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ABSTRACT

Broadband ground motion simulation procedures typically utilize physics-based modeling of
source and path effects at low frequencies coupled with semi-stochastic procedures at high
frequencies. The high-frequency procedure considered here combines a deterministic Fourier
amplitude spectrum that is a function of closed-form source, path, and site models with a random
phase. Previous analysis of the simulation procedure in the ShakeOut exercise demonstrated
faster distance attenuation and lower intra-event dispersion of high-frequency ground motions
than in empirical ground motion equations. We increase crustal damping (Q) to remove the
distance attenuation bias and introduce random site-to-site variations to the Fourier amplitudes
using a log-normal standard deviation ranging from 0.45 for My, < 7 to zero for M,, 8. We repeat
the simulation of the ShakeOut event with the increased crustal damping and a revised source
characterization, with increased slip heterogeneity reflecting more recent recommendations. The
revised simulation procedure for ShakeOut produced ground motions without a distance
attenuation bias and with near-source dispersion that is generally compatible with empirical

models. However, far-field dispersion remains lower than empirical models.
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1 Overview of the Study

1.1 INTRODUCTION

Broadband simulation procedures have the potential to play a significant role in the engineering
characterization of seismic ground motion, especially for conditions poorly represented in
ground motion databases. For example, the database used in the Next Generation Attenuation
(NGA) project included earthquake magnitudes up to My, 7.9, but recordings at moderate to close
distances (< 40 km) for My, > 7.6 are relatively sparse [Chiou et al. 2008]. Ground motion hazard
studies for sites in the vicinity of the San Andreas fault are often controlled by earthquake
magnitudes near 8.0, e.g., Harmsen and Frankel [2001]. There is significant practical need for
ground motion prediction tools that can operate beyond the limits of the database. Broadband
simulations have the potential to help solve two important problems by providing: (1) simulated
motions to help constrain semi-empirical ground motion prediction equations (GMPEs) beyond
the data limits; and (2) realistic waveforms for use in response history analyses for conditions not
represented in empirical databases.

Ground motion simulation procedures vary in their methodology and sophistication, but
all compute in some manner source processes, path effects, and local site response. Deterministic
procedures utilize rigorous seismological models of source, path, and site response without
introducing a stochastic element. Such procedures are typically useful only at frequencies below
about 1 Hz (e.g., Frankel [1993]; Sato et al. [1999]; Stidham et al. [1999]; Xu et al. [2003]; Day
et al. [2008]; Olsen et al. [2008, 2009]). Higher frequency seismic waveforms are difficult to
reproduce deterministically, in part because source radiation and wave propagation become
increasingly incoherent at high frequencies (e.g., Liu and Helmberger [1985]; Sato and Fehler,
[1998]; Hartzell et al. [1999]). Motions lacking coherency are by definition stochastic;
accordingly, a separate family of non-deterministic simulation procedures has been used for

many years that employ stochastic components (referred to here as “semi-stochastic”; see Boore,



[1983]; Silva and Darragh [1995]; and Beresnev and Atkinson [1997], Ameri et al., [2009]) or

which are more fully stochastic (e.g., the non-stationary models of Conte and Peng [1997] or

Rezaeian and Der Kiureghian [2008]).

Hybrid ground motion simulations leverage the strengths of deterministic procedures at

low frequencies and stochastic or semi-stochastic procedures at higher frequencies to produce

broadband waveforms. For a review of past hybrid methods, see Hartzell et al. [1999], Liu et al.

[2006], Graves and Pitarka [2010], and Mena et al. [2010]; the latter two references present

recent developments in two alternative hybrid procedures. Most modern broadband procedures

use analytical Green’s functions to model low-frequency path effects, including the effects of

sedimentary basins. Current procedures are differentiated principally in the following respects:

1.

The source description for low-frequency simulations is described kinematically
(including spatially variable slip distributions, rise times, and rupture velocities) or is
represented through spontaneous dynamic processes (which prescribe initial fault
stresses and constitutive relations for shear failure criteria). In some cases, the
development of kinematic models is guided by results of dynamic rupture simulations
[Guatteri et al. 2004; Schmedes et al. 2010], so the outcomes of the different
modeling procedures can be similar. The kinematic approach is used by Liu et al.
[2006], Frankel [2009], and Graves and Pitarka [2010]. A combination of kinematic
and dynamic rupture modeling was considered by Hartzell et al. [2005] and Mena et
al. [2010]. The dynamic rupture approach is used by Pulido and Dalguer [2009] and
Olsen et al. [2008; 2009].

High-frequency source and path effects are simulated semi-stochastically (as
described below) or deterministic methods are applied in which random processes are
introduced through the source description or path operators. The semi-stochastic
approach prescribes the Fourier amplitude using a deterministic mean combined with
random frequency-to-frequency perturbations, whereas the phase is stochastic (e.g.,
Hartzell et al. [1999; 2005]; Frankel [2009]; Graves and Pitarka [2010]). Mai et al.
[2010] and Mena et al. [2010] introduce stochasticity through scattering operators
within the analytical Green’s functions, which requires tuning of scattering

parameters and inherently takes high-frequency incoherence as predominantly path-



induced. Liu et al. [2006] introduce stochasticity via the source, which is defined to

very short length scales with variable slip, rise times, and rupture velocities.

Because ground motion simulation involves complex numerical models with significant
potential for coding errors, simulation results should be verified by comparing outcomes (at low
frequencies) from independent computational platforms for a common set of source and path
conditions [Bielak et al. 2010]. Such verification is an essential first step towards the
establishment of simulation procedures as a potentially reliable engineering tool. Following
verification, careful validation and calibration of simulation results relative to ground motion
data or data-driven empirical models is necessary. The lack of engineering application of
broadband simulations in the western United States to date reflects, in part, the lack of validation
and calibration to convince engineers of the reliability of simulation tools. In general, the
following procedures have been used for validation/calibration:

Waveform comparisons using earthquake data: Simulated waveforms for a particular

earthquake event are compared to recordings (e.g., Zeng et al. [1994]; Stidham et al. [1999];
Hartzell et al. [2005]; Liu et al. [2006]; Graves and Pitarka [2010]; Mai et al. [2010]). In most
cases these comparisons are qualitative, however, quantitative comparison schemes have also
recently been proposed (e.g., Olsen and Mayhew [2010]). Qualitative waveform comparisons are
the most common validation technique in previous research. Typically, velocity or displacement
histories are used for these comparisons that emphasize low-frequency ground motions relatively
unaffected by stochastic processes. Potential issues with this approach are (1) often the same
recordings used to invert the source function are then used to demonstrate the efficacy of the
simulation code, which makes good matches probable but less meaningful; and (2) high-
frequency components are often not considered.

Ground motion intensity measures comparison using earthquake data: Intensity measures

(IMs),_such as peak velocity or spectral quantities, are calculated for simulated motions from an
event and compared (as a function of distance or frequency) to IMs from recordings (e.g., Silva
et al. [1999]; Hartzell et al. [1999; 2005]; Liu et al. [2006]; Graves and Pitarka [2010]; Mai et al.
[2010]). If a suitable number of recordings are available, both bias and dispersion of simulated
motions can be compared to those obtained from recordings. One drawback of this approach is
that recordings are generally not available for the types of earthquakes for which simulations are

most valuable (i.e., large magnitude). In addition, the circular reasoning associated with use of an



inverted source function with recordings from that same event (as described above) diminishes
the value of these comparisons.

Ground motion IM comparison using prediction equations: Ground motions are

simulated for hypothetical events and IMs are compared to predictions from semi-empirical
Ground Motion Prediction Equations (GMPEs). This approach enables relatively robust
evaluations of distance scaling, site response, and standard deviation terms (e.g., Star et al.
[2011]) or subsets of these terms [Frankel 2009]. Parameters in the simulation code can be
calibrated to match GMPE trends; for example, Mena et al. [2010] calibrated the number of
scatterers to achieve desired median levels of high-frequency motions in their hybrid procedure.

Most of the procedures described above validate simulations in the sense that computed
motions (or their IMs) are simply checked against data or GMPEs—although we expect that
some process of parameter adjustment (i.e., informal calibration) has typically been undertaken
to fit simulation results to data in a generalized sense. Relatively formal calibration involves
adjusting model parameters to achieve specified attributes in simulated motions. As a first step of
the calibration process, we describe calibration of selected high-frequency components of the
broadband simulation procedure of Graves and Pitarka [2010]. The calibration seeks to remove
too-fast distance attenuation in simulated motions and too-low standard deviation terms.
Previous work by Star et al. [2011] identified these problems with broadband simulated motions
using motions from a ShakeOut (southern San Andreas fault) earthquake (e.g., Graves et al.,
[2008] and Porter et al. [2011]). Calibration of low-frequency components is not undertaken in
the work reported herein.

Following this introduction, we briefly review the hybrid broadband simulation
methodology that is the subject of this work, with an emphasis on the high-frequency (semi-
stochastic) component. We then describe a series of hypothetical events for which high-
frequency ground motions are simulated Using the ShakeOut rupture scenario [Graves et al.
2011], we demonstrate that the short-period IMs of ground motions generated using the high-
frequency simulation procedure are similar to broadband motions with respect to their distance
attenuation and dispersion. We then calibrate the simulation procedure by (1) modifying the
crustal damping (Q model) to remove distance attenuation bias relative to NGA GMPEs; and (2)
adding dispersion to match intra-event standard deviations in GMPEs. We conclude by repeating

the ShakeOut broadband simulations using the modified hybrid procedure.



2 Utilized Simulation Methodology

We utilized the hybrid broadband simulation methodology of Graves and Pitarka [2010] This
method was selected from among several hybrid simulation procedures principally on the basis
of its utilization in high-profile scenario earthquake and loss estimation studies (e.g., Aagaard et
al. [2008]; Graves et al. [2011]). The Graves and Pitarka [2010] procedure consists of a low-
frequency component that utilizes a kinematic source model and analytical Green’s functions for
path effects. This low-frequency portion of the model is not the subject of this work.

The high-frequency portion of the model is adapted from the classical point source
simulation procedure of Boore [1983], later adapted to finite sources by Frankel [1995]. The
source and path components for a finite fault are summed as follows to construct the Fourier

spectrum for a given site:
A=Y 2 CSNGHP) 2.1)

Spectrum A(f) would apply at the location of interest if the site condition matched that at the top
of the crustal velocity model, which is moderately hard rock (V3= 865 m/sec). Modifications to
other site conditions were made using the nonlinear site amplification factors used in the
Campbell and Bozorgnia [2008] GMPE, which utilize V39 and peak acceleration on a reference
rock site condition with a reference V3 of 1100 m/sec. The simulated motions are modified
from 865 m/sec to the reference V3 of 1100 m/sec (using the Campbell and Bozorgnia site

factors) before application of the V3p-dependent site factor. The fault is discretized into i=1 to N
sub-faults, each with its own prescribed slip &. Seismic waves can travel from the source along
j=1 to M ray paths (e.g., two are used by Graves and Pitarka, [2010]; direct and Moho-reflected).

The source spectrum for sub-fault 7 and ray path j includes (1) a frequency-independent term (Ci)

that accounts for radiation pattern as well as shear wave velocity and mass density of rock at the



sub-fault and (2) a frequency-dependent term S; ( f ) that describes the seismic radiation from

sub-fault 7.
As shown schematically in Figure 2.1, the source spectrum Cj; S; (/) is broad banded

with an ascending branch that scales with the square of frequency and a flat branch for

frequencies beyond the corner frequency f.. Additional parameters affecting source term S,-(f)
include the moment release on sub-fault i, rupture velocity, and stress parameter (0p), and are

discussed in detail by Graves and Pitarka [2010].

f
oy Source: C;S(f)
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Figure 2.1. Schematic illustration of source term, path operator, and effect of X on
Fourier amplitude spectrum. The spectra depicted are smooth mean
curves. White noise perturbations from the mean are applied for a given
site according to the procedure described in Boore [1983].

The path parameter G, (f) is calculated as:

G,(f)= (j)exp{ -, o f)J (2.2)
where R;; represents ray path distance from sub-fault i to the site along path j (i.e. path length),
Il.(f ) represents impedance effects calculated using quarter wavelength theory [Boore and
Joyner 1997] that uses a crustal velocity model specified across A=1 to L layers having thickness
Az, shear wave velocity Vi, and path attenuation term Q. Early methods used 1/R (R is the

distance from source to site) to approximate the distance attenuation (geometric spreading) of



high-frequency body waves [Boore 1983]. Clearly this does not apply for longer periods or
situations where surface waves become more important, and more recent applications utilize a
geometric spreading term of the form //R", where * can be a function of distance and frequency
to account for these complexities (e.g., Atkinson et al. [2009]). In Equation (2.2), 1/R;
corresponds to 1/path length, which is close to 1/R for a direct ray path. For a reflected ray path,
the value of 1/R;; is reduced due to the longer ray path. However, the full response at a particular
site represents a summation over multiple ray paths, which can add constructively when several
rays arrive at the site at approximately the same time. Assuming sufficient rays are considered,
this approach naturally incorporates velocity model specific variations in geometric spreading
due to crustal reflections and development of surface waves [Graves and Pitarka 2010]. The term
Aty represents travel time through layer k& and is equal to Az /(Vy), for vertically propagating
waves. As shown in Figure 2.1, the path term Gj(f) reduces ground motions relative to the source
spectrum, with the amount of reduction increasing with frequency.

Figure 2.2(a) shows location-specific and generic crustal velocity models. The Northridge
model utilized by Graves and Pitarka [2010] ranges from 3.8 km/sec at 31 km depth to 0.45
km/sec at the surface with a V3=865 m/sec. The path attenuation term depends on the shear

wave velocity of each layer and frequency as follows:

0.(f)=0,f" =[a+br, ] 23)

where a, b, and x are empirical parameters generally taken as 25, 34, and 0.6 to 0.8, respectively
(e.g., Aagaard et al. [2008]; Graves and Pitarka [2010]). As shown in Figure 2.2(b), these
parameters are generally consistent with O models in past work (e.g., Raoof et al. [1999]; Fatehi
and Herrmann [2008]). We acknowledge the implementation of O can be somewhat different for
these various models, particularly since a trade-off exists between the assumed geometric
spreading term and the derived Q model. For the comparison shown here, we assume the
geometric spreading to be constant for all models, which is most appropriate for near-source

distances where the direct ray is dominant.
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Figure 2.2  (a) Crustal velocity models used by Graves and Pitarka [2010] for
verifications of Northridge and Loma Prieta data and generic rock profile of
Boore and Joyner [1997]; and (b) crustal Q@ models from Raoof et al. [1999]
and Fatehi and Herrmann [2008] compared with default model from Graves
and Pitarka [2010] and proposed adjustment presented herein.

The term P(f) is a site term for modeling high frequency decay using the empirical i

parameter (Anderson and Hough, [1984]):

P(f)=exp(-zx,f) (2.4)

which is independent of distance in this formulation. Campbell [2009] presents typical values of
xp, which was taken as 0.04 sec by Graves et al. [2011]. The effect of xj on the Fourier spectrum
is shown in Figure 2.1.

Each element of the high-frequency simulation procedure described to this point is
theoretically-based and deterministic, in the sense that specified equations are used to represent
modeled phenomena. However, there are stochastic elements to the simulations that affect the
Fourier amplitude and phase. Two sources of randomness affecting amplitude are (1) random
frequency-to-frequency perturbations applied to the smooth mean spectra shown in Figure 2.1,

and (2) spatially variable slip among the subfaults (described below). The Fourier phase is taken



from white noise. The random amplitude and phase perturbations are assumed to be uncorrelated
between different frequencies and between sites for any particular frequency. Following the
formulation of Boore [1983], the stochastic elements are introduced to the subfault source term
Si(f) by including a windowed time sequence of band-limited random white Gaussian noise with
zero expected mean and variance chosen to give unit spectral amplitude on the average. In
addition, the response for each subfault is delayed in time to account for rupture propagation
across the fault and the travel time of the given ray. The resulting source term is complex valued

(i.e., it includes amplitude and phase) and is denoted S, ( f).

Figure 2.3 shows an example of high- and low-frequency waveforms and Fourier spectra
from the broadband ShakeOut simulations of Graves et al. [2011]. The final simulated waveform
was obtained by combining the low- and high-frequency results using a set of matched
Butterworth filters that do not alter the phase of the response and sum to unity at all frequencies.
These filters have already been applied to the high- and low-frequency motions plotted in Figure
2.4, with the crossover of the filters occurring at 1 Hz. Waveforms and spectra from the

combined motions are also shown in Figure 2.4.
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Figure 2.3  (a) Acceleration, velocity, and displacement histories generated for M,,7.8

ShakeOut event at site HLN, which is about 5 km from the San Andreas
fault in the San Bernardino region. Results from the high-frequency (HF)
and low-frequency (LF) simulations are shown along with the full
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3 High-Frequency Simulations for Parameter
Calibration

3.1 CONDITIONS CONSIDERED

The simulated events are strike-slip earthquakes at four magnitudes (5.0, 6.5, 7.25, and 8.0). As
shown in Figure 3.1, there are two events per magnitude having different slip distributions (but
the same moment). The faults are vertically dipping and the rupture is bilateral with the epicenter
at the middle of the fault. Additional details on the simulated fault ruptures are given in Table
3.1. The spatial variability of slip incorporates randomness and spatial correlation (see Graves
and Pitarka [2010]). The level of slip randomness and spatial correlation affects ground motion
dispersion; for the present application it was set at the levels described in Graves and Pitarka
(2010), which is less smooth than the source models used in some previous applications such as
ShakeOut [Graves et al. 2011].

The locations of simulated motions relative to the source faults are shown in Figure 3.2.
Each array has recordings on lines radiating out from the fault. On each radiating line there are
18 stations at the following distances from the surface projection of the fault: 1.0, 1.5, 2.0, 3.0,
5.0, 7.0, 10, 15, 20, 30, 50, 70, 100, 120, 140, 160, 180, and 200 km.

Table 3.1 Attributes of simulated events for high-frequency ground motion
simulations.

Subfault

Length Width | Top Depth | Size (km x
M, (km) (km) (km) km)
5 3 3 10 1x1
6.5 26 12 0 2x2
7.25 102 18 0 3x2
8 416 24 0 4x3

11



FI953 11/16

147/411

0 4
_ M5 . M7.25
E £,
= = s - =
9587111 117 0 Fl5871 150 / 496
g E . l_-'-
E
£ = 10
= = 15
0o 1 2 3 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
along strike (km) along strike (km)
o — (————— ]
0 4 8 12 16 20 0 90 180 270 360 450
slip (cm) slip (cm)
o 81764 741191
* 10 M8.0
= R953 334/ 1092
, R5871 74193 E ig - =
_ z [y |
E
§ 2 __ Rs8T1 331/1128
E = : = ™ =y
. 3 e S |
= — - —
0o 5 10 15 20 25 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
along strike (km) along strike (km)
e — e ——
0 40 80 120 160 200 0 240 480 720 980 1200
slip (cm) slip (cm)
Figure 3.1 Slip models for M,, 5.0, M,, 6.5, M,, 7.25, and M,, 8.0 scenario earthquakes
(from left to right).
400 M5.00 400 M6.50 400 M7.25 40012 M8.00
300 300 300 300 . ‘.‘IA
200+ 200 2001 : R g
100 - . 100 . 0]k : 100 | Rt s canaas
E et B i T | = ([
N 0 ;K:": ------- : 0 EI.M RS RE] N 0 E::::::::: : 0 :::: ::::::
100 "-‘ T T I 100 . TR | ™R
200 - 200 200 - 200 |
-300 300 -300 -300 ; “-_
-400 400 -400 -400 2
0 100 200 300 400 500 a 100 200 300 400 500 0 100 200 300 400 500 a 100 200 300 400 500
X (km) X (km) X (km) X (km)
Figure 3.2  Station arrays for the four simulated strike-slip earthquakes. The red line

indicates the fault.

12



3.2 COMPARISON OF MOTIONS FROM HIGH-FREQUENCY AND BROADBAND
SIMULATIONS

The high-frequency simulation procedure utilized for the strike slip earthquakes depicted in
Figures 3.1 and 3.2 is first applied to the ShakeOut source model [Graves et al. 2011] to
investigate the relationship between short-period IMs from high-frequency and broadband
simulations. Figure 3.3 shows the variation of PGA and 0.1, 0.3, and 1 sec pseudo-spectral
accelerations (5% damping) with distance from the broadband simulations along with medians

(u) and medians *+ two log standard deviations for data within distance bins. The binned

quantities are also shown for the high-frequency simulations. The median and dispersion trends
from the two data sets are similar, indicating that the high-frequency component of the
simulation procedure has a dominant effect on each of the considered IMs. This finding supports
focusing the calibration process on the high-frequency component of the simulation procedure to

remove biases in simulated short-period IMs.
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Figure 3.3  Spectral acceleration at 0.01 sec (PGA), 0.1 sec, 0.3 sec, and 1 sec from
ShakeOut simulation using full broadband (BB) waveforms and high-
frequency waveforms.
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Star et al. [2011] found that high-frequency IMs from the ShakeOut broadband
simulations attenuated faster with distance than suggested by the NGA GMPEs. This was found
by calculating residuals between each simulated motion (treated like data) and the median model

prediction from a GMPE as follows:

R, (T) = ln(Sa (T))sim,i - ln(Sa (T))GMPE,I' (3.1)

where index i refers to a particular location where ground motions were simulated (latitude and

longitude), Sa(I)Sl,ml_ refers to the 5% damped spectral acceleration of the simulated motion for

oscillator period 7 at location i, Sa( 7) _refers to the median spectral acceleration for location

GMPE,i

i predicted by a GMPE considering the earthquake magnitude, site-source distance, and site

condition, and R, is the residual in natural logarithmic units. Residuals were calculated relative to

the Abrahamson and Silva [2008], Boore and Atkinson [2008], Campbell and Bozorgnia [2008],
and Chiou and Youngs [2008] GMPEs (referred to subsequently as AS, BA, CB, and CY).

Star et al. [2011] found residuals R« 7) to have a statistically significant slope with respect
to rupture distance (R,,,) for the ShakeOut event for response spectral accelerations at periods
under 5 sec. Using both the high-frequency and broadband simulations, we calculated values of
R,(T) within distance bins as follows:

ITk (T)= median [Ri(T)]i=l.,Nk (32)

where k is an index for a particular distance bin having N; simulated motions. As shown in

Figure 3.4, distance attenuation trends were investigated by plotting R, (T) for the two sets of

simulations (broadband and high frequency only). As shown in Figure 3.3 for the 0.3 sec spectral
acceleration and the BA GMPE, the slopes are similar for the broadband and high-frequency
simulations. Similar results are obtained at other periods. These results verify that the high-
frequency simulations reproduce the trends from broadband simulations that we seek to adjust

through calibration. We undertake this in the following section.
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4 Simulation Calibration

41 CALIBRATION PROCEDURE FOR DISTANCE ATTENUATION

Input parameters required to perform broadband simulations using the hybrid procedure of
Graves and Pitarka [2010] include those for the kinematic rupture model (fault dimensions, slip
distribution, rise time, rupture velocity, etc.), additional parameters for the high-frequency source

spectrum [c ) (used for corner frequency), stress parameter 7, sub-fault dimension d!], and those

related to analysis of Green’s functions (crustal velocity profile, O model, and number of ray
paths).

All of these parameters are potential candidates for model calibration. In our current
study, we choose to focus on the number of ray paths (i.e., geometric spreading) and the O model
to address the too-fast distance attenuation problem. The original ShakeOut simulations used
only two rays for the high-frequency modeling: direct and Moho-reflected [Graves et al. 2011].
Within about 100 km of the fault, these two rays are dominant; however, at further distances,
additional ray paths including multiple surface and Moho-reflected phases, as well as other
super-critically crustal reflected phases, can become important. At large source-to-site distances,
many rays may need to be considered to obtain the full response, although the dominant high-
frequency phases are surface and Moho-reflected rays (e.g., Ou and Herrmann [1990]). For our
calibration experiments, we utilized a total of four rays. In addition to the direct and Moho-
reflected rays, we also considered: (1) a ray initially traveling upward from the source, reflecting
at the surface and traveling down to the Moho, then reflecting back to the site; and (2) another
ray initially traveling down from the source to the Moho, reflecting back up to the surface,
reflecting back down to the Moho, then reflecting back to the site. Sensitivity tests using
combinations up to a total of 10 rays indicated that the distance attenuation between 100 to 200

km was not strongly affected when more than four rays were used.
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We used the crustal velocity profile of Boore and Joyner [1997], which has a V3 of 1100
m/sec (Figure 2.2). This site condition was selected so that the simulations are consistent with
the hard rock site condition of the NGA GMPEs, effectively removing nonlinear site
amplification effects from the analysis. Source-related parameters will shift up or down the
Fourier amplitude spectrum or portions thereof, but will generally not significantly affect the
variation of ground motion with distance. We adjusted Q through parameter a (Equation 2.3),
which was a = 25 in the reference broadband simulations. Through trial and error, we found that
a = 57 with four rays effectively removes distance attenuation bias, which we demonstrate
below. Increasing Q in this manner decreases material damping in the crust, hence decreasing the
attenuation of ground motion. The effect of the increased number of ray paths was modest by
comparison.

The effects of the modifications are demonstrated in Figure 4.1(a), where simulated
spectral accelerations for the M,, 7.25 event are shown for the original (low) and proposed (high)
Q. The Q increase raises spectral accelerations noticeably for rupture distance R, > 50 km.
Figure 4.1(b) shows spectral acceleration residuals calculated using Equation (3.1), which

fluctuate with R,,, but increase markedly at high O for R,,,, > 50 km.

The simulation results can be more easily visualized using median residuals [ R, (T) per
Equation (3.2)], as shown in Figure 4.2. The figure shows median residuals for all four GMPEs
using the proposed (high) O and one reference set of residuals (using BA) for low Q. Note that
the AS and CB residuals have a relatively strong negative trend at large distance because the
GMPE slope (in log-log space) is effectively constant with respect to distance beyond the near-
fault region, whereas the data falls off relatively rapidly for Rmp > ~50 km as a result of the O

effect (shown in Figure 4.2 as a downward slope in the residuals). The BA and CY GMPEs have

a distance-dependent slope that better accommodates this trend in the ground motions.
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Figure 4.1 (a) Spectral accelerations for original (low @, 2 rays) and modified (high Q,
4 rays) high-frequency simulations of M,, 7.25 strike-slip earthquake; and
(b) spectral acceleration residuals from simulated motions from (a) relative
to BA GMPE.
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Figure 4.2  Median residuals for modified (high Q, 4 rays) high-frequency simulations
of M,,7.25 strike-slip earthquake (AS, BA, CB, CY GMPEs). Also shown are
results for original (low Q, 2 rays) high-frequency simulation procedure (BA
GMPE only). Fit lines with slope ¢ are shown for BA; the slope is within its
confidence interval (denoted CI in legend) and hence is not significantly
different from zero for the modified simulations. The slope is significant for
the original simulation procedure.

The extent to which the data demonstrate distance-attenuation bias can be represented by
the slope of the median residuals. Denoted as c, this slope is established by least-squares linear
regression, as illustrated for BA in Figure 4.2. The fit is taken from 10-200 km distance for BA
and CY but only from 10—100 km for AS and CB because of their restrictive distance attenuation
function described above. Figure 4.3 shows slopes averaged across the four GMPEs as a function
of period for the original and proposed Q values. The slopes are markedly negative for the
original O, slightly negative for the modified O for M,, 5.0 and 6.5, and near zero for the
modified Q for My, 7.25 and 8. We judge this lack of trend for the larger simulated magnitudes to
indicate the level of Q modification is adequate. Further increases of Q could have removed the
bias at lower magnitudes, but at the expense of too-slow distance attenuation for large
magnitude. Since the value of simulations is principally at larger magnitudes where recordings

are sparse we choose to optimize the fit for those larger magnitudes.
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Figure 4.3  Slope parameter c (non-zero slope indicates misfit from GMPE) as function
of spectral period for original (low Q, 2 rays) simulations and proposed
modification (high @, 4 rays). Values plotted are the averages across the
four GMPE using 10-200 km for BA and CY and 10-100 km for AS and CB.

We checked our results for Q modification using the Northridge rock crustal velocity
profile shown in Figure 2.2, which has V3 = 865 m/sec (compare to Vzp = 1100 m/sec in the
generic rock profile). The changed crustal velocities affect the ground motions but do not

appreciably change distance attenuation trends (or their sensitivity to Q).

4.2 CALIBRATION PROCEDURE FOR INTRA-EVENT DISPERSION

To address the too-low intra-event dispersion, we began by randomizing crustal velocities
relative to the Boore and Joyner [1997] model, which also affects O values through Equation
(1.2). This increases the dispersion of simulated motions, but only modestly. Since the Fourier
phase at high frequencies in the simulation procedure are already fully random and
randomization of path-related parameters (which affect Fourier amplitude) does not introduce
significant dispersion, the only remaining option is to randomize source parameters (which also
affect Fourier amplitude). Rather than randomize particular parameters in the source function,
which were arbitrarily selected in the original model implementation, we simply randomize
Fourier amplitudes directly. The randomization takes the Fourier amplitude from Equation (4.1)

(after conversion to natural log units) as a median of a normal distribution [denoted A(f)].
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Modifications are calculated as:

A4.(f)=A(f)expleo,) (4.1)

where 4, (/) denotes the randomized Fourier amplitude, o4 is a frequency-independent log-

normal standard deviation optimized in the present work, and & is selected using a random
number generator that produces realizations according to the standard normal distribution (mean
of zero, standard deviation of one). This randomization assumes perfect correlation between
frequencies and no correlation between simulations at different locations. We recognize that this
is not strictly correct. Fourier amplitudes for a single site at neighboring frequencies exhibit only
modest correlation [Ancheta et al. 2011], not the perfect correlation assumed here. For site
locations separated by tens to hundreds of meters, spatial correlations are practically negligible
[Ancheta et al.2011], which is consistent with the lack of correlation taken here.

Figure 4.4 shows intra-event dispersion for rock site conditions (VW = 1100 m/sec) from

the NGA GMPEs as a function of period along with the dispersion from the non-randomized and
randomized simulation procedures. All simulations utilized fault slip randomness and spatial
correlation as described in Graves and Pitarka [2010] along with the modified path parameters
described above (high Q, 4 ray paths). The non-randomized simulations produce dispersions

significantly lower than those from GMPEs, except at My, 8. The dispersion matches shown in

Figure 4.4 were achieved with a Fourier amplitude randomization of o, = 0.45 (natural log
units) for the M, 5.0 and 6.5 simulations, o, = 0.35 for the M,, 7.25 simulation, and o, = 0 (no

randomization) for the My, 8 simulations. The reason for the magnitude-dependent o, is that slip

randomization significantly affects ground motion dispersion when the fault dimensions are
comparable or larger than the array dimensions. To reinforce this point, simulations were
performed for the M, 8 event using a smoothed slip model (derived by scaling the standard
deviation of slip variations by a factor of 0.65, which is comparable to that used in ShakeOut); as

shown in Figure 4.4, the intra-event dispersion from those simulations is markedly reduced.
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Figure 4.4 Intra-event standard deviation o for original (low @Q, 2 rays) simulations and
proposed modification (high @, 4 rays) with magnitude-dependent
randomization. All standard deviation terms plotted are the averages
across the four NGA GMPEs.

The variation of dispersion with distance is shown in Figure 4.5 for the My, 6.5, 7.25, and
8 simulations. Results are shown with and without Fourier amplitude randomization. Simulations
without randomization (o4 = 0) show a dispersion decay with distance, whereas the introduction
of Fourier amplitude randomization markedly reduces the distance trend. We interpret these
trends as indicating that (1) randomization of the fault slip function introduces high dispersion
near the fault but modest dispersion in the far field that is significantly below empirical
dispersion estimates; and (2) randomization of Fourier amplitudes modestly affects near fault
dispersion but significantly affects far-field dispersion. For the My, 6.5 and 7.25 simulations, the
overall dispersion levels with the proposed Fourier amplitude randomization are compatible with
empirical estimates across the distance range considered. For the M,, 8 simulations, the near-
source dispersion levels match empirical estimates without Fourier amplitude randomization but
fall below empirical estimates at farther distances. We have chosen to not randomize these
simulations, achieving a satisfactory near-field dispersion, but sacrificing to some extent the far-

field dispersion levels.
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Figure 4.5 Variation with distance of intra-event standard deviation of modified
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strike slip earthquake. Intra event standard deviation terms plotted for
GMPEs are the averages across the four NGA GMPEs.
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5 Verification of Performance in Broadband
Simulations

The calibration process described in previous sections operated on the high-frequency
component of the simulation procedure. Here we verify that the modified high-frequency
procedure produces satisfactory results when implemented in the full hybrid broadband
methodology. This is done using broadband simulations of the ShakeOut event. The ShakeOut
simulations were repeated using a revised source model reflecting the more heterogeneous slip
distribution produced by the Graves and Pitarka [2010] method as well as the increased Q and

the use of four ray paths instead of two. Because the magnitude is near 8, the Fourier amplitudes

were not randomized (o ,= 0). Those simulations are described further in Section 5.1. Section

5.2 presents the residuals analysis for the revised simulations.

5.1 REVISED SHAKEOUT SIMULATIONS

The original ShakeOut simulations used a kinematic rupture description based on a slip
predictable model. This approach assumed that all accumulated strain since the most recent
earthquake is released during the subsequent rupture. For the southern San Andreas fault
considered in ShakeOut, the accumulated strain is estimated to be about 6 to 7 m along the
Coachella segment, and about 3 to 4 m along the San Bernardino and Mojave segments. In the
construction of the original ShakeOut scenario rupture, the long wavelength features (longer than
about 30 km) were constrained to match these slip-predictable values. Shorter wavelength
features were added using a randomized procedure. The resulting slip distribution is rather
smooth, and in particular does not have many regions of low slip (which are typically observed

in large surface rupturing earthquakes).
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Here we have constructed an updated rupture characterization for the ShakeOut scenario

using the method of Graves and Pitarka [2010]. The main differences between the updated

scenario and the original scenario are as follows:

Long wavelength slip distribution is not constrained by the slip-predictable model,
asperity distribution is random with a wave number-squared falloff and standard
error of slip set to 85% of mean slip. Mean slip and total seismic moment are the
same as original rupture description. Resulting slip distribution has a more complex

spatial distribution.

Mean rupture speed is set at 85% of local shear wave velocity and scales with level
of local slip (like original ShakeOut). However, scaling is not as strong so rupture
tends to remain mostly sub-shear, whereas original ShakeOut had greater regions of
super-shear rupture. Also, updated characterization has stronger short wavelength

perturbations of rupture speed.

The updated model uses a slightly different fault geometry composed of seven
piecewise continuous rectangular fault segments. Fault surface in the original model
is composed of triangulated elements, which are designed to more closely match the
details of the actual fault. The differences in geometry should not have a significant

impact on the simulated ground motions.

Figure 5.1 compares the surface projections of the original and updated fault

representations. The seven segments of the updated model closely match the surface trace of the

original representation. Most of the fault has a near vertical dip, except for the region along the

San Gorgonio Pass where the fault dips towards the northeast. In the updated model, this section

is approximated using two dipping segments.
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Figure 5.1 Comparison of surface projection of ShakeOut fault geometry for original
and updated models. The green line is surface trace of original model, and
the magenta region indicates surface projection of dipping portion of
original fault (dips to the northeast). The solid black line is surface trace of
updated seven-segment fault model. The dashed portions indicate surface
projection of dipping regions for updated fault model.

Figure 5.2 compares the slip distribution and rupture front contours of the original and
updated models. A large number of random realizations were initially generated for the updated
model, and then a slip distribution was selected that was roughly similar to the original model
(mainly the large slip along the southernmost section of the fault). The down-dip width of the
updated model is constant at 15 km, whereas the original model varies from about 12 km to
about 20 km (average is 15 km). Since both models extend to the ground surface, the differences

in down-dip width should not significantly affect the radiated ground motions.
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Figure 5.2 Comparison of slip distribution and rupture propagation contours for
original and updated ShakeOut models. The top panel is updated model,
which has a fixed down-dip width of 15 km. The bottom panel is original
model, which has a variable down-dip width. Both models rupture to the
ground surface. The updated model exhibits stronger heterogeneity in both
slip and rupture propagation.

While the general pattern of slip distribution is roughly similar for the two models, there
are notable differences. The main difference is the stronger heterogeneity of the updated model
with tighter concentrations of large slip (asperities) and also the existence of regions of little or
no slip. These features are not strongly present in the original model. The total seismic moment
is constrained to be the same for both models (M, 7.8) with the slight difference in mean slip
(428 cm for the updated model versus 455 cm for the original) resulting from the differences in
the depth distribution of the slip coupled with the generally increasing rigidity as a function of
depth. Both models have similar peak slip amounts (1681 cm versus 1685 cm).

The other main difference between the two models is the coherency of the rupture
propagation across the fault surface, as exhibited by the rupture front contours in Figure 5.2. The
original model is characterized by fairly smooth rupture propagation with some longer
wavelength perturbations occurring where the rupture speed correlates with the local slip values.
The parameterization used in the updated model has a stronger correlation of rupture speed
perturbations with the local slip, which leads to greater incoherence in the rupture front,
particularly at shorter length scales.

Using the updated rupture model, we have performed two sets of broadband simulations.

These simulations use the same parameterizations used for the original ShakeOut calculations.
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For the low-frequency (f < 1 Hz) calculation, the updated rupture model is inserted into the same
three-dimensional seismic velocity model used for the original calculations. For the high-
frequency calculation, we first used the updated rupture model with the same parameterization as
the original ShakeOut simulation (same one-dimensional seismic velocity and O model, number
of rays). Then, we ran a second high-frequency case, using the high O model with 4 rays, as
described in Chapter 4. The combination of the high-frequency and low-frequency responses into
the broadband response was done in the same manner as the original ShakeOut calculation.
Finally, we calculated and tabulated peak ground motion values and spectral accelerations (PGA,
PGV, and §,) for both of these updated simulations.

Figures 5.3 and 5.4 show peak ground motion maps (PGA, PGV, S, at 0.3, 1, and 3 sec)

for the original and updated ShakeOut simulations. These results are analyzed next.
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Figure 5.3

Maps of simulated ground motion values for original ShakeOut rupture.

High-frequency simulation uses high Q@ model and 4 rays.
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Figure 5.4 Maps of simulated ground motion values for updated ShakeOut rupture.
High-frequency simulation uses high Q model and 4 rays.

5.2 RESIDUALS ANALYSIS USING REVISED SIMULATIONS

Residuals for both the original and updated ShakeOut simulations were calculated relative to the

NGA GMPEs using Equation (3.1) and median residuals R, (T) were calculated within distance
bins using Equation (3.2). In Figure 5.5, those median residuals were plotted versus Rmp for the

various IMs considered previously. The distance attenuation bias from the original ShakeOut
simulations was significantly reduced for the BA and CY GMPEs. Substantial misfit remains

(not shown in Figure 5.5) for AS and CB as a result of the distance attenuation function as
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described earlier (i.e., Figure 4.2). At a distance of 100 km, the difference between the original

and updated median residuals for BA and CY is an increase of approximately 0.65 (in In units),

which nearly doubles predicted ground motions at this distance.
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Figure 5.5 Median residuals relative to BA and CY GMPEs within distance bins for

updated and original (a) ShakeOut simulations and (b) intra-event standard
deviation of original and updated ShakeOut simulations compared to
GMPEs.

Using the same distance bins as above for median residuals, standard deviations of intra-
bin residuals were calculated in a manner that separates distance attenuation bias from the

dispersion calculation, as follows:

Ny

;(Ri ~R,)

Var(R): N 1
k

o= qlVar(R) (5.1)

where Nj is the number of simulated motions in distance bin k. By subtracting distance-bin
medians Ek in the variance calculation, bias in the distance attenuation is not mapped into the

dispersion calculation. Figure 5.6 shows intra-event dispersions as a function of distance from
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original and updated ShakeOut simulations for various IMs. To reduce the effects of differences
in site amplification modeling being mapped into the dispersion estimates, for this comparison
we restricted our analysis to sites having V3 = 760 m/sec. These results show a general decay
of dispersion with distance, particularly for the shorter period metrics in the original simulation.
The decays are similar to the high-frequency simulation dispersions in Figure 4.5. As described
previously, we expected higher near-field dispersion in our simulations since this is primarily
controlled by source heterogeneity in our approach. Because the level of source heterogeneity
was increased for the updated ShakeOut simulations, the dispersions also increased for most

spectral periods.
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Figure 5.6  Variation with distance of intra-event standard deviations for the various
IMs relative to BA and CY GMPEs for updated and original ShakeOut
simulations. Sites are restricted to those with V3,2 760 m/sec.

To facilitate comparisons to GMPE intra-event dispersions, we evaluated period-
dependent intra-event dispersions that represent average values for near-field (R, < 10 km) and

far-field (R, > 100 km) conditions. These dispersions were calculated as:
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Nyins Nk RV
z Z (Ri - Rk )

Var(R)= 55

N, bins

sz _Nbins

k=1

o= w/Var(R) (5.2)

where N, 1s the number of distance bins within the respective distance ranges (four for

Ry < 10 km; one for R,,, > 100 km). The subtraction of mesin the denominator reflects that

number of degrees of freedom in the variance calculation. Figure 5.7 presents results of the
above calculation, in which ¢ terms are computed using Equation (5.2) for all four NGA GMPEs
and then averaged. The average intra-event standard deviation terms from the GMPEs are also
shown. At close distances, the updated ShakeOut dispersions are generally consistent with
GMPEs, falling somewhat low only between 0.1 and 1.0 sec. At long distances, a more
consistent misfit remains between dispersion from GMPEs and the ShakeOut simulations, which
is expected due to the lack of Fourier amplitude randomization for this magnitude, as described
previously in Section 4.2. Figure 5.8 shows dispersion levels that occur if Fourier amplitude
randomization is added in the manner described in Section 4.2 at the level of o4 = 0.35. Near-
fault dispersion is slightly over-estimated and far-field dispersion remains under-estimated.
Hence, it does not appear that Fourier amplitude randomization alone can achieve dispersion

levels compatible with GMPEs over a wide distance range.

34



Intra-event o
o o o [ T e T o B
B2 m o s oM R 3D =

0.2

Intra-event o

N R,,<10km [

Fesccomez---"""7 " 1

i . Update‘j SD 1 I 1 1 | I
~~~~~ Original SO L

q |z GMPEs R,>100km [

B e &
T T T T T TTT] T T T T 1717

0.01 0.1 1

Period (sec)

Figure 5.7 Intra-event standard deviation for the updated and original ShakeOut
simulations for near- and far-field distance bins. All standard deviation
terms plotted are the averages across the four NGA GMPEs. The updated
ShakeOut simulations have no Fourier amplitude randomization.

1 1 1 1 11 1 8] 1 1 1 11 1 11
Log - Rmp{m km [
5 8 i
$ 06 - == ~

04 i — +
© i SRR TR VL LRt L L TP PRI PPRTPP PR C
€ 0.2 —

D i Update‘j SD 1 L 1 LI B I

P Original SO Y

4 |-- GMPEs =

_E 0.8 R~ 100 km -
g 0.6 o - - -
! _.- - — v o
& 0.4 T ————LLL et T
£02 - -

ﬂ ] T T T T TTT | T T T T T TT17

0.01 0.1 1
Period (sec)
Figure 5.8  This figure is identical to Figure 5.7, except the updated ShakeOut

simulations now include Fourier amplitude randomization at the level of
o ,=0.35.

35



36



6 Conclusions

6.1 INTERPRETATIONS AND RECOMMENDATIONS

Broadband ground motion simulation procedures typically utilize physics-based modeling of
source and path effects at low frequencies coupled with semi-stochastic procedures at high
frequencies. Previous validation of the hybrid procedure of Graves and Pitarka [2010], which
was used with some modification in the ShakeOut exercise and other earthquake scenario
studies, demonstrated faster distance attenuation and lower dispersion of high-frequency ground
motions than in empirical ground motion equations [Star et al. 2011].

As discussed by Star et al. [2011], when comparing attributes of simulated motions to
GMPEs, one must consider whether a misfit indicates a problem with the simulations, the
GMPEs, or both. The critical aspect is the degree to which the effect under consideration is well
constrained in the empirical model. This is reflected to some extent by the consistency of
GMPEs—which in turn relates to the sophistication of the GMPE functional forms (admittedly
subjective)—but also to the amount of data available to constrain those portions of the empirical
models. With regard to the distance attenuation discrepancy, attenuation of high-frequency IMs
in the NGA models is well constrained up to approximately 100 km for magnitudes between
approximately 5.5 and 7.5, and the various models are quite consistent [Abrahamson et al. 2008].
While the available data is sparse at the large magnitudes associated with the ShakeOut event,
the potential for a large shift in distance attenuation rates from M,, 7.5 to 7.8 is low. Accordingly,
we judge the deficiency in this case to lie mostly with the simulation. A similar rationale can be
applied to the standard deviation terms. This motivates the work presented in this report, in
which we seek to calibrate high-frequency components of the Graves and Pitarka [2010]
simulation procedure to remove the too-fast distance attenuation and the too-low intra-event

dispersion.
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The high-frequency component of the simulation procedure combined a deterministic
Fourier amplitude spectrum that is a function of closed-form source, path, and site models with a
random phase. We increase crustal damping (Q) to reduce the distance attenuation bias. This is
done by increasing parameter a in the frequency-independent portion of the O model (Equation
2.2) from 25 to 57. Both the original and adjusted Q models are within the range provided by
previous studies of Q using California earthquakes (Figure 2.2). We introduce random site-to-site
variations to the Fourier amplitudes using a magnitude dependent log-normal standard deviation
(0.45 for My, < 6.5, 0.35 for My, 7.25, and 0 for My, 8). In general, this raises the intra-event
standard deviations of response spectral accelerations to levels consistent with NGA GMPEs in
terms of both their overall level and their variation with period. For the My, 8 simulations,
dispersions in the far field from the simulated motions fall below those from GMPEs, whereas
dispersions are generally compatible in the near field.

The proposed changes to model parameters were implemented in a repeat of the
broadband simulations for the ShakeOut event in which the increased source heterogeneity from
Graves and Pitarka [2010], and the path modifications proposed herein (increased Q, additional
ray paths) were implemented. The distance attenuation bias was found to be removed and intra-
event dispersions were compatible with GMPEs at close distance. Dispersions were low in the
far field; additional Fourier amplitude randomization for the large magnitudes would be

necessary to improve this result.

6.2 RECOMMENDATIONS FOR FUTURE RESEARCH

Future research should consider several issues:
1. The calibration procedure (Chapter 4) should be expanded to address the
following issues: (1) use a denser and more uniform set of sites; (2) consider
additional magnitudes, particularly at the higher end (Mw 7.5, 7.75); (3) consider
additional realizations for each magnitude (slip distribution and hypocenter; and (4)

consider additional faulting styles.

2. Additional broadband simulation routines should be subject to the validation and

calibration process described in Star et al. [2011] and in this report.
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3. The validation process of the revised simulation procedure reported herein
considered only a large magnitude event. Smaller magnitude validation events were
not considered because none currently exist that include the updated protocols for
source description (from Graves and Pitarka [2010]) and extend over a sufficiently
large distance range to test the distance scaling function. Simulations meeting these

criteria for smaller magnitude events of interest should be performed and validated.

4. Dispersion matches to the GMPE were achieved through a “brute force” process
of Fourier amplitude randomization. It would be desirable to achieve addition
dispersion through careful variations of physical parameters associated with the
source and path models. For example, a more detailed and rigorous exploration of
path-scattering effects would be warranted, especially in light of the observed

distance dependence of dispersion in the current simulations.

5. Inter-event dispersion was not investigated in this work or other work that the
authors are aware of. Validation of inter-event dispersion from simulation codes
considering reasonable variations of source parameters is critical for engineering

application of simulation procedures.
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