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I. Project Overview
A. Abstract
In the box below, describe the project objectives, methodology, and results obtained and their
significance. If this work is a continuation of a multi-year SCEC-funded project, please include
major research findings for all previous years in the abstract. (Maximum 250 words.)
The SCEC Workshop on Advancing Simulations of Sequences of Earthquakes and Aseismic Slip
(SEAS) was held on Jan. 9th, 2020, at the Kellogg West Conference Center on the campus of California
State Polytechnic University, Pomona, in Pomona, California. A total of 39 people participated,
including 18 in the meeting room and 21 through remote access. This year our workshop attendees
included scientists from the U.S.A., Germany, Brazil, New Zealand, and Switzerland. Almost half of our
workshop participants were either graduate students or postdocs. This workshop discussed new
scientific discoveries with SEAS models, as well as results from the third and fourth benchmarks
produced by the SEAS group. Many thanks to Tran Huynh and her team for all of their work that helped
make this workshop successful.

B. SCEC Annual Science Highlights
Each year, the Science Planning Committee reviews and summarizes SCEC research
accomplishments, and presents the results to the SCEC community and funding agencies. Rank
(in order of preference) the sections in which you would like your project results to appear.
Choose up to 3 working groups from below and re-order them according to your preference
ranking.
Fault and Rupture Mechanics (FARM)
Stress and Deformation Over Time (SDOT)
Computational Science (CS)
C. Exemplary Figure
Select one figure from your project report that best exemplifies the significance of the results.
The figure may be used in the SCEC Annual Science Highlights and chosen for the cover of the
Annual Meeting Proceedings Volume. In the box below, enter the figure number from the project
report, figure caption and figure credits.
Figure 4
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D. SCEC Science Priorities
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a,
6b, 6c
1d, 1e, 3f

E. Intellectual Merit
How does the project contribute to the overall intellectual merit of SCEC? For example: How
does the research contribute to advancing knowledge and understanding in the field and, more
specifically, SCEC research objectives? To what extent has the activity developed creative and
original concepts?
The SCEC workshop was the primary meeting of our SCEC-SEAS group and other parties interested in
computational earthquake cycle simulations.

F. Broader Impacts
How does the project contribute to the broader impacts of SCEC as a whole? For example: How
well has the activity promoted or supported teaching, training, and learning at your institution
or across SCEC? If your project included a SCEC intern, what was his/her contribution? How
has your project broadened the participation of underrepresented groups? To what extent has
the project enhanced the infrastructure for research and education (e.g., facilities,
instrumentation, networks, and partnerships)? What are some possible benefits of the activity to
society?
The SCEC workshop was the primary meeting of our SCEC-SEAS group and other parties interested in
computational earthquake cycle simulations.

G. Project Publications
All publications and presentations of the work funded must be entered in the SCEC Publications
database. Log in at http://www.scec.org/user/login and select the Publications button to enter the
SCEC Publications System. Please either (a) update a publication record you previously
submitted or (b) add new publication record(s) as needed. If you have any problems, please
email web@scec.org for assistance.
Erickson, B. A., Jiang, J., Barall, M., Lapusta, N., Dunham, E., Harris, R., Abrahams, L. S.,
Allison, K. L., Ampuero, J.-P., Barbot, S., Cattania, C., Elbanna, A., Fialko, Y., Idini, B.,
Kozdon, J. E., Lambert, V., Liu, Y., Luo, Y., Ma, X., Mckay, M. B., Segall, P., Shi, P., van den
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Ende, M., Wei, M. The Community Code Verification Exercise for Simulating Sequences of
Earthquakes and Aseismic Slip, in press, Seismological Research Letters, 2020.
II. Technical Report

Final Report
Submitted by Brittany Erickson and Junle Jiang
to the Southern California Earthquake Center
January 21, 2020

Report for SCEC Award #19110
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Jan 9, 2020 SCEC Workshop
SCEC SEAS Group Workshop on Advancing Simulations of Earthquake Sequences and
Aseismic Slip (SEAS)
(SCEC Project 19110)
Co-Principal Investigators:
Brittany Erickson (University of Oregon) and Junle Jiang (Cornell University)

The SCEC Workshop on Advancing Simulations of Sequences of Earthquakes and Aseismic Slip
(SEAS) was held on Jan. 9th, 2020, at the Kellogg West Conference Center on the campus of
California State Polytechnic University, Pomona, in Pomona, California. A total of 39 people
participated, including 18 in the meeting room and 21 through remote access. This year our
workshop attendees included scientists from the U.S.A., Germany, Brazil, New Zealand, and
Switzerland. Almost half of our workshop participants were either graduate students or postdocs.
This workshop discussed new scientific discoveries made with SEAS models, as well as results
from the third and fourth benchmarks produced by the SEAS group. Many thanks to Tran Huynh
and her team for all of their work that helped make this workshop successful.
The workshop agenda and participant list are on the last page of this report.
Brittany Erickson (University of Oregon) and Junle Jiang (Cornell University) kicked off the
workshop by reviewing the long-term goal of the SCEC-SEAS initiative — to promote advanced
earthquake models with robust physical features. They discussed past and current SCEC-funded
SEAS activities, including presentations at the 2019 SCEC and AGU annual meetings, and the
acceptance of the first SEAS paper (Erickson, Jiang, et al. [2020]). Everyone in the room, as
well as those on-line, introduced themselves and gave brief statements about why they were
attending the meeting.
The first part of the morning was devoted to science talks based on SEAS modeling. Sohom Ray
presented results from studying slip complexity with heterogeneous friction, followed by Luca
Dal Zilio, who discussed bridging long-term tectonics with short-term seismicity applied to the
Main Himalayan Thrust. Betsy Madden further described a type of linked modeling framework
for long-term subduction coupled to dynamic rupture and tsunami generation, providing an
overview of a potential future benchmark problem for the SEAS group.
During the second part of the morning we looked more deeply into code comparison studies and
the purpose of verification exercises. Terry Tullis provided an overview of the major findings of
the code comparison studies of the earthquake simulators group. Next, Erickson and Jiang
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reviewed the first two SEAS benchmark problems BP1 and BP2, including major findings as
well as details of the online web platform maintained by Michael Barall. Jeremy Kozdon
concluded the morning session by discussing the usefulness of code comparisons and putting
them in context of other techniques for verifying the correctness of codes.

Figure 1. SEAS group benchmark problem BP3. This exercise consists of a vertical
strike-slip fault set in a homogeneous elastic half-space, and regularized rate-state friction
with an aging law. The 2D problem involves antiplane shear motion with full dynamic
effects. For the detailed benchmark description, please see
http://scecdata.usc.edu/cvws/seas/index.html.

Figure 2.  Cumulative slip profiles from BP1 (left, quasi-dynamic) and BP3 (right, full
dynamics) from the jiang modeling group using a grid spacing of 25m, plotted in blue
every year during the interseismic periods, and in red every second during quasi/fully dynamic rupture.
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Figure 3.  Time-series of slip rate for BP3 (from across modeling groups) with varying
domain size and cell size showing overall good agreement, with some discrepancies due
to computational domain size.

The afternoon of the workshop was dedicated to SEAS benchmark results and future activities of
the group. Erickson kicked off this portion of the workshop by reviewing the third benchmark
problem, BP3 (see Fig. 1), which is analogous to BP1 except with the inclusion of full inertial
effects. She gave an overview of the problem set-up, the various codes used in BP3, and the
number of participants and model runs. She outlined some of the major differences between the
quasi-dynamic results in BP1 and model outcomes from BP3 that includes fully elastodynamics,
see Fig. 2. She showed results of cumulative slip profiles across the modeling groups, as well as
time series of model results at various stations along the fault during different events in the
sequence. They discussed similarities between model results, and how discrepancies were
attributable to the choice of computational domain size and/or choice of far-field boundary
conditions, see Fig. 3. Overall, excellent agreements were made between models with similar
domain sizes/boundary conditions, and discrepancies were reduced with the increase in the
computational domain size.
Next, Jiang led the discussion of the results of the fourth benchmark problem, BP4 (see Fig. 4).
He began by outlining details of the problem set-up: A 2D planar fault embedded in a 3D,
homogeneous whole space, with quasi-dynamic events. He discussed the objective of BP4,
namely, to understand resolution issues and verify models in 3D. Jiang next described model
output that was requested from each modeling group. This included time series from a set of
on-fault stations, data for plotting coseismic rupture contours of the first event, cumulative slip
and stress evolution along several depths and strike locations, and an earthquake catalog
recording earthquake magnitude, recurrence times and durations of events. He gave an overview
of the participating modeling groups and codes and described his comparison strategy for
assessing model agreements. For two different cell sizes (1 km and 500 m), he showed long-term
time series at various fault locations, showing good agreements across modeling groups,
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followed by plots of the rupture contours showing some spatial offsets. Next he presented figures
of along-depth and along-strike cumulative slip revealing some variability in nucleation location,
due to subtle differences in interseismic loading, combined with the symmetrical distribution of
the prestress field. Recurrence intervals across many of the models were affected by different
computational domain sizes and choice of time-stepping method, see Fig.4. The group agreed
that more simulations are needed for more informed comparisons, in particular to sort out
sensitivity of nucleation locations, see Fig. 5. We were encouraged, however, to see evidence of
convergence of many of the models with decreasing cell size and increased domain size, as well
as the fact that many of the earthquake characteristics agreed well despite variability in rupture
direction and nucleation processes. Jiang concluded this presentation by proposing slight
modifications to BP4 to ease the computational load of 3D problems.

Figure 4.  (left) BP4 considers 3D motion with a planar fault embedded in a
homogeneous, elastic whole space, rate-and-state friction and quasi-dynamic response.
(right) Time series of maximum slip rate for four different simulation results from BP4,
showing discrepancies potentially due to differences in cell size and time-stepping
procedures.

Jiang and Erickson concluded the workshop with a discussion session for future benchmark
problems and activities. They began by reviewing their general guidelines for benchmark
designs: to start simple and incrementally increase model complexity, to learn from the
experience of the dynamic rupture group, and to design problems that maximize participation.
Towards this end, they discussed some future benchmark problems, BP5–BP6. BP5 is a 2D
plane strain problem with a dipping fault and a free surface, and BP6 is a 3D problem in a
half-space. Erickson and Jiang led the group discussion on the feasibility of benchmark problems
BP5–BP6. It was suggested that BP4 needs to be revisited, perhaps with the inclusion of a
favorable nucleation site, and perhaps in a half-space rather than a whole-space. For BP5 it was
suggested that the problem be simplified, to a 2D plane-strain problem without the free-surface.
However, we agreed that it will be important to consider scenarios that induce normal stress
perturbations (e.g. complex fault geometry, bimaterial properties). The group agreed to conduct a
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post-workshop survey to determine which exact details to include in the final descriptions for
BP5 and BP6.

Figure 5.  Cumulative slip profiles from BP4 for two different modeling groups jiang
(left) and lambert (right) using the same computational domain size and cell size. The
different nucleation locations suggest the existence of two favorable nucleation sites, with
the particular site sensitively dependent on numerical procedures.

In concluding the workshop, plans for platform development were briefly discussed. The group
expressed the desire that the platform includes various tuning functions for plotting, namely, unit
conversion, time window selection, and time translation. Also expressed was a desire to have a
plotting function for slip contours and nonuniform time steps, as this is currently being done
manually by Erickson and Jiang.
The workshop participants learned much about simulations of seismic cycles during the day-long
event, and the group efforts and discussions will actively continue into the future.
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SCEC Workshop Agenda
Jan 9, 2020
SCEC SEAS Group Workshop on Advancing Simulations of Earthquake Sequences and
Aseismic Slip
Kellogg West Conference Center, Cal Poly Pomona, Pomona, CA
Workshop Conveners: Brittany Erickson and Junle Jiang
SUMMARY: Our group is working to advance computational methods for simulating
Sequences of Earthquakes and Aseismic Slip (SEAS) by conducting a suite of code verification
exercises. In SEAS models, the goal is to capture the interplay of aseismic fault slip—that
ultimately lead to earthquake nucleation—and dynamic earthquake ruptures themselves, in an
effort to understand which physical factors control the full range of observables such as aseismic
deformation, earthquake initiation locations, ground shaking during dynamic rupture, recurrence
times and magnitudes of earthquakes.
The goal of this workshop is to share some recent progress in SEAS modeling and discuss the
results of two new code verification benchmarks, BP3 and BP4, which focus on fully dynamic
2D and quasidynamic 3D problems, respectively. We will also discuss our future benchmark
efforts; for example, to explore the effects of fault geometry, free surface, or heterogeneous
friction, and plan for group publications to promote our results to the broader community.
Thursday Jan 9
9:00 Brittany and Junle: Welcome and Overview of Workshop Objectives, Introductions
9:10 Sohom Ray (remote): Slip complexity on faults with heterogeneous friction
9:30 Luca Dal Zilio (remote): Anatomy of the Main Himalayan Thrust: Bridging long-term
tectonics and short-term seismicity
9:50 Betsy Madden (remote): Linked subduction, dynamic earthquake rupture, and tsunami
modeling
10:10 Discussion
10:30 Break
10:40 Terry Tullis: Comparing results of diverse earthquake simulators with one another and
with earthquake data
11:00 Junle and Brittany: Review of SEAS benchmarks BP1 and BP2 results
11:30 Jeremy Kozdon (remote): Code verification using the method of manufactured solutions
11:50: Discussion
12:00 Lunch
13:00
14:10
14:20
15:50
16:00
17:00
17:30

Brittany: Benchmark BP3 results
Break
Junle: Benchmark BP4 results
Break
Junle and Brittany: Future benchmarks and publications
Discussion
Workshop adjourns
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39 Total Participants 21 Remote-Access):
Kali Allison (U Maryland), Pablo Ampuero (Caltech), Khurram Aslam (U Oregon), Michael
Barall (Invisible Software), Sylvain Barbot (USC), Luca Dal Zilio (Caltech), Luis Dalguer
(3Q-Lab), Ben Duan (TAMU), Eric Dunham (Stanford), Kenneth Duru (ANU), Ahmed Elbanna
(UIUC), Brittany Erickson (U Oregon), Alice Gabriel (LMU), Dmitry Garagash (Dalhousie),
Percy Galvez (ETHZ), Ruth Harris (USGS), Jorge Hayek (LMU), Yihe Huang (Michigan), Tran
Huynh (USC), Junle Jiang (Cornell), Yoshi Kaneko (GNS), Jeremy Kozdon (NPS), Kayla Kroll
(LLNL), Valere Lambert (Caltech), Nadia Lapusta (Caltech), Meng Li (Utrecht), Dunyu Liu
(TAMU), Betsy Madden (Brasilia), Kim Olsen (SDSU), Edric Pauk (USC), Andrea Perez
(Victoria), Sohom Ray (Dalhousie), Sharadha Sathiakumar (USC), Paul Segall (Stanford),
Pengcheng Shi (URI), Kanya Sudhir (Caltech), Prithvi Thakur (Michigan), Terry Tullis (Brown),
Yongfei Wang (USC)
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