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9.0 Ground Motion Characterization

This chapter presents the models developed to characterize median ground motions, aleatory
variability (sigma), and the epistemic uncertainty in each, both for shallow crustal and subduction
earthquakes. The development of the models for the calculation of the seismic hazard at the baserock
horizon is presented in Sections 9.2 through 9.5. Presented also are models for the Saddle Mountain
basalt/interbed sequence to be used in site response analyses (Section 9.6) and proposed vertical-to-
horizontal (V/H) ratios for response spectral ordinates (Section 9.7). The chapter begins with an
overview of the overall approach adopted for the development of the GMC model for the Hanford Site,
which draws on the databases presented and evaluated in Chapter 7.0.

9.1 GMC Model: Overview and Methodology

In this section, the boundary conditions defined for the definition of the GMC model are presented,
together with an overview of the approaches adopted to develop the complete suite of deliverables needed
for the subsequent calculation of surface motions at facility locations on the Hanford Site.

9.1.1 Reference Baserock Model and Site Response Interface

As previously explained in Chapters 1.0 and 7.0, the ultimate goal of the Hanford sitewide PSHA is
to enable the characterization of the ground-shaking hazard at the location of several surface facilities on
the Hanford Site. At the time of initiating the project the near-surface layers were only fully characterized
in term of their dynamic properties at the WTP (Waste Treatment Plant) site (Rohay and Brouns 2007)—
and to an extent also at the site of the Columbia Generating Station (formerly WPN-2) (Bechtel 2013)—
so it was not possible to produce surface motions at all of the five sites selected for the hazard
calculations (Figure 1.1). The approach adopted, therefore, was to limit the scope of the PSHA project to
the characterization of the ground-shaking hazard at a specified baserock elevation, which would then
provide the input into subsequent site response calculations at the facility locations. The characterization
of the near-surface deposits and execution of the site response analyses are outside the scope of the PSHA
project and responsibility for these tasks was left with the project sponsors. However, the GMC
Technical Integration (TI) Team was charged to provide guidance about how the site response analyses
should be conducted in terms of the characterization of variability and uncertainty to ensure both that
uncertainties are correctly accounted for, and also that there is no double counting of any uncertainties.

For reasons that are explained in Section 7.2.5, the baserock elevation was selected as being the top of
the Wanapum basalts (minus the ~4-m flowtop of the uppermost Lolo flow), which is encountered at
depths of between 332 and 446 m at the hazard calculation Sites A—E. This decision means that the
subsequent site response calculations are to be performed for much thicker columns than would have been
the case had the top of the Saddle Mountains basalts (SMBs) been selected as the reference baserock: the
suprabasalt sediments have thicknesses ranging from 59 to 156 m at the reference locations for the hazard
calculations. As a consequence, the GMC TI Team assumed responsibility for providing the full
characterization of the stacks above the baserock elevation to the top of the basalts (essentially the layers
of SMBs together with the Ellensburg Formation sedimentary interbeds) required for the site response
analyses. This includes layer thicknesses, densities, shear-wave velocities and low-strain damping, in
addition to stiffness degradation and nonlinear damping curves for the sediment interbeds (Section 9.6.3).
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These profiles are presented in Section 9.6. Together with the profiles for the stacks and the
randomization of the dynamic properties, the GMC TI Team is providing guidance on how uncertainty in
the suprabasalt sediments should be modeled and how the baserock hazard should be convolved with the
site amplification functions calculated for the combined column of SMB stack plus overlying sediments.
The GMC TI Team is recommending convolution following Approach 3 (McGuire et al. 2001) as
explained in Chapter 10.0; a fully worked example of this convolution is presented in Appendix K.

There is a point regarding the treatment of aleatory variability with respect to the interface between
the baserock hazard and the site response analyses that is worthy of special note in closing this section.
Because uncertainty is modeled in both the Vs-kappa adjustments to the baserock conditions (Section 9.3)
and in the randomizations of the profiles for the site response calculations (Section 9.6.5), the repeatable
component of the site variability is removed from the models for aleatory variability in the ground motion
prediction to avoid double counting, using the concept of single-station sigma (Section 9.5). However, at
longer response periods, the GMC TI Team concluded that the single-station sigma could not be fully
invoked for two reasons, namely the lack of variability in the site response calculations at long periods
(Section 9.6.5) and the possible presence of basin effects at intermediate periods (Section 7.6.3). Because
both of these factors are related to the behavior of layers above the baserock elevation, it was not
considered appropriate to capture their effect by the use of ergodic sigma in the baserock for these period
ranges. Rather, the effective variability due to the increase above single-station sigma is estimated at the
relevant periods and then specified as a minimum level of variability to be associated with the site
amplification factors (Section 9.6.6). As is explained in Section 9.6.6, it is not recommended that this be
achieved through inflated variability in the dynamic properties of the site response models, but rather that
if these do not produce sufficient variability in the resulting amplification factors, that the latter be
increased to ensure sufficient variability is included to account for the effects noted above.

9.1.2 Seismic Sources for Which Ground Motion Predictions Are Required

In developing the GMC model, it is important to ensure that the ground motion prediction equations
deployed on the logic-tree branches account for the range earthquake characteristics defined by the SSC
model (Chapter 8.0). This means that the prediction equations should be well calibrated for the ranges of
predictor variables or can be adjusted to match these ranges, or else that the additional uncertainty in the
predictions is accounted for in the GMC logic tree.

The seismic sources in the SSC model can effectively be grouped into three categories:

o shallow crustal earthquakes (largest magnitude: M 7.85)
e subduction interface earthquakes  (largest magnitude: M 9.4)
o subduction slab earthquakes (largest magnitude: M 7.5)

The largest values of maximum or characteristic magnitudes in the SSC model are indicated in the list
above. The hazard calculations are performed using a Mmin of M 5.0, so the models need to be applicable
at this magnitude, although this holds true more for the crustal than the subduction earthquakes.

In terms of distances, the area sources (Figure 8.1) extend out to about 200 km from the hazard
location points. The zone that hosts the Hanford Site (Yakima Fold and Thrust Belt [YFTB]) allows for
the occurrence of earthquakes effectively below each of the five selected locations at which seismic
hazard is calculated. Most of the shallow crustal fault sources (Figure 8.2) are located at distances of a
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few to tens of kilometers from the hazard calculation sites. The Seattle fault source, which is the most
distant shallow crustal source included in the SSC model, is located about 200 km to the northwest. For
the subduction sources (Figure 8.8), the slab earthquakes are located at about 200 km from the Hanford
Site and the interface earthquakes at about 300 km.

Fault ruptures within the area sources may be reverse, strike-slip, or normal, whereas the fault sources
are modeled as generating reverse, reverse-oblique, and strike-slip ruptures. The maximum seismogenic
depths for both area and fault sources range from 13—20 km. Moderate-to-large earthquakes on shallow
dipping ruptures confined entirely within the upper Columbia River Basalts (CRBs) are not included in
the SSC model as an explicit source, but the GMC TI Team does give consideration to the fact that
ruptures that extend close to the surface will potentially include high stress drop regions—due to the
presence of the thick, high-velocity, CRB layer—at rather shallow depths. This last feature is captured by
setting a minimum value on the depth-to-top-of-rupture parameter, Zrog, in the selected ground motion
prediction equation (GMPE), but only for the explicit term in this parameter rather than the calculation of
rupture distances; in other words, this constraint on Zrog is applied in the third term of Equation (9.1) (in
Section 9.2.1) but not in the final term.

9.1.3 Selection of “Scaled Backbone GMPE” Approach for Baserock Motions

In Section 7.4, currently available GMPEs were reviewed and evaluated in terms of selection criteria
specific to the application in the Hanford PSHA. The outcome of this evaluation was a single GMPE for
subduction earthquakes and a very small number of GMPEs for crustal earthquakes. The selection of a
single GMPE for subduction earthquakes reflects the experience of the Senior Seismic Hazard Analysis
Committee (SSHAC) Level 3 PSHA conducted for hydro-electric dams operated by BC Hydro in British
Columbia (BC Hydro 2012), which concluded that a new GMPE needed to be developed because none of
the existing subduction GMPEs were deemed suitable. A modified version of this same equation has
been developed specifically for the Hanford PSHA (Section 9.2.3). For the shallow crustal seismic
sources, the hazard is dominated by reverse and reverse-oblique faulting earthquakes occurring on faults
with a wide range of dips. The GMC TI Team considered only four of the Next-Generation Attenuation
(NGA)-West2 models to be suitable for assessing earthquake ground motions from these types of
earthquakes. A small number of other crustal GMPEs were judged to be fit for use in comparisons to
check the range of predicted median motions.

With so few equations available for both types of seismic source, it is clear that the center, body, and
range of possible median ground motions from potential future earthquakes that may affect the Hanford
Site could not be captured simply from the distribution of median predictions from these GMPEs.
Therefore, the only way to develop a sufficiently broad distribution of median predictions is to generate
additional equations through appropriate adjustments and scaling of these selected GMPEs. Such an
approach is not an innovation of this project—although there are features of this specific application that
are innovative—and there are numerous examples of such an approach from PSHA practice (Bommer
2012; Atkinson et al. 2014). Numerous examples of a scaled backbone approach can be encountered in
the development of ground motion models for PSHA applications in the Central and Eastern United
States (CEUS), including Toro et al. (1997) and Electric Power Research Institute (EPRI 2004, 2013a); it
is noteworthy that the latter two models have been accepted by the NRC in license applications and in
responses to the 50.54(f) letter (NRC 2012). In developing the GMC logic tree for seismic hazard
mapping, Petersen et al. (2008) included additional branches that carried scaled versions of the three
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NGA-West2 GMPEs selected for the PSHA in order to ensure adequate capture of epistemic uncertainty.
Atkinson and Adams (2013) used GMC logic trees for crustal earthquakes in active and stable regions,
and also for subduction earthquakes, in which the upper and lower branches carried models that are scaled
versions of a central “backbone” model. In the SSHAC Level 3 PSHA for the Thyspunt nuclear site in
South Africa (Bommer et al. 2014), the median GMC logic tree was developed by first transforming three
selected GMPEs into nine new equations through the application of three sets of host-to-target Vs-kappa
adjustment (capturing the uncertainty in both host and target values); these were then translated into 36
new equations through the application of four scaling factors representing uncertainty in host-to-target
differences in stress drops.

The approach adopted for crustal GMPEs in the Hanford project is comparable to that used for
Thyspunt except that instead of using three different GMPEs as separate backbones, the backbone itself
was developed from a small number of equations, and additional branches were generated to capture the
inherent epistemic uncertainty, including uncertainty in magnitude scaling (Section 9.4.2). Additional
logic-tree branches were obtained by the application of multiple Vs-kappa adjustments (Section 9.3.3),
and then these were transformed into a larger number of equations through the application of factors
representing uncertainty in host- to target-region scaling.

For the subduction GMPE, the full range of models was obtained through branches for uncertainty in
the large-magnitude scaling and for host- to target-region differences in both scaling and attenuation.
Thereafter, the application of scaling factors for uncertainty in the host-to-target adjustments to the
baserock condition at the Hanford Site created additional branches.

One of the advantages of this scaled backbone GMPE approach, as applied to both crustal and
subduction earthquakes in the Hanford PSHA, is that the models on the branches of the GMC logic tree
become mutually exclusive and, provided that they have been scaled sufficiently to capture the full range
of epistemic uncertainty, collectively exhaustive. In this case, the treatment of the weights on the
branches as probabilities becomes uncontroversial (Abrahamson and Bommer 2005; McGuire et al. 2005;
Musson 2005).

9.14 Overview of GMC Models and Deliverables

The GMC model consists essentially of two logic trees, one for ground motions from crustal
earthquakes and the other for motions caused by subduction earthquakes. In both cases, GMC models
apply to the baserock elevation at the top of the Wanapum basalts (WBs), which have a shear-wave
velocity, Vs, very close to 3,000 m/s. For both the crustal and subduction logic trees, there are branches
for the median motions and also for the associated aleatory variability (sigma). The GMC model is
defined by suites of equations with coefficients at 20 response frequencies, which were selected in
agreement with the project sponsors (Table 9.1). All of the information in the GMC logic tree is
presented in the HID, which is included as Appendix D of this report.

The other deliverable of the GMC model is the suite of models of the SMB stacks for use in
subsequent site response analyses. These models, which satisfy the requirements of both sponsors
determined through exchanges between the GMC TI Team and consultants Dr. Carl Costantino (on behalf
of DOE) and Dr. Farhang Ostadan (on behalf of Energy Northwest) are summarized in Section 9.6. In
addition, the GMC TI Team has formulated guidelines for the execution of the site response analyses and
the convolution of the baserock hazard and the calculated site amplification factors. These instructions
are listed in Section 10.5 and illustrated through a fully worked example in Appendix K.
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The final element of the GMC deliverables is a recommendation for V/H response spectral ratios that
may be used to transform the horizontal motions at the surface to the vertical component. These
recommendations are presented in Section 9.7.

Table 9.1. Selected response periods for which the GMC model is developed. Values in bold are those
specified in the NRC’s 50.54(f) letter (NRC 2012).

Period (s) Frequency (Hz) | Period (s) Frequency (Hz)
0.01 100 0.4 2.5
0.02 50 0.5 2.0
0.03 333 0.75 1.33
0.04 25 1.0 1.0
0.05 20 1.5 0.67
0.075 13.3 2.0 0.5

0.1 10 3.0 0.33
0.15 6.67 5.0 0.2
0.2 5.0 7.5 0.13
0.3 33 10.0 0.1

9.2 Selection and Development of Backbone GMPEs

In light of the review and evaluation of currently available GMPEs that were presented in Section 7.4,
the GMC TI Team began the construction of the GMC logic tree for median motions in the reference
baserock by selecting appropriate GMPEs to be used as backbones. The selection of the backbone
GMPEs for both crustal and subduction earthquakes is described in the following sections, together with
parameter settings and adjustments to the models for this specific application.

9.21 GMPEs for Crustal Earthquakes

The TI Team adopted a set of backbone selection criteria for crustal GMPEs that represent a middle
ground between the relatively lenient criteria of Cotton et al. (2006) and the somewhat stricter criteria of
Bommer et al. (2010), supplemented by project-specific criteria that are necessitated by the characteristics
of the seismic sources that contribute significantly to the hazard at the Hanford Site, and project needs
regarding response frequencies of interest and the need for explicit inclusion of Vg3 as a predictor
variable to facilitate site-specific adjustments (see Sections 9.1.2 and 9.1.4 above). The development and
application of these criteria are documented in Section 7.4.1.1. The result of this selection process is a set
of eight GMPEs, namely AC10, ASB14, ASK14, BI14, BSSA14, CB14, CY14, and DE14 (see Table
7.26 for the names corresponding to these abbreviations). Models that use Ry, were later dropped because
of concerns about the inability of these GMPEs to capture hanging-wall effects accurately, leaving only
ASK14, CB14, and CY 14 (i.e., three NGA-East GMPEs that use rupture distance).

To investigate the amplitude and spectral shapes of these selected GMPEs for the parameter range of
interest, seven of them are plotted in Figure 9.1 through Figure 9.7 for the seven representative
scenarios with parameters given in Table 9.2 (some of the quantities used in this table are defined
following Equation 9.1). These scenarios were defined by the GMC TI Team in consultation with SSC TI
Team Lead.
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Table 9.2. Scenarios used for comparison of the selected GMPEs.
Rip R; Dip Ztor Rupture Style of
Scenario M (km) (km) (deg) (km) Width (km) Faulting HW/FW
Saddle Mountains Scenario 1 7.50 18.89 0.00 40 0 20 Reverse HW
Saddle Mountains Scenario 2 7.50 27.61 14.83 70 0 20 Reverse HW
Umtanum Ridge Scenario 1 7.25 4.43 0.00 40 0 20 Reverse HW
Umtanum Ridge Scenario 2 7.25 6.79 0.00 80 0 20 Reverse HW
Rattlesnake Mountain Scenario  7.00 11.80 11.80 50 0 20 Reverse FW
Random Scenario 1 5.50 7.07 5.00 45 2 Reverse HW
Random Scenario 2 5.50 5.00 5.00 45 2 Reverse FW
HW = hanging wall; FW = footwall.
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Figure 9.1. Comparison of the selected GMPEs for Saddle Mountains Scenario 1: My = 7.5,
Ry = 18.89 km, Ry, = 0, Dip = 40, Zor = 0, Width = 20 km, Reverse, HW.
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Figure 9.2. Comparison of the selected GMPEs for Saddle Mountains Scenario 2: My = 7.5,
Ruyp=27.61 km, Ry, = 14.83 km, Dip = 70, Ztor = 0, Width = 20 km, Reverse, HW.
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Figure 9.3. Comparison of the selected GMPEs for Umtanum Ridge Scenario 1: My = 7.25,
Rpp=4.43 km, Ry, = 0, Dip = 40, Zyor = 0, Width = 20 km, Reverse, HW.
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Figure 9.4. Comparison of the selected GMPEs for Umtanum Ridge Scenario 2: My, = 7.25,
Rpp=6.79 km, Ry, = 0, Dip = 80, Zyor = 0, Width = 20 km, Reverse, HW.

1

Median PSA (g)

0.001 . .
0.1 1 10 100
Frequency (Hz)
e AC10 ASB14 e A\SK14
Bl14 e BSSA14 e==eCB14
Y14

Figure 9.5. Comparison of the selected GMPEs for Rattlesnake Mountain Scenario: My =7,
Ryyp=11.8 km, Ry, = 11.8 km, Dip = 50, Zror = 0, Width = 20 km, Reverse, FW.
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The exclusion of the Rj, GMPEs from the list of candidate backbone models, and the fact that the
remaining GMPEs have similar behavior, implies that it is sufficient to use only one backbone.

From these three GMPEs, CY 14 was selected as the backbone model. This selection does not mean
that CY 14 is superior to ASK14 or CB14, only that it is necessary to use only one model. Furthermore,
differences among these three GMPEs are captured by the crustal scaling factors in Section 9.4.2.

The CY 14 model for spectral accelerations is composed of two parts, the first predicting the spectral
acceleration at a reference rock site, y..r, which corresponds to a Vg3o value of 1,130 m/s; this is then
transformed to the target Vg3, through application of a nonlinear site adjustment factor. The equation for
predicting yyr (in units of g) is as follows:
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The median (mean log) spectral acceleration for the target site condition is then obtained from the
following expression:

ln(y) = ln(yref) + ¢] mln[ln(%j’()} + ¢5 (1 — e_AZl.o ! #6 )

A _ _ Vg + 0
+ ¢2 (e¢3(mm(Vx30,ll30) 360) _e¢3(1130 360) )ln( ref 4 (9'2)
9,
where ¢, ¢1a, ..., and 4y, ..., etc. represent numerical coefficients for the CY 14 GMPE functional form.

See Chiou and Youngs (2014) and Section 9.4.2 for more details on the role of these coefficients.
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The predictor variables in these equations are as follows:

M Moment magnitude

Rrur  Closest distance to rupture plane (km)

Ry Joyner-Boore distance (km)

Ry« Perpendicular (to fault strike) distance to site from the fault line (surface projection of top
of rupture), positive in the downdip direction (km)

Faw Hanging-wall factor: 1 for Rx >0, 0 for Rx <0.

) Fault dip angle

Ztor  Depth to top of rupture (km)

AZror Zror centered on M-dependent average Zror; see Equation (9.3)

Fryv  Flag for reverse/reverse-oblique faulting: 1 for 30° <A < 150°, 0 otherwise

Fam Flag for normal faulting: 1 for -120° <A <-60°, 0 otherwise; excludes normal-oblique
faulting

Vg0  Time-averaged shear-wave velocity over top 30 m (m/s); this is set to 760 m/s for these
calculations (assumed host value)

Zio Depth to shear-wave velocity of 1.0 km/s (m); set to 27.4 m, as explained below

AZ,y Zocentered on the Vo-dependent average Z, o; set to zero, as explained below

ADPP DPP (Direct Point Parameter) centered on site- and earthquake-specific average DPP; this
parameter is set to zero for reasons explained below.

The parameter AZror is calculated as the value of Zror for the earthquake under consideration minus

the mean value for earthquakes of magnitude M, Z,,, (M ). At the Hanford Site, there is the unusual

situation of a thick layer of hard basalts (the CRB formation) very close to the ground surface, which
means that fault ruptures extending into these near-surface basalts may be associated with unusually high
stress drops at very shallow depths. To account for the higher near-surface crustal strength of the basalts
compared to typical active tectonic region crust, AZror is computed by the following equation:

AZ o =max[Z;p 3] = Zypp (M) 9.3)

The value of Z;, (M) is computed from Equation (9.4a) for reverse and reverse-oblique faulting or

from Equation (9.4b) for strike-slip or normal faulting:

Z10n (M) = max[2.704 —1.266.max(M —5.849,0),0]° (9.42)

Z10n (M) = max[2.673 —1.136.max(M —4.970,0),0]° (9.4b)

This constraint of the Zror parameter, in effect never allowing it to take a value less than 3 km, only
affects the value of AZror in the fourth term of Equation (9.1) and does not influence the calculation of
distances (for example, in the final term of the equation). The effect of this constraint in parameter Zror
was explored as part of the Workshop 3 hazard sensitivities, and it was found that the sensitivity to this
constraint is low.

For the host region (California) classification, for Vg3 = 760 m/s (see Section 9.3.2.1), the estimated
value of Z,  for all locations is 27.4 m. Because this is an estimated rather than measured value (since it
corresponds to an ideal host site profile), the term AZ; ois 0.0 for all sites.
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For these hazard calculations, rupture directivity effects will not be included, hence the term ADPP is
set to zero. At Workshop 1 (WS1) of the Hanford sitewide PSHA, Dr. Paul Spudich of the USGS was
invited, as a resource expert, to present an overview of the five directivity models being developed as
candidates for adoption by the NGA-West2 model developers (Spudich et al. 2013). Chiou and Youngs
(2014) chose the DPP as the preferred model for predicting directivity effects in their model. However,
for this application the GMC TI Team made the simplifying assumption that directivity effects could be
neglected because they are small for reverse faults. This decision is supported by results obtained by the
southwestern United States ground motion project (as documented in Watson-Lamprey 2014).

In addition to the ASK14, CB14, and CY 14 candidate models selected to construct the equivalent
backbone models that capture the inherent epistemic uncertainty in the host region predictions from these
equations, the following additional GMPEs are considered in Section 9.4.2 for the development and
evaluation of the scaling factors: BSSA14, 1d14, and Zhea06.

9.2.2 GMPEs for Subduction Earthquakes

No formal backbone selection process was required for subduction GMPEs. As indicated earlier in
Sections 7.4.2 and 9.1.3, it was clear to the TI Team since the early stages of the project that there was
only one acceptable subduction GMPE in the literature and current practice (namely the BC Hydro
GMPE; Abrahamson et al. 2014a), which this project adopted and revised. In the remainder of this
section we refer to the Abrahamson et al. (2014a) model simply as the BC Hydro model.

Revisions of the BC Hydro model were necessary for various reasons. The model is robust at short
distances, but there are very few data at distances of interest in this project (200 to 400 km), and as a
result the predicted spectral shapes are not smooth. Moreover, the backarc and forearc scaling is poorly
constrained at long periods, resulting in stronger attenuation for forearc motions for long periods. While
this might be predicted by the sparse data at these distances and oscillator periods, it is considered to be
an unphysical effect and thus should be removed from the predictive equation. An additional reason to
revise the BC Hydro model is that additional data have become available since the introduction of the
model. The data include data from Japan, Chile, and Central America (see Section 7.1.3).

The modifications of the BC Hydro model were made with particular consideration of the constraints
of this project. In particular, the Hanford Site is located at distances of about 200 to 400 km from the
subduction sources, and the site is always located at a backarc location. The magnitude range of interest
is between 6 and 7.5 for intraslab earthquakes, and magnitudes greater than about 7.5 for interface
earthquakes. To accommodate these constraints, the regressions performed to fit the modified BC Hydro
model are done giving higher weights to motions recorded at larger distances than motions recorded close
to the fault. The discussion below focuses first on data selection, then we present the functional form for
the model, followed by a description of the regression analysis. We conclude with a discussion of the
results and an analysis of residuals.

9.2.2.1 Data Selection

The BC Hydro data set consists of ground motion records that were used to fit earlier subduction
GMPEs (e.g., Crouse et al. 1988; Crouse 1991; Youngs et al. 1997; Atkinson and Boore 2003, 2008;
Zhao et al. 2006; Lin and Lee 2008) and some additional recent data. Overall, the BC Hydro data set
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consists of data from Alaska, Central America, Chile, Cascadia, Japan, Mexico, Peru, Solomon Island,
and Taiwan. There are a total of 9,946 earthquake recordings from 292 earthquakes. Out of these, 3,557
recordings were from 163 interface earthquakes, and 6,389 recordings were from 129 intraslab
carthquakes. The BC Hydro data are augmented with data from Japan recorded by the KiK-net sensors
(Dawood et al. 2014), data from Maule earthquake recorded in Chile (Nick Gregor, personal
communication; see also Gregor et al. 2012), and data from Central America compiled by Arango et al.
(2011). The compilation and processing of these data are discussed in Section 7.1.3.

To prepare the data for regression we use the following criteria to filter out some of the data:

¢ Only the usable periods within the low-pass and high-pass frequencies reported in the BC Hydro
flatfile are used.

e The maximum usable period of the KiK-net data is set to 70% of the inverse of the corner frequency
used for filtering (Akkar and Bommer 2006).

o The criteria used to filter out ground motions in the BC Hydro project are followed. These criteria
filter out motions with bad data, earthquakes with a single recording, no site information, no rupture
distance, very high residuals, interface earthquakes with magnitudes less than 6.0, intraslab
earthquakes with magnitudes less than 5.0, and duplicate listings. The BC Hydro flatfile includes a
“usable” flag that applies these criteria, which was respected for this project.

¢ A magnitude- and distance-based censoring criterion is used to avoid using motions that are not
strong enough to trigger the recording instrument. This censoring is required to remove biased data at
large distances. For interface earthquakes we censor all motions at distances greater than 400 km.
For intraslab earthquakes, we censor motions at distances greater than 200 km for magnitudes less
than 7 and at distance greater than 400 km for magnitudes greater than 7. These censoring criteria,
which are discussed in more detail below, are different than the criteria used in the BC Hydro project.

In addition to the criteria listed above, the following data were excluded from the regression:

e Taiwan data that do not differentiate forearc and backarc. These data behaved poorly when compared
both with forearc and backarc regression.

e The 2011 Tohoku data. This earthquake has a stronger attenuation rate than other earthquakes in the
database; because there is a significant amount of data from this earthquake, these data have a strong
effect on the predicted attenuation. This effect remains after accounting for differences in forearc and
backarc attenuation. The GMC TI Team chose to exclude this earthquake from the regression
because of the potential pitfall of having one earthquake control the long-distance attenuation. The
AC, term (which will be discussed later) was calibrated by Abrahamson et al. (2014a) using the
Tohoku data, hence this important data set is still considered in the magnitude scaling of the proposed
model.

e One earthquake from the BC Hydro flatfile (Earthquake 10080, interface earthquake from Japan,
M = 7.4) was removed from the data set. This earthquake had only five records, but some were
repeated records. Due to questions regarding data quality, the final choice was to remove this
earthquake.

¢ The Cape Mendocino earthquake was not included because of questions about whether it is an
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interface or a shallow crustal earthquake (BC Hydro 2012). This earthquake is included in the BC
Hydro flatfile but was excluded from the regressions for that model. In addition, four earthquakes that are
flagged as “not usable” in the BC Hydro flatfile (Events ID 10283, 10284, 10287, 10288) were added to
the database. These earthquakes had been flagged as not usable because they had no rupture distance.
This distance was replaced with the hypocentral distance (which at the values of distance for the stations
in these earthquakes should be a good approximation of rupture distance). The 13 January, 2001 EI
Salvador earthquake is included both in the BC Hydro flatfile and in the Arango et al. (2011) data. The
GMC TI Team elected to use the metadata of Arango et al. (2011). Most noticeably, Arango et al. (2011)
report a magnitude of 7.7, while the BC Hydro flatfile reports two different magnitudes for this
earthquake (7.6 and 7.7).

The magnitude and distance range covered by the final data set selected for regression is shown in
Figure 9.8 and Figure 9.9.

Interface Intraslab
9 = oy _ 9 Ly
¢ BCHydro [
| Arango  fiiio o 1
85 ¢ Dawood

Magnitude
Magnitude

BC Hydro ....... ...... .

SH e
@ Arango |
45H ¢ Dawood [iii il
+  Malle
4 XuTO.hO%{U. T |..I H L L 4 L i i H L L
10" 10° 107 10’ 10° 107
Rupture Distance (km) Hypoc. Distance (km)

Figure 9.8. Magnitude and distance distribution of recordings used in the regression. The data are
differentiated by database source. The gray boxes indicate magnitude-distance regions of
interest to this project. The Tohoku earthquake records are included in the figure, but are not
used in the regression analyses.
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Figure 9.9. Magnitude and distance distribution of recordings used in the regression. The data are
differentiated by geographical origin. The gray boxes indicate magnitude-distance regions
of interest to this project. The Tohoku earthquake records are included in the figure, but are
not used in the regression analyses.

9.2.2.1.1. Censoring Algorithm

At large distances the ground motion intensity may attenuate to a point where not all recording
instruments are triggered. At these distances only the motions that are stronger than average will trigger
the instrument and be recorded. Because the weak motions at large distances are not recorded, the data at
these distances are biased high. The distance at which this bias is introduced depends on the earthquake
magnitude. The motions from smaller magnitude earthquakes become biased at lower distances than
those from larger magnitude earthquakes.

Because ground motion model residuals (log-space) are generally normally distributed (Abrahamson
1998; Jayaram and Baker 2008), not recording weaker motions will remove the lower tail of the
distribution and introduce skewness. We divide the data into magnitude bins and compute the residuals
with respect to the BC Hydro model. We use the LOESS method (Cleveland 1979; Cleveland and Devlin
1988) to compute a nonparametric estimate of the mean value of residuals as a function of distance. The
mean is subtracted from all the data points in a magnitude bin and the resulting value is cubed. The mean
of this cubed value gives us an estimate of the third central moment, which is related to the skewness of
the distribution. We use the nonparametric LOESS fit to estimate the third central moment as a function
of distance. The distance at which the third central moment deviates significantly from zero (we define a
significant deviation from zero as the case when the 95% confidence interval does not contain zero) gives
the distance after which the residuals become skewed. We use this information to censor the data.

Figure 9.10 illustrates the method in detail.
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Figure 9.10. Computation of skewness as a function of distance. The distance where E[(X — u)3]
deviates significantly from 0 is used to censor the data.
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The skewness plots for peak ground acceleration (PGA) for several magnitude bins (Figure 9.11)
indicate that the interface data are not skewed for distances up to 400 km. For intraslab earthquakes, the
data are skewed at a distance of around 200 km for magnitude bins of 6 to 6.5 and 6.5 to 7. For these
reasons, we decided to use the following censoring criteria:

Ryyp > 400 for interface earthquakes
Rpyp > 200 for M < 7 and intraslab earthquakes
Rpyp > 400 for M = 7 and intraslab earthquakes.

.
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(a) 6.0 <M <6.5, interface earthquakes.

Figure 9.11. Plots of (X-p1)’, where X is PGA and p is the median prediction of PGA, and its expected
value as a function of distance to determine censoring distances for different magnitude
bins and for interface and intraslab earthquakes. The shaded region indicates the 95%
confidence interval of the expected value.
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Figure 9.11. (contd) (b) 6.5 <M < 7.0, interface earthquakes.
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Figure 9.11. (contd) (¢) 7 <M < 7.5, interface earthquakes.
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Figure 9.11. (contd) (d) 7.5 <M <8, interface earthquakes.
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Figure 9.11. (contd) (e) 8 <M <8.5, interface earthquakes.
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Figure 9.11. (contd) (f) 5 <M < 5.5, intraslab earthquakes.
10+
54
3o LA 4-—4'—'3,1',:'.".‘ e R —
kS . . Ceer e * . . |
5=
-10 =
5’0 160 1%0 260 2é0 360 3%0 460
. (contd) (g) 5.5 <M <6, intraslab earthquakes.

Figure 9.11
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Figure 9.11. (contd) (h) 6 <M < 6.5, intraslab earthquakes
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Figure 9.11. (contd) (i) 6.5 <M <7, intraslab earthquakes.
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Figure 9.11. (contd) (j) 7<M < 7.5, intraslab earthquakes.

The censoring distance for interface earthquakes (400 km)is significantly larger than the censoring
limits used to develop the BC Hydro model. Though the censoring criteria developed here are very
different than those used in BC Hydro model, Figure 9.12 shows that slightly lowering the thresholds
used in the BC Hydro model will also result in similar censoring criteria.
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Figure 9.12. The censoring criteria used to censor the interface earthquakes in the BC Hydro model
(Abrahamson et al. 2014a). Slightly lowering the PGA threshold will increase the censoring

limit to around 400 km in all magnitude bins as used here.

9.2.2.2 Functional Form

The functional form used by the BC Hydro model was adopted with minor modification of the
forearc/backarc scaling term. The BC Hydro model used the following functional form to model the

difference between forearc and backarc scaling:

0, + 0gln (%ﬁ,as]) * Frqpq for intraslab

R,100 .
%0]) * Ffaba for interface

(9.5)

ffb =
T Bas + 016 In

where R represents the rupture distance for interface earthquakes and hypocentral distance for intraslab
earthquakes, and Fyqpq is 0 for forearc or unknown sites and 1 for sites in the backarc region. This
equation allows the regression fit to predict higher spectral acceleration in the backarc region than in the
forearc region at close distances. This behavior is not expected and is caused by overfitting to the data.
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Overfitting generally occurs when the model is excessively complex and has too many parameters. To
avoid overfitting the model we constrain the functional form to make physically valid extrapolations. The
new functional form for forearc/backarc scaling is as follows:

fgIn (%Q?AO]) * Frqpq for intraslab

ffaba = 9.6)

016 1n (%5’40]) * Frapq for interface
With this modification, the final functional form used for regression is

InSa =0, 40, -AC; + (054 014 - Fopent + 03 - (M —7.8)) - In(R + C, - exp[(M — 6) - 85]) + 6 - R
+ 010 * Fevent + fuag(M) + faepen(Zn) + frapa(R) + fsite (PGA1000, V S30)

(9.7)
where M = moment magnitude
Zn = hypocentral depth
R = the rupture distance for interface earthquakes, and hypocentral distance for
intraslab earthquakes
Fopent = O for interface earthquakes and 1 for intraslab earthquakes, and
Frape = 0 for forearc or unknown sites and 1 for sites in the backarc region.
The model for magnitude scaling is given by
) = 0y - (M — (Cy + ACy)) + 643 - (10 — M)? for M < C; + AC, ©8)
MEGET2 T 05 - (M = (Cy + ACY) + 6,3(10 — M)? for M > C; + AC, '

where C; is 7.8. Values of AC; capture the epistemic uncertainty in the break in magnitude scaling. The
model for depth scaling is given by

fdepth(zh) =04 - (Zh —60) - Fevent 9.9)

The model for forearc/backarc scaling is given by

OgIn (%) * Frapq for intraslab

fraba = (9.10)
ol 016 1n (%) * Frqpq for interface
The model for site response is the Walling et al. (2008) model and is given by
fsite (PG A1000, VS30) =
* * \ N
61, -1n (=) = b - In(PGAyo00 + ) + b -In (PGAye00 + ¢ - (7)) for Vs30 < Vi
lin lin
9.11)

1A
Viin

Blz-ln(%)+b-n-ln( ) forVszg = Vi

where PG A1gg0 1s the median PGA at Vs3, = 1000 m/s, and
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. {1000 for Vsso > 1000

~ [Vs3e for Vsse <1000 (9.12)

The use of Vg30= 1000 m/s as a proxy for PGA at rock is slightly different from the approach of
Walling et al. (2008), which used 1130 m/s. This difference was due to a “rounding” choice by the
developers of the BC Hydro model (Nick Gregor, personal communication, 2014). This slight difference
does not have a significant impact on regression results because the amount of data showing nonlinearity
is not large and both V30 values correspond to very stiff materials. The proposed backbone model is
hereafter referred to as the modified BC Hydro model.

9.2.2.3 Regression

We use mixed-effects regression to fit the GMPE. Traditional GMPE:s are fitted to predict ground
motion intensity for several scenarios. Thus, each data point is given equal weight during the regression
as the model aims to perform well everywhere. In this case, the model will be used to predict the ground
motion intensity at sites located far away from the fault. To improve the predictive power of the GMPE
at large distances we decided to give more weight to recordings at larger distances from the fault than
those closer to the fault. All recordings within 100 km of the fault are given a weight of one, recordings
between 100 km and 200 km away from the fault are given a weight of two, and recordings more than
200 km away from the fault are given a weight of 4. These weights were selected subjectively based on
the importance of the different distance scenarios as inferred from preliminary hazard sensitivity studies.
We use the /mer function in the /me4 package of the statistical software R to perform the weighted
maximum likelihood regression. We note that the site response function and the terms for magnitude
scaling were not modified; hence, the only free parameters in the regressions were 6., 6,, 8¢, 014, and the
parameters of the frp4(R) term (e.g., 8g and 8;4). Of particular note is the coefficient AC; (Equation
9.8). This coefficient controls the break in magnitude scaling at large magnitudes. The coefficient was
originally constrained using stochastic simulations (Gregor et al. 2006; Atkinson and Macias 2009).
After the occurrence of the Tohoku and Maule earthquakes, the epistemic uncertainty of this coefficient
was re-evaluated (Abrahamson et al. 2014a). We adopt these revised values in this project.

Because the mixed-effect regression is conducted independently at each period, the predictions may
not be constrained well enough to predict a smooth spectral shape. To ensure smooth spectral predictions
regression coefficients are generally smoothed after the initial regression. Smoothing is typically done
iteratively where first a set of parameters are smoothed and constrained. The regression is then repeated
for other coefficients to re-estimate them using the previously smoothed coefficients. The process is then
repeated until every coefficient is smooth across periods. Generally, ad-hoc methods are used for
smoothing. The drawback to such an approach is that it reduces the reproducibility of the GMPE
regression. Though it is difficult to completely remove subjectivity from this process, we present an
algorithmic approach to smoothing that can make the regression reproducible. Because smoothing of the
coefficients is done to obtain predictions of smooth response spectra, we minimize the following
objective function:

[ @"(@®)? dt + 13(6 — 6)° (9.13)
where the term [ (0"'(t))? dt quantifies the roughness of a curve when the smoothed coefficients (8) are

plotted against spectral period, and A is a tuning parameter. A smooth curve will generally have slowly
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changing slopes and thus the integral of the squared value of derivative of slope over the entire length of
the curve will be smaller than that from a rough curve where slope changes rapidly. The second part of
the equation quantifies the sum of squared difference between the coefficient from the original regression
(0) and the smoothed value of the coefficients (A) across the periods of interest. Thus, the optimization
algorithm searches for values of the coefficient that change smoothly with respect to the period, while still
being close to the original values found by regression. Equation 9.13 was developed by the GMC TI
Team to satisfy a multi-objective optimization. In this case, the two objectives are to increase smoothness
and to minimize the deviation from the original (unsmooth) values. The exact same formulation is used
to fit smoothing splines. Smoothing splines are used to find the smooth moving average of "unsmooth"
data and involves the same tradeoff as smoothing of acceleration response spectra. Details about the
formulation we used and more information about smoothing splines can be found in Hastie et al. (2009).
The parameter A is a tuning parameter that is choosen by trial and error. We found the appropriate value
by bracketing the value of 1 by a high and low value and then iteratively tightening the bounds through
visual inspection of the resulting spectra. In general, the value of 4 depends on the level of discretization
chosen to do the numerical integrations (Equation 9.13); hence, generic rules to determine its value do not
exist. Moreover, the lack of a clear definition of the "ideal" smooth spectra prevents purely quantitative
comparison of different A values, thus necessitating a manual intermediate check. A value of A =100 was
used in this study.

The procedure described above is applied to a single coefficient at a time. After smoothing a
coefficient the regression is performed again to estimate new values of the non-smoothed coefficients by
keeping the smooth coefficients fixed. This process is repeated several times until every coefficient is
smoothed. In addition to the smoothing process, the coefficients for two oscillator periods required for
this project were not part of the regressions of the BC Hydro project (T =0.03 and T = 0.04 sec). The
coefficients for these periods were obtained from a log-linear interpolation. The coefficients of the final
median model are given in Table 9.3 and Table 9.4.

Table 9.3. Period-independent coefficients for the modified BC Hydro model.

Parameter Value
0, 0.1
0, 0.9
0 0.0
09 0.4
n 1.18
1.88
Cy 10.0
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Table 9.4. Period-dependent coefficients for the modified BC Hydro model.

Med
Med AC,

T (s) Vi b 0, 0, 06 Og 010 01 01 013 014 016 AC/IF IS
0.01 865.1 -1.186 3.8796 -1.1337 -0.00555 -0.525 2.6929 0.013 0.98 -0.0135 -0.34  -0.2247 02 -03
0.02 865.1 -1.186 3.8796 -1.1337 -0.00555 -0.525 2.6929 0.013 0.98 -0.0135 -0.34  -0.2247 02 -03
0.03 944,57  -1.257 4.1844 -1.179 -0.00555 -0.6 2.392 0.013 1.116 -0.0136 -0.263  -0.2450 02 -03
0.04 1009.12 -1.307 4.4006 -1.211 -0.00555 -0.653 2.1786 0.013 1.213  -0.0137 -0.208 -0.2600 02 -03
0.05 1053.5 -1.346 4.5683 -1.236 -0.00555 -0.694 2.013 0.013 1.288  -0.0138 -0.166 -0.2711 02 -03
0.075 1085.7 -1.471 4.8415 -1.2298 -0.006070  -0.705 1.7517 0.013 1.483 -0.0142 -0.108 -0.2811 02 -03
0.1 1032.5 -1.624 49937 -1.215 -0.006446  -0.696 1.5244 0.013 1.613 -0.0145 -0.0681 -0.2787 02 -03
0.15 877.6 -1.931 5.0793 -1.1804 -0.0067  -0.652 1.1536 0.013 1.882 -0.0153 -0.0165 -0.2514 02 -03
0.2 748.2  -2.188 5.0182 -1.1468 -0.006678  -0.597 0.876 0.0129 2.076 -0.0162 0.0152 -0.2114 02 -03
03 587.1  -2.518 4.7475 -1.091 -0.0064 -0.49  0.52418 0.0128 2.348 -0.0183 0.0548 -0.1342 02 -03
04 503  -2.657 4.429 -1.0455 -0.006203  -0.401 0.33841 0.0127 2427 -0.0206 0.0744 -0.0785 0.1437 -0.3
0.5 456.6 -2.669 4.1181 -1.0061 -0.00605 -0.328 0.24017 0.0125 2.399  -0.0231 0.0823 -0.0406 0.1 -03
0.75 410.5 -2.401 34397 -0.92773 -0.005773  -0.197 0.20044 0.012 1.993  -0.0296 0.0651 -0.0144 0.04157 -0.3
1 400 -1.955 2.9005 -0.86825 -0.005576  -0.114  0.28493 0.0114 1.47  -0.0363 0.0305 -0.0128 0 -03
1.5 400 -1.025 2.1062  -0.78125 -0.005298 -0.029 0.47641 0.01 0.408 -0.0493 -0.0291 -0.0105 -0.0585 -0.3
2 400 -0.299 1.5317 -0.72143 -0.005102 0 0.62135 0.0085 -0.401 -0.061 -0.0685 -0.0089 -0.1  -03
3 400 0 0.69726 -0.63711 -0.004824 0 0.77231 0.0054 -0.673 -0.0798 -0.106  -0.0067 -02 -03
5 400 0 -04776 -0.53089 -0.004474 0 0.827 0.0005 -0.596 -0.098 -0.12  -0.0039 -02 -03
7.5 400 0 -1.5093 -0.44657 -0.004196 0 0.827 -0.0033 -0.528 -0.098 -0.12  -0.0016 -02 -03
10 400 0 -2.2565 -0.38675 -0.004 0 0.827 -0.006  -0.504 -0.098 -0.12 0.0000 -02 -03
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9.2.24 Regression Results

The median prediction of the modified BC Hydro model is shown in Figure 9.13, Figure 9.14, and
Figure 9.15 (at the end of this section). For comparison, the original BC Hydro model is also shown
(comparisons with other models are made in Section 9.4.3). For interface earthquakes, the difference
between the forearc and backarc models disappears at about 1 sec. For short oscillator periods, the
proposed models at large distances plot in between the forearc and backarc predictions of the BC Hydro
model. At intermediate periods, the predictions of the proposed model become closer than the forearc
attenuation, and at longer periods the proposed model has much lower attenuation than the BC Hydro
model. For intraslab earthquakes, the two models are very similar.

Figure 9.15 plots the spectral shapes of the proposed model and those of the original BC Hydro
model. As indicated before, the models coincide for intraslab earthquakes. For interface earthquakes, the
proposed model is close to the forearc BC Hydro model at distances less than about 200 km. For a
distance of 400 km (the limit of applicability of this model, and beyond the limit of applicability of the
BC Hydro model), the proposed model fits the backarc model at short periods and predicts larger motions
than the BC Hydro model at long periods. For both intraslab and interface earthquakes, the proposed
models have smoother spectral shapes at long distances.

Ground motion residuals were computed using the proposed relationship. Figure 9.16 shows the
between-event residuals (e.g., the event term) plotted as a function of magnitude. The data are in general
unbiased. At some periods, however, some subsets of the data show different attenuation. For example,
the Arango et al. (2011) data at T =0.01 sec appear to attenuate faster than the rest of the data. The KiK-
net data from Dawood et al. (2014) appear to be biased at T = 0.1 sec for intraslab earthquakes. Also,
note that there is a negative bias at T = 10 sec.

Figure 9.17 shows the average inter-event residuals for each region. Note that in general there are
systematic region-to-region deviations in the data. One important note about these figures is that the
event terms within the regression were computed with the weighting scheme described in the previous
section (higher weight to long-distance data). Figure 9.18, however, shows the event terms computed
without any weighting, hence the overall event terms are not necessarily unbiased. The deviation from
zero-mean is particularly noticeable for the Cascadia data. This deviation is discussed in more detail in
Section 9.4.3.

Figure 9.18 shows the intra-event residuals as a function of distance. The data in general do not
appear to be biased. One observation, however, is that data with “unknown” locations with respect to the
volcanic arc show biases at some periods. These data were assumed to be located in the forearc region in
the regression. The same data are plotted in Figure 9.19 as the average (with 95% confidence interval)
over non-overlapping distance bins. These figures illustrate that the intraslab data have well-behaved
residuals across all distances. A possible exception is backarc data for T =0.01 and T = 0.1 sec, where
the residuals are erratic at very large distances.

The interface data do show some clear trends. The stations that do not have a backarc or forearc
classification have strongly biased residuals. The regression treated these data as forearc data. The
residuals would have been even more strongly biased if they had been assumed to belong to backarc
earthquakes, because the backarc model has more attenuation at longer distances and short periods. In
general, however, the “unclassified” data are not as abundant as the data with a backarc/forearc
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classification. In general, forearc residuals have slightly stronger biases, likely because these data were
averaged with the “non-classified” data in the regression.

The modified BC Hydro model was proposed to overcome some shortcomings of the BC Hydro
model, in particular, the lack of predictive ability for the large distances at which the sites are located in
this project. To evaluate the predictive ability of the model at large distances, Figure 9.20 shows the
moving average (loess average) of the expected value of the square of the intra-event residuals versus
distance. This is an estimate of the variance as a function of distance. The new model is clearly better at
short periods (T < 1 sec) but the differences are trivial at periods of 1 to 3 sec. AtT =10 sec the BC
Hydro model appears to perform better at distances less than 300 km.

IF, T=0.01, M=8.5 IF, T=0.01, M=9.5
10 . . . . . :

107}

Sa(g)

10' 1 1 1 1
IF, T=0.50, M=8.5
10 . .

107

Sa(g)

50 100 200 300 50 100 200 300
Distance (km) Distance (km)

BCHBA === BCHFA

Figure 9.13a. Distance scaling of the modified BC Hydro model (HPSHA) for interface earthquakes
(backarc [BA] and forearc [FA]) and selected periods. Each column corresponds to a
different magnitude. The BC Hydro model is shown for comparison.
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Figure 9.13b. (contd)
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Figure 9.14a. Distance scaling of the modified BC Hydro model (HPSHA) for intraslab earthquakes
(backarc [BA] and forearc [FA]) and selected periods. Each column corresponds to a
different magnitude. The BC Hydro model is shown for comparison.
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Figure 9.14b. (contd)
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Figure 9.15a. Model predictions for interface earthquakes at selected distances and magnitudes for the
proposed model (HPSHA) for forearc (FA) and backarc (BA) cases. The BC Hydro
model is shown for comparison.
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Figure 9.16a. Event terms computed at selected periods. The column on the left shows interface data

(IF), the right column shows intraslab data (IS). The data are differentiated by their

source. The Tohoku data are included, but were not used in the regression analyses. The

solid line is the mean of all the data for each period.
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Figure 9.16b. (contd)
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Figure 9.17a. Event terms by region. The number next to the data indicates the number of earthquakes
per point. The error bars are a one standard error of the mean range.

9.37



2014 Hanford Site-Wide Probabilistic Seismic Hazard Analysis

4 = Cascadia

© o 9
=)

Mean inter-event residual (In units)
i
[6)]
L
)]
i
(9]

10 10 10° 10
Period (sec)

5 = Japan

0.6
04

02404 ey ¥

02 - bt 02
0.4
06

-0.8- -
10 10 10 10
Period (sec)

.76

Mean inter-event residual (In units)
o
%

7 = Mexico

©c o o
o ﬁt > o

N

-

ok
W 5+3 15 243 -
-13 [ ] (] .1_%&13.-1

o
N
]

S
~

o
o

Mean inter-event residual (In units)
S
oo

10 10 10
Period (sec)

_;
ol

Figure 9.17b. (contd)

9.38



Hanford Site-Wide Probabilistic Seismic Hazard Analysis

Mean inter-event residual (In units)

8 = Peru

©c o o
oi::Aoa

sﬁ5 [N +5

.5+’. .5-?

o
)

o
~

-0.6

0.8
10

10"

Period (sec)

10°

10"

Mean inter-event residual (In units)

10 = Taiwan

06

0.4

0.2

.25

-'25-2"" H

-0.2

-04

-0.6

08k
10

10

Period (sec)

10

10

Figure 9.17¢. (contd)

9.39

2014



2014 Hanford Site-Wide Probabilistic Seismic Hazard Analysis

" IF T=0.01 1S,7=0.01
§ 3 - :
T 9 Lo
é 1 o
Oig
= 0
9 1
I 2 o O e} S
£ 3
S
10" 10°
IF,T=0.10
[72)
T
>
©
B
(0]
4
€
[0]
>
L
©
E

[2])

©

=)

B ol L b @B 0 Qo &Lt

‘»

(0]

[h'4

€

)

>

|

©

=

10’ 10 10°
Magnitude Magnitude

Qo Forearc
< Backarc
a Unknown

Figure 9.18a. Intra-event residuals for selected periods. The left column and right columns are for
interface and intraslab earthquakes, respectively.
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Figure 9.19a—b. Intra-event residuals for selected periods average over distance bins. The left column
and right columns are for interface and intraslab earthquakes, respectively. The error
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Figure 9.20a—f. Moving average (loess) of the expected value of the square of intra-event residuals.

This is an estimate of the variance as a function of distance. The “New Model” refers to
the proposed model. Data shown for T = 0.01 sec.
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Figure 9.20b. (contd) Data shown for T = 0.2 sec.
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Figure 9.20d. (contd) Data shown for T = 1.0 sec.
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Figure 9.20f. (contd) Data shown for T = 10 sec.

9.3 Site (Vs-Kappa) Adjustments of Backbone GMPEs

Selected backbone GMPEs for the crustal region (Chiou and Youngs 2014, hereafter referred to as
CY14) and the subduction region (modified BC Hydro) were adjusted for differences in site conditions
(Vs profiles and kappa) between the host and the target regions. The inverse random vibration theory
(IRVT) approach (Al Atik et al. 2013) was used to derive GMPE site adjustment factors. The target
region is defined as the reference baserock horizon at the five hazard calculation sites—Sites A through
E—at Hanford. Target Vg profiles and target kpaserock are presented in Section 7.3. This section describes
the host Vg profiles and kappa values for the backbone GMPEs, the adjustment methodology, and the
derived adjustment factors.
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9.3.1 Methodology

The Vg and Vs-kappa scaling factors for the crustal and subduction GMPEs were derived using the
IRVT approach described by Al Atik et al. (2013). This approach relies upon deriving GMPE response
spectra-compatible Fourier amplitude spectra (FAS) using the IRVT as implemented in the computer
program STRATA (Kottke and Rathje 2008). Input to STRATA consists of the GMPE response spectra
and ground motion duration estimates for the scenarios considered.

Figure 9.21 presents a flowchart outlining the steps followed to derive kappa adjustment factors for
GMPEs. GMPE host kappa values are estimated using the high-frequency slope of the response spectra-
compatible FAS according to the Anderson and Hough (1984) method for short-distance scenarios. To
decouple kappa from site amplification effects, the FAS are first divided by the host site amplification
factors before estimating host kappa. Multiplying the FAS by exp[-(Kiarget-Knost)7f] results in kappa-
adjusted FAS. FAS are multiplied by the ratio of target to host site amplification factors to correct for Vg
profile differences between the host and the target regions. The Vg, kappa, and Vs-kappa-adjusted FAS
are then converted to response spectra using the random vibration theory (RVT) as implemented in
STRATA. Ratios of scaled response spectra to original GMPE response spectra are averaged for the
scenarios considered to define the GMPE adjustment factors.

The IRVT approach has the advantage of applying Vs-kappa scaling in the Fourier domain as
opposed to the response spectra domain and thus does not rely on the assumption that response spectra
scale in a similar fashion to FAS. This approach does not require a full seismological model for the
stochastic parameters of the host and target regions and does not assume that the response spectral shape
of the GMPE is consistent with that of the point-source stochastic model. As discussed by Al Atik et al.
(2013), response spectra with strong high-frequency attenuation such as the Western United States (WUS)
spectra are subject to saturation effects resulting from the increased contribution of Fourier amplitudes at
lower frequencies to the high-frequency spectral accelerations. This makes it difficult to resolve the FAS
at high frequencies (greater than about 30 to 35 Hz for WUS GMPEs) resulting in potentially inaccurate
values at these frequencies. Saturation has a more pronounced effect for spectra with stronger high-
frequency damping than for those with lower host kappa.

Vs-kappa scaling factors are derived using GMPE response spectra for scenarios at short distances
and on stiff soil or rock. Scenarios with short distances are used to minimize the impact of anelastic
attenuation (Q) on the high-frequency part of the response spectra and FAS. Relatively high Vg3, values
are used to avoid overwhelming the rock kappa with soil damping. No distance limitation applies when
deriving only Vs adjustment factors.
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Figure 9.21. Steps for deriving kappa scaling factors using the IRVT approach.
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9.3.2 Vs-Kappa Adjustments of Crustal Backbone GMPE

Vs-kappa adjustment factors were derived for CY 14 to adjust for Vs profile and kappa differences
between the WUS host region and the five hazard calculation sites at Hanford. Target Vs profiles
(candidate Profiles 1 and 2) at the five hazard calculation sites and their corresponding site amplification
factors are shown in Figures 7.28 and 7.29, respectively. Target Kpaserock Values are listed in Table 7.25 for
the target kappa logic tree shown in Figure 7.61.

Adjustment factors were derived and averaged for CY 14 strike-slip scenarios with magnitudes 5.5,
6.5, and 7.5 and Joyner-Boore distances (R;g) of 5, 10, and 20 km with Vg3p0f 760 m/sec. These
magnitude and distance scenarios were considered because of their significant contribution to the hazard
from crustal sources at the Hanford Site while also limiting the Q attenuation effects on the spectra.

CY 14 response spectra were calculated assuming a dip of 90 degrees with the rupture width calculated
according to Wells and Coppersmith (1994). The depth-to-top of rupture (Ztor) was assumed to be equal
to 3 km for magnitude 5.5 scenarios, and zero for the magnitude 6.5 and 7.5 scenarios. Ground motion
duration was estimated by adding the source and path durations, which were calculated according to the
WUS stochastic model parameters of Campbell (2003) with a stress drop of 100 bars. The resulting
adjustment factors are not very sensitive to small changes in the ground motion durations.

9.3.2.1 Host Vs Profiles for Crustal GMPE

It is generally desirable to have a reference host Vg profile that represents an average profile for the
region for which the GMPE was developed; having a Vg3, value that is well sampled in the GMPE data
set and that is relatively large to avoid nonlinear soil effects. The WUS Vg profile of Kamai et al. (2013)
with a Vg3 of 760 m/sec was used as a representative Vg profile for the host WUS region. While a Vg3
of 760 m/sec is not the best sampled value in the CY 14 ground motion data set, this profile was selected
because of its use in the NGA-West2 site response study and because it satisfies the general criteria for
selecting a reference Vg profile. Figure 9.22 shows the host WUS Vg profile along with the target Vs
profiles at the Hanford hazard calculation sites.

Linear site amplification factors for the host Vs profile were developed using the square-root
impedance (SRI) or quarter wavelength (QWL) method (Boore 2005) as described in Section 7.3.1 for the
target Vg profiles. Amplification factors were derived at the surface of the profile with respect to the half-
space located at a depth of around 9.6 km with a Vg of 3.5 km/sec. Default densities based on WUS V-
density relationships built into the QWL program were used. An angle of incidence at the source of zero
degrees was adopted. Figure 9.23 presents the QWL linear site amplification factors for the host Vg
profile compared to the target Vg profiles at the five hazard calculation sites at Hanford. Figure 9.23
shows that the difference between host and target site amplification factors is large compared to the
relative difference in site amplification factors between candidate target Profiles 1 and 2.

The sensitivity of the Vs adjustment factors to deriving the host and target site amplification factors
using the full resonant method as implemented in the RATTLE program (Boore 2005) was assessed.
A comparison of the CY 14 Vg adjustment factors derived for Site A using the QWL method and
RATTLE is shown in Figure 9.24. The difference in the Vg adjustment factors is small, and the QWL
method leads to slightly more conservative results. Moreover, the QWL method is generally considered
to be standard practice (e.g., Boore et al. 2013; Boore and Joyner 1997; Cotton et al. 2006; Renault et al.
2010; Bommer et al. 2014) and was therefore adopted by the TI Team. The sensitivity of the Vg
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adjustment factors to using an angle of incidence at the source of 30 degrees instead of zero degrees in the
development of the host and target site amplification factors was also evaluated. The resulting impact on
the CY 14 Vs adjustment factors at Site A is shown in Figure 9.25. While an angle of incidence of

30 degrees is considered to be more appropriate for deep earthquake sources, the difference in the Vg
adjustment factors resulting from using zero versus 30 degrees angle of incidence is very small.
Moreover, an angle of incidence of zero degrees is considered to be generally more consistent with 1-D
site response analyses and was therefore adopted by the TI Team.
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Figure 9.22. Host WUS Vs profile with Vg3 of 760 m/sec based on Kamai et al. (2013) compared to
target Vg profiles at the Hanford hazard calculation sites.
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Figure 9.23. QWL linear site amplification factors for the host WUS Vg profile with Vg3 of 760 m/sec
compared to target site amplification factors at the Hanford hazard calculation sites.
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Figure 9.24. Comparison of Vg adjustment factors at Site A using the QWL method versus RATTLE for
deriving site amplification factors for the host WUS Vs profile (Kamai et al. 2013) and
target Profile 1.
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Figure 9.25. Comparison of Vg adjustment factors at Site A Profile 1 using an angle of incidence of zero
versus 30 degrees.
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9.3.2.2 Host Kappa Values for Crustal GMPE

Host kappa values for CY 14 were estimated using the IRVT approach. The GMPE response spectra-
compatible FAS were first divided by the host site amplification factors described in Section 9.3.2.1 to
decouple the site amplification from kappa effects at high frequency. The resulting FAS were inspected
to select the start and end frequencies (f1 and f2) over which log(FAS) versus frequency is linear. Kappa
for each of the nine scenarios considered (M 5.5, 6.5, and 7.5 and Ryg 5, 10, and 20 km) was estimated by
fitting the Anderson and Hough (1984) exponential kappa scaling function to the FAS between f1 and 2.
Estimated kappa values were averaged for the nine scenarios considered to define the host kappa for
CY14. Note that kappa derived using the IRVT approach (k;) is not equal to the zero-distance kappa,
k(0). However, for the short-distance scenarios considered, the anelastic attenuation effects are
considered negligible and «; approximates k(0). Assuming that the source contribution to kappa is
negligible, k; also approximates Kg.

Kappa estimates are sensitive to the choice of f1 and f2. After careful visual inspection of the high-
frequency FAS slopes, three alternatives for f1 and {2 were considered. The first alternative consists of {1
being selected at the largest frequency corresponding to a Fourier amplitude at 25% below the peak of the
FAS after dividing it by the host site amplification factors. f2 was defined as the frequency corresponding
to 1.5 times PGA and was not allowed to exceed 20 Hz to avoid saturation effects and because the FAS
display curvature beyond 20 Hz. The second and third alternatives consist of a frequency bandwidth of
10 Hz to the left of f2 and to the right of f1, respectively. Figure 9.26 shows an example of the Anderson
and Hough (1984) kappa fits to the high-frequency site amplification-corrected CY 14 FAS for a scenario
with M 6.5 and R of 10 km. As shown in Figure 9.26, all three alternative f1 and f2 definitions result in
excellent kappa fits to the FAS. They also sample the range of kappa values in the linear high-frequency
part of the FAS without exceeding the high-frequency limit where the spectra might be affected by
saturation and have a sufficient bandwidth (minimum of 10 Hz) to get reliable kappa estimates. The
central kappa value (plot a) has the largest frequency range for the Anderson and Hough (1984) kappa fit
and was therefore given a slightly higher weight (0.4) compared to the upper and lower kappa estimates
with weights of 0.3. Table 9.5 presents the derived kappa values for the nine scenarios considered and for
the three alternative f1 and f2 definitions along with the resulting candidate host kappa values. For each
host kappa branch, the standard deviation of kappa over the nine scenarios considered is small as shown
in Table 9.5.
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Figure 9.26. Host kappa values for CY 14 derived using the IRVT approach for a scenario with M 6.5,
Ryg of 10 km, and V39 of 760 m/sec. (a) f1 selected at 25% below the peak of site
amplification-corrected FAS and f2 at minimum of 1.5*PGA or 20 Hz. (b) {1 is the same
as in (a) and f2 is at f1 plus 10 Hz. (c) f2 is the same as in (a) and f1 is at f2 minus 10 Hz.

Table 9.5. Host kappa estimates for CY 14 estimated using the IRVT approach for the 3 f1-f2 definitions
for scenarios with M 5.5, 6.5, 7.5 and Rjz of 5, 10, and 20 km.

Lower Kappa (sec) Central Kappa (sec) Upper Kappa (sec)

M Ryp (km) (weight 0.3) (weight 0.4) (weight 0.3)
5.5 5 0.0384 0.0411 0.0431
5.5 10 0.0379 0.0406 0.0425
5.5 20 0.0368 0.0397 0.0419
6.5 5 0.0369 0.0398 0.0420
6.5 10 0.0363 0.0390 0.0410
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Table 9.5. (contd)

Lower Kappa (sec) Central Kappa (sec) Upper Kappa (sec)

M Rjp (km) (weight 0.3) (weight 0.4) (weight 0.3)
6.5 20 0.0354 0.0379 0.0398
7.5 5 0.0366 0.0396 0.0418
7.5 10 0.0359 0.0387 0.0407
7.5 20 0.0350 0.0377 0.0395
Average 0.0366 0.0393 0.0414
Standard Deviation 0.0010 0.0011 0.0011

9.3.2.3 Vs-Kappa Adjustment Factors and Sensitivity of Adjustments

Two candidate Vg profiles below the reference baserock horizon are available at each hazard
calculation site at Hanford along with their derived site amplification factors. As shown in Figure 9.23,
the difference in the site amplification factors for the two candidate Vg profiles at any site is small
compared to the difference between the host and target site amplification factors. The sensitivity of the
derived Vs-kappa adjustment factors to the use of the two candidate target Vg profiles was examined for
Site A. Figure 9.27 (all figures mentioned here follow at the end of this section) shows a comparison of
the Vs-kappa adjustment factors for CY 14 for three target kappa values of 0.0036, 0.0278, and 0.0666 sec
that represent upper, lower, and central kappa values for Site A using candidate Profiles 1 and 2. The
resulting difference in the Vs-kappa scaling factors using Profile 1 versus 2 is small (less than 10%), and
Profile 1 leads to slightly more conservative factors. Therefore, one target site-specific Vs profile (Profile
1) was used at the Hanford hazard calculation sites to derive Vs-kappa adjustment factors for CY 14.

One host WUS Vg profile (Kamai et al. 2013) with a Vg;3¢ of 760 m/sec was adopted for deriving the
CY 14 Vs-kappa adjustment factors. The sensitivity of the derived Vs-kappa adjustment factors to using a
different WUS Vg profile with a V3¢ of 760 m/sec obtained by interpolating the Boore and Joyner (1997)
Vs profiles according to Cotton et al. (2006) was explored. A comparison of the candidate WUS Vg
profiles and their corresponding site amplification factors is shown in Figure 9.28. Derived Vg-kappa
scaling factors for CY 14 using the two host Vg profiles are shown in Figure 9.29 at Site A for target
Kpaserock Values of 0.0036, 0.0278, and 0.0666 sec. The difference in the derived Vs-kappa scaling factors
using the two host Vg profiles is small; the maximum is on the order of 7 to 10% at low frequency.
Therefore, only one host Vg profile was used in deriving the CY 14 Vs-kappa adjustment factors. The
logic tree for host and target Vg profiles is shown in Figure 9.21.

Figure 9.30 presents the host and target kappa logic-tree structure. The host kappa logic-tree
branches and their associated weights were discussed in Section 9.3.2.2. Target kappa logic tree was
discussed extensively in Chapter 7.0 (Section 7.3.5.3) and is briefly summarized here with different target
kappa values calculated for the five hazard calculation sites according to Equation (7.13). Two Vg
profiles were constructed for the PSHA sites: Profile 1 based on the Vg values from downhole
measurements and Vs in the sub-basalt sediments layer assigned according to a Vp/Vg ratio of 1.73 and
Profile 2 based on the V; values from the PS logging and Vg values in the sub-basalt sediments using a
Vp/Vg ratio of 2. Weights of 0.67 and 0.33 were assigned to Profile 1 and 2, respectively, based on the
discussion of the two Vg measurement methods presented in Section 7.3.5.3. y values were derived using
the kappa values estimated at the recording stations using the inversion approach and the Anderson and
Hough (1984) approach. Given the fact that the Anderson and Hough (1984) method is more affected by
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Figure 9.27. Comparison of derived Vs-kappa adjustment factors for CY 14 at Site A using Profiles 1
and 2 and target Kpaserock Values of 0.0036, 0.0278, and 0.0666 sec.
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Figure 9.28. Comparison of candidate WUS host V profiles (left) with Vg3 of 760 m/sec 