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Abstract
Comprehensive understanding of earthquake ground motions, particularly in the
near-fault region of large-magnitude events, is limited by gaps in strong-motion data.
This challenge is prominent in areas with high seismic hazard but infrequent large
earthquakes where data is sparse and difficult to interpret. These data limitations
lead to uncertainties in the development of site-specific ground motions, which are
crucial for engineering risk assessments. To address these challenges, physics-based
regional-scale ground-motion simulations have been developed. With the
emergence of exaflop-scale computing ecosystems, it is now possible to simulate
regional earthquake processes at unprecedented fidelity and generate the large
number of fault rupture realizations necessary to characterize both intra- and inter-
event ground-motion variability. This article introduces a new database of simulated
earthquake ground motions, created for applications in earthquake engineering,
earthquake planning, and emergency response. The inaugural version of the
database features simulated ground motions for a magnitude 7 Hayward Fault
earthquake in the San Francisco Bay Region (SFBR), using the EarthQuake
SIMulation (EQSIM) simulation framework and the Graves–Pitarka kinematic
rupture model. The aim is to provide high-fidelity, spatially dense, three-component
motions generated on the Department of Energy’s (DOE) newest generation of
graphics processing unit (GPU)-accelerated supercomputers. These motions are
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being made openly available to the engineering, scientific, and disaster planning
communities. In addition, this work develops protocols for the efficient dissemination
of these large data sets and emphasizes community engagement to build confidence in
their application. This article discusses the methodology behind the data, underlying
software verification and validation, scalable data management, and a user interface for
data access. The goal is to facilitate widespread use and elicit expert feedback to
maximize the utility and exploitation of simulated motions. While the initial focus is on
the San Francisco Region, simulations for additional regions will be added as the DOE
program progresses.
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Simulated ground-motion database, regional earthquake ground motions, regional-
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Introduction

There has been growing community interest in the application of high-performance com-
puting to simulating earthquake processes at a regional scale (Akinci et al., 2024; Graves,
2022; Graves et al., 2011; Graves and Pitarka, 2010; McCallen et al., 2024b; Maechling
et al., 2015; Paolucci et al., 2018, 2021; Petrone et al., 2024; Pitarka et al., 2021a; Rodgers
et al., 2020; Smerzini et al., 2024; Taborda and Bielak, 2011; Wang et al., 2024; Yeh and
Olsen, 2024; Zhang et al., 2021b). There are two principal approaches to regional-scale
earthquake ground-motion simulations. The hybrid approach performs deterministic
physics-based simulations of low-frequency waveforms (typically to 1 Hz). The high-
frequency portion of the seismogram is computed with a stochastic representation and a
simplified kinematic rupture model. The final broadband time series is obtained by com-
bining the low- and high-frequency parts of the seismogram. The SCEC Broad Band
Platform (e g. Goulet et al., 2015; Graves and Pitarka, 2010) provides a mature example
of the hybrid approach. Alternatively, the physics-based deterministic approach utilizes
physics-based simulations to directly create full broadband time series, preserving correct
spatial time phasing of motions throughout the domain of interest. Fully deterministic
simulations have significant computational demands and are progressing based on the
major advancements in high-performance computing ecosystems and massively parallel
computational software frameworks (McCallen et al., 2024b). The simulated ground-
motion database (SGMD) described herein was generated with EarthQuake SIMulation’s
(EQSIM) physics-based deterministic broadband simulations.

Regional-scale simulations can provide new physical insight into the complex spatial
variability of ground motions and infrastructure damage, and the factors that most influ-
ence the ground-motion intensity and its spatial distribution. With the available memory
and computational speeds realized on today’s graphics processing unit (GPU)-accelerated
computers, numerical exploration of the modeling parameter space can be achieved
through large numbers of simulation realizations to generate ground-motion data that
accounts for the uncertainty in model parameters. From the standpoint of characteriza-
tion of hazard and risk, simulated ground-motion data can also augment the existing
sparse observational database of recorded earthquake motions by supplying broadband,
site-dependent ground motions. The increasing interest of the engineering community in
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the use of simulated ground motions is supported by current seismic design standards,
which allow supplementing available records with simulated motions to perform nonlinear
response history analyses (e.g. American Society of Civil Engineers (ASCE)/SEI 7-22, 2021;
CEN Eurocode 8 (European Standard EN 1998-1:2004, 2004); Standards New Zealand
(NZS) 1170.5:2004, 2004). Specifically, the use of simulated motions is contemplated when
there are insufficient records from earthquakes with tectonic regimes, magnitudes, and dis-
tances similar to those controlling the target spectrum at the site of interest. In addition, at
near-field sites, simulated motions can be employed to ensure the incorporation of an ade-
quate proportion of motions exhibiting directionality and impulsive characteristics.

Given the extreme computational demands associated with regional earthquake simula-
tions and the specialized computational expertise required to achieve the most effective
use of high-end massively parallel computations, there are a relatively small number of
groups that perform regional simulations at extreme scale. In 2021, an International
Pacific Rim Forum was organized by the Pacific Earthquake Engineering Research
(PEER) Center to discuss the status of regional simulations and to obtain community
feedback on mechanisms by which regional-scale simulated motions could be made acces-
sible to the broad research and engineering practitioner communities (McCallen et al.,
2022a). The consensus feedback suggested that the creation of an open-access SGMD
would provide the opportunity to achieve the broadest access and distribution of simu-
lated ground motions. Subsequently, the US Department of Energy (DOE) Office of
Cyber Security, Energy Security and Emergency Response (CESER) initiated a program
to develop a regional earthquake ground-motion database that would be available to
energy system stakeholders and emergency response planners. Ground motions for the
SGMD are being created with the EQSIM fault-to-structure simulation framework, which
was developed for emerging GPU-accelerated massively parallel computers under the
DOE Exascale Computing Project (McCallen et al., 2021a, 2021b, 2022b, 2024b). In addi-
tion, the experience accrued at the PEER Center in providing ground motions suitable for
performance-based earthquake engineering (PBEE) evaluations is being leveraged to
design an open-access database (Günay and Mosalam, 2013; Stewart et al., 2001). As
described in this article, the simulated ground motions that have been generated for the
San Francisco Bay Region (SFBR) constitute the first large regional data set to populate
the SGMD.

Hayward Fault ground-motion simulations for the SFBR

For the evaluation of regional ground motions for M7 Hayward Fault events, the regional
computational model indicated in Figure 1 was employed in the SW4 seismic wave propa-
gation program within the EQSIM framework (Petersson and Sjögreen, 2010, 2012, 2014,
2015; Wang and Petersson, 2019; Zhang et al., 2021a). For the initial data set, the regional
simulations were computed at a frequency resolution of 5 Hz with a simulation model min-
imum shear-wave velocity (Vsmin) set to 250 m/s and three components of motion were
computed (fault-normal, fault parallel, and vertical). The model utilized a linear viscoelas-
tic material (Graves and Day, 2003) and frequency-independent attenuation factors Qp
and Qs for P and S waves, respectively. Modeling studies comparing simulated motions
with observed small SFBR earthquakes indicated that the United States Geological Survey
(USGS) velocity model for the SFBR can reasonably be used to simulate ground motions
to 5 Hz for many sites (Pinilla-Ramos et al., 2024), and imposing a Vsmin of 250 m/s
allows for efficient run times and the execution of a large number of fault rupture realiza-
tions while providing a reasonable estimate of near-surface soft sediment response. The
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ground-motion simulations were completed on the Frontier GPU-accelerated exaflop com-
puter at the Oak Ridge National Laboratory (ORNL), the Perlmutter GPU-accelerated
computer at Lawrence Berkeley National Laboratory (LBNL), and the Summit GPU-
accelerated system at ORNL.

For the initial ground-motion simulations included in the database, the focus was
placed on characterization and variability of the earthquake source term generated by a
Hayward Fault rupture. Conceptually, uncertainties in geologic material properties could
also be included by defining parametric distributions of geologic parameters. For the
SFBR, the USGS 3D velocity model was created by assigning geologic properties to iden-
tified individual geologic units; this could potentially be extended to assigning baseline
geologic properties along with an associated property distribution. However, this was
beyond the scope of the current study. For this study, one deterministic geologic structure
was considered based on the USGS three-dimensional velocity model for the SFBR as
shown in Figure 1 (Aagaard and Hirakawa, 2021).

The precise manner by which a fault rupture initiates and evolves with time during an
earthquake has a profound influence on the resulting distribution of ground motions. The
rupture process for a given scenario earthquake is not well constrained by existing geophy-
sical data, and it is essential to consider a breadth of rupture possibilities to characterize
the potential ground motions. The fault rupture realizations utilized in the SFBR simula-
tions were generated using the Graves and Pitarka (GP) kinematic rupture model (Graves
and Pitarka, 2016), with an enhanced slip rate representation (Pitarka et al., 2021b).

Figure 1. Computational domain considered for the SFBR (120 3 80 3 30 km), model parameters and
the USGS 3D geologic model V21.1 (courtesy USGS).
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The key parameters of the GP rupture model are illustrated in Figure 2. Constrained by
dynamic rupture modeling and empirically based correlated rupture parameters, the GP
model incorporates depth-dependent multi-scale spatial variations of slip, slip rate, slip
rake, and rupture velocity that allow for reproducing observed characteristics of near-fault
ground motion on a broad frequency range. The slip represents the total permanent fault
displacement once the rupture process completes, and the slip rate is the time history of
the slip velocity at any location on the fault rupture surface. As such, the slip rate, also
called the source time function, defines the spatial and temporal seismic energy release dur-
ing the fault rupture. The slip rate contributes to the near-fault ground velocities, which is
one of the features of near-fault ground motions correlated with structural damage (e.g.
Akkar and Özen, 2005). The time derivative of the slip rate represents the slip acceleration
that directly contributes to the near-fault ground-motion accelerations. Therefore, the slip
rate is one of the most important parameters of the kinematic rupture model. Combined
with the fault orientation, given by the strike angle, and the fault dipping orientation with
depth, given by the dip angle, the rake angle represents the focal mechanism that controls
the seismic wave radiation pattern generated at each point on the fault rupture surface.
The rupture velocity characterizes the speed of the rupture front propagation during the
earthquake rupture evolution.

For the regional ground-motion data set, the parameters that were varied for generation
of fault stochastic rupture realizations, as shown in Figure 3a, included the location of the
rupture initiation point, fault slip, rise time, and slip rate. The GP rupture generator also
includes an option for creating hybrid ruptures with combined stochastic and deterministic
spatial slip features as shown in Figure 3b. The hybrid ruptures are designed to represent

Figure 2. Graves–Pitarka kinematic fault rupture parameters.
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slip ‘‘patches’’ characterizing areas of enhanced seismic energy release which, depending on
their depth, affect different frequency ranges.

The deterministic slip patches are user-defined and are based on the Irikura recipe
(Irikura and Miyake, 2011). The resulting rupture process is randomly heterogeneous at
different length scales (Pitarka et al., 2017).

As a result of material heterogeneity both in terms of rheology and frictional properties
and local stress, the rupture velocity can be highly variable in space. Intrinsically, particu-
larly for large earthquakes, it can reach values that are similar in amplitude or larger than
the local shear-wave velocity (near-shear or super-shear rupture velocity). During near-
shear and super-shear ruptures, the rupture front propagates with a speed that is close to
that of the shear waves propagating toward a site. Therefore, a large-amplitude shear-wave
front is formed by the constructive superposition of the shear waves traveling with or
ahead of the rupture front. This phenomenon, which creates forward rupture directivity, is
most pronounced for strike-slip earthquakes and unilateral ruptures. In the GP rupture
model, the rupture velocity mainly correlates with the local slip and is highly variable.
Because the average rupture velocity is an input parameter, the rupture generator allows
for controlled generation of super-shear rupture scenarios with enhanced rupture

Figure 3. Rupture models considered within the context of the Graves–Pitarka kinematic rupture
model for the 50 baseline Hayward Fault rupture realizations: (a) stochastic model of rupture
parameters, (b) stochastic rupture model with specified deterministic rupture patches, and
(c) Liu slip-rate functions and corresponding Fourier amplitude spectra at different depths adopted
in the GP rupture model, Pitarka et al. (2021b).
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directivity effects. The average rupture velocity was set at 72% of the local shear-wave
velocity in all rupture realizations. The general form of the slip-rate function formulation
is based on the approach of Liu et al. (2006). The shape of the source time function varies
with depth with a linear transition between crustal depths of 1 and 3 km (Pitarka et al.,
2021b). This formulation allows the shape of the source time function to transition from
‘‘cosine-type,’’ with a relatively modest high-frequency content in the depth interval 0–
1 km, to ‘‘Kostrov-type’’ with a broadband frequency content, at depths greater than
3 km. The spatial correlation between the rise time and slip distributions is controlled by a
small stochastic perturbation with a standard deviation and correlation coefficient
designed to emulate the roughness of spatial peak slip rate variation and its relative
increase with depth including concentrated zones of high slip rate. The rupture model is
designed to reproduce observations indicating that the high-frequency part of the earth-
quake ground motion is primarily controlled by high stress drop areas located in the seis-
mogenic zone starting at a depth of approximately 3 km.

As summarized in the validation discussion below, the GP model has been tested
through comparisons of simulated broadband ground motions against empirical ground-
motion models as well as validated through direct comparisons with observational data
from crustal earthquakes. In the initial database that includes multiple realizations of an
M7 earthquake on the Hayward Fault, rupture model variabilities include the rupture
initiation and spatial slip distribution, including ruptures with pre-determined large slip
patches. The numerical model implementation of the GP kinematic fault rupture is illu-
strated in Figure 4 which shows time snapshots of the rupture front evolution at selected
instants of time during the rupture process.

The Hayward Fault database includes 25 pure stochastic (R1–R25) and 25 hybrid sto-
chastic plus patch (R1patch–R25patch) rupture realizations for a total of 50 M7 Hayward
Fault realizations. The rupture models were created to span across five rupture hypocenter
locations distributed along the fault and a stochastic distribution of the rupture model
parameters indicted in Figure 3. The five hypocenter locations considered are shown in
Figure 5 and listed in Table 1, Table 2 specifies the fault rupture nomenclature, the rup-
ture hypocenter, the rupture velocity, and the rupture plane dimensions. In addition to the
50 baseline rupture realizations, the database includes five separate realizations with vary-
ing average rupture velocities (R1vr–R5vr) to allow investigation of the influence of fault
rupture velocity on the degree of directivity generated and five realizations with variable
fault plane dimensions (R1area–R5area) to allow investigation of ground-motion sensitiv-
ity to fault rupture area as shown in Table 3.

Figure 6 graphically illustrates the five rupture models associated with the pure stochastic
ruptures at hypocenter H1 (ruptures R1–R5). The additional 20 stochastic rupture realiza-
tions at hypocenters H2 through H5 and the 25 hybrid ruptures at hypocenters H1 through
H5 incorporated in the current SGMD are included in Supplemental attachment 1.

Software verification and validation for establishing confidence in
simulated ground motions

For the creation of reliable and usable simulated ground-motion data sets, an important
practical consideration is to ensure that utilized simulation software has gone through rig-
orous verification and validation. Up-to-date software verification on the specific high-
performance computer platforms that are being used to generate the simulated motions
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and validation that demonstrates the physics embodied in the computational models is
representative of the actual earthquake processes is essential. If multiple massively parallel
computer platforms are being employed in the creation of ground-motion simulated data,
the software must be verified across all platforms. For the SW4 seismic wave propagation
code utilized in the EQSIM framework, an extensive set of regression test problems has
been created that can be efficiently executed in automated batch mode to verify the
platform-specific results of SW4. The test suite evaluates the set of key capabilities of the
SW4 program through comparison of numerical results for a carefully developed set of

Figure 4. Time snapshots of the numerical model evolution of fault rupture front propagation and fault
slip from the GP stochastic rupture model for a Hayward Fault earthquake.

Table 1. Hayward Fault rupture hypocenter locations

Hypocenter location Longitude Latitude

H1 37.883 –122.247
H2 37.812 –122.185
H3 37.730 –122.109
H4 37.662 –122.052
H5 37.594 –121.991
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test problems with analytical solutions as well as solutions created by the method of man-
ufactured solutions. The core set of test problems are listed in Supplemental Attachment 2
and can be found in the SW4 GitHub repository.

1

The ability to reliably move the EQSIM workflow across multiple computer platforms
with minimum effort has also been facilitated through the utilization of the RAJA C++
software libraries for platform-to-platform portability (Beckingsale et al., 2019). For
GPU-accelerated systems, RAJA allows minimization of computer platform-specific inner
loop coding changes and substantially simplifies and streamlines a reliable verification
process across multiple platforms.

Creation of a high-resolution SGMD typically demands a significant dedicated bank of
awarded computer time and requires the utilization of multiple platforms located at multi-
ple supercomputer sites. For the SGMD creation described herein, the three different DOE
GPU-accelerated platforms shown in Figure 7 were all utilized for the completion of the

Table 2. Hayward Fault rupture realization parameters for the 50 baseline ruptures included in the
simulated ground-motion databasea,b

Rupture numbers Rupture realization designations Rupture model Hypocenter

1–5 R1—R5 Stochastic H1
6–10 R6—R10 Stochastic H2
11–15 R11—R15 Stochastic H3
16–20 R16—R20 Stochastic H4
21–25 R21—R25 Stochastic H5
26–30 R1patch—R5patch Hybrid H1
31–35 R6patch—R10patch Hybrid H2
36–40 R11patch—R15 patch Hybrid H3
41–45 R16patch—R20patch Hybrid H4
46–50 R21patch—R25patch Hybrid H5

aThe five rupture realizations at each hypocenter location vary in terms of the automatically generated stochastic

rupture parameters for the GP rupture model.
bFor the 50 baseline models, the velocity of rupture (Vrupture) is equal to 72% of the local shear-wave velocity (Vslocal)

at each location on the fault and the rupture plane dimension is 64 km in length 3 15 km in width.

Table 3. Hayward Fault rupture realizations for variable average rupture velocity and variable fault
rupture area

Number Rupture
realization

Rupture
model

Hypocenter VRupture (%) Rupture plane
dimensions (km)

1 R1vr Hybrid H2 55 64 3 15
2 R2vr Hybrid H2 60 64 3 15
3 R3vr Hybrid H2 65 64 3 15
4 R4vr Hybrid H2 80 64 3 15
5 R5vr Hybrid H2 85 64 3 15
1 R1area Hybrid H3 72 60 3 15
2 R2area Hybrid H3 72 58 3 15
3 R3area Hybrid H3 72 64 3 14.5
4 R4area Hybrid H3 72 66 3 15
5 R5area Hybrid H3 72 62 3 15
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Hayward Fault rupture realizations. It is essential to maintain rigorous verification testing
over the life cycle of a major computational initiative, as the individual machine ecosystems
can go through modifications in terms of operating systems and software. For EQSIM
simulations, as a best practice, the automated suite of SW4 regression tests is periodically
executed across all platforms with particular attention paid to regression testing when
major system or software changes are announced. This guards against a surprise discovery
that the results from a particular platform could be in error after a large number of realiza-
tions have been completed and a large block of high-value supercomputer time, potentially
up to tens of thousands of node hours, are expended. The critically important need of
ensuring verified software essential to reliable massively parallel simulations has often not
received the emphasis required and must be a rigorous element of SGMD creation.

The physics representation validation of the software would ideally be performed as a
formal software validation whereby the software is used to model an observed, well-
instrumented large earthquake, or ideally multiple large earthquakes, in a rigorous
simulation-observational data comparison. However, in modeling earthquake phenom-
enon, traditional rigorous software validation is a challenge. For many regions, including
the SFBR, observational data for even a single large-magnitude Hayward earthquake does
not exist. Therefore, there is no existing well-constrained, well-instrumented ‘‘experiment’’
at the response amplitudes of primary interest, and alternative graded approaches to confi-
dence building in the simulation results are necessary based on the data available. Unlike
other fields where well-constrained parameter data are available for the system being mod-
eled, earthquake simulations necessarily depend on input data with parametric uncertainty

Figure 5. Five hypocenter locations for the 50 rupture realizations.
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including the regional geologic velocity models which have different degrees of refinement
and definition depending on the region.

For the EQSIM framework, simulation model results have been subjected to validation
and confidence building exercises in multiple ways. First, basic evaluations of EQSIM

Figure 6. Stochastic rupture models for hypocenter location H1.

Figure 7. Three GPU-accelerated DOE massively parallel computers utilized in the SFBR Hayward
Fault simulations for the SGMD.
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fault-to-structure results for a canonical geologic system and a suite of representative
buildings have been performed for large-magnitude strike-slip earthquakes as shown in
Figure 8 (McCallen et al., 2021b). For evaluation of ground-motion characteristics
(Rezaeian et al., 2024), shallow basin response for an M7 strike-slip earthquake was simu-
lated and compared with both empirical ground-motion models and observed historical
earthquake waveforms from 38 actual earthquake records with fault and geologic para-
meters similar to the canonical system. In addition, to evaluate the EQSIM full fault-to-
structure workflow structural responses, nonlinear building responses were compared for
both simulated and observed earthquake motions for all available sites within 10 km of
the fault.

Figure 8. Canonical sedimentary basin with adjacent strike-slip fault used in M7 event fault-to-structure
simulations: (a) geologic system and fault location and (b) spectra comparison of 2490 simulated ground
motions from three GP rupture realizations with a selected set of 38 measured near-field records for
sites within 10 km of the fault.
Source: McCallen et al. (2021b).
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Favorable comparisons between simulated and observed ground motions (Figure 8)
and building response (Figure 9) were obtained (McCallen et al., 2021b). In terms of build-
ing response, both real records and simulated motions exhibited a log-normal distribution
of building drift demand, and median drifts from the set of simulated and observed ground
motions were also in good agreement.

Evaluations of simulated ground motions and the GP rupture model generator have
been completed through comparison to empirical ground-motion models (Goulet et al.,
2015), as well as comparisons with a significant number of observed large earthquakes
(Akinci et al., 2024; Bradley et al., 2017; Graves, 2022; Graves and Pitarka, 2010, 2016;
Lee et al., 2020, 2022; Pitarka et al., 2017, 2020, 2021a). These thorough evaluations, per-
formed at the amplitude and energy levels of large and intermediate magnitude earth-
quakes with realistic 3D geologic conditions, relied on direct comparisons between
recorded and simulated ground motions on a range of 0–5 Hz. Quantitative evaluations
have demonstrated that the GP model is well suited to deterministic broadband simulation
techniques. Moreover, being driven by physics-based rupture modeling, in addition to cali-
bration by empirical correlations between rupture parameters as a function of magnitude,
the GP model is capable of representation of multi-scale source effects and related near-
fault ground-motion variability and amplitude. As more earthquake data have become
available, the GP model has gone through refinements, including enhanced representa-
tions of large-scale and small-scale slip and slip rate spatial variations that better repro-
duce the observed frequency content of the generated seismic energy (e.g. Graves and
Pitarka, 2015; Pitarka et al., 2021b). These refinements have improved the quality of the
simulated near-fault ground-motion variability and permanent displacement (Graves,
2022).

Specific to the SFBR, a number of validation exercises have been completed. While no
large Hayward Fault earthquakes have occurred since the last event in 1868, there have
been multiple small events that have been observed with regional strong-motion instru-
mentation. Figure 10, for example, illustrates seven moderate magnitude events ranging
from M 3.8 to 4.4 that have occurred along the Hayward Fault. As part of the EQSIM
ground-motion evaluations, all seven of these events have been simulated and comparisons
between simulated and measured ground motions have been completed at a large number
of instrumented sites (Pinilla-Ramos et al., 2024). These comparisons have demonstrated
good agreement between simulated and observed motions at many sites, with small
Fourier amplitude ratio residuals between 0 and 5 Hz, as summarized in Figure 10. These
comparisons, along with the work of others (Thompson, 2018; Wills et al., 2015), also
point to specific areas where the SFBR geologic velocity model could benefit from addi-
tional refinement, particularly for the soft near-surface layers.

In addition to small event simulations, extensive comparisons have been completed
between M7 Hayward Fault event simulated motions and existing empirical ground-
motion models (Abrahamson et al., 2014; Boore et al., 2014; Campbell and Bozorgnia,
2014; Chiou and Youngs, 2014) and suites of observed earthquake motions with charac-
teristics similar to the simulated earthquakes. The objective of these evaluations was two-
fold: comparing ground-motion intensities relevant to the response of built systems (e.g.
spectral amplitudes, significant duration, polarization, inter-period correlation) and asses-
sing structural responses as obtained from suites of simulated and recorded time series to
identify systematic dependencies of demand parameters on simulation model variables.
These comparisons have demonstrated reasonable agreement between simulated and
empirical intensity measures (Petrone et al., 2021a, 2021b). Notably, exceptions where the
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Figure 9. Steel moment frame building Peak Interstory Drift Ratio (PIDR) demand comparisons for
2490 simulated ground motions (gray dots) and 38 real records (color dots) at sites within 10 km of a
strike-slip fault for: (a) three-story building, (b) nine-story building, (c) twenty-story building, and (d)
forty-story building vertical color bar shows building drift defined limit states from ASCE 43-19.
Source: McCallen et al. (2021b).
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simulated motions exhibit systematic deviation from the empirical relationships were
observed in areas where significant forward and backward rupture directivity effects can
result in simulated motions above and below empirical predictions (Petrone et al., 2024).
For such cases, further comparisons were carried out with empirical models for forward-

Figure 10. Small events used in simulated/observed ground-motion comparisons: (a) event locations
and magnitudes and (b) comparison of within-event Fourier amplitude residuals for horizontal
component of ground motion averaged over all recording stations.
Source: Pinilla-Ramos et al. (2024).
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directivity motions in the near-field (Bray and Rodriguez-Marek, 2004), demonstrating
improved agreement of simulated and predicted ground-motion intensities.

In this regard, Figure 11 illustrates the comparison of the response of a twenty-story
steel building subject to simulated motions containing near-field forward directivity and
observed records from shallow crustal earthquakes identified as containing forward direc-
tivity based on the geometric conditions delineated in Somerville et al. (1997) and utilized
in the empirical model by Bray and Rodriguez-Marek (2004). The variation of the Peak
Interstory Drift Ratio (PIDR) as a function of the Peak Ground Velocity (PGV) of the
fault-normal component of the ground motion demonstrates very close agreement between
the two sets of motions.

To provide insight on the general regional agreement between simulated and Ground
Motion Prediction Equation (GMPE) intensities across the SFBR, Figure 12 illustrates
comparisons between simulated motions for all 50 Hayward Fault realizations and the
mean of the four established Ground Motion Models (GMMs). Across all distances, the
medians of simulations and GMPEs are in reasonable agreement. The standard deviation
of the simulations is smaller in amplitude than the GMPE standard deviations; this is
expected given that the simulations are based on one scenario earthquake in one regional

Figure 11. Comparison of the response of a twenty-story building (shown in Figure 9) subjected to
simulated and real (observed) motions containing forward directivity: (a) PIDR vs PGV for fault-normal
motions and (b) sites within 20 km of the fault where the Hayward Fault simulated motions exhibit
directivity effect for far northern and far southern hypocenters.
Source: Petrone et al. (2024).
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location, whereas the GMPEs reflect data from multiple earthquakes and multiple regions
based on an ergodic process assumption.

Having assessed the realistic character of the simulated motions, even for cases where
there are deviations from the prediction of classical empirical models, represented a funda-
mental step in these validation exercises. It was instrumental in building confidence in the
utilization of the simulated motions in engineering applications, particularly for scenarios
not adequately represented in the data sets of recorded motions yet highly relevant to risk
assessments in regions of high seismicity.

The availability of the SGMD for the larger research and practitioner communities will
be an important step toward additional understanding, improvements, and confidence
building as additional experts independently utilize, critically evaluate, and provide feed-
back on the SGMD motions.

SGMD infrastructure—big data management and a framework for
future database scalability

An ultimate long-term objective for the SGMD is to continue to expand the database over
time with application to multiple geographic regions of interest and to continue to add
simulation data sets tailored to future user application interests. In addition, pushing to
higher frequency resolutions for engineered systems and model representation of softer
near-surface soils should be an ultimate objective. To address the broadest set of earth-
quake engineering applications, a transition from ground surface data to data throughout
a near-surface volume that allows engineers to rigorously include soil–structure interaction
and fully account for complex incident body and surface waves is desirable. As regional
simulations progress, the engineering application demands will continue to grow in terms

Figure 12. Comparison of RotD50 peak ground acceleration and velocity from Hayward Fault rupture
simulations and GMPEs for the full SFBR domain, simulation data from sites at 62.5 m spacing and 50
rupture realizations for a total of 1.11 3 108 grid point acceleration and velocity values, black lines
indicate the median and standard deviation of simulation model results, and red lines indicate the median
of the mean and standard deviation of four GMPE values.
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of data set size and overall data volume. This places a premium on creating a database
architecture that is scalable by design, can accommodate a multiplicity of anticipated user
applications, and extract the most benefit from high-fidelity, spatially dense ground
motions.

The current high-level workflow for generation of simulated motions for the SGMD is
shown in Figure 13. Step 1 consists of a regional ground-motion simulation with an option
for saving either uncompressed or compressed data sets of ground velocities (Tang et al.,
2021). Depending on the specific application of interest, the resulting simulation data set
can be downsampled both spatially and temporally, and the fundamental variables consist-
ing of grid point velocities being generated by the SW4 program are numerically differen-
tiated and integrated to get ground accelerations and displacements. The resulting data are
then stored on the PEER SGMD server at the University of California Richmond Field
Station.

For large-scale simulations, the steps in this workflow employ computational and
network technologies developed under the US DoE Exascale Computing Project. The
user-selected data compression methodology in the EQSIM framework employs the
ZFP software (Diffenderfer et al., 2019; Lindstrom, 2014) to substantially compress
data sets based on the elimination of storage of near-duplicate ground-motion numeri-
cal values at nearby grid points. In the EQSIM framework, all data from a regional
simulation are stored in a single HDF5 data container (Byna et al., 2020) which effi-
ciently includes both ground-motion data in compact binary form as well as relevant
metadata in the same container.

Figure 13. Simulated ground-motion data from generation to archiving.
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To provide perspective into the data requirements that could be envisioned in the future,
Figure 14 illustrates the data set size that would be associated with ten realizations of an
M7 Hayward earthquake with a frequency resolution of 10 Hz and a Vsmin of 140 m/s,
resulting in a computational grid spacing of 1.75 m at the ground surface (McCallen et al.,
2024b). Without data down-sampling or compression, the ground surface data for the
associated 3.14 billion surface grid points in the SFBR model and 90 s of earthquake
motion would yield 3.22 PB of data. Application of ZFP data compression can reduce the
data set to 74.9 TB in size based on a compression ratio of 43. Data size for spatially
down-sampled sites at 0.5, 1.0, and 2 km spacing is shown in the lower left of the plot.
Finally, to provide some context, the data required for all of PEER’s existing Next-
Generation Attenuation (NGA) database is shown by the black diamond (93 GB) and the
data required for the current 50 realizations with sites at 2 km spacing in the SGMD, in
ASCII format, is shown by the red rectangle (700 GB). Ideally, it would be desirable to
save the surface data at spatial grid points on the order of 2–3 m to allow coupled Soil-
Structure Interaction (SSI) simulations whereby the regional geophysics model and local
soil–structure model are coupled through the Domain Reduction Method (McCallen et al.,
2022b), which, as the number of high-fidelity realizations continues to grow with time,
would tax the practical limits of any envisioned data storage system. A final consideration
is the ability to have a user interface which is efficient and allows users to interactively
browse large data sets with reasonable interactivity latency. A well-designed combined

Figure 14. Storage requirements for large, high-fidelity regional simulations.
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strategy of data compression and application-specific spatial- and temporal-down sam-
pling will be required to extract the full benefit of future simulations for earthquake engi-
neering applications.

In addition to large data storage challenges, it is necessary to have the capacity to move
large data sets between supercomputer centers and insert the data into efficient user-inter-
facing, open-access storage systems. As shown in Figure 15, the data sets associated with
the very large runs executed on the Summit and Frontier exaflop computer at ORNL in
Tennessee are chunked into 2 GB blocks and transferred across the DOE Energy Sciences
Network (ESnet) optical fiber ultrafast data transfer system to Lawrence Berkeley Lab for
long-term storage. Subsequently, selectively down-sampled data sets are transferred from
Berkeley Lab to the PEER SGMD server. The ESnet data transfer is based on a fiber optic
backbone with multiple 100–400 Gbits/s optical channels. As an important data integrity
feature, ESnet performs a confirmatory check to ensure the entire large data set was suc-
cessfully transferred.

For the current Hayward Fault simulations completed for the initial SGMD, two data
sets have been created for each Hayward Fault realization. Dense spatial resolution data
with temporal-down sampling and data compression are stored at the LBNL NERSC

Figure 15. Big data transmission strategy for large-scale simulations within the EQSIM workflow: data
partitioned into 2 GB chunks for transfer over the ESnet optical data pipe network; all data files are
contained in an HDF5 container; and metrics shown for an Fmax 5 Hz and Vsmin 250 m/s regional
simulation.
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supercomputing facility, and spatially down-sampled data are transferred to PEER for
storage on the SGMD server, as summarized in Table 4.

An efficient and intuitive user interface for data access

For expedient user open access to simulated ground motions, PEER has developed a web-
based user interface that allows browsing and selective downloading of simulated ground-
motion data (McCallen et al., 2024a). The interface was designed to be simple and intuitive
and is accessed through a user-selected three–step process including a user login with
PEER-granted credentials (Figure 16), selection of the region of interest (Figure 17c), and
data browsing and selection of three-component (fault normal, fault parallel, vertical)
simulated data to download to the user’s computer system (Figure 17d). Currently, the
SFBR is available as a region, and the Greater Los Angeles Area and New Madrid Seismic
Zone are two regions that will be included in the future. Finally, a user resource window
(Figure 18) can be entered to view the user guide, metadata flat files and technical back-
ground papers and information.

Data search parameter options include:

� Selection of individual fault rupture realizations associated with event magnitude,
hypocenter location, fault rupture plane geometry, and fault rupture parameters.
Each realization represents a unique earthquake in the region.

� Geographical coordinates of a ground surface site of interest in longitude and lati-
tude, which can be a single pair of longitude and latitude coordinates or a range of
longitudes and latitudes.

� Site selection based on the time-averaged shear-wave velocity to 30 m depth at the
location of the surface site (Vs30).

� Site selection based on the distance from the surface site to the fault plane including
options for the Joyner–Boore distance—the shortest horizontal distance from the
surface site to the vertical projection of the rupture (Rjb), the closest distance from
a surface site to the fault rupture (Rrup), and the horizontal distance from the sur-
face projection of the top edge of the fault rupture to the surface site (Rx).

� Site selection based on site Peak Ground Acceleration, Velocity, and Displacement
(RotD50 PGA, RotD50 PGV, RotD50 PGD). The RotD50 metric represents the
median across 180 orientations of the horizontal ground motion rotated from 1� to
180� in 1� increments.

Two types of metadata are available for the user, both provided in flat files. The first
type is metadata for the rupture realizations, and the second type is metadata for the
ground-motion time series. The metadata for the realizations includes three sets of
information:

� A general description of the simulated earthquake including the region name, corre-
sponding region code, and the realization number.

� Fault rupture parameters, including fault geometry characterized by the fault name;
rupture geometry defined by fault length and width, depth to top of rupture, dip,
strike, and rake; earthquake magnitude and hypocenter location; the rupture model
utilized in the regional simulations (e.g. the Graves–Pitarka kinematic rupture
model); and slip characteristics. A visual graphic that displays the slip, slip-rate and
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rise time across the fault rupture is also provided to assist in interpretation (Figure
3).

� Simulation model parameters, which include maximum frequency resolved, mini-
mum shear-wave velocity included in the model (Vsmin), surface grid spacing that
defines the distance between computational nodes in the simulation model, output
spacing that provides distance between the down-sampled grid points where
ground-motion data are available, and the geologic velocity model utilized in the
simulation (e.g. the USGS velocity model for the SFBR).

For each region, the metadata for the ground motions of all realizations are provided
in a separate flat file (Figure 19). The metadata includes two sets of information. The first
set includes the name, latitude, and longitude coordinates of the grid point, the vertical
elevation of the grid point from sea level, the 2D Cartesian coordinates of the grid point
in the computational model domain (with X- and Y-axes in the fault normal and parallel
directions, respectively), the Vs30, and the depth at which the shear-wave velocity reaches
1.0 km/s and 2.5 km/s (Z1.0 and Z2.5) at the location of the grid point. The second set
consists of the distance parameters (Rjb, Rrup, and Rx) and peak ground-motion values
(RotD50 for PGA, PGV, and PGD).

Site-specific regional ground-motion examples for an M7 Hayward
Fault earthquake

A principal objective behind the development of the EQSIM fault-to-structure simulation
framework was the creation of the ability to gain increased insight into the complex
regional distribution of site-specific earthquake ground motions and corresponding infra-
structure earthquake demand and risk. Regional simulations offer the potential to rigor-
ously account for source, path, and site effects within the context of one comprehensive
numerical model without the imposition of problem partitioning based on simplifying
idealizations between different domains and boundaries. The SFBR SGMD will provide a
unique data set allowing researchers and practitioners to explore many aspects of regional

Table 4. Ground-motion simulation data for one Hayward Fault event realization, Fmax 5 Hz, Vsmin
250 m/s, 120 km 3 80 km surface domain

Data set Ground surface
site spacing
(number of
surface sites)

Time step
(number of
time steps)

Data set size
(HDF5 file)

ESnet data transfer
time (number of
ground-motion time
series)

Spatially dense raw
SW4 simulation
outputa

6.25 m
(245,792,001)

0.001216 s
(73,972)

396 TB 14.6 h (737,376,003)

Down sampled in time
and ZFP compressedb

6.25 m
(245,792,001)

0.0194 s
(4,623)

290 GB 50 s (737,376,003)

Down sampled in
space, uncompressedc

2 km (2301) 0.001216 s
(73,972)

2.2 GB 10 s (6903)

SW: seismic wave.
aThese raw data sets are not permanently stored for all 50 realizations due to size.
bThese data sets are stored at NERSC at LBNL.
cThese data sets are stored on the PEER SGMD server.
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ground motions with applications to both earthquake hazard and infrastructure risk
assessments. As an example of the information derivable from such data, ground motions
for all 50 Hayward Fault rupture realizations for the selected sites shown in Figure 20 are
illustrated in Figures 21 and 22. In Figures 21 and 22, the site metadata shows two Vs30
values from USGS at a subset of sites: the first value is computed from the existing USGS
velocity model V21.1, which was used for all EQSIM ground-motion simulations, and a
second value that is based on more recent data from (Thompson, 2018). It is noted the
V21.1 data has very low near-surface Vs values around the immediate San Francisco Bay
margins, and Thompson (2018) appears to be more consistent with available borehole
data. It is also noted that the Vsmin cutoff of 250 m/s utilized in the EQSIM simulations
looks more representative of the near-surface sediments based on the more recent data
from (Thompson, 2018).

Figure 16. User interface windows for the SGMD: (a) website description landing page and (b) user
login window.
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Figure 17. User interface windows for the SGMD: (c) region selection window and (d) data selection
window.
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The site-specific spectra for all 50 realizations are shown in grayscale along with the
median and 6 1s spectra. Significant site-to-site variability of ground-motion amplitude
and frequency content is evident, and for selected sites in Oakland, San Leandro, and
Fremont (OAK, SLN, FMT), a pronounced site response is observed. These data illus-
trate intra-event variability with dependency on the rupture characteristics and site loca-
tion. Although the concept of intra-event variability is known and expected, it can only be
systematically quantified and characterized with validated simulated ground motions at
regularly spaced grid points as opposed to sparsely and irregularly located instrumented
sites from recorded earthquakes. Inter-event variability for five selected Hayward Fault
rupture realizations, each of M 7.0, is illustrated in Figures 23 to 25. In these figures, the
very complex distribution of ground motions is evident, with significant variability over
short spatial separations. The figures also provide insight into the degree to which ground
motions from an individual realization can vary substantially from the median ground
motion from all 50 realizations. For realization R1, for example, the ground motions in
selected areas immediately west of the Hayward Fault exceed the median ground motions
by substantial margins. This raises some key questions with respect to risk evaluations for
infrastructure systems, if risk evaluations are based on homogenized median simulated
ground motion (or median plus some increase factor), there could be a realistic rupture
realization that results in substantially larger demand on the infrastructure system. It is
noted this type of variation was evident in building simulations with a canonical fault sys-
tem, as shown in Figure 9. This suggests it could be advisable to explore the tails of the
distribution of risk to understand the limits of what damage could occur and to ensure an
unacceptable system performance is not reached should the extreme individual earthquake
event occur.

In light of the fact that all realizations vary substantially from the median ground
motion, considerations of the seismic performance of an interconnected infrastructure net-
work, for example, an energy distribution, water distribution or transportation system,
and response evaluations with individual site motions based on median regional motions
may provide a potentially misleading picture of the integrated system performance and
risk during an actual Hayward Fault event. Evaluating the system performance for a set
of rupture realizations can provide a clearer, and more realistic, picture of system resili-
ence. This has implications for PBEE. At a given location, the ground motions from 50

Figure 18. User interface windows for the SFBR database: (e) User resource window.
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Figure 19. Metadata and ground-motion intensities flat file for site simulated ground motions,
realization R1 shown.
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realizations can be directly employed in the structural analysis phase for utilization in
damage and consequence analyses. A study that performs and quantifies this comparison
at multiple locations is not part of this data paper; however, this study would be impor-
tant and is in the planning stages. The SGMD will provide the earthquake community
with a new resource and toolset for exploring precisely these types of questions.

Summary and conclusions

This article describes significant progress toward the development and construction of a
regional-scale simulated earthquake ground-motion database for earthquake engineering
applications. The overall effort required multiple achievements including executing a large

Figure 20. Map of USGS Vs30 and ground-motion sites, for example simulated motions.
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number of massively parallel regional earthquake simulations, software verification and
simulation results validation, the development of a schema for transfer and storage of big
data, and the creation of a practical web-based user interface for accessing big data. For
fifty 5 Hz resolution simulations of the SFBR, the database currently consists of 1,021,500
uncompressed ASCII time series at 2 km spacing stored on the PEER SGMD open-access
server, backed by 36,868,800,150 compressed HDF5 time series at 6.25 m spacing stored
at the National Energy Research Scientific Computing Center at LBNL. In combination,
these developments have yielded a practical and accessible database. The SGMD is ready

Figure 21. Fault-normal and fault-parallel response spectra from simulated motions at sites 1–5 in
Figure 20 (5% damping).
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for open access and community use, and we look forward to feedback and recommenda-
tions for future refinements.

Current practice in seismic hazard assessment relies heavily on empirical GMMs for
developing hazard maps and designing structures. As a result of the sparsity of ground-
motion observations, an ergodic assumption is typically invoked and ground motions from
other regions are incorporated to augment data for the region of interest. Recognizing
earthquake motions from other regions are in general not fully translatable, recent efforts

Figure 22. Fault-normal and fault-parallel response spectra from simulated motions at sites 6–10 in
Figure 20 (5% damping).
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have focused on moving toward non-ergodic, region-specific GMMs (Lavrentiadis and
Abrahamson, 2023). However, ergodic GMMs remain the standard approach.

Figure 23. Site-dependent ground motions and inter- and intra-event variability: peak ground
acceleration contours for R1 and R6 rupture realizations compared to the median accelerations for all
50 rupture realizations (0–5 Hz simulation resolution).
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The important influence of fault rupture directivity on structural demand and risk has
come into clearer focus in recent years. Although some GMMs include directivity terms
(e.g. Bray and Rodriguez-Marek, 2004), widely used state-of-the-art models such as the
NGA-West2 GMMs (Abrahamson et al., 2014; Boore et al., 2014; Campbell and

Figure 24. Site-dependent ground motions and inter- and intra-event variability: peak ground
acceleration contours for R11 and R16 rupture realizations compared to the median accelerations for all
50 rupture realizations (0–5 Hz simulation resolution).
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Bozorgnia, 2014; Chiou and Youngs, 2014), employed in both the 2023 USGS National
Seismic Hazard Model (NSHM23; Moschetti et al., 2024) and USGS ShakeMaps (Wald
et al., 2022), generally do not explicitly incorporate these terms or do so in an average
sense. Directivity effects remain insufficiently understood and integrated into seismic
hazard models, largely due to a lack of near-fault data from large-magnitude earthquakes
(Withers et al., 2024).

Physics-based simulations hold the potential to complement these efforts toward improving
GMMs by providing region-specific ground-motion time series and corresponding intensity
measures and providing deeper insight into the factors that most influence ground motions.
The validated ground motions in the SGMD offer a transformative opportunity to begin
addressing such gaps. This data set provides robust information for updating GMMs with crit-
ical missing features, such as directivity and site effects, and enables the development of AI-
based models that estimate ground-motion intensities with reduced uncertainty.

In addition, SGMD motions can allow for more realistic, site-dependent evaluation of
structural responses, particularly when multi-component waveform time series are required
for nonlinear analyses. Unlike the ergodic assumptions inherent to recorded motions, the
SGMD includes a wide variety of simulated motions (currently, 50 realizations per site)
that account for regional source, path, and site effects and can help inform site-specific
variability. When coupled with detailed structural models and damage functions, these
motions can improve estimates of Engineering Demand Parameters (EDPs) and expected
damage (Matinrad and Petrone, 2023). Furthermore, the diversity of SGMD motions sup-
ports the training of AI models capable of accurately predicting structural responses under
varied seismic excitations (Muin and Mosalam, 2021). In terms of risk assessments for

Figure 25. Site-dependent ground motions and inter- and intra-event variability: peak ground
acceleration contours for the R21 rupture realization compared to the median accelerations for all 50
rupture realizations (0–5 Hz simulation resolution).

32 Earthquake Spectra 00(0)



regionally distributed, interconnected infrastructure systems, simulated motions can define
appropriate time phasing and coherency of earthquake shaking at all system component
sites, allowing better insight into the overall system response (Taslimi and Petrone, 2024).

In summary, the SGMD data set can not only support the refinement of GMMs but also
facilitate innovative approaches to seismic hazard assessment and structural response mod-
eling and be particularly enabling for region-wide hazard and risk assessments. By lever-
aging these simulations, the field can begin to address existing knowledge gaps, reduce
uncertainties, and better prepare for the seismic challenges of the future. As correctly noted
by participants at the PEER International Pacific Rim Forum in 2021, getting simulated
motion data into the hands of the broad engineering, scientific, and emergency response
communities will be essential to advancing this emerging technology. Expert SGMD consu-
mers can identify compelling use cases, as well as define best practice approaches for addres-
sing key issues such as nonlinear response in near-surface soils (Kuncar et al., 2024), region-
dependent uncertainties in geologic data, and the exploitation of rapidly advancing data
analytics methodologies to extract the most useful information from very large data sets.
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Research data availability

The SFBR Hayward Fault event ground-motion data are available through the Simulated Ground
Motion Database on the PEER website (McCallen et al., 2024a). Initially, a set of 15 expert beta
users are being provided access to test the ground motions and the user interface. Based on feedback
from these users, the intent is to open the SGMD to the broad community in April 2025.
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Supplemental material for this article is available online.

Note

1. https://github.com/geodynamics/sw4/tree/master/pytest.
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