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ABSTRACT

This paper summarizes validation methodologies focused on enabling ground motion simulations
to be used with confidence in engineering applications such as seismic hazard analysis and
dynamic analysis of structural and geotechnical systems. Numerical simulation of ground motion
from large earthquakes, utilizing physics-based models of earthquake rupture and wave
propagation, is an area of active research in the earth science community. Refinement and
validation of these models require collaboration between earthquake scientists and engineering
users, and testing/rating methodologies for simulated ground motions to be used with confidence
in engineering applications. This paper provides an introduction to this field and an overview of
current research activities being coordinated by the Southern California Earthquake Center
(SCECQC). These activities are related both to advancing the science and computational infrastructure
needed to produce ground motion simulations, as well as to engineering validation procedures.
Current research areas and anticipated future achievements are also discussed.
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ABSTRACT

This paper summarizes validation methodologies focused on enabling ground
motion simulations to be used with confidence in engineering applications such as
seismic hazard analysis and dynamic analysis of structural and geotechnical
systems. Numerical simulation of ground motion from large earthquakes, utilizing
physics-based models of earthquake rupture and wave propagation, is an area of
active research in the earth science community. Refinement and validation of these
models require collaboration between earthquake scientists and engineering users,
and testing/rating methodologies for simulated ground motions to be used with
confidence in engineering applications. This paper provides an introduction to this
field and an overview of current research activities being coordinated by the
Southern California Earthquake Center (SCEC). These activities are related both to
advancing the science and computational infrastructure needed to produce ground
motion simulations, as well as to engineering validation procedures. Current
research areas and anticipated future achievements are also discussed.

Introduction

Much of current earthquake engineering practice uses empirically calibrated ground motion
prediction equations to quantify shaking intensity of future earthquakes, and recorded ground
motions as input time series to dynamic engineering analyses. These approaches are relatively well
understood and mature, but have limitations with regard to understanding conditions without
significant observational evidence, such as shaking intensities from large crustal earthquakes, and
the effects of deep sedimentary basins.

Numerically simulated ground motions have the potential to address these limitations.
Ground motions can be simulated for arbitrary conditions, and conditions and model parameters
can be varied systematically to understand sensitivities to input specifications. Benefitting from
this great promise, however, requires simulation approaches utilizing current scientific knowledge
of earthquake processes, computational infrastructure to produce and distribute simulations, and
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procedures for validating simulations against real ground motions. The Southern California
Earthquake Center (SCEC) is undertaking a number of activities in these areas to demonstrate the
value of simulations for engineering analysis, and this paper discusses some of these activities and
achievements.

It is notable that simulated ground motions already play an important role in seismic hazard
analysis, as they are used to constrain empirical ground motion predictions in circumstances not
well-constrained by observations, such as in sedimentary basins and on hanging walls (e.g.
Abrahamson et al., 2013). Also, many building codes (e.g., ASCE, 2010) allow simulated time
series to be used for response history analysis, though this approach is not widely adopted at
present.

Simulation-based seismic hazard analysis using CyberShake

Numerical simulations of earthquake strong ground motions have improved to the point where it
is worth investigating the predictive power of these physics-based methods in seismic hazard
analysis. Researchers working through SCEC have developed community seismic velocity models
(CVM-S and CVM-H) that describe seismic P- and S-wave velocities and densities throughout the
southern California region and are comprised of basin structures embedded in tomographic crust
and upper mantle models. The primary difference in the two models is the manner in which the
basin velocities are prescribed. CVM-S uses a rule based approach relating depth and age of
sediments to seismic velocities, whereas CVM-H utilizes an extensive set of seismic reflection
data and borehole logs to constrain point estimates of the seismic velocities, which are then
interpolated to a finer mesh covering the entire extent of the basins. In addition, CVM-H has a
more extensive description of the basin structures in the offshore region. Numerical simulations of
anelastic wave propagation through these three-dimensional (3D) structures have been tested
against recorded ground motions (e.g., Graves and Aagaard, 2011; Olsen and Mayhew, 2010), and
efforts are underway to improve the CVMs using the earthquake waveform data (Lee et al., 2013;
Tape et al., 2010). The plate-boundary fault system has been well described in a Community Fault
Model (CFM) (Plesch et al., 2007), and long-term earthquake rupture forecasts based on the CFM
are now available (Field et al., 2009).

These developments have motivated considerable research on the prediction of strong
ground motions from the large, as of yet unobserved fault ruptures that will someday occur.
Empirical ground motion prediction equations (GMPEs) can potentially be improved by
supplementing the direct observations of ground motions with simulation data that use the physics
of wave propagation to extrapolate to unobserved conditions. The CyberShake project has a more
ambitious goal: entirely replacing the GMPEs with simulation-based ground motion predictions
(Graves et al., 2010). The computational platform for such a calculation must be able to efficiently
simulate the ground motions at each site for an ensemble of rupture variations. The ensemble must
be sufficiently large to characterize all sources in the earthquake rupture forecast. In particular, it
must be large enough to properly represent the expected variability in the source parameters—e.g.,
hypocenter location, stress drop, and the slip heterogeneity. In the current CyberShake
implementation, the ground motion time series at a given site are calculated using seismic
reciprocity for an ensemble of kinematic rupture variations (Graves and Pitarka, 2010) that sample
the Uniform California Earthquake Rupture Forecast, Version 2 (UCERF2) (Field et al., 2009). To
date, time series have been simulated for approximately 415,000 rupture scenarios at each of nearly
300 sites in the Los Angeles region, for making ground shaking maps at periods of 2 seconds and
longer. The computational process has been automated using scientific workflow tools developed



within the SCEC Community Modeling Environment using TeraGrid and XSEDE high-
performance computing facilities (Jordan and Maechling, 2003, Deelman et al., 2006, Callaghan
et al., 2010).
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Figure 1: Los Angeles region probabilistic seismic hazard maps constructed with GMPE (top)
and CyberShake Platform using CVM-S (bottom left) and CVM-H (bottom right).

We are currently able to construct a first generation CyberShake hazard map for the Los
Angeles region. To produce a CyberShake hazard map, we first compute the residuals between the
CyberShake predictions and those obtained from an empirical GMPE at each of the simulation
sites. We then construct an interpolated version of this residual field that covers the entire region
of interest. Finally, we construct the CyberShake map by adding the interpolated residuals to the
original GMPE-based map. An example of this process is illustrated in Figure 1 using the GMPE
of Campbell and Bozorgnia (2008), 3-second spectral acceleration and an exceedance probability
of 2% in 50 years. The CyberShake maps show generally elevated hazard for many deep basin
sites, and generally reduced hazard along the San Andreas fault, relative to the GMPE-based
prediction. Additionally, it is clear that the map produced using CVM-S is not identical to the map
produced using CVM-H, which represents the impact of epistemic uncertainty in the 3D velocity
structure on the resulting hazard estimates. With further refinement of the velocity models, we
expect these differences to diminish.

Beyond the direct product of region-specific hazard maps described above, the CyberShake
database of simulated ground motions provides a valuable resource for investigation of other
seismic hazard related problems. These include refinement of Earthquake Early Warning
algorithms to include effects of rupture directivity and basin response on estimated shaking



intensities (Boese et al., 2013) and statistical analyses of the relative importance of site, path, and
source-complexity effects on the ground motion response throughout the Los Angeles region
(Wang et al., 2013). Current efforts in the CyberShake project are aimed at 1) pushing the
frequency limit of the deterministic computations to 1 Hz, for making ground shaking maps at
periods of 1 seconds and longer, 2) increasing the density of sites, 3) expanding the region of
coverage to other areas of California, and 4) transition to use of Version 3 of UCERF.

The SCEC Broadband Platform

The Broadband Platform (BBP) is an open-source software distribution that contains physics-
based ground motion models capable of calculating earthquake ground motions at frequencies up
to 10Hz across regional distances (http://scec.usc.edu/scecpedia/Broadband Platform). In
addition, the BBP provides software utilities that help users run large numbers of ground motion
simulations and manage the simulation results (Somerville et al., 2011). The BBP also contains
software tools for evaluating ground motion models and comparing simulation results against
GMPEs and observed ground motion recordings. By integrating these capabilities, the BBP has
developed into a computational platform capable of supporting scientific and engineering
processes needed to assess ground motion models for use in engineering applications.

The BBP contains several physics-based ground motion simulation models as shown in
Table 1. Ground motion models are computer software programs written in standard programming
languages such as C and FORTRAN, and they may be implemented in one, or more, processing
stages. Ground motion models must be able to input a simple earthquake description, and output
acceleration ground motion time series at no less than 40 samples per second, with “broadband”
ground motions from 0 to 10Hz or higher. Ground motion models are typically developed by
individual researchers, or research groups, and then integrated into the BBP by the SCEC software
development group.

Table 1:  Ground motion model components implemented in the SCEC Broadband Platform.
Ground- Goodness
0 to 1Hz 1to 10Hz | Motion of Fit

Rupture Deterministic | Stochastic | Post- Post-

Ground Motion Model Generator | Motions Motions Processing | Processing

GP (Graves and Pitarka, 2010) | Gen_Slip JB_Sim HF Sim

SDSU (Mena et al., 2010) Gen_Slip JB_Sim BB_Toolbox

UCSB (Schmedes et al., 2012) UCRMG SynlD RotD50 Bias Plot

EXSIM (Motazedian and

Atkinson, 2005) EXSIM

CSM (Zeng et al., 1994) Simula

BBP ground motion models output ground motions as acceleration or velocity time series.
Within the BBP, all further time series post-processing and analysis of results is done with
common software utilities, so any differences in results can be attributed to the ground motion
models themselves, and not the post-processing software. Both the ground motion simulation



models, and the post-processing utilities, are distributed as open-source software to provide
transparency to the scientific methods and algorithms implemented within the platform.

The BBP software group uses the phrase ground motion model to refer to any collection of
programs that input standard earthquake parameters and output ground motion time series. We use
the phrase ground motion simulation to describe a calculation that uses a specific ground motion
model with a specific set of input parameters. Several BBP ground motion models are implemented
in three processing stages: a rupture generator stage, a low frequency deterministic wave
propagation stage, and stochastic high frequency stage. Other BBP ground motion models are
implemented as a single computer program. Table 1 identifies the five ground-motion models in
BBP version 13.9 and shows how each of these models is assembled from one or more processing
stages. In some cases, different ground motion models (e.g. GP and SDSU) use the same programs
in some of their processing stages.

The BBP software provides a way to define and run multi-stage computing processes in
which the outputs from one computing stage are used as input in later stages, a type of computing
model sometimes called a computational pipeline, or a scientific workflow. A data dependency is
said to exist between processing stages when one stage produces outputs that are used as inputs by
a following processing stage. Data dependencies impose a computational order into the processing,
so the system must ensure that the producer stages complete successfully before the consumer
stages are run.

The BBP implements its multi-stage computing capabilities using two main software
elements. First, the BBP defines an XML workflow specification format to describe the input files
and computer programs needed to run a ground motion simulation and any required post-
processing stages. Second, the BBP provides a software framework that inputs these XML
workflow specifications, and executes the given list of programs, with the given input files, in the
correct order. With these two capabilities, the BBP can flexibly support multi-stage ground motion
simulation calculations, making it easy to add or remove computational stages without changes to
the BBP infrastructure. The BBP XML format workflow specification defines a BBP ground
motion simulation calculation as a series of processing programs (called transformations), and
input files and output files (called resources). BBP XML files are important metadata because they
define the exact inputs and programs used to calculate a particular result. Given a working copy
of the BBP software, and the required input files, a BBP XML workflow specification can be used
to re-run a specific BBP ground motion simulation.

To help manage the output data, each BBP simulation is assigned a unique Simulation ID
that is used to link simulation results with metadata for those results. BBP metadata for a given
ground motion simulation includes the XML workflow specification, the input files and programs
used, the BBP software version, and additional details about the computing environment.

The BBP is developed for use in Linux computing environments. Researchers can
download the BBP distribution and build and run the software on any properly configured Linux
computer. Ground motion validation activities may require running hundreds, or thousands, of
different ground motion simulations for each ground motion model under evaluation, leading to
output simulation data sets containing gigabytes of data. While the current BBP ground motion
models are serial codes, the SCEC software group has been able to complete several large suites
of BBP simulations using Linux-based computer clusters, showing that the BBP software can
make use of HPC computer resources if available.

The BBP simulation platform has recently been used for a large-scale ground motion
evaluation and validation project (Dreger et al., 2013), and results from that analysis are available



at a SCEC web site (https://scec.usc.edu/it/Broadband Study 13.6). For long-term storage of
important BBP simulation results, we plan to migrate the required results to an appropriate
seismological, or strong motion, data center.

The SCEC BBP software group is actively developing the BBP software using good
software engineering practices that include use of widely supported programming languages,
software version control, automated software tests, online documentation, software problem
reporting system, and frequent public software releases. We recommend that users work with the
most recent public release of the BBP software, which is distributed from a SCEC web site,
because the ground motion models and computational infrastructure continue to improve rapidly.
Future BBP developments will include integration of new ground motion models, integration of
new analysis tools, and integration of new validation data sets.

Current directions in ground motion simulation

SCEC has, in recent years, increasingly prioritized bringing together seismologists and earthquake
engineers, an effort aimed at more practical use of numerical simulations of earthquakes. This
collaboration has strongly affected recent and current directions of the numerical simulations and
their underlying methodology. Below, we summarize important trends in these and related
developments.

While the BBP contains state-of-the-art tools to generate synthetic seismograms with
frequencies in the range desired by earthquake engineers (so far in 1D models), SCEC is currently
exploring the feasibility of using almost entirely physics-based, 3D deterministic methods (the
‘High-F Project’ http://scec.usc.edu/scecpedia/High-F). Recent deterministic simulations have
been limited to relatively low frequencies (e.g., 0-0.5 Hz for TeraShake, Olsen et al., 2006;
ShakeOut, Graves et al., 2008; Olsen et al., 2009; Bielak et al., 2010). However, more recent efforts
have shown promise for High-F moving deterministic simulations up to 10 Hz within the next
decade (e.g., 0-2 Hz for M8, Cui et al., 2011; 0-4 Hz for M5.4 Chino Hills, Taborda and Bielak,
2013; 0-10 Hz for M 7.2 scenario event, Shi and Day, 2013; Withers et al., 2013). In addition to
advances in high-performance computing and efficient wave propagation methods (including
GPU-based methods, see e.g., Cui et al., 2013), High-F will benefit from recent results in realistic
characterization of earthquake source complexity (e.g., Shi and Day, 2013; Dunham et al., 2011),
as well as statistical description of small-scale heterogeneities of the surrounding media (Savran
and Olsen, 2013, see also Figure 2; Plesch et al., 2013).

The numerical methods leading the way for 3D simulations at higher frequencies include
finite differences (FD), finite elements (FE), and spectral elements (SE), each with its own
advantages and disadvantages. Higher-order methods (e.g., some FD and SE) require fewer points
per wavelength, while FE and SE methods naturally lend themselves to modeling detailed
mountain topography, an increasingly important feature at higher frequencies. Structured-mesh
approaches (e.g., FD, some FE methods) excel at efficient mesh generation and parallel efficiency;
however, they may require discontinuous mesh schemes, often unstable at long simulation times,
to include the low near-surface velocities for the higher frequencies. Some of these methods can
be combined into hybrid approaches (e.g., Moczo et al., 1997).

In the bandwidth below about ~1 Hz, frequency-independent attenuation is usually found
to be in agreement with observations. This approach has been modeled in many simulations with
good accuracy using the coarse-grained approach of Day (1998) for a 3D anelastic medium. As
simulations reach higher frequencies, however, observations suggest that anelastic attenuation falls
off. To account for this trend in simulations, Withers et al. (2013) propose a coarse-grained



implementation of frequency-dependent Q in FD via a power-law function, Q=Qof", where Q is
the quality factor, f'is frequency, and Qo and n are constants that may vary regionally.
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Figure 2: Snapshot of 0-10 Hz rupture propagation (slip rate) and surface wavefield (strike-
parallel component) for a crustal model with a statistical model of small-scale
heterogeneities. The displayed geometrical heterogeneities on the fault were included
in the rupture simulation. The part of the crustal model in front of the fault has been
lowered for a better view. Note the strongly scattered wavetfield due to the small-scale
heterogeneities. Visualization credit: Amit Chourasia, SDSC.

The recent large-scale 3D wave propagation efforts (e.g., TeraShake, ShakeOut, M8, Chino
Hills) were carried out using linear schemes. It is generally believed that significant nonlinear
effects are limited to higher frequencies (>~1Hz), at least when modeling near-vertically-incident
SH waves, with increasing importance as frequencies grow in the simulations. However, the
nonlinear effects of laterally propagating waves have not been studied in detail until recently.
Roten et al. (2013) showed using an implementation of Drucker-Prager plasticity in 3D FD that
nonlinear effects would significantly reduce (by up to 50%) the amplitude of long-period (>2s)
Love waves propagating in the ShakeOut waveguide for a SE-NW propagating rupture on the
southern San Andreas fault. Further analysis of the nonlinear effects on laterally propagating long-
period waves is warranted in the future.

Technical Activity Group on validation of ground motion simulations

The SCEC Technical Activity Group (TAG) on Ground Motion Simulation Validation (GMSV)
was established in 2010, with the objective to develop and implement, via collaboration between
ground motion modelers and engineering users, testing/rating methodologies for simulated ground
motions to be used in engineering applications. An initial planning workshop was held in January
of 2011 to enumerate and prioritize work that should be conducted within the GMSV TAG, and
four additional workshops have been held in 2012 and 2013 (Luco et al., 2013). Agendas,
presentations and outcomes from these workshops are available at
http://collaborate.scec.org/gmsv/.

Based in part on the recommendations from these workshops and resulting SCEC requests




for proposals, six past and eight current GMSV-related projects have been funded. A number of
these projects are funded by the SCEC Software Environment for Integrated Seismic Modeling
(SEISM) project, while others have been funded through the annual SCEC request for proposals.
Broadly speaking, the SEISM projects are focused on 1) GMSV for engineering analysis using
simple and robust ground motion parameters (Burks and Baker, 2013), 2) GMSV for building-
code nonlinear response history analysis, and 3) GMSV for application of simulated ground
motions to duration-sensitive geotechnical systems. The projects are tightly coordinated so that
comparisons of their results will reveal differences and similarities across the three types of
GMSV. For example, all three projects are using the same reference ground motions from the
Broadband Platform. Furthermore, the projects will compare results for three different types of
validation tests, which each compare: 1) ground motion parameters or system responses (e.g., of a
building or a slope) from simulated vs. recorded ground motions for historical earthquakes and
their station locations, 2) system responses from simulated vs. recorded ground motions that have
substantially similar elastic response spectra (or other ground motion parameters), and 3) ground
motion parameters or simple system responses (e.g., slope displacements) from simulated ground
motions vs. corresponding empirical prediction equations. To facilitate the implementation of
these validation tests, calculation of additional ground motion parameters, such as significant
duration, will be added to the SCEC Broadband Platform.

Conclusions

Numerical simulation of ground motions, and their validation for use in engineering applications,
is a topic receiving significant attention within the Southern California Earthquake Center.
Developments in simulation algorithms, computational infrastructure, and evaluation approaches
have been discussed. These efforts are enabling simulation algorithm refinement to ensure that the
simulations are useful for a number of engineering applications. The transparency of the
infrastructure used to produce the simulations, and of the validation of the simulations, is aimed at
facilitating the use of these simulations in engineering projects.
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