profile variations (+ factor of 2 on shear
modulus) with profile truncated at 90m; soil profile Meloland, WUS
conditions.

Comparison of soil spectra for Approach 2B (full profile) with mean and

+1o profile variations with profile truncated at 90m. Soil profile

Meloland, WUS conditions.

Median and +1c shear-wave velocities based on measurements at WUS
rock strong motion sites. Geomatrix categories A and B (Appendix A)
assumed to reflect rock site conditions. Dashed line is smooth model
used in analyses.

Median WUS rock response spectra (5% damping) computed for M = 6.5
at a distance of 25 km using the soft rock profile (Figure 6-166) and the
point source model (Appendix D). Suite of depths (shear-wave
velocities) reflect depth to which overlying materials are removed.
Depth-to-surface response spectral ratios (median estimates) computed
for the suite of spectra shown on Figure 6-167.

Depth-to-surface response spectral ratios {(median estimates) computed
for M=6.5 at a distance of 10 km.

Depth-to-surface response spectral ratios (median estimates) computed
for M=6.5 at a distance of 1 km.

Comparison of WUS UHS at surface of rock site (solid line) and UHS at
free surface with a shear-wave velocity of 914m/sec (3,000 ft/sec) using
transfer function corresponding to surface acceleration of 0.483g (Figure
6-170). Modified spectrum represents modification of surface soft rock
motions to base-of-soil motions.

Comparison of WUS soil motions using rock UHS and modified rock
(base-of-soil) UHS soil profile Rinaldi.

Comparison of WUS soil motions using rock UHS and modified rock
(base-of-soil) UHS soil profile Gilroy 2.

Comparison of WUS soil motions using rock UHS and modified rock
(base-of-soil) UHS soil profile Savannah River Generic.

Comparison of WUS soil motions using rock UHS and modified rock
(base-of-soil) UHS soil profile Meloland.

Steps to designate required component capacity.

Graphical representation of curves for failure calculation.
Alternative capacity distribution with same CAP,,.

Hazard curve with different slopes.

Comparison of hazard curves with different slopes to capacity curve.
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Figure 7-6

Figure 7-7

Figure 7-8

Figure 7-9

Figure 7-10
Figure 7-11
Figure 7-12

Figure 7-13
Figure 7-14

Figure 7-15
Figure 7-16
Figure 7-17

Figure 7-18

Figure C-1
Figure C-2
Figure C-3
Figure C-4

Figure C-5

PGA hazard curves for the eleven test sites: (top) as calculated, (bottom)
normalized by the acceleration value corresponding to 10* annual
probability.

SA (10 Hz) hazard curves for the eleven test sites: (top) as calculated,
(bottom) normalized by the acceleration value corresponding to 10
annual probability.

SA (1 Hz) hazard curves for the eleven test sites: (top) as calculated,
(bottom) normalized by the acceleration value correspondmg to 10
annual probability.

Maine Yankee PGA seismic hazard curve (top), fragility curve for p = 0.3
(middle), and contributions to Pr by PGA (bottom).

Maine Yankee PGA seismic hazard curve (top), fragility curve for p=0.6

(middle), and contributions to P by PGA (bottom).

UHS for Columbia site, with URS calculated from seismic hazard

analysis.

UHS for Columbia site, with URS calculated from seismic hazard analysis

using background source only.

UHS for Mojave site with URS calculated from seismic hazard analysis.

Rp calculated from risk equation for 11 test sites and 3 parameters, using
= 1.67 (top) and using o. = 1.67 x SF (bottom).

Ratlo of approximate to exact P using a = 1.67 (top), and using o = 1.67

x SF (bottom).

R, calculated from direct integration for 11 test sites and 3 parameters,

using a = 1.67 (top) and using a = 1.67 x SF (bottom).

R, calculated from direct integration for 11 test sites and 3 parameters,

using median hazard curves.

Ratio of approximate to exact P using o = 1.67 (top) and using median
hazard curves.

Median 1 & spectral shapes for M = 5.5, R = 0-10 km, horizontal
WUS rock.

Median 1 ¢ spectral shapes for M = 6.5, R = 0-10 km, horizontal
WUS rock.

Median 1 o spectral shapes for M = 7.5, R = 0-10 km, horizontal
WUS rock.

Median 1 o spectral shapes for M = 5.5, R = 0-10 km, horizontal
WUS soil.

Median 1 o spectral shapes for M = 6.5, R = 0-10 km, horizontal
WUS soil.
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Figure C-6 ~ Median 1 o spectral shapes for M = 7.5, R = 0-10 km, horizontal C-13

WUS soil.

Figure C-7 Median 1 ¢ spectral shapes for M =~ 5.5, R = 10-50 km, horizontal C-14
WUS rock.

Figure C-8 Median 1 o spectral shapes for M = 6.5, R = 10-50 km, horizontal C-15
WUS rock.

Figure C-9  Median 1 o spectral shapes for M = 7.5, R = 10-50 km, horizontal C-16
WUS rock.

Figure C-10  Median 1 o spectral shapes for M = 5.5, R = 10-50 km, horizontal C-17
WUS soil.

Figure C-11  Median 1 o spectral shapes for M = 6.5, R = 10-50 km, horizontal C-18
WUS soil.

Figure C-12  Median 1 o spectral shapes for M = 7.5, R = 10-50 km, horizontal C-19
WUS soil.

Figure C-13  Median 1 o© spectral shapes for M = 5.5, R = 50-100 km, horizontal, C-20
WUS rock.

Figure C-14  Median 1 o spectral shapes for M = 6.5, R = 50-100 km, horizontal, C-21
WUS rock.

Figure C-15 Median 1 © spectral shapes for M = 7.5, R = 50-100 km, horizontal, C-22
WUS rock.

Figure C-16  Median 1 ¢ spectral shapes for M = 5.5, R = 50-100 km, horizontal, C-23
WUS soil.

Figure C-17  Median 1 ¢ spectral shapes for M = 6.5, R = 50-100 km, horizontal, C-24
WUS soil.

Figure C-18  Median 1 o spectral shapes for M = 7.5, R = 50-100 km, horizontal, C-25
WUS soil.

Figure C-19  Median 1 o spectral shapes for M = 5.5, R = 100-200 km, horizontal, C-26
WUS rock.

Figure C-20  Median 1 o spectral shapes for M = 6.5, R = 100-200 km, horizontal, C-27
WUS rock.

Figure C-21  Median 1 o spectral shapes for M = 7.5, R = 100-200 km, horizontal, C-28
WUS rock.

Figure C-22  Median 1 © spectral shapes for M = 5.5, R = 100-200 km, horizontal, C-29
WUS soil.

Figure C-23  Median 1 ¢ spectral shapes for M = 6.5, R = 100-200 km, horizontal, C-30
WUS soil.

Figure C-24  Median 1 ¢ spectral shapes for M = 7.5, R = 100-200 km, horizontal, C-31
WUS soil.
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Figure C-25
Figure C-26
Figure C-27
Figure C-28
Figure C-29
Figure C-30
Figure C-31
Figure C-32
Figure C-33
Figure C-34
Figure C-35
Figure C-36
Figure C-37
Figure C-38
Figure C-39
Figure C-40
Figure C-41
Figure C-42

Figure C-43

Median 1 o spectral shapes for M = 5.5, R = 0-50 km, horizontal, WUS
rock.

Median 1 o spectral shapes for M =~ 6.5, R = 0-50 km, horizontal, WUS
rock.

Median 1 o spectral shapes for M =~ 7.5, R = 0-50 km, horizontal, WUS
rock.

Median 1 ¢ spectral shapes for M = 5.5, R = 0-50 km, horizontal, WUS
soil.

Median 1 & spectral shapes for M = 6.5, R = 0-50 km, horizontal, WUS
soil.

Median 1 o spectral shapes for M =~ 7.5, R = 0-50 km, horizontal, WUS
soil.

Median 1 o spectral shapes for M =~ 5.5, R = 0-10 km, vertical,

WUS rock.

Median 1 o spectral shapes for M = 6.5, R = 0-10 km, vertical,
WUS rock.

Median 1 o spectral shapes for M = 7.5, R = 0-10 km, vertical,
WUS rock.

Median 1 o spectral shapes for M =~ 5.5, R = 0-10 km, vertical,
WUS soil.

Median 1 ¢ spectral shapes for M ~ 6.5, R = 0-10 km, vertical,
WUS soil.

Median 1 o spectral shapes for M = 7.5, R = 0-10 km, vertical,
WUS soil.

Median 1 o spectral shapes for M =~ 5.5, R = 10-50 km, vertical,
WUS rock.

Median 1 o spectral shapes for M = 6.5, R = 10-50 km, vertical,
WUS rock.

Median 1 o spectral shapes for M = 7.5, R = 10-50 km, vertical,
WUS rock.

Median 1 o spectral shapes for M = 5.5, R = 10-50 km, vertical,
WUS soil.

Median 1 ¢ spectral shapes for M = 6.5, R = 10-50 km, vertical,
WUS soil.

Median 1 o spectral shapes for M = 7.5, R = 10-50 km, vertical,
WUS soil.

Median 1 o spectral shapes for M « 5.5, R = 50-100 km, vertical,
WUS rock.
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Figure C-44 Median 1 o spectral shapes for M = 6.5, R = 50-100 km, vertical, C-51

WUS rock.

Figure C-45 Median 1 o spectral shapes for M =~ 7.5, R = 50-100 km, vertical, C-52
WUS rock.

Figure C-46 Median 1 o spectral shapes for M =~ 5.5, R = 50-100 km, vertical, C-53
WUS soil.

Figure C-47 Median 1 o spectral shapes for M =~ 6.5, R = 50-100 km, vertical, C-54
WUS soil.

Figure C-48 Median 1 o spectral shapes for M = 7.5, R = 50-100 km, vertical, C-55
WUS soil.

Figure C-49 Median 1 o spectral shapes for M = 5.5, R = 100-200 km, vertical, C-56
WUS rock.

Figure C-50 Median 1 o spectral shapes for M =~ 6.5, R = 100-200 km, vertical, C-57
WUS rock.

Figure C-51 Median 1 o spectral shapes for M = 7.5, R = 100-200 km, vertical, C-58
WUS rock.

Figure C-52  Median 1 o spectral shapes for M = 5.5, R = 100-200 km, vertical, C-59
WUS soil.

Figure C-53 Median 1 ¢ spectral shapes for M =~ 6.5, R = 100-200 km, vertical, C-60
WUS soil.

Figure C-54 Median 1 o spectral shapes for M = 7.5, R = 100-200 km, vertical, C-61
WUS soil.

Figure C-55 Median 1 o spectral shapes for M = 5.5, R = 0-50 km, vertical, C-62
WUS rock.

Figure C-56 Median 1 o spectral shapes for M =~ 6.5, R = 0-50 km, vertical, C-63
WUS rock.

Figure C-57 Median 1 o spectral shapes for M = 7.5, R = 0-50 km, vertical, C-64
WUS rock.

Figure C-58 Median 1 o spectral shapes for M = 5.5, R = 0-50 km, vertical, C-65
WUS soil.

Figure C-39 Median 1 o spectral shapes for M = 6.5, R = 0-50 km, vertical, C-66
WUS soil.

Figure C-60 Median 1 o spectral shapes for M = 7.5, R = 0-50 km, vertical, C-67
WUS soil.

Figure D-1 Model bias and variability estimates for all earthquakes computed over all ~ D-15
503 sites for the point-source model.
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Figure D-2

Figure D-3

Figure E-1
Figure E-2
Figure E-3

Figure E-4
Figure E-5
Figure E-6
Figure E-7
Figure E-8
Figure E-9
Figure E-10
Figure E-11
Figure E-12
Figure E-13
Figure E-14
Figure E-15
Figure E-16
Figure E-17
Figure E-18

Figure E-19
Figure E-20

Figure E-21

Figure E-22
Figure E-23

Model bias and variability estimates for all earthquakes computed over all D-16

344 soil sites for the point-source model.

Model bias and variability estimates for all earthquakes computed over all D-17

159 rock sites for the point-source model.

Mean Fourier spectra for distance 0-10km, rock sites, M5-6
Mean Fourier spectra for distance 0-10km, rock sites, M6-7

Mean Fourier spectra for distance 0-10km, rock sites, M7+. Note:
discontinuity at 25 Hz is caused by few records available above that
frequency.

Mean Fourier spectra for distance 10-50km, rock sites, M5-6
Mean Fourier spectra for distance 10-50km, rock sites, M6-7
Mean Fourier spectra for distance 10-50km, rock sites, M7+
Mean Fourier spectra for distance 50-100km, rock sites, M5-6
Mean Fourier spectra for distance 50-100km, rock sites, M6-7
Mean Fourier spectra for distance 50-100km, rock sites, M7+
Mean Fourier spectra for distance 100-200km, rock sites, M5-6

Mean Fourier spectra for distance 100-200km, rock sites, M6-7
Mean Fourier spectra for distance 10-200km, rock sites, M7+

Mean Fourier spectra for distance 0-10km, soil sites, M5-6
Mean Fourier spectra for distance 0-10km, soil sites, M6-7
Mean Fourier spectra for distance 0-10km, soil sites, M7+
Mean Fourier spectra for distance 10-50km, soil sites, M5-6
Mean Fourier spectra for distance 10-50km, soil sites, M6-7

Mean Fourier spectra for distance 10-50km, soil sites, M7+. Note:
discontinuity at 25 Hz is caused by few records available above that
frequency.

Mean Fourier spectra for distance 50-100km, soil sites, M5-6

Mean Fourier spectra for distance 50-100km, soil sites, M6-7. Note:
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1. INTRODUCTION
1.1  Historical Perspective

The regulatory guidance for determination of seismic design basis ground motion at nuclear plant sites
emphasizes the essential need for the design ground response spectrum to be a broad-band, smooth
spectrum that has adequate energy in all frequencies represented by a plant’s structures, systems and
components. For this and economic considerations nuclear plants generally have been designed for
a site-independent standard broad-band spectrum such as the Regulatory Guide 1.60 spectrum (NRC,
1973), scaled to a site-specific peak ground acceleration value. Regulatory guidance for the
determination of Safe Shutdown Earthquake (SSE) ground motion (NRC, 1997a) provides a hazard-
consistent approach for determining the seismic design basis ground motion spectrum at a site. The
procedure emphasizes site-specific determination of the SSE ground motion. Although a standard
site-independent spectrum may still be used as the design basis ground motion spectrum, the
procedure requires that this spectrum be scaled to the site-specific average ground motion levels for
5 and 10 Hz, and 1 and 2.5 Hz, representing the controlling earthquake as determined from
deaggregation of a probabilistic seismic hazard analysis. These guidelines substantially advance the
state of practice for determination of seismic design basis ground motion by including the effects of
specific, dominant earthquakes on the frequency content of ground motion. However, it is
recognized that additional improvements could be provided with respect to site-specific spectral shape
estimation.

Revision 3 of the Standard Review Plan (SRP) 2.5.2 (NRC, 1997b) provides a hierarchy of
acceptable approaches for the estimation of seismic ground motion at a site. In descending order of
preference these are:

1. The direct use of a sufficiently large number of both horizontal and vertical component strong
motion recordings selected to model the site-specific conditions for the controlling
earthquakes, including: magnitude, type of faulting, tectonic environment, distance, source
depth, regional attenuation and local site wave propagation characteristics;

2. For sites where a large enough ensemble of strong motion recordings is not available
representing the site-specific controlling earthquake conditions, the guidance permits scaling
strong motion recordings to represent the best estimate of the earthquake source, propagation
path and site properties and doing sensitivity studies to evaluate the effects of scaling;

3. Foracombination of site and controlling earthquake conditions where representative strong
" motion recordings are not available, peak motion parameters (peak acceleration, spectral
acceleration, velocity and displacement) estimated using state-of-the-art attenuation
relationships appropriate for the region of the site and the site geology, may be used to scale
site-independent, standard spectral shapes; and

4, The use of theoretical-empirical estimation procedures may be used in a supplemental role
when the appropriateness of the model is thoroughly documented.
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The development of the SRP ground motion estimation hierarchy attempts to reflect the current state
of the profession’s uncertainty in ground motion estimation methods together with limitations of
available data and to provide reasonable assurance that the ground motion at any site would be
conservatively estimated. Recent studies (EPRI, 1993a) have shown however that the uncertainty
in ground motion estimates results from the complex interaction of the large number of parameters
of the ground motion estimation model. It is difficult to capture the total uncertainty even with the
large number of strong motion recordings now available in California. This fact is confirmed by each
successive large earthquake, which seems to require modification of the empiricallv-based ground
motion estimation models.

The hierarchy also assumes that ground motion data are transferable from one region to another by
matching important source properties such as magnitude, fault type, and tectonic environment; path
properties such as distance, hypocenter depth, and attenuation; and site properties such as shear wave
velocity. The EPRI (1993a) work has shown that these parameters contain significant random
variability and uncertainty and interact in complex ways that are not likely to be adequately captured
even by a reasonably large data set, and almost certainly would not be captured by a limited data set
that would pass the site-controlling earthquake combination screening. In addition it is now
recognized that strong motion recordings at sites in California and other active tectonic regions can
not be transferred to continental interior regions. That is, it is not appropriate to use (without proper
modification) empirical data from California to represent ground motions in the central and eastern
United States (CEUS), and the available data set in the CEUS is too limited to use a direct empirical
approach.

For the above reasons it is necessary to use the theoretical-empirical modeling method to estimate
ground motions in the eastern United States. The method, described in EPRI (19934a), uses a
theoretical model to estimate ground motion amplitudes in the frequency band of interest to
engineering analysis and design. The power of the method is that it can be validated using large
California data sets that span a wide range of magnitudes. The method develops a theoretical
estimate of the ground motion spectrum based on parameters of the fault rupture (magnitude, stress
drop) and travel path (distance, crustal and surficial rock properties). In regions of few recordings
of strong shaking, the parameters can be estimated with empirical data from seismograph records.
This gives a means to reliably estimate strong ground shaking when records of only weak shaking are
available. In addition, site-specific geology and soil information can be quantitatively incorporated
directly into the ground motion estimation at any particular site. Thus the method can be applied to
any site-controlling earthquake combination to estimate site-specific ground motion and its
uncertainty. The method may be applied equally well to develop standardized response spectra for
combinations of well-defined site categories, controlling earthquakes and tectonic or regional seismic
wave propagation environments,

The Regulatory Guide 1.60 spectrum was derived from a limited set of strong motion recordings
primarily at deep alluvial sites in California, beyond 20 km from moderate to large magnitude
carthquakes. The data set resulted in relatively high spectral amplification (Sa/A) in the frequency
range of primary interest, but spectral amplification for frequencies above 10 Hz was too low even
for California sites on rock conditions. Scaling this spectrum at 33 Hz to typical peak acceleration
values derived from seismological considerations normally resulted in excessively conservative seismic
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demands on plant structures, systems and components (SSCs), particularly for sites located in the
eastern United States. This reality stimulated extensive research to develop an “effective
acceleration” parameter to scale the standard spectrum so that it would represent the appropriate
level of regulatory conservatism (Kennedy et al., 1984; Kennedy et al., 1985; Luco et al., 1986;
Power et al., 1986). More recently this work has been extended, taking the somewhat different
direction of focusing on the role of inelastic energy absorption in the damaging effectiveness of
ground motions (EPRI, 1993b). The results of the EPRI work indicate that high frequency motions
above about 20 Hz are not likely damaging, except to brittle components such as relays and ceramic
insulators. The work provides the basis for establishing a displacement criterion for conditioning the
high frequency amplitudes and developing a damage-consistent ground motion spectrum. This
displacement criterion would rely on structural response to condition the ground motion spectral
shape and should adequately consider the response of secondary systems. Spatial coherency also has
been shown to be an important consideration for establishing ground motion design spectra
(Abrahamson et al.,, 1991). Incoherency increases with increasing frequency. Thus we need a
criterion coupling the high frequency amplitude reduction based on inelastic energy absorption with
the reduction caused by spatial incoherency is needed. These considerations will be very important
in the development of standard response spectra for future application. It would be desirable to
develop generic criteria for deriving a damage consistent response spectrum that is fully compatible
and easily implemented with ground motion spectral estimates based on geotechnical considerations,
either in a site-specific mode or for standardized spectra for different classes of site and regional
attenuation conditions.

The limitations in the use of the R.G. 1.60 spectrum involve both the shape of the spectrum and the
consequences to structural design and liquefaction analyses. The limitations of the R.G. 1.60 shape
fundamentally stem from its early development during the late 1960's and reflect both the limited data
available and knowledge base at that time. Approximately 15 earthquakes were available with
recordings at about 15 sites. The strong motion data set was comprised of earthquakes of varying
magnitudes (M about 5.2 to over 7.5), mixed mechanisms, a large distance range, and poorly known
site conditions (mostly deep soil; Newmark et al., 1973).

To develop design spectra two teams (Blume et al., 1972 and Mohraz et al.,, 1972) separately
analyzed almost identical data sets. To develop shapes, different normalization schemes were used
by each team. In both studies, amplification or scale factors on peak ground motion parameters were
derived from statistical analyses on normalized shapes to construct smooth design spectra for varying
fractile and damping levels. In the Blume study, a single normalization parameter, peak ground
acceleration (“A”), forms the basis for the shapes with scaling factors specified at fixed anchor points.
Although data were partitioned, no clear trends in the shapes based on A level, site condition, or
distance were discerned.

In the Newmark study (Mohraz et al., 1972) spectral amplification factors on A, peak ground velocity
(“V”), and peak ground displacement (“D”) were developed to construct the design spectrum. The
Newmark study led to the scaling of A, V, and D over regions of reasonably constant spectral
acceleration, velocity and displacement. Because the variability in strong ground motion data
increases with increasing period, normalizing to high, medium, and low frequency parameters over
high, medium, and low frequency ranges in the spectra results in scaling factors that reflect more
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uniform statistics. Because of this multiparameter scaling based on peak ground motion values and
variable anchor points, the shape based on A, V, and D does, to some extent, accommodate site and
magnitude dependencies in V/A and AD/V? ratios. (These ratios are often labeled “V/A” and
AD/V?)” respectively.)

Based on the two studies, the NRC adopted and formalized a slightly modified form of the single
parameter shape (Newmark et al., 1973) as a recommendation in R.G. 1.60.

The single parameter scaling resulted in a shape that was source, path, and site independent. That
is, the relative spectral content did not vary and only the absolute levels changed with A (Coats, 1980;
Gupta, 1990). A limitation that resulted from the small size of the data set available was that both
the fractiles and damping scaling were not well constrained. In addition, due to the normalization to
A, the fractiles were not uniform over frequency. The R.G. 1.60 horizontal component shape was
generally representative of an 84" percentile for M of about 6.75 at a deep soil site and at a distance
of about 20-30 km, the 84™ percentile representing variability in spectra scaled to the same values of
A, V,and D. The scale factors for the vertical component, 1 at high frequency (>3 Hz) and 2/ at low
frequency were reasonable for distances in the 20-40 km range for soil and about the 10-20 km range
for rock. The appropriateness of these factors at other distance ranges was questionable, based on
recent empirical data.

Later analyses of spectral shapes (Sa/A) with an emphasis on site conditions (Seed et al., 1976;
Mohraz, 1976) attempted to resolve strong differences in shapes as well as V/A and AD/V? ratios
based primarily on site stiffness. Depending on site conditions, site specific smooth response spectral
shapes may significantly depart from these standard spectral shapes.

Recent work shows that the dependence of spectral shapes on source, path, and site conditions is well
constrained by both recorded motions and the results of well validated modeling (Silva, 1991; Silva
et al,, 1997). In general, shapes broaden and show a shifting of the peak spectral amplification to
lower frequencies with increasing magnitude due to a decrease in the earthquake source corner
frequency (Silva, 1991; Silva and Darragh, 1995). Site dependencies are reflected in an increase in
spectrallevels at low frequencies and a decrease in levels at high frequencies as site stiffness decreases
due to a combination of site amplification and material damping. This site effect also results in a
shifting of the peak spectral amplification to lower frequencies, presumably as a result of an increase
in material damping with decreasing site stiffness. This is especially evident at very stiff (rock) sites
(Silva and Darragh, 1995). An additional observation of site effects is the reduction in maximum
spectral amplification with decreasing site stiffness. For rock sites, the maximum spectral
amplification is approximately 2.1 to 2.3 and decreases for soil sites. This reduction in peak spectral
amplification is directly related to the shear-wave velocity gradient in the relatively shallow (<200 ft)
portion of the rock/soil column, and to nonlinear, amplitude-dependent response of the soil itself.

In addition to these far-field dependencies, near-fault effects such as pulse-like motions can
dramatically influence spectral content in large earthquakes (M 2 6). Some of these effects are most
pronounced within about 10 km: the fault normal component is about 30% larger than the fault
parallel component in the frequency range 0.2 to 0.5 sec due primarily to rupture directivity, and the
vertical motions can exceed the horizontal at frequencies above about 5 Hz. Directivity effects are
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strongest for strike slip motion on vertical faults but can also be significant for cases of updip
directivity for sites located near dipping faults. Other factors, perhaps strongest at close distances,
include hanging wall/foot wall site location as well as thrust verses strike slip or normal slip
mechanisms. These additional factors can have significant impacts on spectral composition.

In summary, the R.G. 1.60 spectral shape given A is very conservative for hard rock sites, at
frequencies below 10 Hz and for distances exceeding about 10 km (Reed et al., 1993). For
frequencies above 10 Hz the spectral shape is unconservative for these conditions. For soil sites, the
degree of conservatism or underconservatism depends upon the particular site soil profile and whether
the controlling magnitude differs significantly from about 6.75. The results of systematic SSI analyses
(Power et al., 1986) for varying input motions and foundation conditions supported the desirability
of site-specific ground motion characterization. The analyses also indicated that the R.G. 1.60
spectral shape provides a generally conservative design basis due to its broad-band nature. Another
issue associated with using the R.G. 1.60 spectral shape as the design motion at the ground surface
is that it leads to problems when applied at softer soil sites. When using typical deconvolution
methodology incorporating strain dependent soil degradation properties, numerical problems are often
encountered when generating foundation level motions (EPRI, 1993a). These problems indicate that
the broad-band nature of the R.G. 1.60 spectral shape is generally incompatible with the softer soils.

R.G. 1.165, released in March, 1997, looks at the safe shutdown earthquake ground motion as a
composite design motion resulting from many possible earthquakes. Two frequency ranges are
defined: 5-10 Hz, for a high-frequency controlling earthquake, and 1-2 Hz for a low-frequency
controlling earthquake. Deaggregation of seismic hazard is recommended for both frequency ranges,
and the dominant magnitudes and distances from a seismic hazard perspective are identified. Spectra
from these dominant events are then developed and scaled to probabilistic seismic hazard results for
the high- and low-frequency controlling earthquakes. These spectra are smoothed and enveloped to
obtain a safe shutdown ground motion.

Several issues are not addressed by R.G. 1.165. Specifically, the spectral shapes to be used for
dominant events are not documented, the ground motion time histories for use in dynamic analysis
are not described, and the issue of soil response is not addressed in detail in terms of an acceptable
procedure. Also, methods for modifying hazard-consistent spectra (with constant annual frequency
of exceedence) to achieve risk-consistent spectra (with constant annual frequency of component or
plant failure) is not addressed. The overall purpose of the current project is to facilitate the R.G.
1.165 methodology by addressing these issues and documenting ground motion records and spectra.
The following subsection describes details of the objectives of the current study.

1.2  Objectives and Scope

The overall objectives of this project are to (1) update the standardized design spectra used in the
evaluation of nuclear facilities to accommodate the effects of magnitude, site condition, distance, and
tectonic environment, (2) assemble a database of strong motion records appropriate for use in design
analyses, (3) recommend procedures and requirements for the scaling of ground motion records to
be consistent with design spectra, (4) develop recommendations for conducting site response analyses
to produce soil motions consistent with rock outcrop hazard results (hazard consistency), and (5)
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develop recommendations on how to derive seismic design spectra that provide risk consistency
(uniform conservatism) across structural frequency. These objectives support the goal of developing
uniform hazard spectra and design spectra that take into account the seismic threat at a site and the
response of surficial rock and soil to that threat. Figures 1-1 and 1-2 present flowcharts of the
recommended procedure for developing design ground motions on rock and soil, respectively, with
references to Sections of this report.

The procedure for rock sites (Figure 1-1) starts with a probabilistic seismic hazard analysis (PSHA)
at a site using rock conditions. The hazard results at 10 and 1 Hz are then deaggregated following
the method of RG 1.165 described in the previous section, and are scaled to achieve approximate
risk-consistency over all sites and frequencies to calculate a Uniform Reliability Spectrum (URS).
This deaggregation and scaling is described in Section 7 of this report.

The scaled spectral values at 10 and 1 Hz are then used to scale rock spectral shapes for the
appropriate magnitude M and distance R. This procedure is described in Section 4. With the scaled
rock spectral shapes, time histories are selected from the appropriate M-R bin, as described in Section
3. The time histories are then scaled to the URS at 10 and | Hz, are compared to the scaled spectral
shapes, and are adjusted (using procedures described in Section 5) to match the target. For rock sites
these adjusted time histories are used to conduct building dynamic analysis.

For soil sites (Figure 1-2) the first five steps are the same as for rock sites, except that the uniform
hazard spectrum (UHS) is not scaled to a URS but is used as calculated to define the target spectra.
The reason is that the scaling of UHS to URS depends on the slope of the hazard curve, and for soil
sites, the slope must be determined by several soil analyses at different amplitudes. Following the
adjustment of time histories to match the target spectra, dynamic soil analysis is performed with
parameter uncertainty, using the scaled rock time histories as input. Recommendations for this soil
analysis are presented in Section 6. The relevant soil spectrum or spectra (depending on the number
of dominant earthquakes) are calculated as the average spectrum (or spectra) over earthquake and
soiluncertainties. These average spectra themselves become target spectra and are adjustedtoa URS
to account for the slope of the soil hazard curves, as described in Section 7. Then time histories from
soil sites are chosen based on the dominant M and R values (in a similar manner to rock time
histories, as described in Section 3). The soil time histories are then spectral matched to the target
spectra (as described in Section 5) and are used as input to building dynamic analysis.

Figures 1-1 and 1-2 indicate that one or several time histories may be picked and adjusted to spectral
shapes. While it may be possible to conduct a structural analysis with one time history that meets a
target spectrum, it is preferable to conduct multiple analyses (perhaps up to 10 or 20) whose spectra
on average, meet a target spectrum, so that the natural variability and phasing are peak-to-valley
included in the analysis. For these records, a “weak matching” to the target spectrum may be
appropriate. Details of these recommendations will be presented in an applications report to be issued
at a later date.

This project defines the recommended procedure for developing design ground motions in terms of

databuses (spectral shapes and time histories) and recommended methods of analysis (deaggregation
and scaling of hazard results to achieve risk-consistency, scaling of spectral shapes, spectral matching,
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and soil dynamic analysis). Overviews of these databases and procedures are described in the
following sections. Using these procedures, design ground motions can be calculated at sites that
reflect up-to-date spectral shapes, both for the western US (WUS) and central and eastern US
(CEUS). The motions will be approximately risk-consistent across frequency and for different
seismic threats. Time histories of motion can be derived consistent with the spectral shapes for
dynamic analysis. Finally, motions on soil sites can be derived by a procedure consistent with that
for rock sites. None of these features are available in current methods of developing design ground
motions.

1.3  Development of Recommended Spectral Shapes

The recommended spectral shapes accommodate continuous M and R scaling as well as potential
differences in WUS and CEUS earthquake source processes. They are normalized by peak
acceleration, since it is the spectral ordinate with lowest variability (Youngs et al., 1995), and are
provided for both soft and hard rock site conditions (defined in Section 4) occurring in either western
United States (WUS) or central and eastern United States (CEUS). Shapes for soil categories are
not developed since soil response can depend heavily on the characteristics of control motions due
to nonlinear dynamic material properties.

The intended use of the revised motions is to provide more realistic spectral shapes for applications
of the Regulatory Guide 1.165 (NRC, 1997a) procedure to develop an overall design spectrum. In
this procedure, spectral shapes are scaled to the rock outcrop UHS at frequencies near 10 and 1 Hz.
For both frequency ranges, shapes are used which reflect the dominant contributions in both
magnitude and distance to the UHS. The advantage of this approach, combined with realistic spectral
shapes, is that the scaled shapes will represent seismic events that dominate the hazard for different
structural frequency ranges as well as distance ranges. The use of rock outcrop control motions
avoids the ambiguities in going from soil surface motions to foundation levels and provides for the
direct development of site specific motions that accommodate variability in dynamic material
properties.

Since the appropriate hazard level is provided by the UHS, which accommodates both epistemic and
aleatory variability conditional on M and R, the revised shapes reflect median fractile estimates.
Increased broadening of the shapes resulting from applying higher fractile levels is neither warranted
nor desired as it can lead to potentially unconservative soil motions due to nonlinearity.

The frequency range of the recommended shapes extends from the lowest frequency that can be
reliably obtained from the current strong-motion data set from the WUS (principally California), 0.2
Hz, to 100 Hz. The high frequency limit of 100 Hz permits the ratio of spectral acceleration/ peak
ground acceleration to reach nearly 1 for hard rock site conditions. For soft rock conditions, this
ratio will reach 1 at about 40-50 Hz. Criteria for spectrum compatible time histories extend to 25 Hz,
which captures the range of primary importance to nuclear power plant structures and equipment (0.2
Hz to 25 Hz) for both CEUS and WUS motions.

The development of the spectral shapes for WUS conditions involves the use of empirical attenuation
relations. Since these attenuation relations are generally defined over applicable magnitude and
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distance ranges, these considerations must also apply to the shapes. In general the shapes are
considered valid in the M (moment magnitude) range of about 4.75 to 8.0 for both WUS and CEUS
conditions. Regarding applicable distances, we consider WUS (soft rock) shapes valid from 0 to
about 200 km for crustal earthquakes, with appropriate consideration for near fault effects (Section
4), and out to about 400 km for CEUS conditions. The WUS shapes are considered appropriate for
Cascadia subduction zone earthquakes for M up to about 9 and closest rupture distances out to about
300 km (Section 4).

1.4 Time History Database For Analysis

An important aspect of this project is the development of a time history database for analyses. The
database is parsed into M and R bins (Table 1-1) which were selected to preserve significant
differences in spectral composition and time domain characteristics (e.g. duration). The bins are also
appropriate for potential high and low frequency controlling earthquakes in both the WUS and
CEUS. The WUS time history bins are the same ones used in developing the WUS spectral shapes,
preserving consistency between an average bin shape (Appendix C) and the revised shapes (Section
4) computed for bin average M and R values.

The bin database is to provide appropriate records for spectral matching as well as scaling. Since
each bin contains records reflecting ranges in M and R, guidelines are given for within bin M and R
adjustments for either constant or narrow band scaling.

For applications to the WUS, the bins are populated largely with recorded motions. Sparse bins have
been supplemented with scaled empirical records (from adjoining bins) as well as a few direct finite-
fault simulations. For the CEUS, since few recordings exist, the recommendation is to generate
motions by scaling WUS records. The scaling procedure is the same as that used to correct the WUS
rock shapes to CEUS conditions. While not as desirable as recorded motions, these time histories
will be suitable for analyses. They should be replaced as appropriate data become available and as
simulation methods improve and become better validated for CEUS conditions.

1.5 Site Specific Soil Motions

The most desirable form of site ground motion design requirements are based on hazard curves
appropriate for the soil surface, embedment depth, and any other site conditions upon which category
1 structures are founded. The site-specific hazard curves, from which the required sets of UHS may
be obtained, should also accommodate uncertainty in site-specific dynamic material properties as well
as local and regional seismicity and attenuation characteristics. This ideal situation of exact
consistency among hazard curves for different elevations and soils at a site would then permit the
seismic risk to all structures, systems, and components to be evaluated on a consistent basis. One
calculation-intensive way to accomplish this is to perform seismic hazard analyses separately for all
elevations and site conditions at a site. While this approach has been used on several occasions (for
a single rock/soil column), it is not a particularly straightforward task, and involves many assumptions
and several limitations. For one thing, a rock PSHA can be performed with regional, not site-specific
data, and so can be completed prior to site-specific soil parameters being collected. Also, if multiple
distinct soil columns exist at a plant site, or if some critical structures are founded on soil and some
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onrock, the same rock PSHA should be used for all. Finally, if new soil data are collected, the effects
on design spectra can be determined quickly, without redoing the PSHA. For all of these reasons,
it is recommended to perform the PSHA for appropriate rock (rock like) conditions, then modify the
rock UHS to reflect the effects of local soils.

There are several approaches to estimate soil UHS given rock outcrop UHS and these are
demonstrated in Section 6. These methods are compared to directly computed soil UHS using site
specific attenuation relations. Applying these methods at two hazard levels one can then approximate
the slope of the soil hazard curve. Also discussed are approximate methods to compute the soil
hazard curve given rock UHS and a set of numerical convolutions. The method selected for a
particular application will likely depend upon desired accuracy (minimize overconservatism), degree
of currently available site information, and computational rigor required.

1.6  Development of Uniform Reliability Spectra (URS)

One of the objectives in developing seismic design spectra is to achieve approximate uniformity of
seismic risk for structures, equipment, and components designed to those spectra, across arange of
seismic environments, annual probabilities, and structural frequencies. By "seismic risk" we mean
the annual frequency of failure of a plant system or of its components, as opposed to "seismic
hazard" which is the annual frequency of exceedence of a level of ground motion. By "uniformity,"
we mean that the procedures should not result in relatively high seismic risk for certain conditions,
and relatively low seismic risk for others.

The procedures for developing risk-consistent spectra are illustrated by examining nine existing
nuclear plant sites in the central and eastern US, and two hypothetical sites in the western US
(California and Washington). Existing seismic hazard curves are used to convolve seismic hazard
with component fragility curves to calculate probabilities of failure for a range of structural
frequencies. The characteristics of seismic hazard span the range of amplitudes and slopes that can
be expected in the US.

A simple modification to the uniform hazard spectrum (UHS) is recommended to achieve a uniform
reliability spectrum (URS) consistent across structural frequencies. This modification accounts for
the varying slopes of the hazard curves; the UHS is increased where the slope is shallow (e.g., atlow
frequencies), and is decreased where the slope is steep, so that approximate uniform reliability risks
result from choosing a modified UHS with a target annual probability of exceedence.

1.7  Contents of Report

Section 2 of this report presents a background on the differences between WUS and CEUS strong
ground motions on rock sites. These are important differences, and they influence many of the
procedures used in this project. We do not, for example, develop recommended spectral shapes
empirically in the WUS, and apply those to CEUS earthquakes.
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One of the fundamental results of this project is a library of strong motion records. For the WUS
these are largely empirical records, for the CEUS these are largely synthetic time histories. These
databases are described in Section 3.

The design spectral shapes are documented in Section 4. These shapes are presented for the same
M and R bins used for the strong motion library but are continuous functions of magnitude and
distance, and Section 4 describes the scaling used to obtain the CEUS spectral shapes.

Synthetic motions are often used for time history analysis of structures, and we make
recommendations on the spectral characteristics required of such synthetic motions to achieve an
acceptable match with target design spectra. Guidelines are also presented for appropriate durations
as well as V/A and AD/V? ratios for scaled time histories. These recommendations are documented
in Section 5.

Section 6 examines several methods for deriving UHS for soil conditions given the rock UHS at the
same site. As discussed above, several methods are available, and each is explored and demonstrated
in this section.

Finally, recommendations on achieving risk consistency across sites and structural periods are
contained in Section 7. These recommendations take into account the absolute level of hazard and
the slope of the hazard curve at different sites.
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Table 1-1

WUS, CEUS M AND D BINS

Distance (km)

M 0-10 10- 50 50- 100 100 - 200 200 - 400
5-6 B B B B | -
6-7 B B B B | e

7+ B B B B C

B = both WUS and CEUS

C = CEUS only
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Overview of Design Ground Motion Procedure
and Application to Rock Sites

ROCK SITE
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Figure 1-1: Flowchart of design ground motion procedure and application to rock sites. S3, 54, etc.
refer to Sections of this report, TH = time history.



Overview of Design Ground Motion Procedure
and Application to Soil Sites
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PSHA, rock

l

Hezard results, 10& 1 Hz

Deagg. razade&R ]*—@

Deﬁnetagetspedrab/swlr’grod(
spectral shapes for MR sei(s) to
UHSat 10&1Hz

®

Pick TH(s) from rock MR bin(s)
'

AJustTH(s) to meich
target

Do dyramic soil andysis
with perameter uncertainty
!
Define target spectrum(s) on
s0il (e.g. mean of calc. spectra)
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Figure 1-2: Flowchart of design ground motion procedure and application to soil sites. S3, S4,
etc. refer to Sections of this report, TH = time history.
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2 CHARACTERISTICS OF WUS AND CEUS STRONG GROUND MOTIONS AT
ROCK SITES

Ground motion observations of both small and intermediate magnitude earthquakes that have
occurred in eastern North America show larger peak ground accelerations as well as higher spectral
amplitudes for frequencies > 5 Hz than would be expected based on recordings in western North
America, principally California (Brady et al., 1981; Chang, 1983; Borcherdt, 1986; Wesson and
Nicholson, 1986; Weichert et al., 1982; 1986; Munro and Weichert, 1989; Silva and Darragh, 1995).
In addition to these observations at high frequencies, intermediate magnitude (M = 6.2) earthquakes
have shown an opposite trend for frequencies below about 2 Hz, having lower motions than
comparable (M, distance, and site condition) WUS recordings would suggest (Boore and Atkinson,
1992; Atkinson, 1993; Silva and Darragh, 1995). This latter observation, in terms of strong ground
motions, is principally limited to the 1988 M 5.8 Saguenay, Canada earthquake but is supported by
inferences from intensity data (Atkinson, 1993), regional seismograms (R =~ 1,000 km) of early
instrumental recordings in eastern North America (Atkinson and Chen, 1997), and teleseismic data
of worldwide intraplate earthquakes (Boatwright and Choy, 1992).

The differences in high frequency spectral content between WUS and CEUS strong ground motions
is pervasive and reasonably well understood (Boore and Atkinson, 1987; Boore et al., 1992; EPRI,
1993; Silva and Darragh, 1995; Atkinson, 1996) especially for very stiff (rock) site conditions. As
a result, there is little doubt that future earthquakes occurring in the CEUS will have high frequency
spectral characteristics at rock sites distinctly different than the WUS (California) experience.
Conversely, the differences in low frequency spectral content between WUS and CEUS strong
ground motions is neither well constrained through direct observations nor understood physically.
The following discussion illustrates the differences between WUS and CEUS rock site motions and
suggests the physical bases for the differences.

2.1  Differences Between CEUS And WUS Rock Site Strong Ground Motions

Observations of strong ground motion due to small magnitude earthquakes occurring in eastern North
America, although not causing damage to engineered structures, have shown considerably higher
peak accelerations than would have been expected based upon WUS experience (Brady et al., 1981;
Chang, 1983; Wesson and Nicholson, 1986; Weichert et al., 1982; 1986; Munro and Weichert, 1989).
In addition to the relatively higher peak accelerations associated with these CEUS events, response
spectral ordinates appear richer in energy for frequencies exceeding about 5 Hz (Brady et al., 1981;
Borcherdt, 1986).

It has been known for some time that ground motion for the CEUS attenuates less rapidly with
distance than ground motion in the WUS for events of similar moment magnitudes and source depths
(Nuttli, 1981; EPRI, 1993; Atkinson and Boore, 1995). The difference in attenuation rate has been
attributed to the higher absorptive characteristics generally present in the crust and upper mantle
beneath the WUS as compared to the CEUS (Nuttli, 1981; Herrmann and Nuttli, 1982; Singh and
Herrmann, 1983; Boore and Atkinson, 1987; Toro and McGuire, 1987; Frankel et al., 1990; Hanks
and Johnston, 1992; EPRI, 1993; Frankel, 1994; Benz et al., 1997). This difference is probably a
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consequence of active plate margin tectonics in the WUS as opposed to conditions representative of
a stable continental interior in the CEUS.

For close-in recordings, where the propagation path is short (< 20 to 30 km), the difference in crustal
attenuation between the WUS and CEUS was thought to have a minimal effect, and strong ground
motion was expected to be comparable in the two tectonic environments (Campbell, 1981, 1986:
Kimball, 1983). However, close-in (< 20 km) strong motion recordings of the 1978 Monticello,
South Carolina earthquakes with moment magnitudes of approximately 3 produced a maximum peak-
horizontal acceleration of 0.25g (Bradyet al., 1981; Mork and Brady, 1981) and the 1986 Painesville,
Ohio carthquake with a magnitude of 5.0 (m,,) produced a peak acceleration of nearly 0.20g at an
18 km epicentral distance (Wesson and Nicholson, 1986). Both values are significantly higher than
would be expected for earthquakes of similar magnitude and distance in the WUS. Recordings from
both of these earthquakes also show unexpected high-frequency energy content in the response
spectra compared to similar magnitude WUS recordings (Silva and Darragh, 1995).

Other sources of data also indicate that CEUS ground motions, recorded at rock or very shallow soil
sites, are richer in high-frequency energy relative to analogous WUS ground motions. These include
aftershocks of the 1982 Miramichi, New Brunswick earthquake (Cranswick et al., 1983), the 1982
Enola, Arkansas swarm (Haar et al., 1984), aftershocks of the 1986 Painesville, Ohio event
(Borcherdt, 1986), the 1985 Nahanni earthquakes (Weichert et al., 1986), the 1982 New Hampshire
earthquake (Chang, 1983), and the M 5.8 1988 Saguenay earthquakes (Boore and Atkinson, 1992).
The trends shown in these CEUS data indicate significantly more spectral content at high frequencies
compared to WUS rock motion of comparable magnitudes and distances (Fletcher, 1995; Silva and
Darragh, 1995).

2.1.1 Effects of Shallow Crustal Damping

The difference in spectral content can perhaps be most easily seen in spectral amplification (spectral
acceleration SA/PGA) computed from recordings typical of WUS and CEUS tectonic environments.
Figure 2-1 shows average spectral shapes (SA/PGA) computed from recordings made on rock at
close distances (< 25 km) for M = 6 and 5 earthquakes in CEUS and WUS tectonic
environments, using records archived for this project. The differences are significant and indicate that
CEUS spectral content is higher than that in the WUS for frequencies greater than approximately 10
Hz.

The controlling mechanism for the differences in high frequency spectral content (at close distances)
between WUS and CEUS ground motions is thought to be due to differences in damping in the
shallow (1 to 2 km) part of the crust (Boore and Atkinson, 1987; Silva et al., 1989a, 1989b; Silva,
1991; Silva and Darragh, 1995). The effects of shallow crustal damping were first pointed out and
quantified by Hanks (1982) and Anderson and Hough (1984). The parameter that controls the
shallow damping is termed kappa and is defined as the thickness of the zone over which the damping
is taking place times the damping and divided by the average velocity over the zone of damping
(Appendix D).

2-2



In a recent study, kappa values have been estimated by fitting spectral shapes computed from the
stochastic ground motion model (Appendix D) to shapes computed from motions recorded at rock
sites in eastern North America, WUS, Mexico, Italy (Friuli), USSR (Gazli), and Taiwan (SMART1)
(Silva and Darragh, 1995). The kappa values are listed in Table 2-1; they reflect properties in the top
1-2 km of the crust. Results of these analyses indicate that kappa depends strongly on the material
properties of the site. Rock sites characterized as soft, such as sedimentary, showed significantly
higher kappa values than those characterized as hard, e.g. crystalline basement. Hard and soft rock
sites may exist in either the WUS or CEUS; however, on the average, sites in stable cratonic regions
such as the CEUS are more likely to be classified as hard in the top 1-2 km (low k) while those

associated with active tectonic regions such as the WUS are more likely to be soft in the top 1-2 km
(high x).

2.1.2 Effects of Crustal Amplification

An example of generic crustal models reflecting typical WUS soft rock and CEUS hard rock crustal
conditions is shown in Figure 2-2 for both compression- and shear-wave velocities. The CEUS model
is the midcontinent structure from EPRI (1993) and is considered appropriate for strong ground
motion propagation in the CEUS except for the Gulf Coast region (Toro et al., 1997). The Gulf
Coast region is typified by a crustal structure somewhat intermediate between those of the CEUS and
WUS and is predicted to have correspondingly different wave propagation characteristics and strong
ground motions (EPRI, 1993; Toro et al., 1997). The WUS model reflects an average of several
California crustal models (Silva et al., 1997) representing the most seismically active regions, the
north coast and peninsular range areas.

The differences in the shallow crustal velocities between the WUS and CEUS models is striking,
particularly over the top 2 to 3 km, and the effects on strong ground motions are profound. In terms
of amplification from source regions below about 5 km to the surface, the difference between hard
(CEUS) and soft (WUS) crustal conditions is a factor of about 3 in amplification for frequencies
exceeding about 5 Hz (Figure 2-3). All else being equal, WUS ground motions above ~5 Hz would
then be expected to be nearly three times larger than corresponding CEUS motions. As suggested
earlier however, pervasive observations reflect the opposite: high frequency CEUS motions generally
exceed comparable WUS motions. Damping in the shallow crust, parameterized through kappa, is
much greater in soft crustal rocks resulting in a dramatic loss in high frequency energy content
compared to hard rock conditions. The differences in shallow crustal damping, or kappa, between
soft and hard crustal conditions is a combined effect of lower velocities (Figure 2-2) as well as larger
intrinsic damping. Kappa is defined as:
H - 1
Qs = — 2-1)

K = —,
VSQs 2T]s

where H is the thickness of the shallow crustal damping zone (1 to 2 km, Anderson and Hough, 1984;
Silva and Darragh, 1995), —V_s and E are the average shear-wave velocities and quality factors over
depth H, and 1, is the corresponding critical damping ratio (decimal). For soft rock conditions both
the velocities and Q values are lower than hard rock conditions resulting in very large differences in
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kappa values and corresponding energy absorption at high frequency. Table 2-1 lists kappa values
determined at both WUS and CEUS rock sites (Silva and Darragh, 1995) and shows the strong
dependence upon surficial geology in terms of rock quality. Hard and soft conditions can exist in
both WUS and CEUS and are reflected in distinct kappa values, increasing as the rock quality
degrades. On average, kappa values for the WUS are about 5 times larger than for the CEUS (0.037
sec and 0.008 sec, Table 2-1).

To illustrate the effects of kappa on strong ground motions, Figures 2-4 and 2-5 show response
spectral shapes (5% damping) and absolute spectra computed for an M 6.5 earthquake occurring at
a distance of 25 km for WUS parameters (see Table 2-2, parameter values from Silva et al., 1997)
using a range of kappa values from 0.005 sec to 0.160 sec. For the shapes, Figure 2-4, increasing
kappa results in a shift in shapes to lower frequencies as the PGA and high frequency spectral
amplitudes decrease. For fixed magnitude, the frequency range of maximum spectral amplification
is a good estimator of shallow crustal damping (Silva and Darragh, 1995).

The absolute spectra shown in Figure 2-5 further illustrate the effects of kappa on high frequency
strong ground motions. A factor-of-two change in kappa results in about a 50% change in peak
acceleration. The average difference in WUS and CEUS rock site kappa values of about 5 (Table
2-1) results in a difference of about a factor of four in high frequency ground motions, exceeding the
factor of about three in the difference in high frequency (5 Hz) crustal amplification (Figure 2-3).
Close-in strong ground motions (that is, at < 50 km; “near-source” is reserved for distances < 10-15
km), would be expected to be lower at CEUS rock sites than WUS rock sites at low frequencies,
because differences in deep crustal properties such as frequency dependent damping (Q(f)) and depth
to the Moho and Conrad discontinuities do not have large effects (EPRI, 1993). At high frequencies
the converse would be expected, providing source processes are similar in both regions. Several lines
of evidence suggest that this is not the case however, with CEUS sources generating more high-
frequency energy, than WUS sources for the same M.

2.1.3  Effects of Source Processes

Another factor regarding the differences in spectral composition between WUS and CEUS strong
ground motions at rock sites is the probable differences in earthquake source processes. Prior to the
occurrence of the 1988 M 5.8 Saguenay earthquake, there was thought to be a difference of about
a factor of two in stress drop (the difference in average stress across the rupture surface before and
after an earthquake) between WUS and CEUS sources with the CEUS having larger stress drop
values, about 100 bars compared to about 50 bars for the WUS (Atkinson, 1984; Boore, 1986).
These measures of stress drop, termed Brune stress drops (Brune, 1970; Appendix D), are primarily
based on high frequency ground motion levels assuming that in the frequency domain the source can
be represented by a single-corner-frequency source model.

An alternative measure of stress drop is based on the ratio of the seismic moment (M,) to the rupture

area and is termed the static stress drop. The stress drop equation for a circular rupture surface is
given by
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16 4 (2-2)
(Area/n)?

where Area is the area over which rupture occurs. This measure of stress drop was also thought to
be higher (by about a factor of two) for earthquakes occurring in the CEUS compared to the WUS
(Kanamori and Anderson, 1975; Kanamori and Allen, 1986). For static stress drops, the scaling of
strong ground motions is not at all clear. However, since the average slip (fault displacement) is
proportional to moment, and strong ground motions increase with slip (for fixed rupture area), strong
ground motions must increase with static stress drop, at least at low frequency.

Apart from the differences in stress drops (Brune and static), overall source processes were thought
to be similar in both tectonic regimes. The stochastic single-corner-frequency point-source model
(Appendix D), originally developed by Hanks and McGuire (1981), provides accurate predictions of
WUS strong ground motions using a stress drop of about 50 bars (Boore, 1986; Boore et al., 1992;
Silva and Darragh, 1995) although with a tendency to overpredict low frequency (< 1 Hz) motions
for large magnitude earthquakes (Atkinson and Silva, 1997).

For the CEUS, the simple point-source model with a stress drop of about 100 bars, about double that
of the WUS, provided good agreement with existing data (Atkinson, 1984; Boore and Atkinson,
1987; Toro and McGuire, 1987) until the occurrence of the 1988 M 5.8 Saguenay earthquake.
Strong ground motions from this earthquake, the largest to have occurred in the CEUS in over 50
years, depart significantly from predictions of the simple 100 bar stress drop model (Boore and
Atkinson, 1992). The stress drop required to match high frequency strong ground motions for this
earthquake exceed 500 bars, while the intermediate frequency spectral levels are overestimated by
a factor of two or more, requiring a significantly lower stress drop (Boore and Atkinson, 1992).
Concurrently, Boatwright and Choy (1992) using teleseismic (low frequency, < 2 Hz) data, showed
that the source spectra of large intraplate earthquakes differ in general from the simple single-corner-
frequency omega-square model, suggesting the presence of a second corner frequency. Based on the
limited ground motion data in the CEUS as well as inferences from intensity observations, Atkinson
(1993) developed an empirical two-corner source model for CEUS earthquakes. In this model, the
high frequency spectral levels are consistent with Brune stress drop of about 150 bars while the
equivalent stress drop for the low frequency spectral levels is about 40 to 50 bars (Atkinson, 1993),
assuming the crustal model shown in Figure 2-2. This two-corner model currently provides
reasonable estimates of recorded CEUS ground motions over the frequency range of the majority of
the data, about 10.0 to 0.1 Hz, while the single-corner-frequency model, with stress drops ranging
from about 120 to 150 bars, overpredicts ground motions in the frequency range of about 1 Hz to
0.1 Hz but gives a better fit in the 2 to 10 Hz frequency range (Atkinson and Boore, 1998). Both the
double and single-corner source models, with stress drops below 200 bars, underpredict ground
motions = 2 Hz for the Saguenay earthquake by factors of 2 to 3 suggesting anomalous high
frequency levels for this event. While it currently appears that the two-corner source model may be
the more appropriate model for CEUS strong ground motions, it is evident that in predicting strong
ground motions for engineering design, significantly more variability should be accommodated in
applications to the CEUS than to the WUS. This increased variability should accommodate both
randomness (aleatory variability) in stress drop above that for the WUS as well as uncertainty
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(epistemic variability) in the source model. The larger variability in the CEUS should be represented
in the PSHA for a site, and will be reflected in the mean hazard for the site.

For the WUS, recent work has shown some interesting results regarding earthquake source spectra.
Inthe context of the single-corner-frequency model, stress drop appears to be magnitude dependent
(Silva and Darragh, 1995; Atkinson and Silva, 1997; Silva et al., 1997), decreasing from about 100
bars for M 5.5 to about 50 bars for M 7.5 with an average value of about 70 bars. Since inferences
on stress drop for CEUS sources are based predominantly on small magnitude earthquakes, M = 5.2
(Atkinson, 1993), scaling of stress drop with magnitude similar to WUS would imply significantly
lower stress drops for large magnitude earthquakes. The 150 bar stress drop for CEUS may reflect
a value appropriate for M near 5.5. Assuming WUS stress drop scaling with M would result in an
average stress drop of about 120 bars for M ranging from 5.5 to 7.5.

Amodel that appears to be more consistent with WUS source spectra inferred from the strong motion
data is similar to the CEUS two corner model but with a less pronounced spectral sag at intermediate
frequencies. The two-corner nature of WUS source spectra is filled-in by crustal amplification
(Figure 2-3) resulting in a comparatively subtle feature in strong ground motions compared to CEUS
data (Atkinson and Silva, 1997). This observation may provide some comforting linkage to CEUS
source processes suggesting an appealing underlying similarity. However, CEUS sources, for the
same magnitude, do appear to be considerably more energetic at high frequency, and this is reflected
in larger Brune stress drops by a factor of about two on average.

Toillustrate the effects of stress drop on ground motions, Figures 2-6 and 2-7 show response spectral
shapes and absolute spectra (both for 5% of critical damping) computed for M 6.5 at a distance of
25 km using WUS parameters (Table 2-2). For the shapes, Figure 2-6, the effect of stress drop is
small, with differences occurring at low frequency below about 1 Hz. Spectral shapes are largely
independent of stress drop for ranges of 2 to 3 over most of the frequency band of interest.

The absolute spectra shown in Figure 2-7 illustrate the large effect Brune stress drops have on strong
ground motions. The effect is strongest for frequencies exceeding the source corner frequency (Silva,
1993), about 0.2 Hz for a stress drop of 65 bars, and results in about a 70% change in peak
acceleration for a factor-of-two change in stress drop. For the single-corner-frequency Brune source
model, stress drop is a controlling parameter in absolute levels of strong ground motions.

Comparisons of WUS to CEUS response spectra are shown in Figures 2-8 and 2-9 for shapes and
absolute spectra respectively. Also illustrated in the figures are the differences between the single-
and double-corner source spectral models. In Figure 2-8, the difference in spectral shapes between
the WUS and CEUS at single-corner models (solid and long dash lines) is clearly illustrated in the
maximum spectral amplifications at about 5 Hz for the WUS and at about 40 Hz for the CEUS.

The difference between the single- and double-corner source models is also clearly illustrated. For
the WUS, the difference is mainly at low frequency and is not large, about 20% near 0.3 Hz. For the
CEUS, the single corner source modet significantly exceeds the double corner below about 2 Hz. The
largest difference occurs near 0.4 Hz and is a factor of over 3 in 5% damped spectral acceleration.
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Choices between the two source models for the CEUS, single or double corner, clearly have major
impacts on design motions.

The corresponding absolute spectra (not scaled) are shown in Figure 2-9. The WUS and CEUS
single-corner spectral estimates are nearly the same for frequencies up to about 5 Hz. This is the
result of compensating effects previously discussed, higher stress drop for CEUS (Table 2-2) and
larger amplification factors for WUS (Figure 2-3). Beyond about 5 Hz, the differences in kappa
values (0.04 sec compared to 0.006 sec, Table 2-2) result in the difference in high frequency spectral
estimates.

To see how well the simple point-source models (single and double corner frequency) capture the
differences in shapes between the WUS and CEUS rock motions that were illustrated in Figure 2-1,
Figures 2-10 and 2-11 compare model predictions to M 6 statistical shapes. Figure 2-10 for the
WUS compares both the single- and double-corner model predictions to the statistical shape. Both
models capture the overall shape reasonably well but overpredict at low frequency (below 1 to 2 Hz).
The double-corner model provides a better fit but still shows overprediction in this frequency range.

The comparison to CEUS M ~6 is shown in Figure 2-11. There is only one earthquake, 1985
Nahanni, with hard rock site recordings (3 stations) in this magnitude and distance range. Both
spectral models capture the difference in shape between WUS and CEUS equally well with the single-
corner model showing an overprediction at low frequency (< 1 Hz) similar to the WUS.
Interestingly, the double-corner model shows an underprediction for frequencies below about 2 Hz.
Since this is only a single earthquake and variability is large in CEUS strong ground motions, these
results should not be interpreted as a potential bias in the model for spectral shapes, but they do
emphasize the current state of uncertainty regarding CEUS strong ground motions. Although the
data have been processed, the overprediction beyond about 20 Hz may be an artifact of the
instruments, which had a cutoff frequency of about 25 Hz.

For acomparisonat M5 , Figures 2-12 and 2-13 show results for the WUS and CEUS respectively.
For the WUS, Figure 2-12 shows reasonable model predictions down to about 1 Hz, below which
the number of spectra is greatly reduced because of increasing noise levels. Figure 2-13 shows the
corresponding plot for CEUS M 5 comparisons. The models capture the shift in shape to higher
frequency but overpredict for frequencies above about 20 Hz. As with the M 6 comparison, the
low frequencies are enveloped by the two models. Since the M5 statistical shape reflects the same
Nahanni earthquake sequence with two aftershocks, model departures from observations are not
considered particularly significant.

These comparisons to CEUS statistical shapes point out the quandary in estimating strong ground
motions in the CEUS. Sufficient recordings at close distances (< 50 km) for earthquakes of
engineering significance (M > 5) are not available to unequivocally distinguish between plausible
models. '
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Table 2-1
KAPPA VALUES FOR “AVERAGE” SITE CONDITIONS IN WUS AND CEUS*
Tectonic | “Average” Site N* Median Kappa o, Range of Kappa for This
Condition (sec) Site Condition (sec)
WUS Hard rock 11 0.026 0.58 0.010 - 0.060
Weathered 9 0.035 0.52 0.015 - 0.100
hard rock
Soft rock 15 0.045 0.51 0.015 - 0.080
Sheared rock 4 0.062 0.41 0.040 - 0.120
Combined 39 0.037 0.59 0.010- 0.120
CEUS | Hard rock 16 0.007 0.42 0.004 - 0.016
Soft rock 3 0.017 0.09 0.015- 0.018
Sheared rock 1 0.025 0.025
Combined 20 0.008 0.55 0.004 - 0.025

* Based on template fits using spectral shapes (Silva and Darragh, 1995)
* Number of records

“Average” Site Condition is defined as:

Hard Rock:  WNA as granite, schist, carbonate, slate
ENA as granitic pluton, carbonate, sites in Canadian Shield region (Saguenay, New

Hampshire).
Weathered
hard rock: WNA as weathered granitic rock and tonalite
Soft rock: WNA as sandstone and breccias

ENA as sandstone and claystone
Sheared rock: WNA as site near fault zone (Gilroy #6) or greenstone site in Franciscan

(Redwood City, Hayward).
ENA as site near fault zone (Nahanni River Site #1)
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Table 2-2

POINT-SOURCE PARAMETERS
WUS CEUS
Ao (bars) 65 120
kappa (sec) 0.040 0.006
Q, 220 351
n 0.60 0.84
B (km/sec) 3.50 3.52
p (g/cc) 2.70 2.60
Amplification soft rock (Figure 2-3) hard rock (Figure 2-3)
Double Corner Atkinson and Silva (1997) Atkinson (1993)
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3 TIME HISTORY DATABASE FOR ANALYSES

The time history database provides a suite of motions for structural and soil column analyses. For
this intended use, it is assumed the motions will undergo a scaling or matching process to the desired
hazard levels (Section 5). The parceling of time histories into magnitude and distance bins provides
implicit guidelines on the amount of recommended scaling.

In addition to the magnitude and distance bins, an additional screening is done on duration for WUS
records. This duration screening results in time histories that are expected to be unbiased in time
domain characteristics that affect nonlinear structural or soil column analyses. Since arobust measure
of duration that is significant to nonlinear structural analysis eludes quantification, the duration criteria
are not imposed in a strict manner. The magnitude and distance bins and the duration criteria are
discussed in Section 3-1.

The library of time histories for analysis is intended to rely on recorded motions for WUS conditions.
While the field of modeling has progressed significantly in the last few years as a direct result of the
increase in the number of recordings and an emphasis on thorough validations (Appendix D),
uncertainties remain as to whether purely synthetic records reflect appropriate phasing between
components, frequency-to-frequency variations, and effects of rupture directivity. This is a significant
issue for the CEUS because that region has not produced many records, particularly for magnitude-
distance combinations of relevance to engineering design. To preserve as much of the natural
attributes of recorded motions as possible, we recommend using the WUS bin records as inputs to
CEUS spectral matching analyses. To assist this process, the CEUS analysis time history bins have
been supplemented with scaled WUS recordings taken from the WUS bins. The scaling process
involves computing response spectral transfer functions for WUS rock to CEUS rock and for WUS
deep soil to CEUS deep soil. The scaling process uses the single-corner-frequency point-source
model (Appendices D and K). The transfer functions for horizontal and vertical motions are then
applied to the WUS empirical rock and soil bin spectra. This process results in scaled CEUS target
spectra, and the WUS bin records are then used as input to a weak spectral matching process (Silva
and Lee, 1987). This process results in fully populated CEUS rock and soil bins, supplemented with
hybrid empirical records that maintain realistic phase and amplitude relationships between components
and realistic frequency-to-frequency variability. The supplemental bin records should be used only
as inputs to additional scaling or matching procedures and are not intended to be used to develop
CEUS spectral shapes or spectral levels.

For CEUS single-corer-frequency source models, the main difference between WUS and CEUS rock
motions is at high frequency (> 5 Hz, Figure 4-10) and the issue in fitting CEUS spectra is the ability
of the matching process to sufficiently scale up the high frequencies. The double-corner CEUS
shapes are similar to the single-corner but incorporate a broad spectral sag. At very low frequency
the two shapes are the same because they reflect similar M (or seismic moments). Spectral matching
or scaling empirical WUS motions to double-corner CEUS spectra thus presents issues similar to
matching CEUS single-corner spectra. Examples of this process are presented in Section 3.2.
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An aspect of the resulting CEUS time histories that is largely lost in the scaling approach is the
observed general increase in durations over corresponding WUS rock time histories (Atkinson, 1995).
Since too few records exist of sufficiently large magnitudes and distances to be of engineering
significance, an assessment of differences in durations between WUS and CEUS conditions and their
corresponding effects on engineering analyses is currently not available. Users of this time history
database in applications to CEUS conditions may wish to select the longer duration records from the
bins as a sensitivity analysis. This is the type of test that was envisaged in populating one bin (Table
3-3) with 30 three component sets of time histories. Appendix B contains the WUS and CEUS
analysis time history catalog, and separate CD ROMs contain the analysis time histories (acceleration,
velocity, and displacement time histories) and the 5% damped response spectra and durations
(Section 3.2).

3.1 Site Conditions For Time Histories

Site conditions for the time history database consist of soft rock and firm soil for WUS motions. A
convenient site categorization scheme that has been applied to most of the strong motion sites in the
US and many abroad is shown in (Table 3-1). Categories A and B are considered appropriate for soft
rock and categories C and D for deep firm soil site conditions. The soft rock site conditions for the
time histories are consistent with the corresponding site conditions for the response spectral shapes
(Section 4).

For CEUS deep (> 300m) soil conditions, the use of corresponding WUS deep soil motions is
appropriate because the time histories are intended as inputs to scaling or matching processes.
Additionally, deep firm soils (both cohesive and cohesionless) located in the CEUS are not considered
to be fundamentally different in dynamic material properties from similar soils located in the WUS.
Therefore the CEUS soil motions will be more similar to WUS deep soil motions than corresponding
rock motions (Section 6). While the input motions (base of soil and rock outcrop) may be very
different between WUS and CEUS conditions, the filtering properties of deep soils significantly
reduce the differences. This expectationis strengthened by the observation of possibly similar double
corner source spectra in both WUS and CEUS motions that is manifested much more subtly in the
WUS due to larger crustal amplification (Section 2).

3.2 Magnitude and Distance Bins for Time Histories

Magnitude and distance bins reflect expected differences in spectral shapes and in time domain
characteristics (e.g. duration) that may be of potential significance to engineering analyses. Bin
centers and widths control the maximum scaling of records within a bin by a constant factor to adjust
for magnitude and distance differences without compensating for changes in spectral shapes. The bin
widths also minimize the use of motions with inappropriate time domain characteristics. Continuous
scaling approaches would accommodate potential changes in response spectral shapes (Section 3.3;
Carballo and Cornell, 1998), particularly for differences in magnitudes (record-to-target) larger than
about 1/2 unit in magnitude.

The distance and magnitude bins are listed in Table 3-2. The distance bins are broadly separated into
near-source (0 to 10 km fault rupture distance) and beyond (> 10 km). Near-source conditions may

3-2



be strongly magnitude (source size) and mechanism dependent and may extend beyond 10 km,
particularly for large (M > 7) sources. However, the objective here is to capture the overall shorter
durations displayed by close-in records and the potential pulse-like low-frequency characteristics of
rupture toward a site, both of which are strongly prominent at very small fault distances.

Because duration of shaking may play a significant role in many structural and soil analyses, we apply
duration criteria to the magnitude and distance bins. Duration of shaking, expressed as a number of
uniform stress cycles, has an influence in the generation of excess pore pressure in soils. This excess
pore pressure affects the soil’s capacity for failure. The duration definition selected here, which is
the time for the cumulative energy (Arias, 1969; Husid, 1969; Dobry et al., 1978) to grow from 5%
to 75% of its total value, has been shown to correlate with inelastic structural response for stiff
systems (Kennedy et al., 1984). While not being strictly applicable to a duration measure controlling
soil deformation, the selected criteria will restrict ranges in time domain characteristics to those that
are representative of bin averages.

We use a recently developed empirical relation for WUS strong ground motions to represent the bin
average of the 5% to 75% cumulative Arias intensity. The empirical relation is described in Appendix
I and is plotted in Figures 3.1 to 3.3 for M 5.5, 6.5, and 7.5, respectively. In the figures, the vertical
bars represent + 1 sigma ranges, with the distance bins (0 to 10 km, 10 to 50 km, 50 to 100 km, 100
to 200 km) spanned by the horizontal dashed lines. Duration ranges for the M and R bins are taken
as + 50% (log additions) of the expected median values (solid lines) evaluated at the average (log)
bin distance interval (Table 3-2). Liberal duration ranges are considered appropriate because a
definitive, causative relationship between strong motion duration and structure and soil response has
not yet been quantitatively established. The selected duration criteria for the magnitude and distance
bins are represented by the areas enclosed by the dashed lines in Figures 3-1 to 3-3.

To allow a reasonable statistical interpretation of structural and soils analyses, a target number of
three-component sets of time histories was set at 15. This number represents a reasonable
compromise, allowing the bins to be fully populated with recorded motions (WUS) but not making
the bins overly wide in magnitude or distance range. For each of the bins, the numbers of three
component recordings are listed in Tables 3-3 and 3-4 for WUS and CEUS respectively, along with
bin average magnitudes and distances. The WUS records were selected from the WUS strong motion
catalog (Appendix A) by applying the bin criteria and then randomly selecting subsets of 15 (for bins
that exceeded 15 three component sets). The duration criteria were applied to the log average
duration of the two horizontal components. Since the M 5.5, 0 to 10 km bin was sparsely populated
and near-source effects are not considered significant for M 5 to M 6 earthquakes, the 0 to 10 km
and 10 to 50 km distance bins were combined into a single 0 to 50 km bin. Also, to provide a bin for
assessing the effects of the number of records on the statistical stability of analysis results, the number
of three-component sets in the M 6.5, 10 to 50 km rock bin was increased from 15 to 30. For the
large-magnitude (M > 7+), close distance (0 to 10 km) bin, an effort was made to include sites that
recorded both forward and backward directivity. For the soil records, sufficient data are available
and the number of sets was increased to 18. Because the magnitude of the 1995 Kobe earthquake
is near M 7 (M 6.9), the soil site Takarazuka, at the end of the rupture (maximum directivity), is
included in two magnitude bins (M 6 to 7 and M 7+). The large magnitude (M 7+) close distance
(0 to 10 km) rock records are dominated by motions obtained during the 1999 Chi Chi earthquake.
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To reduce the number of Chi Chi records in this bin and because uncertainty exists regarding site
classification, several M 6.9 rock site records were added. These include the sites BRN, CLS, and
LGPC for the 1989 M 6.9 Loma Prieta earthquake, site GAZ for the 1976 M 6.8 Gazli earthquake,
and sites KBU and KJM for the M 6.9 1995 Kobe earthquake. Also, the M 6.8 Gazli earthquake is
included as both WUS and CEUS. The earthquake was recorded at only one rock site and its
horizontal component spectra peak near 10 Hz, so it is considered intermediate between WUS and
CEUS rock (Figure 2-8) (Silva and Darragh, 1995).

3.3 WUS to CEUS Scaling

To illustrate the process of scaling the WUS analysis time histories to CEUS conditions, an example
1s presented for the M 6.5, R = 0 to 10 km, rock site bin (Table 3-5).

3.3.1 WUS to CEUS Transfer Functions

The WUS to CEUS transfer functions were computed for rock conditions (going from soft rock in
the WUS to hard rock in the CEUS, see Figure 2-2) and for deep soil conditions (Silva, 1997), for
both horizontal and vertical components of motion. Because of nonlinear site response, the
horizontal-component transfer functions are magnitude and distance dependent. A linear site response
model (Silva, 1997; EPRI, 1993) was used for vertical components, but the transfer functions still
vary with magnitude and distance because of incidence angle variation with both source depth and
distance (Tables 2-1 and 2-2 show WUS and CEUS point-source parameters, respectively). For M
6.5, an example suite of median transfer functions is shown in Figure 3-4. The transfer functions for
rock (both horizontal and vertical) show peaks at high frequency, which are consistent with the
expected high frequency peak in CEUS hard rock spectral acceleration. For the horizontal
component transfer functions for deep (> 300m) soil sites, Figure 3-4 suggests similar WUS and
CEUS response spectra at high loading levels (amplification near unity). Soil nonlinearity evidently
masks the differences in frequency content between WUS soft rock and CEUS hard rock control
motions (Silva and Darragh, 1995; Silva, 1991). Similar trends are seen in the M 5.5 and M 7.5
transfer functions, where magnitudes were selected to be equal to the analysis time history bin center
magnitudes (Table 3-5). Distances at which the transfer functions were computed (1, 5, 30, 75, and
130 km) span the range of bin mean distances. The transfer function closest to the actual site-to-
earthquake rupture distance was used to transform a WUS record to a CEUS record.

3.3.2 Example Case: M 6.5, R =0 to 10 km, Rock Bin

For this example we selected the north ())) component of the Los Gatos Presentation Center
(L.GPC) site, whichrecorded the 1989 M 6.9 Loma Prieta earthquake. The site is located at a closest
rupture distance of 6.1 km (Appendix A) and reflects WUS rock conditions. The north component
acceleration and (processed) velocity and displacement time histories are shown in Figure 3-5, and
the response spectra shown in Figure 3-6, for all three components. To scale this recording to CEUS
hard rock conditions, the response spectrum is multiplied by the appropriate transfer function (Figure
3-4) to produce a CEUS hard rock target. The original WUS soft rock recording is then used as an
input (basis) motion to a weak matching process (1 to 2 iterations). The resulting time history is
shown in Figure 3-7, with the scaled CEUS hard rock response spectra shown in Figure 3-8, for all
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three components. Comparing the WUS and CEUS time histories in Figures 3-5 and 3-7
respectively, the effects of scaling are mostly apparent in acceleration, dramatically increasing the
frequency content and level of motion. The amplitudes and frequency contents of the velocity and
displacement time series remain largely unaltered, as most of the amplification is at frequencies
exceeding about 3 Hz (Figure 3-4). The scaled response spectra (Figure 3-8) reflect the shift in peaks
from about 3 Hz for horizontal components and 10 Hz for the vertical component for WUS soft rock
(Figure 3-6) to about 20 Hz and 30 Hz respectively, for CEUS hard rock site conditions. The
frequency-to-frequency variation is largely unchanged. The low-frequency (< 2 Hz) spectra are
essentially unaltered in this process, preserving attributes of near-source records such as differences
between fault normal and fault parallel components and the effects of rupture directivity on the
average horizontal and vertical components.

Although the low-frequency response spectra remain largely unaffected by the scaling process, high-
pass filtering of the scaled records at 0.1 Hz can affect the character of the velocity and displacement
time histories. The filters applied to the scaled records consist of causal four-pole Butterworth filters,
high-pass at 0.1 Hz and low-pass at 62.5 Hz. The filters are applied to each record and are intended
to remove any spurious effects of the scaling and fitting process well outside the general frequency
range of interest, 0.5 to 25 Hz. Causal filters are desirable because they minimize the potential effects
of distortion due to wraparound of the filter transients. However, there may potentially be
undesirable consequences of causal high-pass filters. The character of low-frequency time histories
such as velocity and displacement may be altered as a result of the process. Comparing the velocity
and displacement time histories for WUS soft rock and CEUS hard rock in Figures 3-5 and 3-7
respectively, differences in characteristics are apparent. Although the amplitudes are nearly the same,
the initial peaks have sign reversals in the velocity records, and the largely single-sided WUS
displacement time history near 8 sec has become a double sided pulse. While differences in the
velocity records are not likely to result in significantly different structural demands at intermediate
frequencies, the differences in displacements may be an issue in structural analyses. The double-sided
pulse resulting from the causal filters may produce larger demands on long-period structures than the
single-sided pulse, because there are more cycles and larger positive-to-negative excursions in
displacement. This is only an issue for close-in (near source) short duration records and can be
corrected by removing the causal filter and applying an appropriate acausal filter. Figure 3-9
illustrates the results of this process and shows both velocity and displacement time histories scaled
to CEUS conditions. These records have very similar characteristics to those from the original
processing (Figure 3-5). In this case the modulus of the Butterworth filter was applied in the
frequency domain. Figure 3-10 compares the response spectra computed from the two time histories,
filtered with a causal and with an acausal four-pole Butterworth high-pass filter, showing little
difference between the two.

3.4 Matching WUS Time History to CEUS Spectrum
To demonstrate the process of closely matching a WUS motion to a CEUS spectral target, typical
10 rock UHS are used as targets, and the rock site Ferdows record from the 1978 M 7.4 Tabas

earthquake is used as a WUS input motion (bin M 7+, distance 50 to 100 km rock; Table 3-3). The
two target spectra are shown Figure 3-11. The spectra illustrate the large differences in WUS and
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CEUS spectral amplitudes and shapes, reflecting differences in both hazard environment and in strong
motion generation and wave propagation between the two regions.

Figure 3-12 shows the result of matching the WUS record to the WUS UHS, and Figure 3-13 shows
the resulting time histories. The fit is acceptably close and the resulting time histories, as expected,
are realistic in acceleration as well as integrations to velocity and displacement. Figure 3-14 shows
the spectral match for the CEUS. Using the original sample internal of 0.02 sec, with a Nyquist
frequency of 25 Hz, results in the low spectral values between 25 and 100 Hz (dashed line in Figure
3-14) and a low peak acceleration of 0.269g (target = 0.298g). Interpolating the record to 200
samples per second results in an improved match beyond 25 Hz and at peak acceleration. The
resulting time histories are shown in Figures 3-15 and 3-16 for the two sample intervals (0.02 sec and
0.005 sec). The time histories are nearly identical and are comparable in overall shape to those
resulting from the WUS match (Figure 3-13). The comparison of the corresponding Fourier
amplitude spectra is shown in Figure 3-17. The result of matching to WUS and CEUS targets largely
reflects a broad-band scale factor applied to the Fourier amplitude spectrum of the recorded motion.
Decreasing the sample interval actually /owers the Fourier amplitude spectrum near 25 Hz as
additional energy is available beyond 25 Hz for the higher frequency oscillators. The 25 Hz Fourier
amplitude value for the 0.02 sec CEUS spectral match has the largest amplitude of all frequencies,
suggesting an aliased record. Although this is not obvious in comparing Figures 3-15 and 3-16, the
time history obtained using a higher Nyquist frequency (Figure 3-16) shows overall larger
accelerations than the record with a sample interval of 0.02 sec. This may be a consequence of
aliasing, however one would normally expect enhanced motions at frequencies below the Nyquist (25
Hz). Overall, these comparisons indicate that WUS motions can be used as inputs to matching CEUS
spectra provided the sample interval reflects a Nyquist frequency (fy = [2 Af] Yof at least 100 Hz.
As a corollary, CEUS records could be used as input to matching WUS targets as well.
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Table 3-1

GEOTECHNICAL SUBSURFACE CHARACTERISTICS

Rock. Instrument on rock (Vs > 600 mps) or < 5m of soil over rock.

Shallow (stiff) soil. Instrument on/in soil profile up to 20m thick overlying rock.

Deep narrow soil. Instrument on/in soil profile at least 20m thick overlying rock, in a

narrow canyon or valley no more than several km wide.

Deep broad soil. Instrument on/in soil profile at least 20m thick overlying rock, in a broad

valley.

Soft deep soil. Instrument on/in deep soil profile with average Vs < 150 mps.
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Table 3-2
MAGNITUDE AND DISTANCE BINS AND DURATION CRITERIA

Duration (sec)”
M R (km) Rock Soil
55(5-6) 0- 50" 1.1-3.6 1.6-4.8"
| 50 - 100 3.6-82 29- 6.4
6.5(6-7) 0-10 2.6-58 3.1- 7.0
10 - 50 3.1-7.0 3.6- 8.2
50 - 100 51-11.6 5.7-12.8
100 - 200 8.1-18.3 8.7 - 19.5
200 - 400"
7.5 (74) 0-10 6.1-13.8 6.6-15.0
10 - 50 6.6-14.0 7.2-16.1
50 - 100 8.7-19.5 12.2-27.5
100 - 200 11.7 - 26.3 16.2 - 36.5
200 - 400"

*For M 5.5 bin, too few records were available for 0-10 km, so distance bins 0-10 km and
10-50 km were combined to 0-50 km

**5% - 75% total cumulative Arias Intensity

**CEUS only
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Table 3-3

WUS TIME HISTORY BINS
M M R (km) R (km) Number of sets
5-6, 5.50 0-50 17.29 15
rock 6.00 50 - 100 64.88 15
5-6, 5.77 0-50 16.97 15
soil 5.75 50 - 100 64.38 15
6-7, 6.53 0-10 6.00 15
rock 6.39 10 - 50 31.29 30
6.38 50 - 100 66.12 15
6.66 100 - 200 89.03 15
6-1, 6.58 0-10 5.74 18
soil 6.41 10 - 50 27.83 15
6.57 50 - 100 67.10 15
6.64 100 - 200 131.53 15
7+, 7.25 0-10 5.83 15
rock 7.38 10 - 50 31.48 15
7.49 50 - 100 76.88 15
7.49 100 - 200 135.03 15
7+, 7.40 0-10 4.62 21
soil 7.47 10 - 50 29.60 15
7.53 50 - 100 68.79 15
7.4 100 - 200 134.73 15
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Table 3-4
CEUS TIME HISTORY BINS

M M R (km) R (km) Number of sets™
45 -6, 5.50 0-50 17.29 0 (15)
rock 5.85 50 - 100 78.34 8(7)
4.5 - 6, 5.69 0-50 18.81 1(14)

soil 5.66 50- 100 64.99 2(13)
6-17, 6.53 0-10 6.18 2(14)
rock 6.32 10-50 28.58 1(14)

6.38 50 - 100 66.12 0 (15)

6.66 100 - 200 89.03 0(15)

6-17, 6.58 0-10 5.74 0(18)
soil 6.41 10-50 27.83 0 (15)
6.57 50 - 100 67.10 0 (15)

6.64 100 - 200 131.53 0(15)

7+, 7.25 0-10 5.83 0(15)

rock 7.38 10-50 31.48 0 (15)
7.49 50-100 76.88 0(15)
7.49 100 - 200 135.03 0 (15)
7+, 7.40 0-10 4.62 021
soil 7.47 10-50 29.60 0 (15)
7.53 50 - 100 68.79 0(15)
7.44 100 - 200 134.73 0(15)
*M range extended to M 4.5

**Supplemented with WUS to CEUS scaled records, first number reflects number of actual CEUS
recordings, parentheses show number of scaled WUS to CEUS three component sets.
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Table 3-5
WUS ANALYSIS TIME HISTORY STATISTICS

Magnitude Bins (M)
Range Bin Center

5-6 5.5

6-7 6.5

T+ 7.5

Distancebin(km) | M | R | Number | PGA'(g), | PGV'(cmsec), | PGD'(cra), ? gX (C'"; <0, [ G’: - ‘I: o
(km) of sets Oy Oy O o, o,

0 - 10, rock 6.53 6.00 15 0.46, 0.64 36.63, 0.74 7.63, 0.89 79.35, 0.35 2.57,041
7.25 5.83 15 0.39,0.73 53.74,0.73 22.86, 0.65 138.42, 0.58 3.01,0.52
0 - 10, soil 6.58 5.74 18 0.41,046 54.65, 0.51 19.61, 0.65 132.40, 0.43 2.66, 0.40
7.40 4.62 21 0.34, 0.50 69.89, 0.44 50.15, 0.70 205.72, 0.44 342,042
10 - 50, rock 6.39 31.29 30 0.11,0.70 7.40, 0.79 1.61, 1.22 68.62, 0.52 3.11,0.53
7.38 31.48 15 0.15,0.90 17.88, 0.88 9.27, 1.37 115.67, 0.68 4.40, 0.58
10 - 50, soil 6.41 27.83 15 0.14, 0.64 10.37,0.73 2.46, 1.20 71.79,0.33 3.24,0.50
7.47 29.60 15 0.16, 0.58 27.48, 0.74 18.28, 0.78 172.30, 0.27 3.79, 0.51
50 - 100, rock 6.00 64.88 15 0.05,0.38 2.27,0.55 0.23,0.83 42,01, 044 2.37,0.58
6.38 66.12 15 0.04,0.54 2.75,0.61 0.51, 1.02 69.38, 0.41 2.64,0.51
7.49 76.88 15 0.06, 0.37 7.18, 0.57 5.68, 0.96 119.02, 0.46 6.52, 0.36
50 - 100, soil 5.75 64.38 15 0.06, 0.78 3.22,0.70 0.36, 0.87 50.33, 0.22 2.20, 0.40
6.57 67.10 15 0.06, 0.57 5.72,0.60 1.33,0.75 93.72, 0.39 2.44,0.62
7.53 68.79 15 0.07,0.53 12.15, 0.52 7.33, 0.88 178.14, 0.49 3.32,046
100 - 200, rock 6.66 89.03 15 0.03, 0.87 2.86, 0.55 1.05, 0.63 101.82, 0.54 3.55,0.38

*Median values



Table 3-5 (cont.)
WUS ANALYSIS TIME HISTORY STATISTICS

el-¢

Magnitude Bins (M)
Range Bin Center

5-6 55

6-7 6.5

7+ 7.5

PGV"™ cmjfsec PGA - PGD"
Distance bin (km) M R Number | PGA'(g), | PGV'(cm/sec), | PGD'(cm), PGA ( g ) PGV?
(km) of sets Op O o
o, o,

100 - 200, rock 7.49 | 135.03 15 0.03,0.34 5.78, 0.64 3.83, 1.05 177.22,0.48 3.67, 0.61
100 - 200, soil 6.64 | 131.53 15 0.03, 0.78 3.22,0.59 0.92,0.94 97.91, 0.51 2.86, 0.41
7.44 | 134.73 15 0.05, 0.39 7.75, 0.40 491,0.55 166.48, 0.26 3.73, 0.61
0 - 50, rock 5.50 17.29 15 0.16, 0.92 7.52,0.99 0.76, 1.28 45.92,041 2.17,0.33
0 - 50, soil 5.17 16.97 15 0.20, 0.43 10.83,0.54 1.31,0.79 53.32,0.26 2.22,0.25

*Median values
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Table 3-6
CEUS ANALYSIS TIME HISTORY STATISTICS

Magnitude Bins (M)
Range Bin Center

5-6 5.5

6-7 6.5

7+ 7.5
Distancebin | M | R | Number | PGA%@, |PGV'(cm/sec), | PGD'(cm), 2 g};'(c’"’ e, | FeA LG

(km) (km) of sets O Op Op, o 8 Pi‘l/n

0 - 10, rock 6.53 6.18 2 (14) 1.16, 0.66 39.74, 0.66 7.84, 0.94 34.37, 0.42 5.63, 0.45
7.25 5.83 0 (15) 0.89, 0.90 58.40, 0.40 22.33, 0.57 65.84, 0.67 5.70, 045
0 - 10, soil 6.58 5.74 0 (18) 0.61, 0.44 59.36, 0.49 18.56, 0.62 97.46, 0.36 3.15, 0.34
7.40 4.62 021D 0.38, 0.54 59.38, 0.42 31.90, 0.59 156.54, 0.39 3.36, 0.36
10 - 50, rock 6.32 28.58 1(14) 0.25, 0.78 7.95, 0.62 1.70, 0.99 31.75, 0.51 6.58, 0.70
7.38 31.48 0(15) 0.34, 094 19.85, 0.83 9.17, 1.14 58.24, 0.72 7.78, 0.63
10 - 50, soil 6.41 27.83 0 (15) 0.30, 0.61 15.33, 0.74 2.83, 1.08 51.74, 0.35 349, 047
7.47 | 29.60 0(15) 0.23, 0.57 29.58, 0.72 13.86, 0.98 128.74, 0.27 3.57, 0.35
50 - 100, rock 5.85 78.34 8 (7N 0.06, 141 1.24, 1.40 0.10, 1.57 21.28, 0.36 3.61, 0.50
6.38 66.12 0(15) 0.09, 0.55 299, 0.53 046, 0.83 32.59, 0.33 4.66, 0.52
7.49 | 76.88 0(15) 0.15, 0.49 7.33, 0.50 3.98, 0.76 50.29, 0.56 10.60, 0.46
50 - 100, soil 5.66 64.99 2(13) 0.13, 1.20 474, 085 0.31, 1.35 37.05, 0.52 1.72, 1.18
6.57 67.10 015 0.15, 0.59 8.35, 0.58 1.43, 0.65 56.04, 0.36 3.01, 048

*Median values
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Table 3-6 (cont.)
CEUS ANALYSIS TIME HISTORY STATISTICS
Magnitude Bins (M)
Range Bin Center
5-6 5.5
6-7 6.5
7+ 75
ey = . * * P V' * *
Distncebin | M | R | Numberof | PGA'(®) | PGV'(cmfsec), | PGD'(cm), PgA (C”‘; se¢y, | 2 G’; - 5 ZGD ,
(km) (km) sets Op Oy Op 0y o,
50 - 100, soil 7.53 68.79 0(15) 0.12, 0.55 14.41, 0.47 5.54, 0.72 124.27, 0.47 3.03, 042
100 - 200, rock 6.66 89.03 0(15) 0.08, 0.95 3.23, 0.65 0.85, 0.44 41.14, 0.47 6.29, 0.49
7.49 | 135.03 0@5) 0.09, 0.32 6.85, 0.56 3.08, 0.86 72.50, 047 6.07, 0.39
100 - 200, soil 6.64 | 131.53 0 (15) 0.10, 0.80 5.56, 0.66 0.96, 0.70 56.53, 0.40 2.98, 045
7.44 | 13473 0(15) 0.11, 043 9.60, 0.44 3.77, 0.42 91.20, 0.37 422, 0.56
0 - 50, rock 5.50 17.29 0 (15) 0.29, 0.96 7.24, 0.93 0.59, 1.16 24.86, 0.41 3.20, 0.27
0 - 50, soil 5.69 18.81 114 0.31, 1.09 11.12, 1.21 1.01, 1.37 36.31, 0.27 246, 0.34

*Median values
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Figure 3-1. Example of duration bin criteria for M 5.5 bin and rock site conditions. Solid line is
WUS empirical relation for 5 to 75% Arias Intensity (Appendix I) and X’s reflect +1¢ fractiles.
Boxes represent +50% duration bin (horizontal dashes) and distance bins: 0 to 10 km, 10 to 50 km,
50 to 100 km, 100 to 200 km (vertical dashes).
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Figure 3-2. Example of duration bin criteria for M 6.5 bin and rock site conditions. Solid line is
WUS empirical relation for 5 to 75% Arias Intensity (Appendix I) and X’s reflect +1c fractiles.
Boxes represent +50% duration bin (horizontal dashes) and distance bins: 0 to 10 km, 10 to 50 km,
50 to 100 km, 100 to 200 km, (vertical dashes).
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represent +50% duration bin (horizontal dashes) and distance bins: 0 to 10 km, 10 to 50 km, 50 to
100 km, 100 to 200 km (vertical dashes).
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4 DEVELOPMENT OF DESIGN RESPONSE SPECTRAL SHAPES

In this section we document the recommended spectral shapes for both WUS (soft rock) and CEUS
(hard rock) for 5% of critical damping. Recommendations for other damping levels are discussed in
Section 4.8. For crustal earthquakes, the shapes are valid for moment magnitudes ranging from M
4 to M 8. For applications to subduction zone events (i.e. the Cascadia subduction zone) the
shapes are valid up to M 9. The possible effects of mechanism and near-source conditions on the
base shapes are discussed in Section 4.6.

In developing spectral shapes, three issues of particular significance arise: (1) selection of an
appropriate normalization frequency and fractile level, (2) the paucity of data in the CEUS for M >
4.5, and (3) the likelihood that CEUS earthquake source processes for magnitudes larger than about
M 6 produce significantly less intermediate frequency energy than corresponding WUS source
processes (see Section 2 and Appendix D).

The first issue, selection of an appropriate normalization frequency and fractile level, is complicated
somewhat by the desirability of having the fractile level uniform across frequency. This uniformity
is highly desirable, as it is implicit in maintaining risk consistency (Section 7) or a constant level of
conservatism in design analyses. Unfortunately, strong ground motions in the WUS (the tectonic
regime with the most complete database in terms of magnitude and distance ranges) are characterized
by a frequency-dependent, as well as magnitude-dependent, variability. Regression analyses on WUS
strong ground motion data generally show empirical scatter (variation about the median) that
decreases with increasing frequency (Abrahamson and Shedlock, 1997). This variability also
decreases with increasing magnitude (Youngs et al., 1995) or ground motion amplitude (Campbell,
1993), particularly for M 2 6. These statistical properties are likely real and stable, not reflecting
spurious trends due to a sparse sample size. They are probably related to fundamental physics of
earthquake source, path, and site processes and can reasonably be expected to occur in the CEUS
as well as the WUS.

The second issue relevant to developing response spectral shapes for the CEUS, the paucity of strong
motion data, precludes a purely statistical approach to developing shapes. The direct effect of a small
sample size is the necessity of using physical models, resulting in a significantly higher uncertainty in
the shapes for applications to CEUS sites.

The third issue is driven largely by the lack of CEUS data for M 2 6 and contributes substantially to
the larger uncertainty in CEUS shapes: the possibility that source processes in tectonically stable
regions emit less intermediate frequency energy than corresponding sources in active regions (WUS).
This difference in spectral content manifests itself seismologically in a second corner frequency
(Section 2), which results in response spectral shapes that contain a well- developed spectral sag in
a frequency range (near 1 Hz) that varies with magnitude. WUS sources do not show such a well-
developed spectral sag, and it is not reflected in empirical attenuation relations. Recent studies,
however, suggest that the sag may be present in a much more subtle form, being obscured (filled in)
by amplification due to generally softer crustal rocks in the WUS as compared to CEUS crustal
conditions. Theoretically this is appealing, suggesting an intrinsic commonality between WUS and
CEUS source processes, although there is no compelling argument to prove this should be the case.
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The possibility of commonality does not increase our confidence (lower the level of uncertainty) in
CEUS shapes because the current state of knowledge does not reflect a high level of confidence in
the physical process that produces a stable and predictable spectral sag for large magnitude (M > 6)
earthquakes. As a result, until more CEUS data become available for M > 6 earthquakes, some
uncertainty will exist as to the appropriateness and degree of sag in CEUS spectral shapes. The
perspective taken in developing shapes for the CEUS is not to attempt resolution of this issue, but
to produce spectral shapes using models that reflect both possibilities, i.e., with and without an
intermediate-frequency spectral sag.

41  Approach

The overall approach taken to define response spectral shapes applicable to WUS and CEUS
conditions is to rely as much as possible on recorded strong ground motions. These motions are
supplemented, where necessary, by ground motion estimates from well-validated theoretical models.
This approach will result both in confidence in the use of the spectral shapes as well as reasonable
stability over time because the theoretical estimates will provide a guide where data are sparse, and
will avoid fluctuations in empirical approaches caused by many data from one event.

To develop shapes appropriate for the WUS that incorporate magnitude and distance scaling, a suite
of empirical attenuation relations were used and their estimates were averaged for a set of magnitude
and distance bins. The empirical relations were weighted based on a goodness of fit evaluation
(Section 4.4) with statistical shapes (Kimball, 1983). The statistical shapes are computed for the
magnitude and distance bins from recorded motions listed in the strong motion catalog (Appendix
A). The use of empirical relations rather than the statistical shapes directly (Mohraz et al., 1972;
Newmark et al., 1973) provided a formalism for sampling expert opinion in smoothing, interpolation,
and extrapolation within the poorly sampled bins and oscillator frequencies. Incorporating a robust
weighting scheme based on how well each relation fits statistical shapes reduced bias in the selection
of the empirical relations.

The spectral shapes from the weighted empirical relations were then fit to a functional form with
magnitude and fault distance as independent variables. This process resulted in an attenuation relation
for smooth WUS shapes that was largely driven by recordings and that incorporated the knowledge
of a number of researchers of strong ground motions. The approach of producing an attenuation
relation for shapes has the advantage of simplicity as well, being a continuous function of magnitude,
distance, and frequency (Section 4.4).

For applications to the CEUS, insufficient data preclude a similar empirical approach, necessitating
consideration of physical models. In general, reliance on model predictions for regions of sparse data
results in increased uncertainty in the shapes. For the CEUS, this is further complicated by
observations that strongly suggest the possibility that the spectral content in the intermediate
frequency range for large magnitude CEUS sources is significantly different (lower) than
corresponding WUS sources (Section 2). Because this issue is currently unresolved, consideration
must be given to multiple CEUS spectral models.



To minimize the dependence on models in developing CEUS spectral shapes, we used model
predictions in the form of ratios to produce transfer functions. The transfer functions, which are
ratios of CEUS model shapes to WUS model shapes, were then applied to the empirical WUS shapes
to produce shapes appropriate for CEUS conditions. We then fit an attenuation relation for the
CEUS spectral shape.

The use of ratios of model predictions rather then model results directly minimizes the impact of
potential model deficiencies. Another advantage of this approach is the emphasis placed on model
validations for both WUS and CEUS conditions (Section 4.3).

4.2  WUS Statistical Spectral Shapes

Statistical response spectral shapes (Kimball, 1983) were developed for a suite of magnitude and
distance bins by sampling the WUS strong motion data base (Appendix A). Shapes for 5% of critical
damping were developed by normalizing each response spectrum by the spectral ordinate at the
selected frequency and then averaging the scaled records within each bin. A lognormal distribution
was assumed. The resulting suites of normalized spectra provided a basis for choosing the best
normalization frequency and fractile level. This choice is illustrated in Section 4.2.2 below.

4.2.1 Magnitude and Distance Bins for WUS Spectral Shapes

Implicit in the selection of appropriate magnitude (M) and distance (fault distance, R) bins is the
classic tradeoff of resolution and stability. In this context, resolution refers to the ability to clearly
distinguish M and R dependencies in the spectral shapes (which is enhanced by more bins) while
stability relates to low variability or statistical stability (which is enhanced by fewer bins, and more
data in each bin). In terms of spectral shapes, high stability also results in the desirable feature of
smoothness, or less variability from frequency to frequency.

The selection of bin widths and boundaries, in addition to achieving an acceptable compromise
between resolution and stability based upon the distribution (in M and R) of data, was also
conditioned by knowledge of shape sensitivity to M and R. In general, the distance dependency for
WUS spectral shapes is small (less than about 30%) within about 30 to 50 km from the source. For
CEUS spectral shapes the corresponding distance is about 50 to 100 km (Silva and Green, 1989).
On the other hand, near-source effects are particularly strong for fault distances within about 10 to
15 km, particularly for vertical strike-slip mechanisms (Somerville et al., 1997). Additionally, seismic
hazard is generally dominated by sources within about 100 km for WUS (about 200 km for Cascadia
subduction zone sources), and within about 300 km for CEUS sources. For response spectral shapes,
beyond about 50 km for WUS and 70 to 100 for CEUS, a factor of 2 change in distance results in
about a 30% (factor of 1.3) change in spectral shape (Silva, 1991). With these considerations,
distance bins of 0 to 10, 10 to 50, 50 to 100, 100 to 200 km for both WUS and CEUS shapes were
considered appropriate with an additional bin of 200 to 400 km for CEUS shapes.

Magnitudes of about 5 to about 8 dominate the hazard for both the WUS and CEUS (except for sites

affected by the Cascadia subduction zone sources). While a half magnitude change in M results in
a 30to 50% change in PGA normalized shapes (Silva and Green, 1989; Silva, 1991) depending upon
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M and frequency, half M bins are too sparse at the larger M (M > 6.5). As aresult, unit magnitude
wide bins were selected centered on half magnitudes: M 5.5, 6.5, and 7.5 with ranges of 5 to 6, 6.01
to7,and 7.01 and larger. Table 4-1 shows the bins along with summary statistics. For completeness,
statistics for soil sites (Geomatrix classifications C and D, Appendix A) were included, in addition
to a 0 to 50 km distance bin.

4.2.2 Development of WUS Statistical Spectral Shapes

The first issue to resolve in developing the set of shapes for applications to WUS and CEUS
conditions was the appropriate normalization frequency and fractile level. To approach this issue,
median bin shapes were computed for a suite of normalization frequencies to determine the degree
of similarity between the shapes. Figure 4.1 shows an example for the M 6.5 and D = 10 to 50 km
bin for normalization frequencies of 0.5, 1.0, 5.0, 10.0, 20.0, 34.0, and 100.0 Hz (the last value being
equivalent to PGA). The shapes were computed down to frequencies that were 125% (factor of
1.25) of processing corner frequencies (Appendix A). This resulted in an increase in variability at
lower frequencies as records dropped out due to noise contamination. For all seven normalization
frequencies, the shapes were quite similar, and scaling each shape to unity at 100 Hz (PGA)
presented a more convenient display (Figure 4.2). Similar results were obtained for the other bins
suggesting a convenient resolution to the issue of selecting an appropriate normalization frequency.
Since peak ground acceleration has the lowest variability among response spectral ordinates in the
frequency range of 100.0 to 0.2 Hz (Abrahamson and Silva, 1997; Campbell, 1997, Boore et al.,
1997; Sadigh et al., 1997), it is an attractive as well as conventional normalization parameter (Seed
etal., 1976). Similar results would be obtained if normalization were done using spectral acceleration
at any other frequency.

The selection of an appropriate fractile level for spectral shapes must consider the manner in which
the shapes are to be used (Section 1). Current regulatory guidance (R.G. 1.165) recommends
probabilistic seismic hazard evaluations for rock outcrop (or its equivalent), with coupling to
deterministic evaluations using deaggregation of the uniform hazard spectrum (UHS), the
deaggregation being done at several frequencies. Deterministic spectra are then scaled to the UHS
at the deaggregation frequencies as a check on the suitability of the UHS and to provide control
motions for site response evaluations. The deterministic spectra may be computed from the
attenuation relations used in the UHS or may be based on the recommended spectral shapes.
Additionally, the recommended spectral shapes may be used to evaluate existing design motions at
the rock outcrop level. As a result, the development of median shapes is most consistent with
intended uses, particularly in the context of UHS, where the desired hazard is appropriately set at the
UHS exceedence level.

The bin statistical shapes (median + 1 sigma) normalized by peak ground acceleration are shown in
Figures 4.3 to 4.5 for rock and Figures 4.6 to 4.8 for soil.

4.3  Ground Motion Model for Spectral Shapes

The most desirable feature in a ground motion model for spectral ordinates is the ability to reliably
and accurately capture magnitude, distance, and site dependencies with a minimum of parameters.
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A necessary aspect of any ground motion model implemented in engineering design practice is a
thorough validation with recorded motions. Since all models are mathematical approximations to
complicated physical processes, rigorous validation exercises are necessary to assess model accuracy,
reveal strengths and shortcomings, and constrain parameter values and their uncertainties (Roblee et
al., 1996). Ideally, a ground motion model will be validated over the ranges of magnitudes, distances,
site conditions, and tectonic environments for which it is implemented. In this sense, the model is
more an interpolative tool that can be used with a confidence level reflected in quantified validation
exercises (Abrahamson et al., 1990; EPRI, 1993; Silva et al., 1997). While this is becoming possible
for WUS tectonic conditions, it is clearly not the case for the CEUS (Section 2). Because of the
paucity of recording in CEUS conditions, thorough validation exercises to assess model accuracy and
parameter distributions are not possible. This situation necessarily results in significantly higher
uncertainty, which can be assessed only in a qualitative manner (Appendix D).

4.3.1 Point-Source Model

Since response spectral shapes are intended to reflect average horizontal motions at sites distributed
at the same fault distance from the source, the effects of source finiteness are expected to be minimal
(Silva and Darragh, 1995). The effects of rupture directivity and source mechanism on spectral
shapes (Section 4.6) increase the variability associated with spectral shapes at close distances (R <
15 km) and at low frequency (< 1 Hz) but have little effect on the average shape. As a result, a
point-source model with its attractive simplicity is appropriate. The stochastic point-source model,
in the context of strong ground motion simulation, was originally developed by Hanks and McGuire
(1981) and refined by Boore (1983; 1986). It has been validated in a comprehensive manner with 18
earthquakes at about 500 sites (Silva et al., 1997) and is described in detail in Appendix D. Table 4-2
lists the parameters used to develop the spectral shapes and transfer functions.

For applications to the CEUS, a single significant set of observations may fundamentally increase
uncertainty in model predictions of spectral shapes. This phenomenon was illustrated with ground
motions generated by the 1988 M 5.8 Saguenay, Ontario earthquake. Even prior to this earthquake,
high frequency (> 5 Hz) motions at hard rock CEUS sites were known to be significantly greater than
motions recorded on typical WUS soft rock conditions (Section 2). A number of small earthquake
(M < 5) CEUS data showed this increase in high-frequency content, and less damping in the shallow
crust (1 to 2 km) of the CEUS was considered the likely cause for the difference (Silva and Darragh,
1995). This difference was observed for the Saguenay earthquake as well as the M 6.4 1985 Nahanni
aftershock earthquakes. However, the Saguenay earthquake also showed anomalously low
intermediate- frequency (0.5 to 2 Hz) energy (Boore and Atkinson, 1992; Atkinson, 1993; Silva and
Darragh, 1995). This observation along with others (Choy and Boatwright, 1988; Boatwright and
Choy, 1992; Atkinson, 1993; Boatwright, 1994) has led to the speculation that CEUS source
processes may possess differences from WUS source processes that result in stable and significant
differences in intermediate frequency content for earthquakes with magnitude (M) greater than about
5 (Atkinson and Boore, 1995; 1998). Seismologically this spectral sag may be interpreted as the
presence of second corner frequency or change in slope of the earthquake source spectrum
(Boatwright, 1994; Atkinson and Boore, 1998). Interestingly, recent observations have suggested
this may be the case for WUS earthquake source as well (Silva et al., 1997; Atkinson and Silva,
1997), but manifested in a much more subtle effect on response spectra due to differences in crustal
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conditions between WUS and CEUS (Appendix C). An example comparison of response spectra
computed for M 6.5 at a distance of 25 km using both WUS and CEUS single-and double-corner
frequency point-source models is shown in Figure 4.9 for shapes and Figure 4.10 for absolute spectral
levels. The two single corner frequency shapes for the WUS and CEUS (solid lines) show large
differences over the entire frequency range. The WUS shape exceeds the CEUS for frequencies less
than about 10 Hz where the shapes cross. The WUS shape peaks near 5 Hz while the CEUS shape
has a maximum amplification in the 30 to 50 Hz frequency range. These trends are very similar to
the empirical WUS and CEUS rock site spectra shown in Section 2.

Comparing the single- and double-corner frequency spectra for WUS and CEUS, Figure 4.9 shows
the spectral sag significantly more pronounced for the CEUS. Atlow frequencies (below about 1 Hz)
the double corner CEUS spectrum is about a factor of 3 lower than the single corner CEUS spectrum.
Over the same frequency range, the difference between single and double corner shapes for the WUS
is only about 10 to 20%.

Comparing the absolute levels, Figure 4.10 shows that at low frequencies, the single-corner frequency
model (solid lines) predicts similar motions for WUS and CEUS conditions. Peak accelerations for
CEUS conditions are predicted to be larger than for WUS conditions, reversing the trends between
spectral shapes (normalized by peak acceleration) and absolute spectral levels (Silva, 1991).

Though shifted in frequency, the differences between WUS and CEUS rock site shapes are not unlike
the differences in the WUS statistical spectra between soft rock and deep soil shown in Figure 4.11.
This is consistent with the explanation that CEUS spectral shapes are caused by the hard crustal
conditions found there (Appendix C).

4.3.2 Comparison of Model Shapes to WUS Statistical Shapes

To provide a qualitative evaluation of model performance, Figure 4.12 compares model shapes to
WUS statistical shapes in the distance range of 10 to 50 km and for magnitudes near 5.5, 6.5, and 7.5.
Model shapes for both single and double corner source spectra are shown illustrating the generally
small difference between the alternative source models for WUS conditions. In general, the model
shapes reflect the statistical shapes very well for the M 5.5 and M 6.5 bins and over-predict for the
M 7.5 statistical shape.

The well developed spectral sag in the M 7.5 R = 10 to 50 km statistical shape bin is also not matched
by the empirical attenuation equations (Figure 4-14c). Since this magnitude bin is sparsely populated
(Table 4-1), the statistical shapes may be biased by sampling only a few earthquakes and rock sites.
It is intriguing nonetheless that the statistical shapes for M greater than 7 at rock sites show evidence
of a well-developed second corner frequency source spectrum. The developers of the empirical
attenuation relations used here have chosen to ignore this observation (Section 4.4), because of the
few data on which it is based.



4.3.3 WUS to CEUS Transfer Functions

Using the point-source model, median spectral shapes were computed for single-corner WUS
conditions and both double and single corner CEUS conditions using the parameters listed in Table
4-2. Ratios of the shapes, CEUS/WUS, for a dense grid in magnitude and distance were taken to
provide transfer functions to apply to the weighted empirical shapes (Section 4.4). Anexample suite
of the transfer functions is shown in Figure 4-13.

44  Design Response Spectra

4.4.1 Western US Spectral Shapes

The approach used to develop spectral shapes for rock site conditions appropriate for the WUS
consisted of the following steps:

1.  Use a number of empirical strong ground motion attenuation relationships to compute
spectral amplification values, the ratio SA/PGA for the magnitude range (5 < M < 8) and
fault distance range (0.1 < R* < 200 km) of interest.

2.  Develop weights to apply to the relationships based on comparisons with a common set of
recorded strong motion data.

3.  Compute a weighted average of the empirical attenuation relationship spectral shapes for a
dense grid of magnitude and distance pairs.

4.  Develop a functional form to define spectral amplification over the magnitude and distance
range of interest.

Five recently published empirical attenuation relationships were chosen to develop the spectral shapes
for the WUS: Abrahamson and Silva (1997), Boore and others (1997), Campbell (1997), Idriss
(1991), and Sadigh and others (1997). These relationships are henceforthreferred to as A&S 97, Bao
97, C97,191, and Sao 97, respectively. The spectral shapes predicted by these relationships are
compared on Figure 4-14 to the statistical spectral shapes developed in Section 4.2. Note that the
Bao 97 relationship is limited to 5.5 < M < 7.5 and R < 80 km and the C 97 relationship is limited
to R < 60 km. The selected attenuation relationships have 14 spectral frequencies in common: 0.2,
0.25, 0.333, 0.5, 0.667, 1.0, 2.0, 3.33, 5.0, 6.67, 10.0, 13.33, 20, and 34 Hz. (Note that C 97 does
not contain 0.2 Hz and Bao does not contain 0.2, 0.25, and 0.333 Hz. Also, the Bao 97 spectral
accelerations for frequencies between 10 and 40 Hz were calculated here by linear interpolation in
log-log space as recommended by D. Boore [personal communication, 1998]). Spectral
amplifications were computed for each attenuation relationship by dividing the predicted spectral
acceleration at each frequency by the predicted peak ground acceleration.

*For each empirical relation the appropriate distance definition is used.
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4.4.2 Development of Weighted Empirical Spectral Shapes

The weights to be applied to the spectral shapes defined by the five empirical attenuation relationships
were based on the relative ability of the relationships to predict the spectral shapes computed from
the strong motion data base described in Section 4.2. To allow for the possibility that the relative
prediction ability varies as a function of magnitude and distance, weights were computed for each of
the 12 magnitude and distance bins defined in Section 4.2.

We defined the residual ((f);), to be the difference between the log of the spectral amplification for
frequency f of the j* recorded motion from the i* earthquake, (SA(f)/PGA),] (the geometric mean of
the two horizontal components) and the log of the spectral amplification predicted by the &*
attenuation relationship for magnitude M, and source-to-site distance R;.

ey, = WSAGHYPGAY;] - l(sacryPGaY] @é-1)

These residuals are assumed to be normally distributed with a random effects variance structure (e.g.
Brillinger and Preisler 1984, 1985; Youngs and others, 1995):

(s(.f),'j)k = sl(f); +82(f)ij 4-2)

where &,(f); and &,(f); are independent, normal variates with variances z,%(f) and 7,%(f), respectively.

Two approaches were used to assign weights to the five attenuation relationships for each spectral
frequency within each magnitude and distance bin. The first approach was based on the relative bias
of the relationships. For each frequency in each M and R bin, the mean residual for the k* attenuation
relationship, (f),, is found by maximizing the generalized normal distribution likelihood function:

xp| LD OVE), ()= ()]

2 | 4-3)
2n|V(f), |

L( (f)k,T](f)kvtz (f)k) =

where V(f), is the block-diagonal variance matrix of (e(f);),- (f),. Figure 4-15 shows the mean
residuals and their 90% confidence intervals for the five attenuation relationships and 12 magnitude-
distance bins.

The ¢ statistic, £, = | (H:]/o] (),), together with the cumulative T distribution can be used to
compute the probability a sample of size n from a population with zero mean would have a mean
residual as large as | (f),|, P(Tst|n-1). If one considers that the relationships with the higher
probability of producing the computed ¢ statistic should be given higher weight, then the relative
weight for the &* attenuation relationship, W(f),” can be defined as:

P(T<t(f),|n-1)

W)y =

D S paain “@-4
k
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These are referred to as "T" weights.

The second weighting approach uses relative likelihoods under the assumption that the mean residual
is zero. The likelihood function is given by:
T -1
exp|- €N V), €0y,
2 (4-5)
2w\ V()|

L( (f),=0,5,(Npt () =

where V(f), is the block-diagonal variance matrix of ((f);),. Equation (4-5) gives the probability of
observing the sample set of residuals, given that the mean residual is zero. If one considers that the
relationships with the higher likelihood should be given higher weight, then the relative weight for
the k* attenuation relationship, W(f),~ can be defined as:

L(f ),

W)y =
(f)k EL(f)k (4-6)
k

These are referred to as "L" weights.

The top plots in the two columns of Figure 4-16 show examples of the "7" and "L" weights for one
of the 12 magnitude-distance bins. The weights display a highly irregular pattern, reflecting the
variability in the mean residuals shown on Figure 4-15. The approach to developing the response
spectral shapes outlined in Section 4.1 is based on the use of the empirical attenuation relationships
to provide smoothly varying estimates of response spectral shapes over a magnitude and distance
range that extends beyond the bulk of the recorded data. The use of the highly variable weights
shown at the top of Figure 4-16, while providing a close match to the recorded data set, would
rapidly switch from strongly favoring one attenuation relationship to favoring another over short
frequency intervals, and thus tend to defeat the purpose of using the smooth empirical attenuation
relationship spectra. In addition, limitations in the band-width of the processed data for the smaller
recordings results in no weight estimates for some frequencies. These two issues were addressed by
smoothing the weights across frequency with a Gaussian smoothing operator. The smoothed weights
are defined by:

J
Y W(fexp(-In(f/f,)'Ih?)
W) = £ @-7)
Y- exp(-In(f,/f,)*/h?)
j=1

wheref, j = 1 to J are the 14 common spectral frequencies defined above and 4 determines the width
of the smoothing operator. Larger values of 4 produce greater smoothing. The remaining plots on
Figure 4-16 show smoothed weights for values of 4 of 0.25, 0.5, and 1.0.
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Figure 4-17 shows examples of the weighted average empirical spectral shapes computed for the
average magnitude and distance of two of the magnitude-distance bins using smoothed "L" and "T"
weights. As indicated on the plot, variations in / have a very minor effect on the computed spectral
shapes. Also, the "L" an "T™" weights produce very similar spectral shapes. Therefore, the smoothed
"L" and "T" weights were averaged to produce the final set of weights. A smoothing parameter of
h = 1.0 was chosen for the final weights to produce a smoothly varying final set of weights. These
are shown on Figure 4-18. Figure 4-19 shows examples of the weighted empirical response spectral
shapes for magnitude of M 5 to 8 and distances of 1 to 200 km.

4.4.3 Magnitude and Distance Dependencies of Weighted Empirical Spectral Shapes

The response spectral shapes shown on Figure 4-19 vary with magnitude and distance. In order to
provide relationships for specifying a response spectral shape for any magnitude and distance within
the specified range of the attenuation relationships, a function form was fit to the weighted empirical
spectral shapes. Figure 4-20 shows the statistical spectra for magnitude M 6 to 7 and R 10 to 50 km
data. This spectral shape can be closely matched by the ad hoc relationship:

In[SA(f )/PGA]= C _ +C4[exp(Cc'5f )
cosh(C, f ™) [ £

@-8)

The form of Equation (4-8) is not based on a physical model, but is rather designed to fit the general
characteristics of the spectral shapes. The first term fits the high frequency portion of the spectrum,
decreasing exponentially to zero with increasing frequency. The second term models the low
frequency portion of the spectrum. The factor exp(Csf) controls the transition of control from the
low frequency to high frequency terms.

Coefficients C, through C, were defined as functions of magnitude and/or distance by creating a data
set of 651 response spectral shapes (31 magnitudes times 21 distances) at 0.1 magnitude units from
M35 to M8 and at fault distances (R) of 0.1, 1, 2, 3, 5, 10, 12, 15, 20, 25, 30, 40, 50, 60, 70, 85, 100,
125, 150, 175, and 200 km. Each response spectral shape contained spectral amplifications at the
14 frequencies common to the five empirical attenuation relationships. In addition, fitting time
histories to the response spectral shapes requires specification of the spectral amplifications in the
frequency range of 0.1 to 100 Hz. The solid diamonds shown on Figure 4-20 indicate the spectral
amplifications predicted by an extrapolation of Equation (4-8), which was fit to the frequency range
0f0.2 to 34 Hz. As indicated, the functional form provides a good fit in the extrapolated range both
forf>34 Hzand f< 0.2 Hz. The poorest fit is at 0.1 Hz, where the statistical spectra are becoming
somewhat biased due to the exclusion of records with limited band-widths. The 651 weighted
empirical spectral shapes were extended from the frequency range of 0.2 to 34 Hz to the frequency
range of 0.1 to 100 Hz by fitting Equation (4-8) to each spectral shape and then using the parameters
of that fit to predict spectral amplifications in the frequency range of 0.1 to 0.2 Hz and 34 to 100 Hz.

The entire extended data set was then used to obtain expressions for coefficients C, through C, by

nonlinear least squares. The best fit was found by the parameter set listed in Table 4-3. Figure 4-21
shows examples of the response spectral shapes predicted using these relationships.
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4.4.4 Model for Central and Eastern US Spectral Shapes

The approach used to develop spectral shapes for rock site conditions appropriate for the CEUS
consisted of the following steps:

1.  Use numerical modeling to develop scaling relationships between CEUS and WUS response
spectral shapes.

2. Use the scaling relationships from step 1 to convert the weighted empirical WUS spectral
shapes to CEUS spectral shapes.

3.  Develop a functional form to define spectral amplification over the magnitude and distance
range of interest.

These steps are discussed in the following subsections.

4.4.4.1 Scaling of Weighted Empirical Spectral Shapes to CEUS Condition

The scaling relationships for transferring WUS spectral shapes to CEUS spectral shapes are described
in Section 4.3 and are shown on Figure 4-13. These scaling relationships were used to scale the
extended (0.1 to 100 Hz) weighted empirical WUS response spectral shapes to produce CEUS
spectral shapes. Asdiscussed in Section 4.3, two sets of scaling relationships were defined, one based
on single corner frequency CEUS earthquake source spectra and one based on double corner
frequency CEUS earthquake source spectra. Both scaling relationships assume a single corner
frequency WUS earthquake source spectra. Figure 4-22 shows examples of the CEUS response
spectral shapes scaled from the weighted empirical WUS spectral shapes using the scaling
relationships shown on Figure 4-13.

One problem that was encountered was an inconsistency or flat portion in CEUS spectral shapes
around 10 Hz. Close comparison of the model and attenuation-based WUS spectral shapes indicated
that the model shapes showed slightly higher spectral amplifications than the attenuation-based
spectra around 10 Hz. This over-prediction or bias of WUS model spectral shapes caused an under-
prediction of the CEUS/ WUS transfer function. As a result, the transfer function was slightly
increased around 10 Hz. Figure 4-23 shows examples of the scaled (before adjustment) and adjusted
spectral amplifications, for both the single- and double-corner CEUS spectral models.

4.4.4.2 Modeling the Effect of Magni Dis n CEU tral Sh

Using the same approach as for WUS response spectral shapes, a functional form was fit to the scaled
and adjusted empirical spectral shapes. A modified form of Equatlon (4-8) was used to model the
CEUS shapes. The relationship is:

2
In[SA(f)/PGA]= ¢ . +C4[6XP<CC'sf ), C7exp(ccsf ) s
cosh(C, f ™) l fCe £
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A second term was added to the low-frequency portion of the model to provide more flexibility in

-the shape. Coefficients C, through C, were defined as functions of magnitude and/or distance using
the data set of 651 CEUS response spectral shapes (31 magnitude values times 21 distances) by
nonlinear least squares with the spectral amplifications in the frequency range of the adjustment down
weighted to reduce their influence on the fitted parameters.

For the single and double corner frequency CEUS earthquake spectra, the resulting coefficients are
listed in Table 4-3. Figures 4-24 and 4-25 shows examples of the response spectral shapes predicted
using these relationships.

4.5 Comparison of Recommended Shapes to Current Regulatory Guidance

In this section we compare Newmark and Hall (1978) and Regulatory Guide 1.60 (1973) design
spectra to both WUS and CEUS recommended design spectra for the most populated distance bin
(0 to 50 km) and mean magnitudes of M 5.6, M 6.4, and M 7.3 (Table 4-1). Figure 4-26 shows
comparisons to WUS recommended shapes and Figure 4-27 shows analogous comparisons to CEUS
shapes. For Newmark and Hall design shapes, WUS bin median values for peak accelerations,
velocities, and displacements are used for both WUS and CEUS conditions. Both median and 1-
sigma amplification factors are used for the Newmark and Hall design spectra.

For the WUS motions, Figure 4-26 shows a reasonably good comparison between the Newmark and
Hall spectra and the recommended shapes. The empirical PGV/PGA ratio is about 60 cm/sec/g for
M 6.3 and 7.3. Increasing this ratio to the value recommended by Newmark and Hall (1978) of about
90 cm/sec/g would increase the low frequency levels but result in peak velocities not supported by
the data. The dependence of the Newmark and Hall design shapes on peak parameters captures some
of the effects of the empirical magnitude dependency and would presumably capture elements of the
distance dependency as well. Conversely, the fixed R.G. 1.60 shape is quite conservative even for
M 7.3, since it was based on M= 6.7, used a mixture of rock and soil data, and was derived with 1-
sigma amplification factors (Figure 4-26).

For the CEUS, Figure 4-27 shows a similar suite of plots but with recommended shapes for both the
single- and double-corner CEUS source models. The Newmark-Hall design shapes use the WUS bin
parameters because comparable empirical CEUS data are not available. The expected peak
accelerations for CEUS rock motions are larger than corresponding WUS rock motions, so the CEUS
shapes (SA/PGA) appear to be lower than WUS shapes at low frequencies. In absolute levels
however, single corner WUS and CEUS spectra have comparable spectral levels for frequencies
below about 3 Hz (see Figure 4-10). Normalizing at around 1 to 5 Hz would be more indicative of
absolute levels and would result in similar comparisons with WUS shapes (Figure 4-26) at
frequencies < 5 Hz while showing a larger difference between the R.G. 1.60 and recommended
shapes at high frequencies (as illustrated in Figure 4-10).

4.6 Effects of Source Mechanism and Near-Fault Conditions on Response Spectral Shapes

Since both the WUS and CEUS shapes are intended to reflect an average horizontal component for
arandom source mechanism located at a fixed rupture distance (but at a random azimuth with respect
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to a rupture surface), it is important to assess the effects implied by these limitations. Both source
mechanism (reverse, oblique, strike-slip, normal) as well as hanging-wall vs. foot-wall site location
for dipping faults have frequency-dependent effects (Abrahamson and Shedlock, 1997). Additionally,
for potential sites located in the NW Pacific region of WUS, the tectonic environment may include
the contribution of large (M 9) subduction zone earthquakes. Such sources may dominate the low
frequency portion of the UHS requiring appropriate shapes for scaling.

For large magnitude (M > 6.5) earthquakes, rupture directivity affects both low frequency spectral
levels (< 1 Hz) and time domain characteristics. Rupture towards a site enhances average spectral
levels and reduces durations, while rupture away from a site reduces motions and increases durations,
all of these changes being relative to average conditions (Somerville et al., 1997; Boatwright and
Seekins, 1997). Differences in fault normal and fault parallel motions are also affected by rupture
directivity and can be large at low frequencies (Somerville et al., 1997). Design decisions on whether
to incorporate component differences in spectral levels and time domain characteristics should be
made on a site-specific basis with consideration of uncertainties and the implications for analyses.
Fault normal and fault parallel motions may not define principal directions for design purposes and
these implications must be considered in two-dimensional analyses.

These source mechanism and near-fault issues become relevant when a high degree of certainty exists
in the nature of the controlling sources as well as the source-site geometry. In calculating the hazard
levels for a site, it is assumed that the appropriate degree of seismotectonic knowledge as well as
epistemic uncertainty is incorporated in the attenuation relations used in the probabilistic hazard
analysis. The UHS levels will then reflect appropriate contributions of source mechanism and site
location. The recommended spectral shapes developed here, which are appropriate for average
conditions, are scaled to the UHS at selected frequencies and do not reflect either conservatism or
unconservatism in the frequency dependence of spectral levels based on source mechanism and site
location.

4.6.1 Effects of Source Mechanism

Assessment of the effects of source mechanism, which is taken to include hanging wall vs. foot wall
effects, relies on WUS empirical motions and is strictly appropriate for those conditions. Of the five
empirical attenuation relations considered in the development of the WUS shapes (Section 4.4.1), two
include frequency-dependent source mechanism effects (Abrahamson & Silva, 1997; Boore et al.,
1997) and only one includes frequency-dependent hanging wall vs. foot wall effects (Abrahamson &
Silva, 1997). To illustrate possible source mechanism effects on the revised WUS shapes, Figure 4-
28 shows spectral shapes computed for the two relations for M 5.5 and M 6.5 earthquakes at a
distance of 25 km. When normalizing by peak acceleration, the maximum effect of source mechanism
is at low frequency (0.2 Hz) and shows a maximum expected range of about 50%. The shape for the
strike-slip mechanism, the base case for the recommended shapes, is highest for frequencies below
about 1 Hz, while normal faulting shapes are expected to be slightly higher than strike slip shapes for
frequencies in the range of about 1 to 5 Hz. Since the normal faulting shape exceeds the strike-slip
shape by less than 10%, use of the recommended shapes for normal faulting conditions is not
considered to significantly underestimate design motions.
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However, for large magnitude (M > 6.4) earthquakes occurring on reverse faults, Figure 4-28 shows
that the expected shape is lower than the strike-slip shape by about 10% in the 1 to 2 Hz frequency
range. Scaling the reverse mechanism shape to a UHS in the 1 to 2 Hz range could then result in
larger predicted motions for frequencies above the scaling frequency than scaling the recommended
spectral shape. For sites controlled by reverse mechanism sources, care should be taken in evaluating
the development of the low frequency design motions for frequencies in the range of the low
frequency scaling frequency to the crossover frequency for the next deaggregation frequency (Section
5.5).

To examine the expected effects of site location for dipping faults, Figure 4-29 compares shapes
computed for strike-slip mechanism to shapes computed for a dipping fault for both hanging-wall and
foot-wall site locations. These site dependencies are strongest in the fault distance range of 8 to 18
km and are based on Somerville and Abrahamson (1995) and included in the Abrahamson and Silva,
1997 relationship. The Boore et al., 1997 relation includes an M, R, and frequency-independent
hanging wall vs. foot wall effect implicitly in its distance definition. As a result their shapes are
largely site location (hanging wall vs. foot wall) independent.

The hanging-wall vs. foot-wall frequency dependencies illustrated as amplification factors in Figure
4-29 are actually strongest for large magnitude (M > 6.5) and at high frequency (PGA) and represent
a maximum factor of about 1.4 for the horizontal component and about 1.9 for the vertical
component (ratio of hanging-wall to “‘not-hanging-wall” PGA values). Since the hanging- wall shape
is lower than the strike-slip shape (the basis mechanism for the recommended spectral shapes) by
about 10% in the 1 to 2 Hz frequency range, scaling the hanging-wall shape instead of the strike-slip
shape to the UHS in the 1 to 2 Hz frequency range will result in higher spectral levels for frequencies
above the scaling frequency. Modifications to the recommended spectral shapes should be made on
a site-specific basis, using all relevant records applicable to the site and the fault generating the
hazard.

4.6.2 Subduction Zone Spectral Shapes

The possible occurrence of Cascadia subduction zone earthquakes with magnitudes up to M 9.0 can
be significant contributors to the low frequency UHS for sites located in the Pacific Northwest
(including Northern California), particularly near the Pacific coast. As a result, comparisons of
empirical (Youngs et al., 1997) M 9.0 shapes at a suite of distances were made to the recommended
shape for M 8.0 (the largest magnitude for which the empirical WUS relations are considered valid).
The recommended shape is computed for a distance of 25 km since the dependence on distance is
small within about 50 km. The comparisons are shown in Figure 4-30. Interestingly, for the same
peak accelerations, the crustal earthquakes for M 8.0 are expected to have larger low frequency (<
2 Hz) motions than M 9.0 subduction zone earthquakes. The maximum difference in the 1 to 2 Hz
range is about 10% and would be larger for smaller magnitude Cascadia sources. As with the source
mechanism comparisons, if large magnitude (M > 8) subduction zone earthquakes contribute
substantially to the low frequency hazard, appropriate spectral shapes should be developed on a site-
specific basis.
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4.7 Vertical Motions

Current regulatory guidance for vertical (V) ground motions specifies spectral levels that are equal
to the horizontal (H) at frequencies > 3.5 Hz and that are 2/3 the horizontal for frequencies < 0.25
Hz, with the ratio varying between 1 and 2/3 between 3.5 Hz and 0.25 Hz (R.G. 1.60). As with the
horizontal spectral shape, the implied V/H ratio is independent of magnitude, distance, and site
condition and is shown in Figure 4-31. For the Newmark-Hall design motions, the V/H ratio is taken
as independent of frequency as well as magnitude, distance, and site condition, having a constant
value of 2/3 (Figure 4-31). With the dramatic increase in strong motion data since the development
of these design specifications in the 1970, the conclusion that the vertical and average horizontal
ground motions vary in stable and predictable ways with magnitude, distance, and site condition has
become increasingly compelling. In general, vertical motions exceed horizontal (average of both
component) motions at high frequency and at close fault distances (within about 10 to 15 km). The
amount and frequency range of the exceedence depends on magnitude, distance, and site conditions.
For different site conditions, time domain characteristics of vertical motions can be quite different at
close distances and may be a consideration in selecting input motions for spectral matching or scaling
procedures. Appendix K illustrates the expected differences in vertical and horizontal motions based
onmagnitude, distance, and site conditions and forms a background for the procedures recommended
to develop vertical component spectra that are consistent with the WUS and CEUS revised rock
horizontal component shapes.

Because structures, systems, and components have limited capacities for dynamic vertical demands,
it is important to accommodate stable and predictable differences in vertical loads based on significant
contributors (M and R) to the seismic hazard at a site. Since there are fewer attenuation relations
for vertical motions in the WUS and currently none available for the CEUS, the general approach to
developing vertical component design spectra is to use a frequency- dependent V/H ratio. It is
difficult to capture the appropriate degree of uncertainty in the V/H ratio as well as the corresponding
hazard level of the vertical component design spectrum after scaling the horizontal UHS spectrum
by the V/H ratio. Thus, the usual assumption is that the derived vertical motions reflect a hazard level
consistent with the horizontal UHS. To maintain consistency with the horizontal median shapes
developed earlier in this Section, median V/H ratios are developed.

4.7.1 V/H Ratios for WUS Rock Site Conditions

Of the five empirical WUS attenuation relations used in developing the horizontal spectral shapes
(Section 4.4.1), three include vertical motions: Abrahamson and Silva, 1997; Campbell, 1997; and
Sadigh et al., 1997 (verticals from Sadigh et al., 1993). To develop V/H ratios for WUS rock site
conditions, median V/median H ratios for strike slip mechanisms were produced for each relation and
averaged assuming equal weights. The resulting V/H dependencies on magnitude and distance are
illustrated in Figures 4-32 and 4-33. Figure 4-32 shows expected ratios for M 5.5, M 6.5, and M
7.5 earthquakes for a suite of distances ranging from 1 to 50 km. The ratios are magnitude-
dependent, decreasing with decreasing magnitude and with the sensitivity to magnitude decreasing
with increasing distance.
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These effects are likely driven by the differences in magnitude scaling (change in spectral levels with
magnitude) between the horizontal and vertical components. The dependence of the V/H ratios on
magnitude decreases with distance (Figure 4-32) as the difference in magnitude scaling between the
vertical and horizontal components decreases.

The effects of source mechanism on the V/H ratios (included only in the Abrahamson and Silva, 1997
relation) is small, with strike slip ratios generally exceeding the ratios for oblique, reverse, and normal
faulting mechanisms. For hanging wall sites and for fault distances in the 4 to 24 km range, V/H
ratios are higher at high frequencies by a maximum of about 30% for M greater than about 6
(Abrahamson and Somerville, 1996; Abrahamson and Silva, 1997). These effects should be
considered in developing vertical component spectra for both WUS and CEUS sites, when the
geometry of a site with respect to a dominant fault is known.

Figure 4-33 illustrates the distance dependencies for each magnitude, showing a stronger distance
effect with increasing magnitude. The peaks in the V/H ratios near 15 Hz are stable with magnitude
and distance, and are controlled by the frequency of maximum spectral amplification for the vertical
motions. The slight troughs in the ratios in the 1-3 Hz frequency range vary with magnitude (see
Figure 4-32) and are controlled by the peaks (maximum spectral amplifications) in the horizontal
component spectra. These features, as well as the differences in magnitude scaling between
horizontal and vertical spectra, are illustrated in Figures 4-34 and 4-35. These figures show expected
median spectra (5% damped) for horizontal and vertical components from the Abrahamson and Silva,
1997 empirical relations for a suite of magnitudes. For the horizontal component spectra, Figure 4-34
shows the strong shift in peak values with increasing magnitude while the vertical spectra (Figure 4-
35) show peaks at a constant frequency in the 10-20 Hz range.

The location of peaks in V/H ratios results from peaks in the vertical spectra and are likely controlled
by the shallow damping (Figure 2-4 and Appendix K). As aresult, these peaks are expected to occur
at a higher frequency for CEUS hard rock conditions, which have lower damping values (Appendix
K). Additionally, for WUS empirical relations, smaller V/H ratios occur at low frequency (< 2 Hz)
with soil sites (Appendix K) where the effects of nonlinearity in the horizontal component is small.
This suggests that for linear response conditions, the V/H ratio increases with profile stiffness. As
aresult, V/H ratios for hard rock conditions in the CEUS would be expected to be somewhat higher
overall than WUS soft rock conditions.

These trends suggest that magnitude and distance dependencies may be largely captured by the
expected peak acceleration of the horizontal motions, with larger V/H ratios associated with higher
expected horizontal peak accelerations. The trends in Figures 4-32 and 4-33 clearly show V/H ratios
exceeding unity at high frequencies for distances out to about 20 km for M 7.5 earthquakes. The
average expected horizontal peak acceleration for M 7.5 at 20 km is about 0.3g suggesting that the
current R.G. 1.60 ratio may be appropriate for conditions where the design peak accelerations are
less than about 0.3g. The conventional assumption of vertical spectra taken as a constant 2/3 the
horizontal is unconservative in the 10 to 30 Hz frequency range even out to 50 km.

To provide for a reasonable accommodation of magnitude and distance dependency in the revised
vertical motions for WUS rock site conditions, Figure 4-36 shows recommended V/H ratios for
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ranges of expected horizontal peak accelerations. These ratios are simply the averages of the
empirical relations. The values are listed in Table 4-4. The ranges in horizontal peak accelerations
are intended to capture important M and R dependencies, maintain reasonable conservatism, and
result in a procedure that is simple to implement. Direct multiplication of the revised horizontal
shapes by these smooth V/H ratios is intended to result in smooth vertical spectra appropriate for
design and analyses.

4.7.2 V/H Ratios For CEUS Rock Site Conditions

For applications to CEUS hard rock site conditions, the only numerous empirical V/H ratios available
are for small magnitude (M < 5) earthquakes recorded at distances beyond about 20 km at hard rock
sites (Atkinson, 1993). This empirical ratio, computed for Fourier amplitude spectra, is defined only
from 1 Hz to 10 Hz and decreases from a value of 0.9 at 1 Hz to 0.7 at 10 Hz. The ratio is
independent of distance and is based on recordings at sites in the distance range of about 20 to 1,000
km. This trend of decreasing V/H ratio in the 1 to 10 Hz frequency range, although weak, is opposite
to the trend shown in the WUS V/H ratios. This difference may reflect differences in Fourier
amplitude and response spectra but the average value of about 0.8 suggests higher V/H ratios at large
distance for CEUS rock sites than WUS rock sites. For linear response conditions, this trend is
consistent with increasing V/H ratios as profile stiffness increases. This results from less shear-wave
(SV) energy being converted from the vertical component to the horizontal component due to wave
refraction, for stiffer profiles.

A few V/H ratios are available from recordings at CEUS rock sites (and other intraplate sites) for
earthquakes with magnitudes greater than M 5. Figure 4-37 shows results from the M 5.9 Saguenay
and M 6.8 Nahanni and Gazli earthquakes. For the Saguenay earthquake, the V/H ratio varies
between about 0.7 and 1 suggesting a higher ratio in the CEUS than the WUS at large distances
(average distance is 111 km). While the ratio was computed from a large number of sites, it is still
a single earthquake that is both deep, with a hypocentral depth of about 30 km, and considered
anomalous in its high frequency spectral levels (Boore and Atkinson, 1992). For the larger magnitude
data (Gazli and Nahanni earthquakes) only three sites are available for V/H ratios. Sites Karakyr and
S1, for the Gazli and Nahanni earthquakes respectively, are located very close to the rupture surfaces
at an average distance of about 4.5 km. Site Karakyr is not considered a hard rock site, having about
1.4 km of sedimentary rock (with some clays) overlying a hard schist basement rock (Hartzell, 1980).
This geology, with an estimated kappa value of 0.015 sec, may be considered a CEUS soft rock site
(Silva and Darragh, 1995). The V/H ratio for the most distant Nahanni site at 16 km (83, Figure 4-
37), shows ratios consistent with those of the Saguenay earthquake, ranging from about 0.6 to about
1 for frequencies above 1 Hz. Interestingly, for frequencies < 0.6 Hz, the V/H ratio is near 2. These
V/H ratios from Nahanni are for only a single earthquake, as with Saguenay, and at only a single site
but they do suggest the possibility of higher ratios for CEUS sites as well as a high degree of
uncertainty in the ratios.

For the near source V/H ratios (distance of 4.5 km), Figure 4-37 shows ratios near unity up to about
5 Hz and values near 2 for frequencies above 10 Hz. These trends are consistent at the two sites for
the two earthquakes. Both sites (Karakyr and Site 1) have vertical peak accelerations exceeding 1g
(1.3g for Gazli and 2.1g for Nahanni, Appendix A), about double the average horizontal peak
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accelerations. These results, reflecting few data for poorly understood earthquakes and largely
unknown site conditions, indicate that very large V/H ratios may be likely at very close rupture
distances to CEUS earthquakes. Larger than average high frequency (> 3 Hz) ratios likely result
from both S1 and Karakyr being located on the hanging wall of the fault. As with the more distant
Nahanni site, S3, these results suggest higher V/H ratios for CEUS rock sites than WUS sites and
show that ratios at near-fault sites can be quite large at high frequencies.

To develop recommended V/H values for applications to CEUS rock sites, the simple point source
model (Section 4.3) was extended to consider P-SV waves and was used to estimate vertical
component spectra (Appendix K; EPRI, 1993). The model predicts the general trends in the WUS
V/Hratios and has been validated at rock sites that recorded the 1989 M 6.9 Loma Prieta earthquake
(EPRI, 1993), so V/H ratios computed for the generic CEUS rock site conditions (Figure 2-2) may
be used with reasonable confidence to develop guidelines. The V/H ratios predicted by the model
for CEUS conditions are illustrated in Figure 4-38. The low frequency peaks (1 to 30 Hz) result from
resonances associated with compressional- and shear-wave velocity profiles and would be smoothed
out if the velocities were randomized. The peak in the ratios near 60 Hz is associated with the
vertical spectra and corresponds to the peak in the WUS ratios (Figures 4-35 and 4-36) but shifted
from about 15 to 20 Hz to about 60 Hz because of the lower kappa values for the CEUS vertical

motions (K = 0.003 sec). The magnitude dependencies in the CEUS ratios are smaller than for the
WUS probably because the WUS model currently does not include magnitude saturation, apart from
a stress drop that decreases with increasing magnitude (Section 6; Atkinson and Silva, 1997) . Since
this stress drop scaling affects both vertical and horizontal components equally, the simple model does
not show the same trends as the empirical V/H ratios (Figure 4-32). However, the model does show
higher ratios at low frequencies (< 3 Hz) than the WUS ratios, consistent with available observations.
Based on the trends shown in the model predictions as well as the CEUS recordings, a reasonable
approach to defining recommended ratios is to shift the WUS ratios to higher frequencies, so that the
peaks correspond to about 60 Hz. Also the low frequency WUS levels should be scaled up by about
50% (factor of 1.5), a proportion reflected in comparing the CEUS and WUS model estimates of the
V/H ratios (Appendix K). The recommended ratios are shown in Figure 4-39 and are listed in Table
4-5. Maintaining the same peak acceleration ranges in the horizontal component for the CEUS V/H
ratios adds conservatism necessitated by the large uncertainties. For cases where the site is located
on the hanging wall of a dipping fault within a rupture distance of about 20 km, the V/H ratio could
be significantly larger (= 30%) for large magnitude earthquakes, warranting careful site-specific
studies.

To illustrate the vertical spectra resulting from the process of scaling the horizontal spectra, Figure
4-40 shows WUS vertical motions while Figures 4-41 and 4-42 show corresponding CEUS vertical
motions. Both WUS and CEUS verticals are based on the M 6.4 bin shapes shown in Figures 4-26
and 4-27 and reflect vertical motions relative to 1g horizontal motions. For the WUS verticals, the
vertical peak acceleration exceeds the horizontal for horizontal peak accelerations exceeding 0.5g.
For peak horizontal accelerations in the 0.2 to 0.5g range, the vertical spectra exceed the horizontal
spectra in the frequency range of about 10 to 30 Hz, but the vertical peak accelerations are lower than
the horizontal. At low frequency, below about 3 Hz, the verticals spectra are about one half the
horizontal. For the CEUS verticals shown in Figures 4-41 and 4-42, both the single and double

4-18



corner vertical spectra show trends relative to the horizontals that are similar to the WUS but shifted
to higher frequencies, as expected.

In general, both WUS and CEUS V/H ratios provide smooth and reasonable vertical motions when
applied to the recommended spectral shapes for horizontal components.

4.8 Intermediate Rock Site Conditions

For rock site conditions intermediate to the CEUS and WUS (which have kappa values of 0.006 sec
and 0.04 sec respectively), an appropriate mix of the WUS and CEUS shapes should be based on a
site specific kappa value. Weights for the WUS and CEUS rock shapes can easily be determined
using the following equations:

K, = Ky Wy + x, W 4-10)

Wy + W, = 1 4-11)

where K; is the site specific kappa value, Wy, and Wy are the WUS and CEUS shape weights, and xy,
and g are the WUS and CEUS rock kappa values. For x, values outside ky, and kg, the shape for the
closest kappa value should be used.

If a site specific kappa value is not available, a reasonable approach would be to use the inverse of
the average shear-wave velocity over the top 30m in Equation 4.10 in lieu of the kappa values (see
Equation D5, Appendix D). Appropriate average shear-wave velocity values for the WUS and CEUS
rock sites are 520m/sec and 2,800m/sec respectively. The weights used for the CEUS and WUS
shapes should also be used for a weighted V/H ratio.

4.9  Estimation of Spectra For Other Dampings

Several methods are available to estimate design response spectra for dampings other than 5%. All
are based on scaling the 5% damped spectrum higher or lower. The scaling factors are a function of
natural frequency.

4.9.1 Random Vibration Methods

The most theoretically consistent method of accounting for damping is through random vibration
theory. The recommended procedure is as follows.

For frequencies 1 <f <5 Hz, the procedure of Rosenblueth (1980) should be used. This scales the
spectral acceleration SA at any frequency f and damping & by spectral acceleration at & = 0.05 by:

1+49¢fD |4
+49x005fD

SA (f, & = SA (f, 0.05) 7 4.12)
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where D is strong motion duration. For frequencies of 5 Hz and above, the recommended procedure
is based on the concept of Vanmarcke (1976) that the response is controlled by a static portion
(governed by PGA) and a dynamic portion (governed by equation 4.10). This procedure provides
a transition to the peak ground acceleration (PGA)-controlled portion of the spectrum in a realistic
way as follows:

N 082|122
SA (£,5) ={PGA2 «[sa . 0052 - pP6a?] |~ 1+4 94;90501; ? D] 082) 4.13)

where the second term on the right-hand-side (involving a subtraction) should not be less than Q.

The strong-motion duration D is distance dependent. For the WUS, D can be estimated from
Abrahamson and Silva (1997). For the CEUS, D can be estimated from Atkinson and Boore (1997).

The two equations above allow estimation of dampings in the range of 0.5% to 20% from a design
spectrum that is developed for 5% damping. These equations are applicable to both horizontal and
vertical motion.

For frequencies below 1 Hz, equation (4.10) can be used as an approximation, but at very low
frequencies (0.2 to 0.1 sec) it should be checked to ensure that spectral displacements are
approaching the peak ground displacement for all dampings.

4.9.2 Empirical Methods

Several empirical methods have been developed based on recorded motions in California and these
can be used to produce spectra at dampings other than 5%.

Abrahamson and Silva (1996) developed a model of the effects of damping based on statistical
analyses of strong motion records. Their scaling factor is as follows:

ln[_m = {Cl(f’ 9 for f>1.43Hz

SA G, 5%)| G D ¢ g, DM-6)+g, (, HEB5-MP for f<1.43Hz 1D

Coefficients for equation 4.12 are listed in Tables 4-6 through 4-8. Separate coefficients are given
for horizontal and vertical motions, and scaling factors are reported for periods of 5 sec to 0.02 sec
(0.2 Hz to 50 Hz). They are applicable to damping values between 0.5% and 20%.

Idriss (1993) also developed empirical scale factors for damping based on ground motions during the
1971 San Fernando and 1979 Imperial Valley earthquakes. His scale factor is defined as:

SA(f, & _ {al—bl In(g) for £<5% iis
SA (f, 5%) Lla,-b, n(&) for £>5% (4.15)
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The coefficients a, , a, , b; and b, , are listed in Table 4-9 for a range of natural periods from 0.03 sec
to 5 sec (33 Hz to 0.2 Hz). These scaling factors are applicable to horizontal motions and to
damping values between 1% and 15% (Idriss, personal communication, 1999).

Newmark and Hall (1978) recommended scale factors for different damping values, but these were
for different parts of the spectrum controlled by peak acceleration, velocity, and displacement. That
is, separate scaling factors were not developed frequency-by-frequency, but were developed for the
high-frequency range (3 to 8 Hz), the mid-frequency range (.3 to 3 Hz) and the low-frequency range
(below 0.3 Hz). This worked well when scaling spectra from peak values but would leave
discontinuities if applied to uniform hazard spectra. For this reason the Newmark and Hall damping
factors are not recommended.
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Table 4-1

WUS STATISTICAL SHAPE BINS

Magnitude Bins (M)

Range Bin Center
5-6 5.5
6-7 6.5
T+ 7.5
Distance Bin | — — Number | PGA*(g), 6, | PGV (cm/sec) | PGD'(cmy), PGV (Cm/sec)’ PGA-PGD*’ o,
(kln) M R of , Gln o-ln PGA b4 PGV2
(km) Spectra Opn
0- 10, rock 5.54 7.91 30 0.18,0.91 8.14, 1.14 0.80, 1.60 4450, 0.58 2.17,0.28
6.53 5.75 32 0.44,0.76 32.65, 0.93 06.22, 1.26 73.51, 0.40 2.54,0.42
7.27 4.20 6 0.93, 0.26 81.73, 0.25 47.42, 0.66 87.94, 0.39 6.47, 0.60
0- 10, soil 5.76 7.80 24 0.26, 0.65 18.57, 0.56 3.11, 0.46 70.72, 0.33 2.32,0.35
6.46 6.00 77 0.38, 0.43 46.88, 0.59 14.79, 0.89 122.00, 0.44 2.54, 0.41
7.05 8.90 4 0.40, 0.62 44.46, 0.56 21.27,0.25 110.42, 0.07 4.25,0.24
10-50,rock | 5.57 | 21.80 180 0.11, 0.87 5.08, 0.85 0.54, 1.04 46.96, 0.37 2.24,0.38
6.43 | 30.28 238 0.13, 0.73 8.81,0.76 1.96, 1.01 70.41, 0.49 3.09, 0.54
7.27 | 31.00 6 0.17, 0.85 8.80, 0.88 2.50, 1.56 50.59, 0.37 5.51, 0.90
10 - 50, soil 5.69 | 21.82 378 0.11,0.73 6.63,0.77 0.87,0.94 59.88, 0.34 2.16, 0.33
6.35 | 28.27 542 0.14, 0.63 10.77, 0.74 2.25,1.04 78.77,0.41 2.57,0.41

* median values
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Table 4-1 (cont.)
WUS STATISTICAL SHAPE BINS

Magnitude Bins (M)

Range Bin Center
5-6 5.5
6-7 6.5
T+ 7.5
_ _ ) ) PGV PGA-PGD"
Distance Bin | M | & | "™ | pGA*(g), 0,, | PGV (cmysec) | PGD"(cm), (cmisecy | PG , 0,
i e of o 5 PGA g PGY?
Spectra » fn Oy,
10-50,s0i | 729 | 3346 | 56 | 016,035 | 2238,038 | 10.46,039 | 141.17,0.36 3.25, 0.56
50-100,rock | 591 | 6427 | 34 | 005,040 | 222,053 | 021,083 41.16, 0.43 2.24,0.57
651 | 7035 | 102 | 006,051 | 387,08 | 079,123 69.89, 0.56 2.88, 0.56
732 | 81.46 10 | 006,052 | 516,087 | 2.64,1.17 80.63, 0.45 6.23, 0.50
50-100,s0il | 5.80 | 6722 | 42 | 006,080 | 3.12,078 | 0.38,092 53.20, 0.23 2.28, 0.49
649 | 6734 | 158 | 007,067 | 623,078 | 1.26,099 88.00, 0.42 2.26, 0.44
731 | 7657 14 | 010,012 | 1124034 | 542,060 | 111.37,0.35 424, 0.50
100 - 200, 54 | 10780 | 2 0.02, — | 1.16, 0.10, - 49.72, —- 174, -
K
roc 664 | 11457 | 14 | 002,086 | 203,038 | 1.09,068 | 132.54,0.59 3.98, 0.27
730 | 15201 | 14 | 003,047 | 555066 | 243,106 | 184.16,0.35 2.34,0.31
100 - 200, soil| 6.0 | 105.00 | 2 0.03, - | 150, 0.11, - 42.92, —--- 174, —omv

* median values
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Table 4-1 (cont.)

WUS STATISTICAL SHAPE BINS

Magnitude Bing (M)

Range Bin Center

5-6 55

6-7 6.5

7+ 7.5

— — . . PGV* cm/sec PGA-PGD*
Distance Bin | M R | Number | pGarg), o, | POV (cmisec) | PGD'(em), (Cmbsec, ) O
(km) (km) of G - PGA g PGV?
Spectra »n o Oy

100 - 200, soil | 6.64 | 132.97 28 0.03,0.78 3.05, 0.58 0.89, 0.97 98.24, 0.53 2.90, 0.42
7.31 | 147.07 88 0.04, 0.25 8.09, 0.39 3.50, 0.76 188.64, 0.36 2.25,0.29
0 - 50, rock 557 | 19.91 208 0.12,0.89 5.39,0.91 0.57, 1.14 46.73, 0.40 2.22,0.37
6.44 | 27.39 270 0.15,0.84 10.27, 0.89 2.24, 1.10 70.77, 0.48 3.02, 0.53
7.27 17.60 12 0.40, 1.07 26.82, 1.35 10.89, 1.94 66.70, 0.46 5.97,0.69
0 - 50, soil 569 | 21.10 398 0.12,0.75 7.02, 0.79 0.93, 0.97 60.48, 0.34 2.16, 0.33
6.37 | 25.50 619 0.16, 0.70 12.93, 0.87 2.85, 1.20 83.17, 0.44 2.57,0.41
727 | 31.82 60 0.17,0.42 | 23.43,0.42 10.97, 0.42 138.87, 0.36 3.30,0.55

"Median values




Table 4-2
POINT-SOURCE PARAMETERS*
WwWUS CEUS
Ao (bars) 65 120
kappa (sec) 0.040 0.006
Q, 220 351
0.60 0.84
M
B (kmysec) 3.50 3.52
2.70 2.60
p (g/co)
Amplification soft rock (Figure 2-3) hard rock (Figure 2-3)
Double Corner Atkinson and Silva (1997) Atkinson (1993)

* based on Silva et al. (1997)
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RESPONSE SPECTRAL SHAPTEagSEISFICIENTs FOR 5% DAMPING
WUS CEUS (1C)* CEUS (2C)*
C, |1.8197 0.88657 0.97697
C, |o0.30163 exp(-10.411) exp(-9.4827)
C, | 0.47498+0.034356M+0.0057204In(R+1) | 2.5099 2.3006
C, |-12.650+M-[2.4796-0.14732M -7.4408+M[1.5220-0.088588M -12.665+M][2.4869-0.14562M
+0.0346051n(0.040762R+1)] +0.00730691n(0.12639R +1)] +0.024477In(0.041807R+1)]
Cs | -0.25746 -0.34965 -0.21002
Cs | 0.29784+0.010723M-0.0000133R -0.31162+0.0019646R 0.74361+0.0000671R
£ C, |na 3.7841 exp[-13.476+M(4.4007-0.31651M
S +0.000235R)]
C |na -0.89019 0.95259+M(-0.58275+0.000166R)
C, |na 0.39806+0.058832M -3.3534+0.44094M

Note: Equation (4-8) is used for the WUS; equation (4-9) is used for the CEUS.

M = moment magnitude

R = fault distance
*1C = single corner frequency model
2 C = double corner frequency model




Table 4-4
RECOMMENDED V/H RATIOS FOR WUS ROCK SITE CONDITIONS

Frequency (Hz) <0.2¢g 0.2-0.5¢ >0.5¢"
.100+00 S03E+00 S58E+00 .696E+00
.333E+00 S03E+00 .558E+00 .696E+00
.S00E+00 461E+00 S08E+00 .651E+00
667E+00 ASSE+00 A495E+00 645E+00
.100E+01 A40E+00 A61E+00 .608E+00
.118E+01 434E+00 AS4E+00 S97E+00
.133E+01 431E+00 A51E+00 S92E+00
167E+01 420E+00 A47E+00 .S585E+00
200E+01 A416E+00 A47E+00 .S583E+00
217E+01 A17E+00 AS52E+00 592E+00
250E+01 A26E+00 A67E+00 .616E+00
278E+01 436E+00 482E+00 .638E+00
333E+01 AS6E+00 S11E+00 .681E+00
A17E+01 495E+00 S71E+00 J58E+00
S00E+01 S36E+00 .628E+00 .836E+00
.588E+01 S81E+00 .691E+00 918E+00
.666E+01 .625E+00 J51E+00 997E+00
.833E+01 J15E+00 .888E+00 .119E+01
.100E+02 796E+00 .101E+01 137E+01
.111E+02 .840E+00 107E+01 .144E+01
125E+02 .885E+00 112E+01 .150E+01
16TE+02 904E+00 114E+01 .152E+01
200E+02 .888E+00 .112E+01 .148E+01
250E+02 S10E+00 J102E+01 .133E+01
.333E+02 J44E+00 912E+00 117E+01
S00E+02 J04E+00 .848E+00 .107E+01
.100E+03 J04E+00 .B48E+00 .107E+01

*Range in rock outcrop horizontal component peak acceleration
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Table 4-5

RECOMMENDED V/H RATIOS FOR CEUS ROCK SITE CONDITIONS

Frequency (Hz) <0.2¢" 0.2 -0.5¢" > 0.5¢
0.10 0.67 0.75 0.90
10.00 0.67 0.75 0.90
18.75 0.70 0.81 1.01
22.06 0.73 0.85 1.08
25.00 0.75 0.88 1.12
31.25 0.77 0.95 1.25
37.50 0.81 1.00 1.37
41.67 0.84 1.07 1.44
46.88 0.85 1.12 1.50
62.50 0.90 1.14 1.52
75.00 0.89 1.12 1.48
93.75 0.81 1.02 1.33
100.0 0.78 1.00 1.30

"Range in rock outcrop horizontal component peak acceleration
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Horizontal ¢, values for separate damping levels

Table 4-6a

for equation (4.12), Abrahamson and Silva (1996)

Period cl cl cl cl cl cl cl cl
(sec) (0.5%) (1.0%) (2.0%) (3.0%) (7.0%) (10.0%) (15.0%) (20.0%)
5.00 0.3698 0.2891 0.1830 0.1084 -0.0812 -0.1763 -0.2964 -0.3899
4.00 0.3955 0.3092 0.1957 0.1159 -0.0869 -0.1886 -0.3171 -0.4170
3.00 0.4233 0.3310 0.2095 0.1241 -0.0930 -0.2018 -0.3393 -0.4463
2.00 0.4526 0.3538 0.2239 0.1326 -0.0994 -0.2157 -0.3628 -0.4471
1.50 0.4667 0.3648 0.2309 0.1368 -0.1025 -0.2225 -0.3741 -0.4920
1.00 0.4780 0.3737 0.2365 0.1401 -0.1050 -0.2279 -0.3832 -0.5040
0.85 0.4801 0.3753 0.2375 0.1407 -0.1054 -0.2289 -0.3848 -0.5061
0.75 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.60 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.50 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.46 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.40 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.36 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.30 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.24 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.20 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.17 0.4808 0.3759 0.2379 0.1409 -0.1056 -0.2292 -0.3854 -0.5069
0.15 0.4616 0.3609 0.2284 0.1353 -0.1014 -0.2200 -0.3700 -0.4866
0.12 04327 0.3383 0.2141 0.1268 -0.0950 -0.2063 -0.3469 -0.4562
0.10 0.3885 0.3037 0.1922 0.1138 -0.0853 -0.1852 -0.3114 -0.4096
0.09 0.3630 0.2838 0.1796 0.1064 -0.0797 -0.1730 -0.2910 --0.3827
0.07 0.3193 0.2496 0.1580 0.0936 -0.0701 -0.1522 -0.2559 -0.3366
0.06 0.2654 0.2075 0.1313 0.0778 -0.0583 -0.1265 -0.2127 -0.2798
0.05 0.2212 0.1729 0.1094 0.0648 -0.0486 -0.1054 -0.1773 -0.2332
0.04 0.1673 0.1308 0.0828 0.0490 -0.0367 -0.0798 -0.1341 -0.1764
0.03 0.0933 0.0729 0.0462 0.0273 -0.0205 -0.0445 -0.0748 -0.0983
0.02 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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Vertical c; values for separate damping levels

Table 4-6b

for equation (4.12), Abrahamson and Silva (1996)

Period cl cl ¢l cl cl cl cl ¢l
(sec) 0.5%) (1.0%) (2.0%) (3.0%) (7.0%) (10.0%) (15.0%) (20.0%)
5.00 0.4135 0.3230 0.2033 0.1196 -0.0871 -0.1872 -0.3114 -0.4065
4.00 0.4462 0.3485 0.2193 0.1291 -0.0940 -0.2020 -0.3359 -0.4385
3.00 0.4814 0.3760 0.2366 0.1393 -0.1014 -0.2180 -0.3625 -0.4372
2.00 0.5186 0.4050 0.2549 0.1500 -0.1093 -0.2348 -0.3904 -0.5097
1.50 0.5365 0.4190 0.2637 0.1552 -0.1131 -0.2429 -0.4039 -0.5273
1.00 0.5511 0.4304 0.2709 0.1594 -0.1161 -0.2495 -0.4149 -0.5417
0.85 0.5538 0.4325 0.2722 0.1602 -0.1167 -0.2507 -0.4169 -0.5443
0.75 0.5548 0.4333 0.2727 0.1605 -0.1169 -0.2512 -0.4177 -0.5453
0.60 0.5548 0.4333 0.2727 0.1605 -0.1169 -0.2512 -0.4177 -0.5453
0.50 0.5548 0.4333 0.2727 0.1605 -0.1169 -0.2512 -0.4177 -0.5453
0.46 0.5548 0.4333 0.2727 0.1605 -0.1169 -0.2512 -0.4177 -0.5453
0.40 0.5548 0.4333 0.2727 0.1605 -0.1169 -0.2512 -0.4177 -0.5453
0.36 0.5548 0.4333 0.2727 0.1605 -0.1169 -0.2512 -0.4177 -0.5453
0.30 0.5548 0.4333 0.2727 0.1605 -0.1169 -0.2512 -0.4177 -0.5453
0.24 0.5647 0.4411 0.2776 0.1634 -0.1190 -0.2557 -0.4252 -0.5551
0.20 0.5776 0.4511 0.2839 0.1671 -0.1217 -0.2615 -0.4348 -0.5677
0.17 0.5920 0.4623 0.2910 0.1713 -0.1247 -0.2680 -0.4457 -0.5818
0.15 0.5965 0.4658 0.2932 0.1726 -0.1257 -0.2701 -0.4491 --0.5862
0.12 0.5880 0.4593 0.2890 0.1701 -0.1239 -0.2662 -0.4427 -0.5780
0.10 0.5732 0.4477 0.2818 0.1658 -0.1208 -0.2595 -0.4316 -0.5634
0.09 0.5471 0.4273 0.2689 0.1583 -0.1153 -0.2477 -04119 -0.5378
0.07 0.5062 0.3954 0.2488 0.1464 -0.1067 -0.2292 -0.3811 -0.4976
0.06 0.4615 0.3604 0.2268 0.1335 -0.0972 -0.2090 -0.3475 -0.4536
0.05 0.4216 0.3293 0.2072 0.1220 -0.0888 -0.1909 -0.3174 -0.4144
0.04 0.3751 0.2930 0.1844 0.1085 -0.0790 -0.1698 -0.2824 -0.3687
0.03 0.2507 0.1958 0.1232 0.0725 -0.0528 -0.1135 -0.1887 -0.2464
0.02 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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Horizontal g, values for separate damping levels

Table 4-7a

for equation (4.12), Abrahamson and Silva (1996)

Period | g2 g2 g2 g2 g2 22 g2 g2
(sec) (0.5%) (1.0%) 2.0%) 3.0%) (7.0%) (10.0%) (15.0%) (20.0%)
5.00 0.0214 0.0168 0.0106 0.0063 -0.0047 -0.0102 -0.0172 -0.0226
4.00 0.0189 0.0148 0.0094 0.0055 -0.0042 -0.0090 -0.0152 -0.0199
3.00 0.0157 0.0122 0.0078 0.0046 -0.0034 -0.0075 -0.0126 -0.0165
2.00 0.0111 0.0087 0.0055 0.0032 -0.0024 -0.0053 -0.0089 -0.0117
1.50 0.0078 0.0061 0.0039 0.0023 -0.0017 -0.0037 -0.0063 -0.0083
1.00 0.0033 0.0025 0.0016 0.0010 -0.0007 -0.0016 -0.0026 -0.0034
0.85 0.0014 0.0011 0.0007 0.0004 -0.0003 -0.0007 -0.0011 -0.0015
0.75 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.50 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.36 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
0.24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.07 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1 0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Vertical g, values for separate damping levels

Table 4-7b

for equation (4.12), Abrahamson and Silva (1996)

Period | g2 22 g2 g2 g2 g2 g2 g2

(sec) 0.5%) (1.0%) (2.0%) (3.0%) (7.0%) (10.0%) (15.0%) (20.0%)
5.00 0.0247 0.0193 0.0122 0.0072 -0.0052 -0.0112 -0.0186 -0.0243
4.00 0.0218 0.0170 0.0107 0.0063 -0.0046 -0.0099 -0.0164 -0.0215
3.00 0.0181 0.0141 0.0089 0.0052 -0.0038 -0.0082 -0.0136 -0.0178
2.00 0.0128 0.0100 0.0063 0.0037 -0.0027 -0.0058 -0.0096 -0.0126
1.50 0.0090 0.0071 0.0044 0.0026 -0.0019 -0.0041 -0.0068 -0.0089
1.00 0.0038 0.0029 0.0018 0.0011 -0.0008 -0.0017 -0.0028 -0.0037
0.85 0.0016 0.0013 0.0008 0.0005 -0.0003 -0.0007 -0.0012 -0.0016
0.75 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.50 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.36 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.07 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Horizontal g, values for separate damping levels

Table 4-8a

for equation (4.12), Abrahamson and Silva (1996)

Period | g3 g3 g3 g3 g3 £3 23 23
(sec) 0.5%) (1.0%) (2.0%) (3.0%) (7.0%) (10.0%) (15.0%) (20.0%)
5.00 -0.0166 -0.0130 -0.0082 -0.0049 0.0036 0.0079 0.0133 0.0175
4.00 -0.0146 -0.0114 -0.0072 -0.0043 0.0032 0.0070 0.0117 0.0154
3.00 -0.0121 -0.0095 -0.0060 -0.0036 0.0027 0.0058 0.0097 0.0128
2.00 -0.0086 -0.0067 -0.0042 -0.0025 0.0019 0.0041 0.0069 0.0090
1.50 -0.0061 -0.0047 -0.0030 -0.0018 0.0013 0.0029 0.0049 0.0064
1.00 -0.0025 -0.0020 -0.0012 -0.0007 0.0006 0.0012 0.0020 0.0027
0.85 -0.0011 -0.0009 -0.0005 -0.0003 0.0002 0.0005 0.0009 0.0012
0.75 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.50 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.36 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.07 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0




Table 4-8b
Vertical g, values for separate damping levels
for equation (4.12), Abrahamson and Silva (1996)

8¢y

Period g3 g3 g3 23 g3 g3 g3 g3
(sec) 0.5%) (1.0%) (2.0%) (3.0%) (7.0%) (10.0%) (15.0%) (20.0%)
5.00 -0.0191 -0.0150 -0.00%4 -0.0055 0.0040 0.0087 0.0144 0.0188
4.00 -0.0169 -0.0132 -0.0083 -0.0049 0.0036 0.0076 0.0127 0.0166
3.00 -0.0140 -0.0109 -0.0069 -0.0040 0.0029 0.0063 0.0105 0.0138
2.00 -0.0099 -0.0077 -0.0049 -0.0029 0.0021 0.0045 0.0075 0.0097
1.50 -0.0070 -0.0055 -0.0034 -0.0020 0.0015 0.0032 0.0053 0.0069
1.00 -0.0029 -0.0023 -0.0014 -0.0008 0.0006 0.0013 0.0022 0.0029
0.85 -0.0013 -0.0010 -0.0006 -0.0004 0.0003 0.0006 0.0010 0.0012
0.75 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.50 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.46 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.36 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.07 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0




Table 4-9

Coefficients for Equation (4.13), Idriss (1993)

Period - sec a, b, a, b,
0.03 1 0 1 0
0.05 1.1142 0.0709 1.0830 0.0505

0.075 1.3513 0.2183 1.2902 0.1803
0.1 1.4918 0.3056 14179 0.2597
0.15 1.5796 0.3601 1.4992 0.3102
0.2 1.6148 0.3820 1.5340 0.3318
0.25 1.6148 0.3820 1.5340 0.3318
0.3 1.6148 0.3820 1.5340 0.3318
0.35 1.6060 0.3765 1.5224 0.3246
04 1.5972 0.3711 1.5108 03174
0.5 1.5796 0.3605 1.4992 0.3102
0.6 1.5445 0.3383 1.4876 0.303
0.7 1.5269 0.3274 1.4876 0.303
0.8 1.5094 0.3165 1.4760 0.2958
0.9 14918 0.3056 1.4690 0.2914

1 1.4742 0.2947 1.4644 0.2885
1.5 1.4391 0.2728 1.4644 0.2885
2 1.4216 0.2619 1.4644 0.2885
3 1.4040 0.2510 1.4644 0.2885
4 1.4040 0.2510 1.4644 02885
5 1.4040 0.2510 1.4644 0.2885
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Figure 4-1. Response spectral shapes (5% damping) for the M 6.5, R = 10 to 50 km bins normalized
by spectral ordinates at a suite of frequencies (0.5 to 100.0 Hz)
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Figure 4-2. Response spectral shapes (5% damping) for the M 6.5, R = 10 to 50 km bins from
Figure 1 renormalized by their respective 100 Hz values.
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Figure 4-3. Response spectral shapes (5% damping) computed for the M = 5.5 magnitude bin
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Figure 4-5. Response spectral shapes (5% damping) computed for the M = 7.5 magnitude
bins for WUS soft rock site conditions.
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Figure 4-6. Response to spectral shapes (5% damping) computed for the M = 5.5
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Figure 4-7. Response spectral shapes (5% damping) computed for the M = 6.5
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Figure 4-15. Mean residuals and their 90% confidence intervals for the five attenuation
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Figure 4-16. Relative bias ("7™) weights (left column) and relative likelihood ("L") weights (right
column) for M 6-7 and R 10-50 km magnitude distance bins. Top plot in each column shows

weights computed using Equations (4-4) and (4-6).

The remaining plots show the smoothed

weights obtained using Equation (4-7) with values of 4 from 0.25 to 1.0.
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Figure 4-19. Weighted empirical attenuation response spectral shapes obtained using the relative
weights shown on Figure 4-18.
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Figure 4-22. Example EUS response spectral shapes obtained by scaling weighted empirical WUS
response spectral shapes.
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Figure 4-24. Example EUS single-corner response spectral shapes predicted by Equation (4-9) with
parameters listed in Table 4-3 compared to the scaled and adjusted EUS spectral shape data used
in the fit.
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Figure 4-25. Example EUS double-corner response spectral shapes predicted by Equation (4-9)
with parameters listed in Table 4-3 compared to the scaled and adjusted EUS spectral shape data
used in the fit.
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Figure 4-32. Average V/H ratio (5% damped) magnitude dependencies based on the Abrahamson
and Silva, 1997; Campbell, 1997; and Sadigh et al., 1997 empirical WUS rock attenuation relations
for a suite of magnitudes.
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Figure 4-33. Average V/H ratio (5% damped) distance dependencies based on Abrahamson and
Silva, 1997; Campbell, 1997; and Sadigh et al., 1997 empirical WUS rock attenuation relations for
a suite of magnitudes.
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(Abrahamson and Silva, 1997).
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Figure 4-35. Magnitude dependence of 5% damped vertical component response spectral
acceleration at a rupture distance of 10 km for a WUS rock empirical attenuation relation
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Figure 4-36. Recommended V/H ratios (5% damped) for WUS soft rock site conditions for ranges
in horizontal component peak accelerations.
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Figure 4-37. V/H ratios (5% damped) computed from recordings of the M 5.9 1988 Saguenay, and
M 6.8 1976 Gazlie, and 1985 Nahanni earthquakes. The Gazli and Nahanni earthquakes are
considered to represent CEUS source, path, and site conditions.
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Figure 4-38. V/H ratios (5% damped) for CEUS rock site conditions computed with the simple
point-source model.
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Figure 4-39. Recommended V/Hratios (5% damped) for CEUS hard rock site conditions for ranges
in horizontal component peak accelerations.
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Figure 4-41. CEUS vertical component response spectra (5% damped) based on the M 6.4,
R = 27.4 km single corner horizontal shape (Figure Set 4-27) and recommended V/H ratios (Table
4-5).
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Figure 4-42. CEUS vertical component response spectra based on the M 6.4, R = 27.4 km double
corner horizontal shape (Figure Set 4-26) and recommended V/H ratios (Table 4-5).
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5 CRITERIA FOR EVALUATION OF GROUND MOTIONS FOR THE ANALYSIS
OF NUCLEAR FACILITIES

5.1 Introduction

This section summarizes the recommended criteria for developing and evaluating artificial ground
motions used to estimate the seismic response of nuclear power plants and other critical nuclear
facilities.

The current version (NUREG-0800) of the USNRC Standard Review Plan (SRP) incorporates a
specific requirement to consider the minimum Power Spectral Density (PSD) of ground motion
records input to building, component, and soil models. Prior to this SRP, ground motion time
histories used for such analyses were evaluated based solely upon comparison of their response
spectra with the design response spectrum for the site. The response spectrum enveloping criteria
was based upon the engineering judgment that if the response spectral input at a given frequency
exceeds the corresponding design spectral criteria, the computed system response at that frequency
will exceed the response from the criteria input.

However, it was recognized that a design response spectrum could be enveloped by the computed
free-field response spectrum across a given frequency range, even though the PSD (or equivalently
the Fourier amplitude spectrum) of the input ground motion could possess low levels (gaps) within
the same frequency range. For this case, the computed system response may be underpredicted if,
for example, the soil-structure interaction (SSI) frequencies fall within those gaps. In addition, the
development of large structural response computer codes currently used for system evaluations has
made the ability to perform simple checks of computed response more difficult for the reviewer.

Because of the ambiguities in the definition of a PSD as well as the effort involved in developing a
minimum PSD requirement for an arbitrary target response spectrum, revised criteria are proposed
herein that can be used to evaluate ground motion time histories to be used in the design or evaluation
of critical facilities. These revised criteria eliminate the need for a separate PSD check but require that
the target 5% damped response spectrum be closely matched both from above and below. The intent
of the more stringent matching criteria is to ensure that the developed ground motion does not
possess any significant gaps in frequency content. These revised criteria satisfy the general intent of
the criteria contained in the SRP, which is currently defined in detail only for the spectral shape
embodied by the R.G. 1.60 spectrum.

5.2  Current Regulatory Criteria

In the current regulatory environment, the minimum PSD requirement is included as an additional
check on the developed ground motion along with the enveloping criteria of the design response
spectra. The PSD criteria was included in the SRP as a result of the studies conducted as part of the
resolution of the USI A-40 issues (NUREG/CR 5347, 1989). The detailed specification of the
minimum PSD for motions associated with the R.G. 1.60 spectrum was added in an attempt to ensure
that no gaps at critical frequencies would occur in the selection of free-field ground motion time
histories used in the system response analyses. However, due to the difficulties encountered in
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generating time histories that closely match both target response and PSD spectra, it was
recommended that a minimum PSD requirement should be included to ensure that the ground motion
record had no significant gaps in frequency content. The primary evaluation criteria remains the fit
of the calculated response spectrum to the target response spectrum.

To satisfy these recommendations, the following procedure was included in Revision 2 to the SRP
when the target response spectrum under consideration is the R.G. 1.60 spectrum:

. The average PSD should exceed 80% of the specified target over the frequency range from
0.3 Hz to 24 Hz.

. At any frequency, the average PSD is computed over a frequency band of + 20% centered
on the frequency at which the PSD is being calculated.

. The duration of the ground motion used in the definition of the PSD is the strong motion
duration for which the Fourier components of the ground motion are calculated.

. For the case where an ensemble of time histories is used for the generation of spectra, the
PSD of the ensemble can be generated at the 84th percentile level and compared to the
appropriate target PSD.

The frequency range specified, from 0.3 Hz to 24 Hz, is based on two relatively subjective
considerations. First, the power in actual ground motion recordings above 24 Hz was considered
negligible so that there is no need to consider spectral content above this value. Secondly, the check
below 0.3 Hz was considered unnecessary since most nuclear facilities are relatively stiff and have
response frequencies well above this lower bound cutoff. However, since those recommendations
were promulgated, several issues have arisen which make these limits potentially problematic. First,
at some deep soil sites, it was noted that site response fundamental frequencies extend to values well
below 1 Hz. The details of the ground motion at these low frequencies could become important in
evaluating site response, requiring more consideration of the frequency content at these lower
frequencies of interest. Secondly, at some CEUS rock sites, rock outcrop motions may have
significant energy at frequencies as high as 50 Hz (Silva and Darragh, 1995). Thus, even though these
motions may not have a significant percentage of their total power at these high frequencies, the
Fourjer amplitudes of the high frequency components of the motion could become important when
these rock outcrop motions are used as input to convolution calculations to determine surface
motions at low frequency soil sites.

For design response spectral shapes other than the R.G. 1.60 shape, the SRP does not provide
specific guidance but indicates that the procedures used to develop the minimum PSD associated with
the R.G. 1.60 shape be used to develop PSD requirements for these other spectral shapes. This is not
always a simple task, but generally can require the investment of some significant effort for a given
target spectrum. For this study, where spectral shapes are being developed as continuous functions
of distance and magnitude (Section 4), such an effort can prove daunting. As a result, guidelines are
recommended here that can be used to ensure that artificial design ground motions developed for
response analyses satisfy the intent of the SRP.
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In addition to the minimum PSD requirement, other characteristics of the developed ground motions
are important in judging their adequacy. The strong motion duration, peak velocity and displacement
parameters, and correlation among the three component motions of an artificial record set are of
interest to ensure that the records are sufficiently “earthquake-like” to satisfy the intent of the SRP.
Part of criteria recommended here therefore involve the characteristics of the empirical WUS data
base (Appendices A, B, and F).

5.3  Recommended Regulatory Criteria

Based on the results of numerical studies described in the following paragraphs, together with
discussions with the project Peer Review Panel, a number of conclusions were reached on
recommendations for artificial ground motion records. These artificial records must be generated to
"match" or "envelop” given response spectral shapes associated with appropriate magnitude and
distance bins (Section 3) and to satisfy other general characteristics associated with these bins. To
evaluate the adequacy of artificial records, the following information should be made available with
each record. This information can then be used for comparison with bin characteristics.

. Plots of time history and Arias Intensity function;

. Plots of Fourier amplitude and smoothed Fourier amplitude spectra, scaled by the factor FT
as discussed in Section 5.4.3 to correlate with bin duration characteristics;

. Comparative plots of 5% damped target response spectrum and spectrum resulting from the
ground motion;

. Total duration of the record, time increment, frequency window and Nyquist frequency;
. Strong motion duration of the record as defined by the 5%-75% Arias Intensity,

. Peak motion parameters PGA, PGV and PGD, and ratios PGV/PGA, PGD/PGA and PGA-
PGD/PGV2.

Based upon this information the following general criteria are recommended to evaluate the adequacy
of the artificially developed ground motions.

(a) The general objective is to generate an artificial or synthetic accelerogram that achieves
approximately a mean-based fit to the target spectrum. That is, the average ratio of the
spectral acceleration calculated from the accelerogram to the target, where the ratio is

~ calculated frequency by frequency, is only slightly greater than 1. The aim is to achieve an
accelerogram that does not have significant gaps in the Fourier amplitude spectrum but that
is not biased high with respect to the target. An accelerogram that exceeds the target may
overdrive a site soil column or structure where nonlinear response is of interest.

(b)  Records should have a sufficiently small frequency window and sufficiently high maximum
frequency (or alternatively time increment and maximum duration). The total duration of the
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record can be increased by zero packing to satisfy these frequency criteria. It is recommended
that records have a maximum frequency window of 0.05 Hz with a Nyquist frequency of at
least 50 Hz, or a time increment of at most 0.010 seconds for a total duration of 20 seconds.
If frequencies higher than 50 Hz are of interest, then the time increment of the record must
be suitably reduced to provide a Nyquist frequency above the maximum frequency of interest.
Such records can be easily generated with currently available computer power and software.
This recommendation is similar to that presented in NUREG/CR-5347.

Spectral accelerations at 5% damping should be computed at a minimum of 100 points per
frequency decade, uniformly spaced over the log frequency scale from 0.1 Hz to 50 Hz or the
Nyquist frequency. This results in an increment in log10 frequency of 0.01. If the target
response spectrum is assumed to be defined in the frequency range from 0.2 Hz to 25 Hz, the
comparison of the artificial motion response spectrum with the target spectrum should be
made at each frequency computed above in this frequency range. The number of frequencies
at which spectra are computed is therefore increased from 57 (Table 3.7.1-1 of the SRP) to
well over 200 from 0.2 Hz to 25 Hz as recommended herein. Again, with current computer
power generally available, this requirement should pose no hardship and should result in an
accurate representation of the computed spectra.

The computed 5% damped response spectrum of the accelerogram (if one artificial motion
is used for analysis) or of the average of all accelerograms (if a suite of motions is used for
analysis) should not fall more than 10% below the target spectrum at any one frequency point.
Since the objective is to achieve a mean based fit to the target spectrum, many more points
will generally fall below the target spectrum than the 5 point limit mentioned in the current
SRP. However, to prevent large frequency ranges falling below the target, no more than 9
adjacent spectral points may be allowed to fall below the target spectrum at any frequency.
Using the frequency spacing mentioned above, this corresponds to a moving frequency
window of +10% centered on the frequency.

The computed 5% damped response spectrum of the artificial ground motion (if one motion
is used for analysis) or the mean of the 5% damped response spectra (if a suite of motion is
used for analysis) should not exceed the target spectrum at any frequency by more than 30%
(a factor of 1.3) in the frequency range between 0.2 Hz and 25 Hz.

Because of the high variability in time domain characteristics and because few CEUS
recordings are available to quantify these characteristics, strict time domain criteria are not
recommended. In general, artificial motions should have durations (5%-75% Arias intensity),
and ratios PGV/PGA and PGA-PGD/PGV? that are generally consistent with bin average
values. For WUS motions, strong motion durations should generally be within about + 50%
of the bin median values (see Section 5.5.2) and PGV/PGA and PGA-PGD/PGV? values
should be within + 1 sigma of the bin median values. It would be appropriate for CEUS
acceleration time histories (excluding the O to 10 km distance bin) to have durations on
average larger than WUS motions by 20 to 50% with this difference decreasing substantially
for velocity and displacement time histories. This recommendation is particularly appropriate
for rock outcrop motions.
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(g)  Directional correlation coefficients between pairs of records are typically required to be
relatively low to ensure that a structure or structural element cannot be oriented in an analysis
in such a manner so as to minimize some important directional response quantity of interest.
However, if the limiting value is made too low, a significant number of empirical recordings
in any earthquake bin may unnecessarily be eliminated from further consideration as a seed
for generating design ground motions. Since the response quantity is a function of the
structural characteristics and not of the empirical bin data sets, it is recommended that the
upper limit for the zero-log cross-correlation coefficient between any two design ground
motions be 0.3. For correlation coefficients less than this limit, no significant reduction in
response will be attained by orientation of the structure.

If these general criteria are followed, the matching requirements to the 5% damped response
spectrum should be adequate to ensure that no gaps in the PSD or Fourier amplitude spectrum will
occur over a significant frequency range. There is no special need to evaluate the PSD of the ground
motion to compare with minimum PSD targets.

5.4  Description of Analyses

Empirical records appropriate for analyses have been catalogued into magnitude and distance bins
(Section 3). These distance and magnitude bins are listed in Table 5.1. The four distance bins selected
are labeled “D1" (0-10km), “D2" (10-50km), “D3" (50-100km) and “D4" (100-200km) and the three
magnitude bins are labeled “M55" (M5-M6), “M65" (M6-M7) and “M75" (M7+). These magnitude
and distance ranges for each bin were selected based upon the judgment of the investigators to arrive
at ranges considered to be most significant. If a larger number of bins were selected, for example, the
population within each bin would decrease, and this could lead to difficulties in developing average
bin characteristics. If fewer bins were selected, then characteristic differences in recordings that were
felt to be significant could be lost. The recordings contained within each bin listed in Table 5.1
represent the WUS database (Appendix A). Clearly some bins do not have sufficient empirical data
with which to define average characteristics and must be supplemented as described in Section 3.

It should be mentioned that a number of approaches in the open literature are used to develop
appropriate artificial time histories. These approaches are based on either time domain or Fourier
domain methods that satisfy matching or enveloping criteria of a target response spectrum. It is not
the objective of this project to either describe or evaluate these approaches, but rather to describe
criteria that can be used to evaluate the appropriateness of given time histories developed by
Applicants for use in various system response analyses. As mentioned previously, the primary
criterion used to judge the adequacy of such time histories is to ensure that the computed response
spectrum closely matches the target response spectrum and ensures that no significant gaps in
frequency content exist.

From the outset of this effort, it was recognized that the use of a PSD criterion to evaluate the
frequency gap issue has inherent problems with respect to application. First, several different
expressions for computation of PSD are available in the open literature. These definitions may not
be equivalent to one another. This was also noted in the comments provided by Kennedy (Appendix
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A to NUREG/CR-5347), which was the study on which the revision to the current SRP was based.
Secondly, it has been noted that there could be a disconnect encountered between the definition of
time duration of the ground motion used in the development of the Fourier components of the ground
motion and the duration used in computing the PSD as described in the SRP.

For example, in generating artificial time histories, it is usual to extend the initial trial record by zero
packing to an integral power of two (2). The record duration used in the Fourier computation with
the FFT procedures is then relatively long, consistent with the zero packed record length. In the
computation of the PSD, as described in the SRP, the duration mentioned refers to the strong motion
duration. Thus, unless one is careful during the review process, the duration used in the FFT and the
PSD computations can be different, and can lead to an inconsistency in the computation of the power
in the record.

In the work described in the following paragraphs, the average Fourier amplitude spectrum of the
empirical records in each bin was computed. Examples of these bin averaged Fourier amplitude
spectra are shown in Figures 5-1A and 5-1B and represent some typical results. In these and later
figures, the following notation is used to represent a set of strong motion records:

DIRM65H

where D1 is the distance bin as defined above,
R means rock (or S means soil)
MB65 is the magnitude bin as defined above,
H means horizontal (or V means vertical).

The Fourier amplitudes for each of the records in the bin, which were first scaled to 1g, were
computed and then averaged over the bin without any weighting considered. The shapes plotted in
Figure 5-1A compare the horizontal and vertical records in a particular bin (D1RM65) and indicate
the general increase in high frequency content of the vertical records with respect to the horizontal
records. Figure 5-1B presents a similar comparison of the bin results as a function of magnitude for
a given distance bin. Again, the averages show the same general shape with an increase in Fourier
amplitude with magnitude. The average Fourier amplitude spectra for all the bins are shown in
Appendix E.

In the calculations performed to address the frequency gap issue, the general procedure consisted of
(a) selecting target response spectral shapes with different characteristics, (b) generating artificial
records that satisfy the enveloping criteria of the SRP, (c) introducing gaps into these artificial records
at various frequencies, and (d) determining the influence of these frequency gaps on the recomputed
5% response spectra. In generating appropriate records, the ability to match a given target spectrum
reasonably closely is controlled by two characteristics of the spectrum. First, if the target spectrum
consists of a series of straight line segments (as plotted, say, on arithmetic spectral acceleration vs.
log frequency scales), the discontinuities in the slope of the spectrum can cause difficulties in the
iteration process used to generate the artificial time history. Secondly, if the shape of the spectrum
is very peaked (relatively large amplification ratio over a narrow frequency band), the iteration
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process may again have difficulties in convergence. A number of such spectral shapes were used and
the results of some of these computations are presented in the following paragraphs.

5.4.1 Generation of Artificial Enveloping Time Histories, Segmented Target

In generating these trial time histories, a relatively peaked spectral shape of the acceleration spectrum
was generated early in the study using the median shape computed for the D2RMS55H bin (distance
10-50 km, rock site, magnitudes 5-6, horizontal direction) and shown in Figure 5-2. This spectral
shape was computed from all the records (unweighted) in this particular bin and was not modified to
match data in adjacent bins. It should be noted that this spectral shape is not necessarily the same as
that shown in Section 4 for the given average magnitude and distance, although it is not too different.
This smooth bin spectral shape was then enveloped with a series of closely matching straight-line
segments. For general interest, a comparison of this segmental shape is made with the NUREG-0098
median rock spectral shape in Figure 5-2. The target spectrum is significantly narrower and more
peaked than the generic spectrum.

Eight different time histories were then developed that generate response spectra that envelop this
target segmental shape. The computer program CARES, which operates in the frequency domain,
was used in these calculations (Costantino et al., 2000). A random phase spectrum was generally used
in these computations, as this was simplest to perform and was as appropriate as any other
assumption. The enveloping criteria used in each case satisfies the current SRP recommendations (no
more than 5 spectral points falling below the target, with no one point falling more than 10% below
the target spectrum) over the frequency range from 0.2 Hz to 34 Hz as recommended in Table 3.7.1-
1 of the SRP.

The particular characteristics of these artificially generated time histories are listed in Table 5-2.
Record 1 has a strong motion duration (Arias Intensity from 5%-75%) of 6.3 seconds. This duration
characteristic is long for this particular bin as can be noted from Figure 5-14A, where the bin average
is shown to be about 2.5 seconds, with the +50% variations extending from about 1.6 seconds to
about 3.8 seconds. A summary of these bin characteristics is presented in Appendix F. This artificial
trial record used the most data points in the calculation by zero padding the record to achieve a total
duration of 20 seconds. The frequency increment generated by the one-sided FFT routine is 0.05 Hz
with a maximum frequency retained in the calculation of over 200 Hz. Records 2 through 4 have
about the same duration as Record 1 but half the number of time steps of the previous record. Record
48 uses a longer zero padded length but with the same total number of time steps as Record 4, while
Record 4L uses an increased strong motion duration of 8.4 seconds. Record 5 uses the fewest number
of time steps and keeps a total padded duration of 20 seconds. Record 1S has characteristics similar
to Record 1 except that the strong motion duration is reduced from 6.3 seconds to 3.4 seconds,
which is more in keeping with the average bin characteristic.

Figures 5-3A through 5-3H plot the resulting 5% damped acceleration response spectrum for each
generated motion, the segmented target spectrum and the computed error between the two spectra.
It should be noted that in the CARES FFT computation, the frequency increment is selected as the
inverse of the maximum total padded duration of the record while the maximum frequency is
determined from the time increment of the record (defined through the Nyquist frequency). The
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spectra computed and shown in the plots of Figure 5-3 are typically cutoff at either 50 Hz or at the
Nyquist frequency of the generated motions. Thus for Records 4, 4S, 4L and 5, the cutoff frequency
is as low as 12.8 Hz since the time increment selected is relatively large. It should be reiterated that
the purpose of these calculations was not to develop closely enveloping records. Rather it was to
ensure that records could be generated that yield spectra reasonably close to the target response
spectra after only a few iterations, even for this target spectrum, which has relatively poor matching
characteristics (segmented and relatively peaked).

The plots of Figures 5-3A through 5-3H indicate that the enveloping of such segmented response
spectra can be easily achieved after only a few iterations with resulting errors in spectral amplitude
less than 20% over the frequency range from 1 Hz to 25 Hz. This enveloping can be achieved
provided that the record uses a sufficiently small frequency increment and sufficiently high cutoff
frequency (or alternatively short time increment and long duration of the record). It has been our
general experience that enveloping errors increase as frequency ranges approach the Nyquist
frequency. The recommendations of NUREG/CR-5347 suggest a maximum frequency window of
0.05 Hz. With a Nyquist frequency of at least 50 Hz, the number of Fourier components computed
in the one-sided Fourier computation is then 1024 and number of time steps in the record is 2048.
The corresponding time increment of the record is then about 0.01 seconds for a record duration of
20 seconds. During the public comment period associated with the USI A-40 issues, some comments
were received that recommended a large frequency window of 0.2 Hz. With today’s available
computational power on even the most ordinary desktop computer, such a recommendation does not
have any real basis.

5.4.2 Generation of Artificial Enveloping Time Histories, Smooth Target

Figures 5-4A and 5-4B indicate similar results but using the smooth shape of the acceleration
response spectrum rather than the segmented shape for the same bin (D2RMS55H) discussed
previously. As can be noted, the calculated artificial motions more closely envelop the smooth target
spectrum as compared to the results of Figure 5-3, with errors between 1 Hz and 25 Hz on the order
of 5%. This behavior confirms the general experience of the additional convergence difficulties
introduced into the fitting process by the use of segmented target spectrum, which has been typical
in the past. At low frequencies where the amplitudes of the target spectrum are low, the computed
errors become larger although the closeness of the fit (on an absolute basis) is better than in the mid-
frequency range. At the high frequency end of the spectrum, the errors in the fitting become larger
as the Nyquist frequency is approached, as previously mentioned.

Artificial recordings were also developed using the smooth spectral shape for the same bin
(D2RM55H) as used above, but this time using the recommended spectral shapes documented in
Section 4. A comparison of the spectral shapes using the recommended WUS, CEUS 1-corner and
CEUS 2-corner source models is shown in Figure 5-5 for the average magnitude and distance
associated with the empirical bin data. In these calculations, artificial recordings were generated for
four different assumed Fourier phase spectra; namely, a random phase and three phase spectra taken
from three recordings contained in the empirical bin. Figures 5-6A through 5-6D show the developed
spectral comparisons and corresponding error computations for the WUS bin spectral shape. Figures
5-7A through 5-7D show similar results using the CEUS 1-corner model, again using the random
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phase spectrum and the phase spectra from the same three recordings used to generate matches to
the WUS bin shape.

Figure 5-8A is a plot of the Arias Intensity ratio as a function of time for the four time histories
developed to envelop the WUS acceleration spectrum of Figures 5-6A through 5-6D. In addition, the
Arias Intensity ratios for the three empirical recordings from which the phase spectra were taken are
included on this figure. Figure 5-8B presents the same data, but plotted with respect to the time ratio
(T/T,) for each record, since the artificial records were developed for a different duration than the
records from which the source spectra were taken. The time characteristics of the Arias Intensity
ratios for the artificial records show similar growth rates as those from which the phase spectra were
obtained, while the random phase assumption shows a relatively uniform growth in intensity with
time, as expected. Figures 5-9A and 5-9B show similar results for the time histories developed to fit
the acceleration spectral shape associated with the CEUS 1-corner model used in Figures 5-7A
through 5-7D.

5.4.3 Comparison of Fourier Amplitude Spectra with Bin Averages

Figure 5-10A compares the Fourier amplitude spectra for the various generated motions that were
developed to envelop the segmented target spectrum (which itself envelops the median response
spectrum computed for the bin, Figure 5-3). The Fourier spectra from the artificial records allenvelop
the bin average spectrum, with the exceedences increasing at the higher frequencies where the fits to
the segmented target response spectrum showed high (positive) errors. Similar comparisons are
shown Figures 5-10B and 5-10C for those artificial records enveloping the smooth target spectra of
Figures 5-4 and 5-6. The same characteristic exceedences can be noted for these two example sets.

One cause of the exceedence of the Fourier amplitude spectra from the generated motions over the
bin target amplitude spectrum relates to the response spectra being higher than the target bin response
spectrum. However, an additional important cause of this exceedence is the strong motion duration
(TT) of the artificial record as compared to the bin average duration (TBA). To correct for this effect
in order to make an appropriate comparison of Fourier amplitude spectra with the target bin average
Fourier spectrum, either the Fourier amplitude spectrum of the trial motion should be reduced by the
factor FT or the target bin average Fourier amplitude spectrum increased by FT, where

FT = TT/TBA

As an example, using trial 1 record, the value of TT is equal to 6.3 seconds while the bin average
TBA is about 2.5 seconds. The factor FT is then about 1.59. Thus the Fourier amplitude spectrum
of the trial motion should be decreased by 1.59 when comparing with the bin average Fourier
amplitude spectrum.

To demonstrate this effect more clearly, the Fourier amplitude spectra from Trials 1 and 1S are
compared with the bin average in Figure 5-10D. This comparison shows that the Fourier amplitudes
for Trial 1S are closer to the bin average values. In addition, the ratio of the Fourier spectra from the
two trials is plotted over the frequency range. The strong motion duration for trial 18 is 3.36 seconds
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leading to a value of FT of 1.16. The ratio of the factors FT for the two records is then 1.59/1.16 or
1.37. This ratio is a reasonable approximation to the ratio of Fourier amplitudes for the two records.
If a Fourier amplitude acceptance criteria is to be added in the future to these recommended criteria,
such a scaling of the Fourier spectra is recommended.

5.4.4 Influence of Gaps in the Fourier Spectrum

Following the generation of the artificial ground motions that envelop the 5% target response
spectrum for one of the bins, a series of gaps was placed in the Fourier amplitude spectra for the
motions. We then determined the influence of these gaps on the 5% damped response spectra.
Examples of this process are shown in Figures 5-11A through 5-11G for the record designated
"trial03", which was generated to envelop the segmented target spectrum. Gaps in the Fourier
spectrum were located at frequencies centered at 0.5 Hz, 1 Hz, 2.5 Hz, 6 Hz, 10 Hz, 15 Hz and 25
Hz, with the width of each gap chosen to be +20% of the center frequency and the depth of the gap
varied by 10%, 20% and 30% of the Fourier amplitude. The phase spectra for these gaps were
unchanged. For each revised record, the corresponding smoothed Fourier spectrum and the 5%
damped response spectrum were calculated. The smoothing was conducted as described in Appendix
A to Section 3.7.1 of the SRP, by computing the average over the frequency band of +20% of the
frequency being evaluated.

The results of this computation indicated that the reduction in the damped response spectrum was
similar in magnitude to the reduction in the Fourier spectrum amplitudes at frequencies of 1 Hz, 2.5
Hz, 6 Hz and 10 Hz. The gaps centered at 0.5 Hz and 15 Hz led to a reduction in the response
spectrum amplitudes of about one-half the decrease in the Fourier spectrum amplitudes. The gap
centered at 25 Hz led to a significantly smaller change in the recomputed response spectrum. Similar
changes in response spectra were noted for the case of gaps placed in the "trial01" record described
in Table 5-3.

In addition, a similar computation was performed for the case of a gap placed in the Fourier spectrum
at 2.5 Hz, but this time using a width of only +10% in the frequency band. The results of this
computation are shown in Figure 5-11H. For this case the error in the computed 5% damped
response spectra is of the same order as that in the Fourier spectra. However, the resulting gaps in
the smoothed Fourier spectra are now much smaller, as would be expected since the smoothed
Fourier spectra are computed using a band width of +20%. Therefore, comparison of smoothed
Fourier spectra alone are in general not enough to determine the potential significance of gaps in the
input motions. A summary comparison of the magnitudes of change in 5% damped response spectra
for a given change in Fourier amplitudes is shown in Figure 5-12, using the results for the "trial03"
record shown in Figures 5-11A through 5-11G.

5.4.5 Limitations on Exceedences of Response Spectra

It is well known that the computed 5% damped response spectrum for a time history composed of
a single frequency can be made to exceed a given target spectrum if no limitations are placed on the
amount of the spectral exceedences that can occur at any one frequency. As an example, a time
history was generated using a single frequency sine wave at 5 Hz with a magnitude of 1g. The 5%
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damped spectral amplification (SA/PGA) for this motion is shown in Figure 5-13A and is compared
to the median spectrum shape obtained from the median empirical (WUS) data for bin D2RM55H.
The sine wave record was then uniformly increased in magnitude to either totally envelop the bin
target response spectrum or to minimally match at least 90% of the target. It is clear that if large
exceedences of the target spectrum were allowed, such a severely gapped motion could satisfy the
enveloping criterion alone. However, checking the corresponding Fourier spectrum, illustrated in
Figure 5-13B, can uncover the gaps in frequency content in the record. The computed Fourier
spectrum is very spiked in appearance although the amplitudes of the spikes depend on the specific
details of the digitized record used in the FFT calculation.

Unfortunately, the smoothing process typically used to plot computed Fourier amplitude spectra
could serve to severely change the character of even this extreme example, as noted in Figure 5-13B.
Care must then be used when judging such smoothed plots. A similar computation was made using
a time history generated from three frequencies of 2.5 Hz, 5 Hz and 10 Hz and scaled to a 1g
amplitude. Again, the exceedences of the response spectrum are very large as shown in Figure 5-13C.
Also, the computed Fourier spectrum shown in Figure 5-13D is very spiked although the smoothing
process again tends to hide the spikes. This simple exercise serves to indicate that the acceptance
criteria used to judge the adequacy of ground motions must also contain a maximum allowable
spectral exceedence criteria as well as a recommendation on the appropriate frequency content of the
generated record, as mentioned previously. In addition, reliance on the appearance of smoothed
Fourier spectra alone are generally not adequate to judge frequency gaps in such motions.

5.5  Other Important Ground Motion Characteristics

In addition to the two primary acceptance criteria discussed above, other characteristics of artificial
ground motions are considered significant when judging acceptability for use in design or evaluation
of critical facilities. In Appendices E, F, and G, a number of parameters typically considered of
interest in ground motion studies were computed for each record in the WUS empirical database and
are summarized in scatter plots for each magnitude and distance bin.

5.5.1 Peak Velocity and Displacement Parameters

The velocity and displacement parameters of interest typically include the peak velocity ratio
(PGV/PGA), the peak displacement ratio (PGD/PGA), and the parameter PGA-PGD/PGVZ. From
the plots in Appendix F, it is evident that the scatter in these data is extremely high, but the data
clearly indicate that the parameters are functions of both distance and magnitude as well as site
condition (rock vs. soil sites). Average values of these parameters for horizontal motions in each bin
of the WUS empirical data are presented in Table 4-1. These bin averages and uncertainties reflect
equal weighting for each earthquake within any single bin.

5.5.2 Duration Parameter
In addition to the average parameters of Table 4-1, the recommended duration parameter for each

bin has also been defined by an empirical WUS duration model (Appendix I). The results are shown
in Figures 5-14A, B and C for horizontal motions in the various magnitude and distance bins for rock
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sites. The duration parameter is defined by the 5% - 75% Arias intensity, and is an important
characteristic of the ground motion. As described by Kennedy (Appendix A to NUREG/CR-5347,
1989), when an excessively long strong motion duration is selected, the computed combined
responses of multimodal systems can be either severely overestimated or underestimated depending
upon the details of the Fourier phasing selected in generating the ground motion.

In addition, when using the generated ground motion to evaluate liquefaction potential of a particular
soil site, the duration parameter becomes important when using either equivalent linear or nonlinear
analyses to estimate soil site responses. It is therefore recommended that the duration of the artificial
ground motion approximately satisfy the characteristics shown in Figure 5-14. The solid line in these
figures indicates the median bin value, while the dashed limits indicate values 50% higher and lower
than these median bin values. Dotted lines forming boxes indicate the + one sigma values for the bins.
Scatter plots of the duration parameters from the WUS database are contained in Appendix 1.

In addition to this duration parameter, the Arias intensity and Cumulative Absolute Velocity (CAV)
properties of each record in the empirical bins were evaluated to see if any particular characteristic
emerges to differentiate the motions between bins. Figures 5-15A, B and C present plots of the results
for a particular bin (D1RM55H). The total Arias intensity was computed for each record, scaled to
a total value of unity, and the times associated with the 5% through the 100% Arias intensity ratio
were determined in 5% increments. These times were normalized to a value of 1 for the total duration
and were ordered. The minimum, 15th, 50th and 85 percentile and maximum time were determined
for each Arias intensity level. Figure 5-15A presents the results, with the time parameter for each
record scaled by its maximum duration. Results from the majority of the records indicate energy
growth at the beginning of the records. This results from the selection of the long time window over
which the records in the bin were digitized.

Figure 5-15B shows similar results for the same bin but with the time for each record scaled to the
time associated with the 95th percentile Arias intensity ratio (designated “T,s”). Figure 5-15C shows
a similar comparison for the case where the times for each record are scaled to the time window for
the 5% to 95% Arias intensity ratio (designated “Ts 4s") The results shown in Figures 5-15B and 5-
15C are typical of all bins analyzed. They indicate the large scatter in the data and the different rates
of growth in Arias intensity for the records in any one bin. Figures 5-16A and B show the results of
similar calculations for CAV. In this case, scatter in the computed data is much less than in the Arias
intensity function, which may indicate that the CAYV is a more stable indicator of the characteristics
of the time details of a givenrecord. Scatter plots of both total Arias Intensity and CAV for the WUS
database are contained in Appendix G.

5.5.3 Component Correlation Characteristics

The characteristics of the lag-zero cross-correlation coefficients of the three component data sets in
the WUS empirical database were computed and are tabulated in Tables 5-4 and 5-5, with summary
plots presented in Appendix F. Table 5-4 summarizes the average component correlations for the
rock site bins for acceleration, velocity and displacement. Table 5-5 contains correlations for the soil
sites. A typical plot is shown in Figure 5-17A and indicates a relatively wide scatter in the average
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values in each bin. In general, the correlation coefficient for acceleration records is somewhat smaller
than for integrated velocity and displacement components.

A comparison of the component correlations computed from the vertical and horizontal record pairs
is also summarized in Tables 5-4 and 5-5 and a sample plot shown in Figure 5-17B for rock sites. The
correlation between the vertical and each horizontal record of the data set is similar. Again, the results
indicate higher correlation coefficients for velocity and displacement than with acceleration.

The current NRC staff position limits the correlation between component pairs of artificial
acceleration records of a three component enveloping set to a value of 0.16 or less. This is based on
some early limited computational results generated by Chen (1975). More complete evaluations were
generated by Hadjian (1978, 1981) who included the effect of recorder orientation to estimate
maximum values of correlations for a somewhat larger data set. The results of this computation
indicated maximum values of acceleration correlation coefficients of 0.32. The data summary of
Tables 5-4 and 5-5 do not include the effect of recorder orientation. As mentioned in Section 5.3, a
value of 0.3 is recommended for the acceptance criteria.

5.6 - Example Application of Spectral Matching Criteria

A further expansion of these general recommendations is provided for the following case in which
a typical Uniform Hazard Spectrum (UHS) is defined as the basic target spectrum for the site. The
UHS is assumed to be based on studies using the latest ground motion information (source zones and
attenuation models) appropriate for the site for which it is defined. The use of older hazard studies
based on attenuation models no longer considered appropriate for the site could lead to the definition
of target spectra that have deficiencies in certain frequency ranges. Generating appropriate ground
motions for such deficient targets requires special considerations that are not incorporated into the
following description.

A schematic example of an appropriate UHS is shown in Figure 5-18A. The UHS is defined by
spectral ordinates over a given frequency range (shown to be 0.2 Hz to 25 Hz in the figure) and its
PGA. To properly generate ground motions that envelop this UHS and satisfy the generic criteria
listed above, the spectrum needs to be extrapolated at the low and high frequency ends as shown in
Figure 5-18A. As mentioned above, the purpose of these extrapolations is to generate ground
motions that have realistic low and high frequency characteristics.

In addition to the UHS, additional spectra are often generated from dominant earthquakes determined
from the deaggregated hazard analysis. Such spectra are used to study nonlinear effects (liquefaction
assessment, structural damage estimates, etc.). The use of ground motions generated from enveloping
the very broad banded UHS spectrum could lead to overdriving systems and incorrectly predicting
nonlinear responses. For such cases, ground motions are often generated for separate events that
dominate the hazard at low frequency (1 Hz) and high frequency (10 Hz) to attempt to capture the
nonlinear characteristics for these dominant events. The low frequency event is typically defined as
alarge magnitude, distant earthquake while the high frequency deaggregated event is a smaller, close-
in earthquake.
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The spectra from the deaggregated events are then typically scaled back to the UHS at their
corresponding frequencies. It should be noted that an interface frequency, f,, can then be defined at
the intersection of the two deaggregated spectra. For frequencies below f,, the low frequency
deaggregated spectrum is higher than the high frequency spectrum. For frequencies above f,, the high
frequency spectrum governs. In addition, a PGA for each of these two deaggregated spectra is also
defined by the scaling process back to the UHS.

Thus three spectra are often defined for a given site, namely the UHS and the two deaggregated
scaled spectra. It should be noted that the maximum difference between the UHS and the
deaggregated scaled spectra, particularly around the frequency f,, is assumed to be less than 10%.
If this gap between the UHS and the deaggregated spectra exceeds 10%, a third deaggregated
spectrum should be defined and scaled back to some intermediate frequency so as to limit the
maximum difference between the UHS spectrum and the other deaggregated spectra to less than
10%. Site and structural response analyses can then be performed for either or all of the UHS
spectrum and the scaled deaggregated events.

In the following discussion, it is assumed that three such target spectra are defined, requiring that
appropriate sets of time histories be generated to envelop each of these spectra. The following
recommendations are provided to generate these three sets of time histories, each of which is intended
to satisfy the general criteria listed above. If additional spectra are required to fill in areas where gaps
exceed the 10% recommendation mentioned above, it should be obvious how to expand the
recommendations below for the additional spectra.

If a time history is generated to envelop the UHS, the upper and lower bound enveloping criteria
listed above are shown schematically in Figure 5-18B. The PGA of the digitized time history should
be at least equal to the PGA defined for the UHS. It is recommended that the strong motion duration
associated with this UHS be the longer duration defined for the low frequency deaggregated event.
The time step and total zero-packed duration of the motion should satisfy the general criteria
mentioned above.

If a time history is generated to envelop the low frequency deaggregated spectrum, the bounding
process is similar to that described above, but becomes somewhat more complicated. As evident in
Figure 5-18C, below the interface frequencyf,, the bounding criteria should be controlled by the UHS
spectrum while above £, the bounding criteria should be controlled by the deaggregated spectrum;
that is,

0.9%UHS <RS < 1.3*UHS for frequencies between 0.2 Hz < f < f,, and
0.9*DES1< RS < 1.3*DES1 for frequencies between f. <f <25 Hz.

Where RS stands for the Response Spectrum of the artificial record and DES1 is the deaggregated
spectrum scaled to 1 Hz. The peak acceleration of the digitized record should equal or exceed the
PGA of the low-frequency deaggregated spectrum. The strong-motion duration should be appropriate
for the magnitude and distance of the low-frequency deaggregated event.
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If a time history is generated to envelop the high-frequency deaggregated spectrum, the bounding
process is opposite to that described above; that is, below the interface frequency £, the bounding
criterion is the deaggregated spectrum while above the interface frequency £ the bounding criterion
is the UHS. As shown in Figure 5-18D, the criteria

0.9*DES10 < RS <1.3*DES10 for frequencies between 0.2 Hz < f<f_, and
0.9¥UHS <RS < 1.3*UHS for frequencies between f <f<25Hz.

The peak acceleration of the digitized record should equal or exceed the PGA of the high-frequency
deaggregated spectrum. The strong motion duration should be appropriate for the magnitude and
distance of the high frequency deaggregated event.

5.7 Conclusions

This study has led to recommendations that can be used to generate artificial records that envelop
response spectra generated for a particular site and that have sufficient energy content at all
frequencies of interest. The conclusions based on these studies are as follows.

L. In the frequency range from 1 Hz to 15 Hz, the 5% damped response spectrum is about as
sensitive to gaps in the frequency content of an artificial time history as is the smoothed
Fourier amplitude spectrum. There is no need to have additional checks of Fourier spectra or
PSD to ensure that no significant gaps in frequency exist.

2. Artificial ground motions can be generated that envelop the target response spectra defined
for the project. The artificial records must have small enough time increments and long
enough zero packed durations to satisfy the requirements described in this section. These
artificial motions should have peak motion characteristics and strong motion durations that
are appropriate for the earthquake magnitudes and distances of interest.

3. In general, the artificial record should have a response spectrum that does not fall more than
10% below the target spectrum and does not exceed the target spectrum by more than 30%.

Additionally, time domain characteristics should be generally consistent with bin average values of
durations, and the ratios PGV/PGA and PGA-PGD/PGV?. If these criteria are followed, artificial
records can be developed that are considered appropriate for analysis of critical facilities.
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TABLE 5-1
MAGNITUDE AND DISTANCE BINS FOR RECORD LIBRARY

WUS EMPIRICAL MOTIONS
Magnitude Bins Range: Bin Center:
5-6 55
6-7 6.5
7+ 7.5

Distance (km) Site Type Magnitude Direction No. of Records

00-10 Rock 55 H 28
v 13
6.5 H 24
v 10
7.5 H 6
v 3
Soil 55 H 24
v 11
6.5 H 87
v 42
75 H 4
v 2
10-50 Rock 5.5 H 184
v 89
6.5 H 200
v 100
75 H 6
v 3
Soil 55 H 370
v 182
6.5 H 504
\4 245
75 H 56
v 28
50 -100 Rock 55 H 34
v 15
6.5 H 76
v 39
7.5 H 10
v 5
Soil 55 H 38
v 17
6.5 H 132
v 61
715 H 12
v 6
100 - 200 Rock 55 H 2
v 1
6.5 H 12
v -
1.5 H 16
v 8
Soil 55 H 2
v 1
6.5 H 28
v 14
75 H 84
v 42
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IRIAL
Max Duration (secs)
Time Increment (msec)
Frequency Increment (Hz)
Max Frequency (Hz)
No. of Points in Record

No. of Frequency Comps
(one-sided FFT)

Duration 5%-75% (sec)
Duration 5%-95% (sec)

TABLE 5-2
CHARACTERISTICS OF GENERATED

ARTIFICIAL RECORDS
1 2 3 4 48
20 20 20 20 40

2.44 4.88 9.76 19.53 39.06
0.05 0.05 0.05 0.05 0.025
204.8 102.4 51.2 25.6 12.8
8192 4096 2048 1024 1024
4096 2048 1024 512 512

6.312 5.83 6.406 6.66 5.703
8.464 8.516 8.116 8.144 8.242

TABLE 5-3

8.399
11.094

fLn

20
39.06
0.05
12.8
512
256

6.563
9.063

PERCENT REDUCTION IN 5% DAMPED RESPONSE SPECTRUM

Trial Time  Gap Center

History Frequency (Hz) 10% 20%
Trial01 0.5 1.77 3.85
1.0 8.4 16.73
2.5 7.55 15.02
6.0 7.52 15.04
10.0 7.67 15.24
15.0 7.73 15.48
25.0 5.33 10.51

Trial03 0.5 4.32 8.7
1.0 8.98 17.96
2.5 9.22 18.42
6.0 7.79 15.61
10.0 9.25 18.49

15.0 4.97 9.9

25.0 1.88 3.77
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% Reduction in Fourier Amplitude

30%
5.13
25.03
22.13
22.38
22.85
22.67
12.23
13.02
26.19
27.17
234
27.14
14.86
5.65

2.44
0.05
204.8
8192
4096

3.356
4.933



TABLE 5-4

BIN CROSS CORRELATION STATISTICS FOR WUS ROCK SITE CONDITIONS*

M5to6
Distance (km)
Component 0-10 10- 50 50 - 100 100 - 200

H1 H2 (A) 0.24474 0.19976 0.09709 0.10252
0.14561 0.16490 0.06540 -

H1 H2 (V) 0.23528 0.23007 0.13299 0.30565
0.22155 0.17619 0.12378 -

H1 H2 (D) 0.26467 0.23792 0.16215 0.48630
0.28185 0.18582 0.18043 -

V H1 (A) 0.14208 0.12349 0.11489 0.09163
0.13028 0.10356 0.07688 ——

V H1 (V) 0.20656 0.14220 0.13540 0.08181
0.16548 0.11067 0.11873 ——

V H1 (D) 0.24298 0.14093 0.21570 0.21314
0.21375 0.13969 0.23893 -

V H2 (A) 0.13294 0.11819 0.12307 0.05975
0.07192 0.09809 0.07898 -

V H2 (V) 0.13572 0.14827 0.22696 0.08052
0.11772 0.11696 0.19476 ——

V H2 (D) 0.22698 0.16942 0.33728 0.06636
0.15993 0.15386 0.32475 ——

* Averages of absolute cross correlation values
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TABLE 5-4 (Cont’d)

BIN CROSS CORRELATION STATISTICS FOR WUS ROCK SITE CONDITIONS*

M 6.01 to 7.00
Distance (km)
Component 0-10 10-50 50-100 100 - 200
H1 H2 (A) 0.24003 0.16762 0.11364 0.16388
0.15214 0.12874 0.10120 0.13329
H1 H2 (V) 0.33729 0.19778 0.21573 0.24105
0.16690 0.14620 0.19764 0.16954
H1 H2 (D) 0.45990 0.28682 0.36527 0.34095
0.24497 0.20133 0.26016 0.23319
V H1 (A) 0.11941 0.11436 0.14005 0.12966
0.10825 0.10694 0.11210 0.08915
V H1 (V) 0.11435 0.16602 0.17746 0.17886
0.20391 0.13839 0.12075 0.13957
V HI (D) 0.27504 0.26410 0.26536 0.33865
0.31230 0.21185 0.19269 0.26241
V H2 (A) 0.15335 0.10497 0.16704 0.11858
0.13378 0.09000 0.13675 0.12004
V H2 (V) 0.24955 0.16984 0.18455 0.24106
0.18884 0.13637 0.12658 0.12634
V H2 (D) 0.33334 0.23696 0.25052 0.27682
0.26913 0.20953 0.19163 0.21686

* Averages of absolute cross correlation values
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TABLE 5-4 (Cont’d)

BIN CROSS CORRELATION STATISTICS FOR WUS ROCK SITE CONDITIONS*

M 7.01 t0 9.00
Distance (km)
Component 0-10 10-50 50 - 100 100 - 200
H1 H2 (A) 0.18850 0.05462 0.04872 0.12822
0.12920 0.02904 0.03688 0;10639
H1 H2 (V) 0.14420 0.14262 0.29599 0.19985
0.13480 0.17780 0.20285 0.08094
H1 H2 (D) 0.42750 0.31014 0.39377 0.20856
0.48279 0.30137 0.09228 0.17709
V H1 (A) 0.15807 | 0.11610 0.05123 0.06826
0.10115 0.10228 0.04747 0.08540
V H1 (V) 0.07071 0.13054 0.14465 0.09808
0.05992 0.04417 0.12527 0.09805
V H1 (D) 0.30899 0.13038 0.24319 0.11781
0.15030 0.07088 0.27172 0.07158
VH2 A) 0.15152 0.07028 0.08265 0.10947
0.12387 0.00809 0.04978 0.08325
V H2 (V) 0.09780 0.08613 0.14775 0.15762
0.10510 0.07046 0.12636 0.12961
V H2 (D) 0.28972 0.13716 0.26869 0.18059
0.10785 0.04979 0.14270 0.13162

* Averages of absolute cross correlation values
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TABLE 5-5

BIN CROSS CORRELATION STATISTICS FOR WUS SOIL SITE CONDITIONS *

M5t06
Distance (km)
Component 0-10 10-50 50 - 100 100 - 200

H1 H2 (A) 0.17342 0.15696 0.12166 0.04541
0.13459 0.12548 0.12533 -—

H1 H2 (V) 0.11912 0.20268 0.14745 0.08703
0.07992 0.16194 | . 0.11952 ——

H1 H2 (D) 0.26516 0.22215 0.20062 0.34246
0.15645 0.16740 0.15146 ——

V H1 (A) 0.07054 0.09544 0.08626 0.21234
0.07015 0.09584 0.08382 ——

V H1 (V) 0.15751 0.13181 0.12122 0.07902
0.10079 0.10267 0.07863 ——

V HI1 (D) 0.16078 0.15458 0.15456 0.03081
0.10520 0.13357 0.13590 ——

VH2 (A) 0.09258 0.09794 0.10937 0.05739
0.09860 0.08555 0.09215 -—

V H2 (V) 0.14943 0.13624 0.12658 0.12212
0.13762 0.12026 0.07452 ——

VH2 (D) 0.19849 0.15261 0.14552 0.05378
0.16820 0.14123 0.11392 ——

* Averages of absolute cross correlation values
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TABLE 5-5 (Cont’d)

BIN CROSS CORRELATION STATISTICS FOR WUS SOIL SITE CONDITIONS*

M 6.01 to 7.00
Distance (km)
Component 0-10 10-50 50 -100 100 - 2
H1 H2 (A) 0.15101 0.13212 0.12411 0.13606
0.10475 0.10877 0.09097 0.09504
H1 H2 (V) 0.22037 0.19742 0.16072 0.15680
0.20010 0.15411 0.13108 0.08728
H1 H2 (D) 0.34518 0.25817 0.20460 0.22099
0.18472 0.21086 0.16757 0.20771
V H1 (A) 0.06658 0.09266 0.08217 0.08534
0.04963 0.08532 0.08452 0.09121
V HI1 (V) 0.16802 0.13399 0.11214 0.13228
0.14589 0.11937 0.09121 0.09081
V H1 (D) 0.30871 0.18837 0.16510 0.17180
0.17399 0.16174 0.17382 . 0.13845
VH2 (A) 0.10072 0.09171 0.09194 0.12848
0.09775 0.08664 0.08619 0.09290
V H2 (V) 0.23739 0.14580 0.14041 0.12537
0.15366 0.11026 0.12639 0.11255
VH2 (D) 0.31197 0.11847 0.19019 0.20311
0.16903 0.15402 0.16104 0.15927

* Averages of absolute cross correlation values
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TABLE 5-5 (Cont’d)

BIN CROSS CORRELATION STATISTICS FOR WUS SOIL SITE CONDITIONS*

M 7.01 t0 9.00
Distance (km)
Component 0-1 10-50 - 100 100 - 200
H1 H2 (A) 0.11479 0.11722 0.08145 0.15557
-— 0.07127 0.07346 0.08992
H1 H2 (V) 0.29831 0.16527 0.17689 0.28864
—-— 0.16624 0.15774 0.21156
H1 H2 (D) 0.12485 0.28326 0.33767 0.36374
- 0.23762 0.22174 0.24434
V H1 (A) 0.12753 0.06408 0.04877 0.07670
—— 0.04024 0.03418 0.06024
V H1 (V) 0.14516 0.12108 0.16002 0.13618
—-— 0.08480 0.11337 0.11040
V H1 (D) 0.75292 0.17739 0.29925 0.13846
- 0.16239 0.23191 0.13786
VH2 (A) 0.21432 0.09004 0.07420 0.06756
-— 0.09686 0.03698 0.06532
V H2 (V) 0.23649 0.14661 0.13237 0.11420
-— 0.10674 0.15797 0.08882
V H2 (D) 0.2510 0.14113 0.20146 0.12856
- 0.13691 0.16267 0.12542

* Averages of absolute cross correlation values
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Figure 5-1A. Average smoothed Fourier amplitude spectra, distance 0-10 km, rock sites.
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Figure 5-1B. Average smoothed Fourier amplitude spectra, horizontal motions, distance 10-
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Figure 5-2. 5% damped spectrum for distance bin D2, rock sites, magnitude bin M55,
horizontal motion.
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Figure 5-3B. 5% damped spectrum, trial 2
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Figure 5-3C. 5% damped spectrum, trial 3
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Figure 5-3D. 5% damped spectrum, trial 4
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Figure 5-3E. 5% damped spectrum, trial 4S (shorter duration)
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Figure 5-3G. 5% damped spectrum, trial 5
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Figure 5-4A. 5% damped spectrum, trial SMO1
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Figure 5-10B. Fourier amplitude spectra of envelope fits to 5% damped smooth target
spectrum
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Figure 5-11A. Influence of gap in Fourier amplitudes at 0.5 Hz on 5% damped response spectra.
Left: change in original Fourier amplitudes; center: change in smoothed Fourier amplitudes;
right: change in 5% damped response spectrum
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Figure 5-11B. Influence of gap in Fourier amplitude at 1 Hz on 5% damped response spectra.
Left: change in original Fourier amplitudes; Center: change in smoothed Fourier amplitudes;
Right: change in 5% damped response spectrum.
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Figure 5-11C. Influence of gap in Fourier amplitudes at 2.5 Hz on 5% damped response spectra.
Left: change in original Fourier amplitudes; Center: change in smoothed Fourier amplitudes;
Right: change in 5% damped response spectrum.
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Figure 5-11D. Influence of gap in Fourier amplitudes at 6 Hz on 5% damped response spectra.
Left: change in original Fourier amplitudes; Center: change in smoothed Fourier amplitudes;
Right: change in 5% damped response spectrum.
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Figure 5-11F. Influence of gap in Fourier amplitudes at 15 Hz on 5% damped response spectra.
Left: change in original Fourier amplitudes; Center: change in smoothed Fourier amplitudes;
Right: change in 5% damped response spectrum.
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Figure 5-11G. Influence of gap in Fourier amplitudes at 25 Hz on 5% damped response spectra.

Left: change in original Fourier amplitudes; Center: change in smoothed Fourier amplitudes;
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Figure 5-11H. Influence of narrower gap in Fourier amplitudes at 2.5 Hz on 5% damped
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6. PROCEDURES FOR DEVELOPING HAZARD-CONSISTENT SPECTRA ON SOIL
6.1  Approaches

Determining soil uniform hazard spectra (UHS) that are consistent with the underlying rock UHS is
achallenging task. There are straightforward methods available, as described below, but they involve
either performing a complete PSHA with soil attenuation equations, or extensive deaggregation of
the rock hazard at multiple amplitudes and recalculation of soil hazard. For the latter approach the
PSHA would not be repeated, per se, but there would be no simple, intuitive link between rock
hazard results and soil hazard results. Such an intuitive link is desirable.

Available approaches to estimating soil UHS can be divided into two broad cate gories. First are those
that integrate over multiple rock amplitudes to calculate soil hazard (probability of exceedence vs.
amplitude), from which UHS on soil can be derived. Second are approaches that use the rock UHS
at a given annual probability to derive a soil UHS at that same probability. Both approaches and their
variants are described here, and in subsequent sections, we present examples of applications using soil
data from actual sites. Table 6-1 lists these approaches, with a short description and an indication
of whether the approach integrates over multiple earthquakes and multiple amplitudes. This table also
indicates a label for each approach. The approaches labeled 1, 2A, 2B, and 4 are illustrated in Section
6.4 with quantitative calculations and comparisons for both eastern and western US seismic hazard
conditions and multiple soil profiles. In developing these approaches we have benefitted from
discussions with C.A. Cornell and P. Bazzurro, who have pursued similar work, most recently
documented in Bazzurro (1998) and Bazzurro et al (1999). (Some of the notation below follows
what is introduced in these references.)

Approaches Based on Integration. If we define the amplitude on soil at a certain natural frequency
to be A°, then the straightforward approach to calculate soil hazard is through a PSHA:

PIA*>z] = ffP[A’>z|m, rlf,, (m,r)dmdr (6-1)

which is the standard PSHA equation in which z is soil amplitude, 7 is magnitude and r is distance.
(Equation (6-1) ignores, for simplicity, rates of occurrence on different faults and is therefore the
probability of exceedence for one random earthquake. Rates of occurrence from multiple sources
could be incorporated into this and subsequent equations, at the expense of more cumbersome
equations.!) We call this “Approach 4.” It can lead to a defensible representation of soil hazard. The

IThe total frequency of exceedence from multiple faults can be written

v (A¥>z) = Xv, P; [A*>7Z]
where v, is the occurrence rate on fault i and P; is the probability in equation (6-1).
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key to making this calculation defensible is to represent P[A *>zlm,r] accurately. This probability
isrelated to the scatter observed from empirical data at soil sites when fittin £ an attenuation equation.
The problem with this procedure is that empirical attenuation equations use observations at multiple
sites, usually on similar soil conditions, whereas we are after the probability that A® > z for one
specific site.

An approximation to Approach 4 can be made by recognizing that soil response can be determined

from the level of input motion and the magnitude and distance of the causative earthquake. Thus we
can modify equation (6-1) to the following:

P[A°>z] = ff P[A’>z|m,r,a]fM’R,A(m,r;a)fA(a)dmdrda (6-2)

PlA*>z] = | P[AF>§Im,r,a] frra (m,7;0) £, (@)dmdrda (6-3)

where a is the amplitude of shaking on rock, for example the spectral acceleration at the same
frequency as A*, and f,(a) is derived from the hazard curve. We call this “Approach 3.” The first
equation above calculates P[A * > z]from the deaggregated rock hazard, i.e. from [a,m,r] sets. The
second equation is equivalent except that it defines soil response by an amplification factor:

AF = A’/a (6-4)

where AF is a random variable with a distribution that can potentially be a function of m and r as well
asa.

Equation (6-1) can be written slightly differently by conditioning the first factor on a, as well as m
and r, and using the AF form:

P[A*>z] = ff P[AF>§Im,r,a]fAMR(a;m,r)fM,R(m,r)dmdrda (6-5)

This formulation recognizes AF as being dependent on m, r and @ and integrates over all m and r to
calculate P[A ®> z]. Ineffect it is doing the PSHA on a rock-modified-to-soil attenuation equation.
Bazzurro (1998) found this method to be an accurate way to calculate soil hazard.



Approach 3 can be approximated by recognizing that soil response is governed primarily by the level
of rock motion and the magnitude of the event; given these two variables, distance does not have a
significant effect. Thus:

P[A°>z] = ffP[As>zIm,a]fMIA(m;a) fi(@)dmda (6-6)

PIA*>z] = [[PIAF> -f;lm,a]fm(m;a) f,(a)dmda (6-7)

This is a variant of Approach 3, and is labeled, “Approach 3A.” For application of this method we
would need only the conditional magnitude distribution for relevant amplitudes of a.

Figure 6-1 represents Approaches 4 and 3 in graphical form. Part A of the figure shows the rock
PSHA curve, and part B indicates soil amplitude A*® as a function of rock amplitudes AR, for a given
magnitude earthquake and for a soil that responds non-linearly to rock motion.

For this soil, Figure 6-1 shows that scatter in rock amplitude (for a given M and a) translates to
scatter in soil amplitude from aleatory uncertainties, as illustrated by the dashed distributions in Figure
6-1B. These distributions are P [A* > z/m, a] in equation 6-6. When rock variability is included,
the solid distribution in Figure 6-1B results. This is P [A° > z [ m, r] in equation 6-1. Often the
uncertainty in soil response is smaller than for rock because the slope of soil A® vs. rock AR is less
than unity. This effect is seen in observations: empirical attenuation equations often show less scatter
for soil data than for rock data. The non-linear soil response means that the distribution of soil
amplitudes will be negatively skewed relative to the rock amplitudes, as illustrated in part B. A
possible resulting soil hazard curve is shown in Figure 6-1C.

The translation of rock ¢ (from scatter) to a soil o (from scatter) would take place as illustrated in
Figure 6-1B if soil parameters were known perfectly. Of course, they aren’t: knowing rock motion,
even from a specified magnitude event, does not allow us to predict soil motion perfectly even if
multiple sets of dynamic soil properties are available. This is illustrated in Figure 6-2B. Part of the
variability is random (aleatory), coming from random incidence angles, interference of waves, and
source effects. The remainder is epistemic uncertainty, i.e. we do not know precisely the dynamic
soil characteristics, particularly at high amplitude levels. This uncertainty is represented by alternative
possible soil amplification curves.

These combined uncertainties will lead to a distribution of soil response that is larger (the dashed
curve in Figure 6-2B). The combined distribution may have smaller or larger o than the rock
distribution, depending on the amount of soil uncertainty and the degree of non-linearity (the slope
of soil vs. rock response).
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The bottom graph, Figure 6-2C, shows the seismic hazard curve for the three sets of soil properties.
Depending on the degree of uncertainty in soil properties and the amount of site-specific soil data
available, the range in soil PSHA curves (Figure 6-2C) may be wide or narrow.

If we are concentrating on calculating soil hazard at a specific annual probability p*, we can simplify
the calculations further by focusing on a particular rock amplitude a’ and associated magnitude m’.
The soil amplification factor AF can be computed at a’ and m’, so that:

AF(a,m) = AF (a’,m") (6-8)

This removes the magnitude dependence of equation (6-7), simplifying it to:

P[AS>z] = fP[AF(a',m')>£|a]fa(a)da (6-9)
a

where the notation P[AF (a’,m") > z/ala] means that the distribution of AF is calculated for a’ and
m’, and a is used to calculate P[AF >z/a]. This approach is labeled “Approach 3B,” and was
proposed by Bazzurro (1998).

It would of course be possible to devise an intermediate approach between 3A and 3B, where AF is
made a function of either m and a. Bazzurro (1998), for example, found AF for two saturated soil
sites to depend on a but not m given a. Modeling one of these dependencies would be advised if
Equation (6-9) proves to be too inaccurate for practical use.

Figure 6-3 illustrates how Approach 3B works. Rock amplitude a’ is determined from the rock
seismic hazard curves (part A). Entering part B at rock amplitude a’ gives for each of the three
possible sets of soil characteristics, a distribution of soil response A* (the solid distributions in Figure
6-3B) that reflects random aleatory variabilities. Recognizing that the soil characteristics themselves
are uncertain, we combine the solid distributions in Figure 6-3B to obtain the overall (dotted)
distribution of A°* given a’. This is transformed to a distribution of amplification factor AF by dividing
A’bya’. Then equation (6-9) is used to calculate the soil hazard curve (graph C). This will be most
accurate at annual probabilities near p’, as that is where AF has been calibrated.

Approaches Based on UHS Scaling: Approach 3B above prompts the idea of simply scaling the rock
UHS to calculate a soil UHS. If soil uncertainties are small, or if we can account for them explicitly,

we can estimate the soil UHS accurately, for a given rock UHS. This would certainly be the most
straightforward, intuitive approach. We label the simplest scaling “Approach 1.”

Figure 6-4 visually illustrates how this works. At a chosen annual probability p’, the corresponding
rock amplitude a’ is chosen. For this a’ and for a central magnitude m_ (obtained from
deaggregation) the distribution of soil response is obtained, accounting for soil uncertainties. (The
soil distribution in Figure 6-4B corresponds to the dotted distribution in Figure 6-3B). The mean of
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this distribution for frequency f is used to construct a UHS for soil (part C). Note that the mean of
the distribution may be different from the value obtained with a “best estimate” set of parameters.
Figure 6-4 illustrates this process for one frequency, but in its simplest form Approach 1 is applied
to all frequencies simultaneously.

Consideration_of Multiple Frequencies. The discussion of Approach 1 implies that a single,
broadband motion representing the rock UHS will be used to drive the soil calculations. It has been
recognized that a broadbanded motion may be inaccurate in many applications (e.g. USNRGC, 1997)
and may in fact be unconservative. As an alternative, two earthquakes can be used: one that
dominates at high frequencies (10 Hz) and another that dominates at low frequencies (1 Hz).
Approach 1 can be cast in terms of AR = a,, and A® = a, , for 10 and 1 Hz, respectively. The
amplification factor AF can be defined for all frequencies as the ratio of A’ ®/a,and A*(f) /a,.

Using the amplitudes of 10 Hz and 1 Hz will simplify the analysis since, where magnitude values are
required, they will be available from the rock PSHA results. The resulting soil UHS can be plotted
and enveloped to obtain an overall UHS for soil. If more than two frequencies are necessary on rock
to define specific events whose envelope matches the UHS, then these same frequencies can (and
should) be used to calculate soil UHS. The use of two frequencies in this way is labeled “Approach
2A.”

A variant of this approach recognizes that the magnitudes of earthquakes, for a givenrock amplitude,
may have a strong effect on non-linear soil behavior (through the duration of shaking and long period
effects). Figure 6-5A shows the magnitude deaggregation at rock amplitude a’; this distribution can
be discretized into three magnitudes m; , m,, , and my; . Then the rock amplitude a’ can be translated
into soil distributions for each magnitude, Figure 6-5B. These can be weighted (using weights
derived from the deaggregation) to produce an overall distribution, the mean of which becomes one
value on the soil UHS (Figure 6-5C). This is labeled “Approach 2B.” The soil’s (nonlinear) response
to changing magnitudes is itself nonlinear: a one-unit magnitude increase hurts soil response more
(drives it more nonlinear) than a one-unit magnitude decrease helps soil response. The result is that
the mean soil amplitude considering M variability may be higher than if M variability is ignored, as
illustrated in Figure 6-5B.

Summary. This subsection has presented five approaches to defining UHS on soil. Subsequent
sections will explore some of these approaches with specific, real soil columns to make comparisons
and inferences on the best procedures to use for a proposed site. These example cases implicitly
assume that site-specific shear-wave velocities are available, and that dynamic soil properties
(damping and modulus) can be estimated.

6.2  Development of WUS and CEUS Attenuation Relations

Regional- and site-(soil column) specific attenuation relations are required to evaluate the suitability
of various approaches for developing probabilistic soil spectra that are consistent with the
probabilistic control motions (rock outcrop spectra). Soil-column-specific attenuation relations
(median spectra and uncertainties) were used to generate uniform hazard spectra at the soil surface
while regional-specific rock profiles were used to develop attenuation relations for outcropping rock.
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The soil uniform hazard spectra were then compared to soil motions generated by Approaches 1 and
2 (involving soil response with rock input motion). This process was applied to four actual soil sites
with measured properties: Savannah River, South Carolina, and California strong motion recording
sites Gilroy Array No. 2, Meloland, and Rinaldi. Each soil site was assumed to be located in the
CEUS and WUS (Section 6.3) necessitating the development of appropriate attenuation relations and
their uncertainties.

The process of developing site and region specific attenuation relations involved exercising the point
source model (Appendix D) for a suite of magnitudes and distances and then regressing on the
predicted ground motions. Regional- and site-specific elements were introduced through the
selection of appropriate model parameters and their uncertainties. Parametric uncertainty about the
median ground motion regression (which includes regression uncertainty) was estimated through
multiple ground motion estimates at each magnitude and distance based on random model parameters.
Total uncertainty was then estimated by adding modeling uncertainty (Appendix D) to the parametric
and regression uncertainties. This process resulted in a regression equation for median ground
motions (5% damped response spectra) as a function of magnitude and distance as well as estimates
of the total uncertainty, both of which are required by probabilistic seismic hazard analyses. This
process has been applied to a number of Department of Energy sites as well as many other
commercial projects and forms the basis for a number of CEUS attenuation relations. As a result,
the process is both mature and stable, undergoing the scrutiny of widespread application to
engineered structures.

6.2.1 Point Source Model Parameters

Dependent parameters for the point-source model included source depth, stress drop (Ac), Q (f)
model (deep crustal damping), kappa (shallow crustal damping), a crustal model, and a shallow
profile along with nonlinear dynamic material properties parameterized throu gh G/G,,,, and hysteretic
damping curves. Independent parameters were magnitude and distance, which were selected to cover
the appropriate range in M and R in the hazard analyses. Three magnitudes were run (M 4.5 CEUS
soil only, 5.5, 6.5, and 7.5) over the distance range of 1 to 400 km (Tables 6-2 and 6-3).

For the dependent parameters, base case (mean or median) values and their uncertainties are listed
in Table 6-2 for the WUS and Table 6-3 for the CEUS. Source depth was based on region specific
seismicity while Q(f) [Q(f) = Q, f'] models were based on inversions using the point-source model.
WUS stress drops were based on inversions of the Abrahamson and Silva, 1997 empirical attenuation
relation (Silva et al., 1997) and showed a magnitude dependency (EPRI, 1993; Atkinson and Silva,
1997). CEUS stress drops (Table 6-3) were assumed to follow the same magnitude scaling as WUS.
The M 5.5 stress drop was set to 160 bars to correspond to Atkinson’s (1993) value, which was
based on high frequency spectral levels from CEUS earthquakes. In her database of CEUS
earthquakes the mean magnitude was about 5.5. Interestingly, these stress drop values resulted in
an average (over magnitude) difference of about a factor of two between CEUS (117 bars, Table 6-3)
and WUS (65 bars, Table 6-2), in agreement with Hanks and Johnston’s (1992) analyses of intensity
data.

Kappa values were based on ground motion observations at hard rock sites in the CEUS (EPRI,
1993; Silva and Darragh, 1995) and soft rock sites in the WUS. The WUS kappa value of 0.03 sec
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(Table 6-2) applied to the shallow portions of the Wald and Heaton (1994) crust (Table 6-4) and was
adjusted to give a total kappa value of 0.04 sec for WUS rock (EPRI, 1993; Silva and Darragh, 1995;
Silva et al., 1997; Boore and Joyner, 1997). The remaining kappa, 0.01 sec, was contributed by the
shallow geotechnical portion of the profile, which had a shear-wave velocity of about 250 m/sec at
the surface and increased roughly linearly to 1 km/sec at a depth of 30m, where it merged with the
Wald and Heaton (1994) crustal model. The shallow geotechnical profile was based on shear-wave
velocity measurements at strong motion sites classified as rock (Appendixes A and C; Silva et al,,
1997). The profile was considered nonlinear to a depth of 150m (shear-wave velocity of 1 km/sec,
Table 6-4) based on validations with recorded motions (Silva et al., 1997) and the damping for the
shallow kappa contribution was taken from the rock damping curve at low strains. The crustal model
is shown in Figure 6-6 along with the generic CEUS hard rock crustal model (Table 6-5).

The kappa value for the CEUS rock site was 0.006 sec (Table 6-3), significantly lower than the 0.04
sec value for the WUS rock site and was based on recordings (Section 2; EPRI, 1993). The

variability in kappa G, = 0.30, was assumed to be the same in WUS and CEUS and was the observed
variability in kappa values at rock sites in northern California that recorded the M 6.9 1989 Loma
Prieta earthquake (EPRI, 1993). While this uncertainty of 0.3 for kappa may seem low to
characterize both epistemic (uncertainty in the median value) and aleatory (uncertainty about the
median value) variability in a site specific kappa value (Table 2-1), the point-source modeling
uncertainty (Appendix D; Silva et al., 1997) already accommodates the effects of kappa variability.
This arises because a fixed kappa value of 0.03 sec was used to characterize the linear rock damping
at all rock sites in the validation exercises. As a result, site specific departures of kappa from the
assumed value of 0.03 sec increased model deviations from recorded motions, and this resulted in
larger estimates of model uncertainty. This also applied to shallow rock profiles (to a depth of a
300m [1,000 ft]) and soil profiles, both of which were randomized in developing the attenuation
relations. While it is possible that the total variability in the attenuation relations was overestimated
due to this probable double counting, validations are sparse for the CEUS (and are nonexistent for
deep soil sites), and are sparse for M larger than about 7.0 in the WUS. As a result, assessment and
partition of appropriate variability is not an unambiguous issue, particularly in the CEUS, and the
approach taken here was to follow prudent design practice and not underestimate uncertainty.

The profile variability was taken over the top 300m to be as consistent as possible with the deepest
soil profile (described in the next section), (Figure 6-6). Rock profile variability was incorporated
using a profile randomization scheme that was based on an analysis of variance of over 500 measured
profiles and has probabilistic models appropriate for WUS rock (both hard and soft) as well as soil
conditions (EPRI, 1993; Silva et al., 1997). For WUS rock the soft rock model was used. For the
CEUS profile, the WUS hard rock model was used, since there are few, if any, shallow geotechnical
profiles with which to develop statistics on variability. Since the rock probabilistic model is only
constrained to a depth of about 30m, only the top 30m of the rock profiles were randomized. To
provide some consistency with the soil randomization, which included the entire soil column (typically
300m), a 270m thick layer was randomized in velocity using a o,, of 0.3. This standard deviation is
based on an analysis of variance of rock conditions beneath soil profiles. Figure 6-7 shows median
and + 1o shear-wave velocity profiles for the WUS and CEUS rock sites. The profile variability
models for rock were based on an analysis of variance of all rock profiles in the database and
therefore are appropriate for generic applications. Site-specific applications would likely result in a
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lower variability that reflects random (aleatory) variations over the dimensions of a foundation (or
to a foundation dimension extending outside the footprint) as well as uncertainty in the mean or base
case profile (epistemic). To develop these non-generic or small area models, multiple closely spaced
holes are necessary. Such an analysis was undertaken at a deep soil site in the CEUS, and a footprint
correlation model was developed by Gabriel Toro (Silva et al., 1997). However, similar data are not
currently available for rock sites. The use of a generic statistical model for both WUS and CEUS
rock sites therefore may also contribute to an overestimate of the variability in the rock outcrop
attenuation relations.

To accommodate potential nonlinear response in the shallow portion (top 30m) of the soft rock
profile (Table 6-4, Figures 6-6 and 6-7), the modulus reduction and hysteretic damping curves shown
in Figure 6-8 were used. These curves were developed by modeling the rock site motions produced
by a recently developed empirical attenuation relation (Abrahamson and Silva, 1997). The generic
WUS rock profile (Figure 2-2) was used in developing the G/G,,, and hysteretic damping curves and
was validated by modeling the motions recorded at about 150 soft rock sites (Silva et al., 1997).

As with the soil material strain dependencies (Section 6.2.2), the rock G/G_,, and hysteretic damping
curves were randomized based on an analysis of variance of recent laboratory dynamic test results.
To develop probabilistic models, multiple test results were analyzed and yielded standard errors
(natural log) of 0.1 and 0.3 for G/G,,, and hysteretic damping respectively, these values calculated
at cyclic shear strains of 0.03%. These variabilities were appropriate for within-class (cohesionless
or cohesive) uncertainties and were used to generate suites of random curves that follow the shapes
of the base case G/G,,, and hysteretic curves (EPRI, 1993). In the randomization process, upper and

lower bounds of about + 2 ¢ were used to prohibit physically implausible excursions (EPRI, 1993).

To model nonlinear response at the WUS rock site as well as the soil sites, RVT equivalent-linear
analyses were performed (Appendix D). This process, the use of the simple point-source model
coupled to RVT equivalent-linear site response, has been validated at about 500 sites for 17
earthquakes. This validation showed that the process results in an acceptably accurate
characterization of strong ground motions for engineering design (Appendix D).

6.2.2 Soil Profiles And Nonlinear Properties

Four measured shear-wave velocity profiles (soil sites) were considered to be located at both the
WUS and CEUS sites (Section 6.3). The soil profiles were placed on top of the rock crustal models
(Wald and Heaton, 1994 for the WUS site; Table 6-4). The profiles selected include Savannah River
(generic) South Carolina; Gilroy Arroy site no. 2 in Northern California, which recorded the 1979
M 5.7 Coyote Lake, 1984 M 6.4 Morgan Hill, and 1989 M 6.9 Loma Prieta (and aftershocks)
earthquakes; Meloland in the Imperial Valley, which recorded the 1979 M 6.5 Imperial Valley
earthquake; and the Rinaldi substation in Southern California, which recorded the 1994 M 6.7
Northridge earthquake. All three California sites have recorded a maximum peak acceleration of at
least 0.4g, with the Rinaldi site having a maximum peak horizontal acceleration of 0.84g (166.1
cmy/sec peak velocity, Appendix A).

Base case shear-wave velocity profiles for the four sites are shown in Figure 6-9. The Rinaldi site,
with a depth to 1 km/sec material of about 90m is comprised of cohesionless soils and is considered
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a stiff site. Meloland is a “bottomless” soft profile consisting mainly of silty clays and silty sands with
clay zones having a plasticity index (PI) less than about 20 but with some medium hard (MH) clays
(PI ~ 40). The soil profile was truncated at a depth of 300m. The Savannah River generic site is a
firm deep CEUS site modeled to a depth of about 300m (Figure 6-9). It is comprised of silty sands
and low PI clays. To sample a site with gravely soils, Gilroy was added. It is about 200m deep and
consists of sands and silty sands with some thick gravelly zones. The low velocity zone at a depth
of about 100m is comprised largely of gravels (EPRI, 1993).

As with the shallow (top 300m) rock profiles, the soil profiles were randomized using the same
approach but with a soil statistical model appropriate for a footprint areal extent. The resulting
median and + 1 © profiles are show in Figure 6-10 for the Savannah River site. Compared to the rock
site generic variability shown in Figure 6-7, the footprint soil site variability was significantly smaller.
Part of the difference was caused by deep soil sites showing significantly smaller absolute variability
than rock sites (EPRI, 1993; Silva et al., 1997). The remaining difference was attributed to variability
over a limited area or similar depositional environment vs. generic conditions.

In addition to velocity and layer thickness variability, depth to basement material was also varied +
5% to accommodate changes that may occur over a site.

For the soil sites, three different sets of G/G,,,, and hysteretic damping curves were used. At the
Gilroy site, validation exercises in modeling the Coyote Lake, Morgan Hill, and Loma Prieta
earthquakes at a number of soil sites showed that the EPRI (1993) curves were appropriate for Bay
Area soils (Figure 6-11). Similar modeling exercises at the Rinaldi (Northridge ear