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CHAPTER 6
EVALUATION OF THE EPRI (2004, 2006) GMM IN
LIGHT OF NEW DATA, MODELS, AND METHODS

This chapter presents the evaluation of the EPRI (2004, 2006) Ground-Motion Model (GMM) in
light of the ground-motion data that have been compiled in the intervening years and publication
of more recent ground-motion-modeling approaches and GMMs. Section 6.1 describes the initial
project ground-motion database developed for comparison with the EPRI (2004) GMM. Section
6.2 summarizes the evolution of the individual GMMs that were used in the EPRI (2004) study
and describes new candidate ground-motion-prediction equations (GMPEs) that are based in
some cases on new methods. Section 6.3 describes the approaches used to adjust the ground-
motion data to the reference site conditions for the EPRI (2004) GMM, and Section 6.4 presents
the comparisons of the EPRI (2004) GMM with these adjusted data. Section 6.5 discusses new
information related to the aleatory variability model developed by EPRI (2006). Section 6.6
summarizes the results of the evaluations, and Section 6.7 presents the rationale for
recommending at Decision Point 2 that an update to the EPRI (2004, 2006) GMM be developed.

6.1 Compilation of Initial Project Database

The project database consists of two components, the strong ground-motion records database and
the database of recording-site velocity profiles. An initial database was developed to be used for
the Phase 1 assessments. Once the decision was made to proceed with updating the EPRI (2004,
2006) GMM, the database was revised to include the latest available information. The final
ground-motion database is described in Section 7.2, and the updated site velocity profile
characterizations are described in Section 7.3.1.1.

6.1.1 Initial Ground-Motion Database

The PEER NGA-East Project is developing a comprehensive database of ground-motion
recordings produced by Central and Eastern North America (CENA) earthquakes (Cramer et al.,
2013); the PEER NGA-East database is described in Section 7.2 of this report. An initial ground-
motion database was developed from the April 2012 draft version of the PEER NGA-East
database for comparisons with the EPRI (2004) GMM, applying the following processing steps:

" Compute geometric mean ground motions for horizontal components.

" Review and refine the moment magnitude estimates for each earthquake.

" Estimate the rupture and Joyner-Boore distance for each recording.

* Incorporate available estimates of VS30 for recording stations.
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0 Develop general site classifications for recording sites.

Detailed descriptions of these processing steps are provided in Section 7.2.

Following the approach described in Section 7.2, the recording stations in the initial database
were assigned to three geologic classes, as follows:

" Class A - older, pre Tertiary rocks

* Class B - Tertiary or younger rocks

* Class C - unconsolidated sediments

The site classification, along with the available information on site shear-wave velocity, was
used to assign the recording stations to rock categories, as summarized in the following table:

Initial Rock Site Categorization

Rock Site Category Initial Criteria

Very Firm Rock Geologic Class A or B with VS30 2! 2,000 m/s

Intermediate Rock Geologic Class A or B with 1,000 < VS30 < 2,000 m/s
or Class A with unknown VS30

Soft Rock Geologic Class A or B with 500 5 VS30 < 1,000 m/s
or Class B with unknown VS30

For the initial ground-motion database, the values of Vs30 used for the site categorization were
those reported in the PEER NGA-East ground-motion database, those based on the recording-site
shear-wave-velocity-profile database (Section 6.1.2), and those inferred based on site geology
and topography by Silva et al. (2011).

Figure 6.1.1 -1 shows the magnitude-distance distribution for the recordings in the initial
assembled ground-motion database. The plot on the left shows the available data for 10 Hz
pseudo-spectral acceleration (PSA), and the plot on the right shows the available data for 1 Hz
PSA.

6.1.2 Shear-Wave-Velocity Measurements at Seismic Recording Stations

This project utilized shear-wave-velocity (Vs) profiles at recording sites from the following
sources:
" Measurements obtained by GEOVision and The University of Texas as part of this project

(see Chapter 4 and EPRI, 2013a).

" Measurements obtained by the USGS and made available to this project in draft form.

" Measurements from the literature compiled by the PEER NGA-East Database and
Geotechnical Working Groups and made available to this project.

Chapter 4 provides more details on the shear-wave-velocity profile data obtained by this project
and by the USGS.
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6.2 Summary and Evaluation of Available GMPEs for CENA

As discussed in Section 2. 1, there have been a number of studies conducted to develop new
GMPEs for CENA ground motions and to update several of the GMPEs that were used to
develop the EPRI (2004) GMM. Appendix B documents reviews of these models in the
published literature. In addition, the developers of the GMPEs that were used for the EPRI
(2004) GMM provided either recommendations for the use of their models in an updated analysis
or suggestions for new models. The interviews with active researchers are documented in
Appendix C. Based on these reviews and discussions with researchers, the continued use of each
of the GMPEs included in the EPRI (2004) study was evaluated and new candidate GMPEs were
identified. The results of these assessments are described in the following sections.

6.2.1 Summary and Evolution of GMPEs Used in EPRI (2004) GMM

As discussed in EPRI (2004), the available GMPEs at that time could be clearly grouped by
approach into the four clusters listed in Table 5.1-1: (1) stochastic point-source models using a
single-corner (Brune) source model; (2) stochastic point-source models using a double-corner
source model; (3) hybrid empirical models; and (4) broadband simulations using a finite source
and Green's functions. These models are summarized below, including any updates that have
been made and recommendations for their continued use by their developers.

" Hwang and Huo (1997) - The Hwang and Huo (1997) GMPE was based on stochastic point-
source simulations using a single-corner (Brune) source model. The distance measure used
was epicentral distance and simulations were performed for distances between a magnitude-
dependent minimum epicentral distance, and a maximum distance of 200 km assuming R-1
geometric spreading. The minimum epicentral distance ranged from 5 km for M 5 to 45 km
for M 7.5. Finite fault effects were modeled by incorporating a magnitude-dependent
additive distance term based on the model developed by Campbell (1981) for active tectonic
regions. The specified site conditions were a shear-wave velocity of>1,500 m/s. The TI
Team was unable to contact the authors of this model, and review of the literature failed to
find any indications that the model had been updated.

* Silva et al. (2002) - Silva et al. (2002) developed five alternative models using stochastic
point-source simulations. Three of the models were based on the single-corner (Brune)
source spectrum and two were based on the double-corner source model of Atkinson (1993).
The three single-comer models represent different approaches to address extended rupture
effects. One approach was to use a magnitude-dependent stress drop, denoted in this study as
Silva et al. single-corner with variable stress (SSCVS). The second approach was to use a
magnitude-dependent fictitious depth term in the simulation, denoted in this study as Silva et
al. single-corner with constant stress and saturation (SSCCSS). The third approach used a
constant stress drop and a constant depth for all magnitudes, denoted in this study as Silva et
al. single-corner with constant stress (SSCCS). The two double-corner models consist of a
model with magnitude-dependent fictitious depth, denoted in this study as Silva et al. double-
corner with saturation (SDCS) and double-corner without saturation (SDC). Magnitude-
dependent geometric spreading was used for distances up to 80 km based on the model of
Abrahamson and Silva (1997). Beyond 80 kin, the geometric spreading distance exponent
was assumed to be one-half of the value at shorter distances. The reference site condition was
the Midcontinent velocity model developed by EPRI (1993) with a near-surface shear-wave
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velocity of 2,830 m/s. Silva et al. (2003) developed updates to the Silva et al. (2002) GMPEs,
based on similar stochastic point-source ground-motion simulations. The single-comer
models are slightly changed from the 2002 versions, and the double-corner models are
unchanged from 2002. Dr. Silva recommended that the single-corner and double-corner
models without saturation not be used, as they do not account for extended ruptures as well
as the alternative models with saturation or variable stress (see Appendix C).

" Toro et al. (1997) - The Toro et al. (1997) GMPE is based on stochastic point-source
simulations using a single-comer (Brune) source model. Geometric spreading was modeled
using the formulation developed by Ou and Herrmann (1990) for wave propagation in a
layered crust. A magnitude-dependent fictitious depth was used in the simulations to
represent the effects of extended ruptures. The reference site condition was the EPRI (1993)
Midcontinent crustal model. The Toro et al. (1997) GMPE has not been updated, except for
modifications that apply at large magnitude and short distances (Toro, 2002) which were not
implemented by EPRI (2004). Dr. Toro indicated that this GMPE was developed using
reasonable values of the stochastic-model parameters and that it is still a viable model.

* Frankel et al. (1996) - The Frankel et al. (1996) model is based on stochastic point-source
simulations using a single-comer (Brune) source model with a fixed hypocentral depth of
10 km. Geometric spreading was modeled using the trilinear form used by Atkinson and
Boore (1995). The reference site condition was a near-surface shear-wave velocity of 2,800
m/s. The Frankel et al., (1996) model has not been updated. However, Dr. Frankel considers
it a viable model (see Appendix C).

" Atkinson and Boore (1995) - The Atkinson and Boore (1995) GMPE was based on
stochastic point-source simulations using the double-corner source model of Atkinson
(1993). Geometric spreading was modeled using a modification of the trilinear form
developed by Atkinson and Mereu (1992). The reference site conditions are stated to be hard
rock with negligible amplification from source depths, but no explicit velocity was specified.
The authors recommended that the Atkinson and Boore (1995) GMPE be replaced by their
more recent models, described below (see Appendix C).

* Abrahamson and Silva (2002) - The Abrahamson and Silva (2002) GMPE is a hybrid model
in which stochastic point-source simulations were used to adjust the Abrahamson and Silva
(1997) GMPE for active tectonic regions to conditions in the CEUS. The reference hard-rock
site conditions were the EPRI (1993) Midcontinent crustal model. The developers considered
their model to be superseded by more recent hybrid models that are based on updated GMMs
for active tectonic regions, the 2008 NGA models, and updated characterization of ground-
motion properties for CENA earthquakes (see Appendix C).

" Atkinson (2001) - Atkinson (2001) developed adjustment factors to correct GMPEs for
active tectonic regions to conditions in CENA. The adjustment factors accounted for
differences in crustal amplification and anelastic attenuation. The reference site condition
used for CENA hard rock was that developed by Boore and Joyner (1997). The EPRI (2004)
study used the Atkinson (2001) adjustments from Western North America (WNA) to CENA
ground motions in combination with the Sadigh et al. (1997) GMPE for active tectonic
regions as a hybrid model. Dr. Atkinson indicated that this model should be considered
superseded by updated models for active regions (the 2008 PEER NGA models) and the
more recent characterization of CENA ground motions (see Appendix C).
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" Campbell (2003) - Campbell (2003) developed a hybrid empirical model by using stochastic
point-source simulations to develop adjustment parameters from active tectonic regions to
Eastern North America (ENA). He applied these adjustments to four GMPEs for active
tectonic regions and then computed the average results to develop a GMPE for ENA. The
reference site condition for ENA hard rock was assigned a Vs30 of 2,800 m/s. Dr. Campbell
indicated that he considered his 2003 model to have been superseded by more recent models
and recommended the use of the Pezeshk et al. (2011) model. He indicated that although he
had completed a partial update of the 2003 model (Campbell, 2007), the resulting model
produced results very similar to those of the Pezeshk et al. (2011) model.

" Somerville et al. (2001) - The Somerville et al. (2001) GMPE is based on broadband
simulations using extended rupture models of the earthquake source. The earthquake source
is modeled by a distribution of sub-events over the rupture plane, with parameters based on
models derived from analyses of CENA earthquake ruptures. Wave propagation is modeled
by computing broadband Green's functions in a layered crust. The reference crustal profile is
the Midcontinent model developed by EPRI (1993). Somerville et al. (2001) developed their
ground-motion model from simulations of earthquakes of magnitude M 6 to M 7.5.
Therefore, EPRI (2004) incorporated the model as Cluster 4 with applicability only to
earthquake sources for which the major contribution to hazard is from earthquakes of
magnitude M 6 and larger. The Somerville et al. (2001) GMPE has not been updated for
application in CENA. However, Dr. Somerville considers the model to be a viable model and
has applied the approach in numerous tectonic environments (Appendix C).

6.2.2 New Candidate GMPEs

As part of literature reviews and discussions with researchers, three new candidate GMPEs were
identified for consideration in this study.

Atkinson (2008) - Atkinson (2008) developed a "referenced empirical" approach to GMM
development. The approach involves comparing the predicted ground motions from an
empirically based GMPE for active tectonic regions such as WNA to recorded CENA ground
motions. The resulting residuals are fit by an algebraic form that provides an adjustment
factor to the ground-motion predictions for active tectonic regions. Atkinson (2008) used the
Boore and Atkinson (2008) NGA GMPE as the base model for adjustment to CENA
conditions. Atkinson and Boore (2011) developed an adjustment to the Boore and Atkinson
(2008) NGA model to better represent the ground motions for small- to moderate-magnitude
earthquakes recorded in WNA, principally California. They refer to their revised model as
"BA08'." They then used the BA08' GMPE to produce updated referenced empirical
adjustments to CENA ground motions. This updated referenced empirical model, labeled
"A08"' by the authors, was recommended by Drs. Atkinson and Boore to be used in place of
the Atkinson (2008) model. Review of the A08' GMPE by the TI Team indicated that
extrapolation of the model to large distances produced upward curvature in the ground-
motion attenuation for frequencies of 0.5 Hz and 1 Hz. A minor modification of the
parameters was suggested to Dr. Atkinson to remedy this issue and she agreed to the
modification. The adjustments are tabulated below.
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Modifications to Referenced Empirical Parameters c and d
of Atkinson and Boore (2011) for the A08' model

From Table 4 of Atkinson and Modification Developed for

Frequency Boore (2011) This Study

(Hz) c d c d

1.0 -0.248 0.00153. -0.2127 0.00125

0.5 -0.214 0.00117 -0.180 0.00090

The A08' GMPE was developed for a Vs30 of 760 m/s. Adjustment to hard rock conditions
was accomplished by using the GMPEs developed by Atkinson and Boore (2006) for both
CENA hard rock and CENA Vs30 of 760 m/s conditions and then computing the ratio of the
predicted ground motions. The resulting ground-motion ratios were then modeled by the
relationship

PSAH..JRock / PS4Aý 760 = a + b log( R) (6.2.2-1)

The following table lists the parameters of Equation 6.2.2-1 used to obtain hard-rock ground-
motion estimates from the A08' GMPE.

Coefficients of Equation 6.2.2-1

Frequency
(Hz) a b

PGA 1.6 -0.3

25 1.7 -0.15

10 0.96 0

5 0.74 0

2.5 0.71 0

1.0 0.775 0

0.5 0.9 0

Atkinson and Boore (2006) - The Atkinson and Boore (2006) GMPE was derived from
simulated ground motions calculated with an extended-source stochastic model. The source
characteristics were calibrated for California and then modified so they conform to the CEUS
source scaling of Somerville et al. (2001). The geometric spreading and anelastic attenuation
were based on Atkinson (2004a). The reference hard-rock site conditions were specified as a
shear-wave velocity >2,000 m/s near the surface with no specific velocity profile given.
Atkinson and Boore (2011) modified the model in light of recent CENA. ground-motion
recordings from earthquakes with magnitudes M 4.7 to 5 and comparisons to the magnitude
scaling given by the modified Atkinson (2008) referenced empirical model, A08', described
above. The modification involved introducing a magnitude-dependent stress parameter. This
updated model, labeled "AB06"' by the authors, was recommended by Drs. Atkinson and
Boore to be used in place of the Atkinson and Boore (1995) model.
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Pezeshk et al. (2011) - The Pezeshk et al. (2011) model is a hybrid GMPE developed for
estimating CENA ground motions. To develop their hybrid model, the authors applied the
general approach developed by Campbell (2003) to the 2008 PEER NGA GMPEs, along
with the Atkinson (2004a) characterization of geometric spreading and anelastic attenuation
in CENA. The reference hard-rock site condition used is that of Atkinson and Boore (2006),
specified as a shear-wave velocity >2,000 m/s near the surface. The Pezeshk et al. (2011)
model is an update of the earlier Tavakoli and Pezeshk (2005) hybrid model. The Pezeshk et
al. (2011) model was recommended for use by several developers of earlier hybrid models.

6.2.3 Evaluation of Candidate GMPEs

This section summarizes the evaluations by the TI Team of the models presented in Sections
6.2.1 and 6.2.2. These evaluations are based on recommendations made by the model developers
and discussions with active researchers, as documented in Appendix C.

It is clear that stochastic point-source ground-motion simulation using a single-comer (Brune)
source model is no longer a preferred approach for ground-motion modeling, as no new models
or updates to existing models were identified apart from the minor modifications introduced to
the Silva et al. (2002) GMPEs by Silva et al. (2003). Nevertheless, a number of researchers
indicated that the predictions from this type of model are still viable. The TI Team concurs that
existing models of this type should for the most part be retained for consideration.

Dr. Silva recommended that the Silva et al. (2002, 2003) single-corner point-source model
without saturation not be used, as the near-source scaling did not conform to observations based
on expanded ground-motion databases. The TI Team agrees with the basis for this
recommendation. The Silva et al. (2003) GMPEs were used in place of the Silva et al. (2002)
GMPEs, as they represent the most recent results by these researchers, although the differences
between the two models are minor.

The one stochastic single-corner-based GMPE in question is that developed by Hwang and Huo
(1997). As indicated above, the TI Team was unable to contact the authors. As described above,
the Hwang and Huo (1997) GMPE is based on simulations for a limited distance range, ranging
from a minimum epicentral distance that is magnitude dependent (5 km for M 5, 45 km for
M 7.5) to an epicentral distance of 200 km. The authors also did not incorporate a change in
geometric spreading from body-wave to surface-wave conditions in their simulations that is
included in nearly all the other models under consideration. This fact makes the extrapolation of
their model to the full distance range needed for this study questionable. An additional
consideration is that the Hwang and Huo (1997) GMPE has been used infrequently in
probabilistic seismic hazard analysis (PSHA) practice in CENA. Based on the limited distance
range used in its development and the fact that the predictions in that distance range are similar
to the other models used by EPRI (2004), as documented in Appendix A of that report, the TI
Team made the assessment that the Hwang and Huo (1997) model would not be considered for
use in this study.

As was the case for the single-comer stochastic point-source models, no new models have been
developed using double-corner stochastic point-source models. However, as stochastic point-
source simulations still are considered viable by a number of researchers, the TI Team's
assessment is that this type of model should be retained for consideration.
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Dr. Silva recommended not using the Silva et al. (2003) double-comer model without saturation
for the reasons given above for the single-comer model, and the TI Team agrees with his
recommendation.

Drs. Atkinson and Boore recommended not using their 1995 model, and instead using their 2006
model based on extended rupture stochastic simulations with its 2011 modifications. The
Atkinson and Boore (2006) model in its modified form, AB06', is considered appropriate as this
model is based on extensive research by its developers and utilizes extended rupture simulations,
which are becoming the standard of practice. Elimination of the Atkinson and Boore (1995)
model has the effect of reducing the number of double-comer stochastic point-source simulation
models considered. However, given that this model is nearly the oldest model used by EPRI
(2004) and there has been considerable advancement in understanding of ground-motion
modeling, the TI Team agrees with the authors' recommendation. The Atkinson and Boore
(1995) model is not considered for use in this study.

All the authors of the hybrid models used by EPRI (2004) recommended that those GMPEs be
replaced by more recent hybrid GMPEs. These recommendations are based in part on the
recently improved characterization of ground motions in active tectonic regions represented by
the 2008 PEER NGA GMPEs and on improved characterizations of ground-motion scaling in
CENA. The most recent hybrid GMPEs that take into account this information are the model of
Pezeshk et al. (2011) and the referenced empirical model of Atkinson (2008) as modified by
Atkinson and Boore (2011), A08'. The A08' model can be considered a type of hybrid, although
it uses empirical data rather than ground-motion simulations to produce the adjustments from
active regions to CENA. The other available hybrid models, the partial update of Campbell
(2003) by Campbell (2007) and the pre-NGA hybrid model of Tavakoli and Pezeshk (2005), are
both considered by their developers to be superseded by the GMPE of Pezeshk et al. (2011)..
Clearly, the use of the 2008 PEER NGA characterizations of active tectonic regions is an
improvement over previous models, and the hybrid models based on these relationships are
judged by the TI Team to be used in preference to earlier models.

The final model is that of Somerville et al. (2001). Although this model has not been updated for
use in CENA, it is based on ground-motion-simulation techniques that are becoming the standard
of practice, and the approach has been used successfully in a variety of tectonic environments.
Therefore, the Somerville et al. (2001) model is included for consideration in this study. The TI
Team recognizes the fact that the model development does not include simulations for M < 6
earthquakes and takes the EPRI (2004) recommendations regarding its use into account in this
study.

6.3 Adjustment for Recording-Site Conditions

The EPRI (2004) study developed weights for GMPEs based in part on their relative ability to
predict the available empirical data from CENA that were recorded at sites characterized as
being rock. These comparisons were made without any adjustments from the site conditions at
these recording stations to the reference hard-rock condition, specified as a shear-wave velocity
of>2,800 m/s. Recent experience has emphasized the importance of characterizing the effect of
site conditions, even in rock sites. Therefore, for this study, procedures were developed to adjust
the recorded ground motions to the reference conditions for which the hard-rock GMPEs have
been defined.
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One approach used analytical adjustments based on comparison of site-specific amplification to
those for the reference profile. The site-specific amplifications were determined using the
measured shear-wave-velocity profiles at the recording sites. The reference profile for the
analytical adjustments is taken to be the Midcontinent velocity profile developed by EPRI (1993)
with a shear-wave velocity of 2,830 m/s over the top 1.3 km and with kappa equal to 0.006 s.
Site-specific shear-wave-velocity data are available for only a limited number of recording
stations.

The second approach used empirically based adjustment factors based on the broad site
categorization described in Section 6.1.1. The empirical approach has the disadvantage of less
precision in both the site categorization and calculation of adjustment factors, but has the
advantage of allowing the use of a greater amount of data.

The site adjustments are presented in this section in preliminary form. These adjustments were
refined in Chapter 7 as part of the development of the updated EPRI (2004, 2006) GMM. The
refinements include changes to the approach to the analytical adjustments and refinements to the
ground-motion database in terms of the site categorization assessments.

6.3.1 Analytical Adjustment for Recording-Site Condition

6.3.1.1 Characterization of the Profiles

The analytical approach for the adjustment of the recorded to reference site conditions uses
measured shear-wave-velocity (Vs) profiles at recording stations, together with analytically
derived models for the transfer functions at the recording site and at a reference profile. These
are used to obtain estimates of the ground motions that would have been obtained if the
recording site had a velocity profile with characteristics identical to those of the reference
profile.

To this effect, the velocity data summarized in Chapter 4 were augmented with measurements
obtained by the USGS and those compiled from the literature by the PEER NGA-East Project.
Because the measured profiles extend to depths of 30-50 meters, it was necessary to extend them
to greater depths in order to calculate transfer functions for frequencies as low as 0.1 Hz. This
was done by using the template profiles developed by Dr. Silva that are documented in Appendix
A of this report.

The analytical adjustment also requires a value of the parameter kappa, which represents the
anelastic attenuation through the soil and near-surface rock.' Estimates of kappa were obtained
using the approach in Appendix B of EPRI (2013b), which provides equations for kappa as a
function of profile characteristics for multiple cases.

In addition, uncertainty in Vs and in kappa was characterized by considering four alternative
combinations of the Vs profile and kappa. These are generated using the coefficients of variation
recommended in Appendix B of EPRI (2013b). The uncertainty in Vs accounts for both

In terms of the original definition of kappa by Anderson and Hough (1984), the kappa used here corresponds to the
value of kappa at zero epicentral distance, which is written sometimes as K(O) or K0. For the sake of brevity, this
report will omit the 0.
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parametric variation and uncertainty inherent to the quarter-wavelength approach used in the
calculation of amplification factors (Boore and Joyner, 1997).

Further details on the characterization of the profiles for the purpose of this analytical adjustment
are provided in Section 7.3. 1.1. Note that the results presented in this chapter use a preliminary
characterization of the profiles, but the differences between the two sets do not impact the
conclusions of this Chapter. The final characterization of the profiles used in the development of
the Updated GMM is presented in Section 7.3.1.1.

6.3.1.2 Analytical Approach

As indicated earlier, the purpose of the analytical approach is to adjust the recorded horizontal
spectral amplitudes to the reference site conditions, using information about the station's Vs
profile. This project uses the Boore and Joyner (1997) quarter-wavelength approach to quantify
the amplification ratio between the recording station and the reference profile.

Calculations are performed for alternative combinations of the Vs profile and of kappa, obtaining
a central estimate of the adjusted amplitude, as well as the associated uncertainty.

Further details on the approach, including the formulation, intermediate steps, and typical results,
are provided in Section 7.3.1.2. The results presented in this chapter use an initial
implementation of the analytical approach. However, the differences between this initial
implementation and the final implementation described in Chapter 7 do not impact the
conclusions of this chapter.

6.3.2 Empirical Adjustment for Recording-Site Conditions

The EPRI (2004) median models for the four clusters were used to compute residuals with
respect to the initial ground-motion database developed in Section 6.1.1. The residuals are
defined as the natural logarithm of the ratio of observed PSA divided by predicted PSA. Figures
6.3.2-1 through 6.3.2-3 show examples of the residuals computed for data from earthquakes of
magnitude M > 4.75 using the EPRI (2004) median models for Clusters 1, 2, and 3. Results for
the EPRI (2004) Cluster 4 model are not presented due to the very limited data for magnitudes
near or greater than M 6. The residual plots show variable results from frequency to frequency
among the three clusters, with Cluster 3 tending to overpredict the data and Cluster 1 tending to
underpredict at low frequencies. Many of the residual plots show some trend with distance for
distances beyond 300-500 km.

As described in Section 7.3.2, the residuals for each of the EPRI (2004) cluster median models
were analyzed to develop empirical scaling factors based on the site categories defined in Section
6.1.1. Calculation of adjustment factors was performed using Models 1, 2, and 3 defined in
Section 7.3.2. The results of the analyses indicated that only scaling for the soft rock site
category relative to the other rock categories had some level of statistical significance. Figures
6.3.2-4 through 6.3.2-6 show the computed values of the Soft Rock and Intermediate Rock
scaling coefficients, CsR and CIR, respectively, obtained from analyzing the residuals for the
EPRI (2004) Cluster 1, 2, and 3 median GMPEs for various magnitude-distance ranges. The
vertical bars denote the 90 percent confidence intervals on the parameters. As indicated on the
figures, these confidence intervals often span zero, indicating that the scaling for the rock
categorie's in the initial data set was statistically significant for only some frequencies.

6-10



Chapter 6

6.4 Test of EPRI (2004, 2006) GMM: Comparisons of Observations to
GMM Predictions

6.4.1 Comparisons Using Analytical Adjustment for Recording-Site Conditions

This section compares the adjusted motions calculated using the procedure summarized in
Section 6.3.1 to the median EPRI (2004) GMPEs. Cluster 4 is not considered because this cluster
is not used for earthquakes in the magnitude range spanned by the data. Comparisons are made
using logarithmic residuals (natural logarithm of the ratio of the observed/predicted motions). 2

Residuals are shown for sites with Vs30 > 500 m/s and earthquakes with M > 3.75, for both the
adjusted and unadjusted spectral amplitudes. For the adjusted amplitudes, the error bars show the
-E 1 u uncertainty in the adjustment factor. Residuals outside the usable frequency range of the
original record, as determined by the PEER NGA-East Project, are not shown. Although these
comparisons show distances to 1,000 kin, the focus of this project is distances less than 500 km,
with particular emphasis on distances less than 100 km.

Figures 6.4.1-1 through 6.4.1-12 show the comparisons for Clusters 1, 2, and 3 and for
frequencies of 1, 5, 10, and 25 Hz. In general, these comparisons indicate that the EPRI (2004)
cluster median GMPEs tend to overpredict the observations for distances less than 100 km. In
this distance range, most observations come from M 3.75-4.75, but the larger-magnitude data
tend to support this conclusion. The conclusion is generally the same for the adjusted and
unadjusted recordings, but is stronger for the former. At distances of 100-500 km, there is rough
agreement between the cluster medians and the recordings. At longer distances, there may be
over or underprediction, depending on cluster and frequencies.

Comparing the adjusted and unadjusted observations, one can observe that the former cause a
small reduction in scatter, with the possible exception of 25 Hz. The 25 Hz results also show
large error bars, indicating that uncertainty in the recording-site kappa values makes it difficult to
draw conclusions about the high-frequency amplitudes.

6.4.2 Comparisons Using Empirical Adjustment for Recording-Site Conditions

The results presented in Section 6.3.2 indicate that the empirical scaling coefficients for the rock
site categories do not provide an improvement in the fitting of the residuals computed for the
initial rock site database developed in Section 6. 1. 1. This may be due in part to the limited data
available with which to classify many of the recording sites.

Figures 6.4.2-1, 6.4.2-2, and 6.4.2-3 show the residuals for the EPRI (2004) median models for
Clusters 1, 2, and 3, respectively. Part (a) of each figure shows the results for earthquakes in the
magnitude range 3.75 < M < 4.75, and part (b) shows the results for earthquakes of magnitude
M > 4.75. The residuals for Soft Rock and Intermediate Rock have been adjusted by the factors
-CsR and -CIR, respectively. The results indicate that Cluster 3 tends to overpredict the data for
M > 4.75 for several frequencies, while Cluster 1 tends to underpredict the data at some
frequencies.

2 For the sake of illustration, a residual of-1 indicates overprediction by a factor of exp(1), or approximately 2.7.

Similarly, a residual of+l indicates underprediction by a factor of approximately 2.7.
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It is also useful to plot the adjusted data versus the range of ground motions predicted by the
EPRI (2004) GMM. Figures 6.4.2-4 through 6.4.2-9 show the ground-motion data for PSA of
0.5, 1, 2.5, 5, 10, and 25 Hz, respectively. Each figure contains plots for three magnitude ranges:

* 4.75 < M < 5.25

* 5.25 <M< 5.75

* 5.75 <M< 6.25

The points show the values of rock site PSA from the database color-coded by the site
categories. The Soft Rock and Intermediate Rock data were adjusted by the empirical site
factors. The curves show the range of ground motions predicted by the EPRI (2004) GMM
(lowest 5th percentile model to highest 95th percentile model). The dashed curves show the
range for Clusters 1, 2, and 3 models. These predictions are for the central magnitude of each
magnitude bin, M 5, 5.5, and 6, from left to right. For the largest magnitude interval, the dashed-
dot curve shows the range including the EPRI (2004) Cluster 4 models.

The comparisons of Figures 6.4.2-4 through 6.4.2-9 indicate that the ground-motion data for the
most part fall within the range of the ground motions predicted by the EPRI (2004) median
models. The 5th percentile and 95th percentile models developed by EPRI (2004) were intended
to represent the epistemic uncertainty in the median ground motions. However, the results shown
in this section indicate that the range in uncertainty for the median models is also capturing a
large portion of the aleatory variability in ground motions. This might be expected for the cases
of limited data, such as that for 25 Hz PSA, but not necessarily for cases where there is a large
amount of data.

6.5 New Information for Aleatory Variability

The EPRI (2006) model for aleatory variability was based on preliminary results from the PEER
NGA project to develop updated GMPEs for active tectonic regions. The final PEER NGA
GMPEs were published in 2008. One important difference between the preliminary results used
by EPRI (2006) and the final published GMPEs was the inclusion of magnitude dependence in
some of the aleatory models. In addition, the PEER NGA-West 2 Project (Bozorgnia et al., 2012)
is in the process of updating the 2008 GMPEs. Preliminary results from that project indicate
some differences in the assessment of aleatory variability compared with the 2008 NGA GMPEs.

6.6 Conclusions from Comparisons

6.6.1 Bias

The comparisons in terms of residuals show that the Cluster 1, 2, and 3 median ground-motion
amplitudes overpredict the recorded motions in the 0-100 km distance range (see Figures 6.4.1-1
through 6.4.1-12 and 6.4.2-1 a through 6.4.2-3b). This is true for both the adjusted and unadjusted
amplitudes, and for both adjustment methods. The overprediction is greater for earthquakes in
the 3.75 < M < 4.75 range, but is also present for M > 4.75. At greater distances, there is no clear
trend, with the cluster medians overpredicting the recordings for some combinations of cluster
and frequency, and underpredicting them for others. The observed bias at distances-of 0-100 km
is particularly important because earthquakes in this distance range dominate the hazard at high
frequencies and are an important contributor to hazard at low frequencies.
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Cluster 4 is not considered in the above discussion because, according to the EPRI (2004) study,
Cluster 4 is not applicable for earthquakes in the magnitude range of nearly all the recordings.

6.6.2 Epistemic Uncertainty

The comparisons of the range spanned by the EPRI (2004) GMPEs (including the 5th percentile
and 95th percentile curves) to the empirically adjusted recordings encompass most of the data
(see Figures 6.4.2-4 through 6.4.2-9). This observation suggests that the EPRI (2004) epistemic-
uncertainty range is also capturing a large portion of the aleatory variability in ground motions
for earthquakes of magnitude about M 5, suggesting a possible overestimation of epistemic
uncertainty in this magnitude range. These comparisons do not address the issue of the
appropriate level of epistemic uncertainty at magnitudes larger than M 5 and for distances less
than 100 km, which should be reexamined in light of recent data and models.

6.7 Decision Point 2 - Basis for Proceeding with Updating the EPRI
(2004, 2006) GMM

The TI Team concluded that it is appropriate to update the EPRI (2004, 2006) GMM for the
following reasons:

" Based on TI Team evaluation of input from Resource and Proponent Experts, as discussed in
Section 6.2.3, the TI Team concludes that 7 of the 13 GMPEs underlying the EPRI (2004,
2006) GMM either are no longer viable or have been superseded.

" Three new GMPEs for CENA have been developed since the completion of the EPRI (2004)
work that either expand the range of models or update existing models. Furthermore, these
three GMPEs are currently in their second generation of development, which suggests that
these GMPEs are robust. In addition, a number of the contacted experts recommended their
inclusion.

" The CENA ground-motion database is significantly larger now than it was when the EPRI
(2004) GMM was completed. This is a consequence of the occurrence of a number of
earthquakes in the last decade (including the Mineral, Virginia; Sparks, Oklahoma; Val des
Bois, Quebec; and Mt. Carmel, Illinois, events) and the data collection efforts of the PEER
NGA-East Project.

" Comparisons to the database described above indicate that the EPRI (2004, 2006) GMM
overpredicts ground motions at some magnitude-distance-frequency ranges that are important
in PSHAs for nuclear power plants.

" The aleatory-variability portion of the EPRI (2004, 2006) GMM is based primarily on
preliminary models from the PEER NGA study. These models have been superseded by the
final PEER NGA model released in 2008 and by the preliminary PEER NGA-West 2 model.

6.7.1 PPRP Feedback

The PPRP provided feedback regarding the TI Team and Project Manager recommendation to
proceed with Phase 2 and update the EPRI (2004, 2006) GMM during Working Meeting #5 on
August 14, 2012. The highlights from Working Meeting #5 are documented in Appendix E. The
PPRP position was further documented in PPRP Report #2, dated August 20, 2012. In this report

6-13



Chapter 6

(included in Appendix H), the PPRP provided the following general statement regarding the need
to update the EPRI (2004, 2006) GMM:

The PPRP believes that the paramount question at Decision Point 2 is this: Can the EPRI
(2004, 2006) Ground Motion Model (GMM) be used with credibility and confidence for
the specific purpose of computing ground-motion-response spectra (GMRS) at existing
nuclear power plant sites in response to the NRC RFI 50.54 (f) letter dated March 12,
2012?

Based on our own collective expertise, and after carefully monitoring the process by
which the TI Team and Project Manager (PM) have addressed this question, the PPRP
fully supports their recommendation that the EPRI (2004, 2006) GMIM be updated for the
defined task.

6.7.2 EPRI Communication to Nuclear Regulatory Commission

The TI Team and Project Manager presented the Phase 1 results to the project PPRP, the Senior
Technical Advisors, and NRC Staff during Working Meeting #5 on August 14, 2012. At this
working meeting, the TI Team and Project Manager recommended that industry proceed with
Phase 2, based on the compilation and evaluation of new data, models, and methods completed
in Phase 1. The PPRP and Senior Technical Advisors for the project concurred with this
recommendation. The basis for the decision to proceed with Phase 2 and update the EPRI (2004,
2006) GMM was presented during the NRC public meeting on August 16, 2012.

As explained above, in a letter to the NRC, dated August 24, 2012 (Appendix H), EPRI provided
notification of the industry conclusion that it is appropriate to update the existing EPRI (2004,
2006) GMM to incorporate current data, models, and methods before the model is used to
calculate GMRS at existing nuclear power plant sites for the purpose of addressing NTTF
Recommendation 2.1: Seismic. In addition, EPRI indicated in the letter to the NRC that it would
implement Phase 2 of the approved EPRI (2004, 2006) GMM Review Project Plan (EPRI, 2012),
which is available to the public on the EPRI website at epri.com.
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Figure 6.1.1-1
Magnitude-distance distribution of the rock site database developed for the project
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Rock site data PSA residuals computed using the EPRI (2004) Cluster I median GMPE
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Rock site data PSA residuals computed using the EPRI (2004) Cluster 2 median GMPE
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Rock site data PSA residuals computed using the EPRI (2004) Cluster 3 median GMPE
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Figure 6.3.2-4
Rock category scaling coefficients CSR and CIR of Model 2 (Equation 7.3.2-2) computed
from fit to the EPRI (2004) Cluster I residuals for shown on Figure 6.3.2-1

6-19



Chapter 6

04

0

-0N4

EPRI (2004) Cluster 2 Residuals
SM > 3.75, R <= 1000 km • M > 4.75, R<=- 1000 km

* M>=3.75, R<=500km * M>=4.75, R<=500km

0.3 0.5 1 2 3 5
Frequency (Hz)

10 20

04

N

I - - - -I I I - -I

EPRI (2004) Cluster 2 Residuals
M >= 3.75, R <= 1000 km • M >=4.75, R <= 1000 km

• M>=3.75, R<=500km * M>=4.75, R<= 500 km
• . I I(N4

0.:
I .

3 0.5 1 2 3 5
Frequency (Hz)

10 20

Figure 6.3.2-5
Rock category scaling coefficients CSR and CIR of Model 2 (Equation 7.3.2-2) computed
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Figure 6.3.2-6
Rock category scaling coefficients CSR and CIR of Model 2 (Equation 7.3.2-2) computed
from fit to the EPRI (2004) Cluster 3 residuals for shown on Figure 6.3.2-3
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Figure 6.4.1-1
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster I and frequency of 1 Hz
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Residuals for Investigated Sites - Model: C1, Freq (Hz): 5; Vs30(min): 500
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Figure 6.4.1-2
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 1 and frequency of 5 Hz
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Residuals for Investigated Sites - Model: C1, Freq (Hz): 10; Vs30(min): 500
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Figure 6.4.1-3
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMYPE for Cluster I and frequency of 10 Hz
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Figure 6.4.1-4
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster I and frequency of 25 Hz
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Figure 6.4.1-5
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 2 and frequency of I Hz
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Figure 6.4.1-6
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 2 and frequency of 5 Hz

6-27



Chapter 6
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Figure 6.4.1-7
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 2 and frequency of 10 Hz
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Residuals for Investigated Sites - Model: C2, Freq (Hz): 25; Vs30(min): 500
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Figure 6.4.1-8
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 2 and frequency of 25 Hz
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Residuals for Investigated Sites - Model: C3, Freq (Hz): 1; Vs30(min): 500
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Figure 6.4.1-9
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 3 and frequency of I Hz
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Residuals for Investigated Sites - Model: C3, Freq (Hz): 5; Vs30(min): 500
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Figure 6.4.1-10
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 3 and frequency of 5 Hz
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Residuals for Investigated Sites - Model: C3, Freq (Hz): 10; Vs30(min): 500
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Figure 6.4.1-11
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 3 and frequency of 10 Hz
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Residuals for Investigated Sites - Model: C3, Freq (Hz): 25; Vs30(min): 500
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Figure 6.4.1-12
Residuals between the adjusted and unadjusted spectral accelerations and the EPRI
(2004) median GMPE for Cluster 3 and frequency of 25 Hz
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Residuals for empirically adjusted spectral accelerations from magnitude M - 4.75
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Residuals for empirically adjusted spectral accelerations from magnitude 3.75 5 M < 4.75
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Figure 6.4.2-2b
Residuals for empirically adjusted spectral accelerations from magnitude M - 4.75
earthquakes computed using the EPRI (2004) Cluster 2 median GMPE
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Figure 6.4.2-3a
Residuals for empirically adjusted spectral accelerations from magnitude 3.75 < M <4.75
earthquakes computed using the EPRI (2004) Cluster 3 median GMPE
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Figure 6.4.2-4
Comparison of scaled CENA rock site 0.5 Hz PSA data with range in ground motions predicted by the EPRI (2004) GMM
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Figure 6.4.2-5
Comparison of scaled CENA rock site 1 Hz PSA data with range in ground motions predicted by the EPRI (2004) GMM
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Figure 6.4.2-6
Comparison of scaled CENA rock site 2.5 Hz PSA data with range in ground motions predicted by the EPRI (2004) GMM
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Figure 6.4.2-7
Comparison of scaled CENA rock site 5 Hz PSA data with range in ground motions predicted by the EPRI (2004) GMM
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Figure 6.4.2-8
Comparison of scaled CENA rock site 10 Hz PSA data with range in ground motions predicted by the EPRI (2004) GMM
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Figure 6.4.2-9
Comparison of scaled CENA rock site 25 Hz PSA data with range in ground motions predicted by the EPRI (2004) GMM
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