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Two major Department of Energy projects

have supported computational advancements
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The DOE Exascale Computing Project created the
opportunity to advance earthquake simulations

The DOE Exascale Computing Project (ECP) developments (2017-2023)

Advanced computer platforms — Frontier 24 competitively selected software apps
was the world’s first exaflop (1X1018

Advanced software — the EQSIM framework
for regional-scale fault-to-structure simulations
purpose built for GPU-accelerated platforms
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ECP provided the support to complete many key

advancements to the SW4 geophysics code

SW4 — Fourth order in space and time Advanced algorithms

(Petersson, Sjogreen, Pankajakshan) - Mesh refinementin
< curvilinear and Cartesian

grids
Readiness for GPU-based
platforms

- Decompose computation
loops into subtasks / tuning
code for GPUs

Massive data management

- Transition to HDF5-based
1O (from SW4 homebrew)

- Utilization of ZFP for data
compression

Enhanced physics models

- Enhancements to the
Graves - Pitarka model




On GPU systems EQSIM has pushed the

computational edge of simulation resolution
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On GPU systems EQSIM has pushed the

computational edge of simulation speed
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Model # Frontier nodes Wall clock time (hrs)
Fmax 5 Hz Vsmin 250 m/s 3072 1.8
Fmax 10 Hz Vsmin 250 m/s 9152 6.3
Fmax 15 Hz Vsmin 140 m/s 9152 29.2




Take away — virtual exploration of the parameter
space impacting ground motions Is within grasp

Computational
domain

kilometers




With the transition toward applications, we have

teamed with PEER to frame the path forward

Attendees

PEER Pacific Rim Forum 261 International Participants recommended
June 2021 41 International Speakers priorities /
[ N Polls
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Availability of a database
ilzation o simulated ground motions in your of synthetic motions
e nternational Pacific Rim research or professional practice? .
Forum 2021 Regional-Seale Simalations ’ " with open-access

- Avallability of a database of synthetic ground motions with ~ 32%
of Earthquake Ground Motions and open-access

Infrastructure Response for

Performance-Based Earthquake Engineering
Development of a rigorous acceptance criteria for synthetic 25%

ground motions

Assessment and

Better communication of the underlying models for ground  12% . H
David McCallen motion simulation aC Cep tan C e C rl terl a fO r
Floriana Petrone — . .
Elnaz Esmaeilzadeh Seylabi
Arben Pitarka Engineering design code guidance for the utilization of 28% Sy nt h et I C m 0 tl O n S

Norman Abrahamson synthetic ground motions
Sherif Elfass
Regulatory body / government agency acceptance of 4%
synthetic ground motions

- An effective and
ot Eartaks Sy Kessarn ot operationally efficient

htel
rkeley
July 2022 .
renzmam ) user interface
Close

PEER Report No. 2022/04

Pacific Earthquake Engineering Research Ce
i e




Our initial baseline simulated ground
motion database has focused on the SFBA

The inaugural Simulated Ground Motion Database (SGMD)

San Pablo Bay

Point o

model domain

Francisco 3 Z
Bay L5 X2, kilometers

e e ey San Francisco Bay Area simulation model

Model domain 120 x 80 x 30km

29 billion grid points

Fmax 5Hz

Vsmin 250m/s

Linear viscoelastic material model

Frequency independent attenuation
factors Qp and Qs for P and S waves

Computational '

USGS SFBR 3D geologic and seismic
velocity model V21.1

SF - San Francisco
BER - Berkeley

SJ - San Jose

LIV - Livermore
NAP - Napa



Activity 1 - completion of many SFBA regional-

scale simulated earthquake ground motions

Engineering Seismology Computer Science
D. McCallen F. Petrone M. Miah A. Pitarka R. Nikata H. Tang
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Berkeley Lab Livermore Lab Berkeley Lab Berkeley Lab

Current postdoctoral scholars and PhD students

E. Taciroglu Kostantinos Junfei Clifford Flora
S Tsalouchidis Huang Yen Xia

| N

UCLA Civil
Engineering

. UCLA samueli

School of Engineering
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Activity 2 - development of the interactive open

access simulated ground motion database

K. Mosalam S. Gunay G. Vargas A. Kasalanati C. Perez
~ PhD student

PEER Director &
UC Berkeley

Existing — Measured ground New — Simulated ground
motion database motion database

PEER Ground Motion Database A PEER-LBNL Simulated Ground Motion Database Sgwe  Login
4.||||I I NGA-West2
4

Pacific Earthquake Engineering Research Center

Signed in successfully.

Target Spectrum

Select Spectrum Model Login
Show/Hide GMM Notation Forgot Password?
Select models to | No Scaling <) Show/Hide GMM Regions =
generate target Show/Hide GMM Figures i
spectrum Need An Account? Sign Up Now
A nt Activati
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Workflow from simulation to SGMD server -

developing a flexible data schema that can scale

Regional

:rrﬁﬂ simulation \

BERKELEY LAB Down

sampling ___

Processing

Numerical
differentiation
with 2"d order

central
EQSIM difference
HDF5
Ground velocities | Ground
data options | accelerations
- Compressed
- Uncompressed  ©round
velocities
Spatial - Fault normal VSII:CL::;SS
and - Fault parallel
temporal - Vertical
down
sampling Ground
options displacements
Numerical
integration
with trapezoidal
rule

Storage for
open access

SGMD server

Linux server
64 core AMD
processor
128 GB RAM
68TB of SSD storage
RAID 6 storage
configuration

12



Focus on representing source rupture variability

with the Graves - Pitarka rupture model

50 Hayward
fault rupture
realizations

Computational
domain

Pure stochastic rupture models
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Simulated ground motions for 50 M7 Hayward

ruptures are complete and on the SGMD server

50 Hayward
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We have tested our simulations in multiple ways

1) Testing the EQSIM Bay Area model — 7 small Hayward event simulations
Comparison to measured

C. Pinilla Spectral comparisons 45 nd motion waveforms
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2) Evaluating the simulated large events - 50 M7 Hayward fault realizations

F. petrone Comparison to existing empirical Comparison to existing commensurate
GMP equations ground motion data (near-fault sites < 10 km)
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Thereis a LOT to analyze, e.g. complex within-

and between-event distributions of motions
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Since January 2025, 15 SGMD Beta Users

have downloaded 5,633,712 time series

P. Arduino

- [

SoCal Edison

. Kim

o

UCB/SimCenter

K. Hudnut

T. Opabola

SoCal Edison

M. Kenawy

UC Berkeley

A. Kottke

PG&E

H. Burton

Degenkolb

OK State

M. Esteghamati

Utah State

A. Shepard

FEMA

E. Miranda

Stanford
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Community input for defining additional
capabilities and enhancements is crucial

® O Polls

Links to more detal

Host is sharing poll results

1. What would be most helpful in promoting the
utilization of simulated ground motions in your
research or professional practice?

Availability of a database of synthetic ground motions with ~ 32%
open-access

Development of a rigorous acceptance criteria for synthetic  25%
ground motions

Better communication of the underlying models for ground  12%
motion simulation

—

Engineering design code guidance for the utilization of 28%
synthetic ground motions

Requlatory body / government agency acceptance of 4%
synthetic ground motions

-

ed info are on the
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Research Poper Research Poper
Performance evaluation of s Ground-motions site and Regional-scale fault-to-
the USGS velocity model for ;»mw event specificity: Insights ol structure earthquake .
the San Francisco Bay Area e from assessing a suite of e Ao simulations with the EQSIM e R
[yt % it
[ simulated ground motions in S sage framework: Workflow
§ soge the San Francisco Bay Area maturation and

Camilo Pinilla-Ramos' (1, Arben Pitarka® (s,
David McCallen M. EERI', and Rie Nakata'

Abstrace
I this study. we evaluated the performance of the Unked Seates Geologieal Survey
welodty model developed for the San Francisco Bay Area (SFBA), version 21.1. The
evaation was performed through high-resolution three.dimensional physics fased
ground motion simuatons of seven smallmagnitude earthquakes (ranging rom
magritude 38 o 44) that occurred on the exstern side of the San Francsco By
The simulstions were performed in the frequency range from 0 to § He with 2
miimum shear-wave velocty of 250 mis, which alowed the capture of wave
propaation effects of the near-surface solt materils that characterize local basirs.
Based on the direct comparison of Fourier ampliude specira beoween recorded
and smulxed ground modons for more than 250 statiors, we found that the
velogty model generaly performs well in the frequency range of 0.2-5 Hz. The
median vabe of the Fourier amplture residuals was found to be near zero for 3l
seven earthquakes. The siight ovenprediction of 0.2 log-natural units 3 frequencies
sbove 3 Hz in our smuatons was atribuced o the potencilly maccurce
represencaton of the source radiation pattern by 3 doublecouple point source
model and smple representation of shalow smallscale underground strucural
complexcty in the velacity model. Maps of spectral ampitude déerences
the simulated and recorded data were used to identy areas resporsible for
eample.

block exst of the Hayward fault is prone to exhibe pattems of under-prediction.
These maps can bo used to guide fucure refinements of the SFBA velociy model.
Since our simulacion med alows for the decoupling of the source and wave
propagaton effecss. the ground motion data generated by our smuadons can also
be used to quantdy the epistemic unceraing due to the velocity model, in
empiically based ground moton estimates for the SFBA.

Lmrarce Bertaly Nsioos Lisorsiory Berbaey. CA UEA
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Cormapondmg mahor-
Bakaley CAS4TIL USA

Bt i duramorQitteor

Floriana Petrone, EERI'(, Arsam Taslimi, EERI' (),
Majid Mohammadi Nia', David McCallen, EERI*, and
Arben Pitarka®

Abstract
Thes article presents the resuks of 2 research that is part of a larger colaborative
efort beoween the Lawrence Berkeley Natoml Laboracory and the Pacific
Earthquake Engineering Research Conter, fundad by the US Department of Energy
Ofice of Cybersecurity, Energy Securkty and Emergency Response. The main
abjective of this study s to assess 2 suke of near and fanfeld simubied ground
motions obeained from 20 reakizations of an M7 Hayward Faule earthquake in the
San Francisco Bay Area. Caliornia USA, and inform the selection of rupeure
simubition parameters leading to serong motors. To this aim, comparisons are
conducted with NGA-W2 and drectivey ground-motion models and a selected

differences between simubted motons and emprical models. The main reasons
idencibed for variances batween simulations and empiricl relationships inchuded (1)
direcavicy effocts fulty captured by the simulacions across the full breadth of rupeure.
models; (2) site vicinky €0 rupcures that incorporate large-skp patches, parscutarly
i these are in the forward-directvity direction; and (3) presence of geologic
structures that can “trap” seismic waves and produce ground motons with brge
ampliaude and long signal duration. The analyses carvied out i this work provide 3
pach for e ed o suie
of physic-based simlation:

o e sacion of simchon soumric for Cowpeciic seghearg mike
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computational performance
on GPU-accelerated exascale
platforms

David McCallen, M.EERI', Arben Pitarka® ", Houjun
Tang', Ramesh Pankajakshan?, N Anders Petersson?,
Mamun Miah', and Junfei Huan

Abstract
< 2 n scienthc of earchquake
phenomena, combined wich the associated development of represencatve physics-
based models, Is providng a foundation for high-performance, BUR-to-sEructire
carthquake umulations. However, regonaksaale apphatons of high-performance
models have been challenged by the computatioral requirements at the resolutiors:
required for engineering risk assessments. The EarthQuake SMulation (EQSIM)
framework. 3 software application development under the US Department of
Enery (DOE) Basale Compuc Profec oo g

simubigons a resolstions
e/l engineored systems. This multdaciplinary sofoware
development—drawing Wpon expertise in geophysic. engeening. applicd math and

oot y
fully exgioic the DOE's exafiop computer platiorms coming online in the 2023 to
2024 timeframe. Achievement of the compucationa! performance required for high-
resolution regions models conaining upwar d of hundreds of bilions o trilkors of
model grd poircs requires numerical eficiency in every phise of 3 regional
smedaton. Th includes run me sartup and regond model generaton, cffocove
dstribution of the compuatoral workioad aross thousands of computer nodes.
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