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1. ATTENUATION EQUATIONS FOR ROCK
Ground motions for rock are calculated using the attenuation equations recently developed by
EPRI (EPRI, 1993), as dightly revised and extended by Toro et al. (1997). These attenuation

equations are of the form

INY=C, +C,(M-6) +C,(M-6)?

R
-C,InR, - (C,-C) maxln(i%), 0|-C,R, (4-1)

+8e+8a

Ry = {RZ+C/ (+2)

with coefficients given by Table 2 of Toro et a. (1997). In the above equation, M is moment

magnitude, R is horizontal distance, ¢, is epistemic uncertainty, ande, is aleatory uncertainty.

The EPRI attenuation equations include the effect of crustal structure and contain a thorough
treatment of epistemic and aleatory uncertainty in source characteristics, path effects, and near-
Site anelastic attenuation (kappa). Aleatory uncertainty istreated as magnitude- and distance-
dependent (see Toro et a., 1997 for details). Epistemic uncertainty (i.e., €, in Equation 4-1) is

treated as magnitude-dependent and is modeled in the seismic-hazard calculations by using
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four separate d@tenuation equations and their asociated weights. These four attenuation
equations differ from the corresponding median attenuation equation in the values of
coefficients C, and C, (seeTable 2 of Toro et al., 1997). Figures4-1 and 4-2 show these four
dternative dtenuation eguations, as well as the median attenuation equation, for pesk ground
acceeration (PGA) and 1-Hz spedral accéeration (PSA) at 1 Hz.

Figures 4-1 and 4-2 aso show the ground-motion amplitudes predicted by Herrmann (personal
communication, 1997 for M 5. He usesthe Atkinson-Boore (1997 source spedrum and
models of geometric and anelastic atenuation based on the analysis of neally 2200verticd
ground-motion records from small eathquakes in the New Madrid region (Samiezale-Y adz, et
a., 1999. Herrmann's predictions for PGA are consistent with the EPRI attenuation
equations. His predictions for 1 Hz are significantly lower, as aresult of the Atkinson-Boore
two-corner source spedrum, which predicts much lower amplitudes nea 1 Hz. Figure 4-3
compares the EPRI (1993 and Atkinson-Boore (1997) predictions for 1 Hz spedral
acceeration and multiple magnitudes, and shows that the difference between the two sets of
predictions beaomes larger at higher magnitudes. The issue of one-corner (or Brune) vs. two-
corner spedra has not been settled. This gudy uses the Brune model for the sake of

conservatism and consistency with recent pradice

The EPRI attenuation equations consider the dfeds of rupture sizefor small and moderate
eathquakes, but not for large eatthquakes with extended ruptures. For cdculations involving
the faults in the NM SZ faults and the East Prairie extension, espedally for close distances, it is
necessary to utili ze dtenuation equations that consider the potentially large dimension of the
eathquake rupture. These dtenuation equations must use dosest distanceto the rupture (or
some similar measure) to charaderizedistance They must also include the dfeds of
elongated ruptures (i.e., only a portion of the energy release occurs nea the site) and the dfea
of possble variations in source scding (i.e., large eathquakes are postulated to have lower
stressdrop). These dfeds are usually denoted as magnitude-saturation or extended-source

effeds and are used in realy al attenuation equations for California.
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Two approaches are followed here to introduce extended-source effects. The first approach
(which we denote as the Empirical Approach) uses a result by Atkinson and Silva (1997), who
utilized the extensive strong-motion database from California. In order to fit the short-
distance California data with a point-source model (like that used to derive the EPRI
attenuation equations), Atkinson and Silva found that it was necessary to reduce the stress
drop by afactor of two between magnitudes 5.5 and 7.5. This reduction does not imply a
factor of two reduction in the actual stress drop; it simply implies that the combined effect of
geometric effects and source scaling is equivalent to afactor of two reduction in stress drop.
This effect may be represented by substituting Equation 4-2 above with the Equation

Ry=/R*+C,2[exp(-1.25+0.227M)]? (4-3)

where R is the closest horizontal distance to the rupture.

The second approach (which we denote the Modeling Approach) uses extended-source
ground-motion modeling to determine the shape of the amplitude vs. rupture-distance curve
for large magnitudes. Thus, this approach considers only the geometric effects of extended
ruptures. Details on this modeling approach are contained in Risk Engineering (1993). The
resulting effect may be represented by substituting Equation 4-2 with the equation

Ry=R;+0.006 exp(m, ) (4-4)

for attenuation equations in terms of m, ; or

R,,=R.+0.089 exp(0.6M) (4-5)

for attenuation equations in terms of moment magnitude. In the above two equations, R; isthe
shortest (dlant) distance to the fault rupture.

The median ground-motion amplitudes predicted by the attenuation equations modified
according to the Empirical and Modeling approached are shown in Figures 4-4 and 4-5, where
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they are compared to the anplitudes predicted by the model with no saturation. This gudy
uses the following weights for the saturation approades for the fault sources. Empiricd, 0.4,

Modeling, 0.4; and no saturation, 0.2. Calculations for the aeasources use no saturation.

2. REFERENCES

Atkinson, G.M. and D.M. Boore. (1997). “Some Comparisons Between Recent Ground-
Motion Relations.” Seismological Research Letters, v.68, no. 1, pp. 24-30.

Atkinson, G.M., and W. Silva(1997. “Anempiricd study of eathquake source spedrafor
Cdlifornia eathquakes.” Bull. Seism. Soc. Am., 87, 97-113

Eledric Power Reseach Institute (1993. "Guidelines for determining design besis ground
motions." Palo Alto, Calif: Eledric Power Reseach Ingtitute, vol. 1-4, EPRI TR-
102293
vol. 1: Methodology and gudelines for estimating earthquake ground motion in eastern
North America
vol. 2: Appendices for ground motion estimation.
vol. 3: Appendices for field investigations.
vol. 4: Appendices for laboratory investigations.

Risk Engineeing, Inc. (1993. Seismic Hazard Evaluation for the Paducah Gaseous
Diffusion Plant, Paducah, Kentucky, K/GDP/SAR/SUB-1, September 30.

Samiezale-Yazd, M., R.B. Herrmann, L. Malagnini, and W. Liu (1997). “A Regional
Comparison of Verticd Ground Motion in North America”, March 28. Available &
web addresshttp://www.eas.du.edu/People/RBHerrman/GroundMotion/

Schreider, J.F., W.J. Silva, and C.L. Stark (1993. Ground motion model for the 1989M 6.9
Loma Prieta eathquake including effeds of source, path and site. Earthquake Spectra,
9(2), 251-287.

Silva, W.J., N. Abrahamson, G. Toro, C. Costantino (1997). "Description and validation of the
stochastic ground motion model." Submitted to Brookhaven National Laboratory,
Associated Universities, Inc. Upton, New York.

Silva, W.J. (1997). "Charaderistics of Vertica Strong Ground Motions for Applicationsto
Engineaing Design.” In Proc., FHWA/NCEER Workshop on the National
Representation of Seismic Ground Motions for New and Existing Highway Facilities.
National Center for Earthquake Engineaing Reseach.

C.\mi sc\Atten_Toro_extended. wod June 12, 2002 4-4



Toro, G.R., N.A. Abrahamson and J.F. Schneider (1997). A Model of Strong Ground
Motions from Earthquakesin Central and Eastern North America: Best Estimates and
Uncertainties. Seismological Research Letters, v.68, no. 1, pp. 41-57.

Wald, D.J., Heaton, T.H. (1994). "A multidisciplinary source analysis of the 1994 (M,, 6.7)
Northridge earthquake using strong motion, teleseismic, and geodetic data." Proc. The
89th Annual Meeting of the Seismological Society of America, Program for
Northridge Abstracts, Pasadena, California.

C.\mi sc\Atten_Toro_extended. wod June 12, 2002 4-5



Toro et al. (1997) PGA
Multiple Equations and Weights

1E+01 -

1E-02 |

- Thick +-0.74 sigma(e) (0.454)
. Thin +-2.33 sigma(e) (0.046)

| Dashed median
Squares Herrmann (NM)
1E_03 ! [ B ! [ B
1EO 1E1 1E2

Horizontal Distance (km)

Figure 4-1. EPRI attenuation equations for PGA on rock (point-source assumption).
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Toro et al. (1997) 1-Hz
Multiple Equations and Weights
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Figure 4-2. EPRI attenuation equations for 1-Hz spectral acceleration on rock (point-source
assumption).
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Figure 4-3. Comparison of EPRI (1993) and Boore-Atkinson (1997) attenuation
equations for 1-Hz spectral acceleration. Source: Atkinson and Boore (1997).
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Attenuation Equations for Faults
Peak Ground Acceleration
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Figure 4-4. Median extended-source attenuation equations for PGA. Note: the no-saturation and
empirical predictions for M 5.5 are identical.
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Attenuation Equations for Faults
1-Hz Spectral Acceleration
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Figure 4-5. Median extended-source attenuation equations for 1-Hz spectral acceleration.. Note:
the no-saturation and empirical predictionsfor M 5.5 are identical.
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